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Chemisorption of H, and CO, temperature-programmed reduction (TPR), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and neopentane conversion show that differences
in preparation method and overall metal loading lead to the formation of different Pd—Co bimetallic
materials (changes in reducibility, metal particle size, and lateral homogeneity). Well-homogenized
Pd-Co particles exhibit a very pronounced minimum in the plot of catalytic activity versus Pd—Co
alloy composition. At the same time, a maximum exists in the isomerization selectivity vs the alloy
composition. These deviations from the catalytic behavior of physical mixtures of the monometallic
(Pd and Co) catalysts provide a basis for the estimation of how two metals interact with each other
in a supported catalyst. Incipient wetness impregnation of silica by considerable amounts (10 wt%)
of metal salts leads to the formation of catalyst precursors which are fully reduced at 380°C yielding
good dispersion and lateral homogeneity. Chemisorption and in situ XRD studies are compatible
with the kinetic investigations, but information on metal interaction by these methods is less clear.
For high metal-loaded Pd-Co/SiO, catalysts, comparison of H, chemisorption and XRD data

suggests surface enrichment in palladium, which is confirmed by XPS.

INTRODUCTION

A wide interest in bimetallic systems in
catalytic research and industrial processes
was motivated by the technological superi-
ority (better stability and/or selectivity) of
many alloy catalysts in naphtha reforming.
Preparation leading to the formation of a
well-homogenized bimetallic system and its
characterization in the case of highly dis-
persed, low-loaded bimetal/support cata-
lysts still present very real difficulties (/).
Considerable progress in utilizing physical
methods (e.g., extended X-ray absorption
fine structure spectroscopy (EXAFS),
X-ray photoelectron spectroscopy (XPS),

' To whom correspondence should be addressed.
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X-ray diffraction (XRD)) to investigate the
very complex surfaces of bimetals dispersed
over carriers has recently been achieved.
However, it should be stressed that quite
frequently the use of these sophisticated
techniques may bring ambiguous results,
due to problems associated with insufficient
sensitivity or uncertain interpretation (e.g..
chemical shifts in XPS), and because condi-
tions of measurements are so different from
those of catalytic reactions. This is the rea-
son why chemical probing of catalysts is still
so essential.

We turned our attention to supported
Pd-Co alloy catalysts for two reasons.
First, having some experience with charac-
terization of supported monometallic palla-
dium catalysts using various catalytic
probes (2—4), we wished to extend our
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“chemical” approach to probe more com-
plex objects such as the surfaces of sup-
ported Pd-based alloys. Second, the choice
of cobalt as an additive to palladium seemed
attractive because the both metals exhibit
quite different chemical properties (e.g., re-
ducibility) and, in particular, catalytic prop-
erties. Interaction of cobalt with alkanes
leads almost exclusively to their hydrogeno-
lysis (5, 6), whereas isomerization, in addi-
tion to hydrogenolysis, is usually observed
on palladium (2, 3, 5, 7).

We studied two series of silica-supported
Pd-Co catalysts prepared by impregnation.
We were aware that coimpregnation of silica
with an aqueous solution of two metal salts
may not lead to preparation of well-homoge-
nized, highly dispersed bimetallic catalysts.
Several attempts to improve alloy prepara-
tion techniques should be mentioned here.
One of them involves the use of intermetallic
compounds, such as mixed carbonyl clus-
ters of rhodium and cobalt (8). Another
method, called “controlled surface reac-
tion,” elaborated by Margitfalvi et al. (9),
leads to the deposition of one metal over
another. When either of these methods is
employed, one would expect a better inter-
action of two alloy components than in the
case of random deposition of metals in car-
rier pores during impregnation and drying.
Optimizing the preparation method was,
however, outside the scope of the present
work which was aimed at evaluating meth-
ods to diagnose whether two highly dis-
persed metals interact with each other on a
support. For this reason we used two differ-
ent impregnation procedures to obtain two
series of Pd—Co/SiO, catalysts character-
ized by different alloy homogeneity. The
first series consisted of 10 wt% metal sam-
ples, prepared by incipient wetness impreg-
nation with careful rotary agitation during
all stages of the preparation. This method
should result in deposition of material inside
carrier pores. For comparison, another se-
ries was prepared from solution with excess
solvent, without any mixing. A low metal
loading of only 1 wt% was used in this series
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which further lowers the chance of forming
mixed metals as the metal phases cover only
a tiny fraction of the carrier surface (specific
surface area of 300 m*/g).

