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Abstract  
The exceptional catalytic activity of silver for a number of partial oxidation reactions has been known for nearly a century.  Despite the wid e-
spread use of silver in heterogeneous catalysis, there still remain unresolved questions about the mechanistic details of reaction. The ethylene 
epoxidation and formaldehyde synthesis reactions are the two industrially-relevant reactions which have received, by far, the most attention. The 
importance of these reactions cannot be underestimated. Both ethylene epoxide and formaldehyde serve as primary chemicals for a wide variety 
of materials which find use in an enormous number of products. There is, therefore, a great scientific and economi c motivation for understanding 
these reactions and for unraveling the secret to the exceptional catalytic a ctivity of silver.  This contribution in honor of Prof. W. Sachtler´s 75th 
birthday summarizes recent results obtained in our laboratory on the formaldehyde synthesis reaction and the oxidative coupling of methane as a 
laboratory test reaction. The article shows that the formation of bulk-dissolved oxygen species is critical to activation of the silver for reaction. 
Both the chemical composition and the bulk morphology of the catalyst are strong functions of the gas-phase composition and reaction tempera-
ture. Similar apparant activation energies determined for oxygen diffusion and oxidative coupling of methane suggest that the rate limiting step of 
the oxidative coupling of methane over silver is the diffusion of bulk-dissolved oxygen to silver (111) surfaces at which oxygen rapidly reacts 
with methane. 
 
 
Keywords: Partial oxidation of methanol, Formaldehyde synthesis, Oxidative coupling of methane, Methane activa-

tion, Silver catalysts, Oxygen-silver-interaction, Structure/morphology-reactivity relationship, Thermal de-
sorption spectroscopy. 

 
 
Introduction  
It is generally accepted that an essential key to understand-
ing the catalytic activity of silver begins with understanding 
the interaction of oxygen with silver.  This includes, among 
other things, understanding the mechanism of oxygen acti-
vation, oxygen-induced silver reconstruction and the incor-
poration of oxygen in the silver bulk.  An enormous amount 
of literature has been produced in an attempt to answer these 
questions.  The combined knowledge of model studies made 
on single crystals under UHV conditions and the testing of 
industrial catalysts under realistic reaction conditions have 

provided valuable information about the exceptional ability 
of silver to activate oxidation for partial-oxidation reactions.  
In the case of a heterogeneously catalyzed system, the reac-
tion is driven by chemical potential gradients at the phase 
interfaces. The equilibrium shape and composition of a het-
erogeneous catalyst is, therefore, a sensitive function of the 
gas/liquid phase composition.  The solid will react with the 
gas/liquid reactant to form a compound exhibiting a mini-
mum Gibbs energy of formation.  The catalyst will also take 
on a minimum energy configuration (i.e. minimization of the 
surface energy).  
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With regards to the formation of a compound exhibiting a 
minimum Gibbs energy of formation, it is known that silver 
oxides are inherently unstable.  The stoichiometric oxides 
Ag2O and AgO decompose at 503 K and 373 K respectively.  
Figure 1 shows the calculated equilibrium compositions of 
silver and both silver oxides as a function of temperature for 
the case in which 1 kmol O2 is equilibrated with 1 kmol of 
silver at 1 bar constant total pressure. The observed experi-
mental conversions of methanol and methane in the formal-
dehyde synthesis reaction and the methane coupling reaction 
(vide infra) are also shown for comparison. It is clear that 
the decomposition temperature of both silver oxides is far 
lower than the temperatures at which the formaldehyde syn-
thesis and the oxidative coupling of methane occur (T>873 
K).  It is, therefore, impossible that stoichiometric silver 
oxides participate in these reactions.   
 
 

 
Fig. 1 Calculated equilibrium compositions of Ag (open 
circles), Ag2O (open squares), and AgO (open uward trian-
gles) as a function of temperature for 1 kmol O2 equilibrated 
with 1 kmol Ag at 1 bar constant total pressure. The ob-
served experimental conversions of methanol (filled 
squares) and methane (filled circles) in the formaldehyde 
synthesis reaction and the methane coupling reaction, re-
spectively, are also shown for comparison. 
 
 
Regarding the catalyst morphology, it is important to re-
member that a crystalline substance such as silver is re-
stricted in the formation of minimum-energy crystal 
structures. The result is that the silver catalyst undergoes 
massive morphological restructuring during reaction in order 
to obtain that structure which is thermodynamically most 
favorable. This involves forming a crystalline structure for 
which the surface area of low-indexed terminating crystal-
line planes is maximized. 
The published literature until now has taken primarily a 
surface science approach to understanding the silver-oxygen 
interaction. This physicochemical approach to understanding 
heterogeneous catalysis has provided a wealth of knowledge 
on heterogeneously-catalyzed systems. Heterogeneous ca-
talysis is, however, a rather unique field of research in the 
sense that it requires the combined knowledge of an excep-
tionally wide spectrum of disciplines. A knowledge of 
physical, inorganic and organic chemistry are necessary.  

The catalyst engineer must also have a strong understanding 
of surface-science, material science and chemical engineer-
ing skills.  It is important, therefore, to view a heterogeneous 
catalyst not only as a well-defined solid, but rather as a 
component in the reaction which is governed by the same 
thermodynamic principles as the gas or liquid phase compo-
nents undergoing reaction. The reaction system is defined by 
the reactor itself and includes, therefore, the catalyst. In this 
sense, the catalyst itself is driven to attain an energy mini-
mum in the same way as the reacting system. A critical dif-
ference between reactions occurring in the solid state and the 
gas/liquid phase is that the kinetics of the solid-state reaction 
are usually limited by the diffusion kinetics of the reacting 
components. Solid state reactions are nearly always diffu-
sion limited. Solid-state transformations, therefore, occur on 
the time scale of hours, days or months. A real catalytic 
steady state is only obtained after the catalyst has fully re-
constructed and has obtained that chemical composition and 
structure which is in equilibrium with the gas phase. Under-
standing the interaction of oxygen with silver necessitates a 
divergence from traditional surface-science of well-defined, 
static surfaces to a more material-science oriented approach. 
    
The industrial formaldehyde synthesis reaction  
The importance of the partial oxidation of methanol to for-
maldehyde is rooted in the fact that formaldehyde acts as an 
invaluable feedstock for a broad spectrum of organic synthe-
sis reactions. The products of these reactions end up as ad-
hesive resins for the woodworking industry, curable molding 
for plastics, paper and textile additives, binders and foamed 
resins [1]. Hydrocyanic acid reacts with formaldehyde to 
form glycolonitrile [2]. α-Hydroxymethylated adducts may 
be formed by the acid-catalyzed reaction of formaldehyde 
with olefins. Sugars may be produced by reacting formalde-
hyde with strong alkalis or calcium hydroxide [3]. Formal-
dehyde also reacts with amines to produce methylamines 
[4].  These are just a few of the many reactions which use 
formaldehyde as a feedstock. 
A number of formaldehyde synthesis processes have been 
developed over the course of the last 100 years. These are all 
heterogeneously-catalyzed reactions not very much different 
from the first recorded synthesis of formaldehyde by Hoff-
man in 1867 who synthesized formaldehyde by passing 
methanol over a heated platinum spiral. One of the most 
important of these processes, the BASF Process, is outlined 
in greater detail below. 

