
                         

JOURNAL OF CATALYSIS 162, 277–283 (1996)
ARTICLE NO. 0285

Influence of Hydrogen Chemisorption on the Surface Composition
of Pt–Rh/Al2O3 Catalysts

N. Savargaonkar,∗,† B. C. Khanra,‡M. Pruski,† and T. S. King∗,†, 1

∗Department of Chemical Engineering, Iowa State University, Ames, Iowa 50011-2230; †Ames Laboratory, Ames, Iowa 50011;
and ‡Saha Institute of Nuclear Physics, Calcutta 700064, India

Received February 16, 1996; revised April 15, 1996; accepted April 16, 1996

The surface compositions of a series of platinum–rhodium
bimetallic catalysts supported on γ -alumina were determined in
the presence of chemisorbed hydrogen by 1H NMR spectroscopy.
The surface compositions of hydrogen-covered Pt–Rh bimetallic
catalysts were found to be slightly enriched in Rh, significantly
different from the surface compositions of adsorbate-free Pt–Rh
surfaces, which are enriched in Pt. Further, based on selective ex-
citation NMR experiments it was found that bimetallic particles
of fairly uniform compositions were formed. Atomistic simulations
of hydrogen-covered Pt–Rh bimetallic catalysts were done using a
method that involved coordination-dependent bond energies. The
simulations indicated that the heat of adsorption of hydrogen on
rhodium is about 13 kJ/mol higher than that on platinum. Finally,
a general, qualitative method for predicting the influence of ad-
sorbates on the surface segregation behavior of bimetallic systems
is described on the basis of knowledge of the surface energies at
various sites and the heats of adsorption. c© 1996 Academic Press, Inc.

INTRODUCTION

Supported bimetallic or multimetallic catalysts are com-
mercially useful because they often exhibit improved
activity, selectivity, or stability compared to monometallic
catalysts (1). For example, platinum–rhodium catalysts find
applications in industrially important reactions such as ox-
idation of ammonia to nitric oxide, control of automobile
exhaust emission, and synthesis of hydrogen cyanide (2). In
addition to their various applications, such catalysts offer
opportunities to explore challenging scientific questions. In
principle, one can vary the surface properties of these cata-
lysts in a systematic manner simply by altering the over-
all metal composition (3–5). The composition of bimetallic
catalysts is often significantly different at the surface com-
pared to the bulk due to the differences in surface energies
of the two metals. The surface composition or the relative
fraction of the two metals at the surface is an important pa-
rameter in the study of catalytic phenomena. For example,

1 To whom correspondence should be addressed.

the activity per metal site (turnover frequency) of reactions,
which is needed to deduce the reaction mechanisms from
kinetic data and to understand controlling factors such as
ensemble or electronic effects, is based on the surface com-
position of the catalytically active metal (1, 6–8).

It is well known that adsorbates on bimetallic surfaces can
alter the surface composition of such systems, and while
various theoretical models (9–13) can predict the surface
segregation behavior of a particular bimetallic system, the
influence of adsorbates is difficult to quantify. In the case of
the platinum–rhodium bimetallic system both theory and
experiment (13–16) suggest that platinum segregates to the
surface of a clean Pt–Rh bimetallic. Although the bulk co-
hesive energy of Rh is slightly smaller than that of Pt, the
surface energy of Rh is larger than that of Pt. However, the
difference in the surface energies of Pt and Rh is small and
this difference can be altered by an adsorbate, perhaps even
resulting in a reversal of the surface segregation behavior of
the Pt–Rh system. For example, in the presence of oxygen
it was observed using Auger electron spectroscopy (AES)
and ion scattering spectroscopy (ISS) that the surfaces of
Pt–Rh single crystals were enriched in Rh (17–20).

The influence of hydrogen on the surface composition of
Pt–Rh bimetallic system has been studied less extensively.
van Delft et al. (17, 18) studied Pt–Rh single crystals in
the presence of hydrogen and other adsorbates using AES
and reported that hydrogen did not influence the alloy as
much as O2 and NO, but quantitative information about
the influence of H2 was not given. Beck et al. (19, 20) using
ISS and AES reported that the surface of a Pt10Rh90(111)
single crystal became enriched in Pt under low-pressure
(10−6 Torr) and high-pressure (38 Torr) environments of
hydrogen in the temperature range 500–600◦C.

