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The heterogeneously catalyzed reaction between NO and Da to produce Na, ND3 and Da0 
over Ir(ll0) was investigated under ultra-high vacuum conditions for partial pressures of the 
reactants between 5X lo-’ and 1 X 10” Torr, total pressures between lo-’ and low6 Torr, 
and surface temperatures between 300 and 1000 K. Mass spectrometry, LEED, UPS, XPS and 
AES measurements were used to study this reacting system. In addition, the competitive coad- 
sorption of NO and deuterium was investigated via thermal desorption mass spectrometry and 
contact potential difference measurements to gain further insight into the observed steady state 
rates of reaction. Depending on the ratio of partial pressures (R f PD~/P~JO), the rate of reduc- 
tion of NO to Na shows a pronounced enhancement when the surface is heated above a critical 
temperature. As the surface is cooled, the rate maintains a high value independent of tempera- 
ture until a lower critical temperature is reached, where the rate drops precipitously. This 
hysteresis is due to a change in the structure and composition of the surface. For sufficiently 
large values of R and for an “activated” surface, Na and ND3 are produced competitively 
between 470 and 630 K. Empirical models of the different regimes of the steady state reaction 
are presented with interpretations of these models. 

1. Introduction 

The reduction of NO by deuterium has been studied on the Ir( 1 lo)-( 1 X 2) sur- 
face under ultra-high vacuum conditions with thermal desorption mass spec- 
trometry, LEED, X-ray and UV-photoelectron spectroscopies, Auger electron spec- 
troscopy and contact potential difference measurements. Both transient and steady 
state conditions were investigated. The motivation for this study is to elucidate the 
mechanism of a heterogeneously catalyzed reduction reaction, using the NO/D2 
system as a model. 
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Although much has been reported concerning the chemisorption of NO, hy- 
drogen and CO on the transition metals, few studies have been carried out under 
low pressure, well characterized conditions for the heterogeneously catalyzed 
reduction of NO with either CO or hydrogen as the reducing agent. In ultrahigh 
vacuum, the NO/Hz system has been studied on polycrystalline Pt [l] and Pt(ll1) 
[2] under steady state conditions, and the NO/CO system has been studied on the 
(111) and (110) surfaces of Pt [3] and polycrystalline Rh [4] under transient con- 
ditions via thermal desorption mass spectrometry. At atmospheric pressure, the 
reduction of NO with CO or hydrogen under steady state conditions has been con- 
ducted over supported Pt, Pd, Rh and Ku [5,6]. 

Depending on the ratio of partial pressures of HZ and NO (f? = PH2/PNO) under 
steady state reaction conditions, the major products observed were HzO, Nz and 
NH3 on polycrystalline Pt for surface temperatures between 300 and 900 K and a 
total pressure of approximately lo-’ Torr [l] . It was suggested that the limitation 
on the rate of the reduction reaction is related to the dissociation of NO [ 11. For 
R = 0.5, the major products are Nz and Hz0 with NzO formed as a minor product. 
However, for R = 5, NHa, N2 and Hz0 are observed. In this case, NH3 competes 
for nitrogen adatoms that are formed from the dissociation of NO. The reaction 
maximum at 495 K for the formation of NH3 (R = 5) on polycrystalline Pt at low 
pressures [l] agrees well with the reaction maximum at 500 K observed on sup- 
ported Pt at atmospheric pressure [5]. Good agreement is observed also for the 
temperature at which 50% reduction of NO occurs for similar values of R [ 1,5]. 
Thus, a connection has been established in this case between these widely different 
pressure regimes. 

Steady state reaction experiments on Pt(l11) [2] show that for excess NO, Nz is 
the dominant product, and the rate of reduction is inhibited by NO below 550 K. 
In excess Hz, ammonia is the dominant product between 300 and 500 K, and above 
500 K Nz dominates. It was suggested from the steady state reaction data and from 
electron energy loss spectroscopic data that an ammonia-nitric oxide complex 
inhibits ammonia formation between 300 and 400 K on Pt(ll1) [2]. In agreement 
with the polycrystalline Pt results [l], on Pt(ll1) the formation of ammonia and 
nitrogen occurs competitively over a certain range of surface temperatures [21. 

Investigations of the NO/H2 system over various supported metals [5,6] reveal 
the selectivity of each catalyst with regard to the products formed. The overall 
rprlllrtinn artivitv nhwrvd fnr Nfl/H, (R = 41 is Pd > p1: > R-h. > R_u using the tem- I”UU.,C*“II U’CL,‘C, V”Y”l v _.. _.,* -. -, --‘ \-. ., -- - - _ 
perature at which 50% of the NO is reduced as the criterion. However, the major 
products formed are different among those metals. For Pd and Pt, NH3 is formed 
preferentially: whereas for Rh and Ru, Nz is the major product formed, more so for 
Ru [5]. The relationship between the product distribution in the reduction reac- 
tion and the facility of the metal to dissociate NO may well be the factor that 
determines the behavior of each metal. The ease of dissociation of NO occurs in the 
following order: Pd [7,8] <Pt [l-3,9,10] < Rh [4] < Ru [lo-121. The activity 
for NO dissociation on Ir [13-171 places this metal between Pt and Rh. Therefore, 
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it would be expected that the product distribution for the NO/H2 system over Ir 
would be intermediate between Pt and Rh when the reduction reaction is per- 
formed under steady state conditions. This postulate will be tested for the present 
case of NO/H2 over Ir( 110). 

The steady state reaction of NO and deuterium over Ir(l10) has been examined 
for the partial pressure of the reactants varying from 5 X 10e8 to 1 X 1 O-6 Torr, the 
total pressure varying from 1 X lo-’ to 1 X 10e6 Torr, the surface temperature 

varying from 300 to 1000 K, and ratios of the partial pressures of the reactants, R, 
varying from 0.5 to 20. Both reactants and products were monitored with mass 
spectrometry during the steady state reaction. In order to assess the chemical com- 
position of the overlayer under various conditions, XPS, UPS and AES measure- 
ments were performed. The degree of order in the overlayer-substrate system was 
monitored using LEED. 

In addition, the nonreactive coadsorption of NO and deuterium at low tempera- 

ture was investigated on Ir(ll0) as well as the rate of the transient reaction upon 
heating the surface on which these overlayers are present. Contact potential differ- 
ence measurements of deuterium (NO) exposed to a surface partially covered with 
preadsorbed NO (deuterium) provide further insight into the competitive chemi- 
sorption of the two reactants. These data will supplement the previous studies of 
the chemisorption of NO [ 171 and deuterium [ 181 on Ir( 110) and will aid in the 
interpretation of the steady state reduction reaction between NO and deuterium. 

