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Abstract NiO catalysts/Al,Os/FeCrAl alloy foam for hydrogen production was prepared using atomic layer deposition (ALD)
and subsequent dip-coating methods. FeCrAl alloy foam and Al,O; inter-layer were used as catalyst supports. To improve the
dispersion and stability of NiO catalysts, an Al,O5 inter-layer was introduced and their thickness was systematically controlled
to 0, 20, 50 and 80 nm using an ALD technique. The structural, chemical bonding and morphological properties (including
dispersion) of the NiO catalysts/Al,O;/FeCrAl alloy foam were characterized by X-ray diffraction, X-ray photoelectron
spectroscopy, field-emission scanning electron microscopy and scanning electron microscopy-energy dispersive spectroscopy. In
particular, to evaluate the stability of the NiO catalysts grown on Al,Os/FeCrAl alloy foam, chronoamperometry tests were
performed and then the ingredient amounts of electrolytes were analyzed via inductively coupled plasma spectrometer. We found
that the introduction of Al,Os inter-layer improved the dispersion and stability of the NiO catalysts on the supports. Thus, when
an ALO; inter-layer with a 80 nm thickness was grown between the FeCrAl alloy foam and the NiO catalysts, it indicated
improved dispersion and stability of the NiO catalysts compared to the other samples. The performance improvement can be
explained by optimum thickness of AlL,O; inter-layer resulting from the role of a passivation layer.

Key words FeCrAl alloy foam, Al,Os inter-layer, NiO catalysts, atomic layer deposition, hydrogen production.
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CH,+ H,0 < CO +3H,
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&3 fsiAMe BhgEol et H=2 AP E(selectivity),
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=] k. oHet g4 FaEdlle HEHSZE FeCrAl,
NiFeCrAl 2 NiCrAl 5°] X38t=H, 53] FeCrAl2 1L
2 oMdA, & FAER 9 53 JAH EAd
S AHo= <& AAANZE o] &HL YtV = &
o], Karakaya 5 FeCrAl plate ¢]°l washcoating®] 2.
ALO;Z 23+ § Rh, Ry, Pt @ Ni ZujS 7247} &=
A7, o]59] Eu EAS ¥ BT 3L Jia
52 FeCrAl foiloll dip-coatingH 22  Ir/CeQy 71,0,
/ALO;/FeCrAlS FA|ate] Fujo] et Sx 3 <F
e sl ? &Rt o}2)71A] FeCrAl ¥ foam
AAAZ AHgshE A<}, olelgh XA Sl AL
AP ESulE @R fsl YA SEW
Sk ALO; inter-layerol] =0l #3F A= HAL
A 5L Tk
A 2 =FoA = FeCrAl &+ foamsS =v] &
o] AAAZ ARSI o, GAE Fujeo] 4 2

L FEG WS . ks . okgR

B S T

Y S st 9AS F2H(atomic layer de-
position, ALD) 53l AlLO; inter-layerg T d3H 3
st o] Wl ALO; inter-layer®] &2 FAE 0, 20,
50 2 80nm=z AAIXHOZ Ao, ALAHOZ dip-
coatingH & ©]&3te] NiO FwjE ztzte] MEZE 9|9
A A Z T

