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Composites were prepared by a surface activation by aerosol deposition of Pd nanoparticles (Pd nano seeds) on a poly-
(tetrafluoroethylene) membrane and subsequent Pd—P film formation by electroless deposition. Activation of the membrane
processed by an ambient Pd spark discharge and subsequent fixation of the spark produced Pd nano seeds. Characterizations for
electroless Pd—P films indicated that P entered into the crystal lattice of Pd and formed an alloy. The fabricated composites were
applied to catalytic applications of formic acid oxidation (FAO) and toluene conversion (TC). The composite catalysts from the
simple activation had more stable performances of FAO and TC than those from the conventional Sn—Pd activation, and their
better performances might have originated from better purity due to the simple activation that only introduced pure Pd nano seeds.
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B INTRODUCTION

Proton-exchange membrane fuel cells (PEMFCs) and direct
methanol fuel cells (DMFCs) are attracting more and more
attention as environmentally friendly power sources for trans-
portation and stationary applications. Recently, the advantages of
direct formic acid fuel cells (DFAFCs) have been progressively
recognized compared to DMFCs.' Pd catalysts are of interest as
anodic catalysts for DFAFCs, and it is known that Pd possesses
good electrocatalytic activity for the oxidation of formic acid.”
However, the Pd catalyst has some drawbacks. In particular, Pd is
easily oxidized compared with Pt. Thus, one of the disadvantages
of Pd as an anodic catalyst is its instability.> In order to improve
the stability of the Pd catalyst, Pd-based composite catalysts are
investigated. Most of the reported composite catalysts are com-
posed of Pd and other metallic elements, such as Pt and Au.*®
More recently, the introduction of a nonmetal element, such as P,
into the Pd catalyst is a promising strategy to develop alternative
materials as catalytic electrodes.” Moreover, a composite catalyst
incorporating P is also considered a suitable catalyst for the
conversion of harmful volatile organic compounds (VOCs). The
catalyst demonstrates advantages compared to either Pt or Pd
only, such as in its stability and low cost and even higher activity
depending on the organic compound.”

For fabricating metallic catalysts, electroless deposition (ELD)
has strong advantages over sputtering, chemical vapor deposi-
tion, and electrodeposition, particularly with respect to its cost
performance, use of nonconductive substrates with complex
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shapes, and simple equipment.*” On the other hand, the initiation
of the ELD process is preceded by surface activation to provide
ELD initiation sites (i.e, seeds or initiators) on the substrate’s
surface. The seed is an electron carrier in the transfer of electrons
from the reducer to metal ions in an ELD bath.'” Concerning
conventional Sn-based wet activation,'"'? it is suggested that the
introduction of Sn leads to the gradual degradation of the catalyst
performance due to undesirable alloying.'> Aerosol activation
involves fewer steps than the Sn-based conventional activation
and does not introduce unwanted impurities."*

In this paper, the authors present the result of using the Pd—P
film on a polymer membrane [poly(tetrafluoroethylene), PTFE]
as a Pd-based composite catalyst, fabricated by an ELD using Pd
nano seeds produced by an ambient spark discharge to apply to a
formic acid oxidation (FAO) and a toluene conversion (TC).
The incorporation of metallic films into polymer matrixes is an
area of interest for the study of interactions between the films and
polymers."? In particular, there has been increasing interest in the
preparation of Pd-based films on a polymer support because of
their much improved catalytic activity. However, the use of Pd—P
composite catalysts is still limited to only a few studies,'>'® and
therefore there is not much information available concerning the
appropriate fabrication process.17
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Figure 1. Diagram of the fabrication procedures and catalytic applications.
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B EXPERIMENT

Figure 1 shows a diagram of the method used to fabricate Pd—P
composite catalysts. A spark discharge was used to produce Pd
nano seeds under ambient conditions as seeds (or initiators) for an
ELD,"* and the seeds were captured by the polymer membrane
(0.2 um pore size, 47 mm diameter; 11807-47-N, Sartorius) by a
physical filtration (i.e., mechanical filtration, mainly by diffusion, of
Pd nanoparticles on surfaces of the membrane) under 4.65 cms ™'
of gas face velocity. Indeed, primary Pd nano seeds were produced
by the spark discharge at atmospheric pressure in controlled
conditions (the flow rate of nitrogen gas as well as the spark
frequency and energy) to prevent agglomeration, which was critical
for the deposition of individual primary Pd nano seeds and related
catalytic activity."®*' The polymer (PTFE) was selected because
of its superior chemical resistance (hydrophoblaty) good thermal
stability, and high mechanical strength.”* Furthermore, the hydro-
phobicity of the support favored the adsorption of organic com-
pounds over the catalyst surface.”® After annealing at 240 °C, the
seeds' fixed, so-called “activated”, membrane was immersed hor-
izontally in an ELD bath to form a Pd—P film on the surface of the
membrane. The primary Pd nano seeds were eventually agglom-
erated either during transit from the spark generator to the filtration
step on the PTFE membrane or during the annealing.”*

