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INTERACTIONS OF NITROGEN AND HYDROGEN ON IRON SURFACES
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Interactions between nitrogen and hydrogen on single and polycrystalline Fe surfaces were
studied by thermal desorption and Auger spectroscopy under UHV conditions and by applying
total pressures up to about 1 atm. Molecularly adsorbed nitrogen, N2,ad,iS displaced from the
surface by admission of hydrogen. Adsorbed hydrogen in turn inhibits adsorption of molecular
nitrogen and as a consequence lowers the rate of dissociative nitrogen adsorption (which pro-
ceeds through Nj ad). Ammonia synthesis is therefore most favourably run under conditions
where the stationary Hyq-concentration is not too high, which will usually be fulfilled at the
rather high reaction temperatures (2 700 K), even if the H, pressure is high. Adsorbed atomic
nitrogen, Ng, on the other hand, blocks the sites for hydrogen adsorption, so that also the sta-
tionary Ng-concentration should not be too high. That this latter condition will be fulfilled with
a stoichiometric N, + H, mixture at 72 580 K (as long as NH3 decomposition plays no impor-
tant role) was demonstrated by means of high pressure studies in which the stationary Ng-con-
centration was determined after evacuation. These measurements showed unequivocally that
under the stated conditions dissociative nitrogen adsorption is the rate-limiting step of ammonia
synthesis. Complications arise from bulk dissolution and surface segregation of atomic nitrogen
which processes are affected by the presence of hydrogen.

1. Introduction

The synthesis of ammonia from hydrogen and nitrogen over iron catalysts is one
of the most important catalytic processes [1]. Application of surface spectroscopic
techniques to real catalysts as well as model systems (in particular clean single crys-
tal surfaces) [2] vielded rather detailed insight into the surface properties of the in-
dividual components from which a consistent picture on the overall reaction mecha-
nism could be developed [3]. The kinetics of the synthesis reaction itself is, how-
ever, in principle not diréctly accessible to low-pressure studies (i.e. < 104 Torr)

* Present address: Michael Wagner, Biiro fiir Unternehmensberatung, Miinchen, FRG.
** Present address: Department of Chemical Engineering, Stanford University, Stanford,
California, USA.
* Present address: Institute of Isotopes, Hungarian Academy of Sciences, Budapest, Hungary.
# Present address: Perkin—Elmer, Miinchen-Vaterstetten, FRG.

0378-5963/81/0000--0000/$ 02.75 © 1981 North-Holland



374 G. Ertl et al. [ Interactions of N, and H, on Fe surfaces

for thermodynamic reasons: In the temperature range applied in practice (~ 700 K)
the equilibrium is completely shifted towards the side of the reactants and notice-
able NH; yields can only be obtained if the total pressure is of the order of at least
1 atm. If, on the other hand, the temperature is considerably lowered (which would
thermodynamically favour the product formation) the rate of ammonia production
becomes too small.

The present work intends to contribute to this problem in two different and
more indirect ways: First the mutual influence of hydrogen and nitrogen on their
adsorption properties are studied under low-pressure conditions. Thereby it turned
out that preadsorbed hydrogen inhibits adsorption of nitrogen and vice versa from
which it is concluded that the steady-state reaction is most favourably run under
conditions where the coverage of both reactants is not too high. Secondly a series
of experiments was performed with total pressures up to nearly 1 atm (where NH,
is actually formed in measurable quantities) and the surface was analysed subse-
quently after evacuation. Knowledge of the thermal properties of the surface spe-
cies enables in this case information on the surface concentration of atomic nitro-
gen under reaction conditions. These data confirm unequivocally that dissociative
nitrogen adsorption is the rate-limiting step in a stoichiometric N,:H, mixture at
T 2 580 K and demonstrate furthermore that the steady-state surface concentra-
tion of atomic nitrogen is indeed rather low under these conditions.

Complications may arise from the dissolution and surface segregation of atomic
nitrogen which latter process may be accelerated by the presence of hydrogen as be-
came evident in the present context.

