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Abstract

Palladium, platinum and PdPt bimetallic colloidal particles were prepared in atomic ratios of 4:1, 1:1, and 1:4 by the reduction of K,PdCl, and/or
K,PtCl, in the presence of cationic surfactant, tetradecyltrimethylammonium bromide (C,sTABr). The nanoparticles in the “as prepared” state
were characterized by TEM, EDS and XPS, UPS, permitting to determine their mean particle size, bulk and surface composition. The bulk com-
position of the bimetallic samples determined by EDS was close to their nominal value, while XPS indicated Pt enrichment near to the surface.
All samples in the “as received” state contained surface oxide impurity and contained carbon impurities. The monometallic samples contained
considerably more C as the bimetallic ones. A quasi-in-situ H, treatment at 473 K in the electron spectrometer resulted in cleaner metals, contain-

ing less carbon and oxygen, as shown by XPS and UPS.

Introduction

Bimetallic catalysts have been widely used for vari-
ous catalytic processes [1]. The full understanding of their
behaviour needs interdisciplinary knowledge, solid-state
physics, alloy theory, chemisorption properties, as summa-
rized concisely in the excellent book by Ponec and Bond
[2]. “Electronic” and “ensemble” effects can arise between
the components [2,3]. Most of the bimetallic catalysts used
in practical applications employ components with rather
different catalytic properties [1], like Pt containing less
active Sn [4] or more active iridium [5]. Platinum is the
best catalyst for "skeletal" reactions of hydrocarbons [2]
while palladium is the most widely used catalyst for hydro-
genation of unsaturated organic bonds [6,7,8]. The proper-
ties of Pd and Pt in hydrocarbon reactions are otherwise
rather close to each other [9,10,11]. Both are active cata-
lysts e.g., for opening of small (C; or Cy) cycles [12,13,14].
The study of their alloy has represented earlier mainly theo-
retical interest [2]. They have been successfully used, how-

ever, for specific purposes, such as sulfur resistant
hydrogenation catalysts [15].

Preparation of metal nanoparticles (with a diameter
of a few nm) has been successfully attempted using meth-
ods of colloid chemistry [16]. This is based on reduction of
metal salts in the presence of surfactants which then form a
surface adlayer preventing the coalescence of small parti-
cles, as opposed to “traditional” preparation of metal blacks
producing usually larger particles or their aggregates
[7,17]. Monometallic Pt and Pd [18,19] as well as PdPt
particles [20,21,22] were synthesized and tested in catalytic
reactions [23]. Catalytic tests could be carried out on the
nanoparticles alone or deposited on oxide supports, the
latter being more suited for practical purposes. These be-
haved as conventional impregnated catalysts [18,20]. Supe-
rior samples were obtained when the synthesis was carried
out in the presence of the destined support [23,24-26].

Pt and Pd forms a solid solution in the whole compo-
sition range [2]. Theoretical calculations and analysis indi-
cated more or less inhomogeneous in-depth distribution of
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the components. Different models applied for their descrip-
tion has been summarized by Ponec and Bond [2]. The
theory of metal alloys predicts surface Pd enrichment and
was confirmed by Auger electron spectroscopy (AES) of
films and powders [27]. This was also observed by Soft X-
Ray Emission Spectroscopy of two PdPt foils (containing
15 or 30% palladium) [28]. Pd enrichment was also re-
ported for a disperse PtPd catalyst supported on f-zeolite
[29]: its hydrogenation activity increased parallel to the Pd
content. Toshima et al. [30], in turn, suggested surface Pt
enrichment in PtPd nanoparticles. There are indications of
inhomogeneous distribution of Pt and Pd within the small
particles [2]: isolated Pt clusters on Pd surface [15] affected
the X-ray photoelectron spectroscopic (XPS) signal and
could be regarded as indications of Pt enrichment. Adsorp-
tion of CO [27] and hydrogen [15] influenced the inho-
mogeneity. Electron spectroscopy and microscopy showed
that the composition for each particle was roughly consis-
tent with that of the parent solution of the Pt and Pd salt
[21,22]. The catalytic behaviour in alkane reactions [20], in
turn, indicated surface Pd enrichment with some, more
active small Pt clusters on the surface. This model was also
described by Ponec and Bond [2] and was confirmed by
Extended X-Ray absorption fine structure (EXAFS) analy-
sis, too [31].

