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Abstract 

 

Global energy demand and consumption of humankind have increased significantly over the 

industrial period and continue to increase steadily. A stable retention of energy resources has become 

a critical issue in terms of economic, industrial, technical, military and national competitiveness. 

Fossil fuels have been used extensively throughout the world owing to the miniaturization of 

combustion energy converters together with their high technological maturity. Accordingly, 

atmospheric carbon dioxide (CO2) has increased from 278 to 412 parts per million (ppm) over a 

century and has critically impacted on environmental issues and climate changes. Human beings are 

now faced irreversible energy requirements and environmental issues, and thus finding new energy 

sources and energy conversion devices for clean and efficient energy storage and generation is 

becoming an important challenge.  

Metal-air batteries have been regarded as prime alternatives for energy storage and conversion 

devices from their far higher specific energy than that of lithium-ion batteries. However, many 

complications related to metal anodes (e.g., self-corrosion, rechargeability, etc.), electrolytes (e.g., 

solution resistance, short-circuit, sluggish ion transfer of separators, etc.), and catalysts (e.g., activities, 

asymmetrical redox trends, corrosions, durability, high-cost, etc.) should be addressed for the 

development and implementation of metal-air batteries. 

Hydrogen (H2), a clean energy source, is widely viewed as a promising alternative energy 

source to finite fossil fuels, but it has been pointed out that H2 is mainly produced by a hydrocarbon 

thermolysis (e.g., steam methane reforming) releasing a significant amount of CO2. Alkaline water 

electrolysis has been known as the green H2 production technology from its nature of no CO2 

emissions. However, its energy-intensive electrolysis processes require the development of efficient 

hydrogen and oxygen evolution catalysts. 

To reduce carbon footprint, considerable research has been focused on a carbon capture, 

utilization and storage/sequestration (CCUS) technology to recycle CO2 as a resource to produce high 

value-added carbon compounds, such as methanol, organic materials, and plastics. So far, however, 

the economic feasibility of the existing conversion technologies is still inadequate due to sluggish 

CO2 conversion. Thus, the development of efficient CO2 utilizing electrochemical cells and active 

electrocatalysts is required.    

This dissertation focuses on the studies of electrocatalysts for oxygen electrochemistry, 

hydrogen evolution, and carbon dioxide conversion applicable to metal-air batteries, alkaline water 

electrolysis, and metal-CO2 cells. This dissertation discovers the active electrocatalysts and the 

promising electrochemical cells with the detailed discussions organized by material characterizations, 
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electrochemical analyses, mechanism analyses, thermodynamic studies, computational studies, and 

efficiency calculations.    

 This dissertation starts with brief backgrounds of electrocatalysis, metal-air batteries, alkaline 

water electrolysis, and CO2 conversion technology in Chapter 1. And the detailed experimental 

techniques for electrochemical analyses for half-cell and full-cell configurations will be covered in 

Chapter 2. The rest of chapters will cover the studies of electrocatalysts for oxygen electrochemistry, 

hydrogen evolution, and carbon dioxide conversion and their applications. The chapters are 

categorized as follows: 

 Chapter 3 discovers new composite catalysts consisting of nanorod type perovskites and edge-

iodinated graphene nanoplatelets for efficient bifunctional catalysts toward oxygen reduction reaction 

and oxygen evolution reaction, with the application on hybrid Li-air batteries. 

Chapter 4 discovers new binder-free electrodes prepared by structuring polypyrrole-assisted 

cobalt oxide anchored carbon fiber for efficient bifunctional catalysts toward oxygen reduction 

reaction and oxygen evolution reaction, with the application on seawater batteries. 

Chapter 5 discovers new heterostructure electrocatalysts consisting of perovskite oxides and 

transition metal dichalcogenides for efficient overall water electrolysis. During overall water splitting 

operation, the catalysts performed excellent performance and durable stability for a long-term. 

Chapter 6 discovers new hybrid Na-CO2 electrochemical cells that producing electric energy 

and hydrogen by efficiently consuming CO2 from the nature of spontaneous CO2 dissolution in an 

aqueous solution with a long-term stable operation. 

Chapter 7 discovers new aqueous Zn/Al-CO2 electrochemical cells that utilize CO2 as a useful 

resource to produce electricity and hydrogen gas using Zn and Al metals, which are abundant, low-

cost, and environmentally friendly. The proposed systems presented the best performance among 

metal-CO2 systems reported so far.  
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nducted with three-electrode configuration by using Ag/AgCl reference electrode. b, Polarizatio

n I–V profiles of various catalysts measured in deaerated 1 M KOH. c, Chronopotentiometric 

stability profiles measured at 100 mA cm–2 for 1,000 h. d, Comparison of the overall water e

lectrolysis stability of various catalysts reported in the literature. 

Figure 5.25 Comparison of overall water electrolysis with reported bare Ni foam couple and 

LSC&MoSe2 couple. Linear sweep voltammetry curves of the overall water splitting measured using 

the LSC&MoSe2 catalyst loaded Ni foam electrode and the bare Ni foam electrode, compared with the 

bare Ni foam performance results reported in the literature. 

Figure 5.26 Overall water splitting performance measured by Pt/C || IrO2 and LSC&MoSe2 || 

LSC&MoSe2. Figure 5.24b was replotted with a logarithmic scale of current density to evaluate the 

onset potentials of electrolysis at a current density of 1 mA cm-2. 

Figure 5.27 SEM images of the electro-sprayed pristine LSC&MoSe2 electrode and LSC&MoSe2 

electrode. After 1,000 h of overall water splitting test, LSC&MoSe2 electrode shows negligible 

electrode damage. 

Figure 5.28 X-ray photoelectron spectroscopy studies. Co 2p and O 1s XPS spectra of LSC&MoSe2 

after chronopotentiometric stability test measured at 100 mA cm–2 for 1,000 h. 

Figure 6.1 Schematic illustration of hybrid Na-CO2 system and its reaction mechanism. 

Figure 6.2 Mole fractions of the three different carbonate forms, i.e., carbonic acid ion, bicarbonate 

ion, and carbonate ion, as a function of pH of dissolved solution (Note: carbonic acid ion here 

includes ionic carbon dioxide). 

Figure 6.3 a, Cathodic CV profiles measured in O2, N2, and CO2-saturated 0.1 M NaOH at 10 mV s-1, 

where Pt as a working and counter electrode and Ag/AgCl electrode as a reference electrode. A 

reference potential is described with Ag/AgCl instead of RHE for the clarification of potential 

difference in relationship between purging gases and pH. b, Tafel analysis of the cathodic profiles. c, 

Cathodic CV profiles measured in O2 and CO2 saturated seawater. d, Corresponding Tafel plots. e, 

Schematics diagram of hydrogen evolution potential related to pH. RHE calibration profile 

corresponding to hydrogen evolution potential measured in f, 0.1 M NaOH g, CO2 saturated 0.1 M 
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NaOH. h, seawater and i, CO2 saturated seawater. 

Figure 6.4 a, The chronopotentiometric discharge profile of Pt/C+IrO2 catalyst at 200 mA g-1 in CO2-

saturated 0.1 M NaOH. The inset shows generating hydrogen gas during the cathodic reaction. b, 

Chronopotentiometric discharge profiles at various current densities under N2 and CO2 saturated 

conditions. c, Discharge profile of hybrid Na-CO2 system measured in CO2 saturated seawater. 

Surface observation of carbon felt cathode before and after test. d, Scanning Electron Microscopy 

(SEM) image of carbon felt before discharge e, after discharge in 0.1 M NaOH, f, after discharged in 

seawater. g, XRD profiles of carbon felt electrode before and after discharge in 0.1 M NaOH and 

seawater. 

Figure 6.5 Cathodic full-cell CV profiles measured by Pt/C+IrO2 catalyst at 0.1 mV s-1 in the hybrid 

Na-CO2 system conducted in three-electrode configuration using Ag/AgCl. CV profiles measured in 

O2, N2, or CO2 saturated a, 0.1 M NaOH. b, seawater. 

Figure 6.6 The pH of the CO2-saturated 0.1 M NaOH solution a, before test and b, after 1000 hours 

test. 

Figure 6.7 Gas chromatography (GC) profiles of generated gas during discharge process. The gas 

obtained during cathodic reaction proceeded in a, CO2-saturated 0.1 M NaOH. b, CO2-saturated 

seawater. 

Figure 6.8 XRD profile of the solidified aqueous solution via freeze-drying. The inset shows the 

obtained white powder. 

Figure 6.9 XRD profiles of the soluble product after discharge reaction obtained by various drying 

conditions. a, Dried at room temperature. Because nonmarine evaporites precipitate in different 

proportions of chemical elements from those found in the aqueous environments, three different 

minerals (nahcolite: NaHCO3, thermonatrite: Na2CO3·H2O, and trona: Na2CO3·NaHCO3·2H2O) are 

naturally obtained. b, Dried at 70 oC oven. Only Na2CO3 is formed when dried at high temperature. 

Figure 6.10 The experimental CO2 conversion efficiency. a, Theoretical CO2 conversion rate at 

current of 100 mA. b, The quantitative GC profiles of outlet CO2 gas during practical measurement 

condition for different inlet CO2 flow rate of 23.0 mL min-1. 

Figure 6.11 a, Anodic RDE profile of Pt/C+IrO2 catalyst measured in CO2-saturated 0.1 M NaOH and 

seawater at 10 mV s-1, where Pt as a counter electrode and Ag/AgCl electrode as a reference electrode. 

b, Discharge-charge profiles measured in three-electrode configuration using Ag/AgCl reference 

electrode at 100 mA g-1. c, Charge-discharge profiles at various current densities under CO2 saturated 

0.1 M NaOH and seawater. d, Cyclic charge-discharge performance measured in CO2-saturated 0.1 M 

NaOH and seawater at a current density of 200 mA g-1 for 700 hours. 

Figure 6.12 The GC profile of generated gas during the oxidation process. The data indicates a 

generation of O2 gas. 
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Figure 6.13 Raw data of gas chromatography profiles of evolved gas during charging process. This 

GC profile reveals the gas contains O2, CO2, N2. This raw data of GC intensity profiles is obtained and 

total gas, and each gas component profiles are indicated. The total gas is obtained in order of GCounts 

(1.25 × 109). For O2, it obtained in almost same intensity (1.25 × 109). For CO2, however, the intensity 

is obtained in 7.0 × 107, revealing the intensity is significantly smaller than that of O2 (~ 2 order 

difference). Because the measuring is conducted in CO2 purged aqueous electrolytes, the dissolved 

CO2 could be generated. In the case of N2, a bit more intensity is obtained in 3.0 × 108. Since N2 

cannot be produced in any electrochemical oxidation reactions, it is arisen from the inflow of air 

during measuring process. Therefore, the evolved gas during charging process is confirmed to be O2. 

Figure 7.1 Schematic illustration of aqueous Zn- or Al-CO2 systems and their reaction mechanism. 

Figure 7.2 Mole fractions of the three different carbonate forms, i.e., carbonic acid ion, bicarbonate 

ion, and carbonate ion, as a function of pH of dissolved solution (Note: carbonic acid ion here 

includes ionic carbon dioxide). 

Figure 7.3 Hydrogen evolution potential according to a pH of aqueous solution. Hydrogen evolution 

potential is closely correlated to the pH value and follows the equation, E (V vs. SHE) = 0.000 – 

0.0591 × pH and E (V vs. Ag/AgCl) = -0.197 – 0.0591 × pH. a, Schematics diagram of hydrogen 

evolution potential related to pH. RHE calibration profile corresponding to hydrogen evolution 

potential measured in b, 1 M KOH c, CO2-saturated 1 M KOH d, seawater and e, CO2-saturated 

seawater. 

Figure 7.4 Half-cell configured reduction profiles. A reference potential is described with Ag/AgCl 

instead of RHE for the clarification of potential difference in a relationship between purging gases and 

pH. a, Cathodic CV profiles measured in O2, N2, and CO2-saturated 1 M KOH at 10 mV s-1, where Pt-

wire is a working and counter electrode. b, Tafel analysis of the cathodic profiles. c, RDE polarization 

curves for various catalysts measured in CO2-saturated 1 M KOH. d, Tafel plots derived from the 

RDE profiles. 

Figure 7.5 XRD profiles of the used catalysts. a, Rietveld refinement profiles of XRD data for 

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) and calculated structural parameters. b, Few-layer graphene (FL-

graphene). 

Figure 7.6 N2 adsorption-desorption isotherm curves for catalysts. a, PBSCF. b, FL-graphene. 

Figure 7.7 Morphological analysis of PBSCF. a, and b, SEM images of PBSCF. c, A bright-field 

transmission electron microscopy (TEM) image of PBSCF. d, A HAADF image of PBSCF. 

Figure 7.8 Scanning electron microscope (SEM) images of FL-graphene. a, and c, SEM images of 

stacked graphene sheets. b, and d, enlarged images of a, and c, respectively. 

Figure 7.9 a, XPS spectra of PBSCF; b, O 1s, c, Pr 3d, d, Co 2p and Ba 3d, e, Sr 3d, f, Fe 2p. 

Figure 7.10 Raman spectra of FL-graphene. 
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Figure 7.11 The digital photograph of Zn- or Al-CO2 system. 

Figure 7.12 Zn- and Al-CO2 systems performance. Full cell tests were conducted in three-electrode 

configuration using Ag/AgCl reference electrode. The polarization I-V profiles were measured under 

CO2-saturated 1 M KOH for various catalysts for a, Zn-CO2 system and b, Al-CO2 system. c, 

Comparison of maximum power density and corresponding current density for various metal-CO2 

cells. d, Chronopotentiometric reduction profiles at 5 mA cm-2 in CO2-saturated 1 M KOH for Zn-CO2 

system (above) and Al-CO2 system (below). e, The in-operando qualitative GC profiles of outlet CO2 

feed gas before and during discharging at 100 mA under CO2-saturated 1 M KOH (above) and 

seawater (below). The enlarged areas near 12 min indicating the amount of converted CO2 is shown as 

the insets. 

Figure 7.13 The polarization I-V profiles obtained at the various catalyst loading density of 1, 2, and 3 

mg cm-2 for a, Pt/C, b, PBSCF, c, FL-graphene, d, KB. 

Figure 7.14 Discharge profiles measured at the current density of 10 and 50 mA cm-2 for a, Zn-CO2 

and b, Al-CO2 cell using Pt/C catalyst. The discharge profile of Al-CO2 cell in this figure was 

measured by using a low purity Al plate (Al plate, alloy 6061, Alfa-aesar Co.) rather than the high 

purity Al foil (99.99 %) because a self corrosion rate of thin Al foil is too fast. 

Figure 7.15 SEM images of Pt/C catalyst loaded carbon paper electrode before and after tests in Zn- 

and Al-CO2 systems. a, and b, SEM images of Pt/C electrode before tests. c, Energy dispersive X-ray 

spectroscopy (EDX) image of the electrode before tests. Corresponding elements mapping images for 

d, carbon e, oxygen and f, platinum. g, and h, SEM images of Pt/C electrode after tests. i, EDX image 

of the electrode before tests. Corresponding elements mapping images for j , carbon k, oxygen and l, 

platinum. 

Figure 7.16 SEM images of PBSCF loaded electrode. a, SEM image of PBSCF catalyst 

electrosprayed carbon paper electrode examined before a test b, after electrochemical test. c, and d, 

enlarged images of a, and b, presenting PBSCF loaded carbon fiber tissue of carbon paper electrode. 

Figure 7.17 SEM images of FL-graphene loaded electrode. a, SEM image of FL-graphene catalyst 

electrosprayed carbon paper electrode examined before a test, b, after electrochemical test. c, and d, 

enlarged images of a, and b, presenting FL-graphene loaded carbon fiber tissue of carbon paper 

electrode. 

Figure 7.18 Chronopotentiometric discharge profiles of Zn- and Al-CO2 systems measured under CO2 

saturated seawater. 

Figure 7.19 Gas chromatography (GC) profiles of generated gas during discharge process. The gas 

obtained during cathodic reaction proceeded in a, CO2-saturated 1 M KOH, b, CO2-saturated seawater. 

Figure 7.20 a, Theoretical H2 generation rate at current of 100 mA. b, Theoretical CO2 conversion 

rate at current of 100 mA. 
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Figure 7.21 The photograph presenting solubility of KHCO3 in water. From the left, 0.1, 0.5, 

1.0, and 3.0 M KHCO3 aqueous solution. 

Figure 7.22 RHE calibration profiles for calculating the pH of a, 0.1 M KHCO3 b, 0.5 M KHCO3 c, 1 

M KHCO3 and d, 3 M KHCO3. e, Solution resistance value of 0.1, 0.5, 1.0, and 3.0 M KHCO3 

measured by electrochemical impedance spectroscopy using Pt-wire as a working and counter 

electrode. f, RDE polarization curves measured at various concentration of KHCO3 for Pt/C catalyst. 

Figure 7.23 a, The calculated pH change profile during discharge reaction when CO2 purging is 

stopped at 10 mA under 100 mL of CO2-sat’d 1 M KOH electrolyte. b, Potential of cathode at 

chronopotentiometric reduction at 5 mA cm-2 in CO2-saturated 1 M KOH for Zn-CO2 system. 

Figure 7.24 a, The in-operando qualitative GC profiles of outlet CO2 feed gas before and during 

discharging at 100 mA under 3.4 M KHCO3 solution. The enlarged area near 12 min indicating the 

amount of converted CO2 is shown as the inset. b, A digital photograph of a precipitated white solid 

formed during discharging in the completely carbonate ions saturated solution. c, the XRD profile of 

the precipitated white solid 

Figure 7.25 Digital photographs of a, H-type cell used in this work, b, newly manufactured H-type 

cell with 20 times larger scale. Typical credit card was presented for comparison the size of cell (Any 

personal information or card number is not shown). c, Screen captured image of raw data of Zn-CO2 

cell performances measured by small H-type cell (Figure 7.25a) and large scaled H-type cell (Figure 

7.25b). 

Figure 7.26 Screen captured images of video for examining the crossover effect on the large scaled 

cell. a, Empty cell. b, Captured picture right after water is filled only in the right chamber. Captured 

pictures after c, 40 min and d, 80 min. 

Figure 7.27 a, Anodic RDE profiles of Pt/C+IrO2 catalyst measured in CO2-saturated in 1 M 

KOH. b, A qualitative GC profile of generated gas during the oxidation process under CO2-sat

urated 1 M KOH. c, Anodic RDE profiles of Pt/C+IrO2 catalyst measured in CO2-saturated in 

seawater. d, A qualitative GC profile of generated gas during the oxidation process under CO

2-saturated seawater. 

Figure 7.28 Reversibility of the aqueous Zn- or Al-CO2 systems. a, The polarization charging and 

discharging I-V profiles and b, chronopotentiometric charging profiles at 5 mA cm-2 for Pt/C+IrO2 

catalyst measured under CO2-saturated 1 M KOH. c, The polarization charging and discharging I-V 

profiles and d, chronopotentiometric charging profiles at 5 mA cm-2 for Pt/C+IrO2 catalyst measured 

under CO2-saturated seawater. 
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Chapter 1. Introduction 

 

1.1 Research background 

1.1.1 Motivation statements 

With population growth, economic development, and technology advancement, the demand for 

energy across the world is constantly rising.1,2 As a country develops, energy-consuming activities, 

such as manufacturing, industry, science, military, medical facilities, provision of services and 

transport increase in scale and significance.3,4 Thus, the amount of energy a country consumes is 

widely used to indicate or evaluate the level of development. Due to the imbalance of energy supply 

and demand, which occurs as energy consumption increases, countries produce more energy from 

other sources or rely on fuel imports from other countries.5 Fossil fuels have been used extensively 

throughout the world because of their ease of use and the miniaturization of combustion energy 

converters.6,7 Accordingly, atmospheric carbon dioxide (CO2) has significantly increased from 278 to 

412 parts per million (ppm) over a century and has critically impacted on environmental issues and 

climate changes.8 In particular, the current increasing trend is unprecedentedly fast since nearly 30 

ppm has been increased over a recent decade (Figure 1.1).9 Humans are now faced with irreversible 

energy requirements and environmental issues, and thus finding new energy sources and energy 

conversion devices for clean and efficient energy storage and generation is becoming an important 

challenge.10,11  

 

 

Figure 1.1 Recent atmospheric carbon dioxide measurements from 2005 to present. Nearly 30 ppm 

has been increased over a decade. Image source is from climate.nasa.gov. Reprinted by permission 

from Courtesy NASA/JPL-Caltech. 

 

 1.1.2 Energy storage and conversion devices 

 Energy storage and conversion devices are now a very essential part of human being with the 
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development of electronic devices and lithium-ion batteries.12 Many unique advantages of lithium ion 

batteries, such as high charge/discharge efficiency, long-term cyclability, small volume, no memory 

effect, low self-discharge, and packed design, have enabled them to be used globally to power the 

portable electronic devices that we used to communicate, work, study, watch videos, and search for 

knowledge.13–15 Despite decades of high technical maturity, their theoretically low energy density due 

to their intercalation chemistry has hampered the application to large-scale energy conversion 

devices.16–18 In this regards, metal-air batteries have attracted much attention as possible alternatives 

from their extremely high energy density compared to that of other rechargeable batteries as shown in 

Figure 1.2.16,19–22 

 

 

Figure 1.2 Theoretical energy densities of various batteries. Note that the numbers given on the bar 

graph represents the corresponding specific energy value. For metal-air batteries, the specific energy 

values are provided both including and excluding the mass of oxygen.  

 

 Since these metal-air batteries use an anode made from pure metal and a reactant of oxygen 

from ambient air, the systems present higher specific energy values than conventional batteries. 

During discharging of metal-air batteries, a reduction reaction of oxygen molecule occurs at the 

cathodes while the metal anode is oxidized. Thus, so far, metal–air batteries have been regarded as 

prime candidates for use in electric vehicles or large-scale energy storage systems owing to their far 

higher specific energy than that of lithium-ion batteries.2,19,23 However, many complications related to 

the metal anodes (e.g., self-corrosion, rechargeability, etc), catalysts (e.g., activities, asymmetrical 

redox trends, corrosions, durability, high-cost, etc), and electrolytes (e.g., solution resistance, short-

circuit, sluggish ion transfer of separators, etc) have hindered development and implementation of 
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metal–air batteries.2,24–26 

 

 1.1.3 Electrocatalysts 

 Electrocatalysts are catalysts that participate in electrochemical reactions. They promote and 

increase the kinetics of electrochemical reactions without being consumed in the reaction process.27 

Electrocatalysts are a specific form of catalyst that can function at the electrode surface or could be 

the electrode itself (e.g., platinum electrode). Generally, electrocatalysts can be prepared in 

heterogeneous form by mixing an active catalyst material and a conductive additive such as the 

activated carbon. Electrocatalysts should meet some basic requirements as follow: 1) Suitable 

electronic conductivity since electron transfer occurs between the surface of catalysts and 

reactants.28,29 2) Chemical stability under a working condition, for example, since metal oxide-based 

electrocatalysts can be dissolved in an acidic media thus cannot be adopted for water oxidation 

(oxygen evolution) electrocatalysts in an acidic media.30–32 3) Electrochemical stability under a 

working condition, for example, since carbon-based electrocatalysts can be self-corrosive during 

water oxidation reaction, thus, use of carbon-based electrocatalysts for oxidation reactions needs to be 

avoided.33 In this thesis, the electrocatalysts were prepared to promote following electrochemical 

reactions: oxygen reduction reaction (ORR), oxygen evolution reaction (OER), hydrogen evolution 

reaction (HER), and carbon dioxide conversion. 

 

1.2 Metal-air batteries 

1.2.1 Oxygen electrochemistry 

 Oxygen electrochemistry is significantly important in metal-air batteries and fuel cells since it 

acts as a key electrochemical mechanism at the cathode electrode.34,35 An oxygen reduction reaction 

(ORR) and an oxygen evolution reaction (OER) (Equation 1.1) are principal oxygen electrochemistry 

and each reaction is corresponding to an electrochemical mechanism of discharge and charge 

reactions for metal-air batteries, respectively. 

 

O2(g) + 2H2O + 4e- ⇌ 4OH-(aq)  Eo = 0.401 V vs. SHE  (1.1) 

 

Since the electrochemical reaction involves 2 reactants (oxygen and water) and 4 electrons during the 

reduction reaction, ORR is regarded to be one of the most sluggish and complex electrochemical 

reactions.36 From its complex nature of reaction pathway, a very few electrocatalysts, such as 

platinum, are reported to be active toward ORR.36 However, its limited reserves and very high cost 

have hampered practical use at large-scaled cathode electrodes. In addition, the competitive reaction 

occurred from a partial reduction reaction involving 2 electrons produces a peroxide ion (HO2
-) 
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radical instead of a hydroxide ion (OH-) (Equation 1.2). 

 

O2(aq) + H2O + 2e- → HO2
-(aq)  + OH-(aq)  Eo = -0.065 V vs. SHE  (1.2) 

 

Though this peroxide ion radical very rapidly decomposes into hydroxide ion and oxygen molecule in 

an alkaline solution by spontaneous chemical reaction (Equation 1.3), the formation of peroxide ion 

could highly damage on the catalyst materials, possibly deteriorating the overall catalytic 

activities.19,37 

 

2HO2
-(aq) → 2OH-(aq) + O2(g)      (1.3) 

 

Detailed experimental procedures for calculations of the peroxide yields (%) and the number of 

electrons transferred for ORR could be available at Chapter 2.2.4. Thus, the finding of efficient 

oxygen reduction electrocatalysts along a low-cost and efficient four-electrons pathway is facing 

current challenges. 

 Though the platinum-based electrocatalysts have been regarded to be active toward ORR, they 

have reported to be inactive toward the reverse reaction of ORR, i.e., OER. From the Sabatier 

principle, a dominating rule in chemical catalysis, the adsorption energy between the chemical species 

and the catalyst should be neither too high nor too low.35,38 Platinum-based electrocatalysts exhibited 

highly active toward ORR by well satisfying the optimum adsorption energy between oxygen 

molecules and Pt metals.36 However, too favorable binding energy between oxygen molecules and Pt 

metals formed a platinum oxide layer on the platinum surface during the oxidation reaction of OER, 

resulting in inactive OER performance. In addition, carbon, which is usually adopted as a conductive 

additive, can be easily damaged during an oxidation reaction from the carbon corrosion reaction 

(Equation 1.4).33 

 

CO(g) + 2H+ + 2e- ⇌ C(s) + H2O  Eo = 0.52 V vs. SHE  (1.4) 

 

Thus, the development of oxygen evolution electrocatalysts with high activities and non-carbon-base 

is important. 

 Perovskite oxides with the general formula of ABO3 (The A-site is a rare and alkaline earth 

metal cations and the B-site is a 3d transition metal cations) have been extensively explored due to 

their unique structural stabilities, flexibility, and tunable electronic properties.39–42 The use of eg 

orbital filling as an OER activity descriptor for perovskite oxides identified an optimal eg orbital 

occupancy near unity and led to the identification of Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) as an active OER 
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catalyst.42 Accordingly, many works have been extensively studied related to experimental, synthetic, 

theoretical, computational sciences to fully demonstrate the reaction mechanism and find better OER 

catalysts based on perovskite oxides.33,39-42 Unfortunately, from the asymmetric tendency of 

electrocatalytic activities for ORR and OER, it is known that it is difficult to produce efficient 

bifunctional electrocatalysts with a singular material. Thus, the discovery of efficient bifunctional 

electrocatalysts and demonstrating reaction mechanisms for application of metal-air batteries and fuel 

cells is facing current challenges. 

 

 1.2.2 Mechanism of metal-air batteries 

 Metal-air batteries are energy conversion and storage devices that utilize spontaneous 

electrochemical oxidation reaction of metals and reduction reaction of oxygen at the cathode for 

power generation. Depending on the metal used, metal-air batteries are classified into lithium-air, 

sodium-air, aluminum-air, zinc-air, and magnesium-air batteries, etc. Lithium- and sodium-air 

batteries, the anodes are kept under an organic electrolyte to prevent the chemical oxidation by 

moisture, oxygen, carbon dioxide, or nitrogen.23,43 Aluminum- and zinc-air batteries operate under an 

aqueous alkaline media to allow facile electrochemical reactions.22,23,44 In case of magnesium-air 

batteries, the system could operate under an aqueous neutral electrolyte from a facile oxidation 

reactivity of Mg metal even at the neutral media.45 The standard reduction potentials for each metal 

are presented as follows (Equation 1.5-1.9): 

 

Li + + e- ⇌ Li(s)      Eo = -3.04 V  vs. SHE   (1.5) 

Na+ + e- ⇌ Na(s)     Eo = -2.71 V  vs. SHE   (1.6) 

Mg(OH)2 + 2e- ⇌ Mg(s) + 2OH-  Eo = -2.69 V  vs. SHE   (1.7) 

Al(OH)3 + 3e- ⇌ Al(s) + 3OH-   Eo = -2.31 V  vs. SHE   (1.8) 

Zn(OH)42- + 2e- ⇌ Zn(s) + 4OH-  Eo = -1.20 V  vs. SHE   (1.9) 

 

 As aforementioned in Chapter 1.2.1, the cathodic reaction of oxygen reduction reaction (ORR) 

(Equation 1.1) is a key electrochemical mechanism at cathodes. By combining and subtracting 

Equation 1.1 to Equation 1.5-1.9, the full cell reaction mechanisms and the corresponding cell 

potential could be obtained.   

