
Lawrence Berkeley National Laboratory
Recent Work

Title
A Surface Science and Catalytic Study of the Effects of Aluminum Oxide and Potassium on 
the Ammonia Synthesis over Iron Single-Crystal Surfaces

Permalink
https://escholarship.org/uc/item/1b7272s6

Journal
Catalytic Ammonia Synthesis: Fundamentals and Practice, Chapter 4

Authors
Strongin, D.R.
Somorjai, Gabor A.

Publication Date
1991

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1b7272s6
https://escholarship.org
http://www.cdlib.org/


··.·]"_ ... .. 
. ·, 

LBL-23752 <'.~ 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

Materials & Chemical 
Sciences Division 

To be published as a chapter in 
Catalytic Ammonia Synthesis: Fundamentals 
and Practice, J.R. Jennings, Ed., 
Plenum Publishing Company, London, England 

A Surface Science and Catalytic Study 

.. 
LAWRENCE 

BERKELEY LABORATORY 

FEB 1 1988 

LIBRARY AND 
. '8CUMENTS SECTION 

of the Effects of Aluminum Oxide and 
Potassium on the Ammonia Synthesis over 
Iron Single Crystal Surfaces 

D.R. Strongin and G.A. Sommjai 

July 1987 r--~--

. TWO-WEEK.LOAN COPY 

This is a Library Circulatin8 Copy 
which may be borrowed for two weeks. 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



'i 

A Surface Science and Catalytic Study of the 
Effects of Aluminum Oxide and Potassium on 

the Ammonia Synthesis Over Iron Single 
Crystal Surfaces 

D. R. Strongin and G. A. Somorjai 

Department of Chemistry 

University of California 

Berkeley, California 94 720 

and 

Materials and Chemical Sciences Division 

Lawrence Berkeley Laboratory 

Berkeley, California ·94 720 



Contents 

1 Introduction 

2 Composition of the Industrial Catalyst 

3 Experimental 

3.1 The Need for a Model System . 

3.2 Preparation and Characterization of Well Defined Single Crystal Sur-

4 

5 

5 

5 

faces in Ultra - High Vacuum . . . . . . . . . . . . . . . . . . . . . . 6 

3.3 Combined UHV /High Pressure Apparatus . . . . . . . . . . . . . . . 7 

4 Structure Sensitivity of the Ammonia Synthesis 8 

5 Surface Science Studies of K/Fe, K/N2/Fe, and K/NH3/Fe Sys-

tems 10 

5.1 The Structure of Potassium on Iron Single Crystal Surfaces 10 

5.2 The Stability of Potassium on Iron in UHV . . . . . . . . . 11 

5.3 The Effect of Potassium on the Dissociative Chemisorption of Nitro-

gen on Iron Single Crystal Surfaces in UHV . . . . . . . . . . . . . . 13 

5.4 Ammonia Temperature Programmed Desorption Studies on K/Fe. 15 

5.5 Summary of Surface Science Results . . . . . . . . . . . . . . . . . 15 

6 Combined Surface Science and Catalytic Study of the Effects of 

Potassium on the Ammonia Synthesis 16 

6.1 Effects of Potassium on Ammonia Synthesis Kinetics . . . . . . . . . 16 

6.2 The Effects of Potassium on the Adsorption of Ammonia on Iron 

Under Ammonia Synthesis Conditions ........ . 

6.3 Modeling the Kinetic Data with a Rate Equation .. . 

18 

19 

6.4 The Effect of Potassium on the Dissociation of Dinitrogen Under 

Ammonia Synthesis Conditions . . . . . . . . . . . . . . . . . . . . . 21 

2 

, 

' 



•<! 

"" 

7 Combined Surface Science and High Pressure Studies on the Effect 

of Aluminum Oxide in the Ammonia Synthesis 22 

7.1 The Effects of Aluminum Oxide in Restructuring Iron Single Crystal 

Surfaces for Ammonia Synthesis ........ . 

7.2 Characterization of the Restructured Surfaces . 

7.3 The Restructuring of Iron by Aluminum Oxide 

8 Combined UHV /High Pressure Studies on the Interaction Be-

22 

24 

26 

tween Aluminum Oxide and Potassium Coadsorbed on Iron 28 

8.1 The Stability of Potassium on Iron when Coadsorbed with Aluminum 

Oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 

8.2 The Effects of Coadsorbed Potassium and Aluminum Oxide on the 

Ammonia Synthesis Over Unre~tructu.red Fe(100) . . . . . . . . . . . 29 

8.3 Water Vapor Pretreatment of Clean and AlzO'II/Fe Single Crystal 

Surfaces in the Presence of Coadsorbed Potassium . . . . . . . . . : 31 

8.4 The Effects of Coadsorbed Potassium and Aluminum Oxide on the 

Ammonia synthesis Over Re~tructu.red Fe(100) . . . . . . . . . . . . 31 

9 Summary of the Promoter Effects of Potassium and Aluminum 

Oxide 32 

10 Figure Captions 41 

3 



1 Introduction 

Present-day ammonia synthesis is the product of close to a century worth of 

research. Much of the effort has been directed toward elucidating the promoter· 

effects of potassium and aluminum oxide on the rate of ammonia synthesis. Out 

of this work has evolved a multitude of techniques, concepts, and ideas which have 

profoundly affected catalytic chemistry. Many reviews have been written on this 

subject[1,2,3], but it becomes evident from them that a molecular level understand­

ing of the promoters is still lacking. A principal reason for this deficiency is that 

the bulk of this early work has used indirect methods to study the catalyst. A 

large amount of kinetic data relating the gas phase ammonia concentration to the 

surface concentration of promoters has been obtained [4,5]. This type of data is 

important for optimizing the concentration of promoters but it fails to reveal the 

atomic level effects of the promoters on the working catalyst. With the advent of 

combined surface science /high pressure systems, high pressure reaction data(> 1 at­

mosphere) can be correlated to the atomic structure of the catalyst surface which is 

determined in the ultra-high vacuum environment(< 10-8 Torr). The combination 

of surface science and high pressure catalysis provides powerful tools in the study of 

the reactivity and structure of surfaces. This chapter will be devoted to describing 

how surface science work, combined with high pressure data, has elucidated the 

structure sensitivity and the role of potassium and aluminum oxide in ammonia 

synthesis. The structure sensitivity of ammonia synthesis will be presented first 

since it serves as necessary background when explaining potassium and aluminum 

oxide promotion in ammonia synthesis. 
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2 Composition of the Industrial Catalyst 

Since the realization of industrial scale ammonia synthesis in 1916 there have 

been no major changes in the composition of the iron synthesis catalyst[2,6). Potas­

sium oxide and aluminum oxide are fused with magnetite followed by reduction. 

The reduction procedure involves treating the oxidized catalyst with a stoi­

chiometric mixture of nitrogen and hydrogen[1,7). The temperature and extent to 

which this is carried out is dependent on the concentration of potassium and alu­

minum oxide in the iron oxide. About 1-3% of K20 and Ah03 are usually used 

and following reduction anywhere between 40-60% of the iron is covered by the 

promoters[8,9,10,7]. Previous work has determined that Ah03 increases the surface 

area of the catalyst from a value of 1 m2 I g-cat. for unpromoted iron to 20m2 I g­

cat.[2] when aluminum oxide is added (so called structural promotion). Potassium 

decreases the surface area to about 10 m2lg-cat. but the activity of the catalyst 

increases by a factor of three (so called electronic promotion)[2). 

3 Experimental 

3.1 The Need for a Model System 

It is apparent that the ammonia synthesis catalyst is a complex mixture of iron, 

potassium, aluminum, and oxygen, and that the promotion by Ah03 and K20 

comes through an interaction with the active iron component[7]. If a complex sys­

tem such as this is to be understood it is advisable to study a model system. In 

this case iron single crystals prepared and characterized in UHV were used to model 

the active component of the industrial catalyst. By quantitatively adding potas­

sium, aluminum and oxygen to the single crystal surface in UHV and then carrying 

out high pressure ammonia synthesis (20 atm of nitrogen and hydrogen), direct 

correlation can be made between reactivity and surface structure of the catalyst. 

5 



3.2 Preparation and Characterization of Well Defined Sin­
gle Crystal Surfaces in Ultra- High Vacuum 

The single crystal samples used in our work are on the average lcm2 disks about 

lmm thick. They are polished on both sides by standard metallurgical techniques to 

provide a surface smooth on the micron scale. The crystal can be heated resistively 

and the temperature of the sample is measured by a chromel-alumel thermocouple 

which is spot-welded to the crystal edge. In the case of iron, bulk impurities such as 

sulfur and carbon are common. Before the sample is mounted in UHV the crystal 

is heated to about 873K in a hydrogen furnace to help deplete the bulk of sulfur. 

The cleaning procedure is continued in UHV where a combination of argon ion 

sputtering and chemical treatment is used. 

Sputtering the iron at 873K for a prolonged period of time removes the sulfur 

but treatment of the sample in about 1 x 10-7 Torr of oxygen at 673K is needed 

to rid the sample of carbon. The iron surface is considered clean if Auger electron 

spectroscopy(AES) shows no impurities and if a low energy electron diffraction 

pattern (LEED) is obtained which is representative of the bulk crystal orientation. 

