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Abstract — In this study, ordered mesoporous silica-supported Ni catalysts were prepared for catalytic partial oxidation
of methane (CPOM) by using electroless nickel plating method. Unlike conventionally impregnated catalysts, the
electrolessly-plated nickel catalyst showed that nickel was highly dispersed and formed stably on silica-supported surface. It
was verified by TEM-EDS analysis. During the activity tests, the electrolessly-plated nickel was barely sintered and the
amount of carbon deposition was very small. Consequently, the catalyst was far less deactivated, while the sintering was
significantly observed in the cases of the catalysts prepared by the conventional impregnation method. Regarding the
palladium-promoted catalysts, the reducibility of nickel was increased, and the reaction performances were enhanced in
terms of CH, conversion and H,/CO ratio of produced syngas.
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HAZMA 2R E FAAFE A%sH= GTL (Gas-to-Ligiuids) 7]
L 7129 7k Ahgao] Zhs o] FARES ST
Stk HA7kE ARl MR vHEY] AlsliMe A
CH,Z COS$} H,9] £3to 7 A7+3 sljofsitt, $of 3MY7IAE 1)
A-EFH W5 AA FA7IAE sheHA] 0 & dsta]g)= o]
GTL 7]=0]th1-4]. Hlgte] F448<1 HA7knel FA7EA~E A
Z3R= B A7FA 7} QL. wgket 5717 wkgste] A7k
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7} A== 7571 71ARES SRM (steam reforming of methane),
gt} o|ikslerAr) vES-She] 371~ A4d3H= CDR (carbon
dioxide reforming of methane) 7]} w|gko] AkA9} Whg-sto] &
47127} H & e o AFSHES- POM (partial oxidation of methane)
71€0] ATHS,6]. SRM Wb 733t Sd-8- 2 & H,/CO H|7} 3
o]w, CDR & 78k FdREgo]™, H,/CO H|7} 10]H], POM & oF
g wkdnk-go|w | H,/CO 1|7} 20|}, CDR¥} SRM 2 A4 &S 3
M-EF] dhgol vl 28171710l oo a7t AR A
“FE|o] A5 POM H-3-& H,/CO2] 1|7} 201t} o] & &3l
ol7] 23w kS 5 POM & &3l A% FAd7kamto] 37141

£ 2 JSS o 7,8, T3 CDR, SRM 2 & E9ut
o8 W oUAE F Q2 HARF POM REE-2 oFsh aAnk-&-
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Zuj = Ni, Ru, Rh, Pd, Ir, Pt
LT YA #lol AN REE A B
A wgR et Ak} whg-ell 7 who] ARt SRk g
Ao T JAf 2do] Wol Yojupa] wkgo] NP LE &
o] 3-8 FraAIZITHI). o]ol) weh, UAFe] 44 A71E8 &
OJAU, T4 YA £22-E Y3} A7) AT = FETh10].
gt U Sl Zehgo] 7k #wEel 23l Nio2] ghlo]
= SE7F FARTH11,26.27]. 245 24 A
ww ARl JAp7F A E o =5 ik

2AY SRR S T ATH 12] YZALE atAk A7) vlgl
oJH 714 W E0] At} Zhang 52 phyllosilicate U H. Ul
of 22372 1iakE YAo] 2 2 43S 7S ey
ATH13-15,25]. Xia 5= A& 3 b YAy A7t
oFe] A Akgo] ZshE ], YAkl 27171 74t 545 1At
azo] Aof Ful & AGATIThs A7 A TS LsIeiTH16].
AR Aol AMEAIAE F71eHA =d B4 S5 FAHEE 59

4= QUTH[17-20]. T3t T3l Tl T2 AR-EE W
glol’ W& F38te] SBA-15 XA Oﬂ yAS 785
AYA 2715 @@\]71 T Aom, A Frh21,22). sHAIRE o1&

