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Electroless Nanoplating of Pd� Pt Alloy Nanotube Networks:
Catalysts with Full Compositional Control for the Methanol
Oxidation Reaction
Tobias Stohr,* Angelina Fischer, Falk Muench, Markus Antoni, Stephan Wollstadt,
Christian Lohaus, Ulrike Kunz, Oliver Clemens, Andreas Klein, and Wolfgang Ensinger[a]

Due to its simplicity, flexibility and conformity, electroless
plating presents itself as an attractive route towards functional
metal nanostructures. Despite the importance for creating
multimetallic materials with enhanced properties, the complex
interactions between the components in electroless plating
baths make alloy formations a challenging objective. In this
work, we outline an electroless plating strategy fabricating
Pd� Pt alloy nanomaterials, which is based on arbitrarily miscible
plating baths for the individual metals. To demonstrate the
excellent nanoscale conformity and homogeneity of our plating
system, we apply it to ion track-etched polymer templates with
large inner surfaces as ambitious substrates, resulting in the

formation of 3D free-standing PdxPt100-x-nanotube-networks
(NTNWs). Based on the electro-oxidation of methanol as a
model reaction, we utilize the compositional freedom provided
by our syntheses for optimizing the catalytic performance of
our metal NTNWs, which heavily depends on the Pd� Pt ratio.
Within our system, the highest surface normalized activity was
found for the Pd20Pt80 NTNW, reaching more than a two-fold
increase of the peak current density in comparison to pure Pt.
Overall, our reaction system provides a versatile toolkit for
fabricating intricate Pd� Pt nanostructures of arbitrary elemental
composition, and constitutes a starting point for designing new
electroless alloy plating baths.

1. Introduction

Metallic nanostructures are of great interest because of their
large variety of catalytic,[1–12] magnetic,[13,14] mechanical or
optical properties.[15,16] By utilizing alloys instead of single
metals, the functionality of such nanostructures can be altered
and enhanced. Within multimetallic systems, synergistic effects
can be achieved.[17–25] For instance, compared to their constitu-
ents, bimetallic Pd� Pt nanomaterials can offer improved activity
in catalytic applications.[22–25] Aside the composition, the shape
and size of nanostructures represent important factors in
determining their properties. In this regard, metal nanotubes
(NTs) as one-dimensional, hollow nanoobjects frequently out-
perform more conventional morphologies, such as nanopar-
ticles (NPs).[1,2,9] Besides synthetic approaches for creating Pd
catalysts with distinct architecture,[26–28] the implementation of
Pd in alloyed Pt-nanotube networks (NTNWs) represents an
interesting structure for catalysis applications, because we can

combine compositional, synergistic effects between Pd and Pt
with the general advantages of NTNWs: NTNWs are free-
standing, open-porous structures that consist of NPs as
interconnected building blocks.[1,2,29–31] Therefore, NTNWs com-
bine the advantages of NPs, namely functionality and high
surface area, with the advantages of a network structure that is
stable, convenient to handle, efficient in mass transfer and
providing continuous conduction pathways.[1,2,29–31] Optimized
NT catalysts exhibit a high density of easily accessible active
sites and are more durable as compared to carbon-supported
nanoparticle catalysts.[1,2,29–31]

Alloying Pt with transition metals represents a major
strategy for enhancing its activity via compositional effects that
result from bifunctionality and the alloy’s electronic system,
dependent on the second alloyed metal.[32–34] Pt-based bimet-
allic nanomaterials (e.g., with Cu, Ir, Ni, Pd, Ru) have been in the
focus of catalysis and energy research.[32–34,49–51] For instance,
Pt� Ru constitutes a well-established, high-performing material
combination for the methanol oxidation reaction (MOR).[50,51]

Since Pt has already been successfully combined with Ru to
enhance the MOR performance of electrolessly plated nanotube
catalysts,[5] in this work, we focus on exploring Pd� Pt as a new
bimetallic system.

Due to the high symmetry of metal crystal lattices, it is
difficult to directly grow NTs as hollow, highly anisotropic
structures of large surface area. This challenge is commonly
overcome by using template-guided metal
depositions.[1,2,6–9,12,35–38] The conventional electroless plating of
macroscopic template components advanced to metal deposi-
tion onto nanostructured templates. For instance, it is possible
to reliably and independently control the density, diameter,
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interconnectivity and shape of the template pores and thus the
morphology of the resulting NTs through ion-track-etching
technology.[1,2] The amount of deposited metal can be easily
adjusted by the plating time. The consequent product
morphologies range from isolated particles,[12,30] over NTs of
adjustable wall thickness,[1,2,12] to completely filled nanochan-
nels, resulting in the formation of nanowires.[30] In this work, we
propose a strategy to adjust the material’s composition through
a bimetallic electroless plating procedure on the basis of the
growing knowledge about monometallic electroless plating on
the nanoscale.[1,2,7,8]