Aluminum is evaporated on the iron crystal surface by heating a ceramic crucible 

containing aluminum wire. The aluminum is oxidized on the iron surface by leaking 

about 1 x 10-8 Torr of water vapor into the UHV chamber. Oxidation of the alu­

minum is confirmed by the shift of the 67eV LVV Auger transitio~, representative 

of elemental aluminum, to 54eV in the oxide[ll]. The coverage of aJ.uminum oxide 

is determined by titrating the surface with carbon monoxide. At room temperature 

CO chemisorbs on metallic iron but not on aluminum oxide[2,12]. By adsorbing 

and desorbing CO from both clean iron and Al~Oy/Fe surfaces, the relative amount 

of free iron can be calculated( aluminum oxide is denoted by Al~Oy because of un­

certainty in the aluminum and oxygen stoichiometry). The Auger spectrum can be 

calibrated using this data so that coverages of aluminum oxide can be alternatively 

determined by AES. In this work, one monolayer corresponds to the point at which 
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CO can no longer adsorb to the surface. Thus, one monolayer might correspond 

to more than one atomic layer since aluminum oxide grows in three-dimensional 

islands on the iron surface[13]. The deposition of potassium is accomplished by 

using a Saes getter source. Coverages of potassium are determined by a potassium 

uptake curve. 

3.3 Combined· UHV /High Pressure Apparatus 

After the sample is prepared and characterized in UHV it must be transferred 

to a different environment if ammonia synthesis is to be studied since the rate of 

ammonia production from its elements would be negligible in UHV. Having a UHV 

chamber equipped with a high pressure ce11[14] provides the necessary environment 

while never eXP.osing the sample to the ambient atmosphere. A typical experiment 

would proceed as follows. The sample is cleaned and potassium and aluminum 

oxide are added in the desired. concentrations on the iron surface. The single crystal 

is enclosed in a high pressure cell which constitutes part of a micro-batch reactor, 

isolating the sample from the UHV environment. High pressures of gases (15 atm of 

hydrogen and 5atm of nitrogen) are introduced and the sample is resistively heated 

to reaction temperature (673K unless otherwise noted). Ammonia production is_ 

monitored by periodically taking samples from the reaction loop and passing them 

through a photoionization detector with a 10.2 eV lamp. This photon energy ionizes 

ammonia but not nitrogen and hydrogen. Thus the PID signal is only proportional 

to the ammonia partial pressure in the loop. By taking these samples at known 

times rate~ of ammonia synthesis are determined. After the reaction is completed, 

the reaction loop is evacuated and the cell opened returning the sample to the 

UHV environment where surface characterization is performed by AES, LEED, and 

temperature programmed desorption (TPD). 
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4 Structure Sensitivity of the Ammonia Synthe-
• 

SIS 

Since single crystals have a surface with a well defined geometry the structure 

sensitivity of a reaction can be probed directly. This approach has proved effective 

in many systems[15] · where it has been found that surface geometries influence 

catalytic reactions. This is best exemplified in ammonia synthesis where differences 

of up to two orders of magnitude are found between crystallographic planes[16]. 

The rates of ammonia synthesis are shown over five iron crystal orientations in 

figure 1. The Fe(111) and Fe(211) surfaces are by far the most active in ammonia 

synthesis, and they are followed in reactivity by Fe(100), Fe(210), and Fe(110)[17]. 

Schematic representations of the idealized unit cells for these surfaces, shown in 

figure 2, suggest two possible reasons for the high activity of the (111) and (211) 

faces compared to the (210), (100) and (110) orientations; surface roughness or 

active sites. 

_. The ( 111) surface can be considered a rough surface since it exposes second 

and third layer atoms to reactant gases in contrast to the (110) surface which 

only exposes first layer atoms. Work functions are related to the roughness of a 

surface[18] and it is usefull to quantify the corregation of a plane in this way. The 

work functions of all the iron faces are not available but they are for tungsten[19], 

another bee metal which shows structure sensitivity for ammonia decomposition[20]. 

The order of decreasing work function( <P) is as follows; <Pno > <P211 > <Ptoo > <P111 > 

<P210• Open faces, like the (111) surface, have lower work functions than close packed 

faces such as the (110) surface. The significance of this for ammonia synthesis might 

be that the dissociation of dinitrogen (the rate limiting step[21,22]) proceeds faster 

on a surface with a low work function. This is supported by theory[21], which calls 

for transfer of electronic charge from the d band of iron into the 21r• antibonding 

orbitals of dinitrogen for dissociation, a process which might be aided by a low work 

function. 
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The second possible explanation for the structure sensitivity involves active sites. 

The (111) and (211) faces of iron are the only surfaces which expose C7 sites(iron 

atoms with seven nearest neighbors) to the reactant gases. Theoretical work by 

Falicov et. al.[23) has suggested that highly coordinated surface atoms would show 

increased catalytic activity due to low energy charge fluctuations in the d bands 

of highly coordinated surface atoms. Examination of the results suggest that the 

latter argument of active sites is the key to the structure sensitivity of ammonia 

synthesis over iron. 

The reaction rates, in figure 1, show that the (211) face is almost as active as 

the (111) plane of iron, while Fe(210) is less active than Fe(100). The Fe(210) and 

Fe(111) faces are open faces which expose second and third layer atoms. The Fe(211) 

face is more close packed, but it exposes C1 sites. If surface roughness or a low work 

function were the important consideration for an active ammonia synthesis catalyst, 

then the Fe(210) would of been expected to be the most active face. Instead Fe(lll) 

and Fe(21 ~) are much more active, indicating that the presence of C7 sites are more 

important than surface roughness in an ammonia synthesis catalyst. 

The idea of C7 sites being the most active site in ammonia synthesis on iron has 

been suggested in the past. Dumesic et al.[24] found that the turnover number for 

ammonia synthesis was lower on small iron particles than larger ones. Pretreatment 

of an Fe/MgO catalyst with ammonia enhanced the turnover number over small iron 

particles, but did not affect the larger particles. This result was explained by noting 

that the concentration of C7 sites would be expected to be higher on the smaller iron 

particles and that the ammonia induced restructuring enhanced the number of these 

sites on the catalyst. This was supported by the fact that the restructured catalyst 

chemisorbed 10% less CO than the unrestructured catalyst. Highly coordinated 

sites, such as C7 , would chemisorb less CO than less coordinated sites because of 

steric considerations. Thus, it was concluded that C7 sites are the most active iron 

atoms for ammonia synthesis. 

Additional research which supports the contention that highly coordinated sur­

face sites are most active for ammonia synthesis has been carried out on rhenium[25]. 
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In this study the rate of ammonia synthesis over the. (0001), {lOIO), (1120), and 

(1121) faces were determined (fig.3). Here, as in the case of iron the face with 

the highest activity, the (1121) plane, is the surface which exposes the most highly 

coordinated sites. Figure 3 also shows that the (1121) face exposes C11 and C10 

sites while the next active (1120) face exposes C11 and C1 sites. This work, taken 

along with the work on the iron crystal faces, support the contension that highly 

coordinated sites are those which are most active for ammonia synthesis and that 

surface roughness is only important to the extent that it can expose these active 

surface atoms to the gas phase nitrogen and hydrogen. 

5 Surface Science Studies of K/Fe, K/N2/Fe, and 
K/NH3/Fe Systems 

This section summarizes a large amount of work which has been performed 

outside our laboratory( except for section 5.4). The structure and bonding strength 

of potassium will be discussed along with the effect of potassium on the dissociative 

chemisorption of dinitrogen on iron single crystal surfaces. 

5.1 The Structure of Potassium on Iron Single Crystal Sur­
faces 

The structure of potassium overlayers on well-defined single crystal surfaces[26,27] 

has been investigated. Potassium shows no ordered structures on the (100) face of 

iron at any surface coverage. Ordered overlayers have been observed for potassium 

adsorbed on Fe(llO) and Fe(111). 

At a saturation coverage of potassium, a hexagonal close-packed ordered over­

layer has been observed on the (110) face of iron. A lack of ordering by potassium 

is found at lower coverages and this is usually explained by noting that the mobil­

ity of the alkali metal on the iron surface is high. This allows only small ordered 

10 
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domains to exist which can not be observed by LEED. At higher coverages lat­

eral interactions between neighboring adsorbed potassium atoms result, and hence 

the potassium resides in energetically favorable surface sites which form an ordered 

structure. 

In contrast, the (111) surface of iron exhibits an ordered potassium structure 

only at low potassium coverages where a (3x3) structure is observed. At higher 

coverages of potassium, the diffraction pattern corresponding to the ( 3 x 3) structure 

deteriorates and a (lxl) structure results, with a high background that indicates 

the presence of disordered potassium. 

