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Bimetallic platinum–tin and platinum–gallium catalysts supported on carbon nanofibers (CNF) were
prepared via reductive deposition precipitation and impregnation. Detailed EXAFS, TEM-EDX and XPS
studies showed that reductive deposition precipitation resulted in a close contact of tin with platinum.
These bimetallic catalysts displayed an improved selectivity for cinnamaldehyde hydrogenation towards
the desired cinnamyl alcohol as compared to the monometallic platinum catalyst and a bimetallic catalyst
prepared by impregnation in which such a close interaction was absent. The general applicability of
reductive deposition precipitation as synthesis technique was demonstrated using tin and gallium as
promoters.

© 2009 Elsevier Inc. All rights reserved.
1. Introduction

Platinum supported on carbon nanofibers (CNF) turned out as
one of the most active catalysts for the hydrogenation of cin-
namaldehyde [1,2]. To achieve this high activity, it was crucial to
remove the majority of the oxygen surface groups from the CNF
catalysts. These oxygen surface groups were initially indispensible
for obtaining a high platinum dispersion [1,3]. In general the activ-
ity for hydrogenation was high, while the selectivity towards the
desired cinnamyl alcohol was low [1,2,4]. Therefore the challenge
is to increase the selectivity of these Pt/CNF catalysts while main-
taining a high activity. Addition of a promoter metal(oxide) to CNF
supported platinum catalysts is a promising route, since successful
promotion of platinum based catalysts by tin, germanium, gallium
or iron has been reported [5–10].

In early studies, the promoter salts were added in the reactor
during the hydrogenation [7–9]. Though successful in enhancing
the selectivity, it is not a very practical method for application
in a continuous process. It is more convenient to make the pro-
moter part of the catalyst. Various ways to prepare bimetallic
catalysts for different applications have been reported [10]. The
majority of these bimetallic catalysts are prepared using impregna-
tion techniques. Unfortunately, this technique does not necessarily
result in a close contact of the two metals, which is assumed to
be of importance. Moreover, identification of the nature of the
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bimetallic phase remains challenging [10]. Controlled surface re-
actions of organometallic compounds have also been reported [10].
In that method one of the organic ligand moieties of the promoter–
complex reacts with adsorbed hydrogen on the metal surface to
bind the organometallic compound to the metal surface. Major
drawback of this route is the risk of deposition of the organometal-
lic complex on the support surface which results in multiple (in-
active) phases on the catalyst [10].

Another promising technique to prepare bimetallic catalysts is
the deposition of the second metal(oxide) via redox chemistry
catalyzed by the first metal [11]. This technique is here referred
to as reductive deposition precipitation (RDP). Barbier and co-
workers [12,13] were among the first to use this technique to
prepare bimetallic catalysts. In this case hydrogen was adsorbed on
a metal based catalyst and the promoter was deposited via reduc-
tion of promoter-salt by the adsorbed hydrogen. Platinum–tin and
platinum–iron catalysts have been prepared successfully in that
way [13–16]. In a review of Mallat et al. [17] deposition of lead,
bismuth or copper on palladium catalysts using RDP has also been
described. Preparation of bimetallic catalysts via RDP can also be
performed below the equilibrium potential of the redox reaction.
The latter situation results in underpotential deposition: adatoms
can be deposited on particular sites of the metal surface whereby
the equilibrium potential is shifted and enables creation of sub-
monolayers of adatoms [12,17].

Though the advantage of RDP for catalytic performance has
been demonstrated [13,14], detailed characterization of the interac-
tion of promoters with the active metal is lacking thus far. There-
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Table 1
Synthesis details of RDP-prepared catalysts.

Precursor Solvent Intended Pt/promoter
molar ratio

SnCl4 (Sigma–Aldrich) Aqueous HCl-solution, pH 1 5, 3, 1

Sn(HCOO)2 (prepared
from SnC2O4 (Fluka))

60 wt% formic acid at
pH 3.9 (via addition of
ammonium hydroxide)

5

Ga(NO3)3·xH2O (Acros) Demineralized water 5

fore, in this study we investigated the platinum–promoter inter-
action for RDP-prepared, CNF-supported bimetallic catalysts using
TEM-EDX, XPS and EXAFS. These results will be related to cat-
alytic results using the selective hydrogenation of cinnamaldehyde
as a showcase [5,18]. Bimetallic Pt/CNF catalysts were prepared
by deposition of tin(IV), tin(II) and gallium(III) compounds on the
monometallic Pt/CNF catalyst via RDP. Tin(II) and gallium(III) com-
binations with platinum were prepared and characterized to in-
vestigate the role of underpotential deposition on the selective
hydrogenation of cinnamaldehyde. To the best of our knowledge,
deposition of gallium in this way has not been reported before.
For comparison, a catalyst without a close platinum–promoter in-
teraction prepared via impregnation of tin(IV)chloride on Pt/CNF
has been included in the study.

