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Characterization of Pd-Composite Membrane Fabricated by
Surfactant Induced Electroless Plating (SIEP): Effect of Grain

Size on Hydrogen Permeability

Mohammad A. Islam* and Shamsuddin Ilias

Department of Chemical and Bioengineering, North Carolina A&T State University,

Greensboro, NC, USA

Polycrystalline palladium (Pd) was deposited on micro-porous
stainless steel (MPSS) substrate using a suitable surfactant of
various concentrations in the electroless plating process. The micro-
structural characterization was carried out using Scanning Electron
Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), and
X-ray diffraction (XRD). The concentrations of the surfactant were
chosen as a function of critical micelle concentration (CMC) in order
to elucidate the interaction of the surfactant in solid-liquid and
solid-gas interface during grain coarsening. It appears that during
electro-crystallization, the driving force between the newly formed
crystallite and the originally coarsed grains depends on the relative
size and crystalline configuration of the newly formed crystallite. This
crystallite on the other hand is affected by the localized over potential,
the presence of active nucleating particles, and the texture of MPSS
surface and operating conditions. The size of the newly formed grain
is smaller when the concentration of the surface-active agents is
relatively higher. It suggests that the surfactant active polar group
inherently participates in the reaction/deposition process and effec-
tively activates the process of grain nucleation and agglomeration
in electro-crystallization. The membranes of different grain sizes
were fabricated in the presence of the cationic surfactant DTAB
(dodecyltrimethyiammonium bromide) of various concentrations.
DTAB concentration is expressed in critical micelle concentration
(CM), which ranged from CMC x % to CMC x 4. Fabricated mem-
branes of different grain size and distribution were also studied for
hydrogen permeability and selectivity. Results show that membranes
with agglomerated grains (higher grain size) possess relatively higher
permeability and selectivity.

Keywords critical micelle concentration; electroless plating;
H,-selectivity; Hj-separation; Pd membrane; per-
meability; surfactant

INTRODUCTION

Dense metallic membranes, especially palladium (Pd),
and its alloy membranes exhibit extremely high selectivity
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for hydrogen. Hydrogen (H,) permeation through these
membranes proceeds via a solution-diffusion mechanism (1).
Because of the comparatively low mechanical strength of
Pd, Pd membranes cannot be reduced in thickness beyond
a certain degree (2). As a result, H,-flux through dense Pd
membranes is small compared with those of microporous
glass membranes.

To improve the perm-selectivity of the palladium
membranes, a very thin film with structural integrity and
thermal stability must be obtained. The system must
possess sufficient mechanical integrity to operate at high
transmembrane pressures. This can be achieved by prepar-
ing a composite membrane consisting of a highly selective
skin layer membrane (Pd-film) attached to a thermally
stable microporous inorganic substrate. The inorganic
substrate provides the mechanical integrity while the skin
layer membrane provides the selectivity.

In this context, deposition of a Pd/Pd-alloy thin film on
microporous ceramic or stainless steel substrates for fabri-
cating H,-selective membrane for high temperature gas
separations and membrane reactors have been studied
extensively over the past two decades. There are various
techniques by which a thin film of metal or metal-alloy
may be deposited onto a ceramic substrate. Of all the meth-
ods, the electroless plating (EP) method for thin film depo-
sition is generally preferred over other methods such as
chemical vapor deposition (CVD), physical vapor depo-
sition (PVD), and radio frequency (RF) cathodic sputter-
ing. However, each of the methods has advantages and
disadvantages.

Jayaraman et al. (3) fabricated ultrathin Pd film on a
mesoporous ceramic substrate by radio frequency (RF)
magnetron sputtering. Pd films under 500 nm thicknesses
showed poor adhesion to the ceramic substrate. Hydrogen
to nitrogen selectivity of these films was about 5.7 and
attributed to pinholes in the ultrathin films (4). Bryden
and Ying (5) investigated the H, permeation characteristics
of nanostructured Pd membrane deposited on vycor
glass using RF magnetron sputtering. Defect-free,
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nanostructured Pd membranes generally possess higher H,
permeability than conventional polycrystalline Pd due to
their larger volume fraction of grain boundaries.

Xomeritakis and Lin (6) prepared thin Pd-film (0.5—
5.0 um) on sol-gel derived y-alumina supports by CVD
and reported that the H,-permeance is strongly influenced
by the Pd crystallinity and morphology. The H,-permeance
increased with the Pd grain size. The vacuum assisted elec-
trodeposition technique has been used to fabricate Pd-Ni
alloy membranes on stainless steel support with an inter-
mediate TiN diffusion barrier between the Pd-Ni active
layer and support. The Pd-Ni composite membrane
showed excellent perm-selectivity for H, with thermal
stability for over 60 days (7).

