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The adsorption and dissociation of NO on a Rhtl IO) surface in the temperature range from 100 to 300 K haa been studied by 

means of high-resolution electron energy loss (HREEL) spectroscopy. At 100 K only one adsorption state of NO, assigned to 

bridge-bonded NO species, is observed at the whole NO coverage range. The N-O stretching frequency of this species increases 

from 1560 to 1710 cm-’ with increasing NO coverage. NO decomposition, which occurs readily at temperatures above 170 K has 

been studied for NO coverages less than 0.3 of the saturated NO coverage at 100 K. The HREELS data have shown that the 

fraction of NO molecules which undergo dissociation increases with increasing temperature and with decreasing initial NO 

coverage. For the highest NO cover-ages considered (0.3 of saturation at 100 KJ all NO molecules decompose at 240 K. A variety of 

loss features are observed in the HREEL spectra after decomposition of different amounts of NO. These HREEL data are 

explained on the basis of comparison with the HREEL spectra measured for oxygen, nitrogen and mixed oxygen and nitrogen 

layers on Rh(llOJ. It has been established that the variety of loss features observed after dissociation of NO is due to different 

oxygen states on the surface. The observed effect of the dissociation products on the N-O stretching frequencies have heen 

discussed considering the factors that can account for the blue-shifts observed in the presence of electronegative surface modifiers. 

I. Introduction 

The interaction of NO with single-crystal metal 
surfaces attracts interest mainly because NO is 
one of the most toxic components in the automo- 
bile exhaust gases. Undoubtedly, fundamental 
understanding of the nature of NO adsorption 
bond, which exhibits a variety of possible configu- 
rations, is an important step in strengthening the 
theoretical basis in the search of effective metal 
catalysts for neutralization of NO. Since the neu- 
tralization process involves as an intermediate 
step NO dissociation, the dissociative propensity 
of the various adsorption configurations of NO 
on metal surfaces has been a subject of many 
investigations. A variety of NO bonding configu- 
rations have been observed. They are assigned to 
on-top and bridge linear [l-20], on-top and bridge 
bent [6,16,17], threefold [19] and side-on [20] 
bonding and the formation of (NO), dimers [l 11. 

Vibrational spectroscopy data have shown that 

the bridge bonding is the preferred adsorption 
configuration especially at low NO coverages [ l- 
1.51. NO adsorbed on various single crystal metal 
surfaces exhibits a different tendency towards 
dissociation. It retains its molecular form on 
Pttl 11) [7-101, Pdtlll) [12,27,28] and Pdt 100) 
[I 1,141 surfaces independently on the adsorption 
temperature. Both molecular and dissociative ad- 
sorption occurs on Ni [16-181, Ru [l-4.19], Rh 
[13-15,20-261, Pt(100) [6], Ir [5,29,30], Re [31], 
MO [32,33] and Ag( 111) [34] surfaces. The disso- 
ciative propensity of NO varies with different 
metals and is substantially influenced by the sub- 
strate surface structure and the presence of de- 
fects [251. 

Recently, several research groups focused on 
studies of NO adsorption and dissociation on Rh 
single-crystal surfaces [13-15,20-261. The interest 
in NO/Rh systems is explained by the fact that 
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Rh is one of the most effective catalysts used in 
automobile converters [35]. The NO bonding con- 
figuration (adsorption site and bonding geometry) 
has been already studied on Rh(ll1) [13,22] and 
Rh(100) [201 surfaces. In the case of the 
NO/Rh(lll) system there is certain disagree- 
ment in the reported vibrational data for what 
concerns the low-frequency region and at high 
NO coverages, the high-frequency region as well. 
The HREELS studies by Root et al. [13] have 
shown a single bridge-bonded NO state with NO 
molecular axis normal to the surface plane at all 
coverages. This species is characterized by a N-O 
stretching mode in the range of 1500-1600 cm-’ 
and a very weak Rh-NO band at - 360 cm- ’ 
and undergoes dissociation at temperatures above 
250 K. Kao et al. [22] reported a Rh-NO band at 
435 cm-’ and an occurrence of extra features at 
400, 485, 1515 and 1830 cm-’ after very large 
exposures of NO at 250 K. These features gain 
intensity at the expense of the initial losses at 435 
and 1635 cm-‘. The new losses were assigned to 
occupation of bridge and on-top sites in a dense 
ordered layer. For NO adsorption on Rh(100) a 
highly inclined species, characterized by a stretch- 
ing frequency of 920 cm-‘, were detected at low 
NO coverages and at temperatures lower than 
140 K [20]. This NO species readily dissociates at 
temperatures above 140 K. A second bridge- 
bonded NO species on Rh(lOO), characterized by 
vibrational modes in the 1580-1678 cm-’ range, 
were observed at moderate and high coverages. 
This species exhibits a strong coverage depen- 
dence of its dissociation rate [20]. To our knowl- 
edge only one study on the adsorption of NO on 
Rh(ll0) at room temperature has been reported 
[26]. The TPD and XPS results in this study 
indicate that at room temperature the initial NO 
adsorption on Rh(ll0) is dissociative, followed by 
molecular NO adsorption at higher coverages. 

