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A combination of X-ray photoelectron spectroscopy (ESCA) and X-ray diffraction mea- 
surements has been used to demonstrate the sensitivity of the dispersion of rhodium on 
charcoal catalysts to reductive environments at temperatures between 75 and 700°C. The 
measurements demonstrate that H, chemisorption is unreliable for the determination of 
rhodium dispersion for this catalyst system. 

INTRODUCTION 

In a previous publication (I), Brinen and 
Melera examined the spectra of several 
rhodium on charcoal catalysts by X-ray 
photoelectron spectroscopy (ESCA). 
Attention was focused primarily on the dif- 
ferent chemical species present on the 
catalyst surface and a correlation was es- 
tablished relating catalyst activity with the 
intensity ratio of oxidized rhodium to me- 
tallic rhodium observed by ESCA. 

Conventional hydrogen chemisorption 
measurements (2) performed on these 
catalysts implied that the dispersion of 
rhodium on charcoal was independent 
of metal loading! To investigate this sur- 
prising result, a careful study of this cata- 
lyst was instituted to see whether ESCA 
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could be applied to monitor the physical 
properties of rhodium supported on char- 
coal, and to correlate the results with 
X-ray diffraction (XRD) and catalytic 
activity measurements. 

EXPERIMENTAL METHODS 

Rh/C catalysts were prepared by reduc- 
tion of a solution of RhCl, containing com- 
mercially available activated charcoal (sur- 
face area of - 850 m”/g and pore volume 
of - 1 .O cc/g by N, BET method). The 
catalysts studied were nominally 12% 
metal although lower metal loadings were 
also employed for the chemisorption mea- 
surements. Relative catalytic activities 
were determined in a Parr hydrogenator 
[see, e.g., Ref. (3)] for the standard test 
hydrogenation reaction 

R 
OH + H,O 
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For conventional dispersion determina- 
tions a dynamic flow hydrogen chemisorp- 
tion technique was used (2). Nitrogen con- 
taining about 1% hydrogen was flowed 
continuously over the sample. Hydrogen 
adsorption peaks were recorded when a 
sample was cooled from 400°C to room 
temperature. By comparison with peak 
areas for known volumes of hydrogen, the 
hydrogen chemisorption was calculated. 
Heating and cooling cycles were repeated 
on each sample until the adsorption be- 
came constant. 

ESCA spectra were measured on a 
Hewlett Packard 5950A spectrometer 
using monochromatic Al Ka radiation. 
The spectrometer was equipped with a 
variable temperature probe and a flood gun 
used to neutralize the effects due to sample 
charging. The catalyst samples were exam- 
ined either as smears on the gold plated 
sample mounts or were mounted on double 
sided sticky tape. The flood gun atfected 
the binding energy measurements for the 
samples on the insulating sticky tape but 
had no effect on the spectra of samples 
smeared directly on the gold. For in situ 
reductions, H, was introduced into the 
spectrometer reaction chamber by means 
of a Varian 95 l-5 100 leak valve. Pres- 
sures of up to 1 atm were used. When 
heating of catalysts was performed outside 
of the ESCA spectrometer, a tube furnace 
was used with an atmosphere of flowing 
H, or in some instances He. 

The X-ray diffraction patterns were ob- 
tained by means of diffractometer scans. A 
conventional Philips unit was used with 
nickel filtered Cu K radiation at a scan rate 
of 0.5” 2 8lmin. 

Crystallite sizes were estimated from the 
half width of the first rhodium line, using 
the customary formula 

L= KA 
B cos 0 ’ 

where the constant K is taken as 0.9, B is 
the half width and L the crystallite size. 

NO corrections were made for in- 
strumental broadening. 

RESULTS AND DISCUSSION 

The rhodium dispersion, defined as (No. 
surface Rh atoms)/(total No. Rh atoms), 
was calculated from the chemisorption 
experiments assuming that one surface Rh 
atom chemisorbs one H atom (4). Results 
are shown in Table 1. The insensitivity of 
dispersion with respect to metal loading 
was unexpected and pointed to the possi- 
bility that physical changes were taking 
place on the catalyst surface during the 
chemisorption experiment. [For example, 
sintering of Pd/C catalysts under mild con- 
ditions has been reported (5).] 