5.2 The Stability of Potassium on Iron in UHV 

The strength of the interaction between iron and potassium has been studied 

by temperature programmed desorption(26,27]. Potassium TPD spectra from the 

(111), (100), and (110) faces of iron show the same qualitative features. At low cov­

erages of potassium( 8K :::::::· 0.07, where 8K is equal to the number of potassium atoms 

divided by the number of surface Fe atoms), desorption occurs ~BOOK, but with 

higher coverages( 8K ::::::: 0.8) of potassium, the maximum rate of desorption decreases 

to about 550K(fig.4 ). This type of behavior is common for alkalis on transition 

metals. Reneutralization of the alkali metal begins to occur(28] as higher coverages 

of potassium are achieved, resulting in a lower iron - potassium interaction, and 

hence a reduction in the desorption energy. Using the Redhead analysis(29], the 

'desorption energies of potassium on the various iron crystal faces are as follows: 

Fe(llO), 57±2kcal/mole; Fe(lOO), 54±2kcal/mole; Fe(111), 52±2kcal/mole. These 

values are obtained by extrapolating to zero coverage so they are upper limits for 

the strength of the potassium- iron bond. Desorption energies will become lower 

at higher coverages of potassium, but detailed data necessary to determine the 

potassium desorption energy as a function of coverage is not available. 

Coadsorption of oxygen thermally stabilizes the potassium on the iron surface as 

exhibited in figure 5. These TPD spectra show that for high coverages of potassium 
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the coadsorption of oxygen appreciably raises the desorption temperature. For a 

potassium adlayer without oxygen, the maximum desorption rate occurs at 550K 

and all the potassium desorbs by 900K. When oxygen is present, the maximum 

rate of desorption is increased in temperature to 750K, and even at lOOOK, part 

of the potassium-oxygen adlayer is thermally stable on the iron surface. It is also 

evident from the figure that the order of adsorption of potassium and oxygen does 

not significantly change the thermal stability of the adlayer at high coverages of 

both components. However, at lower coverages of potassium and oxygen, the or­

der of adsorption of the additives does change the thermal stability of the layer. 

If Oxygen ·s predosed(Y =0.48 Y Auger~nten.t.ityo/OSIOeVpeak) on a polycrystall• 1 0 ' 0 Augermten.tatyo[Fe650eVpeak IDe 

iron followed by the addition of potassium(nK=l.48x 1014cm-2), then the maxi-

mum rate of potassium desorption occurs at 750K. On a surface where potassium is 

added first(nK=l.55x1014cm-2), followed by oxygen addition(Y0 =0.89), the maxi­

mum rate of potassium desorption occurs at about BOOK. In addition a much larger 

fraction of the potassium desorbs above lOOOK when potassium is present on the 

surface before the addition of oxygen. 

The nature of the K + 0 adlayer is uncertain, but research[30] on Fe(llO), using 

XPS and UPS has shown that oxygen is directly bound to the iron surface. The 

interaction between the potassium and the oxygen, probably responsible for the 

thermal stability of the layer, was observed as a shift in the potassium 2p level 

in the XPS studies. These results suggest that the potassium and oxygen exist 

as an adlayer in which the potassium and oxygen are both chemisorbed directly 

to the iron surface or in a configuration where the potassium sits on top of an 

oxygen layer. The fact that the adlayer is more stable when potassium is adsorbed 

on the iron before the addition of oxygen is strong evidence for the former case. 

The formation of a bulk potassium compound, such as K20, is extremely unlikely 

since this compound is known to decompose at about 620K. This decomposition 

temperature is well below lOOOK, where the potassium - oxygen layer is stable in 

the TPD experiments. 

12 

... 

• 



5.3 The Effect of Potassium on the Dissociative Chemisorp­
tion of Nitrogen on Iron Single Crystal Surfaces in UHV 

The rate determining step in the ammonia synthesis is accepted to be the dis­

sociation of dinitrogen(21,3,5]. The interaction between nitrogen and iron has been 

studied(31,32) along with the addition of submonolayer amounts of potassium[33,21,34]. 

All the work that will be mentioned has been carried out in a UHV chamber, limiting 

the pressure range to be between 10-4 - 10-10 Torr. 

Using iron single crystals and polycrystalline foils, the sticking probability of 

nitrogen on iron was found to be on the order of 10-7
• This result reveals why, in 

addition to thermodynamic considerations, ammonia synthesis from the elements is 

favored at high reactant gas pressures. Since the sticking probability of dissociat­

ing dinitrogen is so low on iron, higher pressures of nitrogen enhances the kinetics 

of the rate limiting step in ammonia- synthesis. The structure sensitivity of the 

reaction(see section 4) is also revealed in the nitrogen chemisorption studies. It 

was found that the Fe(111) surface dissociatively chemisorbed nitrogen 20 times 

faster than the Fe(100) surface and 60 times faster than the Fe(llO) surface. This 

agrees well with the structure sensitivity of ammonia synthesis and adds more cre­

dence to dissociative chemisorption being the rate limiting step. The addition of 

submonolayer amounts of elemental potassium has drastic effects on the nitrogen 

chemisorption properties of the (110), (100) and (111) faces of iron. 

Figure 6[34] shows the effect of potassium on the initial sticking coefficient(ao) 

of dinitrogen on a Fe(100) surface. For clean Fe(100), <70 ~ 1.4x 10-7
, but with 

the addition of potassium qo increases almost linearly, until a potassium concen­

tration of 1.5x 1014K atoms/cm2, where (10 maximizes at a value of 3.9x 10-5; a 

factor of 280 enhancement. Higher coverages of potassium start to decrease uo, pre­

sumably due to potassium~ blocking iron sites which would otherwise dissociatively 

chemisorb dinitrogen. The maximum increase in qo, due to potassium adsorp­

tion, on Fe( 111) is about a factor of 8( q 0 =4 x 1 o-s) at a potassium concentration 
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of 2x1014K atoms/cm2(fig. 7). The potassium induced enhancement of u0 on the 

Fe(llO) surface is greater than that observed on either Fe(lll) or Fe(lOO), so that 

the differences in activities for dinitrogen dissociation seen on the clean surfaces is 

eliminated in the presence of potassium. 

The mechanism by which potassium promotes dinitrogen chemisorption is usu- '-' 

ally attributed to the lowering of the surface work function in the vicinity of a 

potassium iron. This effect is greatest at coverages low enough(~ 0.15) where the 

potassium - iron bond has strong ionic character so that the local ionization po-

tential of the surface iron atoms is greatest. This allows for more electron density 

to be transferred to the dinitrogen 27r* antibonding orbitals from the surface. This 

phenomenon increases the adsorption energy of molecular nitrogen and simultane-

ously lowers the activation energy for dissociation. For example, on the Fe(lOO) 

surface the addition of 1.5 x 1014K atoms/ cm2 decreases the work function by about 

1.8eV and increases the rate of dinitrogen dissociation by more than a factor of 200. 

This enhancement in rate is accompianed by an increase in the adsorption energy of 

dinitrogen on Fe(lOO) by 11.5kcal/mole, which decreases the activati~n barrier for 

dissociation, in the presence of potassium, from 2.5kcal/mole to about Okcal/mole. 

The coadsorption of oxygen has been found to decrease the promoter effect of 

potassium on the rate of dinitrogen dissociation over iron. Figure 8 shows that u 0 

decreases continuously with increasing oxygen coverage on a polycrystalline iron 

sample. The effect of the oxygen on nitrogen adsorption, in this study, is attributed 

to the physical blockage of iron surface, since if U 0 is normalized to the amount 

of iron surface which is accessible to dinitrogen, then u0 remains fairly constant 

as oxygen coverages are increased. This result implies that the promoter effect of 

potassium is not significantly affected by the presence of oxygen. It is also strong 

evidence for an adlayer where both potassium and oxygen interact directly with 

the iron surface, since potassium sitting on top of oxygen would not be expected to 

exert the same promotion as potassium adsorbed alone. 
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5.4 Ammonia Temperature Programmed Desorption Stud­
ies on K/Fe 

The temperature programmed desorption of ammonia from clean Fe{111) and 

K/Fe{111) is shown in figure 9[35). Ammonia desorbs through a wide temperature 

range resulting in a broad peak with a maximum rate of desorption occurring at 

around 300 K. With the addition of 0.1ML of potassium, the peak maximum shifts 

about 40 K. Using the Redhead analysis[29) and assuming first order desorption for 

ammonia, the 40 K decrease corresponds to a 2.4kcal/mole drop in the adsorption 

energy of ammonia on iron in the presence of 0.1ML potassium. The peak maximum 

continuously shifts to lower temperature with increasing amounts of coadsorbed 

potassium. At a coverage of 0.25ML a new desorption peak grows in at about 189 K. 

Increasing coverages of potassium now increase the intensity of the new peak( it also 

shifts to lower temperatures) and decreases the intensity of the original ammonia 

desorption peak. At a potassium coverage of about l.OML only a weakly bound 

ammonia species is present with a maximum rate of desorption occurring ~t 164 K. 

This observation of ammonia adsorption energy decreasing with the coadsorption 

of potassium on iron is similar to what is found for ammonia desorption from nickel 

and ruthenium with adsorbed sodium[36,37). 