2. Experimental

Two different UHV systems with base pressures around 2 X 10~10 Torr were
employed: The first one was a conventional apparatus for low pressure studies (p
< 104 Torr) equipped with facililities for LEED, AES, thermal desorption mass
spectrometry (TDS), and contact potential measurements (Ay) by means of the
vibrating condensor technique. The second system allowed the application of pres-
sures up to about 1 atm and is shown schematically in fig. 1. The stainless steel reci-
pient is equipped with a manipulator to which the sample was attached, an argon
ion gun, an electron gun for AES, a retarding field electron analyser for AES devel-
oped in our laboratory [5], a quadrupole mass spectrometer (Balzers QMG 111A)
which could be differentially pumped through a variable leak valve, a UHV compa-
tible membrane manometer (Kontron P 20X + UM80) for the pressure range be-
tween 0.1 and 1500 Torr, and two ionisation gauges covering the pressure range be-
tween 10~11 and 1 Torr. A copper tube to which a Cu foil was welded could be
filled with liquid nitrogen and served as a cryopump for NH; and H,O (which
could be present in traces during the high pressure measurements). The recipient
was separated from the pumps by a gold wire sealed 6” gate-swing valve. Pumping
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Fig. 1. UHV apparatus for studies at pressures up to 1 atm.

was achieved by a combination of a turbomolecular pump (TUP 200), an oil diffu-
sion pump with water-cooled baffle, and a two-stage rotary pump (Balzers). The ef-
fective pumping speed at the recipient was determined to be about 130 £/s which
allowed evacuation from 103 to 10~? Torr within a few minutes. The gases could
be admitted to the recipient through high pressure valves connected with standard
UHV valves through bakeable stainless-steel tubes. H, and N, were purified from
condensable gases (H,0, CO,, etc.) by flow through liquid N, cooled traps.

Either single crystalline or polycrystalline (wire, or disc) Fe surfaces were studied.
The former were cleaned by standard argon ion bombardment/annealing cycles [5].
The wire was first degassed by keeping it for 10 h at 1000 K, and subsequently the
surface was cleaned by repetitive oxidation/reduction cycles with O, + H, at tem-
peratures up to 950 K. In all cases the Auger spectrum exhibited less than a few
percent of carbon as the only remaining surface contamination.
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3. Results and discussion
3.1, Influence of hydrogen on adsorption of molecular nitrogen

Dissociative nitrogen adsorption was found to proceed through N, = N, .4 >
2N, [6,7]. The properties of the molecularly held species on both clean and K-
doped Fe surfaces have been investigated separately in detail [6,8]. Fig. 2, curve a,
shows the thermal desorption spectrum for N, from a Fe(111) surface which was
precovered with 1.1 X 101 K-atoms/cm? and subsequently saturated with N 4
by exposure at 140 K. The spectrum consists of two peaks («; and a,) arising from
adsorption of N, at bare Fe sites and at sites in the vicinity of adsorbed K, respec-
tively [8]. The same experiment was repeated except that prior to thermal desorp-
tion the surface was in addition exposed to 22 L H,. (The adsorption of hydrogen
alone on clean Fe single crystal surfaces has been studied in detail previously [9]).
Curve b is the resulting thermal desorption trace for N,: Since NH; formation at
these low temperatures can clearly be ruled out, these data show that hydrogen is
able to displace preadsorbed molecular nitrogen from the surface.

This result suggests that preadsorbed hydrogen atoms are also inhibiting the ad-
sorption of molecular nitrogen. Qualitative confirmation for this conclusion was ob-
tained by the following experiment: A Fe(100) surface precovered with 1.6 X 1014
K-atomsfcm?2 was nearly saturated with adsorbed (atomic) hydrogen and then ex-
posed to N, at 155 K and PN, = 2 X 10~% Torr. The uptake of Nz’ aq Was followed

Q;

—
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Fig. 2. Thermal desorption spectra for N, (at saturation coverage) from Fe(111) covered with
1 X 10!* K-atoms/cm?: (a) without hydrogen, (b) after preexposure to 22 L. H, prior to N,
admission.
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by continuously recording the work function change Ag. It turned out that the
maximum Agy variation which could be reached in this way was only about 20% of
the value obtained without the presence of preadsorbed hydrogen. Upon evacuation
the small amount of Ny aq desorbed completely (at 155 K) which would not have
been the case without the presence of H,4.

While with K-promoted Fe surfaces even at 155 K a slow conversion of Nj oq in-
to the atomic nitrogen species takes place, no such effect was observed to occur if
the surface was covered by hydrogen prior to N, admission.

These results lead to the following conclusion: Hydrogen may be adsorbed on a
surface already precovered with molecular nitrogen and lowers the adsorption ener-
gy of N, ,4. As a consequence the latter species desorbs at lower temperature (= dis-
placement of N, 4 by hydrogen) and has a higher activation energy for dissocia-
tion (according to the model presented in ref. [6]). At a given temperature and N,
pressure the equilibrium N, ,4-coverage will be smaller than in the absence of hy-
drogen.