 

O2(g) + 2H2O + 4e- ⇌ 4OH-(aq)  Eo = 0.401 V vs. SHE  (1.1) 

 

 Organic/Aprotic Li- and Na-air batteries operate under an organic electrolyte from their 

explosive reactivity in an aqueous electrolyte.46 Thus, the cathodes are contacted with the organic 
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electrolyte not aqueous solutions. The cell configuration of organic/aprotic Li- and Na-air batteries are 

as follows: Li or Na metals | Organic electrolytes | Separator | Organic electrolytes | Cathodes. The 

role of the separator is for preventing a direct short-circuit between the anode and the cathode and 

allowing the material transfer such as Li+ and Na+. The cathode reaction of oxygen reduction reaction 

is slightly different to occurring in an aqueous electrolyte shown in Equation 1.1. The cathode 

reactions for organic/aprotic Li-air batteries are presented as follows (Equation 1.10-1.11): 

 

Li + + e- + O2* ⇌ LiO2*      (1.10) 

Li + + e- + LiO2* ⇌ Li 2O2*     (1.11) 

 

The * refers to a surface adsorbed species. Since oxygen molecule is directly reacting to lithium ions, 

some impurities such as carbon dioxide, moisture could react instead of oxygen molecule. Thus, this 

system requires the supply of highly pure oxygen gas instead of air. In this regard, the system is also 

called as Li-O2 batteries instead of Li-air batteries. The cathode reaction for Na-air batteries are 

presented in Equation 1.12. 

 

Na+ + e- + O2* ⇌ NaO2      (1.12) 

 

The * refers to a surface adsorbed species. Similarly, Na-air batteries is also called as Na-O2 batteries, 

when the system operates with a feedstock of highly pure O2 gas. 

 Hybrid Li- and Na-air batteries are modified system of Li- and Na-O2 batteries by introducing 

the ion-conducting solid membrane between the organic electrolyte and the aqueous electrolyte.33,47 Li 

and Na anodes are kept under the organic electrolyte to prevent the direct corrosion and the cathodes 

are kept under an aqueous electrolyte to allow the facile oxygen reduction reaction. And two different 

liquid electrolytes are separated by the solid membrane only allowing the ion transfer of Li+ or Na+ 

ions. Since these systems adopt the aqueous electrolytes for cathodic reaction, the systems could 

operate under an ambient condition by consuming O2 from air. The cell configuration of hybrid Li- 

and Na-air batteries are as follows: Li or Na metals | Organic electrolytes | Ion conducting solid 

membrane | Aqueous electrolytes | Cathodes. In case of hybrid Na-air batteries that uses an aqueous 

electrolyte as seawater, they are usually called seawater batteries. Technically, it should be called to be 

a hybrid Na-air battery. The electrochemical mechanism of hybrid Li- and Na-air batteries are as 

follows (Equation 1.13 and 1.14): 

 

4Li(s) + O2(g) + 2H2O ⇌ 4LiOH(aq)  Eo = 3.44 V   (1.13) 

4Na(s) + O2(g) + 2H2O ⇌ 4NaOH(aq) Eo = 3.11 V   (1.14) 
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 Aluminum, magnesium, and zinc-air batteries can operate in an aqueous electrolyte by 

soaking/contacting the anode and the cathode in the same aqueous electrolyte.2,22,48 From the stable 

nature of Zn and Al metals under a neutral aqueous electrolyte, Zn- and Al-air batteries work under a 

strong alkaline electrolyte such as 6 M KOH and 4 M NaOH. Since magnesium metal possesses 

corrosive nature in a neutral electrolyte, Mg-air batteries could work under the neutral electrolyte 

using a supporting electrolyte such as 1 M NaCl. The cell configuration of Al-, Mg-, and Zn-air 

batteries are as follows: Al, Mg, or Zn metals | Aqueous electrolytes | Separator | Aqueous electrolytes 

| Cathodes. The role of the separator is for preventing a direct short-circuit between the anode and the 

cathode and allowing the material transfer such as OH-. In case of Zn-air batteries, the separator could 

be prepared with a type of polymer membrane to allow selective ion transfer of OH- and preventing a 

transfer of zincate ion (Zn(OH)4
2-) from the anode side to the cathode side. Because the zincate ions 

could form an insulating layer of ZnO(s) from a chemical reaction or metallic Zn layer by a reduction 

reaction, the use of suitable polymer membrane could highly increase the stability of Zn-air batteries 

for long-term operation. The electrochemical mechanism of Al-, Mg-, and Zn-air batteries are as 

follows (Equation 1.15-1.17): 

 

 4Al(s) + 3O2(g) + 6H2O ⇌ 4Al(OH)3(s)  Eo = 2.71 V   (1.15) 

 2Mg(s) + O2(g) + 2H2O ⇌ 2Mg(OH)2(s)  Eo = 3.09 V   (1.16) 

2Zn(s) + O2(g) + 2H2O + 4OH- ⇌ 2Zn(OH)42-(aq)  Eo = 1.59 V   (1.17) 

 

Detailed redox of Al and Zn metals can be found at the following Pourbaix diagram (Figure 1.3).49 

 

 

Figure 1.3 Pourbaix diagram for a, aluminum, and b, zinc at 25 oC. Dash line “a” indicates hydrogen 

evolution reaction potential and “b” indicates oxygen evolution reaction potential. Reprinted by 

permission from Springer Nature, McCafferty, E. Introduction to Corrosion Science, DOI: 
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10.1007/978-1-4419-0455-3_6. Copyright 2010 Springer Science+Business Media, LLC. 

 

1.3 Alkaline water electrolysis 

1.3.1 Background and mechanism 

 Electrolysis of water is the decomposition of water into oxygen and hydrogen gas due to an 

electric power apply. This technique can be used to make hydrogen gas, a key component of hydrogen 

fuel, and breathable oxygen gas. It is also called water splitting. It ideally requires a potential apply of 

1.23 V to split water molecule. As shown in the Pourbaix diagram (Figure 1.4), the water electrolysis 

reaction requires 1.23 V regardless of pH of an aqueous solution.49  

 

 

Figure 1.4 Pourbaix diagram for water at 25 oC. Solid line “a” indicates hydrogen evolution reaction 

potential and “b” indicates oxygen evolution reaction potential. Reprinted by permission from 

Springer Nature, McCafferty, E. Introduction to Corrosion Science, DOI: 10.1007/978-1-4419-0455-

3_6. Copyright 2010 Springer Science+Business Media, LLC. 

 

 If the water electrolysis proceeds in an acidic media such as 0.5 M H2SO4, it also called an 

acidic water electrolysis and the corresponding electrochemical reactions are as follows (Equation 

1.18-1.20):  

 

Cathodic Rxn: 4H+(aq) + 4e- ⇌ 2H2(g)   Eo = 0.00 V vs. SHE (1.18) 

Anodic Rxn:  2H2O(l) ⇌ O2(g) + 4H+ + 4e-  Eo = 1.23 V vs. SHE (1.19) 

Overall Rxn: 2H2O(l) ⇌ O2(g) + 2H2(g)  Eo = 1.23 V   (1.20) 

 

 If the water electrolysis proceeds in an alkaline media such as 1 M KOH, it also called an 

alkaline water electrolysis and the corresponding electrochemical reactions are as follows (Equation 

1.20-1.22):  
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Cathodic Rxn: 4H2O(l) + 4e- ⇌ 2H2(g) + 4OH- Eo = -0.83 V vs. SHE (1.21) 

Anodic Rxn:  4OH- ⇌ O2(g) + 2H2O(l) + 4e-  Eo = 0.40 V vs. SHE (1.22) 

Overall Rxn: 2H2O(l) ⇌ O2(g) + 2H2(g)  Eo = 1.23 V   (1.20) 

 

 1.3.2 Electrocatalysts 

 Water electrolysis generally proceeds in an acidic or an alkaline media to allow facile 

electrochemical reaction of HER and OER, respectively. Because of the relatively sluggish 

electrochemical nature of OER than that of HER, water electrolysis usually proceeds in an alkaline 

media such as 1 M KOH to promote the overall energy efficiency.50 The cell configuration of alkaline 

water electrolysis is as follows: Current collector | HER electrocatalysts | 1 M KOH || 1 M KOH | 

OER electrocatalysts | Current collector. For current collector, the chemically and electrochemically 

durable materials should be selected such as carbon, nickel, and titanium. In the case of long-term 

operation, because the carbon-based current collector could be damaged during an oxidation reaction, 

thus, the use of the carbon-based current collector should be avoided. To efficiently promote the HER 

kinetics under the alkaline media, Pt- or Ru-based electrocatalysts can be adopted for cathodes. For 

improvement of the OER activities, cobalt oxides, perovskite oxides, or Ir-based electrocatalysts can 

be adopted for anodes. The separator is not highly essential part of the cell operation but the use of the 

polymer-based separator to allow the selective ion transfer of OH- can prevent the mixing of products 

between H2 and O2. For the industrial operation purpose, separators are commonly used.    

 

 1.3.3 Efficiency calculation 

 The energy efficiency of overall water electrolysis can be calculated as follows.50 The specific 

energy for producing 1 kg of hydrogen is thermodynamically generally known as 143 MJ kg-1 or 39.4 

kWh kg-1. If the electrolysis cell operates near 2.0 V at 100 mA cm-2, the energy required for 

producing 1 kg H2 can be calculated as follows. The current density of 100 mA cm-2 can be expressed 

as 0.1 C s-1 cm-2 (∵ 1 A = 1 C s-1). Then, the transferred amount of electron can be calculated as 

1.036 x 10-6 mol s-1 cm-2 (∵ F = 96,485 C mol-1 e-), and H2 generation rate is calculated as 5.181 x 

10-7 mol H2 s-1 cm-2, which is equivalent to 3.731 x 10-3 g H2 h-1 cm-2. For producing 1 kg of H2, the 

multiplication constant can be calculated as 2.681 x 105 h cm2. Since the electrolysis cell operates at 

0.20 W cm-2, the energy required for producing 1 kg H2 is calculated as 53.62 kWh. The energy 

efficiency can be calculated by dividing the theoretical specific energy for 1 kg H2 production, i.e., 

39.4 kWh. Then, the energy efficiency turns out to be 73.5 %. Conventional alkaline electrolysis has 

an efficiency of about 70 % and average working efficiencies for PEM electrolysis are around 80 %.  
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 1.4 CO2 conversion technology 

 1.4.1 Background 

 CO2 conversion technology refers a chemical or an electrochemical process to utilize CO2, a 

greenhouse gas, to produce useful carbon compounds. Since the Kyoto Protocol and the Paris 

Agreement have been issued, many countries and organizations have much endeavored to reduce 

carbon footprint enormously emitted from transportations, industries, shipping business, power 

generations, et cetera.8,10,11 In this regards, the chemical conversion methods to utilize CO2 to produce 

carbon compounds such as methanol, ethanol, syngas, ethylene, gasoline, diesel, plastics, etc., using 

reducing agents such as hydrogen at a high temperature or pressure have been extensively studied.51 

However, the chemical conversion is still inadequate as an efficient CO2 abatement technology 

because the process is energy-intensive and sluggish from the considerably stable nature of CO2 

structure.11  

 

 1.4.2 Electrochemical conversion 

 Electrochemical conversion of CO2 is considered as a more effective conversion technology 

than the chemical conversion technology since the electrochemical system are easy to scale-up and 

requires less complicated processes by using electrocatalysts and electrical energy. Mainly, the 

electrochemical conversion processes can be categorized into a spontaneous system and a non-

spontaneous system.  

The spontaneous electrochemical CO2 conversion generally utilizes the spontaneous oxidation 

of fuels (e.g., lithium, sodium, aluminum, zinc, etc.) and the spontaneous reduction of CO2 onto the 

cathode surface while generating electrical energy. Usually, these systems are also known as metal-

CO2 batteries and present following electrochemical mechanisms (Equation 1.23-1.26):52–56 

 

 4Li(s) + 3CO2 ⇌ 2Li2CO3(s) + C     Eo = 2.80 V vs. Li/Li + (1.23) 

 4Na(s) + 3CO2 ⇌ 2Na2CO3(s) + C     Eo = 2.35 V vs. Na/Na+ (1.24) 

 4Al(s) + 9CO2 ⇌ 2Al2(CO3)3(s) + 3C     Eo = 1.30 V vs. Al/Al 3+ (1.25) 

 Zn(s) + CO2 + 2OH- + 2H+ ⇌ ZnO + HCOOH + H2O  Eo = 0.96 V vs. Zn/Zn2+ (1.26) 

 

Because the electrochemical nature of these aprotic metal-CO2 cells, the products of metal-carbonates 

are formed onto the surface of catalysts during a discharge reaction. Thus, these spontaneous CO2 

conversion systems are closer to CO2 utilization systems rather than CO2 conversion technology since 

the consumed CO2 can be regenerated during the charging process.  

The non-spontaneous electrochemical CO2 conversion is mainly focused on the electrocatalytic 

studies because the electrochemical reduction of CO2 can generate various products such as methanol, 
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ethanol, CO, C2H4, etc., depending on the intrinsic properties of catalysts.57,58 This CO2 conversion 

system is generally configured in three-electrode system using a catalyst-loaded gas diffusion layer as 

a working electrode, an appropriate counter electrode such as platinum wire or graphite rod, and a 

reference electrode such as Ag/AgCl. Since the conversion process is usually proceeded under an 

aqueous KHCO3 solution, a hydrogen evolution reaction could be inevitably involved as a 

competitive reaction. Thus, the development of active electrocatalysts for CO2 reduction with non-

active toward hydrogen evolution is an important criterion.  

 

 1.4.3 Electrocatalysts 

 As briefly introduced in Chapter 1.4.2, the electrocatalysts for CO2 conversion by use of 

electrical energy require selective electrochemical activity toward CO2 reduction reaction, not HER. 

Thus, the Faradaic efficiency usually used to determine the electrochemical efficiency of the catalysts. 

The Faradaic efficiency can be calculated to measure the amount of generated carbon compounds 

during reduction reaction via quantitative analysis methods such as a gas chromatography. By 

dividing the consumed electrical energy for the desirable electrochemical reaction with the energy 

input for the electrolysis, the Faradaic efficiency can be calculated. Generally, the Faradaic efficiency 

for electrochemical conversion is less than 30 % from complex electrochemical mechanisms 

involving undesirable side reactions such as a formation of CO, H2, etc.  

 Generally, Cu-based electrocatalysts are reported to be active toward CO2 reduction reaction 

because of their favorable carbon dioxide fixation energy.57,59–61 To initiate electrochemical reactions, 

the electrochemical adsorption is the important step of the overall procedures. Because of complex 

electrochemical mechanisms and various carbon compounds, the products from the CO2 reduction 

could be so various as methanol, ethanol, ethylene, carbon monoxide, oxalate, methane, formic acid, 

etc. The development of efficient CO2 reduction catalysts with understanding of insights into detailed 

CO2 reduction steps would be an important criterion.  

In case of electrocatalysts adopted in aprotic metal-CO2 batteries discussed in previous 

Chapter 1.4.2, the mechanism of the CO2 conversion is different because CO2 is directly reacting 

with metal ions (e.g., Li+, Na+, and Al3+) at the surface of catalysts.52–56 Thus, low-dimension carbon 

catalysts, such as N-doped graphene, carbon nanotubes, graphite, etc, are usually adopted than Cu-

base electrocatalysts. However, from the electrochemical nature, the formation of solid products (e.g., 

Li 2CO3, Na2CO3, and Al2(CO3)3) accumulating on the surface of catalysts is inevitable and the cell 

capacity is limited. Therefore, the finding of new CO2 conversion system with an efficient chemistry 

is important because these metal-CO2 cells are closer to CO2 utilization systems rather than CO2 

conversion systems.     
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 1.4.4 Next generation CO2 conversion devices 

 Since conventional electrochemical CO2 conversion technologies utilize a direct reduction of 

CO2 molecule, the reactions present low Faradaic efficiency, sluggish kinetics, and are energy 

intensive. Desirable CO2 conversion technologies should meet some conditions as follows: 1) High 

selectivity toward CO2 conversion without side reactions (high Faradaic efficiency). 2) Facile 

conversion rates (operation at a high current density). 3) Economic feasibility.  

Recently, the indirect conversion technologies of CO2 utilizing the spontaneous dissolution of 

CO2 in aqueous electrolytes have been suggested.8,62 Since CO2 is easily dissolve in an aqueous 

solution and provides the acidity by a formation of carbonic acid (H2CO3), the continuous consuming 

of the acidity (H+) could induce the continuous dissolution of CO2 in the aqueous electrolyte 

(Equation 1.27 and 1.28).   

 

CO2(aq) + H2O(l) ⇌ H2CO3(aq)       Kh = 1.70 × 10-3         (1.27) 

H2CO3(aq) ⇌ HCO3
-(aq) + H+(aq)         pKa1 = 6.3               (1.28) 

 

The consumption of the acidity (H+) can be easily realized by adopting kinetically fast hydrogen 

evolution reaction (HER) as a reduction reaction of cathodes (Equation 1.29). As briefly introduced 

in Chapter 1.4.3, the electrocatalysts for direct CO2 conversion struggle from the competitive 

reaction of HER since HER is thermodynamically much favored than CO2 reduction reactions. If this 

chemistry is adopted for the CO2 conversion purpose, the cathodic reaction utilizing the acidity of 

CO2 can be defined as Equation 1.30 derived by Equation 1.27-1.29. 

 

               2H+ + 2e- ⇌ H2(g)         Eo = 0.000 V vs. SHE      (1.29) 

2CO2 + 2H2O + 2e- ⇌ H2(g) + 2HCO3
-(aq)   Eo = 0.000 V vs. SHE      (1.30) 

 

By combining appropriate anodic reactions with suggested new cathodic reaction (Equation 1.30), 

new electrochemical cells producing electrical energy and hydrogen gas by consuming CO2 can be 

suggested. If sodium oxidation reaction (Equation 1.31) is adopted as an anodic reaction, then cell 

mechanism is provided as follows (Equation 1.32): 

 

2Na(s) ⇌ 2Na+ + 2e-      Eo = -2.71 V  vs. SHE  (1.31) 

2CO2 + 2H2O + 2e- ⇌ H2(g) + 2HCO3
-(aq)   Eo = 0.000 V vs. SHE   (1.30) 

2Na(s) + 2CO2 + 2H2O ⇌ H2(g) + 2NaHCO3(aq)  Eo = 2.71 V vs. Na/Na+   (1.32) 

 

Finally, CO2 is changed into a form of NaHCO3 well-known as a baking soda. Thus, these indirect 
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CO2 conversion electrochemical cells adopting spontaneous CO2 dissolution as a reaction mechanism 

could potentially serve as a new CO2 utilization technologies. Detailed researches could be found at 

Chapter 6 and Chapter 7. 
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Chapter 2. Experimental techniques 

 

2.1 Materials synthesis 

 2.1.1 Sol-gel process 

Perovskite oxides presented in this dissertation were synthesized by typical sol-gel process, also 

known as the Pechini process. The stoichiometric amount of metal nitrate precursors and citric acid 

were dissolved in deionized water to form an aqueous solution via stirring. After the nitrate precursors 

were completely dissolved, an appropriate amount of polyethylene glycol (Mw ~ 400) was added. 

After a viscous resin was formed, the solution was heated at 300 oC followed by a combustion 

reaction to form a primary powder. The resulting powder was pre-calcined at 600 oC for 4 h and then 

ball-milled in acetone for 24 h. Then, the obtained powder was calcined at 950 oC for 4 hours in air 

with a ramping up rate of 2 oC min-1. 

 

2.1.2 Electrospinning method 

A fiber type of perovskites could be prepared by electrospinning method using a 15 wt.% 

Polyvinylpyrrolidone (PVP, average Mw ~1,300,000) solution of 0.1 M metal nitrate precursors in 

N,N-dimethylformamide (DMF). The metal nitrates solution was prepared by dispersing 

stoichiometric amounts of metal nitrates in DMF solvent under continuous stirring. The prepared 15 

wt.% PVP metal nitrate resin was placed in a 30 mL syringe with a capillary tip (D = 0.5 mm). A 

variable high voltage power supply was used for the electrospinning process. The anode of the high 

voltage power supply was clamped to a syringe needle tip, and the cathode was connected to an 

aluminum foil collector. The applied voltage was 15 kV, the distance between the nozzle and collector 

was 15 cm, and the supply rate of the solution was 0.5 ml h-1. The electrospun fibers were collected 

and pre-dried in an oven at 80 oC for 1 hour. Then, the obtained fibers were sintered at 850 oC for 4 

hours in air with a ramping up rate of 2 oC min-1. 

 

2.1.3 High-energy ball-milling process 

For the purpose of reducing the particle size of metal oxides or for further catalytic synthesis, a high-

energy ball-milling process, also known as planetary ball-milling method could be utilized. In this 

work, a planetary ball mill system (PM-200, Retsch, Germany) was used for the milling process. 

Normally, the amount of catalyst was maintained as 500 mg and each catalyst was dispersed in 

ethanol and ball-milled using approximately 80 g of Zr-balls at 400 rpm for 2 hours. Depends on the 

experimental conditions, the amount of catalysts, the rotation speed, and the duration of time could be 

changed.  
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2.2 Half-cell measurements 

 2.2.1 Reference electrodes 

 For the half-cell configured electrochemical analysis, the use of proper reference electrode is 

essential. In case of the electrochemical reaction works under an alkaline media or is sensitive to the 

exposure of chloride ion, it is recommended to use Hg/HgO reference electrodes filled with 1 M 

NaOH. If the electrochemical reaction is barely affected by chloride ions, the use of Ag/AgCl 

reference electrodes filled with saturated KCl is generally acceptable. However, the vycor glass type 

of reference electrode could be damaged in strong alkaline media, thus, the use of PEEK or plastics 

type of electrodes is highly recommended. In case of the electrochemical reaction works in an acidic 

media, the use of a vycor glass-type Ag/AgCl reference electrode is generally acceptable. All of the 

reference electrodes should be stored in a suitable internal filling solution such as 1 M NaOH, 3 M 

KCl, and saturated KCl solution. 

 

 2.2.2 Reversible hydrogen electrode calibration 

 A reversible hydrogen electrode (RHE) calibration should be processed to evaluate the exact 

potential value of the reference electrode and to compensate the influence from the pH value of 

electrolyte solution by a Nernst equation. The RHE calibration profile can be measured in 

configuration using a clean Pt wire as working and counter electrode. Using a cyclic voltammogram 

(CV) technique at a scan rate of 1 mV s-1 under H2-saturated condition, the RHE calibration 

polarization curve could be obtained. The x-intercept value on the polarization curve indicates the 

RHE calibration value and represents the onset potential for hydrogen evolution reaction by the 

reference electrode under the tested electrolyte. This RHE calibration should be processed for all 

reference electrode prior to use for electrochemical measurements and it is highly recommended to 

calibrate the electrode regularly. 

 

 2.2.3 Catalyst ink and electrode preparation for RDE/RRDE test 

Each catalyst was prepared in the form of an ink by dispersing 20 mg of the catalyst in 1 mL of a 

binder solution followed by a bath sonication process. The binder solution is prepared by mixing 

ethanol, isopropyl alcohol, and 5 wt.% Nafion solution (Sigma-Aldrich) with a volumetric ratio of 

45:45:10. Then, the catalyst layer onto glassy carbon electrode (GCE) was prepared by drop-coating 5 

µL of the catalyst ink, where the area of GCE is 0.1256 cm2. The coated GCE was carefully dried in 

an oven at 70 oC for a few minutes.  

  

 2.2.4 Electrochemical testing on RDE/RRDE 

 To obtain the polarization curves for oxygen reduction reaction (ORR), oxygen evolution 
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reaction (OER), and hydrogen evolution reaction (HER), the scan rate of CV and the rotating speed 

were determined to be 10 mV s-1 and 1600 rpm, respectively. For measurements of ORR activities of 

samples, a rotating ring disk electrode (RRDE) technique can be used. Since ORR reaction could 

involves 2 electron reaction, an intermediate product of peroxide radical (HO2-) could generated 

during a reduction reaction. To directly investigate the peroxide yield (%) for each catalyst, this 

RRDE technique is very useful because the generated peroxide radical could be captured and re-

oxidized by the Pt ring on the electrode. Normally, +1.4 V vs. RHE is applied to capture the peroxide 

radical on the Pt-ring to prevent the undesired oxidation reactions such as OER (Note: OER could 

occur when the potential is higher than +1.6 V vs. RHE). Detailed information for calculations of the 

peroxide yield and the number of electrons transferred is available at the experimental part of 

Chapter 3.3.2.    

 

 2.2.5 iR compensation 

 For half-cell studies, generally, the ohmic resistance of the electrochemical configuration is 

compensated by using an electrochemical impedance spectroscopy (EIS) technique. By measuring the 

EIS without overpotential, the ohmic resistance value could be obtained, which includes the resistance 

of solution, catalyst, and electrode. Normally 85~90 % of this value is used for the iR compensation 

procedure, and this calculation could be easily done by subtracting the value of i x R from V. Then the 

x-axis will be V-iR.  

 

 2.2.6 ECSA technique  

 By investigating a double layer capacitance of each catalyst, the electrochemically active 

surface area (ECSA) could be calculated. Since this technique utilizes non-faradaic currents 

depending on the scan rate of CV, it is necessary to determine the scanning region where no 

electrochemical reaction occurs. For example, the scanning region of +0.1 V vs. RHE to +0.2 V vs. 

RHE can be utilized for HER catalysts working in deaerated aqueous solution. Generally, the 

scanning region is determined within 0.1 V and the scanning rate is 20, 40, 60, ..., 180 mV s-1. From 

calculating the slope of the current increase with the scanning rate, the charge capacitance can be 

calculated. Refer Figure 5.2 and 5.3 for details.  

 

 2.3 Full-cell measurements  

 2.3.1 Electrode preparation 

 The working electrodes for full-cell measurements, such as metal-air batteries, metal-CO2 cells, 

and water electrolysis, can be prepared by depositing the catalysts onto the gas diffusion layers, such 

as, nickel foam, carbon paper, carbon felt, and titanium mesh. Catalyst inks can be prepared by 
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dispersing catalysts in binder solutions made by dissolving organic binders such as Nafion, PVdF, 

PTFE into organic solutions such as ethanol, isopropyl alcohol, DMF, and NMP. In this work, the 

binder solution was prepared by mixing ethanol, isopropyl alcohol, and 5 wt.% Nafion solution 

(Sigma-Aldrich) with a volumetric ratio of 45:45:10. Then, the working electrode can be prepared by 

drop-coating, brushing, air-brushing, or electrospray processes depending on the experimental 

conditions. For the full tests, the appropriate current collector should be used, which does not 

participate in electrochemical reactions and does not self-react to electrolyte solutions. Thus, the use 

of Pt wire as a current collector should be refrained due to its high electrochemical activities. 

Normally, the use of Ag wire is recommended instead of Pt wire.   

 

 2.3.2 Hybrid Li-air cells 

A lithium foil with a thickness of 0.2 mm was obtained from Honjo metal, and disks with a 

diameter of 1 cm were cut for use as the anode. 1 M lithium hexafluorophosphate (LiPF6, Sigma-

Aldrich Co.) in tetraethylene glycol dimethyl ether (TEGDME, Sigma-Aldrich Co.) was used as an 

organic liquid electrolyte, and 0.1 M lithium hydroxide (LiOH, Sigma-Aldrich Co.) in pure water was 

used as the aqueous liquid electrolyte. The anode and cathode were separated by a Li1+x+yTi2-xAl xP3-

ySiyO12 (0.15 mm thickness, OHARA Inc., Japan) solid Li-ion conducting ceramic glass. This solid 

electrolyte glass was first placed on the top of the anode assembly and sealed by epoxy. Then the 

sealed anode assembly was placed in an argon filled glove box where the water and oxygen 

concentrations were kept to less than 1 ppm. The prepared lithium metal foil disk was loaded onto the 

stainless-steel current collector and the organic electrolyte were filled. After assembling the anode 

part with proper sealing, the assemblage was moved out of the glove box. The catalyst spray-coated 

gas diffusion layer was placed on top of the solid electrolyte and the aqueous electrolyte was filled 

between them. Nickel metal mesh was used as current collector onto the gas diffusion layer and 

electrochemical measurements were conducted at ambient air condition. 

 

 2.3.3 Seawater batteries 

A cubic shaped sodium metal was obtained from Sigma-Aldrich, and disks with a diameter of 

1.6 cm were cut for use as the anode. 1 M NaCF3SO3 (Sigma-Aldrich) in tetraethylene glycol 

dimethyl ether (TEGDME, Sigma-Aldrich) was used as an organic liquid electrolyte, and seawater 

taken from Ulsan was used as the aqueous liquid electrolyte. The anode and cathode were separated 

by Na super ionic conductor (NASICON) ceramic electrolytes (Na1+xZr2SixP3−xO12, x = 2) fabricated 

according to the procedure described elsewhere. Na coin cell assembly process was performed in a 

glovebox under a high-purity Ar atmosphere where O2 and H2O concentrations were kept less than 1 

ppm. The catalyst drop-coated gas diffusion layer was placed in chamber of the test kit and the 
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aqueous electrolyte of seawater was filled. A titanium wire was used as a current collector. Seawater 

battery testing kit was purchased from 4TOONE. All electrochemical measurements were conducted 

at ambient air condition. 

 

 2.3.4 Water electrolysis 

The overall water electrolysis tests were proceeded in three-electrode configuration using 

Ag/AgCl reference electrode. The cathode and anode were prepared by electro-spraying the prepared 

catalyst ink onto a Ni mesh current collector with a catalyst loading density of 1 mg cm-2. The 

measurements were proceeded in deaerated 1 M KOH aqueous solution. The current density was 

normalized with the geometric area of the catalyst. All electrochemical tests were conducted at 

ambient air condition. 