5.5 Summary of Surface Science Results 

Many conjectures on the chemical state and role of potassium in ammonia syn­

thesis can be made from the surface science results. The potassium TPD results 

clearly show that elemental potassium will not be stable at the temperatures nec­

essary to perform the synthesis of ammonia. The industrial reaction is usually run 

between 673K and 7 48K and the TPD results show that elemental potassium would 

rapidly desorb at these temperatures. With the coadsorption of oxygen, potassium 

can be thermally stabilized up to temperatures greater than lOOOK. Bulk potassium 
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compounds such as K20 or KOH would not be stable under ammonia synthesis 

conditions(38). This suggests that the addition of K20 to the industrial catalyst 

results in a chemisorbed potassium and oxygen adlayer, stable under industrial 

ammonia synthesis conditions. 

The (111) face of iron has been shown to dissociatively chemisorb dinitrogen (o· 

20 times faster than Fe(lOO) and 60 times faster than Fe(llO). The addition of 

potassium increases the rate of dinitrogen dissociation over Fe(lOO) and Fe(llO) by 

more than an order of magnitude. The effect over Fe(lll) is much less pronounced, 

so that the differences in activities, observed over the clean surfaces, is eliminated 

in the presence of potassium. 

Although vital for thermally stabilizing potassium, the presence of oxygen de­

creases the rate of dinitrogen dissociation on iron because it physically blocks iron 

surface. A rough inverse proportionality is observed between cr0 , the initial sticking 

coefficient of dinitrogen on K/Fe, and the coverage of oxygen. The K + 0 adlayer 

is expected to promote ammonia synthesis by enhancing the rate limiting step. The 

high pressure studies presented next suggest that a more important promoter effect 

of potassium involves lowering_ the concentration of adsorbed ammonia on the iron 

catalyst, thus making more sites available for the dissociation of dinitrogen. This is 

supported by the ~onia TPD results which show that potassium substantially 

decreases the adsorption energy of ammonia on iron. Even in th~ presence of only 

O.lML of potassium, the adsorption energy of ammonia is reduced by 2.4kcal/mole. 

6 Combined Surface Science and Catalytic Study 
of the Effects of Potassium on the Ammonia 
Synthesis 

6.1 Effects of Potassium on Ammonia Synthesis Kinetics 

An extensive amount of work has been completed which determined the ef­

fects of potassium on ammonia synthesis over iron single crystal surfaces of (111 ), 
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(100), and (110) orientations[35]. The apparent order of ammonia and hydrogen 

for ammonia synthesis over Fe and K/Fe surfaces have been determined in addition 

to the effect of potassium on the apparent activation energy(Ea) for the reaction. 

In all the experiments which will be mentioned, potassium was coadsorbed with 

oxygen[39,40]. Elemental potassium is not stable and only about 0.15ML of potas­

sium coadsorbed with oxygen is stable under ammonia synthesis conditions(20 atm 

3:1 H2:N2 T=673K)(39,40]. It has been shown that the addition of 0.15ML of 

potassium to Fe(111) and Fe(lOO) increases the ammonia partial dependence from 

-0.60 for the clean iron surfaces to - 0.35 for the 0.15ML K/Fe(111) and 0.15ML 

K/Fe(100) surfaces under high pressure ammonia synthesis conditions( fig. 10). The 

apparent order in hydrogen has been found to decrease from 0.76 for clean Fe(111) 

to 0.44 for the 0.15ML K/Fe(111) surface(fig.ll). The Fe(llO) is inactive for am­

monia synthesis under these conditions with or without potassium. These changes 

in both the apparent order of hydrogen and ammonia occur while there is no change 

in the activation energy suggesting that potassium does not change the elementary 

steps of ammonia synthesis(fig.12). The data shows that the promotional effect of 

potassium is enhanced as the reaction conversion increases(i.e. increasing ammonia 

partial pressure). 

These results agree with earlier literature[41,12] which studied the effect of 

potassium on doubly promoted(aluminum oxide and potassium) catalysts. It was 

shown that the turnover number for ammonia synthesis is roughly the same over 

singly( aluminum oxide) and doubly promoted iron when one atmosphere reactant 

pressure of nitrogen and hydrogen is used[12]. This implies that at low pressure 

conditions, the gas phase ammonia concentration is not high enough for potassium 

to exert a promoter effect. As higher reactant pressures are achieved(5 - 200atm), 

the promoter effect of potassium becomes significant. It was found that doubly pro­

moted catalysts became increasingly more active than catalysts without potassium 

when gas phase ammonia concentration increased[41]. This implies that potassium 

makes the apparent order in ammonia less negative over commercial catalysts, in 

agreement with the single crystal work. 
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6.2 The Effects of Potassium on the Adsorption of Ammo­
nia on Iron Under Ammonia Synthesis Conditions 

The changes in the apparent order of ammonia suggest that to elucidate the ef­

fects of potassium, on iron single crystals and the industrial catalyst, it is necessary 

to understand the readsorption of gas phase ammonia on the catalyst surface during 

ammonia synthesis. The fact that the rate of ammonia synthesis is negative order 

in ammonia implies that the adsorption of gas phase ammonia product decreases 

the rate of ammonia synthesis. Once adsorbed the ammonia has a certain residence 

time(r) on the catalyst which is determined by its adsorption energy(Had) on iron(r 

a e8 od/RT)[15]. During this residence on the catalyst, ammonia can either diffuse on 

the surface or decompose to atomic nitrogen and hydrogen[21,4,5]. In both cases the 

species produced by ammonia might reside on surface sites which would otherwise 

dissociatively chemisorb gas phase nitrogen, thus decreasing the rate of ammonia 

synthesis [2,4,5]. The promoter effect of potassium then involves lowering the ad­

sorption energy of the adsorbed ammonia so tha~ the concentration of adsorbed 

ammonia is decreased. This is supported by the temperature programmed desorp­

tion results which show that ammonia desorption from Fe( 111) shifts to lower tem­

peratures when potassium is adsorbed on the surface. Even at a 0.1ML coverage of 

potassium( coverage which is roughly equivalent to that stable under ammonia syn­

thesis conditions), the adsorption energy of ammonia is decreased by 2.4kcal/mole. 

Thus, the residence time for the adsorbed ammonia is reduced and more of the 

active sites are available for the dissociation of dinitrogen. At higher coverages of 

potassium, the adsorption energy of ammonia decreases to an even greater extent, 

but these coverages could not be maintained under ammonia synthesis conditions. 

There also seems to be an additional adsorption site for ammonia when adsorbed 

on iron at high coverages of potassium as indicated by the TPD results. The devel­

opment of a new desorption peak with coverages of potassium greater than 0.25ML 

might result from ammonia molecules interacting directly with potassium atoms; 
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the negative end of the ammonia dipole interacting with the potassium ion on the 

iron surface[36). This interaction appears to be weak, since at a potassium coverage 

of lML, ammonia desorbs from the surface at 164 K. 

Additional experimental evidence supporting the notion that ammonia blocks 

active sites comes from the post-reaction Auger data. Within experimental error, 

there is no change in the intensity of the nitrogen Auger peak between a Fe surface 

and a K/Fe surface after a high pressure ammonia synthesis reaction. This suggests 

that potassium does not change the coverage of atomic nitrogen, but instead the 

presence of potassium helps to inhibit the readsorption of molecular ammonia on 

the catalyst. High pressure reaction conditions are probably needed to stabilize 

this ammonia product on the iron surface at 673 K so it will not be present in 

the ultra-high vacuum environment. Thus, only the more strongly bound atomic 

nitrogen will be detected by AES in UHV. 

6.3 Modeling the Kinetic Data with a Rate Equation 

To model a catalytic reaction, some knowledge of the elementary reaction steps 

must be assumed. For ammonia synthesis it is usually accepted that the dissociative 
0. 

chemisorption of dinitrogen is the rate-limiting step~process which requires two open 

sites on the catalyst surface[4,5). Using Langmuir-Hinshelwood kinetics the rate of 

ammonia synthesis{ denoted by r) can be written as 

(1) 

where k1 is the rate constant for nitrogen dissociative chemisorption and Bv is the 

fraction of vacant sites on the surface. It is usually assumed that atomic nitrogen 

is the majority species on the surface so that Bv = 1 - (}N where (}N is the fraction 

of surface covered by nitrogen atoms determined by the equilibrium[4]; 

(2) 

where Ke is the equilibrium constant. Following the method of Langmuir BN can 
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be determined and substituted into (1) so that 

ktPN2 

r = [1 + (1/ Ke)(PNH
3

/ PJi;)]2 [
4]. (3) 

However, the kinetic and surface science results suggest that adsorbed ammonia 

blocks catalytically active sites, in addition to atomic nitrogen. In this case Bv = 1 

- (}N - 8NH3 where (}Nand 8NH3 are determined by the equilibria 

(4) 

and 

(5) 

where K2 and K3 are equilibrium constants(note Ke - K2K3). Now the rate of 

ammonia synthesis is; 

(6) 

The constants K3 and K2 can now be obtained by fitting equation 6 to the exper­

imental data. For the clean surface, K3 = 0.19atm-1 and K2 = 2.6x10-3atm-1.5 . 

