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The reduction and subsequent oxidation of Ag(I)-containing films of polyfluorocarbon sulfonic
acid (Nafion) have been studied spectroscopically, electron microscopically, and kinetically. The
ultraviolet-visible and infrared spectral features observed in sity during these processes are inter-
preted in terms of the formation of Ag particies and their surface oxidation upon exposure to air or
oxygen. The particle size distributions are narrow and give average diameters of 20-30 A for
various reductive and oxidative treatments. The Kinetics of the oxidation, which were followed by
observing the growth of silver—silver oxide charge transfer absorption at 370 nm, are analyzed in
terms of two parallet reactions. The first, postulated to give atomically adsorbed oxygen, is about

10 times faster than the postulated slower formation of molecularly adsorbed oxygen.
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INTRODUCTION

The formation and reactions of small par-
ticles of metals such as Ag are of both prac-
tical and theoretical interest. In many ways
they are intermediate between single atoms
and bulk metals and often exhibit size-de-
pendent catalytic properties. For practical
reasons such particles usually are studied
after being deposited by chemical methods
or by vapor deposition techniques on ap-
propriate substrates. However, even when
they are deposited very carefully, they can
be changed by the sintering that occurs at
temperatures above the temperature of
preparation (7). Thus, it is of interest to
study the formation and reactions of metal
particles in a medium that can influence or
control the size of the particles as well as
provide a sufficiently stable and dispersive
environment for them to function catalyti-
cally.

A class of ionic polymers (ionomers),
whose thermodynamic properties favor a
morphology capable of exerting particle
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size control has been developed recently.
When the concentration of their ionic sites
is high enough, these ionomers can mi-
crophase-separate into hydrophobic and
hydrophilic phases. The latter are ionic
domains embedded in the former. Such
materials as sulfonated linear polystyrene
(PSSA) and polyfluorocarbon sulfonic acid
(PFSA) belong to this class of ionomers.
The latter, PFSA, which is known commer-
cially as the DuPont product Nafion, is an
ionomer with sulfonate anionic groups at
the ends of fluoroether chains that are pen-
dant from a perfluorocarbon polymeric
backbone. It is represented by

[(CF2CF2)m—C,F—CF2]n

O

|
CF;

|
CFCF;/,

OCF,CF,SO;H

The morphology of PSFA ionomers has
been studied by a variety of diffraction
(SAXS, WAXS) (2, 3), spectroscopic (4,
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5), and other techniques, and is believed to
be well described as a microphase-sepa-
rated structure in which the sulfonate
groups form in ionic domains that are em-
bedded randomly in a fluorocarbon matrix.
The ionic domains vary in size with the de-
gree of hydration and the ionic site concen-
tration, but typically they are about 40 A in
diameter and are connected by hydrophilic
channels of about 10 A diameter (3). Theo-
retical studies on these materials are con-
sistent with the experimental results and
suggest that the formation of the site-con-
necting channels is slightly exothermic (6)
so that the ionic domains can become iso-
lated at elevated temperature.

In principle, these morphological proper-
ties of ionomers can control the size of the
metal particles that are formed in the ionic
domains. We have confirmed that this oc-
curs in the case of Rh, Ru, and Pt particles
that are prepared by reducing their iono-
mer-supported complex ions (7, §). Silver
particles also have been prepared in PFSA
9.

The formation and oxidation of Ag parti-
cles are of particular interest because of
their importance in catalytic oxidation reac-
tions (10). There have been many studies of
0O, adsorption on specific planes of Ag crys-
tals, and considerable progress has been
made in understanding the reactions in-
volved (11). Although less is known about
the mechanisms of O, adsorption on small
silver particles, a great deal of work has
been devoted to the problem (/2). The pos-
sibility of contributing with a system of con-
trolled size particles has lead us to investi-
gate the generation of silver particles in
PFSA and their subsequent reaction with
oxygen.