2. A3 Yy

NiO &wj/ALO4/FeCrAl 3= foam= A|Z317| 95l
A 2 2 dip-coatingH S X Z 3Pl Th.
B =FolA ALE-H FeCrAl &% foam Alantum Aol
A AZE QO™ Fe-22%Cr-6%Ale] 2432 7Hxth &
A 3x3cm? 2719 FeCrAl & foam $°) 9= =
2 (Lucida D-100, NCD Co.)2 ©] &3} ALO; inter-
layers AGAIZTE 714 AlZ 09 F2H8 A2
+ trimethylaluminum(TMAI, (CH;);Al) ¥ water(H,0)
£ 77t ARSI AL, F3to] o] R e E FF &
=9} 719 L= 74zt 0.9 Alcycle®t 200 °CE F-413H3
om, o] w ALO; inter-layer®] FAE <F 0, 20, 50 &
80nm= A|oJsl3ith ol inter-layerE A7l &
dip-coating® S ©]&3l NiO Fu|E FA5I3Th NiO
A= 3l &N 0.095mM polyvinylidene fluoride
(PVDF, (CH,CF,),, Alfa Aesar) B}ITEI9} 0.8 M Ni %
A (Ni(OCOCH5),-4H,0, Aldrich)E €m<9] N-methyl-
2-pyrrolidinoneNMP)ell #7}Fste] FH|SITE Yo =2,
Az gdo ALOyFeCrAl T+ foamES 5 & &<t
g9 H, A71ZE T3] 500°CoNA 5 A7 B EA
23t NiO ZF1/ALOy/FeCrAld = foams Ad3-4 S
Azt wetA g4 AZXE 21T NiO FH)/ALOS/
FeCrAl = foam= A&4o =2 A|ZsIGTh &gl =2
oA ALO; inter-layer®] FAE A|o3H0, 20, 50 %
80nm) AEE2 sample A, sample B, sample C 2
sample D= A2 Zo|t} Tk vl B4 95l
AlLO; inter-layer’} g1 NiO ZUll/FeCrAl 3= foamE
A E=H] BT

THIE BE AZE9 447z 9 3L 3heh
A% 542 Cu K, A(L=1.5406 A)S o] 43 XA 3
4 A (X-ray diffraction, XRD, Rigaku Rint 2500)
2 Al K, X-ray sourceE FZgH XAl g} 3
(X-ray photoelectron spectroscopy, XPS, ESCALAB 250)
< o]g3ste] AN, 25| Frf EAMIS EFet
P 54 B FHO AEEAS FAF AA dvF
(field-emission scanning electron microscopy, FESEM,
JEOL JSM-6700F)3} EDS7} HAI® FAF AA} dAw|H
(scanning electron microscopy-energy dispersive spec-
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troscopy, SEM- EDS Thermo NSS3)S &3] &2lsS
T} LSk FeCrAl @ foamol] ©A1E Zujjo] F2p4] d
A HIHE S8l potentlostat/galvanostat(Eco Chemie
PGST302N)S ©]&3t AAJ-HF =49 (chronoam-
perometry, CA)2 =33t ©]& 93l working elec-
trode(NiO Z:vll/AL,O5/FeCrAl 3= foam), At A= (Pt
wire) 2 7|5 = (Ag/AgCl, saturated KCHZ 7A€
AASAE 01 stk dald-e 2 M H,S0,8 2
CH;0H°¢| %4 F&d-& AM-3IR S, 10,000 =
¢k 1.2 Ve #Y3 % t}% A7kste] Suf el ZA|A 9
718ket Hkhg-S oM Fuje] MY HUHE
ettt ME] HHAEES £ o AASE s
stod H7]8}st wkg- o] Hdafjdo] x3E AR E4S
ICP(inductively coupled plasma spectrometer, Agilent
Technologies 720 ICP-OES)E ©]&3le] 435} t}.
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Fig. 12 NiO Zvul/ALOs/FeCrAl = foam®| A=
Aol thgk kg 5’5}153 UERdTE WA 42 &
S o] 8-3lo] FeCrAl &+ foam H o ALOj; inter-
layers JAIATE 3714 FeCrAl 3= foam Alantum
Aboll A A zEJom Fuf HAE ]fﬂ' A A A =
Atk ALO; inter-layer®] ¥ A4S f1slA] /‘]'%
H AAF FREE 71 ’LU“Oﬂ"i o
—gﬁ 0,];(]_2‘5 1:]-,4; tﬂ-u]—__ = =)
oo w} T AAF0| d‘qﬂu cycle & Al
o]&le] FeCrAl $< foam $lo &&=+ ALO; inter-
layer®] 7€ 0, 20, 50, 80 nmZ A U3}A -3
o 1 t3C 2 dip-coatingS ©]-83l Al,Os/FeCrAl
S foam 9o NiO v @XE& 33T} Dip-
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Fig. 2. XRD data obtained from FeCrAl alloy foam, 80 nm-Al,O5/
FeCrAl alloy foam and samples A-D.
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64.6° 2 81.8%014 3d¥ =7} vehue, 743k intensity
2 7= A Jle) HEnias #2ET o ole (110),
(200) ¥ (211) planesE %= Fe phase(JCPDS card No.
85-1410)9} Cr phase(JCPDS card No. 85-1336)2 Z+z}
oJu|&kal, BF body-centered cubic T-Z(space group
Im3m [229))& Z+=th BlSo] A& A-De 3842
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Fig. 1. Schematic illustration for a synthetic process for NiO catalysts/Al,Os/ FeCrAl alloy foam.
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Fig. 3. XPS spectrum of (a) Fe 2p, (b) Cr 2p, (c) Al 2p and (d) Ni 2p obtained from sample D.