 

 2.3.5 Hybrid Na-CO2 cells 

The hybrid Na-CO2 system is composed of Na metal / organic electrolyte / solid electrolyte / 

aqueous electrolyte / cathode. For the organic electrolyte, 1 M Sodium trifluoromethanesulfonate 

(NaCF3SO3, Sigma-Aldrich Co.) in tetraethylene glycol dimethyl ether (TEGDME, Sigma-Aldrich 

Co.) was used. And NASICON-type (NASICON: Na super ionic conductor) Na3Zr2Si2PO12 was used 

as the solid electrolyte. For the aqueous electrolyte, 0.1 M NaOH and seawater were used. The 

cathode was prepared by drop-coating the catalyst ink onto a gas-diffusion layer (carbon felt, Fuel 

Cell Store Co.) with a loading density of 2 mg cm-2. The current density was normalized with the 

loading density of the catalysts. The anode part was assembled in Ar-filled glove box where the water 

and oxygen concentrations were kept less than 1 ppm. The sodium metal (Sigma-Aldrich Co.) was 

loaded on the stainless-steel current collector and the organic electrolyte was filled between sodium 

metal and NASICON. After assembling the anode part with proper sealing, the assemblage was 

moved out from the glove box. A titanium wire was used as a current collector of the cathode and the 

aqueous electrolytes were saturated by CO2 for electrochemical measurements in hybrid Na-CO2 

system. 

 

 2.3.6 Aqueous Zn- or Al-CO2 cells  

The zinc- and aluminum-CO2 cells were tested in H-type cell. Zn and Al metal (purity higher 

than 99.99 %) were purchased at Alfa Aesar Co.. The system is composed of Zn or Al metal / alkaline 

electrolyte / glass membrane / quasi-neutral electrolyte / cathode. For the alkaline electrolyte, 6 M 

KOH and 4M NaOH aqueous solution was used for Zn and Al system, respectively. For glass 

membrane, a porous grade of G4 membrane was used. For the quasi-neutral electrolyte, CO2-saturated 

1 M KOH and seawater was used. The cathode was prepared by electro-spraying the catalyst ink onto 
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a gas-diffusion layer (Toray carbon paper TGP-H-090, Fuel Cell Store Co.) with a loading density of 

2 mg cm-2. And silver wire was used as a current collector. The current density was normalized with 

the geometric area of the catalysts. The aqueous electrolytes were kept saturated by CO2 for 

electrochemical measurements. 
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Chapter 3. Cloud-like graphene nanoplatelets on Nd0.5Sr0.5CoO3−δ nanorods as 

an efficient bifunctional electrocatalyst for hybrid Li–air batteries 

 

This chapter has been published 

 Reproduced from Kim, C.; Gwon, O.; Jeon, I.-Y.; Kim, Y.; Shin, J.; Ju, Y.-W.; Baek, J.-B.; 

Kim, G. Cloud-like Graphene Nanoplatelets on Nd0.5Sr0.5CoO3-δ Nanorod as an Efficient Bifunctional 

Electrocatalyst for Hybrid Li-Air Batteries. J. Mater. Chem. A 2016, 4, 2122–2127 DOI: 

10.1039/C5TA08493H, by permission of The Royal Society of Chemistry. Copyright 2016 The Royal 

Society of Chemistry. 

 
 3.1 Abstract 

With the recognition of metal–air batteries as promising candidates for clean and efficient 

energy storage, the development of inexpensive and effective bifunctional catalysts for the oxygen 

reduction reaction (ORR) and the oxygen evolution reaction (OER) has become one of the most 

important topics in this field. Herein, we designed new composite catalysts consisting of a nanorod 

type Nd0.5Sr0.5CoO3-δ (NSC) perovskite and edge-iodinated graphene nanoplatelets (IGnPs) as 

bifunctional catalysts for ORR and OER. Interestingly, the simple application of ultrasonication 

endowed the catalyst with a fascinating morphology comprising cloud-like IGnPs on NSC nanorods 

(NSC@IGnP). Benefiting from the unique morphological features, NSC@IGnP provides superior 

bifunctional activities toward both ORR and OER, remarkable cell performance, and exceptionally 

high stability for hybrid Li–air batteries. 

 

 3.2 Introduction 

With the exponential growth of energy consumption, aprotic Li–air batteries have attracted 

attention because of their high theoretical energy density in comparison with that of other 

rechargeable batteries, such as Ni–metal hydride, Li-ion polymer, and Li–S batteries.1–4 The practical 

energy density of aprotic Li–O2 batteries, however, is hindered due to the insoluble discharge 

products clogging the air electrodes and the additional components required to supply pure oxygen 

gas.5,6 Moreover, poor oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) 

kinetics in the aprotic electrolyte cause a high overpotential during discharge and charge processes,2,5 

resulting in decomposition of the electrolyte with the formation of Li2CO3.7 Interestingly, hybrid Li-

air batteries with a solid electrolyte membrane can solve these problems by separating the Li metal 

anode in an organic electrolyte from the air electrode in an aqueous electrolyte. However, in spite of 



25 
 

these design benefits, sluggish kinetics at the air electrode for the ORR and OER usually mandates the 

use of noble metal-based catalysts such as Pt/C and IrO2. 

In these regards, heteroatom-doped carbon-based materials, such as boron (B), nitrogen (N), 

phosphorus (P), and iron (Fe), have been considered as alternatives to Pt-based catalysts due to their 

high catalytic properties for ORR.8-12 Jeon et al., for the first time, fabricated edge-halogenated 

graphene nanoplatelets (XGnPs, X = F, Cl, Br, I) via ball-milling graphite in the presence of fluorine, 

chlorine, bromine, and iodine.13 The XGnPs have favorable binding affinity with O2 molecules and 

weakened O-O bond strengths of oxygen molecules as a result of the halogenation-induced charge 

transfer. Among XGnPs, edge-iodinated graphene nanoplatelets (IGnP) exhibited remarkable 

electrocatalytic activities toward ORR with excellent long-term cycle stability in an alkaline medium. 

Although carbon-based electrocatalysts have demonstrated notably enhanced catalytic activities for 

ORR, they still struggle poor stability during OER process.14 

Therefore, to improve the overall energy efficiency and retain the stability of the catalysts, 

efficient oxygen evolution is required. Transition metal oxides, such as spinel, pyrochlores, and 

perovskites, have been suggested as potential alternatives to noble metal-based OER catalysts.15-19 

Among them, perovskite oxides with the general formula of ABO3 (The A-site is a rare and alkaline 

earth metal cations and the B-site is a 3d transition metal cations) have been extensively explored due 

to their unique structural and electronic properties. Following the report by Shao-Horn’s group on 

perovskite catalysts for OER using σ* antibonding orbital occupation principles,20 various perovskite 

oxides have been investigated as electrocatalysts for lithium-air batteries, including Sr0.95Ce0.05CoO3–

δ,6 Sr2MMoO6–δ,21 La0.8Sr0.2MnO3–δ,22 and La0.6Sr0.4Co0.8Fe0.2O3–δ.23 The relatively sluggish ORR 

kinetics of these perovskite oxides, however, necessitates proper support materials such as carbon. 

Thus, many studies have been carried out to grow or attach nanostructured oxide catalysts on 

carbon.24-25 Notwithstanding these efforts, in-situ synthesis of perovskite oxides with a carbon support 

is still limited by their high sintering temperature. 

Upon this background, we designed a new composite catalyst with excellent bifunctional 

activities toward both ORR and OER consisting of a nanorod type Nd0.5Sr0.5CoO3-δ (NSC) perovskite 

and IGnP via a simple ultrasonication method. Interestingly, the morphology of the composite was 

characterized by cloud-like IGnP surrounding NSC nanorods. Since intermediation-spin Co (III) ions 

on the surface of the cobaltates offer an eg
1 configuration,20,26 NSC nanorod perovskite exhibits 

superior OER activity. Moreover, IGnP provides favorable binding affinity with O2 molecules and 

fast electron transfer pathways,13 contributing to dramatic improvement of ORR performance. With 

these favorable properties, we investigated, for the first time, cloud-like IGnP on NSC nanorods 

(NSC@IGnP) with excellent bifunctional activities toward both ORR and OER, remarkable cell 

performance, and exceptionally high stability for hybrid Li-air batteries. 
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 3.3 Experimental 

3.3.1 Preparation of IGnP, NSC, and NSC@IGnP composite 

Edge-iodinated nanoplatelets (IGnP) were prepared by ball-milling the pristine graphite flake in 

a planetary ball-mill machine (Pulverisette 6, Fritsch) in the presence of iodine (I2). The pristine 

graphite (5.0 g, Alfa Aesar, natural graphite, 100 mesh (< 150 μm), 99.9995% metals basis, 

Lot#14735) was placed into a stainless steel ball-mill capsule (500 mL) containing stainless steel balls 

(500.0 g, diameter 5 mm). The capsule was sealed and degassed by five cycles of charging and 

discharging argon after applying reduced pressure (0.05 mmHg). Thereafter, I2 gas was charged 

through a gas inlet with cylinder pressure of 8.75 atm. The capsule was then fixed in the planetary 

ball-mill machine, and agitated with 500 rpm for 48 h. The resultant product was Soxhlet extracted 

with methanol to get rid of small molar mass organic impurities and 1 M aq. HCl solution to remove 

metallic impurities, if any. Final product was then freeze-dried at -120 oC under a reduced pressure 

(0.05 mmHg) for 48 h to yield 6.86 g (lGnPs has at least 1.86 g of I uptake). 

A nanorod type Nd0.5Sr0.5CoO3-δ (NSC) perovskite was prepared by electrospinning method 

using a 15 wt.% Polyvinylpyrrolidone (PVP, average Mw ~1,300,000 by LS, Sigma-Aldrich Co.) 

solution of 0.1 M metal nitrate precursors in N,N-dimethylformamide (DMF, Alfa Aesar Co.). The 

metal nitrates solution was prepared by dispersing stoichiometric amounts of Nd(NO3)·6H2O (Sigma-

Aldrich Co., 99.9%, metal basis), Sr(NO3)2 (Sigma-Aldrich Co., 99+%), and Co(NO3)2·6H2O (Sigma-

Aldrich Co., 98+%) in DMF solvent under continuous stirring. The prepared 15 wt.% PVP metal 

nitrate solution was placed in a 30 mL syringe with a capillary tip (D = 0.5 mm). A variable high 

voltage power supply (Korea switching Co.) was used for the electrospinning process. The anode of 

the high voltage power supply was clamped to a syringe needle tip, and the cathode was connected to 

an aluminum foil collector. The applied voltage was 15 kV, the distance between the nozzle and 

collector was 15 cm, and the supply rate of the solution was 0.5 ml h-1. The electrospun fibers were 

collected and sintered by heating to 850 oC at a rate of 2 oC min-1 in air, and holding them at that 

temperature for 4 h. The mass ratio of NSC to IGnP was 1:1, 2:1, and 3:1 and the each sample was 

denominated as NSC@IGnP (1:1, w/w), NSC@IGnP (2:1, w/w), NSC@IGnP (3:1, w/w), respectively. 

Each composite was dispersed in isopropyl alcohol (IPA) followed by a treatment of ultrasound with 

500 W ultrasonic generator for 1 h. The resultant product was then vacuum filtered followed by an 

overnight drying at 80 oC. In this study, NSC@IGnP (2:1, w/w) was chosen for optimized ratio and 

representatively named as NSC@IGnP. 

 

3.3.2 Characterization and electrochemical measurements on a half cell 

The microstructure of the nanostructured materials was examined by scanning electron 

microscopy (SEM, Nova FE-SEM). The transmission electron microscopy (TEM) images were 



27 
 

obtained using a High Resolution-TEM (JEOL, JEM-2100F). The structure of NSC nanorods was 

characterized by using X-ray powder diffraction (XRD) (Rigaku diffractometer, Cu Kα radiation) 

with a scan rate of 0.5 o min-1. The powder pattern and lattice parameters were analyzed by Rietveld 

refinement using GSAS program. 

The electrochemical tests were carried out using a computer-controlled potentiostat (Biologic 

VMP3) with a RRDE-3A rotating disk electrode system. A platinum wire was used as counter-

electrode and an an Hg/HgO (1 M NaOH filled) electrode as reference electrode. The working 

electrodes were prepared by applying each of the catalyst inks onto a pre-polished glassy carbon disk 

electrode. The catalysts were first dispersed in ethanol/isopropyl alcohol solution (10 mg mL-1) and 

Nafion (25 wt.%) stock solution (10 μL) in ethanol was added in the catalyst ink by bath sonication to 

prepare the catalyst ink. The addition of a small amount of Nafion could effectively improve the 

dispersion of catalyst suspension and enhance the binding onto the GC electrode. A total 5 μL well-

dispersed catalyst ink was applied onto the prepolished glassy carbon (GC) disk electrode (5 mm in 

diameter).  

The carefully prepared electrodes were dried at room temperature before the electrochemical 

tests. The number of electrons transferred (n) and peroxide yields (%) were calculated by the followed 

equations.27,28 

n = 4 ×
I	

I	 + I�/N
 

% HO�
� = 200 ×

I�/N

I	 + I�/N
 

where Id is disk current, Ir is ring current and N is current collection efficiency of the Pt ring. N was 

experimentally determined to be 0.41 from the reduction of K3Fe[CN]6. 

 

 3.3.3 Preparation and assembly of a hybrid Li-air battery 

A lithium foil with a thickness of 0.2 mm was obtained from Honjo metal, and disks with a 

diameter of 1 cm were cut for use as the anode. 1 M lithium hexafluorophosphate (LiPF6, Sigma-

Aldrich Co.) in tetraethylene glycol dimethyl ether (TEGDME, Sigma-Aldrich Co.) was used as an 

organic liquid electrolyte, and 0.1 M lithium hydroxide (LiOH, Sigma-Aldrich Co.) in pure water was 

used as the aqueous liquid electrolyte. The anode and cathode were separated by a Li1+x+yTi2-xAl xP3-

ySiyO12 (0.15 mm thickness, OHARA Inc., Japan) solid Li-ion conducting ceramic glass. The air 

electrodes were prepared by spraying the catalyst ink made with the prepared catalysts and PVdF-

HFP binder (Sigma-Aldrich Co.) onto the gas-diffusion layer (Toray TGP-H-090). The catalyst 

loading density and binder content in the air electrode were 1 mg cm-2 and 20 wt.%, respectively. 

Thus, current density could be easily normalized with the loading density of catalyst (0.8 mg cm-2).  
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3.4 Results and Discussion 

 3.4.1 Material characterizations 

A nanorod type Nd0.5Sr0.5CoO3-δ (NSC) perovskite was synthesized by electrospinning metal 

nitrate precursors followed by subsequent calcination in air. Figure 3.1a presents a SEM image of the 

electrospun nanofibers with the homogeneous feature of an average diameter of around 300 nm. NSC 

nanorods, with an average diameter of 150 nm, are formed after thermal decomposition of PVP upon 

calcination at 850 oC for 4 h in air (Figure 3.1b). The transmission electron microscopy (TEM) image 

also confirms the nanorod type NSC (Figure 3.2a) and energy-dispersive X-ray spectroscopy (EDS) 

shows a corresponding elemental analysis of the NSC nanorods (Figure 3.2a). The EDS images for 

NSC nanorod indicates that all elements are uniformly distributed throughout the perovskite nanorod. 

Figure 3.2c presents a high resolution TEM (HR-TEM) image with the selected area electron 

diffraction (SAED) pattern of the prepared sample, indicating that the NSC nanorod has high 

crystallinity. To identify the crystalline structure of the NSC nanorod, X-ray diffraction (XRD) 

patterns with Rietveld refinement are analyzed (Figure 3.2d). The observed diffraction peaks can be 

indexed as perovskite structures without any detectable impurities.29 The lattice parameters are a = 

5.837 Å, b = 5.433 Å, and c = 7.617 Å, indicating that NSC nanorod can be indexed to a space group 

of Pnma. 

 

 

Figure 3.1 SEM images of a, electrospun precursor nanofibers before calcination. b, NSC nanorods 

after calcination at 850 oC for 4 h. 

 

Figure 3.3a shows a TEM image with the schematic illustration of edge-iodinated graphene 

nanoplatelets on NSC nanorod (NSC@IGnP). Interestingly, a simple method of ultrasonication leads 

to NSC@IGnP having a fascinating morphology with cloud-like graphene platelets around NSC 

nanorod. The typical thickness of the IGnP layers covering NSC was approximately 10 nm. Recently, 
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high energy wet-milling has been explored to fabricate graphitic layer coated metal-oxide.30,31 Surface 

graphitic layers on metal-oxides can provide facile electron conductive pathways and an extended 

electrochemically active area toward ORR process.30,31 Suslick reported that ultrasound delivers 

extremely high energy during interparticle collisions at the liquid-solid interface,32 which could 

explain the formation of the IGnP layers throughout NSC nanorod by ultrasonication in this study. 

Furthermore, an EDS analysis was carried out to reveal the elemental profiles of the NSC@IGnP, 

which confirms that IGnP uniformly covers NSC nanorod (Figure 3.3b). 

 

 
 

Figure 3.2 a, bright-field (BF) TEM image of NSC nanorod. b, elemental mapping by EDS from 

TEM. c, a high-resolution (HR) TEM image of NSC nanorod and selected area electron diffraction 

(SAED) pattern shown as an inset. d, XRD patterns of NSC nanorod. 
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Figure 3.3 a, TEM image of NSC@IGnP with the schematic illustration as an inset. b, elemental 

mapping by EDS from TEM energy-filtered images. 

 

 3.4.2 Half-cell configured electrochemical analysis 

The oxygen reduction activities of Pt/C, NSC, IGnP, and NSC@IGnP were investigated by 

rotating ring disk electrode (RRDE) experiments in O2-saturated 0.1 M LiOH. Figure 3.4a shows 

ORR performance of each sample by linear sweep voltammetry (LSV) measurement on the RRDE at 

a rotation rate of 1600 rpm and a scan rate of 0.01 V s-1. The onset potential for oxygen reduction of 

IGnP is -0.09 V versus a Hg/HgO reference electrode, which is slightly higher than that of Pt/C (+0.05 

V). Meanwhile, the limiting current of IGnP is even higher than that of Pt/C at the higher 

overpotential area, revealing exceptional ORR activity of IGnP, as reported.13 While only NSC shows 

a relatively high onset potential with low current density, the composite of NSC@IGnP presents 

dramatically enhanced ORR activities, contributed by IGnP, offering favorable O2 molecule binding 

affinity along with weakened O-O bond strength.13 
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Figure 3.4 a, ORR polarization curves for Pt/C, IGnP, NSC, and NSC@IGnP, respectively, in O2-

saturated 0.1 M LiOH at a rotation rate of 1600 rpm and a scan rate of 0.01 V s-1. b, the number of 

electrons transferred (n). 

 

To obtain further insight into electrocatalytic pathways for ORR, the number of electrons transferred 

(n) and the peroxide yields (%) of the samples were calculated from the disk (Figure 3.4a) and ring 

currents (Figure 3.5a) on a rotational disk-ring electrode. The number of electrons transferred (n) at -

0.8 V for IGnP, NSC, and NSC@IGnP were determined to be 3.83, 3.74, and 3.80, respectively 

(Figure 3.4b). The corresponding peroxide yields (%) were measured to be less than 10 % (Figure 

3.5b), suggesting a predominant four-electron transfer pathway during ORR process. These results 

reveal that the composite of NSC@IGnP is a highly promising electrocatalyst in an alkaline solution 

due to its excellent ORR activity and cost-effectiveness compared to the benchmark Pt/C catalyst.  

 

 

Figure 3.5 a, ORR ring current for Pt/C, IGnP, NSC, and NSC@IGnP, respectively, in O2-saturated 

0.1 M LiOH at a rotation rate of 1600 rpm and a scan rate of 0.01 V s-1. b, peroxide yield (%). 

 

Furthermore, efficient oxygen evolution is required to achieve higher the energy efficiency and 

retain the stability of the catalysts. The activities of oxygen evolution reaction (OER) were measured 

in O2-saturated 0.1 M LiOH at a rotation rate of 1600 rpm and a scan rate of 0.01 V s-1. Figure 3.6a 

shows the polarization curves of OER after ten consecutive polarization scans for IGnP, NSC, and 

NSC@IGnP, and IrO2 as a reference. IGnP presents very poor OER electrocatalytic activity with a 

high onset potential and a low current density. On the other hand, NSC shows excellent OER activity, 

outperforming IrO2 because the intermediate-spin Co (III) cations on the surface provide an eg
1 

configuration.20,26 Moreover, OER activities are notably enhanced for the NSC@IGnP, as confirmed 

by the much lower onset potential and higher current density. The synergistic OER enhancement of 
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NSC@IGnP could stem from the high OER activity of NSC and the efficient electron transfer 

pathways of uniformly coated IGnP. Figure 3.6b displays the current densities along ten consequent 

scans at 0.9 V for each electrocatalyst. 

 

 
 

Figure 3.6 a, OER polarization curves after ten consecutive scans for IrO2, IGnP, NSC, and 

NSC@IGnP, respectively, in O2-saturated 0.1 M LiOH at a rotation rate of 1600 rpm and a scan rate 

of 0.01 V s-1. b, current densities along ten consequent scans at 0.9 V. 

 

For the first scan, IGnP exhibits an onset potential of 0.35 V and a current density of 19.6 mA cm-2 at 

0.9 V, whose value is superior to that of IrO2 (Figure 3.7). In contrast, severe degradation of OER 

performance is observed during ten consecutive scans for IGnP, resulting in a positive shift of the 

onset potential and a significant drop of the current density. These results confirm that IGnP is highly 

vulnerable to OER process, as generally observed for carbon-based materials,14 while NSC shows 

highly efficient OER activities without degradation during ten consecutive scans. Interestingly, the 

composite NSC@IGnP exhibits highly stable and superior OER activities, possibly originating from 

OER catalytic properties of NSC. This suggests NSC@IGnP is a prospective OER catalyst, providing 

remarkable performance with high durability in an alkaline media. 
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Figure 3.7 OER polarization curves for IGnP during ten consecutive scans. 

 

 
 

Figure 3.8 a, First discharge-charge curves for Pt/C, IGnP, NSC, and NSC@IGnP, respectively, in 0.1 

M LiOH at a current density of 625 mA g-1. b, cycling performance at a current density of 125 mA g-1 

for IGnP, NSC, and NSC@IGnP. 

 

 3.4.3 Full-cell measurements by hybrid Li-air batteries 

The electrochemical performance of Pt/C, IGnP, NSC, and NSC@IGnP was evaluated with a 

hybrid Li-air battery. Figure 3.8a shows the first discharge-charge curves of Pt/C, IGnP, NSC, and 

NSC@IGnP in 0.1 M LiOH at a current density of 625 mA g-1. The discharge voltage plateaus are 

obtained at 2.98, 2.94, 2.33, and 2.89 V versus Li/Li + for Pt/C, IGnP, NSC, and NSC@IGnP, 

respectively. More discharge profiles are investigated at higher current density in the range of 625 to 

2500 mA g-1 (Figure 3.9). At 625 mA g-1, the discharge voltage of NSC@IGnP is only 0.09 V lower 

than that of Pt/C. Even at a higher current density of 2500 mA g-1, the difference in the discharge 
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voltage between NSC@IGnP and Pt/C is only 0.1 V.  

 

Figure 3.9 Discharge voltage profiles with different current density in a range of 625 to 2500 mA g-1 

in 0.1 M LiOH.Figure 3.10 

 

These results demonstrate that NSC@IGnP catalyst is comparable to Pt/C even at the high current 

density region. Figure 3.8b presents the cycling performance of IGnP, NSC, and NSC@IGnP at a 

constant current density of 125 mA g-1 in ambient air. IGnP shows obvious degradation during 40 h 

with a substantial increase in the discharge-charge voltage gap from 0.58 V to 1.62 V. This result is in 

accordance with the vulnerability of IGnP during the OER process. (Figure 3.7). For NSC, in contrast, 

invariant cycling performance was obtained during 40 h more reduced charge overpotential relative to 

IGnP. However, the relatively sluggish ORR kinetics of NSC causes a low discharge performance 

with a high discharge-charge voltage gap of 1.23 V. In the case of NSC@IGnP, outstanding cycling 

performance was obtained during 40 h with the lowest discharge-charge voltage gap (less than 1.0 V). 

Consequently, NSC@IGnP is an efficient bifunctional catalyst with comparable performance to noble 

metal-based catalysts, such as Pt/C and IrO2, for a hybrid Li-air battery. 

 

3.5 Conclusion 

In summary, we have fabricated cloud-like IGnP on NSC nanorod (NSC@IGnP) as a 

bifunctional catalyst for both ORR and OER via a simple ultrasonication method. We demonstrated 

that NSC nanorod is an efficient and durable catalyst for OER, outperforming IrO2. A composite with 

the IGnP achieved significantly improved ORR activities, including dramatically increased current 

density and enhanced onset potential. Moreover, benefiting from the unique morphological features, 

NSC@IGnP presents vastly superior OER activity over NSC only, stemming from the facile electron 

conductive pathways of the surface graphitic layers. Evaluation with a hybrid Li-air battery confirmed 
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that NSC@IGnP is a highly promising bifunctional electrocatalyst with comparable performance and 

cost-effectiveness to the benchmark Pt/C and IrO2 catalysts in an alkaline media.  
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Chapter 4. Polypyrrole‐assisted Co3O4 anchored carbon fiber as a binder free 

electrode for seawater batteries  

 

This chapter has been published 

 Reproduced from Kim, C.; Kim, S.; Kwon, O; Kim, J.; Kim, G. Polypyrrole‐assisted Co3O4 

anchored carbon fiber as a binder free electrode for seawater batteries ChemElectroChem 2019, 6, 

136–140 DOI: 10.1002/celc.201801219, by permission of John Wiley and Sons. Copyright 2019 

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 
 4.1 Abstract 

 An efficient, durable and cost-effective air-electrode is essential to achieve a practicable metal-

air battery. The conventional preparation of electrode uses the polymer-binders to ensure good 

physical contacts between catalysts and electrode scaffold. However, the use of polymer-binders 

introduces inevitable loss on the electrochemically active surface area and restrict access of the 

reactants due to the electrically insulating properties and hydrophobic properties of polymer-binders. 

In this work, a binder-free air electrode is structured by Co oxide anchored on carbon fiber tissues 

with assisting of polypyrrole doped carbon (PPy/C) via a simple infiltration technique. The fabricated 

binder-free electrode exhibits the excellent bifunctional stability for seawater battery, presenting a 

comparable performance to binder included Pt/C+IrO2 electrode. 

 

 4.2 Introduction 

 Together with increasing demand on energy consumption and concerns over global warming 

with an exhaustion of fossil fuels, pursuing clean and renewable energy sources is faced with the 

convoluted scientific challenges today.1-4 Viable ways to meet these requirements are regarded as 

rechargeable metal-air batteries owing to their extremely high theoretical energy density compared to 

that of Li-ion batteries (~150 - 400 Wh kg-1).2,5,6 Because these metal-air batteries are sharing the 

same electrochemical reaction mechanisms, well known as oxygen reduction reaction (ORR) and 

oxygen evolution reaction (OER), oxygen related electrochemical catalysts are intensively researched 

for the last decade. However, due to their complex nature of electrochemical reactions, the high 

overpotentials during ORR and OER are inevitable and usually have forced the use of noble metal-

based catalysts (Pt/C, RuO2, and IrO2).7,8  

In this respect, carbon-based catalysts have been extensively studied as ORR catalysts. The 

great advances achieved by controlling carbon ring structures, doping heteroatom (B, N, S, Cl, Ni, Mn, 
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Fe, Br, Sn, Sb, and I) on edge or lattice sites, and structuring chemical bond (e.g. Fe-N-C) have 

enabled the finding of novel ORR catalysts comparable to platinum.9-15 In spite of these advances, it 

has been pointed out that it cannot be a key solution for metal-air batteries because carbon-based 

catalysts are usually suffering corrosions under an electrochemically oxidative condition, resulting in 

serious deteriorations of overall cell performances.5 Meanwhile, transition metal oxides, such as 

spinel, pyrochlore, and perovskite oxides, have been suggested as potential candidates to noble metal-

based OER catalysts.6,16-20 Though their efficient OER activities, the sluggish ORR kinetics of these 

transition metal oxides necessitate proper support of carbon.5,21-23 Thus many works have been carried 

out to fabricate bifunctional electrocatalysts by growing or mixing the oxide catalysts to carbon-based 

materials.22,24-27  

From a different view, it is important to recognize the drawbacks of metal-air batteries are not 

only arisen from the activities and kinetics of catalysts. Most air electrodes studied so far have 

required proper polymer-binders (e.g., Nafion, PVdF, PTFE) to ensure good physical contacts 

between catalysts and electrodes (e.g., carbon paper, carbon felt, Ni foam).6,8,28-30 Naturally, the use of 

polymer-binders introduces inevitable loss on the electrochemically active surface areas due to their 

electrically insulating properties.31-33 Moreover, their hydrophobic properties prevent the air electrodes 

to be soaked from the aqueous electrolytes, restricting an access of the reactants (i.e., H2O) for ORR 

and OER process. Therefore, it is important to fabricate the air electrode without using polymer-

binders while retaining physical stability under working condition for the efficient improvement of 

performances. 

Upon these backgrounds, we prepared the air electrode structured by Co oxide anchored on 

carbon fiber tissues of carbon felt with aiding of polypyrrole doped carbon (PPy/C) via a simple 

infiltration technique. Interestingly, a simple infiltration of the transition metal precursors on carbon 

felt followed by a sintering process lead to a strong anchoring of Co oxide on carbon fiber tissues of 

carbon felt without aiding of polymer binders. In consequence of adding PPy/C at the infiltration 

process, both of ORR and OER activities were significantly improved possibly providing the fast 

electron pathways. With these favorable properties, we have investigated the binder-free polypyrrole 

assisted Co oxide anchored carbon fiber (bf-PPy+Co3O4@CF) electrode that performs excellent 

bifunctional activities toward both ORR and OER with exceptionally high stability for seawater 

battery. 
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 4.3 Experimental 

 4.3.1 Preparation of air electrodes 

The precursor solution was prepared by dissolving the quantitative amount of Co(NO3)2∙6H2O 

(Sigma Aldrich) and polypyrrole doped carbon (PPy/C, Sigma Aldrich) in ethanol and infiltrated into 

carbon felt. The resultant was heated at 400 oC for 4h in air.  