The present paper deals with the preparation of PdPt
powders of different composition (precipitation in the pres-
ence of surfactants), their characterization by photoelectron
spectroscopy (XPS, UPS) and electron microscopy (TEM
and HRTEM) in the “as prepared state”, as well as after
reduction. The effect of oxidation — reduction cycles on
crystallite sizes, composition as well as their catalytic be-
haviour in the ring opening reaction of methylethylcyclo-
propane is going to be reported in a subsequent paper [32].

Experimental
Materials

Potassium tetrachloropalladate, K,PdCl, (98%, Al-
drich), potassium tetrachloroplatinate, K,PtCl, (99.9+%,
Aldrich), tetradecyltrimethylammonium bromide, C,TABr
(99%, Aldrich), sodium borohydride, NaBH, (99%, Al-
drich) and 2-propanol (p.a., Reanal) were used as received.

Electron Microscopy

The size distribution of the particles were determined
by transmission electron microscopy in a Philips CM20
analytical TEM. Some samples were studied also in a high
resolution microscope, using a JEOL 3010 TEM with a
resolving power of 0.17 nm. The bulk composition of the
samples were determined by Energy Dispersive X-ray
Spectrometry (EDS).

XPS and UPS

Surface composition was determined by XPS (X-ray
Photoelectron Spectroscopy) and UPS (Ultraviolet Photo-
electron Spectroscopy). These measurements used a Ley-
bold LHS 12 MCD instrument as described earlier [33,34];
UPS used He II excitation (40.8 eV), pass energy (PE) = 12
eV. A Mg K, anode was used for XPS (PE = 48 ¢V).
Atomic compositions were determined from peak areas
after Shirley (and, in the case of Pd 3d, Bezier type) back-
ground subtraction using literature sensitivity factors [35].
This, of course, could not give information on any micro-
scopic inhomogeneity.

Results and Discussion
Catalyst Preparation

Nanosized Pd, Pt and PdPt bimetallic particles were
prepared by the reduction of K,PdCl, (0-3.8 mM) and/or
K,PtCl, (0-2.8 mM) in the presence of cationic surfactant,
C14TABr (19.5 mM). A series of aqueous solutions of the
K,PdCly, K,PtCl, and the C4,TABr surfactant were pre-
pared separately and then mixed to give the desired concen-
trations. The interaction between the precursor metal anions
(PdCl42', PtCl42) and the C,TA" surfactant cation in aque-
ous solutions results in the formation of organic metal salt
[36]. The reaction system was subjected to vigorous stirring
when the reducing agent, an aqueous solution of NaBH,,
was introduced into the vessel in a 20-fold excess over the
precursor metal(s). The reduction was conducted at 323 K.
To use the particles as catalysts, the Pd, Pt and PdPt parti-
cles were first concentrated via precipitation by the addition
of 2-propanol to the parent hydrosol. Washing of the pre-
cipitate with ethanol only produced a strongly pyrophoric
material. This indicated the extremely high sensitivity of
the clusters to atmospheric oxygen and that the nanoscopic
character of the primary particles in the precipitate was
preserved. The washing was continued by mixing increas-
ing amount of distilled water to the ethanol and finally the
precipitate was washed with distilled water only, filtered
and stored in closed vessels in air.

The nominal composition of the powders prepared
were 100% Pt, 100% Pd and PdPt in the atomic ratio 4:1,
1:1 and 1:4.

Electron Microscopy

Typical TEM images of the catalyst powders are
shown in Figures 1-3. Narrow size distribution and a good
control of particle size in the range of 6 to 8 nm in diameter
(and 10 nm average but 15 nm for pure Pt) could be
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Fig. 1. (a)

Pd ”

100 nm ? g
L

Figure 1: TEM images of (a) the pure Pd and (b) the pure
Pt powders in the “as prepared” state.

