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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-N2 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-H2 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/cm2 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. 



IX 

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-N2 gas as the 

plasma-forming gas. When the Co:B molar ratio was 1:1, CoP and Co2P 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 Co2P 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 Co2P. 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/cm2 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/cm2 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/cm2. The HER showed a higher efficient Tafel slope (48.8 mV/dec) than 

cobalt boride and cobalt phosphide. 



 

 
 



 
 



 
 

Table 1.1 Classification of hydrogen color with hydrogen production methods.



 
 



 
 



 
 

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

electrolysis, (c) HT electrolysis.  



 
 

Figure 1.2 Mechanisms of hydrogen evolution reaction on an electrode. 



 
 



 
 



 
 

Figure 1.3 Exchange current density for the hydrogen evolution reaction on the strength of the 

metal-hydrogen bond formed in the electrode reaction[9].

Figure 1.4 Exchange current density for the oxygen evolution reaction on the strength of the 

metal-oxygen bond formed in the electrode reaction[10].



 
 



 
 

Figure 1.5 Characteristics of electrochemical performances of cobalt boride nanoparticles as 

nano-catalysts for water electrolysis[17]. 

Figure 1.6 Overpotential at the 10 mA/cm2 benchmark as a function of time for different 

families of HER catalysts[15].



 
 

Figure 1.7 Strategies for the development of efficient multimetal catalyst for the OER[18].

 

  



 
 

 

 

 

 

(a) 

(b) 

Figure 1.8 Synthesis of nanocomposites as nano-catalyst for water electrolysis: (a) Nanocarbon 

supported tungsten carbide nano-catalysts[19], (b) Multicomponent nano-catalysts 

with ultralow Pt loading[20].   



 
 



 
 

Figure 1.9 Schematic of the synthesis process for nanoparticles on thermal plasma flame. 



 
 



 
 



 
 

Figure 1.10 Illustration of various thermal plasma torches according to electrode type[30]. 



 
 

 

 

 

 

 

 

 

 

Figure 1.11 Photograph of triple DC thermal plasma system.



 
 



 
 



 
 

 



 
 

Figure 2.1 Schematic diagram for the synthetic process by triple DC thermal plasma jet system. 



 
 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

Table. 2.1 Experimental conditions for the synthesis of cobalt boride nanoparticles  

Exp. No. 1 2 3 4 

Starting 
material 

Composition 1:3 molar ratio (Co:B, mixed powder) 

Feeding rate 0.5 g/min 

Flow rate of carrier gas 5 L/min Ar 

Plasma 
discharge 

Flow rate of  
plasma forming gas 

14 L/min Ar  
14 L/min N2 

14 L/min Ar 
14 L/min H2 

11 L/min Ar 
11 L/min 

H2 

8 L/min Ar  
8 L/min H2 

Input power 28 kW 27 kW 24 kW 21 kW 

Reactor pressure 101.3 kPa 



 
 

Figure 2.2 FE-SEM images of starting materials before mixing; (a) cobalt and (b) boron 

powders. 



 
 



 
 



 
 

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. 



 
 



 
 

Figure 2.4 XRD graphs of synthesized powders collected at R-1 in Exp. 2,3, and 4. 



 
 



 
 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

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. 



 
 

 



 
 

Figure 2.6 Particles size distribution of synthesized h-BN nanocages collected at R-1 and R-

6 in Exp.1. 



 
 



 
 



 
 

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.   



 
 

Figure 2.8 Particle size distribution of synthesized cobalt boride nanoparticles at R-1 in Exp.2, 

3, and 4. 



 
 



 
 

Figure 2.9 Thermodynamic equilibrium calculation for the chemical reaction of cobalt boride 

and boron nitride: (a) Gibbs free energy in Ar-N2 plasma, (b) Gibbs free energy in 

Ar-H2 plasma, (c) equilibrium composition in Ar-N2 plasma (N2:B:Co = 6:1:3). 

