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AES AND TDS STUDIES OF ELECTROCHEMICALLY OXIDIZED Pt(100)

F.T. Wagner* and P.N. Ross, Jr.

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

Abstract

Anodic films forméd on Pt(100) in 0.3M HF using a quasi thin-layer
electrochemical cell within a vacuum envelope were transferred to ultra-high
vacuum for study by AES and TDS. Films generated at potentials above 1.1V
survived emersion and pumpdown in a hydrated state. As the emersion poten-
tial increased, the integrated H20 and 02_therma] desorption signals
increased in parallel, indicating a contant stoichiometry consistent with
the presence of a platinum hydroxide fayer. The oxygen TDS and AES signals
after holding the electrode at constant potential for severai minutes satu;
rated above 1.9V(RHE) with formation of a surface phase containing 2.3 0/Pt
(desorbing as 02); but much thickef films could be grown by AC polariza-
tion. For all films water desorbed at temperatures well below those for
oxygen evolution. ESCA and TDS showed the composition of the thick films to

be Pt(OH)

4 02 thermal desorbtion from thin films gave a shift from 570 to

630K in the desorption maximum as the initial coverage increased. Three

desorption models were compared with the eXperimenta] data: . desorption at
the perimeters between covered and uncovered patches, autocatalytic desorp-
tion, and first-order desorption with variable activation energy. Perimeter-
controlled desorption gave the best overall fit with data, 1ndicafing a

growth mode for aged anodic films involving island growth and fusion.



Qualitative simi]arities with previdus]y-reported TDS data for high coverage
states of gas-phase adsorbed oxygen suggests that desorption may occur pre-
ddminant]y at the edges df satufated patches in both cases, while chemical
differences between place-exchanged anodic bxygeﬁ and surface adsorbed oxygen
account for lower desorption temperatures and higher saturaﬁion coverages for
the former. 'wafer evolved from both thick‘and thin.anodic films atv400K, a
temperature much higher than that'reporfed for surface adsorbed hydroxyl
groups produced by low-temperature gas-phase coadsorption of 02 and HZO [1].
The higher temperature desorption is ascribed to the incorporation of hydrox-

yls in a surface phase involving place exchange between Pt and 0 atoms.

* Present‘address: Physical Chemistry Department, General Motors Research
Laboratories, Warren, MI 48063



1. Introduction

The electrochemical interactions of oxygen and water with platinum are
central to the operation of metal-air batteries, fuel cells, and electro-
lyzers, in which Pt-group metals or their ai]oys have proven to be the best

electrocatalysts. Anodic oxides on platinum have been studied extensively

by e]ectrqchemica] and optical techniques and to a lesser extent by UHV

surface analytical methods, but the composition and hydration of the films

" remain subjects of controversy. Much discussion has centered upon the

distinction between adsorbed oxygen and phase oxides, the latter being
defined as involving disruption of the Pt metal lattice [2]. Biegler and
Woods [3] explained eféctrochemica] stripping data with an adsorbed oxygen
state which reached a limiting coverage of 2.66 0/Pt at 2.2V(RHE). Thacker
ahd Hoare [4], also using stripping studies, concluded that, after surface
adsorption started at 0.8V, dermasorption (sorption into the first few
layers of the metal) commenced at 1.0V. Dermasorption and surface adsorp-
tion continued together up to 1.6V, where a monolayer of Pt0 was thought to

be present. At higher potentials some of the Pt0 was further oxidized.

Vetter and Schultze [5], also analyzed charging and stripping curves and

concluded that the coverage of adsorbed oxygen did not exceed a few percent,
with a rate-determining, field-dependent place exchange leading to a phase
oxide that represented most of the anodic charge. Fleischmann et al. [6]
proposed the formation of four different "oxides" on Pt anodes. Angerstein-
Kozlowska et al. [7] have given the most detailed interpretation of voltam-
metric and ellipsometric data to date. .They have proposed a series of

oxidation steps which occur as a polycrystalline Pt electrode is swept to



progressively higher potentials in acidic electrolyte. The initial oxida- u

tion, in the potential region O.8—O.93V(RHE),‘was ascribéd to reversible
hydroxyTation'of the suffaée. Above 0.93V place exChange'between adsorbed

" hydroxyl species and Pt occurs, and e}ectrochemical irreversibility sets

in. The place exchange is a rather slow process, andv]eads to complex aging

behavior. In'the potential range of cd.'l.o to 1.2V (depending upon time

factors) the peak potentia] of the subsequent reduction wave is independent

of the total oxidation cnarge. This invariance was ascribed to constant
Pt-0 geometry, and the charge passed in tnis.region was considered due to
oxidative déprotonation‘of the hydroxyls previously incorporated into the
surface. The above coﬁc]usions were based upon analysis of details of |
cyclic voltammetry curves. Optical studies showed that for oxidatfon up to
a charge of 0;6e-/Pt the same value of the e]]fpsometric parameter A was
observed for a given surface charge on both the anodic-going and cathodic-
going sweeps. For more complex oxidations the aA/Q curves fpr the anodic and

cathodic sweeps diverged, suggesting that the oxidized species first formed

was also the first reduced. This species was suggested to be the reversible -

hydroxyl groups residing at the surface. A change in the.A/Q s]bpe at
0.5e7/Pt (anodic direction) was ascribed to the onset of formation of the
deprotonated oxide. At 1.0 e7/Pt (1.13V) a further change was seen in the
A/Q slope, which then continued unchanged out to at least 2 e /Pt. The
identification of the individual chemical species in this complex schemevwas
indirect and has awaited confirmation by direct spectroscopic and structural
studies. | |
Attempts to identify the anodically formed surface species on‘Pt

electrodes directly by spectroscopy have met with little success. Ellip-



sometry has been used in a number of studies [8—12]-and_wni1e changes invthe
optical properties of the anodic film were observed at certain potentials
and/or coverage, fhe interpretation of these changes was problematic, and
the resuits were limited to estimation of layer thicknesses of "oxides" of
indeterminate chemistry. - Ex-situ analys{s of anodic layers by XPS has been
used in attempts to identify the oxidation state of Pt surface atoms.
Hammond and windgrad [13] used glove-box transfer and ESCA to characterize
Pt foils oxidized potentiostaticé]]y at 1.92-2.54V (RHE). Their deconvolu-
tion of the'data fof the 1imitingvoxide yielded a Pt 4f 7/2 line at 73.6eV
(shifted 2.6eV from metallic Pt), ascribed to Pt in the (+I1) state based
upon a reference Pt0 material whose composition is controversial [14,15].
After anodization at 2.54V they reported indications of an\additional peak
af\74.4eV ascribed to Pt (+IV). Brandt [16] found the predominant oxidized
Pt 4f 7/2 line for foils anodized at 1.25-3.25V (RHE) to lie at 73.8eV, a
binding energy which did not allow certain discrimination between Pt (+II)
and Pt (*+IV). Long polarization at 3.25V led to a major peak at 74.leV.

The interactions of gas-phase water and oxygen with single-crystal Pt
surfaces have been éxtensively studied ﬁnder UHV conditions; but the extent
to which conclusions drawn from such studies are applicable to electrochemi-
~ cal conditions have not been adequately tested. Fisher and Gland [18]
repofted that sub—monolayef quantities of water adsorbed on Pt (111) at 1ow
température desorbed completely around 180K with a reaction order suggestive
of a rate-limiting step at the edges of water patches. Vibrational spec-
troscopy of this system also sﬁowed that hydrogen bonding and c]us;ering
occurred even at submonolayer coverages [19]. Ibach and Lehwald f20] :

observed similar c]uStering and desorption at 170K on Pt (100). 1In- the



présence of oxygen preadsorbed on Pt (111), Water adsbrption Ted to the

formation of surface hydroky] groups [1]. Water desorbed upon heating the
hydroxylated surfaée to 215K. A number of studies [21-23] have shown that ' Y
anhydrous -oxygen adsorbs dissociatively on Pt (111) at room temperatufe to
give an ordefedA2x2 structure, saturating ét 0.25 oxygen atoms per-surfaée

Pt atom, which desorbs at 700-850K. On Pf(lOO) substantial adsorption of

| oxygen requires dosihg at elevated temperatufes. Barteau et.al. [24] and
Derry and Ross [23] both reported.unusually sharp desorption features around
660K. The latter wofk, using variable take-off angle XPS, showed that the
oxygen in the high coVerage state (0/Pt=0.75-1.0) residedbon, not under, the
surface. Little if any chemical shift from the metal was observed in the Pt
~4f Tines. Howéver, formation in UHV of phase oxides of Pt from whjch oiygen
des;rbs at 1200K or higher has been reported by a number of groups [25-27].

