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The role of support and alkali promoter on the kinetics of hydrogen chemisorption on supported 
rhodium catalysts has been investigated using frequency response chemisorption (FRC). In all 
catalysts studied, several kinetically distinct chemisorbing sites were observed; with the exact 
number and kinetic parameters depending on the exact combination of promoter and support used. 
Comparison of the FRC spectra of Rh/SiO* and Rh/TiOz revealed the existence of new chemisorb- 
ing sites in the latter. One of the Rh/TiO* sites may be attributed to HZ spillover onto the support. 
The addition of alkali promoters suppressed the Hz chemisorption of specific sites. o 1986 Academic 

Press, Inc 

INTRODUCTION 

The roles of supports and promoters in 
metal catalysis have been the subjects of 
study for many years. Although in some in- 
stances supports can be considered to be 
inert substrates, serving only to disperse 
the metal and increase its surface area, the 
specific type of support used can have a 
drastic effect in a catalytic reaction. This is 
well illustrated in the case of group VIII 
metals supported on titania, where reduc- 
tion of the catalyst at high temperature 
results in a suppression of the normal hy- 
drogen chemisorption, as well as changes in 
its catalytic behavior toward reactions such 
as ethane hydrogenolysis and CO hydroge- 
nation. These effects have been attributed 
to “strong metal-support interactions” 
(SMSI) (1-3). Alkali metal promoters can 
also have dramatic effects on the activity 
and selectivity of group VIII metals for CO 
hydrogenation reactions, where they have 
been shown to enhance the formation of 
long-chain hydrocarbons (4-6). 

I To whom correspondence should be sent at the 
University of Pittsburgh address. 

2 Present address: GTE Laboratories, 40 Sylvan 
Rd., Waltham, Mass. 02154. 

Many studies have been reported on the 
cause of SMSI on supported metal cata- 
lysts. Current evidence indicates that the 
effect is largely the result of migration of 
support species onto the surface of the 
metal crystallite, resulting in geometric and 
electronic perturbation to the site activity 
(7, 8). The influence of these “support- 
islands” on the kinetics and mechanism of 
chemisorptive and reactive processes is 
less clear, although H2 chemisorption stud- 
ies have indicated that the suppression phe- 
nomenon is a kinetic, rather than thermo- 
dynamic effect. Hydrogen desorption after 
prolonged exposures corresponds reasona- 
bly well with the expected metal surface 
area (9). 

The cause of the observed changes due to 
support and promoters can be ascribed to 
either changes in the energetics of the ac- 
tive sites or to the formation of new sites. 
In addition there is the possibility of syner- 
gistic effects resulting in the creation of 
new kinetic pathways either on the metal, 
on the interface, or on the support via spill- 
over effects. Such spill-over pathways have 
been deduced to exist for hydrogen sorbing 
on Rh/TiOl (10, 11). 
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This paper reports a study, using fre- 
quency response chemisorption (FRC), of 
the kinetics of hydrogen chemisorption on 
Rh/TiOz catalysts, and the effect of alkali 
metal promotion on the nature of the Hz- 
sorbing sites. FRC allows for the identifi- 
cation of kinetically distinct adsorption 
pathways on the catalyst and we have 
previously reported on the existence of 
multiple distinct sites on both Rh and Ni on 
several supports. We report here on the 
effect of promoters on existing site oc- 
cupancy and assess the possibility of the 
creation of new Hz-sorbing sites when 
promoters are introduced. We find consid- 
erable influence of the presence and nature 
of the alkali metal on the relative popula- 
tions and apparent kinetic parameters. A 
comparison of reported CO and olefin hy- 
drogenation rates with the predominance of 
sites found by FRC, suggests relationships 
between specific hydrogen sorbing sites and 
reaction pathways in these catalysts. 

BACKGROUND 

The technique of frequency response 
chemisorption consists of measuring the 
phase difference between an induced si- 
nousoidal modulation in the volume of a 
closed adsorbent-adsorbate system and the 
resulting pressure modulation (12-1.5). For 
each process, characterized by a given set 
of adsorption and desorption rate con- 
stants, k, and kd, the phase difference maxi- 
mum will occur at a modulation frequency 
which will be dependent on the pressure, 
temperature, site density, and amplitude of 
the volume modulation. Thus, the tech- 
nique allows for the study of adsorption- 
desorption phenomena of individual sites, 
even though the processes are occurring si- 
multaneously. 