Our intention was to investigate these two
series of silica-supported Pd-Co alloys by
using catalytic probes and to verify the de-
ductions by physical methods. The use of
such a combination should lead to more con-
vincing conclusions. Preliminary results
have recently been reported as a short com-
munication (/0). This paper deals with char-
acterization of the silica-supported Pd--Co
alloys by using neopentane conversion as a
catalytic probe alongside other physical and
chemical methods. Part 11 of this series will
report studies on the catalytic conversion
of n-hexane and methylcyclopentane (/7).

EXPERIMENTAL METHODS
Catalyst Preparation and Pretreatment

Two series of silica-supported Pd-Co
alloys were prepared by coimpregnation of
an aqueous solution of PACl, and CoCl, with
a Serva silica support (puriss, 80-100 mesh).
The first series, of 10 wt% metal loading,
was prepared by incipient wetness coim-
pregnation with a solution of the pure metals
(specpure wires from Johnson-Matthey) in
hydrochloric acid. During impregnation and
drying with infrared lamps a good mixing
was assured by a rotary motion of a beaker
containing the catalyst precursor compo-
nents. The second series of catalysts (of 1
wt% metal loading) was intentionally
“poorly” prepared: impregnation was car-
ried out from a slurry of Pd, Co chlorides
(analytical grade, from POCh, Gliwice, Po-
land) in doubly distilled water, without any
stirring. After removing excess water, it was
easy to notice a gradient of color along the
length of the impregnated solids suggesting
very poor mixing of the two metal salt com-
ponents. Catalysts are designated PAXCoY,
where X is the atom % Pd and Y the atom
% Co.

After impregnation, the catalysts were
dried in an air oven at 120°C for 8 h. Then
they were precalcined in an air flow, in a
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fluidized bed reactor, ramping the tempera-
ture from room temperature (RT) up to
450°C at 3°C/min, and kept at 450°C for
3 h. After calcination the catalysts were
transferred to glass-stoppered bottles, and
were stored in a desiccator.

Before kinetic, chemisorption, XPS, and
XRD experiments each sample was calcined
in an O, flow at 300°C for 30 min, flushed
with Ar (or He) at 300°C for 5-10 min, and,
finally, reduced in H, ramping the tempera-
ture from RT up to 380°C, and kept at this
temperature for 15 (or 2) h. All gases, except
oxygen, were purified by passing through
drying traps with final purification over
MnQO/Si0,. Carbon monoxide was 99.995%
pure (Van Eeghen, The Netherlands).

Chemisorption and Temperature-
Programmed Reduction (TPR)

The chemisorption of hydrogen and CO
was measured in a static volumetric appara-
tus equipped with a high-vacuum system
and a Setra pressure transducer (Model
204D). In order to avoid 8-hydride forma-
tion (in the case of Pd. (/2)) as well as to
increase rate of adsorption (for Co-con-
taining samples, (/3)), the H, chemisorption
measurements were performed at 100°C.
Amounts of trreversibly chemisorbed hy-
drogen, estimated from hydrogen desorp-
tion isotherm by a back-extrapolation
method, constituted the basis for calculating
metal dispersions (assuming H/M, = 1).

TPR experiments were carried out in a
flow of 6% H,/Ar (35 ml/min) through a cata-
lyst bed with an 8°C/min temperature ramp.
Difference TPR spectra, after reduction in
H, at 380°C, were also recorded (only for
10 wt% series). In these experiments, prere-
duced catalysts were purged and cooled
down in argon and studied by TPR up to
850°C. A standard GowMac katharometer
cell was used.

Neopentane Conversion

The reaction of neopentane (Merck) with
hydrogen was investigated in a static circu-
lation system in the manner described pre-
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viously (3). The catalyst (0.05-0.5 g) was
deposited in a U-tube fitted with a fritted
disc and thermocouple well. After calcina-
tion and reduction the temperature was low-
ered to a desired reaction temperature. The
whole system was made of glass with Young
stopcocks and §” Cajon Ultra-Torr fittings
for connecting the reactor. The composition
of the reaction mixture (neopentane + hy-
drogen) was measured by a Barocel Elec-
tronic Manometer (Model 1174). The alkane
partial pressure was always kept at 10 Torr
(1 Torr = 133.3 Pa). The ratio of hydrogen-
to-alkane was 10: 1. The reaction was fol-
lowed by gas chromatography (HP 5890 Se-
ries 11 with FID, 6-m squalane/Chromosorb
P column, with a HP 3396 Series 1l inte-
grator).