FE i) Hlir

jﬂ L mlm
e

BeNEE AR A= X3 HofQlA] skrh Wb 2 AellM=
Uz Zlo)g Ho“ﬂ% 01%3}01 HA 22| Ael| 225 coordination
atlom, 5 wio% WA = Aelgt el =2 A1A ik A=
WS ATsiglar, wigl Fa Absh wh-goll 2 SullE ARSI
wgt YAZ o] Zehgo] F7 W AEEel 2al Nio2] $Heo]
3150 gl Ad5o] FolxIth26,27]. weEkA YA Zeold Fvl
9}o) Whg- A& vl wslr] fste] FHFMES TSI, ©]
u Zehgo] gle s Fste] Bekee JE3E ERlssint
2.4 o

2-1. SBA-15 &

2 AT A= SBA-155 AA|AZ ARSI 5 wi% YA FullE
A 285 tF. SBA-15+= Tetraethyl orthosillicate (TEOS)= A 2|7}
A8 7 AR5t A5 a1, 320 EEA . Pluronic P123S AHE-
3IITE E3 HCI-S 3718k § P1237} 9H313] o} folo] Tra)
A wj7}=] wrksic}, o] &ouoﬂ TEOSE 3] A7} 3 24X %F
Bt Wk, 100 °CollA] 48417 F7F A st =g 5ol
Zupd B3} o h& 2 AlElo] 110 °CollA 24413 AZFICE mA]
oo g §7] FRuFAZ 500 °CollA] 6417 BT AAdate] A7
s},

2. 0 HIZ=E

9 YR A4S SBA-155 AAAE YA Felol’ FHE
35S th23]. 4 SBA-15 X X] A|of|(3-aminopropyl)riethoxysilane
(APTS)2} EF<S 41014 60 °CollA] 6A17HE2F 8H5 3= 80 °Coll A
7123191 NH,-SBA-15 &5 2353 TH24]. NH,-SBA-15 A=)
PACL, 2} OFHIE-E Aol A] 84 7&%& WRE T 40 °CollA] 14A)3F
&2t B57A17 PA-NH,-SBA-15 &5 T4 33T Pd-NH,-SBA-15
AZ-E 300 °Coll A 3A1ZFERE H, (99.999%) = Skt LA vy
2= Table 19] 3+ O] = A 3=3to] Skl Pd-SBA-15 A&l 3
7hato] 303 52t Aol Tk YA w2~ 2273 ol NiCl,, NiSO,-
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Table 1. Nickel plating bath composition and plating conditions

Concentrations and conditions

NiSO,-6H,0 0.1 mol/LL
NiCl,-6H,O 0.25 mol/L
Na;C¢H;0,-2H,0 0.085 mol/L
NaH,PO,-2H,0 0.64 mol/L

NH,Cl 2.0 mol/LL
UREA 0.001 mol/L

pH 7.75
Temperature 298 K

6H,0% %372, Na,HC(H;0,-1.5H,0-2 2314, NaH,PO,-
H,0+ ¢4, NH,Cl €955 4], UREAL: vl 2~ QYA =
ARSI, o8] st W 0 & A| %3t £l S Pd-Ni-SBA-15 21
grgsioict. Bl 918 SBA-155 AAAR ska Y2 7 SehEs
IWI (incipient wetness impregnation) i = 53l &3 skt o]
g7 s o2 A3 ZullE PAd-Ni@SBA-15, Ni@SBA-15 2}
L skt

3. 20l 4 MY
S AlZo] B A
AlEo] H3EHA 9 7| S S7dsh7] Q18 AR A 25(-196 °C)
3ol A Micromeritics$] ASAP 2020 1] & AFg-3lo] A4ASa-&
YA Tt Al &7 2] B A2 BET (Brunauer-Emmett-Teller) 2] =
AMEste] Aakskdtt 7% 3271 X5 BIH (Barrett-Joyner-
Hallenda)?]-& o] -850 &2} 244l 0 2 K€ 739t XA 314
20 7 0.02 degree s8] FAF £ EE 20=0.5~3° H ] olA FA 3}
37, MiniFlexi= 0.02 degree 2] FAF 22 20=10~80° H ¢ <l 4]
X ste] S 543U TE A&+ Lacey C-A 300 mesh TEM
mlcro-gnd of FrollebE =2 AL 53k Agste] Axslvh vk
T Fufjol] HAE v & nlask] 918kl TGA Z1)& AHE-
3t 50~950 °C H I olA] S2H% 20 °C/minS. = 7 #4S
Z18gict.
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2-4. A x|