 
The BASF Process 
  The silver-catalyzed partial oxidation of methanol 
to formaldehyde was first employed on an industrial scale by 
BASF AG in 1905. This process remains largely unchanged 
and is still in use today. Advances in process design have 
made yields as high as 91-92 mol% possible. Figure 2 shows 
a flow chart of the process. A packed-bed reactor is used 
with a heat exchanger located directly downstream of the 
reactor for rapid cooling of the extremely unstable gas-phase 
formaldehyde. The reactor bed consists of a thin layer of 
electrolytic silver grains 2-3 mm thick sandwiched between  



High Temperature Partial Oxidation Reactions over Silver Catalysts, A. Nagy, G. Mestl, Applied Catalysis A: General, accepted 17 June 1999   
 
 

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 

3

 
Fig. 2 Flow diagram of the BASF formaldehyde synthesis 
process, redrawn after Ulmanns´ Encyclopedia of Industrial 
Chemistry [23]. 
 
 
silver gauze. The reactant throughput is limited by the di-
ameter of the catalyst bed. The reaction is carried out adia-
batically. The overall reaction is believed to consist of two 
primary reaction pathways. The first is the direct dehydro-
genation of methanol to formaldehyde and hydrogen (equa-
tion 1). The second is the oxi-dehydrogenation of methanol 
to formaldehyde in which water is produced as the primary 
by-product (equation 2).   
 
Dehydrogenation:  

223 HOCHOHCH +⇔ ;
mol
kJH 84+=∆                        (1) 

Oxidehydrogention: 

OHOCHOOHCH 2223 2
1

+⇔+ ;
mol
kJH 159−=∆       (2) 

 
The reactor temperature is controlled by varying the 
CH3OH/O2 ratio as well as the amount of water which is 
mixed in the feed. Varying the CH3OH/O2 ratio effectively 
controls the degree to which the direct dehydrogenation or 
the oxi-dehydrogenation paths take place.  In addition, water 
is an excellent heat conductor and acts to carry away un-
wanted heat which might lead to the formation of local hot-
spots and eventual reaction runaway. The question as to 
whether or not water directly participates in reaction is still 
hotly debated [5]. The product stream (point a in Fig. 2) 
consists of a mixture of H2O, CH3OH and CH2O. The exact 
composition is determined to a large extent by the recycle 
schemes in operation. The first scheme is referred to as the 
off-gas recycling scheme. Light-components are removed 
from the overhead of the adsorption column and are fed 
back into the reactor with the methanol/air mixture (Fig. 2).   
The second scheme (dotted line in the lower half of Fig. 2) is 
known as the formaldehyde recycle scheme. Here, a portion 

of the heavier fraction of the adsorption column is removed 
and is recycled into the feed. The choice of the recycle 
scheme depends mostly on the desired composition of the 
final formaline solution.  Formaldehyde is not available in a 
pure form using the oxidative dehydrogenation synthesis 
method.  Formaldehyde is unstable at room temperature and 
polymerizes quickly below 373 K.  For this reason, it is 
usually available in an aqueous solution with methanol as a 
stabilizing agent to prevent polymerization. 40 wt% formal-
dehyde represents the upper limit for formaldehyde concen-
trations obtainable with the silver-based technology.  
 
The extent to which Equations (1) and (2) play a role in 
reaction is determined primarily by the temperature, water 
content and the CH3OH/O2 ratio. Selectivity to the direct 
dehydrogenation product, formaldehyde, (Equation 1) in-
creases with increasing temperature and CH3OH/O2 ratio. It 
is generally accepted that different oxygen species formed 
on and in silver function as the active species for both of 
these reactions [6,7,8,9,10,11]. It is the different temperature 
stability of the various oxygen species formed, exhibiting 
different chemical reactivities, which explains the tempera-
ture dependence of selectivity. The oxi-dehydrogenation 
path dominates at low temperatures and the direct dehydro-
genation path at elevated temperatures.  The exact nature of 
the species active under these conditions is, however, widely 
debated. 
 
Experimental  
The catalytic reactions were conducted in tubular quartz 
reactors (10 mm O.D., 8 mm I.D.) with a 2 cm isothermal 
zone and a total length of 20 cm.  A K-Type thermocouple 
was attached outside the reactor to the tube wall directly 
adjacent to the catalyst bed.  The high activity of the ther-
mocouple made its location directly in the catalyst bed im-
possible. Quartz rods were inserted above and below the 
catalyst bed, which was held in place by quartz-wool plugs, 
to reduce gas-phase reactions. Electrolytic silver was pro-
vided by the BASF AG.  Qualitative EDX analysis showed 
the presence of small amounts of Na, Cl, Si and C contami-
nants.  The catalyst particles used were 0.2-0.4 mm in di-
ameter. 
 
Formaldehyde Synthesis   
Catalyst particle sizes tested were .2-.4mm, .75-1mm, and 
20 microns. Space velocities varied from 22,000 hr-1 to 
6.7x105hr-1. The total flow was kept constant at 265 ml/min 
and the space velocity was varied by changing the bed 
height. Linear gas velocity was therefore 8.8cm/s for runs 
made with the 4mm i.d. reactor and 2.2cm/s for the 8mm i.d. 
reactor. Pressure drops across the catalyst bed were less than 
the maximum sensitivity of the pressure gauge of 0.1bar.  
The ratio (ml/min CH3OH)/(ml/min O2) of 2.5 is slightly 
higher than 2.0 which is that used in the industrial process. 
The methanol-rich conditions were used to minimize local 
heating effects due to the high exothermicity of the complete 
oxidation reaction which is known to be favored at higher 
oxygen partial pressures. Complete conversion of oxygen 
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occurs for restructured samples having undergone reaction at 
temperatures higher than 873K. This makes the determina-
tion of the intrinsic reaction rate on a per active site basis 
impossible.  For this reason, all data is shown as %conver-
sion. Analysis of the products was made by on-line gas 
chromatography. A mol-sieve (5A) (Supelco) and a car-
boxen (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 1K/min combined with a 
sampling time of 30 min results in a temperature resolution 
of 15K and 30K respectively. It is assumed that the values 
obtained for these extremely slow heating rates are represen-
tative of the steady-state values. This is confirmed by the 
fact that the activation energies and conversions calculated 
using the different heating rates (1K/min) and (0.5K/min) 
are identical within an acceptable margin of error.  
 
Oxidative Coupling of Methane   
Usually undiluted Ag was used. In a few experiments, SiO2 
was mixed with the silver sample in order to reduce sinter-
ing effects and the formation of hot spots. These mixtures 
contained equivalent weights of Ag and SiO2. SiO2 was 
purchased from Aldrich (99.999%) and consists primarily of 
the cristobalite phase.  Blank runs showed this material to be 
catalytically inactive. Helium (5.0) was further purified with 
an Oxisorb filter and was used as a carrier gas for all runs.  
Oxygen (5.0) and methane (3.5) were purchased from Linde 
and were used without further purification. The space veloc-
ity was 10,480 hr-1 for the Ag sample mixed with SiO2 and 
the linear-gas velocity was 0.045 m/s.  No measurable pres-
sure drop was found. The reactor used here was only oper-
ated under differential conditions (methanol conversion < 
5%). It is impossible to assign these values on a per active 
site basis as catalyst facetting and sintering leads to large 
changes in the active surface area during the reaction. Reac-
tion rates and conversions are, therefore, normalized to the 
catalyst weight. Reaction products were measured by on-line 
GC analysis with a Varian 3400 series gas chromatograph 
with thermal conductivity detector. The components were 
separated with a Carboxen 1000, carbon molecular seive 
column. All components except water could be quantita-
tively measured with this set-up. The following definitions 
are used throughout: 

•Rate of O2 consumption((Mol Reactant in-Mol Reac-
tantout)/(Mol Reactantin) x (O2 Flow) 

