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ABSTRACT

Dense Pd-Ag/MPSS composite membranes were fabricated on macroporous stainless steel sub-
strate (MPSS) by novel surfactant induced electroless plating (SIEP) process. SIEP was effective in
synthesizing dense and thinner Pd-Ag films on MPSS with shorter deposition time in presence of
cationic DTAB. SIEP membranes showed 3-8 times higher H, permeance compared to that of
conventional EP membranes. The SEM, XRD, and EDS studies confirmed the formation of Pd-Ag
alloy and no diffusion of MPSS substrate metal components into the Pd-Ag film. The Pd-Ag
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membrane (15 um thickness) was tested for long-term stability under thermal cycling (623-723-

623 K) up to 42 days.

Introduction

Hydrogen is not only one of the most important com-
modity chemicals in the industry but also a promising
clean alternative fuel which can be used both in moving
and stationary applications comprising of fuel cells.
However, since most of the current hydrogen is pro-
duced from the fossil sources which adds significant
amount CO, in the environment, it negates the advan-
tage of H, as a clean alternative fuel."! Renewable
hydrogen with closed carbon cycle can be produced in
abundant quantities using syngas from biomass gasifica-
tion followed by the water-gas-shift reactions (WGSR):
(Biomass+0O,+ H,O — CO + CO,+otherspecies) and
(CO+ H,0 — C02+H2).[2_4] However, the higher
capital equipment cost is the bottleneck issue of this
process. In the current technology, syngas goes through
different stages, primarily high-temperature WGS reac-
tion, low-temperature WGS reaction, and pressure swing
adsorption (PSA) involving cooling and heating in-
between stages.”” This significantly increases equipment
cost with added energy loss. Furthermore, the lower
discharge pressure of the PSA system necessitates
a costly compression step for purified gas storage and
transportation.”) Developing H, selective membrane
systems that can combine the WGS reactions, with no
intermittent cooling, and H,/CO, separation at higher
temperature and pressure, provides a sustainable and

more economical solution.!! Although, Pd-based mem-
branes with palladium films supported on porous sub-
strates have shown promising results, they have not yet
reached a commercial stage due to some technical issues
such as long-term permeance, stability, and selectivity.”’
One of the critical issues associated with pure Pd mem-
branes is the hydrogen embrittlement. Pd hydride has
two phases; a-phase dominates in low hydrogen concen-
tration and f-phase dominates in high hydrogen con-
centration. Phase transition is one of the important
characteristics of Pd-H phase diagram which occurs in
hydrogen concentration below the critical temperature
and pressure of 298°C and 20 psi, respectively. Both
these phases have identical pure Pd face-centered cubic
(FCC) lattice and only differ in their lattice constants.
Thus, consecutive hydrogen adsorption/desorption
cycles below the critical point causes grain defects and
complete loss of hydrogen selectivity. Alloying of Pd
with other metals such as Ag, Au, and Cu have shown
to not only improve the stability of the membrane but
also significantly increase the H, permeability.”® For
example, Pd-Ag alloy with 23%Ag demonstrated to
have 1.7 times higher permeability compared to pure
Pd membrane at 350°C and 2 MPa.'*!*!

Various techniques have been explored to fabricate
Pd-Ag alloy membranes with improved long-term stabi-
lity in the literature."'"**/ Among the different methods,
electroless plating (EP) for thin film deposition is
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regarded as the most promising. In EP, oxidation-
reduction reactions between Pd/Ag complex and hydra-
zine (reducing agent) result in metallic deposition of Pd
°/Ag° in a microporous solid surface.">”) The formed
N, and NH; gas bubbles in these reactions tend to
adhere to the solid-liquid inter-phase, which hinders
the deposition of Pd/Ag on the surface resulting a non-
uniform film deposition with poor control on Pd/Ag
grain sizes. Our research group showed the use of catio-
nic surfactant (DTAB) in EP process to fabricate defect-
free Pd film on MPSS substrate."® The new surfactant
induced EP (SIEP) proved to be an effective method of
film fabrication with excellent control in metal deposi-
tion rate, grain formation, and agglomeration.''*2"!

