
JOURNAL OF CATALYSIS %, 284-288 (1985) 

NOTES 

Metal Dispersion of Bimetallic Catalysts via Stepwise Chemisorption 
and Surface Titration 

II. Ru-Au/MgO 

Part I (I) dealt with the application of a 
stepwise chemisorption and gas titration 
procedure to a series of Si02-supported bi- 
metallic Ru-Au catalysts. The second part 
focusses on the application of the same 
technique to the characterization of a series 
of MgO-supported Ru-Au catalysts. The 
reason for treating these two catalyst series 
separately lies in their fundamental differ- 
ences in terms of morphology and particle 
size distribution which arises due to the na- 
ture of the support strongly influencing the 
preparative chemistry of the catalysts. 
While the SiO*-supported series had a bi- 
modal particle size distribution with all the 
Ru located in small (<4 nm) particles, the 
MgO-supported catalyst series represents a 
much more complex issue. The two metal 
components are allocated not only in small 
particles, but also in medium-size particles 
(4-15 nm). The major contribution to the 
total metal surface area comes from these 
medium-size particles. The surface “ad- 
sorption” model proposed for the small bi- 
metallic particles in the Si02 series (1) is 
not adequate to describe the situation in the 
MgO series. The hypothesis has been ad- 
vanced that the medium-size particles 
might consist of phase-segregated three-di- 
mensional overgrowth structures with one 
metal deposited on top of the other (2, 3). 
The formation of these medium-size bime- 
tallic particles might be linked to the role of 
the support during the catalyst preparation. 
There is evidence from a TPR study carried 
out on the same catalysts (4) that in the 
MgO series Au gets reduced first while 
there is a time lag for the reduction of Ru. 
Ru particles would, therefore, fall at ran- 

dom onto either MgO or already deposited 
Au particles. 

The catalyst pretreatment and the experi- 
mental procedure was similar to that de- 
scribed for the SiOZ series (1). The samples 
used for the chemisorption experiments 
were taken from a catalyst series that had 
been extensively characterized in previous 
work (5-7). Table 1 gives an overview of 
previous characterization data (5). The cat- 
alyst code contains the letter R for Ru, M 
for the MgO support, and a three-digit num- 
ber representing the atomic percentage of 
Ru in a given catalyst. The MgO support 
(Carlo Erba) had initially a surface area of 
15 m*/g. After catalyst preparation and pre- 
treatment, BET surface areas up to 98 m*/g 
were observed as reported in Table 1. 
Blank MgO which had been subjected to 
similar pretreatment as the Ru-Au/MgO 
catalysts showed negligible uptake of both 
hydrogen and oxygen over the temperature 
range of interest. 

Chemisorption of hydrogen at 293 K and 
a stoichiometry of H&I, equal to 1 was 
used to determine the dispersion of Ru. The 
stoichiometry for room-temperature oxy- 
gen chemisorption on Ru is known to de- 
pend on the Ru particle size. In the case of 
small Ru particles (<4 nm) an O/Ru, stoi- 
chiometry of 2 was found to give average 
particle size values in good agreement with 
electron microscopy and H2 chemisorption 
(8-17). For larger Ru particle sizes (>8 nm) 
a stoichiometry of O/Ru, equal to 1 seems 
to provide a better representative figure for 
the Ru dispersion (8). As can be seen from 
Table 2, the average Ru particle sizes de- 
rived from H2 chemisorption are 6.3 to 11.6 
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TABLE 1 

Catalyst Characterization Data from Previous Work 

Code H/RI@ WAXS BET area 
(m*k) 

Ru Au 

RMo89 3.48 0.81 0.079 15.5 55 41 
RMo64 2.12 2.34 0.100 44.0 26.5 98 
RMOlO 0.26 4.45 0.146 c4.0 33.5 32 

n Weight percentage of metal as determined by atomic absorption. 
b As detetined by chemismption at room temperature. 
c Averaged metal particle size in wmometers as obtained from WAX.? 

line broadening Ru particle size is reported as ~4 MI indicates that no 
Ru peak could be detected by WAXS. For Au, the (220) peak was used. 

nm, a range where the adsorption stoichi- 
ometry for oxygen tends to vary. There- 
fore, for the determination of the Ru disper- 
sion in the MgO-supported catalysts, more 
reliance is placed on H2 chemisorption. 