If the induced volume perturbation is 
small, the kinetic events can be approxi- 
mated as first order processes. Yasuda 
showed that such a system could be repre- 
sented by a real and an imaginary response 
functions, RRF and IRF, respectively: 

RRF(T,P,w) = u/p cos cp - I 

= 1 CriBi 
p; + (32 (l) 

IRF(T,P,w) = v/p sin cp = 2 fi 
1 

(2) 

where u and p are the volume and pressure 
amplitudes, w is the modulation frequency, 
cp is the volume-pressure phase shift, and 
aj and pj represent partial derivatives of the 
rate equation for adsorption on site j (1.3). 

Equation (2) has been described as the 
“adsorption-rate spectrum equation” be- 
cause, at o = pj, it exhibits maxima with a 
full width at half height equal to 2pjV’X, 
regardless of the other parameters. Thus, 
its measurement can provide both a phe- 
nomenological fingerprint of the system as 
well as detailed quantitative information on 
the number and extent of the various ad- 
sorbing sites through proper deconvolution 
of the total signal. 

The pressure dependence of the mea- 
sured parameters aj and fij can be used to 
infer the mechanism of adsorption, as well 
as to obtain quantitative information on the 
adsorption and desorption rate constants 
and the site density of each individual site. 
For nondissociative Langmuir adsorption, 
the parameters aj and pj are given by 

and 

fij = k,P + kdj 

llaj = q(PIkdj + Ilk,) (3) 

whereas for a dissociatively adsorbed di- 
atomic molecule, the relationships are 

/3j = 2Nje 

and 

l/&j = Yj/Nj(lBIkdj + l/k,) (4) 

where Nj represent the number of sites of 
type j and q = dV/(NjRZ’). Other adsorp- 
tion models may be easily derived following 
previously developed formalism (16). 
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EXPERIMENTAL 

Catalyst preparation and characteriza- 
tion. Supported Rh/Ti02 catalysts were 
prepared by incipient wetness impregnation 
of titania (Degussa P-25) with an aqueous 
solution of rhodium chloride. The pro- 
moted catalysts were prepared in a similar 
manner using a single coimpregnation step 
of rhodium chloride and the appropriate al- 
kali nitrate at a pH of 3.5. Metal loadings 
used were 0.6 and 3 wt% of Rh for the un- 
promoted catalysts and 3 wt% Rh and 
atomic ratio of l/2 of alkali metal to rho- 
dium for the promoted catalysts. A 1 wt% 
Rh/Si02 (Davison grade 59) was prepared 
using similar techniques. After impregna- 
tion the catalysts were dried overnight at 
120°C and reduced ex situ in flowing HZ at 
400°C for 16 h then passivated in air at room 
temperature before further measurements. 

The average Rh particle diameter was de- 
termined to be smaller than what could be 
measured using X-ray diffraction line- 
broadening techniques (17). 

Static hydrogen chemisorption was de- 
termined using a conventional volumetric 
apparatus. The previously reduced samples 
were again reduced at 4OO”C, evacuated at 
400°C for 1 h, and cooled to room tempera- 
ture. Hydrogen was reintroduced to a pres- 
sure well above the saturation pressure, 
typically 200 Tort-, and the catalysts were 
allowed to equilibrate for 36-48 h. The de- 
sorption isotherm was then measured by 
progressively reducing the hydrogen pres- 
sure and determining the equilibrium pres- 
sure after a 2-h interval. The reversible 
component of the chemisorption was deter- 
mined by pumping on the catalyst for 12 
min and measuring the amount of hydrogen 
readsorbed. 

Previous work on the measurement of Hz 
adsorption isotherms of these catalysts had 
shown that long adsorption periods were 
necessary for complete equilibration of 
the system and that when short adsorption 
periods were utilized, i.e., approximately 
15-30 min after addition of hydrogen, much 

lower total hydrogen uptakes were re- 
corded for the titania-supported catalysts 
(16). For this reason, only H2 uptakes 
based on desorption isotherms were used in 
this work. 