2. Experimental

A Ni/SiO2 (20 wt% nickel) growth catalyst was prepared via ho-
mogeneous deposition precipitation (HDP) using 17.0 g silica (De-
gussa, Aerosil 200), 21.1 g nickel nitrate hexahydrate (Acros; 99%)
and 13.9 g urea (Acros; p.a.) in 1 L demineralized water according
to an earlier described procedure [19].

CNF were grown from CO/H2/N2 at 823 K using Ni/SiO2 (2 g)
as reported earlier [4]. The raw CNF material (30 g) was collected
and refluxed three times for 1 h per reflux in an aqueous KOH so-
lution (1 M; 0.6 L; Merck; p.a.) to remove the SiO2. After washing,
the material was refluxed two times for 1 h per reflux in concen-
trated nitric acid (0.6 L; Merck; 65%) to remove exposed nickel
and introduce oxygen surface groups on the CNF surface. After
subsequent washing for three times with demineralized water and
drying overnight at 393 K, the sample was denoted as CNF-ox.

Platinum was deposited via HDP on CNF-ox using Pt(NH3)4-
(NO3)2 and urea as base as described earlier [1]. The catalyst was
reduced at 473 K for 1 h (heating rate 5 K/min) in a H2/N2 flow
(100 mL/min; 10% v/v). The obtained material was denoted as
Pt/CNF. Part of this monometallic catalyst was treated at 973 K for
2 h, to remove the oxygen surface groups, in N2-flow (heating rate
5 K/min) and the resulting catalyst was denoted as Pt/CNF-973.

Tin and gallium were deposited on Pt/CNF via RDP (see Table 1
for precursors). Pt/CNF (4.00 g; 3.2 wt%) was stirred for 1 h under
hydrogen (1.2 bar) in the required solvent (100 mL; see Table 1
for details). Meanwhile, tin and gallium solutions were prepared
in their corresponding solvents (see Table 1). Note that Sn(HCOO)2
solutions were prepared by dissolving SnC2O4 in 60 wt% formic
acid, which was prepared from concentrated formic acid (Merck).
This formic acid solution (60 wt%) was previously adjusted to a
pH value of 3.9 using ammonium hydroxide (Merck, conc.), as was
described by Meima et al. [20]. Next, 5 mL of the promoter so-
lutions were added via a septum to the Pt/CNF slurry and the
mixture was stirred for another 30 min under hydrogen atmo-
sphere. The slurry was filtered and the catalysts were successively
dried overnight at 393 K, reduced and heat-treated as described
for Pt/CNF-973. The intended Pt/Sn molar ratios on the catalysts
were 5, 3, and 1 when SnCl4 was used and thus prepared catalysts
were denoted respectively as: Pt–SnCl4/RDP-5, Pt–SnCl4/RDP-3 and
Fig. 1. The hydrogenation pathway of cinnamaldehyde; the desired product is encir-
cled.

Pt–SnCl4/RDP-1. When Sn(HCOO)2 and Ga(NO3)3 were used, the
intended Pt/promoter molar ratio was 5. These catalysts were de-
noted as Pt–SnForm/RDP-5 and Pt–Ga/RDP.

For reasons of comparison, tin was also added via incipient
wetness impregnation (IWI). Pt/CNF-973 (2.2 g; 3.0 wt%) was evac-
uated for 30 min. Subsequently, SnCl4·5H2O (Sigma–Aldrich) was
dissolved in demineralized water and 0.85 g of the tin-solution
was impregnated on the catalyst, resulting in a platinum/tin molar
ratio of 5. The impregnated catalyst was kept under static vacuum
for 40 h, dried overnight at 393 K at ambient conditions and re-
duced as described for Pt/CNF. The resulting catalyst was denoted
as Pt–SnCl4/IWI-5.

The catalysts were tested for the cinnamaldehyde hydrogena-
tion at low (1.2 bar) and at high (30 bar) hydrogenation pressure.
The hydrogenation of cinnamaldehyde (CALD) can result in cin-
namyl alcohol (CALC), hydrocinnamaldehyde (HALD) and the fully
hydrogenated product hydrocinnamyl alcohol (HALC) (Fig. 1). The
formation of CALC is desired [5,18]. Low pressure tests were per-
formed at 313 K and 1.2 bar H2 as described earlier [4]. The solvent
used was 2-propanol/water and 1 g of catalyst (sieve fraction 25–
90 μm) per run was used.

High pressure tests were performed at 313 K and 30 bar H2 in
a batch wise mode. The stainless steel autoclave reactor (Autoclave
Engineers, USA) was equipped with gas inlet, stirrer and tem-
perature and pressure control. The catalyst (0.2 g; sieve fraction
25–90 μm) was suspended in a mixture of isopropanol (189.2 mL;
Merck, p.a.), demineralized water (30.8 mL) and t-cinnamaldehyde
(0.33 g; Sigma-Aldrich; p.a.). The slurry was heated to 313 K and
saturated with hydrogen without stirring. Next, the reaction was
started by starting to stir (1500 rpm) and samples were taken at
different time intervals for 90 min. Samples were analyzed using
GC Agilent 6890N equipped with autoinjector, FID detector and Ag-
ilent DB-1 column. Initial cinnamaldehyde hydrogenation activities
were calculated for all tests. The conversion of CALD and selectivity
to CALC were calculated as described before [4].