10 nm

Figure 2: HRTEM image of the pure Pt powder. The parti-
cles exhibited hexagonal shape projection and the crystals
were perfectly ordered, except for occasional twinning on
(111) planes.

achieved by a systematic variation of the experimental
conditions. Most of the particles imaged on the micro-
graphs (Fig. 1-3) exhibited a more or less hexagonal shape
projection although some quadratic and triangular shapes
were occasionally observed, too. In bright-field images
some crystals appear dark and other light due to diffraction
contrast: the closer a crystal is to a perfect zone-axis orien-
tation, the more diffracted intensity is excluded from the
imaging process, resulting in darker contrast. If a crystal is
far from a zone-axis orientation, almost all of the transmit-
ted intensity is within the direct beam, and the crystal is

apparently light. The bulk composition of the samples de-
termined by Energy Dispersive X-ray Spectrometry (EDS)
was found to be close to their nominal value (Table 1).

Fig. 3. (a)

PdPt 1:1

PdPt 1:4

Figure 3: HRTEM images of (a) the Pd:Pt 4:1, (b) the
Pd:Pt 1:1, and (c) the Pd:Pt 1:4 bimetallic catalysts. The
alloyed nanoparticles seem to have aggregated and show
more irregular, rounded shape than the pure Pd and Pt par-
ticles. The amorphous area on the bottom of Fig. 3a. is the

carbon film supporting the metal particles.

HRTEM of bimetallic nanoparticles (Fig. 3) show
more aggregated particles, especially with PdPt 4:1 and 1:4.
They showed more irregular, rounded shape than the pure
Pt and Pd particles. Individual crystallites of PdPt 1:1 can
still be observed (Fig. 3b). Fourier-transform analysis of the
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local structure in PdPt particles is not possible, due to the
very close lattice parameters and identical fcc structure of
Pd and Pt.

Table 1: Comparison of the bulk and the surface Pd:Pt
atomic ratio of the PdPt alloy catalysts in the “as received”
state and after H, at 473 K.

Pd:Pt 1:0 4:1 1:1 1:4 0:1

Mean particle size,
5.5 42 5.8 6.5 14

nm (TEM)
Nominal ratio 100:0 80:20 50:50 20:80 0:100
Measured in bulk:

100:0 85:15 50:50 23:77 0:100
EDS

Measured at surface:
100:0 73:27 2872  7:93 0:100
XPS

Measured at surface:
XPS, after H, at 473  100:0 75:25 33:67 10:90 0:100
K

XPS and UPS

Pt 4f, C 1s, Pd 3d (together with the neighboring Pt
4d), and whenever possible, also the O 1s lines were moni-
tored by XPS. Due to binding energy (BE) coincidence, the
Pd 3d spectrum should be separated from the Pt 3p 3/2
peak (done by considerate background subtraction). It was,
however, extremely difficult to separate the O 1s line (BE ~
530-533 eV) from the Pd 3p 3/2 line (BE = 532.5 eV),
therefore, the oxygen content was only be determined di-
rectly from O 1s, in the pure Pt sample. The O 2p sensitiv-
ity is so low that its intensity was below detection limit.
Comparing the Pt 4f and Pd 3d lines of the “as received”
bimetallic samples with those measured after H, treatment,
a rough estimation could be done concerning their oxida-
tion.

Concentrating on the two main metal components,
XPS of the alloy samples indicated more Pt in the “infor-
mation depth”, i.e., near to the surface (Table 1). This find-
ing may be caused by the difference in the reduction rates
of the Pd and Pt precursor salts. Accordingly, Pt atoms
might have been formed at a slower rate during reduction
process and deposited on the surface of Pd particles already
formed.

Figure 4 shows the Pd 3d spectra of untreated cata-
lysts. The BE maximum of the Pd 3d line was at 335.3 eV,
like the value measured with another Pd black sample [37].
The peak shapes indicated low amounts of oxidized com-
ponent(s). The Pt 4f 7/2 peaks show a BE of 71.1 eV, indi-
cating metallic Pt. The comparison of the C 1s peaks
(present as another unavoidable impurity in untreated sam-
ples [34,37]) indicates a marked difference between pure

metal and alloy particles (Figure 5). Monometallic Pd and
Pt retained more than twice as much carbon as the compos-
ite powders. Of the three latter ones, PdPt 4:1 and 1:4 con-
tained conspicuously less carbon. The maximum BE of the
C 1s peak (~284.5 eV) showed that graphitic entities were
among the main components, but “C,H,” and “disordered
C” were also present [33,38,39].