The present HREELS study of NO adsorption 
on Rh(ll0) is carried out in the temperature 
range of 100-300 K. It addresses two aspects: (i) 
the bonding configuration of molecular NO at 
100 K at various coverage, and (ii) the changes in 
the HREEL spectra as a result of NO decompo- 
sition. Since only below a certain NO coverage 
NO undergoes complete dissociation prior to des- 

orption, the NO decomposition studies presented 
in this paper consider relatively low NO cover- 
ages. Special attention was paid to the identifica- 
tion of the adsorption state of the dissociation 
products 0 and N and their effect on the NO 
stretching frequencies at the NO coverages under 
investigation. 

2. Experimental 

The experiments were carried out in an UHV 
apparatus consisting of two chambers. The clean- 
ing procedures, the characterization of the sam- 
ple and the exposure to NO were performed in 
the preparation chamber. It contains an ion gun, 
facilities for LEED and Auger spectroscopy and 
leak valves for gas inlet. The second chamber is 
equipped with a Leybold ELS22 spectrometer, 
operating at a pressure of 4 X lo-” mbar. The 
energy resolution achieved was usually - 5-6 
meV (40-50 cm-‘). The HREEL spectra in the 
present study were taken using a primary energy 
of 1.7 eV. The incident angle of the electrons was 
60 o from the surface normal. Most of the spectra 
were measured in a specular geometry. A few 
experiments with electrons collected in a direc- 
tion at 4, 10 and 16” off-specular also were 
performed. HREEL spectra were normalized to 
the integrated elastic peak intensity. The areas of 
the elastic and loss peaks were determined by the 
least-squares Gaussian fits. 

The Rh single crystal was oriented within 1” 
of the [llO] direction. It was mounted onto two 
tungsten wires which allowed direct resistive 
heating of the sample up to 1300 K. The temper- 
ature was measured using a chromel-alumel 
thermocouple which was forced into a narrow 
hole in the sample. The crystal was cleaned by 
repeated cycles of Ne bombardment, heating in 
2 x lop8 mbar oxygen at 1100 K and annealing to 
1300 K until no contaminants were distinguished 
in the AES and HREEL spectra. The HREEL 
spectrum of a clean Rh(ll0) surface shows only a 
feature at - 160 cm- ’ assigned to a Rh phonon. 
All HREEL measurements were carried out at a 
sample temperature of 100 K, i.e., after cooling 
down the sample provided a heat treatment had 



been performed after adsorption of NO at 100 K. 
The heating temperatures used in the studies of 
dissociation of NO were in the range 180-240 K. 
The cooling time required to “freeze” the reac- 

tion at 100 K was of the order of a few seconds. 

3. Results 

3.1. NO adsorption at 100 K 

Since no LEED patterns were detected during 

NO adsorption we had no reference point to 
determine the absolute NO coverage. That is why 
the coverage calibration was performed on the 
basis of the NO uptake curve taken by monitor- 
ing the increase of the integrated intensity of the 
NCKLL) Auger peak with increasing NO expo- 
sure at 100 K. The saturation NO coverage at 100 
K, which was achieved at exposures of - 10 L (1 
L = IO -’ Torr s), was assigned as a relative cover- 
age of 0 = 1. On this basis the NO coverages, 
0 No, obtained upon different NO exposures, are 
presented as a fraction of the saturated coverage 
at 100 K. 

