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Abstract 

Carbon nanomaterials are inexpensive materials with advantageous electric 

conductivity that can be produced via various methods from a broad range of carbon 

sources. Thus, carbon materials can be applied as catalysts or catalyst supports in the 

development of more efficient processes or in next-generation energy storage devices 

as catalytic electrode materials, such as fuel cells, flow batteries, and electrocatalytic 

water splitting devices. 

The synthesis and development of sp2 carbon nanomaterials that are either 

intrinsically active or have the ability to anchor to a catalytically active carbon 

component are the aims of this thesis. To achieve these goals, graphene, a two-

dimensional honeycomb lattice of sp2-bonded carbon atoms, has been synthesized 

over a Cu foil via the chemical vapour deposition (CVD) method. To improve the 

electrochemical activity of pristine graphene, metal-free, oxygen-functionalized, and 

nitrogen-doped graphene for use as an electrode catalyst in solid acid fuel cells 

(SAFCs) was prepared using O2 and N2 plasma treatment in the first part of this thesis. 

Following this, Ti, an inert substrate towards the V(IV)/V(V) redox pair in a vanadium 

redox flow battery (VRFB), was used as a novel substrate combined with graphene, 

nanocrystalline graphene, nitrogen-doped graphene, and nitrogen-doped carbon 

nanotubes (NCNTs). Furthermore, the individual electrochemical performance of 

these hybrid electrodes can be determined due to the sluggish activity of Ti in the 

abovementioned reaction, which is critical to the basic study of one-dimensional, two-

dimensional and three-dimensional carbon materials in VRFBs. 

Finally, a highly abundant graphitic nitrogen compound and an extremely active 

electrocatalyst have been directly synthesized over Ni foam (Ni-F) at a low 

temperature (600 °C) via CVD. The electrochemical activity of both HER and OER 

was remarkably improved compared to that of pristine NiF. Moreover, density 

functional theory (DFT) calculations paired with experimental results were conducted 

in this thesis to investigate the relevant mechanism, which will guide future endeavours 

to develop both catalytically active and stable materials for next-generation energy 

storage and conversion to some extent.
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Motivation 

The demand for energy is a topic of conversation in every sphere of society [1, 2]. The 

world is facing an energy crisis and climate warming due to the increase in the world’s 

population and the limited availability of fossil fuels. The worldwide population is 

expected to grow from 7.2 billion in 2015 to 9.7 billion in 2050. At the same time, 

energy demand is expected to grow by approximately 1.8% annually [3, 4]. The energy 

crisis is probably the most important problem to be solved among other offshoot 

problems [4, 5]. 

The present primary energy sources are fossil fuel and nuclear energy [6, 7]. The 

disadvantages of fossil fuels are that these materials are finite and will be exhausted. 

The emission of the greenhouse gas (GHG) carbon dioxide (CO2) is also the main 

reason for global climate warming [8, 9]. For nuclear energy, it is technically impossible 

to set up a reliable approach to address radioactive waste and build a plant with 100% 

security. The high risk still remains a challenge [10]. To meet the increasing energy 

demand and make joint efforts to preserve planet Earth, the only home of human 

beings, the global GHG emissions must be reduced to achieve zero worldwide carbon 

emissions by 2050 [3] (Figure M1). The development of alternative renewable and 

sustainable energy sources and systems with high energy-conversion efficiency is 

urgently desired. 

 

Figure M1. Total GHG emissions during the energy transition from 2015 to 2050 

worldwide [3]. 
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Recently, researchers from many fields have focused on renewable energy, e.g., solar 

photovoltage (PV), wind energy, fuel cells, photoelectrochemical cells, and hydrogen 

energy [11-14]. One of the most crucial benefits of transitioning to a 100% renewable 

energy system is the resulting significant reduction in GHG emissions. In addition, a 

100% renewable energy system is less expensive than the current global energy 

system [3]. Figure M2 shows the desirable energy supply in the 100% renewable 

energy system by 2050. Both solar PV and wind energy will probably dominate in the 

majority of sources, such as hydrogen, geothermal, and biomass/waste [3, 8]. 

 

Figure M2. Shares of primary energy supply in 2015 and 2050 [3]. 

The generation, storage, and conversion of energy by renewable techniques 

commonly rely on storage devices and materials [15-17] such as electrochemical energy 

storage devices (batteries and supercapacitors) [18-21] and catalytic materials to 

achieve clean energy conversion (photo-/electrocatalytic water splitting). An 

electrochemical device, which is primarily based on the electrochemical redox reaction, 

can store electricity as chemical energy and can be recharged and reused as a power 

source. Highly efficient catalytic materials can further facilitate the abovementioned 

reaction. Accordingly, inexpensive, highly efficient, highly energy efficient and stable 

materials play an essential role in generating, storing and transporting electricity [11, 22, 

23]. 

Of particular interest is that allotropic forms of carbon (Figure M3) such carbon 

nanotubes (CNTs), graphene, nitrogen-doped (N-doped) CNTs [24], and N-doped 

graphene [25] have been widely investigated over the past decade for application in 

energy generation, storage, and conversion because of their low cost, excellent 

mechanical properties, good electrical conductivity, and high activity. 
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In general, the properties of an atom are determined by the arrangement of the 

electrons in orbitals around the nucleus. The reactivity of atoms is determined by the 

valence electron configuration since these are the electrons that take part in chemical 

bonding [26]. Different hybridization states result in different chemical, mechanical, 

thermal, and electrical properties [4, 26]. 

 

Figure M3. Hybridization states of carbon-based nanomaterials. 

For carbon nanomaterials, improving the reactivity by tailoring the doping type and 

improving the dopant content may be a promising approach. Thus, it will be necessary 

to further investigate the effect of hybridization states on the activity in redox reactions 

involved in energy generation, storage, and conversation, such as the hydrogen 

evolution reaction (HER), the oxygen reduction reaction (ORR), and even the oxygen 

evolution reaction (OER). First, the dopant content can be improved, as incorporation 

of a heteroatom often markedly alters the electronic structure, and it has been 

suggested that heteroatoms may play an important role in promoting the catalytic 

activity of the HER, OER, and ORR [27, 28]. To obtain doped graphene with a high 

dopant content, both post-modification and direct synthesis of doped carbon 

nanomaterials will be studied in this thesis. In addition, the doping type, such as 

pyridinic nitrogen, pyrrolic nitrogen, graphitic nitrogen (g-N) and adsorbed nitrogen, is 

the main factor that affects the catalytic activity of N-doped carbon materials. Density 

functional theory (DFT) calculations show that the g-N possesses the highest activity 

towards the HER, OER, and ORR [29, 30]. Synthesis of doped carbon nanomaterials 

with abundant g-N combined with DFT calculations will be for the focus of further study. 

Thus, this dissertation reviews the state of the art of the relevant fields and proposes 
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future endeavours for energy conservation and storage, including solid acid fuel cells, 

vanadium redox flow batteries, and electrocatalytic water splitting devices.  
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Chapter 1 Introduction 

1.1 Graphene, carbon nanotube, and preparation 

Graphene, a two-dimensional honeycomb lattice of sp2-bonded carbon atoms, has 

triggered potentially huge interests since its discovery in 2004 [31]. Its extended 

honeycomb framework creates the essential frame block of separate vital allotropes; 

it can be stacked to construct 3-D graphite, as shown in Figure 1.1, rolled to form 1-D-

nanotubes and wrapped to establish 0-D-fullerenes [32-35]. The sp2 hybridized C-C 

bonding with π-electron clouds and very thin atomic thickness (0.345 nm) results in its 

extraordinary construction, remarkable electrical, thermal and automatic properties [31, 

36-38]. The properties, especially its high strength/strain-to-failure[31], high surface area 

and chemical stability have found applications in composites, Nano-electronics, 

energy storage, sensors, catalysis and biomedicine [16, 19, 39, 40]. It can be repeatedly 

peeled off layers of graphene from the highly oriented pyrolytic graphite (HOPG) via 

an adhesive tape, which was first reported by the in 2004 [38]. It is possible that obtain 

monolayer, high-quality graphene through this method. However, it is a challenge that 

flexibly tailors the number of layers and the size of graphene prepared via this method. 

