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The partial oxidation of methanol to formaldehyde was stud-
ied over an industrial electrolytic silver catalyst. Special attention
was paid to the influence of reaction-induced restructuring of the
silver surface and bulk on the activity for the partial oxidation of
methanol to formaldehyde. Drastic differences are observed in the
performance exhibited by fresh samples and those which have been
previously treated at high temperature (T > 873 K) reaction con-
ditions. The temperature dependence of the conversion for a fresh
catalyst shows a pronounced hysteresis which can be separated into
three temperature regimes. These regimes are strongly correlated
with various morphological changes induced in the silver during
reaction. SEM images reveal that heating silver in an excess of
methanol to 773 K results in the destruction of grain-boundary
defects. Comparison of the various hysteresis profiles with TDS
analysis of silver pretreated at high temperature in oxygen shows
that elimination of these defects results in the inhibition of oxy-
gen diffusion from the bulk to the surface in the temperature re-
gion between 673 K and 873 K. The formation of holes resulting
from the reaction of bulk-dissolved hydrogen and oxygen indicates
that diffusion along these defect structures supplies bulk oxygen for
the catalytic reaction. Hole formation above 923 K is no longer re-
stricted to grain boundaries, indicating that volume (interstitialcy)
diffusion replaces grain-boundary diffusion at elevated tempera-
tures. This incorporation of oxygen into the silver lattice results in
an increased conversion of methanol with a higher conversion to
formaldehyde. Consequently, no hysteresis is observed subsequent
to having treated the sample in the reaction mixture at temperatures
in excess of 873 K. Reaction-induced restructuring of the catalyst on
the time scale of a typical run occurs. This leads to an improvement
in the catalytic performance of silver for this extremely structure-
sensitive reaction. @ 1998 Academic Press

Key Words: silver; formaldehyde; methanol; oxidation; diffusion;
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1. INTRODUCTION

The remarkable catalytic properties of silver have been
known for over a hundred years (1). The partial oxidation
of methanol to formaldehyde is conducted at significantly
higher temperatures (in excess of 800 K) over unsupported,
electrolytically prepared silver (1-3). The partial oxidation
of ethylene to ethylene oxide is conducted over alumina-
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supported silver (4,5). This reaction is carried out, indus-
trially, at temperatures lower than 600 K. These extreme
differences in temperature, particle size, and catalyst type
show the extreme versatility of silver as a partial oxidation
catalyst but hint that the mechanisms involved differ signif-
icantly. These mechanistic differences arise, in part, from
the fact that silver is capable of accommodating a variety of
catalytically active oxygen species (6-8). The formation of
these species is a complex function of temperature, partial
pressure of oxygen, type of silver and is closely related to its
pretreatment history (6). Morphological changes occurring
at higher temperatures at the silver surface, as well as in the
bulk may inhibit or promote the formation of these species.
Table 1 shows a summary of these species, as well as a num-
ber of others cited in the literature. The three species which
are dealt with in this paper are termed O,, O, and O,,. The
former is assigned to chemisorbed, surface-bound atomic
oxygen. Og is bulk-dissolved oxygen which diffuses through
high-indexed crystalline structures and along grain bound-
aries (6). O, is the intermediate state where Og segregates
from the bulk to the surface (6-11). It is a strongly bound
oxygen species intercalated in the uppermost silver layers
(6-11). These species have been extensively studied with a
variety of spectroscopic techniques (3,6-14). In these stud-
ies, it was found that O, catalyzes the oxi-dehydrogenation
of CH30OH to formaldehyde. It is a strong nucleophile and
therefore tends to react to the complete oxidation reaction
products CO; and water. O,,, on the other hand, is believed
to only catalyze the selective dehydrogenation of methanol
to formaldehyde. Itisstrongly intercalated (Tges > 873 K) in
the silver crystal structure and does not form complete oxi-
dation products. This explains the maximum in conversion
obtained for the industrial process which is understoichio-
metric in oxygen (1,2) and occurs at temperatures in excess
of 873 K, where O, is the only stable oxygen species. Og
cannot participate directly in reaction as it is located in the
bulk.

The goal of this work is to show that restructuring of
silver resulting from the gas—solid interaction leads to the
activation of silver for the partial oxidation of methanol to
formaldehyde. Itis shown that silver plays a dynamic role in
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TABLE 1

Literature Assignments of Various Oxygen Species Adsorbed on Silver Surfaces

Desorption
Species temperature (K) Location Assignment Reference
O, 25 Surface Physisorbed 29
O, 190-300 Surface Chemisorbed 2,26,30,31,32
(e} 570-620 Surface Atomic adsorbed 15,25,26,27,28
(e} 1120 Subsurface Strongly bound 14
(e} 820 Near defects Species V 4,9,25
(e} 780-880 Bulk-dissolved — 13,25,26,30,35
(e} 580 Surface lonic 8
(e} 740-860 Surface-embedded Covalent 8,36
(e} 900 — Very high T 35
(6] 619 Subsurface — 27
(@] 580 Surface B 26
(e} <600 Surface [ 19,31,37
(@] 600-900 Bulk-dissolved B 19,31,37
(e} <900 Surface-embedded y 19,37

the reaction, adapting to its thermal and chemical environ-
ment on the time scale of the experiments performed here.

