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Copper particles were electrolessly deposited on a palladium aerosol activated polymer membrane in the
presence of ultrasound. An application of ultrasound introduced a faster deposition (220 pg min~! in
deposition rate) and finer copper particles (9 nm in crystallite size) than those (11 and 41 pg min™';
27 and 32 nm) in the absence of ultrasound (i.e. respectively 20 and 45 °C in bath temperature with
mechanical agitation). A better performance of methanol steam reforming (0.59 in mean conversion dur-
ing 5 h operation; 1.3 and 1.6 times respectively higher than those from 20 to 45 °C cases) at a 300 °C

reaction temperature was materialized for the ultrasound application, probably due to a finer (i.e. a more
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textured) copper particle deposition on a polymer membrane.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The formation of metallic particles on a substrate continues to
attract substantial interest because of their applications in numer-
ous fields, such as microelectronics and optical, biomedical, space
age materials, etc. [1,2]. Metallic particles on a porous substrate
as a supported catalyst are frequently employed in a variety of
reactions such as methanol synthesis, gas shift reactions, and alco-
hol dehydration/dehydrogenation [3]. Polymer membranes offer
advantages in weight, flexibility, and elasticity relative to inorganic
supports such as glasses, ceramics, and native metals [4]. Various
metallic particles are usually coated on the substrate by the meth-
ods of impregnation, physical/chemical vapor deposition, sol-gel
deposition, etc. [5]. Moreover, the performances of supported cata-
lysts are related to the dispersity, texture, etc. of deposited metallic
particles on substrate.

For fabricating metallic particles on a substrate with complex
shapes, electroless deposition (ELD) has strong advantages over
physical/chemical vapor deposition and electrodeposition, particu-
larly with respect to its cost performance and simple equipment
[6]. Normally, ELD has to be preceded by SnCl, sensitization and
PdCl, activation. From the effective (blockage of active Pd sites
with Sn, Cl components), economic (loss of expensive metallic
components) and environmental (emission of hazardous compo-
nents) points of view, as well as for simplicity in process operation,
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it is desirable to have an autocatalyst process without wet sensiti-
zation and activation for the deposition technology. Moreover, this
technique also results in a certain number of problems, particularly
at low deposition rates and uneven particle sizes [7].

The application of ultrasound during ELD generates a specific
agitation due to the mechanical effect (shock wave, dispersion,
etc., leading to a good mixing of the chemical species) on the
surface of the substrate in the bath, which leads to a faster and a
finer deposition of metal [7-11] than conventional mechanical
agitation.

The aim of this study is to enhance the deposition rate and dis-
persity of electroless Cu particles by replacing the conventional
Sn-Pd wet activation with Pd aerosol nanoparticles and applying
the ultrasound during Cu ELD. For comparison purposes, other
ELD configurations, ie. 25 and 45 °C in bath temperature with
mechanical agitation, were also examined. The Cu deposited poly-
mer membranes were then applied to methanol steam reforming
as the supported catalyst. The use of the Cu deposited membrane
is still limited only a few studies [3,12,13], and therefore there is
not much information available concerning the appropriate fabri-
cation process.

2. Materials and methods

The overall steps involving Pd aerosol activation were used to
deposit Cu on the surface of a polymer membrane and they are
schematically described in Fig. 1. The activation involves the pro-
duction of Pd aerosol particles using spark discharges and their
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Fig. 1. Schematic of ultrasound-assisted Cu ELD on Pd aerosol activated PTFE membrane and its application for methanol steam reforming.

mechanical collection on a polymer membrane [14]. The spark dis-
charges were a kind of atmospheric pressure nonequilibrium plas-
ma [15]. The polymer membrane (47 mm in diameter and 0.2 pm
in pore size, 11807-47-N, Sartorius) was used as a support and pro-
vided a noncatalytic surface for Cu particle deposition. A polytetra-
fluoroethylene was selected because of its superior chemical
resistance (hydrophobicity), good thermal stability, and high
mechanical strength [16]. Furthermore, the hydrophobicity of the
support favored the adsorption of organic compounds over the cat-
alyst surface [17]. The flow rate of the N, gas to carry the spark
which produced the Pd particles was controlled by a mass flow
controller (MFC, Tylan). To prevent the detachment of the Pd par-
ticles from the membrane, the membrane was separated and an-
nealed in air at 240°C for 10 min. Once the membrane was
activated using Pd aerosol particles, the membrane was immersed
in the electroless bath (100 mL) for the deposition of Cu onto the
activated membrane.

