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2 Aol HiE 52 71 §h-E Ni/ALO; Fullell H7HE Ce Zr O,(CZyt Fnf vkg &&ol| m|x& anE
bRt 1hS- A8 A3, ¢z 25071 71 Ni/ALO; F91E 5 2%, Y steam to carbon ratio®| %] Ni/Al,O,
Zoi R} 28 vk AgHE 4 T8-S Bt 54 24 A, 7 S B AR 713 739} Hlseeh Ni A
5 7 Qlo] o] WhE mfell Y-S HRE Q4L obd S ERIBISITE AL, el 2 A el ez &
Zull F7F Ni/ALO, Fvlli= Ni/ALO, Fvll2l E2] CZdolA oxygen vacancy”} EAISIL, o= ATA 02 w2 kg
LRolA B BAEE 2AA7)E 2o BRI €Z 250 4] oxygen vacancyl ©J8 & BshE AL o
ool €z Z2F H7F Ni/ALO, Full2] 54 A wks A5-S oAk

Abstract — In this study, we investigated the effect of the Ce Zr, O, (CZ) addition onto Ni/Al,O; catalysts on the
catalytic performance in methane steam reforming. In the reaction results, the CZ-added Ni/Al,O; catalyst showed
higher CH, conversion and H, yield under the same reaction conditions than Ni/Al,O;. From the characterization data,
the two catalysts had similar support porosity and Ni dispersion, confirming that the two properties could not determine
the catalytic performance. However, the oxygen vacancy over the CZ-added Ni/Al,O; catalyst induced an efficient steam
activation at low reaction temperatures, resulting in an increase in the catalytic activity and H, yield.
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Zrj| Qg go] WolA = w2 Kol o]l & Fsta Fu)) e
PIA717] S8t o] A7 REE o] gh=d] F2A (promoter)Ht
ZZ1) (co-catalyst) 5 B} E2S H7Fsh= o] e Aqtw ok
tHs-8]. &2 5% 5 o8 ke FeM s 53] &) AT
o] & FZFli= Al2loK(Ce0,)8t A2 7Y ok (Zr0,)°1tH9,10]. Al
otol A2 ols ZFmE e A9, Fl ] vk S o
QFg/do] FdEithks A= ofg] ATelx] SHEATH11-14]. &
3], Lien & [15]°] &3t A5l =9, Ni/ALO,F el Ce Zr,
0,(CZ)E A7V A% SAIA M F24 MANLE 282 Fol+
Zo 2 g1} o) cZ37el ulet YA &35 2 &Al2] &
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7}2~HE-S-(Water gas shift reaction, 2] 2)°.2

2l : CH, + H,0 <> CO + 3H, (AH,q = +206 kj/mol) (1)
TIPS £ CO + Hy0 <> CO, + Hy (AH,gq = -41 kj/mol)(2)
MRS ARz YHEH= dabstaiE Edsikg
(disproportionation) 3 25 &3 73 FA Y HHSEZ -850
Sl v E Aol 4= Qo m R wEA A A= ofof SH18].
o] wj, F/d7FAREE-2 WARkgolTt A 07 ALoflx s

o
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oltth[19]. B3, 7RSS Y ov)7] Slal 7k A~|o]
T Hofof slE R ngo] Aok Al A FTH20]. Wb,
A0 R Ao FE B ATES Kol wwk 52 ANk
& FullE JidSohd 371 AR AL FAl B]E-S T
A7 QoHz g% e 34 a8 7|0 5 gloh

£ AFol| A= Ni/ALO; Fullell CZ& #H7F NilCe Zr, ,O,-
ALO(CZA) F1| & AZ3to] 7 Ful] o] A& JollA] veh 52
NAREE-2] Fulf 98- G853 & A5 nwsiA] ARkt
o]F 3l CZ H7PH A& FoelA wiw F2] MARg-& a4
O 7 FZATE & FRIEN I, o] A& Yol E = 84
3= O &ds] doA FHuj whg 8-S o)V WEo|th
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2-1. 0 H|IZ=AH