2. Experimental methods 

The measurements were performed in an ion pumped stainless steel belljar that 
has been described previously [18,19]. The base pressure of reactive contaminants 
was below 2 X 10-r’ Torr. A clean Ir(ll0) surface shows a (1 X 2) reconstruction, 
which is a surface with every other row of Ir atoms missing in the [OOl] direction 
according to a LEED intensity analysis [20]. This surface may be visualized as one 
containing alternate rows and troughs exposing (111) microfacets inclined to one 
another. Isotopic “NO and D2 [which has identical adsorption properties as H2 on 
Ir(llO)] were used in both the transient and steady state experiments to separate 
the mass spectrometric intensities for each of the products and reactants. Moni- 
tored species were D2, D20, “NDa, 15N2, lSNO, r5N20 and “N02. With the 
exception of the figure captions, the “N species will be referred to without the 
superscript hereafter. 

For both the transient and the steady state experiments, NO was exposed to the 
surface using a directional beam doser, where the pressure of the beam has been 
calibrated with the pressure of the storage bulb that supplies the dosing gas [ 171. 
During the transient experiments involving coadsorbed overlayers of deuterium and 
NO, exposures of D2 were performed via a leak valve. However, for the steady state 
reaction of D2 and Nq, both partial pressures of the reactant were exposed to the 
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surface via the directional beam doser with a known partial pressure of each gas 
admitted to the storage bulb of the doser. The calibration appropriate for the 
separate gases was the same as that when NO and Dz were mixed in the bulb. Since 
the doser and the crystal were positioned so that part of the desorbing gases were in 
line-of-sight of the mass spectrometer, the intensities of the reactants and products 
could be measured directly (although this is not crucial to the results). Also, the gas 
flux from the doser does not load the ion pumps thus avoiding variations in the 
pumping speed since the beam-to-background pressure ratio for NO is approxi- 
mately 100 : 1. Another advantage of the beam method is that wall effects caused 
by backfilling the reactor are minimized. 

The steady state reaction sequence is as follows. For a given pressure ratio R and 
a total pressure PT, the surface was annealed in vacuum above 1600 K to remove 
any contaminants. The surface was allowed to cool to near room temperature 
before it was exposed to the beam of reactants for 10 min to saturate the adsorbed 
overlayer fully. Then, the surface was heated (<0.5 K s-l), and the reactant and 
product intensities were measured every three seconds. Upon reaching the maxi- 
mum temperature desired, the surface was cooled at approximately the same rate 
to near room temperature. In many temperature cycles, the temperature was held 
at various points for several minutes to ensure a steady state rate had been estab- 
lished. Under the chosen reaction conditions (R 2 0.5), the intensity of Dz did not 
vary measurably, and neither NzO nor NOz were observed as reaction products. 

3. Coadsorption of NO and deuterium 

When NO is exposed to low precoverages of deuterium on Ir(f.10) at 100 K, the 
adsorption kinetics of NO are unchanged compared to adsorption of NO on a clean 
surface [ 171, as evidenced by the combined thermal desorption yields of NO and 
Nz. Fig. 1 presents thermal desorption mass spectra of NO, Nz, DzO and Dz from 
Ir(l10). The surface was precovered first with 0.33 monolayer (ML) or 7 X 
1014 atoms cm-* of deuterium at 100 K, which saturates the most tightly bound 
state of deuterium [ 181, and subsequently various exposures of NO were applied. 
Heating the surface (20 K s-l) produces various distributions of the desorption prod- 
ucts, depending on the initial exposure of NO. Although the saturation coverage of 
NO (9.6 X !P4 cm -*i k nnt affected hv nreadaorhed deu&iu_m_ as evidenced bv an , *_ __-_ _______ - _, r___-___-.- -.. 

N-atom mass balance in the thermal desorption spectra, the relative yields of NO 
and Nz are different than those from the clean surface. Approximately 23% of the 
NO present initially desorbs as NO at saturation in fig. 1, whereas 35% desorbs as 
NO from the clean surface [ 171. The fraction of NO desorbing from the high tem- 
perature feature is unchanged from the clean surface (18%) and represents desorp- 
tion from a surface with oxygen present [ 171. The fraction of NO desorbing from 
the low temperature feature is decreased (at saturation) from 17% to 5% when 
deuterium is preadsorbed. This feature represents desorption of NO from a surface 
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free of oxygen. The temperature and shape of the desorption features of NO and 
N, are unchanged in fig. 1 compared to the clean surface. Therefore, low coverages 
of deuterium affect only the distribution of NO and Nz, i.e. the selectivity of the 
surface for nitrogen desorption. 

The desorption of D, in fig. 1 is affected strongly by the presence of increasing 
coverages of NO as compared to the clean surface. Two peaks appear near 240 K 
and 490 K for the desorption of Dz when the surface is saturated with NO com- 

pared to a single peak at 390 K when the surface is clean. The peak at 240 K is in 
the temperature region where D z desorbs from the low temperature state of 
deuterium when present at higher coverages on the clean surface [ 181. Moreover, 
CPD measurements indicate that NO shifts deuterium from the high temperature 
state to the low temperature state as NO chemisorbs at 100 K. After the desorption 
maximum of Dz at 240 K is passed, a desorption peak for DzO occurs when the 
deuterium overlayer is saturated with NO as seen in fig. 1. Some dissociation of NO 
takes place below 300 K to cause DzO to be formed, although the’yield of DzO is 
small (G.570 ML of oxygen reacted) since the curves are expanded by a factor of 25. 
Approximately 5% of the NO dissociates during adsorption near 300 K when 
deuterium is absent from the surface as seen by CPD measurements [ 171, and this 
is approximately the same fraction that dissociates as the surface is heated in this 
case inferred by the maximum yield of the low temperature Da0 desorption. The 
higher temperature peaks of Dz (490 K) and DzO (440 K) are of low intensity but 
are quite broad. These occur in the same temperature range where N2 and NO 
desorb. In this region, the surface has large coverages of oxygen and NO and low 
coverages of deuterium and nitrogen adatoms. As the temperature increases, the 
concentration of deuterium adatoms decreases causing the formation of Da to 
dominate over DzO both due to the greater mobility of deuterium compared to 
oxygen and the fact that diatomic recombination (Dz) is more likely than triatomic 
recombination (DzO). 

