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Abstract 

1 

The effects of aluminum oxide and potassium on ammonia synthesis over 

Fe(llO), Fe(lOO), Fe(lll), Fe(210), and Fe(211) single crystal surfaces have been _ 

investigated by surface science and high pressure catalytic studies (20 atm reactant 

pressure of nitrogen and hydrogen). It has been found that a pretreatment of the 

iron single crystal catalysts, in the presence of water vapor, must be performed 

prior to ammonia synthesis for aluminum oxide to enhance the rate of ammonia 

formation. In this circumstance the less active Fe(llO) and Fe(lOO) surfaces are 

restructured into stable and highly active surfaces (i.e. Fe(lll) and Fe(211)) for 

ammonia synthesis. 

Potassium exhibits two distinct .effects on ammonia synthesis over iron single 

crystals. The adc!-ition of potassium to Fe(lOO) and Fe(ll1) increases the rate of 
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nitrogen dissociation (the rate limiting step) and inhibits catalyst poisoning, which 

results from readsorption of gas phase ammonia product. A model is presented 

to explain potassium promotion. It is consistent with the finding of a changing 

apparent reaction order in ammonia and hydrogen, lower adsorption energy of 

ammonia on iron, and unchanged activation energy for ammonia synthesis with 

the addition of potassium to Fe(lll) and Fe(lOO). The Fe(llO) surface is inactive 

with or without adsorbed potassium under the ammonia synthesis condi~ions used 

in this research. 

It is shown that coacisorption of potassium with aluminum oxide during the 

water vapor pretreatment inhibits the restructuring process due to the formation 

of potassium aluminate. Thus, to fully exploit the effects of both aluminum oxide 

and potassium, the iron catalyst should first be restructured with aluminum oxide 

in the presence of water vapor and then potassium should be added. 

It is also shown that iron can be restructured in the presence of ammonia. This 

nitrogen catalyzed restructuring causes enhancement in both Fe(llO) and Fe(lOO) 

ammonia synthesis activity, but little change is found on Fe(lll). The growth 

of highly active surfaces on ammonia restructured Fe(llO) and Fe(lOO), which 

contain highly coordinated surface atoms (Fe(211)& Fe(ll1)), are implicated. The 

research also indicates that ammonia treatment of Fe( 111) induces the formation of 

Fe(211) planes. Aluminum oxide and potassium have little effect on the ammonia 

induced restructuring process. 

.' 
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Chapter 1 

Introduction 

1.1 Preface 

Modern-day ammonia synthesis is the product of close to a century 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 over iron. 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 

understanding of the effects of the promoters is still lacking. A principal reason for 

this deficiency is that the bulk of this early research 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 atmosphere) can be correlated to the atomic structure of the 

catalyst surface, which is determined in the ultra-high vacuum (UHV) environment 
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« 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 thesis will be devoted to describing how surface science studies, combined 

with high pressure data, has elucidated the structure sensitivity and the role of 

potassium and aluminum oxide in ammonia synthesis. 

1.2 Historical Perspective 

1.2.1 Development of Ammonia Synthesis 

It was recognized in the late 19th century, by Sir William Crookes, that ulti

mately the world population would surpass the available food supply if crop yields, 

specifically wheat, were not improved [6]. In a speech to the British Association 

for the Advancement of Science Crookes stated the following [7]: 

"It is the chemist who must come to the rescue of the threatened com

munities. It is through the laboratory that starvation may ultimately 

be turned into plenty. Before we are in the grip of actual dearth the 

chemist will step in and postpone the day of famine to so distant a pe

riod that we and our sons and grandsons may legitimately live without 

undue solicitude for the future". 

One solution to the problem was to create an economical and efficient means 

of fixating nitrogen, since it was already known that the use of nitrogen containing 

compounds in fertilizer improved crop yield substantially. 

This goal was realized by Fritz Haber (in 1908) [8,9] who synthesized ammonia, 

in substantial yield, from nitrogen and hydrogen with an osmium catalyst at a total 

pressure of reactant gas of 185 atm at a temperature of 870 K. The apparatus 
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yielded about 90 grams of ammonia per hour with about 98 grams of osmium 

catalyst [6,10,11]. Soon after, at BASF in Germany, Alwin Mittasch (in 1910), 

found an economically feasible alternative to the costly and rare osmium catalyst. 

He discovered that iron with the addition of alumina (Ah03) and potash (K20) 

was the most suitable catalyst for the large-scale synthesis of ammonia. 

At this stage of development there existed a sizable gap between Haber's ap

paratus and the one which would be required to produce tons of ammonia per 

day. The major problem was that high pressure of reactant gas was needed to 

make the synthesis of ammonia a commercially feasible process. This technolog

ical breakthrough was pioneered by Carl Bosch of BASF in 1913 who oversaw 

the first factory dedicated to ammonia synthesis in Oppau, Germany [12,13,14]. 

This equipment was designed to produce 30 tons of ammonia per day with 300 kg 

catalyst and 200 atm total pressure of nitrogen and hydrogen. 

Both Fritz Haber and Carl Bosch received nobel prizes for their work. Haber, 

in 1919 for his research on the catalytic synthesis of ammonia and Bosch in 1931 

for his development of high pressure technology, which allowed the realization of 

ammonia synthesis as a commercial process. 

Since this time there have been major developments in improving ammonia 

synthesis, both in technology and catalyst design. Advances in pressure contain

ment equipment and synthesis gas (N2 and H2) production have made ammonia 

synthesis more efficient and cost effective. The development of improved catalyst, 

than what was first used by Mittasch or Bosch, has allowed the use of lower pres

sures (80 atm) for the production of ammonia [6]. It is remarkable that, even 

though seventy years have elapsed, since the work of Haber and Bosch, the basic 

composition of the catalyst has remained unaltered. 

r' 
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1.2.2 Ammonia Synthesis Catalyst 

In determining that iron was the most efficient and economical catalyst for the 

synthesis of ammonia, Mittasch and coworkers had surveyed over 20,000 catalyst 

formulations for ammonia synthesis. Figure 1.1 shows ammonia synthesis activity 

for several elements [15]. Osmium, the element Haber used originally is actually 

slightly more active than iron, but it was found to be extremely sensitive to water 

or oxygen impurities in the feed gas (N2 and H2)' Iron was found to be the most 

efficient and economical catalyst. 

1.2.3 Previous Work on Ammonia Synthesis. Catalyst 

The work by Haber, Bosch, and Mittasch on ammonia synthesis catalysts was 

of an extremely empirical nat~re. It was primarily directed towards a systematic 

survey of the periodic table to find the most efficient catalyst. Later work, which 

focused on understanding catalyst structure and activity paved the way for modern 

day catalytic studies. The pioneering work of Paul Emmett and coworkers during 

the 1930's initiated the use of gas adsorption to study the structure and reactivity . 
of catalytic surfaces [16,17,18]. Emmett was the first to use gases such as carbon 

monoxide, carbon dioxide, and nitrogen to characterize the catalytic surface. Low 

temperature nitrogen adsorption [19] (the BET method) enabled the total surface 

area of a catalyst to be determined, while carbon monoxide and carbon dioxide 

chemisorbed only on the iron and potassium surfaces respectively. Using these 

probes Emmett concluded that about 50% of the catalyst surface was covered 

with the aluminum oxide and potassium promoters [16]. His work on nitrogen 

chemisorption showed that the rate of nitrogen adsorption on the catalyst was 

;'1 
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Fe Os Mo Ru Mn W Co Ni 
Element 

Figure 1.1: The percent ammonia in the exit gas as a function of element at a 
pressure of 10 rvIPa at 823 K (60 litres hour-lover 2 g of metals) [2]. 
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similar to the rate of ammonia synthesis [20]. This result was the first evidence 

for nitrogen dissociation being the rate limiting step in ammonia synthesis, and 

led to the first kinetic analysis of ammonia synthesis. 

1.2.4 Ammonia Synthesis Kinetics 

Even before the nitrogen dissociation step was implicated to be rate limiting in 

ammonia synthesis, Winter [21] had studied the decomposition of ammonia over 

iron. He found that the rate of ammonia decomposition (V) could be expressed 

as: 

(1.1) 

over iron foil. The data was interpreted by assuming the equilibrium: 

(1.2) 

where the rate limiting step for the decomposition of ammonia was the desorption 

of nitrogen. 

Emmett later showed that the rate of nitrogen adsorption on "doubly pro

moted" iron (catalyst which contains both aluminum oxide and potassium) was of 

the same order of magnitude as the ammonia synthesis rate [20j, and that the rates 

of hydrogen dissociation and hydrogenation of iron nitride were much faster pro

cesses [22,23]. The hydrogenation step could proceed at room temperature even 

though ammonia synthesis occurs at temperatures close to 673 K. These results 

led to a reaction scheme as follows (this scheme has been supported by numerous 

catalytic and modern surface science measurements) [2]: 

.0 



.. 
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(1.3) 

(1.4) 

Nad.orbed + Had80rbed = N Had80rbed (1.5) 

. N H ad.orbed + H ad.orbed = N H 2ad.orbed (1.6) 

NH2ad.orbed + Had.orbed = NH3ad.orbed (1.7) 

(1.8) 

Using the work of Winter and Emmett, Temkin and Pyzhev published a paper 

entitled "Kinetics of Ammonia Synthesis on Promoted Iron Catalysts" [4] which 

improved upon Winter's model and brought order to ammonia synthesis kinetic 

data. In this work it was assumed that ciuring ammonia synthesis, nitrogen was 

the majority surface species and that its concentration was determined by the gas 

phase hydrogen and ammonia concentrations. Th\1s, the equilibrium established 

under ammonia synthesis conditions was: 

(1.9) 

Temkin used the Frumkin-Slygin isotherm [24]: 

(1.10) 
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to represent the surface coverage of atomic nitrogen (8N ) on "doubly promoted" 

iron. The values f and ao are constants and are defined by the Zeldowitch equa

tion [25] for rate of adsorption (VII): 

(1.11 ) 

and the Langmuir equation [26] for the rate of desorption (V d): 

(1.12) 

where h and g are constants. At the adsorption equilibrium V II = V d and f and g 

are obtained by setting f g+h and ao=~. 

Temkin [4] used the Frumkin-Slygin isotherm to express 8N as: 

(1.13) 

where k is the equilibrium constant of reaction 1.9. By substituting 8N into the 

expressions for V II and V d the overall rate of ammonia synthesis, V.llnthe.i. = V II -

V d, is given by: 

(1.14) 

where Q = g/f = g/(g+h) and describes the relative change of the activation energy 

(Ell) and heat of adsorption (Q), of nitrogen, ~EII / 6.Q, with 8N • The nitrogen 

heat of adsorption is assumed to vary inversely with 8N [27]. 

The basic framework of the equation can be derived using Langmuir kinetics 

and by assuming a homogeneous surface (nitrogen heat of adsorption is indepen

dent of coverage). Now the forward rate of synthesis (r) can be written as: 

(1.15) 
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and, using the equilibrium expression 1.9, (}N can be solved for and written as 

(}N = KPNH3/Pli; . 
1 + KPNHa/PU'J5 

Substituting (}N into equation 1.15 shows that the rate of synthesis is: 

kPN2 
r= . 

[1 + KPNHJ Pli2
5)2 

At Temkin's conditions of high conversion: 

and 

K PNH3 
»1 p1.5 

H'J 

(1.16) 

(1.17) 

(1.18) 

(1.19) 

which is closely related to the forward rate, Va' in the Temkin equation, but lacks 

the surface heterogeneity factor, Q. 

1.3 Composition and Structure of Industrial Cat
alyst 

Since the realization of industrial scale ammonia synthesis in 1913, there have 

been no major changes in the composition of the iron catalyst [2,6]. In cata

lyst preparation, potassium oxide and aluminum oxide are fused with magnetite 

(Fe3 04) at about 1873 K followed by reduction. This catalyst is referred to as 

"doubly promoted" iron, while a catalyst which only contains Ah03 is called 

"singly promoted". The industrial catalyst might also employ the oxides of Ca, 

Mg, or Si in the iron depending on the reaction conditions [2]. 
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1.3.1 Unreduced Catalyst 

10 

During fusion, some Ah03 dissolves into the magnetite and grows substitution

ally with the Fe304 spinel lattice [28,29,30]. Unlike aluminum oxide, potassium 

oxide does not grow in the spinel structure and hence, does not dissolve in the 

magnetite lattice. Thus, the major fraction of aluminum oxide and a minor portion 

of the potassium oxide forms a solid solution in the magnetite. 

1.3.2 Reduced Catalyst 

The ammonia synthesis catalyst precursor is reduced, by treating the oxidized 

catalyst with a stoichiometric mixture of nitrogen and hydrogen [1,31]. The tem

perature and extent to which this is carried out is dependent on the concentration 

of potassium and aluminum oxide in the iron oxide. 

Many changes in "singly" and "doubly promoted" iron occur upon reduction. 

The major change is the removal of oxygen, as water, from the magnetite. This 

occurs without shrinkage of the catalyst and hence a very porous structure results, 

with a BET surface area of about 10 m2/g-cat [2]. Many techniques including gas 

adsorption, X-ray broadening, and transmission microscopy have shown that the 

reduced magnetite exists as metallic iron crystallites which are less than 40 nm in 

diameter [32]. 

·1.3.3 Effects of Promoters on Catalyst Surface Area 

The surface area of. "singly promoted" iron increases about 20 times with in

creasing Ah03 loading, up to 2.5% Ah03, at which point the surface area plateaus 
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at about 20 m2/g-cat (see figure 1.2 a) [33,34]. The addition of K 20 to "singly pro-

moted" iron is crucial for enhancing catalytic activity, but its presence in "doubly 

promoted" iron actually reduces the surface area [17]. Typically, the BET surface 

area of "doubly promoted" iron is 10 m2/g-cat, while "singly promoted" iron is 

20 m2/g-cat [2]. 

1.3.4 Distribution of Promoters 

Even though the bulk loading of Ah03 and K 20 is between 1 % and 3%, their 

surface concentration is high. As was stated before, Emmett showed that between 

40% and 60% of the catalyst surface of "doubly promoted" iron is decorated with 

promoter. It was also shown by Emmett that most of the potassium and aluminum 

oxide on the surface exists as potassium aluminate. Emmett used gas adsorption 

to show' this, but additional proof for this is the observation that potassium is 

much less volatile on the catalyst when Ah03 is present [18]. 

1.3.5 Effects of Promoters on Catalyst Activity 

Emmett showed that at 90 K, CO adsorbs to iron, but does not adsorb on either 

Ah03 or K 20, thus the amount of CO which the catalyst adsorbs is proportional 

to free iron surface [16,18]. It has also been shown that the catalytic act'ivity of 

"doubly promoted" iron is directly proportional to free iron surface. This surface 

is not covered with promoter and can be accurately measured by carbon monoxide 

adsorption isotherms. 

It is shown in figure 1.2 a that the BET surface area plateaus at 2.5% Ah03 

for "singly promoted" iron, while CO adsorption studies show that the amount 
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Figure 1.2: (a) The surface area of "singly promoted" iron increases about 20 times 
with increasing A120 3 loading, up to 2.5% Ah03, at which point the surface area 
plateaus at about 20 m2 /g-cat. (b) Ammonia synthesis activity increases up to 
2.5% Ah03 loading and then decreases due to Ah03 blocking active catalyst [2J. 
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of free iron surface increases up to 2.5%Ah03 and then starts to decrease (see 

figure 1.2 b) [34,35]. The rate of ammonia synthesis is proportional to the amount 

of free iron surface, so the decrease in activity at >2.5% Ah03 loading is due to 

excess aluminum oxide starting to cover the iron surface, without further enhance

ment in iron surface area. Aluminum oxide is called a structural promoter, since 

it only seems to create high surface area without becoming involved directly with 

ammonia synthesis. 

The behavior of the catalyst surface area and activity is much different in the 

case of K20. The addition of potassium oxide actually decreases the surface area 

of the catalyst, but the activity of the surface for ammonia synthesis is increased 

(figure 1.3) [17]. Thus, potassium increases the specific activity of iron, and is 

called an electronic promoter. Maximum activity is achieved when about 20% of 

the surface is covered by potassium oxide [17]. Higher- coverages start to decrease 

activity, because of surface blocking of iron. 

1.3.6 Structure of Ammonia Synthesis Catalyst 

After fusion of Ah03 with magnetite, the aluminum oxide is distributed homo

geneously throughout the Fe304 [2]. After reduction most of the Ah03 segregates 

out of the metallic iron lattice. This effect produces the high concentration of 

surface A120 3 , which is observed. However, the high surface area of the promoted 

iron is thought to be due to small amounts of Al2 0 3 in the Fe crystallites [2,36]. 

This conclusion is drawn from x-ray measurements which show that the diffraction 

lines of pure a-Fe are broadened when Ah03 is present. It is concluded that iron 

aluminate (FeAI20 4) is present in the a-Fe particles [37,38]. This conclusion is 

supported by calculations which show that FeAh04 can exist in a a-Fe particle 
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Figure 1.3: (a) Shows the activity enhancement upon K20 loading and (b) that the 
surface area of ammonia synthesis catalyst decreases with potassium addition [2]. 
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by replacing 7 iron atoms with only minor distortions [39]. 

1.4 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 K 20 

comes through an interaction with the active iron component [31]. IT a complex 

system 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 URV, serve as model 

catalysts for the active component of the industrial catalyst. By quantitatively 

adding potassium, aluminum and oxygen to the single crystal surface in UHV 

and then carrying out high pressure ammonia synthesis (20 atm of nitrogen and 

hydrogen), a direct correlation can be made between the reactivity and surface 

structure of the catalyst. 

1.5 Organization of Thesis 

The primary problems thilZ thesis will address are concerned with understand

ing promotion by aluminum oxide and potassium, on the molecular level, for am

monia synthesis over iron. Before this is done it is necessary to summarize, in 

chapter 2, the experimental techniques used in this thesis. It is also important to 

review important surface science results in chapter 3 and to develop the concept of 

structure sensitivity in chapter 4. Chapters 5 and 6 present results and discussion, 

which lead to a full understanding of both potassium and aluminum oxide promo

tion on iron. Chapter 7 is concerned with the means by which aluminum oxide 
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and potassium promote iron when they are coadsorbed, and a recipe for creating 

active "doubly promoted" iron is given. Chapter 8 discusses the effects of dissolved 

and adsorbed nitrogen, during ammonia synthesis, in altering the structure of iron 

with and without promoter. Chapter 9 deals with bimetallic surfaces, containing 

iron, for ammonia synthesis, and finally chapter 10 summarizes the insight gained 

from this thesis work regarding ammonia synthesis. 
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Chapter 2 

EXPERIMENTAL 

2.1 Preface 

Experiments in this thesis have been carried out in a combined ultra - high 

vacuum (UHV) / high pressure apparatus, shown in figure 2.1. The UHV envi

ronment was usually 1 X 10-9 Torr, which allowed for structure and reactivity of 

surfaces to be probed by modern surface science techniques. The UHV chamber 

was pumped by a liquid nitrogen trapped diffusion pump. A high pressure cell 

allowed for high pressure catalysis (20 atm) to be performed over the single crystal 

samples [1]. The combined UHV / high pressure apparatus included: 

• A 50 liter bakeable, stainless steel chamber. 

• A 6 inch, liquid nitrogen trapped diffusion pump (Varian: VHS-6) capable 

of obtaining a base pressure of 7x 10-10 Torr. 

• A rotatable manipulator (LBL) capable of heating a single crystal sample to 

2000 K and cooling to 80 K. 

• A hydraulically operated high pressure cell and external reaction loop to 

perform high pressure ammonia synthesis. 

• Evaporation sources for deposition of aluminum, potassium, and iron. 
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Figure 2.1 : Photograph of combined URV / high pressure apparatus . 
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• Four grid retarding field analyzer (Varian: 981-0127) for Auger electron spec

troscopy (AES) and low energy electron diffraction (LEED). 