•%C2 Product selectivity=(2x(Mol Product)/(Mol CH4in)-
(Mol CH4out)) x 100% 

•%COx Product selectivity=((Mol Product)/(Mol CH4in)-
(Mol CH4out)) x 100% 
 
Thermal Desorption Spectroscopy    
TDS measurements were made in an UHV chamber with an 
average background pressure of 3x10-8 mbar (background 
gas is primarily H2O). Monitoring of desorption products 
was made with a Hiden (Hal2) quadrupole mass spectrome-
ter coupled to a NEXT workstation. A sampling rate of 1s 

was standard.  A water-cooled, infra-red oven was used for 
sample heating. The thermocouple (Type K) was placed 
immediately 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 heat-
ing rate of 1 K/s was used for all TDS runs. A special pre-
treatment procedure was used in order to minimize the 
amount of carbon present in the sample. This consisted of 
treating the sample in flowing O2 (17ml/min) at 973 K, 
transferring to the UHV through air and subsequently per-
forming numerous oxidation-reduction cycles for about one 
week before a sufficiently clean sample was obtained. It was 
impossible to completely remove all the carbon present in 
the sample. Oxygen dosing pressures for the temperature-
programmed desorption experiments ranged from .01-300 
mbar. Two dosing temperatures of 573 K, and 973 K were 
used. All exposures were made for 5 minutes.  Longer expo-
sure times did not show an increased oxygen uptake for 
samples treated in excess of 573 K indicating rapid equili-
bration of the silver and gas atmosphere. One gram of silver 
was used for all runs. The oxygen pretreatment temperatures 
are equal to or exceed the thermal desorption temperature of 
surface-bound atomic oxygen (Oα , Tdes=573 K). This fact 
and the very low surface area (<0.001m2/g) of unsupported 
silver samples with a low sticking coefficient means that 
surface-bound atomic oxygen, Oα, cannot be observed for 
these runs. The sample was evacuated during rapid quench-
ing to room temperature, and for 5 minutes prior to taking 
each TD spectrum. The high dosing pressures were chosen 
with the intention of approaching, as closely as possible, the 
actual reaction conditions used in the methanol oxidation 
reaction and the oxidative coupling of methane to C2 hydro-
carbons (1-10% O2, total pressure=1bar). 
 
The Physicochemical Characterization of an 
Industrial Electrolytic Silver Catalyst for For-
maldehyde Synthesis and Oxidative Coupling 
of Methane 
The results presented in the subsequent sections show corre-
lations between variations of the catalyst composition (oxy-
gen content) and morphology with catalytic activity and 
selectivity. Compositional variations occur insomuch as 
oxygen is incorporated into the silver catalyst.  Morphologi-
cal changes manifest themselves in large-scale recrystalliza-
tion, faceting and sintering. It will be shown that the catalyst 
is truly in a dynamic state of change during reaction. The 
composition and morphology are strong functions of the gas 
composition and reaction temperature. Furthermore, it is 
shown that thermodynamic arguments fail, under certain 
circumstances, to explain the observed phenomena. It is the 
intricate play between thermodynamic and kinetic control 
which determines the active state of the silver catalyst 
 
The silver-oxygen interaction 
The identification and mechanism of formation of surface-
bound Oα oxygen species is well understood [6-11]. A num-
ber of authors have suggested the presence of sub-surface Oβ 
oxygen in silver [6,8-10,12,13]. Far less information is 
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available, however, about the nature of this sub-surface oxy-
gen and its mechanism of diffusion. A combination of scan-
ning electron microscopy (SEM) and temperature-
programmed desorption spectroscopy (TDS) was used in an 
attempt to obtain this information [14].  
 
Before the experimental results obtained with TDS will be 
interpreted, a careful consideration of the limitations of TDS 
in order to measure oxygen diffusivity in silver must be 
considered.  Firstly, possible effects induced by the catalytic 
reaction are completely neglected.  This is implicit to the 
technique as no reaction takes place during the measure-
ment.  This is a direct result of the fact that only one gas at a 
time is typically dosed.  The second major limitation arises 
from the dynamic nature of temperature desorption spectros-
copy.  TDS is not an equilibrium measurement technique.  It 
is, quite to the contrary, a technique by which the system is 
constantly driven from one extreme to another. This appears, 
at first glance, to be a step backwards in the sense that it 
provides no information under steady-state reaction condi-
tions. This is, unfortunately, a limitation placed on the ex-
perimenter as the available measurement techniques for 
studying bulk diffusion are limited.  Eichenauer et al. [15] 
and Outlaw et al. [16] studied oxygen diffusion in silver 
using steady-state diffusion measurement techniques. How-
ever, no consideration was made of the influence of catalyst 
morphology on the diffusion rate. The catalyst was, in al-
most every case, considered to be a well-defined solid 
whose composition and morphology do not vary as a result 
of treatment at elevated temperatures with a variety of gases.  
It will be seen, however, that comparisons between the TDS 
data obtained here and the data found by these authors may 
be made and yield a wealth of information about the domi-
nant diffusion mechanism and the influence of morphology.   
 
It is important to note that the method by which the TDS 
experiments in this study were conducted leads to the ap-
pearance of thermal desorption peaks at temperatures lower 
than the actual dosing temperature. This is possible because 
TDS under the applied conditions does not probe surface 
adsorbed species but bulk dissolved oxygen. The sample is 
exposed to a partial pressure of oxygen at elevated tempera-
tures at which a quasi-equilibrium situation exists between 
rapid diffusion of adsorbed oxygen into the bulk and its 
segregation back to the surface from which it desorbs.  Sub-
sequent to oxygen treatment, the sample is rapidly quenched 
(10 seconds) to room temperature and evacuated simultane-
ously (2 minutes until 10-8 mbar). The bulk dissolved oxy-
gen species are essentially “frozen” in the silver lattice. Bulk 
dissolved oxygen can segregate to the surface in a subse-
quent TDS experiment via low resistance paths (e.g. along 
the 110 direction) leading to the observed desorption tem-
peratures lower than the actual dosing temperature. 
 
Oxygen diffusion mechanisms 
Figure 3a shows a number of TD spectra for oxygen dosed 
at various pressures at 573 K.  Figure 3b shows the TD spec-
tra for desorption of oxygen dosed at various pressures at 

973K. The dosing conditions used for the TDS in Figure 3a 
approach the ethylene epoxidation reaction conditions and 
those for TDS in Fig. 3b the formaldehyde synthesis condi-
tions. Two desorption peaks are visible. The first is a broad, 
asymmetric signal centered at approximately 623 K. The 
second is a very weak peak which begins desorbing above 
873 K. Previous studies have shown the first peak to be 
attributable to bulk-dissolved oxygen diffusing via an inter-
stitial mechanism and is referred to as Oβ [6,8,12,13]. The 
second peak is attributed to sub-surface oxygen which dif-
fuses via an interstitialcy diffusion mechanism and is termed 
Oγ [6,8,12,13]. 
 
 

 

 
Fig. 3 Thermal desorption spectra of O2 from 1g electrolytic 
silver after oxygen treatment for 5 min at the indicated oxy-
gen pressures and at a) 573 K; b. 973K. 
 
 
Both desorption peaks are due to the desorption of bulk-
dissolved oxygen. Assumption of the existence of only sur-
face adsorption would require multilayer adsorption which 
does not occur at elevated temperatures [5-7,10,11].  Assum-
ing a completely (111) faceted silver sample with a sticking 
coefficient of 10-7 would require 30 monolayers of oxygen 
to account for the amount of oxygen which desorbs from the 
100 mbar dose made at 573K shown in Figure 3a.  It is 
clear, therefore, that both the Oβ and Oγ desorption peaks are 
due to the surface segregation and desorption of bulk-
dissolved oxygen.  
Evidence for the assignment of Oβ and Oγ to sub-surface 
oxygen diffusing via different diffusion mechanisms can be 
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found in the literature regarding oxygen diffusion in silver 
and silver inter-diffusion. Diffusion of oxygen in silver 
shows an Arrhenius temperature dependence. Eichenauer et 
al. [15] and Outlaw et. al [16] found there to be two distinct 
diffusion mechanisms present for oxygen diffusion in poly-
crystalline silver which are described by the following equa-
tions.   
 