2. EXPERIMENTAL

Electrolytic silver (BASF-AG), silver powder (Chempur
99.9%) and silver foil (Goodfellow 99.9995%) were tested.
Qualitative analysis by EDX showed the presence of small
amounts of C, Si, and Cl contamination in all samples. The
silver foil was polished with diamond paste and used for the
SEM experiments. Catalytic experiments were carried out
in two different tubular quartz reactors. Both reactors were
approximately 20 cm long. The first had an inner diameter
of 4 mm and the second, 8 mm. Samples were held in place
with quartz-wool plugs. A thermocouple (type K) was at-
tached to the outer wall of the quartz tube directly adjacent
to the sample with stainless steel wire. The wall thickness
was 1 mm. The high catalytic activity of the thermocou-
ple makes direct placement in the catalyst bed impossible.
Quartz chips were used to dilute certain samples in order to
differentiate when local heating effects played a significant
role. Heating was provided by a single-zone oven (ID =
15 mm) with an isothermal section approximately 1 cm
long which was controlled by a Eurotherm temperature
controller (model 902). Catalyst particle sizes tested were
0.2-0.4 mm, 0.75-1 mm, and 20 um. Space velocities varied
from 22,000 h™* to 6.7 x 10° h~%. The total flow was kept
constant at 265 ml/min and the space velocity was varied
by changing the bed height. Linear velocity was therefore
8.8cm/sforruns made with the 4-mm ID reactorand 2.2 cm/s
for the 8-mm ID reactor. Pressure drops across the catalyst
bed were less than the maximum sensitivity of 0.1 bar. The
ratio (ml/min CH3zOH)/(ml/min O;) of 2.5 is slightly higher
than 2.0 which is that used in the industrial process (1). The

methanol-rich conditions were chosen in order to minimize
local heating effects resulting from the high exothermic-
ity of the complete oxidation reaction which is known to
be favored at higher oxygen partial pressures (1,7,14). The
following definitions are used throughout this paper:

e %conversion = mol(product)/mol(MeOH in feed) x
100%b;

e %selectivity = mol(product)/(mol(MeOH in feed) —
mol(MeOH out)) x 100%.

Complete conversion of oxygen occurs for restructured
samples having undergone reaction at temperatures higher
than 873 K. This makes determination of the intrinsic re-
action rate on a per active site basis impossible. For this
reason, all data is shown as %conversion. Variation of the
dead volume downstream of the catalyst bed resulted in a
change in activity indicating the presence of gas-phase, ho-
mogeneously catalyzed reactions. This could not be studied
in detail, as a large temperature gradient exists over the
length of the entire oven making a quantitative determi-
nation of the role of gas-phase reactions impossible. The
empty reactor shows no activity. Analysis of the products
was made by on-line gas chromatography. A mol-sieve (5A)
(Supelco) and a carboxen (Supelco) column were used for
separation of both high and low boiling point compounds.
Quantitative analysis of all compounds except water was
possible with this setup. Heating rates of 0.5 K/min and
1 K/min, combined with a sampling time of 30 min results
in a temperature resolution of 15 K and 30 K, respectively.
It is assumed that the values obtained for these extremely
slow heating rates are representative of the steady-state val-
ues. Thisis confirmed by the fact that the activation energies
and conversions calculated using the different heating rates
(1 K/min) and (0.5 K/min) are identical within an acceptable
margin of error.
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TDS measurements were made in an UHV chamber with
an average background pressure of 3 x 10~ mbar (back-
ground gas is primarily H,O). Monitoring of desorption
products was made with a Hiden (Hal2) quadrupole mass
spectrometer coupled to a Next workstation. A sampling
rate of 1 s was standard. A homemade convection oven was
used for heating. The thermocouple (type K) was placed im-
mediately below the sample and was in direct contact with
the quartz holding tube. Linear heating rates from room
temperature to 1000 K were possible with this setup. A
heating rate of 1 K/s was used for all TDS runs. A special
pretreatment procedure was used in order to minimize the
amount of carbon present in the sample. This consisted of
treating the sample in flowing O, (17 ml/min) at 973 K,
transferring to the UHV through air and subsequently per-
forming numerous oxidation-reduction cycles. This had to
be done for approximately one week before a sufficiently
clean sample was obtained.

The SEM images were taken with a Hitachi S-4000 SEM
equipped with an EDX for element identification.