Turnover frequencies (TOFs) were calcu-
lated on the basis of the dispersion measured
by H, chemisorption. Initial product distri-
butions (= selectivities) were calculated as
the carbon percentage of neopentane con-
sumed in the formation of a designated prod-
uct; for example, the moi% of methane from
neopentane would be divided by 5 and nor-
malized in deriving the product distribution.

X-Ray Diffraction (XRD) and X-Ray
Photoelectron Spectroscopy (XPS)

XRD experiments were performed on a
standard Rigaku-Denki diffractometer using
CuK, radiation. An X-ray diffraction cam-
era-gradientless reactor (/4) was used for
measurements in a controlled atmosphere.
After reduction at 380°C for 15 h, Pd-Co/
SiO, samples were scanned in the 26 range
of 30 to 72°. The data were collected by a
step-by-step technique. The resulting dif-
fraction profiles originating from the metal
phase were obtained by the method of sub-
traction of the support background profile
(15) with appropriate data smoothing (/6).

XPS experiments were performed on a
VG ESCALAB-5 spectrometer using un-
monochromatized AlK,,, radiation. The
spectrometer was equipped with a high pres-
sure cell permitting sample pretreatment to
be carried out in various atmospheres and
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Fi1G. 1. TPR profiles for 1 wt% Pd—Co/SiO, catalysts. In designation of catalysts, PAXCoY means

X — atom % Pd, Y — atom % Co.

at elevated temperature. Samples for XPS
studies were pressed in a hydraulic die to
form thin, smooth pellets, and placed in the
high pressure cell. After reduction in flowing
H, at 380°C for 2 h, the samples were trans-
ferred to the analytical chamber of the spec-
trometer without contact with air. The sur-
face Pd/Co atomic ratio was estimated from
the integral intensities of Pd 34 and Co
2ps,; lines using the Wagner sensitivity fac-
tors (/7). A linear background was sub-
tracted before peak integration.

RESULTS

Temperature-Programmed Reduction
(TPR)

Figures 1 and 2 show TPR profiles of 1 and
10 wt% Pd-Co/SiO, catalysts, respectively.
The reducibility of 1 wt% Co/SiO, catalyst
was found to be low: up to ca. 500°C only
6% of the cobalt is reduced. Above 500°C,
a diffuse TPR peak starts to appear, but
reduction is not completed at 800°C. The

TPR spectrum of the 1 wt% Pd/SiO, catalyst
shows one peak near 0°C (100% 1eduction)
but the end of its tail is deformed by a nega-
tive peak showing hydrogen evolution from
decomposition of the 8-PdH phase. Figure 1
shows that the TPR profiles for all bimetallic
catalysts, excluding Pd17Co83, likewise ex-
hibit single peaks. However, their maxima
are shifted towards higher temperatures, by
ca. 40°C, with respect to the 1 wt% Pd/
Si0,. This fact may be indicative of some
influence of cobalt. Another fact, namely
the presence of a negative peak ascribed to
H, evolution from B-hydride decomposition
suggests that, as opposed to the previous
observation, at the stage of TPR, both alloy
components are rather separated. Hydrogen
solubility in Pd-Co alloys with Co content
= 10 at% is very low (/8); therefore for well-
mixed Pd-Co alloys one should not expect
any formation of a B8-hydride phase in the
stream of 6% H,/Ar. In spite of this, the
negative peak on the tail of the principal
TPR peak appeared for Pd67Co33 and
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FiG. 2. TPR profiles for 10 wt% Pd—Co/Si0, catalysts (designation of catalysts as in Fig. 1).

Pd33Co67 samples (Fig. 1). In addition, inte-
gration of the TPR peak areas gave results
which may suggest that only palladium is
reduced. Assuming that the error in the TPR
integration is ca. =5%, we cannot exclude
reduction of small amounts of cobalt, espe-
cially when the TPR peak shifted with cobalt
content to higher temperatures. An excep-
tion mentioned above was the TPR spec-
trum of the Pd17Co83/Si0O, where four
peaks were seen between 0 and 500°C. One
of these, at 45°C, is probably due to reduc-
tion of almost pure palladium; the others are
believed to be characteristic for reduction
of Pd—Co mixed systems.