• A glancing incidence electron gun used as the excitation source for AES. 

• A quadrupole mass spectrometer (UTI: 100e) to analyze residual gases in 

UHV and to perform temperature programmed desorption (TPD). 

• Two precision leak valves (Varian: 951-5106) for the introduction of con

trolled amounts of gases into the UHV chamber. 

• An ion sputtering gun (PHI: 4-161)for sample cleaning. 

Some of the experiments presented in Chapter 9 were carried out in a separate 

UHV chamber, which allowed photoemission to be performed on Fe/Re(10IO) 

surfaces. The chamber included: 

• A He I (21.2 eV) source to perform ultra-violet photoelectron spectroscopy 

(UPS). 

• A double pass cylindrical mirror analyzer (CMA, PHI: 15-256) for AES and 

UPS. 

2.2 . Mounting and Preparation of Single Crys
tals 

Single crystals of iron with (110), (100), (111), (211), and (210) surface orienta

tions were used in this work. In addition Re(10IO), Re(1121), Re(OOOl), Ag(100), 

and Mo(100) single crystals were used. The single crystals were spark cut from 

single crystalline rod (iron was obtained from Monocrystals company and Noah 

chemicals) to 10 of the desired orientation and were polished on both sides with 

25 pm diamond paste. Proper orientation of the crystals was confirmed by Laue 
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x - ray back diffraction. The single crystal samples used were on the average 1 cm2 

