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ABSTRACT

Nanocatalysts for water electrolysis were synthesized through a triple direct current (DC)
thermal plasma system, comprising three DC torches, a reactor, and a power supply. This is a
simple process that does not require expensive post-treatment methods, such as cleaning,
drying, and heat treatment. In this study, starting materials consisting of micronized powders
were used as precursors. Cobalt boride, cobalt phosphide, and metal (Cu and Ni)-carbon
nanotube (CNT) nanocomposites were synthesized from Co, B, P, Cu, Ni, and CNT.
Precursors were evaporated by the high temperature generated from the DC thermal torch;
these vapors were converted to nuclei via supersaturation due to decreasing temperature. After
nucleation, they were converted to nanoparticles via condensation. The product size could be
controlled by adjusting the plasma quenching rate.

Cobalt boride nanoparticles were synthesized by adjusting the composition and flow rate of
the plasma-forming gas. The structure of the synthesized nanoparticles varied according to the
gas composition. In the Ar-N, plasma, the dissociated nitrogen reacted with the boron
precursor and produced hexagonal boron nitride (h-BN) nanocages, which encapsulated cobalt
boride nanoparticles. In the Ar-H, plasma, spherical cobalt boride nanoparticles (<20 nm) were
synthesized, and their size distribution was controlled by the growth time or quenching rate.
This was controlled by adjusting the flow rate of the plasma-forming gas. The electrochemical
performance of the synthesized cobalt boride nanoparticles was investigated. The
electrochemical characteristics were determined according to the decreasing particle sizes of
the products. In the oxygen evolution reaction (OER) measurement, the product achieved an
overpotential of 355 mV at a current density of 10 mA/cm? and Tafel slope of 49 mV/dec.
Their performance was more efficient than that of cobalt-based catalysts reported to date. In
contrast, in the hydrogen evolution reaction (HER), a high Tafel slope of 92 mV/dec was

observed.
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Cobalt phosphide nanoparticles were synthesized by adjusting the molar ratio of mixed
powder used as the precursor; herein, mixed cobalt and phosphorus powders were used as
precursors. A triple DC thermal plasma jet was obtained by using mixed Ar-N, gas as the
plasma-forming gas. When the Co:B molar ratio was 1:1, CoP and Co.P crystal phases were
synthesized with similar crystallinity and spherical shapes. Products from Reactor 1 were
under tens of nanometers with spherical morphology, whereas those from Reactor 3 were
covered by phosphorus. Only the Co,P crystal phase existed without CoP in the Co-rich molar
ratio of the mixed powder. In contrast, in the P-rich molar ratio powder, the CoP crystal phase
exists without Co,P. In addition, bulk P with cobalt phosphide nanoparticles was synthesized
in Reactor 3; bulk P was formed from the unreacted P vapor with Co nuclei in a rapid
quenching rate environment, and the electrochemical performances showed an overpotential
of 0.323 V at 10 mA/cm? and a Tafel slope of 71.7 mV/dec for OER activity. In HER
measurements, this product achieved an overpotential of -0.317 V at a current density of 10
mA/cm? and Tafel slope of 66.7 mV/dec.

Nanocomposites such as metal nanoparticles attached to the surface of CNT were
synthesized on a triple DC thermal plasma jet system with a counter gas. An experiment was
carried out by adjusting the flow rate of the counter gas, which is the role of the carrier gas in
the CNT. The flow rate of the counter gas was controlled from 10 to 50 L/min. In addition, the
thermal flow characteristics inside the reactor were numerically analyzed using the laboratory
developed DCPTUN code and ANSYS-FLUENT software. The electrochemical performance
of the synthesized metal-CNT nanocomposites was investigated under optimized conditions.
They achieved an overpotential of 0.328 V for the OER and -0.193 V for the HER at a current
density of 10 ma/cm? The HER showed a higher efficient Tafel slope (48.8 mV/dec) than

cobalt boride and cobalt phosphide.