Thermal desorption mass spectra of reaction products from a surface prepared 
with a saturated overlayer of NO under three different conditions and then exposed 
to 2 L Dz are presented in fig. 2. As in fig. 1, the yield of DzO is low compared to 
DZ, but in fig. 2 the yield of Dz is lower than in fig. 1. The desorption of Dz at high 
temperature occurs as NO and N2 desorb in fig. 2, as in fig. 1. Again, the tempera- 
ture at which Na and NO desorb is not affected by exposures of D, if the overlayer 
of NO is saturated at 100 K. Also the distribution of Nz and NO is the same as if no 
deuterium were adsorbed. However, the desorption results for the other two surface 
preparations are not so obvious. The concentration of deuterium that chemisorbs 
does not depend in a simple way upon the coverage of NO and the coverage of 
oxygen. Adsorbing NO at 4.50 K, cooling and exposing it to 2 L D2 at 100 K causes 
the surface composition to be 0.51, 0.31 and 0.20 fractional coverages of oxygen, 
NO and deuterium, respectively. Saturating the surface at 100 K with NO and then 
exposing to 2 L Dz allows 0.33 fractional coverage of deuterium to chemisorb. 
Annealing the saturated overlayer of NO at 100 K to 400 K, cooling to 100 K and 
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exposing to 2 L Da causes the surface composition to be 0.32, 0.51 and 0.23 frac- 
tional coverages of oxygen, NO and deuterium. Also, 2 L Dz exposed to a saturated 
oxygen overlayer results in the adsorption of approximately 0.3 ML of deuterium. 
Saturating the surface with oxygen and then saturating further with NO (<0.5 ML) 
blocks deuterium adsorption completely. This observation will be pertinent to the 
steady state reaction of NO and Dz presented in the following section. Finally in 
fig. 2, the desorption temperature for DzO and the yields of Nz and NO depend on 
the relative initial surface coverages of NO and oxygen. Adsorbing NO at 450 K and 
adsorbing deuterium at low temperature allows deuterium to react with oxygen to 
form DzO more readily than the other two surface preparations in fig. 2. Com- 
paing the NO/N2 desorption yields in this case and for the surface prepared by 
annealing a saturated overlayer of NO to 400 K shows that the presence of oxygen 
tends to cause increasing amounts of NO to desorb rather than NT, as observed 
when no deuterium is present [ 171. 

In order to gain additional insight into the competitive adsorption of NO and 
deuterium (hydrogen), CPD measurements of NO (Dz) on deuterium (NO) over- 
layers were performed on Ir(ll0) at 100 K. The CPD of NO is presented in fig. 3 as 
a function of fractional coverage for NO adsorbed on (a) a clean surface [ 171, and 
(b) a surface with 0.33 ML deuterium adsorbed initially &-state [18]). Note that 
the CPD of NO in fig. 3a decreases weakly with coverage, attains a minimum near 
0.5 ML and increases slightly near 0.8 ML as the completion of a disordered super- 
structure is reached [17]. However, the CPD of NO in fig. 3b exposed to the /32- 
state of deuterium shows a much larger decrease and a different shape than fig. 3a. 
As seen in fig. 1, the p2-state of deuterium is displaced by NO into the or-state. 

cb) 0.33 ML HYDROGEN 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

NO COVERAGE 

Fig. 3. The CPD of NO adsorbed at 100 K on Ir(ll0) as a function of the fractional coverage of 

NO. (a) Clean surface; and (b) preadsorbed &-state of deuterium (or hydrogen) (0.33 ML). 
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H, ON 15NO+ IR(II~) 

0.15 - NO T= IOOK 
(a) 0.23 (a) 

ib) 

-O.lO- 

H, EXPOSURE, L 

Fig. 4. The CPD of Hz (or D2) adsorbed on fractional coverages of NO on Ir(l10) at 100 K: (a) 

0.23; (b) 0.44; (c) 1 .OO. In (A) the exposure of Hz is sufficient to saturate the &-state, and in 

(B) the exposure of Hz includes part of the PI-state (see text). The zero in (B) for the CPD is 

equal to the “saturation” value (at 0.25 L Hz) in (A). 

Also, for the chemisorption of deuterium on Ir(ll0) [18], the CPD of deuterium 
increases by 0.30 eV for the f12-state and decreases weakly with coverage as the or- 
state is populated. Therefore, the change in the CPD behavior of NO in fig. 3b G2- 
state adsorbed) from fig. 3a (clean) is due to the displacement of deuterium in the 
f12-state to the less tightly bound or-state, verifying the thermal desorption results in 

fig. 1. 
The CPD of deuterium (or hydrogen) monitored as a function of exposure to a 

surface with different precoverages of NO provides complementary data to that of 
fig. 3, and these results are shown in fig. 4. In fig. 4A, the CPD of deuterium is 
presented over the exposure range required to saturate the P2-state, and in fig. 4B 
the CPD of deuterium is shown over that part of the exposure range pertinent to 
the or-state. Recalling that for the f12-state of deuterium the CPD increases by 
0.30 eV on the clean surface, it is clear that the &-adsorption sites are blocked 
significantly as the coverage of NO increases. For a saturation coverage of NO, the 
CPD of deuterium does not change (curve (c)) indicating that the f12-sites of 
deuterium are blocked completely. Since the adsorption kinetics of deuterium were 
not measured as a function of the precoverage of NO, the relationship between the 
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coverage of NO and the coverage of deuterium cannot be quantified further. Over 
the exposure range of the fir-state of deuterium in fig. 4B, NO blocks these adsites 
as well. 

In summary, the coadsorption of deuterium and NO has been studied with 
thermal desorption mass spectrometry and CPD measurements to gain insight into 
the kinetics of adsorption and desorption compared to the kinetics of adsorption 
and desorption in the case of the adsorption of NO and deuterium separately. 
Saturating a surface that is precovered with the &-state of deuterium (0.33 ML) 
with NO gives the same saturation coverage of NO, but upon desorption more Nz 
desorbs (from the dissociation of NO) than from a surface with no deuterium 
present. The desorption shapes and peak temperatures of NO and Nz are not per- 
turbed by the presence of deuterium, but the desorption of D2 is changed signifi- 

cantly compared to the clean surface. Saturating the surface with NO does not 
block the subsequent adsorption of deuterium completely. However, an overlayer 
saturated with NO and oxygen, a condition that occurs during the steady state reac- 
tion at low temperatures (see the following section), blocks the chemisorption of 
deuterium completely. On a surface free of oxygen, NO displaces deuterium from 
its preferred sites ($3,) in the missing row troughs into the less tightly bound sites 
(fir) along the (111) microfacets exposed on the Ir(1 lo)-( 1 X 2) surface [ 181. 

4. Steady state reaction between NO and deuterium 

The reduction of NO with deuterium over Ir(1 lo), as measured by mass spec- 
trometry under steady state conditions, is presented in this section. The procedure 
used to carry out the steady state experiments was described in section 2. Under all 
conditions examined, i.e. partial pressure ratios (R) between 0.5 and 20, tempera- 
tures between 300 and 1000 K and total pressures between 5 X low8 and 1 X 
10e6 Torr, the partial pressure of Dz did not vary significantly (<lo%), and neither 
NzO nor NO2 was observed. Typically, the total time required to measure a reac- 
tion cycle was between 30 and 60 min, where a cycle refers to heating to the maxi- 
mum temperature desired and cooling to near room temperature. During a reac- 
tion cycle, the pressure in the storage bulb that supplies the reaction mixture to the 
Ir(ll0) catalyst decreased by less than 5% in any particular experiment, and this 
decrease could be accounted for, as necessary, since the decrease is approximately 
linear with respect to time. Finally, the gain of mass spectrometer that was used to 
monitor the reactants and products during the steady state reaction was measured 
after each set of reaction cycles in order to compare relative reaction rates between 
several sets of data. 