It is well known that small Ag particles
have optical absorption bands in the visible
region due to excitation of plasmon modes
of the metal (/3). For silver clusters in the
10-A-size range, this absorption occurs in
the spectral region 350-400 nm. This makes
it possible to study the process of forming
Ag metal from Ag* cations in the domains
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of the nearly transparent Ag—PFSA iono-
mer films. The oxidation can be followed as
well. Molecular orbital calculations on
models of oxidized silver particles predict
that charge-transfer transitions of such spe-
cies as (Ag-Ag*) and (Ag-Ag*-0) will oc-
cur in the visible region, so optical absorp-
tion due to surface oxygen species is also to
be expected in this region (/4). The pres-
ence of these bands makes it possible to
measure the rates of oxidation precisely
enough to obtain data to which a kinetic
model of the processes can be applied. That
has been done in this work.

The PFSA films have several other ad-
vantages in addition to exerting particle
size control and being sufficiently transpar-
ent to allow the formation and oxidation of
Ag particles to be studied spectroscopi-
cally. On advantage is that any reduction of
Ag* to Ag must change the counterions at
the anionic sites in a manner that allows the
process to be followed independently by in-
frared spectroscopy. Another advantage is
that the bulk material can be studied by
electron microscopy using standard sec-
tioning methods so that the size and shape
distribution of the particles can be deter-
mined.

In this paper, we report our study of the
formation and oxidation of Ag particles in a
PFSA medium.

EXPERIMENTAL

The PFSA ionomer films employed to
isolate silver in this study have an equiva-
lent weight of 1600, and an approximate
thickness of 25 um which is convenient for
study by UV-visible and transmission in-
frared spectroscopy. The materials are of
the type known as Nafion, and were kindly
provided by the Plastics Department of the
E. 1. DuPont de Nemours Corporation.

Prior to ion exchange, ca. 5-cm? sections
of the ionomer film were purified to remove
plasticisers and salts and treated with acid
to transform them completely into the H*
form. Thus, they first were stirred for 30
min in a 5 M nitric acid aqueous solution



A2
74

and rinsed with distilled water, then they
were stirred for 30 min in dimethyl sulfox-
ide (DMSO, analytical grade), and rinsed
thoroughiy again with distilied water. Silver
ions were incorporated into the PFSA by
stirring the films in a 0.05 M agueous silver
nitrate solution (AgNOQOs, analytical grade,
Mallinckrodt) for 30 min at room tempera-
ture. The partially hydrated films were then
rinsed with distilled water and allowed to
dry in air prior to storing them in a dessica-
tor.

Membranes prepared in this manner
were analyzed by the Galbraith Laborato-
ries, (Knoxville, Tenn.), and were shown to
contain .76 wi% suifur and 4.81 wt% sii-
ver. This corresponds to approximately
80% completion of the ion exchange.

CRAPITAIIL A2 UAAT VLY RARLIALES

The hydrogen used in this work (99.995%
H,, Airco, Inc.) was purified further by
passing it through a series of liquid-nitrogen
traps upon its addition to the spectroscopic
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cell. The CGH, which consists of a
body to which infrared (KBr) or UV—visi-
ble (SiO;) transmitting windows are affixed
with a cyanoacrylate glue, could be con-
nected to a vacuum or gas supply line. The
sampie holder was machined from a PTFE
block and could be aligned with the KBr or

Si0, windows. Using this cell. the spectra
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were taken in situ of films subjected to vari-
ous treatments. During hydrogen reduction
and spectral acquisition, the cell was cov-
ered with aluminum foil to exclude light.
The subsequent oxidation of the silver par-
ticles formed by the H, reduction was car-
ried out by admitted air or dry oxygen to
the cell.

The infrared spectra in the region 3800-
400 cm~! were recorded at 300 K with a
Digilab 15B FT-IR spectrometer. Each
trace is the average of 400 scans and repre-
sents a spectrum recorded at 2 cm~! resolu-
tion. The UV-vis spectra in the region 700—
300 nm were recorded at 300 K with a Cary
17 UV-VIS-near-IR spectrophotometer at

1 nm resolution

i 13311 1WOUIuuViLL.

