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A AAHoR AFHE 8T AUAY Fart Frkske] 20404744 BHA

oz Bad quAZ U 13%4 Frhska ekl ole@ &7 oy

Fgatr] As HHAR, AAR, PANIAE Agstn Uk FE AHEHE

A9 AR Fe LM, FNARE MO F uIA AN Y
T

st AF7E =& 7IACO; NOx) 2 2 9Eds WaEsto AT

5
AR F Fa qUAE G2 duAs masd e A% 8% 7

A, ol @A S A=l 2wl Tk gholvHs] Wk Fas Artsks

el e #2e AFrt JAYE I Yu Fhe A FA e uEl Mo w
TEE, 24 7A wEFel wekA adolas, EFTA, AT, 1dF
A Toz el Ete]

=
a#olg Ay CHy + 2HO — CO, + 4H,9] 3ehikgS =& Aalwn, ZA
ol wkAloltH7]. kA vk <7k 830 MT/a(metric ton/annum)®] ©| A3l EbA S

WEITE AHS 7P dvH8l

J_'E__
asaE FANE ) AAEE B0 — 120, + K SEnge Ea
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QurA ol B DC AFehzrks AyE Hehxul B2 LErb kol w
e wzel gAol wobd AR BAY Fo] oHrh oUF BAE A
Sal 2 ATl AE Al el EXTF wgT] FAN BRE AYGEE A
B 4% DC dEe=0E Agstarh3ll 2 Asge A Aol 2 £x7 )

bERze wANA, @ AdoR FAA st 2 Bxow

e
)
o
it
i
o
N
d

2 AFHA HFS AF DC €EFe=vt ¥EE-7](Plasnix Co., Republic of
Korea)olth. & A|=glE& Al o] d&Feb=nt EAS =24 w&7](R-1, R-2
2 R-3)9F 3 ®vS7I(R-4, R-5 R-6, 2 R-7), A A9 Y FF A
(Power supply), Ato]E & ZE(Cyclone filter), ¥z} (Cooling water), 7} =%
A 7](Mass flow controller), <14 E (Injector), % Z47](Powder feeder)®
TEH Atk 7 EAE AWORRE 45°% 7)ol A] glom 120°¢ 1A S
= A e EXT7E widE o] At

2 Ao A= e i Ni-Co Fa5 @37 s 29 347 4

stk Febzel BE 2AVE AR 24 7997 96 B2 240E 0

>i

71 el AT 4 BEA] BAVARE Ar-Ny =% 7IAE A

# 29 ()2 Ni-Co =9 &4 23 xxolth Ni, Codl 7]13H42 3000 K
o0& o]F 7Y A B AHEEE JHAE Noot Ars EFste] o

zul d 7AR ARESA Y. E2k=u WA VA= Ar 4 L/min® Ny 8



L/min, ¥ 12 L/mins AFE3ldem, Zt EX= 7 kW 802 F 21 kWe
=902 g7 7oA a5

A& Ni(B0 pm, purity 99.7%, Sigma Aldrich, USA), Co(2 um, purity
99.8%, Sigma Aldrich, USA)= % F3F71& 539 Ar 7149 A4 1.1
g/min® = Al 7je] Fghz=vl E3o] Kol AR 92 FIEAY. Ni-Co &
e FA4st7] el EEe = =H]E NiiCo = 7322 353tk o= d50]

$5% NiZ JlWom CoB &Rl B2 FF71% Fatol Ar 7149 @7
1.1
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2. Ni/8i0., Ni-Co/8i0; Lt =oHA| ShAl gt

