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Abstract: Hydrogen purification membranes have been prepared via a
simultaneous electroless plating of Pd and Ag on a 0.5 ym media grade Porous
Stainless Steel (PSS). Effects of the electroless bath temperature, composition,
annealing time and temperature were studied while developing the Pd coating.
Very low but measurable N, fluxes were seen, ranging from 0.010 to
0.020 cm’/cm’-min at temperatures varying from 300°C to 400°C. As no
helium flux was observed, it appears that nitrogen diffused, albeit much more
slowly, through the same interstitial sites that hydrogen did. H, permeances
varying from (1.9-3.1) x 107 cm’/cm’-min-Pa®® were recorded between
temperatures from 350°C to 550°C. Sievert’s Law was seen to hold true at all
temperatures. Short term stability and reproducibility of the H, permeance were
confirmed. The activation energy (E,) for H, permeance in the Pd-Ag layer was

calculated from the permeance data to be 9 £ 1 kJ/mol.
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1 Introduction

Lasher et al. (2002) have suggested that it would be feasible to ship hydrocarbon fuel to
filling stations, followed by a series of three reactions to supply the resulting 99.999+%
H, to vehicles at approximately $2/kg. Simplifying this process to just a membrane
reformation of gasoline to H,, with the rejected impurities being combusted and/or
sequestered, is the most economically reasonable route to H, use in vehicles. However,
CO and sulphur-containing gases produced during H, generation from hydrocarbon fuels
are poisons of a fuel cell’s Pt anode (Bauman, 2002; Knapton, 1977; Narusawa et al.,
2003; Peachey et al., 1996).

Because of hydrogen’s small size and the ease by which it dissociates on Pd and
several other late transition metals, only hydrogen can diffuse through the interstitial sites
in the Pd lattice. Any impurities in the H, must diffuse either through pinhole pores or
along grain boundaries in the membrane. Purities as high as 99.9999999% H, have been
reported (Johnson-Matthey, 2004; Power and Energy, 2003). However, due to high cost
and poor mechanical characteristics during the ¢ to f phase transition, research has
focused on methods of reducing the amount of Pd needed using Pd-coated porous
substrates (Bryden and Ying, 1995; Grashoff et al., 1983; Makrides et al., 1965;
Mardilovich et al., 1998; Yeung and Cheng, 1999), increasing the H, flux, decreasing the
effect of H, embrittlement (i.e. Pd alloys; Buxbaum and Kinney, 1996; Buxbaum and
Marker 1993), and/or eliminating Pd as a membrane component. The H, flux follows
Sievert’s Law, where J is the flux in cm/cm’-min, k = permeance in cm’/cm’-min-Pa”’
and P is pressure in Pa:

J=k (\/ Pretentate - \[ R)ermeate ) (1)

Cracking of the membrane layer due to the formation of pinholes is a function of both the
operating conditions and the interactions between the support and the Pd membrane.
Membrane cracking due to this lattice distortion is termed H, embrittlement. Pure Pd
membranes should be operated in the a-phase region to minimise such embrittlement
(Grashoff et al., 1983). A successful composite membrane may be achieved by the
application of a thin Pd coating to a dense, highly permeable metal, such as Porous
Stainless Steel (PSS); commercially available Pd foils are too expensive and have low H,
fluxes. Pd-coated Ta membranes (Rothenberger and Buxbaum, 2002, 2003) of this type
have been demonstrated as H, separation devices in disk (Buxbaum and Marker, 1993),
tubular (Buxbaum and Kinney, 1996; Buxbaum and Marker, 1993) and foil (Moss et al.,
1998; Peachey et al., 1996) form. Alloying Pd with metals like Cu, Ag, Ru, Pt and Ni has
also been explored to reduce the H, embrittlement (Buxbaum and Kinney, 1996; Iliuta et
al.,, 2003; Knapton, 1977; Moss et al., 1998; Peachey et al., 1996). Recent studies
demonstrate the effectiveness of alloying Pd with Cu to improve sulphur tolerance (Iyoha
and Enick, 2005; Ma et al., 2005; Rothenberger et al., 2004).

An alternative that can provide both mechanical strength and a thin separation layer
for a high H, flux and reduced Pd cost are membranes consisting of a thin Pd film
supported on a porous substrate, such as Vycor glass (Yeung and Cheng, 1999), ceramic
(Mardilovich et al., 1998), stainless steel (Jun and Lee, 2000; Tosti et al., 2002), etc.
Vycor glass (Yeung and Cheng, 1999) or ceramic (Tosti et al., 2002) supported Pd
membranes are relatively difficult to assemble. One way to improve the membrane
stability is to create an intermediate intermetallic diffusion barrier layer (such as an oxide
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layer) that is stable under reducing atmospheres at high temperatures. An alternate way
to improve membrane stability is to add alloying elements to the Pd such as Ag (Piper,
1966; Shu et al., 1993, 1996a; Uemiya et al., 1991a; Yeung and Cheng, 1999) or
Ru (Gryaznov et al., 1993; Iliuta et al., 2003; McKinley, 1967). Alloying Pd not
only suppresses H, embrittlement, but also increases permeability (Knapton, 1977;
Moss et al., 1998; Peachey et al., 1996; Piper, 1966; Ward and Dao, 1999; Yeung and
Cheng, 1999).