Frequency response chemisorption. The 
technique used in the FRC studies and the 
apparatus associated with this measure- 
ment have been previously described (15, 
26, 18) and will not be extensively detailed 
here. Briefly, it consists of measuring the 
pressure amplitude of a sinusoidally modu- 
lated volume in a closed system containing 
an adsorbing gas and a catalyst. The ab- 
sorption/desorption process produces a 
phase difference between the volume and 
pressure modulation and alters the ex- 
pected pressure amplitude. By varying the 
frequency of modulation, the behavior of 
the phase differences and amplitudes can 
be recorded as functions of frequency and 
converted to the corresponding response 
functions using Eqs. (1) and (2). In the cal- 
culated imaginary response function-Eq. 
(2)-each maxima corresponds to one par- 
ticular chemisorptive site or mode of che- 
misorption. 

The procedure for obtaining the FRC 
spectrum of H2 chemisorption on the vari- 
ous Rh catalysts was as follows. Approxi- 
mately 3 g of the previously reduced and 
passivated catalysts were loaded into the 
FRC sample chamber. The sample was 
evacuated to ca. 10m6 Torr, and heated to 
450°C under vacuum. Hydrogen was admit- 
ted into the sample compartment to a pres- 
sure of about 500 Torr, and the catalysts 
reduced statically for about 20 h. During 
reduction, the sample chamber was evacu- 
ated and refilled with hydrogen periodically 
in order to remove any water that may have 
formed during reduction. Following reduc- 
tion the catalyst was evacuated to 10m6 Torr 
while hot and then cooled to 50°C. Hydro- 
gen was then admitted and the sample al- 
lowed to equilibrate overnight prior to FRC 
measurements. 

Measurements of the FRC spectrum 
were obtained between 10m2 and 10 rad/sec 
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TABLE I 

Summary of Catalysts Studied 

Catalyst Metal loading, % Surface area, m2/g Crystallite” diam., A H2 uptake, 
10m6 mole/g 

Total Reversible 

RhiTi02 0.6 50 <40 18 - 
Rh/TiO* 3 50 <40 98 18 
Rh-Li/Ti02 3 50 <40 59 30 
Rh-Cs/TiOZ 3 50 <40 21 6 
Rh/SiO> 1 300 <40 26 3 

a By XRD. 

using a series of four motor-drive combina- 
tions. Temperatures were controlled at 50 
and 160°C. The measured p(t) and v(t) data 
were converted into the real and imaginary 
response signal using Eqs. (1) and (2). 

A number of “blank” experiments were 
conducted in order to ascertain the absence 
of instrumental and/or diffusional artifacts 
in the observed signals, as described in de- 
tail previously (16). The results of these 
experiments indicated that the observed 
signal was in fact due to chemisorbed 
hydrogen. 

RESULTS 

The physical and adsorptive characteris- 
tics of the catalysts used in this study are 
shown in Table 1. In addition to the pro- 
moted and unpromoted Rh/TiOz catalysts, 
an unpromoted Rh/SiOz is also included for 
comparison. Silica has been demonstrated 
to exhibit little interactions with group VIII 
metals and as such serves as a “baseline” 
comparison in these studies. 

The nature of the support or the Rh load- 
ing did not seem to have a significant effect 
on the hydrogen chemisorptive capacity of 
the catalysts, since all the unpromoted Rh 
catalysts showed approximately the same 
dispersion. Although titania has been re- 
ported to induce strong metal-support in- 
teractions (SMSI) and suppress hydrogen 
chemisorption when used as a support for 
group VIII metals, the long equilibration 

times used in this work allowed for filling of 
the slow chemisorptive sites (9). As has 
been reported in previous work, the simi- 
larity in the obtained values for Rh/TiOZ 
and Rh/SiOz, indicates that Hz chemisorb- 
ing sites are still present in the titania 
“SMSI” catalysts, but they are not quite as 
kinetically accessible (16, 18). 

