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Abstract

Pd alloy hydrogen membranes for hydrogen purification and separation need thermal stability at high tem-
perature for commercial applications. Intermetallic diffusion between the Pd alloy film and the porous metal
support gives rise to serious problems in long-term stability of Pd alloy membranes. Ceramic barriers are
widely used to prevent the intermetallic diffusion from the porous metal support. However, these layers result
in poor adhesion at the interface between film and barrier because of the fundamentally poor chemical affinity
and a large thermal stress. In this study, we developed Pd alloy membranes having a dense microstructure
and saturated composition on modified metal supports by advanced DC magnetron sputtering and heat treatment
for enhanced thermal stability. Experimental results showed that Pd-Cu and Pd-Ag alloy membranes had con-
siderably enhanced long-term stability owing to stable, dense alloy film microstructure and saturated com-
position, effective diffusion barrier, and good adhesive interface layer.

Keywords : Pd alloy hydrogen membrane, Porous metal support, Sputtering, Long-term stability, Diffusion
barrier
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Fig. 1. The surface FE-SEM images and average roughness of modified porous metal supports after surface
pretreatment: (a) porous nickel support and (b) porous stainless steel support.
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Fig. 2. Thermal stability of Pd/PSS and Pd-Au/ZrO,/PNS hydrogen separation membranes after heat treatment at
450 °C for 1000 h: (a), (b) schematic diagrams of sputter deposited films, (c), (d) surface FE-SEM images
and EDS composition before heat treatment, and (e), (f) surface FE-SEM images and EDS composition after

heat treatment.



16 AEE o/3=EHy

3}
of

3] 48 (2015) 11-22

B E 7ML Ao g oA o3k AH7Ee]
HEE Aok 4R dotg-w ¥ Fav
glete] A W HaATle s THAk
ok oleh e 7)o A Ak S|t

WA @ mEd Amzie] @aY

2 Py
& Qe Aze B sgAFel ek 1
Fagelue] 2 gslojol Ft. meA, FAIZ
T S48 WeHE FF AR AT
AN AR BHLL FYNTE 75 9
WA sto] Basln, B4 SbgAEe] A go]

SIALO. _%]

=

)
N
o,
o Ac
il
lo
Fkl
i)

=2
>
¢
Mo
M 1o
=
¢
lo
Eg
BN
oX,
Jo
N
e ol M2y
o
of
ol

o br
=&

-

o
o
-

ox
A

]_

M Lo
}:,
)
_[ |
r
o
3@ B

B

XN T o
e
o\
L2
=
lo
ot
_I {
r>«
N

T

iy

o
o] 94 kS WAG Hehg-dy

S FF FAEYY FAAE mad ve

=
354 eI, oleld Jede 71l
-7 7 FagYne F
ol F5d ey UA AXA ol B4

Surface and cross-
(a) sectional images of
Pd-Cu alloy films

(b) XRD patterns of
Pd-Cu alloy films

—

Bromr e N ool gl

U

N o g "

fru
rx
GOy
L))
AP
=2

DT e e T -

3 Bepg-A

15 AH&-3le]?) A

?}5"

Intensity

2A AzE BT
AAA Qo] RS BAS
A S AL HAAT, DA 28 29
A a9 st o] Adel A =

o
o =
z o
% 4

i
N [L?
1 T
ol E
3 =
2
4N 2
bl

o Wt & AolMe AT XdUd 9 o
S 1

Bl 1 3ol veh Bt gol, 7l €

Z25 AV 95 xH7Fo] EAA P A
=

1% Ew P2E eEhon], A4 4 Y
Ago] & L

doom 9 gustel Helu
3z}
=<

Yol W $e Bebpore §F Sarel
o FREAEE AN AR Algdt oo
2 AsE FHEs 2477 5ol 18 3@)
o hEhd el W] v EdA BelE ol
A0 8 BEd PREAFRyE SEE pE
YAkl Felza A S AR 2HAA of
Ade Farse 4RERe 2rAoE A

“Pd:Cu:Ni=90:6:4

= ¢ Pd-Cu-Nialloy
-
-
N
o~
(=]
[ 31— s -
Q & -
) y—
Bl
30 40 50 60 70 80 90
2 theta

Fig. 3. FE-SEM images and XRD patterns of Pd-Cu alloy hydrogen separation membrane after heat treatment 500°C
for 2 h: (a) surface and cross-sectional FE-SEM images of Pd alloy films, and (b) XRD patterns of Pd alloy

films.



A7 &/ 1HEE3] 48 (2015) 11-22 17
o 020 w2 AT ke A8st 3 A dAd
< L AdERs 54e Jenle 2eEY 4w 4
R e g sl Wl 545 #Ea) flete] 29 5
d e ° o o o o o o o o o LERd nie} 7o 450°Ce] EAE L:ollA 2000
< ™ + iy pormeation flux - AZEESE DA W AEe AT Fal
£ sl v Noleak F el 9d ey 49 skl 23 sael o
E o Ehd bke} 7ol 250 AlZkulth WHE-A 450°C/RT &
'i 000/« = = = = = = = m|g 2 ¥2 2 A% d 248 7lFEIeH, 7t Alol
= 0 250 500 750 1000 1250 1500 1750 2000 g it ZEbE-E e eaEevte] 39,

Time on stream(h)

Fig. 4. Hydrogen permeation flux and nitrogen leakage
of Pd-Cu alloy hydrogen separation membrane
as a function of time at a pressure difference
of 6.8 atm and 450°C.