A few studies of supported Pt–Rh catalysts using tech-
niques such as transmission electron microscopy (TEM)
(21), isotopic exchange (22), and nuclear magnetic reso-
nance (NMR) spectroscopy (23, 24) have been pursued.
Wang and Schmidt (21) using TEM reported that the sur-
face of silica-supported Pt–Rh catalysts became enriched
in Rh by oxidation–reduction cycling. Wang et al. (23, 24)
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used 13C NMR of adsorbed CO and 195Pt NMR to study
Pt–Rh bimetallic clusters supported on η-alumina. The sur-
face was found to be slightly enriched in rhodium in the
presence of adsorbed CO.

In this study, we report the use of 1H NMR spectroscopy
to determine the surface compositions of γ -alumina-
supported Pt–Rh catalysts in the presence of hydrogen.
This approach is based on a method employed earlier by
Wu et al. (3) to determine the surface compositions of
silica-supported Ru–Cu bimetallic catalysts using 1H NMR
Knight shifts. The experimental results are compared with
atomistic simulations in order to estimate the difference in
the energy of adsorption of hydrogen on the two metals.

METHODS

a. Catalyst Preparation

One platinum and one rhodium catalyst, each with a
metal loading of 3 wt% and supported on γ -alumina
(Johnson Matthey, BET surface area of 100 m2/g), were
prepared by incipient wetness impregnation method using
H2PtCl6 · 6H2O and Rh(NO3)3 · 2H2O (AESAR) as precur-
sors. Appropriate amounts of the metal salts were dissolved
in distilled water and about 1 g of the alumina support/ml
of water was added to the solution. The resulting slurry was
dried at room temperature for 20 h and then at 393 K for
8 h. Three Pt–Rh bimetallic catalysts with metal loadings
of 3% Pt–1% Rh, 3% Pt–3% Rh, and 1% Pt–3% Rh were
prepared in a similar manner via coimpregnation.

All of the catalysts were reduced in flowing hydrogen at
673 K and subsequently washed with hot, deionized water to
remove residual chloride and other soluble impurities. The
final reduction was carried out at 673 K in the NMR probe
for 2 h, evacuating and replacing the hydrogen every 30 min.
Selective hydrogen chemisorption was used to measure the
dispersion of the monometallic as well as the bimetallic
catalysts. The total adsorption isotherm and the isotherm
for weakly bound hydrogen were measured at room tem-
perature using hydrogen pressures in the range 20 to 50 Torr
and then extrapolated to zero pressure to obtain the amount
of strongly bound hydrogen adsorbed on the catalysts. An
equilibration time of 10 min was used under each pres-
sure and the catalysts were evacuated to 5× 10−6 Torr for
10 min before recording the adsorption isotherm for weakly
bound hydrogen according to a method described by Uner
et al. (25). The dispersions of the 3% Pt and 3% Rh cata-
lysts were 38 and 51%, respectively. The dispersions of 3%
Pt–1% Rh, 3% Pt–3% Rh, and 1% Pt–3% Rh catalysts
were 25, 20, and 18%, respectively.

b. NMR Experiments

The NMR experiments employed a home-built spec-
trometer with a proton resonance frequency of 250 MHz.

The measurements were done using a home-built in situ
NMR probe connected to a vacuum/dosing manifold, which
allowed for an easy control of hydrogen pressure during the
measurements. The L-shaped NMR sample tube was filled
with the catalyst and then placed in the NMR probe, which
was connected to a standard gas manifold via a flexible tub-
ing. The sample was reduced in situ at 673 K and cooled
to 573 K, evacuated overnight, and then cooled to 304 K.
Hydrogen was then dosed onto the sample at 304 K and
equilibrated for 10 min before the NMR spectra were
recorded. All spectra were recorded with a dwell time of 5
µs, a repetition time of 0.5 s, and the number of scans varying
from 3600 to 7200. Selective excitation experiments were
done using a delays alternating with nutations for tailored
excitation (DANTE) pulse sequence consisting of 30 short
pulses (26). A pulse separation of 10 µs was chosen, result-
ing in a total duration of the DANTE sequence of 300 µs
and a corresponding spectral excitation width of≈3.3 kHz.
The overall flip angle of the DANTE sequence was adjusted
by varying the width of the short pulse while the rf ampli-
tude remained constant. Following the DANTE sequence,
a final 90◦ pulse was applied followed by the detection of
the free induction decay.