Transmission electron  microscopy
(TEM) was used to investigate the silver-

containing PFSA membranes after the H,
reduction treatment and exposure to air.
Samples were prepared for TEM by embed-
ding the fiims in Spurr’s iow-viscosity em-
bedding medium, (Electron Microscopy
Sciences, Fort Washington, Pa.) and micro-
toming them into section 60-70 A thick.
These sample sections, which were sup-
ported on Cu grids, were examined using a
Philips Model 410 LS transmission electron
microscope. As operated at 100 kV in the
bright field mode at calibrated magnification
of 500,000%, the instrument is capable of
resolving features that are ca. 3.5 A in di-
ameter.

Electron microprobe analysis (EDAX)
was performed on the PFSA-Ag mem-

hranpc’ (after hvrlrnopn treatment and ex-

posure to air), using an EDAX Model 711
instrument interfaced to an AMR 1000
scanning electron microscope. The analy-
ses were performed using the low-energy
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RESULTS AND DISCUSSION

The reduction of Ag(I) ions in the ionic
domains of PFSA-Ag(I) films with H,, and
the subsequent adsorption of O, on the re-

duced Ag-containing material have been
studied

LS5 104 Lut0 g

these processes has made it p0331b1e not
only to identify the optical absorption due
to H,-reduced Ag—PFSA, but also to follow
the oxidation kinetics. In the first part of
this section the reduction and oxidation are
presented, and in the second part the kinet-
ics of the oxygen adsorption processes are
analyzed.

Separation of

s Uiz

snectrosconically.

Pevu VSOOIV

In order to determine the visible spec-

trum of the reduced Ag-PFSA films and
make it possible to study the adsorption of
O, on the reduced silver species, the ultra-
violet—visible spectra were recorded in the

region 300-700 nm as the reduction pro-
€gion SUU—-/VV nin as o€ réquclion pro

ceeded. The spectrum of PFSA-Ag(I), be-
fore reaction, is shown in Fig. la. The only
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Fi1G. 1. Visible spectra of PFSA-Ag(I) upon expo-
sure to Hs: (a) at zero exposure, (b), (¢), and (d) after
14, 19, and 24 h of reduction, respectively.

spectral feature is a baseline absorption
which rises as the wavelength decreases.
This is characteristic of the PFSA support
itself and does not indicate any additional
scattering or absorption associated with the
presence of Ag* ions in the domains. Thus,
neither hydrated Ag* nor Ag* associated
with sulfonate and H,O moieties give rise to
absorption in this region.

During exposure of such a film to H, at 1
atm and 300 K, the spectrum changes
slowly as the films turn yellow and absor-
bance bands grow in the region 300-400
nm. This is shown in Figs. 1b, ¢, and d,
which are the spectra observed after expo-
sure to H, for 14, 19, and 24 h, respectively.
After 24 h of treatment with H, the spec-
trum displays an asymmetric band enve-
lope with a peak at 365 nm.

The growth of this band clearly corre-
lates with the reduction process. Since this
reduction requires production of Ag® and
since the other product, Ag*-containing hy-
drated H-PFSA, does not have absorption
bands in this region, the absorption must be
associated with Ag®. Two general types of
apparent optical absorption that depend on
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the presence of Ag® can be considered. One
involves the interaction of light with Ag®
particles themselves, presumably through
collective electronic excitations (plasmon
modes), or, at relatively large spacings,
through interparticle scattering. The other
involves electronic excitations between
states that have important contributions
from the electronic structure of Ag° parti-
cles but also include contributions in the
ground and/or excited state from neighbor-
ing or bound atoms or ions of another type.
Since there is no noticeable change in the
visible absorption until after significant re-
duction has occurred, as shown by the in-
frared spectrum (vide infra), it appears that
the Ag® particles must grow to a minimum
size before they cause the band to appear.