In at least some cases these oxides have been related to the presencé of
impurities such as Si and Ca [28], but contrbversy remains on this subjecf
[25].

The present work was underfaken to provide a bridge between the
electrochemical and UHV studies of water.énd oxygen on Pt. E]ectrochémi-
ca]l& grown films were cleanly transferred to vacuum ahd subjected to the
‘same analytical techniques as were used in the'citéd low-pressure UHV
studieé'of oxygen and water édsokption on Pt . Tﬁis'paper deals with the ' -
determinétion of the composition of anodic films by AES and TbS analysis.
The atomic-scale structural consequences ofvénodic film formation as deter-
mined by LEED are the topic of a secbnd paper [29]. The results show some

" parallels between the surfaces formed electrochemically and the surfaces



formed by low-pressure interaction with gases, but sufficient differences
were also observed that suggest the need for caution in the use of conclu-
sions drawn from low-pressure UHV experiments in developing a picture of the

solid-liquid interface.
2. Experimental

The directly coupled electrochemical-UHV surface analysis gystem used
in these studies has been describedvin detail elsewnhere [30,31]. Clean,
ordered, well-characterized Pt (100) surfaces preparéd'by standard UHV tech-
niques were moved to a turbomolecularly-pumped transfer chamber by means of
a long-throw magnetically coupled manipulator. This chamber was then back-
filled to near atmospheric pressure with electronic-grade argon further
purified by passage through high purity Ti sponge at 1200K. This improved
treatment of the backfill gas has led to a 3 to 4-fold reductfon in'thé
carbon contamination of the surface reported previously [30], leaving the
Auger equivalent of 0.1 graphite layers on the surface after exposure to
backfill gases plus electrolyte vapor and pumpdoWn as shown in Fig. 1. No
. additional contamination as seen by Auger was picked up upon contact with
the 1liquid electrolyte itself. An electrochemical cell, featuring an a;Pd
hydride reference electrode and a Pt ring counterelectrode to which a ca.
100ul droplet of 0.3M HF had been previously admitted, was lowered to make
contact with the crystal under potentiostatic cdntro]. The electroTyte was
prepared from Ultrex-grade 40% HF and Harleco ultra-pure water and was

further purified by Pt pre-electrolysis in the external reservoir. In most



of the experiments repdrted here the cfysta1 was he]dvat a'given‘pdtential
for about»Z minutes, after which fime the transfer chamber>was slightly
overpfessurized with Ar to drive the electrolyte c]ean]y out from the gap
between the crystal and the coﬁnter-reference e]e;trodevassembly into a
capillary 1eading to an external electrolyte reservoir. This.émersion tech-
nique leaves an electrolyte fflm ca. 4000A thick adhering to the crystal
face [32]. The“eleétrochemica1 cell was then pulled ub-and valved off, the
transfer chamber waé evacuated, and the crystal was feturned to'UHV fqr'post-
electrochemical analysis. - | | |

‘AES was performed with a single-pass cy]indrica]-mirror anaiyzer
equipped with an on-axis electron gun. The electron beam could be raétered

and an image obtained in either the absorbed current or the secondary emis- -

sion mode. This imaging capability allowed determination of the fraction of

the crystal surface which had been in contact with the electrolyte, allowing
normalization of coulometry and thermal desorption intensities to the actual

anodized area.

Thermal desorption data were obtained with a Spectramass 1000M residual

gas analyzer controlled by an LSI-11/23-based minitomputer to allow several
mass peaks to be monitored. The ionizer of the gas analyzer was mpunfed
within a cohica1 Ta nozzle tube [33] with a 6.4 mm aperture next to which
the crystal face could be placed. The nozzle increased the signal due to
molecules desorbing from the crystal face while dfscriminating against
molecules from the support structures. Identical oxygen desorption beak
shapes were obtained with and without the nozzle in place, indicating that

in both cases the effective pumping speed was sufficiently rapid to keep'the

LH



signal proportional to the desorption rate. The crystal was gold-brazed to

a Ta cup, which was held in a stainless-steel transfer frame. This frame
positioned the cup in front'bn tne'Ta filament used for radiant heating of
the sample. Time-temperature curves for a give'heating current were obtained
with a Pt-Pt/10% Rn thermocouple spot-we]ded to tne_crystal and-used to cali-
barate an 1nfraredlpyrometer. Userf the pyrometer allowed confirmation of
the reproducibility of the‘time—temperature function when the thermocouple
was removed to permit the crystal to be transferred to the electrochemical
cell. A heating rate of 11 Ks_l was used in all experiments unless other-
wise noted.

Thermal desorption data were quantified by comparison of integrated TDS
signals with those obtained from the saturation coverage of CO on Pt(100).
The 1after coverage has been calibrated at 0.77 CO/surface Pt by Davies and
Norton [34] using nuclear reaction methods. The sensitfvity of the gas
analyzer to CO, 02, and HZO was experimentally determined for comparable
ion-gauge pressures of the pure gaseé, and published sensitivity factors for
the ion gauge [35] wefe then mixed in to give correct relative sensitivity

factors for the RGA.
3. Results

In this work three techniques, Auger electron spectroscopy, thermal
desorption spectroscopy, and coulometry, were used to study the composition
of thin anodic films. These methods differ in their sensitivity to the

oxidation and hydration of the surfaces; some consideration should be given
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to these differences so tnat the detailed resuits below can be undérstood'in
}their proper contexts.

Coufometry fs the cléssiéa] e]éctrochemica] technidue whereby the
extent of anodic film growth has been fo]]owed.' The feference oxidation
stateés for the anodic_fi]mffree Pt surfaces in these studies are.Pt(O) in
50°, and F(-1) in F~. For Pt(100) 1x1
of anodic charge correspdnds to le” oxidation per

metallic Pt, 0(-II) in H,0, OH™, and H

2

2
the passage of 209uC/cm

surface Pt atom. While cbu]dmetry provides a sensitive in-situ measure of
‘the oxidation statevof a surface, it gi&es no indication of the hydrétibn
state since the water of hydration Eemains in the_reference'oxidation state.
Thermal desorption Spectrdscopy measures both the oxidation and
hydration states of anodfc films on Pt after tnheir emersion and evacuation.
Upon heating, the anodic films evolved mole;u]ar HZO and molecular 02.
Since water is in the reference oxidation state, its desofption conétitUted
'a'denydration,'but not a reduction, of the films. On the other hand, each 0
atom desorbing- as 02 represented a-2e; oxidatidn from the reference 0(-II)
state during film formation. -Since no desorption of other oxidized species
such as O ‘

OHs, Fj, or F, was observed, and since heating the films to 820K

2’ 2
completely reduced them to metallic Pt, the integrated 02 thermal desorp-
tion measured the total level of oxfdation of‘the emersed and evacuated
films. |

The 0/Pt Auger peak ratio, in the absence of beam effects, should
measure all oxygen atoms on the surface, both those déstined to desorb as

02 and those desorbing in H20. However, the Auger beam rapidly dehydrated

the surface, as will be shown in section 3.3. The Auger;determined oxygen

&
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thus corresponded to an oxidation above the reference state of about 2e”

per 0 atom, rather than to the combined hydration and oxidation.
3.1. Anodic film composition as a function of potential