Fig. 1 shows a series of HREEL spectra of NO 
adsorbed on Rh(ll0) at 100 K. Adsorption results 
in an appearance of one N-O stretching mode 
which shifts from 1560 to 1710 cm-’ with increas- 
ing eNo. In the low-energy region NO induces 
initially a rather broad poorly resolved feature in 

‘T = 100 K 
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Fig. 1. HREEL spectra for increasing NO coverages on 

Rh(l IO) after adsorption at 100 K. 
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Fig. 2. (a) Dependence of the loss intensity of the N-O 

stretching mode on the NO coverage. H,<), for NO adsorbed 

on Rh(llO) at 100 K; (h) Variation of the N-O stretching 

frequency with NO coverage, eNO. on Rh(l10) at 100 K. The 

filled symbols in (a) and (h) show the intensity and frequency 

variations for NO coadsorhing with a mixed layer of oxygen 

and nitrogen, deposited on Rh(l IO) by dissociation of f9No = 

0.075. 

the 400-600 cm-’ region. At moderate coverages 
this broad feature develops into a doublet consist- 
ing of peaks located at 450 and 570 cm-‘. At high 
NO coverages these modes lose their intensity 
and can hardly be distinguished because of the 
enhanced background noise. 

Fig. 2 presents the variations in the intensity, 
I N_O, and frequency, w~_~~, of the N-O stretch 

as a function of NO coverage on Rh(l10) at 100 
K. Initially, the intensity and peak frequency in- 
crease linearly with NO coverage up to ON0 - 
0.75. Above this NO coverage both I,-,, and 
wN_o display an accelerated increase. At NO 
coverages very close to saturation the absorption 
intensity decreases, whereas the stretching fre- 
quency levels off at 1710 cm- ‘. The same figure 
also shows the data on intensity and frequency 
changes versus coverage for NO adsorbing on a 
surface modified by 0 and N. 0 and N were 
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introduced onto the surface in a preliminary ex- 
periment by dissociation of eNo = 0.075. It is 
evident that, excepting the slightly higher oN_o 
values (by N 20 cm-‘), the NO loss intensity and 
adsorption configuration are hardly affected by 
the presence of 0 and N up to 19,o N 0.8. 

3.2. Dissociation of NO overlayers at elevated 
temperatures 

The dissociation of NO, adsorbed molecularly 
on the surface at 100 K, is studied for the NO 
coverage range 0 < eNo < 0.3 when the NO cov- 
erage does not influence the dissociation rate. At 
higher coverages the NO dissociation becomes 
dependent on the availability of surface sites for 
the dissociation products. As has already been 
described in a number of papers, above a certain 
NO coverage partial desorption of NO should 
precede the dissociation process [20-261. Thus a 
complex dependence of the dissociation process 
on NO coverage exists because the activation 
energy for NO desorption is higher than the 
activation energy for dissociation on Rh surfaces 
120-261. 

At O,o < 0.3, NO dissociation on Rh(ll0) oc- 
curs upon heating at temperatures above 170 K. 
The amount of dissociated NO for the same 
initial NO coverage depends on the temperature 
and the duration of heating. Taking HREEL 
spectra after different heating times at a chosen 

temperature, followed by rapid cooling down to 
100 K, provides valuable information about the 
dissociation process. 

When the surface temperature is increased 
above 170 K substantial changes in the HREEL 
spectra occur. These changes are illustrated in 
figs. 3 and 4. Figs. 3a and 3b show two sets of 
HREEL spectra (for two initial NO coverages) 
acquired after different annealing times at 204 K. 
The annealing at this temperature causes a rather 
fast decrease in I,-,. This is accompanied by an 
intensity gain of the peaks at 440 and 570 cm-’ 
and the emergence of new losses at - 350, 780 
and 880 cm-‘. Since for the chosen NO coverage 
range no NO desorption occurs, the changes in 
the HREEL spectra are only due to temperature 
induced dissociation of NO. Figs. 4a-4c show the 
decrease of loss intensity and the concomitant 
frequency shift of the N-O band as a function of 
the annealing time at 204 K for three initial NO 
coverages. The data in figs. 3 and 4 provide the 
following useful information: (i) the completion 
of the NO dissociation at 204 K is coverage 
dependent, i.e., the fraction of undissociated NO 
increases with increasing initial NO coverage; (ii> 
the initial slope of the intensity versus time curves 
is proportional to the initial loss intensity; (iii) the 
increase in the amount of dissociation products 
causes an increase of the N-O stretching fre- 
quency of the remaining NO molecules. The wN_o 
values are by - 40 cm-’ higher when N(a) and 