Investigations of the concentration de-
pendence of the optical properties of Ag’
clusters isolated in rare-gas matrices show
that a broad asymmetric absorption occurs
at about 360 nm when the clusters reach
about 10 A in diameter (15, I6). For Ag’
particles of about 100 A diameter deposited
on glass slides, Granqvist et al. observed a
similar absorption at 375 nm (/7). Doremus
found that ca. 100 A Ag® particles in
inorganic glasses absorb at about 400 nm
(18). For particles with a range of sizes in
yellow aqueous colloidal suspensions of sil-
ver, Creighton found an absorption band at
ca. 385 nm (79). Finally, Lee and Meisel
found an asymmetric absorption band at ca.
375 nm in reduced Ag-PFSA membranes
that had been prepared by bubbling H; over
a PFSA-Ag(]) film at 333 K in water that
had been deoxygenated to prevent the oxi-
dation that occurred upon exposure to air
(9). Since the plasmon absorption of Ag®
particles in the diameter range 10-100 A
occurs in the region 350-400 nm in a variety
of environments, we tentatively assign the
365-nm band to this absorption by the Ag®
particles formed as the PFSA-Ag(I) films
were reduced in this work.

Even though this assignment appears to
apply to Ag® particles even in significantly
different environments, it still is possible,
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Fi1G. 2. Visible spectra of reduced PFSA-Ag® ex-
posed to air for (a) 0, (b) 10, (c) 20, (d) 30, (3) 40, and
(f) 500 min. This sample was exposed to H; for 19 h.

in principle, for the ground or excited state
to have a contribution from species associ-
ated with the Ag particles. Nonetheless, the
Ag particles are a necessary component of
the absorbing species.

Following reductions of the PFSA-Ag(I)
films for periods of 9, 14, 19, 23, and 24 h,
the films were exposed to air at 300 K. Two
types of experiments were done on them.
First, the ultraviolet—visible spectra and
the infrared spectra were measured as oxi-
dation proceeded, and, second, sections of
each film were measured by transmission
electron microscopy (TEM) to determine
the particle size distribution of the oxidized
product.

Upon exposure to air, the reduced-sil-
ver—PFSA films develop a bright golden
yellow color, and their spectra show that an
absorption band at ca. 370 nm grows dra-
matically. Spectra representing the time
evolution of this band in the case of a film
first reduced for 19 h under H, are shown in
Fig. 2. In Fig. 3, the absorbance at 370 nm,
A3z, is plotted versus time of exposure to
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air for all five of the initial reduction times.
The data for films reduced for 30 h before
oxidation constitute the limiting case be-
cause of the very high absorbance values
they attain quickly when exposed to air.
In order to follow this oxidation process,
as well as the initial reduction, indepen-
dently, the infrared spectra of the films
were monitored through the processes.
Since the absorbance changes represent
transformations of each film from one that
is essentially hydrated PFSA-Ag(I) with
some H-PFSA to one that contains Ag®,
less of the hydrated PFSA-Ag(I) and more
H-PFSA, when it is reduced, and then to
one that contains less Ag’ and, at least,
more H,0, the changes are less dramatic
than those seen in the visible spectrum.
Nonetheless, they are important in showing
independently that these processes occur.
The most useful region to focus on is that
between 1600 and 1900 cm™!, because it
contains the bending mode of H,O that is
sensitive to the type and amount of cation
present. Thus, H,O associated with Ag* ab-
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F1G. 3. The time evolution of absorbance (at 370 nm)
exhibited by PFSA-Ag® films exposed to air. The dif-
ferent curves correspond to membranes prepared after
(A)9, (O) 14, () 19, (A) 23, and (®) 24 h of exposure
to Hz.



O, ADSORPTION ON Ag IN POLYFLUOROCARBON SULFONIC ACID

b. REDUCTION

( ARBITRARY UNITS ) —

—— ABSORPTION

1900 1800 o' 1700 1600

FiG. 4. (a) Infrared spectra of PFSA-Ag* and
PFSA-H"* in the water-bending region. (b) Infrared
spectra of PFSA-Ag* upon H, reduction. (c) Infrared
spectra of reduced PFSA-Ag upon exposure to air. In
(b) and (c), the numbers indicate the number of hours
of exposure to H, and air, respectively.