In this study, SIEP technique is employed to sequen-
tially deposit Pd and Ag films on MPSS substrate to
fabricate defect-free thin Pd-Ag alloy film. The micro-
structural characterization and H,-permselectivity of the
fabricated Pd-Ag alloy films are discussed in detail. The
Pd-Ag membrane fabricated by SIEP method was tested
for long-term (42 days) hydrogen permeation measure-
ments at temperatures cycled between 623 and 723 K.
The SEM analysis was also done to characterize the
membrane after long-term performance test.

Experimental
Material & methods

All materials used were of analytical grade and used with-
out further purification. Isopropanol and ammonium
hydroxide (28%) were purchased from Fisher Scientific
(New Jersey, USA). Tin chloride dihydrate (98%), tetra-
amminepalladium (II) chloride monohydrate (= 99.99%),
dodecyltrimethylammonijum bromide (DTAB) (90%),
hydrazine solution (1.0 M in tetrahydrofuran), and
hydrochloric acid (37%) were procured from Sigma
Aldrich (Missouri, USA). Silver nitrate (= 99.9%), and
palladium (II) chloride (99.9%) were obtained from Alfa
Aesar (Massachusetts, USA). Ethylenediaminetetraacetic
acid and disodium salt (= 99%) were obtained from Acros

Organics, New Jersey, USA. The water used at all stages of
the experiments was purified using a Mill-Q Advantage
A10 with Elix 5 system obtained from Millipore
Corporation (Bedford, MA, USA). Macroporous stainless
steel (MPSS) discs with 0.062 inch in thickness, 1 inch in
diameter, and average pore size 0.2 um (specifications
from supplier - Mott Metallurgical Corporation,
Farmington, CT) were used as a substrate for Pd-Ag
membrane.

Membrane preparation

The sensitization and activation solutions were prepared
using SnCl, and PdCl,, respectively, in hydrochloric acid
to create nucleation sites for the electroless deposition
step. The solution composition, pH, temperature, and
time used in these steps are summarized in Table 1. The
deposition of Pd and Ag on the Sn/Pd-activated MPSS
disc was carried out sequentially in EP bath at a constant
temperature of 60°C. The detailed fabrication process is
discussed elsewhere.”'**! The composition and operat-
ing conditions of the Pd and Ag EP bath used are also
provided in Table 1. For the detailed comparative char-
acterization and performance evaluation between conven-
tional EP (henceforth referred as CEP) and SIEP, DTAB
concentration of 4 CMC (critical micelles concentration)
was used in both Pd and Ag baths. However, based on
some further preliminary studies, two changes were made
to fabricate the Pd-Ag/MPSS membrane for long-term
stability evaluation studies. First, DTAB concentration of
1 CMC in Ag bath instead of 4 CMC and second, an
intermediate oxide layer was introduced on MPSS sub-
strate by heat treating it at 873 K for 12 h in presence of air.

Membrane characterization and testing for
Hjy-permselectivity

The microstructure of the Pd-Ag/MPSS membrane was
analyzed using scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDS), X-ray

Table 1. Chemical composition of sensitization, activation, Pd-bath and Ag-bath solutions.

Chemical composition Sensitization solution Activation solution Pd-bath Ag-bath
SnCl,.2H,0 19g/L - - -
PdCl, - 0.1 g/L -

HCI 1 mL/L 1 mL/L -

Pd(NHs),Cl,.H,0 - - 4 gm/L -
AgNOs - 0.519 gm/L
Na,EDTA 40.1 gm/L 40.1 gm/L
NH,OH 198 mL/L 198 mL/L
NH,-NH, 5.6 mM 5.6 mM
DTAB 4 CMC 1 CMC
Operating Parameters

Temperature 20°C 20°C 60°C 60°C
Time 4-6 min 4-6 min 1h 1h
pH 4-5 4-5 10 =11 10 =11




diffraction (XRD), and atomic force microscopy
(AFM). The grain sizes were determined using point-
to-point measurements from representative SEM
images. The statistical distributions were estimated
considering a minimum 1000 number of grains in
a constant cross-section area. The membrane gas tight-
ness (helium leak test) and H, permselectivity studies
were carried out on the in-house built diffusivity mea-
surement setup.[19] Permeation measurements were
made at four different temperatures between 523 K
and 823 K with trans-membrane pressure differential
up to 100 psi. Prior to the hydrogen permeation mea-
surement, the flow system was preheated to the
required temperature at 15 psig hydrogen environment.
The cross-section of the membranes tested for the
permeability studies were analyzed across the thickness
of Pd-Ag/MPSS to investigate the metal diffusivity from
Pd-Ag film to support and vice versa by EDS elemental
mapping and line scanning at multiple locations across
each cross-section. For long-term stability evaluation,
the membrane was tested continuously for 42 days on
stream under H, environment at 623 K to 723 K. The
N, flux was measured after every 24 h by switching
between hydrogen and nitrogen to check the integrity
of the membrane.