Among various synthesis routes to prepare Pd� Pt catalysts
for catalytic applications,[39–44] electroless plating represents a
facile solution deposition method with excellent scalability and
conformity, making it a very promising tool for
nanofabrication.[1,2,6–9,12,35–38] In contrast to other deposition
methods such as electrodeposition or evaporation, it requires
neither complex instrumentation nor specific template proper-
ties (e.g., conductivity or heat-resistance). Furthermore, due to
its excellent conformity, it is compatible with complex shaped
substrates and recessed surfaces. Compositional control can be
achieved by co-deposition of different metals, as it is known for
the mechanistically related electrodeposition technique.[45–47]

Generally, compared to electrodeposition, the electroless alloy
deposition is more challenging because of the increased
complexity of the plating solutions, which have to fulfill diverse
reactivity requirements. First, the metal deposition potential is
reached via autocatalytic oxidation of a reducing agent on the
evolving metallic deposit and cannot be directly and externally
controlled, as it is possible in electrodeposition. Second, the
metal reduction reaction has to strike a difficult balance
between reactivity and stability of the present metal ions, in
order to achieve a metastable deposition condition. A large
number of factors contribute to the system’s reactivity,
including the pH value, metal ion complexation, temperature,
choice of reducing agent, and reagent concentrations. As a
result of these complexities, even chemically related elements
like silver and gold vary tremendously in their respective plating
conditions.[12,48]

The electroless plating of multi-metal systems adds further
requirements to the plating bath’s reactivity, making the
realization of such systems even more demanding. Here, each
possible combination of the present metal complexes and
reducing agent(s) must simultaneously fulfill the metastability
criterion, notably under the same global conditions (i. e.,
composition, temperature and pH value). Additional problems
arise from the interference of components in extended plating
baths. One metal cation could form a poorly soluble compound
with the ligand used to stabilize another, causing precipitation.
If an alloy is deposited, its catalytic activity towards the
oxidation of the reducing agent will differ from the mono-
metallic deposits, which can dramatically affect the mechanism
of the heterogeneously autocatalyzed deposition reaction.
Lastly, to allow for the inclusion of all involved metals into the
deposit in notable quantities, both metal deposition rates must
be similar and ideally tunable, which is an important require-
ment for establishing compositional control.

A notable exception is the trimetallic system of
nickel� cobalt� iron alloys, including boron or phosphorous,
where compatible ligands, reducing agents, similar pH value
and temperature requirements for the individual metal baths
lead to comparable activities and reduction potentials.[29]

Our strategy for co-depositing noble metal alloys aimed at
establishing similarly compatible reaction conditions for the
involved metals Pd and Pt: We designed electroless plating
baths for Pd and Pt which both utilize the same reducing agent
(hydrazine), can be operated under identical conditions, do not
exhibit fatal component interferences and possess comparable
deposition rates. At this point, conformal nanoscale alloy
deposits of fully tunable composition can be plated on complex
shaped substrates by simply immersing them into plating baths
containing different ratios of the individual Pd and Pt deposi-
tion solutions.

As an important example of strongly composition-depend-
ent catalytic reactions,[49–51] we chose the MOR to demonstrate
the capabilities of our alloy nanoplating system. The MOR is a
very interesting reaction for the application in direct fuel
cells:[1,33–34] Alongside the high energy density of methanol, its
production cost is low and its impact on air quality is lower
compared to other alternative fuels due to less reactive exhaust
emissions.[52]

2. Results and Discussion

2.1. Synthesis Design

In order to start electroless plating on substrates without
intrinsic catalytic activity (such as the polymer templates
employed here), metal seeds are commonly introduced to the
substrate surface via activation reactions: By alternately immers-
ing the template in solutions of Sn(II) and Pd(II) salts, Pd NPs are
formed according to Equations (1) and (2):

SnaqðIIÞ ! SnadsðIIÞ (1)

SnadsðIIÞ þ PdaqðIIÞ ! Snads ðIVÞ þ Pdadsð0Þ (2)

The driving force of this reaction is the difference in the
electrochemical reduction potentials between the two metals.
Residues of ionic Sn can be found on the template’s surface,
like it has been analyzed in previous works.[1,2,29] By applying
sensitization [Eq. (1)] and activation [Eq. (2)] alternately, the
template’s surface is covered with Pd NPs, whose amount can
be controlled by the number of seeding cycles. The NP seeds
initiate the electroless plating reaction, which at later stages
advances autocatalytically due to the catalytic qualities of the
metal deposit (Figure 1). From our experience, the Pd seeds
play a marginal role for the overall stoichiometry: They only
cover a small fraction of the nanotubes’ surface and shrink or
dissolve under subtle galvanic exchange during electroless
plating,[53] making them hard to detect for most bulk analysis
techniques. EDS measurements did not show any Pd content in
the Pd0Pt100 NTNW sample, suggesting that the Pd seeding only
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affects the catalyst performance to a minor degree. Further-
more, since the same Pd NP seeding was applied to all Pd� Pt
NTNW catalysts, the seeding influence is systematic and should
not override the compositional impact defined by the metal
deposition.