TPR results for 10 wt% Pd-Co/S10, cata-
lysts showed that the silica-supported Pd
and Pd-Co bimetallics are fully reduced be-
low 380°C, but the 10 wt% Co/SiO, sample
exhibits a hydrogen consumption maximum
at ca. 450°C (Fig. 2). The peculiar shape

of the TPR profile of Pd100 indicates the
reduction of three types of species and de-
composition of the 8-PdH phase. No peak
corresponding to decomposition of 5-PdH
was seen on the bimetallic samples. More-
over, TPR peaks of 10 wt%-loaded alloy
catalysts were shifted towards higher tem-
peratures as compared to the positions of
analogous TPR peaks of the low-loaded
Pd—-Co/8i0O, samples. The sample with high-
est Co content (Pd25C075) displayed only
one high-temperature peak at 400°C as op-
posed to two peaks with 1 wt% Pd17Co83/
SiO,.

Difference TPR spectra of all 10 wt%
metal-loaded samples recorded after reduc-
tion in H, at 380°C (for 2 or 15 h) showed
no further reduction. This means that a pro-
longed hydrogen treatment at 380°C leads
to complete reduction.
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TABLE 1
Chemisorption and XRD Data of Pd—Co/SiQ, Catalysts
Nominal Metal Metal XRD analysis
composition dispersion particle
size” (nm) Phase Particle
at% Pd at% Co Dy D¢ (from Dy) composition size (nm)
1 wt% Pd-Co/SiO,
100 — 0.22, — hN| fee, 100%Pd 6.8 (111)
6.0 (200)
33 17 0.19, - 4.9 d —
67 33 0.15, — 5.3¢ d —
50 50 0.114 — 5.7 d —
33 67 0.10¢ i 4.3 d —
17 83 0.06, — 4.8 d —
— 100 0.02, — e Not detected —
10 w19 PdCo/SiO»
100 — 0.50 0.44 22 fee, 100%Pd 2.2
75 25 0.44 0.44 23 fee, 319%Co <2
50 S0 0.27 0.30 3.7 fce, 629Co <2
25 75 0.11 0.20 8.0 hepiCo) + some 4.0
fce (PdCo)
— 100 0.10 0.07 9.0 hep (Co) + fee(Co) 8.1

“ Not measured.

b Metal particle size from chemisorption (H/M, where M = Pd + Co), assuming spherical particles, for Pd:

dpy =

1.12/(H/Pd), according to Ichikawa et al. (19); for Co: d, = 0.9/(H/Co). In order to acknowledge some

contribution of Co (hep). the factor 0.9 in the latter formula is somewhat lower than the value (0.96) used by
Reuel and Bartholomew (13) for supported Co (fce). For 10 wt% Pd-Co bimetallics, respective factors were

taken as proportional to nominal compositions.

¢ Particle size of palladium in 1 wi% Pd-Co/SiO, catalysts is

Yy
112 - xpy

dpg(nm) =

where H/Co = 0.02,, as for 100 at% Co/SiO,.

" [H/(Pd + Co) — x¢, - (H/Co)]’

4 Only 100% (or almost nearly 100%) Pd(111) reflections were well seen. The intensity of the Pd(111) peak
monotonously increased with Pd content. An asymmetric shape of the peak would suggest some presence of
Pd—Co phase(s). The presence of the Co hcp phase was rather speculative.

Chemisorption of H, and CO, and X-Ray
Diffraction Results

Table 1 shows chemisorption data for 1
and 10 wt% Pd--Co/SiO, catalysts, respec-
tively. Metal dispersions, H/M, based on a
1: 1 adsorption stoichiometry, are also con-
verted to yield metal particle sizes. The sub-
sequent values are compared with particle
sizes resulted from X-ray diffraction line
broadening. A reasonable agreement is ex-
clusively noticed in the case of monometal-
lic, 10 wt% Pd/SiO, and 10 wt% Co/SiO,
samples.

The last column in Table 1 presents re-
sults of phase analysis by XRD. The Pd-Co
alloy composition was calculated from the
position of the fcc(111) Pd-Co diffraction
peak.

Figure 3 displays a relationship between
H/M and atom % cobalt for 1 wt% Pd-Co/
SiO, and 10 wt% Pd—Co/Si0O,. A good linear
correlation is seen in the case of the low-
loaded series. We think that this is another
indication of a rather weak interaction be-
tween two metals. Accordingly, in the case
of the low-metal loaded series, we calcu-
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Fic. 3. Hydrogen chemisorption data (H/M. where
M = Pd + Co) for | wt% Pd-Co/Si0, (triangles) and
10 wt% Pd—Co/SiO, (squares) catalysts.

lated the particle size of palladium assuming
additivity of individual chemisorption con-
tributions from both components (Table 1,
for 1 wt% Pd-Co/Si0-). In the case of 10
wt% Pd—Co/SiO,, an attempt to use a linear
correlation produced a much worse fit than
in the case of the low-loaded series (Fig. 3).