The thermal expansion coefficients (CTE’s) for the metallic film and the substrate
should be close enough for structural stability during thermal cycling. PSS substrates are
advantageous in this aspect (Ma et al., 2005). Ceramic supports crack due to CTE
mismatch during thermal cycling (Tosti et al., 2002). Also, intermetallic diffusion of
elements from the substrate to the metallic film causes deterioration of the H, flux and
selectivity (Gryaznov et al., 1993; Shu et al., 1996a), especially for PSS supports. The
effect of synthesis method on long-term stability and selectivity of the membranes has
been summarised by Shu et al. (1991) and Rothenberger et al. (2003; 2004) for Pd and its
alloys on a variety of supports (Chen et al., 2003; Hou and Hughes, 2003; Jun and Lee,
1999; Kikuchi et al., 2002; Li et al., 1996; Moron et al., 2002; Nam and Lee, 2000;
O’Brien et al., 2001; Pan et al., 2003; Shu et al., 1997; Yeung et al., 1999). A summary
of the H, fluxes is in Table 1.

Table1 Pd membrane performance

Year  Pd(um) T(K) P, et (kPa) k N,
Reference (mol/m’/s/Pa’”) (mol/m’/s)
Yeung et al. 1999b 1.6 623 256 8.8x 107 2.8x 107
Shu et al. 1996b 2 573 105-120 1.0x10° 3.1x 10"
Yan et al. 1994 2 773 100-200 5.0%x10° 5.0%x 10"
Uemiya et al. 1991b 20 673 150-394 1.1x107 7.3 %107
Ma et al. 2003 21.3 623 101-202 33x10° 1.0x 10"
Lin et al. 1998 22 623 202-1515 1.1x10" 37 %107
Mardilovich et al. 1998 24 623 151-404 3.0x 107 9.8x 107
Tosti et al. 2000 50 623 200 2.1x 10" 6.8x 107
Jarosch and Lasa 2001 156 1023 425-603 26x10° 8.4x107
Note: P, =101.3 kPa, P =0 kPa.

Among the variety of techniques useful for deposition of alloys, electroless plating has
become the method of choice due to its uniform deposition on complex shapes and large
substrate areas, the hardness and adhesion properties of the deposited film, and its use of
relatively simple and inexpensive equipment (Kikuchi et al., 2002; Meenan et al., 1994,
Shu et al.,, 1996b). Electroless deposition is based on the controlled, autocatalytic
reduction of a dissolved metallic salt by reducing agents at a substrate interface.
Although conceptually straightforward, support quality, surface activation methods,
electroless plating procedures and bath chemistry influence membrane selectivity,
permeability and Pd/Pd-alloy film stability. Electrolessly plated Pd-Ag membranes can
be prepared either by a coating and diffusion of separate Pd and Ag layers, or by
simultaneous coplating of Pd and Ag from the same plating bath, followed by an
annealing process. After forming a series of alternating layers of Pd and Ag via the
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coating process, the diffusion necessary to achieve a homogeneous composition
involves annealing in H, at very high temperatures (800-900°C) for many hours (Shu
et al., 1993, 1996a; Ward and Dao, 1999). Lower annealing temperatures result in a
compositional gradient across the membrane (Shu et al.,, 1996a), which can lead to
poorer mechanical stability and lower permeation rates. Moreover, the high temperature
necessary for such diffusion would negatively impact the porosity of the stainless steel.
Since the deposited Pd and Ag grains are in very close proximity, coplating allows for
the formation of homogeneous alloys at much lower temperatures. The complex kinetics
involved in the coplating bath solution of Pd-Ag and the sensitivity of the Pd-Ag film
composition on the composition and temperature of the plating bath solution has been the
primary focus of other investigators (Lin et al., 1998; Mardilovich et al., 1998; Shu
et al,, 1993, 1996a; Ward and Dao, 1999; Yeung and Cheng, 1999; Yeung et al.,
1999). At fixed plating temperatures of 328 or 333 K and [N,H,] = 10 mM, when the
Ag concentration was =10 at.% in the plating solution, the crystallite diameter
is governed by Ag deposition kinetics, and Pd agglomerates around the Ag (Yeung
and Cheng, 1999). Heating at 500°C for 8 hr resulted in a bimetallic Pd-Ag
alloy (Yeung and Cheng, 1999). In the experimental procedure that follows for Pd-Ag
coating by simultaneous electroless plating, the following parameters were fixed:
[Metal] = 10 mM, [NJH,] = 10 mM, [NHOH] = 3 M, pH = 104 and T = 60°C
(Yeung and Cheng, 1999).

The primary goal of this work was to develop a H, purifier from a Pd/Ag membrane
prepared via electroless deposition to produce fuel cell quality H, that is stable with
respect to CO, H,S and SO, (Athavale and Totlani, 1989; Hsu and Buxbaum, 1985).
H, and N, fluxes across Pd and Pd alloy membranes deposited on PSS have been
measured. The tasks for this project consisted of

1 Construction of a portable gas handling system. The system includes provision
for either pure H, or simulated reformate gas mixture, temperature control,
monitoring of feed and permeate flow rates, sampling of permeate and reject for
analytical purposes and pressure control.