Pd NPs show good activity for oxidizing the utilized
reducing agent hydrazine, which is employed for both our
electroless Pd and Pt plating reaction. Hydrazine generally
undergoes intermediate oxidation states, e.g. diimide, whereas
the overall oxidation mechanism of hydrazine in the utilized
plating baths can be described by the following equation
[Eq. (3)]:[54]

N2H4 þ 4OH� $ N2 þ 4H2Oþ 4e� E0 ¼ � 1:16 V (3)

The electrons accumulating on the NP seeds or the metal
deposit due to hydrazine oxidation then reduce the Pd2+ and
Pt4+ species in the plating bath to elemental metal [Eqs. (4)-
(6)]:[55,56]

Pd2þ þ 2e� $ Pd0 E0 ¼ 0:951 V (4)

Pt4þ þ 2e� $ Pt2þ E0 ¼ 1:18 V (5)

Pt2þ þ 2e� $ Pt0 E0 ¼ 0:68 V (6)

Previous studies show that, aside from elemental Pt, the
Pt4+ precursor complexes are also reduced to Pt2+ in the
reaction solution.[5] It should be noted that the actual reduction
potentials in our system are affected by the concentration and

complexation of the metal ions, and thus deviate from the
above-mentioned values.

Electroless plating results in moderate plating speeds in the
range of 25–50 nmh� 1 at 80 °C for both Pd and Pt and produces
homogeneous deposit thicknesses throughout the template.
The plating speeds were calculated by dividing the deposit
thickness by the deposition time, after assuming a constant
deposition rate. Many factors complicate this analysis: Before
plating proceeds continuously, induction periods of variable
timespans must pass through which the deposition potential is
reached on the catalyst.[57] In the case of nanoparticle-seeded
inactive substrates (like in our case), the catalytically active
surface increases greatly during the initial stages of deposition.
Spatial and temporal fluctuations of the material and reagent
concentrations within the template’s complex 3D architecture
can cause inhomogeneities, such as thicker metal films in the
vicinity of the pore openings.[58] Thus, our ex situ plating rate
analysis provides a straightforward way of proving the com-
parable plating rates of the parent metals, which is a requisite
for fully tunable electroless alloy deposition, but it cannot
deliver precise and time-resolved information about the reac-
tion.

The plating baths are designed to prevent homogeneous
nucleation, resulting in the precipitation of metal powder,
which can subsequently accumulate on the template surfaces,
causing pore clogging.[59] By mixing the fully compatible Pd and
Pt plating baths in different ratios, free-standing NT-networks of
freely adjustable composition can be obtained, including the
monometallic confines as well as the entire alloy system
(Figure 2). After the electroless plating procedure, the previ-
ously whitish, semi-transparent template is covered with a shiny
grey-metallic film that is typical for both Pd and Pt. Removing
the metal film on the top and bottom sides of the template
membrane with abrasive paper allows looking into the interior
of the template, which then appears dark due to light
attenuation through scattering events between the large
number of interfaces in the polycarbonate-embedded nano-
network. Due to the full interconnection of nanochannels, metal
NTNWs are characterized by continuous conduction paths and
represent an important class of 3D nanostructured metal
materials which combine good electrical conductivity with high
porosity, rendering them promising for electrochemical applica-
tions, such as sensing and catalysis.[2]

Pd/Pt nanostructures are employed for catalyzing a large
variety of chemical reactions. We chose the methanol electro-
oxidation, which is of tremendous interest for fuel cell
applications,[1,5,9,18,21,35–38] as a model reaction for investigating
the composition-dependent catalytic properties of our NT
networks. Pt catalysts employed in the oxidation of small
organic molecules are susceptible to poisoning through inter-
mediates such as CO, which strongly bind to the active sites.
This CO-poisoning could be mitigated by the addition of
Pd:[35–38] Compared to commercial Pt/C, Pd40Pt60 concave nano-
cubes (NCs) showed a 4.6 times higher specific mass activity for
the MOR and a better tolerance towards CO-poisoning which
could be caused by synergistic effects between Pd and Pt
besides their facetted surface structure.[32] Other shapes of

Figure 1. Outlined synthesis route towards the fabrication of free-standing
metallic NTs.
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nanostructures, for example Pt-on-Pd nano-dendrites, confirm
the promoting role of Pd in the presence of Pt compared to
commercial catalysts with respect to mass activity in the
MOR.[33] There is evidence for Pd� Pt synergy in other catalytic
systems, for example a preferred direct oxidation of formic acid
on Pd in a Pt� Pd alloy surface, circumventing CO-poisoning.[34]

In the following, we want to show how the general strategy
of template-assisted electroless plating of 3D nanostructured
materials, which so far has been focusing on the deposition of
single metals, can be augmented by compositional control to
improve the catalytic performance. Overall, our aim is to
maximize synergetic effects between Pd and Pt within our MOR
model reaction by varying the bimetallic composition of our
NTNWs.