£ AFell A= Ni(NOy), 6H,0 AT-A1E 271 33 (Incipient
wetness impregnation) ©]-8-3t0] ALO, Bxllol §A$HO 24| 10
wt.% Ni/ALO; & A Z=8k3lek. 14, Al0; 2.0 goll Ni HA%F
o Bt5=o] Ni A5 FAIg 5, 80 CollA] 24413 53 13}
At AxF EME 600 CEHEEE =1 C/min)ollA 6417F 2
AL, A 10 wt.% Ni FE NVALO,= Wit &
o, CZ A7} 535 gotn 7] f18to] ALO; B4l 2.0 goll 10 wi.%=
Ce(NO,);6H,0, ZtO(NO;), xH,0 AFA| 5 g+ slo] CZA 24l
= AZSIE T Ce:Zr EE-82 1:10] HES A AR 2451
AZ3FA T CZ FEE FAE 600 C(H2EF5E =1 C/min)oll A
617 BRF At AR FAOl 10 wt.% NiE F7H] o=
B8t 600 C(H-255E =1 C/min)olA 6X17F B thr] 24
aFoltt. o] gl Alx¥ FvlE Ni/CZAR Fdai3int.

22, i 4 24

AZE Ni/ALO;, Ni/CZA Fvie] /35 vhaat 22 s
o] FA3IA Tt Xoray 35241 (X-ray diffraction, XRD)<- Rigaku
RAD-3C diffractometer(Tokyo, Japan)E &-&-5}o] 2 A|5}5I T}, H]
1A 48 $13] Micromeritics*H(Norcross, GA, USA)2] ASAP
2020 apparatus 717]1& ©]&3t] N, &2 £41H & 3330 ch
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MicrotracBELAH(Osaka, Japan)®] BELcat-M “JH] & &3l 4
229" (H,-Temperature programmed reduction, H,-TPR), &
Yo} 5222 (NH;-Temperature programmed desorption, NH;-
TPD) 45 Al&¥ste] Sl /g o) AHdS S2dskqlnh S0l
ellA Ni Y2715 S8l Ni BAHE S (A 0= gels}r] 9
3| JEOLAK(Tokyo, Japan)2] JSM-600F 7]17]& A}&-3F%] FE-SEM
7|9k EDS mapping= A A8FI T TEM ©] 1] *]= JEOL AR
JEM-2100F 717]5 &-8-5}o] 2523t} epit A E-]LE Thermo
ScientificAl(Walthanm, MA, USA)2] DXR Raman Microscope 7|
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HES71E ARSSIATE WES7 1ol 1214 0.04 g A B T Sl
0.25 g= yof REgA|ARlol] ZF2381eint, 4= 750 CollA] 2417
Bk FHE SAA7] T 9ES-S RS Rk VA2 of 2
=& AFE-3FS] 1 steam to carbon ratio (S/C ratio)= 4, GHSV+i=
38000 ml/h-g & FAIBHES 7kt AR FF3F3it). Sl vt
-2 ARglof| A LEE 750, 650, 550 CE vlrel 7 X8ttt
A EL GA7)7] ALl ACME6100 2 2ol 428 Carboxen
column¥} TCDE ©-g-8t0] #4318t WHg& w4 %, CH, 118k,
H, &, CO/CO, ratiox Th¥ 2ol AlxtkE §lct, Bk 2417k v
o} A 7)ol Bl B2 Aeks 575t vbg AT & AF8% Al

A9l
_ CH, &5 - CH, =&
cH, g - HaFET - CH, e G)
CH4 Tl‘od%‘l‘
. Hy fEET
H,T= = S
2xCH, =T+ (E) ratio x CH, &5
&M H, B @
H-g-=olA H, &5
co . CO =&
——ratio=— s = Q)
Co, CO, F==T
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3-1. S0 SMEM

750 ‘Coll A 2417 Bt =42 8917 Frj o] XRD HH S
Fig. 1A°] =AIEI3ATE Ni/ALO, ZFoljoll A LER = 32.48°, 37.14°,
39.40°, 45.74°, 60.96°, 66.94° | A= v-ALO, &2 (220), (311),
(222), (400), (511), (440) & 22} & n] STHICPDS #10-0425)
[21]. B=8F Ni/ALO, Frlloll A 44.44°, 51.84° I A= WA= =1 o]+
Ni 75 742 (111), (200) |5 2+2t 2] v] gehJCPDS #87-0712)
[22]. CZ 37} Fell= 7 B4 39 =7t ekl A =] o]= CZ
A7hE 18 A =7t A8l wiEol vk Ni/CZA Fvie] XRD
AIH(Fig. 1A)N14= 29.62°, 59.10%01A4] A 22 3 77} T =4
Ol CeZr 0,9 (111), (222) W& ZHZ} 2] w] BHLH(JCPDS #38-
1437)[23]. XRD =&ollA H&hst 54 337} YERd Ce0,9 &
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Fig. 1. (A,B) wide-angle and enlarged XRD patterns, and (C,D) H,-TPR and NH;-TPD profiles of Ni/CZA and Ni/AlL,O;.