Results and discussion

Helium gas-tightness and film thickness analysis of
Pd-Ag membranes

Microstructure of Pd-based membranes depends on
a number of factors, such as substrate surface rough-
ness and pore sizes, fabrication technique and bath
parameters. The use of different reducing agents and
their concentrations also affects the reaction kinetics,
hence, affect the surface microstructure and grain size
distribution to some extent. In this study, a number of
Pd-Ag/MPSS membranes have been fabricated by both
SIEP and CEP process. In order to elucidate the effect
of surfactant on the microstructure of the Pd-Ag films,
the composition and the operating parameters of the
Pd- and Ag-baths were kept constant (Table 1).

The sequential deposition cycles (1 h each) in Pd and Ag
bath were continued to achieve the dense Pd-Ag film. It was
observed that while SIEP-fabricated sample required 22 h of
deposition, CEP sample took 32 h to obtain He leak tight
membrane. The films thickness of SIEP and CEP fabricated
Pd-Ag films were measured using both SEM and gravi-
metric analysis method, which were found to be in good
agreement. In gravimetric analysis, we used weight gain of
the MPSS substrate due to Pd-Ag deposition to estimate the
film thickness. The SIEP Pd-Ag/MPSS membrane has
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a thinner film thickness (~13 pm) compared to the one
prepared by CEP (16.77 um). This is in agreement with our
previous work.?°??! Significant reduction in dense Pd-Ag
film thickness was achieved with the use of surfactant.
Helium leak test (Supplemental Information, Figure S1)
showed that indeed SIEP is very effective in reducing
membrane film thickness. Furthermore, it was also
observed that the SIEP Pd-Ag films (13 pm) fabricated in
the present work are substantially thicker than that of pure
Pd film (8.5 um) prepared using the same method in our
earlier work (Supplemental information, Figure S1).['52%-24]
This result is expected due to the considerably different
deposition kinetics for Pd and Ag. Since Ag is difficult to
deposit on a freshly activated substrate surface, Ag particles
deposit on the top of Pd particles in a sequential deposition
process. As a result, Ag particles tend to deposit on or
around the Pd hills rather than depositing uniformly in
the valleys.*") These fabrication differences along with the
interaction with the dimensionally different Pd particles
size make the surface rough. This behavior of Ag takes
more cycles of deposition to make leak proof Pd-Ag com-
posite membrane resulting in thicker films than the Pd
membranes.

Microstructure analysis of Pd-Ag/MPSS membranes

To investigate the particle size, surface roughness and
grain boundary diffusion in detail, the SEM images
were taken at magnifications of 5, 10, 20, and 40 K as
shown in Fig. 1. From the images, it can be inferred
that two different particle sizes are dominating the
grain sizes and the subsequent agglomeration. Higher
magnification SEM images (Fig. 1(c-d)) show the
presence of two different-sized particles having two
different mean grain sizes. These high magnification
images also indicate that there is a similar grain
boundary diffusion just beneath the top particle
layer. Since fabrication of Pd-Ag membrane was car-
ried out using the sequential SIEP process that ended
with Ag deposition, Ag deposits only on the crest of
the hills, which ends up with an apparent increase in
roughness of the film. For Pd-Ag film, it has
a continuous grain boundaries diffused into one
another just beneath the rough top layer (with differ-
ent particle size). This is the combined effect of the
interaction of Pd and Ag particles along with the
sequential deposition mechanism. Fig. 2 shows the
grain size distribution of Pd and Ag in Pd-Ag mem-
brane fabricated using DTAB at 4 x CMC in SIEP.
The particle size distribution of Pd and Ag shows two
sharp peaks between 0.4 and 1.8 pm. The existence of
the two peaks indicates the presence of two separate
processes of Pd and Ag deposition in a sequential
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(c) Pd-Ag at 20K
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Figure 1. SEM images of surfactant activated Pd-Ag film showing the surface fabricated by SIEP.
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Figure 2. Pd and Ag grain size distribution observed in Pd-Ag
membrane fabricated by SIEP process with 4CMC DTAB.
fabrication technique. Both peaks indicated the exis-
tence of two different mean size particles, which is
consistence with the SEM images presented in Fig. 1.