 

4.3.2 Characterization and electrochemical measurements on a half cell 

The microstructure of the PPy/C assisted Co oxide anchored carbon felt was examined by 

scanning electron microscopy (SEM, Nova FE-SEM). The transmission electron microscopy (TEM) 

images were obtained using a High Resolution-TEM (JEOL, JEM-2100F). The crystal structures were 

characterized by using X-ray powder diffraction (XRD) (Rigaku diffractometer, Cu Kα radiation) 

with a scan rate of 0.5 o min-1. The X-ray photoelectron spectroscopy (XPS) spectra were obtained on 

ESCALAB 250XI (Thermo Fisher Scientific) with a monochromated Al-Kα (ultraviolet He1, He2) X-

ray source. The surface area of the prepared samples was quantified with Belsorp-mini by using 

Braunauer-Emmett-Teller (BET) isotherms. ORR and OER electrochemical tests were carried out 

under an oxygen saturated atmosphere three-electrode configuration as shown in Fig. S2. A platinum 

wire was used as counter-electrode and Hg/HgO (1 M NaOH filled) electrode as reference electrode. 

The air electrodes prepared by the infiltration process directly used as a working electrode. Titanium 

wire was used as a current collector of air electrode. Cyclic voltammetry tests were measured under 

ambient condition in a scan rate of 10 mV s-1 using a computer controlled Biologic VMP3. 

 

4.3.3 Preparation and assembly of seawater batteries 

A cubic shaped sodium metal was obtained from Sigma-Aldrich, and disks with a diameter of 

1.6 cm were cut for use as the anode. 1 M NaCF3SO3 (Sigma-Aldrich) in tetraethylene glycol 

dimethyl ether (TEGDME, Sigma-Aldrich) was used as an organic liquid electrolyte, and seawater 

taken from Ulsan was used as the aqueous liquid electrolyte. The anode and cathode were separated 

by Na super ionic conductor (NASICON) ceramic electrolytes (Na1+xZr2SixP3−xO12, x = 2) fabricated 

according to the procedure described elsewhere. Na coin cell assembly process was performed in a 

glovebox under a high-purity Ar atmosphere where O2 and H2O concentrations were kept less than 1 

ppm. Seawater battery testing kit was purchased from 4TOONE. All electrochemical measurements 

were conducted on a Biologic VMP3 at ambient air condition. 
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4.4 Results and Discussion 

 4.4.1 A synthetic procedure and structural characterizations 

A synthetic procedure of binder-free technique by the infiltration process is represented in 

Figure 4.1. The infiltration technique facilitates the formation of nanoparticles on the carbon fiber 

with binder-free precursor solution consisting of metal nitrate and ethanol. The infiltration technique 

is composed of two simple steps; 1) infiltration of precursor solution into scaffold (e.g., carbon felt) 

and 2) heat treatment. This infiltration technique has a great advantage in terms of its simplicity 

compared to other techniques for the preparation of binder-free electrodes such as chemical vapor 

deposition, electrospinning, and hydrothermal synthesis.21,34 Through the heat treatment, strong bonds 

between Co oxide and carbon fiber tissues of carbon felt are made without aiding of polymer binders. 

Besides, the infiltration techniques enable the lowering of sintering temperature of metal oxides 

facilitating the formation of nano-sized Co oxide particles on carbon fiber tissues. Addition of pyrrole 

doped carbon (PPy/C) into Co precursor solution followed by the infiltration and heat treatment 

organizes the binder-free pyrrole assisted Co oxide anchored carbon fiber (bf-PPy+Co3O4@CF) on 

carbon felt structures.  

 

 

Figure 4.1 Schematic illustration of the synthetic strategy for binder free catalyst via infiltration 

technique. 
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Figure 4.2 X-ray diffraction patterns of bf-PPy+Co3O4@CF, PPy/C, and Carbon felt. 

 

For the structural analysis, X-ray diffraction (XRD) experiment was conducted in a range of 20o 

< 2θ < 60o. PPy/C and carbon felt were used as benchmarked materials to distinguish the peaks of bf-

PPy+Co3O4@CF. As depicted in Figure 4.2, the XRD patterns of bf-PPy+Co3O4@CF demonstrate 

the formation of Co3O4 and contain the main chemical composition of carbon felt and the broad hump 

of PPy/C. These results indicate that Co3O4 were successfully anchored with PPy/C on the carbon 

fiber (CF) tissues of carbon felt. Further, we have investigated the physical and electrochemical 

stability of PPy/C from the heat treatment process and it has been confirmed that the heat treatment 

does not change physical and electrochemical properties (Figure 4.3). The microstructure of carbon 

fiber (CF) and bf-PPy+Co3O4@CF were observed by using a scanning electron micrography (SEM).  
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Figure 4.3 Scanning electron microscopy (SEM) images of PPy/C a, before and b, after heat 

treatment at 400 oC for 4h in air. c, ORR polarization profiles measured in 0.1 M KOH. d, calculated 

number of transferred electrons and peroxide yields. 

 

 
Figure 4.4 Scanning electron microscopy (SEM) images of carbon felt a, before and b, after 

infiltration of PPy+Co3O4. c-e, High resolution (HR) transmission electron microscopy (TEM) images 

with f-g, the fast-Fourier transformed (FFT) patterns of Co3O4 and PPy/C on CF. 

 

As shown in Figures 4.4a and 4.4b, the anchored nanoparticles of Co3O4 and PPy/C provide 

the rough surface on the flat surface of CF, leading to high surface area as confirmed by BET (Figure 

4.5). Approximately 5 times increased surface area was obtained in bf-PPy+Co3O4@CF, compared 

with bare carbon felt. The detailed surface morphology of bf-PPy+Co3O4@CF was observed and 

identified by- high-resolution (HR) transmission electron microscopy (TEM) images and fast-Fourier 

transformed (FFT) patterns. As shown in the Figure 4.4c, the surface of bf-PPy+Co3O4@CF was 

covered by the particles of different shapes such as spherical and rectangular. The enlarged HRTEM 

(Figures 4.4d and 4.4e) and corresponding FFT patterns (Figures. 4.4f and 4.4g) confirm that the 

spherical- and rectangular- shaped particles are Co3O4 and PPy/C, respectively. 
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Figure 4.5 N2 adsorption isotherms of carbon felt (black) and bf-PPy+Co3O4@CF (red). 

 

 

 

Figure 4.6 Linear sweep voltammetry (LSV) curve of Pt wire working electrode at a scan rate of 1 

mV s-1 in the ultra-high purity H2-saturated 0.1 M KOH solution for RHE calibration of the Hg/HgO 

reference electrode. 
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4.4.2 Half-cell configured electrochemical analysis 

 

 

Figure 4.7 a, ORR, b, OER region of cyclic voltammograms (CV) of bi-Pt/C+IrO2 and bf-

PPy+Co3O4@CF under O2 or N2 saturated 0.1 M KOH, c, ORR, d, OER region of CV recorded under 

O2 or N2 saturated seawater 

 

Cyclic voltammograms (CV) were measured in three-electrode configuration using a platinum 

wire as a counter electrode, Hg/HgO electrode as a reference electrode. The potential was referenced 

to the reversible hydrogen electrode (RHE) as obtained in the calibration profile (Figure 4.6). For 

working electrodes, the binder-free PPy+Co3O4@CF electrode was used and the binder included 

mixture of Pt/C and IrO2 catalyst loaded carbon felt (bi-Pt/C+IrO2) was also adopted for comparison 

(Figure 4.7). Figure 4.7a presents cathodic CV curves measured in 0.1 M KOH. Apparent cathodic 

peaks ascribed to typical oxygen reduction reaction (ORR) is observed in O2-saturated condition for 

both bi-Pt/C+IrO2 and bf-PPy+Co3O4@CF. The bi-Pt/C+IrO2 presents low onset potential (~0.95 V vs. 

RHE) with the cathodic peak potential of 0.86 V toward ORR process, while bf-PPy+Co3O4@CF 

presents slightly high onset potential (~0.8 V) with the cathodic peak potential of 0.65 V. Cathodic 

currents, however, bf-PPy+Co3O4@CF shows better performance than that of bi-Pt/C+IrO2 with the 
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sharply increasing CV peaks related to the electrochemical kinetics. For N2-saturated condition, on the 

otherhand, no obvious response was observed for bf-PPy+Co3O4@CF, suggesting the absence of 

additional electrochemical reactions in the same potential range. To investigate the oxygen evolution 

reaction (OER) activities, the anodic CV curves were examined under 0.1 M KOH as presented in 

Figure 4.7b. The mixture of state-of-the-art catalysts, bi-Pt/C+IrO2, shows the relatively high 

overpotential (~ 1.55 V) whereas bf-PPy+Co3O4@CF shows the considerably low overpotential (~ 1.4 

V vs. RHE). In addition, bf-PPy+Co3O4@CF possesses exceptionally high current densities with the 

steep slope of CV curve along anodic reaction potential region signifying efficient and facile oxygen 

evolution kinetics than bi-Pt/C+IrO2 catalysts. Further cathodic and anodic CV profiles with various 

heat treatment conditions and different concentration of precursor solution are available at Figure 4.8 

and 4.9. 

 

 

Figure 4.8 a, ORR and b, OER region of CV of bf-PPy+Co3O4@CF sintered at 450, 400, and 300 oC, 

respectively, compared with those of bf-KB+Co3O4@CF sintered at 400 oC. These measurements 

were conducted in O2-saturated 0.1 M KOH at a rotation rate of 1600 rpm and a scan rate of 10 mV s-1. 

 

 

Figure 4.9 a, ORR and b, OER region of CV of bf-PPy+Co3O4@CF sintered at 400 oC with different 
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solution ratio cobalt nitrate: PPy/C. These measurements were conducted in O2-saturated 0.1 M KOH 

at a rotation rate of 1600 rpm and a scan rate of 10 mV s-1. 

 

Cathodic and anodic CV profiles for bf-PPy+Co3O4@CF were furtherly investigated under 

seawater where an actual working condition of seawater battery. Apparent oxygen reduction CV 

peaks are also observed under O2-saturated seawater for both bi-Pt/C+IrO2, and bf-PPy+Co3O4@CF 

(Figure 4.7c). With respect to the onset potential, bf-PPy+Co3O4@CF possesses slightly negative 

onset potential by 0.15 V in comparison to that of bi-Pt/C+IrO2 as similarly seen from the CV curves 

measured under 0.1 M KOH. Also, no obvious response in CV curve was observed under N2-

saturated condition suggesting an absence of additional electrochemical reactions under seawater in 

the same potential range. The anodic CV scan of bf-PPy+Co3O4@CF measured under seawater is 

presented on Figure 4.7d. Because seawater contains various cations and anions, unexpected 

electrochemical reactions could occur during an oxidation reaction instead of OER. In previous 

studies, one of the possible reactions occurring was proposed as the chlorine gas evolution reaction 

(CER) for the oxidation condition, but whether the reaction is OER or CER is still up for debate. In 

this regard, we have indirectly identified the actual electrochemical reaction that occurs during the 

oxidation process in seawater. Because OER onset potential is closely affected by a pH of solution, 

the potential is shifted by 0.0592 × pH. As shown in Figure 4.10, the oxidation profiles were 

examined in a seawater (pH ~ 8.5) and an acidified seawater (pH ~ 5) titrated by HCl. Both oxidation 

curves were measured to be similar, indicating that the oxidation reaction in seawater is CER. With 

low onset potential and high current density along whole potential region, bf-PPy+Co3O4@CF 

possesses superior catalytic oxidation performance to the mixture of state-of-the-art catalyst, 

Pt/C+IrO2. 

 
Figure 4.10 The oxidation polarization profiles measured in seawater (pH = ~ 8.5) and an acidified 

seawater (pH ~ 5) titrated by HCl. Since OER polarization profiles are closely affected by pH of 

solution (Note: a potential is shifted by 0.0592 × pH), the oxidation in seawater proceeds as a chlorine 
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evolution reaction. 

 

 4.4.3 Full-cell measurements by seawater batteries 

 

 
Figure 4.11 Schematic illustration of a seawater battery. 

 

 

Figure 4.12 a, First discharge-charge curves at the current density of 20, 40, 60, and 80 mA g-1. b, 
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Cycling performance of seawater battery using bi-Pt/C+IrO2 and bf-PPy+Co3O4@CF at current 

density of 20 mA g-1. Cathode and anode potential during the cycling test for c, bi-Pt/C+IrO2 and d, 

bf-PPy+Co3O4@CF. 

 

Figure 4.11 shows a schematic illustration of a seawater battery, which consists of the bf-

PPy+Co3O4@CF structured carbon felt as the air electrode (cathode when discharge), a sodium metal 

anode, and Ag/AgCl reference electrode. The full cell test of a seawater battery is conducted in 3-

electrode configuration using a reference electrode to exactly distinguish the applied voltages on the 

air electrode and Na anode during charging and discharging processes. The galvanostatic charge-

discharge voltage profiles of seawater battery along different current densities (20 mA g-1 to 80 mA g-

1) are presented in Figure 4.12a. A mixture of the state-of-the-art catalyst, bi-Pt/C+IrO2, shows stable 

plateaus with small voltage gap for charge-discharge processes. While the bf-PPy+Co3O4@CF shows 

slightly lower discharge voltage profiles in comparison to bi-Pt/C+IrO2, charging voltage profiles 

shows better value to that of bi-Pt/C+IrO2 confirming the efficient charging performance under the 

full cell configuration. To confirm the physical and electrochemical stabilities of the bf-

PPy+Co3O4@CF electrode, the cyclic charge-discharge tests were performed during 300 hours under 

the state of continuous seawater flux (Figure 4.12b). Also, the cathode potential and the anode 

potential (denoted as Ecathode and Eanode) for binder included Pt/C+IrO2 and bf-PPy+Co3O4@CF 

electrode are shown in Figures 4.12c and 4.12d. Without using any binding materials (e.g., Nafion, 

PVdF, PTFE), bf-PPy+Co3O4@CF air electrode shows stable cyclic performance for 300 hours. A 

little degradation on the discharge performance is observed near of 230 hours for bf-PPy+Co3O4@CF, 

however, it is due to the potential degradation of Na anode as observed in Figure 4.12d. 

Consequently, the bf-PPy+Co3O4@CF performs invariant cyclic performances without physical and 

electrochemical damages under continuous seawater flux for 300 hours. 

 

4.5 Conclusion 

In summary, we have fabricated the binder-free electrode by structuring polypyrrole assisted 

Co3O4 anchored carbon fiber via a simple infiltration technique. Because the conventional preparation 

of catalyst electrode mostly involves the polymer-binders to ensure good physical contacts between 

catalysts and scaffolds, loss of the electrochemically active surface area is inevitable from their 

hydrophobic and insulating natures. Interestingly, a simple infiltration of the transition metal 

precursors on carbon felt followed by a sintering process lead to a strong anchoring of Co oxide on 

carbon fiber tissues without aiding of polymer binders. Owing to the unique surface structuring, the 

fabricated binder-free electrode exhibited the excellent bifunctional electrochemical stability with a 

comparable performance to binder included Pt/C+IrO2 electrode for seawater battery. 
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Chapter 5. In-situ local phase-transitioned MoSe2 in La0.5Sr0.5CoO3-δ 

heterostructure and stable overall water electrolysis over 1000 hours 

 

This chapter has been published 

 Reproduced from Oh, N. K.; Kim, C.; Lee, J; Kwon, O.; Choi, Y.; Jung, G. Y.; Lim, H. Y.; 

Kwak, S. K.; Kim, G.; Park, H. In-situ local phase-transitioned MoSe2 in La0.5Sr0.5CoO3-δ 

heterostructure and stable overall water electrolysis over 1000 hours. Nat. Commun. 2019, 10, 1723 

DOI: 10.1038/s41467-019-09339-y. The work is licensed under the Creative Commons Attribution 

4.0 International License (CC BY 4.0). Copyright 2019 The Authors. 

 

5.1 Abstract 

Developing efficient bifunctional catalysts for overall water splitting that are earth-abundant, 

cost-effective, and durable is of considerable importance from the practical perspective to mitigate the 

issues associated with precious metal-based catalysts. Herein, we introduce a heterostructure 

comprising perovskite oxides (La0.5Sr0.5CoO3–δ) and Molybdenum diselenide (MoSe2) as an 

electrochemical catalyst for overall water electrolysis. Interestingly, formation of the heterostructure 

of La0.5Sr0.5CoO3–δ and MoSe2 induces a local phase transition in MoSe2 and more electrophilic of 

La0.5Sr0.5CoO3–δ with partial oxidation of the Co cation, owing to electron transfer from Co to Mo. 

Together with these synergistic effect, the electrochemical activities are significantly improved for 

both hydrogen evolution reaction and oxygen evolution reaction. In the overall water splitting 

operation, the heterostructure showed excellent stability at the high current density of 100 mA cm−2 

over 1,000 hours, which is exceptionally better than the stability of the state-of-the-art platinum and 

iridium oxide couple. 

 

 5.2 Introduction 

Hydrogen has high energy density (120–140 MJ kg−1) and is an environmentally friendly clean 

energy source that can be produced through water splitting.1,2 The state-of-the-art water splitting 

catalyst for hydrogen production is composed of precious noble metals, and it has several drawbacks 

such as high-cost, limited reserves, and durability.3 Currently, the Ir- and Ru-based compounds and 

Pt-group metals are considered the most efficient catalysts for the anodic oxygen evolution reaction 

(OER) and the cathodic hydrogen evolution reaction (HER), respectively.3,4 Because each half-cell 

reaction requires a different pH environment for yielding the best performance, the adoption of such 

electrodes in integrated electrochemical water splitting has been limited in practical settings. To 
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achieve efficient overall water splitting for hydrogen production, OER performance is also important 

because the OER process can become a kinetic bottleneck in HER owing to its complex and slow 

overall reaction involving concerted electron-proton shift steps.3–5 Therefore, bifunctional catalysts 

that are earth-abundant and can exhibit concurrently excellent HER and OER performance are 

required urgently.6,7  

ABO3 perovskite oxides (A: rare-earth or alkaline earth element, B: transition metal ion) have 

received significant attention as potential alternatives to precious metal-based catalysts (e.g., RuO2 

and IrO2) owing to their strong catalytic activity, robust stability, and compositional flexibility.8,9 

Thus, considerable efforts have been devoted to understanding the mechanisms of OER and HER on 

perovskite oxides, and molecular orbital studies have suggested that cobalt-based oxides can be used 

as active catalysts in OER and HER.10 Among the various ABO3 perovskite oxide catalysts, La1–

xSrxCoO3–δ has been extensively studied for its strong catalytic activity. Liu et al. synthesized 

hierarchical mesoporous La1–xSrxCoO3–δ by electrospinning and showed improved OER activity and 

redox stability in a lithium oxygen battery.11 Mefford et al. showed the manner in which OER 

performance can be improved by exploiting the oxygen vacancy defect in La1–xSrxCoO3–δ.
12 Grimaud 

et al. demonstrated that the O2 generated from the lattice oxygen of La1–xSrxCoO3–δ significantly 

influenced OER.13  

Both theoretical and experimental investigations on transition metal dichalcogenides (TMDs) 

have revealed the great potential of TMDs as hydrogen generation catalysts owing to their high 

catalytic activity; robustness to CO, CO2, and O2; affordability; and scalability.14,15 Of the various 

TMDs, molybdenum diselenide (MoSe2) is considered a promising HER catalyst because of its 

relatively superior electrochemical catalytic activity and chemical stability compared to other 

TMDs.16,17 The Gibbs free energy of MoSe2 for hydrogen adsorption is close to zero, and its hydrogen 

coverage is greater than those of other TMDs.17 However, owing to low conductivity of the intrinsic 

2H-phase MoSe2, MoSe2-based composite structures, such as MoSe2/carbon cloth,16 MoSe2/n+p-Si,18 

and MoSe2/graphene,19 have been typically used to improve the electrochemical activity of intrinsic 

MoSe2. In addition, inducement of the semiconducting (2H) to metallic (1T) phase transition in TMDs 

has been considered to improve the performance of TMDs-based composite electrochemical catalysts 

because the metallic phase can improve their intrinsic electrocatalytic nature.20 However, the phase 

transition process of TMDs is rather complex and time-consuming, and it requires an inert 

environment owing to the highly reactive materials involved, such as alkali metals.20,21  

Apart from performance, the durability of water splitting catalysts is an important criterion 

from the commercial perspective. Chemical instability results in catalyst decomposition in the 

electrode during continued operation, which hinders long-term catalyst stability. Therefore, 

developing earth-abundant bifunctional catalysts that are based on non-precious metal elements and 
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concurrently offer excellent HER and OER performance along with robust chemical stability is 

indispensable to ensure the industrial viability of electrochemical water splitting. 

In present work, we devise a composite perovskite oxide–TMD heterostructure composed of 

MoSe2 (denoted MoSe2), La0.5Sr0.5CoO3–δ (denoted LSC only), and Ketjenblack carbon (denoted KB) 

as a bifunctional electrocatalyst for overall water electrolysis. The LSC, MoSe2, and KB 

heterostructure (denoted LSC&MoSe2) offers considerably better HER and OER performances (onset 

potential, Tafel slope) than LSC and KB heterostructure (denoted LSC) or MoSe2 alone. Interestingly, 

an in-situ local phase transition in MoSe2 (from 2H- to 1T-MoSe2) is observed during the formation of 

LSC&MoSe2, possibly because of spontaneous electron transfer from Co to Mo. This charge transfer 

is expected to enhance the intrinsic conductivity of MoSe2 and increase the amount of Co-O and Co-

OH in LSC, which can enhance the water splitting catalytic activity. When LSC&MoSe2 || 

LSC&MoSe2 electrode was applied to overall water splitting, the initiation potential was confirmed to 

be 1.52 V and the proposed electrode exhibited excellent overall water electrolysis stability over 

1,000 h at a high current density of 100 mA cm−2, which is far superior performance compared to that 

of the Pt/C || IrO2 electrode. 

 

 5.3 Experimental 

5.3.1 Synthesis of MoSe2 

For the preparation of MoSe2 flakes, 500 mg of bulk MoSe2 powder (~325 mesh powder, purity 

> 99.9%, Alfa Aesar) was dispersed in isopropyl alcohol (IPA) (350 mL) and deionized water (150 

mL), and subsequently exfoliated via tip-sonication (Sonic & materials, VC 505) during 5 h. The 

resulting suspension was centrifuged and the supernatant was collected, which was dried in vacuum 

oven at 100 ℃ for 12 h. 

 

5.3.2 Synthesis of LSC 

La0.5Sr0.5CoO3-δ (LSC) perovskite oxides was synthesized by typical sol-gel process. 

Stoichiometric amount of metal nitrate precursors and citric acid were dissolved in deionized water to 

form an aqueous solution. After the nitrate precursors were completely dissolved, an appropriate 

amount of polyethylene glycol (Mw ~ 400) was added. All chemical reagents were purchased from 

Sigma-Aldrich and used as-received without further purification. After a viscous resin was formed, 

the solution was heated at 300 oC. Then, the resulting powder was pre-calcined at 600 oC for 4 h and 

calcined at 950 oC for 4 h. 
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5.3.3 Synthesis of Catalysts 

To find the optimum ratio for LSC&MoSe2 catalyst, LSC and MoSe2 were high-energy milled 

with 10 wt.% of Ketjen black EC-600JD (KB) by a planetary ball mill system (PM-200, Retsch, 

Germany). For the milling process, the following weight ratios were examined with LSC:MoSe2:KB 

of 9:0:1, 8:1:1, 7:2:1, 6:3:1, 5:4:1, and 0:9:1. Total weight of catalyst was maintained as 500 mg and 

each catalyst was dispersed in ethanol and ball-milled using Zr-balls at 400 rpm for 2 h. Thus, for 

synthesis of LSC:MoSe2:KB = 6:3:1, 300 mg of LSC, 150 mg of MoSe2, and 50 mg of KB was used. 

In case of LSC/KB, MoSe2/KB, and LSC/MoSe2 synthesis, 450 mg of LSC/50 mg of KB, 450 mg of 

MoSe2/50 mg of KB, and 300 mg of LSC/150 mg of MoSe2 was used, respectively. Then, the powder 

was collected by drying the solvent in a 70 oC of oven for further analyses. 

 

5.3.4 Material characterizations 

Structural and morphological characterizations were conducted via HR-TEM (JEM-2100F, 

JEOL) with a probe forming (STEM) Cs (spherical aberration) corrector at 200 kV and XRD (D8 

Advance, Bruker) at a scan rate of 1 o min-1, respectively. Fluorescence emission and UV-vis NIR 

spectra were obtained by Fluorometer (Cary Eclipse, Varian) and UV-vis NIR spectrophotometer 

(Cary 5000, Agilent). BET surface area and pore size of LSC&MoSe2 and LSC were investigated via 

Physisorption Analyzer (ASAP 2420, Micromeritics Instruments) with N2 desorption/adsorption. 

surface adsorption capability was analyzed by TGA (Q500, TA). LSC&MoSe2 and LSC used in TGA 

analysis were exposed to wet-air for 24 h to absorb the moisture. UPS and XPS measurements were 

conducted using He I (21.2 eV) discharge lamp and monochromatic Al-Kα radiation source, 

respectively, (ESCALAB 250Xi, Thermo Fisher Scientific) under ultra-high vacuum condition 

(<10−10 Torr). SEM images of electrodes before and after overall water electrolysis were obtained via 

Nano 230 FE-SEM (Nova Nano SEM, FEI). 

 

5.3.5 Half-cell analysis  

Half-cell measurements were conducted in typical three-electrode configuration using a Pt wire 

and Ag/AgCl electrode (saturated KCl filled) as the counter electrode and reference electrode, 

respectively. The rotating disk electrode (RDE) tests were carried out by using catalysts of 20 wt% 

Pt/C (Alfa Aesar), IrO2 (Alfa Aesar), LSC, MoSe2, and LSC&MoSe2 on RRDE-3A (ALS). Each 

catalyst was prepared in the form of an ink by dispersing 10 mg of the catalyst in 1 mL of a binder 

solution (45:45:10 = ethanol:isopropyl alcohol:5 wt% Nafion solution (Sigma-Aldrich), volumetric 

ratio) followed by a bath sonication process. Then, HER and OER profiles were investigated in N2-

saturated 1 M KOH aqueous solution at a scan rate of 10 mV s-1 by drop-coating 5 µL of each catalyst 

ink onto glassy carbon disk electrode, where the area is 0.13 cm2. A calibration in reversible hydrogen 



57 
 

electrode (RHE) was experimentally determined at a scan rate of 1 mV s-1 in H2-saturated 1 M KOH, 

where platinum wire was used as the working and counter electrode and Ag/AgCl as the reference 

electrode. All half-cell profiles were iR compensated by measuring the resistance of solution (1 M 

KOH). All electrochemical tests were carried out using Biologic VMP3. 

 

5.3.6 Overall water splitting test  

The overall water electrolysis tests were proceeded in three-electrode configuration using 

Ag/AgCl reference electrode. The cathode and anode were prepared by electro-spraying the prepared 

catalyst ink onto a Ni mesh current collector with a catalyst loading density of 1 mg cm-2. The 

measurements were proceeded in deaerated 1 M KOH aqueous solution. The current density was 

normalized with the geometric area of the catalyst. All electrochemical tests were conducted using 

Biologic VMP3. 

 

5.3.7 Calculation details 

Spin-polarized DFT calculations were carried out using the Vienna ab initio simulation package 

(VASP)56 within the projector-augmented wave (PAW) method.57 The electron exchange-correlation 

energy was treated by the generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof 

(PBE) functional.58 The DFT+U method within Dudarev’s approach59 was also adopted with U = 4.3 

eV and J = 1.0 eV for Co-3d and U = 4.0 eV for Mo-4d, respectively. The energy cutoff for the plane-

wave basis set was set as 400 eV and PAW data sets were used with following valence electronic 

states: 5s2, 5p6, 5d1, 6s2 for La; 4s2, 4p6, 5s2 for Sr; 3d8, 4d1 for Co; 2s2, 2p4 for O; 4s2, 4p6, 4d6 for Mo; 

and 4s2, 4p4 for Se, respectively. Geometry optimizations were performed using conjugated gradient 

(CG) method until the net force on each atom reached less than 0.02 eV Å-1 and the total energy was 

changed within 10-6 eV per atom. Dipole slab corrections were also applied to all slab model 

calculations. The Monkhorst-Pack scheme of k-point grid60 was set to Γ points for geometry 

optimization, and 3 × 2 × 1 k-points in the Brillouin zone for DOS analysis, respectively. Bader 

analysis50 was used to calculate the atomic charges. 

 

5.3.8 Model systems for calculation 

To construct the LSC&MoSe2 heterostructure, each slab model for LSC surface and MoSe2 

layer was separately modeled in advance. First, the unit cell structure of LaCoO3 (LCO) was fully 

relaxed by optimizing both atomic positions and lattice parameters, which were well matched with 

experimentally reported values.61 Subsequently, the LCO bulk structure was cleaved along the (001) 

plane with two plausible terminations (i.e., CoO2 termination and LaO termination). Note that we 

considered symmetric slab models of LCO (001), which consisted of 5 atomic layers, to remove the 
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fictious dipole moment in the slab. The bottommost two layers were fixed to their bulk positions. 