In general, the graphite or diamond can be synthesized by decomposing organic 

precursors under special conditions, for instance, high temperature and low pressure 

via chemical vapour deposition (CVD) technology [41]. The formation of graphite usually 

undergoes two essential procedures, carbonization and graphitization. The precursors 

can be transferred into carbon material under about 1200 °C [42] in the carbonization 

step. The graphitization of carbon material from a turbostratic structure to an ordered 

graphitic structure proceeds a much higher temperature than that of carbonization, 

about 1800 °C [42]. However, the introduction of metallic catalyst can reduce this 

temperature, which established the foundation of research in the synthesis of carbon 

nanotube (CNT) and graphene via CVD method when metal or metal particle serves 

as catalyst substrate [43, 44]. 

The introduction of metal accelerates the formation of an ordered graphitic structure. 

Given that the decomposition of precursor gas and graphitization, a similar process 

exists in the synthesis of graphene and CNT with CVD approach. Base on this, the 

synthesis of CNT has been first reported by lijima via arc discharge process [45]. 
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Figure 1. 1. Mother of all graphitic forms. Graphene is a 2D building material for carbon 

materials of all other dimensionalities. It can be wrapped up into 0D buck balls, rolled 

into 1D nanotubes or stacked into 3D graphite [35]. 

 

Figure 1. 2. Two possible structures of cyclo[18]carbon. The polyynic form with D9h 

symmetry and the cumulenic form with D18h symmetry, (BLA = bond length alternation) 

and visualization of their perpendicular π-systems [46]. 

Numerous reports on the CNT growth were published in various deposition 

approaches such as CVD method [47, 48], pyrolysis of hydrocarbon [49], and physical 

vapour deposition method ect. [50, 51]. The metal particles, e.g. Fe [52], Co [53], and Ni [54] 

particle, were applied as supporting catalyst to grow CNT via CVD approach. The 
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diameter of CNT can also be tailored by adjusting the diameter of the catalyst particle. 

In addition to the CVD approach has also been attracted to numerous researcher’s 

interests throughout the world since Ruoff et al. [36] first reported that the synthesis of 

graphene on the Cu foil via CVD. Furthermore, the latest report shows that another 

carbon allotrope, cyclo[18] carbon (C18), was generated by Anderson’s group in 2019 
[46], as shown in Figure 1.2. To date, the studies in preparing sp3, sp2, and sp hybridized 

carbon nanomaterials have been artificially achevied. Based on previous significant 

researches, the graphene and CNT were synthesized via the CVD method in this 

thesis. 

1.2 The growth mechanisms 

Solid [55, 56], liquid [57], and gaseous [36] carbon sources have been used for graphene 

synthesis. With the similar decomposition process, the initial active carbon species 

start to form for the growth of graphene. The decomposition efficiency of any carbon 

source to some extent decides the subsequent quality, number of layers, and 

coverage of CVD graphene. Methane, a sample hydrocarbon, is a common precursor 

gas to contribute graphene. The C–H bond energy is 440 kJ mol-1 in the methane 

molecule [58, 59], which will be completely decomposed exceeds 1200°C. This high 

temperature is a great challenge in a typical thermal CVD set-up. The Cu thus are 

broadly applied to reduce this temperature as a metal catalyst. Due to the strong bond 

energy (4.48 eV) [60], the high pressure can accelerate the break of the C–H bond. 

Using the most commonly applied methane as an example when Cu as the catalytic 

substrate. The carbon species can dissolve into the Cu substrate under high 

temperature. General reaction mechanism of forming graphene can be described as, 

1) Mass transportation of the carbon precursor toward the substrate, 2) The 

conversion of active carbon species by means of dehydrogenation of carbon 

precursors, 3) Surface diffusion, 4) initial dimerization, 5) polymerization, 6) 

aromatization [59, 61-63]. 

Although the growth mechanism of CNT is still debated, the two common cases have 

been widely accepted. First, the top-growth model, the growth of CNTs crosses the 

metal particle bottom and pushes the whole particle off the substrate, which due to 

that the weak adhesion force between catalyst and substrate [64, 65]. On the contrary, 
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when exhibits a strong interaction between metal particle and substrate, the growth 

direction of CNT is compelled along the particle’s apex. Hence, the CNT grows up with 

the particles rooted on its base; this is known as a root-growth model. 

1.3 Characterization of graphene 

Raman spectroscopy often uses to evaluate the structural properties of sp2 carbon 

nanomaterial, e.g. graphene, CNT. Typically, the intensity ratio of the G band at 1580 

cm-1 and 2-D band at 2680 cm-1 (IG/I2D) is generally considered a qualitative indicator 

for decreasing defect density in the graphene layer [66, 67], and single layers will depict 

values that are less than 0.5. The D, G, and 2D bands at ca. 1341, 1588, and 2682 

cm-1 [19, 20] are analyzed, and the intensity ratio of the D to G band (ID/IG) is commonly 

used as an estimate of the quality of NCNTs. Given that the similar sp2 network, the 

characterization will focus on the basics of graphene. 

1.3.1 Crystal structure of graphene 

The unit cell of monolayer graphene involves two carbon atoms, A and B, each 

contributing a triangular 2D network. However, each displaced from each other by a 

Carbon-Carbon band of about 0.142 nm [15, 39, 66, 68]. The structure can be seen as a 

triangular lattice composed of two vectors a1, a2 with a basis of two atoms per unit cell, 

as shown in Figure 1.3a.  

 

Figure 1. 3. (a) A top view of the real space unit cell of monolayer graphene showing 

the inequivalent atoms A and B and unit vectors a1 and a2. (b) The reciprocal space 

unit cell shows the First Brillouin zone with its high symmetry points and lines, such as 
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Γ connecting to K; connecting to M; Γ was connecting K to M. The two primitive vectors 

b1 and b2 show and the two vectors on the top of the three hexagons show the 

reciprocal space coordinate axes. 

a1= a
2
(3, √3), a2= a

2
(3, −√3) 

In reciprocal space, the unit cell is planar, as shown in Figure 1.3 b. the unit vectors 

b1 and b2 of the reciprocal lattice given by corresponding to a lattice of length in 

reciprocal space [69, 70]. The unit vectors b1 and b2 of the reciprocal hexagonal lattice 

are rotated by 30° from the unit vectors a1 and a2 in real space, respectively. Figure 

1.3 b also shows some high symmetry points of first Brillouni zone: The Γ (Gamma) 

point at the zone centre, the M points in the middle of the hexagonal sides and the K 

and K’ points at the corners of the hexagons. Other high symmetry points or lines are 

along ΓK, KM and ΓM. In monolayer graphene, three of the electrons form σ bonds 

which hybridize in a configuration, and the fourth electron of the carbon atom acquires 

the orbital which is perpendicular to the graphene plane and makes π covalent bonds. 