KT 900<  







 −

×= −

RT
molOkJD polyAg

/2.64exp102.3 2
, s

cm 2              (3) 

 
KT 900>  







 −

×= −

RT
molOkJD polyAg

/3.46exp1096.2 3
, s

cm 2           (4) 

 
Outlaw et al. [16] also showed the diffusion coefficient to be 
a function of the crystal orientation. The following values 
were reported for the diffusion coefficients in a (110) single 
crystal. 
 

KT 900<  







 −

×= −

RT
molOkJDAg

/5.77exp1055.1 1
)110(,

             (5) 

 
KT 900>  







 −

×= −

RT
molOkJDAg

/7.60exp1055.1 1
)110(,

                     (6) 

 
The diffusion of oxygen through the single crystal exhibits a 
higher activation energy of diffusion than for diffusion 
through the polycrystalline sample. This is a result of the 
absence of grain boundaries which act as low-resistance 
diffusion paths in the polycrystalline sample. Care must be 
taken when interpreting the diffusion of a gas through a 
solid. The diffusion coefficients obtained for polycrystalline 
samples are overall diffusion coefficients which represent 
diffusion through the crystalline volume as well as along 
defects, e.g. grain boundaries. Defect diffusion tends to be 
magnitudes of order higher than volume diffusion. Examples 
are the diffusion of carbon in iron or the creation of electri-
cal conductivity in β-alumina as a result of the incorporation 
of a high Na+ charge carrier concentration in the bulk. A 
strong diffusion anisotropy arises as the diffusing species 
follows the path of least resistance. The diffusion coeffi-
cients measured along grain-boundary defects or through the 
crystalline volume are, therefore, very different [17,18]. 
Earlier work by Hoffman et al. [19] showed similar behavior 
for silver interdiffusion. In this case, radioactive, isotope 
labeled studies yielded the following results. 
 
 

KT 973<  







 −

×= −

RT
molAgkJD polyAg

/4.26exp103.2 5
,

                      (7) 

  

KT 973>  







 −

×= −

RT
molAgkJD polyAg

/95.45exp1095.8 1
,

                  (8) 

 
It is clear that, for the case of pure silver interdiffusion, more 
than one diffusion mechanism is present. What is even more 
interesting is the fact that the observed switch in diffusion 
mechanism found in both of these studies coincides exactly 
with the minimum oxygen desorption observed in Figures 3a 
and 3b between Oβ and Oγ desorption. It appears, therefore, 
that the observed desorption peaks arise from the diffusion 
and subsequent desorption of oxygen species diffusing via 
two different diffusion mechanisms.   
 

 

 
Fig 4 a) Scheme of the interstitial bulk oxygen diffusion 
mechanism. b) Scheme of the interstitialcy bulk oxygen 
diffusion mechanism (vacancy diffusion). 
 
 
A scheme of the interstitial diffusion mechanism is shown in 
Figure 4a.  In this case, Oβ atoms jump from interstitial site 
to interstitial site between the silver lattice atoms. This is the 
dominant diffusion mechanism for volume Oβ oxygen diffu-
sion in silver for temperatures below 973 K. Figure 4b 
shows a scheme of the mechanism of interstitialcy diffusion 
in which Oγ oxygen atoms substitute for silver lattice atoms.  
The interstitialcy diffusion process is also known as vacancy 
diffusion or substitutional diffusion [20,21].  The radii of 
oxygen (single bond 0.74 A, double bond 0.62 A ) fits into 
the silver (hard sphere model 0.60 A) [22] after a slight ex-
pansion of the silver unit cell. This unit cell expansion has 
been observed both with reflection-electron microscopy [23] 
and in-situ X-ray diffraction [8]. The accumulation of stress 
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in the silver lattice upon Oγ oxygen incorporation ultimately 
results in failure and a reduction in the crystallite size [24]. 
This effect results in a dramatic decrease in the crystallite 
size as a function of time on stream. Figure 5 shows the 
results obtained from an SEM investigation of an electro-
lytic silver catalyst after various times on stream in a 10% 
oxygen atmosphere and after treatment in 100% flowing 
helium both with a total flow rate of 150 ml/min.  It is clear  
 
 

 
Fig. 5 Comparison of the time-dependent variation of the 
particle size of an electrolytic silver catalyst treated in flow-
ing helium with a silver catalyst treated in 10 vol% O2 in He 
at 1023 K as determined from scanning electron micro-
graphs. 1g of silver was used with a total gas flow rate of 
150 ml/min in these reactor experiments. 
 
 
that the reaction of gas-phase oxygen with the silver catalyst 
results in a significant decrease in the particle size.  The 
variation in particle size shown is that of the secondary poly-
crystallites and is not the particle size of the primary crystal-
lites which may be observed using X-ray diffraction [24]. 
The slight decrease in the particle size for the He treated 
sample likely from the incorporation of oxygen impurities 
found in the He stream which has a purity of 99.999%. As-
suming a completely (111) facetted surface (0.001 m2/g) 
with a sticking coefficient of 10-7 reveals that monolayer 
coverage would be attained for this sample after just 30 
minutes in such a He stream. The effect of ppm levels of 
oxygen impurities is expected, therefore, to be quite substan-
tial. The reference measurement in He clearly shows, how-
ever, that oxygen plays an active role in the massive 
recrystallization of the silver catalyst. Particle fragmentation 
and recrystallization has been observed for a number of 
high-temperature oxidation systems [25]. This effects was 
used by Friedorow and Wanke [26], Ruckenstein and Mal-
hotra [27] and Flynn and Wanke[28] to redisperse Al2O3 
supported Pt particles which had sintered after high-
temperature treatment in hydrogen. These results are also in 
agreement with recent findings of Yang et al. who found that 
oxygen treatment at about 670 K leads to a disrupture of 
supported Ag particles to smaller subunits [29]. It thus can 
be concluded that temperature treatment in oxygen leads to 
particle size reduction and simultaneous surface faceting. 

A silver sub-oxide is, therefore, formed as a result of the 
incorporation of oxygen into the silver bulk. The nature of 
the sub-oxide is a strong function of temperature as the oxy-
gen atoms will locate themselves in interstitial sites at low 
temperatures (T<900 K) and will occupy silver lattice sites 
at more elevated temperatures (T>900 K). X-ray photoelec-
tron spectroscopy studies have shown that the two different 
bulk species Oβ and Oγ differentiate themselves electroni-
cally [12]. This implies that they are also different in chemi-
cal nature and thus exhibit different reactivities. It is 
important to remember that the diffusion of a gas through a 
solid requires (regardless of the diffusion mechanism in-
volved) the formation and breaking of chemical bonds. The 
overwhelming majority of studies on solid-state diffusion 
focus on the determination of empirical relationships related 
to Fickian or Knudsen-type diffusion. This provides impor-
tant kinetic information for those interested in using solids 
as a transport medium for some process. The information of 
most interest for the design engineer is the flux of the diffus-
ing species as a function of a variety of parameters. The 
catalyst eventually attains an equilibrium of equimolar coun-
terdiffusion during which oxygen is adsorbed, dissolves in 
the bulk via either interstitial or interstitialcy diffusion (or 
both, depending on temperature), and eventually segregates 
back to the surface where it may desorb or react. It is sug-
gested that oxygen adsorption mainly occurs at Ag(110) 
surfaces due to the higher sticking coefficient relative to that 
for the Ag(111) surface. The sticking coefficient increases in 
the order (111) <10-7, (100) ~10-5, (110) ~10-3 [5,12,23,30-
45]. Oxygen adsorbed at, e.g. Ag(110) surfaces diffuses into 
the bulk via interstitial diffusion or octahedral hole jumping 
along the [110] direction. At high temperatures, the silver 
surface reconstructs to mainly form (111) surfaces. Segrega-
tion of oxygen to this surface can only occur via the intersti-
tialcy diffusion mechanism by which O substitutes for Ag. 
This oxygen species, Oγ has been shown to be the only oxy-
gen-silver interaction species exhibiting covalent π-bonding 
characteristics to silver [12]. It is this π-bonding character 
which results in Oγ being a strong Lewis base which is capa-
ble of directly dehydrogenating organic reactants without 
leading to complete oxidation.  The actual catalytic reaction 
can only occur, in that moment when Oγ has segregated to 
the uppermost layer of the silver catalyst at which it may 
react with the organic reactants present in the gas phase. 
 