sorbs at 1620 cm~! and H,O associated with
H-PFSA absorbs at 1710 cm ™!, as shown in
Fig. 4a. As the reduction proceeds, the
1620-cm™~! band decreases while the 1710-
cm~! band increases, as expected when
Ag™ is reduced to Ag®. This is shown in Fig.
4b, where IR spectra taken in siru after 4,
22, 47, and 67 h of reduction are presented.
The fact that the 1710-cm™' absorbance
reaches the value of the initial 1620-cm™!
band after 67 h of treatment with H,, is re-
quired if full reduction occurs and the oscil-
lator strength of H*-bound H,O is the same
as that of Ag*-bound H,O, because the to-
tal amount of silver in the film is constant
throughout the process. Upon oxidation,
this observation is reversed. Thus, when
the same film (67-h reduction) has been ex-
posed to air for 0, 2, 6, and 19 h, the relative
band intensities reverse as shown in Fig.
4c.

All of the films, which had been reduced
for the various periods specified above and
then exposed to air, were embedded for
TEM measurement. The TEM images were
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then analyzed to determine the distribution
of particle sizes. The TEM image for a ma-
terial reduced for 24 h before measurement
is shown in Fig. 5, and its particle size dis-
tribution, obtained by standard statistical
counting techniques, is shown in Fig. 6.
The average particle size is 29 A diameter
for this film. For each of the Ag—PFSA ma-
terials, at all reduction times, the particle
size distribution is similar in that it is refa-
tively narrow, peaked in the range 20-30 A,
and gives an averaged particle size of 25 =
5 A diameter. Although there are obviously
a few larger particles, their statistical
weight is too small to be shown in the stan-
dard particle size distribution representa-
tion. The average particle size reported in
this work is considerably smaller than the
70-A particle size reported by Lee and
Meisel on Ag-PFSA that was reduced by
bubbling H, through water containing thin
films (9).

The degree of initial reduction achieved
naturaily depends on the time of treatment
with H,. Even after 67 h of exposure to H,
under the conditions specified, the reduc-
tion is incomplete as shown by the presence
of the infrared band at 1620 cm™!, so some
Ag* remains. The oxidation of Ag® particles
also is incomplete even after a prolonged
exposure to air. To demonstrate this,
EDAX experiments were performed on a
film which had been reduced for 70 h in H,
in order to represent a practically limiting
case.

The EDAX analysis of this film, after ex-
posure to air for longer than the 10 h it takes
for the oxidation to be complete spectro-
scopically, shows two intense peaks at 3.05
and 2.37 keV corresponding to Ag and S,
respectively. The ratio of the areas under
the curves reflects the Ag-to-S concentra-
tion ratio of the membrane, and, in separate
units of unit area per atom, was 1.5. After
this film was stirred for 1 hin 5 M HCIO,,
which removes Ag* ions, the EDAX analy-
sis showed that the ratio of the Ag-to-S
curve areas had decreased to 0.35. Taking a
ratio of these curve area ratios eliminates
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Fi1G. 5. Transmission electron micrograph of a PFSA-Ag membrane reduced in H, for 24 h and
exposed to air. It shows particles of 29 A average diameter.
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F1G. 6. The particle size distribution resulting from
the micrograph shown in Fig. 5.

the differences in units of area per atom and
yields a measure of the neutral silver. Thus,
after reduction in H, for 70 h and subse-
quent air oxidation, about 24% of the total
amount of silver initially exchanged into the
film remained as metallic Ag.

The reduction and oxidation experiments
on Ag-PFSA thus show that Ag* is re-
duced to Ag’® to a significant degree and
produces particles after oxidation which
are about 20-30 A in size for any degree of
reduction studied. The oxidation leads to
growth of a strong visible absorption band
at 370 nm which is assigned to charge trans-
fer transitions (Ag-Ag*-O) involving Ag®
and its oxidized surface. The growth of this
band occurs on a time scale that makes it
possible to measure the kinetics of the oxi-
dation reaction directly.