2 Permeation experiments on fabricated Pd and Pd-Ag membrane purifiers
including:

a  verification of impermeability of N,
b  Sievert’s Law plot for non-H, gases

Sievert’s Law plot for H, gas

o O

measurement of permeance versus temperature for H, gas
permeation H, versus N,
H, permeance stability over a length of time

permeation selectivity of H, versus N,

= 0e h O

purification of H, from CO

—

repeat of items c—h

purification of H, from H,S

—.

k repeat of items c—j.

This paper focuses on items 2a-2g.



Hydrogen purification with palladium and palladium alloys

2 Experimental

2.1 Synthesis

The following procedure for deposition of Pd and Ag on PSS and Non-porous
Stainless Steel (NPSS) by electroless plating was based on those described by Yeung and
Cheng (1999) and Shu (1993). With the exception of those samples that are specifically
referred to as being prepared by a coating and diffusion method (i.e. Pd, then Ag, then
Pd, etc., followed by a 600°C annealing), all Pd alloy samples were prepared via

codeposition.

1

Samples were then characterised using Scanning Electron Microscopy (SEM), Energy

0.5 im grade %’” OD porous 316L stainless steel tube welded to PSS tubes on
both ends were purchased from Mott Corporation.

Any surface contaminants were removed by cleaning the tube in an ultrasonic
bath with 1 M KOH solution at 60°C for half an hour. This cleaning procedure
was followed by sequentially rinsing the tube in DI water and isopropanol.

The tube was treated for 5 min. with HCI, then rinsed with distilled H,0.

After loading the SS tube into the tube furnace and wrapping it with quartz
wool, the reactor was leak tested with dry air, then purged with 30 sccm dry air
at room temperature for 5 min, before ramping up to 600°C at 3°C/min. After a
4 hr calcination treatment at 600 C, the samples were cooled in flowing dry air
to 25°C.

The oxidised tube was activated by immersing the tube in baths of acidic SnCl,
(1 g/L) and acidic PdA(NH,),CL,-H,O (0.15 g/L). The immersion treatments were
repeated 4-10 times (depending upon the amount of activation required) for 5
min each, and then the activated tube was dried for 2 hr at 120°C. After
immersion in SnCl,, each SS tube was rinsed in DI water. Then, after immersion

in PdA(NH,),CL,-H,0, each SS tube was rinsed with 0.01 M HCI and DI H,O.

The activated tube was immersed in the following electroless bath compositions

(Table 2) at room temperature, with constant amounts of Na,EDTA-2H,0

(40.1 g/L), 29% NH,OH (200 mL/L) and 1 M N,H, (10 mL/L), and a constant
pH = 10.4. After depletion of each plating solution, a new solution was provided
and the procedure was repeated after rinsing the membrane.

Then the plating solution and tube were placed in a water bath at 60°C. Each
electroless plating bath solution was replaced with fresh solution after every

90 min, and each sample was plated 12 times. Between changing of plating bath
solutions, each plated tube was rinsed in DI water for 2-5 min at 60°C. After

5 min of Pd predeposition, the Ag was added for the codeposition

(Shu, 1993; Yeung and Cheng, 1999).

To obtain the final Pd-Ag alloy, the palladium-silver/PSS membrane was
annealed in flowing hydrogen at 400°C for 4 hr and 500°C for 4 hr.

Dispersive Spectroscopy (EDS) and Atomic Force Microscopy (AFM).
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Table 2 Electroless bath composition
Bath 1 (only Pd) Bath 2 (only Ag) Bath 3 (75Pd-25Ag)
Pd(NH,),C1-H,0, g/L 2.63 - 211
AgNO,, g/L — 1.69 0.34

2.2 Pd/Ag metal hydride hydrogen purifier and gas handling manifold

A schematic of a metal hydride H, purifier, and the completed gas handling manifold are
shown in Figures 1 and 2, respectively. The outer tube of the purifier was a 316 SS 1-1/2
(3.81 cm) Schedule 40 6.08” (15.44 cm) long pipe with 0.31” (0.79 cm) thick end plugs
on both sides. At the bottom left of Figure 2 were 0.5 um grade 1/4” (0.635 cm) OD
porous 316 stainless steel tubes welded to NPSS on both ends. At the bottom left are
two 0.260” (0.660 cm) ID wells for ¥4 (0.635 cm) OD, 5” (12.7 cm) long, 305 Watt
electric cartridge heaters. A thermowell with a 0.192” (0.488 cm) ID housed a 3/16”
(0.476 cm) OD 3-point K-type thermocouple that sensed temperature just past the
entrance, in the middle, and just prior to the purifier exit. The entire purifier was
surrounded with 2” (5.1 cm) thick quartz wool insulation. Permeation of H, and N, was
measured at temperature ranges 573—823 K. Flow rates and pressures were measured
using Unit Instruments mass flow controllers (0-50, 0-150 or 0-200 sccm) and Span
Instruments 0-250 psia (17.2 MPa) pressure transducers and acquired using National
Instruments LabView 7.0. Unit Instruments and Span Instruments are now part of
Celerity, Inc. All temperatures were measured with either J-type or K-type 1/8”
(0.318 cm) thermocouples from Omega Corporation. Temperature control was to + 1°C
using programmable ramp-and-soak Omega CN2011 temperature controllers.