3.2. Influence of hydrogen on dissociative nitrogen adsorption

According to the preceding conclusions dissociative nitrogen adsorption at ele-
vated temperatures is expected to be retarded by the presence of hydrogen rather
than to be accelerated. Above 400 K the rate of hydrogen adsorption as well as de-
sorption is much faster than any other surface process which might come into play
(i.e. nitrogen adsorption or ammonia formation) [9] so that the stationary H-cover-
age will be determined by the adsorption—desorption equilibrium for hydrogen
which might eventually be slightly influenced by the presence of other adsorbed
species (see below).

In a first experiment on a Fe(100) surface the increase of the N-concentration
as a function of N, exposure at 430 K was recorded by monitoring the AES peak
height of the N-signal (as in previous work [5]) without the presence of H, in the
gas phase. Then the same measurements were repeated with the presence of 2 X
10=6 Torr H,: The results were completely identical. Under these conditions the
steady-state coverage of H,4 is estimated to be of the order of less than 5% of a
monolayer (based on the separately determined adsorption properties of hydrogen
[9]). Obviously at such a small hydrogen coverage the adsorption of nitrogen is not
influenced to a measurable extend. It may further be concluded that at this low
temperature and H, pressure the hydrogenation of N is still much slower than the
dissociative adsorption of nitrogen, otherwise the N -concentration should also be
smaller in the presence of hydrogen since eventually formed NH3 would immediate-
ly desorb at 430 K.

Next similar experiments at 430 K were performed with Fe(111). Fig. 3, curve
a, shows the variation of the surface concentration of N as a function of N,-expo-
sure by applying an N,-pressure of 5 X 10—3 Torr. Curve b was obtained by using a
mixture of 5 X 10~3 Torr N, +1 X 103 Torr H,. Obviously the rate of Ng-forma-
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Fig. 3. Variation of the surface concentration of atomic nitrogen, [Ng], on Fe(111) with N, ex-
posure at 430 K: (a) clean surface, pure Ny (5 X 1075 Torr); (b) clean surface, N, + Hy mix-
ture (pN2 =5x10°° Torr, Py, = 5% 10°° Torr); (c) surface precovered with 1.8 X 10%4 K-
atoms/cm?, pure Ny (§ X 1073 Torr); (d) surface as for (c), N, + H, mixture (pN2 =5%x107°
Torr, pH, = 1 X 107 Tom).

tion has now become considerably smaller. The data of corresponding measure-
ments with a K-promoted surface (ngy = 1.8 X 1014 K-atoms/cmZ) are reproduced
by curves ¢ and d: Although the rate of N-formation is enhanced by the presence
of K, the addition of H, has a quite similar effect. The latter data show that the
maximum concentration of Ny is practically the same with and without H,, which
again indicates that under these (relatively low temperature) conditions hydrogena-
tion of Ny is still slower than its formation.

On Fe(111) at pyy, =1 X 10~ Torr and 430 K an appreciable fraction of the
surface will be covereé by H4 [9] which accordingly inhibits the adsorption of mo-
lecular nitrogen and thereby lowers the rate of the step N ad = 2N;. On the other
hand, N once formed will obviously not be influenced by hydrogen (displacement
or hydrogenation) under the present conditions.

3.3. Influence of preadsorbed atomic nitrogen on hydrogen adsorption

Now we ask the reverse question, namely in which way the presence of N influ-
ences the (dissociative) adsorption of hydrogen. Fig. 4, curves a and b, show ther-
mal desorption spectra for H,/Fe(110) after exposure of 6 and 200 L H; at 140K,
respectively. The latter exposure leads to a coverage near saturation [9]. Curves ¢
and d were recorded after identical H, exposures of a Fe(110) surface which was
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Fig. 4. Thermal desorption spectra for H,/Fe(110): (a) clean surface, 6 L H, exposure; (b)
clean surface, 200 L H, exposure (= saturation); (c) surface precovered with 2.6 X 1014 N-
atoms/em?, 6 L H, exposure; (d) surface as with (c), 200 L H, exposure.

precovered with 2.6 X 1014 N-atoms/cm2. Obviously the desorption temperatures
for H, are not altered, but the adsorbed amount is considerably lowered. It has to
be concluded that hydrogen adsorption takes only place at sites which are free of
adsorbed atomic nitrogen, i.e. Ny inhibits the adsorption of hydrogen. Since steady-
state ammonia synthesis will usually take place at surfaces containing only fairly
low Ng-concentrations (see below) this effect will, however, be of no marked impor-
tance for the kinetics of this reaction.