g Zr0,% £/ 93 AFEA F3htt. o= 70,7} CeO, 22t
%07 & FoZA, w9 & wAkE o] Q17] wliEel Aoz A
rh24]. XRD 415 F3lo] €z H7F Tl % Ni, ALO, A3+
Z7+ 2 FAE RS W o}, ¢z A% TERE eSS
It

XRD A¥E EH = 7 FHufjoll 7k YA =k 2715 ARtst
7] 918197 Scherrer equations 283131t} Alte] 83 54 3
A= YA F 730w, F Fufl 1 s 54 337} 4-AL0,
732](400) W 54 A9 AR EE LS AXEE flste] 3 b
55 (deconvolutionyg A5k, HIEEFA $- 40~50° W
SolA e XRD FE1S Fig. 1Bl EABIATE AR Ni 245
ol 4 A4 A& A71E 24 Ni/ALO; F ol 4] 5.98 nm, Ni/

CZA ZFljof|A] 7.80 nmo| 3] th. #ld A 2= Table 1] F]sk3iT)
CZ 37} 5 Ni &} Z2717F 97 AR 4 118 5= 9l o]
Z) A% FelA €z F7HI7E y-ALO, BHS T TE 7] o
woth25]. HAIRE, 7 Ful 2] Ni YA 7] Apol= tisAolsh,
o]2]3t Aap= ol ek TEM Aol ThA 3h B=gt),
T Fu2 gh/d-S vwet] §lete] AAIg H,-TPR A&
Fig. 1Coll YEQIth TPR A} (Fig. 1014 F FHrj 25
350~850 C WElol AA Akt & 925 ey S &
Aol & Holi= YeRA] kit o]eidt Avp= T Fujjo] YA
TAREZE FARE ] wliEell veRs o2 A7 A8 At
=, TPR F& oA glZEFA ¥ (deconvoluted) Al 3] 2= 7}
7} &5 A YR free NiO2] NiZ*(a peak), ALO; 2t 2 2451

Table 1. Physicochemical properties, H, consumption and acidic site concentration of Ni/CZA and Ni/Al,O;

Ni Crystallite size®

H, consumption”

Acidic site concentration® Specific Surface area

Sample (nm) (nmol,pg) (Mol py: ) (/a)
Ni/A1203 5.98 0.186 0.371 121.03
Ni/CZA 7.80 0.166 0.263 94.08

“The values were calculated by the Scherrer equation.
"The values were obtained from the H,-TPR profiles.
“The values were measured from the NH;-TPD profiles.
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NiOA+] Ni?* (B, peak), NiALO, 2] Ni** (B, peak)?] g5 1}
EPATH26-28]. + 1<) a, By, B, T 2] HIE-- NVALO; Fljoll A=
37.5%, 37.4%, 25.1%%, NI/CZA Zullol| A& 39.1%, 44.1%, 16.8%
2 e, CZ3 7l o8k 7t 3 939 H]Eo] Ui Wal]
SHAIE, frojul gk Mgk opbd 2102 gkt s, H,-TPR 4
FU2HE F F0)9] F A SRS A4S Table 19 28}
Atk A AR Ni/ALO; FHllollA] 0.186 mmolyyy/g,,, Ni/CZA
Zullof| 4] 0.166 mmolyyy/g., 0= 1= AT 7 FuljolA] Ni 24k
SE7h vz ] wiEellA] TPROWAE & 4 ARFo] Hl<skA 1
ghth ISk Ni/CZACN A 44 AR EFo] 23 A7 V& AL Ni/
ALO;8] Ni #AHE7} 223 27] wjigolt}. o]2fsk A= XRD &
Aol w5 Aks) ol & dAgit