2 Ao A= NI @Y 557 Ni, Co €8 +22 AAAL] SiOeF &3t
o] Ni/SiOs, Ni-Co/SiO; Y= A& sttt & 29 (2), (3)= Ni/SiOy,
Ni-Co/Si0z W= H3Ae 43 =doltt. 24t E
Ar 4 L/min® Ny 8 L/min, & 12 L/minS AF&3stlen, Z} EX+= 7 kW
Fo2 F 21 kW9 902 t71d 2ol Waeh A5 Ni(50 um,
purity 99.7%, Sigma Aldrich, USA), Co(2 um, purity 99.8%, Sigma Aldrich,
USA), SiO2(0.5-10 um(approx. 80% between 1-5 um), purity 99%, Sigma
Aldrich, USA)& % F5715 &3t Ar 71A9F A A Mo Zek=v &
xo] ol AR fz7 FAHA

Ni/Si0, U EFgAE sAstr] s Nigp SiO, el =3 Ed=

Ni:SiOs = 1:12 3tk ol Holg% T 53 AsS 7/IAE NI Sv=
N

+ Ni:Co:SiOy = 3:25% 3t Ni, Co % SiOxE T¥ste ¢ ¥57]|8 &
 Ar 71A<F A 1.1 g/mine SEE FYsFATE Ni 714e] &5 Ni-CoZ
G393 Al SiOqel HAske] vestE Ni 4AHE Si029] Wl #A4RA|
Ak dZgt=nt 348 Sl Sl A FAE FA TbseeE Shel

o, Hule] we] B, weolA] pAHE AYE ANG F gk

b

i)
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_ Law material (Ni, Co, SiO,)

(7]
1+ Powder feeder

] | injecfor
- :

==

o]-§3k Ni-Co &+,

4 Al =Hl

_‘]1_

Ni/SiO2, Ni-Co/SiO:



% 2. Ni-Co &+, Ni/SiO, Ni-Co/SiO; Y= E3HAl 944 A8 =4

Experimental ) (2) Ni/SiO; (3) Ni-Co/SiO»
(1) Ni-Co alloy ] )
No. nanocomposite nanocomposite
Input power
(kW) 21
Pl?lsma N, & Ar 4
forming Gas )
(L/min) (mixed, each torch)
Carrier gas
(L/min) Ar S
Mass ratio of
injected powder 7:3 1:1 3:2:5

( Si : MWCNT)

Injection
position

Merged triple thermal plasma jet

Feeding rate
(g/min)

1.1

_’|2_



3. Ni-CNT Lix= SEHAf g4

B AT 4% DC GESET A29E olgshel CNT E¥el Ni 4
A7 2ol Qe Felel the BEAE FHS A9 ATE AQskqct
%3 ONTE E@ste] Zehzr 2% FHPE F98d, CNTZH 2eel

Fetzutl =FH WA A5 CNT7F 53t¥o] CNTE dH= A4 X3
o

Zoletal HFestoh mepA 2 HddA= I8 49 Zo] Niglt CNTE &3
st FUStA T & 32 Ni-CNT Yk 5EI3AE At Zg=v 34 &
HAzo] Ay zolth A AHAYFS fs 98 EZ=Z5 Ni(G0 pm, purity

99.7%, Sigma Aldrich, USA), CNTD: 520 nm, L: 0710 um, Carbon
Nano-material Technology, Korea)E AM&-3F%th Nid} CNTe E4]E Niz
CNT=1:12 3ttt Fet=vt wd 7|AZ2= Ar 8 L/min® Ny 4 L/ming &
sl F 12 L/mine] 71A& 2t EXJo] 48, 728 EXF 7 kW FF2
=807 F 99 9L 21 kW FFo=2 Wt

Ni2 Ar 5 L/min®] 7jg]o] 7[A¢} A Eet=vl &x THF =2 FAeI 2
H, CNT+ Al=ZF db§-7] R2-R3 AlolZ Ar 30 L/min®] 7}2H Z2% 7t~
of A A Z=F 9kg7] R2¢ R3 Alol= FY st

_13_



_ Law material (Ni)

| Powder feeder

J_ Powder feeder

| injector

_‘]4_

| injector




#% 3. Ni-CNT vi= Hg4 g4 29 =4

o2

Experiment Ni-CNT nanocomposite

Input power

(kW) 21
Plasm(é af;)rmmg Ny 8, Ar 4
(L/min) (mixed, each torch)