disks about Imm thick. 
iJ>,. 
~~ir;All single crystals were mounted on a rotatable manipulator, as shown in the 

~~~ter of figure 2.2. The single crystals were spot welded to 0.020 inch diameter 

platinum wire (Livermore stock). The platinum wire was spot-welded to 0.050 inch 

platinum posts which were mounted to the manipulator via copper feedthroughs. 

The sample could be resistively heated, and typically about 10 amperes was needed 

to heat a 1 cm2 iron sample to 873 K in URV (such a sample is shown in figure 2.2). 

The design of the manipulator also allowed efficient cooling of the sample. The 

copper feedthroughs were hollow, so that l inch teflon t,;be could be inserted up 

to the platinum post. Passing liquid nitrogen through this tube allowed cooling 

of the sample down to 80 K. The temperature of the sample was measured by a 

chromel-alumel thermocouple which was spot-welded to the crystal edge. 

Figure 2.2 also exhibits the high pressure cell, in the open position, extending 

down from the top of the chamber, the aluminum source in the lower left, and the 

potassium source in the lower right side of the figure. The 4-grid LEED optics is 

shown in the back of the chamber. 

2.2.1 High Pressure Cell 

The URV environment is necessary to utilize surface sensitive techniques, as 

explained in the next section, but it is not possible to have measurable rates for 

ammonia synthesis in URV. This high pressure requirement is satisfied by the use 

of a hydraulically operated high pressure cell, capable of containing 20 atm of 

reactant gas. A picture of the cell fully open and closed over the single crystal 

sample is shown in figure 2.3. When closed, the cell seals itself with a knife 

edge against a copper gasket, with about 1800 psi external pressure supplied by 

compressed nitrogen. This seal isolates the sample from the URV environment and 

by opening a Nu-Pro valve above and below the cell an external reactor loop is 

developed. Typically, if the URV chamber is 1 x 10-9 Torr, then the introduction 
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XBB 877 -6 724 

Figure 2.2: Photograph of the interior of the DRV / high pressure apparatus. 
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XBB 887-6726 
Figure 2.3: Photographs of the high pressure cell in the open, partially closed and 
closed positions . 
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of 20 atm of nitrogen and hydrogen in the reactor loop causes the pressure to 

increase to 5x10-9 Torr. 

2.2.2 High Pressure Reaction Loop 

The external reaction loop is composed of ~ inch stainless steel tubing with a 

total volume of 170 cm3 (includes the volume of the 1 inch diameter high pressure 

cell). A schematic of the reaction loop is shown in figure 2.4. A positive displace

ment pump (Whitey, model LP10) circulates the high pressure gas around the 

loop. A pressure gauge (Heise, model H33814) is also present which is calibrated 

for gas pressures between 0 atm and 50 atm. The loop is evacuated, before and 

after reaction, by a rotary mechanical pump to 10-2 Torr, at which time the cell 

can be opened to the main UHV chamber (the valves below and above the high 

pressure cell are also closed at this time). 

2.2.3 Detection of Ammonia Product 

An 8-way Whitey valve is installed in the loop, allowing periodic sampling of 

the high pressure loop during reaction. The sample size is ~ cc and is passed 

through a photoionization detector (PID) (HNU Systems, model 52-02) with a 

photon output of 10.2 eV. This photon energy ionizes ammonia (ionization poten

tial = 9.8 eV) while leaving nitrogen (15.6 eV) and hydrogen (15.4 eV) unionized. 

The ionized ammonia is accelerated to a detection plate held at 200 eV, producing 

a current. The current output of the PID is a function of only ammonia partial 

pressure in the reaction loop and is a linear function in the 0 Torr - 20 Torr range 

of NH3 , as shown in figure 2.5. The current is in the nanoampere range and can 

be detected with a picoammeter. The current is converted to a 0-10 volt output, 

which is converted into a peak area by a integrator (Spectra-Physics minigrator: 

21947-01). Thus, rates of ammonia synthesis can be determined by taking periodic 

samples. 
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Figure 2.4: Schematic representation of the reaction loop used to perform high 
pressure ammonia synthesis. 
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2.2.4 Aluminum and Potassium Evaporation Source 

Aluminum was evaporated from a ~ inch diameter and 1 inch long alumina 

crucible which contained aluminum wire pieces (purity >99.99%). The crucible 

was wrapped with 0.020 inch diameter tungsten wire which could be resistively 

heated. It is very important to use an ultra-pure alumina crucible for the source, 

since during evaporation of the aluminum the tungsten wire is white hot and if 

the crucible is not ultra-pure then deposition of contaminants, along with the 

aluminum, is substantial. ( When an aluminum evaporation source was first put 

in the chamber, standard purity alumina was used and substantial amounts of 

potassium, sodium, and calcium were deposited along with the aluminum). The 

aluminum could be oxidized by admitting controlled amounts of oxygen or water 

vapor into the UHV chamber through a leak valve. 

Potassium was deposited on the iron sample by a commercial SAES Getter 

source. It consist~ of a nicrome boat filled with potassium dichromate and an 16% 

AI, 84% Zr. alloy. Upon Heating (~ 873 K) the AI-Zr alloy reduces the dichromate 

and potassium metal is liberated. 

2.2.5 Iron Evaporation Source 

The iron evaporation source consisted of 0.02 inch high purity iron wire wrapped 

around 0.03 inch diameter tungsten wire. The source was heated by passing about 

35 amperes through the tungsten wire. Outgassing of the source required it to be 

run at 30 amperes for about 12 hours. This procedure reduced contamination by 

carbon and sulfur, which evolved initially from the source region. 
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2.3 Surface Sensitive Techniques 

2.3.1 Mean Free Path of Electrons in a Solid 

Most of the surface science techniques used in this work required electrons, 

as the probe particle. Electrons offer advantages over photon techniques, in that 

electrons have a relatively small mean free path in a solid. Figure 2.6 plots the 

mean free path of electrons in various elements as a function of energy. (This 

curve· is usually referred to as the universal curve, since the mean free path of 

the electron is independent of the element.) The cur.ve shows that electrons are a 

surface sensitive probe, since they can not penetrate far into the solid in the range 

of energies between 10 eV and 2500 eV. For example, electrons with energies of 

100 e V must originate at about 4 A or less in the solid to escape from the solid 

without a loss in energy. Of course, mean free path is only an average distance 

and the contribution from electrons at a distance t in the solid is exp( -t/ ,x), where 

,x is the mean free path obtained from the universal curve. 

2.3.2 Auger Electron Spectroscopy (Sample Composition 
and Coverage) 

In 1925 P. Auger noticed that small quantities of electrons were emitted from 

a photoplate when irradiated by hard x - rays [2]. These electrons (so called 

Auger electrons) were found to compete against the x - ray emitance process and 

occurred when a core electron was ejected from an atom by x - rays, and higher 

level electrons filled the core level hole. This process was found to be a much more 

general phenomenon, in that Auger electrons can be produced whenever incident 

radiation, photons, electrons or ions has energy greater than a core electron in an 

atom (K, L, M, . .levels). If the interaction of one of these particles with an atom 

leaves an excited state with a core hole in the atom, then de-excitation will occur. 

Two processes by which the highly unstable excited state can relax from the L 
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level are shown in figure 2.7, where the core hole is in the K level. A higher level 

electron will fill the core hole and this process will either yield an x - ray or an 

Auger electron. In the x - ray process the energy, released by the filling of the 

core hole, is carried by a photon. In the Auger process the energy released by the 

relaxation is given to another electron, an Auger electron, through a radiationless 

process. In the case where a metal surface is the source, then the kinetic energy 

of the emitted Auger electron (Eke), detected by the analyzer, from the process 

depicted in figure 2.7 is: 

(2.1) 

where t/> is the work function of the electron analyzer. The work function being 

the energy required to move an electron from the Fermi level of a metal to the 

vacuum level. 

Auger electron spectroscopy is a powerful analytical tool, in that the energy 

with which the Auger electron is emitted from the surface is a function of the 

element it evolved from. Thus, by detecting the energy of the Auger electron sur

face composition can be determined. (Since the Auger process is a three electron 

process hydrogen and helium can not be detected.) 

2.3.3 The Excitation Source 

As was mentioned before, Auger electron spectroscopy can be performed with . 
any type of radiation which is capable of ionizing inner electronic shells of atoms. 

In the research carried out in this thesis, the primary excitation source was an 

electron gun, which produced emission currents of about 0.4 milliamperes, with 

an electron energy of 2000 e V. The energy of the Auger electron is not a function 

of the primary beam energy, but a general rule of thumb is that the primary 

beam energy should be about three times the energy of the Auger electron to be 

detected for maximum sensitivity. (In this study the Auger electrons with the 
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highest energy were those which originated from iron with an energy of 702 eV, 

which is an Fe MVV transition.) 

To achieve maximum surface sensitivity a glancing incidence electron gun was 

used to generate the 2000 eV electrons. It has been found that the Auger yield 

from the top most atomic layer of a surface is greatly enhanced if the angle between 

the primary electron beam and the surface is about 10°. This can be understood 

by noting that at grazing incidence more atoms at the surface are exci ted than 

those atoms deeper in the bulk. 

The use of electrons, as the primary source of excitation, makes AES an ex

tremely sensitive surface probe, since the at6mic ionization cross section for elec

tron impact is in the range of 10-20 cm2 [3]. The use of X - rays as the excitation 

source should, in principle, make AES even mor~ sensitive, since the ionization 

cross section of core electrons is higher with x - rays. However, the use of elec

trons have two major advantages. The first is that electron sources are much easier 

to construct and install in URV than x - ray sources. The second reason is that 

electron fluxes (::::::6 x 1012 e~e~;:;·) are usually much higher than the x - ray fluxes 

(:::::: 106~:~~:~.) which are produced in a standard UHV chamber. 

One disadvantage with AES is that the Auger electron peaks sit on a high 

background, caused by a high yield of secondary electrons. The energy of these 

secondary electrons, on which the Auger electrons sit, have little correlation with 

the energetics of the process by which they evolved from, since they have gone 

through many scattering events with the near surface region before they are de

tected. Thus, for maximum sensitivity the Auger electrons should be separated 

from this background. 

2.3.4 Detection of Auger Electrons 

Using a four grid retarding field analyzer, Auger electrons can be energy re

solved. The experimental set-up is shown in figure 2.8. Only electrons with en

ergies greater than the electrostatic potential applied to the second and third 
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grids can be detected (the 1·t and 3rd grids are grounded to remove capacitance 

coupling). The current detected by the collector is: 

i(v,.)a k:eVr N(E)dE. (2.2) 

The energy distribution [N (E)] is just proportional to diJ,i). To differentiate 

equation 2.2 electronically the potential Vr is modulated with a small ac voltage 

Vmsinwt. The current which is detected at the collector [i(Vr + Vmsinwt] can be 

approximated by the first three terms of a taylor expansion around i(V r): 

i(v,. = Vmsinwt) = i(v,.) + i'(lI;.) x Vmsinwt + i"~~) x V~sin2wt (2.3) 

where 

sin2wt = ~[1 - cos2wt]. (2.4) 

By detecting the amplitude of the ac signal which has frequency w, the first deriva

tive (i') spectrum can be obtained, as shown in figure 2.9. AS' can be seen, the 

N(E) distribution has small peaks on a large background so what is usually done 

is to record the ac component of the signal with frequency 2w, by using a lock-in 

amplifier tuned to 2w. This signal is proportional to d~kE). This can seen by 

noting that sin2wt = ![1-cos2wt] (see equation 2.4). 

2.3.5 Determination of Growth Mechanisms with AES 

The coverage of an adsorbate on a surface can be determined with AES by 

monitoring the adsorbate growth mechanism. Typically, there are three mecha

nisms by which an adsorbate can grow on a substrate [4], as shown in figure 2.10. 

The first is the Frank - van der Merwe mechanism where the adsorbate grows 

layer by layer. The Stranski - Krastanov mechanism describes the case where 

one or more atomic layers (monolayer) grow on the substrate, with subsequent 

growth of three dimensional crystallites. Volmer - Weber growth is one in which 

the adsorbate grows in three dimensional islands on the surface. 
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Figure 2.10: Growth mechanisms detectable by AES. 
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The basic principle behind AES determination of these growth mechanisms 

is that when an adsorbate grows on a surface the substrate Auger electrons are 

attenuated, because of their finite mean free path in a solid. From an analysis of 

how these Auger electrons attenuate as a function of deposition time or exposure to 

the adsorbate, the growth mechanism can to be determined. Representative plots 

of each type of growth are shown in figure 2.10. In the Volmer - Weber mechanism 

the substrate intensity (I,,) decreases exponentially with adsorbate concentration. 

In this circumstance I. reaches zero very slowly, since there is always bare substrate 

exposed. The Frank-van der Merwe mechanism exhibits linear attenuation when 

I. is plotted against adsorbate coverage, but with a different slope for each layer. 

Hence, each break in the line indicates the beginning of a new monolayer. The 

Volmer - Weber plot is just a combination of layer by layer and three dimensional 

crystallite growth. Thus, a linear attenuation is observed for the layer by layer 

growth, and the attenuation becomes nonlinear where three dimensional growth 

begins. 

2.3.6 Chemical Shifts in AES 

The chemical environment of a surface atom can often affect the energy dis

tribution of Auger electrons. This may be an energy shift, lineshape change, or 

attenuation of energy loss features associated with the main Auger peak. 

Strong charge transfer between atoms, such as in the aluminum - oxygen sys

tem, may change the Auger spectrum drastically [5]. Metallic aluminum exhibits 

a LVV (V denotes valence band) at 68 eV, but upon nitridation and oxidation 

the peak shifts to 60 eV and 51 eV respectively (see figure 2.11). Thus, this peak 

shift will be used in this thesis to verify the oxidation of aluminum. Lineshape 

changes in the carbon 281 eV, KVV, Auger transition can be used to distinguish 

between graphitic and carbidic carbon, as shown in figure 2.11 [6]. These are just 

a couple of examples of AES being used to study chemical shifts. A more complete 

treatment of this subject is given in Briggs et. al. [7]. 
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2.3.7 Temperature Programmed Desorption 

Paul Redhead, in 1962, published a paper on the "Thermal Desorption of 

GaSes", which to this day remains the classic paper on the subject [8]. The Red

head analysis allows for the determination of activation energy, rate constant and 

the order of reaction, by monitoring the desorption rate of gases from a surface 

which is heated in a well defined way. 

Desorption of a gas from a surface, in vacuum, can be defined by the following 

relation defining the pressure, P, observed from the desorption: 

dp· p. 
-+-=aN(t) 
dt T 

(2.5) 

where p. = p - Pequilibrium. The residence time of molecules in the vacuum chamber 

is T, N (t) the desorption rate and a is a function of the sample area and chamber 

volume. For high pumping speeds, (T --+ 0, which is assumed to be the case in 

most systems) the change in pressure is p. = aTN(t). Thus, the pressure change 

in the vacuum chamber recorded by a mass spectrometer is proportional to the 

rate of desorption of gas from a surface. 

2.3.8 Determining Kinetic Parameters from TPD 

The rate of desorption from unit surface area is: 

) 

(2.6) 

where q is surface coverage (molecules/cm2) of adsorbate, lin is the rate constant, 

n the order of reaction, and E the activation energy of desorption. In most cases 

the activation energy of adsorption is close to zero, so to a good approximation 

E is equal to the heat of adsorption. To exploit this relation experimentally, the 

sample with the adsorbed gas is heated with a linear heating rate, T = To + f3t, 

• 
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where (3 is the temperature rise per unit time. By differentiating N(t) with respect 

to temperature and setting d~l) =0 the following relations can be obtained: 

E 
RTf, = (vl/(3)exp(-E/RTp),n = 1 (2.7) 

E 
RTf, = (2UPV2/ (3)exp( -E / RTp ), n = 2 (2.8) 

(2.9) 

where Uo is the initial surface coverage of an adsorbate and Up is the surface 

coverage at the temperature where the maximum rate of desorption occurs (Tp). 

By recording a trace of the rate of desorption (mass spectrometer output) versus 

temperature, and using a linear temperature ramp (usually between 10 K/sec -, 

50 K/sec), Tp can be obtained. 

For a first order reaction (equation 2.7), obtaining Tp, allows for E to be 

calculated if a value of VI is assumed. To a good approximation: 

(2.10) 

when 1013 > 7t > lOS( K-l), which is usually the case for desorption from a surface. 

For second order desorption (n=2) the situation is a little more complicated, since 

CTO must be known. 

2.3.9 Low Energy Electron Diffraction 

Davisson and Germer, in 1925, observed the first example of the wave nature of 

electrons. They observed distinct maxima and minima in the angular distribution 

of backscattered electrons from a nickel surface. This observation was published 

in 1927 in the paper "The Diffraction of Electrons by a Crystal of Nickel" [9]. The 

data was interpreted by utilyzing the de Broglie relation: 
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where h is Planck's constant. 

h 
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mv 
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(2.11) 

This early experiment by Davisson and Germer involved angularly resolving the 

backscattered electrons, by moving a Faraday cup around the sample and recording 

current as a function of position. The modern day LEED setup was pioneered 

by Lander in 1962. It involves accelerating the elastically scattered electrons to 

a phosphor screen, which gives an image of the entire diffraction pattern. The 

experimental setup used in this thesis is shown in figure 2.12. The monoenergetic 

beam of electrons varied from 20 eV (..\ = 7.5 A) to 150 eV (..\ = 1 A). The 2nd and 

3rd grids of the RFA (figure 2.12) were held at a voltage about 5 eV less than the 

primary beam. This arrangement only allowed elastically backscattered electrons 

to reach the phosphor screen, reducing background intensity. 

Since electron energies of 20 e V - 150 e V are used for the primary beam the 

technique is extremely surface sensitive (see section on electron mean free path). 

Thus, LEED is just the two dimensional analog of x - ray diffraction and it gives 

information on the symmetry, size of the unit ceil, as well as information on the 

ordering of adsorbates. 

2.3.10 Ultra - Violet Photoelectron Spectroscopy (UPS) 

The use of monochromatic uv photons allows for the characterization of the 

density of states (DOS) near the Fermi level of a solid. In this research, the He 

I (21.2 eV) line was used as the ultra-violet source. The photoelectrons emitted 

from the solid and detected by the CMA have kinetic energy (Ekin ): 

(2.12) 

where hv is 21.2 eV for the He I line, EB the binding energy of the electron, and </>~ 

is the work function of the spectrometer. Energy resolving all the photoelectrons 
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allows the density of states profile to be determined. 

2.3.11 Work Function Measurements by UPS 

Another use of UPS is to determine the surface work function: 

(2.13) 

where ¢>.ur is the surface work function, EJermi are those electrons which are emit

ted from the solid with the highest Ekin, and EBB are those electrons which escape 

the solid with Ekin=O eV. In practice the sample is usually biased with about -6 eV 

to allow detection of the low energy photoelectrons. In this thesis changes in ¢>lIur 

due to surface composition are obtained. It will be shown in chapter 9, by UPS, 

that the adsorption of Fe on Re(lOIO) surface lowers the surface work function. 

2.4 Preparation of Iron Single Crystal Samples 

2.4.1 Cleaning Iron Single Crystals 

In iron, bulk impurities such as sulfur and carbon are common. Before the 

sample is mounted in UHV the crystal is heated to about 873 K 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 873 K for a prolonged period of time removes the sulfur, 

but treatment of the sample in about 1 X 10-1 Torr of oxygen at 673 K 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. 

.. 
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2.4.2 Deposition of Aluminum Oxide and Potassium 

Aluminum is evaporated on the iron crystal surface by passing 10 amperes 

through 0.02 inch diameter tungsten wire which heats 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 aluminum 

is confirmed by the shift of the 67 eV LVV Auger transition, representative of 

elemental aluminum, to 54 e V in the oxide [5]. The coverage of aluminum oxide is 

determined by titrating t~e surface with carbon monoxide (13CO is used so that 

CO can be distinguished from residual N2 , which desorbs from the surface, with 

the mass spectrometer tuned to 29 amu). At room temperature CO chemisorbs 

on metallic iron, but not on aluminum oxide [10,11]. By adsorbing and desorbing 

CO, and by comparing the integral areas from both clean iron and AlxOIl/Fe 

surface TPD spectra, the relative amount of free iron can be calculated, as shown 

in figure 2.13. Aluminum oxide is denoted by AlxOIl , because of uncertainty 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 CO can no 

longer adsorb on the surface. Thus, one monolayer might correspond to more 

than one atomic layer, since aluminum oxide will be shown later to grow in three

dimensional islands on the iron surface [12]. 

The deposition of potassium is accomplished by using a SAES getter source. 

Coverages of potassium are determined by a potassium uptake curve. It was shown 

in a previous work [13] that at room temperature no more then one monolayer of 

alkali metal at 373 K or above will be stable on a transition metal in UHV, because 

of the low sublimation energy of the alkalis. The ratio of the 252 eV potassium 

Auger peak to the iron 652 eV peak was equal to four at saturation and this is 

assumed to be one monolayer (ML) coverage. 
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Figure 2.13: The coverage of Alr 0 1l is calculated by comparing the integral areas 
from the clean Fe and Alr 0 1l /Fe surface CO T,PD spectra. 
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Table 2.1: Reactant gas purity and supplier. 

Reactant Gas Supplier Purity 
Nitrogen LBL - Matheson >99.99% 
Hydrogen LBL - Matheson >99.99% 
Ammonia Matheson Anhydrous(>99.99% 

Water LBL Triply Distilled(Freeze-thaw) 
Carbon Monoxide LBL - Matheson >99.99% 

2.4.3 Reactant Gases 

The reactant gases used in this thesis are listed in table 2; 1. Both nitrogen and 

hydrogen were purified by passing the gas through a molecular sieve trap and a liq

uid nitrogen cooled coil before introduction into the reaction loop. The anhydrous . 
ammonia from Matheson was used as is and the water was triply distilled and was 

given three freeze-thaw cycles before use. Carbon monoxide used in this thesis 

was obtained from LBL - Matheson and was used without further purification. 

2.4.4 Performing High Pressure Ammonia Synthesis 

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 cell [1] provides the necessary environment 

while never exposing 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 
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hydrogen and 5 atm of nitrogen) are introduced and the sample is resistively heated 

to reaction temperature (673 K 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, rates of ammonia synthesis are determined. After the reaction is 