HeE AR} REE-E A sleh WA RS o] &-slo] Zlaiaigict.
HE-S-7H2 10 mm U733} 40.5 cm 4 0] 9] Inconel-600 A2 2 A=}
ST}, MFC (mass flow controller)E 53l 5231 %¥ 714 pre-heaterE-
AR 242+ w5712 F30] HH, i3 electric furnaceZ- ©]
gato] L5 Ak 24422 REg7|ollA YT effluent gast=
multi-position valveZ 53l =212 © 2 on-line gas chromatograph®
ZFETH WES o) ZlE 213 gjof= AFo|A® dFu|Lt
5 Wk afctell WA W $, whe7] Tl S 0.3 g2 Al
otk CH/0,°] H]7} 27} E =5 feed 7F~5 T8 =30tk vk
2712 GHSV 100000 ml/(gg,~h), FH-8-21= 700 °C ~12] a1 HH--9+
1 bar ]t} HES- & 2452 on-line gas chromatograph (6500GC,
Young Lin instrument Co)®l| -2} % thermal conductivity detector
(TCD)E ©]8-3}] 24138131 2™, H,, CH,, CO, O,, N, 7 1A= molecular
sieveE ©]g3to] HE313131, CO, 714 propak-N columns 0]
slod AE3I) CH,2) W3-8} CO2t CO,, STY (Space time yield)2]
e s vt 2ol At e
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15 712] 3L Ni@SBA-15 % Pd-Ni-SBA-15 Z1)|¢] v #o] 7}
w.om, 7]E $9] =3t 7P At o) YA Eeold Sl Y
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Fig. 1. Diagrammatic sketch of CPOM reaction.
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Table 2. Textual properties of synthesized SBA-15 support and catalysts

Sample BET surf. area [m”*/g]  Pore volume [cm?/g]
SBA-15 724 0.99
Pd-Ni-SBA-15 452 0.64
Pd-Ni@SBA-15 434 0.58
Ni@SBA-15 439 0.61
—— NI@SBA-15 fresh
------- Ni@SBA-15 spent
—— Pd-Ni@SBA-15 fresh
- Pd-Ni@SBA-15 spent
—— Pd-Ni-SBA-15 fresh
- Pd-Ni-SBA-15 spent
T [ A n
S st I i
2
e .
c - N—
ko] S
E st e 5 O N i i 5
1 1 1 1 1 ' h
20 30 40 50 60 70 80
26 (deg.)

Fig. 3. Results of XRD analyses of fresh and spent catalysts.
A|Z¥ Pd-Ni-SBA-15, Pd-Ni@SBA-15, Ni@SBA-15 Zvlj2] 54

TpokE 918l XRD 9! TEM 4] 5331313 XRD A¥}= Fig. 39k

Highly dispersion
Ni-Pd-SBA-15
10
(b) —e_SBA-15
— I —u— Pd-Ni@SBA-15
'E sl —a— Ni@SBA-15
z 553nm >930M ., pyNisBA-15
o 4| 543nm 7 6.93nm
£
L
@ 4r nm
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3 2}
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T© 3.36 nm : \
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Fig. 2. N, physisorption results; (a) adsorption-desorption isotherms and (b) BJH pore size distribution.
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Fig. 4. Results of TEM-EDS imaging analysis of fresh catalysts; (a) Pd-Ni-SBA-15, (b) Pd-Ni@SBA-15, and (c) Ni-SBA-15.

Table 3. Mean size of fresh and spent Ni metal crystals.

