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Abstract

Micro structured reactors are attractive candidates for further process intensification in heterogeneous
catalysis. However, they require catalytic coatings with significantly improved space-time yields
compared to traditional supported catalysts. We report the facile synthesis of homogeneous
nanocrystalline Pt coatings with hierarchical pore structure by electrochemical dealloying of amorphous
sputter-deposited Platinum Silicide layers. Thickness, porosity and surface composition of the catalysts
can be controlled by the dealloying procedure. XPS analysis indicates that the catalyst surface is primarily
composed of metallic Pt. Catalytic tests in gas-phase hydrogenation of butadiene reveal the typical
activity, selectivity and activation energy of nanocrystalline platinum. However, space time yields are
about 13 to 200 times higher than values reported for Pt-based catalysts in literature. The highly open
metallic pore structure prevents heat and mass transport limitations allowing for very fast reactions and
reasonable stability at elevated temperatures.
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1. Introduction

The intensification of catalytic processes requires converters that provide optimal activity while
minimizing the amount of utilized catalyst material and reactor volume. Superior space-time
yields can be achieved in so-called micro-structured reactors. Such devices are typically
characterized by flow channels with at least one dimension between 10 and 500 pm, laminar
flow conditions and surface areas as high as 10000 to 50000 m*m? [1, 2]. The small channel
dimensions facilitate extremely fast mass and heat transfer (up to 10 kW m™ K™ for liquids [3],
which significantly reduces transport limitations and hot spot formation. Hence, very fast
reactions with large associated heat release can be performed under isothermal conditions.
Moreover, the small channel dimensions efficiently quench gas phase radical chemistry, which
allows reactor operation in the explosive regime of feed gas mixtures [4] (e.g. C;H4/O; in
Ethylene epoxidation on Ag [5], and H,/O, on Pt/Al,O3 [6]). The excellent transfer capabilities,
low catalyst inventory and increased safety allow operation under unconventional harsh reaction
conditions, i.e. high temperature, pressure and reactant concentration. Therefore, new process
windows for industrially relevant reactions can be utilized [7], e.g. the direct synthesis of
hydrogen peroxide from H, and O, at a pressure of 2 MPa on supported Pd catalysts [8].
However, the full potential of micro structured reactors can be utilized only with catalytic
coatings that are about 1000x more active than classical catalysts [9, 10].

The most common method of immobilizing catalysts in micro-structured reactors is the filling or
wash-coating of reactor walls with a slurry prepared from conventional powder catalysts.
Typically employed powders are micron sized (Pt/Al,O;, RW/ALO; [11], Al,Os [12] or ball-
milled (ALO; [13], 1.5wt% Pd/Na-Al-Si-Ox [14] commercial catalysts or catalyst supports.
Smaller particle sizes of the deposited powders were obtained with self-made small sols of
oxides (Al,O3 [15, 16], SiO; [15], TiO; [15], CeO; [17]). Supported catalysts were realized by
adding an active metal to the sol either prior to deposition [16] or after deposition [15, 17] and
subsequent calcination/reduction.

When the sols are deposited in the presence of pore templates such as polymer micelles wall-
coated catalyst layers with ordered porosity and high internal surface area can be obtained. The
active metal has been introduced either after the synthesis of the support oxide using classical
impregnation (PtRu /SiO; [18]) or via codeposition of the sol and pore template together with
colloidal metal nanoparticles (e.g. PANP/TiO; [19]).

Unfortunately, all of the catalytic coatings reported so far resemble in their structure and
composition classical supported catalysts that had been designed for conventional packed-bed
reactors. Hence, these catalytic coatings inherit the typical activity of the respective catalyst
powders. As a consequence, they do not meet the requirement put forward by Hessel et al. [10]
for the efficient utilization of microstructured reactors, i.e. a performance increase by an order of
magnitude.
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Nanoporous platinum-group metals could combine the high surface area of a porous material and
excellent mechanical properties [20, 21] with enhanced catalytic properties. Due to the fact that
their pore system consists entirely of the catalytic material, a large number of active surface sites
can be packed in a small volume. If all of the surface sites were accessible and active, catalysts
that achieve space time yields about one order of magnitude higher than conventional supported
catalysts should be feasible. Moreover, the high intrinsic heat conductivity of metals should also
facilitate very rapid heat transfer preventing runaway and hot spots even for fast reactions with
high exothermicity.