IX



A

XoOoWRX R g = ¢ T % Mmoo o
T = N T 2 o . X T W B F M
Lok oo X O P I
o LOX T - — ARG o H
T ¥ N T o= S A
Moo o &R i ) W ~ o ° L ®
[ - A - 4 om Ao X
N X - Z 2% AR N do
COE R T E X 5 w = o5 W
Mg X B o o= X = 4
B {4 gy o iy o h.,o iy oj i A~
T = W o 7 o W g Hoom .
WO = op Gl N w 4 : m B o’
TR oy iy G 5B on 1y
I . = ™ T O R
R " @ X ﬁ]_; 0 MM_ s el = Yy p M
o 03 — = ~o 0 X — N = AT 0
B i~ X X — — N o -
© T X oL = ) T
=) fad I o iy N o —_— Ml! T
do M oW T W o = M o N %
~ N M o oz 3 ° ow W = = e o
~ Njo =) = = Nfo ol T pat 3 w ~— 0%
5 T o N A wmooH W Mw — o+
ol i oy N Hlo "o ) o =
- o S M N A o
S - pox o o®oL oM e
X ) X —~ -~ 5 3 3
ZTc Of —~o < N 0 X
S = ML:uM N ° oy T M ulg
oA oy ® 2 T om0 oo
o w ® B o 0¥ ® K oo o w S
M o X o = 7T W il W x H o o e M
~ o) N . ar .A I W N =X o ~X
© - S A T TR G T
T o A S SR | )
Toeow Koo T g o
O I R T S TR

s "= sk

22= ol&

4 2(Blue hydrogen),

R=N
=

= 71 <ol
19 0] 4= (Grey hydrogen),

°©

-

At

=

=

o o=
o}, @A77



7}
R

(o3}
=
1

A7

-
=

_o]

s

47PA =
-

(¢

=

27 7+

s}t

}

A
pul

At ol

I3

7 FEe a ARRANA ol sigrast

11 9

o

il

=]

?_

=
=

7}

-

-

B

rﬂ—xg S

Z~(Turquoise hydrogen), ¥4 (Green hydrogen) =
=

nj} ol
o]

] — ‘_;_ 1”8 <

T | R L
W ® o5 X

o O
S T O
% o g W
Mo Ay M o of
= T T 5 T
%O 1 A o

. o o)
W ) SE
Gomo 9 g R
=Y < m %)
N o) W © @)
= # ] m O

ol .
Jpe B m M
G B R e
S S
=0 =0 = 1Xro ‘Dl
T o1 =~ X o
T ] wz o
0 % O WM
N o W
LA
oW w7
O e
) &l N w
S T T R w -
F 7T X -
G S
= o KR
M o X

G SR R

AEERSISE

] o

H



Table 1.1 Classification of hydrogen color with hydrogen production methods.

83 5%
AA7taE A Aakets AEeL, AR A
ol of yazet i AAAN FatEm ANE= R
(Grey hydrogen) A2l onE g olga 188 AAEy] 98 10
=9 COF wWiE 5= Aow o4

==
=TTAa

(Blue hydrogen)

agolaa AR Yo = 1]
ZH(Carbon Capture and storage, CCS)&l| =217}2~ )
29 20 22209

= I~
HAETFA

(Turquoise hydrogen)

= = U T4
HEHCH)S @Esfal ikl a5 AHE CO.
7b aAgs e gHE Es e, o] AR=ol
7= WREA g dyHeR A dEHE 74

s A,

A= e
(Green hydrogen)

AAANTA Adew Fdae
g Aol 2
2 WZo] g%




1. 7t A, d3hst

o

RLN

=]

7]

1 (Water splitting)

9]

12 & &

s

R0 mﬁc M« ™ I T - r
S G p £ o® 2 2 % < S -
T = & N » I - E s . 0T 0 M
do m = o " 5> o9 = S A T Yoow
il i = 9 . = ol o g O & = o &m ~
1o = X0 Y MUa Noomo w4 — o 70 =
o o i) R " TS o WP -
:vﬂ O — »AL ~ — X gl o 9 nDO het o/ m HE ﬂ q
7 mo N S o = @ B o0 : S5 T S

xr 3 ) = g % = X = T W T O wo
T w ow o B o K% o o SO S R
_ e _ N X o o
bR N t B ow ¢ R4 R i Yoy ow oz ©
W T W o ™o WAy 2 CoU N < -

o . e - = N 7 of 2 T o
- ®ow 2 O I - - L T
1:% X == ‘a MM = HT ‘yl —_— d — ZT 0 O# J ﬁo