For comparison purposes, the surface of another polymer
membrane was activated by a conventional wet two-step process
(Figure 1), which required Sn sensitization. The membrane was
first sensitized by immersing it in an aqueous solution containing
SnCl, (8 mg), HCl (0.0S mL), and deionized (DI) water
(49.95 mL), followed by rinsing with DI water. The activated
membrane was accelerated by immersing it in an aqueous
solution containing NaOH (1 g) and DI water (50 mL) to
remove Sn species over the catalytic Pd particles, followed by
rinsing with DI water. The subsequent activation was carried out
in a PdCl, solution of PdCl, (4 mg), HCI (0.05 mL), and DI
water (49.95 mL), followed by rinsing agam with DI water. The
ELD condltlon was as follows PdCl,, 1 gL ',NH;-H,0 (28 %»)
120mLL ™ HCL2mL L™, NH,C], 20gL ; NaH,PO,, 10 gL
temperature, 45 °C; pH, ~10; time, 10—40 min.

The electrochemical measurements (also in Figure 1) were
performed using a VERSASTAT3-200 (Princeton Applied Re-
search, Inc.) electrochemical analyzer and a conventional three-
electrode electrochemical cell at 30 = 0.4 °C. A Pt plate was used
as the counter electrode. A saturated calomel electrode was used
as the reference electrode. The working electrode was a rotating
glassy carbon electrode (S mm diameter) that was covered with
part of the fabricated catalyst after being polished and cleaned by
sonication. The current density in the electrochemical measure-
ments was normalized to the geometrical surface area of the
working electrode. The solution for the measurement was S M
HCOOH.

Catalytic conversion (also in Figure 1) of toluene was carried
out in a quartz fixed-bed reactor (37 mm inner diameter) at
atmospheric pressure and temperatures between 100 and
300 °C. Toluene (air-balanced) was acquired from a compressed
gas cylinder and a flow rate of the gas stream was controlled by a
mass flow controller (MKS Instrument). An inlet concentration
of 1000 ppm for toluene in a flow of 15 cm® h™' was used,
resulting in a space time of 16 000 rngas3 h! mcatalysf3. To avoid
condensation of the reactant or any reaction product, all of the
lines were heated above 100 °C. The concentrations of the
toluene in the outlet gas stream were measured by a photo-
ionization detection gas analyzer (Sniffer II, Kinsco, Inc.; lower
detection limit of 0.01 ppm), which monitored the total VOC
(TVOC). The steady-state conversion was obtained from the
inlet (CX,%C) and outlet (CXS&) concentrations of TVOC.

VOC __ CVOC
inlet outlet ( 1 )
CVOC

inlet

conversion =

To avoid condensation in the tube system due to cooling by
ambient air, we used a thermostatically heated tube system set to
a preselected temperature of 300 °C. The absence of artifact from
condensation was verified using a condensation particle counter
(3025, TSI).

All experiments and measurements were performed four times
and the following data described with averaged values.
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Figure 2. (a) SEM images of the pristine and activated surfaces of polymer membranes. (b) EDX results of the activated membrane.

B RESULTS AND DISCUSSION

Size, Surface Density of a Pd Aerosol Seed, and Activation
Intensity. The scanning electron microscopy (SEM; JSM-
6S00F, JEOL) images (Figure 2a) showed that the pristine
membrane had a clean surface, while a number of particles were
present on the activated membranes. The mean mode diameter
of the single (or primary) nano seeds was approximately 4 nm,
which had been proven by transmission electron microscopy in
the earlier report.”* From energy-dispersive X-ray (EDX; JED-
2300, JEOL) spectroscopic analyses (Figure 2b), it was found
that the pristine membrane contained C (31.8% of the number of
atoms) and F (68.2% of the number of atoms), which might have
originated from the membrane, while activated membranes
contained a small amount of Pd (0.37—3.40% of the number
of atoms). The first image of the bottom of the membrane in
Figure 2b shows a different scaled micrograph of the activated
membrane for 1.77% Pd of the number of atoms. The following
three images show the EDX maps of the dotted area in the first
image. These maps corresponded to C, F, and Pd, respectively.
The dots in these images indicated the positions of each element
in the first image. However, the dots in the Pd map were not well
corresponded (not dense) because the Pd detection led to an
apparent homogeneous surface density of Pd nano seeds,
including the seeds located in the membrane. From the above
characterizations, the activation intensity [I,(D,)] of the sub-
strate is defined as follows:*®