Nanoporous metal powders with controlled porosity have been generated by a number of
chemical and electrochemical synthesis methods. Chemical methods include reduction of a metal
precursor in presence of a porous hard template (e.g. mesoporous Pt templated by KIT-6 [22]),
reduction in presence of a surfactants lyotropic phase [23] and self-assembly of ligand-stabilized
colloidal metal nanoparticles, e.g. in the presence of block copolymers [24]. However, these
syntheses typically produce mechanically fragile agglomerates and powders, not extended
homogeneous and mechanically stable films coated to a substrate material from which a catalytic
micro reactor could be manufactured.

Electro-chemical synthesis methods typically involve already the presence of a substrate (the
electrode) on which a porous metal film forms. Respective preparation methods include
electrodeposition, galvanic replacement, reduction of a metal salt in the presence of structure-
directing surfactant [25-28] as well as electro-chemical dealloying of metal alloys (see e.g.
reviews [29], [30] and [31] for further details). In particular electrochemical dealloying of a pre-
deposited dense binary metal alloy can produce homogeneous 3D structured noble metal
coatings with open porosity [32-38]. In this procedure a binary alloy is deposited on a substrate
by e.g. sputtering or electron-beam evaporation. The alloy is subsequently immersed into an
etching solution while applying an electrical potential, which leads to selective dissolution of the
less noble element. The more noble element is thus left behind and can assemble into struts with
characteristic dimensions in the range of 2 to 100 nm. The synthesis of nanoporous metal film by
electrochemical dealloying has been reported for systems including Cu-Au [39], Zn-Cu, Al-Cu,
Mn-Cu[40], Ni-Cu [41], Ag-Au [42], Pt-Cu[43], Cu-Si[44] and Pt-Si [38].

We recently reported improved structural control in nanoporous Pt films [20, 21, 45].
Amorphous Pt-Si alloys were etched in HF solutions applying potentials in the range of 0.3-
0.9 V [45]. Porous Pt films with typically 1 cm® planar dimensions, pore diameters between 10
and 25 nm and a thickness of ca. 250 nm were obtained. Respective surface areas amounted to
about 41 m*/g Pt, which corresponds to a surface area enhancement of about 22 m” Pt per m’
substrate. Following a similar procedure Jung et al. obtained nanoporous metal Pt-Si foam
electrodes with ca. 1 cm? planar dimensions, pore diameters between 5 and 22 nm (depending on
Pt content) and a thickness of about 160-180 nm. The foams were concluded to be active in
electrocatalysis (MeOH oxidation [37]). (It should be noted that employed substrate (30 nm thick
Pt layers) might have also contributed to the reported activity.)
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Due to fact that nanoporous platinum films possess a high surface area constituted of an active
metal, excellent mechanical stability and heat conductivity, they have the potential to increase
space-time-yields in heterogeneous catalysis significantly. However, nanoporous Pt as a catalytic
reactor coating and its behavior in gas-phase catalysis have not been described so far.

We report the synthesis of nanoporous Pt coatings and their application in catalytic
micro-structured reactors. The coatings were produced by electro-chemical dealloying of
amorphous Pt-Si films. Porous Pt layers as thick as 1.1 pm could be prepared on reactor plates
up to 10 cm’ in size. N, sorption analysis in combination with electron microscopy reveals that
the Pt coatings feature a bimodal hierarchical open mesopore structure, which facilitates
excellent diffusional access to the catalytic sites. The coatings catalytic performance was studied
in the very fast and highly exothermic gas phase reaction of butadiene hydrogenation. The
coatings allowed isothermal reactor operation and showed a significantly higher activity than all
supported catalysts reported in literature. Moreover, the catalyst geometry permits several plates
to be mounted as a stack, which allows a further upscaling of the reactor by numbering up.

The following sections of this paper describe first the catalyst synthesis, applied analytical
methods and the catalytic tests (2.). Thereafter, typical properties of a dealloyed porous Pt
catalyst are reported (3.1) followed by the investigation of the evolution of pore structure,
crystallinity and surface composition during the electro-chemical dealloying (3.2). Finally, the
performance of differently dealloyed catalysts in the gas-phase hydrogenation of butadiene is
studied and discussed in context of available literature data (3.3).