 



 
 

 

 

 

 

Figure 2.10 Illustration for the synthetic processes of cobalt boride nanoparticles and h-BN 

nanocage encapsulation according to the plasma gas; Ar-N2 (upper figure) and 

Ar-H2 (lower figure) plasma forming gases. 



 
 

      

 

 

     

 

  



 
 

 

   



 
 

Figure 3.1 Schematic diagram of triple DC thermal plasma jet system for the synthesis of 

cobalt phosphide nanoparticles. 

 

 

 

 

 

 



 
 

 

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

 

Exp. No. 1 2 3 4 

Starting 
material 

Composition 
(Co:P, mixed powder) 1:1 mol% 2:1 mol% 3:1 mol% 1:2 mol% 

Feeding rate 1 g/min 

Flow rate of carrier gas 5 L/min Ar 

Plasma 
discharge 

Flow rate of  
plasma forming gas 10 L/min Ar and 7 L/min N2 

Input power 18 kW 

Reactor pressure 101.3 kPa 



 
 

Figure 3.2 FE-SEM images of starting materials before mixing; (a) cobalt and (b) phosphorus 

powders. 



 
 

    

 

 

 

 



 
 

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

 



 
 



 
 



 
 

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. 



 
 

 

  

 

 



 
 

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. 



 
 



 
 

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. 



 
 



 
 

   

 



 
 

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. 



 
 

 

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. 



 
 

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. 



 
 

       

 

 

 



 
 

Figure 3.10 Thermodynamic equilibrium calculation composition for cobalt and phosphorus 

mixed in different Co:P molar ratio: (a) 1:1, (b) 2:1, (c) 3:1, and (d) 1:2. 



 
 

Figure 3.11 Thermodynamic equilibrium calculation for Gibbs free energy of cobalt 

phosphide.  



 
 

Figure 3.12 Illustration for the synthetic processes of cobalt phosphide nanoparticles 

according to the mixed molar ratio of starting material.
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Figure 4.1 Schematic diagram of triple DC thermal plasma jet system for the synthesis of 

metal-CNT nanocomposites. 



 
 

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

 

 

 

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

 

Exp. No. 1 2 3 

Starting 
material 

Composition 
(Ni:CNT, mixed 

powder) 
2:1 molar ratio 

Feeding rate Ni 0.6 g/min, CNT 0.062 g/min 

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 

Plasma 
discharge 

Flow rate of  
plasma forming gas 4 L/min Ar and 8 L/min N2 

Input power 21 kW 

Reactor pressure 101.3 kPa 

Exp. No. 1 2 3 

Starting 
material 

Composition 
(Cu:CNT, mixed 

powder) 
2:1  molar ratio 

Feeding rate Cu 0.61 g/min, CNT 0.057 g/min 

Flow rate of carrier gas 
(Cu) 5 L/min Ar 

Flow rate of counter gas 
(CNT) 10 L/min Ar 27 L/min Ar 50 L/min Ar 

Plasma 
discharge 

Flow rate of  
plasma forming gas 4 L/min Ar and 8 L/min N2 

Input power 21 kW 

Reactor pressure 101.3 kPa 



 
 

Figure 4.2 FE-SEM images of starting materials before mixing; (a) nickel, (b) cupper, and (c) 

CNT. 

 



 
 

     

 

 



 
 



 
 

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 plasma forming 

gas 4 L/min Ar and 8 L/min N2 

Reactor pressure 101.3 kPa 

Flow rate of counter gas (1) 10 L/min Ar (2) 27 L/min Ar (3) 50 L/min Ar 

Current 100 A 

Input power 21 kW 20 kW 



 
 

Figure 4.4 Temperature (a) and velocity (b) distribution inside DC torch region. 



 
 

Figure 4.5 Profiles of (a) temperature and (b) velocity at the torch exit.
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Figure 4.6 Schematic of the simulation domain and grid for triple DC thermal plasma jet 

system with counter injector.