‘Anodization of UHV-prepared Pt(100) for ca. 2 min. at'potentia1s above
1.1V(RHE)* produced films which survived emersion and evacuation with at
least some of the hydration water intact. Figures 2, 3, and 4 show the Q/Pt
Auger signal ratio, the integrated 02 thermal desorption signal (M/e=32),
and the integrafed H20 thermal desorption signal (M/e=18) as functions of
emersion potential. All tn}ee signals showed a similar increase in inten-
sity with increasing potential over the region 1.1-1.9V. The parallel
increases in the oXygen and water desorption signals indicate the growtnh of
a hydrated film of nearly constant stoichiometry (approximately PtOx‘xHZO)
rather than the growth of an anhydrous oxide under a constant hydration
sheathe as suggested by the tritium data of Schultze [17]. Above 1.9V the
leveling out of the Auger and 02 thermal desorption signals indicate the
formation of a passive layer which prevents further oxidation on the ca. 2
min. time scale of these experiments. According to thermal desorption data
the saturated passive film contained 2.3 0 atoms (desorbing as 02) and 2
water molecules per surface Pt atom on the 1xl Pt(100) surface. Stripping
coulometry following transfer to UHV and return gave good agreement with the

02 TDS measurements, yielding 1040uC/cm2 (equivalent to 2.5 0 atoms/surface

TAH potentials given in this paper are referenced to the reversible
hydrogen electrode in the same electrolyte (RHE).
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Pt atom) for a film formed at 2.2V. This level of agreement indicates the
validity of the calibration of the thermal desorption data based on the

saturated layer of adsorbed (0.
3.2 Structure of anodic films

Low energy e]ectrqn diffraction from anodic films formed above 1.5V on.
“well-ordered Pt(100) or (111) surfaceé gave only a general diffuse background
with no defined spots, indicating the lack of order in‘the f11m$.. LEED pat-
terns for fi]ms_formed at lower potentials showed only diffuse Déckground and
partially attenuated.substréte spots. The films remained disordered after
being dehydrated by heating to 450K. Electrochemical réduétion of the anodic
films removed the’bxygen and reétoréd the substrate LEED spots. Repetitive
oxidation/reductidn cycling produced LEED patterns Qith spot sizes modulated
by changes in the beam energy in a manner suggestive of the introduction of
prédominant]y monétomic steps [30]. Since thermal reduction of the film
required temperatures sufficiently high to anneal out most of the electro-
chemically induced defects, direct comparison of the atomic-sca]e structural
effects of thermal and é]ectrochemical reduction is impossible. Detailed
description and analysis of the structural changes induced by repeated redox
cycling are given in anoﬁher paper [29]. Here it is Sufficient to note that
formation and reduction of the thin films discussed in this paper left the
local order of the surface largely intact through quasiepitaxial. reduction

of the amorphous films, but the introduction of steps indicates that place
exchange of Pt and 0 atoms during anodization at 100mv/s starts at 1.0V and

‘becomes more pronounced above 1.2V.
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The-genera] properties of the anodic films have been outlined in the
preceeding two sections. Each of the techniques used in these studies has
a subtly different response to nonidealities inherent "in surface science

15—fold more

experiments performed on surfaces prepared in a medium 10
dense than the UHV environment. These nonideélities include such effects as
vacuum dehydration, gas-phase cleanoff reactions, electrochemical self-

discharge, and electron beam damage. The results of each technique will now

be considered in detail.
3.3. Auger electron spectkoscopy

The AES O(Sl3éV)/Pt(238eV) peak ratio increased with anodizétion .
potenti;1 as shown in Fig. 2. The ratios in Figure 2 are steady-state
values obtained with a static electron beam focused to ca. 100um. Under
these conditions no significant changes in the peak ratio were séen for beam
exposure_times of 55 to 1 hr. A representative Auger spectrum for Pt(100)
emersed at 1.9V is given in Figure 5. The 0(513eV)/Pt(238eV) peak ratio of
4.6 is about ten-fold 1afger than the maximuﬁ value reported for‘1ow-index
Pt dosed with oxygen from the gas phase (22). The 0 KVV/KLV peak ratio of
2.5 is smaller than that for most oxides but is similar to that previously
reported for 0 adsorbed on Pt (36). " N(E) spectra obtained by beam-blanking
showed that this low N'(E) peak ratio was due to an unusually broad KVV
peak. When the electron beam was rastered over the maximum area consistent
with good spectrum reso]ution {ca. 3x3mm), larger 0 signa]s with more typi-

cal oxide peak shapes were observed for the first few tens of seconds of
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~ beam ekposure.- Rastering the beah for extendgd tihes Qvef most.of'ﬁhe elec-
trolyte ;ontact'area signifiéant]y decreased the water thermal desorption
signal, aS'Shown by the:pdint marked by the triangle ih'figUre 4. The
initial'rapidvdecrease in the oxygén Auger sigha] thus cdrkesponded to a
beam—induced-dehydrafion of. the surface; oncé'dehydrated the-surféce was
stable to the beam. The>steady-state Auger signal obtained with the static
e]ectron beam arose_from the ahhydrous oxide produced locally from the
-original hydrous fi]m. Since the Augef Analysis érea was much smaller thanvb
.both the electro]yge contéct area and the aperture of the gas analyzer
nozzle, normal Auger analyéis had no significant effect on the'resu1ts of
susequent thermal desorption experiments. 'Undér conditions of maxfmum beam
raster (Fa.-15x15mm) at low beam energies, beam damage was sufficiently slow:
that an adsorbed curreht’image could be taken to identify the e]ectko]yte
contact area without significantly dehydrating the‘surfacé.'

Augér analysis with both étatic,and rastered Deamé ghdwed no incdrpora—
tion of the fluoride anions f}om the 0.3M HF electrolyte into the anodic
films. in the ‘same apparatus f]uofide was readi]y detected in an@dic films

| formed in 0.3M HF on Ta, 5 maféria] for which‘anion incorporation has beenv
previously demonstrated by other means [371]. Althougn no traces of the
major anion, fluoride, were found in the anodic fi]ms; small levels of chlo-
rine, a cohmbn impurity in HF as‘chlofide, were seen by Auger. Thﬁsvobser—
vation is fn toncert with e]ectrbchemica] results which have 1ndicéted that
C1™ interacts much more strongly with Pt than does F~ [38]. Over the emer-
sion potential range of 0.0-1.1V the C1 Auger signal was almost constant,
COfresponding to a Cl1/Pt surface atomic ratio of 0.01 (based upon.a mono-

layer HC1 on Pt Auger spectrum published by Garwood and Hubbard [39]). In
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anodic films a larger chlorine signé]iwas seen which decreased at higher
potentials from a surface atomic ratio of ca. 0.08 at 1.2V to ca. 0.02 at
1.95V. |

As monitored by oxygen AES, the hydrated anodic films were stable to

0'10 torr range)

UHV conditions. Overnight exposure to background gases (1
caused no significant diminution of the oxygen Auger signalf_ However, the
oxygen signal from a film dehydrated by partial thermal desorption di;-
appeared after extended exposure_to’background gases. The oxygen signal for
a hydrous film was completely removed by.Drief exposure to 1 torr HZ' This
reactivity, plus the lack of Auger signals at 296eV (Ca), énd 1606eV (5102)
show that the observed oxygen signals were not due to the oxidation of

impurities often found in Pt crystals as may have been the case for some "Pt

oxides" grown from the gas phase [28].
| 3.4. TDS of thin anodic films

Upon heating, anodic films formed in 0.3M HF evolved HZO and O2 at
widely separated temperatures (Fig. 6). Interruption 6f the thermal ramp
after the water peak appeared had no effect on the temperature, shape, or
size of the subsequent 02 desorption peak, showing that dehydration and
thermal reduction were separate processes. The integrated 02 and H20 TDS
signals increased in parallel, indicating a constant film stoichiometry of
Pt0X°xH20.‘ At the highest 0O/Pt ratios observed, a smé]] evolution of |
oxygen accompanied the start of dehydration, but this never amounted to a

large proportion of the total oxygen desorbed from the anodic films.
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3.4.1. Water thermal desorption