Carrier gas

(L/min) Ar 5

Mass ratio of
injected powder 1:1
( Si: MWCNT)

Injection

position Merged triple thermal plasma jet

Feeding rate

(g/min) 11

_15_



dEetzntE F3 FdE Ni-Co &= Ni/SiOs, Ni-Co/SiO;, Ni-CNT
= BdA s EA8] s 7HE HdSsE 200 kvel T3 A dAnA
(FE-TEM, F200X G2, Talos), 3, 2zt o A& w487 S8
FE-TEMel| #ztd  oux]Estd B34 7] 71(EDS | UltraFast mapping
SDD-EDS Detector)& AH&-3+%ith.

AA FxE5 B3] 98 X-4 & F247] (XRD, Empyrean, Malvern
Panalytical) ZH]E AM&3low, CuKa (A=15406 A) XAE o]&3}9
10790° M= SAsAn. w3, Fje] T3 54 F Sl v xH A 7]
T A7) W FEyE B8] 98 vxHd BA7)(BET, Tristar-2 plus 3030)

& ALgarec

_16_
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25 DC dEg=nt FAdHew §43 Ni-Co &+, Ni-CNT, Ni/SiOs,

Ni-Co/Si0y Y B2 Hrielr] g8 19 59 2L A7ZE ALL351Y

o A712E 74 PR g WA 50 mm, Z°] 350 mm<! AE#HS U
Zste], AQFdH WHE Eoi7be= 1Al FY 7 (Gas inlet), 71A wiEF(Gas
outlet), & (Thermocouple), ¥Zt(Cooling water)= -3 3}

I 49 20AHE 25 800TAA 0.2 L/mine] wgy} 1.1 g/mine] Ful& &
ot Ay gt 91AE VA FAdTE FAsilon. Sue de Bt
g 98l 714 Z#F £471(GC, Gas chromatography)& ©]-&3ke] wlE % 7] 4|
£ SA43ATh

=

_’|7_



Powder feeder

Gas outlet

_‘]8_

2em

Water tank
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AN
=2
u?
{1147
M
%
>
juii)
BN
A

. . . Ni- o Ni-Co
Experiment Ni CNT Ni-Co Ni/SiO2 )
CNT /S10;
Temperature
() 300
Input power 3
(kW)
Carrier gas
(L/min) CH, 02
Pressure
(kPa) 101.3
Injection
.. Upper of quarts tube
position
Catalyst
feeding rate 1.1
(g/min)

_19_



e DC EZgtzrtz A3 I35 2 U S3A9 X-A 3H B4
(XRD)E Alg3te AA F+x2E 2439, 54424404 (FE-TEM)S ©]
&35to] kel @], el 2 AH Fx2E EASY. FE-TEM #zre

EDS mapping 45 & stAE ¢ U ggF E¥E sl on v %

_1

W4 RHBEDS Fd 4 Fule B4, 713 89 9 71 272 g

a9 62 FA8E Ni-Co =9 XRD #4] ZA¥olrk. Ni, Co¢ Ni-Co A&

H| =3 XRD 932 7Fx 1 ¢tk XRD e oA &= Ni, Co9t Ni-Co7f
M2 He 935 bk Nigk Ni-Coxe Hl5:8 XRD #2E 7HAH, &4

o & Westr] fa F7F Aol Besttt Aesl

g 72 49 Ni-Co &+¢ FE-TEM¥ EDS mapping +4 o]u]x]o]t},
FE-TEM &4< &8 & dolA 4 v 2719 g 4 A= &
d3tF o™, EDS mapping +241<& &3] Ni, Co, 09 3}3t&& glstnt
a9 e HE EW Nidk Co7t 54 A EAst= A & 5 o,
o] Fal Ni-Co Fwo] &A= FAH s It
a9 1(dE 2 789 JAE gk Abstute] g e RS U &
21ttt EDS mappingS 53] Ni, Co, 0% 3}lstFoz
Holok AFEHe Ni-Co Y= 4A7E &4 € § ti7] Fol w50 A

© 9 mYg FFolPgon, 7F By 0065 A, 71 A7)E= 0177 cm’/ge] A

_20_
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Ni-Co = M.hiCe

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
20 (deg.)