Two solutions were mixed and used for the ELD bath. Solution A
contained 10 g of copper sulfate, 40 g of sodium potassium tartrate
(Rochelle salt), and 10 g of sodium hydroxide in 100 mL of deion-
ized water. Solution B was an aqueous formaldehyde solution
(37.2 wt.%). The two solutions A and B were mixed in a 10:1 (v/
v) ratio and the activated membrane was then immersed into the
mixture so that Cu particles would be coated on the Pd particles
by the following reaction:

Cu®* + 2HCHO +40H  — Cu + 2HCO, + H, + 2H,0 (1)

Ultrasound (VCX 750, Sonics & Materials Inc., US) at 20 kHz (fre-
quency) and 194.8 W cm~2 (input power density) was applied into
a bath for the Cu deposition. The ultrasound was produced parallel
to the liquid surface, and the activated membrane was placed ver-
tically. The membrane was rinsed with deionized water after it was
removed from the ELD bath to remove the residual and then set
aside to dry. All chemicals and membranes were used as received
without any further purification.

Steam reforming of methanol was carried out in a quartz fixed
bed reactor (37 mm inner diameter) at atmospheric pressure and
at temperatures ranging from 180 to 300 °C. The maximum tem-
perature was chosen as 300 °C to prevent the burn-off of the mem-
brane [18]. The Cu deposited membrane was imbedded in the
reactor, as shown in Fig. 1. Methanol was acquired from a metha-
nol-water mixture and the flow rate of the mixture was controlled
by a syringe pump. Inert gas (Ar, controlled by another MFC) was
also supplied to carry the mixture into the reactor, resulting in a
space time of 13,000 mgas® h™! Mypembrane >. To avoid the conden-
sation of the reactant or any reaction product, all the lines were

heated above 250 °C. An on-line gas chromatograph (GC-6820)
was used to detect the composition of hydrogen-rich gas. The three
main reactions for this combination of reactants and products can
be written as the following three reactions [12,19,20]:

CH3;0H + H,0 — 3H; + CO;  (AH%s = +49.4 k] mol ) 2)
CH;0H — CO+2H,  (AH%g = +92.0 k] mol ) (3)
CO+H,0 - CO, +H,  (AHSes = —41.1kJmol ™) (4)

Eq. (2) represents the methanol decomposition. Egs. (3) and (4) rep-
resent a water gas shift reaction. The major products of the reform-
ing process are H, and CO,. A small quantity of CO is also produced.
The methanol conversion Xyeon and volumetric H; fraction yy, can
be calculated by the following equations [21]:

Qe(Veo +Yco,)
XME.‘OH - m (5)

VH,
Y, = (6)
where Q. is the flow rate of effluent gas, vy, is the H, flow rate, yco
and yc,, are the volumetric fractions of CO and CO,, respectively,
and vyeon and vy, are the molar flow rates of CH30H and H, fed into
the reactor, respectively.

All experiments and measurements were performed four times
and the following data are described by using the averaged values.

3. Results and discussion

Fig. 2a shows the size distribution of the spark produced Pd aer-
osol particles, which was obtained using a scanning mobility parti-
cle sizer (SMPS, 3936, TSI) system. The geometric mean diameter
and geometric standard deviation were 29.3 nm and 1.53, respec-
tively. The total number concentration and surface area concentra-
tion of the particles were 9.84 x 10° particlescm™ and
3.74 x 10'° nm? cm 3, respectively. Fig. 2b shows the transmission
electron microscope (TEM, JEM-3010, JEOL) micrograph of the Pd
particles, which consisted of primary particles with a mode diam-
eter of approximately 3 nm. Fig. 2b also shows the electron diffrac-
tion pattern corresponding to the TEM micrograph. The pattern
had diffraction lines showing (111) and (200) reflections and a
weak diffraction line showing (22 0) of the face-centered cubic lat-
tice for metallic Pd. The X-ray photoelectron spectroscopy (XPS,
AXIS HIS, Kratos) profile revealed significant peaks of C, F, and Pd
(Fig. 2c). The specific XPS spectrum of the Pd particles was also



