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The combined use of low-energy ion-scattering and angular
X-ray photoemission spectroscopy experiments permitted determi-
nation of the surface concentration and the concentration depth
profile of Pd,Nig and Pd;Nio; alloys equilibrated at 870 K. There
was evidence that the outermost surface is largely enriched in Pd:
the Pd surface compositions of Pd;Nig and Pd;Nigs were found
to be as large as 20 and 50 at. %, respectively. Such results fit well
with the predictions based on a recently developed thermodynamic
model. Reactivity of both alloys towards 1,3-butadiene hydrogena-
tion was also measured (at 300 K and under an excess of hydrogen
pressure). The activity of PdNig (5 X 10'S molecules cm™2 s~ 1)
was found to be of the same order of magnitude as for (111) and
(110) Pd single-crystal faces. Furthermore, a strong exaltation was
observed for PdsNigs (30 % 10! molecules cm~2s~!), the selectivity
in butenes being always about unity. The results are discussed in
terms of geometric and/or electronic effects. A definition of the
“active site” is proposed: the active site may involve a group of
Pd atoms (probably two or a little more), but not mixed sites
constituted of Pd and Ni atoms. These Pd atoms are found to be
electronically modified by surrounding Ni atoms. e 1994 Academic

Press, Inc.

I. INTRODUCTION

Bimetallic catalysts are of great interest for a variety
of commercial processes. An understanding of the physi-
cal and chemical properties of the surfaces of such materi-
als is needed to determine the ‘‘active site’’ for catalytic
reactions. It implies a good knowledge of the surface
composition and structure, both at the very top layer and
in the underlayers near the surface since properties of the
outermost surface may be changed by the chemical nature
of the elements located just below (1-3).

Surface segregation of bimetallic alloys opens the way
to a new generation of catalysts with ‘‘tuned’” surfaces,
highly concentrated in the active component for a given
reaction, even for low concentration bulk alloys. This
segregation effect can be at first qualitatively predicted
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using simple thermodynamic considerations concerning
the surface tensions, the enthalpy of mixing, and the
atomic radii of both components. In Pd Ni,_, dilute
alloys, Pd, which has a lower surface tension than Ni as
well as a larger atomic radius, will tend to be expelled
out of the Ni matrix leading to a strong Pd surface segrega-
tion (4, 5). Such an effect has been observed on PdFe
alloys (6, 7), for which we proposed an approach describ-
ing rather well the concentration equilibrium between the
first and second layers. We are now developing a more
sophisticated thermodynamic segregation model based on
the broken bond theory and taking into account the varia-
tion of composition in several layers. It appears to be
applicable to a large number of binary alloys, even nondi-
lute ones (8).

Pd and Pt are known to be good catalysts for many
hydrogenation reactions. In the case of the 1,3-butadiene
hydrogenation, which is an important example of indus-
trial catalysis, the practical problem is to purify the C,
olefin fraction containing 0.5-1% residual butadiene. The
C,-olefin yield (I-butene + 2-butenes) must be close to
100%. In fact, a very good selectivity for the partially
hydrogenated product is obtained with the Pd catalyst,
while a Pt catalyst gives a higher amount of completely
saturated molecules (9, 10).

The aim of associating Pd with a transition metal such
as Ni may be not only to concentrate (by segregation
effect) the noble and costly metal of catalytic interest at
the surface, but also to improve the catalytic properties
with respect to those of the pure metal (11) for the studied
reaction (by a modification of the electronic environment
of Pd, geometric or diluting effects, and so on).

In this paper, Section 1l deals with the methods and
equipment used for the surface characterization and the
reactivity measurements. Section 11 refers to the experi-
mental determination of the surface composition of two
Pd,Ni, _ polycrystalline dilute samples (x = 1and 5at.%),
equilibrated at 870 K, by low-energy ion scattering spec-
troscopy (LEIS or ISS) and X-ray photoemission spectros-
copy (XPS). LEIS was expected to give precise informa-
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tion on the concentration at the top layer only. Combining
LEIS and XPS measurements (performed at different
angles with respect to the surface) allows us to deduce a
possible depth profile. In this section the reactivity tests
performed on both samples for the 1,3-butadiene hydroge-
nation reaction are also collected. From the study of both
the catalytic reactivity and the electronic properties (mea-
sured by XPS) of the annealed alloys, a definition of the
“‘active site”’ is proposed in Section IV. It should be noted
that, throughout the paper, mainly the figures concerning
Pd,Nig will be exhibited, unless it seems necessary for a
better understanding to display those dealing with PdNiy;.