c. Simulations

Atomistic simulations employing coordination-depend-
ent bond energies were used to determine the surface com-
positions of bimetallic systems as a function of particle size,
temperature, compositions, and chemisorption energetics
(9, 13, 27). The energy of the bimetallic system is given by

E =
∑

N A
i ε(Ai )+

∑
NB

i ε(Bi )+ NAB(ω/z), [1]

where ε(Ai) and ε(Bi) are the energies contributed by atoms
A and B, respectively, to each of its nearest-neighbor bonds
with coordination i, N A

i and NB
i are the number of atoms of

type A and B, respectively, in each site, NAB is the number
of A–B bonds in the system, ω is the mixing or interchange
energy between the unlike atoms, A and B, and z is the bulk
coordination (z= 12 for fcc metals). The partial bond ener-
gies ε(Ai) and ε(Bi) are obtained either from the corrected
effective medium theory or experimentally determined pa-
rameters (27). The surface energies at various surface sites
for Pt and Rh can be calculated from these partial bond en-
ergies and are listed in Table 1 along with the interchange
energy for the Pt–Rh system. In order to model chemisorp-
tion, a term corresponding to the difference between the
energy of adsorption of the adsorbate on the two metals is
added to the above expression [1] for the total energy of the
system. We define this difference 1 for the Pt–Rh system
as

1 = |1Hads,Rh| − |1Hads,Pt|, [2]

where 1Hads, Rh and 1Hads, Pt are the heats of adsorption
of hydrogen on rhodium and platinum, respectively. The
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TABLE 1

Surface Energies (in kJ/mol) at Specific Surface Sites (27)

Formula Surface
for site fraction of

Site type energy E site (D= 31%) ERh EPt ERh–EPt

Bulk 12ε12 −554.55 −563.23
(111) plane 9ε9–12ε12 0.65 110.91 100.30 10.61
(100) plane 8ε8–12ε12 0.13 148.52 139.84 8.68
Edge 7ε7–12ε12 0.19 186.14 178.42 7.72
Corner 6ε6–12ε12 0.03 224.71 217.96 6.75

Note. Mixing energy for Pt–Rh system is −0.67 kJ/mol.

values reported (28–30) for the heats of adsorption of hy-
drogen on Pt and Rh cover a wide range (see Table 2).
Hence the simulations were pursued for a range of 1 val-
ues at 304 K and a value giving the best fit for experimental
data was found.

RESULTS

All the 1H NMR spectra obtained in this work exhibit
a peak close to 0 ppm (from TMS), which represents dia-
magnetic hydrogen in the support, mainly due to hydroxyl
groups. The hydrogen interacting with the conduction elec-
trons of the metal particles appears as a second peak and is
located significantly upfield.

The spectra in Fig. 1 were obtained for the 3% Rh/Al2O3

catalyst. The upfield peak at −135 ppm in Fig. 1a cor-
responds to hydrogen adsorbed on metallic particles of
rhodium at 7 Torr and the spectrum in Fig. 1b was obtained
after subsequent evacuation of the catalyst for 10 min.
These shifts are consistent with previous studies. Sheng
and Gay (31) reported shifts in the range of −140 to

TABLE 2

Heats of Adsorption of Hydrogen on Pt and Rh in Various Forms

Metal Form Temperature range (K) 1Hads,H2 (kJ/mol) Technique Ref.