474 J.H. Byeon, Y.-W. Kim / Ultrasonics Sonochemistry 20 (2013) 472-477

(a)3.E+O7
_ 2E+07
E
o
[
§ 2.E+07 1
t
©
e
o 1.E+07 4
i=d
S
3
F4
T 5.E+06
0.E+00 o -
10 100 1000
Particle diameter (nm)
(¢) 70000
60000 4 F1S 6000 3d d
Z 5000 312 5/2|
_:‘:? i 4000
= 50000 £ soo
2 s
§ ;_,’: 2000
5 40000 = 1000
©
: 0345 340 335 330
'%", 30000 1 Binding energy (V)
Pd 3d
20000
10000 1

1290 1130 970 810 650 490 330 170 10
Binding energy (eV)

Fig. 2. Results of Pd aerosol activation. (a) Size distribution of spark generated Pd aerosol particles. (b) TEM micrographs and electron diffraction image of the Pd particles. (¢)
XPS spectra of the Pd particle deposited PTFE membrane and Pd particles (inset). (d) EDX maps of the Pd particle deposited membrane.

checked (inset of Fig. 2¢c), and the results described two Pd energy
peaks assigned to the 3ds, and 3ds, energy levels located at 335.3
and 340.5 eV, respectively, which corresponded to signals from
atomic Pd. Fig. 2d shows a scanning electron microscope (SEM, s-
570, Hitachi) micrograph of the surface of the Pd aerosol activated
membrane. As is seen from the micrograph, coverage of the Pd par-
ticles on the membrane was achieved. The following three images
show the energy-dispersive X-ray (EDX) maps of the micrograph.
These maps correspond to C, F, and Pd, respectively. The dots in
these images indicate the existence of each element in the micro-
graph. It could be suggested that the activated membrane con-
tained Pd particles whereas C and F, which might have originated
from the membrane, were also detected. From the above character-
izations, an activation intensity I,(Dp) of membrane is defined as
follows [14,18,22]:

LDy = e, | " 0(Dy)Ca(Dy)dD, )

where, Q is the flowrate of nitrogen gas, t, the activation time, A,
the plane area of membrane, and C,(D,) the area concentration of
Pd particles. The activation intensity was selected to be approxi-
mately 6.24 cm? of Pd cm~2 of membrane (or 50.1 pg of Pd cm 2
of membrane).

Fig. 3a shows the SEM micrographs of the Cu deposited mem-
branes for the presence and absence of ultrasound. For the pres-
ence of ultrasound, small particles (~40 nm) formed initially
(0.5 min ELD) on the top of the Pd particles. In the process of time,
Cu particles were continuously grown along with the Pd particles,
and finally, for the 3 min ELD, the Cu particles became denser. It
seemed that the initial deposition kinetics could be described by
progressive nucleation on active sites, followed by the diffusion
of Cu?" ions toward the growing Cu islands and reduction to Cu
atoms on the Pd particles. The deposited Cu atoms then acted as