Next, a 2√2 × 3√2 × 1 supercell structure was created, and subsequently half of La atoms were 

replaced into Sr atoms to attain the stoichiometry of La0.5Sr0.5CoO3 system (i.e., a = 10.91 Å, b = 

16.37 Å, c = 25.00 Å, 156 atoms). For MoSe2 slab model, a 2 × 5 × 1 supercell structure of 

orthorhombic unit cell for 2H-MoSe2 was created (i.e., a = 11.49 Å, b = 16.78 Å, c = 25.00 Å, 60 

atoms). Finally, the LSC&MoSe2 heterostructure was built by combining the LSC and MoSe2 slabs 

with minimized lattice mismatch less than 3% (i.e., a = 11.20 Å, b = 16.57 Å, c = 35.00 Å, 216 

atoms). The vacuum was sufficiently applied to avoid the self-interaction in z-direction. 

 

5.3.9 Surface energy calculations 

To evaluate the relative stability of complementary terminations in the LSC (001) surface, we 

calculated the surface energy (γ) by the sum of cleavage energy (γu) and relaxation energy (γr), which 

was previously reported by Heifets et al.,62 

 u rγ γ γ= +  (5.1) 

The cleavage energy can be obtained as follows, 

 
2

(CoO -t.) ((La,Sr)O-t.)( ) / 4u u
u slab slab bulkE E NE Aγ = + −  (5.2) 

where 
2

(CoO -t.)u
slabE  and ((La,Sr)O-t.)u

slabE  are unrelaxed CoO2- and (La,Sr)O-terminated slab 

energies, bulkE  is the total energy of bulk unit cell, N is the formula unit of slab models, and A is the 

surface area. The factor of four in the denominator arises from the four cleaved surfaces of two 

terminations. Next, we can calculate the relaxation energies for each CoO2-t. and (La,Sr)O-t. as 

follows, 

 
2

(X) (X) (X = CoO -t. or (La,Sr)O-t.)( ) / 2          r u
r slab slabE E Aγ = −  (5.3) 

where (X)r
slabE  is a slab energy after relaxation.  
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5.4 Results and Discussion 

 5.4.1 Morphological and structural properties of LSC&MoSe2 

LSC&MoSe2 was prepared using the high-energy ball milling process with the optimum weight 

ratio of LSC:MoSe2:KB = 6:3:1 determined by the electrochemical analyses (Figure 5.1-5.3). 

Morphological and structural analyses of the composite electrocatalyst were first performed by 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM). Figures 5.4a-

5.4b show bright-field TEM image and high-angle annular dark-field (HAADF) image of 

LSC&MoSe2, along with energy-dispersive spectroscopy (EDS) elemental mapping, which clearly 

illustrates the presence of the associated elements (La, Sr, Co, O, Mo, Se, and C) in LSC&MoSe2. 

Further analysis on the morphology of LSC&MoSe2 heterostructure was carried out by SEM (Figure 

5.5). It can be seen that MoSe2 nanoflakes are randomly distributed and adsorbed onto the LSC 

surface without causing any noticeable aggregation, which can contribute to the increase of overall 

surface area of the composite structure. The SEM-EDS and elemental quantitative analysis for 

LSC&MoSe2 further revealed that each constituent atomic component in the composite structure was 

clearly observed with expected elemental ratio (Figure 5.6). Figure 5.4c shows a high-resolution 

TEM (HR-TEM) image of LSC&MoSe2, which highlights the presence of MoSe2 (red). The inset in 

Figure 5.4c shows the fast Fourier transform (FFT) pattern of MoSe2 viewed along the <001> zone 

axis, indicating highly crystalline structures corresponding to the (100) plane of 2H-MoSe2 with a 

lattice spacing of 0.28 nm. A HR-TEM image and the corresponding FFT pattern (inset, white section) 

of LSC along the <110> zone axis are shown in Figure 5.4d, which highlight the crystalline structure 

of LSC corresponding to the (001) plane with a lattice spacing of 0.40 nm. The crystal structures of 

LSC, MoSe2, and LSC&MoSe2 were analyzed further by using X-ray diffraction (XRD), as shown in 

Figure 5.4e. The peaks related to LSC and MoSe2 can be observed clearly in the XRD pattern of 

LSC&MoSe2, indicating the well-mixed state of LSC and MoSe2 without the presence of any 

additional phase, along with the amorphous state of KB. 
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Figure 5.1 HER and OER performance with various ratios of LSC and MoSe2 composite catalysts. a, 

HER and b, OER polarization curves obtained by the various weight ratios of LSC and MoSe2. For 

the preparation of catalysts, 10 wt.% of KB was included as a conductive support. 

  

 

Figure 5.2 Cyclic voltammograms (CVs) measured with various ratios of LSC and MoSe2 composite 

catalysts in the double layer capacitance region at scan rates of 20, 40, 60, 80, 100, 120, 140, and 160 

mV s-1 in 1.0 M KOH solution. The measured catalyst configurations are: a, LSC:MoSe2:KB = 9:0:1 

(LSC), b, LSC:MoSe2:KB = 8:1:1, c, LSC:MoSe2:KB = 7:2:1, d, LSC:MoSe2:KB = 6:3:1 

(LSC&MoSe2), e, LSC:MoSe2:KB = 5:4:1, f, LSC:MoSe2:KB = 0:9:1 (MoSe2). 

 

 

Figure 5.3 Double-layer capacitance values (Cdl) of various LSC, MoSe2, and KB configuration. 

Linear fitting profiles of the extraction of the Cdl allowing the estimation of the electrochemically 

active surface area (∆j = (ja-jc)/2). 
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Figure 5.4 Morphological and structural characterizations of LSC&MoSe2. a, Bright-field TEM 

image of as-prepared LSC&MoSe2. b, STEM-HAADF image and corresponding STEM-EDS 

elemental mapping of LSC&MoSe2, demonstrating uniform atomic distributions of La (red), Sr 

(yellow), Co (cyan), O (green), Mo (purple), Se (yellow), and C (red). c, HR-TEM image of 

LSC&MoSe2, indicating the presence of MoSe2. Inset shows a FFT image of MoSe2. d, HR-TEM 

image of LSC showing different lattice structure from that of MoSe2. The inset is a FFT image of LSC. 

e, XRD spectra of LSC, MoSe2, and LSC&MoSe2, indicating the well-mixed state of LSC and MoSe2. 

f, BET surface area calculated from N2 adsorption/desorption isotherms of LSC and LSC&MoSe2, 

demonstrating that the surface area of LSC&MoSe2 is considerably greater than that of LSC.  
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Figure 5.5 SEM images of LSC&MoSe2. a, low and b, high magnification of as-prepared 

LSC&MoSe2.  

 

 

Figure 5.6 SEM-EDS and elemental quantitative analysis of as-prepared LSC&MoSe2. Each 

constituent atomic component (La, Sr, Co, O, Mo, and Se) in LSC&MoSe2 is clearly observed with 

expected elemental ratio (The red rectangle in inset SEM image represents the selected EDS mapping 

area). 

 

 

Figure 5.7 BET analysis of MoSe2 and LSC only. BET surface area calculated from N2 

adsorption/desorption isotherms of a, MoSe2 and b, LSC only. 
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Figure 5.8 Summary of BET surface area values of LSC&MoSe2, LSC, MoSe2, and LSC only. Error 

bars indicate the standard deviation. 

 

We then performed Brunauer–Emmett–Teller (BET) analysis on LSC&MoSe2 and LSC to 

investigate the effect of MoSe2 on the surface area of the heterostructure. We also measured the BET 

surface area of MoSe2 and LSC only as 32.55 and 10.47 m2 g-1, respectively (Figure 5.7). However, 

as shown in Figure 5.4f, the addition of MoSe2 to LSC led to a notable increase in the total surface 

area of the composite structure, where the surface area of LSC&MoSe2 (142.09 m2 g−1) was more than 

thrice that of LSC (39.95 m2 g−1). Standard deviations of LSC&MoSe2, LSC, MoSe2, and LSC only 

were measured as ± 0.34, 0.12, 0.10, and 0.12 m2 g-1, respectively (Figure 5.8). Increase in the BET 

surface area for LSC&MoSe2 can be attributed to the additional MoSe2 nanoflakes present that are 

adsorbed onto the LSC surface. Such a remarkable increase in surface area improves water splitting 

by increasing the total number of active electrocatalysis sites for both HER and OER22. The pore size 

of LSC&MoSe2 was investigated using the Barrett–Joyner–Halenda (BJH) method. The pore size 

distribution in Figure 5.9 shows that mesoporous pores (2–50 nm) are present on the surface of the 

heterostructure. We analyzed the BJH pore size distributions of MoSe2 and LSC only to investigate 

the origin of mesoporous characteristics in LSC&MoSe2 (Figure 5.10). In MoSe2, a sharp peak 

primarily centered at around 4 nm is observed, indicating the presence of mesoporous structure, 

whereas the broad peak centered at 55 nm appears for the LSC only. This result is consistent to the 

BET surface area analysis (Figure 5.7), where N2 adsorption-desorption isotherms of MoSe2 shows 

type-IV characteristics with a hysteresis loop at relative pressures (P/P0) from 0.45 to 1.0 and LSC 

only shows much less conspicuous type-IV character than that of MoSe2 within similar P/P0 range, 

which suggests that the mesoporous characteristics observed from LSC&MoSe2 heterostructure 

mainly originated from the MoSe2.23 This mesoporous-pore-sized catalyst with large surface area is 

expected to enhance water splitting efficiency by facilitating effective mass transfer within the 

catalyst.22 
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Figure 5.9 BJH pore size distribution for LSC&MoSe2. 

 

 

Figure 5.10 BJH pore size distribution for a, MoSe2 and b, LSC only. 
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5.4.2 Electrochemical performance 

 

Figure 5.11 Half-cell-configured hydrogen evolution reaction and oxygen evolution reaction pro

files. a, HER polarization curves of various catalysts measured in N2-saturated 1 M KOH. b, 

Tafel analysis of the HER profiles. c, OER polarization curves of various catalysts. d, Tafel 

plots derived from the RDE profiles. 

 

At first, the hydrogen evolution reaction (HER) activities of the proposed catalyst were 

investigated for various catalyst configurations by examining rotating disk electrode (RDE) 

polarization curves obtained under N2-saturated 1 M KOH (Figure 5.11a). The corresponding Tafel 

plots were derived from the obtained polarization curves (Figure 5.11b). The potential was referenced 

to the reversible hydrogen electrode (RHE), as obtained from the calibration profile (Figure 5.12). 

Pt/C exhibits excellent HER activity with an onset potential of 0.0 V vs. RHE and sharply increasing 

current density with a low Tafel slope value of 28 mV dec.–1, which indicates the Volmer–Tafel 

reaction is its primary HER pathway.24 By contrast, MoSe2, known as an active HER catalyst under 

acidic media,25 shows rather inferior HER activity with an onset potential of -0.42 V and Tafel slope 

of 237 mV dec.–1 in alkaline media. LSC presents moderate HER activity, as reported previously12 

with an onset potential of -0.33 V and Tafel slope of 95 mV dec.–1, suggesting the Volmer–Heyrovsky 
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reaction is the dominant HER pathway.26 Interestingly, the addition of MoSe2 to LSC (LSC&MoSe2) 

facilitated the HER activities of LSC by positively shifting the onset potential to -0.20 V, a 0.13 V 

increase from that of LSC. This improvement is noteworthy in that the onset potential usually depends 

on the intrinsic property of the catalyst, and the combination of two low-performance materials, with 

onset potentials of -0.33 V (LSC) and -0.42 V (MoSe2), respectively, led to an enhanced overall onset 

potential of -0.20 V (LSC&MoSe2), demonstrating the synergistic effect of heterostructure formation. 

The Tafel slope of the composite structure improved to 34 mV dec.–1 from 95 mV dec.–1 (LSC) and 

237 mV dec.–1 (MoSe2), respectively, approaching that of Pt/C (28 mV dec.–1), which suggests the 

Volmer–Tafel mechanism is the preferred pathway in the HER process of LSC&MoSe2. This result is 

comparable to that of the high-performance emerging HER catalysts under identical electrolyte 

conditions (1 M KOH), and it shows the lowest Tafel slope among the survey groups (Table 5.1), 

which indicates faster increment in current with small overpotential and lower activation barrier 

toward rapid reaction rate.  

 

 

Figure 5.12 Potential calibration of the Ag/AgCl reference electrode in 1 M KOH. 

 

Table 5.1 HER performance survey of representative electrocatalysts in 1 M KOH electrolytes. 

Catalyst Onset potential 
(mV) 

Tafel slope 
(mV dec–1) Electrolyte Ref. 

This work 200 34 1 M KOH   

Transition metal dichalcogenides based electrocatalyst 

NiSe2 nanosheets 90 184 1 M KOH S1 

MoS2+x nanoparticles 200 84 1 M KOH S2 

MoS2/MoSe2-0.5 180 96 1 M KOH S3 

Pristine MoSe2 270 135 1 M KOH S3 
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Pristine MoS2 310 157 1 M KOH S3 

Ni(OH)2/MoS2 210 105 1 M KOH S4 

CoSe2/MoSe2 211 76 1 M KOH S5 

MoSe2@Ni0.85Se 36 66 1 M KOH S6 

MoSe2/GCA 120 119 1 M KOH S7 

ex-MoSe2:NiCl2 230 114 1 M KOH S8 

Perovskite oxide based electrocatalyst 

Ba0.5Sr0.5Co0.8Fe0.2O 3–δ 261 75 1 M KOH S9 

Pr0.5(Ba0.5Sr0.5)0.5Co0.8Fe0.2O 3–δ 179 45 1 M KOH S9 

NdBaMn2O5.5 200 87 1 M KOH S10 

SrNb0.1Co0.7Fe0.2O3−δ-nanorod 210 103 1 M KOH S11 

SrNb0.1Co0.7Fe0.2O3−δ 265 128 1 M KOH S11 

Pr(Ba0.8Ca0.2)0.95(Co1.5Fe0.5)0.95Co0.05

O5+δ 
200 42 1 M KOH S12 

La0.5(Ba0.4Sr0.4Ca0.2)0.5Co0.8Fe0.2O3–δ 180 59 1 M KOH S13 

Pr0.5(Ba0.5Sr0.5)0.5Co0.8Fe0.2O 3–δ 180 63 1 M KOH S13 

Other representative non-precious metal based electrocatalyst  

Mo2C nanoparticles 150 60 1 M KOH S14 

CoP nanowires/carbon cloth 38 129 1 M KOH S15 

WN nanowires/carbon cloth 100 170 1 M KOH S16 

NiNC–800 105 160 1 M KOH S17 

FeP nanorod array 86 146 1 M KOH S18 

EG/Co0.85Se/NiFe–LDH 240 57 1 M KOH S19 

CF-NG–Co 104 75 1 M KOH S20 

Ni3S2 nanoparticle/CNTs 350 102 1 M KOH S21 

Ni2P nanoparticles 150 100 1 M KOH S22 

NiCo2S4 nanowires/carbon cloth 230 141 1 M KOH S23 
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NiSn@C 100 145 1 M KOH S24 

MoB particles 150 59 1 M KOH S25 

Carbon paper/carbon tubes/Co–S 50 131 1 M KOH S26 

N, P, Co–doped graphene 350 145 1 M KOH S27 

 

In addition, we investigated the oxygen evolution reaction (OER) activities of the prepared 

catalysts under N2-saturated 1 M KOH. Figure 5.11c presents the OER polarization curves, and the 

corresponding Tafel slopes are derived, as shown in Figure 5.11d. For the OER analysis, IrO2, known 

as the state-of-the-art catalyst for OER, was adopted as a reference catalyst.27 IrO2 exhibits excellent 

OER performance with the onset potential of 1.51 V vs. RHE and Tafel slope of 75 mV dec.–1. In the 

case of LSC, active OER performance was observed with the onset potential of 1.54 V and Tafel 

slope of 90 mV dec.–1, but MoSe2 exhibited an inactive OER process along with an increase in 

overpotential. Notably, LSC&MoSe2 presented considerably improved OER activities compared to 

that of LSC with an onset potential of 1.52 V and sharply increasing current density with a low Tafel 

slope of 77 mV dec.–1. In the same electrolyte tested for HER (1 M KOH), the OER performance 

achieved in this work is comparable to that of recently reported high-performance catalysts (Table 

5.2). These results demonstrate that the formation of LSC&MoSe2 leads to simultaneous 

enhancements in both the HER and OER activities, suggesting that LSC&MoSe2 has potential as a 

highly efficient overall water splitting catalyst.  

 
Table 5.2 OER performance survey of representative electrocatalysts in 1 M KOH electrolytes. 

Catalyst Onset potential 
(V) 

Tafel slope 
(mV dec–1) Electrolyte Ref. 

This work 1.52 77 1 M KOH   

Transition metal dichalcogenides based electrocatalyst 

Few-layer BP 1.45 88 1 M KOH S28 

MoS2/Co3S4 hollow polyhedra 1.64 90.1 1 M KOH S29 

Co9S8@MoS2/CNFs 1.58 61 1 M KOH S30 

Fe-MoS2 1.35 126 1 M KOH S30 

MoS2 QDs 1.51 39 1 M KOH S31 

MoS2/Ni3S2 1.41 88 1 M KOH S32 
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CoTe2 nanowire 1.58 67 1 M KOH S33 

Perovskite oxide based electrocatalyst 

3D microporous-LaFeO3 1.59 62 1 M KOH S34 

3D microporous-LaFe0.8Co0.2O3 1.57 56 1 M KOH S34 

La0.7Sr0.3Co0.7Fe0.3O3-975 1.56 103 1 M KOH S35 

La0.7Sr0.3Co0.25Mn0.75O3-NPs-800 1.59 132 1 M KOH S36 

SrCo0.4Fe0.2W0.4O3-δ 1.63 58 1 M KOH S37 

SrCo0.4Fe0.2W0.05O3-δ 1.67 102 1 M KOH S37 

Ball-milled SrCo0.4Fe0.2W0.4O3-δ 1.58 81 1 M KOH S37 

La0.5Sr0.5Ni0.2Fe0.8O3-δ 1.59 90 1 M KOH S38 

La0.5Sr0.5Ni0.4Fe0.6O3-δ 1.47 85 1 M KOH S38 

La0.5Sr0.5Ni0.5Fe0.5O3-δ 1.59 95 1 M KOH S38 

La0.5Sr0.5Ni0.8Fe0.2O3-δ 1.59 96 1 M KOH S38 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ 1.55 80 1 M KOH S38 

Other representative non-precious metal based electrocatalyst 

FeCo@NG/NCNT 1.54 77 1 M KOH S39 

Co3O4–MTA 1.52 84 1 M KOH S40 

NiNC–800 1.45 45 1 M KOH S17 

FeNi3N/Ni foam 1.43 40 1 M KOH S41 

NPCN/CoNi–NCNT 1.57 165 1 M KOH S42 

Ni–P 1.48 64 1 M KOH S43 

Co3O4 NCs 1.52 101 1 M KOH S44 

Cu(OH)2 1.57 78.9 1 M KOH S45 

MW CNT/Cu(OH)2 1.65 127.9 1 M KOH S45 

MW CNT/CuO–400 1.55 59.9 1 M KOH S45 

FeB2 1.48 52.4 1 M KOH S46 
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NixB 1.54 89 1 M KOH S47 

Nickel borate@Ni3B 1.48 52 1 M KOH S48 

Pristine CNTs 1.58 60 1 M KOH S49 

Ni3B 1.51 81.4 1 M KOH S50 

Ni3B–rGO 1.43 88.4 1 M KOH S50 

O–CNTs 1.52 47.7 1 M KOH S51 

N, O, P tri–doped porous carbon 1.52 84 1 M KOH S52 

 

5.4.3 Analysis of LSC&MoSe2 properties 

To elucidate the origin of enhanced catalytic activity in LSC in the presence of additional 

MoSe2, various analyses, including spectroscopic, chemical, and electrical characterizations, were 

performed to investigate the potential interaction between the two substances. Figure 5.13a shows the 

fluorescence emission spectra (FL) of MoSe2, LSC only, and KB for various configurations. For the 

FL measurement, each sample (MoSe2, LSC&MoSe2, LSC only and MoSe2 heterostructure (denoted 

LSC/MoSe2), and MoSe2 and KB heterostructure (denoted MoSe2/KB) was prepared using the same 

concentration of MoSe2 (0.33 mg/mL). Detailed summary of abbreviations for each material system 

studied in this work is provided in Table 5.3. Pristine 2H-phase MoSe2 is semiconducting in nature,28 

and LSC only and KB are highly conductive materials with metallic features.29 A clear FL peak was 

observed for MoSe2 at 825 nm, whereas substantial FL quenching occurred in the MoSe2 composite 

containing LSC only and KB, that is, LSC&MoSe2, LSC/MoSe2, and MoSe2/KB. In addition, the FL 

peak was not present in the case of KB, and only a weak FL spectrum was observed in the case of 

LSC only, as shown in Figure 5.14. However, the FL peak was observed in the case of LSC. These 

results suggest that charge transfer occurs readily among MoSe2, LSC only, and KB while that 

between LSC only and KB is limited. Moreover, optical absorption measurements were performed to 

further examine the effect of local phase transition in TMDs to metallic-phase in LSC&MoSe2. 

Figure 5.13b shows the UV-vis-NIR spectrum of MoSe2, which highlights the semiconducting 

feature of the 2H-phase with two exciton peaks at approximately 700 and 800 nm.30 In LSC&MoSe2, 

such excitonic peaks disappeared, indicating that the phase transformed TMDs induced metal-like 

characteristics in LSC&MoSe2 (Figure 5.13c).31,32 
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Figure 5.13 Analysis of physical properties of LSC&MoSe2. Fluorescence emission spectra of a, 

MoSe2, MoSe2/KB, LSC&MoSe2, and LSC/MoSe2 (The concentration of MoSe2 in all samples is 

fixed as 0.33 mg/mL), illustrating the 2H-phase of the as-prepared MoSe2 and electron transfers 

among MoSe2, LSC, and KB. UV-vis-NIR spectra of b, MoSe2, indicating the presence of A and B 

excitons, which are attributed to direct excitonic transition of K points in the Brillouin zone, and c, 

LSC&MoSe2, illustrating its metallic feature. d, TGA analysis of LSC and LSC&MoSe2 pre-exposed 

to wet-air for 24 h. e, UPS valence band spectra of LSC and LSC&MoSe2. f, Nyquist plots of HER 

(upper) and OER (lower) of MoSe2, LSC, and LSC&MoSe2. 
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Table 5.3 Summary of abbreviations for various materials studied in this work. 

Abbreviation Consisting materials 

LSC only La0.5Sr0.5Co0.5O3-δ 

KB Ketjenblack carbon 

MoSe2 Molybdenum diselenide 

LSC La0.5Sr0.5Co0.5O3-δ + Ketjenblack carbon 

LSC/MoSe2 La0.5Sr0.5Co0.5O3-δ + Molybdenum diselenide 

MoSe2/KB Molybdenum diselenide + Ketjenblack carbon 

LSC&MoSe2 La0.5Sr0.5Co0.5O3-δ + Molybdenum diselenide + Ketjenblack carbon 

 

 

 

Figure 5.14 Fluorescence emission spectra of LSC only, LSC, and KB. 

 

 

Figure 5.15 X-ray photoelectron spectroscopy studies. Co 2p XPS spectra of LSC&MoSe2 and LSC 

consisting of two spin–orbit doublets and two satellites. 
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Table 5.4 Quantitative analysis of Co3+/Co2+ ratio in LSC&MoSe2 and LSC obtained from the XPS 

result in Figure 5.15.  

 LSC&MoSe2 (atom %) LSC (atom %) 

Co 2p3/2, Co3+ 66.2 57.8 

Co 2p3/2, Co2+ 33.8 42.2 

Co3+/Co2+ ca. 2.0 ca. 1.4 

 

Table 5.5 Quantitative analysis of lattice oxygen (Ao), highly oxidative oxygen (Bo), surface-active 

oxygen (Co), and adsorbed water (Do) of LSC&MoSe2 and LSC obtained from the XPS result in  

Figure 5.15. 

 LSC&MoSe2 (atom %) LSC (atom %) 

Ao  10.5  10.6 

Bo 53.6  53.5 

Co 33.6  28.7 

Do 2.3 7.2 

Co/Ao Ca. 3.2 Ca. 2.7 

 

Because intrinsic catalyst activity is closely related to catalyst surface properties (e.g., 

electronic structure, vacancy, defect, etc.), the surface characteristics of LSC&MoSe2 and LSC were 

investigated by X-ray photoelectron spectroscopy (XPS). We focused on the chemical state of Co 2p, 

as shown in Figure 5.15, which has the dominant effect on the catalytic activity of LSC-based 

composite materials.22 The Co 2p peak consists of two spin-orbit doublets, Co 2p3/2 and Co 2p1/2, with 

two satellites. The Co3+ and Co2+ of LSC are positioned at 779.6/794.2 eV and 781.5/797.0 eV, 

whereas those of LSC&MoSe2 are located at 780.6/795.2 eV and 782.5/798.0 eV, respectively, 

indicating a binding energy upshift of 1 eV in LSC&MoSe2 relative to LSC. This shift in the XPS 

peak was attributed to changes in the oxidation state of the LSC owing to the presence of additional 

MoSe2. The Co 2p of LSC&MoSe2 is to have higher oxidation states than the LSC owing to the 

electron transfer at the interface of LSC and MoSe2 while maintaining the overall electroneutrality of 

LSC&MoSe2.
33,34 The high electronegativity of Mo may have altered the electronic structure (σ*-

orbital occupancy) of Co by decreasing the electron density in Co.35 The σ*-orbital occupancy (eg) of 

close to 1 of the perovskite oxides catalyst enhanced the binding of oxygen species at the B site, 
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which contributed to improved OER performance.36 The large ratio of high oxidation numbers in the 

Co species is related to the eg orbital filling of close to 1, which is a desirable feature for OER 

catalysts.22,37 Therefore, the enhanced OER activity of LSC&MoSe2 can be attributed to its higher 

Co3+/Co2+ ratio than that of LSC (Table 5.4). The chemical state of O 1s in the catalyst, too, can 

influence its OER performance.38 The O 1s spectrum consists of lattice oxygen (denoted AO: lattice 

O2–), highly oxidative oxygen (denoted BO: O2
2–/O-), surface-active oxygen (denoted CO: hydroxyl 

group (-OH)), and adsorbed  water (denoted DO: H2O or CO3
2-), which are located at 529.9, 531.3, 

532.6, and 533.5 eV, respectively, in the case of LSC&MoSe2 (Figure 5.15). A high density of 

surface-active oxygen species on the catalyst surface, which is associated with oxygen vacancies and 

surface hydroxyl groups, is known to improve OER performance,6,38 and the relative ratio between 

lattice and surface-active oxygen can be used as an indicator for evaluating OER performance.39 As 

shown in Table 5.5, the higher CO/AO ratio of LSC&MoSe2 than that of LSC, i.e., metals with high 

oxidation states which enhances the adsorption ability for oxides in the LSC&MoSe2 surface,38 

indicates larger surface coverage of hydroxide species in LSC&MoSe2, which can improve its 

intrinsic OER performance.  

In addition, the surface adsorption capability of the catalyst was analyzed by conducting 

thermal gravimetric analysis (TGA) to elucidate the different electrocatalytic performances of 

LSC&MoSe2 and LSC. LSC&MoSe2 and LSC were exposed to wet-air conditions before the TGA 

measurement to facilitate the adsorption of water, H, and OH groups from the atmosphere. As shown 

in Figure 5.13d, the relative weight loss (%) was larger in the case of LSC&MoSe2 than that in the 

case of LSC, implying that LSC&MoSe2 possesses a higher surface adsorption capability, which can 

improve its electrocatalytic performance.6  

Ultraviolet photoelectron spectroscopy (UPS) analysis was conducted to investigate the charge 

transfer between LSC and LSC&MoSe2 to elucidate the improved catalytic performance of 

LSC&MoSe2. The increase in the work function of the catalyst increases proton concentration in the 

electronic double layer of the catalyst, which facilitates easy progress of the Volmer step (H+ + e– = 

Had), which initiates the HER process, with the least overpotential.40,41 Moreover, it increases the 

preexponential factor and the rate constant. This reduces the metal-hydrogen (M-H) bond strength, 

which helps improve the exchange current density.42,43 Figure 5.13e shows the secondary electron 

cutoff energies of LSC and LSC&MoSe2, from which the work function values are derived. The 

addition of MoSe2 to LSC increased the work function value from 5.15 of LSC to 5.33 eV of 

LSC&MoSe2. The UPS result indicated that the incorporation of Mo with higher electronegativity 

into Co, the active site in perovskite oxide catalysts, led to an increase in the work function value of 

LSC&MoSe2, which improved its HER performance by increasing the exchange current density of 

LSC&MoSe2. This increase in the work function can induce a decrease in the adsorption bond 
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strength between the catalyst and hydrogen, which brings the Gibbs free energy closer to the 

thermoneutral point of catalyst-H*, leading to improved catalytic activity of HER. 