Tmpurities

Bed packed with vermiculite to ensure
uniform temperature and surrounded
with 2" thick insulation

Heater Wells for 14" OD, 305 W cartridge heaters

Thermowell for 3/16” OD 3-polnt K-type T/C

Figure 1 The H, purifier

Figure 2 Gas handling manifold
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3 Results and discussion

3.1 Structural and chemical properties

The aforementioned procedure was established after the first Pd-Ag/PSS sample resulted
in a non-uniform sample. More critically, there were cracks in the Pd-Ag layer of the first
sample, and the colour looked like that of pure Ag. The non-uniformity and cracking in
the Pd-Ag layer were explained by improper control of the electroless bath solution
temperature and pH (Shu et al., 1993; Yeung and Cheng, 1999). Moreover, there were
heterogeneities on the ends due to handling without gloves after each plating. For this
reason, all handling was done on the nonporous ends of the PSS, the bath pH was
controlled at 10.4, the bath solution was set to 60 + 1°C, and the supports were anchored
to a rotating shaft during deposition to improve uniformity. To verify N, impermeability,
each sample was leak checked with N, at 25°C before welding to a purifier. SEM
(Figure 3) and AFM analysis of Pd-coated NPSS showed that the Pd particle size
distribution was relatively narrow, with a mean particle size distribution of ~2 pm.
On top of the 2 pum particles, were smaller crystals of ~0.2 pm. Despite the apparent
pinhole, the film was helium-impermeable.

A .‘t ~

i

:‘.f"\,

p A 3'\
Lo B
J = |

] " i

Figure 3 SEM showing the surface topography of a Pd-coated NPSS circular disc
after annealing in N, for 4 hr at 400°C and for 4 hr at 500°C. Despite the apparent
pinhole, the film was leak-tight with respect to helium

Silver deposition is much faster than Pd deposition, because nucleation of Pd is slow; this
explains the need for the Sn/Pd activation layer (Shu et al., 1993; Yeung and Cheng,
1999). Figures 4 and 5 show that the Pd-Ag crystals have an average crystallite diameter
of ~1 um. The surface looked like Ag/NPSS. The surface morphology should be
controlled by Ag seeding at > 6 at.% Ag, but film composition and morphology are very
sensitive to plating bath chemistry (Yeung and Cheng, 1999). The lack of defined
particle edges may have indicated incomplete diffusion between subsequent depositions,
even under conditions consistent with Ma et al. (2005). EDS analysis on bimetallic
samples versus annealing temperature was necessary.
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Figure 4 SEM of codeposited Pd-Ag/NPSS after annealing in N, for 4 hr at 400°C and
for 4 hr at 500°C

O jarn

Figure 5 AFM image of codeposited Pd-Ag coated SS circular disc after annealing
in N, for 4 hr each at 400°C and at 500°C

The key questions to address via SEM and EDS were whether the films had pinholes,
and in the case of the bimetallic alloy films, whether the Pd and the Ag were properly
alloyed. The latter issue is critical for matching the CTEs to minimise embrittlement.
EDS mapping of some preliminary samples revealed pinholes in some preliminary
samples. Once the aforementioned synthesis controls were applied, this problem was
quickly solved. However, an EDS map (not shown) revealed that 4 hr each at 500°C and
600°C in N, was insufficient for proper alloying of samples prepared via coating and
diffusion (Figure 6). PSS-supported Pd-Ag alloys prepared via codeposition and then
annealed at 600°C for 16 hr in N, showed that the Ag was uniformly dispersed,
indicating proper alloy formation (Figure 7(a) and (b)). Lower temperatures and times
were insufficient for proper alloy formation, in contradiction with Ma et al. (2005).
EDS revealed the codeposited Pd-Ag/PSS weight percentages of Pd, Ag and Fe, of
78.35, 20.04 and 1.35, respectively. This was close to the desired ratio of 75:25 for Pd
and Ag. A small amount of Fe also diffused from the support into the Pd-Ag membrane.
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Figure 6 SEM of Pd-Ag alloy on NPSS via the coating and diffusion method. The substrate
was annealed for 4 hours each at 500°C & 600°C in N,

P d Ag|

(b)
Figure 7 (a) SEM of codeposited Pd-Ag/PSS and (b) Codeposited Pd-Ag/PSS EDS map
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After realising that at annealing temperatures below 500°C and times less than 10 hr
were insufficient to form a proper Pd-Ag alloy, a semi-infinite slab model was used to
estimate roughly the temperatures and times required to diffuse Ag uniformly to a
desired extent into the Pd layer at a given Pd layer thickness. Based on diffusivity data
from Hou and Hughes (2003), the annealing time required for Ag to diffuse uniformly in
Pd-Ag layer in subsequent syntheses was calculated. Thin membranes yield both higher
fluxes and better alloying (Ma et al., 2003; Tosti et al., 2002). Given that the diffusion
times for diffusion distances of 1 pm at 873 K were realistic, all subsequent annealing
was done at 873 K for 16 hr to assure that proper alloying was achieved. The benefit of
the codeposition method over the coating and diffusion method is the much shorter
diffusion distance (< 1 pum).