T E9] A S EE gobiy] 913 NH;-TPD A &S Al et
TPD A= Fig. 1D 12 5E A AH F 55 Table 19 %
Alsksitt. TPR 2 2e) v A& CZ 3717} TPD HE 2] ol
QS wXA] Fopet. sHAIEL, 7 Fa€] TPD FHh= EebAA] ¢
koLt ehufo} Ealgke 7hAEIgitt S H fE o} EaERe
2+ 2} Ni/ALO; F ol Al 0.371 mmolyys/g.,, Ni/CZA 1l ol 4]
0.263 mmolyyy/g,©l1th 5, Ni B4 ol czE& 7kt A2
ALO; THAS A& S0l AEE Stk & <+ Al

A zZH F Fu] 2] TEM¥ Ni EDS mapping ©] 7] #] & Fig. 2¢]
TAIEFATE TEM ©]u] A 2 213 Ni YA 21715 Ni/ALO, Zvil
o A ZHAIE= oF 5~6 nm, A 20 nm®] I, Ni/CZA FHlloll A=
oF 8~25 nm®Z, Ni/CZA 2] Ni A7} Ni/AL,0,9] A H ot 23 1
T A E AL o= XRD Y H-TPRZF-E] AlAkgt Av}el
7o) AX|FT) Wk T Ni BAES dolr 7] 9ako] Ni
EDS mapping= A8st A3, F Svlj 5 WA Yol 1=

Al 23R QS 21T = QISITh. o= TPR, TPDellA| gRlst

¥

Fig. 2. TEM and EDS mapping images of (A) Ni/CZA and (B) Ni/Al,O;.
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Aol IA)FIT} o] ZH CZ FH7P7F e YA FAlEoll= A
FEE PIAA] s ARSI
= v 2 WS FAFSH] $1519] BET (Brunauer—Emmett—
Teller) T4 22 AL A4 F2F 5242 Fig. 3A° YERIUTH
T Fu] A5 B type IV 52 5248 e, 7 9] &
2523 7)1 F A REEAA HEHE Aol §lom o= i Ful
= Q3L, CZ 37} Fol| = Fulf o] vz 7] & 7
27} & FA = A S3teh29]. AlAbE BET 53 5242
2HE Ae nmAA 7S Table 10 Felaiict. 4% 3 Ni/
ALO; Fvllo| A 121.03 m%/g,,,, Ni/CZA Z o)A 94.08 m%/g,, O]
31, CZ H7} § £o]E "B A2 NH,-TPDS] Aze} wi¢- 2 &
Agheh. =, 7 CZ7FALO; 8] AR 3 v A S A Z T
31, BIH(Barrett-Joyner-Halenda) WPH OS2 AL 7|F A7] B3F
Hlo]E1E Fig. 3Bl =AISISITE B+t 718 F71% Ni/ALO, i
A 17.49 nm, Ni/CZA FollA 17.63 nmZA], thas0]slt}.
T, Fig. 3CE F Full9] 2t AHEZS TAIE AR T Ni/
CZA 2] gt -0l M= Ni/ALO; ol A LA o=
T 9 37b B 7F 939 91215 4727 632 em 1 H], 472
em’! 3 F3= 8702 Ak QAbel A Ce AR T AF WS,
632 cm”! A= AlE]o} AR defect siteS 2| m] 3} 16,30]. 5,
CZ37h= @ed) CZEAIE Rol& Pt ole 340 % GA| =)=
Ni sel5ae] A5 285 53l Fulloll 371 AAE, 53] F7F AT
2~ A3 % (oxygen vacancy)s THEO] it} o]ejgt @do] Yeh =
o= CZ AR W Ce?] Abslr7) Wislsly] wiitoltt H, 34 3%
goll A Cetz Ce* el A Ce¥ 2 =t ce¥ 2 o] A&
(1.034 A)o] Ce*') o] & ¥1#)E0.92 A)E.t} At} [30]. F ©]-&9]
WA 2ol Q1af Hel #7gollA] Az W Ce-0 A7 Zo)7} st
A ot o] & s AR QPYE F2E Fow = 2ol 4
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Fig. 3. (A) N, adsorption-desorption curves, (B) pore size distribution, and (C) Raman spectra of Ni/CZA and Ni/Al,O;.
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Fig. 4. Time on stream of methane conversion and H, yield in methane steam reforming for (A,B) Ni/CZA and (C,D) Ni/Al,O; catalysts at 750,

550 C for 8 h.
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