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The Importance of C
7 

Sites and Surface Roughness 

in The Ammonia Synthesis Reaction Over Iron 

In thi s note we present data which further supports the contenti on that C7 

sites (Fe atoms with seven nearest neighbors) are those most active in iron 

ammonia synthesis catalysts. Previous work in our laboratory showed that the 

synthesis of ammonia from its elements is a very structure sensitive reaction (1 

). It was found that the rel ative order of acti vi ty for ammoni a fa rma ti on was 

Fe(111) '}" Fe(IOO) )·"Fe(llO). Related studies on iron single crystals have shown 

the same relative order of activity for dissociative chemisorption of nitrogen ( 

·2,3), the rate limiting step in the ammonia synthesis reaction (4,5). The 

nitrogen dissociation results were explained by the observation of an increasing 

activation energy for dissociation in the sequence Fe(111)'< Fe(IOO)(Fe(110) 

(4) • 

It has been suggested that the high activity of the Fe(lll) surface is 

related to the presence of C7 coordination sites, which are in the second and. 

third layers and are exposed to the reactant gases (1,6). A second possibility 

that could not be ~xcluded from the previous results is that the Fe(lll) surface 

is very open (second and thi rd 1 ayer atoms are exposed), suggest; ng that the 

high catalytic activity is due to .the high surface free energy and low work 

function characteristic of a rough surface. High pressure kinetic results 

presented here of ammmonia synthesis over Fe(210) and Fe(211) surfaces in 

addition to the Fe(111), Fe(IOO) and Fe(IIO) surfaces show that the presence of 

highly coordinated sites is more important than surface roughness for high 

catalytic activity. 
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The apparatus used (1) consists of an ultra high vacuum (UHV) chamber with 

a retarding field analyzer for low energy electron diffraction (lEEO) and Auger 

electron spectroscopy (AES) to determine surface structure and composition, 

respectivelyc An ion sputteri ng gun is used for sampl e cl eani ng. A hi gh 

pressure cell whi ch can be closed to i sol ate the sampl e from the UHV envi ronment \," 
) 

is connected to an external loop. The reactant gases, 15 atm hydrogen and 5 atm 

nitr.ogen, were continuously circulated over the single crystal samples via a 

positive. displacement pump. Gas samples were periodically withdrawn through a 

sampling valve into a photoionization detector with a 10.2 eV lamp to determine 

the partial pressure of ammonia (nitrogen and hydrogen are not detectable at 

this photon energy). After react; on the cell is evacuated and reopened to UHV 

where the sampl e 1"s analyzed by lEED and AESe The si ngl e crystal sampl es used 

were on the average lcm2 di scs about 1 mm thi ck. They were cut and po 1i shed 

by standard metallurgical techniques. The major 'fmpurities in the samples were 

. (-6 sulfur and carbon. The sulfur was removed by prolonged sputtering 4-5xl0 

A/cm2) whil e the sampl e was hel d at 873 Ke Carbon was removed by treati ng the 

sampl e w; th 10-7 Torr of oxygen whil e sputteri ng. The sampl es were anneal ed 

at 873 K for 2 mi nutes after sputteri ng. Surface structures were veri fi ed by 

lEED. The ammonia synthesis rate was determined under identical conditions over 

all five different iron single crystal samples in this study ( 20 atm of a 
., 

stoichiometric mixture of N2 and H2 at 673K). 



,9 

- 3 -

Schemati c representati ons of. the five· iron crys ta 1 uni t cells are shown in 

Fi gure 10 The di fference in surface roughness between the di fferent pl anes can 

be quantified by the use of work function measurements ( close packed faces have 

higher work functions then open faces) (7). The work functions of all the iron 

faces we have studied are not available but those of tungsten, another bcc metal 

which shows structure' sensitivity towards the decomposition of ammonia similar 

to iron(S) have been tabulated(9). The work function of the tungsten surfaces 

increase in the following order: The 

Fe(2l0) plane contains no C
7

.sites but it is an open f~ce' exposing, second and 

third layer atoms, much like the Fe(lll) plane while the Fe(2ll) crystal 

contains C
7 

~1tes' but it is less open then the Fe(lOO) face based on the work 

function measurements. The relative rates of ammonia synthesis shown in Figure 

2 clearly show that the Fe(211) crystal orientation 'is almost as active as the~,~¥.l 