2.2. Structural and Compositional Analysis of the
Nano-Networks

SEM measurements confirmed the successful deposition of
conformal nanoscale films, resulting in the formation of well-
defined NTs through the full spectrum of Pd/Pt ratios (Pd0Pt100,
Pd20Pt80, Pd30Pt70, Pd50Pt50, Pd75Pt25, Pd80Pt20, Pd100Pt0). Generally,
the deposited material is enriched in Pt as compared to the
electrolyte, in agreement with the more noble character of this
metal. Figure 3 contains SEM-images of the two system
confining monometallic NTs. The film is very smooth on the

outer NT wall surface, reflecting the even surface of the
nanochannels inside the polymer template. Figure 3 (c) depicts
the Pd50Pt50 NTs, which is composed of individual NTs
consistently interconnected through the entire template thick-
ness of 20 μm. Figure 3 (d) shows the same sample at higher
magnification. With an observed diameter of 400 nm, the NTs
match the nominal pore dimensions provided by the supplier.
The inner NT wall surface is rougher as compared to the smooth
outer wall, indicating the structural evolution of the deposit on
the channel wall. Figure 3 (e) and (f) feature two bimetallic, Pt
and Pd-rich samples, respectively (Pd80Pt20/Pd20Pt80). The aspect-
ratio for NTs with perpendicular orientation respective to the
membrane’s surface is the length L of the NTs divided by their
diameter d [Eq. (7)]:

L=d ¼ 20 mm=0:4 mm ¼ 50 (7)

The length of tilted NTs in the network exceeds the
template thickness, resulting in aspect-ratios up to 100.
Furthermore, the synthesis route has reliable control over a
wide range of associated variables, like wall thickness, diameter
and length of the NTs. This can be achieved by simple means,
such as changing the polymer template dimensions (thickness,
pore diameter) and varying the deposition time.

TEM was used to gain a more thorough understanding of
the product nanostructure. Figure 4 displays a cross section
through a NTNW. The deposit appears homogeneous through-
out all pores, corroborating the SEM results. Pores can overlap
(Figure 4(a)), resulting in the appearance of intersections that
are typical for NTNWs. Figure 4b shows the cross section

Figure 2. Schematic illustration of the bimetallic Pd/Pt-NT-spectrum enabled
by the flexible synthesis route through adjusting the volume fractions of
electroless Pd and Pt plating baths.

Figure 3. SEM-images of: (a): Pd NTNW; (b): Pt NTNW; (c): Pd50Pt50 NTNW; (d):
opening of a Pd50Pt50-NT; (e): Pd20Pt80 NTNW; (f): Pd80Pt80 NTNW.
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through two directly neighboring Pd50Pt50 NTs. At high magni-
fications, the efficient coverage of the template’s nanochannel
wall by a dense, tight-fitting nanoparticle film is apparent
(Figure 4(c)), evidencing the high density of nucleation sites
provided by template activation, and the efficient structural
replication by the plating reaction. The average particle size in
the shown NT wall of ~50 nm thickness is 10 nm�5 nm
(Figure 4c). The NTs remained intact through microtome
cutting, demonstrating the coherence of the deposited nano-
particle films.

In order to elucidate the phase composition of the Pd� Pt
NTNWs and clarify whether the metals are present in alloyed or
segregated form, we performed XRD on three selected samples
(Pd100Pt0, Pd50Pt50 and Pd0Pt100). Due to the intricacies associated
with our system (similar lattice parameters of Pd and Pt, distinct
reflex broadening due to the small size of the NPs), the analysis
was complemented by Rietveld refinement (Figure 5).

Each pattern can be indexed with a single cubic phase with
the space group Fm3

ĭ
m, which is in agreement with for the fcc

structure of the pure metals (aPd=3.89 Å and aPt=3.92 Å).[60,61]

However, when applying a single phase to fit the pattern, we
observed considerable misfits regarding the asymmetry of the
reflections with extended tails towards lower angles. The
fundamental approach used for the data analysis shows that
this asymmetry must relate to the sample,[62] and does not
originate from the geometry of the diffraction setup (e.g. axial
beam divergence). For metals, such asymmetry could originate
from strain effects within the samples, e.g. due to the
geometric confinement within the template. In order to fit the

patterns appropriately, an anisotropic strain broadening after
Stephen was included to account for the anisotropic reflection
broadening.[62] The asymmetry was modelled by using three
metal phases with different lattice parameters, but identical
symmetry dependent broadening parameters. The model
allows two independent anisotropic strain parameters for SHKL,
namely S400 and S220, which were constrained to be equal for
each fraction. For the samples, a crystallite size of a few nm was
found. A quantification of the elemental ratio of the bimetallic
NT sample was determined from the weighted lattice parame-
ters of the three samples [Eq. (8)]:

Figure 4. TEM-images of the Pd50Pt50-NTs at varied magnifications.