Equimolar counterdiffusion is an accepted process for the 
reaction of gaseous species in porous catalyst pellets [46]. 
The assumption of a catalytic reaction of sub-surface oxygen 
via equimolar counterdiffusion in silver differentiates itself 
from the classical model in that the reaction is limited to the 
phase interface formed at the outer surface of the semi-
permeable silver particle.  Silver is only permeable for oxy-
gen and hydrogen and not for the other organic molecules.  
The catalytic reaction proceeds only at the outer surface of 
the particle after segregation of oxygen to the (111) surface. 
The silver acts, in essence, as a substrate for the formation of  
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active oxygen species, Oα active in oxy-dehydrogenation 
and the Lewis base Oγ active in dehydrogenation, which 
may then undergo reaction. 
 
There is, therefore, a balance between purely thermally-
induced surface reconstruction and oxygen-induced surface 
reconstruction.  The ability for a surface to undergo the latter 
is often limited by the kinetics of the silver mass-transfer 
which is primarily a function of the temperature. This bal-
ance between thermal and oxygen-induced restructuring 
explains the behaviour observed in the thermal desorption 
spectra shown in Figures 3a and 3b. It is important to note 
that the shape of the thermal-desorption spectra of Oβ and 
O  are governed by the kinetics of the bulk diffusion of 
oxygen (the slowest step). The kinetics of bulk diffusion 
processes are many orders of magnitude slower than surface 
recombination or desorption. Typical pre-exponential factors 
for bulk diffusion are on the order of 10–1-10-2 s-1. Surface 
recombination and desorption are, in contrast, on the order 
of 10-11-10-13. The observed variation in peak profile and 
desorption temperature cannot, therefore, be attributed to a 
second-order desorption of surface-bound, atomic oxygen. 
The thermal-desorption spectra may be used to study the 
diffusivity of oxygen in the silver bulk. The formation of 
more closely-packed (111) surface structures (surface an-
nealing) increasing above the Tammann temperature of sil-
ver (750K) results in an increased diffusion barrier and, thus, 
a subsequent increase in desorption temperature. 
This explains the observed behavior where the desorption 
maximum for Oβ decreases as a function of the dosing pres-
sure. The % shift of the desorption maximum of Oβ and Oγ 
are plotted as a function of the dosing pressure and tempera-
ture in Figures 6a and 6b respectively. The negligible shift 
of the Oβ maximum for doses made at 573 K indicates the 
absence of morphological changes occurring as a result of 
the TD pretreatment.  The desorption maximum is, however, 
clearly a function of the dosing temperature and pressure for 
oxygen dosing at 773 K. A shift of maximum Oβ desorption 
rate to lower temperatures is an indication for oxygen in-
duced surface roughening and bulk-reconstruction (lower 
diffusion inhibition). Dosing at 973 K shows a less pro-
nounced shift in desorption temperature.   The latter clearly 
shows the competing effects of thermal and oxygen-induced 
silver reconstruction. 773 K represents an optimum for oxy-
gen-induced reconstruction. The thermal reconstruction 
dominates over oxygen-induced reconstruction at 973 K and 
reduces the extent of facetting caused by oxygen dosing. A 
higher oxygen potential is necessary to achieve the same 
degree of faceting at elevated temperatures as a low oxygen 
potential at lower temperatures. This explains why only a 
high-temperature, Oγ, peak is visible for oxygen doses made 
at 0.01 mbar mbar at 973 K (Figure 3a), whereas there 
clearly exists a lower temperature, Oβ, peak for dosing at the 
same pressure at 573 K (Figure 3a).  The temperature must 
be sufficiently high to allow for efficient mass transfer of 
silver so that the restructuring may take place. The Tam-
mann temperature (750 K) represents the lower temperature 
limit for attaining this. 

The argument that Oγ is bulk oxygen diffusing via an inter-
stitialcy mechanism is supported by the fact that the Oγ de-
sorption temperature does not shift as a function of 
temperature or pressure. Figure 6b shows there to be a 
maximum shift of –1.5% for dosing at 773 K.  
 
 

 

 
Fig. 6  a.  Shift of the temperature of maximum desorption 
rate of Oβ as a function of the dosing pressure at 573 K 
(open upward triangles), 773 K (open circles) and 973 K 
(open squares). b. Shift of the temperature of maximum 
desorption rate of Oγ as a function of the dosing pressure at 
573 K (open upward triangles), 773 K (open squares) and 
973 K (open circles). 
 
 
The trend observed in Figure 6b is likely due to the experi-
mental error arising from the overlap of the Oβ and Oγ peaks. 
In either case, the shift of Oγ with dosing temperature and 
pressure is negligible in comparison to the shift of Oβ. Inter-
stitialcy diffusion should not be a function of morphology as 
the local environment of bulk lattice atoms is identical, re-
gardless of the crystallite orientation (for fcc structures). A 
comparison of equations 4 and 8 supports this argument.  
The activation energies of diffusion for both oxygen diffu-
sion in silver and silver interdiffusion are identical at 46 
kJ/mol for temperatures above 900 K. This is only possible 
in  case when oxygen atoms substitute for silver lattice at-
oms. The jumping of silver and oxygen atoms become, en-
ergetically speaking, indistinguishable from one another. If 
the lattice is isotropic (as is the case for fcc silver) than the 
jump probability is no longer a function of the crystallite 
orientation.  The desorption temperature of a species diffus-
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ing via interstitialcy diffusion is therefore not a function of 
the crystallite orientation.   
 
The temperature and pressure regime under which Oγ is 
formed is the same as that under which the formaldehyde 
synthesis reaction and the oxidative coupling of methane 
(OCM) takes place. This represents a unique situation in 
which the catalyst temperature is too high to result in the 
formation of a stable, stoichiometric oxide but the domi-
nance of an interstitialcy diffusion mechanism results in the 
formation of a metastable silver sub-oxide. The oxygen spe-
cies formed (Oγ) exhibits Lewis base properties as shown by 
electron spectroscopy and is, therefore, capable of dehydro-
genating organic reactants.  The stability and chemical com-
position of this Oγ sub-oxide are sensitive functions of the 
gas-phase oxygen potential and the catalyst temperature.   
 