In a sequential deposition cycle of Pd and Ag while
fabricating Pd-Ag membrane, the cycle ends with Ag
deposition. The presence of Pd particles in the earlier
steps in a cycle, act as a deposition site and accelerate the
Ag deposition. To control the metal composition of Ag in
Pd-Ag film, it is required to control depositing Pd and Ag in
a depositing cycle. Both Pd and Ag have to be deposited
before the surface gets deactivated. That actually leaves
some unused nucleation sites. Thus, Pd and Ag particles
do not get enough particle aggregation into the grain to
grow to its normal dimension.

Effect of heat treatment on microstructures

Upon fabrication, Pd-Ag/MPSS membranes were heat-
treated in a gas tight diffusion cell for 18 h at 773 K under
H, environment at 1 atmospheric pressure. The tempera-
ture was chosen based on Tamman temperature of Pd, Ag,
and substrate metal constituents. Tamman temperature for
Pd and Ag are 913 K and 618 K, respectively. For MPSS
substrate, it is 823-833 K (Fe: 905 K, Cr: 1090 K & Ni:
905 K). To minimize Fe and other support metal diffusion
into the Pd-Ag film, a temperature of 773 K was chosen
which is in between Ag and MPSS Tamman temperature.
This annealing temperature eventually gave us a film, which
was almost free from substrate constituent metals. Surface
morphology of a representative Pd-Ag film at pre- and
post-annealing conditions is shown in Fig. 3. It is observed
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(b) Pd-Ag Post-HT:1K (5kV)

(d) Pd-Ag Post-HT:2K (5kV)

(f) Pd-Ag Post-HT:5K (5kV)

Figure 3. SEM images of top surface of Pd-Ag membranes fabricated by SIEP method a pre- and post-HT (heat treatment) conditions

at different resolution showing grain agglomeration.

from the SEM images that the smaller grains agglomerated
into forming larger grains with recognizable boundaries
disappearing after annealing. During the heat treatment of
the Pd-Ag film, Ag particles diffused into the Pd layers
forming homogeneous alloys of larger clusters. As stated
earlier, DTAB is hydrophobic in nature and aligning them
around gas-liquid interfaces result in forming various
cylindrical and spherical cage-like ~structures.!"2%%°!
Surfactant also tends to form meta-stable structure in the
solid-liquid interfaces that helps finer grain formation and
subsequent coarsening of the grain. Tiny holes with dia-
meter in the range of 150 to 300 nm were observed upon
heat treatment. It is believed that the interstitial spaces
might form during the sequential deposition and drying
steps. Apart from interstitial spaces, a minute oxidation of
the metal might occur during the 2 h drying step. Heat
treatment under H, environment might drive out that
oxygen and other impurities away from the film layers.
Occupying the inter-granular spaces in the layers may
occur via re-orientation of the crystals. The metals from
the top are used up in filling the empty spaces. While
cooling starts after heat treatment, recrystallization occurs
and diffusion ceases. As a result, these tiny holes are
believed to be created on the surface. However, the dense
nature of the Pd-Ag films suggests that these holes are only
on the top surface and are not penetrated deep in the film.
The surface topography was examined with AFM and pre-
sented in Fig. 4 for Pd-Ag/MPSS surface. The surface
roughness of the Pd-Ag/MPSS was observed to be

2.229 um, and the surface is largely agglomerated. The cage-
like structure in Pd-Ag/MPSS surface is hard to recognize.
This may be because of the interaction of different size of
particles and different deposition mechanism of the Pd and
Ag metals.