U, ©]= face-centered cubic —*-Z(space group Fm3m
[225])2 Z+= NiO(JCPDS card No. 78-0643)2] (111),
(200), (220), (311) & (222) planes®} Lx|3te}, a2i=
2 dip-coatingS ©]-&3t] HAE Fui= NiOZ A
HASS & 4 Utk 3 XRD EAYAAME oA
gote] T2 ALOyS| F]H ¥ AT} P
At} ©]:= powder XRD modeZ #2412 %18y
AFHE, AZ el Al B ALO; 5] vl 4%
FE3Eo] FFo] ofE R ZoE Adhdt) wepa Al 2
ALO; &S ©]Fe XPS ¥ SEM-EDSE &3t &
o ZpAe] e Aot E3k sk FHEe He
NiO Zvll @R & ¢35t 500°C oA Ex2]& X3}
Aol &3k, Fe9t Cr phases’t ZUIZ metal2
ZA3Ith= Aot} o]+ FeCrAl & foamo] 2ol =
ZEAS u A AFo g FAE = qkstulate] ¢
gk Adtoln, olelgt Aksl¥ e FeCrAl &= foam 9
of AT AstE] T3 A4S AAlste] a2
Ao WE B WA S AT 98-S stk A
A2 FeCrAl 35 foam 1400 °C717] &§-¢] 7Hsst
AR, FLA, AEd T B 2 F77F AL
HE 8 EopllA o] AMEHI ATk wEhA
FeCrAl &= foam®] o]&gt 542 204 ==

ol

Q0

SMR & 4ofM Fvl & AAA =] L2
& Aoz Addr
AZE NiO Zvl/ALOs/FeCrAl 3 foam®] FHCI|A

o] s}ata] At Aol thafl E418}17] 918ke] sample D

7Fe

b ==
o XPS B2 Fasitk. Bl o BE WASE

C 1s line(284.5eV)S ©]-&3t] HA3IATE Fig. 3(a)-
(dy= sample D] 7+ Y459 XPS 2 EHS BT
otk Fig. 3¢t (b)o1H HoiFE Fe 2p 9 Cr
XPS A#olM= A8t 7art A=A et o]
= 39| EA8= AlLO; inter-layer(~80 nm)e] 77}
A0l o] 8H XAl Hd HF Aol(~10 nm)Erh A
7] WEO R Fe ¥ Cro] 3W el gk F3st £4
o] E7Fsste] s wArk #EEA A Ak HEF
Fig. 3(c)ollA1e] Al 2ps3pll Wik XPS I IE ~74.1eV
oA Yehdth o]RL B3t} Alo] Alol2 HHE &
AL o AR FEAS Bl ALOE 23] ¥
AEPSS gtk Fig. 3(d)olA] EoxE Ni
2p3n 2F Ni 2pyp XPS HIEL ZH2}F 2709 93 =R
H2Eth WA ~857.1 eV}l ~863.4 eVellA] ERIE = T
A3 F7H R BAA]E o]59 914 (satellite) =L
& Nio] Ni*" A2 EATS <Jnsh, o]= Nio<]
AEH F4e SR el XPS #4418 T
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Fig. 4. FESEM images obtained from (a) FeCrAl alloy foam, (b) 80 nm-Al,Os/FeCrAl alloy foam and (c)-(f) samples A-D.