The electroless plating method has been extensively used
in fabricating Pd and Pd-alloy composite membranes for
high temperature H,-separation applications (8-16).

This method offers some advantages over other
methods, such as:

1. it can be applied on both conducting and non-conducting
surfaces,

2. it can be applied to substrate of any size and shape, and

3. the plating bath set-up is simple and relatively inexpensive.

Electroless plating of Pd is a combination of cathodic
deposition of metal and anodic oxidation of reductant in
an immersion potential. The conventional electroless plat-
ing (CEP) process is greatly limited by the formation of
dendritic structures throughout the target surface that
result in non-uniformity in the deposition morphology
and microstructure. Barton and Bockris (17) investigated
the electrolytic growth of ionic dendrite formation in
Agt deposition. Dendrite formation depends on factors
such as overpotential, pH, concentration of existing ions
and temperature (17). In conventional Pd electroless plat-
ing, similar factors affect the dendrite formation (18). Den-
dritic growth of Pd crystallites during electroless plating
hinders formation of uniform Pd film on porous substrate.
The long-term performance of the Pd-composite mem-
brane fabricated by the electroless plating is greatly affec-
ted by the crystallite distribution and microstructural
characteristics of the film (11).

In CEP, oxidation-reduction reactions between
Pd-complex and hydrazine (reducing agent) results in met-
allic deposition of Pd® in a solid surface. An efficient elec-
tron transfer between the phases is very imperative in dense
film layer deposition. The surface morphology of the sub-
strate controls the size of Pd grains and degree of agglom-
eration. The oxidation-reduction reactions between
Pd-complex and hydrazine result in evolution of ammonia
and nitrogen gas bubbles during the electroless plating pro-
cess. When adhering to the substrate surface and in the
pores, these gas bubbles hinder uniform Pd-film deposition
which results in dendrite growth. To address the problem

associated with the bubbles in the plating substrate vicinity,
the role of surface active agents with favorable structures in
the electroless plating process was explored (19). In our
new approach presented here, surfactant-induced electro-
less plating (STEP), the deposited Pd grain size, and sub-
sequent agglomeration have been manipulated and
tailored using suitable surfactants. In this paper, the depo-
sition of polycrystalline Pd on a micro-porous stainless
steel (MPSS) substrate using SIEP with a cationic surfac-
tant is reported.

MATERIALS AND METHODS

All MPSS substrate discs of 1/8th-inch thickness and
1-inch diameter with nominal pore size of 0.2 um used in
this study were obtained from Mott Metallurgical Corpor-
ation. The manufacturer’s product information is used to
determine the average pore size of the substrate. Before
sensitization and activation, the MPSS disc substrate was
thoroughly cleaned and dried using carbon tetrachloride
and ethanol (Fisher Scientific, ACS reagent grade). The
sensitization and activation solutions were prepared using
reagent grade SnCl,(Sigma Aldrich, 98%) and PdCl,(Sigma
Aldrich, 99.9%) in hydrochloric acid. The composition of
the sensitization and activation solutions is given in Table 1.

The deposition of Pd on the Sn/Pd-activated MPSS disc
was carried out in an electroless plating bath at a constant
temperature of 55°C. The details are discussed elsewhere.
The composition and operating conditions of the Pd elec-
troless plating bath used in this study is given in Table 2.
Analytical grade ammonium hydroxide and hydrazine
(1.0 M) were obtained from Arcos Organic. EDTA sodium
salt and tetra-amine palladium nitrate were supplied by
Sigma Aldrich. Cationic surfactant DTAB (dodecytri-
methylammonium bromide, MW 308.35) was also
obtained from Sigma Aldrich. To study the role of DTAB
in Pd-deposition, DTAB concentration was varied over a
wide range. Surfactant concentration is expressed in critical
micelle concentration (CMC). The DTAB concentration
ranged from CMC x 1, to CMC x 4.