Alkali metal promoted catalysts exhib- 
ited lower hydrogen uptake than the unpro- 
moted counterparts. In the case of Rh-Li/ 
TiOz it is not evident whether the reduced 
chemisorptive capacity is due to the pres- 
ence of the alkali or simply to larger Rh 
crystallite size. However, in the case of 
Rh-Cs/TiOz, the XRD results showed the 
metal crystallite to be smaller than could be 
accounted for based on the hydrogen up- 
take. Thus indicating that the alkali pro- 
moters indeed have suppressed the chemi- 
sorption capacity of the metal. Similar 
observations have been reported for Rui 
Si02, Ru/TiO*, and NiBi (5, 19, 20). 

Frequency response chemisorption mea- 
surements were obtained at 48 and 16o”C, 
at pressures ranging between 0.2 and 1.5 
Torr. It is within these temperature and 
pressure ranges that optimum signal is ob- 
served in the FRC spectra. Typical FRC 
spectra taken at 50°C are shown in Fig. 1 
for the 3% Rh/TiOz (promoted and unpro- 
moted) and the 1% Rh/SiO:! catalysts. The 
experimentally obtained data were decon- 
voluted by fitting one or more functions of 
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Rh/TIO1 

P=l.oton 

-OP 
P = 0.0 tm 

Rh-CS/l102 

P = 0.0 tm 

10-a 10-i 100 10’ 102 Since both support and alkali promoters 
Frequency (rad.hec.1 can influence the activity and selectivity of 

FIG. 1. Frequency response spectra for the chemi- 
sorption of Hz on supported rhodium at 48°C. 

the type given in Eq. (2), in order to obtain 
values of Q( and p for each component of 
the spectrum or “site.” At 48°C only one 
site is prominent in all catalysts, and its po- 
sition does not seem to be strongly depen- 
dent on either the type of support or the 
existence or promoters. In some cases, 
most notably Rh-Cs/TiOz, a small second 
feature is observed at slower modulation 
frequencies, but its existence is not clear in 
other catalysts. 

Typical FRC spectra obtained at 160°C 
for all the catalysts under study are shown 
in Fig. 2. In contrast with the relatively sim- 
ple and similar low temperature results, 
the observed FRC signal in this case is 
highly dependent on support, promoter, 
and loading. 

Deconvolution of the spectra shows that 
up to three sites are necessary to properly 
fit the experimental data. This is in contrast 
with our earlier communication in which, 
for unpromoted Rh/Ti02, we reported the 
existence of only two high temperature 

sites (26). Improved experimental proce- 
dures now lead us to postulate the exis- 
tence of at least three high temperature 
sites for promoted and unpromoted Rhl 
TiOz and at least two sites for Rh/SiOz. Fig- 
ure 3 shows a one-, two-, and three-peak fit 
of typical experimental data, which clearly 
shows that indeed three kinetically distinct 
sites for hydrogen chemisorption can be de- 
tected using FRC. 

A summary of the derived response func- 
tions, oj and pi, for the various chemisorb- 
ing sites identified is given in Table 2. For 
convenience, the low temperature response 
functions have been subscripted 1 and 2, 
while the high temperature functions have 
been subscripted 3 to 5. 

DISCUSSION 

3% Rh - csmo 

10-z lo-’ 100 10’ 102 

Frequency (rad.hec.1 

FIG. 2. Frequency response spectra for the chemi- 
sorption of H2 on supported rhodium at 160°C and 0.5 
Torr. 
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IO-2 10-l 100 10’ 

Frequency (rad.hec.1 

102 

FIG. 3. Frequency response spectrum for the chemi- 
sorption of H2 on 3% Rh/TiOz at 160°C and 0.9 Torr, 
showing one-, two-, and three-peak fit of the experi- 
mental data. 

supported metal catalysts, it is not surpris- 
ing to find that both support and promoters 
can also affect the kinetics of chemisorp- 
tion of a probe sorbing molecule, such as 
hydrogen. At low temperature, however, 
only minor differences in the qualitative 
features of the FRC spectra are evident. It 
is difficult to consider these minor differ- 
ences to be significant, since they may sim- 
ply reflect small variations between catalyst 
preparation or pretreatment. 