B3 NiO o] FA7F A o= o] FoF S-S gl
SHA T

Fig. 42 %t FeCrAl &5 foam, 80 nm-Al,O;/
FeCrAl 3= foam % AEF A-D9 FESEM °|R|AE
HoFETh Fig. 4(@)olr BAR= &3 FeCrAl &+
foame Fe foam ¢]o| FeCrAl powder’} H¥3l= +3%
2 Az ¥WS 7Y %3 Fig. 4(b)ollA¢] 80 nm-
AlLOy/FeCrAl foame <=3t FeCrAl &+ foam} A}
St W F4E HAFA 9o ol XS FEAWS
F38ll S2%E ALO; inter-layer’} FeCrAl $= foam ¢
of wj-¢ FLsA FFEASS on|gity. Eg Fig.
4o)-(HhE ALO; T F79 W& HE A-DS| FESEM
olu|A 2 YeRIth WA ALOyF F2EA] 2 sample
A(Fig. 4(c))2] 7+ NiO =17} foam ¢lo] @A F
AR Ni 7+] -3-3] (agglomeration)®] A sle] Zuj 2]
LAbo] Hlw2 AA-s] o] FoR]|2] Tt R ALO;
7F Z47F 20, 50 B 80nm FAE FFEO A= ME
B-D= AAA #lell NiO Fuj7} 2227 E4kE o] ATk
olgist Aif= AtslEAtskE 7k AH A% 2&-(inter-
facial adhesion)©] AtslE-a4 7] 2hge Hla| ¢ =
Al Zg317] wiszoll BAe), TthA] Hall AIA]AIQ] FeCrAl
3= foam ¥ Hol| AHs}HE<l ALO; inter-layerS 525}
of IH FHE N Fo=A DX == Nio 09 i+
b ggo) 7hsskAl Bk H$o] ALO; inter-layer
< ¢13}l7] 98ke] FeCrAl & foam 80 nm-AlLOs/
FeCrAl & foam?] SEM-EDS #41& 2183193, 1
A= Table 19 Q9F3I T} FeCrAl &+ foam®] 7

% Fe, Cr, Al 2 09 FA WE&(wt %)°l 27t
67.17, 2432, 697 2 155wt %% YER}H, o] FeCrAl
37 foam2] 24 (Fe-22%Cr-6%Al} vlwd 2 AX|35}
3 At} ool k. 80 nm-Al,Os/FeCrAl &= foam<
FeCrAl $t& foam®l H]all Fe¢} Cro FA wli&o| 7+
Adta glom AthFog Al @ 0= 14.03 2 10.14
wt %z /It IHER olE E3) FeCrAl T+
foame] ¥ M| ALO; inter-layer’t AAEASS & &
ot webs xE7k419] XRD, XPS, FESEM % SEM-
EDS &4 AF=S vl o = 32?0 NiO E1/AL0sy/
FeCrAl $= foame| A|ZE I oH, E3] 4x=
S22 S 0]8-3 ALO; inter-layer?] =92 NiO Zvj
o] TS IAA ARH R Frf wkg

7 4 Ak & Aol EE FaE o] &35t
Fa AL 9% SMREA Al Eu AL o= X

Table 1. SEM-EDS results (wt %) obtained from FeCrAl alloy
foam and 80 nm-Al,O5/FeCrAl alloy foam.

80 nm-ALO;/FeCrAl

Elements FeCrAl alloy foam alloy foam
Fe 67.17 55.61
Cr 2432 20.22
Al 6.97 14.03
o 1.55 10.14
Total 100 100
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Table 2. Summary of ICP data (ppm) obtained from sample A,
sample B, sample C and sample D.

Elements Sample A Sample B Sample C  Sample D
Fe 1100.9 20.0 13.0 12.0
Cr 3333 4.0 1.0 -
Al 93.0 3.0 2.0 1.0
Ni 20.0 3.0 2.0 1.0
7) Sleto] AR SAUE gk AL
F 2N Arlake 54 agel dFos A3
A7be = Htel gk /e 555 WA st A4
W 2Ede] $ASE 2YSIL deh- B W
o] MIAUE 55 Hsks BAHeRE d#A Ut of
= F2 2] obgy Wk 2 MM B4 Bk S
g oY agug S AAY-HF Y
o fgale] AxE AT 4753} W HHa)
AL, RS - Asid WE 85E AR s ICPEE
SHA: 0.1 ppm)= H| EA8Fo 28 XA 9} Zuf7ko]
RS Edle] AL 7HEF o7 Hrlsiitt o|&
#1381 working electrode(31= A-D), counter electrode