The microstructure of Pd membranes was analyzed
using scanning electron microscopy (SEM), energy disper-
sive spectroscopy (EDS), X-ray diffraction (XRD), and
atomic force microscopy (AFM). Grain sizes were
determined using point-to-point measurements from

TABLE 1
Composition of sensitization and activation solutions

Sensitization solution Activation solution

Component Concentration Component Concentration

SnCl, 1.19g/1 PdCl, 0.09g/1
HCI 02N HCI 02N
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TABLE 2
Electroless plating bath composition used in
Pd-membrane fabrications

Compositions Concentrations
Ammonium hydroxide (28%) 198 ml/1
Hydrazine (1.0 M) 5.6-6.7mM
Tetra-amine palladium nitrate (10w %) 15.6 mM
EDTA sodium salt 40.1¢g/1
DTAB CMCT
Operating conditions

Temperature 55°C

pH 10-11

"Various surfactants were added based on their critical micelle
concentration (CMC).

representative SEM images. Statistical distributions were
estimated considering a minimum of 1000 grains in a con-
stant cross-section area. Membranes were fabricated using
different DTAB concentrations under identical plating
bath conditions. Pd-MPSS membrane gas tightness and
H,-permeability and selectivity studies were carried out in
the in-house built diffusivity measurement setup (20).

RESULTS AND DISCUSSION

To elucidate the role of cationic surfactant (DTAB) in
electroless plating, Pd-composite membranes were prepared
on MPSS at DTAB concentrations ranging from no-CMC
to CMC x 4. Table 3 shows the Pd-film thickness and
electroless plating time for each of the membranes at corre-
sponding DTAB CMC. Pd-film thickness was estimated
using both weight-gain and SEM analysis of Pd-composite
membrane cross-section. Estimated film thicknesses were
very comparable by the two methods. As shown in Table 3,
it can be observed that with increased DTAB concentration

TABLE 3
Measured Pd-film thickness by weight-gain method and
SEM x-section analysis of SIEP MPSS-Pd composite

membranes
Pd-film
thickness (um)
DTAB measured by

Membrane concentration Deposition Weight- SEM
sample (CMO) time (h) gain  analysis
A 0.5 22 23.0 22.5
B 2 16 17.8 18.3
C 3 13 14.0 13.5
D 4 10 8.5 8.5
E 0 28 28.5 27.5

thinner Pd-film can be fabricated with a significant reduction
in the plating time. Membrane thickness varies linearly with
electroless plating time. The correlation coefficients (R?) of
the linear fit were found to be 0.97 and 0.96 for film thickness
determined by weight-gain and SEM analysis, respectively.
In the presence of DTAB, a thinner membrane could be
fabricated in a shorter time.

The gas-tightness of these membranes was tested for
helium transport at a transmembrane pressure and tempera-
ture of 625kPa and 300 K, respectively. Helium was chosen
for gas-tightness testing for being the smaller molecule (2.6 A)
compared to hydrogen (2.89 A). In Fig. 1, the helium flow
rate as a function of Pd-film thickness is shown at various
DTAB CMCs. The results show that to obtain a gas-tight
Pd-composite membrane, a Pd-film deposit of as much as
25 um or more in the absence of any DTAB in the electroless
plating process may have to be used. However, using DTAB
in the electroless plating process a thinner Pd-composite
membrane with significantly improved gas-tightness can be
easily fabricated. In fact at CMC x 4, helium-tight Pd-
composite membranes with film thicknesses of 10 um or less
were fabricated in this study (Fig. 1).

To illustrate the role of DTAB in Pd-film formation, the
SEM images of two membranes at CMC x 2 and CMC x 4
are compared with a membrane fabricated without any
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FIG. 1. Helium flow rate as a function of Pd-film thickness of different
membranes fabricated at varied CMCs of DTAB surfactant.
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DTAB in the electroless plating process, as shown in Fig. 2.
SEM images of each of the membranes are shown at two
different magnifications (Sk and 15k). The presence of
the surfactant at varying CMCs influences deposited
Pd-grain size and its subsequent agglomeration. As shown
in Fig. 2, as the surfactant concentration increases, the
grain size becomes finer. As a result, the film structure
becomes more continuous and uniform. In the absence of
DTAB, SEM images clearly show the non-diffused grain
and grain boundaries that are responsible for intra- or
inter-granular porosity of the film (Fig. 2a). At CMC x 2
and CMC x 4, the grain boundaries diffuse and the result-
ing film appears smooth (Fig. 2b and 2c). Based on the
gas-tightness tests (Fig. 1), it can be concluded that by add-
ing DTAB in the electroless plating bath recipe, a pin-hole
free Pd-composite membrane can be fabricated with signifi-
cant reduction in Pd-film thickness and plating time.