It is of particular importance that the physics of graphene are the two points K and K’ 

at the corners of the graphene Brillouin zone (BZ) [71, 72]. 

b1= 2π
3a 

(1, √3), b1= 2π
3a 

(1, −√3) 

1.3.2 The basics of Raman spectroscopy 

Raman spectroscopy based on the inelastic scattering, which hints that the energy or 

frequency of photons in single light changes upon interaction with the sample, the 

photons of the laser are absorbed by the matters and then re-emitted. The frequency 

of re-emitted photons is shifted up or down the pristine monochromatic light frequency, 

which is called the Raman effect [73]. It is potential that the scattered photons of light 

can either be of higher or lower energy than the incident photons. Figure 1.4 shows 

that there are three main scattering processes: Rayleigh scattering, Stokes scattering, 

and Anti-Stokes scattering. Rayleigh scattering without energy transfer, the scattered 

energy has the same energy as incident energy (ћωi = ћωR), where ћ is Planck's 

constant (4.1357×10-15). Raman scattering with energy transfer, if the scattered 

photon losses energy, it is identified Stokes line (ћωi > ћωS), and if the scattered 

photon gains energy, it is called Anti-Stokes line (ћωi < ћωaS). 
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Figure 1. 4. (a) An electron is excited from the ground level and falls to the original 

ground level. (b) An electron is excited from the ground level and falls to a vibrational 

level. (c) An electron is excited from a vibrational level and falls to the ground level [72-

74]. 

1.3.3 Phonon dispersion of graphene 

 

 

Figure 1. 5. Calculated phonon dispersion relation of graphene showing the iLO, iTO, 

oTO, iLA, iTA and oTA phonon branches [72]. 

The Raman-scattering analysis shown in Figure 1.5 is the most impressive and non-

destructive approach for interpreting the performance of electrons and phonons in 
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graphene [32, 33]. A stronger understanding of the phonon dispersion of graphene plays 

a vital role in interpreting the Raman scatting of graphene. Due to that there are six 

phonon dispersion bands for the unit cell of 1-LG contains two carbons, A and B. There 

are acoustic (A), and three are optical (O) phonon modes. For the three acoustic and 

three optical phonon modes, one is an out-of-plane (oT) phonon mode, and the other 

two are in-plane modes, one longitudinal (L) and the other one transverse (iTO). Thus, 

starting from the highest energy at the Γ point in the Brillouin zone the various phonon 

modes are labelled as iLO, iTO, oTO, iLA, iTA and oTA [73, 75, 76].  

This six phonon dispersion band (two being doubly degenerate) at the Brillouin zone 

centre. There is one degenerate in-plane optical mode, E2g (Figure 1.6a), and one out-

of-plane optical mode B2g (Figure 1.6b). The E2g phonons are Raman active [77], 

whereas the B2g phonon is neither Raman nor infrared active. Atomic vibrations are 

partially screened by electrons. In a metal this screening can change rapidly as a 

function of individual points (wave vector q) of the Brillouin zone [78], giving rise to a 

divergence in the phonon dispersion(q- vector) at these special points, which ultimately 

influenced by the shape of the Fermi surface. The consequent anomalous behaviour 

of the phonon dispersion is called Kohn anomaly [78, 79]. 

 

Figure 1. 6. Γ-point phonon-displacement pattern for graphene. Empty and filled circles 

represent inequivalent carbon atoms. Blue arrows show atom displacements. (a) E2g 

and (b) B2g [73, 75]. 

1.3.4 The first order scattering 

Figures 1.7a shows the G band is that the bond stretched between pairs of sp2 carbon 

atoms which belongs to the E2g irreducible representation, which exists on all sp2 

carbon materials, just like graphene, graphite, amorphous carbon, and carbon 

nanotubes. The origin and dispersive behaviour in the frequency of G band originate 
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from the first-order scattering Raman processing. Usually, at the Γ point in the centre 

of the first Brillouin zone, an electron in the valence band is excited by the incident 

photon to create a virtual electron-hole pair, the electron or the hole is scattered by 

either an iTO or an iLO zone-centre phonon (Figure 1.4). Follow then, the electron and 

hole recombine and emit a photon that shifts to low frequency (1580 cm-1) by the 

amount of energy given to the phonon. Due to the dispersion electron and hole belong 

to the same circle around the Γ point, the first-order Raman scattering of G band is 

also called intervalley process [66]. 

 

Figure 1. 7. (a) (b)Sketch of the phonon vibrations contributing to the main Raman G 

band vibration mode for the iTO and iLO phonons at the Γ point in graphene.(c) Sketch 

of the phonon vibrations contributing to the main Raman D and 2D (G’) band vibration 

modes for the iTO K point in graphene [33, 75, 79]. 

1.3.5 The second-order scattering 

Both D (1350 cm-1) and 2D or G’ (2680 cm-1) band are associated with the second-

order Raman scattering process originating from the in-plane breathing-like mode of 

the carbon rings, as shown in Figures 1.7 b and c. The second-order Raman scattering 

process is also called double-resonance process because the incident or scattered 

photon and the first or second phonon scattering are resonant with electronic levels in 

the graphene [71, 80]. 

For the D band, an electron-hole pair is excited by the incident phonon; one electron 

is elastically scattered by an iTO phonon to the K’ point and then is inelastically 

scattered back to the K point before recombining with the hole, as shown in Figure 1.8. 

The Raman process must conserve energy and momentum, and the defect plays a 

role in conserving momentum during these events. Therefore, the defect could be any 
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breaking of the symmetry of the graphene lattice, e.g. armchair edge or zigzag edge, 

grain boundary, sp3 defect etc. [71, 81]. Due to that the D is approximately half of that 

the G’-band frequency, the G’-band is also called 2D-band, which is the strongest peak 

in single layer graphene [33, 82]. Figure 1.8 also shows that the double-resonance 

process of the 2D band, one electron is inelastically scattered by iTO phonon to the K’ 

point and then is inelastically scattered back by the iTO to the K point. The electron 

and hole then recombine and emit a phonon. Instead of an intervalley process, this 

double-resonance is called an intervalley process because it connects points in circles 

around inequivalent K and K’ points in the first Brillouin zone of graphene [83]. 

D’ band (∼1620 cm-1) usually occurs by a defect of graphene, which also belongs to 

an intra-valley process as a result of two points contributing to the same circle around 

the K or K’ point. 

 

Figure 1. 8. Typical Raman spectrum of defect-containing graphene measured with a 

523 nm laser. CVD-grown graphene sample for Raman measurement was transferred 

on a SiO2 (600 nm)/Si substrate. Illustrations of the first-order Raman scattering 

process of G band and second-order Raman scattering processes of D, D’, G’ band in 

graphene are shown together [32, 37, 66, 80]. 

1.3.6 The monolayer graphene 
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The high intensity of the 2D band at about 2680cm-1 is the obvious character of the 

monolayer graphene. In order to know why the 2D model is higher than the G model, 

at this point, it is necessary to make some general definitions. The original state 

electron of wave-vector k around K, the electron is scattered by a phonon or a defect 

of wave-vectors q and –q, (negative symbol standards for inverse direction) and an 

intermediate state of the electron, k+q [66, 80, 84] (Figure 1.9). 

Figure 1. 9. (a) A top view of an intra-valley and (b) an inter-valley scattering from a 

given k vector at the K, Γ point and k+q along the high symmetry ΓK and KK’ direction 
[85]. 

 

Figure 1. 10. Resonant processes of dispersive Raman modes in monolayer graphene, 

a) double resonance b) Triple resonance [66, 75, 86]. 