Sample d; oo (nm)-fresh d;go (nm)-spent
Pd-Ni-SBA-15 - -
Pd-Ni@SBA-15 4.18 5.36
Ni@SBA-15 4.11 16.31

d, o was calculated by Debye-Scherrer equation

Table 3°1] WEFUI 132, TEM #41¢] A3= Fig. 40 el i
Pd-Ni@SBA-15 Zvl| €] 17 Q] 2} =17]+= 4.18 nm, Ni@SBA-15
=] YA A} 5173 4.11 nm T} Pd-Ni-SBA-15 Z1j&= 1
7 9] A7} A2 A ookt o2 st A7H= Pd-Ni-SBA-15 5
w7} ke 0] 917 wiiEel] BAshHs Ao ® Al ¥tk TEM
HA1A 3} PA-Ni-SBA-15 Z1 €] Z-¢- L2 QIxp7} eol] HolA] ok&
AL w9 27 Eeo]d =52 EDS mappingS Eato] #Hz
31T} Pd-Ni@SBA-15¢} Ni@SBA-15 83 Zulj 3= 1) #o] 7] %
Ul 2 sho] | 21& TEM w498 53l #2331tk Pd-Ni-SBA-15,
Pd-Ni@SBA-15 12] 1L Ni@SBA-159] - == =438}7] 9)4)
H,-temperature-programmed reduction (TPR) 575 3197 Fig. 5]
Uehgitt. 35 =u) Pd-Ni@SBA-1592} Ni@SBA-15 F71= H]
w3l RS w PA-Ni@SBA-15 Fwll9] 3¢l A 2F2 == 286 °C
o] Ni@SBA-15% A1 2127} 387 °C o]t} o] & F3f L&}
Fol 9 A& LEE AT F 250 98-S k= AS g
e 4= Qlth21-27]. YA Edo|® 9] Pd-Ni-SBA-15 FHl&
o] A H 917 Wil Azt A A oF AR e A-g-
o] ull-¢- Zate] SFmnct $h A2 vt 25 o] 2 Zlolgt
A7kt
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Fig. 5. H,-TPR results of Ni@SBA-15, Pd-Ni@SBA-15, and Pd-Ni-
SBA-15.
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Fig. 6. Reaction performances of Ni@SBA-15, Pd-Ni@SBA-15, and Pd-Ni-SBA-15.

Holov YA Zejo)d Fujzt v]ed st 7 A A doftth
Tk Hkgo] AP 5= o AB=s} STYZ} Pd-Ni-SBA-15 v
oA 4 93} Ni@SBA-15, Pd-Ni@SBA-15 vl 2 ZelE
Fell i3l vl sl Reket. Bekeo] 7K Pd-Ni@SBA-15 vl
%7] WiEk A3HEo] 843%E H9% O} 24 h ¥HS & 50.34%2 &
o] FTh CO e L w7 A 2 7] 81.46% QOLF 24 h W3-
5 66.63% 0|7 K3 E S G 5 Qlvk. depEo]
7FE A 252 Ni@SBA-15 FHoll= 27] A 8-8-0] 81.14% $loH
24 h WEE- 3 17.10%= B3} 71 wo] X8 21e 3l 3
QT CO MY = X7]9 85% 3121 24 h WS 3 70.06%
oJth Al Zrjl 5 B w3EkS wl Pd-Ni-SBA-15 Fulj7} n] 24 3}
7} 7P A A dojwkom whgo] FE 4% co HEE, STY ¥
oA B 9ok YA Edol" W o g Sl
2k wo] 54 24w A S o] Wk Asol o 9
gk Zlolet Azt h vk
Ni@SBA-15 Ful|7} B2 o