time (min): , ,. 1 

-100 500 1100 1700 

LOSS ENERGY (cm-l) 

time (min): 

-100 500 1100 1700 

LOSS ENERGY (cm-l) 

Fig. 3. HREEL spectra measured after increasing heating times at 204 K for NO layers adsorbed on Rh(ll0) at 100 K: (a) initial 
B,, = 0.075; (b) initial fI,,,o = 0.3. 
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Fig. 5. HREEL spectra measured after complete dissociation 

of NO for two initial coverages, B,,, of NO adsorbed at 100 
K on Rh(l10). 

O(a) are present than those measured for the 
same NO coverage on a clean Rh(ll0) surface. 
For NO coverages less than 0.3 a further increase 

in temperature up to - 240 K leads to complete 

dissociation of NO and only the low frequency 
features remain visible in the HREEL spectra. 

Fig. 5 displays the low energy region of HREEL 
spectra measured after complete dissociation of 
NO (adsorbed at 100 K) by rising the surface 
temperature to 300 K. It is obvious that the 
number of loss features which emerge upon NO 
dissociation and also their absorption intensities 
and frequencies depend on the absolute amount 
of dissociated NO. When the initial NO coverage 
is less than - 0.1 the main features after dissoci- 

r- 

. / I 

-100 300 700 1100 

LOSS ENERGY (cm-l) 

Fig. 6. HREEL spectra for increasing oxygen exposures on Rh(ll0) at adsorption temperatures: (a) 100 K, (b) 300 K. Spectrum 3 in 
(a) represents the changes in spectrum 2 (measured after oxygen adsorption at 100 K) induced by heating to 273 K. 
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ation are at N 450 and 570 cm-’ with a weak 
broad shoulder in the 600-800 cm-’ range. When 
the initial NO coverages are higher, a peak at 350 
cm-’ and a structure at N 900 cm-’ are ob- 
served as well. 

In order to describe the origin of the features 
in the HREEL spectra which appear as a result 
of NO dissociation we carried out separate 
HREEL studies on nitrogen, oxygen and mixed 
nitrogen and oxygen adlayers on Rh(ll0). 

Fig. 6 shows the HREEL spectra recorded 
after 0, adsorption on Rh(ll0) at 100 and 300 K. 
It can be clearly seen that the oxygen vibrational 
spectrum depends substantially on the adsorption 
temperature and oxygen coverage. For oxygen 
adsorption at 100 K, the HREEL data (fig. 6a) 
show that: (i> low oxygen coverages are character- 
ized by a vibrational mode in the 550-570 cm-’ 
range; (ii) higher oxygen coverages lead to three 
extra features at N 360, 500 and 850 cm-‘. The 
development of the HREEL spectrum at 300 K is 
presented in fig. 6b. It contains an intensive fea- 
ture at 570 cm-’ at low oxygen coverages which 
is replaced by a feature at 500 cm-’ at higher 
coverages. A loss peak at 370 cm-’ and a broad 
poorly resolved doublet with components at N 
800 and 900 cm-’ also appear at high coverages. 