3.2  Permeation results

A N, permeance test was conducted at temperature ranges from 573 to 673 K to check
for the impermeability of the prepared Pd-Ag purifier membrane. A very modest
N, permeance of about 0.15-0.25 cm’/min was detected at trans-membrane pressure
difference of 250 kPa, much smaller than the H, flow rates (11-21 cm’/min). A Sievert’s
Law plot (Figure 8) was also made for the N, flux versus the square root of the pressure
difference between the retentate (P,) and permeates side (P,). This ‘law’ held true for N,,
implying that N, dissociates into two nitrogen atoms from 573 to 673 K. Sievert’s Law
was derived from a simplification of Fick’s Law for the case of dissociative adsorption of
hydrogen. Hydrogen, nitrogen, carbon and boron are all interstitial elements that can
diffuse through the interstices of certain metals. Like hydrogen, nitrogen is capable of
dissociating on certain metals at elevated temperatures. One such metal is iron, for which
there is an ample supply in the PSS substrate.
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Figure 8 Sievert’s Law plot for N, flux
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Although N, flux was found to be temperature dependent, the permeance was found to be
independent of temperature. This may indicate pinhole diffusion or grain boundary
diffusion, rather than interstitial diffusion, for N, permeance. Given the very tiny fluxes
involved here and the very low activation energies associated with some bimolecular
dissociations, however, it is unclear about the mechanism for nitrogen transport here.
The temperature dependence of N, solubility, which also factors into permeation rates, is
unknown. Once the near impermeability of the prepared Pd-Ag membrane was
confirmed with N,, permeance with H, gas across the membrane was confirmed
(Figure 9). Helium gas permeances across a series of membranes, including the ones
used in Figures 8 and 9, were conducted in response to reviewers’ comments, and were
below the detection limit.

0.60 T
1 7 823 K | Kees = (0-0813 £ 0.0005) cm*/cm?-min-Pa®%S A2 = 0.97
1| 723K | ks = (0.0265 £ 0.0004) cm¥cm?-min-Pa®® R2 = 0.99 A
= 00 {1+ 623K | kg = (0.0185 = 0.0003) cm¥cm?-min-Pa®s A2 = 0.95
= s
£ 040}
o
E ]
S
C 030}
o 4
X ]
T 0.20 T
a4
0.10 }
0.00 + + + + + !
0 5 10 15 20 25 30
Pral:unlaloo's - PDQ[ITIL‘alED.s (Paos}

Figure 9 Sievert’s Law plot for H, permeance

The activation energy of the Pd-Ag membrane was found to be (9 £ 1) kJ/mol with a
R’ = 0.93, which was close to the previously reported values for Pd or Pd alloy
membranes. A comparison between the derived experimental activation energy

value for the Pd-Ag/PSS alloy membrane and those of other researchers is shown in
Table 3.

Table 3 Activation energies for H, permeation

Support Membrane thickness (um) Temp (K) E, (kJ/mol) Reference
Pd/Ag/PSS 48%* 623-823 9+1  This work

Pd/PSS 19-28 673-1273 16.38  Mardilovich (1998)

Pd discs 1000 623-1173 13.41  Rothenberger (2003)

Pd/disc 486-762 300-709 11.81 Hurlbert and Konecny (1961)
Pd/Ag/ceramic 0.3 673-993 23 Lin and Jayaraman (1995)
Pd/disc 800-2025 500-900 12.81  Holleck (1970)

*This was the membrane thickness on both sides (inside and outside) of the PSS
membrane. Pd alloy thickness on one side of the membrane would be 24 microns.

All the other work reported is for Pd layer only on the outside of the membrane
substrate.
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The H, permeability and permeance can also be compared to work done by other
researchers in Table 4. Figure 10 compares the H, and N, fluxes for the Pd-Ag
membrane. Preliminary short term hydrogen permeation tests of the Pd-Ag membrane
are shown in Figure 11.

Table 4 Comparison of H, permeances and permeabilities
T k (em’/em’-min-Pa”) K (em’/em-min-Pa”’) Ref.
623 (1.85 +0.03) x 107 (8.9+0.2)x10° This work
623 433x10° 9.61 x 107 Tosti et al. (2002)
623 4.15%x10° 9.96 x 107 Hou and Hughes (2003)
673 3.62x 107 7.78 x 107 Tosti et al. (2002)
673 3.75x 107 9.00x 107 Hou and Hughes (2003)
723 (2.65 £0.04) x 107 (128 +0.2) x 107 This work
773 430x% 107 8.60x 10~ Ma et al. (2005)
823 (3.13 £0.05) x 10” (15.1+0.3)x 10 This work
823 8.70x 10~ 2.12x10™ Uemiya et al. (1991b)
850 1.08 x 10" 1.72x 107 Pan et al. (2003)
1023 3.56x 107 5.56%x 107 Uemiya et al. (1991b)
035 -
030 +
Hydrogen
_ 0251
= ]
g
g 0.20 +
Eoust
E
= 010+
0.05
Nitrogen
0.00 — e et —— R
0 50 100 150 200 250 300 350
PfeedO-S = Ppermemeo.5 (PaO.S)
Figure 10 H, Flux versus N, Flux at 623 K
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Figure 11  H, permeance stability at 623 K
Conclusions

The proper conditions for codeposition of Pd and Ag from a mixed plating bath were
identified and verified: [Metal] = 10 mM, [N,H,] = 10 mM, [NH,OH] = 3M, pH =
10.4 and T = 60°C. Sufficient interdiffusion of the two metals to form a proper alloy
requires annealing at 600°C for 16 hr in N,.