The improved catalytic performance of LSC&MoSe2 was examined by means of 

electrochemical impedance spectroscopy (EIS) analysis. Figure 5.13f shows the Nyquist plots of both 

the HER and OER of MoSe2, LSC, and LSC&MoSe2, from which the charge transfer resistance (Rct) 

of the catalyst between the electrode and electrolyte was obtained. The Rct of MoSe2 is 1500 Ω cm2 in 

both HER and OER, which is highest charge transfer resistance compared to the others. By contrast, 

the Rct of LSC&MoSe2 is 5.71 and 4.36 Ω cm2 for HER and OER, respectively, while that of LSC is 

10.16 and 6.93 Ω cm2, respectively. This result suggests that rapid electron transport is feasible in 

LSC&MoSe2 owing to the additional MoSe2, which can improve conductivity of the catalyst. In brief, 

the improved electrocatalytic performance of LSC&MoSe2 in HER and OER can be attributed to 

various combinatorial effects of enhanced electrical and chemical properties in the catalyst that 

benefit the HER and OER aspects simultaneously. 
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5.4.4 Synergetic effect for improved electrochemical performance 

 

 

Figure 5.16 Proposed mechanism describing potential interaction between MoSe2 and LSC. a, HR-

TEM image of LSC&MoSe2, indicating the presence of both 2H- and 1T-Phase MoSe2. b, Enlarged 

region of 2H-MoSe2 shown with schematic lattice structure, illustrating the hexagonal crystal 

structure with Mo-Mo inter-atomic distance of 0.28 nm. c, Enlarged region of 1T-MoSe2 shown with 

schematic lattice structure, indicating the Mo-Mo (0.563 nm) and Se-Se (0.324 nm) inter-atomic 

distances. d, Schematic description of local phase transition in MoSe2 via electron transfer from Co to 

Mo. e, Schematic diagram of proposed charge transfer processes between MoSe2 and LSC.  

 

The morphology of the crystal structure of LSC&MoSe2 was investigated to further elucidate 

the dramatic improvement in the electrochemical performance of LSC&MoSe2 compared to other 

catalyst configurations such as MoSe2 and LSC. Figure 5.16a shows a HR-TEM image of 

LSC&MoSe2. Interestingly, after formation of the heterostructure of LSC with 2H-phase MoSe2, the 
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lattice structures of 1T-MoSe2 (metallic, octahedral) and 2H-MoSe2 (semiconducting, trigonal 

prismatic) were observed simultaneously. Each phase of the MoSe2 lattice structure can be observed 

clearly in the zoomed-in image presented in Figure 5.16b and 5.16c along with the corresponding 

schematic diagram of the lattice structures. The 2H-MoSe2 region showed the typical hexagonal Mo-

Se atomic arrangement with a 0.283 nm interlayer distance, corresponding to the (100) plane of 

MoSe2. By contrast, 1T-MoSe2 exhibited a distinctively different crystal structure that was attributed 

to electronic structure rearrangement.44 The lattice spacings of Mo-Mo and Se-Se were 0.563 and 

0.324 nm, respectively, confirming the presence of 1T-MoSe2.19,44 The coexistence of 1T- and 2H-

phase of MoSe2 in LSC&MoSe2 was verified by XPS analysis shown in Figure 5.17 (1T-phase: Mo 

3d5/2 for 228.3 eV, Mo 3d3/2 for 231.4 eV, Se 3d5/2 for 53.7 eV, and Se 3d3/2 for 54.7 eV, 2H-phase: 

Mo 3d5/2 for 229.0 eV, Mo 3d3/2 for 232.6 eV, Se 3d5/2 for 54.3 eV, and Se 3d3/2 for 55.6 eV )19,45,46. 

The relative contents of 1T- and 2H-phase MoSe2 from the as-prepared LSC&MoSe2 are summarized 

in Table 5.6. To verify whether the ball milling process has any effect on the phase transition of 

MoSe2, MoSe2/KB was synthesized under the same ball-mill process as LSC&MoSe2 and investigated 

through XPS and HR-TEM analysis. As shown in Figure 5.18 and 5.19, no signature of phase 

transition is observed and only 2H-phase MoSe2 is present in ball-milled MoSe2/KB. These results 

suggest that the local phase transition in MoSe2 from the 2H-phase to the 1T-phase occurred in-situ 

during formation of the heterostructure between LSC and 2H-phase MoSe2. 1T-MoSe2 is typically 

synthesized via alkali metal treatment of 2H-MoSe2 in inert environment.20,21 Surprisingly, in the 

present work, the presence of 1T-MoSe2 was observed locally in LSC&MoSe2. We hypothesize that 

this in-situ phase transition in MoSe2 is induced by electron transfer from Co to Mo47, as illustrated 

schematically in Figure 5.16d. The electron transfer between Mo and Co is expected to improve the 

electrochemical catalytic activity of MoSe2 and LSC, as described in Figure 5.16e. In the case of 

MoSe2, additional electrons alter the Mo 4d-orbital configuration from the occupied 4dz
2 level to 

incompletely filled dxz, dyz, dyx orbital, which induces the phase transition.44,48 As a result, the intrinsic 

conductivity of MoSe2 improves, which improves the electrochemical performance of the catalyst. 

This electron transfer is beneficial for the catalytic activity of LSC to achieve efficient water splitting. 

The Co in LSC becomes more electrophilic after the electron transfer, which alters the electronic 

structure of Co by upshifting the d-band center.35 Such an up-shift of d-band center strengthens the 

adsorption capability of OH–.49 Therefore, the enhanced OH– affinity and electrophilicity in Co, that is, 

increase in Co-O and Co-OH in LSC, can ultimately improve the overall water electrolysis 

performance. These charge transport phenomena bring synergistic effects to enhance both the HER 

and OER performance from the heterogenous composite structure of LSC&MoSe2 in addition to the 

performance improvement factors mentioned in analysis of LSC&MoSe2 properties section. 
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Figure 5.17 X-ray photoelectron spectroscopy studies. Mo 3d and Se 3d XPS spectra of LSC&MoSe2, 

indicating the coexistence of 1T- and 2H-phase MoSe2. 

 

Table 5.6 Quantitative analysis of 1T- and 2H-phase MoSe2 in LSC&MoSe2 obtained from the XPS 

result in Figure 5.17. 

 

MoSe2 in LSC&MoSe2 (atom %) 

1T Ca. 58 

2H Ca. 42 

 

 

 

 

Figure 5.18 X-ray photoelectron spectroscopy studies. Mo 3d and Se 3d XPS spectra of MoSe2/KB, 

indicating the presence of 2H-phase MoSe2 only. 
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Figure 5.19 HR-TEM image of MoSe2/KB. It shows selected enlarged area illustrating the hexagonal 

crystal structure of 2H-phase MoSe2 (scale bar: 0.5 nm). 

 

5.4.5 Theoretical elucidation of charge transfer in LSC&MoSe2 

 

Figure 5.20 Optimized structures and corresponding surface energies (γ) of symmetrical slab models 

for LSC (001) surface with two plausible terminations (i.e., CoO2-t. and (La,Sr)O-t.). The red shaded 

box represents the fixed atoms in the two bottommost layers. 

 

To theoretically demonstrate the charge transfer phenomenon in LSC&MoSe2 heterostructure, 

we performed the density functional theory (DFT) calculations (see Calculation details in the 

Experimental section). For this purpose, we first examined the relative stability of two plausible 

terminations of LSC (001) surface, corresponding to CoO2-termination (denoted CoO2-t.) and 

(La,Sr)O-termination (denoted (La,Sr)O-t.), by surface energy (γ) calculations (see Figure 5.20 and 

Surface energy calculations for details in the Experimental section). As a result, (La,Sr)O-t. was 

predicted to be predominantly exposed on the LSC nanoparticle surface due to its lower surface 

energy (i.e., γ = 0.58 J/m2 for (La,Sr)O-t. and γ = 0.71 J/m2 for CoO2-t., respectively). Accordingly, 

we built the LSC&2H-MoSe2 heterostructure based on this termination (Figure 5.21a). By the Bader 
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charge analysis,50 it was revealed that the charge transfer occurred from LSC into MoSe2 with an 

amount of 0.772 e, whose direction was in accordance with our previous expectation.  

 

 

Figure 5.21 DFT calculations for charge transfer phenomenon in LSC&MoSe2. a, Optimized 

structure of LSC&2H-MoSe2 heterostructure. The red shaded box represents the fixed atoms in the 

two bottommost layers. The blue arrow indicates the direction of charge transfer from LSC to MoSe2. 

b, Spin-up and spin-down projected density of states (PDOS) on the following species: Co-3d in LSC 

(blue dotted line), Co-3d in LSC&2H-MoSe2 (blue solid line), Mo-4d in 2H-MoSe2 (red dotted line), 

and Mo-4d in LSC&2H-MoSe2 (red solid line), respectively. The vertical lines represent the position 

of d-band center (ε
d
) for each species. c, Schematic illustration of phase transition from LSC&2H-

MoSe2 to LSC&1T-MoSe2 heterostructure. d, Relative energies of 2H- and 1T-phase of MoSe2 

monolayer (black line) and LSC&MoSe2 heterostructure (red line). The inset models represent the 

trigonal prismatic (2H) and octahedral (1T) geometry. 

 

To better understand these electron movements, the projected density of states (PDOS) on each 

d-orbital of Co and Mo in LSC&2H-MoSe2 was further investigated (Figure 5.21b). The asymmetric 

configuration of spin-up and spin-down DOS for LSC indicated the ferromagnetic nature, whereas the 

symmetric configuration for MoSe2 represented its non-magnetic character.51,52 Driven by the electron 
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transfer across the interface, the d-band center (εd) of Co in LSC shifted upward about 0.1 eV with 

respect to the Fermi level when coupled with 2H-MoSe2, indicating that LSC became more 

electrophilic. In a previous study, the enhanced electrophilicity of LSC was reported to strengthen the 

OH- affinity, which has a beneficial effect to improve the OER catalytic performance.35 Meanwhile, 

the εd of Mo in 2H-MoSe2 was significantly downshifted by approximately 0.9 eV with respect to the 

Fermi level when combined with LSC, implying that additional electrons transferred into 2H-MoSe2 

side. These extra d-electrons are expected to promote the 2H- to 1T-phase transition by destabilizing 

the 2H-MoSe2 phase, as similarly observed in the MoS2 system by Gao et al.’s work.53 To further 

clarify this, we compared the relative stability for both phases of MoSe2 in the presence or absence of 

LSC (Figure 5.21c-5.21d and Figure 5.22). The endothermicity of 1T-MoSe2 (relative to its 2H-

phase) clearly decreased from 0.65 to 0.21 eV per MoSe2 unit when LSC was combined, indicating 

that the phase transition from 2H- to 1T-phase could occur more easily. Further, the local DOS of 

MoSe2 in the LSC&MoSe2 heterostructure showed that the intrinsic conductivity can be significantly 

enhanced by closing the energy gap due to the transition from semiconducting 2H- to metallic 1T-

phase, which can improve the HER catalytic performance (Figure 5.23).54 These results theoretically 

elucidate the beneficial effects of charge transfer phenomenon in LSC&MoSe2 for both HER and 

OER performance. 

 



82 
 

Figure 5.22 Model systems used for relative energy calculation for 2H- and 1T-phase of MoSe2 

monolayer and LSC&MoSe2 heterostructure. The red shaded box represents the fixed atoms in the 

two bottommost layers. 

 

 

Figure 5.23 Spin-up and spin-down LDOS of MoSe2 in LSC&2H-MoSe2 (red) and LSC&1T-MoSe2 

(blue) heterostructure. The shaded area represents the valence band region. The green line represents 

the energy gap (Eg) between valence band maximum and conduction band minimum. 

 

5.4.6 Overall water splitting of LSC&MoSe2 || LSC&MoSe2 

An overall water splitting test was conducted to evaluate the performance and stability of the 

developed LSC&MoSe2 electrocatalyst. By adopting the prepared LSC&MoSe2 catalyst, we evaluated 

the overall water splitting performance in deaerated alkaline media containing N2-saturated 1 M KOH. 

The water splitting test was conducted with the three-electrode configuration by using an Ag/AgCl 

reference electrode to separate the overall cell reaction into the cathodic and anodic reactions of HER 

and OER, respectively. The electrochemical overall water electrolysis actively generated hydrogen 

(cathode) and oxygen (anode) gases, as shown in Figure 5.24a. Figure 5.24b shows the HER and 

OER polarization curves, denoted Ecathode and Eanode, respectively, measured during the water 

electrolysis reaction, and the obtained cell potentials (Ecell = Eanode – Ecathode) of Pt/C || IrO2 (Pt/C for 

cathode and IrO2 for anode) and LSC&MoSe2 || LSC&MoSe2 (LSC&MoSe2 for both cathode and 

anode). Also, the overall water electrolysis performance of bare Ni foam is investigated and compared 

to the published works (Figure 5.25). The reference state-of-the-art catalyst pair, Pt/C || IrO2, 

performed well in both HER and OER, as observed previously in the half-cell-configured RDE 

polarization profiles. In the case of Pt/C || IrO2, overall water splitting was observed from near 1.38 V. 

LSC&MoSe2 || LSC&MoSe2 exhibited slightly lower HER performance than Pt/C, but the OER 

performance was higher than that of IrO2. Although overall water splitting was observed at a slightly 

higher value of 1.52 V, current density increased sharply as the potential increases.  
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Figure 5.24 Overall water splitting performance. a, Digital image of the water splitting test co

nducted with three-electrode configuration by using Ag/AgCl reference electrode. b, Polarizatio

n I–V profiles of various catalysts measured in deaerated 1 M KOH. c, Chronopotentiometric 

stability profiles measured at 100 mA cm–2 for 1,000 h. d, Comparison of the overall water 

electrolysis stability of various catalysts reported in the literature. 

 

The determination of the onset potential values for each catalyst can be seen in Figure 5.26. Notably, 

LSC&MoSe2 || LSC&MoSe2 outperformed Pt/C || IrO2 after 2.16 V owing to its concurrently effective 

HER and OER kinetics. To investigate the electrochemical stability and durability of the LSC&MoSe2 

catalyst, we measured its chronopotentiometric profiles at a current density of 100 mA cm–2, as shown 

in Figure 5.24c. For Pt/C || IrO2, gradual degradation was initiated from 16 h and drastic degradation 

occurred after 60 h, leading to cell failure. By contrast, LSC&MoSe2 || LSC&MoSe2 exhibited 
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remarkably stable operation over 1,000 h with negligible fluctuation in performance, demonstrating 

its exceptionally high electrochemical durability in HER and OER, even at a high current density of 

100 mA cm–2. Figure 5.27 shows SEM images of the LSC&MoSe2 electrode after 1,000 h of the 

overall water electrolysis test; clogging or electrochemical/physical damage was not observed on the 

catalyst after the test. The chemical state of LSC&MoSe2 after the stability test was further examined 

via XPS analysis. As shown from Figure 5.28 and Table 5.7-5.8, the ratio of Co3+/Co2+ and surface-

active oxygen/lattice oxygen showed almost negligible changes even after the 1,000 h of overall water 

splitting measurement, indicating the excellent stability of the proposed LSC&MoSe2 as the 

electrocatalyst. The overall water electrolysis stability achieved in this work was compared with that 

of the representative overall water splitting catalysts reported to date, as shown in Figure 5.24d and 

summarized in Table 5.9. Despite the harsh test environment (highest current density) in the present 

study, the developed catalyst exhibited overwhelmingly high overall water electrolysis stability 

compared to that achieved in other works.  

 

 

 

Figure 5.25 Comparison of overall water electrolysis with reported bare Ni foam couple and 

LSC&MoSe2 couple. Linear sweep voltammetry curves of the overall water splitting measured using 

the LSC&MoSe2 catalyst loaded Ni foam electrode and the bare Ni foam electrode, compared with the 

bare Ni foam performance results reported in the literature. 
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Figure 5.26 Overall water splitting performance measured by Pt/C || IrO2 and LSC&MoSe2 || 

LSC&MoSe2. Figure 5.24b was replotted with a logarithmic scale of current density to evaluate the 

onset potentials of electrolysis at a current density of 1 mA cm-2. 

 

 

 

Figure 5.27 SEM images of the electro-sprayed pristine LSC&MoSe2 electrode and LSC&MoSe2 

electrode. After 1,000 h of overall water splitting test, LSC&MoSe2 electrode shows negligible 

electrode damage. 
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Figure 5.28 X-ray photoelectron spectroscopy studies. Co 2p and O 1s XPS spectra of LSC&MoSe2 

after chronopotentiometric stability test measured at 100 mA cm–2 for 1,000 h. 

 

Table 5.7 Quantitative analysis of Co3+/Co2+ ratio in LSC&MoSe2 obtained from the XPS result in 

Figure 5.28. 

 LSC&MoSe2 (atom %) 

Co 2p3/2, Co3+ 65.9 

Co 2p3/2, Co2+ 34.1 

Co3+/Co2+ ca. 2.0 

 

Table 5.8 Quantitative analysis of lattice oxygen (Ao), highly oxidative oxygen (Bo), surface-active 

oxygen (Co), and adsorbed water (Do) of LSC&MoSe2 obtained from the XPS result in Figure 5.28. 

 LSC&MoSe2 (atom %) 

Ao 10.5 

Bo 53.6 

Co 33.6 

Do 2.3 

Co/Ao Ca. 3.2 

 

Table 5.9 Survey of overall water splitting stability with current density and cell voltage of 

representative bifunctional electrocatalysts in 1 M KOH electrolytes. 

Catalyst Current density  
(mA cm–2) 

Cell Voltage 
(v) 

Stability 
(h) Electrolyte Ref. 

This work 100 2.3 1000 1 M KOH  



87 
 

Co–P film 4 η at 0.4 25 1 M KOH S54 

Ni2P 10 1.65 10 1 M KOH S55 

NiSe/NF 20 1.75 20 1 M KOH S56 

NiFeOx/CF 10 1.51 200 1 M KOH S57 

NiCo2O4 || 
Ni0.33Co0.67S2NiCo2O4 

4.5 1.65 20 1 M KOH S58 

a–CoSe/Ti 10 1.7 27 1 M KOH S59 

NiMo/TiM 10 1.64 10 1 M KOH S60 

Ni@Cr2O3–NiO 20 1.5 500 1 M KOH S61 

a–Co2B 10 1.81 30 1 M KOH S62 

a–Co2B 30 2.04 10 1 M KOH S62 

Nanoporous 
carbon/Co 

20 1.57 5 1 M KOH S63 

VOOH 50 1.75 50 1 M KOH S64 

Ni/Mo2C 18 1.74 10 1 M KOH S65 

N–, O–, S– doped 
(NOSD) Co9S8 

50 1.85 10 1 M KOH S66 

Na0.08Ni0.9Fe0.1O2 16 1.6 12 1 M KOH S67 

Ni@NC–800/NF 17 1.62 50 1 M KOH S17 

N-Ni3S2/NF 20 1.55 8 1 M KOH S68 

FeB2/NF 50 1.7 4 1 M KOH S46 

FeB2/NF 10 1.55 16 1 M KOH S46 

Ni11(HPO3)8–(OH)6 10 1.65 100 1 M KOH S69 

SrNb0.1Co0.7Fe0.2O3–δ  10 1.7 30 1 M KOH S70 

Cu0.3Co2.7P/N doped 
carbon 

10 
η at 10  

mA cm-2 
50 1 M KOH S71 

NiFe 
LDH@NiCoP/NF 

10 1.57 100 1 M KOH S72 
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5.4.7 Energy efficiency calculation 

We calculated the energy efficiency of overall water electrolysis at the current density of 100 

mA cm-2 as follows. The specific energy for producing 1 kg of hydrogen is thermodynamically given 

as 143 MJ kg-1 or 39.4 kWh kg-1. Since the electrolysis cell operates near 2.3 V at 100 mA cm-2, the 

energy required for producing 1 kg H2 can be calculated as follows. The current density of 100 mA 

cm-2 can be expressed as 0.1 C s-1 cm-2 (∵ 1 A = 1 C s-1). Then, the transferred amount of electron 

can be calculated as 1.036 x 10-6 mol s-1 cm-2 (∵ F = 96,485 C mol-1 e-), and H2 generation rate is 

calculated as 5.181 x 10-7 mol H2 s-1 cm-2, which is equivalent to 3.731 x 10-3 g H2 h-1 cm-2. For 

producing 1 kg of H2, the multiplication constant can be calculated as 2.681 x 105 h cm2. Since the 

electrolysis cell operates at 0.23 W cm-2, the energy required for producing 1 kg H2 is calculated as 

61.65 kWh. The energy efficiency can be calculated by dividing the theoretical specific energy for 1 

kg H2 production, i.e., 39.4 kWh. Then, the energy efficiency turns out to be 63.9 %. Considering the 

energy efficiency for conventional alkaline electrolysis is less than 70 % with the use of platinum 

electrode,53 the proposed LSC&MoSe2 catalyst can be considered as highly efficient for the water 

electrolysis.  

 

5.5 Conclusion 

We demonstrated that a composite of perovskite oxides and MoSe2 exhibits excellent 

electrocatalytic performance and stability in overall water electrolysis. Formation of LSC&MoSe2 led 

to several synergetic effects, including increased specific surface area for both the HER and OER, 

enhanced surface adsorption capability, favorable kinetics for the Volmer–Tafel pathway, and 

decreased charge transfer resistance, which contributed to its improved electrochemical catalytic 

performance. Interestingly, electron transfer between Co and Mo induced a local phase transition in 

MoSe2 and increased the amounts of Co-O and Co-OH in La0.5Sr0.5CoO3–δ, leading to improved 

intrinsic and extrinsic catalytic activities of LSC&MoSe2. In the overall water splitting electrolysis 

test, LSC&MoSe2 || LSC&MoSe2 showed comparable operating voltages to that of Pt/C || IrO2 along 

with remarkable long-term stability over 1,000 h. The results obtained in the present study suggest 

that perovskite oxides and TMDs based heterostructures can be promising bifunctional water splitting 

catalysts and can serve as potential alternatives to precious metal based electrochemical catalysts. 
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Chapter 6. Efficient CO₂ utilization via a hybrid Na-CO₂ system based on CO₂ 

dissolution 

 

This chapter has been published 

 Reproduced from Kim, C.; Kim, J.; Joo, S.; Bu, Y.; Liu, M.; Cho, J.; Kim, G. Efficient CO₂ 

utilization via a hybrid Na-CO₂ system based on CO₂ dissolution. iScience 2018, 9, P278-285 DOI: 

10.1016/j.isci.2018.10.027. The work is licensed under the Creative Commons Attribution-

NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). Copyright 2018 The 

Authors. 

 

6.1 Abstract 

Carbon capture, utilization and sequestration (CCUS) technologies have been extensively 

studied to utilize carbon dioxide (CO2), a greenhouse gas, as a resource. So far, however, effective 

technologies have not proposed due to low efficient conversion rate with high energy requirement. 

Here, we present a hybrid Na-CO2 cell that can continuously produce electric energy and hydrogen 

through highly efficient CO2 conversion with stable operation over 1,000 hours from spontaneous 

CO2 dissolution in aqueous solution. In addition, this system has the advantage of not regenerating 

CO2 during charging process, unlike aprotic metal-CO2 cells. This system could serve as a novel CO2 

utilization technology and high-value-added electrical energy and hydrogen production device. 

 

 6.2 Introduction 

Many researchers believe that global warming and climate change are the result of carbon 

dioxide (CO2) generated by human activities over the centuries.1,2 Thus, many countries and 

organizations have made great efforts to reduce their carbon footprint, and recently, carbon capture, 

utilization and storage/sequestration (CCUS) technology has been studied to recycle CO2 as a 

resource.3,4 In this regard, considerable research has been focused on the chemical conversion of CO2 

into high value-added carbon compounds, such as methanol, organic materials, and plastics.5-8 

However, owing to the low conversion efficiency, it has been pointed out that it cannot be an effective 

greenhouse gas abatement technology.9-11 Recently, aprotic (non-aqueous) metal-CO2 batteries have 

also been studied for the production of electrical energy using CO2.12-16 However, during the 

generation of electric energy, solid carbonate products accumulate on the surface of the electrode, 

which deteriorates the performance and discharge capacity. In addition, because CO2 is regenerated in 

the charging process, aprotic metal-CO2 batteries are not an efficient CCUS technology for utilizing 
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and reducing CO2. Thus, we have devised a hybrid Na-CO2 that produces continuously both electric 

energy and hydrogen simultaneously through efficient CO2 conversion with highly stable operation 

over 1,000 hours from the nature of spontaneous CO2 dissolution in an aqueous solution. We further 

show that unlike existing aprotic metal-CO2 batteries,12-15 the proposed system does not regenerate 

CO2 during the charging process. Therefore, this hybrid Na-CO2 cell, which adopts efficient CCUS 

technologies, not only utilizes CO2 as the resource for generating electrical energy, but also produces 

the clean energy source, hydrogen. 

 

 6.3 Experimental 

6.3.1 Half-cell configured electrochemical analysis.  

In three-electrode half-cell measurements, a platinum wire was used as both of working 

electrode and counter electrode with Ag/AgCl (saturated KCl filled) reference electrode in 0.1 M 

sodium hydroxide (NaOH, Sigma-Aldrich Co.) in pure water and seawater (taken from sea of Ulsan 

and filtered to remove visible impurities). To estimate pH and hydrogen evolution potential in the 

solution, a reversible hydrogen electrode (RHE) calibration was conducted in H2-saturated solutions 

where platinum wires were used as the working, counter electrodes and Ag/AgCl as a reference 

electrode at a scan rate of 1 mV s-1. For all half-cell configured experiments, iR correction was 

applied by measuring the resistance of solution (0.1 M NaOH, CO2-saturated 0.1 M NaOH, seawater, 

CO2-saturated seawater). A rotating disk electrode testing was conducted by using a mixture of 20 

wt.% Pt/C and IrO2 catalyst (Sigma-Aldrich Co., mixed in 1 : 1 gravimetric ratio) on RRDE-3A (ALS 

Co.). The mixture of catalyst was prepared into a catalyst ink by dispersing 10 mg of the catalyst in 1 

mL of a binder solution (45 : 45 : 10 = ethanol : isopropyl alcohol : 5 wt.% Nafion solution (Sigma-

Aldrich Co.), volumetric ratio) followed by a bath sonication process. The oxidation RDE profiles 

were measured by 5 µL of the catalyst ink drop-coated glassy carbon disk electrode, where area is 

0.1256 cm2, at a scan rate of 10 mV s-1. All electrochemical tests were carried out using Biologic 

VMP3. 

 

6.3.2 Characterization techniques.  

The soluble solid products after discharge process in CO2-saturated 0.1 M NaOH were obtained 

through various drying process such as freeze-drying, natural drying at room-temperature, high 

temperature drying at 70 oC oven. The phase identification of the obtained products was confirmed by 

X-ray powder diffraction (XRD) (Bruker diffractometer, Cu Kα radiation) at a scan rate of 1 o min-1. 

The power patterns were analyzed using JADE 6.5 software. The generated gas from discharge 

process was collected using three-electrode configuration in CO2-saturated seawater and 0.1 M NaOH 

by water substitution method using U tube. Then the gas was analyzed by gas chromatograph (Agilent 
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2820A GC instrument) with a thermal conductivity detector (TCD) and a packed column (Agilent 

carboxen 1000). The gas used for GC measurement were controlled using a mass flow controller 

(MFC) (Atovac GMC1200) and the exact volume value of gas was calibrated through a bubble flow 

meter. The gas evolved from the charging process were also collected by three-electrode 

configuration (Pt wires as a counter electrode, Pt/C+IrO2 catalyst loaded carbon felt as a working 

electrode, and Ag/AgCl as a reference electrode) in 0.1 M NaOH. The gas was analyzed by 450-GC 

chromatograph and 320-MS (Bruker Co.). The morphological analysis of the working electrode 

before and after discharge process in hybrid Na-CO2 system was examined by scanning electron 

microscopy (Nova FE-SEM, FEI Co.). 

 

6.3.3 Full-cell measurements.  

The hybrid Na-CO2 system is composed of Na metal / organic electrolyte / solid electrolyte / 

aqueous electrolyte / cathode. For the organic electrolyte, 1 M Sodium trifluoromethanesulfonate 

(NaCF3SO3, Sigma-Aldrich Co.) in tetraethylene glycol dimethyl ether (TEGDME, Sigma-Aldrich 

Co.) was used. And NASICON-type (NASICON: Na super ionic conductor) Na3Zr2Si2PO12 was used 

as the solid electrolyte. For the aqueous electrolyte, 0.1 M NaOH and seawater were used. The 

cathode was prepared by drop-coating the catalyst ink (Pt/C+IrO2 ink) onto a gas-diffusion layer 

(carbon felt, Fuel Cell Store Co.) with a loading density of 2 mg cm-2. The current density was 

normalized with the loading density of the catalysts. The anode part was assembled in Ar-filled glove 

box where the water and oxygen concentrations were kept less than 1 ppm. The sodium metal (Sigma-

Aldrich Co.) was loaded on the stainless steel current collector and the organic electrolyte was filled 

between sodium metal and NASICON. After assembling the anode part with proper sealing, the 

assemblage was moved out from the glove box. A titanium wire was used as a current collector of the 

cathode and the aqueous electrolytes were saturated by CO2 for electrochemical measurements in 

hybrid Na-CO2 system. All electrochemical tests were conducted using Biologic VMP3. 

 

6.4 Results and Discussion 

 6.4.1 The proposed hybrid Na-CO2 cell and its reaction mechanism 

A schematic illustration of the proposed hybrid Na-CO2 cell is presented in Figure 6.1. This 

system could work continuously with Na metal and CO2 as fuel at the anode and feedstock gas at the 

cathode, respectively. Na is regarded as a promising candidate as a substitute for Li in terms of its 

electrochemically similar behavior along with low cost (30 times cheaper than Li) from natural 

abundance and environmental friendliness.17,18 The Na metal anode is kept in an organic electrolyte to 

prevent a direct corrosion from an aqueous electrolyte separating by Na super ionic conductor 
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(NASICON) membrane. The overall reaction mechanisms are composed of a chemical reaction and 

an electrochemical reaction.  

The chemical reaction of CO2 dissolution mechanism is as follows: 

 

CO2(aq) + H2O(l) ⇌ H2CO3(aq),       Kh = 1.70 × 10-3             (6.1) 

H2CO3(aq) ⇌ HCO3
-(aq) + H+(aq),         pKa1 = 6.3                   (6.2) 

 

 

Figure 6.1 Schematic illustration of hybrid Na-CO2 system and its reaction mechanism. 