 

 

 

 



 
 

 

 

 

 



 
 

Figure 4.7 XRD graphs of synthesized powder collected from R-1 according with flow rate 

of counter gas.

Figure 4.8 XRD graphs of synthesized powder in R-1, R-2, and R-3 on 27 L/min of counter 

gas.



 
 



 
 



 
 

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. 



 
 

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 4.11 XRD graphs of synthesized powder collected from R-1 according with flow rate 

of counter gas.

Figure 4.12 XRD graphs of synthesized powder in R-1, R-2, and R-3 on 27 L/min of counter 

gas.



 
 

 



 
 



 
 

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.



 
 

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.



 
 

 

   



 
 



 
 

 

Figure 4.15 Characteristics of thermal fluid simulated inside reactor with counter flow: (a) 

temperature contour of Exp.1 (10 L/min) with full-scale, (b~d) Temperature 

contour with streamline distribution according to Exp.1 (10 L/min), Exp.2 (27 

L/min), and Exp.3 (50 L/min), respectively.   



 
 

 

Figure 4.16 (a) Temperature contours cut off by Ni nucleation (3,000 K) and Cu solidification 

(1,400 K) for 27 L/min of counter gas. (b,c) Axial temperature profiles with all 

of conditions; shade area shows the particle growth region for Ni and Cu 

according to counter flow of 10 L/min (black), 27 L/min (red), and 50 L/min 

(blue), respectively. 

  



 
 

 

 

 



 
 

Figure 4.17 Illustration for the synthetic processes of metal-CNT nanocomposites on triple DC 

thermal plasma jet system. 



 
 

     

 

 

      

             



 
 



 
 

Figure 5.1 Picture of potentiostat equipment measuring the electrochemical performance of 

synthesized nano-catalysts from the thermal plasma process.  

Figure 5.2 Catalyst ink recipe using the synthesized nano-catalysts from the thermal plasma 

process.  



 
 

 



 
 



 
 

Figure 5.3 (a) LSV graphs of OER for Exp. 1, Exp. 2, Exp.3, and glassy carbon in 1M 

KOH solution at scan rate and rotation rate of 10 mV/s and 1600 rpm, 

respectively. (b) Overpotential of the samples at a current density of 10 and 

20 mA/cm2, (c) Tafel slope. 



 
 

Figure 5.4 Cyclic voltammetry (CV) measurements for OER of products: (a) Exp. 1 

and (b) Exp. 3. (c) Scan rate dependence of the current density at 1.27 V 

vs. RHE. (d) chronopotentiometric stability curves of products from Exp. 

3 at 10 mA/cm2. 



 
 



 
 

Figure 5.5 (a) LSV graphs of HER for Exp. 1, Exp. 2, and Exp.3 in 1M KOH solution 

at scan rate and rotation rate of 10 mV/s. (b) Overpotential of the samples at a current 

density of 10 and 20 mA/cm2, (c) Tafel slope. (d) CV graph for HER of products from 

Exp. 3. (e) Scan rate dependence of the current density. (f) Chronopotentiometric 

stability curves of products from Exp. 3 at -10 mA/cm2. 



 
 



 
 

Figure 5.6 (a) LSV graphs of OER for Co2P and CoP in 1M KOH solution at scan rate 

and rotation rate of 10 mV/s and 1600 rpm, respectively. (b) Overpotential 

of the samples at a current density of 10 and 20 mA/cm2, (c) Tafel slope. 



 
 



 
 

Figure 5.7 Cyclic voltammetry (CV) measurements for OER of products: (a) Co2P and 

(b) CoP. (c) Scan rate dependence of the current density. 



 
 



 
 

Figure 5.8 (a) LSV graphs of HER for Co2P and CoP in 1M KOH solution at scan rate 

and rotation rate of 10 mV/s and 1600 rpm, respectively. (b) Overpotential 

of the samples at a current density of 10 and 20 mA/cm2, (c) Tafel slope. 