3. RESULTS

3.1. The Conversion Obtained over an Aged Catalyst

Reproducible results were obtained after repeating three
high-temperature reaction (T > 923 K) cycles with subse-
quent cooling in the reaction mixture. No deactivation was
observed for samples subjected to this pretreatment. A
typical run made with a used silver catalyst is shown in
Fig. 1. The light-off temperature is approximately 500 K.
The exothermicity of the prevailing net-oxidation reac-
tion results in a temperature rise of approximately 50 K.
A measurement with N, instead of He as the carrier gas
(5 x reduction in heat conductivity) showed the same con-
version. This is evidence that local-heating of the catalyst
bed is not responsible for CO, formation in this tempera-
ture range. The formation of complete oxidation products
is attributed to the reaction of methanol with the weakly
bound atomic surface oxygen species O,. Above 500 K,
CO; yield drops off and the formaldehyde yield increases.
Oxygen is completely consumed above 500 K (Fig. 1). The
complete conversion of oxygen implies that only a portion
of the catalyst bed is being used for reaction. This is also the
case for beds which are only 1-mm thick. Incomplete oxy-
gen conversion above 573 K is only obtained for samples
containing an extremely small amount of silver thinned with
quartz (0.06 g Ag:0.24 g, SiO;:0.4-0.7 mm: 0.2-0.4 mm) or
for fresh samples which have not undergone previous high-
temperature reaction. Channeling of reactants through the
thinned bed is likely under these conditions and the results
are therefore not shown here. The complete consumption
of oxygen makes it impossible to conduct a kinetic analysis
of the methanol oxidation reaction with this reactor setup.
The methanol conversion rises with increasing conversion
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FIG. 1. Percentage conversion of methanol to selected products over
an aged electrolytic silver catalyst. Heating rate 1 K/min, 0.3 g Ag (0.75—
1mm), 3.5vol% O, 8.8 vol% CH3;OH, 87.7 vol% He, S.V. = 3.63 x 10°h 1.

to formaldehyde and levels off at about 773 K. The abrupt
drop in formaldehyde production and subsequent forma-
tion of H, and CO at 973 K is due to the gas-phase decom-
position of methanol and formaldehyde. This represents the
upper-temperature limit for all experiments presented here.

3.2. The Conversion Obtained with a Fresh Catalyst

Figure 2 shows the first run obtained using the fresh cata-
lyst charge which was subsequently used to produce Fig. 1.
The light-off temperature of the fresh catalyst is approx-
imately 80 K higher than that of the aged one. The fresh
catalyst initially behaves in the same fashion as the aged
catalyst but shows a strong deactivation with heating above
573 K. The deactivation leads to a minimum in methanol
conversion (13%) at approximately 850 K. Above this tem-
perature, the conversion rises sharply. The gas-phase mix-
ture decomposes homogeneously (see Section 3.1.2) above
973 K producing primarily CO and H,. The deactivation
results in a minimum in conversion at 800 K after which
the CH3OH and O; conversion increases sharply (approx-
imately 850 K).

3.3. The Hysteresis of Reaction

3.3.1.Cycle 1 (423-573-423 K). Hysteresis experiments
were performed in order to provide more information
about the cause of the deactivation. The presence of hys-
teresis indicates either a temperature bistability of the sys-
tem or an intrinsic change of the catalyst activity such as the
creation and/or destruction of active sites. The chosen end-
temperatures for the hysteresis experiments correspond to
the first maximum in methanol conversion at 573 K, the
minimum at 773 K and the second maximum in conversion
at 873 Kin Fig. 2. Runs were made with heating and cooling
ramps of either 1 K/min or 0.5 K/min. The 0.5 K/min run was
diluted with quartz chips. Comparison of these runs allows
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FIG. 2. Percentage conversion to selected products over a fresh elec-
trolytic silver catalyst, heating rate 1 K/min, 0.3 g fresh Ag (0.75-1.0 mm),
3.5vol% O, 8.8 vol% CH3OH, 87.7 vol% He, S.V. =3.63 x 10° h™%,

the differentiation between hysteresis effects caused by lo-
cal heating and those which are due to intrinsic changes
in the catalyst sample. The results are shown in Figs. 3-5.
Figure 3 shows the methanol-conversion hysteresis ob-
tained for the cycle 423 K-573 K-423 K using the two dif-
ferent heating rates of 0.5 K/min and 1 K/min, with and
without thinning with quartz chips. This plot reveals that
the hysteresis observed in this temperature range is likely
an artifact. The reaction is highly exothermic in this tem-
perature range due to the highly oxidative nature of the O,
oxygen species formed on the silver surface (3,12,14,26).
The heating portion of the cycle in Fig. 3 is likely to be more
representative of the true temperature-conversion profile
than the cooling branch.