 

When CO2 is purged into an aqueous solution (e.g., distilled water, seawater, NaOH solution), 

CO2 dissolution proceeds and carbonic acid (H2CO3(aq)) is formed through the hydration of CO2 

(Equation 6.1). For a standard state condition in pure water, this spontaneous chemical equilibrium of 

CO2 hydration is determined by the hydration equilibrium constant19 (Kh = 1.70 × 10-3). Then, the 

carbonic acid dissociates into HCO3
- and H+ determined by the first acid dissociation constant20 (Ka1 = 

4.46 × 10-7), shown in Equation 6.2. Because carbonic acid is a polyprotic acid dissociating multiple 

steps, an in-depth understanding of CO2 dissolution requires that the second acid dissociation step, 

i.e., HCO3
-(aq) ⇌ CO3

2-(aq) + H+(aq) (Ka2 = 4.69 × 10-11)20, be considered. However, the second acid 

dissociation constant is significantly smaller than the first (Ka1 >> Ka2), making it negligible in 

calculating the proton concentration. Thus, when CO2 dissolved in water, it acidifies the aqueous 

solution and HCO3-(aq) is predominant over CO3
2-(aq). The concentration of carbonate ions when CO2 

dissolves in water at normal atmospheric pressure is provided at Table 6.1. The mole fractions of 

carbonate ions depending on the pH of solution is shown in Figure 6.2. 
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Table 6.1 Concentration of various ions when CO2 dissolves in water at normal atmospheric pressure. 

pCO2 
 (atm) 

[CO2(aq)] 
(mol L-1) 

[H2CO3(aq)] 
(mol L-1) 

[HCO3
-(aq)] 

(mol L-1) 
[CO3

2-(aq)] 
(mol L-1) 

[H+(aq)] 
(mol L-1) 

pH 

3.5 × 10-4 1.18 × 10-5 1.41 × 10-8 2.29 × 10-6 4.69 × 10-11 2.29 × 10-6 5.64 
 

 

 

Figure 6.2 Mole fractions of the three different carbonate forms, i.e., carbonic acid ion, bicarbonate 

ion, and carbonate ion, as a function of pH of dissolved solution (Note: carbonic acid ion here 

includes ionic carbon dioxide). 

 

The electrochemical reactions are composed of anodic reaction of sodium metal oxidation 

(Equation 6.3) and cathodic reaction of hydrogen evolution (Equation 6.4): 

 

Anodic reaction:        2Na → 2Na+ + 2e-        Eo = -2.71 V             (6.3) 

Cathodic reaction:   2H+ + 2e- → H2(g)                   Eo = 0.00 V             (6.4) 

Net equation:  2Na + 2H+ → 2Na+ + H2(g)         Eo = 2.71 V             (6.5) 

 

Then, the electrochemical net equation is simply given as the oxidation of Na metal and the 

spontaneous evolution of hydrogen (Equation 6.5). Because the potential of cathodic reaction is 

closely influenced by the pH of aqueous solution, the dissolution of CO2 renders a favorable 

electrochemical reaction environment by acidifying the aqueous solution. 

 

 6.4.2 Half-cell configured electrochemical analysis 

The cathodic electrochemical profiles were closely examined using a cyclic voltammetry (CV) 

technique on the Pt electrode (Figure 6.3a). An apparent cathodic peak in O2-saturated NaOH was 

observed near of -0.1 V vs. Ag/AgCl, which could be ascribed to oxygen reduction reaction (ORR) on 
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the Pt electrode.21,22 When ORR is occurred, a diffusion controlled region was found near of -0.2 V 

and a limiting current was observed due to the typical O2 mass transfer limitation in ORR profiles.22,23 

At the lower potential, a cathodic peak corresponding to hydrogen evolution reaction (HER) was 

observed around -0.95 V in O2- and N2-saturated conditions.24,25 Meanwhile, in the case of CO2 

saturated condition, hydrogen evolution occurs more positively by 0.35 V due to the higher 

concentration of H+. In addition, HER profiles, contrary to ORR profiles, presented sharply increasing 

cathodic curves without a mass transfer limitation.  

 

 

Figure 6.3 a, Cathodic CV profiles measured in O2, N2, and CO2-saturated 0.1 M NaOH at 10 mV s-1, 

where Pt as a working and counter electrode and Ag/AgCl electrode as a reference electrode. A 

reference potential is described with Ag/AgCl instead of RHE for the clarification of potential 

difference in relationship between purging gases and pH. b, Tafel analysis of the cathodic profiles. c, 

Cathodic CV profiles measured in O2 and CO2 saturated seawater. d, Corresponding Tafel plots. e, 

Schematics diagram of hydrogen evolution potential related to pH. RHE calibration profile 

corresponding to hydrogen evolution potential measured in f, 0.1 M NaOH g, CO2 saturated 0.1 M 

NaOH. h, seawater and i, CO2 saturated seawater. 

  

For depth analysis, the kinetics of these electrochemical reactions were interpreted by an analysis of 

the Tafel slope (Figure 6.3b). Because ORR is one of the most complex electrochemical reactions, 

involving 4 electrons with 2 reactants (O2 and H2O), the reaction kinetics is sluggish, even on a state-

of-the-art Pt electrode, with a value of 78 mV dec.-1. However, HER only involves 2 electrons with 1 

reactant (H+ or H2O depending on pH) and thus presented a low Tafel slope of 48 mV dec.-1 near the 
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onset potential. Furthermore, the Tafel slope is more decreased to 28 mV dec.-1 at an activation 

controlled Tafel region, indicating a highly efficient cathodic reaction. Further, the cathodic CVs and 

corresponding Tafel plots were investigated in seawater (Figure 6.3c and 6.4d). Likewise, it has been 

confirmed that CO2 dissolution in seawater provides the electrochemically favorable environment 

toward HER. The hydrogen evolution potential based on pH is described in Figure 6.3e-6.3i. These 

electrochemical profiles have significant implications; the less corrosive environment of the quasi-

neutral condition (pH ~ 7) could potentially allow adoption of abundant and non-noble metal-based 

electrocatalysts. Thus, notably, this combined cathodic reaction not only utilizes CO2 to generate H2, 

but also possesses highly efficient reaction kinetics, possibly overcoming the key issue of sluggish 

discharge rates for common metal-air batteries.26 

 

 

Figure 6.4 a, The chronopotentiometric discharge profile of Pt/C+IrO2 catalyst at 200 mA g-1 in CO2-

saturated 0.1 M NaOH. The inset shows generating hydrogen gas during the cathodic reaction. b, 

Chronopotentiometric discharge profiles at various current densities under N2 and CO2 saturated 

conditions. c, Discharge profile of hybrid Na-CO2 system measured in CO2 saturated seawater. 

Surface observation of carbon felt cathode before and after test. d, Scanning Electron Microscopy 

(SEM) image of carbon felt before discharge e, after discharge in 0.1 M NaOH, f, after discharged in 
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seawater. g, XRD profiles of carbon felt electrode before and after discharge in 0.1 M NaOH and 

seawater. 

 

 6.4.3 Performance and stability of hybrid Na-CO2 cell 

The actual working performance of hybrid Na-CO2 cell is evaluated using a composite of Pt/C 

and IrO2 (Pt/C+IrO2) as a catalyst. Figure 6.4a presents the chronopotentiometric discharge profiles at 

the current density of 50 to 200 mA g-1 under N2- or CO2-saturated 0.1 M NaOH. Discharging CV 

profiles measured in various gas-saturated conditions were also investigated and three distinctive 

reduction peaks were found as similarly observed in the half-cell CV profiles (Figure 6.5). These 

findings confirmed that the dissolution of CO2 led to a favorable HER environment in both NaOH 

solution and seawater. The full discharge profile was investigated in a CO2-saturated NaOH solution 

(Figure 6.4b) with a mechanical recharge by replacing the Na metal anode. As shown in Figure 6.4b, 

the highly stable operation over 1,000 hours was achieved because only a gas phase H2(g) was 

produced during the discharge process suggesting its similar nature of fuel cell systems.27-29 Also, the 

full discharge profile measured under CO2-saturated seawater presented a highly stable operation over 

500 hours (Figure 6.4c).  

 

 

Figure 6.5 Cathodic full-cell CV profiles measured by Pt/C+IrO2 catalyst at 0.1 mV s-1 in the hybrid 

Na-CO2 system conducted in three-electrode configuration using Ag/AgCl. CV profiles measured in 

O2, N2, or CO2 saturated a, 0.1 M NaOH. b, seawater.  

 

In other words, there is no deposition of solid discharge products that possibly causes clogging 

or physical damage on the electrode as examined from scanning electron microscopy images and X-

ray diffraction patterns (Figure 6.4d-6.4g). In contrast, conventional aprotic metal-CO2 batteries have 

exhibited typical clogging phenomenon by the deposition of solid M2CO3(s) (M = Li or Na), 
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Al 2(C2O4)3(s), or MgCO3(s) on the surface of the electrode,12-16 which results in a performance drop 

with limited capacity. A comparison of the capacities of various batteries is provided in Table 6.2.  

 

Table 6.2 Comparison of various batteries capacity. 

 
Current density 

(mA g-1) 
Catalyst loading 

(mg cm-2) 
Gravimetric capacity 

(mAh g-1) 
Area specific capacity 

(mAh cm-2) 

This work 200 2 210,000 420 

Li-CO2 
battery4  

50 0.27-0.45 14,723 6.5 

Li-CO2 
battery5 

300 0.3 16,006 4.8 

Na-CO2 
battery6 1,000 0.071 60,359 42.9 

Na-CO2 
battery7 70 0.76-1.28 3,478 4.5 

Mg-CO2 
battery8 70 0.76-1.28 2,540 3.3 

Al-CO2 
battery8 

70 0.5-1.0 13,322 13.3 

Li-O2 
battery9 

280 0.72 11,060 8.0 

Li-ion 
battery10 

280 6.66 225 1.5 

 

 

Figure 6.6 The pH of the CO2-saturated 0.1 M NaOH solution a, before test and b, after 1000 hours 

test.  
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Figure 6.7 Gas chromatography (GC) profiles of generated gas during discharge process. The gas 

obtained during cathodic reaction proceeded in a, CO2-saturated 0.1 M NaOH. b, CO2-saturated 

seawater. 

 

Furthermore, the pH of the CO2-saturnated NaOH solution after the 1,000 hours operation was 

investigated and determined to be 6.62, indicating that the pH of the solution is stably maintained over 

1,000 hours (Figure 6.6). The produced gas during operation was analyzed by a gas chromatography 

(GC) which confirms that this system generates only H2 as expected from Equation 6.4 during the 

discharge process (Figure 6.7). To identify a soluble product, the aqueous solution was freeze-dried 

and obtained in the form of a white powder (the inset of Figure 6.8). The X-ray diffraction (XRD) 

patterns of the white powder identifies as pure NaHCO3 (Figure 6.8), commonly known as baking 

soda. It is notable that the continuous enrichment of NaHCO3(aq) in the aqueous media from the 

discharge does not affect on the discharge performance as shown in the 1,000 hours discharge profile 

(Figure 6.4b). Therefore, CO2 gas has been successfully captured and converted in the form of baking 

soda. The additional XRD profiles of the powder obtained through different drying processes are 

provided in Figure 6.9.  
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Figure 6.8 XRD profile of the solidified aqueous solution via freeze-drying. The inset shows the 

obtained white powder. 

 

 

Figure 6.9 XRD profiles of the soluble product after discharge reaction obtained by various drying 

conditions. a, Dried at room temperature. Because nonmarine evaporites precipitate in different 

proportions of chemical elements from those found in the aqueous environments, three different 

minerals (nahcolite: NaHCO3, thermonatrite: Na2CO3·H2O, and trona: Na2CO3·NaHCO3·2H2O) are 

naturally obtained. b, Dried at 70 oC oven. Only Na2CO3 is formed when dried at high temperature. 

 

Furthermore, we investigated the practical CO2 conversion efficiency through quantitative GC 

analysis. First, theoretical CO2 conversion rate is determined by calculating H+ removal rate during 

discharge reaction. Because one CO2 molecule can make one H+ molecule from the dissolution 

process (i.e., CO2 + H2O → H+ + HCO3
-) and two H+ molecules can make one H2 molecule (i.e., 2H+ 

+ 2e- → H2), we can assume two CO2 molecules can contribute to produce one H2 molecule (100 % 

conversion efficiency). As shown in Figure 6.10a, the theoretical CO2 conversion rate is determined 

at the current of 100 mA, i.e., 1.39 mL min-1. Then, the quantitative GC profiles of outlet CO2 gas 

during discharge reaction have been examined. As shown in Figure 6.10b, the measurement proceeds 
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at the inlet CO2 flow rate of 23.0 mL min-1 and the outlet CO2 flow rate was 22.34 mL min-1. 

Accordingly, the practically converted CO2 rate is determined, i.e., 0.66 mL min-1. Thus, the practical 

efficiencies of CO2 conversion were calculated to be 47.7 %. Although this value is lower than the 

theoretical conversion rate, it is meaningful in that proves the additional CO2 dissolution during the 

discharge process. It is also expected that the time that CO2 contacts the solution (i.e., it related to the 

depth of the solution.) will also affect the conversion rate. 

 

 

Figure 6.10 The experimental CO2 conversion efficiency. a, Theoretical CO2 conversion rate at 

current of 100 mA. b, The quantitative GC profiles of outlet CO2 gas during practical measurement 

condition for different inlet CO2 flow rate of 23.0 mL min-1.  
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 6.4.4 Reversibility of hybrid Na-CO2 cell 

To confirm the reversibility of hybrid Na-CO2 cell, an anodic charge profile (electrolysis 

profile) was observed. Because Na is one of the most abundant elements on earth, Na metal anode 

could be easily recycled through a charging process in Na ion containing aqueous solution, such as 

seawater. Figure 6.11a shows an oxidation rotating disk electrode (RDE) profile for examining 

whether CO2 was reproduced during a charging process. Generally, the charging process is regarded 

as the opposite reaction of the discharging reaction. In this work, however, the generated H2 gas from 

the discharging process is naturally removed on the surface of electrode, and thus the oxidation 

reaction proceeds as the oxygen evolution reaction (OER) from the water oxidation (Equation 6.6). 

 

2H2O → O2(g) + 4H+ + 4e-          Eo = 1.229 V              (6.6) 

 

Figure 6.11 a, Anodic RDE profile of Pt/C+IrO2 catalyst measured in CO2-saturated 0.1 M NaOH and 

seawater at 10 mV s-1, where Pt as a counter electrode and Ag/AgCl electrode as a reference electrode. 

b, Discharge-charge profiles measured in three-electrode configuration using Ag/AgCl reference 

electrode at 100 mA g-1. c, Charge-discharge profiles at various current densities under CO2 saturated 

0.1 M NaOH and seawater. d, Cyclic charge-discharge performance measured in CO2-saturated 0.1 M 

NaOH and seawater at a current density of 200 mA g-1 for 700 hours. 
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The oxidation curve corresponding to oxygen evolution reaction (OER) (Equation 6.6),22,23 observed 

in a CO2-saturated NaOH solution near of 1.0 V vs. Ag/AgCl (from the Nernst equation, the OER 

potential can be calibrated by 0.0592 V × pH). In addition, the qualitative GC profiles indicate that O2 

was generated during the oxidation process (Figure 6.12 and 6.13).  

 

Figure 6.12 The GC profile of generated gas during the oxidation process. The data indicates a 

generation of O2 gas. 
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Figure 6.13 Raw data of gas chromatography profiles of evolved gas during charging process. This 

GC profile reveals the gas contains O2, CO2, N2. This raw data of GC intensity profiles is obtained and 

total gas, and each gas component profiles are indicated. The total gas is obtained in order of GCounts 

(1.25 × 109). For O2, it obtained in almost same intensity (1.25 × 109). For CO2, however, the intensity 

is obtained in 7.0 × 107, revealing the intensity is significantly smaller than that of O2 (~ 2 order 

difference). Because the measuring is conducted in CO2 purged aqueous electrolytes, the dissolved 

CO2 could be generated. In the case of N2, a bit more intensity is obtained in 3.0 × 108. Since N2 

cannot be produced in any electrochemical oxidation reactions, it is arisen from the inflow of air 

during measuring process. Therefore, the evolved gas during charging process is confirmed to be O2. 

 

We further investigated the oxidation profiles in seawater, which presents the typical chlorine 

evolution reaction30 instead of OER (Figure 6.11a). It is noteworthy that the charging process does 

not generate CO2 which had already been consumed during discharge, as opposed to the conventional 

metal-CO2 battery system, which emits CO2 during the charging process.12-15 The discharge-charge 

performance of this system was evaluated in the three-electrode configuration using Ag/AgCl 

reference electrode to closely distinguish the potential applied on the cathode and anode (Figure 

6.11b). Since a cell potential (Ecell) is defined as a potential difference of cathode and anode (Ecathode - 

Eanode), the potential gap decreases during discharging and increases at charging process. On repeating 

the discharge-charge process, the cathode potential profile (Ecathode) presents discharging and charging 

plateau, clearly proving that this system is rechargeable. Furthermore, the charge-discharge profiles at 

various current densities under CO2-saturated NaOH solution and seawater are examined as shown in 

Figure 6.11c. Cyclic charge-discharge performance was evaluated to verify its reversibility and 

reproducibility (Figure 6.11d). Both of cyclic performances were highly reproducible and obtained 

without variations over a period of 700 hours, indicating that H2 is stably produced utilizing CO2 and 

that the cathode was kept fresh, without clogging or damage, during a repeating discharge and charge 

process. 

 

6.5 Conclusion 

In summary, we have devised hybrid Na-CO2 cell utilizing CO2 as a useful resource. This new 

system has three distinctive advantages. First, it uses a kinetically fast HER as a discharge reaction 

thanks to a spontaneous CO2 dissolution, enabling the provision of high current compared to present 

aprotic system. Second, unlike conventional aprotic CO2 batteries, wherein solid products are clogged 

on the electrodes, this system can continuously produce gas-phase hydrogen during discharge without 

damaging the electrode. This ability enabled highly stable performance to be achieved over 1,000 

hours. Third, the proposed system has the unprecedented great advantage of not regenerating CO2 
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while recycling Na metal through charging process. Therefore, this hybrid Na-CO2 cell truly fulfills 

the purpose of a real CCUS technology, as it consumes CO2 efficiently throughout the process. This 

novel system could potentially serve as a new CO2 utilization technology and a stepping stone for the 

future utilization of renewable energy technologies. 
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Chapter 7. Highly efficient CO2 utilization via aqueous zinc- or aluminum-CO2 

systems for hydrogen gas evolution and electricity production 

 

This chapter has been published 

 Reproduced from Kim, C.; Kim, J.; Joo, S.; Yang, Y.; Shin, J.; Liu, M.; Cho, J.; Kim, G. 

Highly efficient CO₂ utilization via aqueous zinc- or aluminum-CO₂ systems for hydrogen gas 

evolution and electricity production. Angew. Chem. Int. Ed. 2019, 58, 9506-9511 DOI: 

10.1002/anie.201904763, by permission of John Wiley and Sons, Copyright 2019 Wiley‐VCH Verlag 

GmbH & Co. KGaA, Weinheim. 

 

7.1 Abstract 

 Atmospheric carbon dioxide (CO2) has increased from 278 to 408 parts per million (ppm) over 

the industrial period and has critically impacted on climate changes. In response to this crisis, carbon 

capture, utilization, and storage/sequestration technologies have been recently studied. So far, 

however, the economic feasibility of the existing conversion technologies is still inadequate due to 

sluggish CO2 conversion. Herein, we report an aqueous zinc- and aluminum-CO2 system that utilizes 

an acidity from spontaneous dissolution of CO2 in aqueous solution to generate electrical energy and 

hydrogen (H2). The proposed system presents the positively shifted onset potential of hydrogen 

evolution reaction (HER) by 0.4 V compared to a typical HER at alkaline condition and facile HER 

kinetics with low Tafel slope of 34 mV dec.-1. Particularly, the Al-CO2 system exhibits a maximum 

power density of 125 mW cm-2 which is the highest value among CO2 utilization electrochemical 

system. We believe this system possibly serves as an efficient CO2 utilization and H2/electrical energy 

production technology toward a clean energy society. 

 

 7.2 Introduction 

 Carbon dioxide (CO2), a greenhouse gas released largely by human activities, has important 

impact on the planet’s balance of land, ocean, and air temperatures.1,2 The trend of global warming is 

particularly alarming because it has been accelerated at an unprecedented rate in recent decades.3 

Accordingly, considerable efforts have been devoted to carbon capture, utilization, and 

storage/sequestration (CCUS) in an effort to reduce carbon footprint or to reuse CO2 as a resource.4-8 

For instance, various chemical processes have been proposed to convert CO2 to value-added carbon 

compounds such as methanol, organic materials, and plastics.9-11 Also, there have been a few attempts 

to convert CO2 to electrical energy using aprotic metal-CO2 batteries.12-21 The economic feasibility of 
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the proposed conversion processes, however, is still inadequate due to low conversion efficiency.22 

Meanwhile, there is increasing global demand for hydrogen (H2), a clean energy source, to be used as 

a promising alternative energy source to finite fossil fuels.23 However, it has been pointed out that H2 

is mainly produced by a hydrocarbon thermolysis (e.g., steam methane reforming) releasing a 

significant amount of CO2 and an energy-intensive water electrolysis process.24 Here we report a new 

zinc- or aluminum-CO2 (Zn/Al-CO2) system that can efficiently produce H2 and electrical energy by 

consuming CO2. The dissolution of CO2 in an aqueous electrolyte is thermodynamically spontaneous 

and forms carbonic acid. By adopting kinetically efficient hydrogen evolution reaction (HER) 

utilizing the acidity of CO2 as a cathodic reaction, this novel system could simultaneously generate 

electricity and H2 driven by the electrochemical oxidation of Zn or Al metals. In addition, in-

operando gas chromatograph measurements have demonstrated that our aqueous cell could perform 

comparable discharge rate to conventional Zn/Al-air cells with continuously utilizing CO2. Thus, 

these Zn/Al-CO2 systems have potential for efficient CO2 removal, power and hydrogen generation in 

the era of pursuing a clean energy source. 

 

 7.3 Experimental 

 7.3.1 Catalysts preparation and characterization techniques  

The 20wt.% Pt/C (Pt/C) and the few layer graphene, P-ML20, (FL-graphene) were purchased at 

Sigma-Aldrich and Sphere Advanced Materials Corp., respectively. PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) 

was synthesized by typical sol-gel process. Stoichiometric amounts of metal nitrate precursors and 

citric acid were dissolved in distilled water to form an aqueous mixed solution. An adequate amount 

of poly-ethylene glycol was added into the beaker after the mixture was dissolved. All chemical 

reactants were purchased from Sigma-Aldrich. After a viscous resin was formed, the solution was 

heated to 300 oC. The resultant powder was pre-calcined at 600 oC for 4 hours followed by calcination 

at 950 oC for 4 hours. Then, the powder was milled in a planetary ball mill (PM-200, Retsch Co., 

Germany) using Zr-balls at 400 rpm for 4 hours. The microstructure of the prepared catalysts was 

examined by scanning electron microscopy (SEM, Nova FE-SEM). The transmission electron 

microscopy (TEM) images were obtained using a high resolution-TEM (JEOL, JEM-2100F). The 

structural identification of the catalysts was conducted by X-ray powder diffraction (XRD) (Bruker 

diffractometer, Cu Kα radiation) at a scan rate of 1 o min-1. The obtained patterns were analyzed using 

JADE 6.5 software. The generated gas from discharge (H2) was collected with three-electrode 

configuration (Pt as a counter and Ag/AgCl as a reference electrode) in CO2-saturated 1 M KOH and 

seawater by water substitution method using U-shaped tube. Then the gas was analyzed by gas 

chromatograph (Agilent 2820A GC instrument) with a thermal conductivity detector (TCD) and a 
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packed column (Agilent carboxen 1000). The gas was controlled using a mass flow controller (Atovac 

GMC1200) and the exact volume of gas was calibrated through a bubble flow meter.  

 

7.3.2 Half-cell analysis  

Half-cell measurements were proceeded in three-electrode configuration using a platinum wire 

was used as both of working electrode and counter electrode with Ag/AgCl (saturated KCl filled) 

reference electrode in 1 M potassium hydroxide (KOH, Sigma-Aldrich Co.) aqueous solution and 

seawater (taken from sea of Ulsan and filtered to remove visible impurities). To estimate pH and 

hydrogen evolution potential, a reversible hydrogen electrode (RHE) calibration was conducted in H2-

saturated solutions where platinum wires were used as the working, counter electrodes and Ag/AgCl 

as a reference electrode at a scan rate of 1 mV s-1. The rotating disk electrode (RDE) tests were 

conducted by using catalysts of Pt/C, PBSCF, and FL-graphene on RRDE-3A (ALS Co.). Each 

catalyst was prepared into a catalyst ink by dispersing 10 mg of the catalyst in 1 mL of a binder 

solution (45 : 45 : 10 = ethanol : isopropyl alcohol : 5 wt.% Nafion solution (Sigma-Aldrich Co.), 

volumetric ratio) followed by a bath sonication process. For PBSCF, 10 wt.% of KB (Ketjen black 

EC-600JD) was included as a conductive additive, i.e., 9 mg of PBSCF and 1 mg of KB used. Then, 

RDE profiles were measured by drop-coating 5 µL of the catalyst ink onto glassy carbon disk 

electrode, where area is 0.1256 cm2, at a scan rate of 5 mV s-1. All half-cell profiles were iR 

compensated by measuring the resistance of solution (1 M KOH, CO2-saturated 1 M KOH). All 

electrochemical tests were carried out using Biologic VMP3. 

 

7.3.3 Full-cell measurements  

The zinc- and aluminum-CO2 system is tested in H-type cell. Zn and Al metal (purity higher 

than 99.99 %) were purchased at Alfa Aesar Co.. The system is composed of Zn or Al metal / alkaline 

electrolyte / glass membrane / quasi-neutral electrolyte / cathode. For the alkaline electrolyte, 6 M 

KOH and 4M NaOH aqueous solution was used for Zn and Al system, respectively. For glass 

membrane, a porous grade of G4 membrane was used. For the quasi-neutral electrolyte, CO2-saturated 

1 M KOH and seawater was used. The cathode was prepared by electro-spraying the catalyst ink onto 

a gas-diffusion layer (Toray carbon paper TGP-H-090, Fuel Cell Store Co.) with a loading density of 

2 mg cm-2. And silver wire was used as a current collector. The current density was normalized with 

the geometric area of the catalysts. For the calculation of practical H2 generation and CO2 conversion 

efficiency, Zn-CO2 cell was adopted. All electrochemical tests were conducted using Biologic VMP3. 
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7.4 Results and Discussion 

 7.4.1 The proposed Zn- or Al-CO2 systems and their electrochemical mechanism 

 As schematically illustrated Figure 7.1, the aqueous Zn- or Al-CO2 (Zn/Al-CO2) system uses 

safe, low-cost, and naturally abundant Zn and Al as the anode, which can run continuously as long as 

metals and CO2 are supplied to the two electrodes, respectively. The Zn or Al metal anodes are kept in 

an alkaline electrolyte to allow facile and continuous electrochemical reaction. To maintain electrical 

neutrality within the cell, a glass membrane was employed to connect the two aqueous electrolytes. 

The cathodic reaction occurred under a quasi-neutral condition of CO2-dissolved aqueous solution. To 

understand the complex reactions on this system from the CO2 dissolution, the simultaneously 

occurring overall reaction was subdivided into the chemical reaction and the electrochemical reaction.  

 

 

Figure 7.1 Schematic illustration of aqueous Zn- or Al-CO2 systems and their reaction mechanism. 

 

The chemical reaction of CO2 dissolution can be expressed as follows: 

 

CO2(aq) + H2O(l) ⇌ H2CO3(aq)       Kh = 1.70 × 10-3         (7.1) 

H2CO3(aq) ⇌ HCO3
-(aq) + H+(aq)         pKa1 = 6.3               (7.2) 

 

When CO2 is purged into an aqueous solution (e.g., distilled water, seawater, or KOH solution), 

CO2 molecules spontaneously dissolve to form carbonic acid (H2CO3(aq)) determined by the 

hydration equilibrium constant25 (Kh = 1.70 × 10-3 for a standard state condition in pure water) 

(Equation 7.1). Afterwards, the carbonic acid dissociates into HCO3
- and H+ is determined by the first 

acid dissociation constant26 (pKa1 = 6.3) (Equation 7.2). Because carbonic acid is a polyprotic acid 

dissociating multiple steps, the second acid dissociation step (i.e., HCO3
-(aq) ⇌ CO3

2-(aq) + H+(aq), 
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pKa2 = 10.32) needs to be considered.26 However, the second acid dissociation constant is significantly 

smaller than the first (Ka1 >> Ka2) and is, hence, negligible for the pH calculation. This spontaneous 

CO2 dissolution contributes to the acidification of the aqueous solution and lowering the pH level. 

The concentration of various carbonate ions when CO2 dissolves in water at normal atmospheric 

pressure is available at Table 7.1. The mole fractions of carbonate ions as a function of pH also 

presented in Figure 7.2.  

 

Table 7.1 Concentration of various ions when CO2 dissolves in water at normal atmospheric pressure. 

pCO2 
(atm) 

[CO2(aq)] 
(mol L-1) 

[H2CO3(aq)] 
(mol L-1) 

[HCO3
-(aq)] 

(mol L-1) 
[CO3

2-(aq)] 
(mol L-1) 

[H+(aq)] 
(mol L-1) 

pH 

3.5 × 10-4 1.18 × 10-5 1.41 × 10-8 2.29 × 10-6 4.69 × 10-11 2.29 × 10-6 5.64 
 

 

Figure 7.2 Mole fractions of the three different carbonate forms, i.e., carbonic acid ion, bicarbonate 

ion, and carbonate ion, as a function of pH of dissolved solution (Note: carbonic acid ion here 

includes ionic carbon dioxide). 