Kinetics of Oxidation of Reduced
Ag-PFSA

The variation with time of the optical ab-
sorption due to exposure to air has been
measured over a sufficient portion of the
reaction to make it possible to model the
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kinetics of the process. Since the absorp-
tion increased and then leveled off in the
exponential manner typically observed for
oxygen adsorbing on silver (//, 20-25), un-
der a variety of experimental conditions,
the first approach to modeling was to as-
sume that the rate of the reaction could be
expressed as dA/dt = A.K exp(—kir), where
A, is the optical absorbance at time ¢, A.
that at equilibrium, K a constant, and & the
rate constant. More directly, in measured
quantities, the following rate law was
tested:

a1 oA

Here, A/A. represents the degree of sur-
face oxidation since direct evaluation of a
relevant coverage, #, is not possible. In
general, k includes a factor which is postu-
lated to be constant under the condition
that the local pressure of O, reaches a
steady state as in our constant external
pressure experiments. The solution to (/)
is, of course,

(M

A= Al — 7%

Al) _
In (l ol

It is possible to obtain a rate expression
of the form of (2) or (3) from other models.
For example, Clarkson and Cirillo (22)
treated their data for uptake of O; on Ag
particles using first-order adsorption and
desorption terms for O, formation on sil-
ver upon exposure to constant pressures of
0O,. Under their assumptions the solutions
is again of the form of Egs. (2) and (3). The
experimental data do not allow discrimina-
tion between kinetic rate laws of the same
form so no conclusion can be drawn about
the rate order of the adsorption/desorption
reactions involved in our system. Never-
theless, Eq. (3) is particularly helpful in in-
terpreting the rate data,

2

or,

—kt. 3)
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FiG. 7. The In[l1 — A/A.)] versus time for a PFSA-
Ag film exposure to air after 19 h of reduction in H,.
Dots represent points calculated from experimental

data. The solid line shows the least-squares fitting to a

squares I

straight line in the long-time scale.

Plots of In[1 — (A/A.)] versus ¢, such as
that shown in Fig. 7 for the case of a film
reduced for i9 h, were obtained and used
for the graphical determination of k& in Eq.
(3). It can be seen that for times greater
than ca. 40 min, the agreement is excellent.
Least-squares fitting to a straight line gave
correlation coefficients of 0.9999 or better
in all cases. However, the model fails to
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apparently involves another faster reaction.

When the curve of the form of Eq. (3)
with the value of k that was fit precisely for
long times was subtracted from the corre-
sponding experimental curve in each case,
the difference was precisely (correlation >
0.999) a second curve of the same form,
with a value of k approximately 10 times as
great. The two curves, together with the
experimental data shown in Fig. 3, are
shown in Fig. 8. The fitting of each set of

data with two curves of the form of Eg. (3)

QUG VVIlLl LYYW WLl VU0 WL v AU LR UL AUN. ()

lead to the same result. In each case there is
a constant baseline and, superimposed on it
is a curve of the form

Ay = Ao (1 — 789 + A o(1 — e7®2). (4)

ABLE 1

Values of Parameters of Eq. (4) for the PSFA-Ag?

Films Studied

Time of reduction ky k, k,
(h) (s™h (s k,

9 2.8 X 10~* 3.47 x 103 12.39

14 1.1 x 104 0.85 x 1073 7.73

19 1.1 x 104 1.08 x 103 9.82

23 2.0 X 1074 2,02 x 103 10.10

24 3.5 x 1074 342 x 16y 977

Average: 9.96

All of the values of k; are on the
~1 and those of k, are about
They are given in Table 1.
Interpreting these Kinetic results raises
several interesting questions. The first is
whether they are unique. There clearly is
an infinite number of mathematical ways to
fit any curve, if only by fitting it to an infi-
nite series. However, in the present case
the possibilities could be limited by using
the linear variation of In[1 — (A/A.)] with

3

269 4.69

t (min)

F1G. 8. The deconvolution of the absorbance at 370
nm, Ajy, versus time of exposure to air plot in the case
of a PFSA-Ag® membrane prepared for 19 h of H,
reduction. Dots represent the experimental data
shown in Fig. 3. Dashed lines are the deconvoluted
slow (1) and fast (2) reaction curves. The sum of these
also is shown (solid line).
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time, at long times. This permits direct
evaluation of k,. A difference plot between
the curve with that determined value of &,
and the observed curve, leads to a very lim-
ited range of values for k; if only one addi-
tional term is used. The fact that only one is
required to obtain a very precise fit is nec-
essary, though recognizedly not sufficient,
evidence that this treatment is valid. Reac-
tion processes of this form but with & orders
of magnitude smaller than 107% s~! cannot
be evidenced by this approach since they
would be too slow to proceed to an appre-
ciable extent on our experimental scale.
Processes that are much faster and are
completed within the first minute of the ex-
periment, simply contribute to the baseline.