completed, the sample is cooled to 373 K in the reactant gas, the reaction loop 

is evacuated and the cell opened, returning the sample to the UHV environment. 

Surface characterization is then performed with AES, LEED, and temperature 

programmed de~orption (TPD). 
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Chapter 3 

Structure Sensitivity 

3.1 Structure Sensitivity of Ammonia Synthesis 

Since single crystals have surfaces with well defined geometries the structure 

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

in many systems [1] where it has been found that surface geometries influence 

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

differences of up to two orders of magnitude are found between crystallographic 

planes [2]. The rates of ammonia synthesis over five iron single crystal orientations 

are shown in figure 3.1. The Fe(lll) 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(llO) [3]. Schematic representations of the idealized unit cells for these surfaces 

are shown in figure 3.2, along with coordination numbers for exposed surface 

atoms. Examination of the unit cell structures for the five different iron single 

crystal surfaces suggests 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. It is shown in this chapter that ammonia synthesis over iron shows 

a strong correlation with the coordination number of exposed iron surface atoms, 
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Figure 3.1: Structure Sensitivity of Ammonia Synthesis Over Iron. 
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but activity for ammonia synthesis is not related to surface roughness. 

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 ex

poses first layer atoms. Work functions are related to the roughness of a surface [4] 

and it is useful to quantify the corrugation of a plane in this way. The work func

tions of all the iron faces are not available but they are for tungsten [5], another bcc 

metal which shows structure sensitivity for ammonia decomposition [6]. The or

der of decreasing work function( 4» is as follows: 4>110 > 4>211 > 4>100 > 4>U1 > 4>210. 

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 nitrogen (the rate limiting step [7,8]) proceeds 

faster on a surface with a low work function. This is supported by theory [7], 

which calls for transfer of electronic charge from the d band of iron into the 211"· 

anti bonding orbitals of nitrogen for dissociation, a process which might be aided 

by a low surface work function (this theory is discussed further in chapter 4). 

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. [9] suggests 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 

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

synthesis over iron. 

The reaction rates, in figure 3.1, show that the (211) face is almost as active 

as the (111) plane of iron, while Fe(21O) is less active than Fe(100). The Fe(210) 

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



.' 

CHAPTER 3: STRUCTURE SENSITIVITY 

Fe(lll) 

Fe(IOO) 

Fe(211) 

Fe(210) 

o o o 
o 

Fe(IIO) 

53 

XBL 864-1664 

Figure 3.2: Idealized representations of Fe unit cells. The coordination number of 
each surface atom is indicated. 



CHAPTER 3: STRUCTURE SENSITNITY 54 

Fe(211) face is more close packed, but it exposes C7 sites. If surface roughness 

or a low work function was the important consideration for an active ammonia 

synthesis catalyst, then the Fe(210) would be expected to be the most active face. 

Instead Fe(111) and Fe(211) 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. [10] 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 num

ber over small iron particles, but did not affect the turnover number over larger 

particles. This result was explained by noting that the concentration of C7 sites 

would be expected to be higher on the larger iron particles and that the ammonia 

induced restructuring enhanced the number of these sites on the smaller particles 

in 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 

surface sites are most active for ammonia synthesis has been carried out on rhe

nium [11]. In this study rates of ammonia synthesis over the (0001), (1010), (1120), 

and (1121) faces were determined, as shown in figure 3.3. Here, as for iron, the 

face with the highest activity, the (1121) plane, is the surface which exposes the 

most highly coordinated sites. Figure 3.3 also shows that the (1121) face exposes 

Cll and ClO sites while the next active (1120) face exposes Cll and C7 sites. This 
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research in combination with the work on the iron crystal faces, supports the con-

tention that highly coordinated sites are the 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. 
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4.1 Surface Science Studies of K/Fe, K/N2/Fe, 
and K/NH3/Fe Systems 

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

external to this thesis, but which serves as an important background into the effects 

of potassium on iron. The structure and bonding strength of potassium will be 

discussed along with the effects of potassium on the dissociative chemisorption of 

nitrogen on iron single crystal surfaces. 

4.1.1 The Structure of Potassium on Iron Single Crystal 
Surfaces 

The structure of potassium overlayers on well-defined single crystal surfaces [1,2] 

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 
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adsorbed on Fe(110) and Fe(111). 

At a saturation coverage of potassium, an ordered overlayer with hexagonal 

close-packed symmetry 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 mobility of the alkali metal on the iron surface is high. This 

allows only small ordered domains to exist which cannot be observed by LEED. 

At higher coverages lateral 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 (3x3) struc

ture deteriorates and a (1 xl) structure with a high background appears, indicating 

the presence of a disordered potassium overlayer. 

4.1.2 The Stability of Potassium on Iron in UHV 

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

by temperature programmed desorption [1,2]. Potassium TPD spectra from the 

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

coverages 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 ~800 K, 

but at higher coverages (8K ~ 0.8) of potassium, the maximum rate of desorp

tion decreases to about 550 K (figure 4.1). This type of behavior is common for 

alkalis on transition metals. Reneutralization of the alkali metal begins to oc

cur [4] as higher coverages of potassium are achieved, resulting in a lower iron 
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Figure 4.1: K TPD spectra for potassium adsorbed on a polycrystalline Fe surface 
suggest that potassium will not be stable under stationary ammonia synthesis 
conditions (T ~ 6i3 K) [3]. 
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- potassium interaction, and hence a reduction in the desorption energy. Using 

the Redhead analysis [5], the desorption energies of potassium on the various iron 

crystal faces are as follows: Fe(llO), 57±2 kcal/mole; Fe(IOO), 54±2 kcal/molej 

Fe(lll), 52±2 kcal/mole. These values are obtained by extrapolating to zero cov

erage and they represent the upper limits for the strength of the potassium - iron 

bond. Desorption energies become lower at higher coverages of potassium, but 

the detailed data necessary to determine the potassium desorption energy as a 

function of coverage is not available. 

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

exhibited in figure 4.2. These TPD spectra show that for high coverages of potas-

sium, the coadsorption of oxygen appreciably raises the desorption temperature. 

For a potassium adlayer without oxygen, the maximum desorption rate occurs at 

550 K and the desorption is complete by 900 K. When oxygen is present, the tem

perature at which the maximum rate of desorption occurs is increased to 750 K, 

and even at 1000 K, part of the potassium-oxygen adlayer is thermally stable 

on the iron surface. It is also evident from the figure that the order of adsorp

tion of potassium and oxygen does not significantly change the thermal stability 

of the adlayer at high coverages. However, at lower coverages of potassium and 

oxygen, the order of adsorption of the additives changes the thermal stability of 

the layer. IT oxygen is pre dosed (Y =0.48 Y = Intens.ity 01 0 510 eV Auger peak) on o ,0 Intensity 01 Fe 650 eV Auger peak 

polycrystalline iron, followed by the addition of potassium (nK=1.48x10 14cm-2
), 

then the maximum rate of potassium desorption occurs at 750 K. On a surface 

where potassium is added first (nK=1.55x 1014cm-2), followed by oxygen addition 

(Yo=0.89), the maximum rate of potassium desorption occurs at about 800 K. 

In addition, a much larger fraction of the potassium desorbs above 1000 K when 

potassium is present on the surface before the addition of oxygen. 
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Figure 4.2: The presence of oxygen thermally stabilizes potassium. (a) nK = 
2.45x1014 cm-2, (b) nK = 2.06xl014 cm-2 , Yo = 0.90 (0 adsorbed first), and (c) 
nK = 2.61 x 1014 em -2, Yo = 0.62 (K adsorbed first). Yo is defined in text. 
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The nature of the K + ° adlayer is uncertain, but research [6] on Fe(llO), 

uSing x - ray photoelectron spectroscopy (XPS) and UPS, has shown that oxygen 

is directly bound to the iron surface. The interaction between potassium and 

oxygen, which is 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 either that both potassium and oxygen exist as an adlayer, in which they 

are both chemisorbed directly to the iron surface, or in a configuration where 

the potassium atoms sit 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 argument. The formation of a bulk potassium 

compound, such as K20, is extremely unlikely, since this compound js known to 

decompose at about 620 K. This decomposition temperature is well below 1000 K, 

the temperature at which the potassium - oxygen layer completely desorbs at, in 

the TPD experiments. 

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

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

ciation of nitrogen [7,8,9]. Thus, the interaction between nitrogen and iron has 

been studied [10,11], along with the addition of submonolayer amounts of potas

sium [3,7,12]. All the work that will be mentioned has been carried out in a UHV 

chamber, limiting the pressure range to between 10-4 Torr and 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 
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why, in addition to thermodynamic considerations, ammonia synthesis from the 

elements is favored at high reactant gas pressures. Since the sticking probability 

of dissociating nitrogen 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 chapter 3) is also revealed in the nitrogen chemisorption studies. 

It was found that the Fe(lll) surface dissociatively chemisorbs 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 

credence to the idea that dissociative chemisorption of nitrogen is the rate limiting 

step in ammonia synthesis. 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 4.3 [12] shows the effect of potassium on the initial sticking coefficient 

(0'0) of nitrogen on a Fe(100) surface. For clean Fe(100), 0'0 ~ 1.4x 10-7
, but with 

the addition of potassium 0'0 increases almost linearly, until a potassium concen

tration of 1.5x1014 K atoms/cm2
, where (10 reaches a maximum value of 3.9xlO-5; 

a factor of 280 enhancement over clean Fe(100). Higher coverages of potassium 

start to decrease 0'0, presumably due to potassium blocking iron sites which would 

otherwise dissociatively chemisorb nitrogen. The maximum increase in 0'0, due to 

potassium adsorption, on Fe(lll) is about a factor of 8 (0'0=4xlO-5 ) at a potas

sium concentration of 2x 1014 K atoms/cm2 (figure 4.4). The potassium induced 

enhancement of 0'0 on the Fe(llO) surface is greater than that observed on either 

Fe(lll) or Fe(100), so that the differences in activities for nitrogen dissociation,

seen on the clean surfaces, are eliminated in the presence of potassium. 

The mechanism by which potassium promotes nitrogen chemisorption is usu

ally attributed to the lowering of the surface work function in the vicinity of a 
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Figure 4.3: The variation of (70 with the addition of potaSsium to Fe(100) at 430 K. 
(70 is enhanced by a factor of 280 relative to clean Fe(100) [12]. 
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Figure 4.4: 0"0 as a function of potassium coverage on Fe(l11) at 430 K. 0"0 can be 
enhanced by a factor of 8 in the presence of potassium [12]. 
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potassium atom. This effect is greatest at low potassium coverages (~ 0.15), 

where the potassium - iron bond has strong ionic character and the lowering of 

the local ionization potential, induced by the potassium, is greatest. This allows 

for more electron density to be transferred, from the surface, into the nitrogen 211"· 

antibonding orbitals. This phenomenon increases the adsorption energy of molec

ular nitrogen and simultaneously lowers the activation energy for dissociation. For 

example, on the Fe(100) surface the addition of 1.5x1014 K atoms/cm2 decreases 

the work function by about 1.8 eV and increases the rate of nitrogen dissociation 

by more than a factor of 200. This enhancement in rate is accompanied by an 

increase in the adsorption energy of nitrogen on Fe(100) by 11.5 kcal/mole, which 

in the presence of potassium decreases the activation barrier for dissociation from 

2.5 kcal/mole to about 0 kcal/mole. Figure 4.5 shows a proposed potential energy 

surface for the N2 interaction with Fe(100) and K/Fe(100) surfaces. The presence 

of potassium increases the adsorption energy of nitrogen on Fe and reduces the 

activation energy for dissociation to atomic nitrogen. 

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

potassium on the rate of nitrogen dissociation over iron. Figure 4.6 shows that U o 

decreases continuously wi th increasing oxygen coverage on a poly crystalline 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 nitrogen, then U o 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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Figure 4.5: Potential energy diagram for the interaction of N2 with Fe(lOO) and 
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CHAPTER 4: SURFACE SCIENCE STUDIES OF K/Fe 68 

~ 

f 
If) 
r--... 
d 

00 0 t- eo ~ 
0 M LC N ~ eo >c . . . . . 

0 0 0 0 0 <I 
~ -I 

t- O 0 ~ Ci) t- ~ 
...-4 M ~ LC t- ...-4 0 . . . . 
X ...-4 ...-4 ...-4 ...-4 N N 0 
~ If) 
~ d 

ee x +0 0 <] c 

If) 
N 
cS 

'" 0 -)( 
0 
~ V) 

0 

./ 0 
~ I I e od M N -

Figure 4.6: The effect of oxygen on 0'0 (=~) for a K/Fe (polycrystalline) surface. 
The decrease in (70 is attributed to the physical blockage of surface sites by oxygen. 
Yo is defined as the ratio between the oxygen Auger intensity and iron Auger 
intensity (Y = 10

(510 .V) ) [3]. 
o IFe(850 eV) 



CHAPTER 4: SURFACE SCIENCE STUDIES OF K/Fe 69 

4.2 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 673 K and 748 K and the TPD results show that elemental potassium 

would rapidly desorb at these temp~ratures. With the coadsorption of oxygen, 

potassium can be thermally stabilized up to temperatures greater than 1000 K. 

Bulk potassium compounds ·such as K20 or KOH would not be stable under am

monia synthesis conditions [13]. 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 nitrogen 

20 times faster than Fe(100) and 60 times faster than Fe(110). The addition of 

potassium increases the rate of nitrogen dissociation over Fe(100) and Fe(110) by 

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

80 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 

decreases the rate of nitrogen dissociation on iron, because it physically blocks iron 

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

coefficient of nitrogen 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 
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effect of potassium involves lowering the concentration of adsorbed ammonia on 

the iron catalyst, thus making more sites available for the dissociation of nitrogen. 

This will be shown to be consistent with ammonia TPD results, presented in the 

next chapter, which show that potassium substantially decreases the adsorption 

energy of ammonia on iron. 
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Chapter 5 

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

5.1 Introduction 

As was mentioned earlier, in chapter 1, the most efficient catalyst found to syn

thesize ammonia is iron "promoted" with 1-3% by weight of aluminum oxide and 

potassium oxide [1,2,3]. Iron based catalysts used in ammonia synthesis usually 

perform at high pressures (>1 atm) where ammonia production proceeds at a sig

nificant rate [2,3]. Under these conditions the catalyst surface cannot be examined 

on the atomic level. Surface science studies of the catalyst on the atomic-scale re-

quire high vacuum where the synthesis of ammonia does not occur at a detectable 

rate. 

The studies reported in this chapter elucidate the effects of potassium in am-

monia synthesis. It is shown that potassium fails to exhibit a promoter effect on 

the Fe(llO), which is inactive under the ammonia synthesis conditions used in this 

study. A promoter effect by potassium is observed on the Fe(lOO) and Fe(ll1) 

surfaces and the effect is enhanced as the reaction conversion increases. This re-
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suIt is consistent with previous research [4] in this laboratory, which found that 

potassium fails to exhibit a significant promoter effect at close to zero reaction 

conversion. The activation energy at low conversion for the reaction is unaltered 

with the addition of potassium, but there are marked changes in the apparent 

reaction order of ammonia and hydrogen for ammonia synthesis. Temperature 

programmed desorption studies show that potassium lowers the adsorption energy 

of ammonia on iron. 

A model is pre~ented which explains the surface science and kinetic data. It 

assumes that adsorbed ammonia, as well as atomic nitrogen, blocks active sites 

which would otherwise dissociate nitrogen (the rate limiting step in ammonia syn

thesis) [2,5,6]. When the model is fit to the kinetic data it suggests that the 

promotional effect of potassium involves lowering the concentration of adsorbed 

ammonia on the catalyst, thereby making more active sites available for the disso

ciation of nitrogen. The model also suggests that an additional effect of potassium 

is to increase the rate constant for dissociative nitrogen chemisorption on Fe(111) 

and' Fe(100) by 30%. 

5.2 Results 

5.2.1 The Stability of Potassium on Iron Under Ammonia 
Synthesis Conditions 

Rates of ammonia synthesis were monitored over the Fe(lll), Fe(lOO), and 

Fe(llO) surfaces with and without potassium. In all cases in which the effect of 

potassium was studied, an initial coverage of 1 ML was deposited on the single 

crystal surface. After reaction about 0.15 ML of potassium was left as concluded 

from post-reaction AES. Surface oxygen was always detectable after reactions 



CHAPTER 5: EFFECTS OF POTASSIUM 73 

which were performed over K/Fe surfaces; presumably due to oxygen and water 

impurities in the reactant gases. However, the oxygen was necessary to stabilize 

the potassium on the iron surface under reaction conditions [4]. Heating a K/Fe 

surface to 673 Kin UHV and then introducing the surface to ammonia synthesis 

conditions, in the high pressure cell, led to a post reaction surface which had no 

adsorbed potassium. Reactions were carried out over K/Fe surfaces which had 

been oxidized in UHV until the 47 eV MVV iron Auger peak split into a 42 eV 

and 52 eVpeak, indicative of iron oxide [7]. Even with this high initial surface 

oxygen concentration, only 0.15 ML of potassium was left after a high pressure 

ammonia synthesis reaction. 

Experiments were also performed in which 1.0 ML of potassium was deposited 

on the iron single crystal and the sample was only kept under reaction condi

tions for a few minutes. When the sample was returned to UHV, AES showed a 

potassium coverage of 0.15 ML suggesting that the low steady-state coverage of 

potassium was established quickly, under reaction conditions, by evaporation of 

the excess potassium. 

AES always showed the presence of nitrogen after high pressure ammonia syn

thesis reactions. Within experimental error, the coverage of nitrogen (intensity of 

the 381 eV nitrogen Auger peak) was the same on Fe and K/Fe surfaces after a 

reaction. 

5.2.2 The Ammonia Partial Pressure Dependence Over 
Iron Single Crystal Surfaces 

Ammonia synthesis rates, as a function of ammonia partial pressure, were cal-

culated for the Fe(100), Fe(111), K/Fe(lOO), and K/Fe(l11) surfaces. The Fe(llO) 
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and K/Fe(110) surfaces were inactive (ammonia production was below the detec

tion limit of the PID) under the conditions used in this study. Typically reactions 

performed on Fe(111) and Fe(lOO) were carried out until an ammonia partial 

pressure of 20 Torr had been established in the reaction loop. Figure 5.1 plots 

the logarithm of the ammonia synthesis rate versus the logarithm of the ammonia 

partial pressure for Fe(lOO). The slope of this plot (apparent reaction order in 

ammonia) is -0.6±0.07 for clean Fe(lOO) and -0.35±0.07 for the K/Fe(100) sur

face. The same experiments were carried· out for Fe(111) and K/Fe(l11). The 

apparent reaction order was found to be -0.49±0.08 for Fe(l11) and -0.34±O.07 

for K/Fe(lll), which is within experimental error of the ammonia pressure depen

dences found for Fe(lOO) and K/Fe(100) surfaces respectively. 

5.2.3 The Hydrogen Partial Pressure Dependence Over 
Iron Single Crystal Surfaces 

The apparent reaction order for hydrogen on Fe(l11) and K/Fe(111) surfaces is 

shown in figure 5.2. The apparent order for the clean Fe(111) surface is O.76±0.09, 

but the value decreases to 0.44±0.06 for the K/Fe(111) surface. In these exper

iments the partial pressure of hydrogen was varied from 5 atm to 15 atm while 

the nitrogen pressure was kept constant at 5 atm. All rates were taken as close 

to zero conversion as possible, but depending on the activity of the surface being 

studied the partial pressure of ammonia varied from 0 to 3 Torr. 

The apparent order in hydrogen for the Fe(100) surface was not determined, 

since the activity of this face at the hydrogen pressures needed to obtain a partial 

pressure plot w~ too low to be reliable at a catalyst temperature of 673 K. 



CHAPTER 5: EFFECTS OF POTASSIUM 75 

-20.5~--------------------------------------------, 

-21 

.--. --U 
Cl) 
VI 
I 

N -21.5 
E 
~ ..., 
::I: 
Z 
VI 
Cl) 

0 

E 
-22 ......... 

Cl) -0 
cr 
~ 

c 

-22.5 

• Clean Fe(lOO) {Slope--O.60±O.07J 

o O.lSML K/Fe(1001 (Slope--O.3S±O.OSI • 
-23~----~------~----~1----~------~-----r----~ 

o 0.5 1 1.5 2 2.5 3 3.5 
In[Ammonia Partial Pressure(Torr)] 

XBL 873-1251 

Figure 5.1: The pressure dependence of ammonia synthesis in ammonia over 
Fe(100) and K/Fe(lOO). Potassium increases the apparent reaction order for am
moma. 



CHAPTER 5: EFFECTS OF POTASSIUM 

--() 
Q) 
en 
• N 

E 
() ...... 
M 

J: 
Z 
en 
Q) 

0 
E -Q) -ttl 
c: --c 

-1S.5,.....------------------------. 

-19 

e19.5 

-20 

• 

PN =5atm 
2 

• Clean Fe(111) {slope=O.76±O.OS} 

o O.15ML K/Fe(111) {slope=0.44±O.06} 

o 

-2'~---.---~---~--~---~--~ 
1.6 1.8 2 2.2 2.4 2.6 2.8 

In[Pressure of Hydrogen(atm}] 

XBL 873-1252 

76 

Figure 5.2: The hydrogen pressure dependence for the ammonia synthesis reaction 
over Fe(l11) and K/Fe(111). The addition of potassium to Fe(111) lowers the 
apparent reaction order of hydrogen. 
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5.2.4 The Activation Energies for Clean Fe and K/Fe Sur
faces 

The initial rate of ammonia synthesis was determined for clean Fe(111) and 

K/Fe(111) at every 15 K interval between 638 K and 723 K. Using an Arrhenius 

plot, the apparent activation energy (Eo) was found to be 15.7±0.6 kcal/mole for 

clean Fe(111) and 15.9±1.0 kcal/mole for K/Fe(I11), as shown in figure 5.3. The 

experimental error in Eo for K/Fe(l11) is higher than for clean Fe(111), because 

the potassium coverage changed as the temperature of the sample was varied 

to obtain the Arrhenius plot. To minimize this effect, Eo was determi~ed in a 

narrow temperature range. Within error, Eo does not change upon the addition 

of potassium. 

5.2.5 Ammonia Temperature Programmed Desorption Stud-. 
les 

The temperature programmed desorption of ammonia, after a 1 langmuir (L) 

dose (1 L = lxlO-6 Torr-sec), on clean Fe(111) and K/Fe(111) is shown in fig

ure 5.4 (heating rate = 8 K/sec). 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 0.1 ML of potassium the peak maximum 

shifts to a lower temperature by about 40 K. The peak maximum continuously 

shifts to lower temperature with increasing amounts of coadsorbed potassium. At 

a coverage of 0.25 ML 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 desorp-
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Figure 5.3: The activation energy (EQ) for ammonia synthesis over Fe{l11) and 