II. EXPERIMENTAL

Pd,Niy and PdsNigs binary alloys have been prepared by
melting the high purity components (99.99+ %) in a cold
crucible heated in an inert atmosphere in an induction fur-
nace. This yielded cylindrical bars 9 mm in diameter. The
nominal compositions, as checked by chemical analysis,
were respectively 1 and § = 0.02 Pd at.%. The bars were
cut into disc-shaped samples of about 1 mm thickness and
then they were mechanically polished up to 1 um.

The experiments were performed in two separate UHV
instruments. The clean surface was obtained by repeated
cycles of Ar* ion bombardment (4 keV energy) and heat-
ing at 870 K.

The LEIS and XPS experiments were carried out in
an ESCALAB 200R machine from Fisons Instruments,
including a hemispherical analyzer, with a working pres-
sure less than 3 x 107" mbar. The catalytic tests were
achieved in a homemade UHV system equipped with an
Auger electron spectrometer, for the checking of the sur-
face, coupled with a static reactor working up to near
atmospheric pressure.

LEIS analyses were performed with 1 keV *He " ions.
The scattering angle was 142°. The primary beam intensity
was 5 nA, focused to an impact spot of about 1 mm in
diameter. Reference samples used for the calibration of
the LEIS signals were Pd and Ni single crystals of (100)
orientation; they exhibit atomic densities in the first layer
of 1.32 and 1.61 x 10" atoms cm™2, respectively. The
spectra did not reveal the presence of any impurity. The
relative sensitivity factor for Pd to Ni, S;,/Sy;, deduced
from the areas of the LEIS peaks, was found to be 2.3.

XPS measurements were performed using the Al-Mg
dual anode. The Al anode was used for the quantitative
analysis. The pass energy of the electron analyzer was
50 eV and the angle of the photoelectrons with respect
to the plane of the surface, O, was varied from 25 to 90°.
In addition, the Mg anode and a pass energy of 20 eV
were chosen for the study of the electronic properties of
the annealed alloys. In this latter case, the resolution of
the spectrometer was better than 0.1 eV.
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For both LEIS and XPS measurements, the entrance
angle of the spectrometer was limited to 15° (except for
quantitative angular XPS measurements: 10°).

The catalytic measurements were performed in a sepa-
rate UHV system fully described in Ref. (12). The samples
were cleaned by successive cycles of Ar* ion bombard-
ment followed by annealing at 870 K; their surfaces were
checked by Auger electron spectroscopy. The samples
could be transferred into the 73 cm? reactor under UHV
conditions. The 1,3-butadiene hydrogenation reaction
was performed at room temperature in static conditions,
with a large excess of hydrogen. The reaction mixture was
prepared separately in a large volume cell and introduced
through a valve; the composition of the reaction mixture
was analyzed by mass spectroscopy with periodic sam-
pling through a leak valve.

III. RESULTS

IL.1. LELS Data for the Characterization of the
Top Layer

The main advantage of the LEIS technique is that it gives
aquantitative information on the first layeronly. Hence the
Pd concentration of the outermost surface of the consid-
ered alloys can be determined if one assumes that:

(1) the chemical environment does not affect the sensi-
tivity factor of the two considered elements, as is gener-
ally assumed (13).

(ii) the surface is sufficiently close packed and randomly
oriented with respect to the direction of the incident and
analyzed beams to imply that the second layer does not
contribute to the signal. This was checked by small angle
X-ray diffraction experiments, which revealed no prefer-
ential orientation of both samples in the surface region (14).

(iii) the sputtering effects are negligible. Indeed, the
spectrawere recorded within afew seconds and witha very
low incident ion current density (5 nA/mm?).