Pt Film 278–395 33–87 Thermal desorption (30)
Foil 140–600 67 Thermal desorption (30)
Filament 300 108 Thermal desorption (30)
Tip 4.2–300 67 Field emission (30)
Tip 83–293 62 Work function (30)
Tip 80–300 105.2 Work function (29)
Supported:

(i) Charcoal 97–109 Calorimetry (28)
(ii) η-Al2O3 723 49 Calorimetry (28)
(iii) SiO2-Al2O3 723 46 Calorimetry (28)
(iv) SiO2 673–723 83–110 Calorimetry (28)
(v) TiO2 473–773 25–97 Calorimetry (28)

Rh Film Room temp. 117.1 Calorimetry (30)
Filament 100–300 75.3 Thermal desorption (30)
Filament 196–350 79.4 Field emission (29)

FIG. 1. 1H NMR spectra for 3% Rh/γ -Al2O3 catalyst with (a) 7 Torr
H2 and (b)10−5 Torr H2 after evacuation of H2 in (a) for 10 min.

−170 ppm for hydrogen coverages varying from 0.3 to 1.0
on a 50% dispersed Rh/SiO2 catalyst. Sanz and Rojo (32)
observed a Knight shift of −120 ppm on Rh/TiO2 catalysts
at 10 Torr H2.

The spectra for the 3% Pt supported on deuterated Al2O3

are shown in Fig. 2. The hydrogen-on-platinum (H/Pt) res-
onance shift is less than that for rhodium and strongly
overlaps with the resonance from hydrogen in the support
(Fig. 3a). In order to better resolve the H/Pt resonance, the
support was subjected to deuterium exchange by heating
to 673 K in 760 Torr of D2 for 2 h, with fresh D2 gas in-
troduced at intervals of 30 min. The sample was then evac-
uated to 10−6 Torr and cooled to room temperature. The
1H NMR spectrum of the deuterated support (Fig. 2a) in-
dicated a greatly diminished proton intensity near 0 ppm.
Subsequently, hydrogen gas was introduced at an equilib-
rium pressure of 7 Torr (Fig. 2b). Hydrogen adsorbed on
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FIG. 2. 1H NMR spectra for 3% Pt/Al2O3 catalyst with deuterium
exchanged with support hydrogen at 397◦C for 2 h, (a) evacuated to
5× 10−6 Torr, (b) same sample in (a) with 7 Torr H2, (c) difference spec-
trum of (b)–(a).

Pt is represented by the difference of these two spectra
(Fig. 2c) and exhibits a relatively narrow peak at−16 ppm.
This result is consistent with earlier work by Sheng and Gay
(31, 33) who reported 1H NMR shifts in the range −50 to
−20 ppm for Pt particles with hydrogen coverage varying
from 0.2 to 1.0 on a Pt/SiO2 catalyst with a dispersion of
30% and of about −10 ppm for Pt particles with hydrogen
coverage of 1.0 on a 40% dispersed Pt/Al2O3 catalyst.

The results for the monometallic Pt and Rh catalysts are
compared with the bimetallic Pt–Rh catalysts in Fig. 3. All
spectra were taken after exposure to hydrogen at 7 Torr for
about 10 min and show an increasing upfield shift of the
hydrogen-on-metal resonance with increasing Rh content.
The values of Knight shifts for hydrogen interacting with
metallic particles in these spectra are given in Table 3.

FIG. 3. 1H NMR spectra of hydrogen chemisorbed on the
monometallic Pt and Rh and three bimetallic Pt–Rh catalysts supported
on γ -Al2O3 with 7 Torr of hydrogen. (a) 3% Pt, (b) 3% Pt–1% Rh, (c) 3%
Pt–3% Rh, (d) 1% Pt–3% Rh, and (e) 3% Rh. The overall mole fraction
of rhodium–XO

Rh is indicated for each catalyst.

TABLE 3

1H NMR Results of Hydrogen Chemisorbed
on γ -Al2O3-Supported Catalysts

Knight shift Overall atom Surface atom
Catalyst δ (ppm) fraction, XO

Rh fraction, XS
Rh

3% Pt −16 0.0 0.0
3% Pt–1% Rh −74 0.39 0.49
3% Pt–3% Rh −110 0.66 0.79
1% Pt–3% Rh −123 0.85 0.90
3% Rh −135 1.0 1.0

Note. Errors in Knight shifts: ±1 ppm.