K/Fe{l11). 
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tion peak. At a potassium coverage of about 1.0 ML only a weakly bound ammonia 

species is present with a maximum rate of desorption occurring at 164 K. This 

observation, that the ammonia adsorption energy decreased with the coadsorption 

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

and ruthenium with adsorbed sodium [8,9]. 

5.3 Discussion 

The results reported in this chapter show that the promoter effect of potas

sium becomes more pronounced at higher partial pressures of ammonia. This is 

reflected in the ammonia partial pressure dependence studies, which show that 

the apparent order in ammonia increases from -0.6 for the clean Fe(100) surface 

to -0.35 for the K/Fe(100) surface. Within expel'imental error, the same ammonia 

partial pressure dependences are found for Fe(l11) and K/Fe(111). These changes 

in the reaction orders for ammonia and hydrogen occur without a change in activa

tion energy. This implies that potassium does not change the elementary reaction 

steps for ammonia synthesis. These results, taken together with the temperature 

programmed desorption results (which show that potassium decreases the adsorp

tion energy of ammonia on iron), suggest that potassium is promoting ammonia 

synthesis by keeping gas phase ammonia from adsorbing and poisoning thesyn

thesis reaction at higher conversions or higher partial pressures of ammonia. This 

interpretation explains why previous work [4] failed to find a potassium promoter 

effect when initial rates of ammonia synthesis were determined over clean Fe and 

K/Fe surfaces. During initial rate measurements there is not a sufficient amount 

of gas phase ammonia «2 Torr) to significantly poison the reaction. Thus, the 

promoter effect of potassium was not discernable. 



CHAPTER 5: EFFECTS OF POTASSIUM 81 

5.3.1 The Effect of Potassium on the Adsorption of Am
monia on Iron Single Crystal Catalysts During Am
monia Synthesis 

Poisoning of the catalyst by gas phase ammonia must involve readsorption of 

the product molecule on the iron surface. Once adsorbed, the ammonia has a 

certain residence time (T) on the catalyst, which is determined by its adsorption 

energy (LlHad) on iron (T Q' e~HQdIRT) [10]. During this residence on the catalyst, 

the ammonia can either diffuse on the surface or decompose to atomic nitrogen and 

hydrogen [11,12]. In both cases the species produced by the ammonia might reside 

on surface sites which would otherwise dissociatively chemisorb gas phase nitrogen, 

thus decreasing the rate of ammonia synthesis [11,12]. The promoter effect of 

potassium then involves lowering the adsorption energy of the adsorbed ammonia 

so that its surface concentration is decreased. This interpretation is supported 

by the temperature programmed desorption results which show that ammonia 

desorption from Fe(111) shifts to lower temperatures when potassium is adsorbed 

on the surface. Even at a 0.10 ML coverage of potassium (coverage which is similar 

to that stable under ammonia synthesis conditions) the temperature at which the 

maximum rate of ammonia desorption occurs decreases by about 40 K. IT first order 

kinetics for ammonia des orbing from the iron is assumed, and the Redhead analysis 

used [13], then the 40 K shift co~responds to a 2.4 kcal/mole drop in the adsorption 

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

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

of potassium the adsorption energy of the ammonia decreased 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 the ammonia 
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when adsorbed on iron at high coverages of potassium, as indicated by the TPD 

results. The development of a new desorption peak, with coverages of potassium 

greater than 0.25 ML, might result from ammonia molecules interacting directly 

·with potassium atoms; the negative end of the ammonia dipole interacting with 

the potassium ion on the iron surface [8]. This interaction appears to be weaker, 

since at a potassium coverage of 1 ML, ammonia desorbs from the surface at about 

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 an Fe 

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

This observation 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. 

5.3.2 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 dissocia

tive chemisorption of nitrogen is rate-limiting and that the process requires two 

open sites on the catalyst surface [2,14,5]. Using Langmuir-Hinshelwood kinetics, 

the rate of ammonia synthesis (r) can be written as: 

(5.1) 



CHAPTER 5: EFFECTS OF POTASSIUM 83 

where kl is the rate constant for nitrogen dissociative chemisorption and 1 - 8N is 

the fraction of vacant sites (81)) on the surface, if atomic nitrogen is assumed to 

be the most abundant species. The fraction of sites covered by nitrogen, 8N, is 

calculated by assuming the equilibrium [11,12]: 

(5.2) 

where Ke is the equilibrium constant. Following the method of Langmuir: 

(II Ke)(PNH31 Pli:) 
8N = [1 + (II Ke)(PNH3/ Pli:)]' 

(5.3) 

8N is substituted into equation 5.1 so that: 

(5.4) 

The data can be accurately represented by equation 5.4 . Fitting of the exper

imental data to the equation (Le. solving for Ke) is done by setting dlnr/dlnPNH3 

equal to the apparent order of ammonia, and by using the values PN2=5 atm, 

PH2=15 atm, and PNH3=O.OI3 atm. This method yields a value of Ke=O.5xl0-4 

for clean Fe surfaces and Ke=lxl0-3 for K/Fe surfaces. This model implies that 

the equilibrium constant Ke increases with the adsorption of potassium, pushing 

the equilibrium in equation 5.2 to the gas phase ammonia side, and as a result 

lowers the fraction of sites covered by adsorbed nitrogen, increasing the rate of 

ammonia synthesis. 

It is instructive now to take the case where both adsorbed nitrogen and ammo

nia can block catalytic sites, since the kinetic data suggests that a promoter effect 

of potassium is to lower the concentration of ammonia on the catalyst surface. In 

this case (}1) = 1- 8N - 8NH3 , where 8N and (}NH3 are determined by the equilibria: 

(5.5) 
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and 

(5.6) 

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

ammonia synthesis is: 

(5.7) 

The constants, K3 and K2 , are calculated by fitting equation 5.7 to the experi

mental data. For the clean surface K3 = 0.19 and K2 = 2.6x10-3 • When potassium 

is present, K3 = 0.37 and K2 = 2.6x10-3 • This model, which accounts for ad

sorbed 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 K 3 , or a shift in the equilibrium from adsorbed 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 temperature programmed desorp

tion results. The decrease in the apparent order of hydrogen is also consistent with 

the increase in Ka induced by potassium. Since the rate limiting step in ammonia 

synthesis is the dissociation of nitrogen, the only role of hydrogen in the rate ex

pression (equation 5.7) is to create available sites for this step. In the presence of 

potassium, 1(3 increases making more sites available, as shown by the equilibrium 

expressions 5.5 and 5.6. This is reflected in the lowering of the apparent order in 

hydrogen when potassium is added on the iron surface. 

The contention that potassium increases the rate of ammonia synthesis by low-

ering the concentration of adsorbed ammonia product, on the iron catalyst, might 

explain earlier work which was carried out on the industrial catalyst. Numer

ous reports in the literature [2,15,16,17,18] contend that the effect of potassiu~ 

on "doubly promoted" industrial catalysts (catalysts that contain both aluminum 
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oxide and potassium) becomes more pronounced as higher reaction conversions 

are achieved. It has been shown previously [16] that the turnover number over 

"singly promoted" catalyst (those that contain only aluminum oxide) and "dou

bly promoted" catalysts are similar when a total of one atmosphere of nitrogen 

and hydrogen is used, suggesting that the ammonia partial pressure is not great 

enough at these conditions to make the effect of potassium important. In another 

study [17], where higher reactant pressures (5 atm - 200 atm) were used, the pro

moter effect of potassium became significant on the industrial catalyst. It was 

found that as the concentration of gas phase ammonia was increased, catalysts 

containing potassium increasingly became more active than catalyst which con

tained no potassium. This implies that on the industrial catalyst the apparent 

order in ammonia becomes less negative when potassium is present. Also, in the 

same study the activation energy for ammonia synthesis was found to be the same 

for "singly" and "doubly promoted" catalyst. 

The experimental results, presented in this chapter and carried out on well 

defined Fe and K/Fe surfaces, agree well with what was found on the industrial 

catalyst. It seems likely that the mechanism of potassium promotion involving 

the lowering of the ammonia adsorption energy, suggested by these experiments, 

occurs on the industrial catalyst. 

5.3.3 The Effect of Potassium on Nitrogen Dissociation 
Under Ammonia Synthesis Conditions 

In addition to hindering ammonia adsorption on the iron catalyst, potassium 

might also enhance nitrogen dissociation during ammonia synthesis. Figure 5.5 

shows the experimentally determined ratio of the clean Fe rate to the rate over 

" .. - ,..; 
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K/Fe surfaces as a function of ammonia partial pressure. The ratio continuously 

increases as 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 fit of the model to the experimental data is best 

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

potassium increases k}, the rate constant for nitrogen chemisorption, by 30% on 

both Fe(111) and Fe(lOO). If the pre-exponential factor for kl is assumed to be 

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

to a 0.35 kcal/mole decrease in the activation energy (Eo) for the rate limiting 

step. This change in Eo is too small to be resolved in the experiments performed 

in this chapter. A small change in Eo such as this might also explain observations 

with an industrial catalyst, that the activation energy for ammonia synthesis was 

only slightly higher on "singly promoted" (aluminum oxide) iron than it was on 

"doubly promoted" (aluminum oxide and potassium oxide) catalysts [17,19]. 

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

potassium is supported by surface science studies [20,21], which investigated the 

influence of potassium on the rate of dissociative chemisorption of nitrogen (kt) 

on iron single crystals (chapter 4). The activity ratio for nitrogen dissociation 

was found to be 60:3:1 for the Fe(lll), Fe(100), and Fe(llO) surfaces respectively. 

Potassium removed the difference in activities between the (110), (100), and (111) 

faces of iron by lowering the activation energy for nitrogen dissociation markedly 

on Fe(llO) and Fe(lOO). The effect of potassium on Fe(111) is less pronounced, 

but on all three iron surfaces the effect of potassium was attributed to the same 

mechanism. In the vicinity of a potassium atom the local work function on the 

surface is lowered and this allows more electron density to be transferred to ni-
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trogen, thus increasing its adsorption energy and lowering the activation energy 

for dissociation on the iron. The coadsorption of oxygen was found to be of prime 

importance for thermally stabilizing potassium [22], but the presence of adsorbed 

oxygen decreased the effect of potassium on the rate of nitrogen dissociation. 

Under the conditions used in this study (20 atm reactant pressure and a cata

lyst temperature of 673 K) oxygen is needed to stabilize potassium. The presence 

of the oxygen probably accounts for the ~mall effect of potassium on kl in the 

present studies. The promotion by potassium, of nitrogen dissociation under in

dustrial conditions (~100 atm reactant pressure), will probably be similar to the 

effect seen under the conditions used in this chapter, since it is well documented 

in the literature [18,23] that potassium is in intimate contact with oxygen on the 

commercial catalyst. 

5.4 Summary of Effects of Potassium 

The promoter effects of potassium on ammonia synthesis have been investi

gated over the Fe(llO), Fe(100), and Fe(1l1) surfaces under high pressure con

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

be stabilized on the iron single crystals under the condi tions used in this chapter. 

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

Potassium, however, increases the rate of ammonia synthesis markedly over the 

Fe(l11) and Fe(100) crystal faces. The promotional effect becomes enhanced as 

the reaction conversion increases. For example, at a reaction conversion of 0.3% 

there is a twofold increase in the rate of ammonia synthesis over Fe(l11) and 

Fe(100) in the presence of potassium. The presence of potassium changes the 

ammonia reaction Qrder from -0.6 to -0.35 and the hydrogen reaction order from 
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0.76 to 0.44, on the (100) and (111) faces of iron. However, there is no change 

in the activation energy, within experimental error, when potassium is present, 

suggesting that the mechanism for ammonia synthesis is not changed. . 

A model has been presented which is consistent with the high pressure kinetic 

and surface science studies. The model accounts for the blocking of catalytic sites, 

which have the ability to dissociate nitrogen, by adsorbed ammonia and atomic 

nitrogen. The presence of potassium lowers the concentration of adsorbed ammo-

nia on the surface, which makes more sites available to dissociatively chemisorb 

nitrogen, increasing the rate of ammonia synthesis. The model suggests that an 

additional promoter effect by potassium is a 30% enhancement of the rate of nitro

gen dissociation on Fe(111) and Fe(lOO), further increasing the rate of ammonia 

production. 
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Chapter 6 

Combined Surface Science and 
High Pressure Studies· on the 
Effects of Aluminum Oxide in 
Ammonia Synthesis 

6.1 Introduction 

91 

Most early research on aluminum oxide, in relation to ammonia synthesis, 

suggests that the use of aluminum oxide for ammonia synthesis simply increases 

the surface area of the iron catalyst and inhibits sintering, which usually occurs 

with high surface area metallic particles [1,2]. This interpretation 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 [1]. 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 ammonia 

synthesis [1]. However, this contention could not be shown, because of the lack 

of surface structure probes in this previous work. Recent surface science and 
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high pressure results will now be described which directly investigated the iron

aluminum oxide system for ammonia synthesis over Fe(llO), Fe(lOO), and Fe(lll) 

model single crystal catalysts [3]. 

This chapter reports a study on the effects of promoter, aluminum oxide, on 

the. synthesis of ammonia over single crystal iron surfaces of (111), (100), and (110) 

orientation. It is found that a pretreatment of the iron catalyst, in the presence 

of aluminum oxide, using water vapor must be performed prior to the ammonia 

synthesis for aluminum oxide to function as a promoter. In this circumstance the 

rates of the reaction over the less active (110) and (100) faces increases markedly, 

to attain the rate observed over the most active Fe(lll) face. The presence of 

aluminum oxide helps to maintain this high activity, which is caused by the re

structuring of the less active crystal faces to surfaces as active as the Fe(l11) or 

Fe(211) faces [4]. 

6.2 Results 

6.2.1 Auger Electron Spectroscopy and Low Energy Elec
tron Diffraction Studies 

The growth of oxidized aluminum on the iron single crystals was studied by 

AES and LEED. There was no indication of any long-range ordering of the AlxOy 

at any coverage on the Fe(lll), Fe(100), and Fe(llO) planes. Using AES, the 67 eV 

aluminum transition intensity was plotted against the iron 47 eV and 652 eV peak 

intensities. In both cases no breaks in the curves were found, indicating three 

dimensional AlxO Il island growth. 

AES was used to estimate the coverage of AlxO Il in the near surface region on 

the three different iron surfaces used in this study before and after the various 
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water vapor treatments. On both the Fe(llO) and Fe(lll) surfaces an initial 

concentration of two monolayers of AlxOy decreases to about 50% of a monolayer 

after being treated with 0.05 Torr of water vapor, with subsequent reduction in the 

H2 and N2 synthesis gas mixture. A more drastic reduction in the AlxOy coverage 

was observed if the sample was treated with 0.4 Torr of water. In this case the 

AlxOy was barely detectable by AES (about 5% of a monolayer). Argon ion 

sputtering the surface (4 - 5xl0-6 amperes/cm2) at room temperature uncovered 

additional AlxOy. Sputtering the sample at 823 K revealed less AlxOy, because 

the AlzO Ii diffused into the iron bulk or iron had migrated on top of the AlzO Ii • 

Prolonged sputtering at 823 K eventually caused a (1 xI) LEED pattern to appear 

on both the Fe(lll) and Fe(llO) surfaces. 

-The behavior of AlxO Ii on the Fe(100) face is different than that on the (110) 

and (111) planes. After a treatment with 0.05 Torr or 0.4 Torr of water vapor the 

ratio of the aluminum Auger signal to the iron signal was unchanged, indicating 

that no AlzO Ii had left the surface. After a 20 Torr treatment of water vapor about 

50% of a monolayer of AlxO Ii was left on the AlzOy/Fe(100) surface. 

Auger peak positions were used to study the cooperative interaction between 

the AlxOy and iron in the presence of water vapor, because the energy of an Auger 

transition of an element is often sensitive to the chemical environment [5]. Metallic 

iron has a MVV Auger transition at 47 eV which splits into a 42 eV and 52 eV 

doublet in the oxide (the 42 eV peak has been attributed to the participation of 

oxygen 2p electrons and the 52 eV Auger peak to the influence of iron d elec

trons) [6]. Elemental aluminum exhibits a LVV Auger peak at 68 eV, which shifts 

to 54 eV in the oxide [7]. When AlxO Ii is deposited on the iron substrate only 

47 eV and 54 eV peaks are present. When the AlxO Ii surface is treated with water 

vapor the 42 e V peak, representative of iron oxide, shifts to 39 e V (Figure 6.1), 
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possibly indicating an alteration of the iron-oxygen bond and a chemical interac

tion between AI:cOIi and iron in an oxidizing environment (i.e. Fe + AhOa + H20 

6.2.2 Reaction Rate Studies 

The initial rate of ammonia synthesis was determined over the clean Fe(lll), 

Fe(lOO), and Fe(llO) surfaces (Figure 6.2). The addition of aluminum oxide on 

the (110), (100), and (111) faces of iron decreases the rate of ammonia synthesis 

in direct proportion to the amount of surface covered by the additive (figure 6.3). 

All aluminum oxide is doing in this case is blocking iron surface which is active 

for ammonia synthesis. Remembering that the industrial catalyst is prepared by 

fusing aluminum oxide with iron oxide (Fea04), rates of ammonia synthesis were 

also obtained over these different surfaces after they had been pretreated with 

water vapor. 

6.2.3 Clean Fe Single Crystals Treated with Water Vapor 
Prior to the Ammonia Synthesis Reaction 

Treatment of the clean (110), (100), and (111) surfaces at water vapor pres-

sures of 0.05 Torr or 0.4 Torr produces heavily oxidized surfaces, as shown by the 

splitting of the 47 eV MVV iron Auger peak into 44 eV and 52 eV peaks [6]. The 

oxidized surfaces are readily reduced under the conditions used for the ammonia 

synthesis reaction, and the respective Fe(llO), Fe(lOO), and Fe(I11) surfaces are 

regenerated. 

Treatment of a clean Fe(llO) surface with 20 Torr of water vapor followed 
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Figure 6.1: AES spectra of oxidized iron and a partially oxidized iron-aluminum 
oxide surface. Note the shift of the 42 eV iron peak to 39 eV when aluminum 
oxide is coadsorbed on the oxidized surface. 
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by reduction under synthesis conditions leaves a restructured surface (no (1 x 1) 

LEED pattern is obtained), whose initial ammonia synthesis activity is close to 

that of the (111) plane of iron. Visual inspection of the crystal shows that the 

initial mirror finish of the crystal is lost and a dull luster is now apparent. If this 

surface is kept under ammonia synthesis conditions for one hour the surface again 

becomes inactive (Figure 6.4), and a (lxl) LEED pattern representative of the 

Fe( 110) surface appears. 

A 20 Torr water vapor pretreatment also restructures the (111) and (100) 

planes of iron. The restructured Fe( 111) surface (broad and diffuse (1 xl) LEED 

spots are obtained) shows a small decrease (about 5%) in its ammonia synthesis 

activity (figure 6.2). The restructured Fe(100) plane (no LEED pattern is ob

tained) becomes almost as active as the (111) face of iron (figure 6.2). Like the 

restructured Fe(110) face, the activity of the restructured (111) and (100) sur-

faces return to their respective clean surface activity after one hour of ammonia 

synthesis. Sharp (lxl) LEED patterns for both surfaces are observed at this time. 

6.2.4 AlzOy/Fe Surfaces Pretreated in Water Vapor Prior 
to the Ammonia synthesis Reaction 

Treatment of AI~Oll (0.5-1.5 monolayers)/Fe surfaces with 0.05 or 0.4 Torr of 

water vapor, produced no restructuring as judged by the ammonia synthesis rate 

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

Major changes in the activity of ammonia production for the Fe(110) face 

occurs when two or more monolayers of Al~Oll were deposited on the surface 

prior to the water vapor treatment. After a water vapor treatment of 0.05 Torr 

the Al~Oll/Fe(110) surface restructures. The restructured surface is now about 
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as active as the Fe(100) plane (Figure 6.2). If two monolayers of AlxOy were 

deposited on a new Fe(llO) surface, then exposure to 0.4 Torr or 20 Torr of water 

vapor produced a restructured surface almost as active as the Fe(I11) crystal face 

(figure 6.2). The restructured AlzOJl/Fe(llO) surface retained its high ammonia 

synthesis activity for longer than four hours under ammonia synthesis conditions 

(figure 6.4). 

A Fe(lll) surface with two monolayers of AlxOJl shows no noticeable change in 

activity when pretreated with 0.05 Torr of water vapor. Exposure to 0.4 Torr or 

20 Torr of water vapor restructures the surface, producing a slight decrease (about 

5%) in ammonia synthesis activity (fig~re 6.2). 

The AlxOJl/Fe(100) surface exhibited no restructuring when exposed to 0.05 Torr 

or 0.4 Torr of water vapor (conditions which restructured the AlxOy/Fe(llO) and 

AlxOJl/Fe(lll) surfaces). Treatment of the AlzOII/Fe(llO) surface with 20 Torr of 

water vapor caused restructuring and enhanced activity for the ammonia synthesis 

reaction. The synthesis rate over the restructured Alr OJl/Fe(100) surface was sim

ilar to that of the clean Fe(I11) surface activity (figure 6.2). No deactivation was 

observed for the restructured Alr OJl/Fe(100) surface after four hours of ammonia 

synthesis. 

All the restructured AlrOJl/Fe surfaces maintained their activity even after 

any surface AlrO li was removed by ion sputtering, as monitored by AES. A 13CO 

titration could not be used to determine the AlrOy coverage, since all the restruc

tured surfaces (after the surface AlrOy had been removed by argon ion sputtering) 

chemisorbed substantially less carbon monoxide than the respective clean, unre

structured surfaces. For example, the restructured Fe(llO) and Fe(100) surfaces 

chemisorbed approximately 40% less CO than the clean Fe(llO) and Fe(100) faces 

respectively. Prolonged sputtering (2- 4 hours at 823 K) caused the restructured 
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surfaces to exhibit (1 xI) LEED patterns and ammonia synthesis activities repre

sentative of the clean, unrestructured surfaces (no AlrO Ii was present at this time 

a judged by AES). 

6.2.5 Activation Energy for the Ammonia Synthesis Re
action Over Clean and Restructured Iron 

The initial rate of ammonia synthesis was determined for the restructured 

AlrOIl/Fe(llO) and restructured clean Fe(llO) surface at 25 K intervals, between 

673 K and 823 K. Using an Arrhenius plot, the apparent activation energy of both 

restructured surfaces was found to be 18.6±1 kcal/mole, in close agreement with 

the value of 19.4±O.5 kcal/mole obtained for the clean single crystal surfaces [8]. 

6.2.6 Surface Structure characterization 

The synthesis of ammonia from its elements is a structure sensitive reaction 

over iron and variation of rates observed in this study due to the pretreatments 

suggests that new surface orientations are being created. In an attempt to char

aderize the structure of the new surfaces scanning electron microscopy (SEM) 