Reaction cycles corresponding to a set of four ratios of partial pressures (R = 
1,2,4 and 8) at PNO = 1 X lo-’ Torr are shown in figs. SA-5D, presenting the 
mass spectrometric intensities (shifted for clarity) of NO, Nz, DzO and ND3 
(fig. 5D only) as a function of surface temperature. The direction of the arrows on 
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each curve indicates whether the surface temperature is increasing or decreasing. 
The initial rise in Nz production near 440 K is seen always in the first reaction cycle 
for all reaction conditions presented here, but never in succeeding reaction cycles 
if the surface is not cleaned of oxygen. This rise in Nz production is not followed 
by a decrease in the NO intensity or by an increase in the DzO intensity as required 
by mass balance. The Nz peak is due to the surface initially containing a large cover- 
age of NO near room temperature converting to a surface containing a large cover- 
age of oxygen and NO. Thus, the surface conversion causes an apparent increase in 

the steady state rate of production of Nz. However, this initial desorption of Nz is a 
nonsteady state conversion which depends only upon the rate at which the surface 

is heated. A second maximum in the rate of production of Nz that occurs near 
540 K is seen in most reaction cycles, and this is followed by a decrease in the 
intensity of NO and an increase in the intensity of DzO. Consequently, this is due 
primarily to a steady state surface reaction although part of this peak may be due 
to the surface conversion of some chemisorbed oxygen to a surface oxide which 
begins to form near this temperature [21], or it may be associated with a peak seen 
in thermal desorption spectra of NO and Nz [ 171. 

As the surface temperature increases in fig. 5A, the Nz and DzO production 
increases with a concomitant decrease in the measured intensity of NO. The tem- 
perature was decreased after attaining a maximum value of 980 K, and a slight 
hysteresis occurred, i.e. a different rate of reaction is measured at the same tem- 
perature compared to when the surface is heated. Below 600 K, the rate production 
of Nz did not follow the upward reaction curve for the reason stated earlier con- 
cerning the “clean surface” conversion to one which contains a surface oxide as 
well as chemisorbed oxygen. Succeeding cycles for surfaces not cleaned by 
annealing to 1600 K follow closely the curve for decreasing temperature in the first 
cycle. 

In contrast to the results for R equal to one in fig. 5A, the reaction for R equal 
to two and four in figs. 5B and 5C is quite different at high temperatures. As the 
temperature increases, a plateau is reached in the production of Nz that, once 
reached, persists at lower temperatures. An abrupt increase in the production of 
DzO occurs at the onset of the Nz plateau and thereafter maintains a constant value 
as well. As the temperature decreases further, the rate of the production of Nz 
(NO reduction) decreases and eventually reaches the value observed as the tempera- 
ture of the surface was increased. Both the onset and the drop-off of the Nz plateau 
depend upon the value of R as seen in figs. 5B and 5C. As PD, increases, the tem- 
perature of the onset and the drop-off in the Nz plateau both decrease. Moreover, 
the magnitude of the rate increases with P,,,, noting that the reaction curves have 
been expanded differently. Although a constant rate of production of DzO is seen 
in fig. 5D as the temperature is decreased, the rate of production of Nz does not 
remain constant. The decrease in the production of Nz is due to the production of 
ND3 that competes for nitrogen adatoms. The rate of production of ND3 reaches 
a maximum near 560 K. 



160 D.E. Ibbotson et al. /Reduction of NO with Da over Ir(1 IO) 

Y 

i 



t 
I 

, 
I 

I 
I 

' 
(C

) 
ST
EA
DY
 
ST
AT
E 

RE
AC
TI
ON
 

30
0 

40
0 

50
3 

60
0 

TO
O 

80
0 

90
0 

30
0 

40
0 

50
5 

60
0 

70
0 

T,
K 

T,
K 

Fi
g.

 5
. 

St
ea

dy
 

st
at

e 
re

ac
tio

n 
fo

r 
N

O
 +

 D
2 

ov
er
 I
r(
li
0)
. P
NO
 
= 

1 
X

 lo
-’

 
T

or
r,

 a
nd

 R
 (

=
 P

D
2/

f$
o)

 
eq

ua
l 

to
: 

(A
) 

1;
 (B

) 
2;
 (
C)
 4
; 

(1
))

 8
. 

T
he

 i
nt

en
si

- 
tie

s 
m

on
ito

re
d 

in
 t

he
 g

as
 p

ha
se

 a
re

 N
O

, 
N

2,
 N

D
3,

 D
2 

an
d 

D
20

. 
Fo

r 
al

l v
al

ue
s 

of
 R

, 
th

e 
in

te
ns

ity
 

of
 D

2 
di

d 
no

t 
va

ry
 a

pp
re

ci
ab

ly
 

in
 a

 r
ea

ct
io

n 
cy

cl
e,

 

$ 

an
d 

it 
is

 n
ot

 
sh

ow
n 

he
re

 
or

 
in

 f
ol

lo
w

in
g 

fi
gu

re
s.

 
A

rr
ow

s 
po

in
tin

g 
to

 t
he

 
ri

gh
t 

(l
ef

t)
 

in
di

ca
te

 
th

e 
su

rf
ac

e 
te

m
pe

ra
tu

re
 

is
 i

nc
re

as
in

g 
(d

ec
re

as
in

g)
. 

A
m

m
on

ia
 

(N
D

s)
 

pr
od

uc
tio

n 
oc

cu
rs

 i
n 

(D
) 

on
ly

. 



162 D.E. Ibbotson et al. /Reduction of‘ NO with D, over Ir(ll0) 

, / / I I I I I , 

(Ai 101 

I I 1 1 I I I 1 / I 1 
00 400 500 600 700 800 901) IO00 3CC 400 500 600 700 800 S 

Fig. 6. Steady state reaction for NO + D, over Ir(ll0). PNO = 2 X lo-’ Tom, and R equal to: 

(A) 2; (B) 4. No ND3 is produced under these conditions. 

Doubling the partial pressure of NO (RNO) for R equal to two inhibits the forma- 
tion of a plateau in the rate of production of Nz as seen in fig. 6A. These curves are 

similar to those in fig. 5A in that both do not contain a plateau, but some hysteresis 
occurs at high temperature. Thus, the existence of a plateau (high reduction rate) 
does not depend on R only but depends also on the absolute value of PNO. 
Doubling PD, (compare figs. 6B and 6A) causes the Nz plateau to appear near 840 K, 
and the curves are similar to those of figs. 5B and SC. 