Water was evolved in a single broad peak at 400K, é much higher
temperature than the 170K réported for low-pressure, low-temperature dosed
clean Pt (100) [19] or the 215K reported for low pressure, low témpérature
water co-adsorption with oxygen on Pt (111) [1]. The péak temperature and
shape were invariant .with coverage as would be expectéd for a dehydration
process first-order in the watek—pontaining species. Application of the
Redhead corfe]ation of peak température wfth activation energy (assumihg a

13:-1y 1407 yielded an activation energy of 24

pre-exponential of 10
kca]/mo]e; twice the heat of sublimation of water. Since the beak shape
showed asymmetry opposite to that expected for a simple first—order'process,
it 15 unlikely fhat this simple model accurately descfibes the -desorption
pchess. However, even Qithout an accurate model, the high desorption
'temperature shows a ﬁtronger binding of Qater on the electrochemicalily
anodized surfaces than has-been seen in gas-phase water dosing experiments
on either clean or oxygen pre-dosed surfaces. |

Some water desorbed at 400K from surfaces emersed ét all potentials,
including potentials below the point of zero charge. Less than 0.5 water
molecules per surface ?t atom desorbed from surfaces which showed no Auger
or TDS oxygen. Once water was removed by partial desorption (to ca. 450K),
it could not be replaced on the room temperature crystal by a 100L dose o%
water vapor at 10’7 torr, showing that this water was not bound to trace |

alkali 1mpur1ties.from the electrolyte.” Such impurities could at.times be

detected at the spot where the capillary which removed the electrolyte from
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~ the cell had touched the crystal. Thesé small patches of alkali oxides/
hydroxides remained on the surface after partial desorption experiments; had
‘they or other therma]]y resistantﬁimpurfties (such as the small amounts of
C,S, and sometimes C1 picked up during transfer) contribdted significantly
to the initial water desorption signal a similar signal shou]dvhave-been
seen after dosing with'wéter vapor. Combarison of éxperiments run with and
without the nozzle tube around the ionizer of the gas analyzer showed that,
while the broad water desorption background seen in Figure 6 did arise from
support structures, the peak at 400K evolved from the crystal face. Measur-
able CO2 (M/e=44) desorbed from the crystal face in the same temperature
range as water. Avery [41] has reported CO2 evolution from decomposition

of carboxylate species at similar temperatures on Pt (111) and it seems most
likely that fhe water observed desorbing from nonoxidized Pt electrodes
(i.e. potentials below 1.2V) was associated with carboxylic ihpurities,
However, at emersion potentials above 1.2V the water and oxygen thermal
desorption signals both increased with inéreasing potential, maintaining a
roughly constant ratio of one water molecule desorbed per oxygen atom de-
sorbing as 02. The increase in water desorption signal with increasing
oxidation of the surface was too large to be accounted for by impurities; it

corresponded to the presence of a nhydrated phase oxide or hydroxide.
3.4.2. Oxygen thermal desorption.

0, (M/e=32) desorbed from Pt(100) anodized in acidic electrolytes in

a sharp primary peak at 570-630 K with smaller features at higher tempera-

tures. The same complex structure was seen in O2 desorption from two
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different Pt(100) crystals anodized in HF and also from Pt(100) anodized at

-3
2°74°

the maximum desorption rate occurred, 'Tp increased with increasing cover-

'1.58V in 5x107°M H,S0,. As shown in Fig. 7, the temperature at which
age. The 1ead1ng edges of the desorption curves for d1fferent coverages did
not a11gn as would be expected for a simple zeroth-order process. governed by
-a constant activation energy [42]. Rather, the 1ead1ng edges and peaks for
lower coverages occurred at 1ower‘temperatures than were observed for the .
‘same desorption rates from more heavily oxidized surfaces. Tﬁe shift in
Tp showed a contihuity of behavior over an emersion potentia} regipn df at
least 1.35-2.1V(RHE)}. The O2 desorption curves from Pt(lOQ) displayed a
shoulder at ca. 640K which showed a lesser snift in temperature.for differ-
ent coverages. At the limiting coverage the low temperature main.peak over-
lapped this higher temperature shoulder. At the lowest transferable
coverages only the ‘shoulder' was seen. The main peak and shouider could not
be separated by interruption of the heating ramp; i. e. once desorption"
started it continued until all of the oxygen in both the main peak and the
shoulder had 1eft the surface. |

At 725 K another small peak was seen which became larger but shifted
slightly, if at all, to higher temperature at .higher coverages, suggestfng a
zero to first-order desorption process. .This peak could be at ]east
-partia]ly,iso]ated by stopping heating at 650 K. Wnen the crystal was then
cooled and reheated, the remaining oxygen desorbed at 725 K,'showing‘that
the oxygen in this peak is kinetically distinct from that in the lower tem-
peratdre features. The area under this peak was a relatively COnstant

10-15% of'the total 02 desorption area. . As will be seep in section 3.5,
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'this peak was similar in temperature to that observed for a thick anodic
film, suggesting that the peak corresponds to islands of thicker film on the
otherwise uniform anodic layer. Thé fact that the anodic film saturated at
0/Pt=2.3 rather than 2 (by TDS) also suggests ca. 15% of the anodic charge
going into thicker islands while the rest of the surface is passivated by a
uniform “"monolayer" of anodic film. This "monolayer" is actually several
atomic layers thick when oxygen, hydrogen, and displaced Pt atoms are taken
into account.

The inability to separate the 640K shoulder from the main thermal
desorption peak by iﬁterruption qf the heating ramp suggests that this
- shoulder, unlike the 725K peak,{is kinetically associated with the main peak
at 570-630K. Even without the added complication of this shoulder, the be-
havior of the main TDS peak suggests a complex desorption mechanism. Con-
sidering first simple n-th order desorption with constant activation energy,
the increase in Tp with coverage suggests that n<l. The leading edges of
the lower coverage peaks lie outside those for higher coverages, contrary to
the expectations for 1/2 or 0 order for which the low coverage leading edges
snould lie, respectively, inside or on top of the high coverage leading
edges. The data thus indicate a process with a negative reaction order in
surface coverage. Three:different models capable of producing such negative
reaction order for the desorption rate were developed and compared to the
experimental results: a perimeter-controlied desorption model, and two
different autocaté]ytfc models. As shown by Fig. 8, all three models could
produce a sharp peak which shifts to higher tempefature at higher coverage

- with activation energies around 20 kcal/mol 02.‘ However, only the
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periméter—controlled desorption model had the double peak structure at
v.interhediate coverages, withvtﬁe sharp low-temperature peak growing with
coverage to become'the predominant peak, as observed by TDS. ‘This model
also avoided the prob]em§ with Tow pre—expohential factors and assumption of
surface mobility for oxygeh in a surface phase oxide which beset the other
two models. Since the perimeter—contro]1ed desorption model has 1mportant
implications for the mechanism of thermal reduction of anodic fi]ms, And |
possibly for the growth mechénism as well, we shall describe this model here
in some detail. The details of the other two less satisfactory models are
described in the Appendix. | |

In the perimeter-controlled desorption model, the rate of desorption
is assumed proportional to the total perimeter Tength bethen covered and
uncovered sections of the surface. For desorption from high initial cover-
ages the périmeter length first increases, then decreases, as the open
patches grow and then fuse. For full 1hitia] coverage the model assumes
nucleation of open patches at spots defined.by'a Square mesh. As desorption
proceeds tne.open patches grow.as expanding circles with constantly 1ncreés—
ing perimeter until they grow tangent to one another., with_further desorp-
tion the perimeter decreases as the circular arcs continue to advance from
their original centers; at this point the covered patches resemble squares
with slightly concave sides. Subunity initial coverages are assumed to have
the geometry which would result from desorptioﬁ of a saturated surface down
to the given coverage. This assumption corresponds to a mode of film growth

in which isolated patches of the film grow up to the point of tangency,



21

after whichAthey fuse and the open holes are filled in. The ekact geometric
form of the model is an idealization, Dut it does provide the simplest
perimeter-controlled model which can take into account“both the growth and
fusion of patches. Assumption of different geometries or a mix of patch
sizes wou]d'serve primari]y to shift the coverage af which the tangency
point is reached.