The second-order Raman scattering process, the electron is excited at k, and then 

inelastically scattered to the k+q around K’, where the K’ point is related to K by time-

reversal symmetry. The electron is scattered back to the pristine state k, and 

recombines with a hole at K, as shown in Figure 1.10a. However, for the monolayer 

graphene, the valance band, and conduction band is almost mirror band of one 

another with respect to the Fermi energy. Meanwhile, the hole can scatter the electron. 

In this case, the hole will be scattered by the q but not to scatter back with wave-vector 
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–q. It leads to an important effect that both the electron and hole scattering processes 

will be resonant, which also is name Triple resonance process, which possibly can 

explain why the 2D band is more intense than the G band in monolayer graphene 

(Figure 1.10b). 

1.4 N-doped graphene 

Graphene, a two-dimensional honeycomb lattice of sp2-bonded carbon atoms, has 

triggered potentially huge interests for energy storage and conversion to generally 

favourable toward its unique structure and porosity. Direct synthesizing, post-treating 

and even cooperation with transition metal are effective approaches to improve 

chemical reactivity. nitrogen elements possess stronger Lewis basicity to affect the 

electronic structure of carbon to improve the catalytic performance [37, 74, 87]. Therefore, 

synthesis of the doping sp2 carbon nanomaterials has been played a significant role 

in enhancing its catalytic performance and alternating its electronic structure. 

1.4.1 The Fermi energy and surface 

 

Figure 1. 11. A blow-up of the energy dispersion relation for graphene around the Dirac 

point (K) in the Brillouin zone. Green indicates levels filled with electrons while blue 

indicates empty levels (holes). Left shows that electrons are partially drained from the 

valence band (hole-doped graphene with the Fermi level displaced to a position below 

the Dirac point). The middle represents neutral graphene where the valence band (π 

bonding states) is completely filled with electrons, and the conduction band (π* anti-

bonding states) is completely empty. The right represents that electrons are forced 

into the conduction band (negatively doped graphene where the Fermi level is 

consequently above the Dirac point). [31, 88, 89] 
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Figure 1.11 shows that the Fermi energy is an energy of the highest occupied state. 

However, the Fermi surface is the surface of constant energy Ef in k space (it is a dual 

space after Fourier transform, usually used in magnetic resonance imaging). The 

Fermi surface separates the unfilled orbitals from the filled orbitals at absolute zero. 

The electrical properties of the metal are determined by the volume and shape of the 

Fermi surface because the current is due to change in the occupancy of states near 

the Fermi surface [68, 89, 90]. 

1.4.2 Analysis of N-doped graphene via XPS and Raman 

The N-doped graphene contains respectively pyridinic nitrogen, pyrrolic nitrogen, 

graphitic nitrogen and adsorbed nitrogen at 398.7 eV, 400.1 eV, 402.0 eV and 405.0 

eV [91, 92] by the analysis of XPS (Figure 1.12). Due to both the pyrrolic nitrogen and 

pyridinic nitrogen belong to p-type doped graphene, the hole in the graphene could 

result in that the Fermi level is more blow than the Dirac point. In contrast, the n-typed 

doped graphene possesses remain electron [75, 93]. The remaining electron will release 

into the conduction band, and the Fermi level will move above the Dirac point [90, 94]. 

 

Figure 1. 12. XPS spectra of N1s and schematic presentation of the Fermi surfaces 

move with various type of doped graphene [87]. 

The literature review shows that the interaction between the extra electron from 

quantum dots and the phonon from graphene leads to the width of G-band become 

large or less with respect to the pristine graphene. The resistance of the p-type doped 

graphene is larger than n-type doped graphene regarding the raw graphene [95, 96]. The 
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graphene is treated with nitrogen plasma in our study, which belongs to electrically 

doped graphene. Because of nitrogen elements can take place the carbon elements 

in graphene grid, The G and 2D bands tend to upshift for both p-type doped graphene 

and n-type doped graphene [33, 77, 83]. In Figure 1.13, the shift in G and 2D peaks of N-

doped graphene are respectively about 10 cm-1 and 9 cm-1, corresponding to the 

pristine graphene. On the contrary, the G-band of n-type doped graphene tends to 

downshift while the G-band of p-type doped graphene upshifts when the graphene is 

doped by the surface transferring [36]. 

 

Figure 1. 13. The Raman shift of G and 2D bands compared with pristine graphene. 

 

Figure 1. 14. The measured 2D Raman band with 532 nm laser energy for (a) 1-LG, 

(b) 2-LG, (c) 3-LG, and (d) Ultrathin graphite. The splitting of the 2D Raman band 

opens up in going from mono- to three-layer graphene and then closes up in going 

ultrathin graphite. 
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The number of the graphene layer is another main reason that both G and 2D bands 

tend to upshift in Raman spectra. Meanwhile, the intensity of 2D band reduces with 

the number of layers increase because of the relaxation of the DR Raman selection 

rules associated with the random orientation of the graphene layers with respect to 

each other [66, 81]. Figure 1.14 shows that the number of layers slightly increase with 

growth time extend. For the monolayer graphene, the 2D band contains one single 

Lorentzian peak with an FWHM of 24 cm-1 [66, 97]. When the graphene layers arrived at 

a level of few-layer or ultrathin graphite, broaden 2D band [72, 94] instead of single 

Lorentzian peak. 

1.5 Fuel cell basics 

1.5.1 Types of fuel cells 

There are two fundamental technical challenges with fuel cell. First, the sluggish 

reaction rate resulting in low currents as well as power. In addition to that, hydrogen 

(H2) is not a readily available fuel. To address these problems, numerous various fuel 

cell types have been developed. Typically, there are five classes of fuel cell have 

emerged as viable systems for the present and near future, which are distinguished 

by the electrolyte that is applied [98, 99]. 

The proton exchange membrane fuel cell (PEMFC) is one of the simplest fuel cells, 

which due to that the electrolyte is a solid polymer and immobile. The PEMFC possess 

rapid thermal cycling at a low temperature (30–100 °C). However, in order to maintain 

a high cell voltage under large current loads, it requires that the application of 

expensive catalysts such as platinum (Pt). Besides, the quite pure H2 supply restricts 

the wide application of PEMFC [100, 101]. 

The (AFC) was developed and used because alkaline fuel cell has also operated at a 

lower temperature (50–200 °C). The disadvantage is that a high amount of Pt was 

loaded to overcome the slow reaction rate. Given that the carbon dioxide (CO2) will 

react with the alkaline electrolyte, the fuel supplies, oxygen (O2) and H2 must be free 

from CO2 [102]. 
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The operating temperature of the phosphoric acid fuel cell (PAFC) is about 150–

220 °C, so it is also called medium-temperature fuel cell. Both the reaction kinetics 

and thermal cycling remain for the medium-temperature fuel cell. The reaction rate 

has been improved by introducing porous electrodes, Pt catalysts, and fairly high 

temperature. Furthermore, The PAFC could provide an extraordinarily, reliable and 

maintenance-free power system. The fuels can be settled by reforming natural gas 

(e.g. methane) to H2 and CO2, which could be another challenge for the cost, 

complexity, and size of the fuel cell system[103, 104]. 

The molten carbonate fuel cell (MCFC) [105] and solid oxide fuel cell (SOFC) [106, 107] 

are typically high-temperature fuel cells. At high temperature, the efficiency of reaction 

kinetics at the electrodes are dramatically improved. However, the compatibility of the 

components will be the main challenge. For instance, a large amount of extra 

equipment needed to maintain the full fuel cell system and the complex cooling system. 

Consequently, the challenge to the fuel cells will tend to develop electrolyte and 

electrode materials with satisfactory ionic conductivities and electrocatalytic activities 

at lower temperatures [107]. 

