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Abstract 

 

With growing demand on energy sources, diminishing natural resources and increasing environment 

issues, the development of safe, no-pollution, low-cost and renewable energy systems where 

combustion no longer dominates has become a grand challenge nowadays. Among the various energy 

storage systems, supercapacitor and Zn-air batteries are considered as the most realizable and effective 

candidates due to their high efficiency, safety, durability, and low cost. Supercapacitor electrode requires 

the large surface area, good chemical stability, and high electrical conductivity because it stores charges 

by electrostatic adsorption/desorption of the electrolyte ions onto electrodes. Besides, in the case of the 

Zn-air battery, the development of highly efficient oxygen catalyst without precious metal including Pt, 

Ir, and Ru which facilitates the sluggish oxygen related reaction is required for real application. 

This thesis covers the development of three-dimensional porous graphitic carbon structures and their 

applications to supercapacitor electrodes and oxygen electrocatalyst for Zn-air battery. The excellent 

property of porous carbon architectures for energy applications are mostly due to the large specific 

surface area with desirable porosity and the large amount of electrochemical active site density. This 

work suggests the promising way to fabricate highly efficient and durable carbon nanomaterials for 

energy-related applications. 
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Chapter 1. Introduction of electrochemical energy storage devices  

 

1.1 Overview 

With growing demand on energy sources, diminishing natural resources, increasing environment 

issues, the development of safe, no-pollution, low-cost and renewable energy systems where 

combustion no longer dominates has become a grand challenge nowadays1 (Figure 1.1). Although 

renewable and sustainable electricity generation sources such as solar, wind, and wave could be 

candidates for conventional energy fuels, it is still important to find desirable electrical energy 

conversion and storage systems possessing high efficiency to save extra energy hence to meet the 

increased energy demands2 (Figure 1.2). Consequently, the search for the next generation of energy-

storage materials and devices such as supercapacitors and rechargeable batteries with pollution free 

operation, high efficiency, and a long cycling life is extremely important3.In this thesis, we focused on 

the fabrication of the three-dimensional graphitic carbon foam with high specific surface areas and 

desirable surface functionality, which are favorable characteristics for supercapacitor electrode and air 

electrode catalysts for Zn-air battery. The remarkable performance of each device is attributed to the 

enhanced mass and ion transport through porous architectures as well as the increased electrical 

conductivity and active site densities by heteroatom doping. 
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Figure 1.1.1 The historical and projected energy demand trends. Adapted from.15 (Where 1 quad Btu is 

equal to 293 terawatt-hours (TWh)) 
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Figure 1.1.2 A schematic integrated electrochemical energy system composed of fuel cells (FCs), solar 

hydrogen generators (SHs), electrolyzers (ELs), and redox flow batteries (FBs) to afford safe and clean 

environments. Adapted from 1 
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1.2. Supercapacitors 

1.2.1 Brief overview  

The typical relationship between the power and energy density of stored electrical energy on 

several energy storage devices is easily compared by using so-called Ragone plot depicted in Figure 

1.1. The areas corresponding to each device could be a simple guideline for their specific energy and 

power outputs4,5. It is seen that supercapacitors occupy a region between conventional capacitors and 

batteries. Among the energy storage devices supercapacitor is a rising energy storage system because it 

can exhibit higher power and energy density than batteries and traditional dielectric capacitors3, 

respectively. Supercapacitor is an promising power solution to numerous applications including 

transportation, renewable energy power generations due to high efficiency, long cycling lifetime, and 

capable use of wide temperature range, etc6,7. 
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Figure 1.2.1 A typical Ragone plot indicating specific energy versus specific power for various energy 

storage systems. Adapted from [3-4] 
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1.2.2 Working principles of Supercapacitor 

In briefly, electric double-layer capacitor (EDLC) composed of two electrodes separated by 

selective transmitting membranes in electrolyte stores charges by non-faradaic process without charge 

transfer process across at the surface of electrode, which is similar to the basic principles of conventional 

capacitors7. One of the challenges is an inverse relationship between energy and power in the 

supercapacitor, i.e. a higher power with fast energy releasing rate induces the decreased energy capacity 

and vice versa. So lots of attention have been paid to supercapacitors to desirable performance with 

both high power density and energy density needed by applying new technology such as 

nanotechnology. One of the potential electrode materials for supercapacitors is allotropes carbon 

nanomaterials (Figure 1.2.3.) which usually possesses high surface area, high electrical conductivity as 

well as desirable porous channels. 

 

 

 

 

 

 

 

 

 

 



13 

 

 

Figure 1.2.2 Schematic diagrams of (a) a two electrode supercapacitor device made of nonporous 

electrode and (b) the electric double-layer on the basis of a positively charged electrode surface. Adapt 

from8 
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Figure 1.2.3. Typical shaped carbon nanomaterials for supercapacitors3. 
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1.3 Zinc Air battery 

1.3.1 Introduction 

Metal-air batteries are another candidate for future generation because they possesses higher 

energy density in comparison with that of other energy storage devices9 (Figure 1.3.1) with light-

weighed structures by employing the oxygen from the air as one of the reaction reactant2. Although 

lithium-air batteries possesses lots of potentials in terms of its high practical and theoretical energy 

density among all the various energy storage systems, the high reactivity of lithium with air and 

humidity bring about a high safety risk. In this regard, the zinc-air battery is the most promising one 

due to its safe, earth abundant, low-cost, environmental friendly features, which make it attractive 

electrical energy storage and delivery systems for portable devices as well as electric vehicles10, 11. 
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Figure 1.3.1. Comparison of theoretical and practical energy densities of various batteries (adapted 

from).9 
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1.3.2 Working principles of Zn air battery 

Zinc-air cell is composed of a zinc electrode (anode), an alkaline electrolyte (KOH) and an air 

electrode (cathode) as briefly depicted in figure 1.3.2.11 Zinc-air batteries generate electricity through a 

redox reaction between metal and oxygen in air; Zinc-air batteries breath air. Specifically, during 

discharging process, diffused air from the air is reduced to hydroxide ions through the oxygen catalysts 

(cathode) with the electrons generated from the electrochemical oxidation of the zinc electrode (anode). 

The involved chemical reactions during discharging process are described as follows.14  

 

Anode:                      Zn → Zn2+ + 2𝑒− 

                Zn2+ + 4𝑂𝐻− → 𝑍𝑛(𝑂𝐻)4
2− (Eo = -1.24 V vs. NHE) 

                            Zn(OH)4
2− → ZnO + H2O + 2OH− 

                     Zn + 2H2𝑂 → 𝑍𝑛(𝑂𝐻)2 + 𝐻2 ↑ (zinc corrosion possible) 

Cathode:                     O2 + H2O + 4e− → 4OH− (E0 = 0.4 V vs. NHE) 

Overall reaction:               2Zn + O2 → 2ZnO (E0 = 1.65 V) 

 

On the charging process, the reverse process occurs including oxygen evolution at the air electrode 

and zinc deposition at the zinc electrode.  

Since the oxygen reaction is sluggish, it is highly desirable to develop a suitable catalyst that can 

accelerate the oxygen reduction and oxygen evolution reaction (ORR/OER)12. To date, the most 

efficient catalysts to facilitate both the ORR and the OER are based on the noble metal catalysts (Pt, 

Rb, Ir, etc). However, their scarcity and the high cost limit the wide application of these catalysts. 