Platinum weight-loadings were determined either using cali-
brated X-ray fluorescence or ICP-OES. X-ray fluorescence analysis
was performed on a calibrated Spectro X-lab 2000 apparatus us-
ing 2–4 g of the dry catalyst powder. ICP-OES, which was also
used to analyze the gallium loading, was performed on a SPEC-
TRO CIROSCCD ICP-Spectrometer. Each sample was destructed by
heating in aqua regia (1:3 mixture of HNO3:HCl) before analysis.
For Pt–SnCl4/RDP-1, the tin loading was determined by analyzing
the amount of tin left in the filtrate solution using ICP-OES on the
same apparatus as described above.
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TEM was performed on a Tecnai 20 FEG operating at 200 kV
(point resolution of 2.7 Å). The instrument was equipped with an
EDAX EDS system, a STEM option and a Gatan Imaging Filter 2000.
Samples were suspended in ethanol using an ultrasonic treatment
and brought onto a holey carbon film on a copper grid.

Hydrogen chemisorption measurements were performed using
a Micromeritics ASAP 2020. Samples were dried at 373 K in vac-
uum followed by cooling to room temperature. Next, the samples
were re-reduced in flowing hydrogen at 473 K for 60 min (heating
rate 5 K/min). Afterwards, the samples were degassed for at least
30 min at a pressure of <13.3 Pa at 473 K to remove chemisorbed
hydrogen and water. The isotherms were measured at 313 K and
the mass was determined afterwards. The presented H/Pt ratios
are based on the amounts of hydrogen adsorbed at zero pres-
sure, which are calculated by extrapolation of the linear part of
the isotherm and the amount of platinum in the sample. Nitro-
gen physisorption measurements were performed as described ear-
lier [4].

The XPS data were obtained with a Vacuum Generators XPS
system, using a CLAM-2 hemispherical analyzer for electron detec-
tion. Non-monochromatic Al (Kα) X-ray radiation was used for ex-
citing the photoelectron spectra using an anode current of 20 mA
at 10 keV. The pass energy of the analyzer was set at 50 eV.

Sn K and Pt L3 XAFS spectra for several catalysts were either
measured at HasyLab (beamline C) in Hamburg equipped with
a Si(311) double-crystalmonochromator (detuned to 70% of max-
imum intensity to avoid higher harmonics present in the X-ray
beam) or at the ESRF (beamline BM26A DUBBLE) in Grenoble
equipped with a Si(111) double-crystalmonochromator (higher har-
monics were reduced by the presence of a secondary Si mirror
after the crystalmonochromator). Pt L3 spectra were measured in
transmission mode and Sn K spectra were measured in the flu-
orescence mode. For the latter measurements, self-absorption of
the fluorescence signal was negligible due to the low tin-loading
on the samples. The powdered catalysts were pressed into self-
supporting wafers and mounted in a stainless-steel in situ cell
equipped with Kapton windows, resulting in a total absorption
of 0.5–0.7 for the Pt L3 transmission measurements. The sam-
ples were re-reduced in situ at 473 K for 60 min (5 K/min)
in flowing hydrogen, cooled down in hydrogen atmosphere and
XAFS data were collected (T = 77 K). Three scans were aver-
aged and the EXAFS data from the measured absorption spectra
were extracted with the XDAP code (version 2.2.7, 2006) [21].
Preedge subtraction, background subtraction and normalization
of the data were performed as described by Toebes et al. [1].
The phase shift and backscattering amplitude functions for the
Pt–Sn absorber–backscatterer pair at the Pt L3 edge, was ex-
tracted from experimental XAFS data using a Pt–Sn complex,
i.e. (Pt(SnCl3)5)·(Ph3PCH3)3 (N = 5, R = 2.57 Å, k-range = 2.3–
14.3 Å−1, k1-weighting, filtered FT range = 1.7–2.9 Å [22]). This
complex was prepared as described by Nelson et al. (accord-
ing to method A) [23]. The reference data for Pt–Sn was mea-
sured at the same temperature as the samples (T = 77 K) and
the first shell scattering atoms (Pt–Sn) were well separated from
the higher shells. Therefore, back transformation of the first shell
in the Fourier-transformed data was used to obtain the backscat-
tering amplitude and phase shift function of the Pt–Sn absorber–
backscatterer pair. Phase shift and backscattering amplitude func-
tions for Pt–Pt and Pt–O were obtained from FEFF7 as described
by Van Dorssen et al. [24]. For Sn–Pt, Sn–Cl, Sn–O and Sn–Sn
absorber–backscatterer pairs (see also [22]) these functions were
obtained from FEFF8. In Table 2 the used parameters for the FEFF8
calculations are summarized. Backscattering amplitude and phase
shift functions were optimized with respect to S2

0 and V r. These
functions were accepted when they could successfully describe the
first shells of experimentally measured tin(II)oxide for Sn–O and
Table 2
Used input parameter for FEFF8 calculations.a

Absorber–
backscatterer

N R
(Å)

S2
0 σ 2

(Å−1)
V r

(eV)
V i
(eV)

Reference
compound

Sn–Pt 1 2.57 1 0 0 1 Pt–Sn complex
Sn–Cl 1 2.28 1 0 0 1 Pt–Sn complex
Sn–O 1 2.22 1 0 12 1 Tin(II)oxide
Sn–Sn 1 3.54 0.9 0 5 1 Tin(II)oxide

a Hedin–Lundqvist potentials were used for calculations.