Quantitative and qualitative surface elemental analy-
sis was carried out by EDS and XRD, respectively.
Typical EDS pattern of Pd-Ag film fabricated using
SIEP method is presented in Fig. 5. It shows the intense
peaks for Pd and Ag. In the EDS spectrum, it is difficult
to distinguish Pd and Ag peaks.'*!! However, quantita-
tive EDS elemental analysis of Pd-Ag film shows 24%
Ag as presented in Fig. 5. The target metal content was
23% suggesting controlled fabrication of Pd-Ag/MPSS
membrane by SIEP technique. As Pd and Ag are placed
next to each other in the periodic table, both metals
give sharp peak nearly at the same place. An escape
peak for Pd at approximately 1.5 KeV X-ray energy is
always observed when Pd is involved in the analysis.
However, no peaks for any impurities were observed in
the EDS spectrum. The EDS pattern demonstrates
a representative membrane of target composition.
This also implies that the use of surfactant DTAB in
the EP solution bath does not introduce any impurities
in the membrane film.

In Fig. 6, three XRD patterns (before annealing, after
10 h of annealing and after 18 h of annealing) are shown
for Pd-Ag membrane. The XRD pattern for 10 h of
annealed film indicates that the alloying of the Pd-Ag
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Figure 4. AFM images of solid Pd-Ag surface aggregation onto typical MPSS surface with DTAB.
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Figure 5. Typical EDS spectrum for Pd-Ag membrane shows the
polycrystalline deposition of Pd and Ag particles.

layer is not complete (Fig. 6(b)). Indeed, Pd and Ag peaks
shift into the middle and shoulders appeared at the char-
acteristics planes (111), (200), and (220). These shifts of
peaks and shoulder formation indicate the co-existence of
pure Pd and Ag phases with a Pd-rich Pd-Ag alloy
phase.?*?”] After annealing in the same condition for
atotal of 18 h, a single-phase FCC Pd-Ag alloy is observed
at the characteristics planes (Fig. 6(c)). However, the
reflection peaks for single-phase FCC Pd-Ag alloy is
found in between pure Pd and Ag peaks at 20 of 39.925,

46.434, and 67.767 for (111), (200), and (220) planes,
respectively. Table 2 lists the 20 and d-spacing values
corresponding to the three major reflection peaks (111),
(200) and (220). Using Brag’s law, the lattice parameter
was calculated and was found to be 3.98 A, which was
4.08 A for pure FCC Ag. Evidently, this is an indication
that the observed increase in the Ag cluster size was
associated with the lattice expansion of the Ag metal.
These results are in good qualitative agreement with the
literature which indicates an annealing temperature of
773 K or above is required to get a homogeneous
alloy.[zs] It was important to note that, no reflection
peaks were observed for any of the substrate support
metal (Fe, Cr, Ni & Mn/Mo) in the XRD.

Pd-Ag/MPSS membrane cross-section analysis

A detailed study of Pd-Ag/MPSS membrane cross-section
by SEM-EDS analysis was carried out to understand the
behavior of metal deposition deep inside the pores. The
pores in MPSS substrate are interconnected and tortuous
in nature. As an example, in Fig. 7(a), six locations across
a depth of 50 um for Pd and Ag were probed. Metal
deposition was found in the pore walls deep inside from
the substrate-film interphase. The Pd and Ag metal con-
tents in these pores are shown in Fig. 7(b) by a bar graph.
The Ag metal was found to be up to about 50 pm depth
inside the pores. However, as expected it decreased across
the depth. To further elucidate the metal depositions, Pd-
Ag film cross-section at different locations was examined
by EDS line-scanning as shown in Fig. 8. As the EDS
probe approaches the interface from the far side of the
substrate, Pd and Ag peaks jump to their maximum and
Fe, Cr, and Ni peaks drop sharply. To understand the
relative amount of each metal in the Pd-Ag film, EDS
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Figure 6. Effect of heat treatment on XRD pattern of Pd-Ag membrane fabricated by SIEP process.

Table 2. Comparison of high angle XRD reflection peaks of Pd- and Pd-Ag-film fabricated by SIEP process.