2. Experimental
2.1 Catalyst Synthesis

Nanoporous platinum thin films were synthesized following a two-step process. First, an
amorphous platinum silicide of nominal composition Pty ;Sip9 was co-sputtered under 100 V bias
on one side of (100) Silicon plates. The plate average geometric surface area was ca. 9 cm? and
the thickness of the amorphous silicide amounted to ca. 3.5 um. The film composition was
verified by XPS (Pty;Sip9) and EDX analysis (PtosSipe2). The samples were subsequently
electrochemically dealloyed at 0.1 V (vs. SCE) in an electrolyte of 3% HF in deionized water for
three different time intervals. The dealloying was performed in atmospheric conditions without
purging. During dealloying, silicon dissolves in the electrolyte leaving behind platinum that self
assembles into a three dimensional network of struts. The total amount of charge C passed
through the system can therefore be thought of as a measure of the amount of silicon removed.
Pt-Si films were dealloyed with total charges of 2.0 C / mm? (denoted as "Pt-A"), 6.5 C / mm’
("Pt-B") and 23.8 C / mm? ("Pt-C"). The three electrode system used for dealloying consisted of
the initial alloy as the working electrode, a Pt counter electrode and a saturated calomel electrode
(SCE) that acted as reference electrode. To eliminate film delamination all but one side of each
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sample was coated with a protective polymeric film that was inactive in the electrolyte. This
polymer film was completely removed prior to the catalysis measurements.

2.2 Sample Characterization

Micrographs were obtained on a JEOL 7401F Scanning Electron Microscope (SEM). To
determine the film thickness, coated silicon wafers were split into two pieces and imaged at the
cross-section. Image J Version 1.39u [46](http://rsbweb.nih.gov/ij) was employed to determine
the average thickness of the formed porous layers. This average thickness was used to calculate
the overall volume of the porous Pt layer as a product of thickness multiplied the coated surface
area. Nitrogen adsorption was measured at 77 K on Quantachrome Autosorb-1-C. From this data
the surface area of the coatings was calculated via Brunauer-Emmett-Teller (BET) method. The
specific surface area of the porous Pt was estimated in terms of in m? / m’ porous layer a8 the ratio
between the total surface area from BET and the volume of the porous Pt layer obtained from
cross-section SEM, and in terms of m? / gpt considering the mass of Pt contained in the same
volume. The pore size distribution was calculated from N, sorption data by evaluation with the
NLDFT equilibrium model for N, at 77K on silica for cylindrical pores (Quantachrom). Film
morphology and crystallinity of film fragments removed from the substrates was studied by
Transmission Electron Microscopy (TEM) using a FEI Tecnai G2 20 S-TWIN instrument
operated at 200 kV. X-Ray Diffraction (XRD) data were collected on Bruker D8 Advance
instrument (Cu Ka radiation). The average crystallite size was calculated applying the Scherrer
equation. XPS spectra of deposited films were acquired on two different spectrometers, Thermal
K-Alpha XPS with Monochromated, micro-focused Al K-alpha X-ray source as well as Specs
with Mg K-alpha X-ray source (slit 3). The recorded spectra were fitted with Unifit2013
software version 2013 Revision H. The hydrocarbon Cls signal at 285.0 eV was used as the
energy reference to correct for charging. Scanning Auger Microscopy SAM was recorded on a
PHI 700 instrument (ULVAC-PHI Inc.). Auger electrons were excited by a primary electron
beam of 25 keV at 1 nA.

2.3 Catalytic tests in butadiene hydrogenation

The catalytic performance of porous Pt catalyst films in the gas-phase hydrogenation of 1,3-
butadiene was studied at temperatures between 35 and 80 °C. The porous Pt films were coated
on one side of silicon plates (size 27x30 mm). For each catalytic run, either single plates or two
identical plates were stacked into the reactor housing. A test setup and procedure similar to the
one described by Cukic et al.[47] was used. A reaction mixture consisting of 5 % butadiene (2.5
purity), 10 % hydrogen (5.0 purity) and 85 % nitrogen (5.0 purity) was passed through the
reactor at a flow rate of 30 ml/min (STP) at 1.05 bar. The catalyst was initially equilibrated to
reaction conditions under reactive gas flow for 30 min at 35°C. Thereafter, the temperature was
increased stepwise to 80 °C with a dwell time of 30 min for each temperature set point. Analysis
of the gas products was performed continuously every 7 min by online gas chromatograph
(Agilent GC 7890 equipped with FID, TCD and columns HP Plot Al,O3, Molsieve 5A, HP Plot
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Q and DB FFAP.) The space-time yield [mol s’ kg'] was calculated as produced moles of
butenes per second per kg of the catalyst (STYpytenes) and as the sum of produced butenes and
butane (STYbutenes+butane)-

3. Results and Discussion
3.1 Morphology, porosity and phase composition

The dealloyed Pt-Si coatings were analyzed by Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), SAED and N, sorption in order to reveal the
materials morphology and pore structure. Figure 1 shows the characterization of the sample Pt-C
dealloyed with the highest total charge (23.8 C/mm?) with high magnification SEM images in
top-view (A1, A2) and cross-section view (B1, B2), a TEM image (C), SAED pattern (D), N,-
sorption data (E) and the pore-size distribution calculated from the sorption curve (F). Additional
compositional information obtained by Scanning Auger Microscopy (SAM) is provided in
Figure 1 B1. The inset in A2 shows the sample surface before dealloying.