Pd 3d
3354 eV
4*10%
3*104
m
a Pd
>
= 4
@ 2*10
)
=
Pd:Pt 4:1
Pd:Pt 1:1
0 Pd:Pt1:4 ,-s_/
Pt 4d 3/2
350 340 330

BE (eV)
Figure 4: Pd 3d region of the palladium containing cata-
lysts in the “as received” state.

284.5 eV

C1s
M/ C: 28%

Pd:Pt 4: 1149
2000 WW‘”"

‘\\\**dwst?zqa
—_ C: 1%
1000 W-\”W °

Pt C: 30%
0
290 285

Binding Energy (eV)

Pd:Pt 1:1

Intensity (cps)

Figure 5: C 1s XPS spectra for Pt, Pd and mixed PdPt
samples in the “as received”
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Table 2: Comparison of the surface composition of the catalysts measured by XPS in the “as is” state and after treatment in H, at

473 K*
catalysts as is Pretreated in H, at 473 K
Pd% Pt% C% 0%* Pd% Pt% C% 0%*
Pd 72,1 0 27,9 75,5 0 24,5
PdPt 4:1 62,7 23,1 14,2 67,1 21,8 11,1
PdPt 1:1 21,7 56,5 21,8 28,1 56,1 15,8
PdPt 1:4 5,9 83,0 11,1 8,9 82 9,1
Pt 0 62.8 37.2 0 68.9 31.1
Pt° 0 51,6 30,5 17,9 0 61,4 27,7 10,9

“The O 1s peak and the Pd 3p 3/2 peaks overlapped, therefore the O 1s peak could not be determined in Pd containing samples. The composition

of those samples was normalized to Pd+Pt+C=100%.
"The composition for all components is shown in the last row.

Pd 3d 1 asis 2 Hy, 473K
o
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o
> | 1 (thick)
[
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2
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= 0 = o g
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1-2 336.4 eV
Pd Pd’
3353 6V
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3 337.4 eV 336.4 eV
350 340 330

Binding Energy (eV)

Figure 6: XP spectra of the main components in the “as
received” state and after H, treatment at 473 K, together
with the difference spectra (after normalization for Pt).
Monometallic catalysts, 1:1 samples and 4:1 samples (for
the richer component) are shown. (a) Pd 3d; (b) Pt 4f.

Treating the samples with H, at 473 K represented a
customary cleaning process for Pt [34] and Pd [37], al-
though the cleanest metals were observed after a more se-
vere purification process (O, and H, treatment [34]). Such
results will be reported in Part I [32]. Table 2 indicates that
even the present treatment brought the Pd:Pt ratio closer to
the nominal values. Up to ~30% of the original carbon
content was removed.

Pt4f: 1 asis 2 Hy, 473K
pt?
PdPt 1:4 71.1 eV
o
8 ot | 1 (thick)
=
B 2 norm. (thin)
c
] es,
£ 0 et O
1-2 PE" "POaqs.)
lCl
PdPt 1:1 71.1eV
— 1*10*
w
& 1 (thick)
)
g 2 norm. (thin})
] e
£ 0 e ”
-2 pe+ ! fﬁtqm.)
0
Pt 711eV
W e
;‘i o 1 (thick)
=
2 2 norm. (thin)
& T
E 0
1-2 Ptzt Pif{oadls.)

80 70
Binding Energy (eV)

About 60% of the original O 1s area remained on the
hydrogen treated Pt sample (Table 2). The degree of oxida-
tion could be judged in other cases from difference spectra
before and after H, treatment. Figure 6a shows difference
spectra for three Pd samples: small maxima appeared in the
region corresponding to Pd** and Pd*" [40]. Similar Pt 4f
difference spectra are seen in Figure 6b for Pt catalysts.
The presence of two oxidized Pt species can be seen: the
“PtOuqs)” entity with ABE of ~0.8 eV and the PtO species
with ABE of ~2.4 ¢V [41]. Figures 6a and 6b depict also
the Pd-Pt 1:1 sample. The Pd 3d peak is shown for Pd-Pt
4:1 and the Pt 4f for Pd-Pt 1:4. The ionic components of Pt
are practically the same in all three cases, The Pd—Pt 4:1
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sample shows ca. twice as much oxide component than
pure Pd.