Spectrum 1 in fig. 7 presents the HREEL 
spectrum of a N layer deposited on Rh(ll0) after 

-100 300 700 1100 

LOSS ENERGY (cm-l) 
Fig. 7. HREEL spectra of nitrogen deposited onto Rh(ll0) by 

dissociative adsorption of NH, (spectrum 11, after coadsorp- 

tion of oxygen at 100 K (spectrum 2) and after heating the 

mixed layer to 300 K (spectrum 3). 

dissociation of NH, and removal of hydrogen by 
temperature-induced desorption. The Rh-N vi- 
bration is characterized by a band at 415 cm-‘. 
Subsequent adsorption of oxygen (spectrum 2) at 
100 K induces an extra loss at = 570 cm- ’ and a 
shoulder at N 360 cm-’ and causes a slight 
blue-shift of the Rh-N stretch to 440 cm-‘. 
Heating of this mixed layer to 300 K causes the 
following changes in the intensities of the loss 
features: (i) the peak at 440 cm-’ due to the 
Rh-N stretch is strongly attenuated; (ii) the in- 
tensity of the 360 cm-’ peak increases and (iii) a 
shoulder at = 660 cm-’ and a peak at 850 cm-’ 
appear. The spectrum of the mixed N + 0 layer 
resembles that observed after NO dissociation 
(see fig. 5). 

4. Discussion 

4.1. NO bonding configuration on Rh(ll0) at 
100 K 

The NO stretching frequencies observed in the 
present study cannot be described unambiguously 
on the basis of the vibrational data for NO ad- 
sorption on other single-crystal metal surfaces 
[l-20,22,34] or considering the frequencies mea- 
sured for transition metal nitrosyl complexes [36- 
391. According to the frequency assignments for 
transition metal nitrosyls, the. N-O stretching 
mode measured in the present study is within the 
range of on-top bent NO: 1525-1700 cm-’ 
[6,17,36] . The two low-frequency bands can be 
assigned to the Rh-N stretching (440 cm-‘) [22] 
and Rh-N-O bending (570 cm-‘) [39] modes. In 
the framework of a predominantly bent configu- 
ration up to medium coverages the observed sig- 
nificant increase in the intensity and frequency of 
the N-O modes and the strong suppression of 
the low-frequency modes at high NO coverages 
can be explained as being due to the conversion 
from a bent to a linear bonding geometry. How- 
ever, the following information raises questions 
about the consistency of this interpretation of the 
vibrational data: (i) the measurements of the in- 
tensity of the elastic and loss peaks as a function 



of the deviation angle from the specular direction 
showed a behaviour dominated by the cross sec- 
tion changes, i.e., they do not provide evidence 

for the existence of off-normally bound NO 
molecules on Rh(llO) at 100 K; (ii) the low-en- 
ergy vibrational region resembles that observed 
for small amounts of oxygen and nitrogen coad- 
sorbed on Rh(llO); and (iii) the N-O stretching 
frequency of 1710 cm-‘, measured at close to 
saturation NO coverages seems a bit low for a 

dense layer of on-top NO with a linear geometry. 
Another alternative explanation of the NO 

loss spectra on Rh(ll0) is a single linear adsorp- 
tion geometry into bridge sites, similar to the case 
of NO adsorption on Rh(lll> [13]. In this case, in 

order to explain the low-energy region of the loss 
spectra, it is postulated that a tiny amount of NO 
undergoes dissociation (most probably on defects) 
even at 100 K. This will result in the appearance 
of Rh-N (440 cm-‘) and Rh-0 (570 cm-’ 1 
bands. The HREEL data for nitrogen, oxygen 

and mixed nitrogen and oxygen adsorption sys- 
tems, obtained in the present study either by 
separate nitrogen and/or oxygen deposition or 

after NO dissociation at elevated temperatures, 
show that: (8 the Rh-N stretching mode of ad- 
sorbed nitrogen atoms appears at 415 cm ’ and 
suffers a blue shift by - 30 cm- ’ in the presence 
of oxygen; (ii) low coverages of oxygen adsorbed 
at 100 K are characterized by a Rh-0 stretching 
frequency at 570 cm-’ hardly affected by the 
presence of coadsorbed nitrogen; (iii) mixed N + 
0 layers obtained after decomposition of small 

amounts of NO (0,,, - 0.075) upon heating to 
200 K, results in two bands at - 460 and 570 
cm -‘, the intensity of the latter being strongly 
damped by the presence of undissociated NO. 
Similar strong suppression of the oxygen loss 
peak induced by coadsorbed NO molecules was 
also observed on Rh(ll1) [13] and Ru(OO1) [19]. 
A survey of the available data on adsorption and 
dissociation of NO on transition metal surfaces 
shows that NO dissociation can occur at tempera- 
tures ranging from 80 to 140 K for low NO 

coverages on Ad1111 [34l, W(lOO), [32], Mo(100) 
[33] and Rh(100) [20]. Since the activity of the 
more open Rh(l10) surface should be higher than 
that of the Rh(lO0) surface it is probable that a 

small amount of NO dissociates on defect sites ot 
a Rh(l10) surface even at temperatures as low as 
100 K. 