The second question concerns the appar-
ent assumption that both reactions lead to
products that absorb light at 370 nm. This is
not actually an assumption but a conclusion
from the data. The question is, rather, how
to rationalize there being two different
products that lead to such absorption. As
discussed above, the optical absorption is
assigned to transitions that transfer charge
from Ag® to Ag*. So long as the Ag’is in
particles that are large enough to have a
Fermi level near that of the bulk metal and
““Ag*’ has energy levels characteristic of
ions that have fully transfered their electron
to oxygen in some form, each (Ag-Ag*-0)
species is expected to exhibit its charge
transfer transition in the range 350-380 nm
(14). Thus, any of several such species
should have appreciable optical absorption
at 370 nm.

The next question to be addressed con-
cerns the nature of the species that are
formed. The interaction of oxygen with sil-
ver has been studied widely over the years
largely because of its importance in under-
standing the catalysis by silver of ethylene
epoxidation. Two different types of model
experimental systems often are used to
study this reaction. One involves polycrys-
talline silver surfaces exposed to oxygen at
relatively high pressures (1-760 Torr). The
other involves the reaction of O, with clean
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single crystals of silver at very low expo-
sures and the study of the resulting adsor-
bates under UHV conditions. Both have
been reviewed extensively (10, 12, 26), and
it is clear that while both are useful the dif-
ferences in reaction conditions often make
comparisons of the two sets of data diffi-
cult. Indeed, the nature of the chemisorbed
species depends very strongly upon the
configuration, pretreatment, and purity of
the surface, the temperature of adsorption,
the oxygen pressure, and degree of expo-
sure, and the experimental conditions re-
quired for the probe experiment.

Uptakes of oxygen in the high-pressure
regime (1-760 Torr), were studied volumet-
rically by Smeltzer er al. (20), gravimetri-
cally by Czanderna (23), and manometri-
cally by Kilty er al. (27), at temperatures as
high as 300 K. Their results are consistent
in indicating that there are several adsorp-
tion states of oxygen on silver. One is
formed in an initial, almost nonactivated
step (E, = 12.5 kl/mol). It was found in all
cases and is thought to involve dissociative
adsorption of oxygen (i.e., the formation of
adsorbed atomic oxygen). A second state,
formed with E, = 33.4 kJ/mol, is observed
after about a half-monolayer coverage. It is
thought to be adsorbed but undissociated
O,.. At higher temperatures a third, highly
activated (E, = 58 or 92 kJ/mol), adsorp-
tion, possibly associated with migration of
silver atoms or formation of subsurface ox-
ygen, has been observed.

While there is evidence for at least two
species being formed when polycrystalline
Ag is exposed to O, at high pressures and
room temperature (28-30), their identities
are not based solely on uptake or thermal
desorption data. For example, Joyner and
Roberts found evidence for atomically and
molecularly adsorbed oxygen when poly-
crystalline Ag foil was exposed to O, at 473
K and 1 Torr (37). Under those conditions,
oxygen adsorbate species exhibited three
distinct O(1s) binding energies in the high-
pressure photoelectron spectrum. In addi-
tion, Kilty et al. demonstrated the presence
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of O,, under similarly realistic conditions
(27) through careful infrared studies of iso-
topically labeled systems.