The O 1s peak of the monometallic Pt sample indicated the
presence of four components. These were identified [38] as
metal oxide (BE ~530 eV); —OH groups (BE ~531.5 eV),

He I asis
3%10% Pd:Pt 4:1
) Pd:Pt 1:1
g LY
2> 2x104
‘0
=
2
o . .
= N Pd:Pt 1:4
1%10* 1
Pt
n:—/\/\.\\\
0 4
15 10 5 0
Binding Energy (eV)
He Il Hp, 473 K
d
4*10¢
Pd:Pt 4:1
.
. 3*10°
083_ Pd:Pt 1:1
-
) x4nd
= SRl Pd:Pt 1:4 L
\w
1::104 Pt
‘-\ l_
norm.
0 : .
15 10 5 0

Binding Energy (eV)

Figure 7: He IT UPS of Pt, Pd and mixed Pt-Pd samples (a)
in the “as received” state; (b) after H, treatment at 473 K.

“oxidized carbon” (BE ~532 ¢V) and adsorbed H,O (BE
~534 eV). H, treatment at 473 K removed some O 1s com-
ponents, the PtO component with lowest BE disappearing
entirely.

The general shape of the He II UPS spectra is seen in Fig-
ure 7. The Fermi-edge (FE) intensity of the untreated sam-
ples was lowest in the monometallic samples, in agreement
with their large carbon impurity. Oxygen has also been
detected on Pt, although the Pt 4f spectrum showed minor
amounts of “oxidized Pt”, in agreement with the O 1s peak.
More surface OH and H,O can be assumed (broadening at
ca. 6 eV and a peak at >10 eV [37,38]). The He II UP spec-
trum of Pd-rich samples showed a cleaner metal state after
hydrogen treatment (more intense Fermi-edge and the dis-
appearance of the O 2p binding orbitals at ~2 and ~4 eV).
The carbon component never formed a more or less com-
pact surface layer, since it would bring about a maximum at
ca. 7.5 eV [34,39]. The results are in agreement with XPS:
UPS with lower information depth indicates with higher
sensitivity the presence of surface impurities (for example,
the O 2p peak at ~4 eV). The less carbon and also the low
amount of oxidized metals was not sufficient to suppress
the high intensity at the FE in PdPt samples. H, treatment at
473 K increased the Fermi-edge intensities.

Conclusions

Nanosized Pd, Pt and PdPt bimetallic particles have
been successfully prepared by the reduction of K,PdCl,
and/or K,PtCl, in the presence of cationic surfactant,
C14TABr. They were characterized by different techniques.
The bulk composition and the mean particle size of the
catalysts have been determined by EDS and HRTEM. The
size of most of the particles was 4-6 nm, except for Pt,
showing typical sizes around 14 nm. The monometallic Pd
and Pt samples exhibited a more or less hexagonal shape
projection. The bimetallic nanoparticles, in turn, seem to
have aggregated and exhibited a more irregular, rounded
shape. The bulk composition of the bimetallic samples
determined by EDS in the “as prepared” state was close to
their nominal value, while XPS indicated Pt enrichment
near to the surface. The Pt content decreased slightly after
treatment in H, at 473 K. XPS detected carbon impurities
in all samples, Pd and Pt retaining more than twice as much
carbon as the bimetallic (4:1 and 1:4) particles. The O 1s
line (observable with Pt only) showed ca 15% oxygen,
present mainly as surface PtO as well as adsorbed OH/H,0.
The comparison of the Pd 3d and Pt 4f lines of the un-
treated samples with those measured after H, treatment
pointed to the presence of small amounts of oxidized met-
als in the “as received” state. H, at 473 K removed most of
the oxygen impurity. The UPS spectra after H, were closer
to those characteristic of pure metals.
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