L(Dy) = Q' / " 9(Dy) C.(D,) dD, )

where Q is the flow rate of the carrier gas, , is the activation time,
A, is the surface area of the membrane, m is the mass of the
membrane, and Ca(Dp) is the surface density of the Pd nano seed.
The activation intensity was selected to be approximately
0.43—3.44 cm® of Pd nano seed m > of membrane (or
3.49—-27.90 ug of Pd m > of membrane).

Growth Kinetics and Trend of Pd—P Film Formation. The
SEM images in Figure 3a show the trend of film formation on the
activated surface of the membrane with the ELD time ranging

from 10 to 40 min for activations of 0.43—3.44 cm” of Pd nano
seed m ™ of membrane. The deposited film showed a gray color.
In Figure 3a, the particles (~210 nm) formed initially (10 min of
ELD) on the top of the Pd nano seeds. The particles had a
random orientation, resulting in an irregular disposition. Because
the Pd nano seeds were located at different areas of the
membrane surface, the probability of film formation on different
seeds during ELD was expected to be different, i.e., a shadowing
effect. Because of an initial microstructural nonuniformity, some
nuclei could grow faster than others, leading to nonuniformity of
the formed film microstructure. The number of particles in-
creased progressively with increasing ELD time, through three-
dimensional growth of laterally coalescent hemispherical parti-
cles, which was similar to observations reported by Robertis
etal,'® leading to a more compact filming, which covered most of
the membrane surface. Moreover, with higher activation inten-
sities, continuous granular films were formed faster, more rapidly
covering the membrane surface. Thus, both separate particles
and film can also be achieved by adjusting the activation intensity.
Nevertheless, the observed voids were likely due to the trapping
of hydrogen gas, which was formed by the combination of
hydrogen radical species produced during the first steps of the
hypophosphite oxidation (also refer to eq 4).° Because of the
known capacity of Pd for hydrogen adsorption and/or absorp-
tion, completely dense films were hardly obtained. In addition,
from the standard tape test using 3M 2503710, it is confirmed
that there was a smaller decrease of Pd—P (14% mass) with
annealing (at 240 °C) after activation than without the annealing
case (67% mass).

Comparison of the Pd—P Film Roughness between Pd
Aerosol and Sn—Pd Activations. Figure 3b shows flattened
atomic force microscopy (AFM; Nanoscope Illa, Advanced
Surface Microscopy, Inc.) images of the film topograph
(11.72 em® of Pd nano seed m > of membrane activation
intensity) obtained in the tapping mode. After 10 min of ELD,
the film presented a rough morphology, due to a large number of
almost spherical clusters. By an increase of the ELD time (40 min),
cluster coalescence could occur and less rough and more uniform
morphology was observed. The thickness and arithmetic mean
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Figure 3. (a) SEM images of electroless films (10, 20, and 40 min ELD) for different activation intensities. (b) Topographs of electroless deposits of 10
and 40 min ELDs for 1.72 cm® of Pd nano seed m 2 of membrane activation intensity. (c) EDX profile of the catalyst (40 min of ELD) for 1.72 cm® of Pd
nano seed m > of membrane activation intensity. (d) XRD result of the catalyst (40 min of ELD) for 1.72 cm” of Pd nano seed m ™2 of membrane

activation intensity.

roughness of the 10—40 min depositions were approximately
0.8—1.4 um and 59.5—153.3 nm, respectively. The estimated
dimensional growth rates of 0.43—3.44 cm” of Pd nano seed m >
of membrane activation intensities were 27.5—45.0 nm min '
for the case of a 40 min deposition.