—

=
__I‘E—(B_

o] Pk PAZTH. o2 a7 3(b)
o] XRD Aol Yehd vl o), HehE dF ¥
Zete] Eol BehE-te-ud 3o ddn=
slZ3l7) ek Ao 7 FAEYLS
olsh A2 AIE VA, T2 % Y
0°C°l dAe] 2=oM #d JIEAE ¥
711E Zle s gAZIY.
Bg7ze Az

=717

fis

el
o ohe i
g wist o] 4
FUAZIHA 6.8 atm,
1 /\/\EJ/}E o ;d_/,\_
= 2000
W e
g YepfgleH, 7]
mol m7s'E S E T,
Pﬂd% WollX= A=A &
L Aow whE o).

=

=

ol

E]"H )\}\——
0.117 mol mzs ' o]?
ool whzk J*E}w-%
Al+Z27F Adste] %
s e &HH*MOH o5l Md
< FA7IER M*‘%“E(Hzfl\b)t
ERIQIT) ole} e A= XY
3 T2E e ZEE-E g3e
450°C2] 2=04 2000 A17F F9F FAFAAE
dol A FAENTS & & ey ol
=& EUZ ko Faute] W] 3

TT =
o =F AlgET

o) z] =4

=

)

‘i‘r‘{i TEAEwH E rATx
& EDS 2 XRD 48 414
LkeRd uhel o] A3 HH—*J
o] #ehg-7 ¥u Fa
vl Zehy, 7 3 Ll E‘—;—
1000 4] 7+ EO} g
om, 2000 A7+ F<F
WS A HAISHA] eFgkom,
¢l Ao 9 wAFERE YEplTh o FA
FHE ANEd 7z &g
A%l 2000417+

d AES AAsI Zwr sl &
UA @ 932 yebgel] wet Zebg
st A ow FAHEHA
ATk 28 5(dE oA vebd xd
HH AFE 94 W 2F8e ﬁr)r A7
Yebi itk Zag-e g

%%“ o= 2000 A7+

= o
EAds #F

3

st71 4

i

1

T3 rA A

P
T

EEREBERE

o}

0 W oHe o Rl owg ml}L v Hr 1o 2 oy de
rlo
rO

Rothery
sfof g3

E Z3A] ]_7_ a7, §}_6]—X-1 o]-z%}\-lo FEAFA
A=A AR EAZS JeEIQ T, o)y
A1 B EAo R sty A yuA
A 2 BehE-re $EF 7 Aol

HT1 T



18 AEE o/3=EHy

Lo
)
~
o
)
S
_
)
N~
—_
—
1
N
\S}

:
0 1cycle(250n) 1000
before test 1000 h . 2000 h

(b)

Pd:Cu:Ni=89:6:5

= ¢ Pd-Cu-Ni alloy

Pd:Cu:Ni=90:5:5

= ePd-Cu-Ni alloy

Pd:Cu:Ni=90:6:4

(C) ° f ¢ Pd-Cu-Ni alloy

—
~

|

20 30 40 250 60 70 80 90 20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90

—
~

~
=]
(2}
[a)
g

Intensity
200)
—e(220)
Intensity
200)
Intensity

t—0(31 1

—e(220)

f.(“ 1

theta 2 theta 2 theta
@ (e)
100 [—=—Pd —+— Cu —— Ni|
& 80 =
¥ [—=Pd e Cu —& Ni | e
g o g o0 PdCu
= .. = .
£ w0/ Saturated composition | £ s alloy film
= =
S0 20 T 20
] )
B 0 3 0+ T T T T T T T T T
0 250 500 750 10001250 150017502000 01 2 3 4 5 6 7 8 9 10
Time(h) Depth(pm)

Fig. 5. Thermal stability of the Pd-Cu alloy hydrogen separation membrane after 450 °C/RT cyclic thermal fatigue
for 2000 h: (a) process of test, (b) change in Pd, Cu, and Ni compositions and surface FE-SEM images, (c)
XRD patterns, (d) surface EDS composition profiles, and (e) cross-sectional EDS composition line scan profiles

after 2000 h.
Table 1. Physical and chemical properties of Palladium, Copper, Silver, Nickel, Iron, and Chrome
Type of Electro- Atomic Melting Self-diffusion coefficient | gyrface energy

Group | Valence o . R~ )
structure negativity | radius (nm) | point (°C) D, (em*/sec) | Q (KJ/mol) Jm™)
Pd FCC 10 +2 2.20 0.137 1,552 0.205 266.2 2.043
Cu FCC 11 | +1, +2 1.90 0.128 1,085 031 200.3 2.166
Ag FCC 11 +2 1.93 0.144 961 0.055 171.1 1.302
Ni FCC 10 +2 1.91 0.125 1,453 0.85 276.7 2.364
Fe | FCC/BCC 8 +2, 43 1.83 0.124 1,538 0.49 284.1 2.939
Cr BCC 8 +3, +6 1.66 0.125 1,863 1,280 441.9 2.056
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Fig. 6. FE-SEM images and XRD patterns of Pd-Ag alloy hydrogen separation membrane after heat treatment at
600 °C for 2 h: (a) surface and cross-sectional FE-SEM images of Pd-Ag alloy films and (b) XRD patterns

of Pd-Ag alloy films.
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Fig. 8. Thermal stability of the Pd-Ag alloy hydrogen separation membrane after 450 °C/RT cyclic thermal fatigue
for 2000 h: (a) process of test, (b) change in Pd, Ag, Fe, Cr, and Ni compositions and surface FE-SEM
images, (c) XRD patterns, (d) surface EDS composition profiles, and (e) cross-sectional EDS composition

line scan profiles after 2000 h.
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