When potassium is present, K3 = 0.37atm-1 and K2 = 2.6x1Q-3atm-1.5. This 

model, which accounts for adsorbed ammonia blocking active sites, suggests that 

the enhancement in ammonia synthesis rate seen over the K/Fe surfaces is due to 

an increase in the equilibrium constant K3 or a shift in the equilibrium from ad­

sorbed to gas phase ammonia. The increase in K3 might be due to the decreased 

adsorption energy of ammonia when potassium is present as evidenced by the tem­

perature programmed desorption results. The decrease in the apparent order of 

hydrogen is also consistent with the increase in K3 induced by potassium. Since the 

rate limiting step in ammonia synthesis is the dissociation of dinitrogen, the only 

role of hydrogen in the rate expression( equation 6) is to create available sites for 

this step. In the presence of potassium, K3 increases making more sites available as 

shown by the equilibria expressions ( 4) and (5). This is reflected in the lowering of 

the apparent order in hydrogen when potassium is added to the iron surface. 
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6.4 The Effect of Potassium on the Dissociation of Dinitro­
gen Under Ammonia Synthesis Conditions 

Figure 13 plots the experimentally determined ratio of the clean Fe rate to the 

rate over K/Fe surfaces as a function of ammonia partial pressure. The ratio con­

tinuously increases ~ more ammonia is present in the gas phase(i.e. the promoter 

effect of potassium is enhanced). If the only role of potassium was to keep ammonia 

off the catalyst surface, then in the limit of zero ammonia partial pressure, the ratio 

should be unity. Instead the best fit of the model to the experimental data occurs 

when the ratio is 1.3 at zero ammonia partial pressure. This implies that potas­

sium increases k1(rate constant for dissociative dinitrogen chemisorption) by 30% 

on both Fe(111) and Fe(100). If the pre-exponential factor for k1 is assumed to be 

the same for clean Fe and K/Fe surfaces, then a 30% increase in rate corresponds 

to a 0.35kcal/mole decrease in the activation energy(E(J) for this step. This change 

in E(J is too small to be resolved in our experiments. A small change in E(J such as 

this might also explain work, which was carried out on the industrial catalyst, that 

found the activation energy for ammonia synthesis to be only slightly higher on 

singly promoted(aluminum oxide) iron than it was on doubly promoted( aluminum 

oxide and potassium oxide) catalysts[42,12]. 

Enhancement of the rate limiting step in high pressure ammonia synthesis by 

potassium is predicted by the surface science research [43,33,27] presented earlier. It 

was found that elemental K on Fe increases the rate of dinitrogen chemisorption(k1) 

by more than two orders of magnitude while the greatest enhancement in k1 on 

Fe(111) was found to be a factor of eight[34]. The high pressure ammonia synthesis 

results(20atm reactant pressure and a catalyst temperature of 673K)[35], carried 

out on iron single crystals of (110), (100), and (110) orientations, suggest that 

potassium causes only about a 30% increase in k1 on Fe(lll) and Fe(lOO). The 

Fe(llO) surface was found to be inactive, with or without adsorbed, potassium. 

Under the synthesis conditions used in these studies, oxygen is needed to thermally 
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stabilize the potassium. The presence of the oxygen might account for the small 

effect of potassium on k1 in the high pressure studies since oxygen has been shown 

to decrease the promoter effect of potassium, at least in part, by blocking iron sites 

which are able to dissociatively chemisorb dinitrogen[33]. A similar effect might be 

expected on the industrial catalyst because it is well known that the potassium is 

in intimate contact with oxygen[33,38]. 

7 Combined Surface Science and High Pressure 
Studies on the Effect of Aluminum Oxide in the 
Ammonia Synthesis 

Most early work on aluminum oxide, in relation to ammonia synthesis, suggest 

that the use of aluminum oxide for ammonia synthesis was simply to increase the 

surface area of the iron catalyst and to inhibit sintering which usually occurs with 

high surface area metallic particles[2,44]. This is supported by work which showed, 

by BET measurements, that the surface of the industrial ammonia synthesis catalyst 

increased ten-fold when aluminum oxide was added in the preparation phase[2]. 

Other workers have asserted that aluminum oxide, in addition to increasing surface 

area, prevents the conversion of active planes, such as Fe(lll), to less active surfaces 

(i.e. Fe(100) and Fe(llO)) during ammoniasynthesis[2] but this, as of now, could not 

be shown because of the lack of surface structure probes in this work. Recent surface 

science and high pressure results will now be presented which directly investigated 

the iron-aluminum oxide system for ammonia synthesis over Fe(llO), Fe(100), and 

Fe( 111) model single crystal catalysts(13]. 

7.1 The Effects of Aluminum Oxide in Restructuring Iron 
Single Crystal Surfaces for Ammonia Synthesis 

The initial rate of ammonia synthesis has been determined over the clean Fe( 111), 
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Fe(lOO), and Fe(110) surfaces with and without aluminum oxide. The addition of 

aluminum oxide to the (110), (100), and (111) faces of iron decreases the rate of 

ammonia synthesis in direct proportion to the amount of surface covered[39]. This 

suggests that the promoter effect of aluminum oxide involves intimate contact with 

the iron which can not be achieved by simply depositing aluminum oxide on an iron 

catalyst. 

Remembering that the industrial catalyst is prepared by fusing 2-3% by weight 

of aluminum oxide and potassium with oxidized iron(Fe30 4), experiments were per­

formed in which AlrOy/Fe single crystal surfaces were pretreated in an oxidizing 

environment prior to ammonia synthesis. These experiments were carried out by 

depositing about 2ML of AlrOy on Fe(111), Fe(100), and Fe(llO) surfaces and then 

treating them in varying amounts of water vapor in order to oxidize the iron and 

to induce an interaction between iron oxide and aluminum oxide. After removing 

_the water vapor, high pressures of nitrogen and hydrogen were added to determine 

rates of ammonia synthesis. Figure 14 shows the rate of ammonia synthesis over 

AlrOy/Fe surfaces which have been pretreated with water vapor prior to ammonia 

synthesis. The iriitially inactive Alr0y/Fe(110) surface restructures and becomes as 

active as the Fe(100) surface after a 0.05 Torr water vapor treatment and as active 

as the Fe( 111) surface after a 20 Torr water vapor pretreatment. This is about 

a 400-fold increase in the rate of ammonia synthesis over clean Fe(110)[16]. The 

activity of the AlrOy/Fe(lOO) surface can also be enhanced to that of the highly 

active Fe(111) surface by utilizing a 20 Torr water vapor pretreatment and this 

high activity is maintained for over four hours as in the case for the restructured 

AlrOy/Fe(llO). Little change in the activity of the Fe(111) surface is experimentally 

seen when it is treated in water vapor in the presence of AlrOy . 

The activity of the Fe(110) and Fe(100) surfaces for ammonia synthesis can also 

be enhanced to the level of Fe(111) by water vapor pretreatments in the absence 

of aluminum oxide but in this circumstance the enhancement in activity is only 

transient. Figure 15 shows the rate of ammonia synthesis as a function of reaction 

time for a restructured Fe(llO) and AlrOy/Fe(llO) surfaces. Both surfaces have an 
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initial activity similar to the clean Fe(111) surface. The restructured AlxOy/Fe(llO) 

surface maintains this activity for over four hours while the restructured Fe(llO) 

surface loses it activity for ammonia synthesis within one hour of reaction. 

7.2 Characterization of the Restructured Surfaces 

For the Alx0 11/Fe(110) and Alx0 11/Fe(100) to become as active as the Fe(111) 

surface for ammonia synthesis there seems to be new crystal orientations being 

created upon restructuring the Alx0 11/Fe(110) and Alx0 11/Fe(100) surfaces in wa­

ter vapor. An increase in the surface area does not account for the enhancement 

in rate since it has been shown that about 40% less carbon monoxide adsorbs 

on restructured Alx0 11 /Fe(110) and Alx0 11/Fe(100) relative to the clean respective 

surfaces[13]. 

Auger electron spectroscopy, low energy electron diffraction, t·emperature pro­

grammed desorption, and scanning electron microscopy(SEM) have been used to 

characterize the restructured surfaces. SEM micrographs for restructured Fe(llO) 

and Alx0 11/Fe(110) surfaces are shown in figures 16 and 17 respectively. The 

Alx0 11 /Fe(110) surface, restructured with 0.05 Torr of water vapor(fig.16a) shows 

features about 1J.'m across growing on the Fe(llO) substrate( the dean Fe(llO) sur­

face is smooth and featureless). After a 20 Torr water vapor pretreatment the 

surface seems to be completely restructured with features covering the whole sur­

face(fig. 16b ). Auger electron spectroscopy finds that only about 5% of the iron 

surface is covered by aluminum oxide. Sputtering the surface with argon ions reveals 

aluminum oxide beneath the iron surface. 

SEM micrographs of restructured Fe(llO) shows none of the features associated 

with the restructured Alx0 11/Fe(110) surface. Figure 17a shows a (110) surface 

which has been restructured with 20 Torr of water vapor. No LEED pattern is 

obtainable from this surface. Its appearance is different than the restructured iron 

single crystals which had aluminum oxide present. None of the crystallite structures 

associated with the restructured Alx0 11/Fe(110) surface are present. Figure 17b 
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shows the restructured Fe(llO) surface after one hour of ammonia synthesis. The 

features are now gone and the surface has no activity towards ammonia synthesis. 