1.5.2 Solid acid compounds 

 

Figure 1. 15. Arrhenius plot of proton conductivity, σH, of a few solid acid compounds 

that exhibit a superprotonic phase transition [106]. 
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Solid acid compounds, CsHSeO4 [108], CsHSO4 [106, 108], Cs3H(SeO4)2 [109], Rb3H(SeO4)2 

[109], CsH2PO4 [98, 110], (NH4)3H(SO4) [111], have been widely studied because of 

superprotonic phase transition. The phase-transition behaviour results in the 

conductivity jump by several orders of magnitude to 10-2 S/cm [98, 106]. Figure 1.15 

shows that the proton conductivity σH as a function of temperature for several solid 

acids. 

1.5.3 Solid acid fuel cell 

The proton conduction in oxyanion solid acids stops relying on the migration of 

hydronium ions compared with the PMEFCs [112]. Hence, this will simplify the 

requirement for humidification of the electrolyte. Figure 1.16 shows that the Arrhenius 

behaviour of CsH2PO4 proton conductivity, which due to the superprotonic transition 

from a low symmetry monoclinic phase to a high symmetry cubic phase [112, 113], as 

shown in Figure 1.17. 

CsH2PO4 is the most viable solid acid fuel cell (SAFC) electrolyte, has been received 

wide attention as the electrolytes in the next generation fuel cell. As the solid acid 

proton conductors, it possesses a high proton conductivity of 2.2×10-2 S/cm at 240 °C 
[98], which belongs to the moderate temperature fuel cell. 

 

Figure 1. 16. Arrhenius plot of proton conductivity (σ) of Super-protonic phase 

transition in CsH2PO4 in humidified N2 [112]. 
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Figure 1. 17. Crystal structures of CsH2PO4 in (a) the monoclinic paraelectric phase 

with space group P21/m, and (b) the cubic superprotonic phase with space group 

Pm3m̅ [113]. 

 

Figure 1. 18. Schematic diagram of a fabricated cell [114, 115] 

SAFC is also characterized by lowest permeability to fuels of the electrolyte, high 

electrocatalytic conductivity and lower catalyst poisoning at a moderate temperature 

about 228 °C. Uda et al. obtained peak power density of 305 mW cm-2 and 415 mW 

cm-2 with 25μm CsH2PO4 electrolyte when fuel is methanol, ethanol and hydrogen, 

respectively [98, 114]. This funding could be a promising transfer of SAFC from laboratory 

curiosities into highly competitive energy conversion devices. Figure 1.18 shows that 

the sandwich-like cell configuration [114]. 

Figure 1. 18. Schematic diagram of a fabricated cell [114] 

1.5.4 The open circuit voltage of fuel cells 

Fuel cells are electrochemical devices that combine hydrogen fuel (but also others like 

methanol) with oxygen to convert chemical energy into electricity [99, 106]. The fuel cell 

is similar to a combustion engine that intakes fuel continuously without a need to 
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recharge. The fuel cell is also like a battery in that an electrochemical reaction occurs 

as long as fuel is available. In general, a fuel cell is composed of electrodes (anode 

electrode and cathode electrode) and electrolyte. At the anode, hydrogen is 

electrochemically oxidized to protons and electrons. Oxygen is electrochemically 

reduced to form water at the cathode [98, 99]. A simple schematic of a fuel cell based on 

proton-conducting electrolyte in Figure 1.19. The driving force for the conversion of 

energy is the Gibbs free energy of the reaction. The half-cell reactions for a proton-

conducting electrolyte are: 

Anode: 2 H2 (g) → 4 H+ + 4 e-      [1] 

Cathode: O2 + 4 H + 4 e- → 2 H2O (g)     [2] 

Overall: 2 H2 (g) + O2 (g) → 2 H2O (g)     [3] 

 

Figure 1. 19. A simple schematic of a fuel cell based on a proton-conducting electrolyte 

membrane [98, 116]. 

The open circuit voltage (OCV) of the fuel cell can derive from the Gibbs free energy 

of the reaction 3 for the case when all species are in their standard states (1 atm, pure 

gases). It can be related to the electrochemical voltage as follow. 

ΔG0(T) = –nFE0(T)    [1] 

Where E0 is the Nernstian voltage of the fuel cell, n is the number of electrons 

transferred, ΔG0 (Temperature = 298K) = -237 kJ/mol, and F is Faraday’s constant 

(96.485 C mol-1). From equation 1, E0 = 1.25 V (n = 4 in this case). 
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To compute the Nernst potential at more realistic conditions, one can readily show 
that: 

Eeq(T) = E0(T) – RT
nF

ln
pH2O

2(c)

pH2
2(a)pO2

(c)    [2] 

Where Eeq is the equilibrium or theoretical Nernst potential, pi is the partial pressure of 

species i at the anode (a) or cathode (c). Values for ΔG0 (T) can be computed from 

the formation energies for the reactants and products. 

1.5.5 The overpotential of fuel cells 

The key performance measure of a fuel cell is that maintain a high cell voltage under 

large current loads. However, when a fuel cell is made and put to use, the operation 

voltage is less than expected or Nernstian voltage. Due to the irreversible losses as 

the current is drawn from the cell. The overpotential η is defined as the drop in voltage 

from equilibrium to drive a particular process. The measured voltage, E, can be written 

as [98, 114]: 

E = E eq– η leaks– η act – η iR – η diff   [3] 

Where 𝐸𝐸𝑒𝑒𝑒𝑒 is Nernstian voltage, η leaks is the voltage loss due to gas leaks across the 

electrolyte or partial electronic conductivity of the electrolyte. η act  is activation 

overpotential caused by the slowness of the reactions taking place on the surface of 

the electrodes. A proportion of the voltage generated is lost in driving the chemical 

reaction that transfers the electrons to or from the electrode. The η𝑎𝑎𝑎𝑎𝑎𝑎can be given via 

the relation [98] 

ηact = RT
2αF

ln i
i0
     [4] 

Where α is called the charge transfer coefficient, i0 is the exchange current density. 

η iR  is overpotential due to Ohmic resistances in the cell such as the electrical 

resistance of the electrodes, mostly from ion transport through the electrolyte, and is 

characterized by a linear regime in the polarization curve. Mass transport drop, η diff, 
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at high current as a result of the depletion of reactants at the electrodes faster than 

they can be supplied. η iR can be calculated as: 

η iR  =  𝑗𝑗𝑗𝑗 =  𝑗𝑗 𝐿𝐿
σ
     [5] 

Where L is the electrolyte thickness, σ is the proton conductivity, and j is the current 

density. Therefore, Ohmic losses can be minimized by fabricating electrodes that are 

as thin as possible and preventing leakage. 

Figure 1. 20 shows that the largest source of overpotential loss is as a result of slow 

kinetics at the electrodes (η act). η leaks  can be minimized by proper sealing of the 

electrodes and selecting an electrolyte that is a pure ion conductor with high density 

and low porosity. 

 

Figure 1. 20. Schematic of a fuel cell voltage vs current density [98]. 

It is obvious that to minimize η act and improve electrode activity according to equation 

4, larger values of charge transfer coefficient (α) and exchange current density (i0) are 

desirable. The value of α primarily dependent on inherent material properties. To 

improve the value of i0, the number of active sites per electrode area can be increased, 

or the intrinsic activity of the electrode modified. Therefore, to lower the value of η act, 

electrodes not only be catalytically active, but also transport participating electrons and 
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ions to and from active sites, and have sufficient porosity to minimize value of η diff. It 

is impossible that one material meets all of these requirements in general. It is the 

most reason that a porous composite of electrolyte and catalyst particles as the 

electrode is synthesized. 