Table 2 presents Pd/Co atomic ratios ob-
tained by XPS for 10 wt% Pd-Co/SiO, cata-
lysts after reduction in H, at 380°C for 2 h.
The XPS Pd/Co atomic ratios are higher
than bulk values.

Neopentane Conversion

The reaction of neopentane with hydro-
gen on Pd-Co/Si0, catalysts was examined
in the temperature range of 230-280°C.

TABLE 2

Pd/Co Atomic Ratios Obtained by XPS as Compared
to the Bulk Values

Nominal (PA/Coly®  (PAICO) e
composition
at% Pd at% Co
75 25 3.00 5.55
50 50 1.00 1.92
25 75 0.33 0.79

“ From nominal composition.
» From the integral intensities of Pd 34 and Co
2pyn lines using the Wagner sensitivity factors (/7).
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Turnover frequencies and initial product
distributions ( = selectivities) are presented
in Table 3 (for 1 wt% Pd—-Co/Si0,) and Table
4 (for 10 wt% Pd-Co/Si0,). Both 1 wt% as
well as 10 wt% Co/SiO, catalysts exhibit
only hydrogenolysis activity (no trace of
isomerization).

Turnover frequencies at 240°C for 1 and
10 wt%-loaded catalysts are shown in Fig.
4 as a function of Pd-Co alloy composition.
Experimental data for a 1: 1 physical mix-
ture of two monometallic catalysts are also
included. It is seen that the catalytic activity
of the Pd-Co alloys passes through a mini-
mum. A similar picture was obtained at
higher reaction temperatures.

Isomerization selectivities of two series
of catalysts are presented in Fig. 5. For 10
wt%-loaded series, Pd—Co alloys display
much higher selectivity than Pd/SiO,.

Figure 6 shows changes of the fragmenta-
tion factor, {. with Pd—Co alloy composi-
tion. The fragmentation factor characterizes
the depth of hydrogenolysis, as the number
of fragment molecules per molecule of hy-
drocarbon hydrogenolyzed (20). A common
course is seen for the both series of Pd—Co
catalysts. One experimental point for the
1 : 1 physical mixture of 10 wt% Pd/SiO, +
10 wt% Co/Si0, lies only slightly below the
curve for two series of Pd—Co alloy cata-
lysts.

DISCUSSION

As mentioned in the Introduction, our in-
tention was to find useful methods for char-
acterization of highly dispersed bimetallic
Pd-Co catalysts, and in particular to esti-
mate the degree of interaction between the
two metals as well as the surface composition
of the alloy phase. Preparation of two differ-
ent series of Pd-Co catalysts has helped us
to assess the diagnostic power of various
physical and catalytic probes, as we hope to
make clear in the following subsections,

TPR and Chemisorption on Pd-Co/SiO,

Figure 2 demonstrates that reduction of
all 10 wt% Pd-Co/SiO,, except Col00, is
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TABLE 3

Neopentane Conversion over 1 wt% Pd-Co/SiO,: Turnover Frequencies and Initial Product Distributions

Catalyst Reaction Initial product distribution (%)* Turnover
temp. frequency
at% Pd at% Co C) Me Et Pr iB iP + nP (1/s)

100 — 241 11.4 0.4 1.2 35.8 51.1 9.68 x 1076
251 13.0 0.2 1.0 449 40.9 271 x 1079

263 16.1 0.1 1.4 51.5 30.8 8.94 x 10°°

83 17 243 12.2 1.1 1.7 32.1 52.9 515 x 107
253 11.1 0.2 0.8 37.0 51.0 1.30 x 10°°%

264 11.7 0.1 0.6 41.1 46.5 421 x 1073

67 33 242 16.5 2.7 4.5 27.8 48.5 1.91 x 1078
254 14.4 0.4 1.5 29.8 53.9 4.47 x 10°%

264 12.4 0.7 1.0 37.0 49.0 1.03 x 107°

50 50 241 12.9 4.2 3.1 23.9 55.9 2.18 x 1079
252 21.6 2.4 5.7 29.3 41.1 2.33 x 1078