Pd Ag Pd-Ag
Bravais lattice (Pre annealed) (Pre annealed) (Post annealed)
2-theta 111 40.119 38.115 39.925
200 46.664 44.299 46.434
220 68.128 64.443 67.767
d-spacing 111 2.2457 2.3591 2.2562
200 1.9449 2.0431 1.9540
220 1.3752 1.4446 1.3816
Lattice parameter, a 3.8898 4.0862 3.9800
Lattice structure FCC FCC FCC

elemental analysis was done on the substrate. The com-  be 20.5% which is little lower than the target (24% Ag).
position of the substrate was found to be 68.73, 16.38, A repeated rise and fall of the X-ray counts are observed
11.38, 2.52, and 0.79% by weight for Fe, Cr, Ni, Mo, and  representing the sequential deposition. The oscillation of
other trace metals, respectively. Based on the X-ray counts ~ X-ray counts is prominent for Ag as the Ag content is low
on the line scanning, Ag content in the film was found to  in each deposition cycle. Being the minor constituent, Ni
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Figure 7. SEM images of Pg-Ag film from Pd-Ag membrane cross-section: (a) showing the locations of EDS for metal deposition

behavior analysis; (b) Metal (Pd and Ag) distribution during deposition in the pores starting from the pore mouth to the very deep
inside (From Probe 1 —Probe 6).
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Figure 8. EDS line scanning of Pd-Ag-film cross section [Scanning length 40 pm, scanning direction from (a) — (b)] Ag in Pd-Ag
membrane fabricated by SIEP showing the metal distribution in the Pd film and substrate.



has the background effect and oscillates more as con-
firmed by EDS mapping. However, sharp peaks for Fe,
Cr, and Ni (sharp trough for Pd and Ag) at the end of Pd-
Ag film are observed. This could be the response from the
fine stainless steel particles, which could have been doped
in the film or in the resin where the sample was mounted
for scanning. It is to be noted that during the sample
preparation after cutting, membrane pieces are mounted
in the resin and then the resin is cured. The top part is
polished with sand paper to expose the membrane cross-
section from the resin. As the Pd-Ag-alloy film and poly-
mer matrix are soft, some stainless steel particle from the
substrate might get separated and are doped into the film.

EDS mapping was carried out for the membrane
cross-section to examine the metal diffusion
(Supplemental Information, Figure S2). An infinite-
simally small amount of Fe, Cr, and Ni diffusion into
the film were observed as expected. As the Tamman
temperature for Ag is much lower than Pd
(Pdramman = 913 K and Agrimman = 618 K), heat
treatment at 773 K for 18 h under H, environment
results in relatively higher diffusion of Ag into the
substrate compared to that of Pd as shown in Figure
S2c. Substrate constituent Fe, Cr, and Ni were found
entirely in the substrate. Only few dots for Fe, Cr,
and Ni were found in the film. Hence, from EDS
mapping, presence of Cr and Fe can be ignored in
the film. Post heat treatment, XRD analysis also con-
firms negligible amount of substrate constituent ele-
ments migration into the film at annealing condition.

Hy-permselectivity studies of Pd-Ag membranes

Pd-Ag/MPSS membranes fabricated by the SIEP and
CEP processes were tested for gas-tightness and
hydrogen perm-selectivity in our permeability mea-
surement set up. The thickness of the Pd-Ag film on
MPSS support was found to be about 13 um as deter-
mined by both SEM and weight gain method. When
diffusion is not only the rate-limiting step, the hydro-
gen flux through dense Pd-film is given by Sieverts-
type expression as:

Qu

Ny =<2
BH=

(Pf—Py) (1)

where Qp is the hydrogen permeability (a product of
solubility and diffusivity), ¢ is the membrane thickness,
and Prand P, are the partial pressures of hydrogen on
feed and permeate sides, respectively. The empirical
exponent n in Eq. (1) is usually evaluated by non-
linear regression. Eq. (1) becomes the Sieverts law
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when diffusion through the bulk metal is rate-limiting
step and the hydrogen concentration into the metal is
proportional to the solubility coefficient and square
root (n = 0.5) of the hydrogen pressure in the gas
phase. 2]