Accepting the second model for explaining the 
HREEL spectra of NO on Rh(ll0) a linear 
bridge-bonding NO configuration should be justi- 
fied. Comparison with the available vibrational 
data for NO/transition metal adsorption shows 

that the energy region of the N-O band on 
Rh( 110) is closest to that ( lS80- 1680 cm ’ ) re- 
ported for linear bridge-bonded NO on Rh(100) 
1201. The NO stretching frequency range mca- 
sured in the present study exceeds that found by 
Villarrubia and Ho [20] only at NO covcrages 
close to saturation (set fig. 2). This may well bc 
due to the fact that at high coverages the NO 
molecules can be forced to occupy sites influ- 
cnced by the introduced tiny amounts of dissocia- 
tion products. The results obtained in separate 

studies of NO adsorption on Rh(l10) precovcred 
with a mixed N + 0 overlayer and the frequency 
shift observed in the course of heating experi- 
ments (see figs. 2 and 4) support this explanation. 
It should be emphasized that a blue-shift induced 
by electronegative coadsorbates is a common 
phenomenon [13,19,40-451 in cases when the 
metal/2r”; backbonding component contributes 
mainly to the molecular adsorption bond. The 
following contributions could account for the 
blue-shift: (i) dipole effects due to electrostatic 
(direct or via the substrate) interactions bctwccn 
the coadsorbates; (ii) chemical effects due to 
competition for “backdonation” electrons, (iii) 
changes in the adsorption site or bonding gcomc- 
try, and (iv) an increase of the local concentration 
provided the interactions in the mixed ovcrlaycr 
force the coadsorbed molecules to form separate 
islands. 

Usually, the metal-NO frequcncics reported 
for bridge bonded NO arc in the 300-400 cm ’ 
range [5,6,10- 13,341. For NO on Rh( 111) the 
Rh-NO vibration induces a very weak feature at 
360 cm-’ which can be distinguished only at high 
NO coverages. The lack of a similar feature in 
our HREEL spectra may well bc due to a lowe] 
dynamical dipole of NO on the Rh( 110) surface. 
The absence of the Me-NO mode was reported 
for the bridging NO on Ru(OOO1) [I ,2]. 
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4.2. NO dissociation and HREEL spectra of NO 
dissociation products 

The HREELS data in the present study pro- 
vide evidence that a substantial fraction of NO 
undergoes dissociation on Rh(ll0) at tempera- 
tures higher than 170 K. The ratio of the initial 
slopes of the loss intensity versus annealing time 
plots, displayed in figs. 4a-4c, is 1 : 2.1: 3.3. Let 
us assume that for the NO coverage range under 
consideration in figs. 4a-4c the initial dissocia- 
tion rate, rO, obeys the simple relationship: r,, = 
kae,o(l - 8,o) where k, remains constant. This 
leads us to the ratio 1: 2.1: 3.1 for the initial 
dissociation rates at 19~~ = 0.075, 0.18 and 0.3, 
respectively. This result is in very good agreement 
with the values obtained from the initial slopes of 
the intensity versus time in figs. 4a-4c for the 
same 19,o. This means that within the low NO 
coverage range concerned in the present study, 
the initial dissociation rate exhibits first-order 
coverage dependence. This conclusion is correct 
because, as shown in fig. 2a, in the low NO 
coverage range the loss intensities vary linearly 
with NO coverage and are not influenced by the 
presence of small amounts of dissociation prod- 
ucts. We have not attempted to make quantita- 
tive conclusions about the overall NO dissocia- 
tion kinetics on the basis of the HREEL data 
because the presence of larger amounts of disso- 
ciation product might affect the loss intensity in 
an unpredictable direction. The loss intensity ver- 
sus annealing time data show that at tempera- 
tures lower than 240 K the fraction of undissoci- 
ated NO increases with increasing NO coverage 
and with decreasing annealing temperature. This 
observation can be explained by a picture where 
the nearest accessible sites for NO dissociation 
are already blocked by the dissociation products. 
Thus, further dissociation requires diffusion to 
favourable surface sites, which obviously becomes 
an activated process in the presence of dissocia- 
tion products. 