The spectra in Figs. 4a and 4b correspond to the 1%
Pt–3% Rh/Al2O3 catalyst at 7 Torr H2 and 10−5 Torr H2 (af-
ter 10 min evacuation), respectively. The result of the selec-
tive excitation (DANTE) experiment with the 1% Pt–3%
Rh catalyst is given in Fig. 5. It can be seen that the
H/Pt–Rh resonance line was saturated at a pressure of
7 Torr (Fig. 5a). However, selective inversion of the pop-
ulation in the frequency band corresponding to the pulse
sequence applied could be achieved at 10−5 Torr (Fig. 5b).
The purpose of the selective excitation experiment was to
verify the formation of bimetallic particles (explained in
detail in the next section).

DISCUSSION

It is first noted that only one upfield peak is observed in
the spectra for all catalysts that were exposed to 7 Torr of
hydrogen (see Fig. 3). Further, the hydrogen-on-metal peak
shifts toward upfield as the Rh content increases. These ob-
servations allow us to utilize 1H NMR as a probe of the com-
position of bimetallic particles. To validate this method, we
briefly summarize some of our earlier investigations of the
dynamics of hydrogen on the surfaces of supported metals.

FIG. 4. 1H NMR spectra for 1% Pt–3% Rh/Al2O3 catalyst with
(a) 7 Torr H2 and (b) 10−5 Torr H2 after evacuation of H2 in (a) for 10 min.
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FIG. 5. 1H NMR selective excitation experiments for 1% Pt–3%
Rh/Al2O3 catalyst with (a) 7 Torr H2 and (b) 10−5 Torr H2.

In a study of hydrogen adsorbed on silica-supported ruthe-
nium, Engelke et al. (26) showed via selective excitation us-
ing the DANTE sequence that at low hydrogen pressures
(e.g., 10−4 Torr) the hydrogen-on-metal NMR line is inho-
mogeneously broadened. It was also shown that the distri-
bution of resonance frequencies resulted from differences
in Knight shifts on particles of various sizes and shapes and
not from heterogeneity of individual adsorption sites. Fur-
thermore, under low pressures, the hydrogen may undergo
a quasi-three-dimensional motion around the metal parti-
cles without desorbing from the surface. When the hydro-
gen pressure was increased to about 0.5 Torr, a transition
from inhomogeneous to homogeneous line broadening oc-
curred. A detailed analysis of lineshapes and the activation
energies involved showed that this transition was a result of
hydrogen motion that involved several processes: fast dif-
fusion on a single particle, recombination, desorption, in-
terparticle diffusion, and readsorption (26). A similar effect
was observed when the selective excitation experiment was
performed with the catalysts studied in this work: Under
low hydrogen pressure of 10−5 Torr the line was inhomoge-
neously broadened, but a transition to homogeneous broad-
ening occurred under elevated pressures. An example of
such a transition is shown in Fig. 5 for a 1% Pt–3% Rh/Al2O3

catalyst. Thus, at a pressure of 7 Torr, hydrogen is in fast
exchange with all surface metal sites present in the sample
as it moves from one metal particle to another, whereas
at 10−5 Torr the interparticle motion is restricted. Clearly,
if monometallic Pt and Rh particles were present in large
concentrations then two separate resonances correspond-
ing to H/Pt and H/Rh would be visible under these lower
pressures. Instead, only one resonance was observed at 10−5

Torr, which has a slightly increased linewidth and almost the
same position compared to the resonance at 7 Torr (Fig. 4).
This result suggests that for the most part bimetallic parti-
cles are formed and the concentration of monometallic par-
ticles is negligible. In addition, since the resonance at 10−5

Torr does not cover a broad range of resonances between
H/Pt (−16 ppm) and H/Rh (−135 ppm), we can infer that
the distribution of particle compositions is fairly narrow.