The last set of reaction curves is presented in fig. 7 where the production of ND3 
is maximized by the use of a low pressure of NO and large values ofR. For PNO = 
5 X 10e8 Torr and R = 8 (fig. 7A), the plateau in the rate of production of Nz 
occurs near 700 K, accompanied by an abrupt increase in the rate of production of 
DaO, as seen previously. As the temperature decreases, the intensity of Nz varies 
more strongly than was observed in fig. 5D where ND3 was first detected. In fact, a 
relative minimum and a relative maximum occur in the Nz curve which are directly 
associated with the maximum rate of production of ND3 appearing near 540 K. 
Once the relative maximum in the production of Nz is passed at 520 K, the rate of 
reaction falls precipitiously, and the shape of the dropoff depends upon the rate of 
the temperature decrease, i.e. the rate decreases in a smaller temperature range than 
shown here. 

The final reaction cycle, presented in fig. 7B, represents the most favorable con- 
ditions to produce ND3 examined on Ir(1 lo), namely, PNO = 5 X lo-* Torr and R = 
20. In fig. 7B, the onset of a high rate of reaction does not occur abruptly, as seen 
previously. Moreover, a small rate of production of ND3 occurs as the temperature 
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Fig. 7. Steady state reaction for NO + Dz over Ir(ll0) under conditions that favor the produc- 
tion of ND3. PNO = 5 X lo-* Torr, and R equal to: (A) 8; (B) 20. 

increases. As the surface temperature decreases, the competition between the pro- 

duction of N2 and ND3 favors the formation of ND3 which reaches a maximum 
near 530 K. This can be seen by a mass balance of ND3 and Nz with respect to NO. 
Again, the rate of production of Nz attains a relative maximum as the production 
of ND3 falls to zero. 

In summary, figs. 5-7 provide representative data that may be used to under- 
stand the competing processes which are important during the steady state reduc- 
tion of NO with Dz (or H,). It is apparent that the formation of N2 and ND3 com- 
pete for nitrogen adatoms, provided by the decomposition of NO, when a large 
excess of D2 is present in the reaction mixture. Other factors depend strongly on 
the values of R as well, such as whether or not a pleateau in the production of Nz is 
formed, the magnitude of the rate of reduction, and the temperature range over 
which the N2 plateau is stable. Three reaction regimes are of interest: (1) the reduc- 
tion reaction prior to the “activation” of the surface region regardless of whether or 
not a plateau exists in the reaction cycle, (2) the plateau in Nz production, and 
(3) ND3 production. Each of these reaction regimes will be examined with respect 
to the structure of the overlayer and substrate, composition of the adlayer, and the 
pressure dependence of the reactants on the rate of reduction. 

Three production cycles of N2 are shown in fig. 8 that were presented in the 
previous figures but are expanded here to show clearly the changes caused by 
varying the partial pressures of the reactants. Increasing PNO at a constant PD, 
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Fig. 8. Steady state rates of N2 production from figs. 5 and 6. (a) PNO = 1 X lo-’ Torr and R = 

4;(b)~~~=lXlO-‘ToI?andR=8;(c)~~~=2XlO-’ Torr and R = 4. The intensity of N2 
has been expanded by 0.5 in (c). Note that in (b) some ND3 is produced near the drop-off in 
N2 production, as the temperature is decreased. 

(figs. 8b and 8c) increases the temperature for the onset and dropoff of the N2 

plateau, increases the rate of production of N2 on the plateau, and decreases the 
rate of production of N2 before the plateau is reached. The latter two observations 

are for a constant temperature which allows the same reaction regime to be com- 
pared. Maintaining PNO constant and increasing PD2 (figs. 8a and 8b) decreases the 
temperature for the onset and drop-off of the N2 plateau and increases the rate of 
production of N2 both on the plateau and before the plateau. 

In order to clarify the reduction reaction when N2 is the primary nitrogen-con- 
taining product, the dependence of the rate below and on the N2 plateau was fit 
empirically as a power law of the partial pressures of the reactants. For the rate of 
production of N2 at low rates (T increasing), either in the presence or the absence 
of a plateau, the rate may be expressed as 

(1) 
at a constant temperature. Also, on the N2 plateau at temperatures where N2 only 
is produced, the rate of production of N2 is described by 

RN2 
= c’PN&,‘; . (2) 

For a given set of partial pressures of D2 and NO, the rate of reaction of N2 
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Fig. 9. The temperature dependence of the rate of production of Na as the temperature 

increases but before a plateau is reached (if it is present). Three different reaction conditions 

are presented, as noted in the figure, for In RN? as a function of 7-l. The slope of each curve is 

proportional to the effective activation energy for the reaction, which is presented as well. 

below the plateau) as the surface temperature increases may be written as 

RN2 = rPD2Pig2 exp(-E/kT), (3) 

using the empirical expression in eq. (l), and writing out the term c in eq. (1) as 
r exp(-E/kT). Plotting In RN~ as a function of T’ should give a straight line if this 
expression is appropriate, and three of these experimental plots are shown in fig. 9 
over the range of conditions observed. All three cases: (1) no N2 plateau, (2) a N2 
plateau, and (3) a N2 plateau with production of NDa, are included in fig. 9. The 
slope of each straight line in fig. 9 gives the effective activation energy, E, for the 
reaction. In fig. 9, E varies from 10.3 to 12.6 kcal mole-‘, and all other slopes that 
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were calculated lie in this range. The intercepts of the lines in fig. 9 are proportional 
to ~PD,PN~‘. Once a calibration is obtained for RN*, the value of I‘ may be calcu- 
lated, and it was found to be equal to 1 X 10”” molecules cme2 s-l Torr-1’2. The 
error limits are estimates of the bounds due to the averaging of each experimental 
curve plotted. 

Turning to the pressure dependence of the production of ND3 at the ND3 reac- 
tion maximum, the rate fits the following relation 

(4) 

including all experimental conditions that produce ND3. The interpretation of this 
expression, as well as the other empirical rate expressions, will be discussed in sec- 
tion 6. Several experimental conditions that produce ND3 in appreciable quantities 
are shown in fig. 10. The rate of production of ND3 is shown only as a function of 
surface temperature for PNO = 5 X 10m8 Torr and R varying from 4 to 20. From 
fig. 10, the rate of production of ND3 does not vary with.respect to the tempera- 

(g) STEADY STATE REACTION 

15ND, I\ 15NO+D, ON IR(IIO) 

P~o=5xlO-~ torr 

\“I, 

F 
._ 550 600 6 )O 

T,K 
Fig. 10. Steady state rate of ND3 production for PNO = 5 X lo-’ Torr and R equal to: (a) 4.0; 

(b) 6.0; (c) 8.0; (d) 10.0; (e) 12.6; (f) 16.0; (9) 20.0. 
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ture at which the maximum rate occurs (545 K), and it exhibits asymmetric behav- 

ior with a high temperature tail that broadens as R increases. 
In summary, experimental reduction reaction cycles have been presented to 

show the widely different rates in the reduction of NO that occur on Ir(l10) as the 
surface temperature and the partial pressures of the reactants vary. Also, the 
reduction products containing nitrogen (N, and ND3) are formed in different 
distributions that depend upon the partial pressures of the reactants. The depen- 
dence of the reaction rate of Nz and ND3 on the partial pressures of the reactants 
has been derived empirically from the experimental curves. The results of this sec- 
tion will be combined with the results that will be presented in the following sec- 
tion, and they will be discussed together in section 6. 