Oxygen chemisorption carried out at ele- 
vated temperatures led to a dramatic in- 
crease in oxygen uptake. Figure 1, for ex- 
ample, shows the oxygen adsorption 
isotherms on RM064 at three different tem- 
peratures. While at room temperature only 
Ru is able to chemisorb oxygen, both Ru 
and Au chemisorb oxygen at 473 K. How- 
ever, the observed increase in oxygen up- 
take cannot solely be ascribed to the onset 
of chemisorption on the Au surface sites. 
As already discussed in Part I (I) it appears 
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FIG. 1. Oxygen adsorption isotherms for catalyst 
RhNN54 at three different temperatures after correcting 
for reversible uptake of O2 and readsorbed Oz. (0) 
Strongly bound 0~ at 573 K; (0) strongly bound 02 at 
473 K; (0) strongly bound O2 at 293 K. 

that at 473 K not only surface Ru atoms, 
but also subsurface and possibly bulk Ru 
atoms participate in the interaction with ox- 
ygen. Once again, we take advantage of the 
fact that only oxygen on Ru sites can be 
titrated with HZ at 373 K. The difference 
between the strongly adsorbed oxygen at 
473 K and the titratable oxygen represents 
the oxygen adsorbed on Au sites. 

The gas uptake results are presented in 
Figs. 2 and 3, and Table 2 summarizes the 
dispersion and particle size results. Au dis- 
persion and particle size values are derived 
using a stoichiometry of Au,/02 equal to 4 
which gives good agreement with WAXS 
data on monometallic Au/MgO. WAXS ac- 
counts mainly for the metal present in me- 
dium (4-15 nm) and large-size (>15 nm) 
particles. Stepwise chemisorption, on the 
other hand, measures surface metal atoms 
irrespective of the particle size. Therefore, 
a comparison of WAXS data with chemi- 
sorption data can be quite useful in assess- 
ing the relative amount of highly dispersed 
metal. In the previously discussed SiOZ se- 
ries (I), the WAXS particle size for Au was 
in all cases much larger than the corre- 
sponding chemisorption particle size. This 
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FIG. 2. Bar graph showing summary of oxygen up- 
take Vm [cm3(STP)/g] at 473 K on bimetallic catalysts 
RM089, RMO64, and RMOlO. 
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FIG. 3. Bar graph showing summary of hydrogen 
uptake VADs [cm3(STP)/g] in H2-O2 titration at 373 K 
on bimetallic catalysts RMO89, RM064, and RMOlO. 

discrepancy indicated that gold in high dis- 
persion, undetected by WAXS, had to be 
present (I). From Tables 1 and 2, a compar- 
ison of gold particle sizes as derived from 
WAXS and chemisorption can be made. 
The fact that the chemisorption data and 
WAXS data for Au are in good agreement 
on catalyst RM089 indicates that in this cat- 
alyst not much Au is present in a state of 
high dispersion. In catalyst RM064, the Au 
particle size derived from WAXS is signifi- 
cantly smaller than the Au particle size de- 
rived from chemisorption. It should be 
noted that in this catalyst no WAXS peaks 
for Ru were found, despite the fact that ac- 
cording to electron microscopy metal parti- 

cles (4-15 nm) containing both Ru and Au 
dominated the morphology of this catalyst 
(2, 3). Consequently, the medium-sized bi- 
metallic particles may very well be large Au 
particles with smaller Ru particles depos- 
ited on top of the gold particles. Thus, part 
of the Au detected by WAXS would be in- 
accessible for oxygen chemisorption due to 
the presence of ruthenium overgrowth 
structures on top of the gold. This model is 
in agreement with the XPS observation of 
ruthenium surface enrichment in the mag- 
nesia-supported samples (18). Ruthenium 
deposited on gold rather than on MgO 
would not be subjected to the support inter- 
action with MgO which is known to sup- 
press the activity compared to unsupported 
ruthenium powder or Ru/SiOz (2, 3). Thus, 
the increase in specific activity observed in 
catalysts RM089 and RM064 (2, 18, 29) 
could be attributed to the fact that gold is 
partially covering the MgO surface, pre- 
venting to some extent the activity-sup- 
pressing interaction between ruthenium 
and MgO. 