3.3.2. Cycle 2 (423-773-423 K).  Figures 4a and 4b show
the hysteresis plots obtained for methanol conversion and
formaldehyde yield in the temperature region (423-773-

70 | —0— 0.3g Ag, 1 K/min
65 ; = 0.06g Ag+0.24g Quartz, 0.5K/min

% Conversion of CHzOH
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FIG. 3. Comparison of hysteresis profiles for samples with and with-
out thinning by quartz chips at two different heating rates (0.75-1.0 mm),
3.5 vol% O, 8.8 vol% CH3OH, 87.7 vol% He, S.V. =168 x 10° h™%,
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423 K//0.5 K/min). The maximum temperature for this cy-
cle coincides with the observed minimum in activity shown
in Fig. 2. The conversion for both species passes through a
maximum at 660 K and then decreases with increasing tem-
perature. The decrease in activity when approaching 773 K
is not immediately reversed upon cooling. Rather, the sam-
ple appears to be progressively deactivated with cooling
until approximately 673 K.

3.3.3. Cycle 3 (423-948-423 K).  Figures 5a and 5b show
the hysteresis plots obtained for methanol conversion and
formaldehyde yield for cycle 3 (423-948-423 K//0.5 K/min).
A deactivation of the catalyst similar to that observed for
the ascending temperature branch in cycle 2 (Figs. 4a and
4b) is also seen for the ascending branch here. The first
small maximum in methanol conversion obtained at 623 K
for this cycle is, however, approximately 30% lower than
that shown in cycle 1 (Fig. 3). The deactivation observed
for the ascending branch from 423 K to 948 K (see Figs. 5a
and 5b) is not observed for the descending branch. The
high-temperature treatment has irreversibly modified the
catalyst. Subsequent runs made with this catalyst showed no
hysteresis and exhibit temperature-conversion plots whose
form is identical to that seen in Fig. 1.

3.4. Arrhenius Plot for Used Silver

Figure 6 shows the Arrhenius plot for a silver catalyst
after having undergone three reaction cycles (max temp =
1023 K, 1 K/min). This plot is based on methanol conversion
and not on the actual rate of reaction. Only the activation
energies should, therefore, be representative of the appar-
ent activation energies as determination of the frequency
factor requires the intrinsic reaction rate to be known. De-
termination of the intrinsic rate is made impossible by the
very high conversions obtained. The extremely small activa-
tion energies indicate that the reaction, as performed under
these conditions, is diffusion limited. Variation of the acti-
vation energy signifies a change of mechanism or the pres-
ence of diffusion inhibition. Two inflection points are seen
in Fig. 6. These points separate the Arrhenius curve into a
number of linear segments which are indicated by vertical
lines.

3.5. Temperature Desorption Spectroscopy (TDS)
of O, on Electrolytic Silver

Figure 7 shows a typical TD spectrum for a sample dosed
with 300 mbar O; at 973 K. Two peaks are clearly visible.
The firstis a broad, asymmetric peak centered at 936 K with
a high-temperature tail and is assigned to Og. The second
is not baseline-resolved, begins at approximately 923 K,
and is assigned to O,.. The pretreatment was made above
the thermal-desorption temperature of O, (573 K). It is
therefore not present in the spectra.



552

% Conversion of CH30H

L L ekl el T T S NSRRRTE U NS
450 500 550 600 650 700 750
T(K)

NAGY ET AL.

20

-
4]

% Yield of CH,O
]

450 500 550 600 650 700 750
T(K)

FIG. 4. (a) Percentage conversion of CH3zOH for the cycle (423-773-423 K), 0.5 K/min, 0.06 g Ag + 0.06 g quartz, 4.3 vol% O,, 7.1 vol% CH3;OH,
88.6 vol% He, S.V.=1.68 x 10° h™1. (b) Percentage CH,O yield for the cycle (423-773-423 K), 0.5 K/min, 0.06 g Ag+ 0.06 g quartz, 4.3 vol% O,,

7.1 vol% CH;3;OH, 88.6 vol% He, S.V. =1.68 x 10° h~%.

3.6. Scanning Electron Microscopy Analysis
of the Treated Ag Foil

SEM images of the fresh sample, as well as those subse-
quent to treatment at 573 K, 773 K, and 948 K are shown
in Figs. 8a-8d. Pretreatment conditions are identical to
those used during catalytic reaction. These images show
that reaction results in major morphological changes. Rep-
resentative images following each treatment were chosen.
Figure 8a shows the SEM of the original silver foil. The long
streaks are caused by the polishing of the surface prior to
analysis. EDX analysis shows the presence of a significant
amount of carbon contamination and traces of sulfur, silica,
and chlorine. A sample which was pretreated at 573 K in the
reaction mixture is shown in Fig. 8b. The surface appears
to be more inhomogeneous. Large, circular islands with a
diameter between 50 and 200 nm are formed. Treatment
at 773 K leads to the surface shown in Fig. 8c. The surface
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appears smoother and the islands formed after treatment
at 573 K are no longer present. Holes appear at the grain
boundaries between silver crystals. Figure 8d shows the sur-
face after treatment at 948 K. The surface exhibits many
small crystalline domains similar to those seen in Fig. 8b for
the sample treated at 573 K. The holes formed in the sample
treated at 948 K are no longer restricted to the crystallite
boundaries. They now cover large portions of the previously
smooth silver surface.