The interpretation of the observed shifts in terms of sur-
face composition is not straightforward. It is generally rec-
ognized that the large 1H Knight shifts occur because of the
bonding overlap between the hydrogen 1s orbitals and the
conduction electrons of the underlying metals. Although
the local density of electronic states on the surface of a
bimetallic particle must reflect the surface segregation, it is
not apparent at what range Pt and Rh retain their own elec-
tronic character. Two limiting cases can be considered: (I) a
localized model that would result in the hydrogen shift on
Pt and Rh to be independent of other neighboring and un-
derlying atoms and identical to that on pure metals, and (II)
a nonlocal picture that assumes that the adsorbed hydro-
gen experiences an average environment dependent on the
sample composition. These two cases are discussed below
in more detail.

(I) According to the localized model, in the absence of
motion we should observe two resonance shifts δPt and δRh

consistent with hydrogen on pure Pt and Rh. The presence
of one hydrogen-on-metal resonance suggests that hydro-
gen is in fast exchange on Pt and Rh adsorption sites rela-
tive to the NMR time scale. The correlation time, τ ex, for
this dynamic exchange process must satisfy the condition
τ ex¿ (2π1ν)−1, where 1ν is the difference between the
resonance frequencies of the exchanging spins. In this ex-
change process an adsorbed proton experiences a Knight
shift interaction that is proportional to the hyperfine field
contributed from Pt and Rh sites in the lattice (34) and the
observed shift, δPt-Rh, can be expressed by

δPt−Rh = δPt X
S
Pt + δRh XS

Rh, [3]

where XS
Pt and XS

Rh are the surface atomic fractions of Pt
and Rh, respectively. The above expression can be used to
determine the surface compositions of Pt–Rh/Al2O3 cata-
lysts from the monometallic shifts, δPt and δRh, from Fig. 3a
and 3e, respectively. This procedure is based on two further
assumptions:

(i) The hydrogen-to-metal stoichiometry at the surface
is the same for both metals. This assumption appears to
be well justified by the results of 1H NMR spin counting.
The integrated intensities of hydrogen-on-metal peaks in
the 1H NMR spectra at 7 Torr of hydrogen yielded approxi-
mately the same H/Ptsurface and H/Rhsurface ratios [1.2 (±0.2)
and 1.1 (±0.2), respectively] for the Pt/Al2O3 and Rh/Al2O3

catalysts.
(ii) The shifts δPt and δRh are both independent of par-

ticle size. This is justified simply by noting that the distribu-
tion of shifts for Pt/Al2O3 and Rh/Al2O3 is small compared
to the difference between the resonance line positions for
these two catalysts.
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(II) The segregation of atoms on the surface of highly dis-
ordered bimetallic systems has been successfully described
by the tight-binding Hartree–Hamiltonian model to deter-
mine the electronic energy (35). According to this model,
the local electronic density of states ρλ(E) of the bimetallic
system can be described in terms of the densities of states
of individual components (Pt and Rh in our case) as:

ρλ(E) = ρλ,Pt Xλ,Pt + ρλ,Rh(1− Xλ,Pt). [4]

The above relationship is valid for the bulk as well as for
surface layers (subscript λ denotes the coefficients for the
λth layer). On the other hand, the Knight shift is domi-
nated by the Fermi contact term, which can be expressed
as K = 〈a〉χP, where 〈a〉 denotes the hyperfine coupling
constant and χP is the Pauli susceptibility. Since Pauli sus-
ceptibility is directly proportional to the density of states at
the Fermi surface, the Knight shift for a disordered system
can be also expressed by an equation similar to [4]. Thus,
regardless of hydrogen dynamics and without the assump-
tions (i) and (ii) discussed earlier for the localized case,
the NMR shifts can be used to determine a nonlocal con-
centration XPt. Although it is unclear how many underlying
layers affect the adsorbed atom, the data presented here in-
dicate slight rhodium segregation (as discussed later) in the
region of the particle that is probed by 1H NMR. The non-
local model has been earlier postulated for similar Pt–Rh
bimetallic clusters based on 13C NMR studies of adsorbed
CO (23, 24).

We finally note that regardless of which model is operable
in the system under study, NMR provides us with a unique
and valid insight because it probes the very properties of the
metal surface that are responsible for their catalytic perfor-
mance, at least in reactions determined by the adsorption
characteristics of hydrogen. The influence of hydrogen on
the surface compositions of Pt–Rh catalysts, as observed in
this work, is discussed below.