265 21.7 1.8 3.0 32.8 40.7 5.10 x 10°¢

33 67 241 23.4 4.5 7.2 41.1 23.7 2.04 x 10°¢
253 30.3 2.6 5.1 43 19.8 315 x 1078

267 4].1 3.7 5.6 34.6 15.0 7.50 x 10°%

17 83 241 37.1 6.3 6.6 50.1 — 591 x 10°¢
251 43.7 4.2 7.0 40.6 45 1.19 x 10°°

261 53.2 4.4 7.7 32.0 2.6 2.18 x 10°°

— 100 240 72.1 10.5 10.2 7.2 — 3.33 x 10°°
251 82.3 6.1 5.7 6.0 — 3.25 x 1075

262 89.5 4.1 2.8 3.6 — 6.01 x 10°°

“ Me = methane, Et = ethane, Pr = propane, iB

= isobutane, iP =

TABLE 4

isopentane, and nP = n-pentane.

Neopentane Conversion over 10 wt% Pd-Co/SiO,: Turnover Frequencies and Initial Product Distributions

Catalyst Reaction Initial product distribution (%)* Turnover
temp. frequency
at% Pd at% Co °C) Me Et Pr iB iP + nP (1/s)

100 — 240 10.7 0.1 0.3 32.8 56.9 1.06 x 10°*
251 12.7 0.2 0.8 40.8 45.5 3.23 x 1077

263 17.6 0.4 2.5 48.1 31.4 9.63 x 107°

75 25 239 6.2 — 0.5 19.3 73.9 2.22 x 10°°
251 8.4 0.2 Q.5 26.6 64.3 7.27 x 10°°

263 13.2 0.3 1.2 37.5 47.8 2.43 x 107°

50 50 242 10.8 2.6 6.0 14.9 65.7 1.74 x 1077
252 10.3 1.0 0.3 24.0 64.4 3.55 x 107

265 8.3 0.6 1.2 21.2 68.7 1.0 x 10°%

25 75 242 8.6 7.1 10.1 14.1 60.1 1.39 x 1077
251 12.0 1.6 3.2 18.6 64.5 2.71 x 1077

263 11.6 4.0 2.5 19.1 62.8 7.77 x 1077

—_ 100 240 88.3 4.9 2.3 4.5 — 1.13 x 107
257 89.8 4.5 3.1 2.6 — 2.90 x 10°°

271 96.0 2.1 0.8 1.1 — 6.10 x 10°°

“ As in Table 3.
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On the basis of TPR lines obtained for bime-
tallic catalysts it is difficult to assess
whether one deals with well mixed metal
components at the stage of TPR. That is
why we decided to run our catalysts after
prolonged, 15 h, reduction at 380°C. Such
a severe pretreatment should facilitate inter-
diffusion of both metal components.

On the other hand, 1 wt% metal-loaded
catalysts exhibit quite different TPR charac-
teristics (Fig. 1). First, cobalt is only partly
reduced at temperatures below 800°C. This
is not surprising, because similar observa-
tions for low metal loaded Co catalysts were
already reported (/3, 27). Second, relatively
low intensities of TPR lines suggest that,
within experimental error (=5%), only very
small amounts of cobalt are reduced, in ad-
dition to an entire reduction of palladium.

Thus we believe that, accepting certain
difficulties in assessing TPR spectra, in the
series of 10 wt% metal-loaded catalysts, the
Pd-Co alloy phase is better homogenized
than in the 1 wt9% metal-loaded samples. An
additional fact is that the negative peaks in
Figs. I and 2, indicative of 8-PdH decompo-
sition, are seen only for 1 wt% Pd-Co/SiO,
catalysts, where palladium does not seem
to interact strongly with cobalt.

80

60

40

2071

o]

O 20 40 60 80 100

atom % Co

FiG. 5. Isomerization selectivity vs the Co bulk content for 10 wt% Pd-Co/SiO, (open squares), 1
wt% Pd-Co/SiO, (triangles) catalysts, and a physical mixture of 10 wt% Pd/SiO, + 10 wt% Co/SiO,
(ratio = 1:1) (filled square): (a) at 240°C and (b) at 250°C. Dashed lines represent hypothetical curves
for physical mixtures of 10 wt% Pd/SiO, and 10 wt% Co/SiO, catalysts.
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F1G. 6. Fragmentation factor. { (see text), vs the Co bulk content for 10 wt% Pd—Co/SiQ, (open
squares), 1 wt% Pd—Co/SiO, (triangles) catalysts, and a physical mixture of 10 wt% Pd/SiO, + 10
wi% Co/SiO; (ratio = 1:1) (filled square): (a) at 240°C and (b) at 250°C.

