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Time-resolved reaction studies on the atomic scale: NO and CO adsorption 
on stepped Rh surfaces 
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The interaction of NO and CO with stepped surfaces of Rh field emitter tips has been studied by 
means of pulsed field desorption mass spectrometry (PFD MS) at temperature 300 < T < 600 K 
and steady gas pressures p < 1.3 X 10 4 Pa. The repetition frequency of the pulses, i.e., the field 
free reaction time t R between the pulses has been varied in the range 100 f.ls,;;; t R .;;; 1 s in order to 
obtain information about the kinetics of surface reactions. The pulsed field desorption (PFD) 
mass spectra obtained during NO adsorption always contain NO + ,RhxN" +, and RhO" -\ ions 
(x,n = 1,2). This finding suggests that part of the adsorbed NO undergoes dissociation during tR . 

For short reaction times, i.e., low surface coverages, NO adsorption is found to be predominantly 
molecular. Using a probe hole -150 atomic sites close to the (100) pole of the tip surface have 
been analyzed in detail. The equilibration between adsorption and thermal desorption of NO has 
been monitored by t R variation. In this manner the mean lifetimes 'T before first order thermal 
desorption can be determined. From the temperature dependence of the 'T values the thermal 
desorption kinetics have been evaluated. An activation energy Ed = 102 kllmol and a 
preexponential 'To = 3 X 10 14 S are found. The PFD mass spectra obtained during CO 
adsorption on stepped Rh planes contain CO + and Rh (CO) ~ + ions (n = 1,2; y = 1-3). The t R 

dependence of these species has been measured and found to be consistent with a consecutive 
surface reaction between chemisorbed CO and Rh step atoms leading to adsorbed Rh 
subcarbonyls. Possibly Rh-Rh bonds are broken during Rh(CO)2 formation so that this species 
is liberated and able to diffuse into the terrace regions of the surface. Only a small amount of 
adsorbed CO undergoes dissociation at long reaction times. 

I. INTRODUCTION 

Scanning tunneling microscopy (STM) is currently generat
ing increasing interest in investigations of gas-surface inter
actions on the atomic scale. 1 The real space imaging of coad
sorbed CO and benzene on Rh (111) is one of the 
illuminating examples proving that a definitive identifica
tion of different molecules on a single crystal surface is possi
ble by STM.2 Another experimentally different approach 
which can be used to study the interactions of species in 
adsorbed layers is pulsed field desorption mass spectrometry 
(PFDMS), which is basically similar to the time-of-flight 
atom probe originally developed by Muller. 3 In a number of 
investigations PFDMS has proven its ability to identify the 
chemical nature of species formed in complex overlayers 
during adsorption from the gas phase (e.g., Refs. 4, 5). In 
addition, the kinetics of reaction processes in these over
layers can be investigated when the repetition frequency of 
the desorbing field pulses (i.e., the time between any two 
pulses) is systematically varied. In this manner, only a few 
up to - 200 atomic sites of a crystallographically well de
fined surface are probed. 

spectrometry (SIMS). At saturation coverage, the authors 
found - 10 times more dissociated species on the stepped 
(331) surface at 300 K than on the atomically flat (111) 
surface. However, Dubois et al., 7 in a study of NO interac
tion with Rh (331) by means of high-resolution electron en
ergy loss spectroscopy (HREELS), could not detect any 
NOad dissociation at 300 K. 

This paper reports on results obtained for the interaction 
of NO and CO with - 150 atomic sites of a stepped Rh sur
face containing (100) oriented terraces. The NO part of our 
study has been prompted by the partly controversial results 
described in the literature. DeLouise and WinogradO studied 
NO adsorption on Rh (331) and Rh ( 111 ) by means of x-ray 
photoelectron spectroscopy (XPS) and secondary ion mass 

Temperature programmed desorption (TPD) studies em
ploying low index (lOO) and (111) oriented Rh surfaces 
revealed NO dissociation during heating. 8

-
12 The dissocia

tion process was complete provided the initial NOad cover
age was small enough. The PFDMS data to be presented 
here demonstrate that molecular and dissociative chemi
sorption of NO on stepped Rh(lOO) are competing pro
cesses. A kinetic analysis of the thermal desorption of NOad 

at low coverages will be given. 
CO adsorption on stepped Rh single crystal surfaces has 

not been the subject of many studies to date. 13-ls Recently, 
the formation of adsorbed Rh (CO)x (x = 1-3) has been 
observed l4

,Is and ascribed to a consecutive surface reaction 
of COad with Rh step atoms. IS The present paper provides 
data of the time dependence of this reaction process. 