In addition, it exhibits a (1x1)LEED pattern representative of clean Fe(llO). 

Ammonia temperature programmed desorption from iron single crystal surfaces 

after high pressure ammonia synthesis proves to be a sensitive probe of the new sur­

face binding sites formed upon restructuring. Ammonia TPD spectra for the four 

surfaces are shown in Figure 18. Each surface shows distinct desorption sites. The 

Fe(llO) surface displays one desorption peak (/33) with a peak maximum at 658K. 

Two desorption peaks are seen for the Fe(100) surface (/32 and /33 ) at 556K and 

661K. The Fe(lll) surface exhibits three desorption peaks (/31, /32, and {33 ) with 

peak maxima at 495K, 568K, and 676K, and the Fe(211) plane has two desorption 

peaks ({32 and {33) at 570K and 676K. Temperature programmed desorption spectra 

for the Al:011 /Fe(110), Al:011 /Fe(100), and Al:011 /Fe(111) surfaces restructured in 

20 Torr of water vapor are shown in Figure 19. A new desorption peak, {32 develops 

on the restructured Al:011 /Fe(110) surface, and an increase in the /32 peak occurs 

on the restructured Al:011 /Fe(100} surface. The /32 peaks from the restructured 

Al:011 /Fe(110). and Al:.:011 /Fe(100) surfaces grow in the same temperature range as 

the Fe(111) and Fe(211) {32 peaks. Deactivation of the restructured surfaces by pro­

longed sputtering at 832K reduces the intensity of the {32 peaks on the restructured 

Al:0 11/Fe(110) and Al:0 11/Fe(100) surfaces to the same level as the respective clean 

surfaces. 

The clean Fe(llO), Fe(100), and Fe(111) surfaces restructured with 20 Torr of 

water vapor produce the same TPD spectra as the Al:Oy restructured surfaces. 

Deactivation of the (100) and (110) clean restructured iron surfaces is quick under 

the ammonia synthesis conditions and the {32 peaks become equivalent in intensity 

to those on the respective clean surfaces within one hour of ammonia synthesis. 

The nature of restructuring of the Al:0 11/Fe surfaces is indicated by the kinetic 

and TPD results. Kinetic data shows that through restructuring the activity to­

wards ammonia synthesis of the Fe(110) and Fe(lOO) planes approaches that of the 

clean Fe(lll) or Fe(211) planes while the Fe(lll) plane is not affected greatly by 
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restructuring. The activity of the clean Fe(lll) and Fe(211) planes is usually at­

tributed to the presence of C7 sites (see section 4). The clean Fe(lOO) and Fe(llO) 

plane lack these sites. This suggests that restructuring in water vapor produces 

highly coordinated C7 sites on the restructured Fe(llO) and Fe(lOO) surfaces. The 

increase in rates over the restructured Fe(llO) and Fe(lOO) planes is not attributable 

to an increase in surface area since less CO is adsorbed on these surfaces when com­

pared to the respective clean surfaces. A similar decrease in CO adsorption has 

also been observed on MgO /Fe ammonia synthesis catalysts that have been re­

structured with ammonia(45](see section 4). These results were interpreted as due 

to the formation of C7 sites which are not able to adsorb as much CO as lower 

coordinated sites because of steric reasons. This explanation is applicable to the 

present study and it further supports the. idea of formation of c7 sites upon water 

vapor restructuring. 

The ammonia TPD results point towards the formation of surface orientations 

which contain C1 sites during water vapor induced restructuring. The growth of the 

/32 peaks upon restructuring of the Fe(llO) and Fe(lOO) surfaces suggests that the 

surfaces change orientation upon water vapor treatment. The /32 peaks also reside 

in the same temperature range as the Fe(lll) /32 peak. It seems likely that the TPD 

peaks in this temperature range act as a signature for the C7 site since the Fe(211) 

surface (fig.lO), which contains C7 sites and is highly active in the ammonia synthesis 

reaction, also exhibits a /32 peak after ammonia synthesis with a peak maximum at 

570K. These results suggest that surface orientations which contain C1 sites, such 

as the Fe(lll) and Fe(211) planes, are being formed during the reconstruction of 

clean and Al.r011 treated iron surfaces, but only in the presence of Al2:011 does the 

active restructured surface remain stable under the ammonia synthesis conditions. 

7.3 The. Restructuring of Iron by Aluminum Oxide 

.. 
The process by which iron restructures seems to involve both oxidation and 

reduction. Initial oxidation by water vapor destroys the original morphology of the 
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iron surface. On reduction with nitrogen and hydrogen, the oxygen is removed and 

the resulting metallic iron is left in orientations active for the ammonia synthesis, 

such as Fe(lll) and Fe(211). The presence of an amorphous surface after water 

vapor pretreatment can not be ruled out, since by using the industrial catalyst[46] 

it was shown by in-situ x-ray diffraction at high pressures that the catalyst surface is 

amorphous with no discemable crystal structur:e. Even if the surface is amorphous 

the important point is that c7 sites are present and if no support phase is present 

(i.e. Al:z:Oy), reconversion of the iron into less active orientations is rapid under 

ammonia synthesis conditions. The idea of aluminum oxide stabilizing active planes 

for ammonia synthesis can be seen in the literature[2] but this work is the first direct 

experimental proof substantiating this claim. 

With the addition of Al:z:O,, the mobility of the iron is increased-and restructur­

ing can occur at lower pressure of water vapor. The SEM micrographs suggest that 

iron- is forming crystallites on top of the restructured Al:z:Oy/Fe(llO) surface ( op­

posed to the uniform appearance of the restructured clean Fe(llO) surface). AES 

finds little Al:z:Oy on the surface, suggesting that the iron has diffused on top of the 

Al:z:Oy islands. These findings can be explained by considering wetting properties 

and the minimization of the free energy for the iron oxide-aluminum oxide system. 

In vacuum or in a reducing environment (i.e. ammonia synthesis conditions), 

metallic iron will not spread over aluminum oxide (metallic iron has a higher surface 

tension than al~minum oxide [47]). Conversely, in an ~xidizing environment (i.e. the 

water vapor treatments) iron oxide forms ( the surface tension of the oxide will be 

lower than the metal [47,48]) and a chemical interaction between iron and aluminum 

oxide might result as inferred from AES results[13] shown in figure 20. It is shown 

that the 42eV Auger peak representative of iron oxide[49,50] is shifted to about 38eV 

in the presence of aluminum oxide and water vapor, indicating that an interaction 

results between aluminum oxide and iron oxide. Both these considerations favor 

iron wetting the aluminum oxide. Using transmission electron microscopy, it has 

been shown that iron wets alumina (Ah03 ) in an oxidizing environment or even in 

the presence of hydrogen which contains trace amounts of water vapor [51]. Using 
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micro-electron diffraction, the formation of iron aluminate (i.e. FeAh04 ) in the 

presence of an oxygen source was also postulated (51]. 

Whereas 20 Torr of water vapor was needed to restructure clean iron single 

crystals, only 0.4 Torr of. water vapor is needed to restructure an AlxOy/Fe surface. 

It seems that AlxOy provides an alternate and apparently more facile mechanism 

for the migration of iron. Upon reduction, metallic iron is left in a highly active 

orientation (such as Fe(lll) and Fe(211)) for the ammonia synthesis reaction. The 

AlxOy now stabilizes the active iron, since if the AlxOy were not present the iron 

would move to positions coincident with the bulk periodicity(see figure 21 for a 

schematic representation of the restructuring). 

The formation of an iron aluminate during reconstruction of the iron surface may 

be responsible for the stability of the restructured AlxOy/Fe surfaces. The formation 

of iron aluminate has been postulated in XPS studies on Fe-Ah03 and Fe30 4-Ah03 

systems [52,53] as well as in numerous studies on the industrial ammonia synthesis 

catalyst [54,55,56]. The volume of an FeAh04 molecule is approximately equal to 

the volume. of seven iron atoms in a bee lattice [54] so that FeAh04 can exist as 

a skeleton in the iron lattice with little distortion. The low coverages of AlxOy on 

the restructured surfaces suggest that the support effect might be coming through 

inclusions of FeAh04 in the near surface region. This is supported by the fact that 

ion sputtering the restructured surfaces reveal subsurface AlxOy. 

8 Combined UHV /High Pressure Studies on the 
Interaction Between Aluminum Oxide and Potas­
sium Coadsorbed on Iron 

The industrial catalyst employed for use in ammonia synthesis usually contains 

both aluminum oxide and potassium. Surface science and catalytic studies will be 

presented which study the interactions between the two promoters(40]. 
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8.1 The Stability of Potassium on Iron when Coadsorbed 
with Aluminum Oxide 

Figure 22 shows Auger spectra of a K/Fe(lOO) surface prepared prior to carry­

ing out ammonia synthesis, a K/Fe(lOO) surface after reaction, and a post-reaction 

K/40%Al%011 /Fe(100) surface. It is apparent that the surface with aluminum oxide 

can retain more potassium during ammonia synthesis conditions than the surface 

without aluminum oxide. This suggests that aluminum oxide binds directly to 

potassium or there is an interaction mediated through the iron surface. To probe 

these interactions experiments were performed in which a known amount of AlzOy 

was deposited on a Fe(lOO) surface. About lML of potassium was evaporated on 

the crystal and the sample was heated to 673K in UHV. The potassium Auger signal 

was ~onitored periodically. A rapid decrease occurs in the potassium Auger signal 

initially which is due to the low desorption energy of potassium at high coverages. 