Figure 1 displays a typical LEIS spectrum of Pd,Nig
equilibrated at 870 K. Two peaks are observed at 783 and
874 eV, corresponding to ions backscattered by Ni and Pd
surface atoms, respectively. No impurities were detected
other than very slight amounts of O and S expected at 401
and 638 eV, respectively. The low background level at low
kinetic energy alsoattested to the cleanliness of the sample.
The simple comparison of the LEIS peaks measured on
both the alloy surface before and after annealing implied a
striking Pd enrichment in the outer layer of the alloys due
to the thermal treatment. Indeed, taking into account the
higher sensitivity factor for Pd to Ni (Spy/Sy; = 2.3), the
Pd concentration was found to reach 20 and 50 at.% for
the Pd,Nig, and Pd;Niy alloys, respectively. These resuits
corroborate the studies of Mervyn er al. on Pd|Nigy (15) (see
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FIG. 1. LEIS spectrum of Pd,Nig equilibrated at 870 K. The primary

ions were *He* with 1 keV kinetic energy. The incident current was §
nA over about | mm’.

also Ref (16) for a compilation of experimental binary alloy
surface segregation studies).

l11.2. XPS Data

111.2.a. Quantitative analysis. Figure 2 displays XPS
spectra of Ni 2p and Pd 3d core levels corresponding to
the Pd,Nig sample. The peak areas were calculated aftera
nonlinear background subtraction by integrating the signal
between 880 and 845 eV for the Ni 2p core level photo-
emission peak (respectively, between 350 and 330 eV for
the Pd 3d one) on the binding energy scale. The Shirley-
type background (17) is also represented in Fig. 2.

The determination of the surface concentrations of the
alloys by XPS needs a good knowledge of certain factors.
Among these is the transmission factor of the spectrome-
ter which depends on several experimental variables be-
sides the kinetic energy of the electrons (E,) and the pass
energy used (E,) (18). In order to obtain an accurate value
of this parameter in our experimental conditions and for
the characteristic peaks of Pd and Ni, we used pure Pd
and pure Ni as standard materials. These standards were
available as they were necessary for LEIS quantification.
Indeed, the ratio of the transmission factors of Pd 3d
and Ni 2p photoemission peaks was deduced from the
quantitative analysis of the standards (Pd and Ni of (100)
orientation) as

Apgon - Nraaoo * Tpasa” Trgsg
Aoy Nxioo) " o Ni2p * TNin

2, €Xp( =1 dpyo0/Npgsa * Sin 0))
XA .
e
n=0

Xp( —n- dNi(lOO)/)\NiZP * Sin 0))
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where Apy(100, and Ay are the photoemission peak areas
of Pd 3d and Ni 2p core levels of Pd(100) and Ni(100),
respectively. Npyop and Ny;00) are the surface atomic
densities of both standards, o and 7, the Scofield photo-
emission cross-section (19) and the transmission factor of
the analyzer, respectively. A represents the inelastic mean
free path and d represents the interplanar distance. The
exit angle, ©, was chosen equal to 90°.

Equation [1] leads to

Onizp * Tnigp — Ani00) - Neaaon

Opdza” Tpasa  Apaiion * Nnicioo
I — exp(— dyig00/ Mnizp)
1 — exp(— dpy(j00// Apasa)

(2]

Taking into account that Apy;, = 18 A, Anigp = 11 A (0),
Npgaon = 1.32 x 10" atoms cm ™2, Nyjg9 = 1.61 x 10
ONizp " Tnigp -
Tpazd” Tpaza

2.16. This leads to a transmission factor ratio Tpg; /Ty,
of 0.64 considering the Scofield photoemission cross-sec-

tions (opy3, = 16.04 barns, oy;,, = 22.18 barns (19)).

.
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FIG. 2. XPS spectra of (a) Ni 2p and (b) Pd 3d for Pd;Nig after
annealing, at an exit angle with respect to the surface & = 25°. The
photon energy was 1486.6 eV (AlK« line) and the entrance angle of
the spectrometer was 10°. The dashed lines represent the nonlinear
background subtracted for area calculation (17).
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FIG. 3. R(O) ratio as defined by Eq. [3], after XPS measurements,
at different exit angles ©. Experimental results for () Pd;Niy and for
(A) Pd¢Nigs. (—) Best fit deduced from matching R(O) with R(/R,, as
described in Section 111.2.a.

XPS data analyses of both samples at an exit angle of
90° give a mean Pd concentration on several layers. With
a o - T ratio of 2.16, it was found 3 and 9 at.% in the
surface region for Pd,Nig and PdNiys, respectively.