SEM-EDS and AFM results concluded that a relatively smooth layer of
79 Pd-21Ag alloy was developed on the PSS substrate with an average Pd-Ag
crystal diameter of 0.5 pm with a height variation of about 0.2 pm.

EDS revealed that only trace levels of support Fe diffused into the Pd-Ag layers.

Very minor N, permeation could be detected at temperatures of 573-673 K.
The N, permeance was found to be constant at 1.3 x 10” cm’/cm’-min-Pa™.
The magnitude of the N, leak was comparable to those reported by Ma
et al. (2005). Impermeability of prepared membranes needs to be tested with truly
inert gases. The results, however, do not support N, diffusing interstitially just like
H, through Pd-Ag.

Membranes composed of thin film of Pd (48 um) and Pd/Ag deposited on porous
stainless steel via electroless plating have been evaluated at temperatures of 623—-823
K with H, permeability from (9-15) x 10~ cm’/cm-min-Pa"".

The activation energy of the Pd-Ag membrane was found to be 9 £ 1 kJ/mol, which
was close to the previously reported values for Pd or Pd/Alloy membranes.

The reproducibility and short time stability of the H, permeation were confirmed.
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8 Currently, the flux of hydrogen permeation membranes appears to be limited
by the fact that the crystallite diameter of each Pd alloy particle must be large
enough to not fall into the pores of the support. In order to increase the H, flux
substantially, a preparation technique to fabricate multilayer, < 10 nm thick Pd alloy
layer will need to be developed. The critical step will involve development of a
secondary porosity within the pores of the stainless steel. Currently, we are
investigating silica-templated porous carbon/PSS (TPC/PSS) composite supports for
high flux Pd alloy hydrogen purification membranes.

Acknowledgements

The authors would like to gratefully acknowledge the support of the NASA Glenn
Research Center and the National Center for Hydrogen Research at Florida Tech.

References

Athavale, S.N. and Totlani, M.K. (1989) ‘Electroless plating of palladium’, Metal Finish,
Vol. 87, p.23.

Bauman, J.W. (2002) ‘The adverse effects of carbon monoxide on PEM fuel cell performance:
steady-state and transient measurements and analysis’, Ph.D. Dissertation, Case Western
Reserve University Department of Chemical Engineering. Available from UMI, Order
No. DA3052270. From Diss. Abstr. Int., B 2002, Vol. 63, No. 5, 2480.

Bryden, K.J. and Ying, J.Y. (1995) ‘Nanostructured palladium membrane synthesis by magnetron
sputtering’, Materials Science and Engineering A, Vol. 204, pp.140-145.

Buxbaum, R.E. and Kinney, A.B. (1996) ‘Hydrogen transport through tubular membranes of
palladium-coated tantalum and niobium’, Industrial and Engineering Chemistry Research,
Vol. 35, pp.530-537.

Buxbaum, R.E. and Marker, T.L. (1993) ‘Hydrogen transport through non-porous membranes of
palladium-coated niobium, tantalum and vanadium’, Journal of Membrane Science, Vol. 85,
pp.29-38.

Chen, H.I., Shiau, J.D., Chu, C.Y. and Huang, T-C. (2003) ‘Synthesis and characterization of
palladium clusters dispersed on alumina membranes’, Separation and Purification
Technology, Vol. 32, pp.247-254.

Grashoff, G.J., Pilkington, C.E. and Corti, C.W. (1983) ‘The purification of hydrogen — a review of
the technology emphasizing the current status of palladium membrane diffusion’, Platinum
Metals Review, Vol. 27, No. 4, pp.157-169.

Gryaznov, V.H., Serebryannikova, O.S., Serov, Y.M., Ermilova, M.M., Karavanov, A.N,
Mischenko, A.P. and Orekhova, N.V. (1993) ‘Preparation and catalysis over palladium
composite membranes’, Applied Catalysis A, Vol. 96, p.15.

Holleck, G.L. (1970) ‘Diffusion and solubility of hydrogen in palladium and palladium-silver
alloys’, Journal of Physical Chemistry, Vol. 74, No. 3, pp.503-511.

Hou, K. and Hughes, R. (2003) ‘Preparation of thin and highly stable Pd/Ag composite membranes
and simulative analysis of transfer resistance for hydrogen separation’, Journal of Membrane
Science, Vol. 214, pp.43-55.

Hsu, C. and Buxbaum, R.E. (1985) ‘Electroless and immersion plating of palladium on zirconium’,
Journal of the Electrochemical Society, Vol. 132, No. 10, pp.2419-2420.

Hurlbert, R.C. and Konecny, J.O. (1961) ‘Diffusion of hydrogen through palladium’, Journal of
Chemical Physics, Vol. 34, No. 2, pp.655-658.