The curves in Fig. 8a were produced by numerical integration of the

equation
—do/dt;p(e).(v/d).exp(—Ea/RT)

where v is the preexponential, d is the spacing of the patch grid, Ea a
constant activation energy, and p(e) the perimeter around a given grid point
at coverage e. Since for coverages below the tangency -point (e<l-w/4) the
perimeter could not be expressed as an explicit function of e, the.curves
were generated using a table lookup program for the explicit functjon'of e
in the patch radius over this coverage rénge. The shape of the curves was
1ndependent of details of thelpartitioning for nuhérica] integration around
the tangency point.

At the lowest coverages this model gave a single peak with a broad
leading edge similar to that observed'for'the anodic film formed at 1.3V
(ng. 7). For éoVerages just above the tangency point a sharp peak arose on
the leading edge of the broader peak, mimicking experimental behavior. Witn
further increases in initial coverage the sharp peak shifted to higher tem-

peratures while the broad peak showed a lesser shift. The activation energy
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and the v/d Eatio_were juggled.to give best agreement of tnevmafn peak tem-
- peratures with experimental data oVer the_entire experimental coverage range.
.The best fit was obtained Qith E, = 21= 5kcal/mol and v/Q=1013—1015 cm;ls'l.
This model reproduced the observed behavior of the broad peak at low cover-
age and the snarp peak which grew in at lower temperéture, then moved up tor
higher temperatureé at- higher coverages. The separation between broad and
sharp peaks in the model was not as great as that observed experimentally,
possibly due to the assumption of uniform pdt;h sizes in the mode1. 'The
reasonable general agreement befween model and experiment suggests both a
perimeter-controlled mechanism df desorption and growth of the film througn
isTand expansion and fusion. In this model the fusion 6f iS]ands during
growth 1eave$ uncovered holes whose perimeters increase during the initial
stages of desorption. Previous perimeter-controlled desorption models [43]
leading to simple 1/2-order kinetics have impiicit]y postulated island
growth without:fusion at higher covekages;‘no enclosed uncovered holes were
formed and the total perimeter Jength continuously decreased during'deSorp-
tion. In the case df thé}ordered films observed in those studies, repul- _
sions between antiphase domainé might prevent is]ahd fusion. Since the
anodic films discussed here‘show novorder by LEED, no such specific repul-
sions would be present. The dielectric medium present durihg anodic film

growth could also screen repulsions between islands, allowing fusion at

boundaries witnout'changes in the overall shape of the islands.

kK
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3.5. Thick anodic films

Althougnh the formation of a thin passivating anodic film on Pt has been
“indicated by the present Auger and thermal desorption work on sing]e crys-
tals and by some previous electrochemical work-on foils [2,3,44], other
investigators have reported the formation of thick (on the order of at least
10'7m) films during prolonged direct-current anodization [45]. At least in
some cases the thick film formation was enhanced by mechanical introduction
of defects [46]. Burke et al. [47] have emp]dyed a technique of rapid
potentiodynamic cycling between the double-layer and oxide regibns which
reTiab]y produtes thick anodic films on Pt without recourse to mechanical
roughening. Figure 9 shows thermal decomposition results for a polycrystal-
line foil oxidized in 0.3M HF by cycling at 0.3Hz between 0.5 and 2.4V for
ten minutes. This treatment produced a compact-appearing layer with a gold
interference color which graded to purple and blue around the edges. Tﬁe
appearance of the film was unaltered by drying and evacuation. As in the
case of the thin films, water came off upon heating in a single broad peak.
at 400K (Fig.9). The major 02 evolution occurred in a singTe peak at
715K, with minor oxygen loss accompanying dehydration. No higher tempera-
ture structure was seen in the 02 TDS. One water molecule was evolved for
every oxygen atom which came off as 02. The thick film was quite stable
to exposure to ambient atmospnere, allowing anodized foi]s'to be carried
through the air and mounted in a second vacuum system equipped with a
double-pass cylindrical mirror analyzer and X-ray source for ESCA gna]ysis.

This technique yielded a broad Pt 4f 7/2 line at 74.2eV indicative of Pt in
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20:0'2'rat1'o

o 2H20. A

single broad oxygen Is line Was seen at 530.7eV binding energy. Fisher and

the (+IV) oxidation state. This result, combined with the 2:1 H

from TDS, 1dentifiesvthe stoichiométry of thé thick film as Pt0

- Sexton [1] have reportedlthat oxygen and Water adsorbed separately from the |
gasvphase yielded O 1s peaks at 529.8 and 532.3ev, respectivé]y, fhey o o F
assigned a peak near 53leV to a surface-bound hydroxyl group'formed after
adsorption of both oxygen and water. On the basis of this assignmént the

4+ Since

heating to 500K caused'dehydration witﬁout reduﬁtion (presumably to PtOZ),

thick anodic film on Pt appears to be best described as Pt(OH)

the 02 peak at 730K is characteristic of the bulk anhydrous 6xidé and
provides a point of comparison in the controversy over the nature of high-
temperature stable oxygen on Pt single crystals [25,28].

| Auger analysis of the thick film gave a static-beam 0(513eV)/Pt(238eV)
peak ratio of 9.3 with an oxygen KVV/KVL ratio of 2.56 indicative of the
same unusual peak shape seen for adsorbed oxygen and for the thin films.

The time evolution of the oxygen signal again suggested.thé rapid beam-
induced dehydration of the entire region sampled by Auger. .As in the case
of the thin films, Auger showed no indication of tne incorporétion of the
f]uoridé anion in the thick anodic ff]m. No chlorine was detécfed,'nor were
Si,Ca, or Na found present except for significant S1'02 found on one ff]m
grown using 0.3M HF in a glass electrochemical cell instéad of in tne ﬁorma]

polytetrafluoroethylene cell.
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4, Discussion

4.1 Composition of thin films 0.8-1.1V(RHE)

Films formed in the potential region 0.8-1.1V did not survive emersidn
and transfer and were visib]e‘only in cyclic Vo]tammetry; The upper limit
corresponds to the potential at which LEED showed that restructuring of the
surface by a few oxidation cycles became substantial [29,31], though slight
restructuring started at 1.0V. Such restructuring. indicates the formation
of a surface phase oxide which involves the motion of Pt atoms out of their
hetal]ic lattice positions. The absence of restructuring at the lower
potentials suggests that under these conditions the film is best described
as a surface-adsofbed OH or O species. The 1ow—potentia1 films are at least
somewhat analogous to the adsorbed oxygen and hydroxide species stddied in
UHV using gas-phase dosing, which show marked reactivity towards reducing
species such as CO and HZO‘ The surface oxygeﬁ fqrmed in this potential
range is lost either through gas-phase reactions similar to the CO cleanoff
6bserved in UHV with reducing impurities in the backfill gases or by reduc-
tion coupled to oxidation of species in the thin layer of electrolyte which
adneres to the surface during emersion. Either impurities or possibly
hydrogen introduced fo the electrolyte from the pa]ladium.hydride reference
electrode could provide the reductive capacity necessary to account for the
loss of the surface oxygen layer. As discussed by Angerstein-Kozlowska et

al. [7] anodic films formed at the lowest pdtentials are e]ectrochemica11y

reversible; i.e. any decrease in electrode potential causes a decrease in
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coverage. The preseﬁce of any species_which can react to ‘lTower the poten-
tial once the electronic continuity of the three elctrode ce]] is broken
thus can cause the disabpearance of the éurface adéorbed oxygen. Above 1.2V
extensiVe Pt-0 place exchangevdecreases the électrochemica1 reversibility of

the films, which then survive emersion and evacuation.
4.2. Composition of thin films 1.1-2.2V(RHE)

Over the transition region of 1.1-1.4V an increasing proportion of the
anodic. film survived emersion and transfer. In this botential interval LEED
showed that the extent of restructuring of the surface per oxidation/
reduction cycle also jn;reased with potential, suggesting that a higher per-
centage of thé surface Pt afoms undergo place exchange as the potentia] is
increased over this interval. Angerstéin;Kozlowska et al. [7].have given a
rather different interpretation to the changes in tne film over this poten-
tial region, b;sed'on cyc]ic.voltammetry of polycrystalline foils in‘H2504.“
In their interpretation'p1ace exchange, i.e. SUrfacé phase Qxide or hydroxide
formation, becomes important already at 0.97V. With hydroxyl groups already
established below the surface, the doubling of charge over the potential
range 1.0-1.2V was ascribed to the oxidétion of formal hydroxy]l groups to '