II. EXPERIMENTAL 

A. General 

Both the experimental setup required for PFDMS and its 
application to kinetic studies of surface reactions have been 
described in detail elsewhere. 16.17 In brief, short pulses 
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(widths ;;;.l00ns, repetition rates < 100 kHz) of high electric 
field strengths «50 V Inm) are applied to a counter elec
trode (with a hole), mounted at a distance of 0.1 mm in front 
of a field emitter. While continuously dosing the emitter sur
face by the gaseous reactants, adsorbed species are desorbed 
as ions which are separated and detected according to their 
mass-to-charge ratio by time-of-flight measurements. Thus, 
information about the chemical composition of the adsorbed 
layer is obtained. A channel plate image intensifier with a 
probe hole is mounted at the entrance of the flight tube and 
allows us to determine the crystallographic orientation of 
the tip, e.g., by field electron microscopy at reversed fields. 
The tip can be tilted in front of the hole in the channel plate 
in order to probe crystallographically different planes con
taining up to - 200 atomic sites. 

In the time t R' between the pulses, an arbitrary base (dc) 
field can be maintained. For the measurements to be report
ed here, a dc field was not applied. A systematic variation of 
the dc field from the onset of electron emission (at reversed 
fields) up to the onset of field ionization allows us to deter
mine the influence of the electric field on the reaction pro
cesses in the adsorbed layer. Rh field emitter tips were pre
pared by etching a 0.1 mm diameter wire of 99.9% purity in 
molten NaCl/NaN02 salt solution (1:4 w/w). The speci
mens were cleaned in situ by combined cycles offield evapo
ration and heating in hydrogen. NO of 99.8% purity was 
provided by Messer Griesheim and used without further pu
rification. Surface temperatures were measured by a thermo
couple spotwelded to the shank of the emitter tip. 

B. Kinetic measurements 

Kinetic data of surface processes can only be obtained if 
the adsorbed layer is completely desorbed by the field pulses. 
This requirement is checked by field strength variation: 
while dosing the emitter surface continuously by NO or CO, 
the field pulse amplitudes are gradually raised. This leads to 
increasing ion intensities and, consequently, to the depletion 
of the adsorbed layer. Above a certain value of the desorp
tion field strength the ion intensities reach a maximum and 
do not increase any further. Under these conditions field 
desorption is complete. Provided the fragmentation patterns 
of the adsorbed species are known (obtained from dc field 
strength variation) the measured intensities represent sur
face concentrations within the monitored area before a 
pulse. 

Figure 1 illustrates, schematically, how the concentration 
of an adsorbed species develops with increasing reaction 
times. Adsorption takes place only in the time t R between 
the pulses. At the end of t R' the adsorbed layer is completely 
desorbed by a field pulse so that the next reaction period has 
again the starting condition of zero coverage. As indicated 
on the left of Fig. 1 the surface concentration that is reached 
for short reaction times is far below any saturation or equi
librium limit. Under these conditions the probability of con
secutive surface reactions is low and, consequently, the field 
pulses probe the initial stages of the adsorption process. The 

longer the reaction time, the more the adsorption process 
proceeds. Thus, the kinetics ofthe adsorption process can be 
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FIG. I. (a) Time scheme of the desorption field pulses FD : desorption field 
strength; FR : arbitrary base field strength during the reaction interval t R' 

(b) Development of surface concentration for different pulse repetition 
frequencies. 

monitored by the systematic variation of t R' which is usually 
done in the range 100 jLs<tR < Is. 

Provided the temperature is chosen appropriately, a 
steady surface layer can be established for long reaction 
times. In this case the ionic intensity and, consequently, the 
surface concentration does not increase further with til.> as 
indicated on the right of Fig. 1. A systematic variation of the 
reaction time allows one to determine the relaxation time T, 

characteristic for the formation of a steady layer. 
In the NO part of our study it has been found that the 

steady surface concentration that builds up at long reaction 
times is due to thermal desorption counteracting adsorption 
from the gas phase. If adsorption occurs with a constant 
sticking probability and thermal desorption obeys first order 
kinetics, i.e., dc/dt = - CiT, then the surface concentration 
develops according to 

c=c(l-e- tIT
), (1) 

where the relaxation time T is the mean lifetime before ther
mal desorption. According to Eq. (1), T is equal to the value 
of tR when the (1 - lie) level of the steady surface concen
tration c is reached. The temperature dependence of T can be 
parametrized via Frenkel's equation, 

E,/kT 
T=To'e . (2) 

Both the activation energy Ed for thermal desorption and 
the preexponential To are accessible in this way. 