Therefore, it is in demand to develop the alternatives with efficient, low-cost and durable features for 

oxygen electrode in order to commercialize the zinc-air battery system.13 
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Figure 1.3.2 Schematic illustration of zinc-air battery. (Adapted from)11
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Chapter 2. Synthesis and modification of Porous graphitic carbon foam with 3-Dimensional 

networks as high performance supercapacitor 

 

2.1. Introduction 

Electrochemical capacitors or supercapacitors have been attracted to be the most desirable candidate 

to meet the increasing demand on electricity storage due to their long term cycle stability, fast charging-

discharging rate, and high power density1.The electrical energy is charged by electrostatic 

adsorption/desorption of the electrolyte ions onto a supercapacitor electrode, which induces a 

electrochemical double layers capacitnace(EDLC) that is mostly affected by the surface area and 

electrical conductivity of the electrode. To meet the required characteristics for supercapacitor, porous 

carbon nanomaterials is recognized as the promising electrode material owing to its low cost, large 

surface area (SSA), excellent chemical stability, good electrical conductivity, and long cycling life.  

Metal oxide materials including Ni(OH)2 and Co(OH)2 or conducting polymers based materials such as 

polyaniline have been introduced to overcome the limitation associated with the porous carbon 

materials. These kind of materials store electric charges by fast redox reactions at the surfaces, which 

is widely known as pseudocapacitance. Although the pseudocapacitance possesses enhanced 

capacitances than EDLCs, they exhibit rather slower charge and discharge rates than EDLs due to their 

faradaic reactions in their charge/discharge process. Moreover, the low conductivity of metal oxide 

induces large dead volumes and decreases the specific capacitance. Another facile and effective strategy 

to modify the properties of carbon nanomaterials and improve the capacitance is introducing 

heteroatoms such as B, N, P, and S into carbon structures. Incorporation of the heteroatoms affects the 

carbon materials’ pseudocapacitance and surface adsorption properties as well1,2. In particular, nitrogen 

doping has been thought of one of the efficient way to improve the EDLCs due to the synergistic effects 

induced by the nitrogen incorporation which induces the better conductivity and surface wettability 

along with adsorption properties results in facilitated electrochemical reaction on the carbon surface.3 

Our groups previously reported the fabrication strategy to prepare the three-dimensional graphene 

nano-networks (3dGN) via precursor assisted-CVD by employing the silica as a sacrificial template, 

iron salts (FeCl3) as graphitization agents, and polyvinylalcohol (PVA) as a carbon precursor4. The 

resultant 3dGN with high surface area up to ~1025 m2g-1 shows high conductivity of ~52S/cm hence 

exhibit high specific capacitance of 245 F/g in a H2SO4 solution. One of the major advantages of this 

preparation method is the easy modification of the surface and chemical property of the fabricated 

graphitic carbon networks by controlling the starting precursors. 

Here, we report the hierarchical porous carbon foam by employing various carbon precursors 

including starch and poly vinyl pyrrolidone (PVP). Starch, a kind of biomass, has become a well-known 

pore-forming agent for the preparation of ceramics during pyrolysis process.30 It has been reported that 
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the type and amount of starch determines the pore morphology and the pore volume, respectivtly.30 PVP 

is also famous chain polymers used as a encapsulation agent especially for metals surfaces to avoid 

oxidation. The nitrogen embedded in the pyrrolidone was expected to be nitrogen sources incorporated 

to the carbon structures during pyrolysis. The resultant starch derived three-dimensional porous carbon 

foam (3dCF) exhibits the high surface area of 1540 m2g-1 with specific capacitance of 152 F g-1 at 1 A 

g-1. The successful nitrogen incorporation into carbon nanostructure is obtained by employing PVP as 

a carbon source including nitrogen. The PVP derived three-dimensional nitrogen doped carbon foam 

(3dNCF) shows the specific capacitance of 270 F g-1 at 1 A g-1 due to the high specific surface area 

(~1148 m2g-1) with abundant active site dispersion over hierarchical pores to facilitate rapid charge 

transfer, high charge capacity, easy electrolyte access, and adequate mass transport, which can be a 

suitable electrode materials for EDLCs.  

 

2.2 Experimental 

2.2.1 Electrode fabrication and electrochemical measurement 

The working electrode was prepared by mixing a weight ratio of 8:1:1 of electroactive material 

(3DCF and 3dNCF), acetylene black and polyvinylidene fluoride (PVDF) in N-methyl pyrrolidone 

(NMP) solvent to form a well-dispersed slurry. Then, the prepared mixture was pressed (coated) on to 

a nickel form used for current collector and dried at 90 °C in a convection oven for 24 hours to evaporate 

the solvent. The electrochemical properties of the prepared electrodes were evaluated by employing a 

conventional three electrode cell in 6 M KOH electrolyte. A mercury – mercury oxide (Hg/HgO) 

electrode and platinum wire were used as the reference and counter electrodes, respectively. Two 

electrode symmetric cell system was applied to further investigate the device performance of 3dNCF 

electrode. The symmetric supercapacitor was assembled by using a two 3DNCF on nickel plate as 

positive and negative electrode, a filter paper as the separator and 6 M KOH aqueous solution as the 

electrolyte. The cyclic voltammetry (CV) and galvanostatic charge/discharge operation were conducted 

on a VMP3 biologic potentiostat. The electrochemical impedance spectroscopy (EIS) measurement was 

investigated in the frequency range of 100 mHz to 100 kHz by using VersaSTAT3 (Princeton Applied 

Research). The specific capacitance (F g-1) was determined from the CV and GCD curves according to 

the following equations5: 

Vv

idV
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


   …………….. (2) 

For single electrode capacitance: 

CCs  4   …………….. (3) 
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where  idV  is the integral area under the CV curve, v is the scan rate, △t is the discharge time, I is the 

discharge current, △V is the potential window, and m is the mass of the electroactive material on the 

two electrodes. Additionally, the energy density (W h kg-1) and power density (W kg-1) of the symmetric 

cell were determined from the discharge curves by using the following equations. 

 

2.7

2
VC

E


    …………….. (4) 

t

E
P






3600   …………….. (5) 

where C means the specific capacitance of the symmetric cell, P refers to the power density, E stands 

for the energy density, △t denotes the discharge time and △V is the voltage drop during discharge. 
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2.3 Results and Discussion 

The overall preparation process is similar to the fabrication method already reported in our group.4 

Briefly, the prepared self-assembled SiO2 templates was coated by the carbon precursors solutions 

mixed with optimized amount of FeCl3. The metal salts FeCl3 was reported by effective activation-

graphitization agents that can produce a porous structure with sufficient micro- and mesopores for a 

high surface area.6 After drying, the prepared powder was pyrolyzed at 900’C under H2/Ar flow 

atmosphere followed by leaching process. The prepared samples are denoted to three-dimensional 

carbon foam (3dCF) and three-dimensional nitrogen doped carbon foam (3dNCF) for starch derived 

and PVP derived, respectively. 

Raman spectra of 3dCF and 3dNCF demonstrates the graphitic nature of each samples with a G-

peak located at 1581 cm-1 and a D-peak at 1341 cm-1 associated with the stretching of sp2-bonded pairs 

and the sp3 defect sites, respectively7 (Fig. 2 a). Although the position of D and G peaks remain 

unchanged, the intensity ratio of ID/IG increased from 3dNCF to 3dCF probably due to the different 

chemical composition and porous structures of each sample.  

The porous architecture of the samples was investigated by nitrogen adsorption-desorption 

isotherms (Fig. 2 b), which shows a type-IV plot with a rapid increase at a relatively high pressure (P/P0 

= 0.80 – 0.99) indicating that the pore volume is mostly attributed to mesopores.8 The Barrett-Emmett-

Teller (BET) surface area of the 3dCF is 1564 m2 g-1, larger than that of 3dNCF (1064 m2 g-1). The 

increased surface area of starch derived carbon is probably due to the generation of pores from 

generation of lots of volatile gases during thermal pyrolysis process(Figure 2.3) .9 The average diameter 

of mesopores from the Barrett-Joyner-Halenda (BJH) equation is 9.22 nm and 7.33 nm for 3dCF and 

3dNCF , respectively, which is implies that the resulting porosity can be tunable by employing the 

various carbon precursors even though the same fabrication process is attempted. Besides the porosity 

influenced by the precursor, the mesopores were also generated when the precursor is decomposed and 

segregated on the surface of the iron frames upon cooling and the aggregated iron particles are leached 

from the carbon structures.4  

A scanning electron microscopy (SEM) and transmission electron microscopy (TEM) of 3dCF 

(Fig. 2c, e) and 3dNCF carbon (Fig. 2 d, f) reveal the interconnected hierarchical porous structures with 

mesopores. The nanoporous structures with high surface area with sufficient active site dispersion over 

hierarchical pores can enhance the mass transport by reducing the diffusive resistance as well as provide 

easy ion transport by shortening the diffusion pathways10,11 , which are important in developing 

excellent capacitance electrodes.  