'formalloxygen atbms, i.e. a le" /Pt oxidative deprotonation leading to an

\ .
anhydrous film which then becomes thicker at higher potentials. The major
evidence cited for this was the invariance in the potential of the curreht

maximum of the cathodic reduction curve, which suggested that there_was no

change in the Pt structure over this region. LEED has provided a more
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direct indication of the extent of structural modifications at various
potentials [29,31]. It suggests that the Pt-0 structure is not invariant
over the 1.0—1.2V range; rather, additional displacement of Pt atoms occurs
towards 1.2V. In addition, tne thermal desorption data argues against anhy-
drous films above 1.2V since the water desorption signal increased with the
O2 signal. While this water could be just adsorbed on top of an anhydrous
Jayer, the similarity between the thermal water evolution peaks from the
thin films and from the thick Pt(OH)4 suggests that it is more likely

water incorporated in a hydroxide. However, more conclusive determination
of the nature of tnié water awaits the careful application of XPS and high
resolution electron energy 1oss¢spectroscopy to these films.

The agreement of experimental TDS data with the perimeter-controlled
desorption model indicates that thermal reduction occurs at the boundaries
between covered and uncovered patches. Since thermal dehydration precedes
thermal reduction, these conclusions pertain directly only to the anhydrous
oxide Tayers derived from the anodic films. If the anodic film island
geometry is not disturbed by dehydration the results also pertain to the
anodic films themselves, and comparisons between thermal and electrochemical
reduction can be drawn. In agreement with the proposed mecnhanism of thermal
reduction, electrochemical reduction along patch edges has been proposed by
Vetter and Schultze [5] for anodic films on Pt basedyupon the very small
dependence of the Tafel slopes for cathodic stripping on film thickness. -
The implication of the perimeter desorption model that the film growth also
proceeds though the reverse p}ocess of island growth and fusion at first

seems counter to normal electrochemical thought, although at least one
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ihvestigation using three-parameter ellipsometry [8] haS suggested the same
result. Ana]ysis.of e]ectrocﬁemica]lcharging curves has led to the conc]u;
'sion that growth of anodic films proceeds by field-assisted place exchangé
between b]atinum atoms and oxygen from the electrolyte or oxide layer [5,48].
The basic experimental finding is that the anodic Tafel slope for a given
film coverége or average thickness shdws a linear dependence on the value of
that film coverage. Following the Mott-Cabrera fbrma]ism (48], the rate of
film growfh is cbnsidered controlled by the potentialvgfadient across the
growing o*ide layer, and the agreement of experimental data with the simple
growth equation implies a uniform-layer thickness. In other treatments [5]
the important field gradient.is considered tb be that across the inner
Helmholtz layer, and a uniform film thickness is not as diredt]y implied.
The apparent'discrépancy between the.island fbrmafion implied by TDS and
high field growth indicated by electrochemical measurements is removed when
it is remembered that e]ectrochemica]_charging curves are sensitive only to
the rate;limiting step in the ihjtia] oxidation of the surface, whereas the
UHV transfer techniques, potentiostatic ellipsometry, and slow cathodic
stripping measurements méasure properties of the stable film produced at a
given potential. Frequent reference has been made to aging processes in
anodic films [5,7] whereby the inifia] oxidized surface rapidly rearranges
to a more stable configuratioh. While initial oxidation may occur Eather
uniformly over the_sukface, as implied by the field-dependent place exchange
model, the film rapidly rearranges to the island structure consistent with
the TDS and stripping measurements. "

The ability of the perimeter model to déscrﬁbe anodic film thermal

desorption with a single activation energy from the lowest transferabnle
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coverage ub to saturation argues that, excluding the 10-15% md]ti]ayer
contribution, a single chemical state exists on the surface for films formed
by 2 min. anodization of Pt(100) at 1.2 to 2.2V. This“obsérvatioh agrees
with some ellipsometric results in which constant optical properties were
‘observed in this range [8,12}, but disagrees with éthers [11]. The question
as to whether the saturating and multilayer films are in the same oxidation
state is less certain. The perimeter model shows theé great extent to which
film morphology can affect the kinetics of reduction. If thermal reduction
of thin films occurs at contaéts between oxidized and unoxidized patches, it
seems reasonable that decomposﬁtion of multilayer films would occur only at
higher temperatures where reduced sites could be nucleated throughout the
phase. Thus the distinction between the 725K 02 desorption peak and the

02 desorbing at lower temperatures may very well be entirely due to film
morphology and need not imply the presence of two chemically different
compounds in the films. Although the similarity of water desorption for
thick and thin films and the continuity of,OZ'TDS behavior suggest that.

the thin as well as thick films have thé composition Pt(OH)4, unambigqous
identification of the thin fiim composition will }equire techniques such as
ESCA which were not availab]e for cleanly transferred thin films in the
present work. In the past, compounds in the Pt(+IV) oxidation state have
been rejected és'thin anodic film maferia]s in part because the density
(anodic cnarge/vdlume) of PtO2 is too large to be consistent with both
coulometry and measurements of thickness based on e}]ipsometry [12] or
integrated ESCA peak measurements [13]. The present work indicates that the

films formed at 1.2-2.2V are hydrated, probably in the form of a hydroxide.
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No reliable érystal,structures, or even density measurements; afe available
for Pt hydrbxides,vbut they would be expe;ted to have 1owe} densities than
the oxidesbof comparable metal OXidation}state. Fof compariSon, the cfys-
ta]]ine:density ratio for Ni(OH)Z:/NiO“is 0.6 [49]; Assuming a Pt(OH)4
cbmpositidn and an approximate density, the thickhesé of the uniform part of
.the saturated thin fi]mFCan be est1mated; .fhermal desorption of the satu-
rated layer gave 2.3 0 atoms desorbing as 02 per Pt atom in the original
surface, with ca. 15% of that in the mu]ti]éyer desorption peak. The cor-

15

rected 2.0 0/Pt corresponds to 2.6x10°~ 0 cm—z. Since Pt(OH)4 decomposes

with the overall stoichiometry

————— > Pt + 02 + 2 H20

there is one Pt(OH)4 unit per 2 oxygen atoms desorbing as 02 or-1.3x1015

Pt(OH)4/cm2. If the density of Pt(OH)4 is estimated as 0.6 times that of
Pt02, or 6g/cm3, then the uniform thickness»qf the saturated film is cal-
culated to be 8K. This estimated thickness is consistent with thickness
measurements on po]ycrysta]iiné Pt based on él]ipsdhetry or ESCA, though it
shou]d.be noted that both of these techniques wéu]d provide some form of a
weighted average of the uniform and multilayer componentS'of the film. The
4,Vca]Cu]ated as the cube root of the
volume per formu1a'un1t, is 4R, suggeéting that the saturated uniform film ;

_isotropic layer thickness for Pt(OH)

on Pt(100) is an amorphous bilayer of Pt(OH)

4° with thicker paﬁcnes

~ containing 10-15% of the charge.
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4.3 Thick layer formation

During rabid AC cycling between 0.5 and 2.2V the saturated thin layer
with its small multilayer component is fepeated]y formed. The 1ower poten-
tial limit is sufficient to reduce most of the-saturated_]ayer, but the
small multilayer component, being more resistant to electrochemical, as well
as thermal, reduction [47], is never reduced. After thousands of cycles the
mu]tifayer component accumulates, and a thick AC hydroxide is produced. Tﬁe
reason for the formation of the sma]]vmultilayer component in the thin satu-
rated film remains unclear. It may be related to statistical vériations in
local field strengths accompanying island formation during the aging of
anodic films. Alternately, it may depend upon substrate defect concentra-
tions. The latter possibility could be checked by the controlled introduc-

tion of bulk or surface defects to single crystal electrodes.
4.4, Comparison of TDS results with gas-phase data
4.4.1. Water TDS