Uptakes of chemisorbed H, on 1 wt%
Pd-Co/SiO, samples (Table 1) were rather
low as compared to corresponding values
for 10 wit%-loaded samples. In addition, the
H/M values decreased linearly with in-
crease of cobalt content (Fig. 3). This fact
may suggest (but it is not a definite proof
of) a situation where palladium interacts
only very weakly with cobalt. We shall re-
turn later to this problem.

XRD and XPS

Table 1 shows that for three 10 wt% bime-
tallic catalysts, XRD line broadening im-
plies higher metal dispersions than the re-
spective values from H, chemisorption.
However, in the case of pure Pd and Co
samples, both methods give good
agreement. In addition, lattice parameters
of Pd-Co alloys indicate the presence of
phases with a palladium deficit, compared
to nominal compositions of 10 wt% Pd-Co/
SiO, catalysts. We conclude that the enor-
mously broadened XRD lines probably do
not result from the presence of a mixture of
alloy particles differing in an overall compo-
sition, but rather from the situation where
a relatively thin layer of a Pd-richer phase
envelops a Co-richer kernel (seen by XRD).
Surface enrichment in Pd is rationalized by
the alloy segregation theory (22), based on

pure element vaporization enthalpies (90
kcal/mol for Pd, 102.4 kcal/mol for Co).
Recent results of Dees and Ponec on 5 wt%
Pt-Co/SiO, catalysts (23) are in harmony
with our data. In their X-ray diffracto-
grams, some cobalt was “invisible,” as the
XRD reflexions were shifted towards posi-
tions characteristic of Pt-richer phases. Al-
though Dees and Ponec offer various expla-
nations for their result (23), surface
enrichment, in this case in cobalt, would
rationalize it (vaporization enthalpy for
Pt = 135 kcal/mol (22)). As the metal load-
ing, type of support, preparation and pre-
treatment methods employed by Dees and
Ponec (23) are similar to ours, we feel that
the results are complementary. We do not
consider a possibility that Co in Pt—-Co/SiO,
forms an unalloyed, silica-bonded XRD-
amorphous layer, since Co was easily de-
tected by XRD in Pd-Co/SiO,.

XPS study confirmed the possibility that
Pd segregates to the surface of alloy parti-
cles in 10 wt% Pd-Co/SiO, (Table 2).

For 1 wt% Pd-Co/SiO, catalysts, the
XRD analysis is less clear because of a
rather low value of the signal-to-noise ratio.
XRD peaks were not well resolved and only
Pd(111) peaks were well recognized (Table
1). This again may indicate that for this se-
ries of Pd—Co samples interaction between
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Pd and Co is less strong than in the case of
10 wt% metal-loaded alloys.

Neopentane Conversion

a. Catalytic activity. Tables 3 and 4 show
the catalytic results for 1 and 10 wi%
Pd-Co/8i0,, respectively. For better pre-
sentation, activity changes with Pd-Co
alloy composition at 240°C are shown in Fig.
4: the rates of neopentane conversion pass
through distinct minima. We also include a
result for a 1 : | physical mixture of 10 wt%
Pd/SiO, with 10 wt% Co/SiO, (filled
square). It is not surprising that the activity
of this physical mixture is much higher than
that of Pd50Co50/Si0,. First, the activities
of the physical mixture of both alloy compo-
nents match (within experimental error) re-
spective curves representing hypothetical
activities of physical mixtures of the two
components. Second, the fact that activities
of bimetallic Pd-Co/SiO, catalysts so
strongly “deviate” from an additivity, may
be regarded as an important result of this
work: neopentane conversion may conve-
niently be used for probing surfaces of sup-
ported Pd-Co.