Overall, the morphological characteristics confirm that the hierarchical porous graphitic carbon 

architectures is successfully fabricated by various carbon precursors with large surface area 

accompanied by micro- and meso- pores, which are appropriated for both high-rate performance and 
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high-density energy storage.12 

X-ray photoelectron spectroscopy measurements were performed to analyze the elemental 

composition of the carbon nanostructures (Fig. 3). As expected, XPS survey scans show that the starch 

derived carbon contains C (86.7 at %) and O (13.3 at %) and the PVP derived carbon is composed of C 

(90.47 at %), O (5.38 at %), and N (4.08 at %) (Fig. 3a, c), which demonstrate the successful 

incorporation of nitrogen atoms to the carbon structure by employing the PVP as carbon precursor. The 

XPS scan also confirm the sacrificial SiO2 template and reduced iron catalyst completely leached away. 

The high-resolution N1s peak for PVP derived carbon is decomposed into 4 peaks located at 398 eV, 

399 eV, 400.7 eV, and 402.6 eV which can be assigned to pyridinic-N (17.75 at%), pyrrolic-N (4.19 

at%), graphitic-N (66.07 at %), and oxidized-N (11.98 at%), respectively, on the basis of their binding 

energies.13 The pyrrolic and pyridinic nitrogen species in the carbon nanostructures could induce the 

psedocapacitance enhancement whereas the graphitic nitrogen configuration enhances the electronic 

conductivity of carbon materials, which is highly needed for electrodes with high conductivity.14 We 

believe that the tuned nitrogen content which increases the wettability to the electrolyte and the higher 

surface area in PVP derived carbon have favorable multiple synergistic effects to enhance the 

electrochemical reactivity and electronic conductivity, which prompts to the exceptional performance 

as well. 
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Figure 2.1 (a) Raman spectra of 3dCF and 3dNCF with Id / Ig ratio, (b) Nitrogen adsorption – desorption 

isotherm, (c-d) SEM image of 3dCF (c) and 3dNCF (d), (e-f) TEM images of 3dCF (e) and 3dNCF (f). 
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Figure 2.2 (a) XPS full spectra of 3dCF and 3dNCF. (b) high-resolution spectrum of the N 1s XPS peak 

of the 3dNCF. (c) elemental composition of prepared samples.  

 

 

 

Table 2.1 Summarized chemical composition for 3dCF and 3dNCF. 
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Figure 2.3. TGA curves for different carbon precursors. 
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The electrochemical performance of the 3dCF and 3dNCF electrode were measured by using 

cyclic voltammetry (CV), galvanostatic charge–discharge and electrochemical impedance spectroscopy 

(EIS) measurements in three electrode system in an aqueous 6 M KOH electrolyte solution and the 

results are displayed in Figure 2.4. The CV curves of the 3DCF and 3dNCF electrodes at a scan rate of 

10 mV s-1 are shown in Figure 2.4 a. Both curves clearly exhibits the typical rectangular shape 

illustrating the ideal capacitive behavior of each electrode. Comparatively, the 3dNCF electrode showed 

larger integrated area than that of 3dCF as expected, which demonstrates a superior electrochemical 

property of 3DNCF. In addition, Figure 2.4b shows the CV curves of the 3DNCF electrode at a variety 

of scan rates in the potential range of -1 to 0 V. The shape of the CV curves clearly exhibit the 

electrochemical double layer characteristics. The deviation from the rectangular shape of CV curves 

with increasing scan rates (at higher scan rates) indicates the deterioration of the electrochemical 

performance. This phenomenon may be due to the mass transport limitation of K+ ions from the 

electrolyte to the inner part of the electroactive materials.15-17 As the scan rate increases, the ions present 

in the electrolyte solution will transfer rapidly from the bulk electrolyte solution to the 

electrode/electrolyte interface, but relatively slow diffusion rate of ions from electrode/electrolyte 

interface to the inner electrode materials doesn’t satisfy the electrochemical adsorption and desorption 

of electrode materials (parts of the electrode materials are inaccessible). Hence, most of the ions are 

accumulated near the electrode/electrolyte interface and resulting to the polarization of the electrode 

materials. 

From CV graphs, the specific capacitance of 3dCF and 3dNCF electrode can be determined from 

equation (1). The specific capacitance of the materials as a function of scan rate is displayed in Figure 

2.4c. At the same scan rate of 5 mV s-1, a specific capacitance value of 182 and 265 F g-1 is measured 

for 3dCF and 3dNCF, respectively. The 3DNCF possesses a higher capacitance value compared to 3dCF, 

which highlights the positive effect of nitrogen doping in turn enhance the electrochemical activity of 

carbon materials (wettability and charge transport). Moreover, the 3DNCF exhibited the specific 

capacitance values of 240, 221, 199, 182, 168 and 153 F g-1 at the scan rates of 10, 20, 40, 60, 80 and 

100 mV s-1, respectively. Although, the specific capacitance drops gradually due to more serious 

polarization with rising the scan rate, 54% of the initial capacitance can be still preserved as the scan 

rate increases from 5 to 100 mV s-1. This result clearly suggests the better rate capability of the as-

prepared 3dNCF electrode. 
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Figure. 2.4 (a) Cyclic voltammetry curves of 3DCF and 3dNCF at the scan rate of 10 mV s-1 in 6M 

KOH solution. (b) CV curves of 3D NCF electrode at a variety of scan rates from 5 to 100 mV s-1. (c) 

specific capacitance as a function of scan rate. (d) Galvanostatic charge/discharge plots of 3DCF and 

3dNCF at a current density of 1 A g-1. (e) GCD curves of 3DNCF electrode measured at various current 

densities from 1 to 15 A g-1. (f) Specific capacitance change as a function of current density.  

 



30 

 

The electrochemical performance of the as-prepared electrode was examined by galvanostatic 

charge/discharge test. Figure 2.4d shows the comparative GCD curves of 3dCF and 3DCNF at the 

charge-discharge current density of 1 A g-1. The triangular and liner shape of the GCD curves 

demonstrate the typical EDLC behavior and better electrochemical reversibility of the electrode 

materials. Apparently, the discharge time of 3DNCF was much higher than that of 3dCF, which 

confirmed a higher capacitance of nitrogen. The GCD performance of 3dNCF electrode was measured 

at different current densities. As shown in Figure 2.4e, the linear and symmetric shape of all charge-

discharge curves signifies a good capacitive performance of electrode from EDLC. The calculated 

specific capacitance of as-prepared samples based on equation (2) is shown in Figure 2.4f. The specific 

capacitance values of 3DCF and 3dNCF electrode are calculated to be 152 and 270 F g-1, respectively 

at a current density of 1 A g-1. When the current density reaches to 15 A g-1, a capacitance of 90 F g-1 

can still be retained for 3DNCF, which confirms that the electrode has the good rate capability. As 

expected, the 3DNCF delivered higher capacitance than the as prepared 3dCF electrode. Also, the 

obtained specific capacitance value is higher and comparable to the previously reported nitrogen doped 

carbons.3, 18-26 Details of the comparison of our result with previously reported N-doped carbon 

electrode is reported in Table 2. 2.  