Figure 5. XRD pattern and Rietveld refinement fits for the three different NT-
compositions: (a) pure Pd, (b) Pd50Pt50, (c) pure Pt.
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xPd ¼
aPt � aPdPt
aPt � aPd

� 100 (8)

Where the weighted lattice parameter of each sample was
determined according to Equation (9):

ai ¼
P3

n¼1 ajsj
� �

P3
n¼1 sj
� � (9)

With j being the type of sample (Pt, Pd, or PdPt), n the
number of fractions which had to be used to fit the asymmetry
of the reflections, and aj/sj being the lattice parameter and
weight fractions of each fraction. Based on this fit, we found a
Pd content of ~57 at.%, which is similar to the EDX results,
corroborating the approximate 1 :1-ratio of the metals in this
material as well as the formation of bimetallic alloy phases in
the nanomaterial. Probably, a variety of bimetallic phases are
present that slightly differ in their atomic Pd/Pt-ratios, resulting
in a respective distribution of lattice parameters (Table 1). From
a synthetic point of view, Pd-rich phases could be formed
during the activation process and during the early stages of
plating, which occur on Pd seeds. Also, locally fluctuating Pd

and Pt concentrations during plating could explain differing Pd/
Pt-ratios within the nanoscopic phases.

XPS was used to determine the NT’s surface speciation of
three samples, Pd100Pt0, Pd50Pt50, Pd0Pt100 (Figure 6). As the
NTNWs are 3D negatives of the utilized template, the seeds
stemming from the activation process remain on the outer NT
surface after template dissolution. Therefore, they are in the
focus of the surface-sensitive XPS method. The elemental
composition of the samples is in good agreement with the
synthetic expectations. There are traces of surficial Pd on the
monometallic Pt NTs, arising from the activation step of the
seeding procedure. In comparison, the monometallic Pd NTs
never came in contact with Pt during synthesis, thus no signs of
Pt are found. Residues of Sn stemming from the sensitization
step were present on all of the NTs’ outer surfaces.[1,2,8,29] Varying
amounts of O, C and In are present as well, which can be
attributed to polymer residues (C, O) and the sample prepara-
tion (adsorbed atmospheric contaminations containing C, O, In
foil for embedding the NTNWs).

Table 1. Fit parameters for each set of data and structure fractions.

j Fractions [wt.%] Lattice parameter [Å] Crystallite size [nm] GOF Eta S400 S220

Pd 1 92.22�4.29 3.895�0.0009 7.62�3.25 1.10 0.68�0.18 14595�6070 -18835�7741
2 4.84�4.41 3.923�0.0115
3 2.94�0.34 4.021�0.0042

Pt 1 88.42�0.62 3.910�0.0004 19.60�1.30 1.08 0.68�0.02 143248�3658 451001�5778
2 8.70�0.62 3.971�0.0026
3 2.88�0.15 4.058�0.0027

Pd50Pt50 1 91.77�0.27 3.903�0.0002 7.08�0.12 1.91 0.64�0.03 22289�1140 -1331�1349
2 6.96�0.27 3.969�0.001
3 1.26�0.06 4.069�0.002

Figure 6. Survey XP-spectra: Pd-NTs (blue); Pd50Pt50-NTs (cyan); Pt-NTs (green).
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2.3. Tailoring the Composition of Pd/Pt-NT Catalysts for
Methanol Oxidation

The PdxPty NTNWs’ catalytic activity regarding methanol
oxidation was investigated using cyclovoltammetry (CV). For
the purpose of finding the optimal NT composition, seven
samples of varying Pd/Pt-ratios were characterized. First, the
electrochemical active surface area (ECSA) was determined in
sulfuric acid (see “Supporting Information”), using the average
charge density value of 210 μCcm� 2 for one complete mono-
layer of adsorbed H on Pt.[63–65] Pd can not only bind H by
adsorption, but also absorb it, complicating an exact surface
determination via H-monolayer-desorption charges in the case
of Pd-containing samples. Due to the tendency to bind larger
amounts of H, this method tends to yield too large surface area
values. By neglecting the H-absorption of Pd and assuming its
H-adsorption charge density value of 210 μCcm� 2, equal to that
of Pt,[41–43,63] the resulting ECSAs are generally overestimated.
Another method for determining the ECSA of Pd and Pt
catalysts is integrating the charge of the surface-oxide reduc-
tion region. The charge values associated with the reduction of
one monolayer of PdO and PtO are 424 μCcm� 2 and
420 μCcm� 2, respectively.[63] Being more error-prone, this ap-
proach is not as commonly used for the ECSA determination of
Pt. To estimate the degree of surface area exaggeration in our
bimetallic NTs by using H desorption, we apply both ECSA-
determining methods in this work for comparison (see the
Supporting Information: AH and AO for the calculated ECSA-
values by the respective method). As it turns out, an over-
estimation of ECSAs resulting from neglecting the H-absorption
of Pd is noticeable for NTNWs with a Pd content of 50% and
higher. The Pt-rich samples (Pt-content >50%) show good
agreement of the ECSA values calculated with both methods.
Importantly, we can rule out that the error introduced in the
case of high Pd contents shifts the activity order of our different
catalysts (see below). Due to the ability to reliably characterize
the ECSA of our more active, Pt-rich catalysts, we use the H-
normalized values in our discussion below.