Hydrogen purification with palladium and palladium alloys 123

Iliuta, C., Grandjean, B.P.A. and Larachi, F. ( 2003) ‘Methane nonoxidative aromatization over
Ru-Mo/HZSM-5 at temperatures up to 973K in a palladium-silver/stainless steel membrane
reactor’, Industrial &amp Engineering Chemistry Research, Vol. 42, pp.323-330.

Iyoha, O. and Enick, R. (2005) ‘High temperature, high pressure Pd-Cu based hydrogen
purification in the presence of CO and H,O’ (Oral Paper 77b), Spring 2005 AIChE
Conference, Atlanta, GA, 10-14 April.

Jarosch, K. and Lasa, H. (2001) ‘Permeability and selectivity, and testing of hydrogen diffusion
membranes suitable for use in steam reforming’, Industrial &amp Engineering, Chemistry
Research, Vol. 40, p.5391.

Johnson-Matthey, Inc. (2004) Available at: http://www.jmgpt.com/html/pd_membrane_
purification.html, Accessed on 12 October.

Jun, C.S. and Lee, K.H. (1999) ‘Preparation of palladium membranes from the reaction of
Pd(CH,)(CH,) with H,: wet-impregnated deposition’, Journal of Membrane Science,
Vol. 157, pp.107-115.

Jun, C-S. and Lee, K-H. (2000) ‘Palladium and palladium alloy composite membranes prepared by
metal-organic vapor deposition method (Cold Wall)’, Journal of Membrane Science,
Vol. 176, pp.121-130.

Kikuchi, E., Nemoto, Y., Kajiwara, M., Uemiya, S. and Kojima, T. (2002) ‘Steam reforming of
methane in membrane reactors: comparison of electroless plating and CVD membranes and
catalyst packing modes’, Catalysis Today, Vol. 56, pp.75-81.

Knapton, A.G. (1977) ‘Palladium alloys for hydrogen diffusion membranes — a review of high
permeability materials’, Platinum Metal Review, Vol. 21, pp.44-50.

Lasher, S., Stratonova, M. and Thijssen, J. (2002) ‘Hydrogen technical analysis’, Hydrogen, Fuel
Cells, and Infrastructure Technologies Program, November.
Li, A., Xiong, G., Finghua, G. and Zheng, L. (1996) ‘Preparation of Pd/Ceramic composite

membrane by improvement of the conventional preparation technique’, Journal of Membrane
Science, Vol. 110, pp.257-260.

Lin, Y.M., Lee, G.L. and Rei, M.H. (1998) ‘An integrated purification and production of hydrogen
with a palladium membrane-catalytic reactor’, Catalysis Today, Vol. 44, p.343.

Lin, Y.S. and Jayaraman, V. (1995) ‘Synthesis and hydrogen permeation properties of ultrathin
palladium-silver alloy membranes’, Journal of Membrane Science, Vol. 104, p.251.

Ma, Y.H., Mardilovich, L.P. and Engwall, E.E. (2003) ‘Thin composite palladium and
palladium/alloy membranes for hydrogen separations’, Annual of the New York Academy of
Science, Vol. 984, p.346.

Ma, Y.H., Mardilovich, L.P. and Engwall, E.E. (2005) ‘Composite Pd/PSS membranes for
production of pure hydrogen and high pressure CO, for sequestration’ (Oral Paper 77a),
Spring 2005 AIChE Conference, Atlanta, GA, 10-14 April.

Makrides, A., Wright, M. and McNeill, R. (1965) Final Report Contract DA-49-189-AMC-136(d),
Waltham, MA: Tyco Lab.

Mardilovich, LP., She, Y., Ma, Y.H. and Rei, M.H. (1998) ‘Defect-free palladium membranes on
porous stainless-steel support’, AIChE Journal, Vol. 44, No. 2, pp.310-322.

McKinley, D.L, (1967) US Patent 3,350,845.

Meenan, B.J.,, Brown, NM.D. and Wilson, J.W. (1994) ‘Characterization of a PdCl/SnCl,
electroless plating catalyst system adsorbed on barium titanate-based electroactive ceramics’,
Applied Surface Science, Vol. 74, pp.221-233.

Moron, F., Pina, M.P., Urriolabeitia, E., Menendez, M. and Santamaria, J. (2002)‘Preparation and
characterization of Pd-Zeolite composite membranes for hydrogen separation’, Desalination,
Vol. 147, pp.425-431.

Moss, T.S., Peachey, N.M., Snow, R.C. and Dye, R.C. (1998) ‘Multilayer metal membranes for
hydrogen separation’, International Journal of Hydrogen Energy, Vol. 23, No. 2, pp.99-106.



124 J.R. Brenner, G. Bhagat and P. Vasa

Nam, S.E. and Lee, K.H. (2000) ‘A study on the palladium/nickel composite membrane by vacuum
electrodeposition’, Journal of Membrane Science, Vol. 170, pp.91-99.

Narusawa, K., Hayashida, M., Kamiya, Y., Roppongi, H.; Kurashima, D. and Wakabayashi, K.
(2003) ‘Deterioration in fuel cell performance resulting from hydrogen fuel containing
impurities: poisoning effects by CO, CH,, HCHO, and HCOOH’, Japanese Society of
Automotive Engineers (JSAE) Review, Vol. 24, pp.41-46.