Analysis of the pressure dependence of 
the response functions for the unpromoted 
Rh catalysts at low temperature has shown 
a linear dependence between p, and pres- 
sure, as predicted by Eq. (3) for nondisso- 
ciative Langmuir kinetics (16, 18). This 
conclusion can now be extended to the pro- 
moted catalysts, where a similar depen- 
dence is observed. Thus, in all cases stud- 
ied, a significant amount of hydrogen is 
sorbing, at low temperatures, in a mode 
which behaves as expected for a nondisso- 
ciative state. This state could either corre- 
spond to a true molecular adsorption, a 
weakly bound precursor to dissociatively 
adsorbed HZ, or even a dissociatively ad- 
sorbed HZ on an ensemble of metal atoms. 
FRC techniques can not distinguish be- 
tween these possibilities. Regardless, the 
amount sorbing in this state can be esti- 
mated from the pressure dependence of the 
FRC spectra and is typically in the range of 
3 to 8 pmol/g, only a small fraction of the 
total chemisorption and about the same 
amount as the observed reversible chemi- 
sorption. Thus, it is likely that this “molec- 
ular” state is associated with the reversibly 
chemisorbed state. 

The observation of this “molecular” 
state is noteworthy, since most studies con- 
sider H2 to only adsorb in a dissociative 
state. There is previous strong evidence, 
however, for the existence of molecularly 

TABLE 2 

Summary of FRC Parameters for Supported Rhodium Catalysts 

Catalyst Temp., “C Pressure, 
Torr 

Response functions 

aI PI a2 P2 a3 P3 a4 P4 ffs Ps 

Rh/SiO* 48 0.6 4.8 13.9 - - - - - - - - 
Rh/Ti02 48 1.0 1.8 7.1 0.014 0.29 - - - - - - 
Rh-Li/Ti02 48 0.9 2.2 14.1 - - - - - - - - 
Rh-Cs/Ti02 48 0.8 3.0 5.3 0.008 0.10 - - - - - - 

Rh/Si02 160 0.5 - - - - 3.45 13.7 0.02 0.52 - - 
Rh/Ti02 160 0.4 - 2.65 10.1 1.74 2.7 0.065 0.19 
Rh-Li/TiOz 160 0.4 - - - - 2.25 5.7 1.26 0.58 0.014 0.07 
Rh-Cs/Ti02 160 0.5 - 2.20 4.8 1.90 0.80 0.006 0.06 
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TABLE 3 

Kinetic Parameters for Hz Chemisorption on RhflTiOz 

Catalyst Site 5 Site 4 Site 3 

ka” kd* N’ k” kdb N’ ka” k,jh N’ 

RhiTiOz - - 
4 

1 x 106 2x105 4 2 x 105 2x106 2 
Rh-LifG02 7x104 3 x 103 6 x 105 1x103 3 6 x 10’ 1x106 2 
Rh-Cs/Ti02 - - - - - 1 x 106 3x106 1 

a Torr-’ set-I. 
b set-I. 
c Micromoledg cat. 

adsorbed hydrogen on rhodium catalysts 
(22), and some investigators have attrib- 
uted methanol synthesis to the addition of 
molecular Hz to CO (22). It is interesting to 
note that this molecular hydrogen state ex- 
ists on all the catalysts and that its kinetic 
parameters are not very sensitive to either 
support or promoter. Its existence, how- 
ever, may not pose any relation to the cata- 
lytic properties of the material since this 
state is only evident at low temperatures 
(i.e., ambient) and it is likely that at reac- 
tion temperature the state is not signifi- 
cantly populated. 

At high temperature, the influence of the 
support is clearly reflected on the chemi- 
sorption kinetics of hydrogen. Whereas Rhi 
SiOz exhibits only one major FRC site, 
when titania is used as support a total of 
three major sites are observed. Of the three 
sites observed in the 3% Rh/TiOz catalyst, 
site 3 corresponds in both amplitude and 
frequency to the major Rh/SiOz site and, 
based on its kinetic parameters, may there- 
fore be assigned to hydrogen sorbing on Rh 
metal sites. Thus, the additional two new 
sites (sites 4 and 5) must be due to the influ- 
ence of the support on the metal and are 
perhaps due to the SMSI nature of titania 
supported catalysts. 