4. DISCUSSION

Bulk-dissolved oxygen has been often cited in the lit-
erature as being the selective partial-oxidation species
(3,5,6,8,9,10-13,29,33,34,36). The fact remains, however,
that catalysis is a surface process occurring at the surface.
O, is essentially Og in that instance when the oxygen seg-
regates into the uppermost atomic layers of silver, where it
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(a) Percentage conversion of CH3OH for the cycle (423-948-423 K), 0.5 K/min, 0.06 g Ag + 0.06 g quartz, 4.3 vol% O,, 7.1 vol% CH3;OH,

88.6 vol% He, S.V. = 1.68 x 10° h'. (b) Percentage CH,O yield for the cycle (423-948-423 K), 0.5 K/min, 0.06 g Ag + 0.06 g quartz, 4.3 vol% O,, 7.1 vol%

CH30H, 88.6 vol% He, S.V.=1.68 x 10° h~1.
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FIG. 6. Arrhenius plot for methanol oxidation over an aged Ag cata-
lyst,0.3gaged Ag, (0.2-0.4 mm), 3.5vo0l% O, 8.8 vol% CH3;0H, 87.7 vol%
He, SV =3.63x 10°h~%.

may participate in the reaction. The formation of atomically
adsorbed O,, followed by bulk dissolution (Og) and even-
tual surface segregation of oxygen, are necessary prerequi-
sites for its formation. O,, shows an unsaturated thermal
desorption peak centered at approximately 1000 K (Fig. 7).
The peak is unsaturated because it is impossible to remove
all oxygen from silver. One of the underlying principles of
thermal desorption spectroscopy assumes that increasing
the temperature leads to an increase in the desorption or
diffusion rate. This is typically an Arrhenius-type depen-
dence, where the desorption/diffusion rate increases with
the exponent of temperature. This assumption requires that
solid-state changes do not occur in the material under study
which might affect the rate of desorption/diffusion. This
is clearly not the case with silver. Silver has a relatively
high vapor pressure in vacuum (10). Heating well above the
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FIG.7. Oxygen TDS from 1 g electrolytic silver after having been
dosed with 100 mbar of O, at 973 K for 5 min.

553

Tamann temperature leads to significant mass transfer from
the bulk to the surface, followed by subsequent sublima-
tion and recondensation. Closely packed surface structures
are, therefore, formed at the surface, essentially annealing
it shut, preventing segregation of oxygen from the bulk to
the surface.

Figure 2 shows that the fresh catalyst is active until ap-
proximately 623 K. Comparison with the hysteresis run for
this region (Fig. 3) shows that there is no change in the in-
trinsic activity of the catalyst after reaction under these con-
ditions, hinting that no morphological change of the cata-
lyst is necessary for activation. The SEM image, (Fig. 8b),
taken subsequent to this reaction cycle, supports this hy-
pothesis and shows no substantial change in the catalyst
surface morphology. The enhancement of the boundaries
between the polycrystalline domains seen in this image rel-
ative to the fresh sample is caused by the decomposition
of Ag,0 (Tgec =585 K) which is always present as a con-
taminant on sample surfaces which have been exposed for
longer times to air (18). Oxide formation is enhanced at
defect sites resulting in their poorer SEM imaging. Pre-
vious work (14,19) has shown that the catalytically active
O, forms readily at these temperatures via direct dissocia-
tion of molecular oxygen on the surface. The formation of
O, via the gas phase shows a strong structure dependence.
A number of authors have proposed that defect sites on
the silver surface are exceptionally active for the formation
of surface-bound atomic oxygen (7,14,26). Figure 2 shows
a high yield to complete oxidation products in this tem-
perature range thus providing excellent evidence that O,
is the active species. The absence of holes in Fig.8b, re-
sulting from the reaction of dissolved H; and O, to wa-
ter (16,21), indicates that the reaction takes place entirely
on the surface (22). The catalytically active O, species is,
therefore, formed directly from gas-phase oxygen under
these conditions. It forms preferentially on sites of increas-
ing surface-roughness. The sticking coefficient increases as
shown: (111)10~7 < (100)10~* < (110)10~3 < Defects.