1.6 The application of graphene and CNTs 

Carbon-based materials widely served as costless and stable electrode materials in 

enrage conversion and storage technology, such as fuel cell [116-118], 

electro/photocatalytic water splitting [119-122], and all-vanadium redox flow batteries 

(VRFB) [123, 124], have been attracted attention in recent years. This attention stems 

from the possibilities to tailor the electronic and structural features of graphene and 

CNTs by introducing surface functional groups (C–OOH, C=O, C–OH) and 

heteroatoms (nitrogen, boron, sulfur) in pristine graphene and CNTs. There have been 

great progress and researches in the development of various hybrid materials, post-

modifications [125, 126], and enhancement of properties [127-129]. These findings will be a 

promising approach to developing a non-precious metal catalyst for the next 

generation energy conversion and storage technology. 

1.6.1 Application in SAFC 

Graphene is considered as one of the most versatile and promising materials for a 

wide range of technological applications. Recently, various graphene-like materials, 

e.g. flakes [130, 131], bundles [132, 133], reduced graphene oxide (RedGo) [134, 135], etc., 

have been demonstrated as catalytically active components in electrochemical cells, 

promoting electrode reactions. Multiple groups have published novel synthesis routes 

to obtain doped or functionalized carbon nanotubes (CNTs) and graphene with 

remarkable catalytic activity suggesting the possibility of even replacing precious metal 

catalysts [136-138]. However, the information of pristine graphene as the working 

electrode is still not completely studied in SAFC. In addition, dopants such as nitrogen, 

sulfur, boron or surface functional groups such as C=O, C–OH, and C–OOH groups 

alter the electronic structure of the carbon materials significantly and as such may play 

a significant role promoting electrochemical reactions in their vicinity. Therefore, it will 

be significant for filling in a gap in the research of SAFC combined with pristine 

graphene. 
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1.6.2 Application in VRFB 

The vanadium redox flow battery (VRFB) is applied extensively in large-scale 

electrochemical energy storage systems since its chemistry is entirely based on 

vanadium ions at different valence states, and thus are free from cross-contamination 

problems [139, 140]. An entire battery system of VRFB was first successfully performed 

at the University of New South Walesby by Maria Skyllas-Kazacos in the 1980s [139]. 

In VRFB, the energy is stored in two solutions using redox pair of dissolved species, 

and the respective redox species are the VO2+/VO2+ and V2+/V3+ redox couples in the 

positive and negative electrolyte solution [139, 141], respectively. A proton-exchange 

membrane separates the positive and negative compartment, preventing cross-mixing 

of the two electrolyte solutions [142]. Figure 1.21 shows the schematic of a VRFB. 

 

Figure 1. 21. Simples schematic of an all-vanadium redox flow battery. 

The positive and negative electrochemical reactions are given by reactions 4 and 5, 

respectively, while reaction 6 described the net reaction [123, 139, 143]. 

Postive half-cell reaction: VO2+ + 3 H2O 
Charge
�⎯⎯⎯� VO2+ + e- + 2 H3O+  [4] 

Negtive half-cell reaction: V3+ + e- 
Charge
�⎯⎯⎯� V2+     [5] 

Cell voltage (pH = 0): E = φneg- φpos = -0.26 V - 1.00 V = -1.26 V  

The redox reactions of both VO2+/VO2+ and V2+/V3+ typically occur at the electrodes. 

Thus, the electrode materials play an important role in facilitating the relevant reactions 
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in VRFB. Numerous carbon materials, such as graphite felts [144], carbon nanotubes 
[124] mesoporous carbon [123], and nitrogen-doped carbon nanotubes [145] have been 

used as catalytically active ingredients in VRFB. Given that the presence of strongly 

acidic electrolytes excludes the application of less expensive materials, the 

electrochemical activity of individual graphene and CNT have rarely been 

appropriately evaluated to date. Thus, it is interesting to evaluate a combination of 

graphene or CNTs with high-stable Ti substrate as a novel hybrid electrode for VRFB. 

Moreover, the electrochemical performance of isolated sp2 carbon nanomaterial can 

be identified. 

1.6.3 Application in electrocatalytic water splitting 

Clean and renewable energy-driven water splitting to produce hydrogen and oxygen 

has been commonly evaluated as a promising solution to the global energy crisis and 

demand problem [146, 147]. The water splitting reaction consists of two half-reactions, 

namely the HER and OER, both of which suffered from sluggish kinetics. According to 

the medium that is used, two different reaction processes have been widely accepted. 

These can be briefly described as follows [148, 149]: 

When an acidic medium is present: 

HER: 4 H+ + 4 e- → 2 H2   φ0 = 0.00 V vs. NHE [7] 

OER: 2 H2O → O2 + 4 H+ + 4 e-  φ0 = -1.23 V vs. NHE [8] 

Overall: 2 H2O → O2 + 2 H2  φ0 = -1.23 V vs. NHE [9] 

When an alkaline medium is present 

HER: 4 H2O + 4 e- → 2 H2 (g) + 4 OH- φ0 = -0.83 V vs. NHE [10] 

OER: 4 OH- → O2 + 2 H2O + 4 e-  φ0 = -0.40 V vs. NHE [11] 

Overall: 2 H2O → 2 O2 + 2 H2  φ0 = -1.23 V vs. NHE [12] 

As the state-of-the-art catalysts for water electrolysis, precious-metal-group materials 

(e.g., platinum and noble metal oxides) play an important role in boosting the slow 
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kinetics of HER and OER (e.g., Pt for HER [150, 151], RuO2 for OER [152]), while their 

large-scale application is severely restricted by their high cost and accessibility [153-156]. 

Metal foams have highly porous, possess low thermal conductivity and are rich, high-

strength and ultra-light materials. It has been attracted extensive attention in the last 

few years [157-159], especially nickel foam, which has been demonstrated to be an 

inexpensive and alternative material served as low over-potential and inexpensive [150, 

160, 161]. Furthermore, carbon-based materials such as graphene [158], N-doped 

graphene [25], carbon nanotubes (CNTs) [24], and N-doped CNTs (NCNTs) [162] have 

been extensively investigated owing to their low cost, excellent mechanical properties, 

good electrical conductance and primarily high activity towards. However, the utmost 

electrochemical performance of Ni foam combined graphene, graphite, N-doped 

graphene, and N-doped CNTs remains unknown. Hence, the probably utmost 

electrochemical performance of Ni foam combined with sp2 carbon materials was 

studied in this thesis. 
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Abstract 

Due to the prohibitive cost associated with precious metal catalysts, in recent years, 

the scientific community has invested considerable time and effort into investigating 

whether non-precious-metals can effectively serve as catalysts. This area of research 

is particularly pertinent to the large-scale commercial application of low and 

intermediate temperature fuel cells, as the industry is currently hindered by the need 

for a high amount of Platinum (Pt) catalysts. In this work, we applied O2 and N2 plasma 

treatment to metal-free, edge-abundant, oxygen-functionalized, and nitrogen-doped 

graphene; and successfully employed it as an electrode catalyst in a solid acid fuel 

cell (SAFC). Scanning electron microscopy (SEM), Raman spectroscopy, and X-ray 

photoelectron spectroscopy (XPS) analysis of the graphene layers were used to 

characterize the materials’ properties. Performed at cathodic conditions, AC 

impedance spectroscopy of the hybrid electrode, containing both the plasma-etched 

graphene and CsH2PO4 (CDP), showed remarkable catalytic activity. Thus, both O2 

and N2 plasma treatments activated the material. While oxygen plasma was a more 

effective activator, it also resulted in higher degradation rates. The combination of 

density functional theory calculation and experimentation indicates that the zigzag (ZZ) 

carbon is the most active site for the oxygen reduction reaction (ORR) on both the O2 

and N2 plasma-etched graphene. Furthermore, the armchair (AM) carbon adjacent to 

the surface oxygen groups and doping heteroatom is another main active site for O2 

and N2 plasma-etched graphene, respectively. The results of this study will guide 

future endeavours in developing non-precious metal catalytically active and stable 

materials for fuel cell cathodes. 
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2.1 Introduction 

The prohibitive cost of precious metal catalysts has recently spurred the scientific 

community to invest considerable time and effort into investigating whether carbon-

based materials can serve as effective catalysts. This area of research is particularly 

pertinent to the large-scale commercial application of low- and intermediate-

temperature fuel cells, because the industry is currently hindered by the need for large 

amounts of platinum catalysts. By virtue of its extensive versatility, graphene is 

considered a promising material for a wide range of technological applications. 