The addition of alkali promoters seem to 
have an effect on the kinetic parameters of 
site 3, resulting in a slight shift of the signal 
maximum to lower frequencies. This shift 
can be envisioned as due to an increase in 

the binding energy of the hydrogen on this 
site resulting in a slower adsorption-de- 
sorption process from the surface, hence 
lower frequencies. In addition to the fre- 
quency shift, a large effect is evident on the 
relative amplitudes of sites 3, 4, and 5 upon 
alkali metal addition. Addition of Li to Rhi 
Ti02 results in a reduction of chemisorption 
on site 4, but leaves sites 3 and 5 largely 
unaffected. In contrast, the addition of Cs 
as a promoter affects the chemisorption of 
both sites 4 and 5. 

Measurements of the pressure depen- 
dence of the response functions of the high 
temperature sites show that the hydrogen 
chemisorption of these three sites behave 
according to dissociative Langrnuir kinet- 
ics. Experimental limitations, however, 
prevented the determination of accurate 
values for the number of sites correspond- 
ing to each process and only an estimate of 
the corresponding kinetic parameters were 
obtained. These are shown in Table 3. 

Further insight into the nature of sites 4 
and 5 can be gained by comparing the FRC 
spectra of the two Rh/Ti02 catalysts with 
markedly different metal loadings. The 
slowest site (site 5) is virtually unchanged 
in both position and magnitude, but sites 3 
and 4 are smaller in the low loading cata- 
lyst. One possible interpretation is that site 
5 corresponds to hydrogen from the sup- 
port, thus it remains constant regardless of 
the metal loading. Although FRC experi- 
ments on pure titania showed that hydrogen 
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does not sorb under these conditions, the 
mechanism of “spill-over” can still account 
for the presence of hydrogen on the sup- 
port. 

Other studies have shown the existence 
of multiple chemisorbing sites on Rh cata- 
lysts, and some have even suggested the 
existence of spill-over hydrogen on the sup- 
port, which can desorb at high temperature 
(IO, II, 23). Temperature programmed de- 
sorption (TPD) studies of Rh/SiOz and Rh/ 
TiOz have shown evidence for one low tem- 
perature and one high temperature site in 
the former and at least three sites in the 
latter (24, 25). Other recent TPD studies on 
alkali promoted supported rhodium corrob- 
orates our observations of multiple high 
temperature sites and shifts in binding ener- 
gies with promotion (26). 

Work on the effect of alkali promotion on 
the CO hydrogenation reaction over sup- 
ported Rh have shown activities and selec- 
tivities to be highly dependent on the sup- 
port and promoter. Comparison of various 
alkali-promoted Rh/TiOz show the rate of 
CO conversion to be highly dependent on 
the promoter used, and to increase in the 
order: none > Li > K > Cs (6). Interest- 
ingly, the total amplitude of the various 
components of the FRC spectra follow the 
same order. The addition of small amounts 
of ethylene as a probe molecule to the CO 
hydrogenation reaction has shown that Rh/ 
TiOz catalysts have much higher hydroge- 
nation activity than Rh/SiOz and that this 
hydrogenation activity is reduced when al- 
kali promoters are used, particularly in the 
case of cesium (27). These observations 
also agree with our observed FRC results 
where much higher total signal amplitude is 
observed for Rh/TiOz than for Rh/SiO* and 
the amplitude is diminished by addition of 
promoters. Cesium in particular was noted 
to suppress site 5, which is presumed to 
correspond to hydrogen spill-over. If in- 
deed site 5 is due to hydrogen spill-over, it 
would not be expected to have much cata- 
lytic activity for a metal-based reaction, but 

it could still act as a hydrogen supply and 
thus enhance hydrogenating activity. 

The nature of site 4 is still not clear. 
Comparison of the FRC results between 
Rh/SiOz and Rh/TiO* indicate that this site 
is support-dependent, but not a support 
site. One possibility is that site 4 corre- 
sponds to the rhodium-titania interface or 
to specific rhodium ensembles which are in- 
duced during high temperature reduction in 
the presence of titania. Regardless, it is evi- 
dent that alkali promotion can easily sup- 
press this type of site, perhaps via complex 
formation or acid-base reactions. This type 
4 site is presumably also active for CO hy- 
drogenation as evidenced by reported de- 
creases in activity upon Li-promotion of 
Rh/Ti02 (27). 
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