Table 3
Physical and chemical properties of the catalysts.

Sample Intended
promoter
loading
(wt%)

Actual
promoter
loading
(wt%)

H/Pt ratio
based on
H2-chemi-
sorption

Average
particle size
based on
TEM (nm)

XPS Sn
3d5/2 peak
maximum
(eV)

Pt/CNF-973 0.45 2.0 –
Pt–SnCl4/RDP-5 0.4 n.a. 0.32 2.3 486.0
Pt–SnCl4/RDP-3 0.6 n.a. 0.17 2.8 486.0
Pt–SnCl4/RDP-1 1.8 0.7 0.22 3.2 486.0
Pt–SnForm/RDP-5 0.4 n.a. 0.32 n.a. 486.0
Pt–SnCl4/IWI-5 0.4 0.4 0.41 2.0 486.8
Pt–Ga/RDP 0.2 0.1 0.33 2.1 –

n.a. = not analyzed.

Sn–Sn (i.e. Sn2+–Sn2+) absorber–backscatterer pairs, and for exper-
imentally measured (Pt(SnCl3)5)·(Ph3PCH3)3 for Sn–Pt and Sn–Cl
absorber–backscatterer pairs with respect to the expected values
for distance and coordination number [22,25]. Data analysis of the
catalysts was performed by multiple shell fitting using the differ-
ence file technique in R-space (1.0 < R < 3.5 Å) with the XDAP
code using both k1 and k3 weighting [26]. Variances of the fits
were calculated as described earlier [1].

3. Results and discussion

All samples had a BET surface area of about 180 m2/g and a
mesopore volume of about 0.26 mL/g. No micropores were found.
The platinum loading was similar for all samples (3.0 to 3.3 wt%).
In Table 3 the intended and for some catalysts also the actual pro-
moter loadings are summarized. The gallium loading in Pt–Ga/RDP
was 0.1 wt%. The actual tin weight loading for Pt–SnCl4/RDP-1
(0.7 wt%) was lower than the intended loading (1.8 wt%) thus
it must be concluded that high loadings were not achieved by
RDP. This can be expected since the theoretical maximum weight-
loading is about 0.8 wt% when assuming a Sn/Ptsurface of 1 and a
H/Pt ratio of 0.45 (Table 3). Nevertheless we intended for a higher
loading to obtain the highest possible actual tin loading.

The number of accessible available platinum sites was deter-
mined using hydrogen chemisorption. The hydrogen chemisorption
results are also summarized in Table 3 and expressed as H/Pt ratio.
The highest H/Pt ratio was observed for monometallic Pt/CNF-973.
In general an increasing intended tin-loading resulted in a lower
H/Pt ratio for the RDP prepared samples. This suggests that upon
deposition of higher concentrations of promoter, a lower amount
of hydrogenation sites is available on the catalysts, which can be
ascribed to an increased coverage of platinum by tin. This indicates
that tin is well dispersed over the platinum surface which suggests
a good contact between platinum and tin for RDP prepared sam-
ples. For the sample prepared by IWI the decrease in hydrogen
chemisorption capacity was less significant. Thus indicating that
tin was not, to a significant extent, present on the platinum sur-
face, i.e. not in close contact.

TEM-EDX was used to determine platinum particle sizes (Ta-
ble 3), size distributions and chemical composition of the sam-
ples. In Fig. 2 representative TEM images are displayed for Pt–Sn-
Cl4/IWI-5, Pt–SnCl4/RDP-5, Pt–SnCl4/RDP-3 and Pt–SnCl4/RDP-1. In
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Fig. 2. TEM images of (A) Pt–SnCl4/IWI-5 (1–3 nm), (B) Pt–SnCl4/RDP-5 (1–4 nm), (C) Pt–SnCl4/RDP-3 (1–6 nm), (D) Pt–SnCl4/RDP-1 (1–7 nm).
Fig. 3. TEM histograms of the analyzed samples showing the particle size distribu-
tion for several catalysts.

Fig. 3 the platinum particle size distributions for the latter sam-
ples and for Pt–Ga/RDP and Pt/CNF-973 are shown. For Pt/CNF-973,
Pt–Ga/RDP and Pt–SnCl4/IWI-5 a platinum particle size range of
1–3 nm is observed. After deposition of tin via RDP, the plat-
inum particle size range increased i.e., 1–4 nm for Pt–SnCl4/RDP-5,
1–6 nm for Pt–SnCl4/RDP-3 and 1–7 nm for Pt–SnCl4/RDP-1. In-
creasing metal particle sizes upon addition of larger amounts
of tin has been observed as well by Neri et al. [27]. Appar-
ently, combining monometallic platinum catalysts with tin via RDP
resulted in larger platinum particles, i.e. sintering, after reduc-
tion.