and temperature programmed desorption were performed on the clean and re-

structured surfaces. SEM gave information on the microscopic appearance of the 

surfaces while TPD gave insight into the nature of the crystal orientations present 

on the restructured surfaces. 

6.2.7 Scanning Electron Microscopy 



CHAPTER 6: EFFECTS OF ALUMINUM OXIDE 102 

The development of a clean Fe(llO) single crystal surface into a restructured 

surface was fo{16*~d by SEM. Figure 6.5 shows micrographs taken of restructured 

AlxOIl/Fe(llO),;silifaces (a clean, unrestructured iron single crystal showed only 

a flat and featureless surface). At an exposure of 0.05 Torr of water vapor the 

formation of crystallites, about one micron in diameter, appear on the AlxOy 

_ (figure 6.5 a). Using 0.4 Torr of water vapor reconstructs the entire surface as can 

be seen in figure 6.5 b. 

A Fe(110) surface restructured in 20 Torr of water vapor is shown in figure 6.6 a. 

The surface appears uniform in appearance,unlike the AlxOIl/Fe(llO) restructured 

surface. Figure 6.6 b shows the same surface after one hour of ammonia synthesis. 

The surface now shows less pronounced features, similar to the unrestructured 

Fe(llO) plane. This conclusion is supported by the appearance of a (lx1) Fe(llO) 

LEED pattern and inactivity towards the production of ammonia in the synthesis 

reaction. 

6.2.8 Temperature Programmed D~sorption 

Ammonia adsorption and desorption has been studied in UHV on the Fe(lll), 

Fe(lOO), and Fe(llO) surfaces [9,10]. Molecular ammonia completely desorbs from 

all the iron surfaces by 400 K. In contrast to this result it has been found in this 

study that after the high pressure ammonia synthesis reaction, ammonia desorbs 

in the 400 K - 750 K temperature range from all the iron single crystal surfaces 

studied. The desorbing ammonia, detected during these TPD experiments, results 

from surface species which adsorbed on the catalyst during ammonia synthesis, 

or during the pump - down sequence, where the sample is kept at a temperature 

of 373 K (see chapter 2.4.4). The mechanism has not been studied in detail, 
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Figure 6.5: SEM of the restructured A1xOy/Fe(1l0) surface. (a) After a 0.05 Torr 
treatment of water vapor and reduction in ammonia synthesis gas . (b) After a 
0.04 Torr treatment of water vapor with subsequent reduction. 
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Figure 6.6: SEM of restructured Fe(llO) surface (a) after a 20 Torr water vapor 
treatment or (b) aft er 1 hour of ammonia synthesis. 
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but more important to this work is that the ammonia desorption can be used to 

probe the different surface orientations, since different TPD spectra are observed 

following ammonia synthesis for the (110), (100), (111), and (211) iron single 

crystal surfaces. The Fe(211) TPD spectrum is included, because it helps support 

a conclusion presented later. 

Ammonia TPD spectra for the four surfaces are shown in Figure 6.7. The 

Fe(110) surface displays one desorption peak (f33) with a peak maximum at 658 K. 

Two desorption peaks are observed for the Fe(IOO) surface (f32 and (33) at 556 K 

and 661 K. The Fe(1l1) surface exhibits three desorption peaks (f31! f32, and f33) 

with peak maxima at 495 K, 568 K, and 676 K. The Fe(211) plane has two desorp

tion peaks (f32 and f33) at 570 K and 676 K. Temperature programmed desorption 

spectra for the AlzOIl/Fe(llO), AlzOIl/Fe(IOO), and AlzOIl/Fe(lll) surfaces re

structured in 20 Torr of water vapor are shown in Figure 6.8. A new desorption 

peak, f32, develops on the restructured AlzOII/Fe(llO) surface and an increase in 

the f32 peak occurs on the restructured AlzOIl/Fe(IOO) surface. The f32 peaks from 

the restructured AlzOIl /Fe(110) and AlzOIl /Fe(100) surfaces grow in the same 

temperature range as the Fe(lll) and Fe(2ll) f32 peaks. Deactivation of the re

structured surfaces by prolonged sputtering at 832 K reduces the intensity of the 

f32 peaks on the restructured AlzOIl/Fe(llO) and AlzOIl/Fe(IOO) surfaces to the 

same level as found for the respective clean surfaces. 

The clean Fe(llO), Fe(IOO), and Fe(lll) surfaces restructured with 20 Torr of 

water vapor produce the same TPD spectra as the AlzO Ii restructured surfaces. 

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

the ammonia synthesis conditions and the f32 peaks become equivalent in intensity 

to those on the respective clean surfaces within one hour of ammonia synthesis. 
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Figure 6.7: Ammonia TPD from clean iron single crystals (heating rate is 
10 K/sec) after ammonia synthesis. Mass 15 (NH+ fragment) is monitored to . 
avoid detecting water contamination, which adsorbs during pump - down after 
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Figure 6.8: Ammonia TPD from restructured iron single crystals. The growth of 
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6.3 Discussion 

108 

Examination of the results reveals several effects of AlzOy on iron single crystal 

surfaces in the presence of water vapor. Perhaps the most significant is that AlzOy 

prevents the reconversion of the restructured, active surfaces to ones less active 

in the ammonia synthesis (i.e. Fe(llO) and Fe(100) surfaces). Another effect of 

AlzOIi is its ability to restructure iron single crystals to new surface orientations, 

active in ammonia synthesis, at water vapor pressures lower than those needed to 

restructure clean iron single crystal surfaces. The fact that the activation energy 

for ammonia synthesis over the restructured AlzOIi surfaces is the same as over 

the clean surface implies that iron is still the active phase for the synthesis of 

ammoma. 

The nature of the restructuring of AlzOIi/Fe surfaces is indicated by the kinetic 

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

towards ammonia synthesis of the Fe(110) and Fe(100) planes approaches that 

of the clean Fe(111) or Fe(211) planes, while the Fe(l11) plane is not affected 

greatly by restructuring. The activity of the clean Fe(ll1) and Fe(211) planes 

is usually attributed to the presence of CT sites (Fe atoms with seven nearest 

neighbors) [8,4,11]. The clean Fe(100) and Fe(110) plane lack these sites, and this 

observation 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(110) and Fe(100) planes is not attributable to an increase 

in surface area, since l~ss CO is adsorbs on these surfaces than on the respective 

clean surfaces. A similar decrease in CO adsorption has also been observed on 

iron ammonia synthesis catalysts that have been restructured with ammonia [11] 
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(chapter 3). 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 

steri.c reasons. This explanation is applicable to the present study and it further 

supports the idea of formation of C7 sites upon water vapor restructuring. 

While not as convincing as the kinetic data, the ammonia TPD results certainly 

point towards the formation of surface orientations which contain C7 sites after 

restructuring. The growth of the f32 peaks upon restructuring of the Fe(llO) and 

Fe(lOO) surfaces suggests that the surfaces change orientation upon water vapor 

treatment. The f3'1. peaks also are observed in the same temperature range as the 

Fe(lll) f32 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 (figure 6.7), which contains 

C7 sites and is highly active in the ammonia synthesis reaction, also exhibits a f32 

peak after the ammonia synthesis, with a peak maximum at 570 K. Thes~ results 

suggest that surface orientations which contain C7 sites, such as the Fe(lll) and 

Fe(211) planes, are formed during the reconstruction of clean and AlzOy treated 

iron surfaces, but only in the presence of AlzOy does the active restructured surface 

remain stable under the ammonia synthesis conditions. 

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

reduction. Initial oxidation by water vapor destroys the original morphology of 

the iron surface. Reduction with N2 and H2 removes the oxygen, and the resulting 

metallic iron is left in orientations (i.e. Fe(lll) and Fe(211)) active for ammonia 

synthesis. If no support phase is present (i.e. AlzOy), reconversion of the iron into 

less active orientations is rapid under ammonia synthesis conditions. It has been 

shown in UHV [12,13] that the oxidative process on the Fe(llO) plane is more 

facile than on the Fe(IOO) surfaces, and this agrees with the fact that the Fe(llO) 

surface can restructure, in this study, with lower water vapor pressures than are 
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needed for the Fe(lOO) plane. 

With the addition of AlzOy the mobility of the iron is increased, and restruc

turing can occur at lower pressures 9f water vapor. The SEM micrographs suggest 

that iron is forming crystallites on top of the restructured AlzOy/Fe(110) surface 

(opposed to the uniform appearance of the restructured clean Fe(110) surface). 

AES finds little AlzOl! on the surface, suggesting that the iron has diffused on top 

of the AlzOl!. This restructuring process may be understood by considering wet

ting 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 sur

face tension than aluminum oxide [14]). Conversely, in an oxidizing environment 

(i.e. the water vapor treatments) iron oxide forms ( the surface tension of the ox

ide will be lower than the metal [14,15]) and a chemical interaction between iron 

and aluminum oxide might result, as inferred from the AES results. 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 envi

ronment or even in the presence of hydrogen which contains trace amounts of water 

vapor [16]. From microelectron diffraction data, the formation of iron aluminate 

(i.e. ·FeAh04) in the presence of an oxygen source was also postulated [16]. 

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 AlzOy/Fe surf~ce, 

since AlrOl! provides an alternate and apparently more facile mechanism for the 

migration of iron. Upon reduction, metallic iron is left in highly active orientations 

(i.e. Fe(111) and Fe(21l» for the ammonia synthesis reaction. The AlrOy now 

stabilizes the active iron, since if the AlrOl! was not present the iron would move 
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to positions coincident with the bulk periodicity. 

Figure 6.9 is a schematic representation of the proposed restructuring process 

which is consistent with the experimental findings. Oxidation of iron in water 

vapor induces spreading of the iron oxide over the aluminum oxide islands, The 

major driving force, for this process, being the the formation of iron aluminate, a 

conclusion which is supported by the AES work. In nitrogen and hydrogen the iron 

oxide is reduced, but iron aluminate remains, providing a template for the growth 

of active surface orientations of iron, such as Fe(I11) and Fe(211). The thickness 

of the iron layer after restructuring can not be quantified, but it probably is about 

3 or 4 layers. This conclusion is supported by theexperiment~ result that the < 

active iron layer can quickly be removed by ion sputtering (exposing aluminum < 

oxide). Furthermore, an active surface for ammonia synthesis will require at least . 

three layers of iron to produce highly coordinated, active sites (see figure 3.2). 

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

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

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

Fe304-Ah03 systems [17,18] as well as in numerous studies on the industrial am

monia.synthesis catalyst [19,20,21]. The volume of an FeAh04 molecule is ap

proximately equal to the volume of seven iron atoms in a bcc lattice [19] so that 

FeAl20 4 can exist as a skeleton in the iron lattice with little distortion. The low 

coverages of AlrOy on the restructured surfaces suggest that the support effect 

might be coming through inclusions of FeAh04 in the near surface region. This 

contention is supported by the fact that ion sputtering the restructured surfaces 

reveal subsurface AlrOy. 
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Figure 6.9: Schematic representation of the restructuring process which is induced 
by alumi~um oxide and water vapor. 
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6.4 Summary of Aluminum Oxide Results 

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 be

come as active as the clean Fe{l11) surface in ammonia synthesis. The restructured 

Fe{l11) exhibits a slight decrease (about 5%) in activity when compared to the 

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

to their unrestructured orientations within one hour of ammonia synthesis. 

The same restructuring on the Fe(110), Fe(100), and Fe(111) surfaces can be 

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

of water vapor restructures the AlzOII/Fe{lOO) and only 0.4 Torr of water vapor 

is needed to restructure the Alz OII /Fe(110) surface, so that they become as active 

as the Fe(111) face in ammonia synthesis. The restructured Alr OIl /Fe(110) and 

AlrOIl/Fe(lOO) surfaces maintain their activity for longer than four hours under 

ammonia synthesis conditions. The formation of iron aluminate in the iron near 

surface region is invoked to explain the stability of the restructured AlzOIi/Fe 

surfaces. 

The reaction rate studies and ammonia temperature programmed desorption 

results suggest that planes containing C7 sites, such as the Fe(211) and Fe(111) 

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

minum 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(IOO) 

planes). 
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Chapter 7 

Combined UHV /High Pressure 
Studies on the Interaction 
Between Aluminum Oxide and 
Potassium Coadsorbed on Iron 

7.1 Introduction 

115 

The iron ammonia synthesis catalyst that is utilized in industry is usually 

mixed with potassium oxide and aluminum oxide additives that further increase 

the rate of ammonia synthesis (see chapter 1). It is found that aluminum oxide 

additives alone increase the rate of ammonia synthesis by increasing the active 

surface area of the iron [1]. Potassium addition decreases the iron surface area, but· 

still increases the rate by a factor of three to ten [1]. The "doubly promoted" iron 

catalyst surface consists of regions where potassium oxide resides alone and areas 

where it interacts with aluminum oxide [1,2]. Combined high pressure and ultra

high vacuum studies presented in chapters 5 and 6 have elucidated the mechanisms 

by which aluminum oxide [3] or potassium [4] adsorbed alone increases the rates of 

ammonia synthesis over Fe{lll), Fe(100), and Fe(llO) single crystal surfaces. This 
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chapter reports on the combined effects of coadsorbed potassium and aluminum 

oxides, commonly used in preparing the industrial iron catalyst. 

This chapter shows that while aluminum oxide can stabilize much more potas

sium on the iron surface (as compared to the 0.15 monolayers on the clean iron), 

probably by forming a potassium aluminate compound (i.e. KAI02 ) [5], it does 

not improve the activity of the catalyst any further. This observation is due in 

part to the blocking of the active iron surface by potassium aluminate and in part 

to the inhibiting effect of potassium on the aluminum oxide induced restructuring 

of iron [3]. It is experimentally shown that the most active ammonia synthesis 

catalyst is produced by first restructuring iron with water vapor in the presence 

of aluminum oxide and then adding potassium. 

7.2 The Stability of Potassium on Iron when Coad
sorbed with Aluminum Oxide 

Figure 7.1 shows Auger spectra for a K/Fe{ 1 00) surface prepared prior to carry

ing out ammonia synthesis, a K/Fe(100) surface after reaction, and a post-reaction 

K/40%Alr OI//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 AlrOI/ 

was deposited on a Fe(100) surface. About 1 ML of potassium was evaporated on 

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

nal was monitored periodically. A rapid decrease occurs in the potassium Auger 

signal initially, which is due to the low desorption energy of potassium at high 
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Figure 7.1: AES spectra of promoted Fe(100) surfaces before and after ammonia 
synthesis. The pre-reaction potassium signal corresponds to 1 ML. 



CHAPTER 7: EFFECTS OF COADSORBED Alx Oy AND POTASSIUM 118 

coverages. After about 20 minutes a steady state concentration of potassium was 

established. The final coverage of potassium was approximately equal to the ini

tial coverage of aluminum oxide. This result is represented in figure 7.2, where 

the relative concentration of stabilized potassium is plotted against the relative 

concentration of aluminum oxide. 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. KAI02), as opposed to a 

non-stoichiometric AlzOII-K surface layer [51. 

7.3 Water Vapor Treatment of K/ AlxOy/Fe and 
Fe Single C.rystal Surfaces 

Coverages between 0.1 ML and 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 Torr~ 0.4 Torr, and 20 Torr of water vapor. After 

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 research presented in chapter 5. 

The same coverages of potassium coadsorbed with two monolayers of aluminum 

oxide on the Fe(110), Fe(100), and Fe(l11) surfaces hindered the restructuring 

process in water vapor (see chapter 6). As increasing amounts of potassium were 

coadsorbed, 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 for surfaces which were restructured with 

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

potassium on the surface. In the case where one monolayer of potassium was 
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deposited on two monolayers of aluminum oxide, AES showed that no alum.inum 

oxide or potassium left the iron surface after a 20 Torr water vapor pretreatment, 

and restructuring failed to occur. 

7.4 The Effects of Coadsorbed Potassium and 
Aluminum Oxide on the Clean, Unrestructured 
Fe(lOO) Surface for Ammonia Synthesis 

In these experiments conditions that would induce restructuring of iron (treat-

ment of the Alz O ll /Fe(100) surface with water vapor at 723 K (chapter 6» were 

carefully avoided. Thus, the Fe(100) surface structure remained unaltered during 

these experiments. Figure 7.3 shows the partial pressure of ammonia, in the re

action loop, as a function of ammonia synthesis reaction time for a clean Fe(lOO), 

0.15 ML K/Fe(100), 0.25 ML K/25%Alz O li /Fe(100), and a 25%Alz Oll /Fe(100) 

surface. The initial rate of ammonia synthesis (0 Torr - 3 Torr of ammonia is in 

the loop during this time) over the Alz Oll /Fe(100) and K/ Alz O ll /Fe(100) surfaces 

have been shown to decrease roughly in proportion to the amount of iron catalyst 

surface covered by the additives (see chapter 6 and figure 6.3) [5]. Thus, potassium 

aluminate [5] does not increase the activity of the catalyst in this circumstance. 

As the reaction conversion increases, the promoter effect of potassium becomes 

apparent. Thus, the 0.25 ML K/25%Alz O ll /Fe(100) surface increasingly becomes 

more active than the 25%AI,rO!r./Fe(100) surface. This is the same behavior as 

is observed when comparing the reaction rates over the K/Fe(100) and Fe(lOO) 

surfaces in the same figure [4]. The addition of potassium reduces the adsorp-

tion energy of adsorbed ammonia and leads to a lower surface concentration of 

ammonia on the catalyst by shifting the equilibrium NH3(ad) K3 NH~(g) to the gas 
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phase ammonia side (i.e. the equilibrium constant K3 increases). With less ad

sorbed ammonia the number of available sites for the dissociation of nitrogen, the 

rate limiting step in ammonia synthesis [6,7], is increased and this increase causes 

an increase in the rate of ammonia production. In addition, potassium enhances 

the rate of nitrogen dissociation by approximately 30% over Fe(111) and Fe(100) 

under ammonia synthesis conditions (see chapter 5). 

It has been shown that the concentration of aluminum oxide and potassium 

exist in an approximate 1:1 ratio under ammonia synthesis conditions [5]. Even 

though high coverages of potassium can be stabilized with aluminum oxide, the 

promotional effect never exceeds the effect attained on the 0.15 ML K/Fe(lOO) 

surfaces, as reported on in chapter 5. Thus, the potassium that is tied up by the 

aluminum oxide in a compound (KAI02) seems to be rendered catalytically inac-

tive. The 0.25 ML K/25%AlzOIl /Fe(100) surface exhibits roughly the same rate 

of ammonia synthesis as the 0.15 ML K/Fe(100) surface at all ammonia partial 

pressures used in this study, as indicated by the slopes of the curves in figure 7.3. 

Stabilizing more than 0.25 ML of potassium with AlzOIl begins to decrease the pro

moter effect of potassium. One reason for this is that high coverages of potassium 

block catalytic sites for nitrogen dissociation [5,8]. 

7.5 The Effects of Coadsorbed Potassium and 
Aluminum Oxide on the Restructured Fe(lOO) 
Surface for Ammonia Synthesis 

Figure 7.4 shows ammonia accumulation, as a function of reaction time, for the 

clean Fe(lOO), for 25%AlzOIl /Fe(100) that was restructured by 20 Torr of water 

vapor at 723 K, and for 0.25 ML K/25%AlzOIl/Fe(100) that was restructured first 
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in the presence of aluminum oxide alone, before the potassium was added. The 

studies in chapter 6 suggest that aluminum oxide catalyzes restructuring of Fe(100) 

and Fe(llO) to crystal faces, such as Fe(lll) and Fe(211), which are about an order 

of magnitude more active than the unrestructured Fe(100) and Fe(llO) faces [9]. 

Potassium addition to the restructured surface further enhances the rate over the 

restructured iron, which becomes predominant at high ammonia conversions. In 

this way the promotional effects of both aluminum oxide and potassium can be 

fully realized. It should be noted that if both aluminum oxide and potassium 

are added before restructuring in water vapor ,the extent of surface restructuring 

(Fe(100) --+ Fe(111) and Fe(211)) is decreased, The potassium aluminate that 

forms on the surface seems to prevent the aluminum oxide-iron interaction, which 

is necessary for reconstruction of the iron surface morphology. 

The motivation behind the work carried out in this thesis has primarily c~:>n

sis ted of trying to understand the promotional effects of aluminum oxide and 

potassium in the industrial catalyst. By using model iron single crystal surfaces 

as catalysts, it has been shown that the promoter effect of aluminum oxide results 

from the interaction with iron oxide during the preparation stage of the indus-

. trial catalyst [3]. After the activation of the catalyst (i.e. reduction in N2 and 

H2 ), aluminum oxide stabilizes the iron in active orientations, such as Fe(l11) and 

Fe(211) [3,9], for ammonia synthesis. Potassium does not seem to be involved in 

this structural promotion [3], but its presence on the catalyst surface promotes 

ammonia synthesis on these active crystal orientations by increasing the rate of 

nitrogen dissociation and by lowering the concentration of adsorbed ammonia, 

thus making more catalytic sites available for nitrogen dissociation [4]. 
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Chapter 8 

Ammonia Pretreatment Induced 
Restructuring of Iron Single 
Crystal Surfaces for Ammonia 
Synthesis 

8.1 Introduction 

126 

It has been shown in this thesis (chapter 3) that the synthesis of ammonia 

from its elements is a structure sensitive reaction over iron [1,2,3]. Thus, a major 

concern in the preparation of an industrial catalyst is to preferentially create and 

stabilize active surface orientations (i.e. Fe(l11) and Fe(211)) [4,5]. This objective 

is usually accomplished in the chemical industry by combining magnetite (Fe304) 

with about .two percent by weight of potassium oxide (K20) and aluminum oxide 

(Ah03) and then reducing the catalyst precursor in a stoichiometric mixture of 

hydrogen and nitrogen, or in an ammonia - hydrogen flow [6]. Catalytic stud

ies have found that the industrial iron catalyst is more active when reduced in 

a stoichiometric mixture of nitrogen and hydrogen than in pure hydrogen (see 

chapter 1) [7]. Also, by treating the catalyst with ammonia, so as to achieve a 
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high virtual pressure of nitrogen (through the complete dissociation of ammonia), 

a nitrogen induced restructuring results, thereby leading to an enhancement in 

ammonia synthesis activity [2]. 

The interaction of nitrogen with iron in forming iron nitride has for a long time 

been thought to create surfaces which would be active in ammonia synthesis [1,2,8] . 

. An extensive amount of surface science research has been devoted to understanding . 

the interaction of nitrogen and ammonia on the structure of iron. Field emission 

studies dealing with nitrogen on iron suggested that the adsorption of nitrogen 

occurs most readily on the (111) face of iron and that the (110) and (100) planes, 

which are not as active as Fe(lll), are actually transformed to the (111) face in 

the presence of nitrogen [9]. 

Nitrogen adsorption on Fe(lll) and Fe(llO) in UHV has been found to cause 

structural rearrangements of the iron surface atoms (a wide range of LEED pat