III. RESULTS AND DISCUSSIONS 

A. NO/Rh 

The results presented here have been obtained by probing 
- 150 atomic sites of the stepped surface region close to the 



3434 N. Kruse: Time-resolved reaction studies on the atomic scale 3434 

( 1(0) pole of a Rh field emitter. The surface was continu
ously dosed at a steady NO gas pressure of 1.3 X 10 5 Pa. 
Figure 2 presents a typical time-of-flight mass spectrum ob
tained with a field strength FD = 28 V Inm (pulses only, no 
base field), which turned out to be high enough to keep the 
surface dynamically clean. Under these conpitions field 
evaporation of the substrate material takes place as evi
denced by the occurrence of Rh t and Rh + t ions. 

As is clearly seen in Fig. 2, the mass spectrum is dominat
ed by NO! ions. It is concluded that the surface layer con
tains mainly molecularly adsorbed NO at a reaction tem
perature of T = 547 K. The small amount of RhNO + ions 
possibly indicates field desorption of NOad from step sites 
with the simultaneous removal of a Rh step atom. The maxi
mum NOad concentration built up during tR = 200 J.ls was 
below 10 4 monolayer. Moderate intensities are found for 
RhO + ! ,RhN + I .Rh2N t t ,andRhO! .AlsoO+ ,N+, 
and O~l ions can be detected, however, under the conditions 
applied in Fig. 2 their intensities are lower than those of the 
above mentioned species. It is concluded that NOad has un
dergone partial dissociation during t R' so that oxygen and 
nitrogen atoms are deposited on the surface. This result is in 
agreement with the catalytic behavior known for the Rh 
metal. It is interesting that the products of NO ad dissociation 
are mainly field desorbed along with the removal of Rh 
(step) atoms. However, the conclusion that dissociation oc
curs directly at step sites is not straightforward on the basis 
of Fig. 2 alone. If terrace sites are also active, diffusion of 
nitrogen and oxygen atoms could occur with subsequent 
trapping and field desorption at step sites. On the other 
hand, assuming that step rather than terrace sites are active 
in N-O bond breaking under our experimental conditions, a 
strong face dependence of this process is expected. In fact, 
surface areas with higher step site densities than probed here 
have been found to produce larger amounts of dissociation 
products. These measurements are still in progress and the 
results will be the subject of a future publication. High activ
ity of step sites in N-O bond scisson has also been observed 
in work performed on macroscopic stepped single crystal 

>... 
NO+ T= 547 K 

4-

til tR=02 ms 
c 
OJ 

4-
C 

OJ Rh+ 
> 

4- Rh2+ Rh2N
2+ 

d 
OJ 
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L Rh02+ RhNO+ 

0 
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FIG. 2. Time-of-flight mass spectrum of NO on stepped Rh with (100) 
orientation of the terrace!>; NO pressure: 1.3 X 10 'Pa; desorption field 
F" ::: 28 V Inm: no base field (FR = 0); temperature T = S47 K. 

J. Vac. ScI. Technol. A, Vol. 8, No.4, Jul/ Aug 1990 

surfaces. 6
.
13 Hendrickx and Nieuwenhuys performed reac

tion studies with Rh field emitter tips and provided an activ
ity pattern of the various planes towards NOad dissocia
tion. 18 The high index planes were found to decompose 
NOad most easily. In particular, Rh (321) and (322) exhib
ited the highest decomposition activity. 

Our results are qualitatively in line with those cited above. 
However, it should be emphasized that, according to the 
present study, molecular adsorption' of NO dominates over 
dissociation even at T = 547 K and very low surface coyer
ages (0NO < 10 - 4 monolayer, see above). This result which 
also holds when probing the stepped surface region close to 
the ( 111) plane, is in contrast to most of the results obtained 
with macroscopic single crystal surfaces6 ,H-IO,12 which re
vealed complete dissociation of small NOad concentrations 
during heating from low temperatures to above 300 K. N2 
and O2 (due to recombination reactions), rather than NO 
thermal desorption, were observed in these investigations. 
Obviously, NOad dissociation on Rh is a rather slow process 
which occurs to only a relatively small extent during the 
short reaction time t R = 200 J.ls of our experiment, but is 
complete in a TPD measurement with a time constant of the 
order of some 10 s. This conclusion is supported by the ob
servation that the amount of dissociation products increased 
with increasing t R values. Although the detailed dissociation 
kinetics investigated by PFDMS will be presented else
where, it should be mentioned here that the ionic intensities 
of the oxide and nitride species exhibit a nearly second order 
time dependence. This result shows that fragmentation of 
the NOad during the field pulses cannot playa significant 
role. Rather we have to assume that a consecutive surface 
reaction takes place in which NO adsorption occurs first and 
chemical dissociation subsequently. 

