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CO dissociation and oxidation on small supported 
rhodium particles: SSIMS and TPR study 
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The dissociation and oxidation of carbon monoxide on small rhodium particles prepared 
by vapour deposition of Rh on either MgO or alumina substrate has been investigated by 
means of static secondary ion mass spectrometry (SSIMS), and temperature programmed reac- 
tion (TPR). The intensity ratios RhnC +/Rh + measured by S SIMS, have been used to monitor 
the build-up of surface carbon concentration. It was shown that a part of the CO molecularly 
adsorbed on clean particles undergoes dissociation during heating. The dissociation is more 
important for smaller particles. This behaviour is explained in terms of increase of CO dissocia- 
tion probability in the case of CO adsorption near structural irregularities of a surface (edges, 
corners, steps). During the reaction of CO oxidation the intermediate carbon formation, which 
is more pronounced for smaller particles, is observed. The temperature dependent carbon con- 
centration exhibits a maximum resulting from a counterbalance between CO dissociation first 
and carbon reaction with adsorbed oxygen consequently. 
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1. Introduct ion  

Metal  catalysts used in the most  industrial processes consist of  small metal  parti- 
cles ranging in size from 1 to 50 nm supported on a porous oxide substrate. I t  has 
been shown long ago that, for so-called structure sensitive reactions, the particle 
size can affect the catalytic activity by the way of  size dependent distribution of  
crystal planes on small metal particles [1-3]. In our previous papers [4-6] we have 
reported the unexpected structure sensitivity for C-O bond breaking on small 
Pd particles supported on substrate materials such as alumina, MgO and mica. 
These results emphasise the importance of  size effects in adsorption processes. In 
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the case of CO adsorption on palladium the appearance of CO dissociation has 
been correlated with the surface roughness [7,8]. 

Rhodium is one of the more widely used noble metal catalysts - one of the most 
important applications is in automobile catalytic converters, where addition of 
Rh provides high conversion for both the NO-CO and the CO-O2 reactions [9]. 
The theoretical results obtained for CO adsorption on rhodium show that the bond- 
ing interaction with the 2re* antibonding orbital increases with the co-ordination 
number [10] and adsorption to steps has a very favourable interaction [11,12]. Par- 
tial CO dissociation was reported to occur on open Rh surfaces [13-16]. On the 
other hand the densely packed Rh surfaces [1%20] were never found capable of 
breaking the C-O bond. A few CO adsorption studies on particulate Rh model cat- 
alysts have been made in the past. These studies indicate a small influence of parti- 
cle size variation on CO adsorption mechanism [3,21]. 

Static secondary ion mass spectrometry (SSIMS) provides a very powerful tool 
for CO adsorption studies. Studies on a wide range of single-crystal surfaces over a 
number of years have demonstrated that SSIMS is able to discern clearly between 
the dissociative and the molecular states of adsorption of CO (the occurrence of the 
MmC + ion clusters in a SSIMS spectrum is indicative of carbon on the surface of a 
metal M) [22-24]. 

In the present paper we report on results obtained in an investigation of CO dis- 
sociation and catalytic oxidation over small Rh particles deposited on both alu- 
mina and MgO substrates. 

2. Experimental  

The studies reported here were performed in a specially designed UHV system 
at the background pressure of 1 x 10 -8 Pa. This system contains two chambers that 
can be isolated from each other. The main analysis chamber has facilities for 
SIMS and temperature programmed experiments. The second preparation cham- 
ber was used for sample preparation and for temperature programmed reaction. 
Rhodium particles were grown by vapour deposition on chosen substrates. The Rh 
source was a specially designed micro-electron bombardment evaporation source, 
the atomic flux of which was electronically stabilised and calibrated by a quartz 
micro-balance. The usual flux employed for rhodium deposition was 1 x 10 a3 
atoms cm -2 s -1 . After the Rh deposition the samples were pre-treated by heating in 
CO/O2 mixture for 1 h in order to obtain stabilised particle structure and morphol- 
ogy. It has been shown that the vacuum vapour deposition of Rh gives larger parti- 
cles on the alumina support than on the MgO one. Similarly the heating under 
CO/02 mixture causes more important coalescence in the case of Rh/alumina par- 
ticles. More details about the results of rhodium growth study will be published in 
a special paper [25]. 