29 6. Ni-Co ¥+ XRD dHlolH

(Ni, Co, O)

20 nm

a9 7. Ni-Co ¥+ FE-TEM % EDS mapping ©]"]#],
(a, b) FE-TEM °]"]#], (c, d, e, f) EDS mapping ©]"]*]

_22_
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2. Ni/Si0;, Ni-Co/Si0: Lt ETHA|

SiOy A A A Ni Fwjel Cog TAste], Ni/SiO,, Ni-Co/SiO; Yz
& ¥Asta, FE-TEM, FE-TEM, EDS mapping, XRD, BET &4& 3

e
]
2

o2
off
—_

a9 82 SiOel FAE Ni9] XRD 4 z#fzoltt Ni, Si ¥ 09 9as
g & Ak 17 9% SiO @A H Nie] FE-TEM ¥ EDS mapping &
A Aol FE-TEM w2447l 17 9(a, b)elA Nizt SiO7F 207100 nm
A7&2 Yx3d AE sty o, EDS mappings £3] Ni, Si, 09 3}t
o7 FAHY = Aol FAHAg 29 9(c, d, e, DE T3 Y=3tE Ni
AA7E Si0, el H-2E AL Feld & ) ol SiOHtE 7EtHe] v
S Ni gA7F Aoz A4 71ste At g

¥ Ni¢ BET &4 Z3olth. Ni/Si0.9] %H
0

15 em’/g, 71 Z71E 150 AZ 7bA

o

a9 14, 23 155 Si0yel 9
Ao 40 mYgolgon, 7% Bi=
olgist A3= Ni-Co &= v AS uf AHgoz =2 A3} S 7HA

S, ol AXAZE hestd Ni 94 BAAA U FE A9 2gitw

aE @0 F don, dwsts Ni-Co JA7E SiOr A A A xHel] wHAike

As AYT 5 Ak Nik Ni-Co= A XRD 935 7HA 3ol o e 9]
3l

T4 e FAs] g8 F1H 9 £410] dasitty Ao

a9 112 Si0ee] 4% Ni-Co &3¢ FE-TEM % EDS Mapping &4 2
ytolt}, FE-TEM #41& %3] Ni-Co/SiO; Y= H&A47F A" AL s
21th. EDS mappingZ %31 Ni, Co, Si, 09 3}gFoz FAE o] geud
oh EgH Y A7) Nip Co7t Si0p9] wwel &4 AS FAT = A
o o] Ni#} Co7t SiO.Ht Az ow 7]3do] vr] wjiFoleti dHohg
h ®=38 Ni-Co &5 HWols gF Aaiute] dAHE AL AT 4 Ao

. Ni-Co &3 Ni/SiO, W= E3tajel npz7bA = 34 o|F 7] Fol

b

_23_



=5 = Aol Absteto] g Hvha ddkE

% 14, 19 15+ SiOze "HAIE Ni-Co w9 BET &4 Z3olth

5

il

e 68 mY/ge #HS Mo, 7)F HuE 0183 emg, 71 A7E 120 A

AEo A7E 7R = Aoz eyt

_24_



Ni/sio,  ® =N

Intensity (a.u.)

. L

10 20 30 40 50 60 70 80 90
20 (deg.)

13 8. Ni/SiO; XRD d|o]

50 nm

19 9. Ni/SiO:; &+ FE-TEM % EDS mapping ©| "] A,
(a, b) FE-TEM o]u]#], (c, d, e, f) EDS mapping ©]v] A

_25_



Intensity (a.u.)

u ®m Ni-Co

Ni-Co/SiO, A
1Y

10 20 30 40 50 60 70 80 90

20 (deg.)