3.4. “High pressure” studies

The thermodynamic properties of the N5, H, system clearly rule out transfor-
mation into NH; to a measurable extent under the pressure conditions (s10-4
Torr) usually applied in UHV experiments. In order to approach this problem a
series of measurements was performed at pressures up to nearly 1 atm.

First a Fe wire (8 cm? surface area) was exposed to a 3:1 H, + N, mixture with
600 Torr total pressure. With the sample kept at 570 K after 22 h an NH; pressure
of 1.2 Torr was recorded, while the equilibrium partial pressure under these condi-
tions was calculated to be 6.2 Torr [10]. At T = 720K the equilibrium NH; pres-
sure would be 1.2 Torr, whereas after 72 h pny, = 0.8 Torr was recorded. These
data indicate that the surface used was indeed catalytically active, but that the rate
of NHj formation is far too low in order to enable kinetic measurements under
these conditions. This conclusion becomes quite plausible if one assumes that disso-
ciative nifrogen chemisorption is the rate-limiting step: The reaction vessel had a
volume of 15 € and therefore contained at PN, = 150 Torr about 1023 N,-mole-
cules. This pressure corresponds on the other hand to an exposure of about 108 L/s,
so that with a sticking coefficient of the order of 10~7 [5,11] about 1017 N,-mol-
ecules will be dissociatively adsorbed per second. That means that at least 106 s (=
300 h) are necessary in order to enable each N, molecule in the gas phase to be-
come dissociatively adsorbed once. The experiments to be described in the follow-
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ing were therefore always performed far from the equilibrium in the gas phase. That
means also that NH3 decomposition (= the backward reaction) can be neglected.
This estimate demonstrates on the other hand that the steady-state surface concen-
tration of N will be rapidly established if N, pressures of the order of 100 Torr are
applied (provided that not too severe interference with bulk effects occurs which
will be discussed later). The same holds of course also for the hydrogen coverage
since the rate of H, adsorption is faster by at least 5 orders of magnitude.

Qualitative confirmation of these conclusions was obtained by the following ex-
periments in which the surface was analysed by AES after a steady-state had been
reached under high pressure conditions and the recipient had been subsequently
evacuated. Before describing these data it is important to recall the thermal stability
of the various surface species as determined in previous studies:

(1) 2H,g > Hyat TS 500K [9], (i) Ny o9 > Ny at TS 160K [6],

(iii) 2N, > N, at T>700K [5,11], (iv) NH; ,q > NH; at TS 400K [12,13].

So it becomes evident that with experiments performed between 400 and 600 K
atomic nitrogen, N, will not be affected by subsequent evacuation whereas-all oth-
er species are desorbing. If bulk segregation/dissolution effects are minimized
(which will indeed be the case as discussed below) AES will in fact provide the actu-
al surface concentration of N which had been established under high pressure con-
ditions.

At first a Fe(111) surface was exposed at 580 K for 1 h to a mixture of 450
Torr H,, 150 Torr N,, and 6 Torr NH; which corresponds to the equilibrium com-
position of the gas phase under these conditions. After evacuation the surface com-
position was analysed by AES yielding 6) = 0.27 ([Ng] = 1.7 X 1014 atoms/cm?).
The same experiment performed without H, leads to the formation of a rather
thick laver of (bulk) Fe,N as described in detail elsewhere [14]. If instead the NH;
is omitted (i.e. only a N, + H, mixture is used) a nitrogen coverage of [N,] =7 X
1013 atoms/cm? resulted. The explanation is straightforward: In a N, + H, mixture
the stationary Ng-concentration is rather low since formation of this species is slow
compared to its hydrogenation. (In contrast to the experiments described in section
3.2 the temperature is now higher, causing the nitrogen dissociation step to be rate-
determining as will be discussed below. The concentration of NH; formed under
these conditions is much too low to affect [N;] by ammonia decomposition.) If
NHj; is added to the gas phase, decomposition of this molecule causes a higher N-
concentration which however, is still suppressed by reaction with hydrogen — other-
wise bulk nitride formation occurs [14].