(Pt wire) % reference electrode(Ag/AgCl (saturated KCI)
2 749 AHF2E ARSI, 2 M HaSO.%F 2 M
CH;OHeo] &3td Asf& WeollA 10,000 = 50} g4
s 9)(1.2 V)E Q17Fet4t)h Table 22 ¥
A-Dell tigh ICP ¥4 A3E RoFar EAE
inter-layer’} A4 =A] 242 sample A2] 7%= Hb
As)d W Fe, Cr, Al 2 Ni¢| 3eko] 747} 1
333.3, 93.0 2 20.0 ppmoE UEFGTE o= AE
71 ZStel 9fgt A71s)st ukgoz Qs Ful 2 A
AA el A4 AES Fe, Cr, Al 2 Nio] Aajd W=
U 58 432, Nio 9} xx]A|2] F2}Ao]
etk AL ou]gitt. oo H]al sample B
sample C ¥ sample D] && 32 Fe©] 20.0, 13.0 &
12.0 ppm, Cro] 4.0, 1.0 2 0 ppm, Al°] 3.0, 2.0 %
1.0, Nio] 3.0, 20 ¥ 1.0 ppm&E 7}z} %—Xélﬂ"it‘r

53], sample D7} 7H¢ A& &E%FS Ho|i gloH

ﬂ“r
g,
N

o

a1

-

sample Aol Hl3] H3]& Wl Fe, Al ¥ Ni¢] & Eko]
2+7F ~91.7 v, ~93.0 v 2 ~20.0 ¥} 7FAEIA T, AA]
o] Cr& A3 AEHA ¥UTh ol AAZF %z,tg%

F3 52 ALO; inter-layer”} FeCrAl9} NiO Sl A}
oA 43k passivation aES =
43 Az JJri NiO Zm1/80 nm-AL,O5/FeCrAl 3= foam
& AZEH vad s o 7P e S oA
*é% ‘/]'EM]—’ S & F Ak wEpA & AN
Az NiO Z1l/80 nm-AlLOsy/FeCrAl 3= foam (1)
FeCrAl && foame] -3t 72 otd A, ALO; inter-

inter-layer= 2}

_4

A ]79]9]- N1 S 7ke]
188 T4 AZRE 93 SM
W B2 AR ol

=
off
o2l
=
=2
o
Ho
oo
=
I

4.4 B

AtMe A5 T2 2 dip-coating < ©]
%—6]-0% TR ZE NiO =1)/ALO;/FeCrAl 3= foam=
|Z3tA9t) ol & 98 =2 xuds o e &
g dHAAEE zh= FeCrAl & foamE NiO 3
] @x]o] XR|A 2 ARSI, ALO; inter-layere] S2F
FAE 0, 20, 50, 80 nm=E A ojste] 259 F27, 3}
g2 g Pz 545 WUttt 53] ALO; inter-
layer7} 4748 HE5S FAEHE NiO F9j¢] 53¢
TAMIS HAFU olgfgt Fuje] A2 A XA
o] ¥m AE] W3lol| 7198k= 202 ALO; inter-layer
7} FeCrAl & foam W] &4 ol uje} Zujole]
A A% Z-&(interfacial adhesion)®] TFE 7] Wi
olth, FHY-AF F4HE 53l NiO F7l/ALOs/FeCrAl
“‘%}1 foam®] #71s}et 9h-g- & HAfA=2 &9 A&
< ICPE S35ty Fvf TS T3l PSS 7}
}M\:]-. AFAHO=Z 80nm AlLO; inter-layer’} /7%
sample Dol|A] 71 Ao §&%S HYoH, ol YA}
= SHES Tl A" ALO; inter-layer/b 573
passivation layerZ 2}-8-3lo] 2| 2]A|9} GX]E Zuj 7o)
TS AR weba] 2 AFolA] Alxd NiO
Z1)/80 nm-AL,O5/FeCrAl &5 foamS SMR 249l 2
of st A4 WS B89 Al S S Z<L
= S dgo] 75 Aol

T

2
o,
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