Dark field TEM images and elemental maps obtained via EDX
analysis are shown in Fig. 4 for Pt–SnCl4/RDP-3 and for Pt–Ga/RDP.
Analysis of the elemental maps was limited to areas of 25 nm. For
both samples it was observed that the presence of platinum and
tin or platinum and gallium, which are depicted as the brighter
areas in Fig. 4, coincide at this scale. Based on this characterization
technique, it is therefore tentatively concluded that platinum and
promoters are in close vicinity.

To get a more detailed picture of the interaction between plat-
inum and tin, XAFS studies both on the Pt L3 and Sn K edge for Pt–
SnCl4/RDP-5, Pt–SnCl4/RDP-1 and Pt–SnCl4/IWI-5 were performed.
The absorption edge energy position measured for the Pt L3 spec-
tra was at 11564 eV, corresponding to platinum in the metallic
state. Results of the data fitting are reported in Table 4A. For
the raw, Fourier-transformed and fitted data we refer to supple-
mentary information. The number of free parameters (NI) which
are allowed to use for the fitting procedure, is calculated using
NI = (2�k�R/π)+2 (�k: Fourier transform range of the raw data,
�R: fit range) [28]. For the Pt L3-fits it is calculated that NI = 14.9.
Since the Pt–Pt distance is known (i.e. 2.76–2.77 Å [24,29]), this
parameter was fixed for all fits thereby allowing 4 shells for fitting.
The low variances of the fit indicate that the data could be fitted
well with the given parameters. For all samples Pt–Pt, Pt–Sn and
two Pt–O (long: PtOl and short: Pt–Os) contributions were found.
The latter is in agreement with observations of Zhang et al. [29]
for reduced platinum on CNF catalysts. Platinum EXAFS is mainly
dominated by the Pt–Pt contributions and its coordination number
increased from 5.7 to 6.7 when going from Pt–SnCl4/IWI-5, Pt–
SnCl4/RDP-5 to Pt–SnCl4/RDP-1. This indicates that the platinum
particles sizes increased with increasing tin content which is in
agreement with the above discussed TEM results.

When assuming spherical particles, the resulting Pt–Pt coordi-
nation numbers (5.7 to 6.7) correspond to particle sizes of 1.1–
1.4 nm in diameter [30]. Table 3 indicated that the particle sizes
determined by TEM are around 2 nm. This discrepancy in parti-
cle size has been observed earlier for small particles and has been
ascribed to the fact that TEM may not detect the metal particles
smaller than about 1 nm thereby resulting in overestimation of
the average particle size [29]. EXAFS on the other hand averages
over all platinum coordination numbers thus including also the
very small particles which results in a lower average particle size.
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Fig. 4. TEM dark field images of Pt–SnCl4/RDP-3 and Pt–Ga/RDP. Elemental EDX maps were taken from area 1. Area 2 was used to correct for any drift of the samples. Map
(A) reflects the measured Sn L intensity and map (B) the measured Pt M intensity of Pt–SnCl4/RDP-3. Map (C) reflects the measured Ga L intensity and map (D) the measured
Pt M intensity of Pt–Ga/RDP. Going from dark to light correspond to increasing metal intensities.

Table 4
EXAFS fit results for the analyzed catalysts at the Pt L3-edge or Sn K-edge using four or three different absorber–backscatterer pairs (scatter). The resulting coordination
numbers (N), scatter distances (R), Debye–Waller factor (�σ 2) and energy shifts are summarized. The k-range, R-space and variances of the magnitude and imaginary part
of the Fourier-transforms are also summarized.

Catalyst Scatter N R

(Å)
�σ 2 (Å2)
×10−3

�E0

(eV)
�k

(Å−1)
�R

(Å)
k1 variance (%)

Abs Im

(A) Fit results at Pt L3-edge

Pt–SnCl4/IWI-5 Pt–Pt 5.7 2.76 2.7 0.9 3.0–14.3 1.5–3.3 0.34 0.95
Pt–Os 1.0 1.99 9.7 2.9
Pt–Ol 0.7 2.61 2.3 3.5
Pt–Sn 0.5 2.74 4.2 3.0

Pt–SnCl4/RDP-5 Pt–Pt 6.4 2.76 1.7 2.5 3.0–14.3 1.5–3.3 0.18 0.36
Pt–Os 0.4 2.00 9.0 4.2
Pt–Ol 0.8 2.62 3.8 0.9
Pt–Sn 0.8 2.75 6.2 0.1

Pt–SnCl4/RDP-1 Pt–Pt 6.7 2.76 3.0 4.0 3.0–14.3 1.5–3.3 0.15 0.81
Pt–Os 0.6 2.00 9.9 1.2
Pt–Ol 0.4 2.63 4.1 2.4
Pt–Sn 1.2 2.73 6.4 4.5