The last sample of the MgO series, 
RMOlO, appears to be different in terms of 
morphology, microstructure, and catalytic 
activity. Electron microscopy indicates 
that all the Ru is located in small (<4 nm) 
particles, while Au is found in small, me- 
dium, and large particles. In this respect, 
catalyst RMOlO resembles the SiOz-sup- 
ported analog RS014. However, the 
stepwise chemisorption results point to- 
ward an important difference between 
these two catalysts. In the SiOz-supported 

TABLE 2 

Summary of Stepwise Chemisorption and Titration Results 

Sample HZ (293 K) 02 (293 K) 

cm3/g %D d cm3/g %D d 

(Ru) (nm) (Ru) (nm) 

O2 (473 K) 
(cm3k) 

Hz/O2 (373 K) 

cm3/g %D d 
(Au) (nm) 

RM089 0.305 7.9 11.6 0.22 5.8 15.9 1.24 2.51 2.1 53.1 
RM064 0.27 11.5 8.0 0.295 12.6 7.3 1.34 2.70 3.16 35.2 
RMOlO 0.042 14.6 6.3 0.064 11.1 8.3 0.215 0.36 3.2 35.0 
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catalyst RS014, the nominal Au particle 
size derived from chemisorption is signifi- 
cantly smaller than the Au particle size ob- 
tained from WAXS (I) and the highly dis- 
persed Au on the surface of the small 
particles is accessible to oxygen. However, 
on catalyst RMOlO the particle size derived 
from chemisorption for both metals is 
larger than the WAXS particle size (Table 
2) suggesting a certain loss of chemisorp- 
tion capability of the small particles. Sev- 
eral scenarios could be envisioned to ex- 
plain this decrease in gas uptake. First, 
there could be a lack of the right Ru and Au 
ensemble sizes required for Hz and 02 che- 
misorption. This is quite unlikely since a 
minimum of only two Ru surface sites are 
needed for H2 chemisorption, and since 
four Au surface sites are sufficient for 02 
chemisorption at 473 K. Second, the ad- 
sorption characteristics of the two metals 
could be altered due to electronic interac- 
tions between the two metals. However, 
the evidence accumulated so far on the Ru- 
Au system (I-3, 6, 18, 29) does not sug- 
gest a significant role of electronic interac- 
tions between Ru and Au. Finally, the low 
gas uptake on RMOlO could be a manifesta- 
tion of support effects. In this context, it is 
important to realize that the BET surface 
area and morphology of MgO supports can 
undergo drastic changes depending on the 
thermal history and the amount of impuri- 
ties present (20, 21). During catalyst prepa- 
ration by impregnation with aqueous metal 
salt solutions, MgO can undergo bulk hy- 
dration to Mg(OH)2. During pretreatment 
and reduction, the hexagonal close-packed 
hydroxide structure converts back to the 
simple cubic oxide involving a cooperative 
movement of Mg2+ and 02- ions. An encap- 
sulation of some of the metal particles dur- 
ing this restructuring event of the MgO is a 
strong possibility and the subject of further 
investigation in our laboratory. The com- 
parison of the SiOz series (I) with the MgO 
series demonstrates that the stepwise che- 
misorption procedure in conjunction with 
WAXS and electron microscopy can bring 

significant insight into the details of the mi- 
crostructure of supported Ru-Au catalysts. 
Such information is invaluable to under- 
stand the intricacies of catalytic activities 
and selectivities of such complex, bimetal- 
lic systems. 
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