Perhaps the most direct evidence for a
molecular oxygen adsorbate on Ag under
realistic conditions is the observation of a
paramagnetic O; adsorbate on silver parti-
cles (22, 32-34). By monitoring the ESR
spectrum of oxygen adsorbed on 47-A
mean-diameter silver particles supported
on Vycor glass at 1 Torr in the range 298-
333 K, Clarkson and Cirillo were able to
identify the O3, species and to follow the
kinetics of its formation. The rate equation
that describes their ESR data is the same as
Eq. (3). Taking this result and the fact that
the activation energy is known to be 61.7
kJ/mol from both the ESR study and the
work of Czanderna (28), it is possible to
calculate what the rate constant for the for-
mation of this O; species should be under
our experimental conditions. That calcu-
lated values is 3.5 X 107 s~!, in excellent
agreement with our value for k;, the slower
adsorption step, obtained in the present
study.

On this basis, we can assign the oxygen
adsorbate species that lead to the distinct
uptake curves shown in Figs. 7 and 8. In
agreement with Czanderna (23), Kilty et al.
(27), and Clarkson et al. (22), we assign the
faster step as a dissociative one leading to
atomically adsorbed oxygen, O,. The
slower step involves nondissociative ad-
sorption of oxygen on the surface of the
PFSA-supported silver particles, presum-
ably O;,. Subsurface oxygen, observed at
higher temperatures by other techniques, is
not expected to be probed by UV-vis spec-
troscopy.

It is reasonable to ask whether the ob-
served peaks are due to contaminant adsor-
bates, such as CO; or H,O. To investigate
this, the oxidation experiments were re-
peated with dehydrated Ag-PFSA mem-
branes and with dry oxygen, instead of air.
The same two adsorbing species were ob-
served.

The formation of the atomic state, O,, by
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the faster reaction may be diffusion rate
limited. When the oxidation experiments
were repeated with dehydrated Ag-PFSA
membranes and with oxygen instead of air,
the same two absorbing species were ob-
served. This observation of the same spe-
cies appears also to exclude adsorbed CO,
or H,O interferences. However, the rate
constant for the fast step was reduced by a
factor of 3 to 5. This is consistent with the
reduction of the O,(g) diffusion coefficient
expected for PFSA upon dehydration.? Dif-
fusion control of other reactions in PFSA
supports have been observed in this labora-
tory. For example, the rates of CO oxida-
tions catalyzed by Ru—, and Rh—PFSA have
been shown to be diffusion controlled (7).
On the other hand, the rate of CO oxidation
catalyzed by Pt-PFSA, which is much
slower, is not (8).

Although the assignments of the two ad-
sorption processes and adsorbates made
above are well precedented, it is possible
that the two adsorbates do not differ in mo-
lecularity. For example, they could be
atomic oxygen adsorbed at two different
sites, or adsorbed atomic oxygen ad subsur-
face oxygen. These possibilities are sug-
gested by the fact that the occurrence of
many oxygen adsorbates on polycrystalline
silver has been attributed to the availability
of a variety of sites (36). They also are
based on the recent report of Campbell and
Paffet (37), who suggested that their TPD
studies of Ag(110) at high exposures of oxy-
gen are best interpreted in terms of the for-
mation of two atomic oxygen adsorbates at
high temperatures (ca. 300 K) in addition to
the molecular oxygen adsorbate identified
by UHV studies (24, 25, 38) which desorbs

2 While the gas diffusion coefficient for dried Nafion
ionomers have not been reported, studies on gas diffu-
sion in hydrated Nafions show that D(0O,) = 3 x 107
cm? s~!in the range 290-310 K. Ogumi et al. argue that
the mechanism of O, diffusion in the hydrophobic re-
gions, which dominate in the dried membranes, is
close to that of PTFE and therefore should give D = 1
X 1077 ¢cm? s~! (35). Thus, a roughly two- to fivefold
reduction should be expected on the basis of the differ-
ence in O, diffusion rates.
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rapidly above 190 K. However, the exis-
tence of molecularly adsorbed O, , at 300 K
and high pressure has been confirmed by
ESR, isotopic-exchange infrared, and XPS/
UPS studies. This and the fact that UV-
visible spectra are not expected to probe
subsurface oxygen, lead to the assignment
given. Thus, we conclude that the faster
process is a diffusion rate-limited formation
of atomically adsorbed oxygen and the
slower process is a formation of molecu-
larly adsorbed oxygen.
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