The SEM images recorded in top view at different magnifications indicate that the entire surface
is homogeneously structured (Figure 1, A1) and highly porous (Figure 1, A2). It consists of
numerous domains of smaller pores of about 6 nm apparent diameter. All the domains are also
connected by thin pore walls forming larger channels of about 15 to 40 nm diameter (Figure 1,
A2). Cross section SEM images indicate that the pore system consists of porous columnar
structures (Figure 1, B1) and that the columnar structures are connected by thin pore walls
(Figure 1, B2). The average thickness of the porous layer amounts to 1.1 micron (from cross-
section SEM).

HR-TEM images (Figure 1C) reveal that the walls are composed of crystallites of about 4 to
8 nm size. The crystallites show lattice fringes that can be assigned to crystalline Pt. SAED
analysis of the sample (Figure 1D) indicates numerous diffraction rings. All the diffraction rings
can be assigned to lattice planes of crystalline Pt (PDF 00-004-0802). However, some features
observed in HR-TEM (Figure 1C) appear to be of amorphous nature and could be related to
remnants of the original amorphous Pt-Si phase.

Remaining Si was confirmed by Scanning Auger Microscopy (SAM), a method that can provide
compositional information with about 10 nm spatial resolution. SAM spectra were recorded at
different positions along the films cross section (see values in Figure 1B1). At a depth of
0.18 pm from the outer film surface the film contains primarily Pt (90%) and small amounts of
Si (10%). At about the middle of the porous part (0.65 um) significantly less Pt (27%) is
detected. The Pt content in the nonporous lower section (1.15 pm: 12% Pt; 1.5 um: 11%)
corresponds to the composition of the not-dealloyed sample. The dealloying procedure therefore
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produces porous Pt with low Si content near the external surface, but retains higher Si amounts
towards the bulk of the film.

The N, sorption isotherms contain two distinct steps suggesting a bimodal pore-size distribution
(Figure 1E). The corresponding pore size (from NLDFT) shows a narrow distribution at about 4
to 7 nm and a wider distribution at about 12 to 40 nm (Figure 1F). The obtained pore sizes
correspond well with the morphology observed in SEM images, where domains of smaller
mesopores are separated by larger mesopores (Figure 1A, B). The combined sorption and
microscopy analysis therefore indicates that the electro-chemical dealloying of Pt-Si can form a
bimodal and hierarchically organized Pt pore structure where larger mesopores connect domains
of smaller mesopores.

The resulting surface area corresponds to about 350 m?® porous film per m* of coated reactor
wall. This value is significantly higher than e.g. the 22 m?p / m* substrate reported by Thorp et
al.[38] The higher Pt surface area obtained in the present study can be attributed to the fact that
significantly thicker porous Pt layers could be synthesized. We note that even thicker films could
be synthesized with this technique.

Taking the volume of the porous layer and the initial molar stoichiometriy of the Pt-Si alloy
(0.1 : 0.9) into account a specific surface area of about 190 m*/gp; can be estimated for the porous
film section. This value is higher than the specific surface area reported previously by e.g. Thorp
et al. (41 m%/gp;, from Cu underpotential deposition) and Jung et al. (49 m*/gp, from hydrogen
adsorption and desorption measured by CVs in H,SO4 and conversion of the charge into a Pt
surface area with a conversion factor of 0.21 mC cm_z). However, it should be taken into account
that the previously reported values were measured by different electro-chemical techniques, not
gas sorption, hence not all parts of the surface might have been accessible. Moreover, the
reported thin films were prepared under different film-deposition and dealloying conditions, and
remaining Si and Pt-Si could contribute to the surface area derived in the present study from gas
physisorption.

The combined data indicate that the dealloying of Pt-Si produces porous layers consisting of
hierarchically organized bimodal pores formed by Pt crystals with a very high surface area of up
to 350m” film per m” of reactor wall. In terms of catalyst volume the surface area of the
dealloyed Pt catalyst amounted to ca. 900 000 m*/ m® porous layer, which is about 20 to 90
times higher than the specific surface area provided by typical micro-structured reactors (see e.g.

[2D.

3.2 Evolution of pore system, crystallinity and surface composition during dealloying

The amorphous Pt-Si films were dealloyed for different times to produce porous films with
different thickness of the porous layer. Figure 2 shows the cross-section SEM analysis of Pt-Si
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films dealloyed with total charges of (A) 2.0, (B) 6.5 and (C) 23.8 C / mm’, respectively.
Moreover, the calculated volume of the porous sections of the films is plotted vs. the applied
charge in Figure 2D. Figure 2E depicts X-ray diffractograms of the corresponding samples.

