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Abstract

Pd-Ag alloy membranes have attracted a great deal of attention for their use in hydrogen purification and
separation due to their high theoretical permeability, infinite selectivity and chemical compatibility with hydro-
carbon containing gas streams. For commercial application, Pd-based membranes for hydrogen purification
and separation need not only a high perm-selectivity but also a stable long-term durability. However, it has
been difficult to fabricate thin, dense Pd-Ag alloy membranes on a porous stainless steel metal support with
surface pores free and a stable diffusion barrier for preventing metallic diffusion from the porous stainless
steel support. In this study, thin Pd-Ag alloy membranes were prepared by advanced Pd/Ag/Pd/Ag/Pd multi-
layer sputter deposition on the modified porous stainless steel support using rough polishing/ZrO, powder
filling and micro-polishing surface treatment, and following Ag up-filling heat treatment. Because the modified
Pd-Ag alloy membranes using rough polishing/ZrO, powder filling method demonstrate high hydrogen per-
meability as well as diffusion barrier efficiency, it leads to the performance improvement in hydrogen perm-
selectivity. Our membranes, therefore, are expected to be applicable to industrial fields for hydrogen purification
and separation owing to enhanced functionality, durability and metal support/Pd alloy film integration.

Keywords : Pd-Ag alloy hydrogen membrane, Perm-selectivity, Porous stainless steel support, Spufter mulfi-
deposition, Surface tfreatment
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Fig. 1. Surface FE-SEM and CLSM images of porous stainless steel supports after surface treatment and Pd-Ag
alloy hydrogen separation membranes on modified PSS supports: (a) fresh PSS support, (b) micro-polished PSS
support, and (c) rough polished PSS support.
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(a) ZrO, slurry press filling (b) ZrO, slurry vacuum filling
% : ZrO, shurry
Schematic diagram i = = = L PSS support
of the powder filling ‘ : .
apparatus : v A T \:;::;:n

b~

e Micro-porous o Ra:0.25 pm

Ra: 0.41 pm

" wstructure
Clean surface l

Py

Surface FE-SEM
and CLSM images

of the modified PSS
support % ("wﬂzlne.& f—
Maximum After one minute Maximum After one minute
Leak test
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0

Dense structure

Surface FE-SEM
images of Pd-Ag

alloy films e
after Ag up-filling 3 NearlSvoid.
heat treatment (I:hgrtzinis) - e

Fig. 2. Surface FE-SEM and CLSM images of porous stainless steel supports after ZrO, powder filing and Pd-Ag
alloy hydrogen separation membranes on modified PSS supports: (a) press filling, (b) vacuum filling.

(a) Micro-polished PSS support (b) Rough polishing / ZrO, filled PSS support
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Fig. 3. Hydrogen permeance and H.,/N, selectivity of porous stainless steel supports according to surface treatment:
(a) micro-polished PSS support, (b) rough polishing / ZrO, filled PSS support.
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Fig. 4. Schematic illustration of Pd/Ag sputter multi-deposition diffusion barrier: (a) Characteristics of Pd/Ag multi-layer
on the modified PSS support for H, separation and intermetallic diffusion barrier, (b) surface FE-SEM images and
EDS composition of Pd-Ag alloy films after heat treatment at 873K for 2000h, (c) Fe-Ag phase diagram, (d) Pd-Fe
phase diagram, FE-SEM images and EDS composition line scan profiles of (e) columnar and (f) dense Pd structure,

respectively, after 873K for 100 h.



294 A7 /3= i8] 49 (2016) 286-300

a9 4a) FHNEE o ZHRIEE A A U e AoE YRt
A el ZEHE 1.5 pm/e 0.5 um/ZEHE 3.0 um/ a9 4e)ot 4(He FRNEE ted ZE Il
2 0.5 um/ZEE 0.5 um/EHNEE oA 22 2 7¢ AAA el Zepant AF%M T +=x
g 7 AAA AR 29 v FEe A94E 2 ADd L2 Z247F 3 pm 9 FA 2SS T
el 22 xolt), z]z]iﬂ EH ulE 9o =34 2t &8sl 2= 873 K 01]*1 100 A17H&<t
< 0.5um AZEF 0.5 um S A 7158 7t A st Feby dete] 391 9 © FE-SEM v
A, 2 A% ZEHE 1.5 um/e 0.5 pm/ZEHE A|+2<}F EDS line scan proﬁle-J x4 WHIE &
30um $& F4 2 715s YEHES 5598 det Axpsol). a9 4)9] FHH Fxe 2 E‘r
ALEH 0w FAS sk B el 9 vAlgR B 2SS AEEiEE