1% 10. Ni-Co/SiO; XRD to] ¥

50 nm

19 11. Ni-Co/Si0O: &+ FE-TEM % EDS mapping ©]"] A,
(a) FE-TEM ©o|"]A], (b, c, d, e, f) EDS mapping ©]"] A

_26_



3. Ni-CNT Lbw= =58 3 AE H#3}

a9 12+ $ddE Ni-CNT 4= 5ghde] XRD 4 Aatelvh Ni vAas

sl e 4 glow] YAhulo| E(NIC) Aio] WANA e AL A
5 4R 24 Nie Al Ao Fepxvl B2 PR FYshL, o= CONT
£ mopznl BE FAYE FYetA 2ol ONTY 44 727 da 8 g

13 Ni-CNT¢] FE-TEM, EDS #24 ZA3zlolt}. FE-TEM 4 A}
Jl 1% 13(a, b)E F3) CNTS el 54 nme Ni 5& JA7F H-25 o
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Abstract

Around the globe, research on producing hydrogen is increasing as
demand for essential energy increases. Typically, hydrogen production emits
an amount of dioxide. As carbon neutrality is raised, much research has
been conducted to produce hydrogen. More than 902 of the processes for
producing hydrogen energy emit large amounts of carbon dioxide. Many
studies are underway to produce hydrogen without emitting greenhouse
gases. Hydrogen 1is categorized by color depending on its production
method, and there are various types, such as grey, blue, turquoise, green,
and others. The methane pyrolysis process, which produces turquoise
hydrogen, is an environmentally friendly method that emits no greenhouse
gases and generates only hydrogen and solid carbon. Its advantage lies in
the high purity of the produced carbon byproduct, making it suitable for
various industries and potentially reducing process costs. Methane pyrolysis
is an endothermic reaction with a reaction formula CH4—C+2H2 A
H298K=74.52 kJ/mol. So, It needs 120071300C of minimum temperature for
stable methane pyrolysis. So, catalysts are used to reduce reaction energy
and temperature. Catalysts are materials that change the reaction rate
without being consumed. Its performance depends on its surface area,
thermal conductivity, electrical conductivity, etc.; through past research, we
confirmed that bimetallic catalysts are superior to monometallic catalysts in
methane pyrolysis. Research is underway to enhance the performance of
catalysts in methane pyrolysis by incorporating them into supports (oxides,
nitrides). Therefore, studies are being conducted to synthesize nanosized
catalysts and deposit them onto support surfaces. Representative catalyst
synthesis and support methods include impregnation, co—precipitation, and

sol-gel chemical processes. Chemical processes require a solution capable of



dissolving the catalyst, and repeated impregnation is necessary until the
desired molar ratio is achieved. The thermal plasma synthesis method is a
relatively simple process for synthesizing two or more catalysts and
supporting them onto a support. In this study, an economical and efficient
catalyst for methane pyrolysis was synthesized and supported using the
thermal plasma synthesis method. Powdered raw catalyst materials in the
laboratory were mixed, and a powder feeder was used to inject the mixed
raw catalysts through an injector located at the top of the plasma reactor,
where three thermal plasma flames merged. For methane pyrolysis, four
catalysts based on Ni were synthesized: Ni-Co, Ni-CNT, Ni/SiO2, and
Ni-Co/SiO2. The characteristics of the materials were analyzed through
various analysis equipment such as FE-TEM, FE-TEM-EDS, XRD, BET,
etc. Electrolytic pyrolysis, a typical method for producing turquoise
hydrogen, was performed to evaluate the performance of the synthesized
catalysts. The catalyst and methane were mixed using a powder feeder and
injected into a quartz tube inside the electric furnace. The decomposed
gases were quantitatively analyzed using a gas chromatograph (GC) to
measure methane conversion rates and hydrogen selectivity, thereby

assessing the catalyst’s performance.
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