Upon addition of methanol to the electrolyte, broad
oxidation peaks appear at E�1 V in the forward scan (Figure 7).
The maximum peak current densities (pcd) and the shifts of the
corresponding potentials Er at recurring potential depend

heavily on the catalyst composition. As measure for the activity
of the respective samples, the pcd values of the anodic scan are
used. Another method for the comparison of catalytic perform-
ance is the methanol oxidation current at recurring potential.
However, this parameter is error-prone, because the oxide
reduction is strongly dependent on the nobility of the
respective catalyst and therefore dependent on its Pd/Pt-ratio,
as well as on the cycling conditions.[63–65] The oxidized surface of
Pd-rich samples is reduced at such low potentials, that hardly
any driving force for methanol oxidation is present, resulting in
much lower pcd values at recurring potentials for Pd-rich
samples in comparison to Pt-rich samples.[5]

The monometallic Pd-NTs show the lowest activity in
methanol oxidation with a corresponding. With increasing Pt
content, the activity of the bimetallic NTNWs increases until a
pcd maximum is reached for the Pd20Pt80-NTs (226 μAcm� 2)
which then descends again to 108 μAcm� 2 for the pure Pt
NTNW. Figure 8 shows that, independent of the surface area
normalization, the Pd80Pt20 NTNW shows the highest pcd and
therefore the best catalytic activity.

The considerable increase in the oxidation current density
when substituting 20–30 at.% Pt with Pd could be attributed to
different mechanisms:

First, alloying Pt with Pd could facilitate the reduction of
oxide species: The characteristic value Er in the cathodic scan is
shifted to more positive values with increasing Pd-contents for
Pd-contents below 50%. This indicates that the formation of
inactive metal oxides is impeded.

Second, the presence of Pd can result in electronic changes
which can weaken the degree of Pt poisoning: Through alloying
with Pd, the Fermi-level of the solid shifts downwards, reducing
the occupation of the Pt 4d orbitals responsible for forming the
strong Pt� CO-backbond.[24,25]

Third, a catalytic synergy between Pd and Pt could arise
from the bifunctionality of Pt� Pd ensembles: Pd is an efficient
promoter for OHads formation,[25] which boosts the oxidation of
COads on neighboring Pt triplet site representing the active
centers for methanol oxidation. Due to the higher intrinsic
activity of Pt as compared to Pd in the methanol oxidation, it is
anticipated that optimal surface compositions contain just
enough Pd to reliably ensure the direct proximity of Pd to Pt-
triplet ensemble sites capable of oxidizing methanol, and

Figure 7. CVs of all seven investigated NTNW-samples in 0.5 m H2SO4+1.2 m

methanol. All currents were normalized by the ECSA values calculated by H
desorption.

Figure 8. Measured peak current densities over Pt-content for all seven
investigated samples.
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benefit from a considerable Pt excess (up to 90%),[43] like in our
case.

In accordance with all three key aspects above, within our
sample size, the Pd20Pt80 catalyst showed the quickest stripping
of surface oxides in the cathodic scan (Er) and the highest pcd
in methanol oxidation. Our experimentally determined opti-
mum composition is close to the value expected for a solid
solution catalyst benefiting maximizing bifunctional effects
while maintaining a high density of Pt triplet sites.

Building up on the fact, that sample Pd20Pt80 showed the
quickest stripping of surface oxides, we conducted a CO-
stripping experiment after 1 h of indirect poisoning with
potentiostatic application in 0.1 m formic acid (HCOOH). Similar
to a recent study in our research group,[53] our experiment
compares the CO-stripping capabilities of our Pd20Pt80 NTNW to
the pure Pt NTNW (Pd0Pt100). The plotted results can be seen in
Figure 9 of the Supporting Information. The Pd20Pt80 sample
shows improved CO-stripping capability compared to the pure
Pt NTNW: The CO-stripping off the Pt NTNW is located at
500 mV, whereas the Pd20Pt80 sample shows a shift of the CO-
stripping to lower potentials reaching maximum currents at
445 mV.