Cross-section SEM images show that the sputtered amorphous films were about 3.2 to 3.7
micron thick (Figure la-c). The upper section in each image represents the porous Pt layer
produced by dealloying, followed by the remaining amorphous Pt-Si layer and the substrate (Si).
It is evident from the images that the thickness of the porous film section increases with
increasing total charge applied during dealloying from 0.22 to 0.34 and finally 1.11 micron
average thickness. The produced porous layers are therefore significantly thicker than previously
films reported by e.g. Thorp et al. (~ 250 nm [38]) or Jung et al. (< 200 nm [37]), confirming the
success of the upscaled synthesis procedure.

Figure 2D plots the volume of the porous film section (estimated from average layer thickness
times the coated surface area) vs. the applied charge. It can be seen that this relation follows a
linear relation. Previous experimental studies have shown that the dealloying front propagates
self similarly from the free surface in the through-thickness direction thus allowing for the
synthesis of large scale porous structures [48, 49]. It should be noted that the dealloying was
performed in atmospheric conditions without purging. At the applied potential the oxygen
reduction reaction (ORR) is a well-known phenomenon. A part of the total measured charge can
therefore be related to the ORR occurring in parallel. The respective ORR current is expected to
reach a constant value after longer dealloying times due to diffusion limitation of O,. However,
the oxygen content in the fresh dealloying solution might be higher than under diffusion limited
conditions. In this case also the initial ORR current would be higher. Indeed, the total current
measured during dealloying remained nearly constant after short initial transients. The transient,
possibly due to ORR current, may explain why the sample with the smallest charge (Pt-A)
deviates slightly from a linear fit.

The phase composition of the bulk of the dealloyed films can be deduced from corresponding X-
ray diffractograms plotted in Figure 2E. Sample "Pt-A" which was dealloyed for the shortest
time shows two broad reflections that can be assigned to the initially present platinum silicide.
With increasing volume of the porous layer the broad reflections corresponding to Pt-Si
progressively decrease in intensity, while narrow reflections at positions of 2 theta positions of
39.9°, 46.4°, 67.8° and 81.6° appear and increase in intensity with increasing dealloying charge
(Figure 1E, samples Pt-B, Pt-C). The signal positions correspond well with the (111), (200),
(220) and (311) reflection reported for Pt in literature (PDF 00-004-0802). An additional small
signal observed only for Pt-C at 2 theta of 31.8° could originate from crystalline Pt-Si (PDF#00-
007-025). Crystallite size estimates for sample Pt-C by Debye-Scherrer equation applied to the
reflections assigned to Pt (111), (200), (220) and (311) amounted to 5.1, 3.1, 4.6 and 4.4 nm,
respectively. Hence, the electrochemical dealloying of Pt-Si produces porous polycrystalline Pt
layers with a about 4.5 nm crystallite size and a layer thickness that is controlled by the
respective dealloying procedure (applied voltage and time).
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The surface composition of the dealloyed samples Pt-B and Pt-C as well as of a fresh (not-
dealloyed) sample Pt-Si was studied by XPS analysis. Figure 3 shows the recorded spectra in A)
the Pt4f region and B) the Si2p region of binding energies. The Pt4f region of the fresh (not
dealloyed) Pt-Si sample features only one doublet signal with a binding energy of 72.8 eV
obtained for the Pt4f;, peak (Figure 3A, "Pt-Si"). The signal position is typically assigned to
intermetallic Pt-Si phases.[50, 51] The surface composition indicated by XPS (Pty;Sigo) is
consistent with the composition derived from SEM-EDX analysis (Pt 03Sig92). It also agrees well
with the composition obtained locally by SAM in the not-dealloyed region of sample Pt-C
(Pto.11S19.89, see Figure 1 B1).

The Pt4a signal shifts by about -1.6 eV for the dealloyed sample Pt-B indicating the formation of
metallic Pt (Figure 3A, Pt-B). The corresponding experimental spectra can be described well by
two species with binding energies of 72.8 eV and of 71.2 eV. The species can be assigned to PtSi
(about 39 at%, from peak deconvolution) and metallic Pt (ca. 61 at%), respectively. XPS
recorded for the further dealloyed sample Pt-C shows a similar Pt4f spectrum dominated by an
increased amount of metallic Pt (Figure 3A, Pt-C). Peak deconvolution indicates the presence of
ca. 21 at% PtSi and 79 at% Pt. Dealloying therefore converts the surface of the initial
intermetallic PtSi into metallic Pt. However, small amounts of PtSi remain also for the sample
dealloyed with the highest total charge (Pt-C).