The enhanced electrochemical performance of 3DNCF electrode can be attributed to the synergetic 

effect of 3D architecture, appropriate N doping, large surface area, high porosity and reasonable 

graphitization. The advantages of 3DNCF is as follows: (i) The 3D porous structure facilitate the 

effective ion migration in to the electroactive sites (short diffusion distance), thereby fast 

charge/discharge rate and high power density can be obtained. (ii) The 3DNCF with highly porous 

structure ensure the high surface area of electrochemical active sites for adsorbing ions (utilization of 

maximum active material) and accelerates electron transfer. (iii) The nitrogen doping could reduce the 

inner resistance of the carbon foams (in turn higher conductivity) 16h, 17, and ensure the fast electron 

transfer through electroactive materials to enhance the capacitive performance at high current density 

charge/discharge process and (iv) The surface defects and disordered morphology induced by 

introducing N atoms could greatly improves the wettability26 of the carbon foams in the aqueous 

electrolyte solution and then finally leads to the enhanced electrochemical performance. 
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Synthesis  

method 

Nitrogen 

content 

Specific 

capacitance 

(F g-1) 

Electrolyte Cyclic 

stability  

(capacitance 

retention %) 

Ref. 

Hydrothermal 2.77 % 99 at 0.5 A g-1 1 M KCl - 18 

Thermal  

treatment 

20.51 wt.% 125.4 at 0.3 A g-1 1 M KOH 500  

(93%) 

3 

Hydrothermal 7.2 at. % 144.6 at 0.2 A g-1 6 M KOH 500 

(90%) 

19 

Hydrothermal 8.62 at.% 148 at 1 A g-1 6 M KOH  20 

Hydrothermal 2.7 % 182 at 0.5 A g-1 1 M KCl  21 

Solid microwave 7.34 wt.% 197 at 0.5 A g-1 6 M KOH 5000 

(98%) 

22 

Low temperature 

approach 

8 at. % 217 at 1 A g-1 6 M KOH 500 

(88%) 

23 

Ammonia flame 3.97 at.% 246.4 at 1 A g-1 6 M KOH 2000  

(89.6%) 

24 

Hydrothermal 5.86 at.% 

 

3.95 at.% 

326 at 1 A g-1 

 

266 at 1 A g-1 

6 M KOH 

 

6 M KOH 

1200 

(92%) 

- 

25 

Hydrothermal 10.13 at.% ~270 at 1 A g-1 6 M KOH 2000  

(~100) 

26 

CVD pyrolysis 4.08 % 270 at 1 A g-1 6 M KOH 5000  

(~100) 

This 

work 

 

Table. 2.2 Comparison of the electrochemical performance of the as-prepared 3dNCF with previously 

reported N-doped carbon materials. 
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Figure. 2.5 (a) Nyquist plot of 3DNCF electrode in 6 M KOH electrolyte solution. (b) Cyclic stability 

of 3DNCF electrode as a function of cycle numbers. The inset shows the GCD curves at constant current 

of 4 A g-1.  
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Furthermore, the kinetic features of ion diffusion was examined by electrochemical impedance 

spectroscopy (EIS). The Nyquist plot of the 3DCF and 3dNCF electrode is shown in Figure. 2.5a. The 

plots consist of a semicircle arc at high- and medium-frequency regions and a straight line at low-

frequency region. In the high frequency region, the intercept of the curve with the real axis indicates 

the internal resistance (Rs or ESR) of the electrode materials and electrolyte, which was found to be 

0.35 and 0.39 ohm for 3dCF and 3dNCF, respectively. The diameter of the semicircular arc at the mid-

frequency region corresponds to the charge transfer resistance (Rct), which is caused by the charge 

transfer reaction at the interface of electrode and electrolyte. The 3DNCF electrode showed small Rct 

(1.41 ohm) compared to 3dCF electrode (4.95 ohm), which suggests the better electrical conductivity 

of 3dNCF due to the introduction of appropriate amount N into the carbon structures. Besides the charge 

transfer resistance, the straight line at the low frequency region indicates the ideal capacitive behavior, 

which is demonstrative of ion diffusion in the electrode/electrolyte interface 3. A more vertical line 

towards the y-axis indicates a more ideal supercapacitor behavior confirming the fast electrical double 

layer forming due to the low diffusion resistance of ions the structure of the electrode 3. This may be 

due to the highly porous 3D structure, which offers better accessibility of the ions from the electrolyte.  

The long-term cycling stability is one of the most important electrochemical parameter for the real 

application of supercapacitors. The cycling stability of as-prepared 3DNCF electrodes was evaluated 

by the repeated GCD measurement at a constant current density of 4 A g-1 for 5000 cycles. As shown 

in Figure. 2.5b, the 3DNCF electrode exhibits excellent cycling stability. It could be found that the 

specific capacitance value increases gradually up to 156 F g-1 and nearly no decrease in the course of 

5000 cycles (high capacitance retention), demonstrating the excellent cyclic stability. The increase in 

capacitance might be due to the full activation process of the electroactive materials during the long 

cycling process. The inset is the charge/discharge cycling curves of the 3DNCF electrode at 4 A g-1. It 

could be clearly observed that the GCD curves exhibit a linear and symmetric in shape for all cycles 

indicating the EDLC behavior and good cycling stability of the 3DNCF electrodes.  

Moreover, to evaluate the reliable electrochemical performance of the 3DNCF, a symmetric two-

electrode cell was assembled by using 3DNCF as positive and negative electrodes in 6 M KOH solution 

in order to characterize the energy storage capability. Figure 2.6a shows the CV graphs of the symmetric 

cell measured at various scan rates of 5 to 100 mV s-1 in the potential range of 0 to 1 V. All of the CV 

curves show a typical rectangular shape, even at the higher scan rate of 100 mV s-1, which demonstrates 

the ideal EDLC behavior with good rate capability of 3DNCF electrode. The specific capacitance of the 

symmetric cell was investigated from CV curves on the basis of the mass of the electroactive materials 

of the both electrodes. The calculated cell and single electrode capacitance versus scan rate is plotted 

in Figure 2.6b. The cell and single electrode capacitance of the symmetric cell at 5 mV s-1 is about 46 

and 184 F g-1, which is higher than the previous reported N-doped graphene material (28 F g-1 at 5 mV 
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s-1) 16d. As the scan rate increases, the specific capacitance decreases, which is induced by the access of 

electrolyte ions only at the outer surface of the 3dNCF. The inner surface of the 3dNCF is inaccessible 

at higher scan rates due to the insufficient time available for ion diffusion and adsorption/desorption 

process inside the small pores (diffusion limitation at higher scan rate). However, at a scan rate of 100 

mV s-1, 76.7% of specific capacitance can be retained, which demonstrates the better rate capability of 

the cell.  

The galvanostatic charge discharge (GCD) measurement was carried out to evaluate the 

performance of the symmetric cell at various current densities. Figure 2.6c presents the GCD curves of 

the 3dNCF//3DNCF symmetric cell at different current densities. The reversibility and EDLC behavior 

of the 3dNCF is confirmed by the linear and symmetrical charge/discharge curves. The specific 

capacitance of the symmetric cell can also be determined from the GCD curves on the basis of equation 

(2) & (3). Figure 2.6d shows the calculated cell and single electrode capacitance as a function of current 

density. The measured capacitance of the cell and the single electrode of the symmetric cell are found 

to be 37 F g-1 and 148 F g-1 at a constant current density of 0.5 A g-1. With increasing current density 

value from 0.5 A g-1 to 15 A g-1, the symmetric cell retained a 67% of specific capacitance indicating its 

good high-rate performance.  

Furthermore, the cycling stability of the symmetric supercapacitor cell was tested by consecutive 

GCD cycling at a constant current density of 2 A g-1 for 10,000 cycles and the results is displayed in 

Figure. 2.7a. The 3DNCF //3DNCF supercapacitor exhibited an outstanding specific capacitance 

retention of 121%, even after 10,000 cycles of repeated charge and discharge. The initial increase of 

specific capacitance from 100 to 126% is owing to the full activation process of 3DNCF electrode. The 

inset in Figure 2.7a shows an overview of the last few cycles, which further indicates a good reversibility 

during consecutive fast charge-discharge process of the electrode. These results suggest that the 

symmetric supercapacitor based on 3D N-doped graphene sample possesses good long term cycling 

stability and a highly reversible in the repetitive charge/discharge cycling. 