In order to obtain two particle populations different in size we used both ther- 
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mally oxidised aluminium foil and MgO(001) cleavage as supports for metal parti- 
cle growth. In the case of deposits on A1203, the alumina layers were prepared by 
thermal oxidation (24 h/600~ under air) of pure 25 gm thick A1 foil. The back side 
of the oxidised A1 foil was lightly scribed by a steel needle and the samples were 
submerged in 10% NaOH water solution in order to create very small windows 
(several gin) by dissolution of aluminium. These windows appeared in the places of 
the holes created by the scribing and were covered by an intact alumina layer on 
the front side. After the experimental run disks of 3 mm diameter were cut from the 
samples and mounted on the electron microscope grid holder (without grid) for 
transmission electron microscope (TEM) observation. The particles deposited on 
MgO were removed from the substrate using the method of transfer replica [26]. 

The secondary-ion intensities are sensitive to the amount of surface species X 
(X = CO, C, O) and to the work-function change induced by adsorption [4-6, 
22-24]. Thus as X coverage increases on a surface of the metal M, the secondary- 
ion intensities increase non-linearly as a consequence of both of these parameters. 
It was established that, while the formation of MnX + ion species was sensitive to 
both coverage and work function, the M + ion signal also increased but only as a 
consequence of the work-function change. It was suggested that if the ratio MnX + / 
M + was used, it would only be sensitive to coverage. The total coverage 0x of X spe- 
cies on the Rh surface should be represented by the sum of ion intensity ratios, 

S x = Z R h ,  X+/Rh+ (n:I,2;X=CO, C,O). (1) 
n 

The experimental conditions were examined in order to optimise signal intensi- 
ties and to minimise the damage caused to the sample surface during the analysis. 
Thus a low primary ion current density was used (5 nA cm -2 at 3 keV), such that the 
crystallographic and chemical integrity of the surface layer was preserved during 
the period of study. The conservation of the integrity of the surface layer was veri- 
fied by the stability of the SSIMS signals. The sample electrostatic charge, due to 
the polarisation of insulator supports under the ion impact, was neutralised by a 
low energy electron beam of 200 eV. 

3. Results and discussion 

In order to be able to compare the CO dissociation and oxidation on particle 
populations very different in size and density, the experiments have been per- 
formed on two samples: (A) Rh particles deposited on MgO(001), average particle 
size ~ = 1.3 nm and average particle density d = 1.0 • 1013 cm-2; (B) Rh/A1203, 

= 3.3 nm, d = 2.9 • 1012 cm -2. 
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3.1. CO DISSOCIATION 

Before the beginning of the experiments the samples were heated during 30 min 
in 1 x 10 -5 Pa of oxygen at surface temperature T = 550 K in order to remove resi- 
dual carbon from the Rh surface. Then T was changed to the chosen value and 
kept constant during the experiment. The surface carbon and oxygen concentra- 
tions were monitored as a function of time by the SSIMS intensity ratios Sc, and So 
(eq. (1)), respectively. At time t = 0 s, we have introduced 5 x 10 .6  Pa of CO in 
the chamber. It can be seen that surface oxygen, adsorbed during heating under 02 
atmosphere is rapidly removed from the surface by its reaction with CO while sur- 
face carbon concentration increases. The slope of carbon curves depends on T indi- 
cating the temperature dependence of the carbon formation rate. In fig. 1 the 
characteristic curves of surface carbon and oxygen concentration, obtained for 
Rh/MgO (A) and Rh/A1203 (B), are shown. The curves of 400 K correspond to the 
maximum of CO dissociation rate. We can see that the carbon formation rate is lar- 
ger for sample A than for B. The origin of slope variations, i.e. CO dissociative 
activity, could be explained by the effect of self-poisoning by carbon. 

The occurrence of CO dissociation at metallic surfaces is usually interpreted 
by mutual enhancement occurring between donation of electrons from CO 5~ 
orbital into unoccupied metal orbitals and back donation from metal orbitals 
into the CO 2~* (antibonding system). A large filling of these states upon chemi- 

1"41 po = 5x10-5 pa ] 

~ o . 8 1  

 o.6 i 

0.4 

~ I 
o ~oo 16oo 1~oo 2doo 25'oo 3000 

t (s) 

Fig. 1. Variations of Y~'~. Rh.C+/Rh + (--) and ~ n  Rh" O+/Rh+ ("') as a function of heating time 
under CO at surface temperatures of 400 and 450 K respectively: (A) 1.3 nm Rh particles on MgO; (B) 

3.3 nm Rh particles on alumina. 
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sorption weakens the C-O bond considerably and may even lead to its dissocia- 
tion. It was shown for Rh that in the case of structural irregularities of a surface on 
the atomic scale there is a very favourable 2r~* interaction resulting in the higher 
2r~* orbital occupancy [11]. In the case of small supported particles the number 
of edge, corner and step atoms related to the number of plane atoms increases 
with decreasing particle size. For this reason it seems reasonable to explain the sur- 
face carbon formation on particle surface by dissociation of CO adsorbed near 
the surface irregularities (like in the case of Pd particles [27]). This interpretation is 
in agreement with the observation of two different CO-desorption features a and 
13, where the a peak is due to molecular CO desorption and the 13 one to Cad-Oad 
recombination [28]. 