(B) Fit results at Sn K-edge

Pt–SnCl4/IWI-5 Sn–Sn 0.5 3.18 2.1 2.2 3.5–12.4 1.0–3.3 0.28 0.77
Sn–Pt 1.6 2.71 7.8 −6.9
Sn–O 5.1 2.04 9.4 5.4

Pt–SnCl4/RDP-5 Sn–Sn – – – – 2.9–12.0 1.2–3.5 0.35 0.60
Sn–Pt 4.8 2.74 9.9 −6.1
Sn–O 1.1 2.08 9.9 5.9

Pt–SnCl4/RDP-1 Sn–Sn 0.6 3.34 7.2 −6.9 2.85–12.0 1.2–3.5 0.45 0.82
Sn–Pt 5.2 2.75 8.0 −5.7
Sn–O 0.8 2.06 9.9 6.9
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Fig. 5. The experimental Sn K EXAFS data (k1 weighted) of Pt–SnCl4/IWI-5 (�k =
3.5–12.4 Å−1) and Pt–SnCl4/RDP-5 (�k = 2.9–12.0 Å−1).

The coordination numbers for the Pt–O contributions at long
and at short distance do not show a trend as function of the syn-
thesis method. Moreover, the coordination numbers are small, i.e.
0.4–1.0, and therefore, definite conclusions with respect to these
contributions were not drawn.

The Pt–Sn contribution was the lowest (0.5) for Pt–SnCl4/IWI-
5 and increased to 0.8 and 1.2 for Pt–SnCl4/RDP-5 and Pt–SnCl4/
RDP-1. These coordination numbers are also rather small, though
it indicates that RDP resulted in more tin atoms being in close
contact with platinum as compared to IWI, which is in agreement
with the hydrogen chemisorption results described above. More-
over, a higher tin-loading for RDP prepared samples also resulted
in a higher concentration of tin in close contact with platinum.
This is also in agreement with the hydrogen chemisorption results.

Platinum–tin interactions were also investigated using Sn K-
edge XAFS. The absorption edge energy position for the RDP pre-
pared samples (29201.2 eV) was close to the absorption edge en-
ergy of tin(II)oxide reference material (29201.7 eV) indicating the
presence of tin(II). Thus tin became reduced during RDP synthe-
sis and the subsequent reductive treatment, since originally tin(IV)
was used at the start of the synthesis. For the IWI synthesized
sample, a stronger white line, as compared to the RPD samples, is
observed and its edge position shifted by about 2 eV to higher en-
ergy which is close to the edge position of tin(IV)oxide reference
material (i.e., 29203.5 eV). Hence, tin does not become reduced
when deposited via IWI. The reduction of tin for RDP-prepared
samples is speculated to result from the interaction of tin obtained
with the hydrogen saturated platinum surface.

In Fig. 5 the background subtracted and normalized Sn K-edge
EXAFS data of Pt–SnCl4/IWI-5 and Pt–SnCl4/RDP-5 are depicted
as representative examples and indicate a good signal/noise ratio
up to k = 12. The resulting EXAFS data were fitted and fit re-
sults are compiled in Table 4B. The number of free parameters for
the Sn K-edge fits ranges from 15.0–15.4, which allows the use
of 3 shells for fitting. Figs. 6 and 7 show the Fourier-transformed
plots of the experimental and fitted data for Pt–SnCl4/IWI-5 and
Pt–SnCl4/RDP-5.

The fit results for Pt–SnCl4/IWI-5 show that a substantial Sn–O
contribution is observed with a coordination number of 5.1, while
the Sn–Pt and Sn–Sn contributions are 1.6 and 0.5, respectively.
The Sn–O (2.04 Å) and Sn–Sn (3.18 Å) distances found here cor-
respond to that of tin(IV)oxide [31]. Moreover, a strong white line
is observed, indicating tin is in a high oxidation state and in ad-
dition, the edge position is close to tin(IV)oxide. This shows that
small tin(IV)oxide clusters were present which were not in close
contact with platinum.

This is in contrast to the RDP prepared catalysts which resulted
in significant Sn–Pt contributions with coordination numbers of
Fig. 6. The Sn K Fourier-transform of the data and the fit for Pt–SnCl4/IWI-5
(k1 weighted; �k = 3.5–12.4 Å−1; �R = 1.0–3.3 Å).

Fig. 7. The Sn K Fourier-transform of the data and the fit for Pt–SnCl4/RDP-5
(k1 weighted; �k = 2.9–12.0 Å−1; �R = 1.2–3.5 Å).

Fig. 8. The measured XPS Sn 3d3/2 (left peak) and Sn 3d5/2 (right peak) of the bi-
metallic samples. The vertical dotted lines indicate the peak maxima for the refer-
ence material, which was prepared via impregnation and treatment at 473 K in H2/
N2 of SnCl4 on CNF.