In previous studies, compared to carbon-supported metal
nanoparticle catalysts, metallic nanotube have shown to be less
prone to typical degradation mechanisms such as support
corrosion, nanoparticle detachment, or dissolution.[1,2] To inves-
tigate the stability of our catalysts, we performed accelerated
aging studies using the most active Pd20Pt80 nanotubes and the
Pd0Pt100 nanotubes, and comparing them with commercial
Pt� C. The results from the long term cycling CVs are shown in
Figure 9: Over 300 recorded cycles, the commercial sample Pt
black loses almost its entire ECSA, decreasing it to 1% (black
line). In comparison, the Pd0Pt100 (green line) retains 46% of its
initial ECSA after 300 cycles and thus showing better stability
than the commercial Pt black. This difference is notable in the
first 150 cycles of the measurement. The Pd20Pt80 exhibits the
best stability of the three investigated samples, retaining 96%
of its initial ECSA. Because the Pd20Pt80 NTNW did not
significantly lose ECSA in comparison to the pure Pt NTNW we
hypothesize that compositional effects between Pd and Pt are
causing the superior stability of the alloy catalyst. In addition to

that, the CO-stripping experiments show evidence that these
synergistic effects are accompanied by better CO-stripping
capabilities. Furthermore, we conclude that the nanostructured
hollow architecture causes the better stability of the Pd0Pt100
NTNW compared to Pt black.

3. Conclusions

Bimetallic PdxPty nanofilms covering the whole composition
spectrum were synthesized with electroless plating. Key for
achieving alloy plating was the development of mutually
compatible plating baths for the individual metals, which both
share the same reducing agent, employ non-interfering ligands,
can be operated at the same pH and temperature, and result in
similar Pt and Pd deposition rates. Due to the excellent
conformity and nanoscale homogeneity of the deposit, we
could replicate the intricate inner surface structure of ion-track
etched polycarbonate membranes, enabling the production of
free-standing PdxPty NTNWs of arbitrary composition. Using the
electro-oxidation of methanol as a model reaction, we have
shown how the compositional freedom provided by our
synthesis route can be used to optimize the material perform-
ance in selected applications. The highest surface normalized
activity was found for the Pd20Pt80 NTNW, reaching a pcd of
0.363 mAcm� 2 – which represents more than a two-fold
increase in comparison to pure Pt NTNWs. CO-stripping experi-
ments show evidence for a superior CO-stripping capability of
the Pd20Pt80 NTNW compared to the pure Pt NTNW. Long term
cycling experiments prove the better ageing resistance of the
Pd20Pt80 NTNW compared to the pure Pt NTNW, both samples
outperforming the commercial catalyst Pt black.

The outlined reactions can be applied to different template
materials and shapes and hence, be coupled with other
synthetic approaches, e.g. sequential deposition or derivatiza-
tion reactions to produce more complex materials. Our general
strategy represents a starting point for developing other
electroless alloy plating reactions.

Experimental Section

General procedures and chemicals

Laboratory glassware was cleaned with aqua regia. All procedures
were performed with ultrapure water (R>18 MΩcm� 1, Millipore).
The following chemicals have been used as received: 4-dimeth-
ylaminopyridine (DMAP, Fluka, �99.0%), dichloromethane (Merck,
�99.8%), ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich,
�99.0%), ethanol (absolute, Labor Service GmbH, p.a.), ethylenedi-
amine (en, Fluka, puriss. p.a.), formic acid (HCOOH, �95%, Sigma-
Aldrich), hexachloroplatinic acid (Fluka, 8% in dil. HCl), hydrazine
monohydrate (Merck, 80% in H2O), KCl (Sigma, �99.0%), methanol
(AppliChem Panreac, 99.5%), methanol (Labor Service GmbH, for
analysis; used for catalysis), Nafion (5% in ethanol, Electrochem,
Inc.) PdCl2 (Alfa Aesar, 99.9%), Pt black (20% nominally on C, Alfa
Aesar), sulfuric acid (volumetr. Solution, AppliChem Panreac, 0.5 m),
trifluoroacetic acid (TFA, Sigma-Aldrich, 99%), SnCl2 dihydrate
(Sigma-Aldrich, 98%).

Figure 9. Long-term study (300 cycles in 0.5 m H2SO4) with samples
Pd20Pt80, Pd0Pt100 and the commercial catalyst Pt black (20% Pt on C). The
respective ESCAs were evaluated for cycle 1, 20, 40, 60, 80, 100, 150, 200,
300
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Template seeding

Polycarbonate membranes (Whatman, nominal thickness 20 μm,
pore density: 1.5×108 cm� 2, pore diameter: 400 nm) show inter-
connectivity of the nanochannels, which results from angled ion
irradiation, allowing the formation of free-standing nano-networks
by pore replication.[1] Prior to plating, the polymer templates are
covered with Pd nanoparticle seeds. This is achieved by first
immersing the templates in a methanolic solution of Sn(II) (42 mm

SnCl2, 71.4 mm TFA, for 15 min), followed by immersion in an
aqueous solution of Pd(II) (11 mm PdCl2, 33 mm KCl, for 5 min).
Between transfers the template is rinsed with ethanol to avoid
mixing of the utilized solutions. This activation procedure is
repeated three times. The final template shows a brown color
resulting from Pd NPs covering the template’s surface including the
pores.