The Si2p region of the fresh sample Pt-Si sample shows two signals located at 99.5 and
103.0 eV, respectively (Figure 3B, "Pt-Si"). The species at 99.5 eV could be related to either PtSi
(typical BE: 99.7 - 100.2 eV)[51] or metallic Si (typical BE: 98.4 — 99.6 eV)[52, 53]. The signal
at 99.5 eV could originate thus either from PtSi or Si, however, PtSi is more likely in the context
of the species observed in the Pt4f spectrum. The signal observed at 103.0 eV can be attributed
to Si0; and is assigned to silicon in the deposited amorphous film that does not contribute to the
PtSi formation.

The Si2p spectra recorded for the dealloyed samples Pt-B indicate the presence of the same two
Si species (Figure 3B). The dealloying procedure significantly decreases the signal at 99.5 eV
(PtS1), whereas the signal at 103.0 eV (SiO,) remains high. Longer dealloying (sample Pt-C)
further decreases the signal at 99.5 eV. The species and changes observed in the Si2p region are
consistent with the Pt4f spectra: dealloying converts the majority of an initially present PtSi
phase into metallic Pt. However, samples dealloyed for different times differ in their surface
composition, and small amounts of PtSi and SiO; remain in all cases. Since XRD did not reveal
crystalline SiOy phases, EDX analysis indicates a low oxygen content and the films show a very
high electrical conductivity the formation of an SiOy bulk phase is unlikely. The SiO, observed
in XPS analysis is therefore attributed to Si in the near-surface region that becomes oxidized
under ambient conditions.
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Estimates of the Pt and Si content of the samples obtained by XPS and by SEM-EDX after
different dealloying times are given in Table 1. Both methods provide very similar values for the
nonporous fresh sample (XPS Pty 1Sip9; SEM-EDX Pty 03S1.92). Both methods also show that the
Pt content increases with increasing dealloying charge. However, exact values differ between
both methods for the porous samples, and both methods deliver only semiquantitative
composition estimates for porous samples with local concentration gradients as is the case here
(see Figure 1B1). The differences can be understood from the fact that XPS and EDX probe
different sample volumes and cannot account for the observed concentration gradients. Analysis
by EDX coupled to SEM evaluates X-rays emitted from at least 100 nm of the layer depth of the
Pt-Si films (at 4 keV). Moreover, the evaluation algorithm is not capable of correcting for the
gradient present in this volume for the porous dealloyed films. In the case of XPS the
information results from electrons emitted from a few atomic layers of the local Pt-Si surface.
However, the samples Pt-A, Pt-B and Pt-C are porous and electrons can escape from pore
surfaces positioned much deeper within the Pt-Si layer. Therefore, XPS probes for the porous Pt-
Si the local pore surfaces positioned at different depths of the Pt-Si layer. In consequence the
composition analysis via XPS, SAM and EDX agrees well for the non porous sample, however
for the study of the local composition of porous Pt-Si samples SAM recorded on the films cross
section remains the method of choice.

Table 1. Estimates of film composition obtained from XPS (surface sensitive) and SEM-EDX (measured from top-
view, bulk sensitive) for the differently dealloyed samples. (* Pt provided as a sum of metallic Pt and the Pt in PtSi,
Si as the sum of Si in PtSi and SiO,. Note that Pt-B and Pt-C are porous and that the local depth within these porous
films from which the XPS information results cannot be determined exactly. ** Note that EDX data was recorded by
SEM-EDX in top view, which probes a sample depth of at least 100 nm. Due to the fact that the Pt shows a
concentration gradient in the probed volume the model applied for quantification is not strictly valid.)

Molar composition
from XPS * from EDX **
Pt Si Pt Si
fresh 0.1 0.9 0.08 0.92
Pt-A - - 0.10 0.90
Pt-B 0.5 0.5 0.14 0.86
Pt-C 0.5 0.5 0.54 0.46

The applied dealloying potential amounted to 0.34 V vs. RHE. According to the standard
reduction potential (taken from [54]) Si dissolution is likely to occur in the presence of HF and
under acidic conditions by the oxidation of Si via the following reaction

10
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Si+6F <> SiF& +4¢ E'=-124V

According to [55] the active species for Si dissolution in acidic electrolytes in presence of
fluoride are HF, (HF), and (HF),” . At low current densities the reaction

Si+4HF, +h" > SiF& +Hy + e

has been proposed for the dissolution where h" denotes a hole. At higher current densities the
dissolution was proposed to consist of an electrochemical oxide formation followed by chemical
dissolution of the oxide in HF.[55] However, the exact mechanism of Si dissolution is not the
subject of the present investigation.