Now looking at the angular variation of the R(O) ratio
defined as

R(O) = Apazg 5w Inizp © Tyiop (3]
Anip  Opaza” Traza

and reported in Fig. 3 for both samples, one can clearly

see that R(8) increases when 6 decreases. This indicates

again that Pd segregates to the surface.

In order to obtain a quantitative depth profile, we try
to fit the XPS results with a very simple model, whose
variables are X,, X,, and X;, concentrations in the first,
second, and third layers supposed equidistant (d,, =
d», = 2 A), and a k coefficient which represents a depth
variation of the concentration when starting from X, to
reach the nominal bulk concentration X,. As just men-
tioned, the results are put in the R(#) form and we try to
match R(O) with the R,/R, ratio defined as

R _
R,

LzXl-exp(—z/A)dz+ LAXz-exp(—z/A)dz
+ L6X3~exp(—z/A)dz+ L"xexp(—z/A)dz

f: (1 - X,)- exp(—2z/B)dz + j; (1 = X,) - exp(~2/B)dz

+ LG(I - X;)-exp(—z/B)dz + f:(l —X)-exp(—2z/B)dz
(4]
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with A = Apyrsin O, B = Ay'sin O, and X = X, +
(X5 — Xp)-exp(—k(z — 6)).

Because of the rather large values of A, even at low
exit angles, the depth resolution is not sufficient to allow
one possible profile only. On the contrary, different trip-
lets (X,, X,, X;) give satisfactory fits. In Fig. 4, for each
sample, two types of profile giving the best fits are dis-
played. It can be concluded that a great Pd enrichment
is observed, either in the first plane only or in the first
two planes. This enrichment does not seem to extend
beyond the second layer. The profiles represented in white
in Fig. 4 lead to concentration values in the outer layers
quite similar to those measured by LEIS; however, it
appears that the steepest profiles (shaded in Fig. 4) corre-
spond to too high values of X.

It is now interesting to compare the profiles deduced
from LEIS and XPS data for both samples with those
calculated with the theoretical model we have recently
developed (8). Figure 5 exhibits the Pd theoretical concen-
tration of the first plane versus the Pd bulk concentration,
at a temperature T = 800 K, for two types of faces: (111)
and (100). One can clearly see that a strong segregation
of Pd is expected on PdNi alloys, especially for low Pd
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FIG. 4. Depth profiles corresponding 1o the R(©) fitting curves
shown in Fig. 3 in the case of the (a) Pd Nig and (b) Pd;Nig alloys.
Depth is given with respect to the surface. Distances between adjacent
layers are taken equal to 2 A. In white and shaded areas: two extreme
fits among the best fits.
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FIG. 5. First plane Pd theoretical concentration versus Pd bulk con-

centration for Pd,Ni,_, alloys () (111) and (&) (100) oriented, at 800
K, obtained with a recently developed thermodynamic mode] (8).

contents, This result is in agreement with the experimental
values deduced from LEIS measurements. The calculated
Pd concentration in the first plane will be enhanced if we
pull down the temperature. Hence it is important to know
exactly the quenching temperature of the samples. The
surface equilibration by annealing needs a temperature
high enough to allow the diffusion of atoms: segregation is
first governed by the kinetics. When diffusion is allowed,
atoms rearrange themselves in the surface according to
the thermodynamics. For T = 870 K, surface equilibra-
tion arises in a rather short time since many experiments,
performed for several lengths of time of annealing (2, 5,
and 10 min), always gave the same first layer concentra-
tion value. Therefore, the quenching temperature of the
samples must be situated below 870 K. However, since
the cooling is relatively rapid during our experiments and
since the diffusion becomes difficuit with decreasing tem-
perature, it seems reasonable to assume a quenching tem-
perature of the alloys above 700 K. In order to calculate
depth profiles, we took into account in our calculations
a five-layered surface. For both samples, the profiles at
800 K were found to be gradually diminishing to finally
reach the nominal concentration in the fifth layer (8). The
agreement seems rather satisfactory between the experi-
mental and theoretical approaches. Nevertheless, one can
note that the in-depth resolution is within the limits of the
XPS technique for a precise determination of the layer-
by-layer composition.