To understand the electrochemical mechanism of the 3DNCF electrode based symmetric 

supercapacitor cell, EIS analysis was performed for before and after long-term (10,000 cycle) GCD 

tests (Figure. 2.7b). It could be observed that, the Nyquist plots are almost similar in the form of 

semicircles in the middle-frequency region and followed by a straight in the low-frequency region, 

further demonstrating the good stability of the symmetric cell. The diameter of the semicircle arc 

becomes slightly smaller after 10,000 cycles, which shows that the ion and electron transfer path is 

maintained well. The straight line at frequency region closely parallel to the imaginary axis also 

suggests the better penetration of electrolyte ions (low ion transport resistance) as well as improved 

electrochemical performance of the symmetric cell through the electrochemical activation process after 

10,000 cycles. The energy and power density of the 3DNCF //3DNCF symmetric cell were measured 
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from the discharge curves using equation 4 and 5. The Ragone plot of energy and power density of the 

symmetric supercapacitor at various current densities are displayed in Figure. 2.7c. The 3DNCF // 

3DNCF symmetric cell exhibited a maximum energy density of 5.13 Wh Kg-1 at 250 W Kg-1 and a 

maximum power density of 7500 W Kg-1 at 3.43 Wh Kg-1, which suggests that the cell has great 

potential for practical applications.  

 

2.4 Conclusions 

 In conclusion, we fabricated the 3D graphitic porous carbon structures with various porosity from 

various carbon precursors such as starch and PVP. The different chemical compositions and porous 

structures were examined by the Raman analysis, XPS, and BET surface area analysis. The PVP derived 

carbon foam (3dNCF) with desirable nitrogen content and porosity exhibited the outstanding electrical 

double layer capacitance up to 270 F g-1 at 1 A g-1. Energy density was estimated to be as high as 5.13 

Wh Kg-1 and the maximum power density reached 7.5 Kw kg-1. Our fabrication strategy offers a 

straightforward way to develop promising candidate for electrical double layer capacitor electrode.  
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Figure. 2.6 (a) Cyclic voltammetry curves of 3DNCF-based symmetric supercapacitor at different scan 

rates. (b) Specific capacitance versus scan rates. (c) Galvanostatic charge/discharge curves of symmetric 

supercapacitor at different current densities. (d) Specific capacitance of symmetric supercapacitor based 

on total mass of active materials in two electrodes versus current density.  

 



37 

 

 

 

Figure. 2.7 (a) Cycling performance of 3D NNCF symmetric supercapacitor at constant current density 

of 2 A g-1 for 10000 cycles. The inset shows the GCD curves. (b) Nyquist plots of symmetric 

supercapacitor before and after stability test. (c) Energy density versus power density of 3DNCF 

symmetric supercapacitor. 
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Chapter 3. Hierarchical porous nitrogen-doped graphitic carbon foam with 3-Dimensional 

networks as highly active oxygen catalyst for Zn-air battery 

 

3.1. Introduction 

Rechargeable metal-air batteries have been widely attracted on as a possible alternatives to meet 

the increasing requirements for energy resources and growing environmental concerns especially due 

to its high energy densities, low cost, abundance, eco-friendly1. In the metal-air cells, diffused oxygen 

molecules are reduced at air electrode during discharging, and the reverse reaction including oxygen 

evolution occurs during charging. One of the major issues of zinc-air battery technologies facing now 

is to develop the efficient, robust air catalysts with high cycle stability for oxygen reduction reaction 

(ORR) and oxygen evolution reaction (OER), possibly working in aqueous electrolytes2,3. So far, 

precious metals and its alloy based nanomaterials such as platinum, ruthenium and iridium have been 

investigated as such electrocatalyst4. However, their high price and poor durability retard the wide 

commercialization of the Zn-air battery technology. In this regard, lots of efforts to develop efficient, 

low cost and durable candidates for such noble metal based catalysts by applying nonprecious metal 

based catalysts5,6 or metal-free carbonaceous materials7,8.  

Heteroatom-doped (B, S, N, P, Cl, and I) carbon nanomaterials have been reported as a promising 

catalysts exhibiting excellent ORR activity in alkaline aqueous electrolyte9,10. Introduction of 

heteroatoms into graphitic structure modifies the electronic structure and catalytic sites, the adsorption 

and breakage energy of O2, and the reaction mechanism of catalysts, thereby dramatically facilitate the 

ORR performances11. Nitrogen doped carbon materials (NCMs) have been the most attractive catalysts 

for the ORR because nitrogen atoms lead to high electrochemical activity as well as possess other 

desirable features such as high surface areas, long-term stability, and outstanding resistance to methanol 

cross-over effects for the ORR in an alkaline medium12,13. NCMs have been fabricated by employing 

thermal treatment of carbon sources with nitrogen containing reactive gases such as ammonia or 

acetonitrile14, thermolysis of polymers containing nitrogen7. The direct pyrolysis of nitrogen-containing 

hydrocarbons or polymers are reported to produce nitrogen-doped carbon materials with good 

incorporation of nitrogen with avoidably involving the use of toxic gases15. Furthermore, as it well 

reported, the three-dimensional hierarchical porous carbon materials with large volumetric surface area 

and interconnected network structures for a high density of catalytic active site and efficient mass 

transport hence guarantee enhanced ORR activity16 have been developed with a variety of approaches 

including hard template assisted synthesis17, post-activation fabrication7, and direct pyrolysis of 

polymer aerogels18. 

Herein, we developed a three-dimensional nitrogen-doped graphitic carbon foam (3dNCF) with 

large specific surface area (~1509 m2 g-1) which shows outstanding electrocatalytic performance for 
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both ORR and OER. The 3dNCFs were from Poly vinyl pyrrolidone (PVP) and iron (III) chloride as a 

nitrogen-enriched carbon source and metal catalysts precursor, respectively. The direct pyrolysis of 

nitrogen containing precursors promise an increased active site density with a well-distributed nitrogen 

atoms on the carbon surface19. Moreover, the reduced iron frames and particles from iron salt (FeCl3) 

affect the graphitization of the catalysts20 as well as generate pores after leaching process21. The resultant 

3dNCFs with the hierarchical architectures and abundant heteroatom doped active sites show 

outstanding ORR properties with a relatively positive half wave potential of -0.113 V vs Ag/AgCl, high 

selectivity, remarkable resistance to methanol, and superior cycling stability in an alkaline medium. 

Moreover, the 3dNCF catalyst pronounced the OER performances in alkaline medium and excellent 

ORR performances even in acidic medium, which make the 3dNCF catalysts powerful oxygen catalysts. 

 

3.2. Experimental Section 

 

3.2.1. Synthesis 

The optimized amount of poly vinyl pyrrolidone (PVP, Mw = 40,000, Sigma Aldrich) was 

dissolved in D.I. water at room temperature and then mixed with the suitable amount of FeCl3∙6H2O. 

The prepared solution was coated onto the prepared SiO2 template the make the SiO2/PVP/FeCl3 

composites. The prepared composites were dried in a vacuum oven at room temperature, followed by 

thermolysis at targeted temperature for 30 minutes under hydrogen / argon mixed atmosphere. The acid 

washing proceeds to remove the sacrificial SiO2 template and iron simultaneously. 

 

3.2.2. Characterization 

Field-Emission Scanning Electron Microscopy (FESEM) was performed on Hitachi S-4800. 

Transmission electron microscope (TEM) images were collected on JEM-2100 (JEOL, Japan). High-

resolution TEM (HRTEM) and EDS mapping were performed using a JEM-2100F (JEOL). 