Elemental Analysis and Film Formation Mechanism. The
Pd La peaks (Figure 3c) for 40 min of deposition (1.72 cm” of Pd
nano seed m - of membrane) were detected for the film,
confirming the formation of Pd films by the ELD. Noticeably,
a small peak corresponding to P Kt also appeared for all of the
samples, indicating the inclusion of P in Pd (i.e., the formation of
aPd—P alloy instead of pure Pd). Correspondingly, the dot maps
(Figure 3d) also show a homogeneous element (Pd and P)
distribution. The inclusion of a P atom in the Pd matrix could be
ascribed to the codeposition of Pd (denoted as Pd¥ in eq 3) and P
(denoted as PV in eq 4) elements in the ELD bath. Generally, the
bath containing Pd ions (Pd*") from PdCl, and hypophosphite
ions (H,PO, ) from NaH,PO, might be introduced to the

Pd—P film via the following reactions:>’
Pd*"™ + H,PO,” + H,0 = Pd{ + H,PO;~ + 2H"

(3)

1
2H,PO,~ + H* =P + H,PO;~ + EHZT + H,0

(4)

The results indicated that the P atom coexisted with the Pd film
and the atomic ratios of P to Pd (the degree of amorphicity)*®
were in the range of 7.64 (Pdg,oP;;)—7.89 (Pdg,,P,3) for
0.43—3.44 cm” of Pd nano seed m ™ > of membrane activation
intensities for the 40 min ELD. It was found in the experiments
that the activation intensity had little effect on the chemical
deposition of the Pd—P films. The Pd—P film amounts were also
obtained from inductively coupled plasma atomic emission
spectroscopy (ICPAES; Elan 6000, Perkin-Elmer) analyses.
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Figure 4. (a) Polarization plots with FAO (left) and time dependences of the current density at a voltage of 0.53 V at 30 °C. (b) TC with different

temperatures (left) and the TC stability with operation times (right).

Analyses for the Pd and P elements were performed as follows. A
weighed portion of the sample (about 0.01 g) was dissolved in
2 mL of boiling HNOj. The resulting solution was diluted with
water to S0 mL in a volumetric flask. The P content was
determined photocolorimetrically by the standard procedure.”
The deposition rates (for 40 min ELD) for 0.43—3.44 cm” of Pd
nano seed m~~ of membrane activation intensities were 13.1—
28.3 ug of PA—P film cm™ > min ™', respectively.

X-ray Diffraction of the Pd—P Film. Diffraction peaks at 40.6,
46.4, and 68.2° corresponded to the (111), (200), and (220)
crystal faces of Pd,'* respectively; however, the diffraction peaks
(at 41.7, 47.4, and 69.4°) of the fabricated film (for the 40 min
ELD with 1.72 cm® of Pd nano seed m > of membrane activation
intensity) (Figure 3d) were much broader than those of the Pd
film, showing that the relative crystallinity of the fabricated film
was much lower than that of the Pd film. The lattice parameters
ag. for the Pd film with a face-centered cubic (fcc) structure were
evaluated from the angular position of the Pd(220) peak max-
imum according to the following formula:*°

_ V2,

e (5)

sin O,

where Axq, is 0.154 056 nm. The calculated lattice parameters
were 0.3903 nm for the Pd—P film (cf. 0.3913 nm for the Pd film

2916

in a previous report)."* This indicated that the crystal lattice of Pd
contracted in the presence of P. Therefore, P had entered into the
crystal lattice of Pd at the atomic level.>*