5. XPS, UPS, AES and LEED results 

Several XPS and UPS measurements were performed to determine the chemical 
composition of the adlayer at various points during the steady state reaction. Also, 
LEED was used to monitor the order in the adlayer at similar points in the steady 
state reaction. 

During the steady state reaction under various conditions, the reaction was ter- 
minated by suddenly cooling (>50 K s-l in the reaction region) the Ir(ll0) surface 

and rotating it away from the reactant flow in the dosing beam. The surface was 
then analyzed in the N(ls) and O(ls) regions of binding energy by XPS and in the 
valence band region by He I UPS. Identical spectra may be obtained by cooling to 
below room temperature. In fig. 11 (XI’S) and in fig. 12 (UPS), three points in the 
steady state reaction are shown for PNO = 5 X 10m8 Torr: (a) R = 10, quenched at 
the ND3 reaction maximum (540 K); (b) R = 10, completion of a reaction cycle; 
and (c) R = 1, completion of a reaction cycle. When the reaction is terminated at 
the ND3 reaction maximum, the N(l s) region in fig. 11 shows one feature centered 
at 396.7 eV due to nitrogen adatoms. Under the same conditions, the O(ls) region 
shows one low-intensity feature centered near 530.5 eV. The corresponding result 
with UPS (fig. 12a) yields an emission of low intensity between 5 and 6 eV below 
the Fermi level, EF,. due mainly to the nitrogen 2p orbital. The emission in the 
O(ls) region of binding energy at 530.5 eV may be caused by hydroxyl groups 
which exhibit this binding energy on Ir(ll0) [22]. However, no corresponding UPS 
features are observed which would be expected near 11 .l and 7.8 eV as on Pt(ll1) 
[23]. Thus, the assignment of the O(ls) peak in fig. 1 la is subject to question, but 
it is of rather low intensity. 

Performing the steady state reaction for R = 10 through a complete cycle and 
then recording the XP and UP spectra yield the results shown in figs. 1 lb and 12b. 
The N(ls) binding energy region has a single peak at 400.1 eV with a large high 
binding energy tail both of which are due to adsorbed NO [17]. The O(ls) region 
has a peak due to adsorbed NO at a binding energy of 531.5 eV, and oxygen 
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Fig. 11. XPS (hv = 1486.6 eV) for the N(ls) and the O(ls) regions of binding energy, relative to 

the Fermi level, at three points in the steady state reaction. PNO = 5 X 10-a and (a) R = 10 at 

the ND3 reaction maximum; (b) R = 10 after a reaction cycle; and (c) R = 1 after a reaction 

cycle. For each spectrum, the reaction was terminated by simultaneously removing the Ir(ll0) 

surface from the reactant gas beam and cooling to near room temperature. 

adatoms are present as well as evidenced by the peak near 528.8 eV. Adsorbed NO 
is indicated in the UP spectra of fig. 12b as judged by emission at 8.5 and 10.4 eV 
due to the 171 and 50 orbitals of molecular NO [17]. The emission near 12.8 eV is 
due to the 40 orbital but has shifted from its value on the clean surface at low tem- 
perature, 13.5 eV. Similar to fig. 12a, emission is seen also near 6 eV in fig. 12b 
which, in this instance, is due to the oxygen 2p orbital. 

The reaction cycle for R = 1, represented in figs. 1 lc and 12c by the XPS and 
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Fig. 12. He I UPS (hv = 21.2 eV) of Ir(ll0) near room temperature for three points in the 
steady state reaction. The corresponding conditions for (a)-(c) are given in fig. 11. 

UPS measurements, indicates only one nitrogen-containing species, NO, is present 
here as for the case of R = 10. However, the concentration of NO is smaller and 

the concentration of chemisorbed oxygen is larger, as seen in figs. 1 lc compared to 
figs. 1 lb. In agreement with this, the valence orbitals in fig. 12c are of lower inten- 
sity for adsorbed NO, and the 0 2p emission near 6 eV is larger. The orbitals of 
NO are not perturbed greatly in the reaction cycles compared to the clean surface 

P71. 
The Auger KLL transitions of nitrogen adatoms were measured after terminating 

the reaction at the NDs rate maximum. Two features are seen in fig. 13 at kinetic 
energies of 385.7 and 372.5 eV for the N-KLL region. Two features were observed 
also for nitrogen adatoms on polycrystalline Pd [24] at similar kinetic energies. The 
transition at 385.7 eV involves the N 2p levels, and the transition at 372.5 eV 
involves both the 2p and 2s orbitals of the nitrogen adatoms, as calculated from a 
simple approximation for the Auger transitions [25]. 

Finally, LEED observations were made after the reaction was terminated. For 
low values of R which do not cause a plateau in production of Ng, an imperfect 
oxygen c(2 X 2) overlayer structure is observed as the rate of production of Nz 
increases with surface temperature, and this represents oxygen chemisorbed on the 
unreconstructed (1 X 1) surface that is stabilized by a surface oxide [21]. The 
degree of order of this LEED superstructure depends upon the reaction conditions. 
After termination of the reaction, if the temperature were lower or if R were larger, 
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I:&. 13. Auger electron spectrum of the N-KLL region of energy. The steady state reaction was 

terminated for this spectrum at the ND3 reaction maximum proceeding under the same condi- 

tions as in figs. 1 la and 12a. 

the order in the overlayer was always (qualitatively) less. After the reaction cycle 
was completed for low values of R and the surface cooled to near room tempera- 
ture, a (1 X 2) LEED superstructure was observed with sharp integral order spots 
and large, diffuse half-order spots. This superstructure does not correspond to the 
reconstructed (1 X 2) substrate since the half-order substrate spots are not large and 
diffuse but rather are streaked in the [OOl] direction if the substrate is somewhat 
disordered. Rather, this overlayer is due to approximately 0.5 + 0.05 ML of both 
NO and oxygen. This superstructure was observed also if an oxygen c(2 X 2) super- 
structure was formed, and then the overlayer was saturated with NO at 300 K [ 171. 
Thus, the (1 X 2) pattern is a superstructure of NO and oxygen coadsorbed on the 
Ir(1 lo)-(1 X 1) surface. 