Thermogravimetric analysis (TGA) measurements were conducted on Q500 (TA instruments) under 

argon flow with a ramping rate of 15℃ min-1. Nitrogen adsorption-desorption isotherms were measured 

using an ASAP 2020 instrument (Micrometritics) at 77 K using Barrett-Emmett-Teller (BET) 

calculations for the surface area. The pore size distribution was calculated on the basis of the Barrett-

Joyner-Halenda (BJH) model. X-ray photoelectron spectra (XPS) were performed on K-alpha X-ray 

photoelectron spectrometer (ThermoFisher). Fourier transform infrared spectra (FT-IR) were measured 

on a Cary 670 FTIR (Agilent Technology). The Raman spectra were recorded with the alpha300R 

spectrometer (WITec) using 532 nm laser. 
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3.2.3 Electrochemical Measurements 

The electrocatalytic activity of the catalysts were investigated by using a RDE system on a VMP3 

biologic electrochemical potentiostat. A traditional three-electrode cell with a platinum wire as the 

counter electrode and a saturated silver-silver chloride (Ag/AgCl) electrode as the reference electrode. 

The working electrodes was prepared as follow: the prepared sample (10 mg) was dispersed in a 

aqueous solution of 450 ul of ethanol and 50 ul of Nafion (5 wt%) to form a homogeneous ink by 

sonication for 1 h. The prepared 3.75 ul of suspension was pipetted on the surface of pre-polished glassy 

carbon electrode (5 mm in diameter), which was dried by rotating evaporation22 at room temperature to 

form a thin film of catalyst layer. Commercial Pt/C (20 wt%, Premetek) was also tested for comparison. 

Pt/C ink was prepared as follows 5 mg Pt/C and 10 ul Nafion (5 wt%) was dispersed in 1.99 ml H2O 

and 0.5 ml IPA stock solution and sonicated to obtain a well dispersed suspension. 6.25 ul of Pt/C 

catalyst suspension was then dropped on the glassy carbon electrode, resulting in a targeted catalyst 

loading of 0.1 mg cm-2 (20 ugpt cm-2). RDE and RRDE measurements were conducted in N2- and O2-

saurated 0.1 M KOH, 0.5 M H2SO4, and 0.1 M HClO4 electrolytes, respectively hence subtract the 

background capacitive current. The CV tests were measured at a scan rate of 50 mVs-1 and the RDE 

tests were examined in the purged electrolytes at a scan rate of 10 mVs-1 with a variety of electrode 

rotating speeds. The chronoamperometric responses were measured at -0.25 V in O2-saturaed 0.1 M 

KOH at 1600 rpm. For methanol crossover test, 3M of methanol was injected by using microsyringe.  

The electron transfer number (n) was investigated from RRDE tests based on the disk current (ID), ring 

current (IR), and the current collection efficiency of Pt ring (N) by the following equations: 

n = 4 ×  
𝐼𝐷

𝐼𝑅
𝑁⁄ + 𝐼𝐷

 

The peroxide percentage (H2O2 %) was evaluated from the following equation: 

𝐻2𝑂2 % = 200 ×  

𝐼𝑅
𝑁⁄

𝐼𝑅
𝑁⁄ + 𝐼𝐷
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3.3. Results and Discussion  

The overall synthetic procedure for the 3dNCFs is similar to the method we already reported. 

Briefly, the 3dNCF is fabricated via the combination of nitrogen-enriched polymers, iron salts, and 

fumed silica templates. Fumed silica with an aggregated diameter of 200 nm to 300 nm were initially 

self-assembled to form closed-packed silica template and the aqueous PVP precursor solution mixed 

with a targeted amount of FeCl3 homogeneously coated onto the silica template. After vacuum drying 

to remove water, the subsequent thermal treatment of PVP/FeCl3 coated silica in hydrogen and argon 

mixed gas flowing condition at 800, 900, and 1000℃ combined with etching of silica and reduced iron 

nanoparticles generated 3dNCF-X where x stands for different thermal treatment temperatures. To 

identify how the iron salts (FeCl3) affect the porosity, morphology, and further catalytic performance of 

the samples, the same procedure was carried out by employing the PVP precursor solution without iron 

salts and pyrolyzed at 800℃ which is denoted as 3dNC-800. For comparison, 3d graphitic carbon foam 

was fabricated in the same way we already reported21. 

The thermal decomposition process was studied by thermogravimetric analysis (TGA) (Figure 3.1), 

which confirms that most of the PVP was decomposed above to 500℃ and the Fe(III) ions were 

reduced.21 The metal salts (FeCl3) was also reported by effective activation-graphitization agents during 

thermal treatment process, which can produce a porous structure with sufficient micro- and mesopores 

for a high surface area20, 21. Specifically, during the thermal treatment of PVP/FeCl3 precursor, gaseous 

carbon, nitrogen, and iron species are simultaneously formed19. Reduced iron frame and particles 

gradually capture carbon and nitrogen species then atoms are catalytically decomposed into carbon and 

nitrogen atoms, respectively, which promote conversion of amorphous carbon derived from PVP to 

nitrogen doped graphitic carbon fragments around the iron surface19. 

A scanning electron microscopy (SEM) image (Figure 3.2a) and transmission electron microscopy 

(TEM) images associated with elemental mapping (Figure. 3.2 b-d) after eliminating the silica and iron 

particles demonstrates the uniform distribution of C, O and N on the 3D hierarchical graphitic carbon 

foam for a sample thermolysis at 800℃ (3dNCF-800). Magnified high-resolution TEM images of 

3dNCF-800 further confirm the formation of curved graphitic domains (Fig 3.2 c). The interconnected 

nanostructures for all the 3dNCFs (figure3.3-3.6) possess a large number of exposed graphitic networks, 

which play a crucial role in oxygen catalysts23. SEM and TEM images for 3dNC-800 (Figure 3.3) were 

also investigated to confirm how metal salts affects the porous architecture during thermal treatment. 

3dNC-800 pyrolyzed without metal salts shows the nonporous stacked sheet like structures with little 

graphitic edges whereas 3dNCFs show the hierarchical mesoporous structures with numerous graphitic 

carbon edges. As investigated by SEM and TEM, the higher porosity and graphitization of the 3dNCF 

than that of 3dNC can be achieved by introducing the metal salts in the PVP precursor, which indicates 

the hierarchical porous structures are derived from the synergetic effect of sacrificial silica template and 
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iron salts. So, we assume that the reduced iron species served as three-dimensional frame to give rise 

to the porosity of the 3dNCF as well as transition-metal catalysts for a growth of graphitic carbon.  

The Raman analysis of 3dNC and 3dNCF-X shows two distinct signals around 1590 cm-1 and 1352 

cm-1
, which can be associated with graphitic carbon (G peak) and disordered carbon (D Peak), 

respectively (Figure 3.2e)24. Even though 3dNCFs has the more hierarchical porous structures than 

3dNC have, their similar ID/IG values with the two small bumps between 2300 – 3200 cm-1 instead of 

well-defined second ordered peaks (2D, D+D’, D+G ) for all the samples reveal a similar nano-

crystalline graphitic characteristic25 between 3dNC-800 and 3dNCFs. 

The porous characteristics for the 3DNC and 3dNCF-X were determined by N2 isothermal 

adsorption/desorption measurement (Figure 3.2f) and the results with Brunauer-Emmett-Teller (BET) 

surface area, total pore volume are summarized (Table 3.1). Compared to the nonporous type II isotherm 

plots for 3dNC-800, the type IV with a sharp increase in nitrogen adsorption for 3dNCF-X at a high 

pressure (P/P0 = 0.70 – 0.99) demonstrates the well-developed mesoporosity26 generated by metal salts. 

The BET surface area and pore volumes of 3dNCFs were measured from 1183 to 1509 m2 g-1 and 2.17 

to 2.735 cm3g-1, respectively, which are much higher than that of 3dNC (476 m2g-1 and 0.12 cm3g-1). 