4 mm o T o W wo© i i o °  w ®  x
3 W 1 5 Iy X iy mnru_m o A - N X ) i oy T o K
W oBomy g B = o M 5 B OX = o w7 i
(my o X dy FO® T T 6 ooy nr " RO D
&o ~ B ~ — X0 ,Wl,._ = &o o ~ 1 5 O#H \ﬁ A# . _
—_ i 3 ) . n N = o do T o= 2 . iy =
< %= E B F = = O
> B ox o® ® B o= w9 w g =¥ 5 T v @ on
ga47¢wao_1ﬁ,axa4cgmjaﬂﬂ
0 =) “_urrﬁ w - % o nr 2 o~ oo oF W iz m ° M ~ ~ )
~ W P om oW ok £ ow L - s R 5o oE " i
oo X S o o o W e 4 "oy T

= o ™ w <X TP = O < W £ 7 gt
» T T 9 ﬂ%ﬁihgiagbono_%%
AR IEE R R I I I

. s NG — ol o + w o o o A 7 S ol
mr o — % A= T 97 9 w7 Ty w8 H o~ L w
OM LIL \IJI _ ) mr 1m_l par] — &O HT ‘.._wwo R ¢QL.V EU = A 1~ #\ AT
S S M- S R g X TorRog 2R OAF MO
cﬁwo X oM w2 s %V 2 R R o;/o - = o X 3 g
S F T e E s fEF R oy 5 %9 g F
X = | % K - 9 G- R B L
) ‘mw ﬂo AT m_x ‘DFL



A H]go] Wol 5aL o

o
i

A WA, Figure 1.1(c)ol e

]

(o]

skHAl Ht.

S

A

v}k
=

32 Figure 1.29 4

S

Ay
sol ®A

o

Volmer ¥t

T

-

e AUES
R

°©

T

A

ot 29

o

=]

°©

A7k 7bs

[e)

T

S

=
=

R

7]

S
fa

7]

Tafel RF-go2 Y XITE 99

Heyrowsky 4h%

=

I

1

1

(High temperature electrolysis, HT electrolysis)
!

gl AA Y 37449
Ao a4 oz

7ol

A7l A el
_q]

°©

B

el

A7)

I

A AvlE 3719 &

T

Aol A=

2

4
A

o

ojo

el

vzel
Mo

1o

Swo] $4 97 (M KOH) & 473



Cathode
=l

A

Hydrogen Oxygen
@

* ®
Hydrogen @ Oxygen
Bubbles Bubbles

4H* +4de S 2H, 2H,0 > 0, + 4H* + 4e
Cathode Reaction Anode Reaction

. I

Hydrogen in Steam (+) | (-)

‘ Pure Oxygen

Steam ’ |~ Gas tight Electrolyte

B
Porous cathode /
(c)

Figure 1.1 Schematic diagrams of water splitting: (a) Alkaline electrolysis, (b) PEM

Porous anode

electrolysis, (¢) HT electrolysis.



— H*

k/. Volmer
Eﬂ + -
' H (ag) T € — Haq
Fa
H Tafel
:___..--i 2Had —* HQ
&
= or
T M
5«/.'_' Heyrowsky
- H“ Hqtﬂq}+Had_’H?

Ly

Figure 1.2 Mechanisms of hydrogen evolution reaction on an electrode.



1.3 yYx==n} (Nano-catalyst)

A718e  HAo)A  FA(Hydrogen evolution reaction, HER) 2

i

o

2H 2~ (Hydrogen evolution reaction: OER) A #A & oS3 22 3}3h vk-g

A Faet AT FAl BASHA

HER: 4H*(aq) + 4e~ — 2H,(g) E2,o4e = 0.00V (Reduction) (1D
OER: 2H,0(1) - 0,(g) + 4H*(aq) + 4~ EX 1,04 = 1.23 V (Oxidation) (2)
Overall: 2H,0(1) - 0,(g) + 2H,(g) ESeran = 1.23V 3

ol Aol Ui AAY olEAom B A7EAE FaN Fad az

HFAIA 7] 7] el HoR dts AYge 1.23 Volth g A4 2 AV|EaS

i}

A A7Fek= A2 o] 23k By =2 34 (Overpotential, n)o] E°7}HA
Hroh o] AU S5 FFell EAekE ARk s oA A 8o
Ag 2 S AFgy Fe dF o8 AFE SHsed o2 gt mehA

AA = AV e AE A (Eep)2 obElel A2 el e 4 9l

Eop =123V+ Nanode T Ncathode T Nother (4)



?_]_'

o]of7]