I11.2.b. Electronic properties. In order to focus atten-
tion on the chemical shift of the core levels related to the
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Pd surface atoms, we analyzed carefully the energetic
positions and line shapes of the Pd 3d;,, signals recorded
using the Mg K« line and a low pass energy for the analyzer
(i.e., with a high resolution). The resuits relative to the
Pd,Niy, sample are reported in Fig. 6. We did not report
the data relative to the Ni 2p core level because the shifts
are nearly equal to zero. Indeed, in the surface region Ni
is always strongly preponderant. As the measurements
integrate many subsurface layers, it was not possible to
extract the Ni surface contribution.

A precise analysis of the shape of the Pd 3d;,, line of
the annealed alloy (see Fig. 6a) revealed a larger full width
at half maximum (FWHM) than that observed on pure
Pd. This feature can be associated either:

(i) to an increase of the asymmetry of the line, due
to the alloying effect, or (ii) to the presence of two
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FIG. 6. XPS spectra of the Pd 3ds, core level for the Pd|Nig sample
after equilibration at 870 K at two exit angles O: (a) 90° and (b) 30°.
The peaks are split up into two contributions: one for bulk (B) (---) and
one for surface (S) (---). The photon energy was 1253.6 eV (MgKa
line) and the entrance angle was 15°. The nonlinear background is also
represented (A).
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FIG. 7. Pd3ds, XPS binding energy shifts with respect to the energy
for pure bulk Pd. The shift of the surface Pd(100) results from the study
of Andersen er al. (26). The Pd 3ds; line of the alloys, equilibrated at
870 K, was split up into two contributions (see text), one for surface
and one for bulk. The shifts corresponding to the bulk contribution were
also obtained by the direct XPS study of the samples before annealing.

contributions in the line: the first one is relative to bulk
Pd atoms (very diluted in the Ni matrix and therefore
making a weak contribution to the XPS Pd signal) and
the second one is relative to surface atoms (making an
important contribution since segregation is very strong).
It has to be noticed that for pure Pd the bulk contribution
always largely stands out in the XPS spectrum.

In fact, we are inclined to interpret our results with the
second explanation for the following two reasons:

(i) the line shape of the Pd 3d;,, peak of a sputtered
Pd,Niy alloy (exhibiting no segregation) is almost the
same as the one recorded on pure Pd. The alloying effect
only induces a 0.9-eV upward shift.

(ii) the FWHM of the Pd 3d,,, peak of the segregated
alloy decreases when the analysis is performed at more
grazing angle, i.e., when the signal associated with the
Pd bulk atoms decreases with respect to the signal of Pd
surface atoms (see Figs. 6a and 6b). In any case, for the
segregated alloys, the contribution of surface atoms is
always largely dominating the Pd 3d,, photoemission
peak.

As a matter of fact, we split this peak into the two
just-mentioned contributions, assuming that the depth
concentration profile of the annealed alloys is quite
steep as described in Section Iil.2.a. As we can see
from Fig. 6, there is a **surface contribution’’ (S) largely
dominating at 335.4 eV, whereas the less important
“‘bulk contribution’” (B) is located about 0.8 eV upwards
(value close to that measured for the nonequilibrated
alloy with low Pd content). The shift observed between
surface and bulk contributions is due to the superposit-
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ion of the following two effects: first, in our equilibrated
systems, the Pd surface concentration is far above the
bulk one; second, core levels of Pd atoms located at
the surface are expected to shift with respect to the
bulk Pd atom ones. Both effects lead to a lower binding
energy for the core levels of the Pd atoms concentrated
at the surface (21-25).

The same considerations suit the Pd;Niy alloy sample;
the core level energy shift values are given in Fig. 7. For
reference, we report the surface versus bulk core level
shift for pure Pd(100), i.e., 0.4 eV (26).