4.8 and 5.2 for Pt–SnCl4/RDP-5 and Pt–SnCl4/RDP-1, respectively.
These results show that RDP leads to a close contact of tin on
platinum, thereby forming a bimetallic system, while for the IWI
sample this interaction is low. The coordination numbers for Sn–O
for Pt–SnCl4/RDP-5 and Pt–SnCl4/RDP-1 are low (1.1 and 0.8, re-
spectively) and therefore, firm conclusions with respect to this
contribution cannot be drawn. The Sn–Sn contribution is low (co-
ordination number of 0.6) for Pt–SnCl4/RDP-1 and could not be
determined at all for Pt–SnCl4/RDP-5, which is again an indication
that large tin oxide clusters were not formed by RDP. The distance



152 A.J. Plomp et al. / Journal of Catalysis 263 (2009) 146–154
Fig. 9. Schematic representation of the location of the tin cations in (A) platinum–tin catalyst prepared via IWI and (B) platinum–tin catalyst prepared via RDP.

Fig. 10. Cinnamaldehyde hydrogenation results of several of the tested catalysts. Test reactions were performed at 313 K under 1.2 bar H2 in 2-propanol/water mixture.
for the Sn–O contribution (i.e., 2.06–2.08 Å) is lower than expected
for tin(II)oxide (i.e., 2.2 Å [25]), which indicates that this oxygen
has a different nature as compared to that in tin(II)oxide.

All platinum–tin catalysts were analyzed using XPS for plat-
inum, tin, carbon, and oxygen. Chlorine, if present, was below the
detection limit for all analyzed samples. The measured Sn 3d peak
position is depicted in Fig. 8 and the Sn 3d5/2 peak maximum posi-
tions are summarized in Table 3. For reasons of comparison, a ref-
erence material was prepared by impregnation and treatment of
SnCl4 on CNF at 473 K in H2/N2 flow, referred to as SnCl4/CNF. Syn-
thesis of platinum–tin on CNF via IWI did not result in a shift of
the peak maxima when compared to the reference sample, while
synthesis via RDP resulted in a shift of the peak maxima to lower
binding energies close to tin(II) reference species [32]. Such a peak
shift has not been observed for any of the other measured ele-
ments, i.e. platinum, carbon and oxygen. Both XAFS analysis as
well as XPS analysis techniques indicated the presence of tin(II) for
RDP-synthesized catalysts and tin(IV) for the IWI-synthesized cat-
alyst. Please, note that XAFS measurements were measured in situ
directly after reduction, while the XPS samples were shortly ex-
posed to air before the measurements. Since the results agree with
each other, it is concluded that tin is not reoxidized due to air
exposure. The observed tin reduction is only possible when close
interaction of tin with the hydrogen saturated platinum surface is
present.

Thus to summarize, using TEM-EDX, EXAFS and XPS it is
demonstrated that RDP resulted in a close contact of the two met-
als and partial reduction of tin on the platinum sites, which is not
observed for the IWI prepared catalyst. A schematic representation
of these catalysts is depicted in Fig. 9.
The catalysts were tested for CALD hydrogenation at low pres-
sure and for some catalysts also at high pressure. Representa-
tive examples of the low-pressure test reactions are displayed in
Fig. 10. In Table 5 the initial hydrogenation activities, the reaction
time required to obtain 50% CALD conversion and the selectivity
towards CALC are shown. From Fig. 10 and Table 5 it can be seen
that at low pressure, catalysts prepared via RDP are more selective
and active compared to the monometallic catalyst. The platinum–
gallium catalyst resulted in the highest selectivity at this pressure.
In contrast to the RDP prepared catalysts, the IWI prepared cata-
lyst resulted in a decreased activity and selectivity as compared to
the monometallic Pt/CNF. It has been observed that for all test re-
actions (also when performed at high pressure) <3.8% by-products
were formed. These by-products were mainly propylbenzene and
β-methylstyrene, while ethylbenzene has not been observed for
any test reaction. Only for Pt–SnCl4/IWI-5 the formation of acetals,
0.5%, was observed during testing. For this catalyst tin(IV) species
are present as promoter and we believe that this is mainly in the
form of tin(IV)oxide, since chlorine has not been detected using
XPS. It has been described earlier that the presence of tin(IV)oxide
may result in the formation of acid sites on the catalyst surface,
which is associated with acetal formation [33,34]. The formation
of this type of by-products often result in a decreasing catalytic
activity and selectivity [33,34].

Industrial application of CALD hydrogenations are in general
performed at high hydrogenation pressures [35]. Therefore some
catalysts were tested at high hydrogenation pressures (30 bar) to
investigate catalytic behavior under these conditions. In Table 5
an overview of the obtained test results is given for the follow-
ing catalysts: Pt–SnCl4/RDP-5, Pt–SnForm/RDP-5, Pt–SnCl4/IWI-5,
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Table 5
Results of the catalytic tests.