To our knowledge, this is the first report of such a hys-
teresis effect in the literature for this reaction. There are
a number of possible explanations why the effect was ob-
served here and nowhere else. Carbon is often reported as
a contaminant for studies performed with electrolytic silver
(6,7,8,25,29,34). It is possible that previous groups have first
treated the sample at elevated temperatures in oxygen in
order to burn off carbon impurities. This would lead to a re-
structuring of the catalyst and an elimination of the hystere-
sis. Lefferts et al. (12) treated their sample in dilute HNO3
in order to remove impurities. Previous work in our lab
has shown that treatment of Ag in NO containing environ-
ments leads to the formation of large amounts of AgNO3
and Ag,0O (41). Subsequent decomposition of these sam-
ples (thermal or by dissolving in H,O) reveals a spongy
material which has undergone extensive reconstruction.
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FIG.8. (a) SEM image of the fresh polycrystalline silver foil. (b) SEM image of the polycrystalline foil after having undergone the reaction cycle
(423-573-423 K), 3.5 vol% O,, 8.8 vol% CH3;OH, 87.7 vol% He. (c) SEM image of the polycrystalline foil after having undergone the reaction
cycle (423-773-423 K), 3.5 vol% O,, 8.8 vol% CH30H, 87.7 vol% He. (d) SEM image of the polycrystalline foil after having undergone the reaction
cycle (423-948-423 K), 3.5 vol% O,, 8.8 vol% CH3;0H, 87.7 vol% He.
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In another publication by this group (14) it was mentioned
that the sample first underwent repeated cycles of oxidation
and reduction before testing. This could explain why the de-
activation effect was not observed in this study. Finally, any
groups which used the same catalyst more than once would
have not been able to observe this phenomenon.

The hysteresis run for the cycle (423-773-423 K) (Figs. 4a
and 4b) shows that reaction over the fresh sample in this
temperature range results in a marked deactivation of the
catalyst. Comparison of the conversions seen for the as-
cending branches of Figs. 4a and 4b with the ascending
branches for Figs. 5a and 5b shows the irreversibility of
the deactivation occurring during cycle 2. This is evidence
that the hysteresis is not due to a temperature bistability
of the system but rather to a change in the intrinsic activ-
ity of the catalyst itself. Close inspection of the SEM mi-
crographs (Fig. 8c) reveals the origin of this deactivation.
Figure 8c shows the surface following this reaction cycle
(423-773-423 K). The reaction of Og with dissolved H; to
H,0O is evidenced by the holes formed (22). The fact that
the holes are located almost entirely at the grain bound-
aries is evidence for the fact that reaction with bulk oxy-
gen diffusing to and along the defects is taking place in
this temperature range. It is also possible that significant
mass transport from the crystal grain-boundaries to bulk
defects formed during reaction (not visible in SEM) results
in the hole formation at the boundaries. The energetically
unfavorable location of silver atoms at grain boundaries
makes them an excellent source for silver migration ulti-
mately leading to defect healing (23). Ultimately, however,
both phenomena originate as a result of hole formation.
The formerly polycrystalline surface shows smooth con-
tours indicative of pronounced sintering. The occurrence
of this sintering corresponds well to the Tamann temper-
ature which is 750 K for silver (T, = 1234 K). Above this
temperature the kinetics of bulk diffusion of the silver are
sufficiently fast to result in significant mass transport of sil-
ver within the time frame of a typical run. Healing of the
defect-rich, polycrystalline surface seen in Fig. 8b via sin-
tering explains the pronounced deactivation of the catalyst
seen for the hysteresis cycle (423-773-423 K) (Figs. 4a and
4b). The assignment of the deactivation to the inhibition of
grain-boundary oxygen diffusion from the silver bulk also
stems from the excellent agreement of the TDS desorption
temperature for the oxygen species assigned to O with the
deactivation temperature. This is the peak shown in Fig. 7
centered at approximately 773 K. The asymmetry of this
peak hints that it is comprised of a number of desorption
signals arising from the diffusion and desorption of several
bulk-species evolving in the order of increasing diffusion
resistance. The temperature regime where catalytic deacti-
vation occurs coincides with this thermal desorption of Og,
indicating that the deactivation is likely due to oxygen dif-
fusion inhibition. It has also been suggested that strongly
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bound surface oxygen species form preferentially at defects
(39,40). These authors suggest that strongly bound oxygen
is the active species in this temperature regime. The integral
desorption amount for the Oy peak in Fig. 7 corresponds to
about 7 x 10~ mol O,/g. Approximating the surface area
at 0.001 m?g (0.4-mm diameter sphere calculation) and as-
suming a (111) surface structure with an atomic diameter
of 2.35 A yields a value of 2.3 x 10*® atoms/m2. Assuming
100% coverage, one arrives at a value of about 30 monoly-
ers of oxygen. This represents an absolute worse-case sce-
nario as the surface is not completely (111) oriented and,
in reality, exhibits a very low sticking coefficient for oxygen
(<107%). Formation of this many monolayers of oxygen at
this temperature is impossible and the highest oxygen cov-
erage for silver (111) is actually known to be well below
100% (29,34). The assignment of this peak to a desorbing
surface species is therefore impossible. This assignment has
also been made by a number of other authors (3,5,6,8). A
mechanism in which this subsurface oxygen dynamically
participates in reaction was, however, never proposed. The
fact that a constant feed of O, is required for reaction nec-
essarily implies that all active oxygen species are eventu-
ally consumed in the course of reaction. The bulk-dissolved
oxygen formed under these conditions therefore undergoes
equimolar counterdiffusion, where the concentration in the
bulk is determined by the balance between rate of O, dis-
solution in Ag and rate of segregation, followed either by
O, desorption or reaction. Clearly, this cannot be a surface
bound atomic oxygen species.