Formaldehyde Synthesis 
In the next paragraphs evidence will be summarized for 
differences in the catalytic behavior of the various oxygen 
species formed in and on silver [47,48]. It has been men-
tioned that the formaldehyde synthesis reaction is typically 
carried out above 873 K.  It was shown in the previous sec-
tion that Oγ is the dominant oxygen species in or on silver in 
this temperature regime. Oγ may react with organic reactants 
such as methanol in that moment when the bulk-lattice Oγ 
oxygen diffuses into the uppermost silver (111) layers.  The 
participation of sub-surface Oγ oxygen in the formaldehyde 
synthesis reaction has been suggested by a number of au-
thors [23,9,11,49].  It will be shown in this section that the 
activity of a silver catalyst for formaldehyde synthesis is a 
strong function of catalyst morphology.  A selective catalyst 
for formaldehyde synthesis is formed under conditions un-
der which Oγ is present.   
 
The temperature-dependence of selectivity 
Figure 7 shows a plot of the selectivity to  formaldehyde and 
CO2 as a function of temperature for reaction over the aged  
 

 
Fig. 7 Selectivities to CH2O (open downward triangles), 
CO2 (open diamonds), and CO (open upward triangles) as a 
function of reaction temperature of the partial oxidation of 
methanol to formaldehyde. Total flow rate=150 ml/min, 3.5 
vol% O2, 8.8 vol% CH3OH, 87.7 vol% He, Space Veloc-
ity=3.63x105 hr-1. 

catalyst. The carbon balance agrees within 5% for all meas-
urements. The selectivity to CO2 goes through a maximum 
at 573 K and then decreases at higher temperatures.  The 
reaction of methanol to oxi-dehydrogenation and complete 
oxidation products is favored in the region of 523-623 K. 
The highly reactive surface oxygen Oα is believed to cata-
lyze the oxi-dehydrogenation and complete oxidation reac-
tion paths, and the Lewis base Oγ the direct dehydrogenation 
of methanol to formaldehyde [6,8,11,12,14,47,48]. The dif-
ferent thermal stabilities of these species explains the high 
selectivity (70 %) to CO2 in the region 523-623 K.  This is 
just below the temperature region in which surface-bound 
atomic oxygen (Oα) desorbs in UHV experiments 
[4,12,23,30-45]. It is, therefore, the reaction with Oα which 
leads to the formation of complete oxidation and oxi-
dehydrogenation products in this temperature regime. The 
selectivity to complete oxidation products decreases dra-
matically above the thermal desorption temperature of Oα 
indicating the decreased participation of this species in reac-
tion. Alternatively, the high selectivity to CO2 at low tem-
peratures may be explained by a strong adsorption of 
formaldehyde or a methoxy intermediate on the silver sur-
face and, therefore, a high probability of its reaction with 
excess Oα in its neighborhood.  
 
The observed temperature dependence of the selectivity 
cannot be explained on the basis of a model of sequential 
reactions in which methanol is converted to formaldehyde 
and subsequently oxidized to CO2 and water.  Figure 7 
shows improved selectivity to CH2O with increasing reac-
tion temperature. Simultaneously, the methanol conversion 
increases with temperature to level off at ~90% [47 This is a 
rare case in which the selectivity to the thermodynamically 
unfavorable intermediate CH2O increases with increasing 
conversion. A reaction-in-series model in which formalde-
hyde is the intermediate product and CO2 the final, complete 
oxidation product would predict exactly the opposite behav-
ior. In this case, one would expect the CH2O selectivity to 
decrease with increasing methanol conversion and CO2 se-
lectivity. The observed variations in selectivity, therefore, 
are due to the changing participation of the two different 
reaction paths, oxy-dehydrogenation, mainly at lower tem-
peratures, and direct dehydrogenation, mainly at higher tem-
peratures, which results from the different thermal stability 
of the two proposed catalytically active oxygen species, Oα 
and Oγ.  
No catalyst deactivation was observed for reaction over aged 
Ag samples [47] This occurs for two reasons: Reaction over 
the aged silver catalyst below 650 K is enhanced by the 
increased surface defect concentration resulting from the 
hole formation during high-temperature reaction (T>923 K) 
[47] the holes represent highly defective surface sites which 
are active for oxygen adsorption. Enhanced oxygen adsorp-
tion capacity over silver samples after having undergone 
repeated cycles of oxidation and reduction has been ob-
served by a number of authors [50-53]. The observed ab-
sence of deactivation above 573K is a result of the oxygen-
induced, high-temperature recrystallization of silverFehler! 



High Temperature Partial Oxidation Reactions over Silver Catalysts, A. Nagy, G. Mestl, Applied Catalysis A: General, accepted 17 June 1999   
 
 

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 

10

Textmarke nicht definiert. [47]. It was shown in Section 
3.1. that silver recrystallization occurs with the formation of 
a large amount of the Lewis base Oγ which is the active 
dehydrogenation species. The catalyst is only active over the 
entire temperature range after the high-temperature pre-
treatment has resulted in the formation of Oγ in Ag (111). 
The lack of deactivation for a catalyst treated in the tempera-
ture range in which Oγ is formed in Ag (111) surfaces pro-
vides strong evidence for the proposed model: the Lewis 
base Oγ is the active, high-temperature oxygen species re-
quired for the direct dehydrogenation of methanol to for-
maldehyde.   
The participation of Oγ and Oα in the catalytic reaction with 
methanol are shown in equations (10) and (11).  The cata-
lytic nature of Oγ in the dehydrogenation is stressed in equa-
tion (10).  The silver catalyst is suggested to act a) as a 
source of electrons for the formation / activation of the 
Lewis base Oγ, and b), it participates together with Oγ as the 
actual catalytically active species in the reaction.  Oα reacts, 
on the other hand, in the oxy-dehydrogentation (eq. 11)  
stoichiometrically with methanol to formaldehyde and wa-
ter.  Silver is, in the case of oxy-dehydrogenation and total 
oxidation, the active catalyst and Oα is a surface species 
reacting in a stoichiometric reaction over the silver catalyst. 
 
Dehydrogenation  
 

22
,

3 HOCHOHCH OAgT + →+ ∆ γ ;
mol
kJH 84+=∆         (10) 

 
Oxidehydrogenation 
 

OHOCHOOHCH AgT
22

,
3 + →+ ∆

α
; 

mol
kJH 159−=∆ (11) 

 
Thermodynamics dictates that the more endothermic reac-
tion will dominate at higher temperatures.  This fact, com-
bined with the high thermal stability of Oγ, results in an 
optimum situation for the reaction of methanol with Oγ to 
formaldehyde and hydrogen. An analysis of the H2/CH2O 
ratio as a function of temperature supports this (Fig. 8). 
 

 
Fig. 8 Temperature dependence of the H2/CH2O ratio (open 
cicles) of the partial oxidation of methanol to formaldehyde. 

Total flow rate=150 ml/min, 3.5% O2, 8.8% CH3OH, 87.7% 
He, Space Velocity=3.63x105 hr-1. 
It was, unfortunately, impossible to quantitatively measure 
the water concentration with the experimental apparatus 
used in these studies. Measuring the H2/CH2O ratio provides 
an estimate of the temperatures at which one of the mecha-
nisms (Equation 10 or 11) prevails. The observed trend 
seems not to support the hypothesis that the dehydrogena-
tion path exists only at elevated temperatures under which 
Oγ is present. The fact that hydrogen is produced with nearly 
a 1:1 stoichiometry with formaldehyde at temperatures as 
low as 550K may instead indicate that the dehydrogenation 
mechanism is active at this relatively low temperature. The 
direct dehydrogenation of methanol to formaldehyde is, 
however, not the only possible source of hydrogen. The 
water-gas shift reaction (Equation 12) and the steam reform-
ing reactions (Equation 13) may also produce hydrogen 
according to the following equations. 
 