In the case of 1 wt%-loaded catalysts,
Fig. 4 shows that experimental points for
Pd-rich samples do not differ much from
those for the 10 wt%-loaded series. This
may suggest that homogeneity of Pd-rich
catalysts in the 1 wt%-loaded series was
good. However, large differences are seen
for the Co-rich branch. In the low-loaded
series, Co and Co-rich bimetallics are con-
siderably more active than their 10 wt%
counterparts. For pure cobalt, the ratio of
TOF,,-t0-TOF,y; is ca. 20. We presume
that this is due to overestimation of TOF ¢,
caused by underestimation of cobalt disper-
sion. Reuel and Bartholomew (/3) report
that hydrogen chemisorption only partly ti-
trates cobalt in low-loaded Co/support sys-
tems. We think that this is due to incomplete
reduction, as our TPR studies substantiate
such a conclusion. One must, however, as-
sume that unreduced Co species exhibit sim-
ilar activity to the reduced ones.
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b. Isomerization and fragmentation se-
lectivity. Still more remarkable changes
with Pd-Co alloy composition are seen
for isomerization selectivity (Fig. 5). The
Co100/Si0O, sample exhibits no isomeriza-
tion (pure cracking), whereas Pd-Co sam-
ples show a maximum for intermediate alloy
composition. Figure 5a compares isomer-
ization selectivities at 240°C, for 1, 10 wt%
Pd-Co/Si0O,, and the ! : 1 physical mixture
of 10 wt% metal-loaded monometallic cata-
lysts. For the 10 wt% metal series, all three
bimetallic samples exhibit higher isomeriza-
tion selectivity than Pd100. On the other
hand, for the | wt% series, isomerization
selectivity of bimetallic samples is compara-
ble to that of Pd100. This fact is in line with
our intention: the [ wt% alloy series was
intentionally “poorly” prepared. Relatively
high isomerization selectivities for Pd-richer
I wt% Pd-Co/SiO, catalysts can be ex-
plained by higher contribution of palladium
owing to higher metal dispersion (compared
to cobalt, see Table 1). However, it should
be stressed here that for Co-richer alloys,
the 10 wt%-loaded samples show a higher
selectivity increase (compared to pure Pd)
than the 1 wt% ones. This could be due to
better interaction of the two alloy compo-
nents in the high-loaded samples and, also,
to some surface enrichment in palladium.
Again, the experimental point for the physi-
cal mixture of the Pd and Co catalysts is far
from the respective level of selectivity for
well-mixed Pd-Co alloys.

Figure 5 also presents a hypothetical se-
lectivity curve for physical mixtures of 10
wt% Pd/Si0, and 10 wt% Co/SiO. It is seen
that isomerization selectivity for Pd—Co bi-
metallics follows the order: 10 wt% Pd-Co/
SiO, > hypothetical physical mixture of 10
wt% Pd/SiO, + 10 wt% Co/SiO, > experi-
mental value for the 1:1 physical mixture
of 10 wt% Pd/SiO, + 10 wt% Co/SiO,.
While the first part of this sequence is ex-
plained by a synergistic effect due to alloy-
ing, the second part needs some clarifica-
tion. We think that such low isomerization
selectivity found in the experiment with the
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physical mixture is caused by an enhance-
ment in hydrogenolysis at the expense of
isomerization. lsopentane (a product of
isomerization) is much more reactive on
metal surfaces than its parent, especially
when hydrogenolysis is expected. Hence a
secondary hydrogenolysis of isopentane on
contiguous sites of Co causes this large drop
in isomerization. Thus the differences in
isomerization selectivity between well and
poorly mixed Pd—Co alloys should be under-
stood as a result of two effects: synergy
in primary isomerization and reduction in
secondary hydrogenolysis (due to an ab-
sence of contiguous Co sites in well-homog-
enized alloys).

While Co has no isomerization properties,
it is active in hydrogenolysis. That is why
evaluation of the alloys produces different
results on the basis of the fragmentation fac-
tor, {. The value of { over Co catalyst in-
creases rapidly up to 5 with increasing over-
all conversion whereas it remained around
2 in a broad range of conversion over Pd
(24). The values shown in Fig. 6 indicate a
predominantly *single hydrogenolysis™ in a
rather broad range of alloy composition
(most molecules broken up produce two
fragments only) and this points to a Pd-like
behavior of both the 10 and 1 wt% series.
These conclusions confirm those already
drawn from the isomerization properties.

To sum up, both physical characterization
results and Pd-like catalytic characteristics
point to a surface enrichment of Pd in the
whole range; however, Co exerts a special
influence on catalytic properties. Neopen-
tane reactions (isomerization and hydro-
genolysis) can offer a convenient basis for
probing the surfaces of supported Pd-Co
alloys, even though the reason for the syner-
gistic effect for isomerization selectivity on
Pd-Co alloys is not clear (an electronic ef-
fect has been invoked to interpret the results
of hexane conversion over Pt-Co/AlO,
(25)). As a matter of fact, such probing has
recently been reported; in the case of
Pd-Co/NaY, neopentane conversion ap-
pears to be a convenient catalytic probe for
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characterizing interaction between the two
metals in the zeolite Y matrix (26).
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