Water desorbed from both thick and thin anodized films at temperatures
185K higher than those reported for the water-producing decomposition of
sufface—adsorbed hydroxyl layers produce by sequential dosfng with oxygen
and water in UHV [1]. The amount of water evolved from the thick films pre-

cludes its presence only at the surface of an anhydrous oxide; a hydrated

o
’
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phase must be presént. ESCA results suggested that this phase was a hydrox- -
ide rather than a hydrated oxidé in whith water retained molecular proper-
ties. The detefminatibn of the type of water fh the thin'anodic films is
less certain, but tnhe presence of the'sihg]e water desorption peak identical
in temperature and shape: to that seen for the thick fi]m.suégestsjghatbhere,
too, the water was bound in the hydroxyl form. Thevdifférence invtempefa—
ture from the'gas phase resu]fs arises from the deve]opment of a bhase
hydroxide on the anodized surfaces as opposed to a surface adsorbed species;
In the anodized films Pt atoms are disblaced ffom their metallic positions
[29] and are at. least partiaily oxfdized, and water can be strongly bound
within the phase. Formation of the surface adsorbed hydroxyl species by
gaé—phase dosing does not disrupt the Pt lattice or significantly oxidize

the surface Pt atoms, and water is less strongly bound.
4.4.2. 02 thermal desorption

| O2 thefma] desorption data for thin anodic films, thick anodic films,
and gas-phase dosed Pt(100)(from ref. 23) are shown tdgether'for comparison
in Fig} 10. Wnile water evolved from the anodic filmé at temperatures sub-
stantia]ly above those feported for hydroxides formed from the gas phase
(1], 02 evolved at somewhat lower températures than those reported fof
moét surfaces exposed to oxygen in UHV. All anodic oxygen évo]ved at tem- -
peratures far lower than the 1200K ascribed by Salmeron et al. [25] to a
surface phase oxide or oxygen in the near-surface region. NoAvery broad

bulk diffusion-limited O2 desorption peaks such as might be expected for
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subsurface [25] or dermasorbed [4] oxygen were observed, indicating that all
oxygen resided at or very near the surface. Since all water desorbed at
temperatures far below those required‘for thé-evo]ution of oxygen, the 02
thermal desorption peaks for the anodic films correspond to the decomposi-
tion of an anhydrous surface phase oxide, and comparison with the anhydroﬁs
oxidized surfaces grown by gés-pnase dosing ié warranted;

Section 3.4.2 showed that the sharp peak shifting'from 570 to 630K with
increasing coverage and its shoulder at 640K could be described by a model
in which desorption occurred at the perimeters of covered patches with the
full thickness of the saturated layer, described in section 4.2 as a bilayer

of Pt(OH) In addition to these bilayer patches, about 15% of the anodic

4
charge went into a TDS O2 peak at 725K, ascribed to patches of multilayer

Pt(OH) It is impossible for all the 0 atoms desorbing from the saturated

4
layer as O2 and H20 to fit into a single adsorbed atomic layer; thé anodic
films are clearly surface phases in which Pt-0 place exchange has occurred.
The gas phase data from ref. 23 shown in Fig. 10 are for a surface-adsorbed
oxygen with an 0/Pt surface atomic ratio of 0.6-1. The lower desorption
femperatures observed for the surface phase oxides derived from the anodic
films as compared to those for the gas phase dosed surfaces are probably due
to this distinction between place-exchanged and surface-adsorbed layers.
Detai]ed_comparison of the 0, desorption data for thjn'anodic films
with those for gas-phase dosed surfaces is complicated by disagreements
between different sets of gas-phase results. Barteau et al. [24] found two
desorption beaKS'on oxygen-dosed Pt(100), a low-coverage peak at 710K and an

exceedingly sharp peak at 670K which grew in at higher coverages. The tem-

perature of the high-temperature peak did not shift with coverage. The
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coverage dependence of'the'sharp peak is not cléar from the published data;
however, the data were modeled with a first order proceSs with a linear
increase in deSbrption activatfon energy withAincreasing initia]lcoverage.
D wifh‘increas—'
ing initial coverage, so it seems most probable that the data in Ref.-24

As shown in Fig. 8c, such a model produces an increase in T

showed such an effect. Thus Barteau et al.'s data show striking qualitative
agreement with the present data for thin anodic films, but their peaks
occurred at ca.50K higher teﬁperatures than the anodic film results and

showed a lesser dependence of T_ on initial coverage. The temperature

p
discrepancy led to multiple recalibrations of the temperaturé scale in the
ﬁresent work; the discrepancy appears to be real, not an experimental arti-
fact.’ One is then faced with the curious situationvthat two different forms
of oxygen on Pt(lOO) shbw'qualitatively similar unusual sharp-peaked desorp-
tion behavior with similar dependencies on ré]ative Coverages, butv&t
different temperéturesf The absolute coverage dependence of the 02 TDS
from anodic films and from gas-phase adsorption a];o differ in that the
gas-phase films saturate at ca. 0.7 O/surface Pt (even for high-temperature
dosing) while the anodic films saturate at 2.0 0/surfacé Pt. Desorption at
the perimeters of satufated patches could eXplain the similar qualitative
behavior of both types of films, with tne disérepancies in temperature‘and
absolute coverage beiﬁg brought by the different types 6f saiurated layers
grown by electrochemical vs. low présSure ga$ phase growth conditions.

Derry and Ross [23].also observed two-peak desorption for 02 on
_Pt(lOO), with a low coverage peak and a sharp high-coverage peak at4660K.

The Tp'for their low-coverage peak moved.to lower temperature for higher
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initial coverages, as did the sharp peak, but their peaks lay in the same
temperature ranges as those reported by Barteau et al. [24]. Derry and
Ross' angle-resolved photoemission data indicated that their oxygen resided
at the surface, while LEED data for cycled surfaces [29] indicated Pt/0
place exchange in the anodic films. OveraH,.O2 thermal desorption results

oh Pt(100) shows that O, evolves at temperatures between 575 and 750K for

2
both the surface-adsorbed species and the phase oxides, both surface and
bulk. Within this temperature window, the actual forms of the desorption
lpeaks appear to be governed by complex kinetic factors with both geometric
and energetic effects p]aying important roles. The desorption previously
reported at higher temperatures [25—2}] lies entirely outside our experience
with any type of Pt oxide, (either bulk or surface) formed by sequential
electrochemical oxidation and thermal dehydration.

The use of any gﬁ_éiggltechnique in studying electrochemically generated
layers is always frought with concern as to whether the surface as studied is
relevant to the original surface in its electrochemical environment. Emer-

sion and evacuation should cause, if anything, a decrease in the hydration

of anodic films examined ex situ relative to their state in situ. Some

dehydration was in fact observed when high vacuum and high energy electron
beams were combined for AES measurements. The extensive hydration of the
thin and thick films measured here in a UHV environment suggests that the
films were hydrated to at least as great an extent within the electrochemi-
cal cell. HWhile extreme caution must always be used in interpreting results
~ from ex situ spectroscopies, the present results and those of other groups

doing transfer experiments indicate that UHV techniques can provide unique
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~insights into the properties of electrode surfaces. At the same time elec-
trochemical techniques can produce for study on single crystal surfaces

chemical species which are inaccessible via other methods.
5. Conclusions .