Water-Gas Shift (WGS) 
 
H2O + CO ⇔ CO2 + H2 ∆H298 = -41.1 kJ/mol                                (12) 
 
Steam Reforming (STR) 
 
CnHm + nH2O ⇔ nCO + (n+m/2)H2 ∆H298 = 146.6 kJ/mol           (13) 
 
The likelihood of the STR reaction to occur at low tempera-
tures (T<550 K) is improbable as the formation of CO is not 
observed and is thermodynamically unlikely at low tempera-
tures (Keq,673 K = 6.18 x 10-7 bar). Participation of the WGS 
reaction is thermodynamically plausible at low temperature 
(Keq,673 K = 11.92 bar) but requires the presence of CO in the 
feed. CO was experimentally not observed for temperatures 
below 800 K. The nearly 1:1 ratio of H2:CH2O observed at 
573 K cannot, therefore, be attributed to these reactions. The 
strong decrease in the H2/CH2O ratio in Fig. 8 at 623 K is 
evidence for the strongly oxidative nature of the Oα species 
formed at this temperature which favors oxi-
dehydrogenation to CH2O and H2O and complete oxidation 
to CO2. The agreement between this temperature and the 
thermal desorption of the Oα species [5-11] is excellent and 
supports the assignment of this TDS desorption peak to a 
surface-bound oxygen species which is formed directly from 
the gas phase. The unequivocal attribution of the decrease in 
the H2/CH2O ratio above 773 K to either an increase in the 
role played by the direct dehydrogenation or an increased 
consumption of H2 by the WGS reaction is impossible as the 
both reactions may participate in the reaction network under 
these conditions. The increased selectivity to CH2O over 
CO2 is shown in Fig. 7 and supports the hypothesis that the 
direct dehydrogenation of methanol to formaldehyde in-
creases at higher temperatures.  This trend cannot be ex-
plained by the STR reaction which dominates at high 
temperatures.  It is, therefore, suggested that both the direct 
dehydrogenation as well as the oxi-dehydrogenation of 
methanol to formaldehyde are possible over the entire tem-
perature range studied. But both reactions occur to different 
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degrees depending on the temperatures, and therefore stabil-
ity of the different oxygen species. The direct-
dehydrogenation pathway dominates at higher temperatures 
resulting in a higher selectivity to formaldehyde over CO2 
for similar methanol conversions in agreement with litera-
ture [54].     
 
The Oxidative Coupling of Methane (OCM) as Test Re-
action 
A number of problems arise when using standard laboratory 
reactors (plug flow) to study the formaldehyde synthesis 
reaction.  Among the most serious is the inability to measure 
the reaction kinetics.  100% oxygen conversions were nearly 
always obtained for reaction temperatures in excess of 573K 
for reaction over aged catalysts.  This exceptionally high 
conversion renders a kinetic study of the silver-based for-
maldehyde synthesis reaction impossible.  In addition, a 
number of heat transfer problems arise.   The decision was 
made, therefore, to use the oxidative coupling of methane 
(OCM) reaction as a test reaction.  This reaction occurs in a 
comparable temperature regime and is, like the formalde-
hyde synthesis reaction, essentially a dehydrogenation reac-
tion.  The slow reaction kinetics typical of this reaction 
enables one to perform a kinetic study using silver catalysts.  
Analogies may then be made between the results obtained 
with the OCM reaction and those from the formaldehyde 
synthesis reaction. 
 
OCM reaction kinetics vs. oxygen diffusion kinetics 
Figure 9 shows an Arrhenius plot of the oxygen conversion 
obtained for reaction over a fresh and a used silver catalyst 
after being used in the OCM reaction.  The Arrhenius plot 
for reaction over the fresh catalyst shows two linear regimes.   
 
 

 
Fig. 9 Arrhenius plots of the oxidative coupling of methane 
over fresh (open diamonds) and used (filled squares) silver 
catalysts. 1.8 g catalyst, 57% vol He, 6% vol O2, 37 vol % 
CH4, Space Velocity=2x104 hr-1. 
 
 
This indicates either the presence of diffusion control or an 
intrinsic change in catalyst activity.  The initially high acti-
vation energy of 457  kJ/mol in this temperature region over 
a fresh catalyst can be attributed to total oxidation which 
primarily occurs under these conditions.  Above the inflec-

tion point a very low appararent activation energy of 67 
kJ/mol O2 was determined. This low value indicates that the 
catalyst undergoes structural changes as sintering and re-
crystallization, because the low conversions obtained in the 
OCM reaction exclude diffusion limitation. Cooling the 
sample and repeating the same reaction yields the second 
line shown in Figure 9.  The inflection point is no longer 
present and an apparent activation energy of 138 kJ/mol is 
observed. In addition, the fresh catalyst shows no catalytic 
activity below 750 K, but the aged catalyst is active from 
700 K onward. This is conclusive evidence that the inflec-
tion point observed for reaction over a fresh catalyst is due 
to a restructuring of the catalyst and not to a switch from 
kinetic to diffusion control.   
One of the most critical pieces of information obtained in 
this study is found when comparing the apparent activation 
energy of reaction with that of bulk oxygen diffusion. The 
apparent activation energy for oxygen diffusion for a 100 
mbar oxygen dose made at 973 K was shown to be 140 
kJ/mol [14]. The fact that the apparent activation energy of 
diffusion is the same as that of reaction provides a strong 
argument in support of a reaction which is limited by the 
bulk diffusion of oxygen. Thus, it is suggested that  the rate 
limiting step of the OCM reaction over Ag is the intersti-
tialcy diffusion of bulk-dissolved Oγ to Ag(111) surfaces, at 
which it rapidly reacts with CH4, and not the dehydrogena-
tion of methane. 
 
 

 
Fig. 10 The suggested mechanism of the heterogeneous part 
of the methane coupling reaction over a silver catalyst.  
 
 
Figure 10 shows a scheme of a possible reaction 
mechanism for the silver-catalyzed OCM reaction 
over silver. The OCM reaction results in a situation in 
which the silver surface remains crystalline. The ad-
sorption and diffusion of oxygen through the bulk is, 
therefore, highly anisotropic. The oxygen is forced to 
adsorb on those crystal surfaces exhibiting the highest 
sticking coefficients (e.g. (110) planes) and to diffuse 
along paths of least resistance, e.g. the [110] direction.  
The reaction of organic reactants and products with Oα 
leads to the formation of complete oxidation products. 
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Oγ formed in the thermodynamically stable (111) faces 
by interstitialcy diffusion dehydrogenates methane to 
methyl radicals which emanate into the gas phase to 
recombine to ethane. Ethane may be further dehydro-
genated to ethylene, or may react with Oα or gaseous 
O2 to complete oxidation products.  Previous results 
have shown CO2 to be formed primarily via reaction 
with the ethane or ethylene formed in the coupling reac-
tion [48].   
 
Summary and Outlook 
Silver is in a very dynamic equilibrium with the reacting gas 
atmosphere. Both the morphology and the chemical compo-
sition of the silver catalyst is determined by the gas-phase 
chemical potential. The interdependence of reaction rate and 
selectivity on silver morphology which is determined by the 
gas phase composition and reaction temperature explains the 
strong structure sensitivity of silver catalysts for partial oxi-
dation reactions. These effects are particularly large in case 
of high-temperature reactions as the kinetics of the solid-
state reactions involved are significantly higher than for low 
temperature partial oxidation reactions such as ethylene 
epoxidation. The formation of interstitially-located, bulk 

oxygen (Oγ) is necessary to the activation of the silver cata-
lyst for dehydrogenation reactions. Surface-bound atomic 
oxygen (Oα) preferentially leads to the formation of com-
plete oxidation products. 
Future development in the formaldehyde synthesis reaction 
lies in the ability to increase the formaldehyde to water ratio.  
This ratio is limited in the oxidative dehydrogenation tech-
nology by the large amounts of water which are produced. 
The increase of the ratio of Oγ over Oα on the silver surface 
would lead to an increase of direct dehydrogenation over 
oxy-dehydrogenation pathway. The observation of high 
concentrations of Oγ after treating silver with NO may be a 
possible way to improve the direct dehydrogenation pathway 
[55]. The development of a non-oxidative technology for the 
direct dehydrogenation of methanol to formaldehyde would 
represent a new milestone in the formaldehyde synthesis 
reaction. 
 