The following measurements were performed in order to obtain some informa-
tion on the steady-state surface concentration of atomic nitrogen, [N,], under reac-
tion conditions. For this purpose a clean Fe(111) surface was exposed at 580 K for
about 30 min to 150 Torr N, at varying H, pressures. After subsequent evacua-
tion [Ng] was determined by means of AES.
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The rate of dissociative nitrogen adsorption at 580 K and py, = 150 Torr is
given by dN /ds = ry = s 5.8 X 1022 atoms/cm? s. The sticking coefficient at zero
coverage is 55 =4 X 10~ ~6 [4] and therefore the initial rate of N; formation is about
2 X 1017 atoms/cm? 5. The rate of hydrogen adsorption is much faster [9] so that
the steady-state surface concentration of the reactants will be reached very rapidly.

The resulting data for [N ], as a function of py, (at 7= 580 K and py, = 150
Torr) are reproduced in fig. 5. [N(] has a fairly constant high value up to about 50
Torr (ie. py,:pN, =~ 1:3), but then rapidly drops and attains a rather small value
at 450 Torr, i.e. with a stoichiometric mixture. Two very important conclusions can
be drawn from these data as will be explained below:

(i) Ammonia synthesis proceeds indeed via atomic rather than molecular nitrogen.

(i) In a stoichiometric Hy + N, mixture and at T 2 580 K dissociative nitrogen
chemisorption is the rate-limiting step of the synthesis reaction.

These conclusions are reached on the basis of the following arguments: Adsorp-
tion of nitrogen proceeds via Ny == Ny .4 = 2N, (1) so that two surface species,
N; .q and N, may exist. If ammonia synthesis would proceed through the molecu-
lar species, viz. N; ,q +6H,3 > NHj3, the parallel formation of Ny through N; .4 ~
2N, would lead to a continuous increase of [Ny 1 (which in this case would not be
consumed) so that under steady-state conditions the surface would always be satu-
rated by atomic nitrogen — which is obviously not the case.

. If, on the other hand, NH; is formed from atomic nitrogen, i.e. via Ny + 3H,4
= NHj (2), the steady-state concentration of this species will be determined by a
combination of the (consecutive) reactions (1) and (2):

d[N}/dt = s+/2nMRT pn, (= rate of dissociative adsorption) ,
~k[Ng1f([Hyq]) (= rate of hydrogenation) , 3)

=0.

Sf([H,q]) contains the reaction order with respect to the surface concentration of
atomic hydrogen, which in tumn is a unique function of the hydrogen pressure, py,
(as determined by the adsorption isotherm).

f([H,4]) will increase with increasing [H,q], and [H,4] will increase with increas-
ing py, (as long as saturation of the adlayer is not reached). The most s1mphﬁed
description is therefore obtained in terms of a power law: f([H,4]) = cpH where
the exponent x is positive and variable. At constant temperature (as underlylng the
measurements under discussion) eq. (3) can be reformulated as

d[Ng]/dt=c'pn, — " [N ]pfi2 =0,

yielding [Nglgeadystate = c" PN /pH As a consequence at constant py,, [N]
should decrease with increasing Hz pressure which agrees with the experimental
findings. A consequence of the formulation of the mechanism of NHj in terms of
the consecutive reactions (1) and (2) is that the first reaction (dissociative nitrogen
adsorption) is rate-limiting as soon as [Ng]geaqystate attains a rather low value. In-
spection of fig. 5 shows that this is indeed the case for a stoichiometric mixture.
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Fig. 5. Steady-state surface concentration of atomic nitrogen on a Fe(111) surface at 580 K
kept at a constant N, pressure of 150 Torr and at variable H, pressures.

These conclusions can easily be qualitatively generalized:

(i) Since [N} is determined by py, /pi‘l2 it is the ratio of the partial pressures
of the reactants which determines this quantity rather than the absolute pressure.
Therefore even at total pressures of several hundreds of atmospheres the situation
will be quite similar.

(ii) Dissociative nitrogen adsorption proceeds fastest on the Fe(111) surface [5]
and will therefore also be rate-limiting with other Fe single crystal planes as well as
with polycrystalline surfaces. Since this step is accelerated by the presence of ad-
sorbed K [8] as well as by a K + O adlayer [15] it becomes plausible why K, O acts
as a promoter for this reaction.