Recently, various forms of graphene, e.g., flakes, bundles, and reduced graphene 

oxide,[1, 2] have served as catalytically active components in electrochemical cells, 

successfully promoting electrode reactions. 

Of particular interest is the preparation of metal-free catalysts by introducing 

heteroatoms (e.g., nitrogen, sulfur, boron) on sp2 carbon nanomaterials. Recent 

reports also indicated that a high concentration of edges can catalyze the oxygen 

reduction reaction (ORR) in both alkaline and acidic electrolytes. Because doping 

graphene with heteroatoms often markedly alters its electronic structure, it has been 

suggested that dopant heteroatoms may play an important role in promoting ORR 

catalytic activity in their vicinity.[3, 4] Thus, nitrogen (N2) plasma treatment is a promising 

approach to develop metal-free catalysts with abundant catalytic edge sites. 

Furthermore, the same holds true for oxygen-functionalized graphene, because its 

ORR catalytic activity can also be increased by introducing surface oxygen species 

(C=O, C–OH, C–OOH) as well as defect sites.[5, 6] Wang et al.[7] reported that the edge 

of graphite is much more conducive to the ORR than its basal plane. Density functional 

theory (DFT) calculations have indicated the nature of the active sites in these carbon-

based catalysts; zigzag (ZZ) edge defects coupled with pentagon edge defects[8] are 

possibly the most active sites for the ORR. Three-dimensional (3D) porous 

nanostructures are typically used as high-performance electrodes in electrochemical 

cells. Such structures ensure a high density of catalytically active sites, which leads to 

low electrode impedance. Because of their large geometrical aspect ratios, graphene 

flakes can form close-to-ideal interconnected 3D networks. Generally, important 

insights can be obtained by evaluating experimental results in combination with DFT 



 

44 

calculations. This process can be used as a fundamental approach to identify the most 

active sites in a material to develop novel solid acid fuel cells (SAFCs). 

In this study, a simple two-dimensional (2D) electrode consisting of a graphene layer 

coated on a cesium dihydrogen phosphate (CDP) electrolyte pellet is used as a model 

system to study the ORR activity of graphene. Graphene is treated with oxygen (O2) 

and N2 plasma to introduce oxygen functional groups and nitrogen dopants that 

generate defect sites, respectively. Both types of plasma treatment generate 

catalytically active sites that supplement the activity of edge-rich graphene. The effects 

of O2 and N2 plasma treatment on the ORR activity of graphene sheets are 

investigated using DFT calculations. Our results provide important information about 

the effectiveness of plasma-etched graphene as a metal-free catalyst in SAFCs. 

2.2 Methods 

2.2.1 Preparation of 1-layer graphene 

Graphene was synthesized in a commercial cold-wall reactor (Moorfield Nano-8G) 

using standard, low-pressure chemical vapor deposition (CVD). Copper (Cu)-foil (Alfa 

Aesar, stk#13382, 98 % purity, 25 μm thickness) served as the growth substrate. Prior 

to synthesis, the Cu-foil was cleaned and polished using the following procedure: 1) 

To remove any organic residue, the foil was first washed in an ultrasonic bath for 10 

min in high purity acetone, and then the process was repeated using high purity 

ethanol; 2) To achieve a smooth surface, the Cu-foil was electropolished in an 

electrolyte solution at room temperature – consisting of 450 ml phosphoric acid (Alfa 

Aesar, 85%, stk#A18067) and 150 ml polyethene glycol additive (Sigma Aldrich, PEG-

400) – as well as a large Cu sheet counter electrode. +1.2 V was applied for 30 min 

during the polishing process; 3) Lastly, the foil was washed for 5 min in DI-water 

(Millipore) and high purity acetone. 

The three-step CVD synthesis procedure is illustrated in Figure S1 and consisted of:  

1) A 30 min annealing phase that took place at 1000 °C, in an environment 

characterized by < 5 mTorr of pressure, and an Ar and H2 flow rate of 192 and 8 sccm 

respectively;  2) A 2 min growth phase at 1000 °C, which occurred under 10 mTorr of 

pressure, and an Ar, H2, and CH4 flow rate of 168, 8 and 24 sccm respectively; and 3) 
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A cool down phase, in which the system passively cooled down under conditions of 

<5 mTorr of pressure and an Ar and H2 flow rate of 192 and 8 sccm respectively, 

reaching less than 200 °C in ~45 min. 

2.2.1 Transfer of 1-layer Graphene 

Following the synthesis of graphene, it next needed to be transferred onto an 

electrolyte pellet and a SiO2/Si wafer for physical and electrochemical characterization. 

A great challenge lies in the water solubility of CDP electrolyte. First, the synthesized 

graphene-Cu substrate was coated with 10 ml of a 4 % Poly (methyl methacrylate) 

(PMMA) solution (Sigma Aldrich, stk#445746-25G Mw~350.000) in Anisole (Alfa Aesar, 

stk#A12997) film. The coating was applied for 90 s with a spin-rate of 2000 rpm, and 

then the solvent was evaporated at 90 °C. The process was repeated twice more, with 

lower spin rates of 1000 and 300 rpm, to obtain a smooth and continuous PMMA film. 

The PMMA-graphene film was then removed using an electrochemical method, in 

which the Cu-foil-graphene-PMMA composite served as the working electrode, a 1 

cm2 piece of Pt foil functioned as the counter electrode, and a 0.5 % NaOH (Sigma 

Aldrich, stk#S5881) solution acted as the electrolyte. 5 V was applied and maintained 

for 5-10 min, causing the graphene-PMMA composite to delaminate while hydrogen 

gas formed at the Cu-foil interface. The free-floating graphene-PMMA foil was gently 

scooped up with a home-made square-frame tool, washed three times in DI-water, 

and dried at ambient conditions, as shown in Figures S 2a and b. For Raman and XPS 

characterization, the graphene film was then transferred onto the SiO2/Si substrate, 

and the PMMA film was removed by an acetone wash. 