Electroless plating

The plating baths consist of two components: The first component
(a) contains the metal source, complexing agents, chemicals for pH
adjustment and/or capping agents. The second component (b)
contains the reducing agent hydrazine and is mixed with the
former in a 1 :1 ratio by volume. The electroless Pd plating consists
of the following combined solutions (a1) and (b1): (a1) PdCl2
(4.2 mm), EDTA (15.4 mm), dimethylaminopyridine (DMAP,
20.5 mm); (b1) hydrazine (44.6 mm). The electroless Pt plating
consists of the following solutions (a2) and (b2): (a2) H2PtCl6
(3.5 mm), ethylendiamine (en, 36.4 mm); (b2) hydrazine (257.1 mm).
Plating is performed by combining both solutions (a) and (b) at 70–
80 °C and adding a seeded/activated template under stirring. Alloy
plating baths are produced by mixing the monometallic variants in
different ratios. After 2–3 h, the template color changes to black,
indicating metallization. With ongoing plating and growing film
thickness, a shiny, smooth surface film will appear on top of the
template, indicating the end point of the synthesis. The plating
baths should show a faded yellow color (due to the depletion of
the Pd and Pt complexes) and no other precipitation within the
glassware except on the previously activated template.

Characterization

Secondary electron microscopy (SEM) with integrated energy-
dispersive X-ray analysis (EDX). The measurements were per-
formed on template-freed NTs, which were obtained by dissolving
the polymer with dichloromethane and collected on Si wafer
pieces. Imaging was performed with a Philips XL30 FEG using
acceleration voltages of 10–30 kV, and accompanied by EDX
analysis using an EDAX Genesis spectrometer.

X-ray diffraction analysis (XRD). The general XRD measurements
(Θ-2Θ scans) were performed with a Seifert PTS 3003 diffractom-
eter using a Cu anode, an X-ray mirror installed on the primary side,
and a long Soller-slit and graphite monochromator built in on the
secondary side to separate the Cu Kα-line (40 kV/40 mA).

Rietveld-refinement. Detailed diffractograms were recorded in a
Bruker D8 diffractometer with Bragg-Brentano geometry and a Cu
anode (Cu-Kα1,2-radiation at 30 kV/40 mA) using a VANTEC detector
(3° detector opening). Data were recorded for an angular range
from 10–90° 2θ with a step size of ~0.007°. A fixed divergence slit
with a 6 mm opening was used. A total measurement time of 3 to
7 h was chosen for this angular range, whereas longer measure-
ment times were used for samples with reduced amount of
available powder to obtain comparable signal-to-noise ratios. The
obtained data were fitted using the Rietveld method as imple-

mented in the software TOPAS 6 (Bruker AXS, Karlsruhe, Germany).
The instrumental intensity function was determined empirically
from a fundamental parameters set by utilizing a reference scan of
a LaB6 standard (NIST 660a).[60]

X-ray photoelectron spectroscopy (XPS). The XPS measurements
were carried out on the DAISY-MAT, a Physical Electronics PHI 5700
multitechnique surface analysis system, using the monochromated
Al-Kα-line with hn=1486.6 eV as X-ray radiation, with a pass energy
of 187.85 eV (survey spectra). An Ag-standard was used for
calibration (Ag3d5/2 and Fermi level).

Transmission electron microscopy (TEM). The TEM measurements
were executed with a CM20 microscope (FEI, Eindhoven, The
Netherlands, 200 kV acceleration voltage, LaB6 cathode): The nano-
structure-containing templates were embedded in Araldite 502
(polymerization at 60 °C for 16 h) and examined as ultrathin
sections (70 nm thickness, Ultracut E ultramicrotome (Reichert-
Jung) equipped with a diamond knife (DKK)).

Cyclic voltammetry measurements (CV). CV measurements were
conducted with a Gamry 600 potentiostat using a three-electrode
setup comprising a reference electrode (Hg jHg2SO4+0.682 V vs.
standard hydrogen electrode (SHE), Ag jAgCl+0.210 V vs SHE), a
Pt-mesh counter electrode and a polished glassy carbon working
electrode (3 mm diameter). Comparable amounts of NT catalysts
were drop coated on the working electrode in the form of
dichloromethane suspensions: An eighth of a plated template was
dissolved in dichloromethane and 50 μl of this suspension was
drop coated onto the working electrode. A thermostat was used to
adjust the temperature to 25 °C. Prior to the experiments which
were conducted under N2 stream, the electrolytes were purged
with N2 for 5 min. The conditions (electrolyte, scan rate, reference
electrode) for all CV experiments are summarized in Table 3 of the
Supporting Information. The Pt black sample was prepared using
15 mg of powder, dissolving it in 1 mL of a 1 :1 water+Nafion (5%
in ethanol) solution. For one sample preparation 5 μL were drop
coated onto the working electrode and dried for 10 min at 100 °C.
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