If the value of R is sufficiently large to achieve a plateau in the rate of produc- 
tion of Nz, the LEED superstructure is a sharp (1 X 2) which is a clean and recon- 
structed substrate pattern. The coverages of NO and oxygen are less than 2% as 
measured by thermal desorption mass spectrometry. As the surface temperature 
decreases (with sufficiently large R) and the maximum rate in production of ND3 is 
reached, the LEED pattern shows streaks between the substrate spots in the [OOl] 
direction with some modulation of intensity (after the reaction is terminated and 
the surface is cooled to room temperature). From the XPS, UPS and AES results, 
only nitrogen adatoms are present, and this pattern is probably a poorly ordered 
p(2 X 2) superstructure on Ir(1 lo)-(1 X 2). Near the drop-off in the production of 
N2 at low temperature, LEED shows a (1 X 2) superstructure with streaking along 
and between the substrate spots and a higher background than before the drop-off. 
The streaking along the substrate spots is reminiscent of chemisorbed oxygen [21], 
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and the streaking between the rows is due to both oxygen and nitrogen adatoms. 

Once the reaction cycle is complete (for R > 4) the (1 X 2) substrate is still ob- 
served at room temperature, but the background is quite high, as it appears when 
the surface is saturated with NO at 300 K or below [ 171. 

In the following section, the results of this section and section 4 will be dis- 
cussed in order to understand the various steps in the reaction between NO and Dz 
over Ir(ll0). Modelling of the elementary steps will be limited to building qualita- 
tively a conceptual model due to the rather complex competing processes which 

occur as the reaction proceeds. 

6. Discussion 

As seen from the data presented in the previous sections, the reduction of NO 
with hydrogen over Ir(ll0) is quite complex. Depending on the surface tempera- 
ture and the partial pressures of the reactants, the rate of reduction and the prod- 
uct distribution vary considerably. Moreover, the nature of the catalytic surface 
(whether the surface is clean or oxidized) during a reaction cycle influences the rate 
of reaction. This section is concerned with interpreting the observed reaction 
phenomena for NO + Dz over Ir(ll0). 

Although hysteresis in the rate of reduction of NO with Hz over polycrystalline 
Pt was not reported [ 11, the distribution of the major products containing nitrogen 
(Nz and NHB) did vary in the same way as seen here for Ir(ll0). Under similar con- 
ditions, the maximum rate of production of ammonia is near 540 K on Ir(ll0) 
compared to 495 K on polycrystalline Pt [ 11. The temperature at which 50% of the 
NO is reduced varies for Ir(1 lo), but it is always higher than 445 K which was 
reported for polycrystalline Pt [ 11. Also, the ratio of partial pressures (PoJpNo) 
required to achieve approximately the same fraction of NO converted to ND3 is 
(qualitatively) higher for Ir(ll0) than Pt [l]. Thus, the postulate put forth in sec- 
tion 1 is verified, namely the activity of the Ir catalyst for the production of ammo- 
nia is lower than that of Pt, and this may be related to the observation that NO 
dissociates more readily on Ir than Pt. Although the steady state reaction was 
carried out over Pt(ll1) [2], the values of R used are much different from those 
employed here making comparisons of selectivity and activity with respect to 
Ir(ll0) difficult. Since the reduction reaction has not been studied on Rh under 
ultra-high vacuum conditions, it cannot be verified further that the activity of Ir is 
intermediate between Pt and Rh as suggested by the trend in the activity to dissoci- 
ate NO. 

Three regions of interest may be considered separately as suggested by the 
steady state reaction cycles. The first region is where Nz is produced at a lower rate 
prior to the formation of a plateau (if there is one) and after the rate has passed 
through a second relative maximum above 500 K as the temperature increases. At 
this point, the conversion of the surface from one which is relatively free of oxygen 
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to one which is partially covered with oxide and chemisorbed oxygen and NO is 
complete. The second region is the plateau in the production of N2 (and the pro- 
duction of D20 by mass balance) which is insensitive to the surface temperature 
but is dependent upon the partial pressures of the reactants. The third region is the 
temperature and pressure regime under which the production of ammonia competes 
with the production of N2 for nitrogen adatoms, i.e. for R > 4 and 470 < T < 
630 K, after the surface achieves a high rate of reduction of NO. In addition to 
these three regions, the transitions between the high and low rates of reduction of 
NO will be discussed. 

6.1. Region 1. Low rate of N2 production 

As seen in figs. 5-7, the rate of production of N2 is inhibited significantly in the 
region where the rate is not on a plateau as the temperature increases. The results in 
section 2 concerning the adsorption of deuterium on a saturated overlayer of coad- 
sorbed NO and oxygen showed that deuterium is blocked almost completely from 
chemisorbing, whereas NO or oxygen alone did not block deuterium completely. In 
this region, the surface contains approximately a half ML of oxygen, at least a part 
of which is a surface oxide since the surface has reverted to the (1 X 1) unrecon- 
structed structure from the (1 X2) superstructure [21]. Also, the surface has a 
partial coverage of NO which varies with temperature due to a competition between 
desorption and adsorption of NO under steady state conditions. As the surface tem- 
perature increases, the rate of production of N2 increases. However, N2 cannot be 
produced unless the surface is reduced via the removal of oxygen by D2. The 
empirical pressure dependence of the rate on the reactants, given by eq. (1) at a 
constant temperature, indicates that NO acts as a poison unlike D2. 

The dependence of the rate on PD2 may be analyzed by considering the ele- 

mentary steps involved in producing D20, 

‘D2 

D2(4 -g+ 2 DC4 9 (5) 

D(a) + O(a) “: OD(a) , 

D(a) + OD(a) ‘: D20(g) , 

(6) 

(7) 

where So, is the probability of adsorption of deuterium, and the various ki are the 
rate coefficients of each elementary reaction. Applying the steady state approxi- 
mation to adsorbed D and OD implies that 

2S02F02 - k&9:, - 2k@&, = 0, (8) 

where FD2 is the impingement flux of D2 (proportional to PDF) in the reactant 
beam. Under the conditions in this region, 2SD2FD2/k2 in eq. (8) is small compared 
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to (/~a@&~)~, and 0~ is given approximately by 

oo = SD2F02/k&. (9) 

Substituting eq. (9) into the expression for the rate of production of D20 yields 

RD~O = SD?FD~ 9 

i.e. the proper dependence on PDF for the rate of production of Na. 