We have used two different supports for particle growth. Thus it could be possi- 
ble theoretically that the mechanism of CO adsorption was influenced not only by 
the effect of particle size but also by the effect of different metal-support interac- 
tions. On the other hand it is generally assumed that alumina and MgO are materi- 
als of a low metal-support interaction [29,30]. Thus it is legitimate to rule out an 
origin of observed "size effect" due to an interaction of Rh with the support. 

3.2. CO OXIDATION 

In figs. 2 and 3 the results of a temperature programmed reaction (TPR) of CO 
oxidation over samples A and B are shown. The oxygen pre-treated samples were 
heated under CO/O2 mixture at Pco = Po = 5 x 10 .6 Pa. The temperature was 
increased step by step up to 600 K and after each step we waited for stabilisation in 
order to obtain steady-state values. Variations of relative ion intensities Sx 
(X = CO, O, C) exhibit different trends. At low temperature the CO- and O-ion 
ratios are high while those of carbon are low. Thus molecular CO adsorption is the 
dominating process under these conditions. Increasing temperatures lead to 
decreasing CO SSIMS signal as to be expected for a depletion of the COaa layer due 
to the thermal desorption or reaction. At high temperatures the COad concentra- 
tion is low, however oxygen chemisorbs on the surface as evidenced by significant 
oxygen SSIMS intensities. The carbon signal first increases with rising tempera- 
ture, T, reaches a maximum at medium values of T, and decreases again later on. 
This behaviour is explained in terms of partial COad decomposition first and reac- 
tion of the deposited carbon subsequently. At the maximum of the intensity curve 
the rates of carbon production and consumption counterbalance. It can be seen 
that the steady Cad concentration obtained under identical conditions is higher in 
the case of smaller particles which is in agreement with the results from fig. 1. 

The qualitatively same behaviour was observed on small palladium particles 
and explained in detail previously [4-6]. The only difference is in the initial stage of 
experiment. Oxygen deposited on the surface during sample pre-treatment under 
O-atmosphere (carbon removing) remains on the surface under CO/O2 catalytic 
mixture at room temperature (in the case of Pd it is reacted off via reaction with 
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CO). We can see in figs. 2 and 3 that at the first stage of the experiments (T < 350 
K) CO molecules are co-adsorbed with oxygen which starts to be removed from the 
surface at higher temperature. The CO saturation SSIMS ratios obtained on sam- 
ples A and B for C- and O-free surface have values between 0.8 and 0.9. By compar- 
ing these values with the maximum CO-ion intensity ratios from figs. 2 and 3 it 
can be seen that the surface oxygen reduces the adsorption capacity for CO. It 
appears that site blocking is occurring in this case which is in agreement with the 
results obtained on Rh(210) [15]. 

The production of CO2 - measured by means of quadrupole mass spectrometer 
as a variation of CO2 partial pressure - shows that the reaction rate reaches maxi- 
mum when the COad steady concentrations decrease nearly to zero and oxygen 
adsorbs on the surface. The same behaviour has been observed on Pd [6] particles 
indicating the same mechanism of CO oxidation: adsorbed CO migrates on the sur- 
face and interacts with dissociatively adsorbed oxygen (Langmuir-Hinshelwood 
reaction). The results represented in figs. 2 and 3 show that in the case of smaller 
particles the maximum reaction rate occurs at lower temperature (450 K) under the 
same CO/O2 pressure conditions. This could be explained by a size dependent 
decrease in the activation energy of reaction. 

In a previous study on small Rh particles [28] the surface carbon has been 
observed to inhibit the CO and oxygen adsorption on the metal surface. Conse- 
quently it has to inhibit the CO oxidation reaction (similarly as in the case of palla- 
dium [31]). On the other hand we find that the deposited carbon is removed 
during the CO oxidation. Thus our results constitute surface carbon as an inter- 
mediate species of the steady state reaction. The significance of this behaviour 
increases with decreasing particle size. Therefore the CO oxidation over small Rh 
particles must be considered as a structure sensitive reaction as long as the reaction 
involves the Rh particles with diameter smaller than 3 nm. 