Catalytic Activities and Stability of Pd—P Films. There was
no significant difference in the polarization between the Pd
aerosol and Sn—Pd activations, as shown in Figure 4a (left).
Time dependence changes in the current densities (the short-
term durability test) of the catalyst with both activations were
observed at a constant voltage of 0.53 V, as is also shown in
Figure 4a (right). The current density significantly droppedin 6 h
of operation of the catalysts with both activations. However, the
current drop with the Sn—Pd activation was more than that with
the Pd aerosol activation. The above electrochemical results
demonstrated that when the Pd—P film was fabricated from the
aerosol activation, the electrocatalytic performance of the catalyst
for the oxidation of formic acid was improved. In particular, the
electrocatalytic stability of formic acid oxidation for the aerosol
activation was much better than that from the Sn—Pd activation.
It was possible that the performance loss of the catalyst from the
Sn—Pd activation was caused by higher resistance and a sub-
stantially lower oxidation reaction rate. Indeed, when the Sn—Pd
activation was performed, impurities such as Sn (1.44% of the
number of atoms; electrical resistivity, 11.5 #€2 cm > 10.5 #€2 cm
for Pd) and Cl (1.82% of the number of atoms; electrical
resistivity, >10° 4Q cm) compounds, resulting in an increase
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in the resistance from 0.14 (aerosol activation) to 0.26 Q cm”
(Sn—Pd activation). Moreover, according to a report,32 the
crystal sizes of the Sn—Pd seed were very small (ranging from
subnanometers to a few nanometers). These sizes could be easily
oxidized (ie., increase in the resistance) during the oxidation
reaction, and thus a further decrease in the catalytic activity of the
composite catalyst might also be induced. In addition, a compar-
ison between the Pd—P and Pd films from aerosol activation was
also evaluated, and the time dependence electrocatalytic activity
of the Pd film only reached 0.81 in comparison with the Pd—P
film. From X-ray photoelectron spectroscopy (AXIS HIS,
Kratos) analyses, for the Pd film,"* the Pd 3d; , peak at 340.6 eV
and the Pd 3ds , peak at 335.4 eV were assigned to Pd’, while the
Pd 3d;/, and Pd 3ds, peaks of Pd° for the Pd—P film were at
341.0 and 335.9 €V, respectively. The Pd° peaks for the Pd—P
film were 0.4 eV more positive than those of the Pd film. This is
due to the fact that when Pd interacted with P, Pd would donate
electrons to P, causing a decrease in the 3d electron density of Pd.
Pd with low 3d electron density did not easily bind to the COOH
intermediate, and then the surface (COOH),q4, coverage was
reduced. Thus, formic acid could be easily oxidized through a
direct pathway.*?

The steady-state conversion of toluene as a function of the
reaction temperature is shown in Figure 4b (left). The steady-
state conversion increased with the reaction temperature, and the
trend was similar to that in a report by Bedia et al.” The maximum
reaction temperature was chosen to be 300 °C to prevent the
burnoff of the polymer membrane. Thus, the conversion efhi-
ciencies were low compared to those of other classical pollution
abatement methods. The Pd—P film for the Pd aerosol activation
was more stable for 48 h than that from the Sn—Pd activa-
tion (Figure 4b) (right), with no significant changes in the con-
version during the extent of the experiment. Differences in the
conversion stability (i.e., deactivation) were found that probably
resulted from the difference between the activations. The Sn and
Cl compounds in the film from the Sn—Pd activation might affect
the deterioration by unwanted blocking, residing, or alloying
from the compounds. Owing to a very small size, % the Sn—Pd
seeds (also containing Cl) could be easily merged with the Pd—P
film at the reaction temperature as a molten form,'” and thus the
deterioration might be induced. In addition, a comparison
between the Pd—P and Pd films from aerosol activation was
also evaluated, and the steady-state conversion of the Pd film was
only reached at 0.69 in comparison with the Pd—P film. Previous
reports®*>° stated that Pd with the low 3d electron density (for
the Pd—P film) was more active than metallic Pd (for the Pd
film) for the catalytic oxidation reaction. During the oxidation,
moreover, Pd might be easily oxidized by CO, and H,0,% but
after P was added to the Pd matrix, Pd might be not be easily
oxidized because P was already a nonmetallic element. Products
from the toluene conversion might be more hazardous than
toluene especially with fluorine from the substrate, and further
characterization of the products for real application would be
recommended.

B CONCLUDING REMARKS

The composite catalysts of the Pd—P film on the PTFE
membrane were fabricated by the novel ELD, and its catalytic
activities of FAO and TC were performed. The novel ELD
brought an interesting two-step deposition process, leading to
controlled roughness of the Pd—P film on the PTFE membrane

by surface activation with deposition of Pd aerosol nanoparticles
produced by a spark discharge, followed by electroless bath
immersion. The prepared samples from the aerosol activation
had more stable FAO and TC activities than those from the
conventional Sn—Pd activation, and their better stabilities could
be attributed to their purity from the aerosol activation that only
introduced pure Pd. This strategy may be attractive for various
scientific and/or engineering applications for catalytic electrodes,
catalysts, etc., because the aerosol activation of the support is
simple, environmentally friendly, and effective (with fewer
impurities).

A further study focuses on activities (conversion of reactants)
and selectivities (of target products) together with elucidation of
the structural features of catalysts, and their relationship to the
catalytic performance and mechanistic details of the catalytic
reaction is now in preparation to publish elsewhere.
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