 

The electrochemical reactions are composed of metal oxidation at the anode and hydrogen 

evolution on the cathode: 

 

     Anodic reactions: 

Zn- system:    Zn + 4OH- → Zn(OH)42- + 2e-       Eo = -1.25 V         (7.3) 

Al- system:    Al + 3OH- → Al(OH)3 + 3e-        Eo = -2.31 V         (7.4) 

    Cathodic reaction:  

2H+ + 2e- → H2(g)                Eo = 0.00 V         (7.5) 

 

The anodic reaction is the electrochemical oxidation of Zn or Al metals in an alkaline 

electrolyte (Equation 7.3 and 7.4).27-33 The cathodic reaction, hydrogen evolution reaction (HER), is 
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closely affected by the pH of the aqueous solution (Equation 7.5). Unlike typical water splitting 

working in a strongly acidic or alkaline electrolyte, the HER in this study was proceeded in a quasi-

neutral environment (pH ~7) formed by dissolving CO2 in KOH solution or seawater. From the Nernst 

equation, HER potential is determined by pH and negatively shifted by 0.0592 V × pH. The acidity 

from CO2 renders a favorable electrochemical reaction environment by acidifying the aqueous 

solution. The hydrogen evolution potential according to pH is shown in Figure 7.3. Then, the alkali 

metal bicarbonate is formed from the reaction of the dissolved bicarbonate ion and the transferred 

alkali metal ion to maintain the charge-neutrality of system (Equation 7.6). 

 

HCO3
-(aq) + K+(aq) → KHCO3(aq)                       (7.6) 
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Figure 7.3 Hydrogen evolution potential according to a pH of aqueous solution. Hydrogen evolution 

potential is closely correlated to the pH value and follows the equation, E (V vs. SHE) = 0.000 – 

0.0591 × pH and E (V vs. Ag/AgCl) = -0.197 – 0.0591 × pH. a, Schematics diagram of hydrogen 

evolution potential related to pH. RHE calibration profile corresponding to hydrogen evolution 

potential measured in b, 1 M KOH c, CO2-saturated 1 M KOH d, seawater and e, CO2-saturated 

seawater. 

 

 7.4.2 Half-cell configured electrochemical analysis 

The electrochemical profiles were closely examined on Pt-wire electrode using cyclic 

voltammetry (CV) (Figure 7.4a) under various gas saturated conditions. An apparent oxygen 

reduction peak appeared near -0.15 V (vs. Ag/AgCl) in O2-saturated 1 M KOH, corresponding 

possibly to oxygen reduction reaction (ORR) on Pt electrode.34-38 The typical diffusion-controlled 

region with the limiting current was observed near -0.4 V from O2 mass transfer limitation in the ORR 

profile.29,35 At the lower potential region, the steep reduction profiles were observed around -1.05 V of 

the O2- and N2-saturated conditions corresponding to typical hydrogen evolution reaction (HER).39-45 

In contrast, for CO2-saturated condition, the onset potential of HER shifted positively by 0.4 V due to 

decreased pH from the CO2 dissolution. It is notable that, contrary to typical ORR profile, the HER 

profiles present the sharply increasing reduction curves without a diffusion-controlled region. To gain 

in-depth insights into the electrochemical reactions, Tafel plots derived from polarization curves are 

also constructed (Figure 7.4b). Because ORR is regarded as one of the most complex electrochemical 

reactions, simultaneously involving 4 electrons with 2 reactants (O2 and H2O), the reaction kinetics is 

sluggish even on a Pt electrode as obtained to be 51 mV dec.-1. By contrast, HER only involves 2 

electrons with 1 reactant (H+ or H2O depending on pH) and presents a low Tafel slope of 27 mV dec.-1, 

suggesting that the HER pathway is followed by the Volmer-Tafel mechanism.44-48 Thus, this 

reduction reaction involving CO2 dissolution notably contributes to the improvement of the reaction 

potential and kinetics, enabling adoption as a highly efficient cathodic reaction for the novel Zn- or 

Al-CO2 systems. 
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Figure 7.4 Half-cell configured reduction profiles. A reference potential is described with Ag/AgCl 

instead of RHE for the clarification of potential difference in a relationship between purging gases and 

pH. a, Cathodic CV profiles measured in O2, N2, and CO2-saturated 1 M KOH at 10 mV s-1, where Pt-

wire is a working and counter electrode. b, Tafel analysis of the cathodic profiles. c, RDE polarization 

curves for various catalysts measured in CO2-saturated 1 M KOH. d, Tafel plots derived from the 

RDE profiles. 

 

To examine HER activities under the quasi-neutral environment for various catalysts, rotating 

disk electrode (RDE) polarization curves were acquired (Figure 7.4c) and Tafel plots were presented 

(Figure 7.4d). We adopted PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF), which reported to be active HER 

catalyst in alkaline media,44,49 few-layer graphene (FL-graphene), which has been extensively studied 

as an HER catalyst in an acidic media,46,50-52 and Pt/C, commonly used as a referencing catalyst. The 

structural and physical characterizations for PBSCF and FL-graphene are available in Figure 7.5-7.10. 

Pt/C exhibits superior HER activity under CO2-saturated condition with the onset potential of -0.65 V 

and Tafel slope of 34 mV dec.-1, corresponding well to the value observed in Pt-wire electrode 

(Figure 7.4a) and RHE calibration profile (Figure 7.3). PBSCF displays active hydrogen evolution 

profile in the quasi-neutral environment from high lattice oxygen concentration and partially oxidized 
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cobalt species as examined in X-ray photoelectron spectroscopy (XPS) profiles (Figure 7.9) with the 

onset potential of -0.9 V and Tafel slope of 49 mV dec.-1, suggesting the Volmer- Heyrovsky as the 

HER pathway.44-48 While FL-graphene shows a slightly negative-shifted polarization curve at -1.1 V, 

its current density increases rapidly owing to its defects and edges of basal plane reported as the active 

catalytic center for HER with the Tafel slope of 120 mV dec.-1.50 These performance profiles imply 

significance in terms of the electrochemical reaction occurring under the quasi-neutral condition 

because typical water splitting is performed either in strongly acidic or alkaline electrolytes. Actually, 

a quasi-neutral condition (pH ∼7) can provide a less corrosive environment and could allow a 

potential adoption of abundant and non-noble metal-based electrocatalysts. In addition, the continuous 

hydrogen evolution deriving a pH increase could be compensated via an additional dissolution of CO2 

so that the pH level remains constant. 

 

7.4.3 Structural and Physical Characterization for Catalysts 

 

   

Figure 7.5 XRD profiles of the used catalysts. a, Rietveld refinement profiles of XRD data for 

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) and calculated structural parameters. b, Few-layer graphene (FL-

graphene). 
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Figure 7.6 N2 adsorption-desorption isotherm curves for catalysts. a, PBSCF. b, FL-graphene. 

 

 

 
Figure 7.7 Morphological analysis of PBSCF. a, and b, SEM images of PBSCF. c, A bright-field 

transmission electron microscopy (TEM) image of PBSCF. d, A HAADF image of PBSCF. 
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Figure 7.8 Scanning electron microscope (SEM) images of FL-graphene. a, and c, SEM images of 

stacked graphene sheets. b, and d, enlarged images of a, and c, respectively. 
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Figure 7.9 a, XPS spectra of PBSCF; b, O 1s, c, Pr 3d, d, Co 2p and Ba 3d, e, Sr 3d, f, Fe 2p. 

 

 

Figure 7.10 Raman spectra of FL-graphene. 
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 7.4.4 Full-cell performance and comparison to other works 

 

Figure 7.11 The digital photograph of Zn- or Al-CO2 system.  

 

By adopting this new reaction environment, herein the actual working performance of Zn- and 

Al-CO2 systems were evaluated. The digital photograph of cell system can be seen at Figure 7.11. 

The full cell tests were conducted in three-electrode configuration using Ag/AgCl reference electrode 

to distinguish the overall cell reaction into the cathodic and anodic reactions. Figure 7.12a presents 

the polarization curves for Zn-CO2 systems based on various catalysts. The lowermost curves (dashed 

lines) denoted Eanode indicate the oxidation I-V profiles of Zn anode, revealing that the anode 

potentials are achieved reproducibly for all catalysts. The open-circuit voltage (OCV) for Pt/C is 

determined to be around 0.9 V from the difference between the anodic OCV (Zn oxidation potential) 

and the cathodic OCV (HER potential) at -1.5 V and -0.6 V vs. Ag/AgCl, respectively. As observed 

from the polarization profiles, the maximum current densities achieved were 48.3, 91.3, and 216.5 

mA cm-2 for FL-graphene, PBSCF, and Pt/C, respectively. Notably, the maximum power density for 

Pt/C is measured to be 39.1 mW cm-2 at 106.6 mA cm-2. This performance indicates that this Zn-CO2 

system has a facile and highly efficient cathodic reaction compared to the highest performance 

reported for the metal-CO2 cells (i.e., Zn-CO2 cell based on CO2-HCOOH interconversion: 5.5 mW 

cm-2 at 11 mA cm-2).21 The polarization I-V profiles obtained at the various catalyst loading density 

and concentration of KOH solution are presented in Figure 7.13. It is important to note that this cell 

consumes CO2 to generate not only electrical energy but also H2 gas under the quasi-neutral condition 

(Note: H2 is a byproduct during discharge process).  
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Figure 7.12 Zn- and Al-CO2 systems performance. Full cell tests were conducted in three-electrode 

configuration using Ag/AgCl reference electrode. The polarization I-V profiles were measured under 

CO2-saturated 1 M KOH for various catalysts for a, Zn-CO2 system and b, Al-CO2 system. c, 

Comparison of maximum power density and corresponding current density for various metal-CO2 

cells. d, Chronopotentiometric reduction profiles at 5 mA cm-2 in CO2-saturated 1 M KOH for Zn-CO2 

system (above) and Al-CO2 system (below). e, The in-operando qualitative GC profiles of outlet CO2 

feed gas before and during discharging at 100 mA under CO2-saturated 1 M KOH (above) and 
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seawater (below). The enlarged areas near 12 min indicating the amount of converted CO2 is shown as 

the insets. 

 

 

Figure 7.13 The polarization I-V profiles obtained at the various catalyst loading density of 1, 2, and 3 

mg cm-2 for a, Pt/C, b, PBSCF, c, FL-graphene, d, KB. 

 

The polarization discharge curves for Al-CO2 system are presented in Figure 7.12b. The Al-

CO2 system has a slightly higher OCV (1.3 V) than that of the Zn-CO2 system (the oxidation of Al 

was observed at -1.9 V vs. Ag/AgCl). As similarly observed in the Zn-CO2 system, the oxidation I-V 

profiles of Al anode are also achieved reproducibly for all catalysts. For the Al-CO2 system, the 

maximum current densities achieved were 87.3, 305.3 and 532.1 mA cm-2 for FL-graphene, PBSCF, 

and Pt/C, respectively. Surprisingly, the highest electrochemical performance was obtained at a 

maximum power density of 125.4 mW cm-2 at 254.3 mA cm-2 for Pt/C catalyst, far superior to the best 

performance reported for the metal-CO2 systems; i.e., Zn-CO2 cell based on CO2-HCOOH 

interconversion of 5.5 mW cm-2 at 11 mA cm-2.21 For direct comparison, the maximum power density 

(Pmax) and the corresponding current density (Jcorr) of various metal-CO2 cells in the literatures12-21 

were presented in Figure 7.12c. The performances of both Zn- or Al-CO2 systems are clearly better 
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than those of the conventional aprotic metal-CO2 systems.12-20 Interestingly, it has been observed that 

the performances of our systems are comparable to those of Zn- or Al-air cells which have been 

actively studied as promising representatives of metal-air batteries.27-33  

To investigate the stability and durability of this system, the chronopotentiometric profiles on a 

mechanically rechargeable Zn/Al-CO2 system were examined at current density of 5 mA cm-2 (Figure 

7.12d). For the Zn-CO2 system, as similarly observed in the polarization profiles of Figure 7.12a, 

Pt/C, PBSCF, and FL-graphene presents 0.84, 0.54, and 0.30 V, respectively, for 10 hours. For the Al-

CO2 system tested under the same conditions, the discharge voltages were slightly higher: 1.11, 0.83, 

and 0.63 V for Pt/C, PBSCF, and FL-graphene, respectively. The discharge profiles measured at high 

current densities (10 and 50 mA cm-2) more than 50 hours for Zn/Al-CO2 systems using Pt/C are 

shown in Figure 7.14.  

 

 

Figure 7.14 Discharge profiles measured at the current density of 10 and 50 mA cm-2 for a, Zn-CO2 

and b, Al-CO2 cell using Pt/C catalyst. The discharge profile of Al-CO2 cell in this figure was 

measured by using a low purity Al plate (Al plate, alloy 6061, Alfa-aesar Co.) rather than the high 

purity Al foil (99.99 %) because a self corrosion rate of thin Al foil is too fast.  

 

It is notable that all profiles have shown in plateau without significant degradation, indicating a stable 

generation of a gas phase H2 and electricity. In other words, there is no clogging or physical damage 

on the electrode during continuous operation as examined from scanning electron microscopy images 

of Pt/C, PBSCF, and FL-graphene (Figure 7.15-7.17), unlike existing aprotic metal-CO2 cells which 

have solid products, such as Li2CO3(s) or Na2CO3(s) on electrodes during discharge.12-20 Also, the 

discharge profiles were further investigated in CO2 dissolved seawater electrolyte, an environment 

similar to the natural condition for removing atmospheric CO2 (Figure 7.18). The performance 

profiles measured in CO2-saturated seawater for Zn- and Al-CO2 systems were obtained at 0.77 and 

1.00 V for Pt/C, respectively, indicating also active and stable performance. Consequently, this 
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finding confirmed that the dissolution of CO2 led to a favorable HER environment in both KOH 

solution and seawater.  

 

 

Figure 7.15 SEM images of Pt/C catalyst loaded carbon paper electrode before and after tests in Zn- 

and Al-CO2 systems. a, and b, SEM images of Pt/C electrode before tests. c, Energy dispersive X-ray 

spectroscopy (EDX) image of the electrode before tests. Corresponding elements mapping images for 

d, carbon e, oxygen and f, platinum. g, and h, SEM images of Pt/C electrode after tests. i, EDX image 

of the electrode before tests. Corresponding elements mapping images for j , carbon k, oxygen and l, 

platinum. 
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Figure 7.16 SEM images of PBSCF loaded electrode. a, SEM image of PBSCF catalyst 

electrosprayed carbon paper electrode examined before a test b, after electrochemical test. c, and d, 

enlarged images of a, and b, presenting PBSCF loaded carbon fiber tissue of carbon paper electrode.  
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Figure 7.17 SEM images of FL-graphene loaded electrode. a, SEM image of FL-graphene catalyst 

electrosprayed carbon paper electrode examined before a test, b, after electrochemical test. c, and d, 

enlarged images of a, and b, presenting FL-graphene loaded carbon fiber tissue of carbon paper 

electrode. 

 

 

Figure 7.18 Chronopotentiometric discharge profiles of Zn- and Al-CO2 systems measured under CO2 

saturated seawater.  
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Figure 7.19 Gas chromatography (GC) profiles of generated gas during discharge process. The gas 

obtained during cathodic reaction proceeded in a, CO2-saturated 1 M KOH, b, CO2-saturated seawater. 

 

 

Figure 7.20 a, Theoretical H2 generation rate at current of 100 mA. b, Theoretical CO2 conversion 

rate at current of 100 mA.  

 

 7.4.5 Continuity of H2 generation and CO2 conversion 

To identify the continuity of this system, the H2 generation and CO2 conversion rate were 

simultaneously analysed by the quantitative gas chromatography (GC) measurement in-operando 

condition. The Faraday efficiency of H2 generation and the practical CO2 conversion efficiency were 

investigated. Figure 7.12e presents the in-operando quantitative GC profiles measured at a discharge 

current of 100 mA using CO2-saturated 1 M KOH and seawater based on the Zn-CO2 system 

configuration. During the measurement CO2 was purged at bottom side of the electrolyte. The blue- 

and red-coloured areas shown in the inset of Figure 7.12e indicate the converted amount of CO2 

during discharging reaction in CO2-saturated 1 M KOH and seawater, respectively. Only pure CO2 

gas was detected from the outlet gas before discharging the system. When the system is discharged, 
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the pure H2 was detected without any other impurities and the amount of CO2 feed gas was decreased 

both under CO2-saturated 1 M KOH and seawater as shown in Figure 7.12e and Figure 7.19. The 

actual amount of generated H2 and converted CO2 during the cell operation under CO2-saturated 1 M 

KOH were measured to be 0.681 and 0.790 mL min-1, respectively. Since the theoretical H2 generation 

rate was calculated as 0.696 mL min-1 at a current of 100 mA (Figure 7.20a), the Faraday efficiency 

of H2 generation was determined to be 97.9 % under CO2-saturated 1 M KOH solution, confirming 

the efficient H2 generation of this system. Then, the CO2 conversion efficiency of the in-operando 

condition was evaluated to be 56.8 % due to the theoretical CO2 conversion rate of 1.39 mL min-1 

(Figure 7.20b). Therefore, this GC profile clearly indicates that the additional CO2 dissolution 

proceeds during the discharge process. Also, the H2 generation and CO2 conversion rates were 

similarly observed under CO2-saturated seawater (Figure 7.12e). The Faraday efficiency and the CO2 

conversion efficiency were 94.5 and 52.6 %, respectively. Again, these in-operando GC profiles 

clearly demonstrate that the proposed system could continuously utilize CO2 to produce H2 and 

electrical energy.  

We examined the continuity of the system when the electrolyte is saturated with the carbonate 

ions. The electrochemical profiles were investigated when the system approaching the saturation 

condition. When discharge reaction continues, CO2 can be further dissolved, and carbonate ions can 

be accumulated. Since CO2-saturated 1 M KOH includes approximately 1 mol CO2 in 1 L (i.e., ∼1 

M KHCO3 solution), two- or three-times accumulation of carbonate from continuous electrochemical 

reaction will produce 2 or 3 M KHCO3 solution. We investigated the solubility of KHCO3 as shown in 

Figure 7.21, which indicates that it is still possible to further dissolve CO2 in 1 M KHCO3 solution. 

Then, the pH dependence upon the accumulation of carbonate ion is investigated. As observed from 

the calibration profiles for pH calculation (Figure 7.22a-7.22d), the pH of the solution can be 

maintained at a uniform neutral pH after the continuous discharge (pH of 1 M KHCO3 = 7.25 and pH 

of 3 M KHCO3 = 7.4). Thus, the pH changes from carbonate ion accumulation can be negligible. In 

other words, by examining the effect of carbonate ion accumulation on the increase in solution 

resistance, the overall performance change can be predicted. Then, we investigated the solution 

resistance in the concentrated carbonate solution (Figure 7.22e) and the HER profiles (Figure 7.22f) 

to examine the effect of carbonate ion accumulation. As observed from HER profiles, the increased 

carbonate ions concentration in the solution preferably contributes to the increased HER activities 

owing to the decreased solution resistance, indicating that the system is sustainable under the 

concentrated carbonate conditions.  

The continuity of CO2 dissolution during discharge reaction is investigated. As shown in 

Figure 7.23a, when HER occurs in quasi-neutral environment solution while CO2 purging is stopped, 

the pH is rapidly changed in a few minutes because of too low the concentration of H+ ([H+] = 2.75 x 
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10-8 mol L-1). Because the HER potential is very directly influenced by the pH of the solution 

according to the Nernst equation, the change in pH will affect the change in the cathode potential 

(∆ Ecathode = 0.0592 x ∆ pH). Figure 7.23b shows the change in cathode potential for various catalysts 

during 10 hours discharge and the cathode potential change is not observed. This means that there is 

no change in pH, because the CO2 is dissolved further and prevents the change in pH. 

 

 
Figure 7.21 The photograph presenting solubility of KHCO3 in water. From the left, 0.1, 0.5, 

1.0, and 3.0 M KHCO3 aqueous solution. 
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Figure 7.22 RHE calibration profiles for calculating the pH of a, 0.1 M KHCO3 b, 0.5 M KHCO3 c, 1 

M KHCO3 and d, 3 M KHCO3. e, Solution resistance value of 0.1, 0.5, 1.0, and 3.0 M KHCO3 

measured by electrochemical impedance spectroscopy using Pt-wire as a working and counter 

electrode. f, RDE polarization curves measured at various concentration of KHCO3 for Pt/C catalyst. 

 

Figure 7.23 a, The calculated pH change profile during discharge reaction when CO2 purging is 

stopped at 10 mA under 100 mL of CO2-sat’d 1 M KOH electrolyte. b, Potential of cathode at 

chronopotentiometric reduction at 5 mA cm-2 in CO2-saturated 1 M KOH for Zn-CO2 system.  

 

In addition, the continuity of CO2 conversion and H2 generation were investigated when the 

electrolyte is completely saturated with carbonate ions, i.e., 3.4 M KHCO3 solution (∼3.4 M is 

known as the maximum solubility) (Figure 7.24a). The red-coloured area shown in the inset of 

Figure 7.24a indicates the amount of converted CO2 during a discharge reaction. Interestingly, H2 

generation and CO2 conversion were still observed even the electrolyte solution is fully saturated with 

carbonate ion species. The H2 generation and CO2 conversion rate were 0.668 and 0.669 mL min-1, 

respectively and the Faraday and CO2 conversion efficiency were 96.3 and 48.0 %, respectively. This 
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finding indicates that the H2 generation by the CO2 conversion still occurs even after the complete 

saturation with carbonate ions during the discharge process. Hereat, interestingly, the precipitation of 

a white solid product near the cathode was observed during the discharge reaction in the completely 

saturated electrolyte (Figure 7.24b). Then, the white solid was collected by carefully filtering the 

aqueous electrolyte and the crystal structure was analyzed by an X-ray diffractometer (Figure 7.24c). 

As shown in the XRD pattern, the white solid was identified as potassium bicarbonate (KHCO3) 

containing a little amount of potassium carbonate (K2CO3) and the hydrate form (K4H2(CO3)3∙1.5H2O). 

Therefore, the GC profiles (Figure 7.24a) and the precipitation observation (Figure 7.24b) clearly 

demonstrate that CO2 consumption is sustainable even when the system is completely saturated with 

carbonate ions. 

 

 

Figure 7.24 a, The in-operando qualitative GC profiles of outlet CO2 feed gas before and during 

discharging at 100 mA under 3.4 M KHCO3 solution. The enlarged area near 12 min indicating the 

amount of converted CO2 is shown as the inset. b, A digital photograph of a precipitated white solid 

formed during discharging in the completely carbonate ions saturated solution. c, the XRD profile of 

the precipitated white solid 
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Figure 7.25 Digital photographs of a, H-type cell used in this work, b, newly manufactured H-type 

cell with 20 times larger scale. Typical credit card was presented for comparison the size of cell (Any 

personal information or card number is not shown). c, Screen captured image of raw data of Zn-CO2 

cell performances measured by small H-type cell (Figure 7.25a) and large scaled H-type cell (Figure 

7.25b). 

 

The large-scale applicability of the system was confirmed using a cell system with 20 times 

larger scale by manufacturing the H-type cell with 1 L volume (Figure 7.25). Figure 7.25c presents 

the screen captured raw data of Zn-CO2 cell performance measured by small H-type cell and large 

scaled H-type cell. The maximum current was achieved at 970 mA for the 20 times larger cell and this 

value is 18 times higher than the maximum current achieved by small H-type cell (i.e., 54 mA). These 

performance profiles indicate that this cell system can be operated on a large scale. Besides, we have 

confirmed a crossover effect on the large scaled cell. As shown in Figure 7.26, water was filled only 

in the right chamber and no crossover effect was observed over 80 min. This observation further 

supports the system is sustainable with the large scaled cell. 
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Figure 7.26 Screen captured images of video for examining the crossover effect on the large scaled 

cell. a, Empty cell. b, Captured picture right after water is filled only in the right chamber. Captured 

pictures after c, 40 min and d, 80 min. 
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 7.4.6 Reversibility of the aqueous Zn- or Al-CO2 systems 

 
 

Figure 7.27 a, Anodic RDE profiles of Pt/C+IrO2 catalyst measured in CO2-saturated in 1 M KOH. b, 

A qualitative GC profile of generated gas during the oxidation process under CO2-saturated 1 M 

KOH. c, Anodic RDE profiles of Pt/C+IrO2 catalyst measured in CO2-saturated in seawater. d, A 

qualitative GC profile of generated gas during the oxidation process under CO2-saturated seawater. 

 

Further, We have investigated the reversibility (rechargeability) for both Zn- and Al-CO2 

system. During the charging process, a reduction reaction occurs on the Zn and Al metal anodes as 

generally observed in rechargeable Zn- and Al-air batteries provided as follows. 

 

for Zn- system:       Zn(OH)42- + 2e- → Zn + 4OH-          Eo = -1.25 V           (7.7) 

for Al- system:         Al(OH)3 + 3e- → Al + 3OH-       Eo = -2.31 V           (7.8) 

 

It is important to exactly find how oxidation reaction occurs on the cathode side (Note: Calling 

as the anode is right because cathode indicates an electrode where a reduction reaction occurs. In 

general, however, this notation is based on a discharge process to avoid confusion.). Usually, the 
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charge process is regarded as the reverse of the discharge process. However, the oxidation reaction in 

this study is different to the reverse of the discharge process because generated H2 from the discharge 

process is removed and not remained near surface of cathode. The rotating disk electrode (RDE) 

oxidation profile under CO2-saturated 1 M KOH is examined.  

 

under CO2-sat’d 1 M KOH:     2H2O → O2 + 4H+ + 4e-     Eo = 1.229 V           (7.9) 

 

As shown in Figure 7.27a and Equation 7.9, the oxidation reaction under CO2-saturated 1 M 

KOH is revealed to be oxygen evolution reaction (OER). Additionally, we confirmed the evolution of 

oxygen gas from the charging process by a qualitative gas chromatography (GC) analysis (Figure 

7.27b). 

Also, we have investigated the oxidation reaction mechanism under CO2-saturated seawater. 

Because seawater contains plenty of chlorine anion (Cl-), a chlorine evolution reaction (CER) could 

also occur during the oxidation process. We have investigated the anodic RDE polarization profile 

(Figure 7.27c) under CO2-saturated seawater using Pt/C+IrO2 catalyst as follows. 

 

under CO2-sat’d seawater:         2Cl- → Cl2 + 2e-         Eo = 1.36 V         (7.10) 

 

As shown the above Figure 7.27c and Equation 7.10, from the similar oxidation potential 

region of OER, the oxidation reaction under CO2-saturated seawater could follow CER. In addition, 

we confirmed the evolution of chlorine gas from the charging process by a qualitative GC analysis as 

follows (Figure 7.27d). Because chlorine exists in isotopic form in nature, 35Cl, 37Cl, 70Cl2, 72Cl2, and 
74Cl2 have detected. Also, HCl have detected from dissolved chlorine gas in moisture. Thus, the 

oxidation process in CO2-saturated seawater could follow CER. Thus, the oxidation process in both 

CO2-saturated 1 M KOH and seawater could follow OER and CER without regenerating CO2. 
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Figure 7.28 Reversibility of the aqueous Zn- or Al-CO2 systems. a, The polarization charging and 

discharging I-V profiles and b, chronopotentiometric charging profiles at 5 mA cm-2 for Pt/C+IrO2 

catalyst measured under CO2-saturated 1 M KOH. c, The polarization charging and discharging I-V 

profiles and d, chronopotentiometric charging profiles at 5 mA cm-2 for Pt/C+IrO2 catalyst measured 

under CO2-saturated seawater. 

 

Figure 7.28 presents the charging profiles for both Zn- and Al-CO2 system under CO2-

saturated KOH solution and seawater. As expected from the anodic RDE profiles (Figure 7.27), the 

both Zn- and Al-CO2 systems are rechargeable under both CO2-saturated 1 M KOH and seawater as 

shown in charging I-V profiles (Figure 7.28a and Figure 7.28c). The charging plateaus were 

obtained near 2.5 and 3.0 V for Zn- and Al-system, respectively, for both CO2-saturated KOH 

solution and seawater (Figure 7.28b and Figure 7.28d). These plateau profiles clearly prove that the 

oxidation reactions are stably continued such as typical aqueous metal-air battery systems. Therefore, 

the Zn/Al-CO2 systems are reversible/rechargeable and does not regenerate already consumed CO2, 

truly fulfilling the purpose of a real CCUS technology. 

 

7.5 Conclusion 

 In summary, we have devised new Zn/Al-CO2 systems that utilize CO2 as a useful resource to 

produce electricity and hydrogen gas. As a novel electrochemical reaction, HER utilizing acidity 

contributed by spontaneous dissolution of CO2, was adopted as a cathodic reaction. It simultaneously 

generates electrical energy and H2 from the electrochemical oxidation of Zn and Al metals, which are 

abundant, low-cost, and environmentally friendly. Unlike the sluggish and difficult discharge reaction 

of the direct CO2 reduction in a conventional aprotic metal-CO2 battery, the proposed Zn- or Al-CO2 

systems adopting a novel HER utilizing CO2 acidity have shown excellent performance of 39 and 125 

mW cm-2, respectively. The in-operando gas chromatograph measurements have demonstrated that 
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the system could continuously operate with consuming CO2. These proposed Zn/Al-CO2 systems 

could potentially serve as a new CO2 utilization technology in the era of pursuing a clean energy 

source. 
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