Remarkably, as the thermal treatment temperature increases, the surface area and the pore volume of 

3dNCFs significantly enhanced as listed in table 3.1, which might be due to the generated volatile gases 

from carbonization process of precursors18 especially the temperature below 500℃ as well as the 

different precipitation process of carbons on the iron particles. Further research will be devoted to 

confirm the exact pore forming mechanisms. The pore sizes distribution based on the Barrett-Joyner-

Halenda (BJH) method (Figure 3.2 g) reveals the mesoporous features with the pore diameters less than 

10 nm for all 3dNCF-X samples.  

As investigated, the direct pyrolysis process of PVP/metal salts with sacrificial silica templates 

successfully produces the hierarchical interconnected architectures with high density of nitrogen doped 

graphitic carbons which have high surface area, large volumetric pores with a various size distribution 

which is promising candidate for oxygen electrocatalysts. 
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Fig. 3.1. TGA curves of PVP, FeCl3, and PVP/FeCl3.  
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Figure 3.2. (a) SEM image of the 3dNCF. (b, c) TEM image of the 3dNCF-800. (d) TEM image of 

3dNCF-800 with corresponding elemental mapping. (e) Raman spectra of 3dNC and 3dNCFs. (f) 

Nitrogen adsorption/desorption of the 3dNC and 3dNCFs. (g)BJH curves of 3dNC and 3dNCFs. 
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Figure 3.3 SEM and TEM images of 3dNC-800 with different magnifications.  
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Figure 3.4. Additional TEM images of 3dNCF-800 with different magnifications 
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Figure 3.5. TEM images of resulting 3dNCF-900 
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Figure 3. 6. TEM image of resulting 3dNCF-1000 
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Table 3.1. Specific surface areas (SSA) and total pore volume and average pore diameter distribution 

of 3DNCs. 
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The chemical composition of the prepared catalysts were investigated by the X-ray photoelectron 

spectroscopy (XPS) measurements. The XPS survey scans confirm the existence of C, O, and N atoms 

demonstrating that the silica template and iron catalysts are completely removed after acid washing 

(Figure 3.7.) The atomic contents are summarized in Table S2. The 3dNCF-X shows a high proportion 

of carbon and small amount of nitrogen (3.47 – 4.45 at %) derived from the high N/C ratio of PVP 

precursor. Even though pyrolized under the same temperature, 3dNC and 3dNCF-800 exhibit different 

chemical composition and nitrogen species, which suggests the crucial role of the iron catalyst in 

thermal decomposition process of carbon precursor27. The high resolution peaks for N1s of the 3dNCF-

X was further deconvoluted into four peaks centered at ~398.0 eV, 399 eV, 400.7 eV and 402.6 eV 

corresponding to pyridinic, pyrrolic, graphitic, and oxidized nitrogen, respectively(Figure 3.8. a – d)28,29. 

The N1s curve fitting indicates a conversion from pyrrolidone branched polymer to nitrogen doped 

graphitic carbon structures. As summarized in table 3.2, thermally unstable pyridinic and pyrrolic 

nitrogen is converted to thermally stable graphitic nitrogen with increasing temperature, which facilitate 

the different chemical/electronic environments and hence electrocatalytic activities. It is critical to 

optimize the pyrolysis temperature to fabricate 3dNCF-X possessing the desired porosity and nitrogen 

contents since overheating caused a higher surface area and a carbonization degree but a gradual loss 

of nitrogen dopants from the carbon architecture. 
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Figure 3. 7. XPS survey spectra of prepared 3dNC and 3dNCF-Xs. 
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Figure 3. 8. High-resolution N1s XPS signals for 3dNC-800 (a), 3dNCF-800 (b), 3dNCF-9000 (c), and 

3dNCF-1000 (d). The signals deconvoluted into four energy components around 398.0, 398.9, 400.7, 

and 402.7 eV, indicating the presence of pyridinic-, pyrrolic-, graphitic- and oxidized-N, respectively. 
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Figure. 3.9 (a) Atomic content of 3dNC and 3dNCF-X. (b) Atomic contents of pyridinic N, pyrrolic N, 

graphitic N, and oxidized N calculated in N1s XPS spectra.  

 

 

 

Table 3.2. Atomic content and nitrogen composition of 3dNC and 3dNCF-X calculated from the XPS 

survey spectra. 
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The optimized active site density and mass transport properties of the catalysts which facilitate the 

electrocatalytic performance are determined by such characteristics as high surface area, desired porous 

structure, and suitable chemical composition30. So, 3dNCFs with tunable nitrogen contents and high 

surface area with micro/meso-pores can serve as promising alternatives for the ORR.  

Cyclic voltammetry (CV) measurements were performed in 0.1 M KOH solution to examine the 

ORR catalytic activity of 3dNC and 3dNCF-Xs (CV). (Figure 3.10). As presented in CV curves, well-

defined cathodic ORR peaks were observed in the CV analysis in the oxygen saturated solution while 

quasi-rectangular shapes without any distinct peak was detected for all of the catalysts in the nitrogen 

saturated solution, suggesting a pronounced oxygen catalytic activity. The distinct peak at around -0.23 

V vs. the Ag/AgCl of 3dNCF-800 was comparable to that of Pt/C, and more positive than that of other 

samples (-0.29, -0.24 V, and -0.26 V for 3dNC, 3dNCF-900, and 3dNCF-1000, respectively, Figure 

3.10), indicating the outstanding electrocatalytic performance of 3dNCF-800. Rotating disk electrode 

(RDE) measurement was further investigated to confirm the electrocatalytic performance of 3dNCFs. 

All the 3dNCF samples show outstanding electrocatalytic activity with a smaller ORR overpotential 

and a larger current density than that of 3dNC due to the abundant catalytic active sites exposed to 

electrochemical interface and superior mass transport of oxygen molecules. Also, 3dNCFs show well-

defined one step ORR process compared to a two-step process for undoped-3dCF with a similar surface 

area and porosity, which emphasize the importance of selecting the suitable carbon precursors to 

fabricate electrocatalyst. Particularly, 3dNCF-800 exhibited the most positive onset potential (-0.15 V) 

and half wave potential (E1/2) of -0.113 V, well comparable to the Pt/C catalyst and exceeds most 

previously fabricated metal-free catalysts31,32,7,18,33,34,13,30 and carbon supported transition 

metal/nitrogen compounds35,36,37,6,5,12 (Table 3.3). Linear sweep voltammetry (LSV) of 3DNCF-800 

was measured at various disk rotating speeds (400 to 2500 rpm) in an O2-purged 0.1 M potassium 

hydroxide solution (Figure 3.11 b). 3dNCF-800 exhibited a well-defined plateau of diffusion-limiting 

current below -0.2 V at all rotating speeds, demonstrating a direct four-electron transfer pathway with 

efficient electrocatalytic reaction. The electrochemical impedance spectroscopy measurements (Figure 

3.12) confirm that the charge-transfer resistance of 3dNCF-800 was much lower than those of other 

3dNCFs, demonstrating the better oxygen reduction kinetic property of 3dNCF-800 compared with 

others. Rotating ring-disk electrode (RRDE) measurements were conducted to investigate the ORR 

pathways of each sample. Based on the each current from the ring and disk, the H2O2 yield for 3dNCF-

X was less than 7 % over the whole potential range and decreased to 0.68 % at 0.2 V, demonstrating a 

high electron transfer number (n = 3.85 – 3.99) similar to that of Pt/C(~ 4.0), which indicates that 

3dNCF-800 favored a four electron ORR pathway. Kinetic currents derived from the mass transport 

correction of the ORR currents (figure 3.11 d) show a Tafel slope of 57 mV decade-1 for 3dNCF-800 

which is lower than that of Pt/C (68 mv decade-1), demonstrating the superior ORR kinetics and activity 
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of 3dNCF-80038. Although it is still controversial39, the high ORR activity of nitrogen doped carbon 

nanomaterials usually contributed to the doped pyridinic N at the edge of graphitic carbon and the 

graphitic N in graphitic carbon layers by reducing the oxygen adsorption energy barrier on carbon atoms 

and accelerating of oxygen-oxygen bonds11, 37. Also, it have been reported that the overall ORR property 

is mostly dependent on the relative proportion of graphitic N instead of total nitrogen contents13. The 

high electrocatalytic performance of 3dNCF-800 with a relatively low specific surface area (even 

though the overall surface area doesn’t directly confirm the higher catalytic performance7) and low 

graphitic N proportion than other 3dNCFs is unclear and now under investigation.  