Fe(Ul) plane while: the Fe(2l0) face is. less active then the Fe(lOO) plane. If 

surface roughness was the important ingredient for an active catalyst· then we 'f, 

would expect the Fe(2l0) face to be the most active face and the Fe(21l) plane 

to be less active then the FeUOa) face. Our results are contrary to this and 

we must conclude that the C7 sites (the most highly coordinated surface site 

Fe can expose) are more important then surface roughness in the ammonia 

syn thes is react; on e 

, 
Theoretical work that correlates high cataytic activity with highly 

coordinated sites (i.e. the C7 site in Fe) has been performed by Falicov and 

SomorjaHlO). Their calculations suggest that highly coordinated metal atoms 

wi 11 show the greatest catalytic acti vi ty because these are the atoms which 

experience the largest electronic charge fluctuations within the solid. Since 

the Fe(Ul) and Fe(211) crystal faces are the the only samples used in this 

study which expose highly coordinated, bulk-like metallic atoms to the reactant 

gases(nitrogen and hydrogen) they would be expected to show increased catalytic 
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activity. The same conclusions can be draW'ln from the structure sensitivity of 

rhenium in the ammonia synthesis reaction (11). Here the Re(1121) face W'las 

found to be the most active crystal orientation studied. Like iron W'lhere the 

Fe(l1l)· and Fe(211) faces contain highly coordinated C7 sites, the Re(1l21) 

plane exposes highly coordinated C
ll 

and CIO sites. . Suface roughness on the 

ammoni a synthe~i s catalyst is only important to the extent that it can expose 

these highly coordinated surface atoms. 

Acknowledgement 

Thi s W'lork W'las supported by the Di rector, Offi ce of Energy Research, Off .. ·::e 

of Basic Energy Sciences, Materials Science Division of the U.S. Department of 

Energy under contract number DE-AC03-76SF00098. J. Carrazza acknoW'lledges CEPET 

of Venezuela for a research fellowship. 



- 5 -

REFERENCES 

(1) Spencer, N. 0, Schoonmaker, R. C, and Somorjai, G. A., J. Catal. 74, 
,I.) 129(1982) • 

(2) Bozso, F., Ertl, G., Grunze, M.and Weiss, M. , J. Catal. 49, 18(1977). 

(3) Bozso, F., Ertl, G., and Weiss, M. ,J. Catal. 50, 519(1977). 

(4) Ertl, G., Catal. Rev-Sci. Eng., 21(2), 201(1980). 

(5) Emmett, P. H., and Brunauer S., J. Am. Chern. Soc., ~, 1553(1937). 

(6) Oumesic, J. A., Topsoe, H., and Boudart, M., J. Catal. 37, 513(1975). 

(7) Smoluchowski, R., Phys. Rev., 60,66"1(1941). . . 
",~~i 

(8) McAllister, J. and Hansen, R. S., J. Chern. Phys., 59, 414(1973). 

(9) Holzl, J., and Schulte, F. K., "Work Function of Metals", in Solid 

Surface Physics, Springer-Verlag, Berlin, 1979. 

(10) Falicov, L., and Somorjai, G. A., Proc. Nat. Acad. Sci., 82, 

2207 (1985). 

(11) Asscher, M., Carrazza, J., Khan, M. M., Lewis, K. B. and Somorjai, G.A 

J. Catal., accepted. 



- 6 -

FIGURE CAPTIONS 

FIGURE 1 

Schematic representations of the five iron single crystal surfaces. 

The coordination number for each surface atom is indicated. 

FIGURE 2 

The rate of ammonia synthesis over the five surfaces studied 

exhibiting the structure sensitivity of the reaction. 
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