4. Conclusion 

(1) The application of temperature programmed SSIMS has revealed that 
adsorbed CO partially dissociates on supported Rh particles. CO dissociation is an 
activated process and the kinetics depends on particle size and surface tempera- 
ture. It was shown that the smaller the particle size, the higher are the CO dissocia- 
tion rates. 

(2) The deposited carbon is rapidly reacted off the surface by its reaction with 
oxygen. 

(3) During the reaction of CO oxidation steady state surface concentration of 
CO, C, and O results from equilibrium between different processes: CO adsorp- 
tion / desorption, CO dissociation / carbon removing, CO2 production rate. 

(4) The surface carbon is formed as an intermediate species during the steady 
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state  react ion.  The  CO ox ida t ion  over small  R h  particles is s t ructure  sensitive in 
the case o f  R h  part icles smaller  t han  3 nm.  

Acknowledgement 

One of  the au thor s  ( K M )  acknowledges  the suppor t  f rom the T E M P U S  pro-  
g r a m m e  under  con t rac t  JEP  1213. 

R e f e r e n c e s  

[1] D.W. Goodman, R.D. Kelley, T.E. Madey and J.T. Yates Jr., J. Catal. 63 (1980) 226. 
[2] R.D. Kelley andD.W. Goodman, Surf. Sci. 123 (1982) 743. 
[3] E.I. Altman and R.J. Gorte, Surf. Sci. 195 (1988) 392. 
[4] V. Matol~n, E. Gillet andN. Kruse, Surf. Sci. 186 (1987) L541. 
[5] V. Matolin, E. Gillet, N.M. Read and J.C. Vickerman, J. Chem. Faraday Trans. 86 (1990) 

2749. 
[6] V. Matolin and E. Gillet, Surf. Sci. 238 (1990) 75. 
[7] V. Matol~n, M. Rebholtz andN. Kruse, Surf. Sci. 245 (1990) 233. 
[8] E. Gillet andV. Matolin, Z. Phys. D 19 (1991) 361. 
[9] J.R. Anderson and M. Boudart, eds., Catalysis - Science and Technology, Vol. 5 (Springer, 

Berlin, 1984). 
[10] A. Goursot, I. Papal and D.R. Salahub, J. Am. Chem. Soc. 114 (1992) 7452. 
[11] A. de Koster, A.P.J. Jansen, R.A. van Santen and J.J.C. Geerlings, Faraday Discussions 

Chem. Soc. 87 (1989) 263. 
[12] A. de Koster and R.A. van Santen, Surf. Sci. 233 (1990) 366. 
[13] D.G. Castner and G.A. Somorjai, Surf. Sci. 83 (1979) 60. 
[14] R.A. Marbrow and R.M. Lambert, Surf. Sci. 67 (1977) 489. 
[15] M. Rebholtz, R. Prins andN. Kruse, Surf. Sci. 259 (1991) L797. 
[16] M. Rebholtz, R. Prins andN. Kruse, Surf. Sci. 269/270 (1992) 293. 
[17] J.T. Yates Jr., E.D. Williams and W.H. Weinberg, Surf. Sci. 91 (1980) 562. 
[18] D.G. Castner, B.A. Sexton and G.A. Somorjai, Surf. Sci. 71 (1978) 363. 
[19] Y. Kim, H.C. Peebles and J.M. White, Surf. Sci. 114 (1982) 363. 
[20] B.A. Gurney, L.J. Richter, J.S. Willarrubia andW. Ho, J. Chem. Phys. 87 (1987) 6710. 
[21] D.N. Belton and S.T. Schmieg, Surf. Sei. 202 (1988) 238. 
[22] A. Brown and J.C. Vickerman, Surf. Sci. 151 (1985) 319. 
[23] A. Brown and J.C. Vickerman, Surf. Sei. 117 (1982) 154. 
[24] A. Brown and J.C. Vickerman, Surf. Sei. 124 (1983) 267. 
[25] K. Ma~ek, V. Matolin and M. Gillet, J. Crystal Growth, submitted. 
[26] M.F. Gillet and S. Channakhone, J. Catal. 97 (1986) 427. 
[27] C. Mijoule, Y. Bouteiller, V. Matolin and E. Gillet, Z. Phys. D, in press. 
[28] V. Matolin, K. Ma~ek, M.H. Elyakhloufi and E. Gillet, J. Catal., submitted. 
[29] G.C. Bond, in: Metal  and Additive Effects in Catalysis, eds. B. Imelik et al. (Elsevier, 

Amsterdam, 1982). 
[30] P. Chou and M.A. Vanice, J. Catal. 104 (1987) 17. 
[31] D.L. Doering, H. Poppa and M. Boudart, Surf. Sci. 73 (1982) 104. 