One of the possible reason for the outstanding ORR performance of 3dNCF-800 is remained 

transition metal impurities which could increase the ORR catalytic activity40, 41. Although the XPS 

measurements didn’t reveal the iron species at all probably due to its limited analytic sensitivity, further 

investigation by employing inductively coupled plasma optical emission spectrometry (ICP-OES) 

confirmed the small amount of residual iron species(0.17 wt%) in 3dNCF-800. The remained Fe residue 

can offer efficient coordination with pyridinic N to form highly active ORR sites, which is partially 

proved by SCN- probes42(Figure 3.16). As the temperature increases above 900 ℃ , the Fe-N 

coordination starts to dissociate and hence decrease the ORR activity for 3dNCF-900 and 3dNCF-1000. 

In this regard, the prominent ORR performance in acidic media(Figure 3.11e) attributed to the 

synergetic effect of residual metal impurities which act as active center at acidic medium as well as the 

hierarchical porous architecture of the catalysts. The stability of 3dNCF-800 and Pt/C was investigated 

by using chronoamperometric (CA) measurement at a constant potential of -0.25 V in oxygen purged 

0.1 M potassium hydroxide electrolyte with rotation speed of 1600 rpm. 3dNCF-800 maintained 

approximately 97 % current after over 20000 seconds of measurements, whereas Pt/C exhibited a large 

current loss hence presented 77 % current, which indicates the better stability of 3dNCF. Besides the 

remarkable long-term stability, 3dNCF-800 also exhibited excellent methanol cross over resistance, 

which suggests 3dNCF-800 could be the promising candidate for direct methanol alkaline fuel cells.  

The bifunctional electrocatalytic activity of 3dNCF was investigated and compared to that of RuO2 

and Pt/C (Figure 3. 11f). 3dNCF-800 demonstrates good OER catalytic performances with its lower 

onset potentials and higher current density than that of Pt/C. Interestingly, 3dNCF-800 exhibited a lower 

onset potential than the commercial RuO2 catalysts, which is contributed to its hierarchical porous 

structures with large density of pyridinic N active sites partially coordinated to Fe. 
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Figure. 3.10. Cyclic voltammetry curves of the prepared catalysts and commercial Pt/C catalyst in 0.1 

M KOH saturated with N2 (Black curves) or O2 (Red curves).  
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Figure 3.11 a) Linear sweep voltammetry (LSV) of 3dNC, 3dCF, and 3dNCF-X in oxygen-saturated 

0.1 M KOH with a RDE rotation rate of 1600 rpm. b) LSV curves of 3dNCF-800 in oxygen-saturated 

0.1 M KOH at various rotating speeds. c) H2O2 yields plots of 3dNC, 3dNCF-X, and Pt/C catalyst. d) 

Tafel plots measured in Oxygen-saturated 0.1M KOH. e) LSV curves for 3dNCF-X and Pt/C in 0.5 M 

H2SO4 for metal-free catalysts and 0.1 M HClO4 for Pt/C. For all the RDE and the RRDE tests, the mass 

loading of catalysts was 20 ugpt cm-2 for Pt/C and 0.6 mg cm-2 for carbon catalysts. f) LSV curves of 

3dNCF-800, RuO2 and commercial Pt/C catalyst on an RDE in 0.1 M KOH with a RDE rotation speed 

1600 rpm. All of the LSV scan rate is fixed at 10 mVs-1 
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Table 3.3. Comparison of ORR performance in 0.1 M KOH electrolyte of 3dNCF and with literature 

values. 
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Figure 3.12 Electrochemical impedance spectroscopy (EIS) analysis of the catalysts. EIS were 

measured in O2-saturated 0.1 M KOH at -0.115 V vs. Ag/AgCl with 5 mV ac potential from 10 kHz to 

0.01 Hz. The catalyst loading was 0.6 mg/cm2 for all catalysts.  
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Figure. 3.13 LSV curves of 3dNC-800 (a), 3dNCF-900 (b), 3dNCF-1000 (c), Pt/C (d) in oxygen-

saturated 0.1 M KOH with various rotating speeds. 
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Figure. 3.14. Current-time (i-t) Chronoamperometric response (a) for 3dNCF-900 and Pt/C kept at -

0.25 V versus Ag/AgCl in N2- and O2-saturated 0.1 M KOH electrolyte. The arrow indicates the O2 

injection. (b) The arrow indicates the addition of 3 M Methanol.  

 

 

 

 

 

 

 

 

 

 

 

 



66 

 

Figure. 3. 15. LSV curves of 3dNCF-800 (a), 3dNCF-900 (b), 3dNCF-1000 (c), Pt/C (d) in oxygen-

saturated 0.5 M H2SO4 for metal-free catalysts and 0.1 M HClO4 for Pt/C with various rotating speeds.  
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Figure 3. 16 Linear sweep voltammograms (LSV) of 3dNCF-800 on a rotating disk electrode at 1600 

rpm in O2 saturated 0.1 M KOH with and without NaSCN.  
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Figure 3.17. Two electrode Zn-air battery performance. Discharge curves of the Zn-air batteries using 

3dNCF-800, 3dNCF-900 and Pt/C catalyst at 25 mA cm-2 (a). Discharge/charge cycling test at a current 

density of 25 mA cm-2 using the 3dNCF-900 and Pt/C as air electrodes. 
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The hierarchical porous structure and high density of active sites of 3dNCF which guarantee the 

remarkable electrocatalytic performance make it promising oxygen catalyst for Zn-air battery. To 

investigate the real device performance of 3dNCFs, two-electrode Zn-air cell is constructed by 

employing the 3dNCF as the air catalysts (cathode) and Zn plate as the anode. The cutting-edge Pt/C 

catalyst was also examined under the same condition. The zinc-air battery performances from 3dNCF-

800 generates stable voltage of 1.23 V at 25 mA cm-2 which is higher than that of Pt/C catalyst (1.18 V) 

demonstrating the good electrocatalytic performance of 3dNCF-800 in this device configuration. 

(Figure 3.17 a) Moreover, the prepared catalyst (3dNCF-900) shows good rechargeability confirmed by 

over 200 chare/discharge cycles at high current density (25 mA cm-2), which is better than that of Pt/C 

catalyst (Figure 3.17b). Even though further investigation is needed, these results suggest that 3dNCFs 

have great potential as promising electrocatalysts for Zn-air battery. 

 

3.4. Conclusion.  

We have fabricated three-dimensional hierarchical porous nitrogen doped carbon foams (3dNCF) 

with facile and scalable process by employing PVP, silica, and iron salts as a carbon source possessing 

nitrogen, sacrificial template, and graphitization agent, respectively. The resultant 3dNCFs exhibit 

efficient electrocatalytic activities for both ORR and OER as bifunctional air electrodes in Zn-air 

batteries. Especially, the Zn-air cell based on our 3dNCF air electrode operating in an aqueous KOH 

electrolyte exhibited 1.23 V at 25 mA cm-2 which is higher than that of Pt/C air electrode based Zn-air 

cell. The desirable nitrogen contents and highly porous architectures of the 3dNCFs are essential for 

enhanced catalytic properties toward both ORR and OER.  
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