Acknowledgments 
Prof. Dr. Robert Schlögl (Fritz-Haber-Institut der Max-
Planck-Gesellschaft) and Dr. Daniel Herein (Technical Uni-
versity of Berlin) are greatfully acknowledged for the many 
fruitful discussions and their help in performing the re-
viewed experiments. 

 
 
References 
 
  [1] Ullman, in “Ullman’s Encyclopedia of Industrial Chemistry”, 5th Edition, A11, 619 (1988). 
  [2] "Formaldehyde Product Bulletin", Borden Chemical Co., Columbus Ohio, Feb. 1978. 
  [3] L. Orthner, E. Gerisch, Biochem. Z. 259 (1933) 30. 
  [4] H. Gilman, Org. Synthesis Coll., vol. I, J. Wiley & Sons Inc., New York, 514 (1932). 
  [5] M.A. Barteau, R. J. Madix, Surf. Sci. 140 (1984) 108. 
  [6] X. Bao, B. Pettinger, G. Ertl, R. Schlögl, Ber. Bunsenges. Phys. Chem. 97 (1993) 97.  
  [7] R. van Santen, C. de Groot, J. Catal, 98 (1986) 530. 
  [8] D. Herein, A. Nagy, H. Schubert, G. Weinberg, E. Kitzelmann, R. Schlögl, Z. Phys. Chem. 197 (1996) 67. 
  [9] L. Lefferts, J.G. van Ommen, J.R.H. Ross, Appl. Cat. 23 (1986) 385. 
[10] V.I. Bukhtizarov, I.P Prosvirin, R.I. Kvon, Surf. Sci. 320 (1994) L47. 
[11] K.C. Prince, G. Paolucci, A.M. Bradshaw, Surf. Sci. 175 (1986) 101. 
[12] X. Bao, M. Muhler, T. Schedel-Niedrig, R. Schlögl, Phys. Rev. B 54 (1996) 2249. 
[13] D. Kondarides, X. Verykios, J. Catal. 143 (1993) 481. 
[14] A. J. Nagy, G. Mestl, D. Herein, G. Weinberg, E. Kitzelmann, and R. Schlögl, J. Catal., 182 (1999) 417.  
[15] W. Eichenauer, A. Pebeler, Z. Metallkde. 48 (1975) 373. 
[16] R.A. Outlaw, D. Wu., M.R. Davidson, G.B. Hoflund, J. Vac. Sci. Tech. A 10(4) (1992). 1497. 
[17] D. Turnbull, R.E. Hoffman, Acta Met. 2 (1954) 419. 
[18] H. Queisser, Disc. Faraday Soc. 38 (1964) 305. 
[19] R.E. Hoffman, D. Turnbull, J. Appl. Phys. 2 (1951) 634. 
[20] A. Smigelskas, E. Kirkendall, Trans. AIME 171 (1947) 130. 
[21] A. Smigelskas, E. Kirkendall, Metals Technol. 13 (1946) 2071. 
[22] L. Pauling, in: The Nature of the Chemical Bond, 3rd ed. (Cornell University Pre ss, Ithaca, 1960). 
[23] X. Bao, J. Barth, G. Lempfuhl, R. Schuster, Y. Uchida, R. Schlögl, G. Ertl, Surf. Sci., 284 (1993) 14. 
[24] A. Yanase, H. Komiyama, K. Tanaka, Surf. Sci. Lett. 226 (1990) L65. 
[25] J. Hess, J. Phillips, J. Catal. 136 (1992) 149. 
[26] R. Fiedorow, S. Wanke, J. Catal. 43 (1976) 34. 
[27] E. Ruckenstein, M. Malhotra, J. Catal. 41 (1976) 303. 
[28]  P. Flynn, S. Wanke, J. Catal. 37 (1975) 432. 
[29] M.X. Yang, P.W. Jacobs, C. Yoon, L. Muray, E. Anderson, D. Attwood, G. A. Somorjai, Catal. Lett. 45 (1997) 5. 
[30] C. Backx, C.P.M. de Groot, P. Biloen, Surf. Sci., 104 (1981) 300. 
[31] C. Backx, C.P.M. de Groot, P. Biloen, W.H.M. Sachtler, Surf. Sci. 128 (1983) 81. 
[32] B.A. Sexton, R.J. Madix, Chem. Phys. Lett., 76 (1980) 294. 
[33] R.L. Martin, P.J. Hay, Surf. Sci. 130 (1983) L283. 
[34] H.A. Engelhart, D. Menzel, Surf. Sci. 57 (1976) 591. 



High Temperature Partial Oxidation Reactions over Silver Catalysts, A. Nagy, G. Mestl, Applied Catalysis A: General, accepted 17 June 1999   
 
 

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 

13

[35] C.T. Au, S. Singh-Boparai, R.J. Madix, J. Chem. Soc., Faraday Trans. I, 79 (1983) 1779. 
[36] M. Bowker, Surf. Sci., 155 (1985) L276. 
[37] M. Bowker, M.A. Barteau, R.J. Madix, Surf. Sci., 92 (1980) 528. 
[38] R.A. van Santen, J. Moolhuysen, E. Drent, W.M.H. Sachtler, J. Catal. 53 (1978) 35.  
[39] R.A. van Santen, J. Moolhuysen, W.M.H. Sachtler, J. Catal. 65 (1980) 478. 
[40] C.T. Campbell, M. Paffett, Surf. Sci. 143 (1984) 517. 
[41] R.B. Grant, R.M. Lambert, Surf. Sci. 146 (1984) 256. 
[42] C.T. Campbell, Surf. Sci. 157 (1985) 43. 
[43] X.D. Wang, W. Tysoe, R. Greenler, K. Truszkowska, Surf. Sci. 258 (1991) 335. 
[44] X.D. Wang, R. Greenler, Phys.Rev. B 43 (1991) 6808. 
[45] C. Rehren, M. Muhler, X. Bao, R. Schlögl, G. Ertl, Z. Phys. Chem. 174 (1991) 11. 
[46] H.S. Fogler, Elements of Chemical Reaction Engineering, 2nd ed., Prentic Hall, New Jersey, (1992), ISBN 0-13-263534-8. 
[47] A. Nagy, G. Mestl, T. Rühle, G. Weinberg, and R. Schlögl, J. Catal. 179 (1998) 548. 
[48] A. Nagy, G. Mestl, R. Schlögl, submitted to J. Catal.  
[49] I.E. Wachs, R. Madix, Surf. Sci. 76 (1978) 531. 
[50] J. Plischke, M. Vannice,  Appl. Catal. 42 (1988) 255. 
[51] G. Meima, R. Vis, M. van Leur, A. van Dillen, J. Geus, F. van Buren, J. Chem. Soc., Faraday Trans. 1, 85(2) (1989) 279. 
[52] D. Kondarides, X. Verykios, J. Catal. 143 (1993) 481. 
[53] M. Bowker, P. Pudney, G. Roberts, J. Chem. Soc., Faraday Trans. 1, 85(8) (1989) 2635. 
[54] G.J. Millar, M.L. Nelson, P.J.R. Unwins, Catal. Lett. 43 (1997) 97.  
[55] D. Zemlyanov, A. Nagy, R. Schlögl, Appl. Surf. Sci. 133 (1998) 171. 