a self-catalyst for further Cu deposition, and a well-developed Cu
particle layer on the membrane was then obtained. SEM micro-
graphs for the absence of ultrasound (ie. 20 and 45°C with
mechanical agitation) are also displayed in Fig. 3a, and the size of
the Cu particles was noticeably larger than that in the presence
of ultrasound, although the deposition trends (not shown) mostly
show that the prolonged deposition increased the coverage of Cu
particles on the membrane surface. The Cu deposition times to
form 660 pg Cucm~2 membrane were 3, 16, and 60 min for the
‘ultrasound’, ‘45 and 20 °C’ cases, respectively. In comparison with
the 20 and 45 °C cases, the deposition kinetics was fastest for the
‘ultrasound.’ This result might have originated from an enhance-
ment of mass transport, resulting in the electrons easily transfer-
ring from HCHO to Cu?* ions on the active sites [11,23]. When an
ELD is performed in an ultrasound field, a number of effects en-
hance as a result of acoustic cavitation compared to mechanical
agitation, including larger mass transport and localized heating,
and thus it produces more active sites on which deposition can
take place [24]. As shown in Fig. 3b, the enhanced mass transfer
introduced a rapid-individual Cu growth on a number of Cu islands
during ELD in the presence of ultrasound (i.e. ultrasound could pro-
duce finer grained Cu crystals in the initial stages of ELD which are
more catalytic), while a slow-spreadable Cu growth on a few Cu is-
lands was performed in the absence of ultrasound. Consequently,
the resulting deposition rate of Cu in the presence of ultrasound
was ~26.1 and ~5.4 times respectively larger than those for 25
and 45°C with mechanical agitation (ie. in the absence of
ultrasound).

Fig. 3c shows the EDX spectrum for a part of the ‘ultra-
sound:1.5 min.’ The spectrum shows that the binding energy peaks
at 0.93, 8.04, and 8.91 keV belong to CuL,, CuK,, and CuKg, respec-
tively. C and F might have originated from the membrane, and Au
might have originated from the Au coating prior to SEM analyses.
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Fig. 3. Results of Cu ELD. (a) SEM micrographs of Cu ELD at ultrasound, 20, and 45 °C. (b) Scheme of Cu ELD for ultrasound and mechanical agitation. (c) EDX spectra and maps
of electroless Cu deposited membrane. (d) XRD spectra of Cu ELD at ultrasound, 20, and 45 °C.

The following maps correspond to Cu and Pd, respectively, and the
dots in these maps indicate the positions of elemental Cu and Pd in
the first image, which shows the ELD produced metallic Cu parti-
cles. In Fig. 3d, the diffraction peak at 43.32° can be seen clearly
for the all cases, but the peaks at 50.42° and 74.08° can only be
seen for the absence of ultrasound (ie. 20°C: 60.0 min’ and
‘45 °C: 16.0 min’). The relative intensity ratio of I(111)/I200) reached
the value of 22.6 at ‘ultrasound: 3.0 min’, which indicated that the
particles grew predominantly along the (11 1) lattice. Such a high
intensity ratio 22.6 meant that the deposited particles were highly
textured [25] and mostly consisted of <10 nm sized crystallites (i.e.
about 10-50% of the atoms were surface atoms) [26]. The esti-
mated sizes of Cu crystallite using Scherrer’s formula were approx-
imately 9, 27, and 32nm for ‘ultrasound: 3.0 min’, ‘20 °C:
60.0 min’, and ‘45 °C: 16.0 min’, respectively. Correspondingly, in
Fig. 3a, the size of the Cu grain in the presence of ultrasound was
noticeably smaller than those in the absence of ultrasound.

Fig. 4a shows the SEM micrographs when the intensity of the
ultrasound was lower (‘974Wcm ) and a higher
(292.2 W cm~?’) than that in the previous ultrasound-assisted case
(Fig. 3a). For the ‘97.4 W cm™2, the decreased intensity of the
ultrasound might induce a weak environment for transferring the
chemical species within the bath, resulting in a larger size of the
Cu particles similar to that obtained in the absence of ultrasound.
For the 292.2 W cm~?, an enhancement of mass transfer could in-
duce a deposition of fine Cu particles, similar to the previous case.
However, the size had no more remarkably smaller than that in the
previous case. The on-off configuration (1 (or 3) s at an interval of
1(or3)s,ie. ‘1 (or3)son-1 (or3)s off') of the ultrasound was also
tested at the same intensity as the previous ultrasound-assisted

case (Fig. 4b), which further confirmed the effect on Cu deposition
characteristics. Even though the ultrasound was applied with same
amount of energy as in the previous case, the morphology of the Cu
particles was close to the cases for the absence of ultrasound. This
trend was clearer for the ‘3 s on-3 s off’ configuration than for the
‘1s on-1s off’ configuration. This may have related to Pg;ss (the
power dissipated by the sonoelectrode, W), and the on-off config-
uration induces different (dT/dt).o values (in Eq. (8)) in Pgiss
although the same amount of energy was applied to the ELD
reactions.

dr
Pdiss = (E) tZOme (8)

where, m and C, are the mass and heat capacity of the solvent,
respectively, and (dT/dt).o is the initial slope of the temperature
of the reagent versus the time it is exposed to ultrasound. Therefore,
the discontinuities in the ultrasound may interrupt or delay the
transferring of the chemical species on active sites, resulting in
the formation of larger Cu particles.