terns can be obtained) [10,11], while adsorption on Fe(100) produces a simpler 

c(2x2) superstructure. Adsorption of nitrogen on Fe(12,1,0) causes extensive re

construction, which results from the formation of a surface nitride, similar to that 

found in bulk Fe.N [12]. 

Ammonia completely decomposes on Fe(lll), Fe(100), and Fe(llO) at temper

atures above 400 K (hydrogen desorbs) [13,14]' producing a higher virtual pressure 

of atomic nitrogen than can be obtained by dosing iron with nitrogen in UHV. For 

example, adsorption of NH3 at elevated temperatures on Fe(100) caused faceting 

of the (100) surface, producing monatomic steps, in contrast to the c(2x2) super

structure obtained by the adsorption of nitrogen. Higher pressures of ammonia 

(0.05 Torr - 1 Torr) cause extensive bulk facetting of polycryst'alline iron at tem

peratures between 600 K and 1250 K [15]. 

This chapter reports on the effect of nitrogen induced restructuring on the 
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ammonia synthesis activity and the structure of well defined Fe(llO), Fe(100), 

and Fe(l11) surfaces. It is found in this study that by treating the (110) and 

(100) faces of iron with ammonia prior to ammonia synthesis that the surfaces 

restructure, losing their original surface orientation. The restructured Fe(llO) 

and Fe(100) faces approach the activity of the Fe(l11) surface. The ammonia 

pretreated Fe(lll) surface shows only a small decrease in activity for ammonia 

synthesis. The presence of potassium and aluminum oxide do not influence the 

restructuring process. The presence of high bulk and surface concentrations of 

nitrogen after the ammonia treatment does not affect the catalytic surface sug

gesting that the presence of strongly bound nitrogen and bulk diffusion of nitrogen 

to the iron surface is not a factor in explaining ammonia synthesis kinetics. 

8 .. 2 Results 

8.2.1 Reaction Rate Studies 

8.2.2 Clean Iron Single Crystals Pretreated with Ammo
nia Prior to Ammonia synthesis 

Rates of ammonia synthesis over initially clean (110), (100), and (Ill) faces of 

iron are shown in Figure 8.1. The rates, quoted in the figure were obtained after 

the treatment of the Fe(llO), Fe(100), and Fe(lll) crystals with 5 Torr of ammonia 

at i23 K for 30 minutes prior to the ammonia synthesis reaction. The Fe(llO) and 

Fe(100) surfaces show large increases in activity for ammonia synthesis (figure 8.1) 

after ammonia pretreatment. The initially inactive Fe(llO) face becomes about 

as active as the clean Fe(IOO) surface. The activity of the Fe(IOO) surface, for 

ammonia synthesis, increases by a factor of four and the Fe(l11) surface shows 

only a small decrease in activity after ammonia pretreatment. Further treatment 
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of the restructured single crystals with 50 Torr of ammonia leads to no further 

change in ammonia synthesis rates. 

8.3 The Effects of Adsorbed Nitrogen on Fe Sur
faces for Ammonia Synthesis 

8.3.1 The Surface Composition of the Ammonia-Pretreated 
Iron Single Crystal Surfaces 

After treatment of the iron single crystals with ammonia, a large concentration 

of nitrogen was detected by AES in the iron near surface region (N381 eV /Ff%52 eV = 

1), and no LEED pattern was obtained. The surfaces could be briefly sputtered to 

remove surface nitrogen, but the rate of synthesis over these surfaces were identical 

to those with the high nitrogen surface concentrations. Post reaction AES showed 

a nitrogen to iron ratio of approximately 0.2±0.02. To recover the high surface 

concentration of nitrogen (N to Fe AES ratio of 1) the samples could be heated 

to temperatures ~973 K, where nitrogen surface segregates and begins to desorb 

from the surface. However, this high temperature purging starts to d~activate 

the restructured (100), and (110) surfaces, as evidenced by a decrease in ammonia 

synthesis activity. Hence, removing all the bulk nitrogen, at elevated temperatures, 

will deactivate the restructured surfaces to the respective clean surface through 

annealing .. 

8.3.2 The Coverage of Nitrogen at High Ammonia Syn
thesis Conversions Over Fe(111) and K/Fe(111) 

Experiments were performed to study the effect of adsorbed nitrogen on a well 
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defined Fe(l11) surface. Conditions were carefully avoided which would lead to 

substantial bulk concentrations of nitrogen (see ammonia pretreatment section). 

The Fe(111) and K/Fe(111) surfaces were exposed to mixtures of nitrogen, hydro

gen, and ammonia which represented ammonia synthesis reaction conversions of 

0.1 %, 0.3%, 2.5%, and 5% at 673 K. Rates of an'lmonia production were too low 

over the 1 cm2 surfaces to measure. Instead the coverage of nitrogen on the iron 

surfaces was monitored by post-reaction AES. The ratio of the 381 eV nitrogen 

peak to the 652 eV Fe Auger peak ranged from 0.17±0.02 to 0.39±0.03 for the 

0.1 % and 5% reaction conversions respectively. The relative concentration of ni

trogen to iron was the same on the K/Fe surfaces, within experimental error. To 

rule out the possibility that nitrogen might adsorb on the Fe(l11) surface during 

evacuation of the reaction cell, the sample was kept at 373 K and 673 K during 

this step. The nitrogen concentration measured by AES was identical at each 

temperature. 

At conversions as low as 0.1 %, bulk nitrogen becomes apparent. For example, 

the surface nitrogen which is stable in UHV after a 0.1 % conversion can be re

moved by sputtering and annealing, at which time a sharp (lx1) LEED pattern 

representative of clean Fe(111) is obtained. However, annealing at elevated tem

peratures (:::=973 K) causes nitrogen to appear on the surface suggesting that bulk 

nitrogen is formed even at relatively low reaction conversions. 

At high conversions (2.5% and 5%) the rates of ammonia production were too 

low for measurement, over Fe(l11). To study the ammonia synthesis activity over 

these Fe( 111) surfaces, which had acquired a high surface concentration of nitrogen 

at high conversion, initial rates of ammonia synthesis were determined (15 atm H2 

and 5 atm N2). In all cases the N/F«:;(l11) surfaces, prepared at high conversion, 

showed identical r~tes to clean Fe(111), at a conversion of 0.1 %. Post reaction 
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Auger showed that all Fe(lll) surfaces exhibited similar nitrogen to iron ratios. 

The high coverages of nitrogen, achieved at high conversion (5%), were rapidly 

removed at 0.1% conversion. Thus, the post reaction surface concentration of 

nitrogen is only a function of the reaction conversion, at which ammonia synthesis 

was carried out at. 

8.3.3 Fe Surfaces with AlzOy and/or Potassium Pretreated 
with Ammonia Prior to Reaction 

The addition of AlzO II to the (111), (100), and (110) surfaces of iron decreases 

the rate enhancement over (110) and (100), which occurs upon ammonia pretreat

ment. As increasing amounts of AlzO II are added to the surface the amount of 

restructuring decreases, as evidenced by decreases in the ammonia synthesis ac-

tivity. Post reaction AES finds that no AlzOII has left the near surface region after 

the ammonia pretreatment. This is different behavior than found for AlzOII/Fe 

surfaces which have been restructured in water vapor [4] (chapter 6). In the water 

vapor case, iron is found to cover AlzO II during the water vapor pretreatment. 

The presence of potassium adsorbed alone or coadsorbed with AlzO II has no 

effect on the restructuring process. 

8.4 Structural Characterization of the Restruc
tured Iron Surfaces 

8.4.1 Temperature Programmed Desorption 

The desorption of ammonia from iron single crystals, after a high pressure 

ammonia synthesis reaction, is sensitive to surface structure [4]. Both Fe(lll) and 

," 
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Fe(211) are found to exhibit two desorption peaks with peak maxima at 570 K 

(/32) and 650 K (/33, see figures 6.7 and 6.8). The Fe(100) and Fe(llO) faces of iron 

show only ammonia desorption at 650 K. 

When Fe(111), Fe(100), and Fe(110) are treated with 5 Torr of ammonia prior 

to reaction there are marked changes in the post-reaction TPD. Both Fe(100) and 

Fe(110) develop the low temperature peak (/32) at 570 K, while the 650 K peak 

(/33) shows little change. 

8.4.2 Scanning Electron Microscopy 

The appearance of all ammonia pretreated iron surfaces were studied by scan

ning electron microscopy (SEM) [16]. The SEM micrographs of the ammonia 

treated (110), (100), and (111) faces of iron are shown in figure 8.2 (the clean sur

faces are smooth and featureless). In the case ofthe (111) surface the new features, 

which appear upon ammonia pretreatment, were large enough and sufficiently sep

arated from each other to permit a stereographic investigation to determine what 

crystallographic planes were created upon ammonia treatment. 

Figure 8.4 shows an isolated feature with the projection of the <110> crystal

lographic axis onto the (111) surface indicated (determined by Laue x-ray crystal

lography). By determining the base length (Do) and height of the feature (Zc) by 

SEM, the angle in which plane a intersects the (111) plane could be determined, as 

shown in figure 8.3. The base length, Do (defined in figure 8.4 a), was determined 

in the SEM micrograph taken at 0° tilt (the electron beam is perpendicular to 

the (111) surface). The distance, Dr, was then determined from a SEM micro

graph, taken when the sample was tilted 20° from the electron beam (figure 8.4 b). 

The height of the feature was then determined from the geometric relation (see 
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Figure 8.2: Scanning electron micrographs of the (a ) Fe(lll), (b) Fe(100), and 
(c) Fe(llO) surfaces after they were treated in 5 Torr of ammonia at 723 K for 
30 minutes. Single crystal surfaces which have not been ammonia treated appear 

smooth and featureless by SE\1. 
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figure 8.3): 

Z = (Dr - Docos200) [ 7] 
c . 20 1 . szn ° 

(8.1) 

The angle, B, at which plane a intersected the (111) surface is equal to tan-1(Zc/Do). 

This analysis was done on three different features and the () values were 18.5°, 18.5°, 

and 17.9° (see table 8.1). The crystal orientation that most closely agrees with an 

average value of 18.2°± 0.5° is the (112) face, which intersects the (111) plane at 

19.5°. 

8.5 Discussion 

8.5.1 Nitrogen Induced Restructuring ofFe(100) and Fe(110) 

Analysis of the reaction rate results, temperature programmed desorption data, 

and scanning electron microscopy suggest that Fe(100) and Fe(l11) are restruc-

tured to surfaces which contain highly coordinated iron surface atoms. The most 

active site for ammonia synthesis is usually accepted to be the C7 site, which is 

present on highly active Fe(111) and Fe(211). The presence of the C7 site on 

the ammonia restructured Fe(100) and Fe(110) is supported by the temperature 

programmed desorption results. The growth of a low temperature peak (/32, see 

figures 6.7 and 6.8) on restructured (100) and (110), which is similar to the peak 

found on clean Fe(111) and Fe(211) suggests that C7 sites are being formed by the 

high nitrogen concentrat.ion. This low temperature peak was also found to appear 

on AlxOy/Fe surfaces which had been restructured in the presence of water vapor. 

In this previous study (chapter 6), restructured AlxOy/Fe(100) and AlxOy/Fe(110) 

become as active as Fe(ll1). Thus, water vapor treatment of AlxOy/Fe surfaces 

create more active surface than those restructured in ammonia. However, in both 
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Figure 8.4: Isolated view of rest ructured Fe( 1l1 ) surface at : (a) 0° tilt and (b) 20° 
tilt. Parameters used in the stereo pair study are shown in the fi gure along with 
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cases, the restructured Fe(100) and Fe(110) exhibit high activity due to the cre-

ation of C7 sites. 

8.5.2 The Effect of Adsorbed and Dissolved Nitrogen on 
Iron During Ammonia Synthesis 

The presence of adsorbed nitrogen, present. during ammonia synt.hesis , seems 

not to affect ammonia synthesis activity under the conditions used in this study. 

Surfaces, restructured in ammonia, produce high near surface concentrations of 

nitrogen, but these surfaces are no more active than surfaces where the near sur-

face nitrogen had been removed prior to ammonia synthesis. (The possibility that 

there is no surface nitrogen and that the nitrogen seen by Auger is actually sub-

surface nitrogen can not be ruled out.) This result suggests that at 673 K, where 

ammonia synthesis is carried out, the diffusion of nitrogen from the bulk is not an 

important process, in agreement with recent theoretical work [18J . These results 

also suggest that the nitrogen detected in URV does not reside on catalytic sites 

during ammonia synthesis, since rates are the same over nitrogen-free and nitrided 

Fe surfaces after ammonia pretreatment. Also, studies (section 8.3.2) of adsorbed 

nitrogen on Fe(111), which had not undergone ammonia pretreatment, agree with 

the idea that the surface concentration of nitrogen on Fe is determined by the gas 

phase ammonia concentration. N /Fe( 111) surfaces prepared at high conversion 

(5%) are not stable at low conversion (0.1% or 0.3%); the excess nitrogen being 

removed at low conversion. 



• 

CHAPTER 8: AMMONIA INDUCED RESTRUCTURING 139 

8.5.3 SEM Analysis of the Restructured Fe(lll) Surface 

In the case of the (111) face of iron the ammonia synthesis rate and stereo

graphic analysis help to characterize the restructured surface. The stereographic 

work gives an average angle of 18.2° ± 0.5° between plane a (figure 8.4) and the 

(111) surface. If the orientation of plane a is to be described by the Miller indices 

h, k, and 1, then h and k must be equivalent, since the vector describing plane a 

(h,k,l), is in the same plane as the <111> and <110> vectors. Considering planes 

which have Miller indices ranging from 0 to 3 and using the condition that h and 

k are equal leads to the conclusion that the orientation of plane a is (112), which 

intersects the (111) plane at an angle of 19.5°. (Planes which have values of h, k, 

and I greater than 3 were not considered due to the high surface free energy asso

ciated with such rough surfaces.) All the other planes considered fall well outside 

the value of 18.4° ± 0.5° arrived at by the SEM work performed in this study. The 

three-fold symmetry of the features (planes a, b, and c are equivalent) and the 

(111) surface require that planes b and c be the (211) and (121) surfaces which are 

equivalent to the (112) plane. The reaction rate studies support this assignment, 

since the restructured (111) surface shows only a small decrease in ammonia syn

thesis activity when compared to the clean Fe(111) surface. Research, presented 

in chapter 3, showed that the (211) surface is only slightly less active than the 

(111) face of iron. 

The high activities of the (111) and (211) faces of iron are usually attributed to 

the presence of C7 sites (Fe atoms with seven nearest neighbors) which are able to 

enhance the rate limiting step in the ammonia synthesis reaction, the dissociation 

of nitrogen. The presence of these highly coordinated sites might also explain 
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the increased dissociation rate of ammonia over the (111) plane of bcc tungsten 

relative to W(110) and W(100) [19]. It seems then that surfaces which expose 

C7 sites are stabilized by the chemisorption of atomic nitrogen and it would be 

thermodynamically favorable for the Fe(111) surface, with a surface free energy 

(-y) of 1460 ergs/em:, to restructure to the more densely packed Fe(211) plane 

(1'211 = 1350 ergs/cm2) [20], which contains C7 sites, in the presence of ammonia. 

8.5.4 The Effects of Aluminum Oxide and Potassium on 
the Restructuring of Fe 

The presence of AlrO Ii on the Fe surface does not seem to affect the restruc

turing process. Its presence is actually detrimental to the process, since the AlrO Ii 

seems only to block iron surface which could otherwise dissociate ammonia. This 

restructuring process is in sharp contrast to the case where aluminum oxide re-

structures iron in the presence of water vapor prior to ammonia synthesis [4 J. In 

this circumstance iron oxide is found to migrate on top of the aluminum oxide 

overlayer as a result of the oxidizing environment (water vapor). The major driv

ing force for this structural transformation is most likely compound formation 

between iron oxide and aluminum oxide. 

When nitrogen is the restructuring agent it is not thermodynamically favorable 

for iron nitride to cover aluminum oxide, probably resulting from the absence of 

a strong chemical interaction between iron nitride and aluminum oxide. Hence, 

AES finds aluminum oxide on the iron surface after AlrOy/Fe surfaces have been 

pretreated in ammonia. In the case of water vapor restructuring, AES finds that 

AlxO Ii leaves the iron surface region and resides under the active iron surface. 

The presence of potassium on Fe during ammonia pretreatment has no effect 
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Table 8.1: Results of SEM stereographic analysis of ammonia restructured Fe(l11) 
surface. 

Stereo Pair Tilt Do( X 103 mm)/5KX Zc(x104 mm) 8(0) Crystal Face 
1 0° 2.86 9.58 18.5 (112) 
- 20° 2.36 - - -
2 0° 2.52 8.42 18.5 _ (112) 
- 20° 2.08 - - -

3 0° 2.70 8.69 17.8 (112) 
- 20° 2.24 - - -

on the restructuring process when K is adsorbed alone or coadsorbed with AlxO!!. 

Thus, potassium does not seem to affect the structural promotion of ammonia 

synthesis catalyst either during ammonia treatment or when AlxO Ii surfaces are 

treated in water vapor, as shown previously in ~apter 6. 

8.6 Summary 

The ammonia induced restructuring of Fe(llO), Fe(100), and Fe(lll) surfaces 

has been reported. The restructured (110) surface becomes twice as active as 

the Fe(100) surface, while the restructured Fe(100) surface increases by a factor 

of four over the respective clean surface. The Fe(111) surface shows only a small 

decrease in ammonia synthesis activity upon ammonia induced restructuring. The 

kinetic data and temperature programmed desorption results suggest that Fe(100) 

and Fe(llO) restructure to highly active surfaces, which contain C7 sites, in the 

presence of ammonia. High coverages of nitrogen dissolved in the bulk and ad-

sorbed on the surface, after ammonia pretreatment, does not affect the ammonia 

synthesis kinetics. 
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A stereographic investigation of the restructured Fe(lll) surface suggests that 

surface planes of {211} orientation (which have been found to be highly active in 

ammonia synthesis) are developing on the surface, due to the high virtual pressure 

of nitrogen provided by the ammonia decomposition. The growth of the (211) 

surface orientations on the restructured (111) surface is invoked to explain the 

absence of a significant change in ammonia synthesis activity when the Fe(l11) 

surface is restructured. 
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Chapter 9 

FejRe, FejMo, and Fej Ag 
Bimetallic Systems for Ammonia 
Synthesis 

9.1 Introduction 

Most of this thesis has dealt with an atomic understanding of structure sensi

tivity, and the effects of aluminum oxide and potassium on iron ammonia synthesis 

catalysts. "Doubly promoted" iron is the most commercially used catalyst, be

cause of its activity and cost efficiency for the synthesis of ammonia. Improvement 

of this catalyst, through an understanding of the promoter effects, was the ulti

mate goal of this thesis, and chapter 7 dealt with this aspect. A slightly different 

approach for the improvement of ammonia synthesis catalyst is presented now. 

This chapter presents surface science and catalytic results on bimetallic iron -

rhenium, iron - molybdenum, and iron - silver surfaces for ammonia synthesis. 

Rhenium has been shown previously [1] to be active for ammonia synthesis 

and to be more resistant to poisoning by oxygen and sulfur than iron. Thus , it is 

of practical as well as fundamental importance to study the Fe/Re surface, which 

might prove to be more active and poison resistant than "doubly promoted" iron. 
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Molybdenum is a substrate which is known to be more reactive then iron in 

most surface reactions [2] and forms nitrides facially. The dissociation of nitrogen 

is accepted to be the rate limiting step over iron, so it is interesting to study 

a system where dissociation can occur over one component (i.e. Mo), and the 

hydrogenation of the nitrogen over another (i .e. iron). 

An interesting aspect of ammonia synthesis is structure sensitivity. By using 

Ag as a substrate (inactive alone for ammonia synthesis under the conditions used 

in this study), the effect of different numbers of iron layers on ammonia synthesis 

activity can be studied. 

The approach taken in studying these systems is to deposit submonolayer to 

multilayer concentrations of iron on rhenium, molybdenum, and silver single crys

tals. This procedure allows the growth mode, geometric structure and electronic 

structure of iron to be studied on the three different substrates. After charac

terization, high pressure ammonia synthesis is performed to study the bimetallic 

catalyst's activity. 

9.2 Results 

9.2.1 Growth Mechanism of Fe on Re, Mo, and Ag 

The growth of iron on Re(10IO) has been studied by Auger electron spec

troscopy and LEED. Figure 9.1 shows an AES uptake curve for Fe on Re(10IO), 

where the intensity of the Re(10IO) is plotted against Fe dose time (evaporation 

rate of Fe is constant). The plot shows three linear segments with different slopes, 

characteristic of layer by layer growth (see experimental section). The completion 

of the first monolayer of Fe occurs at 2 minutes evaporation time, while the second 
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and 6 minutes indicating the completion of the l· t , 2nd

, and 3rd layers. 
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and third layers occur at 4 and 6 minutes respectively. The same uptake curves 

were applied to obtain coverages of Fe on Re(1121) and Re(OOOl). 

Figure 9.2 shows uptake curves for Fe on Mo(100) and Ag(100). The figure 

shows that Fe grows layer by layer for at least three layers on Mo, and for two 

layers in the case of Ag. Previous work also showed that Fe exhibits an epitaxial 

layer by layer growth on Ag(100) for three layers, at which point island growth of 

the iron begins [3]. 

9.2.2 Structure of Fe on Re(lOlO), Re(OOOl), and Ag(lOO) 

Figure 9.3 shows low energy electron diffraction patterns obtained for the clean 

Re(1010) surface and for a surface with 1 ML and 4 ML of iron. The rectangular 

symmetry of the Re(1010) surface is observed in the LEED pattern, and with the 

evaporation of 1 ML of iron, the (1 xl) diffraction pattern is maintained, but with 

slight streaking between the substrate spots. This diffraction pattern persists up 

to 4 ML Fe coverage, but with an continuously increasing background intensity. 

This observation of an increasing background, suggests that the iron is starting 

to restructure, on the Re substrate, at high coverages (4 ML) of iron. Figure 9.3 

shows that at coverages above 4 ML the diffraction pattern changes, producing a 

diffraction pattern, showing hexagonal symmetry. 

Deposition of Fe on Re(OOOl) produced no supers·tructures. The only change 

which occurred was dimming of the Re substrate diffraction spots and an increase 

in the LEED background intensity. 

A LEED· study was not performed in this research for Fe/ Ag surfaces, but a 

previous study [3] has shown that Fe grows in .the fcc (100) orientation on Ag(IOO) 

for the first three layers at room temperature. It was concluded in this previous 
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Figure 9.2: Iron uptake plots on (a) Mo(100) and (b) Ag(100). Iron grows "layer 
by layer for at least three layers in the case of Mo(100) and for two layers on the 
Ag(100) surface. 
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Figure 9.3: LEED patterns for (a) clean Re(lOIO), (b) 1 ML Fe/Re(10IO), and (c) 

~4 ML Fe/Re(lOIO). 
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work that fcc Fe, which exists between 1173 Kana 1673 K, grew with an 11% 

lattice expansion over bulk fcc iron (interatomic spacing of 2.57 A). 

9.2.3 Electronic Structure of Fe/Re 

Ultra-violet photoelectron spectroscopy was used to characterize changes in 

the Re valence band structure, upon Fe deposition. Figures 9.4 and 9.5 show the 

density of states (DOS) profile for a clean Re(10IO) surface and for Fe/Re(10IO) 

surfaces. The most noticeable feature is the electronic state about 2 eV below 

the Fermi level. At ~ ML Fe coverage a state appears close to the fermi level, rep

resentative of the iron DOS profile. At 1 ML coverage the state is fully developed, 

and higher coverages of Fe cause little change in the UPS spectrum. 

Figure 9.6 shows the work function change, 6.<jJ (by UPS), as a function of Fe 

coverage. There is a rapid decrease in the work function until the Fe coverage 

reaches about 1 ML. After the maximum L':l<jJ, of -0.6 eV at ~1 ML coverage, 