Referring to the energy of pure bulk Pd (335.3 eV), the
upwards shifts found for bulk Pd atoms of Pd,Niy, and
Pd;Nigs alloys, 0.9 = 0.1 eV and 0.8 = 0.1 eV, respec-
tively, are in good agreement with values calculated by
Steiner and Hiifner on the basis of a Born—Haber
scheme (21).
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FIG. 8. Partial pressure variations of (J) 1,3-butadiene, (4) butenes,
and (X) butane versus time in the case of: (a) Pd,Nig and (b) PdsNig
alloys after equilibration at 870 K. Experimental conditions: (a} Hydro-
gen pressure = 35 Torr; 1,3-butadiene pressure = 3.5 Torr; 7 = 300
K. (b) Hydrogen pressure = I8 Torr; [,3-butadiene pressure = 3.6
Torr; T = 300 K. The areas of both samples are about 0.64 cm?’.
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TABLE 1

Catalytic Reactivity for the 1,3-Butadiene Hydrogenation of
Pd;Niy, and Pd;Niy, after Equilibration at 870 K, as Compared
to Pure Pd(111), Pd(100), and Ni(111)

Selectivity
Pd at.% at Activity into
Sample Surface (x 10% molecules cm ™ s7!) butenes
Pd,Nig 20 5.0 I
Pd,Nis 50 30 1
Pd(111) 100 1.5 1
Pd(110) 100 7.1 {
Ni(111) 0 0.3 |

Note. The values are given for T = 300 K, Py = 35 Torr, Py /Pyc =
10, assuming a first order with respect to hydrogen and a zero order
with respect to butadiene.

I11.3. Reactivity

In Figs. 8a and 8b the variations of the 1,3-butadiene,
butenes, and butane partial pressures, versus time, for the
1,3-butadiene hydrogenation reaction over the annealed
Pd,Nig and Pd;Niys samples are reported. One has to
specify that the reaction on the Pd;Niys sample has been
performed with a mixture poorer in hydrogen (18 Torr
instead of 35 Torr); indeed, the activity of this last sample
is so large that the conversion of butadiene into butenes
was too rapid under 35 Torr H, and 3.5 Torr hydrocarbon
to allow a relevant mesurement of the rate of the reaction.
For both alloys it was found that, up to a quasi-complete
conversion of butadiene, only butenes were formed. How-
ever, the detection by mass spectrometry did not allow
the determination of the proportions of C,H, isomers. It
is clear from Figs. 8a and 8b that the decrease of the diene
pressure (or the increase of the butenes pressure) is linear
versus time. This agrees with a zero order with respect
to the butadiene pressure. The activities of both alloys
for the conversion of 1,3-butadiene into butenes (first re-
action) are summarized in Table 1 and compared with
those of pure Pd(111), Pd(110), and Ni(111). It is to be
noted that reactions on pure Pd single crystals were per-
formed at a lower hydrogen pressure (5 Torr) in order to
avoid the formation of hydrides which would destroy their
structure (9, 27). Ni(111) is only slightly active, whereas
pure Pd exhibits a strong activity, especially the (110)
face (9). For both studied alloys, a first order with respect
to hydrogen has been assumed, as in the case of pure Pd
(28, 29). One can clearly see a strong similarity between
activities of the Pd,Niy system and pure Pd, whereas the
PdsNiys system is found to be largely more active, An
important fact to be underlined is that the activity of both
alloys is not proportional to the surface Pd concentration
if we compare it to pure Pd.

MIEGGE ET AL.

Whatever the sample, Pd,Niy or Pd;Niy, the second
hydrogenation (butenes — butane) was proceeding with
a velocity quite similar to that of the primary reaction
(1,3-butadiene — butenes), see Figs. 8a and 8b. On pure
Pd, it was already found that the rate for consecutive
hydrogenation of butenes was of the same order of magni-
tude as the ‘‘selective” (i.e., first) hydrogenation (9, 28).
This leads us to conclude that the rate for the transforma-
tion of butenes into butane is higher on the Pd;Niy; alloy
surface as compared with pure Pd. This behaviour will
be discussed in the following section.

1V. DISCUSSION

We will now try to understand why the activity of Pd
(the active metal) is improved when associated with Ni
(the less active metal), the selectivity in butenes remaining
always about unity up to a quasi-complete 1,3-butadiene
conversion. As has been generally demonstrated (10,
30-32), this reaction proceeds according to a '‘rake”
scheme, involving the following successive steps:

CH, (g) C;H; (g)

{/"lyﬁ kic| | kic
+H +H,

C,H, (ads) ———A-——» C,Hy (ads) ————— C,H, (ads)
I > A

CHy (8

k[A /‘;A kIB

Here k5 (k',2), k15 (K'15), and &, (k') are the adsorption
(desorption) constants of the butadiene, butenes and bu-
tane, respectively. &, and &} are the hydrogenation rate
constants of butadiene and butenes, respectively. k¢ is
generally found to be close to zero and the direct hydroge-
nation of butadiene into butane is also generally consid-
ered to be negligible (32, 33).