The introduction of 0 and N adatoms in the 
course of NO dissociation also causes a blue-shift 
in the N-O stretching mode of the order of 40 
cm-’ compared to the same NO coverage on a 
clean surface. This shift is larger (by - 20 cm- ‘> 

than the shift measured for NO post-adsorbed on 
a surface containing a mixed 0 + N layer (fig. 2) 
though the amount of 0 and N is almost the 
same. This difference is due to the fact that when 
NO is adsorbing on a modified surface it occupies 
preferentially sites that are least affected by the 
preadsorbed 0 and N. Consequently, at low NO 
coverages, effects such as weak next-nearest 
neighbour interactions [451 and an increase of the 
local NO surface density mainly contribute to the 
observed relatively small blue shift. Similar weak 
effects on the NO bridging configuration at low 
NO and 0 coverages were reported for other 
systems [13,17,19,44,45]. The picture is quite dif- 
ferent when the NO molecules remain on the 
surface as an undissociated fraction. In this case, 
the 0 and N modifiers introduced in the course 
of dissociation, may be located quite near to the 
nondissociated molecules. Provided the diffusion 
of the latter is impeded then they would bare a 
shorter-range influence causing the larger blue 
shift. The factors that contribute to the blue-shift 
have already been discussed in the previous sec- 
tion 4.1. 

Finally, let us attempt to describe the origin of 
the loss features that appear in the frequency 
region below 1000 cm-’ after dissociation of NO 
on Rh(ll0). The present loss spectra are substan- 
tially different from those observed after similar 
NO dissociation experiments on Rh(ll1) 1131, 
where only a prominent loss feature at 530 cm-‘, 
assigned to adsorbed oxygen atoms, remains after 
NO dissociation. Although conclusive identifica- 
tion of the induced loss features requires more in 
depth studies, the comparison of the loss spectra 
obtained after separate oxygen and/or nitrogen 
adsorption with that observed after NO dissocia- 
tion shows that, excepting the feature at 440 
cm-’ (which can be safely assigned to the Rh-N 
stretching mode), the other loss features can be 
related to oxygen. 

A multi-loss peak spectrum for an one compo- 
nent adsorption system is indicative for the pres- 
ence of a great variety of adsorption states and 
possible formation new phases. One of the most 
thorough studies of the system O/Ni(llO) [46,47] 
has shown successive oxygen chemisorption, oxy- 
gen-induced reconstruction and formation of an 



oxide phase. The different oxygen states allow for 
different vibrational modes, e.g., oxygen adsorbed 
on unreconstructed surface areas is characterized 
by a dipole active mode at 500 cm- ‘, oxygen 
adsorbed on a reconstructed surface by modes at 
280,390 and 800 cm ~ ’ and NiO growth (in smaller 

or larger islands) by two modes at - 4.50 and 550 
cm-’ and overtones at higher energy. Another 

example is the O/Pd(ll 1) system where the Pd-0 
stretching mode of chemisorbed oxygen is at - 
500 cm-’ and the initial formation of PdO is 

characterized by new vibrational modes at 275, 
675 and 750 cm-’ [48]. Commonly, the intermedi- 
ate states of formation of bulk oxides are charac- 
terized by losses within the 700-1000 cm-’ range 

[40,46-481. These frequencies, which are rela- 
tively high compared to those characteristic of 
chemisorbed oxygen and bulk oxide, are related 
to oxygen penetrating below the first metal layer 
[40]. Oxygen brought onto the Nit 111) surface by 
decomposition of NO was reported to be even 
more effective than oxygen alone in producing a 
high frequency feature at - 950 cm-’ associated 
with an intermediate oxidation state of Ni [40]. 