there is a rise in the work function as higher Fe coverages are achieved. At low 

Fe coverage there is a large dipole set up, between the Fe and Re, which lowers 

the surface work function. As higher Fe coverages are obtained the work function 

starts to increase, since repulsion between neighboring dipoles result and charge 

transfer from the Fe to Re is decreased. At multilayer concentrations of Fe the 

surface work function becomes similar to that of bulk iron. 

9.3 Ammonia Synthesis Reaction Rate Studies 

Figure 9.7 shows the rate of ammonia synthesis over Fe/Re(10IO), as a function 

of iron coverage (determined by AES). The addition of iron, up to 4 ML, to 
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Figure 9.4: UPS spectra of: (a) clean Re(lOlO) and (b) t ML Fe/Re(1010) surfaces. 
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Figure 9.5: UPS spectra of: (a) 1 ML FejRe(1010) and (b) 8 ML FejRe(lOlO) 
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Figure 9.6: Change in work function, 64>, induced by varying coverages of Fe on 
Re(lOIO). 
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Re(lOIO) continuously enhances ammonia synthesis activity. The maximum rate 

increase, about a factor of 2.5, is achieved at an iron coverage of 4 ML. Further 

additions of iron starts to decrease activity. This decrease in activity occurs at 

the point at which Fe converts from its (1010) hexagonally close packed structure 

to bcc iron, probably with a (110) orientation, because the LEED pattern has 

three-fold symmetry. 

The activity of Fe(lOO) under identical conditions is 8xlO-9mol~"NH3, while the 
em -sec 

initial rate of ammonia synthesis for Re(lOIO) is 7.5x 1O-9mol;sNHa. The activity em -sec 

of 4 ML Fe/Re(lOIO) is 1.6x 1O-9mC:§~~3, a factor of 5 less active than Fe(100). 

The Re(112l) surface has an activity of 1.5xlO-9mol;"NHa. Figure 9.8 shows 
em -"ec 

the partial pressure of ammonia in the reaction loop, as a function of reaction 

time for different Fe/Re surfaces. The maximum rate enhancement which CQuid 

be achieved was at an Fe coverage of 3 ML. Even at this concentration the activity 

was 3. 74x 10-9mol~"NH3, still much less active than the (111) face of iron. Higher 
em -.ec 

coverages of Fe could not be stabilized under ammonia synthesis conditions. 

The Re(OOOI) surface was inactive with and without the addition of Fe during 

ammonia synthesis. This result suggests that Fe grows close packed on the Re 

basal plane, a conclusion which is consistent with the lack of activity. 

Similar to Fe/Re(OOOl), the Fe/Mo(lOO) and Fe/ Ag(lOO) surfaces were found 

to be inactive. Both the Fe/Mo(lOO) and Fe/ Ag(lOO) showed changes in the Fe 

coverages under reaction conditions. In the case of Mo, when 2 or more monolayers 

of Fe were deposited initially, the post ammonia synthesis AES showed an increase 

in the Mo 186 eV peak and a decrease in the Fe 652 eV peak. What was also 

observed, was a nitrogen 381 eV Auger peak, more intense than that which could 

be obtained on either Re or Fe single crystals. This result is expected, because 

of the stability of molybdenum nitride. A possible explanation for the increase 
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in the Mo AES peak is that the formation of the nitride removed the interaction 

between Mo and Fe, causing the Fe to form three dimensional islands. Dissolution 

of the Fe into the Mo bulk is unlikely, since in URV, where no nitrogen is present 

on the surface, the Mo and Fe Auger peaks show no change in intensity when the 

surface is heated to 773 K. In the case of Ag no more than 2 ML of iron could be 

stabilized on the Ag(100) surface under reaction conditions (773 K), even if 5 ML 

- 6 ML of iron were deposited at room temperature prior to ammonia synthesis. 

9.4 Discussion 

9.4.1 Growth of Fe on Re(10IO) 

Characterization of Fe growth has been carried out most extensively on Re(lOl0). 

Auger electron spectroscopy shows distinct breaks in the Fe uptake plot (see fig

ure 9.1). At the completion of the first monolayer the Re 176 eV Auger peak 

is attenuated by about 70%, in agreement with behavior of other bimetallic sys

tems [4]. The observation that the Re 176 eV signal is attenuated to such a great 

extent at the completion of the first monolayer, and almost fully after the third 

monolayer, supports layer by layer growth of the Fe. If Fe grew as three dimen

sional crystallites on the Re(10l0) surface, attenuation of the Re substrate Auger 

signal would occur much more slowly (see experimental AES section). 

Further support for layer by layer growth is provided by the LEED resu.1ts . 

Up to an iron coverage of 4 ML, the (lx1) pattern representative of hcp (1010) 

symmetry persists. This observation suggests that the interaction between the 

Re and Fe is strong enough to make it energetically favorable for Fe to grow 

hcp rather than bcc, its structure in the pure Fe system. The streaking between 
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the diffraction spots is probably due to the lattice mismatch between Fe and Re. 

Above 4 ML Fe coverage, the influence of the Re substrate is insufficient to affect 

the structure of the iron. This appears as a change in the LEED pattern, which 

shows that the iron collapses to the bcc structure, probably of (110) orientation. 

Iron growing in the (110) bcc structure would explain the decrease in ammonia 

synthesis activity at high coverages of iron (> 4 ML). 

9.4.2 Active Sites or Surface Work Function: Fe/Re(lOIO) 
and Fe/ Ag(lOO) 

In chapter 3, it was concluded that the presence of highly coordinated sites 

on a surface are more important than a low surface work function or an open 

surface structure. This conclusion is also supported by the present work on the 

Fe/Re(lOlO) and Fe/ Ag(lOO) surfaces. 

Figure 9.6 shows that the minimum work function for the Fe/Re surface is 

achieved at about 1 ML. Figure 9.7 shows that the maximum rate of ammonia 

synthesis occurs at 4 ML Fe coverage and'that this surface is about 1.5 times 

more active than the 1 ML FejRe(lOlO) surface, which has the lowest surface 

work function. Thus, the results presented in both figures show that there is no 

correlation between ammonia synthesis activity and surface work function. What 

seems to be important is the geometric structure of the surface. This conclusion 

is strongly supported by the rate measurements shown in figure 9.7, which show 

that the activity of the FejRe(lOlO) surface keeps increasing as more and more 

layers of Fe are deposited, up to 4 ML. This result implies that as Fe layers are 

deposited sites active for ammonia synthesis (highly coordinated surface atoms) 

are produced. For example, if Fe(l1l) could be grown on an inert substrate, then 
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it would take 3 or 4 layers of iron to produce ammonia, since it takes this much 

Fe to produce C1 sites. 

The same conclusion is reached in the Fe/ Ag(lOO) case. Even though 2 ML of 

iron can be stabilized on the Ag(lOO) surface under ammonia synthesis conditions 

there is no measurable ammonia synthesis rate. This result suggests that not 

enough iron can be stabilized to form an active surface. 

9.5 Summary 

The structure and ammonia synthesis activity of Fe/Re, Fe/Mo, and Fe/ Ag 

surfaces has been studied. It is found that the addition of Fe t~ the (1010), and 

(1121) faces of Re enhance the activity relative to the respective clean Re surfaces. 

In the case of Re(10l0), the adsorbed Fe is found to adopt a hcp (1010) geometry 

. for the first 4 ML. Higher coverages cause the iron overlayer to reconstruct to the 

bcc (110) face. It is also found that ammonia synthesis over Fe/Re(10l0) is not a 

function of surface work function, but instead it is a function of surface geometric 

structure. This conclusion is also supported by work on the Fe/ Ag(lOO) surface, 

which is inactive with Fe concentrations up to 2 ML, suggesting that more iron 

layers are required to produce active sites (~4 ML). 

The Re(OOOl) surface, with or without adsorbed Fe, is inactive for ammonia 

synthesis at 773 K. The Mo(lOO) and Fe/Mo(lOO) surfaces are also found to be 

inactive for ammonia synthesis. Iron grows layer by layer on the Mo(lOO) surface 

for at least three layers. Under ammonia synthesis conditions a strong Mo nitride 

is formed which causes the interaction between Fe and Mo to be removed, causing 

the Fe to adopt a three dimensional island configuration. 
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Chapter 10 

Summary 

10.1 Structure Sensitivity of Ammonia Synthe
sis Over Iron 

High pressure kinetic results, presented in chapter 3,. for ammonia synthe-

sis over Fe(210) and Fe(211) surfaces, in addition to the Fe(I11), Fe(100), and 

Fe(110) surfaces, show that the presence of highly coordinated sites are more im

portant than surface roughness for high catalytic activity. Both the (111) and 

(211) faces of iron, which expose C7 sites, were found to be of comparable activity 

and had much greater activity than the (210), (100), and (110) faces, which fail to 

expose highly coordinated sites. It was concluded that surface roughness on iron 

ammonia synthesis catalysts is only important to the extent that it can expose 

highly coordinated sites . 

Research carried out in chapter 9, on the structure and ammonia synthesis ac-

tivity on bimetallic Fe/Re(1010) and Fe/ Ag(100) surfaces, supports the contention 

that active sites (i.e. C7 sites) are more important than surface roughness. It is 

shown that the activity of the Fe/Re(1010) surface is independent of surface work 

function, but strongly dependent on the number of iron layers adsorbed on the 
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Re(1010) surface. It is also shown that only 2 ML of iron can be stabilized on 

the Ag(100) surface (Ag alone is inactive for ammonia synthesis) during ammonia 

synthesis. The two layers of iron are found to be inactive for ammonia synthesis, 

again implying that more layers of iron are needed to produce active sites. 

10.2 Promoter Effects of Potassium 

The promoter effects of potassium on ammonia synthesis have been investi

gated over the Fe(llO), Fe(lOO), and Fe(lll) surfaces under high pressure con

ditions. A coverage of 0.15 ML is the maximum amount of potassium that ~an 

be stabilized on the iron single crystals under ammonia synthesis conditions. Ad

sorbed potassium has no measurable effect on the inactive Fe(llO) surface. How

ever, adsorbed potassium increases the rate of ammonia synthesis markedly over 

the Fe(I11) and Fe(lOO) crystal faces. The promotional effect becomes enhanced 

as the reaction conversion increases. For example, at an ammonia partial pres

sure 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 presence of potassium 

changes the ammonia reaction order from -0.60 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(I11). However, within experimental error, there is no change in 

the activation energy, when potassium is present, suggesting that the mechanism 

for ammonia synthesis is not changed. 

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

catalytic sites, which have the ability to dissociate nitrogen, by adsorbed ammonia 

and atomic nitrogen. Potassium lowers the concentration of adsorbed ammonia on 

the surface, making more sites available to dissociatively chemisorb nitrogen." The 
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model suggests that an additional promoter effect by potassium is a 30% enhance

ment of the rate of ni trogen dissociation on Fe( 111) and Fe( 100), further increasing 

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

nitrogen chemisorption studies on Fe and K/Fe surfaces in UHV (chapter 4). 

10.3 Promoter Effects of Aluminum Oxide 

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

por causes surface restructuring. The restructured Fe(110) and Fe(100) surfaces 

become as active as the clean Fe(l11) surface for ammonia synthesis. The restruc

tured Fe(l11) exhibits a slight decrease (about 5%) in activity when compared to 

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

vert to their unrestructured orientations within one hour of ammonia synthesis. 

The same restructuring on the Fe(110), Fe(100), and Fe(111) surfaces can be 

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

20 Torr of water vapor restructures the AlzOII /Fe(100) and only 0.4 Torr of water 

vapor is needed to restructure the AlzOII /Fe(110) surface, so that they become as 

active as the Fe(l11) face in ammonia synthesis. The restructured AlzOJ.,fFe(llO) 

and AlzOII/Fe(lOO) surfaces maintain their activity for longer than four hours 

under ammonia synthesis conditions. The formation of iron aluminate in the iron 

near surface region is invoked to explain the stability of the restructured AlzOy/Fe 

surfaces. 

The reaction rate studies and ammonia temperature programmed desorption 

results suggest that planes containing C7 sites, such as the Fe(211) and Fe(111) 

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

aluminum oxide. However, only when aluminum oxide is present will these active 
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surfaces remain stable, and not reconvert to less active surfaces (i.e. Fe(llO) and 

Fe(lOO) planes). 

10.4 Coadsorbed Aluminum Oxide and Potas
sium 

The coadsorption 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 

potassium should be added afterwards. Using this procedure, the activity of the 

Fe(llO) surface can be increased to such an extent that it exceeds the activity 

which is observed over clean Fe(l11), at an ammonia partial pressure of.20 Torr 

(PN ,=5 atm and PH2=15 atm). Restrq.cturing with Al",Oll produces a surface as 

active as Fe(111), and potassium contributes an additional two-fold increase. 

The application of these results to the industrial catalyst seems to be war

ranted. The industria! catalyst is prepared by fusing 1-3% by weight of aluminum 

oxide and potassium to iron oxide. This catalyst precursor is reduced, to the active 

catalyst, in a stoichiometric mixture of nitrogen and hydrogen. This procedure 

has been reproduced in the combined UHV / high pressure studies presented in 

this thesis. The promoter effects of aluminum oxide in the industrial catalyst re

sult from its interaction with the iron oxide during the preparation stage. This 

interaction probably results in iron aluminate formation, and this prevents planes 

such as Fe(l11) and Fe(211), formed during reduction, from converting to more 

thermodynamically stable planes, such as the less active Fe(llO) and Fe(100) sur

faces. The presence of potassium seems to have little to do with this structural 

promotion. Actually, its presence during this step might inhibit the full promo-

• 



.. 

CHAPTER 10: SUMMARY 165 

tional 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 restructuring process . 

10.5 Ammonia Induced Restructuring of Iron 

Ammonia, like water vapor, has been found to restructure Fe(llO), Fe(100), 

and Fe(lll) surfaces. Treatment of Fe(llO) and Fe(lOO), prior to ammonia syn

thesis (50 Torr, 723 K, 30 min) enhances their ammonia synthesis activity. The 

restructured Fe(llO) becomes as active as unrestructured Fe(lOO), while ammonia. 

pretreatment of Fe(lOO) increases its activity four-fold. Temperature programmed 

results and the kinetic data suggest that C7 sites are created during the ammonia 

pretreatment. Treatment of Fe(lll) with ammonia produces surface morphology 

changes, as observed by SEM, but ammonia synthesis activity is unaltered. The 

post reaction ammonia TPD is also unchanged, when compared to unrestructured 

Fe(lll). An SEM stereographic analysis shows that Fe(21l) planes are formed on 

the Fe(1l1) surface during the restructuring process. This is consistent with the 

results already presented, which show that Fe(211) ammonia synthesis activity is 

similar to Fe(lll) and the Fe(211) ammonia TPD profile is also similar to Fe(lll). 

Furthermore, it was shown that amm<z:nia restructured surfaces have high con

centrations of dissolved and adsorbed nitrogen. Removal of surface nitrogen does 

not influence the catalytic activity of the iron, suggesting that this strongly bound 

nitrogen is not important in explaining ammonia synthesis kinetics. 
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Appendix A 

Ion Scattering Spectroscopy With 
UTI Mass Spectrometer 

A.I ISS With Mass Spectrometer 

Most surface science techniques, which yield information about composition, 

such as AES or x-ray photoelectron spectroscopy (XPS), are not capable of giving 

solely top atomic layer sensitivity. For example, electrons which are generated in 

the Auger process' might have sufficient kinetic energy to escape the solid, and be. 

detected from the first 4-5 layers, if the Auger electron has an energy of about 

600 eV (see chapter 2 on mean free path of electrons). 

The use of Ion Scattering spectroscopy (ISS) can alleviate this dilemma, be

cause information obtained from this technique is from the outermost layer [1]. The 

technique involves bombarding a surface with low energy ions (usually 500 eV -

2000 e V ions) and detecting the energy of the ion after it has scattered from the 

surface. The ion loses a characteristic amount of energy at a surface, which de-

pends on the mass of the surface atom it scattered off of. By detecting the energy 

of the scattered ions, surface composition of the outermost atomic layer can be 

determined. The surface sensitivity results partly from the size of the ion and 

e' 
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its low initial energy, but the major reason for the surface sensitivity is due to 

the high probability of reneutralization of He+ that scatters from more than one 

surface atom (multiple scattering) or penetrates past the top layer. Thus, the fact 

that only the fraction of He+ which stays ionized after its collision with the surface 

is detected accounts for the surface sensitivity of the technique. 

Assuming that the ion undergoes only one scattering event at the surface and 

using conservation of energy and momentum the energy of the scattered ion(E) 

can be accurately determined by the following relation: 

(A.I) 

where A=~, Ml is the mass of the surface atom, M2 is the ion mass, Eo is the 

primary ion energy, and <P is the scattering angle. 

A.2 Experimental Equipment 

To perform the ISS experiment a standard ion source is used along with a 

cylindrical mirror analyzer(CMA) or hemispherical analyzer for energy resolving 

the scattered ions. :This has restricted ISS, in the past, to UHV chambers which 

include high resolution and costly analyzers. However, most systems include a 

quadrupole mass spectrometer and a method is described in the next section which 

shows that the mass spectrometer can be modified, so that it can energy resolve 

ions, as well as mass resolve them. 
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A.3 Modification of Mass Spectrometer 

Figure A.l shows a schematic representation of an UTI mass spectrometer 

which was modified for energy resolution. Between the ionizer section and the 

quadrupole mass filter is mounted a four grid retarding analyzer, similar to the 

RFA which is used in AES. Schematics of the grid system are shown in figures A.2 -

A.4. The first and fourth grids are grounded and the second and third grids, which 

are mounted on the top and bottom of plate 2 are used to apply an electrostatic 

potential. 

The UTI mass spectrometer electron multiplier is replaced with a channeltron 

and the feedthrough, in the base plate of the probe, which used to supply voltage 

to the Faraday cup of the electronmultiplier, is used instead to apply voltage to 

the retarding grids. 

A.4 Performing ISS 

The experiment is performed by ramping the second and third grids from 

Ur=O eV to Ur=Eo. As in AES, the retarding potential, Ur is modulated with an 

about 30 volts (peak to peak) ac with a frequency, w, of 2500 Hz. The quadrupole 

filter is tuned to the ion mass and the signal from the channeltron is put into a 

lock-in amplifier, with the reference channel tuned to w. The ionizing filaments 

are kept off in the ISS mode, since reionizing helium, which becomes neutralized 

at the surface, will decrease the surface sensitivity of the technique (see section 

A.I). 

By tuning to w, the lock-in amplifier output is proportional to the number of 

c .. • 
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ions at energy E (N(E)). Experimental data for ISS of Pt, with> 1 ML adsorbed 

potassium, and tungsten oxide is shown in figure A.5, where N(E) is plotted against 

ion kinetic energy. The appearance of only K from the K/Pt surface, and oxygen 

from the tungsten oxide surface, exhibits the surface sensitivity of the technique . 

The ability of this setup to obtain an ISS spectrum by using signal analysis, similar 

to that used in AES, is an advantage over ISS experiments performed with a CMA 

or hemispherical analyzer. Using a CMA or hemispherical analyzer necessitates 

the use of pulse counting electronics, since the ion transmission through these 

analyzers is low relative to the qua"drupole in a mass spectrometer (transmission 

through the added retarding grids is R: 80%). This makes data aquisition easier 

for the present system. 

The increased signal with the energy resolving mass spectrometer also sug

gests that lower incident primary beams can be used , minimizing surface damage 

caused by the scattering technique. This might require pulse counting the signal, 

obtaining the spectrum, Iv:. N(E)dE, and then differentiating the spectrum with 

a computer giving the standard N(E) spectrum. This has not yet been tried, but 

might prove to be the most useful feature of using the modified mass spectrometer 

for ISS. 

A.5 Mass Resolution of Ions 

Mass resolution is needed in the ISS experiment, because ions scattering off 

the surface sputter surface atoms. The use of He+ as the scattering ion minimizes 

damage to the surface. The sputtered atoms will increase background, so they are 

removed with the quadrupole mass filter. This is a major advantage of modifying 

a mass spectrometer for energy analysis, rather than using a CMA to perform 
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ISS. When a CMA is used there is no mass selection and this leads to a high 

background sign8.I, due to sputtered fragments from the surface at low energies. 

For example, He+ scattering off Li is difficult to see, if only a CMA is used [2], 

since the low energy He+ which results after scattering is lost in the background 

signal. 

For maximum mass resolution in the UTI mass spectrometer, an jon should 

have an energy of about 25 eV when it enters the quadrupole section. Most 

sputtered fragments which come off the surface have energies in this range, so 

they are effectively filtered out and do not interfere with the scattered ion signal. 

However, the scattered ion in ISS can enter the quadrupole region at energies 

ranging from 0 eV to 500 eV, depending on the surface composition, arid assuming 

a 500 e V initial beam- energy. As the energy of the ion increases, the number of 

oscillations the ion undergoes in th~ quadrupole electric field is decreased. Thus, 

resolution of the ions decreases with increasing kinetic energy. For He+ scattering, 

mass 4 gives a strong signal, but tuning to masses below 2 and above 6 give no 

signal, suggesting that even high energy helium ions can be resolved fairly well. 

Resolution becomes progressively worse for heavier ions such as Ne+ and Ar+. In 

the case of Ar+ scattered ions can be detected between 0 amu and 100 amu. A 

way to correct this is to float the quadrupole rod at a voltage, Ve, where Ur-Ve 

~ 25 e V. This will give the ion an energy of ~ 25 e V as it enters the quadrupole 

reglOn. 

What must be considered, if each ion does not have the same pass energy, is 

whether the transmission of the ion through the quadrupole region will change as 

a function of energy. To test this, experiments were performed with He+ and Ne+ 

in which the detection system was tuned to mass 4 and 20 respectively and where 

the quadrupole region was grounded so there was no mass resolution. At least, for 
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He+ and Ne+ the ISS spectra did not seem to change greatly. This is most likely 

due the high transmission (almost 100%) of light ions through the quadrupole 

regIOn. 

A.6 Use as a Mass Spectrometer 

When not bei~g used for ISS the system can be once again be used as a mass 

spectrometer with minor changes. The ionizer filaments are now turned on and 

the retarding grids (2nd and 3rd
) are grounded or floated at a negative energy (~ 

20 eV) to extract the ions from the ionizer region. The signal from the channeltron 

is led into the UTI mass spectrometer. 

To rapidly change between ISS and mass spectrometer mode it is convenient 

to splice two of the cables on the probe connecter head. The collector signal and 

faraday cup cables can be spliced and SHY connectors installed on both sides. In 

ISS mode the cables are separated enabling the cable which carries the signal to 

be plugged into the lock-in amplifier and the modulated voltage to be connected 

to the 2nd and 3rd grids through the faraday cup cable. In the mass spectrometer 

mode the cables are simply reconnected. 
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