 
 

Figure 5.9 Cyclic voltammetry (CV) measurements for HER of products: (a) Co2P and 

(b) CoP. (c) Scan rate dependence of the current density.



 
 



 
 



 
 

Figure 5.10 (a) LSV graphs of OER for Cu- and Ni-CNT in 1M KOH solution at scan 

rate and rotation rate of 10 mV/s and 1600 rpm, respectively. (b) 

Overpotential of the samples at a current density of 10 and 20 mA/cm2, (c) 

Tafel slope. 



 
 

Figure 5.11 Cyclic voltammetry (CV) measurements for OER of products: (a) Cu-CNT 

and (b) Ni-CNT. (c) Scan rate dependence of the current density.



 
 



 
 

Figure 5.12 (a) LSV graphs of HER for Cu- and Ni-CNT in 1M KOH solution at scan 

rate and rotation rate of 10 mV/s and 1600 rpm, respectively. (b) 

Overpotential of the samples at a current density of 10 and 20 mA/cm2, (c) 

Tafel slope. 



 
 

Figure 5.13 Cyclic voltammetry (CV) measurements for HER of products: (a) Cu-CNT 

and (b) Ni-CNT. (c) Scan rate dependence of the current density.



 
 



 
 



 
 

Figure 5.14 (a) LSV graphs of OER for nano-catalysts synthesized by thermal plasma 

(b) Overpotential of the samples at a current density of 10 mA/cm2. 



 
 

Figure 5.15 (a) LSV graphs of HER for nano-catalysts synthesized by thermal plasma 

(b) Overpotential of the samples at a current density of 10 mA/cm2.



 
 

Table 5.1 Exchange current density for synthesized nano-catalysts and metals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material -log10i0(A/cm2) 

Pt 2.0 

Rh 4.0 

Cobalt boride 
Nanoparticles 4.5 

Ni-CNT 
nanocomposite 5.6 

Co2P 5.9 

Cu-CNT 6.0 

Fe, Au, Mo 6.0 

Ni, Ag, Cu 7.0 



 
 

Table 5.2 Comparison of the OER and HER activity at similar electrolyte for various catalysts 

from literature. 

NP; nanoparticles, NS: nanosheets, NR: nanorodes, NB: nanobelts 3D NNCNTAs: three-
dimensional Ni@[Ni(2+/3+)Co2(OH)6-7]x nanotube arrays, NF: nickel foam 

Material Synthesis method Electrolyte Tafel slope (mV/dec.) Ref. 
Cobalt boride 

NP Thermal plasma 1M KOH OER : 49 
HER : 92 This work 

Cobalt 
phosphide 

NP 
Thermal plasma 1M KOH OER : 51.7 

HER : 66.7 This work 

Ni-CNT 
nanocomposite Thermal plasma 1M KOH OER : 62.4 

HER : 48.8 This work 

Cu-CNT 
nanocomposite Thermal plasma 1M KOH OER : 66.5 

HER : 98.2 This work 

Co2B-500 Chemical 
reduction 

0.1M KOH OER : 45 [11] 1M KOH HER : 136.2 

Co-Ni NP/NS Chemical 
reduction 1M KOH OER : 77 

HER : 127 [48] 

3D NNCNTAs Chemical 
reduction 1M KOH OER : 65 [49] 

Amorphous 
transition 

metal boride 

Chemical 
reduction 1M KOH OER : 84 [50] 

CoB/NF Electroless 
plating 1M KOH OER : 80 

HER : 96 [14] 

β-Mo2C NP Chemical 
reduction 1M KOH HER : 60 

[51] β-Mo2C NR Chemical 
reduction 1M KOH HER : 66.2 

β-Mo2C NB Chemical 
reduction 1M KOH HER : 49.7 

CoFe2O4-Li 
NP 

Chemical 
reduction 1M KOH OER : 42.1 [52] 
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