To understand the role of DTAB surfactant, it will be
useful to look into electroless plating reactions. Palladium

(c) SEM images of Pd-film in DTAB CMCx4 (5k and 15k magnifications)

FIG. 2. SEM images of membranes prepared by: (a) CEP, and (b and c)
SIEP with DTAB as surfactant at CMC x 2 and CMC x 4, respectively.

deposition occurs according to the following two simul-
taneous reactions:

Anodic Reaction: NoHy +40H™ — N2T +4H,0 + 4e~
Cathodic Reaction: 2Pd[NH;);" + 4e~ — 2Pd° + 8NH]

Overall Reaction: 2Pd [NHg]iJr + N,H, +40H~
— 2Pd" + N, + 8NH; + 4H,0

The cathodic deposition of Pd catalyzes the anodic
oxidation of hydrazine resulting in an autocatalytic pro-
cess. Pre-seeded Pd nuclei on the substrate during the
sensitization/activation step reduce the induction period
of the autocatalytic process at the beginning of the depo-
sition. In these anodic and cathodic reactions, the
ammonia and nitrogen gas bubbles formed are shown by
the vertical arrowheads. These gas bubbles adhering to
the substrate surface hinder deposition of Pd on the
substrate surface and result in poor Pd film formation.

Using SIEP, DTAB played an important role in remov-
ing these gas bubbles from the surface. Tail groups of
DTAB, which is hydrophobic in nature, appear to be
aligned around the gas-liquid interface and form various
spherical or cylindrical cage-like structures. DTAB also
tends to form various meta-stable structures (spherical,
cylindrical, or circular) at the solid-liquid interface that
inherently helps finer grain formation and subsequent
coarsening of the deposited film. Interaction of DTAB with
a solid surface was investigated independently in hydro-
phobic glass surfaces. As shown in Fig. 3, the AFM image
shows various cylindrical long chains but repetitive struc-
ture throughout the surface. This observation is in agree-
ment with other published work (21). Further, DTAB
may take part in the reaction kinetics. DTAB contain
active bromide ions (Br™) in the head group which is a
strong oxidizing agent. This head group may participate
in the reduction process of the complex salt and favorably
take part in Pd grain formation and subsequent grain
coarsening. These dual roles of DTAB appear to be very
effective in thin film formation.

In CEP, besides the ionic strength of the reactants, the
dendrite formation depends upon localized overpotentials,
substrate morphology, bath recipe, and operating tempera-
ture. During the plating process, some Pd nuclei may grow
faster than the others. This may be attributed to the plating
thermodynamics and configurational limitations of the
rough surface (11). Due to localized overpotentials, the
driving force in electroless plating is not uniform, and as
a result, metal seldom deposits uniformly throughout the
surface. In Fig. 4, SEM images of a Pd-MPSS membrane
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FIG. 3. AFM images of solid surface aggregation onto typical hydro-
phobic glass surface with DTAB.

that was fabricated by CEP is shown at two magnifications
(5k and 15k). These images were taken after 20 minutes of
the deposition cycle. It can be observed from the SEM
images that Pd crystals form an uneven hillock of small
dendritic grain over the surface. The formation and growth
of dendrite is more pronounced at higher reaction kinetics.
The Ag system is more reactive than Pd-system in electro-
less plating. In Fig. 5, the SEM images of Ag-MPSS mem-
brane taken after 20-minutes of the deposition cycle using
conventional electroless plating are shown. Like Pd grain

FIG. 4. Electroless plating observed after 20 minutes of deposition cycle
showing initial dendrite growth in Pd-deposition microstructures at 5k
and 15k magnifications.

FIG. 5. Electroless plating observed after 20 minutes of deposition cycle
showing initial dendrite growth Ag-deposition microstructures at 5k and
15 k magnifications.

formation (Fig. 4), Ag also forms a dendritic grain over
the substrate surface. However, the Ag-MPSS grain struc-
ture is significantly finer than Pd-MPSS.

Non-uniformity in film deposition that results from
dendrite nucleation is one of the major challenges in the
fabrication of defect-free, thinner Pd-based membrane.
Initial dendritic growth exists all over the substrate surface
and hinders further uniform plating. The presence of a
suitable surfactant in electroless plating may prevent the
formation of dendrite by activating grain boundary
migration. In this context, the role of DTAB in SIEP of
Pd and Ag on MPSS was investigated. In Figs. 6 and 7,
SEM images of Pd-MPSS and Ag-MPSS are shown after
a 20-minute deposition cycle of SIEP. From the SEM
images, it is observed that the dendrite formation is not vis-
ible after 20 minutes of deposition as compared to the
images of Figs. 4 and 5 for Pd-MPSS and Ag-MPSS mem-
branes, respectively. However, Ag-MPSS membrane has a
smoother surface morphology as compared to the
Pd-MPSS membrane. This is due to faster reaction kinetics
of the Ag-system in the SIEP.