To pursue this point, a series of cata- 
lysts containing - 12% Rh were prepared 
and were subjected to various treatments 
prior to spectroscopic and chemical study. 

A spectrum of the rhodium 3d lines ob- 
tained from a typical fresh catalyst is 
shown in Fig. 1, together with a similar 
spectrum of Rh203. Note the presence of a 
substantial amount of oxidized Rh on the 
catalyst surface. The binding energy of the 
Rh 3d5,2 line for Rh,Oa is 308.0 eV which 
agrees with the surface oxide peak ob- 
served on the catalyst (I). The X-ray dif- 
fraction pattern of this catalyst shows no 
discernible pattern attributable to any rho- 
dium species, implying that the rhodium 
present is either very finely dispersed or 
amorphous. 

The solid curve in Fig. 2 shows a 50 eV 
wide scan containing both C Is and Rh 3d 

TABLE 1 
HYDROGEN CHEMISORPTION RESULTS 

Catalyst Loading (%) Rh dispersion* 

A 3.3 0.10 
B 6.5 0.12 
c 11.9 0.12 

a Wt% Rh metal. 
* Defined as (No. surface Rh atoms)/(total No. Rh 

atoms). 
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FIG. 1. A comparison of the spectra obtained for the Rh 3d lines from (-) fresh catalyst and (---) Rh,O, 
demonstrating the presence of metal and oxide on the catalyst surface. 

lines for the fresh catalyst while the has decreased as a result of the reduction. 
broken curve shows a similar spectrum for The Rh/C intensity ratio, determined from 
the same catalyst heated in an atmosphere the areas under the C Is line and the Rh 
of hydrogen for 5 hr at 700°C before being 3d lines using 20 eV sweeps, can be used 
transferred in air to the spectrometer. to monitor the relative amounts of surface 
Note that the oxidized species has disap- rhodium accessible for ESCA detection 
peared and that the Rh/C intensity ratio and is related to the dispersion of rhodium 

I I I I 
c 
I‘ P -FRESH RhK CATALYST I I ------ SINTERED CATAl.YsT 7wc r 
1 
I I I 
I Rh 3d A i 

-.‘;. .: \ 1’ -_____-- --- --- ,* -- ----- --- MC* 8’ --_____- 

L 
I 
I 
I 
I 
I 

i 

‘I 

\ 
\ 

FIG. 2. Spectra obtained from (-) fresh and (---) sintered catalyst showing both the Rh 3d and C 1s sup- 
port lines. 
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FIG. 3. X-Ray diffraction patterns for fresh and sin- 
tered catalysts. 

on the charcoal surface. This experiment 
differs from Scharpen’s (6) experiments, in 
which he varied the Pt loadings on the 
SiO, support. We are keeping the same 
rhodium loading and are monitoring its dis- 
position as a function of treatment. 

X-Ray diffraction patterns of the same 
catalysts described in Fig. 2 are shown in 
Fig. 3. The growth of large crystallites due 
to heating at 700°C in hydrogen is very 
apparent from the XRD patterns. Heating 
at lower temperatures and shorter times 
produces changes intermediate between 
those depicted in Figs. 2 and 3. 

FIG. 4. Spectral changes in the Rh 3d lines as a 
result in situ H, reduction (in the spectrometer reac- 

m 
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In order to minimize the possibility of 
unwanted reactions between the reduced 
catalyst and the environment during 
transfer, in situ reductions were performed 
in the spectrometer reaction chamber. The 
fresh catalyst was heated to 75°C in 1 atm 
of hydrogen for 30 min and the rhodium 3d 
spectra obtained before and after reaction 
are shown in Fig. 4. Note that the surface 
oxide species has disappeared even under 
these relatively mild conditions of reduc- 
tion. In addition, the Rh/C intensity ratio 
is found to decrease upon reduction, both 
for in situ and external reductions. Con- 
comitant with the decrease in Rh/C ratios 
(as the reductive conditions become more 
vigorous) is the formation of larger and 
larger crystallites as determined by XRD. 
A plot of ESCA vs XRD data is given in 
Fig. 5. 