The activity of Rh single-crystal surfaces varies 
with the crystallographic orientation. The closed- 

packed Rhtlll) surface is the most resistant to 
oxidation and only a single mode at 530 cm- ‘, 
characteristic of a chemisorption state, was ob- 
served after adsorption of oxygen or dissociation 

of NO [131. Oxygen adsorption on stepped Rh 
surfaces leads to an extra feature at - 750 cm ’ 
after annealing and reconstruction at high oxygen 
coverages [49]. The LEED and HREEL studies 
of oxygen adsorption on Rh(100) have shown a 
variety of surface structures and an appearance 
of new loss features at 465, 515, - 700 and 990 
cm-’ at high oxygen coverages and elevated tem- 
pcrature. These features rise at the expense of 
the vibrational peak of the chemisorbed oxygen at 
415 cm- ’ [50]. Recently, dynamical LEED analy- 
ses of the (2 X 2)p2gg structure observed at an 
oxygen coverage of one-half monolayer have 
shown that even at temperatures as low as 130 K 
oxygen can induce a weak reconstruction of the 
Rh(100) surface [51]. Baird et al. reported the 
appearance of a (2 X 1)plgl LEED pattern and 
two 0 Is XPS peaks at 529 and 531 eV for oxygen 

adsorption on Rh(l10) at 300 K [26]. A similar 
0 1s XPS spectrum and the same LEED pattern 
were observed after NO dissociation. The 
double-peak structure in the 0 1s region is in- 
dicative of the existence of at least two oxygen 

states on the surface. 
Since the formation of an oxide phase by penc- 

tration of oxygen through the surface is easier for 
more open surface structures 1521, the RhtllO) 
surface is expected to be less resistant to recon- 
struction and oxide formation than Rh(l11) and 

Rh(100) [53]. Thus, the peaks observed in the loss 
spectra presented in figs. 5 and 6 can be assigned 
to different states of oxidation involving initial 
chemisorption, possible reconstruction and 

growth of oxide islands. In the case of NO disso- 
ciation, nitrogen atoms also are introduced onto 
the surface. It has been found that for some 

surfaces, e.g., Ni(100) [53] the nitrogen-induced 
reconstruction is even stronger than that induced 
by oxygen. Thus, it can be supposed that nitrogen 
also will influence the Rh(l10) structure and will 

contribute to the eventual surface reconstruction 
and oxide formation. 

5. Summary 

NO adsorption on RhtllO) at 100 K and sub- 
sequent decomposition in the temperature range 
170-250 K have been studied using HREEL 
spectroscopy. The main findings in this investiga- 
tion can be summarized as follows: 

(1) There is one adsorption state of NO at 100 
K, assigned to bridge-bonded NO species. Dc- 
pending on the NO coverage this state is charac- 
terized by N-O stretching frequencies from 1560 
to 1710 cm-‘. 

(2) For NO coverages less than 0.3 of the 
saturation coverage at 100 K measurable decom- 
position of adsorbed NO starts at temperatures 
above 170 K although that the HREELS data 
give evidence for dissociation of tiny amounts of 
NO (probably on defect sites) even at 100 K. The 
fraction of dissociated molecules depends on 
temperature and heating time and is larger for 
lower initial NO coverages. The HREEL mca- 
surements of the intensity of N-O mode provide 
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evidence that the initial dissociation rate is first 
order in NO coverage for the NO coverage range 
under consideration. 

(3) The dissociation products (0 and N), in- 
troduced on the surface in the course of NO 
decomposition, hinder further decomposition of 
NO and cause an increase of the N-O stretching 
frequency of the undissociated NO molecules. 
Depending on the initial NO coverage a critical 
temperature is required for completion of dissoci- 
ation. This effect is related to a diffusion barrier 
that should be surmounted by the remaining NO 
molecules in looking for favourable sites for dis- 
sociation. A possible explanation of the increased 
N-O stretching frequency is that the undissoci- 
ated NO molecules are squeezed among the dis- 
sociation products. The latter exert electrostatic 
and chemical effects typical for the electronega- 
tive modifiers. 

(4) Existence of one adsorption state of nitro- 
gen and several adsorption states of oxygen (which 
might involve reconstruction and/or different ox- 
idation states) is suggested in order to explain the 
HREEL spectra measured after complete dissoci- 
ation of different amounts of NO on Rh(ll0). 
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