3.3 Activity, selectivity and stability in catalytic butadiene hydrogenation

Butadiene hydrogenation carried out in the gas-phase represents a very challenging test reaction.
The reaction is highly exothermal and can proceed very fast on metals like Pd and Pt. Moreover,
it can form different total (butane) and partially hydrogenated products (1-butene, trans-2-butene,
cis-2-butene). Butadiene hydrogenation was therefore used to assess activity, selectivity as well
as limitations of mass- and heat transfer. Pt coatings with three different thicknesses of the
porous Pt layer (Pt-A, Pt-B, Pt-C) were tested passing a continuous flow of 30 ml/min containing
5 % 1,3-butadiene and 10 % hydrogen in N, over the catalyst while the reactor temperature was
increased in several step from 35 to 80°C. Figure 4A reports the concentration of gaseous
reaction products at different temperatures for catalyst Pt-C. Figure 4B compares the butadiene
conversion measured for the catalysts Pt-A, Pt-B and Pt-C as well as for catalyst Pt-C after an
additional catalyst treatment in O, for 10 min at 200°C. Figure 4C provides Arrhenius plots for
Pt-A and Pt-B, i.e. the catalysts with the lower thickness of the porous Pt layer, which show
lower butadiene conversions and thus allow the Arrhenius evaluation in the differential regime.

The observed reaction products were in all cases butane, 1-butene, trans-2-butene as well as cis-
2-butene. The selectivity obtained e.g. for sample Pt-C at 35°C amounted to 53% butane,
34% 1-butene, 10% trans-2-butene and 5% cis-2-butene (Figure 4A). With increasing
temperature the product distribution shifts towards more butane, which is the total hydrogenation
product. The selectivity to butane increased for Pt-C from 53% at 35°C to 87% at 80°C.

Activity and selectivity in butadiene hydrogenation strongly depend on the employed catalyst
support as well as the modification of Pt with a second metal as reported by Chen and co-
workers for different Pt-based catalysts [56, 57]. They observed for e.g. 1.7 wt% Pt/Al,O5 that
selectivity scaled in the order 1-butene > n-butane > cis-2-butene > trans-2-butene (35°C, 2x H,
excess). Yoon et al. observed for polycrystalline Pt foil (unsupported catalyst) butane and
I-butene as the main products and smaller amounts of trans-2-butene and then cis-2-butene
(25°C, 10x H, excess) [58]. More recently, the effect of the size of colloidal PVP-capped
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Platinum nanoparticles deposited on flat silica surfaces in butadiene hydrogenation was studied
by Somorjai and co-workers [59]. They reported selectivities of 50% butane, 30 % 1-butene,
15% trans-2-butene and 8% cis-2-butene for Pt nanoparticles below 2 nm diameter (75°C, 10x
H, excess) [59]. The selectivities obtained on our porous Pt samples Pt-A, Pt-B and Pt-C
(Figure 4A) are almost identical to those observed by Somorjai and co-workers [59], which
supports the interpretation that unsupported small Pt particles form the active phase of the
developed porous Pt foam catalyst.

Figure 4B compares the activity of the different catalysts Pt-A, Pt-B and Pt-C plotting butadiene
conversion vs. temperature. It can be seen that all three catalysts are active. Butadiene
conversion increases with increasing temperature. Moreover, the catalytic activity also scales
with the volume of the porous Pt layer (see also Figure 2D). Butadiene conversion measured at
80°C increases from 0.03% (Pt-A) to 11.6% (Pt-B) and finally 81.7% (Pt-C). Longer dealloying
times therefore result in more active catalysts, which can be rationalized by an increased amount
of accessible Pt sites for the thicker porous layers. However, the dependence of measured
catalyst activity on the thickness of the porous layer is faster than linear. Hence, also the surface
composition of the porous layer changes with prolonged dealloying as indicated by XPS analysis
(Figure 3), i.e. increasing the surface Pt content.

Additional tests were carried out to study the thermal stability of the catalysts also under
oxidizing conditions which are typical for Pt-catalyzed combustion reactions. Figure 4B
compares the activity of sample Pt-C before and after an additional treatment of the catalyst for
10 min at 200°C in oxygen ("Pt-C*-0,-200°C"). It is evident that the recorded butadiene
conversions deviate less than 3% in the whole temperature range (Figure 4B, Pt-C vs. Pt-C*-O,-
200°C). Hence, the produced porous Pt catalysts are also sufficiently stable in oxidizing
atmosphere up to at least 200°C.