These results suggest that reduction in 
hydrogen at elevated temperatures affects 
the catalyst in at least two ways. The most 
obvious is that the surface oxide compo- 
nent on the surface undergoes reduction to 
the metal. As a result or in conjunction 
with this process the surface rhodium 

FIG. 5. A plot of the Rh/C intensity ratio vs Rh 
crystallite size determined from X-ray diffraction 

tion chamber) at 75°C. measurements. 
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atoms tend to “flow” resulting in the for- 
mation of larger clusters of metal. This is 
evident both from the decreased RhlC in- 
tensity, which reflects changes in the rho- 
dium distribution on the surface and from 
the X-ray diffraction results. Thus, the in- 
dependence, with respect to metal loading 
of Rh dispersion measured by HZ 
chemisorption, is due to sintering which 
occurred as a result of the chemisorption 
procedure. Indeed, the catalysts, after ex- 
posure to H, at 400°C were sintered and 
contained large crystallites. Reoxidation of 
the sintered catalysts is not observed in 
the ESCA spectrum. This difference 
between sintered and fresh catalysts 
(which oxidize on exposure to air after the 
reduction step in the synthesis) suggests 
the difference in the oxidation/reduction 
behavior of Rh is a function of particle 
size. The sintered catalyst behaves more 
like a bulk metal which often shows an 
asymmetric photoelectron line due to ad- 
sorbed oxygen but not a well-split oxide 
line (7). The smaller particles present on 
the fresh catalyst, on the other hand, ap- 
pear to be oxidized in bulk, giving a 
Rh,O,-like material. 

The physical and chemical changes 
suggested by the spectroscopic results to 
occur on the surface of the catalyst should 
in turn affect the performance of the cata- 
lyst. To test this, the rate of disappearance 
of the reactant, R, and the first-order rate 
constant, K,,, were obtained as follows: 

where R 

W 
V 

CO 

C 

t 

R=K,$C, 

Kw=ln!$f$ 7 

moles of reactant reacted per 
hour 
troy ounces Rh metal used 
volume (liters) of reaction 
slurry 
reactant concentration at 
t = 0 (moles/liter) 
reactant concentration at 
time t (moles/liter) 
reaction time (hours). 

The results of this analysis together with 
the ESCA and XRD data are shown in 
Table 2. The percentage conversion and 
the first-order rate constant for the reac- 
tion decrease markedly as the dispersion 
decreases (as determined from the ESCA 
measurements) and the crystallite size in- 
creases (XRD). 

CONCLUSIONS 

ESCA and XRD measurements have 
been used to monitor changes produced by 
reduction at elevated temperatures in both 
the physical and chemical properties of a 
rhodium on charcoal catalyst. The mea- 
surements show that the conditions used in 
H, chemisorption measurements to deter- 
mine dispersion are in themselves suf- 
ficient to damage the catalyst and degrade 
its performance. The results also reinforce 

TABLE 2 
SPECTROSCOPIC AND ACTIVITY RESULTS FOR STARTING AND REDUCED CATALYSTS 

(Rh/C) Crystallite 
intensity size (A) 

% Relative 
conversion K, 

Fresh catalyst 0.99 <40 100 16 
H,, 75”C, 30 min 0.82 (in situ) 

H,, 4OO”C, 15 mm 0.76 75 35 4 
H,, 7OO”C, 5 hr 0.47 235 <l co.1 
He, 4OO”C, 15 min 0.85 40 
He, 700°C 2 hr 0.64 100 

a -12% Rh on charcoal. 
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the importance of ESCA intensity ratios as 
a measure of catalyst dispersion and 
suggest differences in the oxidationlreduc- 
tion behavior of metals as a function of 
particle size. 
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