We will now focus on the thermal desorption kinetics of 
NOad • For this purpose we followed the procedure described 
in the experimental part of the paper and varied the reaction 
time t R from 100 J.lS to 1 s at various temperatures between 
443 and 547 K. The mean lifetimes T before thermal desorp
tion were taken to be the values of t R for which the 63% level 
of the steady surface coverages were reached. The tempera
ture dependence of the T values was evaluated according to 
Frenkel's Eq. (2) and plotted in Fig. 3 as - In T versus liT. 
An activation energy E" = 102 kllmol was obtained from 
the slope and a preexponential value of T = 4 X 10 14 S from 
the intersect with the ordinate. These values are in reasona
ble agreement with those reported in the literature for NO on 
Rh(100).'I.11.12 For example, Villarrubia and HO l2 deter
mined E" = 118 kllmol and To = 10 14 S by temperature 
programmed electron energy loss spectroscopy (TP-EELS) 
with varying heating rates and an initial surface concentra
tion 0 0 = 0.5 monolayer which is about two orders of mag
nitude larger than the maximum value reached at the lowest 
temperature in our experiments (T = 443 K). The relatively 
high 0 0 value was found necessary in order to prevent com
plete dissociation of the adsorbed layer during heating. 12 

Nevertheless. once thermal desorption of NO"J began. de
composition followed immediately at the emptied sites. In 
this manner more than 50% of the layer decomposed in the 
TPD experiment. Though decomposition occurs also under 
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FIG. 3. Temperature dependence of the mean lifetimes T of NO on the same 
tip as in Fig. 2. 

our isothermal reaction conditions, an influence on the de
sorption kinetics is unlikely since the products do not accu
mulate on the surface but are field desorbed by the pulses. In 
view of the similar rate data obtained in PFDMS with a 
stepped Rh( 1(0) surface and in TPD/TP-EELS with mac
roscopic (100) single crystal surfaces9.11.12 it seems likely 
that NOad desorption is not strongly affected by mutual in
teractions of species in the adsorbed layer and/or atomic 
steps which, in principle, could act as trapping and reaction 
sites. Future PFDMS work will address this point in more 
detail. 

It is interesting to compare these results with those ob
tained previously for NOad desorption from stepped 
Pt( 111) surfaces,17 where the step sites, though present to 
only - 12 % on the field emitter surface, dominated the ther
mal desorption kinetics via intermediate (nondissociative) 
trapping of NOad . In the present study the stepped Rh ( 100) 
surface was found to be more active in N-O bond breaking 
than any other stepped Pt field emitter surface probed be
fore. Nevertheless, NOad dissociation on Rh was not fast 
enough to saturate the steps with Nad and Oad and to pro
voke site blocking effects. It should also be mentioned that 
the dc field induced formation of N 20 + , N 2+ , and 0 + ions 
during interaction of NO with stepped Pt( 111) surfaces l9 

has as yet not been found to occur on stepped Rh surfaces. 
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B.CO/Rh 

Adsorption and reaction of CO with Rh has been studied 
by probing - 150 atomic sites of the stepped region close to 
the (100) pole of the emitter tip. The measurements have 
been performed by continuously dosing CO to the tip at a 
pressure of 1.3 X 10 - 4 Pa and at a temperature T = 298 K. 
Various ionic species, including CO + and Rh (CO) ~ + 

(x = 1-3,n = 1,2) are seen in the resulting mass spectra in
dicating that a reaction leading to the formation of adsorbed 
Rh subcarbonyls takes place on the surface. 

In a recent paper the influence of the desorption field 
strength on the ion intensities of the various species has been 
described in detail.ls Here we present data from reaction 
time variation measurements (1 ms <tR <0.1 s) obtained at 
a desorption field, F = 28 V /nm, pulses of which are suffi
cient to desorb the adsorbed layer completely. 15 Under these 
conditions the ion intensities represent surface concentra
tions of the various species in the monitored area. 