As we said previously and according to this mechanism,
a rough analysis of the curves in Fig. 8 shows that k, has
the same order of magnitude as ;. Therefore, the very
good selectivity in butenes would be the consequence
of the difference between the adsorption coefficients of
butadiene and butenes, as demonstrated in Ref. (9) (k,,/
ki) > (k,g/kig). This has been explained by the fact that,
on Pd, the butadiene is thought to be adsorbed via the
two double bonds, while butene adsorption would involve
only its one double bond (34). Hence butadiene should
be more strongly adsorbed (about twice as strong) than
butenes. This is not the case for some other metals, such
as Pt, for which the selectivity into butenes is less (10). In
view of this, we will further consider a butadiene bonding
implying two centers.

How can we explain the synergetic effect of Pd and
Ni on the activity? In these conditions of pressure and
temperature (low temperature = 300 K and low hydrogen
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pressure), the adsorption of the hydrocarbon should be
strong (order zero with respect to the butadiene) and the
hydrogen coverage (supposed completely dissociated)
would be low (order one with respect to H,).

How does (if it does!) the association of Pd with Ni
affect the adsorption of the reagents?

First, no different in the isosteric heats of adsorption
of H, on Pd(111) (35) and Ni(111) (36) has been found
(similar adsorption energies and sticking coefficients).
One can think, in a first step, that adsorption of hydrogen
is not responsible for the activity increase.

Considering that the adsorption of butadiene takes
place on two adjacent atoms (34), three basic assumptions
can be proposed regarding the chemical nature of atoms
included in the active site:

(i) Ni atoms only.
(ii) Both Pd and Ni atoms.
(iii) Pd atoms only.

Let us investigate the three possibilities.

(i) Ni is only very slightly active towards 1,3-butadiene
hydrogenation, as compared to Pd (see Table 1). There-
fore, the sites involving only Ni surface atoms should not
play a major role. Consequently, the *‘active site’” would
inevitably involve Pd surface atoms.

(ii) The possible action of mixed sites is clarified by the
statistical counting of Pd-Pd and Pd-Ni bonds at the
surface of completely disordered systems. Indeed, in the
quasi-chemical approach (37), it is found that the number
of Pd-Ni bonds is multiplied by a factor 1.56 when in-
creasing the Pd coverage at the outermost surface from
20 to 50 at.%. Having in mind the fact that the activity
increases by a factor 6 between both considered surface
concentrations, such mixed sites seem very unlikely. We
will therefore consider sites consisting of Pd pairs.

(ili) With the assumption of a random distribution of
Pd and Ni atoms at the surface, and a coupling of butadi-
ene with two adjacent Pd surface atoms, one can expect
an increase of Pd pairs (i.e., of active sites) more rapid
than a linear variation with the Pd concentration; in fact,
the number of Pd-Pd bonds is multiplied by 6.25 when
the Pd surface coverage increases from 20 to 50 at.%, a
value which has to be compared to the increase of the
activity by a factor 6.

However, such a consideration is not sufficient to ex-
plain the larger activity of the Pd;Niys system with respect
to pure Pd. Consequently, one has to consider in addition
that the adsorption site would be made up of Pd pairs
modified by surrounding Ni atoms. The presence of some
facets with peculiar orientations, at the surface of the
polycrystalline alloys and/or an induced corrugation of
the surface due, for example, to strains appearing when
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the Pd enriched alloy is formed, could explain the higher
activity of some PdNi alloys. However, it has been shown
that on a two-dimensional PdNi alloy (produced by a 0.5
monolayer Pd deposit on Ni(111) followed by a moderate
heating), exhibiting a (1 x 1) LEED pattern, the activity
increase for the considered reaction with respect to pure
Pd is about the same as the one measured on the Pd;Ni
sample (38). We are inclined to think that purely geometric
perturbations are not sufficient to justify this activity in-
crease.