A

Figure 1.3

2 Yehd Volcano

3L

%= (Exchange current density)ol] w&} 13

ol

X

all

i

gl

. wea &

-

ol
o 1o

Joju}A

3]

3

A7) 5

o
==

(Platinum, Pt)o]

—_L
o3

=41

=
i
)

b
M
mE
vl
e
E

™

0
o
,_Ir,_./l
N

o]

Pwk wEe %

S

A2 ARE-E AL AT

]__‘:;.}_
T =

A5

A

=
ArE

¢+

K
Ho

il

=g Ao

2 e

hyA

of we Hagt a9

(Rh)e] =2 FAEE 7ML

Tl

l
=

o] 2] (Ir)

Els

2Tk wekAl o]

ol &0l offel el

Hol= A

=
=

-(:5}

29

7hEol

2% Zuje

=

dsk= 1l

Z

o

0
=5 =

i3

AL

ARE A3

=]
RN

S3=[3.4],

5

=48

Kol
=

Ao #elz42l Co, Ni, Cu, Fe, Mo &

golth. o

Al
=2

=
=

gl

=
=

Fee] v

dstE (5], ©3kE(6], F3h=(7],

A Ao v

A7t 2s

s

3

?};‘:}-



- T
3
At
N Pt
\} 3F o Re® 1
o Rh
c
‘9 Ay
3 *
o P 1
e &
o~ Fe
=
S i
- 7k 4
s ]
5 Sn B Mo
= L) 2.
F] Za Ti
(%] Ga® o ®
N @
o Pb Ta
E'Q i T /. « |
g o .0
-
g /
30 50 70 80

M-H Bond Strength/ kcal mol™
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Figure 1.5 Characteristics of electrochemical performances of cobalt boride nanoparticles as

nano-catalysts for water electrolysis[17].
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Figure 1.6 Overpotential at the 10 mA/cm? benchmark as a function of time for different

families of HER catalysts[15].
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Figure 1.10 Illustration of various thermal plasma torches according to electrode type[30].
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Figure 1.11 Photograph of triple DC thermal plasma system.
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Figure 2.1 Schematic diagram for the synthetic process by triple DC thermal plasma jet system.
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Table. 2.1 Experimental conditions for the synthesis of cobalt boride nanoparticles

Exp. No. 1 2 3 4
Composition 1:3 molar ratio (Co:B, mixed powder)
Starting . .
material Feeding rate 0.5 g/min
Flow rate of carrier gas 5 L/min Ar
Flow rate of 14 L/min Ar 14 L/min Ar 111 11'/{1/1;11? 8 L/min Ar
plasma forming gas 14 L/min N, 14 L/min H2 m 8 L/min H2
Plasma
discharge Input power 28 kW 27 kW 24 kW 21 kW
Reactor pressure 101.3 kPa
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Figure 2.2 FE-SEM images of starting materials before mixing; (a) cobalt and (b) boron

powders.
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Intensity (a.u.)

Figure 2.3 XRD graphs of synthesized powder in Exp.1 according to the collected position;

(a) R-1 (lower graph) and R-6 (upper graph), (b) the enlarged graph between 20°

and 30° in R-1, and (c) the enlarged graph between 45° and 46° in R-1.
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Figure 2.5 FE-TEM images and SAED patterns of the synthesized powder according to the

collected position in Exp.1; (a,b,c) R-1 and (d,e,f) R-6.
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Figure 2.6 Particles size distribution of synthesized h-BN nanocages collected at R-1 and R-

6 in Exp.1.
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2.4 A (101)

Figure 2.7 FE-TEM images and SAED patterns of synthesized powder at R-1 in (a,b) Exp.2,

(c,d) Exp.3, and (e,f) Exp.4.
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Figure 2.8 Particle size distribution of synthesized cobalt boride nanoparticles at R-1 in Exp.2,

3, and 4.
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Figure 2.9 Thermodynamic equilibrium calculation for the chemical reaction of cobalt boride

and boron nitride: (a) Gibbs free energy in Ar-N; plasma, (b) Gibbs free energy in

Ar-H; plasma, (c) equilibrium composition in Ar-N; plasma (N2:B:Co = 6:1:3).
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Figure 2.10 Illustration for the synthetic processes of cobalt boride nanoparticles and h-BN
nanocage encapsulation according to the plasma gas; Ar-N, (upper figure) and

Ar-H; (lower figure) plasma forming gases.
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Figure 3.1 Schematic diagram of triple DC thermal plasma jet system for the synthesis of

cobalt phosphide nanoparticles.
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Table 3.1 Experimental conditions for the synthesis of cobalt phosphide nanoparticles.