(iii) Dissociative nitrogen adsorption is associated with a rather low activation
energy [5,11], in contrast to the subsequent hvdrogenation steps [3]. As a conse-
quence at temperatures above 580 K reaction (2) will become faster than nitrogen
adsorption, The situation might, however, change at lower temperatures. That
means it is expected that then eventually the step N + H,4 = NH, 4 becomes rate-
limiting, as e.g., suggested by the results of section 3.2.

3.5. Bulk diffusion and segregation of nitrogen

Several attempts to reduce the surface concentration of atomic nitrogen by ex-
posure of nitrogen-covered Fe single crystal planes to low H, pressures 104
Torr) over extended periods of time at 7 = 600 K failed. Such attempts were only
successful if higher H, pressures were applied. A Fe(111) surface covered by about
4 X 1014 N-atoms/cm% was exposed to 45 Torr H, at 580 K and the resulting varia-
tion of [N.] was recorded as a function of time by AES. The resulting data are
shown in fig. 6. [N(] drops at first very rapidly due to hydrogenation and NH; for-
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Fig. 6. Denitrogenation of a Fe(111) surface by 45 Torr H, at 580 K. Variation of the Ng-con-
centration with time.

mation, but then this process slows down and zero concentration is not reached
even after long H, exposures. Obviously the bulk of the sample may act as a source
of nitrogen atoms which are segregating to the surface. Although the nitrogen solu-
bility in bulk Fe is very low [16] a massive sample may nevertheless provide an ap-
preciable amount of N atoms for which segregation to the surface is exothermic
with an enthalpy of 26 kcal/mole [17]. Evolution of N, from Fe(111) by bulk seg-
regation and surface recombination was observed to take place rapidly above 900 K
[5], but of course will also slowly occur at much lower temperatures. Obviously
competition between the two processes Ny, = N (4) (eventuall promoted by hydro-
gen) and NS—_. NH; (2) will determine the concentratlon of N,. If the H, pressure
is low reaction (2) will be slow and therefore a high [Ng] will always be established
as long as a sufficient concentration of N atoms is present in the dissolved state. At
580 K bulk diffusion is obviously slow enough to enable measurements of the varia-
tion of [N(] as a function of H, pressure (fig. 5) or exposure (fig. 6) by rapid evac-
uation and AES recording. We have, nevertheless, to conclude that the actual [N}-
values in the high py,-range under reaction conditions are even lower than those
shown in fig. 5. In the low py,-range (i.e. high Ni-concentrations), on the other
hand, there will be a tendency for a reversal of step (4) that means for bulk dissolu-
tion so that the measured [N]-values are somewhat too low. The choice of a
Fe(111) surface (which is most active for NH; synthesis) and of a temperature of
580 K offered a suitable compromise to minimize these segregation processes.
Additional insight into these complex effects was obtained by measurements
with a polycrystalline Fe surface covered with a composite K + O adlayer modelling
the situation of a “real” ammonia synthesis catalyst [15]. Two samples, differing in
their sequence of K + O doping as well as in their initial surface oxygen and nitro-
gen content were exposed for 8 h to 6 X 10~4 Torr H, at 633 K. The variations of
the relative O and N surface concentrations (as monitored by the respective AES
peak height ratio, y; = AES;/AES (fFe, 646 ¢V) [5,15] are listed in table 1. Where-
as the oxygen concentrations decreased somewhat with the second sample due to
partial reduction, in both cases the Ng-concentration increased, even without N, in
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Table 1

The variations of the relative O and N surface concentrations. Conditions of treatment: K-dop-
ing at 373 K, O, admission at 423 K, as described in ref. [15]. Hydrogen treatment: 6 X 1074
Torr, at 633 K

System Treatment Relative surface concentration
Yo YN
Fe+0+K After doping 0.53 -
8 h H, 0.53 0.15
Fe+K+0O After doping 0.79 0.12
8 hH, 0.43 0.25

the gas phase! This observation suggests that hydrogen may “pull” nitrogen atoms
from the bulk to the surface: high H, exposures may cause partial dissolution of
hydrogen atoms in Fe [18] which then obviously enhance the tendency and/or rate
for surface segregation of nitrogen. This conclusion is in agreement with general ex-
perience in metallurgy, whereafter the presence of an hydrogen atmosphere accel-
erates thermal denitrogenation of iron (although in this case certainly also reduc-
tion processes of oxides in the surface region may play an important role) [19].
Quite analogous observations were made with respect to surface segregation of car-
bon in nickel under the influence of hydrogen [20].