In order to compare the intrinsic catalytic behavior to literature reports Arrhenius plots were
constructed in the differential regime for the two catalysts with lower butadiene conversion Pt-A
and Pt-B (Figure 4C). The curves follow a straight line without any change of slope, indicating
the absence of external and internal diffusion limitation. The deduced values of apparent
activation energy are almost identical (Pt-A 42.4 kJ/mol, Pt-B 42.7 kJ/mol) suggesting the same
active sites to be present on both catalysts. Yoon et al. reported values of 41, 39 and 41 kJ/mol
for polycrystalline Pt foil, single crystals Pt(111) and Pt(775), respectively [58]. The values agree
very well with the activation energies observed in the present study (Figure 4C). It can be
concluded that the dealloyed porous Pt performs like nanocrystalline Pt with very high surface
area provided by the pore system.

A significant increase in the catalytic performance of the developed catalyst can be demonstrated
by comparing the space time yields (STY butenes+butane) With literature data. For Pt-based catalysts
0.006 mol s kg™ (electrodeposited Pt black, 45°C) [60], 0.03 mol s kg™ (1.7 wt% Pt/AL,Os,
35°C)[57] and 0.002 mol s™ kg (0.1 wt% Pt/AL,Os, 25°C) [61] have been reported in literature
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(all STY butenes+butane are given as sum of production of butenes and butane). The corresponding
STY butenes+butane for catalyst Pt-C at 35°C (Figure 4A) amounts to 0.4 mol st kg’l, 1.e. approx. 13
times [57] to 200 times [61] higher when compared based on the catalysts total mass.

Catalysts based on palladium typically show better performance and higher selectivity in
butadiene hydrogenation than Pt. Therefore the obtained ST Ypuenes to butenes is compared also
to Pd catalysts. Values reported in literature for the reaction at 50°C amount to 0.019 mol s kg'1
for 0.5wt% Pd-NP/TiO, [19], 0.016 mol s kg™ for 0.5wt% Pd-AL,Os [62] and 0.066 mol s™* kg™
for a TiO,-modified 1wt% Pd-SiO, [63]. Approximately 0.25 mol " kg™ can be obtained with
the catalyst Pt-C at 48°C.The porous Pt catalyst shows thus about 4 to 15 times higher space time
yields to butenes than supported Pd catalysts.

Hence, the dealloyed porous (unsupported) Pt catalyst reaches the highest activity for butadiene
hydrogenation reported in literature when compared on the basis of the catalyst mass. However,
it should be kept in mind that also the density of our Pt catalyst is approximately 5 to 8 times
higher than for catalysts based on alumina or silica. Hence, the volume-based activity should be
at least 50 times higher than for supported Pt catalyst.

Butadiene hydrogenation is a very fast and highly exothermic reaction. The significant amount of
heat generated by the reaction can therefore lead to local catalyst heating and thermal runaway if
the heat removal is transport limited. Despite the high catalytic activity of the porous Pt films no
signs of ignition were detected, neither a sudden increase in conversion (Figure 4B) nor a
deviation from a straight slope in the Arrhenius plot. Moreover, the differences between the gas
inlet temperature and the temperature measured at the end of the catalyst plates never exceeded
0.4 K proofing that isothermal conditions can be realized. Despite the very high activity of the
developed porous Pt catalyst, heat transport in the reactor can be efficiently controlled due to the
high intrinsic heat conductivity of the catalyst and the chosen configuration as wall-coated
catalyst layer.

4. Conclusions

Electrochemical dealloying of sputter-deposited amorphous Pt-Si layers produces homogeneous
layers of Pt catalysts with hierarchical pore structure. The layers show a very high surface area
(about 350 m” catalyst per m* substrate) composed primarily of metallic Pt. Tests in butadiene
hydrogenation indicate the typical catalytic activity, selectivity and activation energy of
polycrystalline platinum, but with about 13 to 200 times higher space time yields than reported
for Pt-based catalysts in literature. The highly open metallic foam structure alleviates heat and
mass transport limitations allowing for very fast reactions. Moreover, the porous Pt catalysts are
stable also when exposed to oxygen atmosphere at temperatures as high as 200°C.

The catalytic application is demonstrated successfully for a reactor constructed from planar
substrates. Future work could allow further upscaling of the synthesis also to complex three
dimensional channel geometries. Moreover, the combined reactor and catalyst concept can be
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used for kinetic studies of very fast and highly exothermic reactions. Transferring the synthesis
approach to other noble metals could provide access to a wide range for porous materials for
applications in heterogeneous catalysis.
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