(10) 

However, understanding the dependence of the rate on NO, Psg2, is not so 
straightforward. It is appealing to think of NO as a poison since oxygen depleted 
by deuterium is supplied by the dissocation of NO. Moreover, NO will desorb, 
rather than dissociate if the coverage of oxygen is sufficiently large. The competi- 
tion between the rate of removal of oxygen (RD~o), the rate of accumulation of 
oxygen viathe dissociation of NO, and the rate of desorption of NO govern the rate 
of production of N2. 

Lastly, Arrhenius plots in fig. 9 give the effective activation energy for the 
steady state reaction, and it lies between 10.3 and 12.6 kcal mole-‘. It may be that 
this value represents the difference in activation energies for the desorption and the 
dissociation of NO. This would not be unreasonable since estimates of this differ- 
ence in energy, in the absence of deuterium, place it near 8 kcal mole-’ [ 171. The 
rate limiting steps would be for NO to find an oxygen-free area in order to dissoci- 
ate and for NO to desorb from areas containing adsorbed oxygen in order to allow 
deuterium to react away the oxygen. However, other elementary reactions are 
important, so that additional activation energy differences may be embodied in E. 

6.2. Region 2. Plateau in N2 production 

For sufficiently high values of PD, compared to PN~ and sufficiently large tem- 

peratures, the low rate of production of N2 in Region 1 becomes unstable, and a 
high rate occurs that does not depend sensitively on temperature over some range 
of temperature. In this second region, only conditions that produce the N2 plateau 
and do not form ND3 will be considered. As observed by both thermal desorption 
mass spectrometry and LEED, when the reaction is terminated during the steady 
state reaction on the N2 plateau, the surface is a clean (1 X 2) substrate with small 
coverages of nitrogen and oxygen adatoms, unlike the surface conditions in 
Region 1. Although the oxygen adatoms present on the surface above 700 K are 
probably in an oxide form [21], they are in low concentration and still react 
readily with deuterium [27]. 

As seen in fig. 8 and quantified by the empirical expression in eq. (2), both NO 
and D2 accelerate the rate in the plateau region. The linear dependence on PNo in 
eq. (2) indicates that within the pressure range studied for NO, 5 X 10e8 to 4 X 
lo-’ Torr, the reaction to form N2 (for a given PD2) is limited by the rate of 
dissociation of NO, so long as PD2 is sufficiently large to maintain the plateau 
behavior. The dependence on PD2 is easily understood in the plateau region by 
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examining the limit in eq. (8) for 2SD2FD2/k2 large compared to (k@0/k2)2 in 
order to obtain an approximate expression for Oo. Substituting this result into the 
expression for RI)~~ gives 

h20 = k3 (‘%2F,,21W”2@o, (11) 
where k2 and k3 appear in eqs. (5) and (6) for the desorption of Dz and the reac- 
tion between deuterium and oxygen to form OD, respectively. 

Over the pressure range of D2 that is accessible (5 X 10-a to 1 X 10e6 Torr), the 
rate of formation of N2 depends on PD2. 1’2 However, if larger pressures of D2 were 
studied, the rate should reach a limiting value for a given PNO. In this case, the rate 
should be limited by the flux of NO to the surface since the initial probability of 
adsorption is unity independent of temperature [17]. The Pti,” dependence in 
Region 2 indicates that small coverages of oxygen influence the rate of dissociation 
compared to the rate of desorption of NO. 

6.3. Region 3. Arnnzorzia productiorl 

Ammonia is formed on Ir(ll0) between 470 and 630 K for values of R greater 
than four, depending also on the partial pressure of NO. It was found from XI’S, 
UPS and LEED results that the surface is a (1 X 2) substrate with a partially ordered 
nitrogen p(2 X 2) superstructure near the ND3 reaction maximum. Since ND, (x = 
1,2) groups are not observed with either XPS or UPS if the reaction is terminated 
where ND3 is produced, the rate limiting step to form ND3 is N + D + ND. The 
desorption of ND3 is rapid in the reaction region in agreement with thermal desorp- 
tion results for NH3 on Ir(l1 l), where NHa desorbs molecularly near 300 K [28]. 

Under conditions that produce ND3 in competition with N2, the empirical 
dependence of the rate of ND3 production on the partial pressures of the reactants 
is given by Pfj2Pr;‘o (see eq. (4)). As in Region 1 where N2 is produced at a low rate, 
NO acts as a poison by supplying oxygen that consumes deuterium which would 
otherwise react with nitrogen to form ND3. A squared dependence on PD, may sug- 
gest that diffusion of deuterium adatoms in pairs is important, as was inferred near 
the rate maximum for CO oxidation on Ir(ll0) by the squared dependence on the 
pressure of oxygen [26]. Also, the stoichiometry of the reaction between NO and 
D2 to form ND3 and D20 requires five deuterium adatoms for each NO admolecule 
and would cause the rate to depend more strongly on PD, than on PNO, although 
N + D + ND and 0 t D -+ OD are the rate limiting steps in the production ofNDa 

and D20, respectively. 

7. Summary 

The reaction between NO and D2 over Ir(ll0) has been studied under ultra- 
high vacuum conditions by means of measurements of the steady state rate of 
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reduction of NO as a function of the partial pressures of the reactants (5 X 10V8 
to 1 X 10e6 Torr) and the surface temperature (300 to 1000 K). In addition, coad- 
sorption studies of NO and deuterium at low temperature were performed to gain 
insight into the competitive nature of the chemisorption process and to observe the 
desorption characteristics of the coadsorbed overlayers as the surface is heated. The 
results of this investigation may be summarized as follows: 
(1) Small precoverages of deuterium do not affect the kinetics of adsorption of NO 
but do affect the distribution of Nz and NO that thermally desorbs from the sur- 
face. More N1 desorbs when deuterium is present than in its absence due to the 
reaction between oxygen (from the dissociation of NO) and deuterium to form 
DzO. 
(2) The adsorption of deuterium is decreased, relative to the clean surface, when 
the latter is saturated with NO. However, Dz is inhibited strongly from adsorbing 

when the surface is saturated with oxygen and NO, a condition that occurs under 
some steady state reaction conditions. 
(3) Depending on the value of R, under steady state conditions a marked hysteresis 
can occur in the rate of reduction of NO. For certain values of R and the surface 
temperature, a plateau in the rate of reduction appears that persists as the tempera- 
ture is decreased. At some temperature, depending upon PNO and PD,, the rate falls 
precipitously to a new steady state where the rate of the reduction reaction is 
lower. 
(4) For large values of R p4). NDa is produced between 470 and 630 K and com- 
petes for nitrogen adatoms with the production of Nz. 
(5) Three regimes of the steady state reaction were examined separately: (a) low 
rates producing only Nz and DzO with an inhibition by NO; (b) high rates with a 
plateau in the rate producing only Nz and D,O; and (c) high rates where Nz and 
ND3 are produced competitively. Explanations of the empirically observed rates 
were discussed in light of mass spectrometry, XPS, UPS, AES and LEED results. 
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