Anodic films formed on Pt above 1.1V(RHE) survived emersion and
evacuation in a hydrated state and could be studied with UHV sufface analyt-
ical techniques. A]]itransferable films were hydrated to the extent of ca.
1 water molecule pér 2e” of'anodic charge, or 1 water per 0O atom desorbing
as 02; Combined TDS and Pt 4f ESCA re;ults shows that thick films formed

by AC cycling had the stoichiometry Pt0,-2H,0. The ESCA 1s emission sug-

2 72

gested that only hydroxyl oxygen was present in the thick film, identifying
its composition as Pt(OH)4. 'Upon heating, the thick film dehydrated at

400K and evolved oxygen at 715K. The oxygen and water contents of thin
films formed at.conStant potential increased with potenfia] up to 1.9V, where
saturation occurred for the short growth times examined here. The saturated
film contained 2.3 0 étoms desorbing as 02 and ca. 2 water molecules per
surface Pt. MWater desdrbed from_thin.films with the same temperature and
peak shape as that observed for thick films, suggesting that these films may
also be nydroxides, though further Spectroscopié evidence is required. The
saturated thin film is suggested to be an amorphous bilayer of Pt(OH)4 with
a small multilayer compohent. 02 desorption from thin fj]ms displayed com-

.plex kinetics which could be described by a model in which desorption occurs

at the boundary between covered and uncovered portion of the surface. This
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1sland-edge modei iS5 in -agreement with previous studies of the kinetics of
electrochemical reduction of anodic films on Pt [5]. The TDS results also -
suggest that the stable films emersed from electrolytes have an is]and
structure, though the electrochemical rate—]imiting step during anodic film
growth may be the generation of a uniform layer which fhen reconstructs into

islands. 10-15% of the 0. from thin films desorbed in a peak around 725K,

2
near ﬁhat seen for thick films, indicating a sma]] mu]ti]ayer component in
the thin films. No evidence was seen for significant dissoiution of oxygen
into bulk Pt on the timescale of these expériments.

Comparison of the unusual peak.shapes of the present anodic film TDS
results with previous studies of gas-phase dosed oxygen onth(IOO) suggests
that desorption at the edges of saturated patches may control the kinetics
in both cases, while the different temperatures and absolute coverages
observed are due to the chemical differences between the two saturated
layers, one place-exchanged and one surféce-adsorbed. Oxygen is less
strongly bound in the surface phase oxide derived from thin anodic films
(ca. 20kcal/mol) than in gas-phase adsorbed layers (27547kca1/mo1 [23,24]).
On the ofher hand, water is much more strongly bound within the anodic films

than in adsorbed hydroxyl layers formed by low-temperature coadsorption of

oxygen and water vapor from the gas phase.
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APPENDIX
In what follows are -the details of two otnef models for the thermal
reduction of Pt anodic films. These two models have some features in quali—
tative agreement with the observed TDS curves, but, for reasons q1scuss¢d
be]ow,‘did not appear to be adequate physical models. for the thermal reduc-

tion process.
Explicit autocatalytic desorption model

Oxygen TDS from-anodic films was characterized by uncommonly snafp
peaks. Similarly sharp peaks have been reported for the decomposition of
formic acid on Ni(110). [50] and for 0, desorption from Pt(100) [24]; in
both cases the process was described as "autocatalytic." To test the rele-
vance of the autocatalysis concept to the present data, two other models
were examined, each also giving the requisite effective negative order of
desorption. The first explicitly autocatalytic model assumes positive-order
dependence on both covered and uncovered site concentrations, with the rate

given by the equation
m n _
-de/dt=ve (1l-9) exp(-Ea/RT).

The best match with data for peak sharpness and separation at different
coverages (shown in Fig. 8b) was found for m=1 and l<n<2, which produced the
effective negative dependence on o required by the data. The physical mean-

ing of the 1l<n<2 open site dependence and the very low preexponential factor
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(5x106s'1) is unclear. Baetzb]d ahd Somor jai [51]jhave'shown that the
rate eqUation for é-désorption process limited by surface diffusion to
active sftes contains a preexponential facfor wﬁich variesjasbthe 3/2 powef .
of the concentfation’of activé sites. vaa fixed fraction of sites (say a
partchiar king configuratidn) were active when uncovered, and if the dif-
fusion of oxygen to these sités were kate 1fmitihg, theA3/2 power depehdende
on (1-e) and the low pre-exponential couid be exp]ained. The first-order
dependence on o would seem to require that all surface oxygen be mobile at
the desorption temperatﬁre. This implied mobility seéms ihconsistent with
the surface phase structure of the anodic film, in which 0/Pt surface étdmic
ratios up to 2 are obéerved and in which Pt/0 place exchange has occurred.
This model, even when optimized, produced peaks for very high coverages
which were more.strbng1y separated from those for ihtermediate cdverages
than indicated by experiment. The model also does not predict the double-
peaked stchture seen in TDS, which‘must be assumed to be caused by a
separatevstate or another decomposition pathway. While the explicit auto-
catalytic model can produce a sharp péak which shifts tovhigher temperature
with coverage; it requires a serieé of restrictive and somewhat dubfous

assumptions to give a fit with data which is still inferior to that produced

- by the perimeter desorption model.
Variable activation energy desorption model

The second "autocatalytic" model tested, based on a model proposed by

Barteau et al. [24] for 0, adsorbed onto Pt(100) from the gas phase,

2
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.assumed desorption first order in occupied sites only, but with an activa-

tion energy which increases linearly with increasing coverage, i.e.,
-de/dt=ve exp[-(Ea+(AEa.e))].

Again, the parameters were juggled to-provide proper peak temperature, peak
sharpness, and temperature separation between high and intermediate coverage
peaks, with the best fit shown in Fig. 8c. .An increase in the activation
energy from 20 to 24kcal/mol as e increased from 0 to 1 was sufficient to
produce a shift in Tp with initial coverage which mimics the experimental
behavior. The pre-exponential factor of 2x107s-1 seems too low for any rate
limiting process except surface diffusion to active sites with a very low
constant concentration. If surface diffusion is rate limiting, tne first-
order dependence again requires uniform oxygen distributioh ovér the surface
(i.e. mobijity), which seems a non-physical assumption for a pnase oxide.
This model also does nbt predict the broad low coverage peak on top of which
the sharp peak grows. While the first obtained from thé variable activation
energyAmode] is better than that obtained from the explicit autocatalytic

model, it gives less complete agreement with the experimental data for anodic

films than does the perimeter desorption model of Fig. 8a.
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Figure captions:

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig

1.

2.

3.

. 8a.

. 8b.

Unnorma]ized Auger spectra of Pt (100) after various stages of the
transfer process.

Oxygen/plqtinum auger peak.ratio as a function of anodization
potential.

Iniegrated 0, thermal desorption signal as a function of

2
anodization potential. Signals were normalized to the oVer]ap of
the electrolyte contact area and the quadrupole nozzle aperture,
then compared to the desorption éignal for a saturation coverage
of CO to allow 0/Pt surface atomic ratios to be calculated (see
text). 0/Pt=1 gorresponds to 2e /Pt of anodic charge.

Integrated H20 thermal desorption signal as a function of
electrode potential. Absolute coverage determined as in Fig. 3.
Triangle gives datum for a surface exposed to rastered Auger beam.
Auger spectrum for anodic film formed at 1.9V (RHE) on Pt (100) in
0.3M HF. |

02 ahd H20 thermal desorption_sbectra for anodic film formed

on Pt (100) at 1.8V (RHE).

02 thermal desorption spectra for films formed at different.
potentials. | |

Periméter desorptfoh model. Ea =21 kcél/mo],'v/d =

14 -ls‘l.

10" "cm 8, = 0.99, 0.85, 0.75, 0.60, 0.50, 0.38, 0.21.

Explicit autocatalytic model (see Appendix): Ea = 21 kcal/mol,

m=23/2,n=1, v =5x10°. 5 = 0.99, 0.85, 0.75, 0.60, 0.50,

0.38, 0.21.
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Fig. 8&. Linear'increasé in Ea with coverage (see Appendix): Ea = 20
~ kcal/mol, AEa =4, v = 2x107.' % = 0.99, 0.85, 0.75, 0.60, 0.50,
0.38, 0.21. | o
Fig. 9i7 '02 and H20 thermal decomposition spectra for a thick fj]m formed by
’ -ACvénodizatjon of po]ycrystai]ine Pt foil. dT/dt = 19Ks'1.
Fig._lO. Comparison of 02 therma]'desorption from: a,b,c, thin anodic
| filmé on Pt(iOO); d, thick anqdic film; e, 02 adsorbed from the

gas phase on Pt(100) (ref. 21).
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