The experimentally determined and simulated values of
surface rhodium composition (expressed as atom fraction)
are plotted against the overall rhodium composition in
Fig. 6. The simulations were performed at 304 K with the
parameter1 fitted to give the best agreement with the sur-
face compositions derived from NMR. The difference in the
heats of adsorption of hydrogen on Rh relative to Pt was
found to be 13 kJ/mol at 304 K. The simulations pursued at
673 K (not shown), the reduction temperature which is the
highest temperature possible for equilibration of composi-
tions, yielded a value of 15 kJ/mol for1 indicating that this
parameter is relatively insensitive to temperature.

The results presented in Fig. 6 clearly demonstrate the
influence of adsorbates on the surface composition of a
bimetallic catalyst. In the case of the adsorbate-free Pt–Rh
system, the difference in the surface energies between the
two metals determined from the site energies (see Table 1)
for a 31% dispersed particle is about 10 kJ/mol favoring Pt

FIG. 6. Surface mole fraction of Rh against overall mole fraction of
Rh for experimental data and atomistic simulations at 304 K in the pres-
ence and absence of hydrogen. The legend gives the values of1 in kJ/mol,
corresponding to the difference between the heats of adsorption of hydro-
gen on platinum and rhodium.

on the surface. In the presence of hydrogen, it is seen from
experimental results and theory that the surface is slightly
enriched in Rh with the heat of adsorption of hydrogen
about 13 kJ/mol greater on Rh than on Pt.

The above qualitative analysis is a useful, general pro-
cedure to assess the potential for an adsorbate in a reac-
tive environment to influence the surface composition of a
bimetallic catalyst. An example where the surface compo-
sition is not influenced by hydrogen chemisorption is the
Ru–Cu bimetallic system. The difference in surface ener-
gies between Ru and Cu for a closed packed surface as
estimated from site energies is about 80 kJ/mol. The heats
of adsorption of hydrogen on Ru and Cu are roughly 90
and 40 kJ/mol, respectively, and the corresponding differ-
ence of 50 kJ/mol is significantly smaller than the difference
in the surface energies. Thus hydrogen cannot cause rever-
sal of surface segregation behavior of the Ru–Cu bimetallic
system and we would expect segregation of Cu to the sur-
face of Ru–Cu bimetallic catalysts even in the presence of
hydrogen. Indeed, Wu et al. (3), using 1H NMR, observed
that copper segregated strongly to the surface of hydrogen
covered Ru–Cu/SiO2 catalysts.

CONCLUSIONS

The surface compositions of Pt–Rh/Al2O3 catalysts in
the presence of hydrogen were significantly different from
those of adsorbate-free surfaces. The surface composi-
tions determined via 1H NMR indicated that the surface
was slightly enriched in Rh as opposed to enriched in Pt
on an adsorbate-free surface. Furthermore, selective ex-
citation NMR of adsorbed hydrogen indicated that these



      

SURFACE COMPOSITION OF Pt–Rh/Al2O3 CATALYSTS 283

Pt–Rh catalysts consisted primarily of bimetallic particles
with a fairly narrow distribution of compositions.

A comparison of experimentally obtained surface com-
positions with simulated values gave an estimate of
13 kJ/mol for the difference between the heats of adsorption
of hydrogen on Pt and Rh at 304 K with the heat of adsorp-
tion being higher on Rh. The approach given here can be
generalized to predict the surface segregation behavior of
a bimetallic system in the presence of various adsorbates if
the overall difference between the metal surface energies
and heats of adsorption of an adsorbate on the two met-
als are known. Such a method is very useful in predicting
whether only one metal or both metals are present with sig-
nificant concentration at the surface of bimetallic catalysts
under reaction conditions. In this work, it was noted that
both Pt and Rh were present in significant concentrations
at the surface of Pt–Rh bimetallic catalysts under the in-
fluence of hydrogen adsorption. Quantification of surface
compositions under reaction conditions gives useful infor-
mation, which is needed to determine the catalytic activity
per active metal site (turnover frequency). A better under-
standing of the catalytic activity of bimetallic systems can be
gained if these results are correlated with reaction studies.
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