The competing character of the various processes establishing the stationary N_-
concentration can be seen from fig. 7. Here the same Fe/O + K-surfaces were ex-
posed to a 3:1 H, + N, mixture with total pressure 8 X 10~4 Torr at 423 K. The
N,-concentration was monitored by AES at certain intervals. With sample A (se-
quence of doping: K + O, producing a more reactive surface) at first a small but dis-

N, exposure

—— —— —

0 1 2 3 4 5 & x10°(U

Fig. 7. Variation of the Ny-concentration on a polycrystalline Fe surface covered by a K + O ad-
layer upon exposure to a 3:1 H, + N, atmosphere (Do = 8 X 1074 Torr) at 423 K.
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tinct decrease of [N,] occurs, followed by a continuous increase to a steady-state
value. With sample B (sequence of doping O +K) [N,] only increased continuously
from the beginning. It can be concluded that in case A the removal of N occurred
by chemical reaction, i.e. NH3 formation. It should be mentioned that with these
measurements also the surface concentration of oxygen varied and passed through a
maximum. This reflects the rather complex nature of the various process which
may occur at the surface of a “real” catalyst until steady-state conditions are reached.
It should be pointed out that the presence of oxygen (from which at least a fraction
is in close interaction with K) does not prevent ammonia formation [15]. Hence no
complete reduction of the surface is needed in order to ensure catalytic activity.

In previous investigations with a Fe(111) single crystal surface [12] we had ob-
served that addition of H, to N, (10~# Torr range) increased the rate of build-up of
N,. Based on the present results it is now believed that this effect is indeed not due
to an increase of the rate of dissociative nitrogen adsorption but rather caused by
the hydrogen-assisted surface segregation of bulk nitrogen. Tamaru [21] had re-
ported, on the other hand, on a real enhancement of the nitrogen uptake by a pro-
moted iron catalyst at 520 K (followed by volumetric measurements of the gas con-
sumption) if H, was added to the N, atmosphere. Since in these experiments the
base pressure was only of the order of 10—5 Torr it appears plausible, however, that
this effect was caused by partial reduction of iron whose parallel oxidation could
certainly not be completely suppressed under these conditions.

4, Conclusions

From the described results the following conclusions can be drawn which are of
relevance for the mechanism of ammonia synthesis over iron catalysts:

(i) Adsorption of hydrogen proceeds much faster than adsorption of nitrogen so
that the equilibrium H, = 2H,; will always be established. Hydrogen adsorption
also takes place on a surface precovered with N, .4 whereby this weakly held spe-
cies is displaced. H,g4, on the other hand, inhibits the adsorption of molecular nitro-
gen,

(ii) Since dissociative nitrogen adsorption proceeds via N, = N2 ad ~ 2N, also
this reaction will be inhibited rather than accelerated by the presence of adsorbed
hydrogen. This step is, on the other hand, rate-limiting for ammonia synthesis (see
below). The H, pressure and temperature should therefore be chosen in way that
the stationary H,q-concentration under reaction conditions is not too high. Al-
though not studied in detail in the present context, it is estimated from the proper-
ties of the H,/Fe system [9] that at the rather high reaction temperatures (2700
K) only a fraction of the surface will be covered by H,4 even if the H,-pressure is
of the order of 100 atm. Experiments with Ru catalysts at somewhat lower temper-
atures demonstrated indeed the inhibiting effect of hydrogen on the rate of ammo-
nia synthesis [22].
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(iii) Atomic nitrogen, Ny, inhibits the adsorption of hydrogen. Therefore the sur-
face concentration of this species should in turn also not be too high under reaction
conditions.

(iv) That this latter condition will indeed be fulfilled by using a stoichiometric
N, + H, mixture (as usually applied in industrial ammonia synthesis) at T 2 580 K
becomes evident from the results of the high pressure studies. From these data the
following unequivocal conclusions could be drawn: (a) NH; synthesis proceeds
through hydrogenation of atomic rather than molecular nitrogen. (b) In a stoichiom-
etric Ny +H, mixture at T 2 580 K dissociative nitrogen adsorption is the rate-lim-
iting step.

(v) A complete description of the surface processes has to include the possibility
of bulk dissolution and surface segregation of atomic nitrogen (and hydrogen)
which effects complicate analysis of surface concentration data. The presence of
hydrogen obviously accelerates the surface segregation of dissolved nitrogen atoms.
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