After about 20 minutes a steady state concentration of potassium is established. 

The final coverage of potassium is approximately equal to the initial coverage of alu­

minum oxide. This result is represented in figure 23 where the relative concentration 

of stabilized potassium is plotted against the relative concentration of stabilized 

potassium. An approximate 1:1 ratio is found between the surface concentration 

of potassium and aluminum oxide, and this is suggestive of compound formation 

between the two additives(i.e. KA102 ), as opposed to a non-stoichiometric AlxOy-K 

surface layer(39). 

8.2 The Effects of Coadsorbed Potassium and Aluminum 
Oxide on the Ammonia Synthesis Over Unrestructured 

• Fe(lOG) 

Figure 24 shows the rate of ammonia synthesis versus % free iron surface, as 

determined by carbon monoxide TPD(see experimental section). The rate of am­

monia synthesis decreases roughly in proportion to the amount of iron covered by 
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the aluminum oxide and potassium[39). Only site-blocking is occurring at initial 

reaction conversions (PNH3 ranges from 0 to 3 Torr during this measurement). 

As the reaction conversion increases, the effects of coadsorbed potassium and 

aluminum oxide become apparent(40). Figure 25 plots the ammonia partial pres­

sure in the reactor loop versus time for the 0.15 ML K/Fe(100), clean Fe(100), 

0.25ML K/25% Al,;011/Fe(100) and for the 25% Al,;Oy surfaces. In these experi­

ments about 10-13 Torr of ammonia was introduced into the reactor loop prior to 

ammonia synthesis. The 0.25ML K/25% Al,;Oy/Fe(lOO) surface becomes increas­

ingly more active than the 25% Al,;0 11/Fe(100) surface as the reaction conversion 

increases. This is the same behavior which is observed when the activity of 0.15ML 

K/Fe(100) is compared to Fe(100)(see section 6). The presence of potassium on 

the iron surface reduces the adsorption energy of the ammonia product. Thus, the 

concentration of surface ammonia is lowered and more catalytic sites are available 

for the dissociation of dinitrogen. Frankenburg(3), has suggested that on the'indus­

trial catalyst, potassium neutralizes weak acidic sites which would otherwise bind 

ammonia and ammonia decomposition products. This type of promotion might be 

an additional effect of potassium when coadsorbed with aluminum oxide although 

detailed experiments have not been carried out to address this possibility. 

Even though more potassium can be stabilized on the iron surface when alu­

minum oxide is coadsorbed, an enhancement in the promoter effect was not found 

when these surfaces were compared to the activity of 0.15ML K/Fe(lOO). The 

0.25ML K/25% Al,;0 11/Fe(100) surfaces exhibits roughly the same rate as the 0.15ML 

K/Fe(100) surface, as indicated by the slopes of the curves in figure 25. The sur­

face area of the single crystal and the fraction of surface covered by the additive is 

taken into account when the rates of ammonia synthesis are determined. Thus, the 

potassium, which interacts with the aluminum oxide, seems to be rendered catalyt­

ically inactive. Stabilizing more than 0.25ML of potassium actually decreases the 

promoter effect of potassium. This decrease is probably due to high coverages of 

potassium blocking catalytic sites which dissociate dinitrogen(39). 
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8.3 Water Vapor Pretreatment of Clean and AlxOy/Fe Sin­
gle Crystal Surfaces in the Presence of Coadsorbed 
Potassium 

Coverages of 0.1 to 1.0 ML of potassium adsorbed alone on the (111), (100), and 

(110) faces of iron failed to produce any promotional effects after pretreatments of 

0.05, 0.4, and 20 Torr of water vapor (after the water vapor treatments the coverage 

of potassium was never more than 0.4 ML and it did not exceed 0.1 ML after the 

ammonia synthesis reaction in agreement with previous work(39]). 

The same coverages of potassium coadsorbed with two monolayers of aluminum 

oxide on the Fe(llO), Fe(100), and Fe(111) surfaces hindered the restructuring pro­

cess in water vapor(see section 7). As increasing amounts of potassium were coad­

sorbed, more aluminum oxide was detected by AES after water pretreatments of 20 

Torr, and less restructuring of the iron occurred (rates of ammonia synthesis over 

these surfaces were less than those surfaces which were restructured with just alu­

minum oxide). There is a one to one ratio between aluminum oxide and potassium 

on the surface and in a case where one monolayer of potassium was deposited on two 

monolayers of aluminum oxide, AES showed that no aluminum oxide or potassium 

left the iron surface after a 20 Torr water vapor pretreatment and restructuring 

failed to occur. 

8.4 The Effects of Coadsorbed Potassium and Aluminum 
Oxide on the Ammonia synthesis Over Restructured Fe(lOO) 

It has been shown that inactive Fe(llO) and the little active Fe(100) surface can 

be restructure9. with water vapor in the presence of aluminum oxide to produce new 

surfaces as active as Fe(lll) and Fe(211). The coadsorption of potassium with the 

aluminum oxide inhibits this restructuring. It seems likely that the formation of 

an potassium aluminate retards the interaction between aluminum oxide and iron 

which is needed to change the iron surface morphology. Thus, the promotional effect 
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of both aluminum oxide and potassium is eliminated if they are added together prior 

to the restructuring process. 

To fully realize the promotional effects of potassium and aluminum oxide the 

promoters must be added at different times during the preparation of the active 

catalyst[40). Figure 26 plots the ammonia partial pressure in the reaction loop 

versus the time of reaction for clean Fe(lOO), restructured Al%0y/Fe(100) and re­

structured 0.25ML K/25% Al%0y/Fe(100) where the potassium was added after the 

restructuring procedure(see figure for conditions). The restructured AlxOy/Fe(lOO) 

surface with 0.25% Al%0y is about one order of magnitude more active than the 

clean Fe(lOO) surface when the surface areas of the samples are taken into account. 

The addition of 0.25ML K to a restructured AlxOy/Fe(lOO) surface increases the 

activity of the restructured surface twofold at an ammonia partial pressure of 20 

Torr. Thus the restructured 0.25ML K/25% Al%0y/Fe(100) surface is now 20 times 

more active than the clean Fe(lOO) surface. The only way to achieve this much 

enhancement is to restructure the surface in the presence of only aluminum oxide, 

and then to add the potassium. 

9 Summary of the Promoter Effects of Potassium 
and Aluminum ·oxide 

This chapter summarizes surface science and catalytic studies on the promoter 

effects of both aluminum oxide and potassium for ammonia synthesis over iron single 

crystal surfaces. The promoter effect of potassium on ammonia synthesis has been 

investigated over the Fe(llO), Fe(lOO), and Fe(lll) surfa~es under high pressure 

conditions. A coverage of 0.15ML is the maximum amount of potassium that can be 

stabilized on the iron single crystals under ammonia synthesis conditions. Adsorbed 

potassium has no promotional effect on the inactive Fe(llO) surface. However, 

adsorbed potassium increases the rate of ammonia synthesis markedly over the 

Fe(lll) and Fe(lOO) crystal faces. The promotional effect becomes enhanced as 
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the reaction conversion increases. For example, at an ammonia partial pressure of 

20 Torr there is a two-fold increase in the rate of ammonia synthesis over Fe( 111) 

and Fe(100) in the presence of potassium. The pr~sence of potassium changes the 

ammonia reaction order from -0.6 to -0.35 on the (100) and (111) faces of iron. 

Adsorbed potassium decreases the reaction order in hydrogen from 0.76 to 0.44 on 

Fe(111). However, within experimental error, there is no change in the activation 

energy, when potassium is present, suggesting that the mechanism for ammonia 

synthesis in not being changed. 

The kinetic data is explained by a model which accounts for the blocking of 

catalytic sites, which have the ability to dissociate dinitrogen, by adsorbed am-· 

monia and atomic nitrogen. The presence of potassium lowers the concentration 

of adsorbed ammonia on the surface, making more sites available to dissociatively 

chemisorb dinitrogen, further increasing the rate of ammonia synthesis. The model 

suggests that an additional promoter effect by potassium is a 30% enhancement 

of the rate of dinitrogen dissociation on Fe(111) and Fe.(100), further increasing 

the rate of ammonia production. This is in qualitative agreement with nitrogen 

chemisorption studies on Fe and K/Fe surfaces in UHV(section 5). 

Treating the (110), (100), and (111) faces of iron with 20 Torr of water vapor 

causes surface restructuring. The restructured Fe(llO) and Fe(100) surfaces become 

as active as the clean Fe( 111) surface for ammonia synthesis. The restructured 

Fe(111) exhibits a slight decrease (about 5%) in activity when compared to the 

clean Fe(111) surface. The restructured (110), (100), and (111) surfaces reconvert 

to their unrestructured orientations within one hour of ammonia synthesis. 