The effect of surfactant concentrations (DTAB in
CMCs) on the Pd grain size is shown in Fig. 8 for electro-
less plating of Pd on MPSS in 20 minutes of plating. Using
higher DTAB concentration, it is possible to deposit finer
Pd grains on MPSS using SIEP. At a DTAB concentration
of CMC x 4 the average Pd-grain size was reduced from

FIG. 6. Surfactant activated Pd deposition showing agglomerated
grain growth throughout the surface (SEM images at 5k and 15k
magnifications).



08: 41 25 January 2011

Downl oaded At:

GRAIN-SIZE EFFECT ON HYDROGEN PERMEABILITY 1891

FIG. 7. Surfactant activated Ag deposition showing agglomerated
grain growth throughout the surface (SEM images at 5k and 15k
magnifications).

8 um (without surfactant) to about 2 um. To illustrate how
DTAB influences the grain size, in Fig. 9 the grain size dis-
tribution (relative abundance, %) is compared as a function
of the particle size for SIEP (DTAB at CMC x 1 and
CMC x4) and conventional electroless plating of
Pd-MPSS in 20-minutes of deposition cycles. The particle
size distributions clearly demonstrate that using DTAB in
SIEP results in a significant reduction in Pd-grain size with
an increased DTAB concentration.

Surface elemental analysis carried out by energy
dispersive spectroscopy (EDS) showed intense Pd peaks.

Average Grain Size (mm)

1 I 1 1 1
0 1 2 3 4 5

Critical Micelle Concentration (CMC)

FIG. 8. Average grain size (um) of Pd deposited in 20 minutes of plating
(SIEP).

50

—o— CMC x 4 (DTAB)
—— CMCx 1 (DTAB)
—e— No Surfactant

Relative Abundance (%)

0 5 10 15 20 25

Grain Size (mm)

FIG. 9. Pd-grain size distribution observed in CEP (no-DTAB) and
SIEP with DTAB at CMC x 1 and CMC x 4.

Typical EDS analysis of Pd-film fabricated in DTAB sur-
factant is shown in Fig. 10. X-ray diffraction (XRD)
showed peaks in [111], [200], [220], and [311], which imply
the deposition of polycrystalline structure throughout the
surface. Typical XRD spectra of Pd-peaks in DTAB sur-
factant is shown in Fig. 11. The EDS and XRD results
of the Pd films fabricated by the CEP were very similar.
By adding DTAB in the SIEP, no contamination was
added to the Pd-film structure as confirmed by the EDS
and XRD results.

From this study DTAB at CMC x 4 was found to be the
most effective surfactant in SIEP that enabled the depo-
sition of integrated, defect-free Pd film on MPSSS. The
Pd-MPSS membranes fabricated by DTAB in SIEP were
tested for gas-tightness and H, perm-selectivity in the per-
meability measurement set-up. The thickness of the Pd-film
on MPSS support was found to be 7.68 pm as determined
by the weight-gain method. The gas-tightness was measured
using helium as the permeating gas through the membrane.
Helium permeance was found to be 120m’/m?-hr. The
selectivity of hydrogen with respect to helium was about
1135 (20). This suggests the Pd-MPSS membrane fabricated
by DTAB induced SIEP was extremely gas-tight and
essentially defect-free at 7.68 um Pd-film thicknesses. Thus,
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FIG. 10. Typical EDS analysis of Pd film fabricated by SIEP in DTAB.
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by the SIEP method thinner membranes with better trans-
port properties can be fabricated in less time.

CONCLUSIONS

A cationic surfactant (DTAB) was used in the electroless
plating process to fabricate defect-free Pd-film on the
MPSS substrate. The new method (SIEP) is an effective
method of film fabrication with excellent control in grain
formation and agglomeration. By manipulating the surfac-
tant concentration (CMC) from 1 to 4, we were able reduce
the Pd-film grain size from 8 um to about 2 um. The surface
morphology as obtained by SEM images reveal significant
grain fusion (agglomeration) in a surfactant activated
deposition. The new Pd-MPSS membrane exhibited excel-
lent H,-permselectivity.
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