a8 4(b)y= FWHEE oA ZHRIE S A A B 7z 71FE 7I1E J*E}H ﬁ@% 1
A FAH Aol 2HE AHE AMgste Febg v ] Adista EadstA FAEASH, 17 wi%
s S ARG deES 28 5T S v d AJRo| BeglF ¥Hog FtEdu). whde 1
w20 AIHES 873K oA 2000 A|7HEer EX H 402 NBHE Fxo Ty T4 v &
gt To wtEEo WA d34E el g5 AAFgEe] vAleta FdsiAl =N,
ety S 4 Belee R)A AR & XA AEE 2 RS 9 wthE T T7=x
2BgA] 7150l gl7] el FAIke] AEst 2% o] ZetF F4& EEHrtt o 128 A A&
o] G4 Ef710A4 kg, FH, UA ¢ 2559 At olet 2 Axe v V¥ES XTSI
2 AEH|7} 80, 15, 3, 28 AXA ARESe] 4 De T4 72 Aol vt 27t 49 F3
ek o] EEHte] HHoR FlelgloH, o5 ol 7] o] T EC] T2 XUd FRo| &
/3 Wstol] o3| wtEo] A ol7) WA Ete] 7] 2 RG] g Sxrt wEA e
50| HrhetA =] FEute] mAlFErt 4l 7] w o] tH33].
sHAl AP E QAL olol] Wl FEhEd 28 5T T ety FEAY FrEeE XEE FERE FA
ek o e A s 2x0 94 25 AZ3NIE Aode XAA Ao ¥d
L7 E DA wAFR7F A fA S AFE] AAE F derE F4 FEIFTE
How AAA AEEe] FEFeE W kgl AEA FxE Axshs 2o viEA . mebA
o] U3 Tkt &9 ¥3F £AS o]Fo] &} Aok 742 BEHQ w724 ¢ 88 3y &
ARl AAA AwEEe] FA 715s TS & 4E Avs BEHEe de A a4 R
AN 873 K &304 2000 A17Hs<tell v £H| <12

o|9} 7+e Azh= I 4(c)e] Ht 9] AEiE[31] 2 7 AAA JEES 2¥ e ayHoez v
oA YeRd vlel 7o), 873 K oA Az} o] M= AT F de A 75 Eet ofygt Aol
FEEEE 548 7L o] A2 ALEEA] %7 e E0 5 AU
w ol dhast W 83t 229 G434 97104 a9 5= Z/REE AAA Aol 2¥E tF
AAA AEol He] oz FakS 2}y 5lo] ZebE/2 SEE By e 4 Fi-AdY
Zebed 2o] HgE AAst 9 F=sivt 7hsst 4 549 AHE EAHCRE e Zlojth
th AgH oz A ke Fesl 2o 44 19 o|9} 7ro] FYsta XLt S-S 8l T A
M= S H oz L] nHTZRE FAT g wig Ao FHsfAS ARA gl 2
T o, Bl oA H AR HERlel 7157 DC magnetron sputter} ZEF5(Pd 99.95%)
A3 3} S 24 (77 wt% Pd:23 wit% Agye ©] 2 2(Ag 99.99%) =HE EME ©]83t F 6 um
2 ¢ 7 AUSdTh FA@EHE 1.5 imAe 0.5 um/ZEHE 3 um/2 0.5 um/

a9 4de= 2 ZehEe FuHE[E21E e e 0.5 um)9] gk e EWUNEE ted &
Ao Z 873K oA AE °F 63 wt% 7FA¢ Pd & Holg)2 7 ARA] Aol in-situ Ao E 5% =
= 90 wt% Pd o]l A As 8o] 7b53h7] W 23k 2™, 120 W2l DC power, 1.0 x 107 torr 2]
Ro| ¥uNAE o3 AgH s 7 AAA B —x—;g%}—e_ﬂ“ ool JHder FA AT IIF
Bgel 05 pm o BHFS FHFORM AAA 9 e UF FAFY wAFEE TUE, AU
o] F8 Al H3} Felgol A&Ho] gl F sttt ol ZetE 2 E}% TS ¥
AE ARTRE F48 Fel5H AAA AT s} 317] 18k 2y AARE |83t Fae of
o] adeo] 9] W Aol 2000 A7F 23 E7M 2 (HyAr=1:9) #2719k 1.0 x 107 torr