Pd-Ag/MPSS membranes fabricated by SIEP and
CEP methods were tested for hydrogen flux in the
temperature range of 523 to 823 K to evaluate the
transport mechanism. The measured data as
a function of pressure difference (Pf—P,) at 523, 623,
723, and 823 K are presented in Fig. 9. The lines drawn
in the Fig. 9 are non-linear least-square fit with a power
index, n = 0.85 for Pd-Ag/MPSS (SIEP) and 0.8 for Pd-
Ag/MPSS (CEP). These values are slightly higher than
Sieverts law index. The flux data showed that with
increasing temperature, hydrogen flux increased for
a given transmembrane pressure. The hydrogen flux
also increased with increase in pressure difference
across the membrane. More notably, SIEP fabricated
Pd-Ag/MPSS membranes showed 3 to 8 times higher
H, permeance compared to the CEP membrane
depending upon the temperature and transmembrane
pressure conditions. For example, at 723 K, SIEP, and
CEP Pd-Ag/MPSS membranes showed the H, flux of
0.80 and 0.18 mol/m?s, respectively. H, flux of a mem-
brane for a set of temperature and trans-membrane
pressure depends on film thickness, microstructure,
and composition of the film. By using surfactant, top
surface microstructure of the film can be replicated
closely. Still, it is very difficult to replicate the exact
film thickness and metal composition of the film for
any two membranes. H, flux in Fig. 9 represents the
flux of Pd-Ag membrane (SIEP) of thickness 12.54 um
and Pd-Ag membrane (CEP) of thickness 16.7 pm.
Metal compositions are kept close for both these mem-
branes. A reduction of 25% thickness will enhance the
flux significantly but doubling the flux may be attrib-
uted to the nanocrystalline microstructure of the depos-
ited film and 23% Ag alloying. Fig. 10 shows the
hydrogen-to-nitrogen selectivity results of the same
set of membranes. The maximum hydrogen to nitrogen
selectivity for Pd-Ag/MPSS membrane at 823 K was
found to be 233 and 349 for SIEP and CEP membranes,
respectively. Introducing a top Pd-Ag layer after heat
treatment, improvement of the selectivity for mem-
branes fabricated by SIEP is possible. But this has
a negative impact of losing hydrogen flux considerably.

For Pd-alloy membrane, the pressure exponential
factor, n, is typically 0.5 at low pressure but a value of
n greater than 0.5 may result when surface processes
influence the permeation rate.**?! The hydrogen
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Figure 9. Hydrogen flux at different temperatures in Pd-Ag-MPSS membrane fabricated by (a) SIEP and (b) CEP.
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Figure 10. Hydrogen to nitrogen selectivity at different temperatures in Pd-Ag-MPSS membrane fabricated by (a) SIEP and (b) CEP.

diffusivity may become dependent on concentration
of dissolved hydrogen and that may contribute to
n values greater than 0.5.°%) Leakage of hydrogen
through defects in the metal film or membrane seals
may also increase the value of n. Further, small resis-
tance of the MPSS membrane support may also
slightly increase the value of n. The deviation in the

observed flux data from the idealized Sieverts’ law
may be attributed to some of these contributing fac-
tors. From gas-tightness experiment, we are inclined
to conclude that Pd-Ag/MPSS membrane (13 um Pd-
Ag film thickness) fabricated by DTAB-induced SIEP
is very much defect-free. But, heat treatment pro-
duces pinholes which actually reduces the effective



thickness of the perm-selective film. This might make
hydrogen dissociation and adsorption a rate-limiting
step. Alternatively, it could result in an increased
pressure exponent at high pressure.

The computed permeability coefficients (Qp)at four
temperatures are shown in Figure S3 as Arrhenius
plot(Quvs1/T). It gives an excellent fit of the data to
Arrhenius equation:

Qu = Quo exp(—E/RT) (2)

where Qppis the reference permeance, E is the activation
energy, T is the absolute temperature, and R is the uni-
versal gas constant. The activation energy for Pd-Ag film
determined was 8.85 KJ/mol, which is lower than the
reported values in the literature. For Pd-Ag membrane,
an activation energy of 23 KJ/mol was reported for 0.3 um
Pd-Ag film on ceramic support.****! For the latter case,
since the hydrogen-to-nitrogen selectivity was reported as
low as 5.7, it is difficult to assess the membrane quality.
Furthermore, hydrogen fluxes were studied in the tem-
perature range of 373-523 K. Reduction of the particle
size in the film thickness and fabrication of an agglomer-
ated microstructure may have resulted in lower activation
energy for the membranes. Nanocrystalline palladium has
almost 10 times higher diffusivity than conventional poly-
crystalline Pd. In small nanocrystalline metal, at least 20 to
50% of its atom located in the grain boundaries act as