Methanol conversion (Fig. 5a) increased with the reaction tem-
perature and the trend was similar to previous reports [3,13]. This
result was attributed to the overcoming of the limitations of inter-
nal mass transfer of the Cu particles on the membrane, owing to
the rapid increase in the chemical reaction rate of methanol steam
reforming with increasing reaction temperature [27]. It is found
that the reactor with a Cu deposited membrane from ultrasound-
assisted ELD demonstrated a better performance regarding Xyeon
and y,, than the results in the absence of ultrasound. From the
SEM result (Fig. 3a), the reactant (methanol-water) could easily
pass through the Cu deposited membrane, due to the structure of
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Fig. 5. Results of methanol steam reforming using electroless Cu deposited membranes (300 pg Cu cm~ membrane). (a) Methanol conversion (Xyeon) and corresponding
hydrogen volume fraction (y,, ) of the membranes from different Cu electroless bath conditions (at ultrasound, 20, and 45 °C). (b) Time dependent Xueon (at 300 °C) of the

membranes from the different bath conditions.

the Cu particles (inducing a number of gas flow channels). Thus,
the Cu contact area of the reactant increased, and then the reform-
ing reaction could be effectively carried out on the surface of Cu
particles. For the absence of ultrasound (in ELD, not in methanol
steam reforming), the membrane was entirely covered with larger
Cu particles than for the presence of ultrasound (in ELD), and this
induced a decrease in the effective catalytic area which partici-
pated in the catalytic reaction. The surface area S of the Cu particles
and the amount a of CO adsorbed were estimated by the following
relations [12]:

6

- _ 9
DCpCu ( )
S

0=y (10)

where D is the crystallite size of Cu (from XRD analyses), pc, is the
specific gravity of Cu, N is Avogadro’s number, and S is the cross-
sectional area of a CO molecule (0.13 nm). The estimated S (and a)
values for the ‘ultrasound’, ‘20 and 45 °C’ cases were 74.4 (9.5),
24.8 (3.2), and 209 m? g~ ! (2.7 x 1073 g mol 1), respectively. The
drops in conversion or more precisely the deactivation is displayed
in Fig. 5b. A rapid deactivation started from the initial stage up to

~0.8 h, and then a mild rate subsequently followed up ~3.5 h. This
might be due to sintering, which resulted in the loss of Cu surface
area as well as in a decrease in the number of active sites [3].
According to the previous reports [28,29], the sintering of Cu metal
might occur at <180 °C in the gas stream containing H, molecules.
In addition, the formation of a carbon deposit on the Cu particles
probably caused the deactivation. The carbon deposit C may be
mainly formed by the Boudart reaction [12]:

2C0 — C +CO, (11)

A further study focus on selectivity and deactivation together
with the elucidation of structural features of Cu particles and their
relation to the catalytic performance and mechanistic details of the
catalytic reaction is now in preparation to be published elsewhere.

4. Conclusions

The application of ultrasound introduced a faster deposition
(220 ug min~! in deposition rate) and finer Cu particles (9 nm in
crystallite size) than those (0.4 and 1.4 pg min~'; 27 and 32 nm)
in the absence of ultrasound (i.e. respectively ‘20 and 45 °C’ with
mechanical agitation). A better performance of methanol steam
reforming (0.59 in mean conversion during 5h operation; 1.3
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and 1.6 times respectively higher than those from 20 to 45 °C
cases) was materialized for the ultrasound application. This
method is not complex, expensive, or hazardous, and also could
be extended to deposit metallic Cu particles on other substrates.
This may be useful for various scientific and/or engineering
applications for catalyst, catalytic electrodes, etc.
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