A o)/ e=wHEE3] 49 (2016) 286-300 295

Sputter as-dep.

(a)

H, separated layer
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H, permeability improvement

-vl Surface concentration of high H, permeability(77wt% Pd : 23wt% Ag) |
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'I Thin membrane thickness (6jum) |

Pd-Ag alloy
= Modified porous stainless steel support
(rough polished and ZrO, filled PSS support)
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Fig. 5. Schematic illustration of Pd/Ag sputter multi-deposition on the modified PSS support for high H, perm-selectivity:
(a) Pd/Ag multi-layer, (b) surface and cross-sectional FE-SEM images, (c) XRD patterns and surface concentration
of Pd-Ag alloy films after heat treatment at 873 K for 2 h.
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Process flow chart of Pd-Ag alloy membrane fabrication
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Pd/Ag sputter multi-dep.
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Process requirement

Surface treatment for
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uniform sputter multi-dep.

Pd/Ag sputter multi-dep.
for effective intermetallic
diffusion barrier & uniform/dense
H, separated layer

Rough-polishing /
Zr0O, vacuum filling
surface treatment

Pd/Ag sputter multi-dep.
6pm (Pd 1.5 pm /Ag 0.5 pm /
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Ag up-filling Heat treatment for Ag up-filling
heat treatment densification, alloying and 7 heat treatment
(873K/2h) eyl stability of membrane Reuly e (873K/2h)

void free surface

void free SUrface s
30 pm

Fig. 6. Process flow chart and requirement of Pd-Ag alloy membrane fabrication according to surface treatment,
sputter multi-layer deposition, and Ag up-filling heat treatment: (a) micro-polishing surface treatment, (b) rough polishing

| ZrO, vacuum filling surface treatment.
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Fig. 7. Hydrogen perm-selectivity of Pd-Ag alloy hydrogen
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Table 1. Comparison of different Pd-based membranes reported in the literature.
Support Membrane Pressure Permeance .
Material Material |Thick (um) Temp (K) AP (bar) |(ml cm-2 min-1 bar-1) Selectivity Ref.
PNS Pd / Cu 6 773 6.89 10.6 %ﬁﬁg\‘% [24]
2/AN2
PNS Pd/ Cu 4 773 6.89 13 %ﬁﬁ/rll\l]t}; [25]
2/1N2
v-ALO, / 0-ALO; Pd/Ag | 035 523 ; 20.16 (HS)IZI ) [34]
2/1N2
v-ALO; / 0-Al,O4 Pd/ Ag 0.4 573 - 13.44 (Hgfg{e) [35]
2
1000
v-ALO; / 0-Al,O4 Pd/ Ag 1 684 1 21.50 (H,/N,) [9]
2/ N2,
3845
v-ALO; / 0-Al,O4 Pd/ Ag 0.18 573 - 10.35 (H,/He) [36]
2/
-ALO; / 0-ALO; Pd / Ag 1 623 2 26.88 (Hgg\l ) [37]
2/ N2,
-ALO; / 0-ALO; Pd / Ag I 473 ; 470.4 (H3;gr) 38]
2/
YSZ - -ALOs / 0-ALOs | Pd/Ag | 0.71 278 3 9.54 (Hl&) [39]
2/ AN2,
500
PSS Pd/ Ag 4 623~723 19.6 40.66 (HyN,) [40]
2/ AN2,
PSS Pd / Au 12 673 1 16.12 Tyllohgrog) [41]
2/AN2
PSS Pd/ Ag 6 873 1 225 %ﬁﬁg\‘% This work
2/AN2
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