a network for faster diffusion.®®

Long-term thermal stability test

The Pd-Ag/MPSS membrane fabricated by SIEP process
was examined for long-term performance test in H, and
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N, environment as shown in Fig. 11. During the fabrica-
tion of this membrane, 4 x CMC and 1 x CMC of DTAB
surfactants were used in Pd and Ag baths, respectively.
According to gravimetric method, the thickness of this
membrane was 15.08 pm. For the first 25 days, the mem-
brane was subjected to several thermal cycling at
623-723-623 K and at 15 psig transmembrane pressure.
After 25 days of continuous operation, the transmem-
brane pressure was increased to 20 psig and thermal
performance test was continued. During this continuous
operation, the membrane showed a good stability with no
N, gas leakage through the membrane. For the first
25 days, the hydrogen flux at 623 K and 723 K were
0.032 mol/m*s and 0.040 mol/m?s, respectively. Then,
at 20 psig, the hydrogen fluxes were increased to
0.057 mol/m?s and 0.069 mol/m*s at 623 K and 723 K,
respectively. After 42 days of continuous operation, slight
N, leakage of 0.003 mol/m?*s was detected at 623 K and 20
psig with H, to N, selectivity of 23. This indicates that up
to 42 days there were no pinholes in the Pd-Ag/MPSS
membrane. It was assumed that some layers of the Pd-Ag
membrane surface were peeled off during the continuous
operation. These peeled off spots of the membrane surface
became pinholes after a long run.””

After the long-term stability test, Pd-Ag/MPSS mem-
brane was characterized by SEM analysis to observe the
microstructure of Pd-Ag alloy film. As discussed earlier
in Fig. 3, upon annealing at 773 K for 18 h under
hydrogen environment, small pinholes were observed.
However, these pinholes were not connected to the sub-
strate surface and no helium leakage was found. After
long-term thermal stability performance, similar pin-
holes were also detected in SEM images. Although over
the performance period, the membrane showed the
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Figure 11. Long-term H, and N, flux of the Pd-Ag membrane fabricated by SIEP process.
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infinite H,/N, selectivity, after 42 days of prolonged
operation, small amount of N, flow was detected and
these pinholes may be the main source of the N, leakage.
Figure 12 shows the SEM images of the Pd-Ag/MPSS
composite membrane at different magnification after
42 days of continuous operation at 623-723 K and
15-20 psi transmembrane pressure. During the prolonged
operation, the Pd-Ag film seems to be peeled off from the
surface and some spots of the peeled off area passed
through the film and became pinholes. Sintering could
also have played an important role in the formation and
growth of leaks, since the membrane was operated at
623-723 K which was about 0.2 to 0.4 times the melting
temperature of Pd. From SEM images, it was observed
that the top surface of the film took a shape of cauliflower.
Similar observations were also made in the earlier long-
term stability tests with Pd/MPSS membrane.*!!
Furthermore, stored excess energy (such as stress, sur-
face energy in grain boundaries) of the materials can be

NCAT 5.0kV 5.4mm x10.0k SE(TUL)

(c)

released in many ways such as sintering, dislocation, and
crystallization. These mechanisms are diffusion-controlled
mechanism. Diffusion becomes fast when the activation
energy for nucleation is achieved and then structural
changes occur. At temperature close to Tamman tempera-
ture, Pd and Ag atoms acquire sufficient mobility. This
may affect microstructure of the film, which may result
leak formation.

Conclusions

Defect-free, dense and thin Pd-Ag/MPSS membranes were
fabricated using surfactant DTAB in EP bath. Surfactant in
SIEP effectively removes N, and NHj; gases from the sub-
strate surface and increases the deposition rate. These two
factors help in uniform Pd and Ag deposition resulting in
significantly reduced Pd-Ag film thickness with a shorter
deposition time. In a sequential deposition, surfactant is
capable of configuring a film with grain size distribution of
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Figure 12. Top surface SEM images of long-term stability tested Pd-Ag composite membrane at different magnification (a) 2.5 k, (b)

4.0k, (c) 10 k and (d) 22 k.



0.8 to 1.2 um for Pd-Ag/MPSS membrane. Moreover,
surfactant successfully protects dendrite formation and
the grains are found to be largely agglomerated. Smaller
particle size and grain agglomeration combined with the
reduction of film thickness hugely enhanced the H, perme-
ability. This could also be attributed to the lower activation
energy determined for Pd-Ag film (8.85 KJ/mol) compared
to the reported values in the literature. The stability studied
up to 42 days showed Pd-Ag/MPSS membranes to be
promising for long-term operations.
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