Exp. No. 1 2 3 4
Composition ) o i o i o ) 0
(Co:P, mixed powder) I:1mol% 2:1mol% 3:1mol% 1:2mol%
Starti
m:t efilagi Feeding rate 1 g/min
Flow rate of carrier gas 5 L/min Ar
Flow ratei of 10 L/min Ar and 7 L/min N;
plasma forming gas
Plasma
discharge Input power 18 kW
Reactor pressure 101.3 kPa
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Figure 3.2 FE-SEM images of starting materials before mixing; (a) cobalt and (b) phosphorus

powders.

50



N
o ) o T g A ,
T E g P T s B N % g0
W W boS oo S F 4 ® % % b
W B % ® T - X L T iy Lo
ﬂ_jm == ﬁ EO OT 07 X WAI J Q HM B ‘ﬂﬂ
i N o F T b~ ) S ML @) N 0 0 = o
o~ g N i wf o | X o ﬂ% 0 ol o 1Y 0 e
< - T 7 &M_ ol £ = o 0| TR ofF
g " oo = S oW n oS & B o4 0%
o o B S Mo P g o om HC NN
oA g R X how T T T oo "
= _ 0
WO C m 0% m 4 el pnr% T e X E
©» S g = s 2 58 T 4 0w B o
e F = W & X 2 o M d
R 5 LRS- NS dp R N|
5o ® 03 RN T S g W~
oy el Il ; 7o) : ) © ol o) K 0
o T oI N T © 2 o wm & i~ Ko =
A S Gl A ) X0 S o | o i o o<
wilga@ya@mw@; s X
T HE i FEog ok S b T ¢ T @ L -
A T 5 o@m ¥ K P o 5 2P G
- o = 1| M ol 02, 63 Mt M g o, ﬂ, w N ath
— ~ F = N - %0
- N g 3L n F E B 4w
X ooz N ¥ @ 8 E 2 % g % o
T4 b X ¥ o~ g ] S 5 oz
‘w ‘m_vl ,;IO..ﬂ EO 0" ,IXF ot O n, o ~ ﬁl _.L
7o WS W po-on N b = F )
ulr o E " Nd m1 ap) ™ @) o N o o N
= T oo W T = R 3
G oy @ 7N x M S R S ay
iy B 2 4 S & o X o & o B W9
s M ~ S & m B ® N D =l °
A o e N T T o GRS Moy
- L s o W R AR S TR "
N & oy, M W E 9 A w TS R
o = H R oy oo w > W T
—_—
Y s s e 83 4 I3 woR 2N o
) il 1J To i

51



o e
Hm CoP ® Co,P

] Mole ratio
(Co:P)
Exp.4 1:2

Intensity (a.u.)

PR ST YT T W [N Y SN WO U Y W WO T U N RN U N N [ Y ST N NN N U N W

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

Figure 3.3 XRD graphs of synthesized powders collected at R-1 in Exp. 1,2, 3, and 4.