U
=
=4

DE TR E S g =
= 7] Zels 5 30 B 5% Ak FEE 7AE E 9

YA (Ni0)Z} carbon deposition]] 3 dsh= 3| 771 #5= Qlck vE
woll Yz Zeo]d FullQl Pd-Ni-SBA-15 &= U7 9]33% ol 2
Al B2 2 91 carbon deposition 3] A7} A o] TEEX] k3Tt
©]3= Pd-Ni-SBA-15 i 7} o] © & U7 2ol A7) dofwkil
e o] A E A Fokar, RIE s A doteS &
St} spent Z vl o]l th3t wide-angle XRD A 3}5 EU]Z Scherrer’s
equation®. % A7 &] 7|& Al4lste] Table 301 VFERASITE 24t
HAH Pd-Ni-SBA-15 Z 1= spent®] 9ol Y2 |77} A9
WA= R otx] AA 715 AN 5= AU Pd-Ni@SBA-15
%1 2] 73-9- 5.36 nm, Ni@SBA-15 % 11= 1631 nm 1T} Ni@SBA-
15 Z1]+= carbon deposition¥] 717} 2= 2] kA vl U7 A
A7|17} wg- & A0 R Hol YA sdo] ul- wo] dojtk A& &
Q13 4= Qi

Fig. 7:= RES- 5 spent 52| TEM 4] o|v]#] & vehditt.
Pd-Ni-SBA-15 57| €] 73-9- XRD -4 ol A= e H 4] Q¥gkont 1l
20| 27 dojut A8 gRIgk 4= It} §hH el carbon deposition
e R] ekehkFig. 7(a)). PA-Ni@SBA-15 Zvlli= LA Ado] w2t
=913l o2 filamentous carbon} encapsulating carbon®] ¥4
& gl & = ArkFig. 7(b). Ni@SBA-15 Filj= U2 1A vo]
5o vhA AL AR A9 tThFig. 7(). ©15 Ni@SBA-
15 Sm9] 79 wllek F-2 Ak} vkg-ol A RES- Adso] 7H8 Skt
upEba] Fkgo] JojupA] oot gk Ao AR okxr, YA
2anto] Yojidt Zlojth, wbA Pd-Ni-SBA-15 FHl= =54 Y

(c) Ni@SBA-15

3

| Filamentous carbon |

Nickel sintering &
Encapsulating carbon

Nickel sintering

Fig. 7. Results of TEM-EDS imaging analysis of spent catalysts; (a) Pd-Ni-SBA-15, (b) Pd-Ni@SBA-15, and (c) Ni@SBA-15.
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Table 4. TGA data for Ni@SBA-15, Pd-Ni@SBA-15, and Pd-Ni-SBA-15

Sample Weight loss (wt.%)
Pd-Ni-SBA-15 1.7
Pd-Ni@SBA-15 19.7
Ni@SBA-15 2

7 2Zo] AZIANE, gk A2 A A ko o] Z 13| 7}
& A n @A dofdt Zlo . S5

HHS- % spent FE2] TGA 45 Fig. 8o YRS, 57
g (%)ys 2 425k Table 49 YERNRITE Pd-Ni-SBA-15
Zulj= $A 44 1.7%2 11 Ao TEM 39} £U3A &
A AL AL AREA S-S & 5 St PA-Ni@SBA-15 =
= 723 °Coll 4] 19%9] A 7HA27F, Ni@SBA-155 1= 2%
A H227E ATk PA-Ni@SBA-15 Fvll7F 7H B2 w4 34
o] AP U= & 5 Stk Pd-Ni-SBA-15 FHvll= A 747}
78] gl e, ' J A o] 71 AA AE NS & T AUTh

o]+ XRD A% 722 TS Welv} upeba] 1EARE Pd-Ni-
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71 A A sk whA Ao AR Aol Full Hes A

7 5 9k
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2 ‘:% wHAeto] Alxsisich LA EEﬂOlFJ WHoR Axd =
2] 39 YA Ixp7E A7k AR A EaEER= FAjo)7] ufie]l
Yol 1At fl}, o] {7 A 23 Pd-Ni-SBA-15, Pd-Ni@SBA-15
“12] 3L Ni@SBA-15 vl 55 ARk ]l v z7] 5ol Yehs= 3]
SEHPAIAS FEE SS90l Sl Pd-Ni-
SBA-152] 73-$- TEM-EDS mapping 2] 4] YZlo] 17AkE o
Were WA 5 STk TPR 4 A kol 714 %‘X‘i
o] FAAIg; 257F 7 kTt o] & el BehEol $h
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