O’Brien, J., Hughes, R. and Hisek, J. (2001) ‘Pd/Ag membranes on porous alumina substrates by
unbalanced magnetron sputtering’, Surface and Coatings Technology, Vols. 142-144,
pp.253-259.

Pan, X.L., Stroh, N., Brunner, H., Xiong, G.X. and Sheng, S.S. (2003) ‘Pd/Ceramic hollow fibres
for H, separation’, Separation and Purification Technology, Vol. 32, pp.265-270.

Peachey, N.M., Snow, R.C. and Dye, R.C. (1996) ‘Composite Pd/Ta membranes for hydrogen
separation’, Journal of Membrane Science, Vol. 111, pp.123-133.

Piper, J. (1966) ‘Diffusion of hydrogen in copper—palladium alloys’, Journal of Applied . Physics,
Vol. 37, p.715.

Power and Energy, (2003) Inc., Available at: http://www.purehydrogen.com, Accessed on
12-12-2003.

Rothenberger, K.S. (2003a,b) ‘The permeability of hydrogen in bulk palladium at elevated
temperatures and pressures’, Journal of Membrane Science, Vol. 212, pp.87-97.

Rothenberger, K.S. and Buxbaum, R.E. (2002) ‘Hydrogen permeability of tantalum-based
membrane materials at elevated temperature and pressure’, Preprints of Symposia - American
Chemical Society, Division of Fuel Chemistry, Vol. 47, No. 2, pp.814-815.

Rothenberger, K.S. and Buxbaum, R.E. (2003) ‘Evaluation of tantalum-based materials for
hydrogen separation at elevated temperatures and pressures’, Journal of Membrane Science,
Vol. 218, Nos. 1-2, pp.19-37.

Rothenberger, K.S., Howard, B.H., Killmeyer, R.P., Cugini, A.V., Morreale, B.D., Enick, R. M.
and Bustamante, F. (2004) ‘Hydrogen permeance of palladium-copper alloy membranes over

a wide range of temperatures and pressures’, Journal of Membrane Science, Vol. 241, No. 2,
pp-207-218.

Shu, J., Adnot, A., Grandjean, B.P.A. and Kaliaguine, S. (1996a) ‘Structurally stable composite
Pd/Ag alloy membranes: introduction of a diffusion barrier’, Thin Solid Films, Vol. 286, p.72.
Shu, J., Grandjean, B., Neste, A.V., Kaliaguine, S. and Dalmon, A.J. (1996b) ‘Hysteresis in

hydrogen permeation through palladium membranes’, Journal of Chemical Society, Vol. 54,
p.2475.

Shu, J., Grandjean, B.P., Neste, A.V. and Kaliaguine, S. (1991) ‘Catalytic palladium-based
membrane reactor: a review’, Canadian Journal of Chemical Engineering, Vol. 69,
pp-1036-1074.

Shu, J., Grandjean, B.P.A. and Kaliaguine, S. (1997) ‘Gas permeation and isobutene
dehydrogenation over very thin Pd/Ceramic membranes’, Canadian Journal of Chemical
Engineering, Vol. 75, p.712.

Shu, J., Grandjean, B.P.A., Ghali, E. and Kaliaguine, S. (1993) ‘Simultaneous deposition of Pd and
Ag on porous stainless steel by electroless plating’, Journal of Membrane Science, Vol. 77,
p-181.

Tosti, S., Bettinali, L., Castelli, S., Sarto, F., Scaglione, S. and Violante, V. (2002) ‘Sputtered,

electroless, and rolled palladium-ceramic membranes’, Journal of Membrane Science,
Vol. 96, pp.241-249.

Tosti, S., Bettinali, L. and Violante, V. (2000) ‘Rolled thin Pd and Pd—Ag membranes for hydrogen
separation and recovery’, International Journal of Hydrogen Energy, Vol. 25, p.319.

Uemiya, S., Matsuda, T. and Kikuchi, E. (1991a) ‘Hydrogen permeable palladium-silver alloy
membrane supported on porous ceramics’, Journal of Membrane Science Vol. 56, p.315.



Hydrogen purification with palladium and palladium alloys 125

Uemiya, S., Sato, N., Ando, H. and Kikuchi, E. (1991b) ‘The water-gas shift reaction assisted by a
palladium membrane reactor’, Industrial & Engineering Chemistry Research, Vol. 67, p.585.

Ward, T.L. and Dao, T. (1999) ‘Model of hydrogen permeation behavior in palladium membranes’,
Journal of Membrane Science, Vol. 153, pp.211-231.

Yan, S., Maeda, H., Kusakabe, K. and Morooka, S. (1994) ‘Thin palladium membrane formed in
support pores by metal-organic chemical vapor deposition method and application to
hydrogen separation’, Industrial & Engineering Chemistry Research, Vol. 33, p.616.

Yeung, K.L. and Cheng, T.S. (1999) ‘Palladium silver composite membranes by electroless plating
technique’, Journal of Membrane Science, Vol. 158, pp.127-141.

Yeung, K.L., Christiansen, S. and Varma, A. (1999) ‘Palladium composite membranes by
electroless plating technique: relationships between plating kinetics, film microstructure and
membrane performance’, Journal of Membrane Science, Vol. 159, pp.107-122.