An alternative way to explain the higher activity of the
Pd;Nig alloy surface with respect to that of pure Pd is to
consider a ‘‘positive’” electronic influence of the sur-
rounding Ni atoms on the Pd pairs with constitute the
active site at the surface. Such an electronic influence is
shown in Fig. 7, which displays the binding energy shifts
of the Pd 3d;,, line calibrated with respect to the Fermi
level. Indeed, an upward shift of about 0.5 eV of the core
level of alloyed Pd surface atoms with respect to pure Pd
surface atoms is measured. A possible justification of the
increase in the binding energy by alloying could be a
charge transfer from Pd towards. However, this hypothe-
sis seems to be very simplistic. Moreover, it does not
agree with calculations of Baetzold (39), nor with the
respective positions of the Fermi levels of Pd (—5.3 eV)
and Ni (—4.9 eV) extrapolated from Ref. (40) assuming
rectangular d-bands, nor with the work functions deter-
mined by the photoelectric experiments of Demuth (41)
for Pd(111) (5.6 eV) and Baker et al. (42) for Ni(111) (5.35
eV), nor with the electronegativities of Pauling (2.2 for
Pd and 1.8 for Ni). The following approach, as suggested
in Refs (43) and (44), appears more realistic: an electronic
conversion from localized 4d states to diffuse 5s states
of Pd would lead to a decrease of the repulsive Coulomb
interaction between core and valence electrons, and con-
sequently to anincrease of the Pd core level binding energ-
ies. Following this idea, the role of Ni could be to redistrib-
ute the s or d electrons of Pd close to the Fermi level.
(Electronic modifications of Ni, even if they exist, are
not visible on XPS spectra because of the large proportion
of Ni atoms seen by this technique, both in the first plane
and in many planes deeper.) Such electronic modifications
of Pd atoms alloyed with Ni are not surprising since it
has been shown by Chouteau (45) that for PdNi alloys
above 2.2 at.% Ni, giant moment ferromagnetism appears,
which would be the consequence of an increase of the
density of states of Pd near the Fermi level.

This would probably imply a modification of the bond
strength between the Pd and the diene, which would be
responsible for the observed increase of activity. Such a
modification could also be invoked to explain the same
increase of activity observed for the hydrogenation of
butenes. Indeed, if di~7 bonding for 1,3-butadiene and =
bonding for butenes are accepted, as already proposed
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for pure Pd (34), one expects about the same behaviour
for the conversion of either butadiene into butenes or
butenes into butane. Complementary techniques, such as
TDS, vibrational HREELS, or IR, are now needed to
determine with precision the mode of adsorption of each
type of molecule on these surfaces.

According to this discussion, it is proposed that two
effects are associated in the case of the PdNi system: a
diluting and an electronic effect. The active site would
consist of Pd pairs (or of small groups of Pd atoms); their
number increases more rapidly than the Pd coverage,
the Ni atoms acting as ‘‘diluting agents’’; these pairs are
electronically modified in such a way that the catalyst
becomes better performing for the 1,3-butadiene hydroge-
nation reaction.

CONCLUSION

Pd was found to segregate to a large extent on Pd,Nig,
and Pd;Ni,s alloys. After annealing and stabilizing at 870
K, the external Pd concentration reaches values as large
as 20 and 50 at.%, respectively. On both solids, the Pd
segregation was found to display quite steep concentra-
tion profiles, as concluded from angular XPS measure-
ments. The study of activities towards 1,3-butadiene hy-
drogenation revealed that the alloys are either equivalent
or more active than pure Pd, the selectivities in butenes
always remaining very close to unity.

The catalytic behaviour of the alloys inclines us to pro-
pose an ‘‘active site”’ made up of small ensembles of Pd
atoms (two or a little more Pd surface atoms), electroni-
cally modified by the surrounding Ni atoms. Indeed, XPS
measurements revealed upwards shifts for the annealed
alloys with respect to pure Pd, probably resulting from a
modification of the hybridization of Pd and Ni valence
levels. This electronic modification would act in such a
way that the active site be largely more active than the
same site located in a pure Pd matrix.

Other additional experimental and theoretical studies
have to be performed to confirm our definition of the
active site. More precisely, a better knowledge of the
local order, of the empty electronic states, and of the
adsorption modes of hydrocarbons, seems to be nec-
essary.
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