52



=] Wstol] ue}

S}k
H

=

Co¢t P9

T
1

Figure 3.4

m o) oy W W T T
< ~ BT 0N = C oo
1 ~ N N J il o =
o Ma wm_ o oy BT N ﬂﬂrM W w_/r wﬁ__ ow mM L
B R T V- R o 5§ X Y
- W SR T G O s A
el = : o) = o = ~ N . = = -~
I R BN ) W W T T ° ¥ OX
~ TI - Ea ) S.L ET zt H_T._ ,_L.E ,.ao ‘UF _*OT ‘mﬂ 7U ﬂ mmE
of X oM W R owm S 9 B w5 B e
xr B OT — o =) ﬂ,ﬂ o ! EE i
X T Mo oo BT N o5 = Iy io-
= T A T R A X B
o - T EM T K uﬁ_ B % . o %o E) n_o_u o H Y
o 2 X on I SN - o olo
m 0o 2 B o W it o' o T B ° % T
N g S 4 P % ¥z o I EN R
E o M o5 g o~ o Sowo o oy oW wow
wooa T a Bz oz i)l < PR X B o4 W B9
= ¥ d S L T s -
o . o o® X 9 d How W o 9 W N T )
g Noos T R o’ = w T =R N
o R o o NoO®E = = HY
2o o oo o o W o 2 ° _
=} s o ,.:L 0 X . —_ O#E ,_wal —_ i Et i o
m e oy o= W B W T X ° R = TS
a3 2o - N o oF R’ SN ST
R N R B nc G (. T o = B !
o ] L NYTR R TR o T o o e
< s B m W N ~ oo oM T oz
o F = o — T G0 wo T g SO
R T X X . | _ —~ —_ A ol NJ ol
. ;Lma (nm . dl C..ﬂ ‘W ﬂ ,Ul -— ‘mﬂ_ 0 V OL _ ) ‘mﬁ 1o E._O A#H
T £ S g o B o~ o o5 X ° H#H = o 9 W o u
= 2 8 o om R o5 4 o4 =2 BT om P P
Qu © ox = ma o o~ oR ‘_I. Ea ‘ﬂl _ 73 HW _ ™ < h 1
B 5 X gowm o§ g ¢ & xS ¥ ok o x T oo 7 X
o 2R W I i D =
5§ = T o P - N LT S R
.HL . " o O‘.u S —_ 0 HL —_ N
iy 7o) ~ = . o B0 o o ) sl 5 0 o | o
LE iy o ﬂwH —_ ‘Dl ~ T . o 6a) N
ol o5 ok £ <O o = o e ,ﬂl ny v el £l & (riy
il S i -~ o oy I S TS ﬂr i o a . B0
o3 MoOT o om @ o® S om R og I B
X B o5 3 T A HOm it moow o ’
RIS, TN oo M Lo Ry W W R X w mm
s w oo 2T oM, JF L T - -y
B OF W B e BB RO - S A T SO oo )
O T S R NP P AR Mo
N N ot TR = ™

53



EEIEES

'?‘jl-

= gee Ry

s

o
o
o
o
™

54



200 nm

200 nm 200 nm
|

200 nm ; 200 nm
| E-—1

Figure 3.4 FE-SEM images of synthesized cobalt phosphide nanoparticles according to the
collected position in R-1 and R-3; (a, b) Exp.1, (c, d) Exp.2, (e, f) Exp.3, and (g, h)

Exp.4.
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Figure 3.5 FE-TEM analysis of synthesized cobalt phosphide nanoparticles from R-1 on Exp.1;

(a) FE-TEM, (b) SAED, and (c~g) EDS elemental maps.
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Figure 3.6 FE-TEM analysis of synthesized cobalt phosphide nanoparticles from R-3 on Exp.1;

(a) FE-TEM, (b) SAED, and (c~g) EDS elemental maps.
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Figure 3.7 FE-TEM images and SAED patterns of synthesized cobalt phosphide nanoparticles

from Exp.2; (a,b) R-1 and (c,d) R-3.
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Figure 3.8 FE-TEM images and SAED patterns of synthesized cobalt phosphide nanoparticles

from Exp.3; (a,b) R-1 and (c,d) R-3.
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Figure 3.9 FE-TEM images and SAED patterns of synthesized cobalt phosphide nanoparticles

from Exp.4; (a,b) R-1 and (c,d) R-3.
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Figure 4.1 Schematic diagram of triple DC thermal plasma jet system for the synthesis of

metal-CNT nanocomposites.
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Table 4.1 Experimental conditions for the synthesis of Ni-CNT nanocomposites.

Exp. No. 1 2 3
Composition
(Ni:CNT, mixed 2:1 molar ratio
powder)
Starting Feeding rate Ni 0.6 g/min, CNT 0.062 g/min
material Flow rate of carrier gas
(for Ni) 5 L/min Ar
Flow rate of counter gas . . .
(for CNT) 10 L/min Ar 27 L/min Ar 50 L/min Ar
Flow rate.: of 4 L/min Ar and 8 L/min N,
plasma forming gas
Plasma
discharge Input power 21 kW
Reactor pressure 101.3 kPa

Table 4.2 Experimental conditions for the synthesis of Cu-CNT nanocomposites.