The elimination of the reaction hysteresis is shown in
Figs. 5a and 5b (cycle 3). This corresponds well with fur-
ther structural changes of the silver surface. The SEM im-
age shown in Fig. 8d shows that the hole formation is no
longer confined only to grain boundaries, but rather ap-
pears to cover large patches of the formerly smooth surface.
This likely represents the transition from a system where
grain-boundary diffusion and interstitial diffusion through
high-indexed planes is the dominant diffusion mechanism
to one in which volume diffusion is possible (interstitialcy
diffusion). This transition is made possible by the drastic
morphological reorientation of the silver surface and bulk
after treatment in an oxygen containing atmosphere. It re-
sults in the proliferation of holes over the entire surface.
The change of silver morphology in various atmospheres
has been published elsewhere (6). The catalytic restruc-
turing could only be reversed by heating an aged catalyst
(exhibiting no hysteresis) to 973 K in vacuum for 20 min
and subsequently testing it again in the flow reactor. Runs
made with this sample show a reappearance of the deac-
tivation (573 K < T <873 K) and a pronounced hysteresis
(not shown). Heating in a vacuum is known to result in
sublimation and recondensation of silver which results in
annealing of the metal surface and bulk with subsequent
defect healing. This results in the gradual destruction of
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facets, grain boundaries, and holes formed during reaction.
The reappearance of the hysteresis after vacuum treatment
provides excellent confirmation of the promoting effect of
reaction-induced restructuring.

Tests made with catalysts after having undergone high
temperature (T > 923 K) reaction do not show this hys-
teresis. Diffusion effects are therefore not directly ob-
servable from temperature-conversion plots obtained from
tests made with these samples. Subtle changes of the re-
action rate are often easier to identify after producing an
Arrhenius plot (Fig. 6). The Arrhenius plot has three dis-
tinct regions of activity which correlate well with the ar-
eas of deactivation seen for the fresh sample (see Fig. 2).
This plot shows that diffusion limitations exist for samples
which have undergone thermal pretreatment in the reac-
tion atmosphere, although to a much lesser extent than in
fresh samples. Lefferts (7) proposed that film-layer diffu-
sionis present under the conditions used here. This explains
the exceptionally small apparent activation energies mea-
sured in all three temperature regions. The first region cor-
responds to reaction of surface-bound O, species formed
directly from the gas phase. It extends until the first inflec-
tion point seen in the temperature-conversion plot for a
fresh silver sample (Fig. 2). The excellent correlation of the
TDS Og desorption signal and the second inflection point
in the Arrhenius plot indicates that this is the temperature
at which bulk diffusion is activated and reaction with O,,
becomes possible. Because the oxygen conversion is 100%,
the CH3OH conversion is determined by the equilibrium
between the oxi-dehydrogenation, direct dehydrogenation,
and total oxidation reactions. The inflection, therefore, rep-
resents a shift from preferential oxi-dehydrogenation to di-
rect dehydrogenation via reaction with O, produced via
the Og segregation. The third region showing extremely
low or negative activation energies is attributed to sintering
of the reaction-promoting defects formed during reaction
at temperatures higher than 773 K. The thermal reorder-
ing leading to defect healing occurs at a faster rate than
hole production in this temperature regime. The Arrhenius
plots, therefore, do not provide any direct kinetic data. The
reaction simply occurs to quickly. The plots do show, how-
ever, the shift in reaction mechanism occurring when Og
diffusion is activated. They support the hypothesis that the
formation of O, via bulk-diffusion is a critical step in the
reaction mechanism.

Understanding the link between bulk-structural changes
and surface reordering is critical to understanding the
methanol oxidation reaction mechanism as a whole. It is
known that high temperature treatment of silver in oxy-
gen leads to crystallization of the silver bulk exhibiting,
primarily, a (331) terminating surface structure (facets)
(6). Formation of this structure results in an optimum fit
for oxygen diffusion along channels formed perpendicu-
lar to the (110) face found in the (331) surface. Facet for-