Sample Low pressure tests High pressure tests

Initial activity
(mmol s−1 g−1

Pt )a
Reaction
time (min)b

Selectivity
(%)c

Initial activity
(mmol s−1 g−1

Pt )a
Reaction
time (min)d

Selectivity
(%)e

Pt–SnCl4/RDP-5 0.37 10 72 0.59 4.5 42
Pt–SnCl4/RDP-3 0.32 12 79 n.t. n.t. n.t.
Pt–SnCl4/RDP-1 0.27 15 81 n.t. n.t. n.t.
Pt–SnForm/RDP-5 0.29 13 74 0.49 5.0 31
Pt–SnCl4/IWI-5 0.18 85 43 0.55 5.5 17
Pt–Ga/RDP 0.25 20 88 0.40 8.0 39
Pt/CNF-973 0.21 30 59 0.75 3.5 19

n.t. = not tested.
a Initial activity based on the first two reaction data points.
b Reaction time (min) required to reach 50% CALD conversion at low pressure.
c Selectivity to CALC (%) at 50% CALD conversion at low pressure.
d Reaction time (min) required to reach 50% CALD conversion at high pressure.
e Selectivity to CALC (%) at 50% CALD conversion at high pressure.
Pt–Ga/RDP and Pt/CNF-973. Please note that some screening ex-
periments, in which either the catalyst particle sizes or stirring
speeds were varied, indicated that the selectivity was not affected
by the presence or absence of mass transfer limitation. As for the
low pressure experiments also at high hydrogenation pressure, RDP
synthesized bimetallic catalysts resulted in enhanced selectivities
irrespective the used precursor, while the IWI prepared catalyst re-
sulted in a slightly lower selectivity compared to the monometallic
catalyst. This means that the observed trend with respect to selec-
tivity both at low and at high hydrogenation pressure is the same.
It must be noted here that Pt–SnCl4/RDP-5 resulted in a higher se-
lectivity compared to Pt–Ga/RDP, which is not expected based on
the low hydrogenation pressure results. An explanation for the lat-
ter behavior is lacking.

To investigate the stability of the catalyst we filtered the reac-
tion mixture after a catalytic run. The solvent in the filtrate was
evaporated and the resulting solid was treated in aqua regia and
analyzed for leached platinum using ICP-OES. Since no platinum
was detected it was concluded that leaching did not occur.

The absolute selectivities decreased when comparing high pres-
sure test reactions with low pressure test results. In literature, it
has been reported that higher CALD concentrations resulted in a
higher selectivity [36,37]. It has also been reported that higher hy-
drogenation pressures can result in a lower selectivity compared
to lower hydrogen pressures [34,37]. Since in this study the hydro-
genation pressure was increased and the CALD concentration was
decreased at the same time when going from the low to the high
pressure experiments, a combination of these two factors might
have resulted in the observed decrease in absolute selectivities at
high pressure.

At higher pressure the activity of Pt/CNF was higher compared
to that of the bimetallic catalysts, while the opposite trend is ob-
served for the low pressure tests. It has been reported before that
the addition of a second metal can result an increasing as well as
a decreasing activity [5,34,38]. Increased activities have been as-
cribed to the presence of ionic promoters directing the C=O bond
towards the platinum, thereby enhancing both selectivity and ac-
tivity. Decreased activities have been ascribed to the presence of
high promoter concentrations resulting in a dramatically decreas-
ing hydrogenation capacity [5]. Our results suggest that the opti-
mum activity does not depend on a particular amount of promoter
only, but may shift due to application of different test conditions
as well. Since multiple variables are present when comparing high
pressure tests to low pressure tests, e.g. different reactant con-
centrations and different hydrogenation pressures, this behavior
cannot be ascribed to one particular reaction parameter yet.

For RDP synthesis we reported that platinum does sinter after
reduction and heat-treatment (Table 3). In our previous study, it is
concluded that for heat-treated platinum on CNF larger metal par-
ticles result in a decreasing selectivity [4]. Therefore, the selectivity
increase observed here can only be attributed to the presence of
promoters and not to the presence of larger platinum particles.

The RDP synthesis results in close contact of tin with platinum,
thereby forming a close interaction of the two metals. This results
in a higher selectivity to cinnamyl alcohol for the cinnamalde-
hyde hydrogenation, irrespective the applied hydrogenation pres-
sure. The increase in selectivity observed with RDP synthesized
catalysts is not observed for the bimetallic catalyst prepared via
IWI synthesis where close platinum–tin interaction is absent.

4. Conclusions

In this study, tin and gallium promoted Pt/CNF catalysts were
prepared by reductive deposition precipitation (RDP, i.e. deposition
under hydrogen atmosphere) and incipient wetness impregnation
(IWI). TEM-EDX, XPS and EXAFS showed that RDP synthesis re-
sulted in a close contact between promoter and platinum. Catalysts
which displayed a close and significant contact between platinum
and promoter were more selective in the hydrogenation of cin-
namaldehyde to cinnamyl alcohol as compared to the samples in
which such an interaction is not present. For activity such a clear
conclusion could not be drawn since activity is mainly influenced
by the reaction conditions, such as pressure and reactant concen-
tration.
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