Exp. No. 1 2 3
Composition
(Cu:CNT, mixed 2:1 molar ratio
powder)
Starting Feeding rate Cu 0.61 g/min, CNT 0.057 g/min
material Flow rate of carrier gas
& 5 L/min Ar
(Cw)
Flow rate of counter g3 141 i Ar 27 L/minAr 50 L/min Ar
(CNT)
Flow rate': of 4 L/min Ar and 8 L/min N»
plasma forming gas
Plasma
discharge Input power 21 kW
Reactor pressure 101.3 kPa
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Figure 4.2 FE-SEM images of starting materials before mixing; (a) nickel, (b) cupper, and (c)

CNT.
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Figure 4.3 Schematic illustration of simulation domain and the grid system for DC torch

region.

Table 4.3 Experimental conditions for the numerical simulation.

Experiment Numerical simulation
Flow rate of g;e;sma forming 4 L/min Ar and 8 L/min N,
Reactor pressure 101.3 kPa
Flow rate of counter gas ()10 L/min Ar  (2)27 L/min Ar (3)50 L/min Ar
Current 100 A
Input power 21 kW 20 kW
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Figure 4.4 Temperature (a) and velocity (b) distribution inside DC torch region.
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Figure 4.9 FE-SEM image of synthesized Ni-CNT nanocomposites in R-1: (a,b) Exp.1, (c,d)

Exp.2, and (e,f) Exp.3.
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Figure 4.10 FE-TEM images of synthesized Ni-CNT nanocomposites from R-1 of Exp.2: (a)

HR-TEM image, (b) SAED patterns, and (c~f) EDS mapping images.
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Figure 4.13 FE-SEM image of synthesized Cu-CNT nanocomposites in R-1: (a,b) Exp.1, (c,d)

Exp.2, and (e,f) Exp.3.
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Figure 4.14 FE-TEM images of synthesized Cu-CNT nanocomposites from R-1 of Exp.2:

(a) HR-TEM image, (b) SAED patterns, and (c~f) EDS mapping images.
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Figure 4.17 Illustration for the synthetic processes of metal-CNT nanocomposites on triple DC

thermal plasma jet system.
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Figure 5.1 Picture of potentiostat equipment measuring the electrochemical performance of

synthesized nano-catalysts from the thermal plasma process.

Catalyst powders 20 mg

|

Propanol 300 pL

}

Deionized water 700 pL

|

10 ulL Nafion (5 wt%)

!

4 puL pipetted on GC (1.2 mg/cm?)

e

]

WE

Figure 5.2 Catalyst ink recipe using the synthesized nano-catalysts from the thermal plasma
process.
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Table 5.1 Exchange current density for synthesized nano-catalysts and metals.

Material -logioio(A/cm?)
Pt 2.0
Rh 4.0
Cobalt boride 45
Nanoparticles '
Ni-CNT
. 5.6
nanocomposite
Co,P 5.9
Cu-CNT 6.0
Fe, Au, Mo 6.0
Ni, Ag, Cu 7.0
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Table 5.2 Comparison of the OER and HER activity at similar electrolyte for various catalysts

from literature.

Material Synthesis method  Electrolyte  Tafel slope (mV/dec.) Ref.
Cobalt boride OER : 49 .
NP Thermal plasma IM KOH HER : 92 This work
Cobalt )
phosphide Thermal plasma IM KOH OER : >17 This work
NP HER : 66.7
Ni-CNT OER : 62.4 .
nanocomposite Thermal plasma 1M KOH HER - 48 8 This work
Cu-CNT OER : 66.5 .
nanocomposite Thermal plasma IM KOH HER - 98.2 This work
Chemical 0.1M KOH OER : 45
C0:B-500 reduction IM KOH HER : 136.2 1]
. Chemical OER : 77
Co-Ni NP/NS reduction IMKOH HER : 127 (48]
3DNNCNTAs ~ Chemical IM KOH OER : 65 [49]
reduction
Amorphous .
transition Chemical M KOH OER : 84 [50]
. reduction
metal boride
Electroless OER : 80
CoB/NF plating 1M KOH HER - 96 [14]
B-Mo:C NP Chemical IM KOH HER : 60
reduction
B-Mo,C NR Chemical IM KOH HER : 66.2 [51]
reduction
B-Mo:C NB Chemical IM KOH HER : 49.7
reduction
CoFe,Os-Li Chemical )
NP reduction 1M KOH OER : 42.1 [52]

NP; nanoparticles, NS: nanosheets, NR: nanorodes, NB: nanobelts 3D NNCNTAs: three-
dimensional Ni@[Ni?*3"Co,(OH)s.7]x nanotube arrays, NF: nickel foam
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