557

mation is, however, not observed under the catalytic con-
ditions used here (presence of excess CH3;OH). This is
due to the previously mentioned hole formation result-
ing from dissolution of product hydrogen and subsequent
reaction with O to form water. Both hydrogen (a major
reaction product) and oxygen have high diffusivities in sil-
ver (Dpp =2.82 x 103 cm?/s; Do = 8.19 x 1072 cm?/s (24)).
Holes function as sites of higher activity (high O, stick-
ing coefficient and low diffusion resistance) which eventu-
ally results in the increased formation of more holes. The
thermal rearrangement of the silver is constantly disrupted
by the reaction-induced defect production. This effect has
been mentioned by a number of authors in the literature
(14,21,39,40). Reaction of silver under methanol oxidation
conditions represents an extremely dynamic situation. This
is in contrast to facet formation which is observed under
conditions where the system is allowed to form equilib-
rium structures, resulting in an overall decrease in the sur-
face free energy. Hole production as a result of reaction
prevents the silver from attaining these equilibrium struc-
tures. Reaction remains, therefore, kinetically controlled.
This situation is very different from that where the silver
is completely facetted. This situation would represent the
local thermodynamic energy minimum. Reaction at mode-
rate reaction temperatures (623 K < T < 923 K), occurs pri-
marily with oxygen diffusing along grain boundaries. The
fact that hole formation is not restricted to grain bound-
aries at high temperatures (T > 923 K) is clear evidence
that volume diffusion (interstitialcy) is also a major reac-
tion pathway. This correlates well with results observed in
the literature (24,37) which show that oxygen may diffuse
via octahedral hole jumping at lower temperatures (T <
900 K) or via interstitialcy diffusion at elevated tempera-
tures (T > 900 K).

Reaction scheme 1 summarizes the proposed mechanism.
Gaseous oxygen is dissociatively adsorbed on silver form-
ing O,. This occurs preferentially on defect sites and crys-
talline faces of lower coordination. O, diffuses into the bulk
forming Og. O, may react at the surface with methanol

a: COg + H,0
b: CH,0 + Hp0
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SCHEME 1. Proposed reaction mechansim of silver volume/surface re-
structuring resulting from reaction with oxygen and methanol.
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forming CH,O and H,O via oxi-dehydrogenation or may
form the complete combustion products CO; and H,O. Og
may diffuse back, forming O, again, or it will diffuse to a
densely packed (111) side of the silver facet. At elevated
temperatures, Og atoms are incorporated into the upper-
most atomic layers forming O,, (12). O,, catalyzes the dehy-
drogenation of methanol to formaldehyde and hydrogen.
Hydrogen formed via this reaction may dissolve into the
silver bulk and react with Og, producing water. This ulti-
mately results in the formation of holes with subsequent
desorption of water. The hole formation results in the de-
struction of the facetted surface. Thermal healing of the
silver results in the gradual sintering of holes and defects
created during reaction. All of the processes occur simulta-
neously, resulting in a system which is capable of attaining
a dynamic equilibrium which is optimal for catalysis.

This scheme is by no means a complete reaction scheme.
There are certainly a number of intermediate products
formed during the course of reaction. Furthermore, it is
known that gas-phase reactions play a role in the reaction
(42). The point of this scheme is to show that reaction with
the various species leads, ultimately, to the various products
shown.

5. CONCLUSIONS

Treatment of electrolytic silver at elevated temperatures
in a reaction mixture consisting of MeOH/O, = 2.5 results
in a restructuring of the catalyst surface and bulk. Reaction
with the highly oxidative, surface-bound, atomic-oxygen
species O, dominates at temperatures lower than 623 K.
Reaction under these conditions does not result in a change
in the catalyst morphology. Severe deactivation of the fresh
catalyst in the region 573 K < T < 873 K occurs as a result
of the annealing of grain boundaries present in the fresh
polycrystalline sample. This sintering hinders the forma-
tion of active-surface oxygen via grain-boundary diffusion
which is the prevailing mechanism in this temperature
regime for fresh silver samples. Treatment of the catalyst at
temperatures exceeding 873 K results in a marked morpho-
logical change of the catalyst surface structure. Formation
of O, via volume diffusion is possible under these condi-
tions. This represents, essentially, a system where volume
diffusion replaces grain-boundary diffusion as the domi-
nant process for oxygen activation. Hole formation result-
ing from dehydroxylation of dissolved oxygen and hydro-
gen results in enhanced defect formation at these higher
temperatures. The O,, oxygen species formed as a result of
this high-temperature bulk diffusion process exhibits a less
oxidative nature than the surface-bound O,. The direct de-
hydrogenation of methanol to formaldehyde is, therefore,
enhanced at higher temperatures and the complete oxida-
tion is suppressed. It is shown that morphological changes
occur which would otherwise not be found without reaction
(pure thermal reordering). The resulting structures provide
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an optimum for the formation of O, via formation of and
eventual segregation of Oy to the facetted surface where it
may form O,.. This model is a deviation from the classical
idea of a heterogeneously catalyzed surface reaction occur-
ring on a morphologically undefined solid surface. There
exists an intimate connection between catalyst morphology
and catalytic activity. This interaction strongly influences
the steady-state formation of a bulk intermediate which is
necessary for the promotion of the desired reaction which
occurs at the gas—metal interface.
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