As is seen in Fig. 4 the concentration of eOchem (mea
sured in form of CO + and RheO + + ions, for details see 
Ref. 15) increases proportionally with t R' Thus, the adsorp
tion process occurs with a constant rate. This is expected 
since the total surface concentration is far below the mono
layer limit, so that chemisorption occurs according to the 

Ions/ 
/1000 pulses 

• (Oehom 

o Rh ((012 

100 
X (Chom 

0 

o 0 

10 
0 

0 

0
0 

0 x 
0 x 

0 

10-3 10-2 1()-1 

reaction time [5] 

FIG. 4. Variation of the reaction time for CO on Rh; Pco = 1.3 x 10 4 Pa, 

T= 298 K, FD = 28 V/nm (field pulses only, no base field). 
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simple Langmuir model with a constant sticking probability 
of the impinging CO molecules. The Rh ( CO) 2 species (field 
desorbed mainly as a doubly charged ion) is much less abun
dant within the measured time range. 

The Rh (CO) 2 species appears with distinct intensities at 
reaction times t R > 5 ms and is regarded as an intermediate 
in the consecutive surface reaction leading to Rh (CO) 3 • The 
tricarbonyl species is not observed here, but has been found 
when the COchem concentration reached values close to the 
monolayer limit. IS 

The initial increase of the Rh (CO) 2 concentration with 
time is considerably steeper than proportional. This feature 
excludes the possibility that significant amounts of 
Rh (CO) 2 species are formed during the field desorption 
event. Rather we assume a consecutive surface reaction with 
successive addition of two COchem species to a single Rh step 
atom. According to Fig. 4 it seems that the rate of Rh (CO) 2 
formation reduces slightly with increasing reaction times. 
This is probably caused by the partial decomposition to 

CO"hem' 
In Ref. 15 we proposed a microscopic model which de-

scribed the Rh(CO)2 formation as the reaction of adsorbed 
CO molecules with Rh step atoms. There are arguments to 
assume that Rh(CO)2 [and Rh(CO)31 is a mobile surface 
species. Clearly, Rh-Rh bonds must be broken when these 
subcarbonyl species are liberated. For energetic reasons, a 
Rh kink site is the most likely position for this process. CO 
induced Rh-Rh bond rupture was also observed in measure
ments of the extended x-ray absorption fine structure (EX
AFS) of Rhl AI2 A., model catalysts. 2o Small supported Rh 
crystallites were seen to dissolve in the presence of CO, ulti
mately leading to Rh-dicarbonyl species atomically dis
persed on the AI I 0 3 support. 

In Ref. 15 we discussed possible implications that could 
arise in the case of Rh(CO)2 surface diffusion. One major 
point concerns its disturbing influence during kinetic mea
surements. It cannot be completely ruled out that mobile 
Rh (CO) 2 species move into the monitored area during reac
tion time variation. A long range diffusion from the shank of 
the tip (where a saturated layer exists) towards its apex, 
however, can be suppressed by high field strengths: before 
arriving at the apex the Rh (CO) x (x = 2,3) may either de
compose chemically (the surface layer is largely depleted) 
or desorb as ions due to the pulses. 

In Fig. 4 it can be seen that Rh(CO)2 formation occurs 
only after an incubation time. Obviously, a certain COchem 
concentration has to build up before any consecutive surface 
reaction takes place. Similar observations have also been 
made in studies of sub carbonyl formation ofNi21 and Ru.s 

In the case of Ni the incubation time coincided with the 
completion ofa saturated (compressed) COchem layer. Satu-
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ration does not seem to be a prerequisite for the formation of 
subcarbonyls on Rh and Ru. As seen in Fig. 4 the Rh (CO >z 
production begins while CO chemisorption is still in prog
ress. A steady Rh (CO) 2 concentration is not achieved with
in the measured time range. This requires longer times than 
those used here and has only been observed after reaching 
the monolayer limit of COchem ' 

Subcarbonyl formation does not only occur during CO 
interaction with stepped Rh, Ru, and Ni surfaces. Co and Pd 
surfaces are also active in this respect. On the other hand, Fe 
and Mo surfaces have as yet not been found capable ofform
ing subcarbonyls under the experimental conditions applied 
in PFDMS. This is possibly due to an enhanced activity of 
these metals towards CO decomposition. 

A small amount of carbon is found in Fig. 4 at long reac
tion times. This is possibly due to the decomposition of 
COchem at steps. The statistical significance of such a small 
amount of carbon is unclear, so a detailed discussion must 
await further experiments. Under the conditions employed 
here Rh(CO)2 formation at steps is always dominant, but 
this process could possibly be inhibited when large amounts 
of carbon block the step sites. 
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