The same restructuring on the Fe(110), Fe(lOO), and Fe(111) surfaces can be 

performed with water vapor in the presence of aluminum oxide. In this case, 20 

Tor~ of water vapor restructures the Alr0 11 /Fe(100) and only 0.4 Torr of water 

vapor is needed to restructure the Alr0 11 /Fe(l10) surface so that they become as 

active as the Fe(111) face in ammonia synthesis. The restructured Alr0 11/Fe(ll0) 

and Alr0 11 /Fe(100) surfaces maintain their activity for longer than four hours in 

the ammonia synthesis conditions. The formation of iron aluminate in the iron 
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near surface region is invoked to explain the stability of the restructured Al~Ov/Fe 

surfaces. 

The reaction rate studies and ammonia temperature programmed desorption 

results suggest that planes containing C1 sites, such as the Fe(211) and Fe(lll) 

surfaces, are being created during the water vapor pretreatments with or without 

aluminum oxide. Only when aluminum oxide is present will these active surfaces 

remain stable and not reconvert to less active surfaces (i.e. Fe(llO) and Fe(lOO) 

planes). 

The coa?sorption of potassium with the aluminum oxide inhibits the restruc­

turing process. Thus, to realize the full promotional effects of aluminum oxide and 

potassium the surfaces should be restructured with only aluminum oxide and potas­

sium should be added afterwards. Using this procedure, the activity of the Fe(llO) 

surface can be increased by a factor of about 800 at an ammonia partial pressure 

of 20 Torr(PN2 =5atm and PH2 =15atm). Restructuring leads to about a 400 fold 

increase in the activity of Fe(llO), and adding potassium contributes a two-fold 

increase in addition to this. 

The application of these results to the industrial catalyst seems to be warranted. 

The industrial catalyst is prepared by fusing 1-3% by weight of aluminum oxide and 

potassium to iron oxide with subsequent reduction to the active catalyst in a stoi­

chiometric mixture of nitrogen and hydrogen. This procedure has been reproduced 

in the combined UHV / high pressure studies presented in this chapter. The pro­

moter effect of aluminum oxide in the industrial catalyst results from its interaction 

with the iron oxide during the preparation stage. This interaction probably results 

in an iron aluminate, and this prevents planes such as Fe(lll) and Fe(211), formed 

during reduction, from converting to more thermodynamically stable planes such 

as the little active Fe(llO) and Fe(lOO) surfaces. The presence of potassium seems 

to have little to do with this structural promotion. Actually, its presence during 

this step might inhibit the full promotional effect of aluminum oxide from being 

realized. Its interaction with aluminum oxide seems to form a potassium aluminate 

which retards the interaction between iron oxide and aluminum oxide during the 
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restructuring process. 
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10 Figure Captions 

Figure 1. The rate of ammonia synthesis over the five iron surfaces studied exhibit­

ing the structure sensitivity of ammonia synthesis[17]. 

Figure 2. Schematic representations of the (111), (210), (100),. (211), and (110) 

orientations of iron(17]. The coordination for each surface atom is indicated. 

Figure 3. The structure sensitivity of ammonia synthesis over rhenium single crys­

tal surfaces(25). Scpematics of the atomic structure of each surface is given above 

each bar. 

Figure 4. TPD spectra(33] for potassium adsorbed on a polycrystalline Fe surface 

suggest that potassium will not be stable under stationary ammonia synthesis con­

ditions(T ~ 673 K). 

Figure 5. The presence of oxygen thermally stabilizes potassium(33] (a) nK = 

2.45x1014cm-2 ; (b) nK = 2.06x1014cm-2 , Yo = 0.90(0 adsorbed first); (c) nK = 

2.61x1014cm-2 , Yo= 0.62(K adsorbed first). Yo is defined as the ratio between the 

oxygen Auger intensity and iron Auger intensity(Yo = :o(sioev) ). 
Fe(650eV) 

Figure 6. The variation of O'o with the addition of potassium[34) to Fe(lOO) at 430 

K. O'o can be enhanced by a factor of 280 relative to clean Fe(100). 

Figure 7. O'o as a function of potassium coverage on Fe(111) at 430 K[34). ao can 

be enhanced by a factor of 8 in the presence of potassium. 

Figure 8. The effect of oxygen on a0 ( = ~) for a K/Fe(polycrystalline) surface[33]. 

The decrease in a0 is attributed to the physical blockage of surface sites by oxy­

gen. Yo is defined as the ratio between the oxygen Auger intensity and iron Auger 
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intensity(Yo = Iocmev> ). 
/Fe(1150eV) 

Figure 9. Ammonia temperature programmed desorption from Fe( 111) and K/Fe( 111) (35]. 

The desorption temperature of ammonia from Fe(111) is lowered in the presence of 

potassium. Thus potassium lowers the adsorption energy of ammonia on the iron 

surface. 

Figure 10. The apparent order in ammonia for ammonia synthesis over Fe(lOO) 

and K/Fe(100) surfaces(35]. The order in ammonia becomes less negative when 

potassium is present. The same values, within experimental error are found for the 

Fe(111) and K/Fe(111) surfaces. 

Figure 11. The apparent reaction order in hydrqgen for ammonia synthesis over 

Fe(ll1) and K/Fe(111) surfaces(35]. The order in hydrogen decreases in the pres­

ence of potassium. 

Figure 12. The activation energy(Ea) for Fe(111) and K/Fe(111)(35]. Within exper­

imental error there is no change in Ea suggesting that potassium does not change 

the fundamental reaction steps of ammonia synthesis. 

Figure 13. The experimental fit of reaction rates over Fe and K/Fe surfaces to a 

model which allows for the blocking of catalytic sites by adsorbed ammonia as well 

as atomic nitrogen(35]. In the presence of potassium K3 is increased. 

Figure 14. Rates of ammonia synthesis over clean iron single crystals and restruc­

tured AlrOy/Fe surfaces(13]. Restructuring conditions are given in the figure. 

Figure 15. Deactivation of the restructured Fe(llO) surface occurs within one hour 

while the restructured AlrOy/Fe(llO) surface maintains its activity for greater than 

four hours under ammonia synthesis conditions(13]. 
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Figure 16. SEM of the restructured Al~Oy/Fe(llO) surface[13]. (a)after a 0.05 

Torr water vapor treatment and reduction in nitrogen and hydrogen. (b) after 

a 20 Torr water vapor pretreatment followed by reduction. The aluminum oxide 

is located underneath the iron surface so it does not block active catalytic iron sites. 

Figure 17. SEM of the restructured Fe(llO) surface[13]. (a) after a 20 Torr pre­

treatment in water vapor and (b) after one hour of ammonia synthesis. Note that 

the features smooth out under ammonia synthesis conditions. 

Figure 18. Ammonia TPD after high pressure ammonia synthesis[13]. The low 

temperature peaks exhibited by Fe(111) and Fe(211) ((31 and (32 ) are attributed to 

the presence of c7 sites. 

Figure 19. Ammo~a TPD after ammonia synthesis from restructured Al~Oy/Fe 

surfaces[13]. The restructured Al~Ou/Fe(llO) and Al~Oy/Fe(100) surfaces exhibit 

low temperature peaks similar to Fe(lll) and Fe(211). Thus, restructuring by wa­

ter vapor creates active c7 sites. 

Figure 20. AES spectra of oxidized iron and a partially oxidized iron-aluminum 

oxide surface[13]. The 42eV iron peak shifts to 39eV in the presence of aluminum 

oxide. 

Figure 21. A schematic depicting the restructuring process of iron, induced by water 

vapor, and in the presence of aluminum oxide. The oxidation of the iron allows iron 

oxide to migrate on top of aluminum oxide. An interaction between the aluminum 

oxide and iron oxide might enhance this step. Upon reduction in nitrogen and hy­

drogen the iron is left in active and stable orientations for ammonia synthesis. The 

formation of iron aluminate might be responsible for this stability. 
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Figure 22. AES spectra of promoted Fe(100) surfaces before and after ammonia 

synthesis(39]. The pre-reaction potassium signal corresponds to lML. 

Figure 23. The relative concentration of stabilized potassium plotted against the 

relative concentration of aluminum oxide present(39]. The dotted line corresponds 

to a 1:1 ratio of potassium to aluminum oxide. 

Figure 24. The rate of ammonia synthesis decreases roughly in proportion to 

the amount of iron covered by potassium and aluminum oxide at initial reaction 

conversions(39]. 

Figure 25. The amount of ammonia produced in the reaction loop is plotted 

against time of ammonia synthesis for the 0.15ML K/Fe(100), clean Fe(100), 0.25ML 

K/25% Al:~:Oy/Fe(100), and 25% Al:~:Oy/Fe(100) surfaces(40]. The non-linearity of 

the. curves is due to gas phase ammonia rea~sorbing on the catalyst and blocking 

catalytic sites for the dissociation of dinitrogen. 

Figure 26. Ammonia accumulation in the reaction loop is plotted against time for 

the clean Fe(lOO), restructured Al:~:Oy/Fe(100) and for a 0.25ML K/ Al:~:OyjFe(lOO) 

which had been restructured before the addition of potassium(57]. 
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