2.2.2 Modification of 1-layer graphene 

A low-pressure microwave plasma system (Diener femto, 40 kHz RF), operating at a 

frequency of 40 kHz and a forward power of 20 W, was used to apply the oxygen 

plasma treatment to the graphene layers situated on top of the CDP and SiO2/Si. A 45 

sccm pure oxygen flow rate was maintained for 10, 20, 30, and 40 s. Nitrogen plasma 

treatment was applied to the graphene layers situated on the top of CDP and SiO2/Si 

via a low-pressure microwave plasma system (Sentech Etchlab 200 RF) using 

nitrogen-argon plasma at 13.56 MHz. A forward power of 25 W was maintained for 2, 

4, 6, and 10 min with a total flow rate of 30 sccm and an N2: Ar ratio of 9:1. 
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2.2.3 Electrochemical half-cell 

Electrochemical asymmetric cells (composite electrode|CDP) were assembled using 

the following procedure: CsCO3 (35.43 g, 99.99 %, Alfa Aesar) was dissolved in MeOH 

(technical grade, Carl Roth) under 1000 rpm stirring with a magnetic stir bar. H3PO4 

(25.07 g, 85 %, Carl Roth) was mixed with 77 mL MeOH (technical grade, Carl Roth). 

The solution of CsCO3-MeOH was poured into the solution of H3PO4-MeOH under 

1500 rpm stirring with a magnetic stir bar. The solution immediately turned white, 

indicating the formation of the CDP. The precipitates were removed and swashed 

thoroughly with more MeOH to remove H2O and dried for 24 h under 80 °C [9, 10]. The 

hydraulic press (Atlas Auto 15T, Specac Ltd.) was used to construct the CDP pellet 

(10 mm diameter, 0.5 mm thickness) from the dry, sieved powder (0.25 g, 75 μm final 

mesh size).The graphene film was then transferred onto one side of a prefabricated 

CDP electrolyte pellet using the same transfer process as described above. In a final 

step, the PMMA film was removed by an acetone wash and the graphene layer was 

dried to obtain CPD|graphene pellet. The counter electrode powder mixture was made 

from commercially available Pt black nanoparticles (fuel cell grade, Sigma Aldrich), Pt 

supported on carbon (40 mass % Pt, Alfa Aesar) and CDP micro-particles in a 3 : 1 : 

3 mass ratio. The asymmetric cell was fabricated by using the hydraulic press to 

expose the electrode powder mixture and CDP|graphene to uniaxial pressing at 200 

MPa for 20 min. Carbon paper (Toray TGP-H-120) served as the current collector 

contacting the Pt-composite electrode and the graphene electrode on either side of 

the electrochemical cell, Figure S3. 

2.2.4 Electrochemical characterization 

Electrochemical characterization was performed in a single gas (H2 or O2) chamber 

configuration, at SAFC operating conditions: TG = 240 °C, pH2O = 0.4 atm, and an 

oxygen flow rate = 30 sccm. AC impedance spectroscopy was carried out with a 

Biologic VSP-300 impedance analyzer using a sinusoidal voltage perturbation with 10 

mV amplitude and a frequency range from 10 mHz to 7 MHz. During heating and 

cooling of the cell, at temperatures below 150 °C, condensation was avoided by using 

a dry Ar purge. The polarization curves were derived from cyclic voltammetry curves, 

in a potential range of -0.5 to 0.5 V, at a scan rate of 10 mV s-1. 
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2.2.5 Physical characterization 

SEM (Carl Zeiss SMT, Ultra 55) was employed to characterize the surface morphology 

of the Cu-foil before and after electropolishing, the graphene layer after CVD growth 

and after transfer onto the SiO2/Si wafer, and the CDP pellet. X-ray diffraction (XRD) 

was carried out on a D8 advanced X-ray diffractometer, from Bruker AXS, using Cu 

Kα radiation (λ = 1.5406 Å) and a step size of 0.013 °. Raman spectra were collected 

using a HORIBA (Jobin Yvon iHR320, synapse CCD) RAMAN spectrometer equipped 

with an Olympus IX71 microscope for confocal sampling, and using an Nd:YAG at 5 

mW (Coherent, Verdi, λ=532 nm). Raman mapping experiments were performed using 

an x–y stage (Prior, 100 nm resolution) in 500 nm steps, scanning areas of 10 × 10 

μm2. X-ray photoelectron spectra were collected using monochromatic AlKα radiation 

(Kratos, Axis Ultra). Atomic force microscopy (AFM) measurements were performed 

using NanoWizard 4 from JPK instruments. NSC 15 cantilevers of spring constant k = 

40 N m-1 and resonance frequency ωo = 325 kHz purchased from Mikromasch were 

used. Measurements were done in the net-repulsive regime of intermittent contact 

mode at a frequency ω < ωo and free amplitude of 1.6 V. Gwyddion software were 

used to edit and analyze the AFM images. 

2.2.6 Computational details 

All spin-polarized calculations were performed within the framework of density 

functional theory, as implemented in the Vienna ab initio simulation package (VASP) 
[11, 12]. The projected augmented wave (PAW) potential [13] and generalized gradient 

approximation (GGA) with the Perdew−Burke−Ernzerhof (PBE) functional[14] were 

used to describe the electron-ion interactions and exchange-correlation energy, 

respectively. The cutoff energy of 400 eV for plane-wave basis set was employed. The 

DFT+D3 scheme developed by Grimme[15] was used to consider the non-local Van der 

Waals (vdW) interaction. The 6 × 6 supercells of graphene and 1 × 1 were used in our 

calculations. The 3 × 3 × 1 and 4 × 1 × 1 gamma centred Monkhorst-Pack k-point 

sampling in the Brillouin zone was used for graphene sheets and graphene sheets 

with edges, respectively. The vacuum distance was larger than 15 Å to eliminate 

spurious interactions between the periodically repeated images. All atoms were fully 

relaxed by conjugated gradient (CG) algorithm with the criterion of convergence of 
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0.01 eV Å-1. The zero-point corrected energies (ZPE) and Gibbs free energies of all 

ORR intermediates at 298.15K were shown in Table S1. 

2.3 Results and Discussion 

2.3.1 Characterisation of monolayer graphene 

 

Figure 1. (a) Representative Raman spectra of graphene on SiO2/Si wafer, showing 

the effect of electropolishing pretreatment of the copper foil substrate. The G: 2D band 

intensity ratio (IG/I2D), shown in the inset, indicates monolayer graphene for polishing 

times longer than 20 min. Scanning electron micrographs of as-grown graphene on 

copper foil substrates showing the effect of electropolishing pretreatment with 

increasing electropolishing time (b) 5 min, (c) 10 min, (d) 20 min, (e) 30 min, and (f) 

40 min. With a low magnification of (f). Darker regions are most likely multilayer 

graphene. 

High-quality monolayer graphene was successfully synthesized as detailed in section 

2-Materials and Methods. SEM, AFM, Raman spectroscopy, Raman mapping, XRD, 

and XPS were used to characterize the graphene on an electropolished Cu-foil, a 

SiO2/Si wafer, and a CDP pellet. Raman spectroscopy is commonly used to assess 

the structural properties of sp2 carbon materials. The intensity ratio of the G band at 

1580 cm-1 and 2-D band at 2680 cm-1 (IG/I2D) is generally considered a qualitative 

indicator for decreasing defect density in the graphene layer [16], and single layers will 
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depict values that are < 0.5 [17, 18]. Figure 1a is the distinctive Raman spectroscopy that 

exposes a reduction of IG/I2D as a function of increased polishing time, shown in the 

inset, indicates monolayer graphene for polishing times longer than 20 min. The SEM 

images shown in Figure 1(b-f), there is remarkably a decreasing fraction of multi-layer 

graphene areas (dark patches) as a function of increased polishing time combined 

with the Raman spectra in Figure 1a. A smooth Cu surface has been shown to 

significantly improve the quality of the graphene. However, while at polishing time of 

40 min, the over-polishing starts to present to the Cu edge. As shown in Figure 1 e 

and Figure S4, to ensure the prepared monolayers were all of the same quality, a 30 

min polishing time was selected for all further experiments. 

2.3.2 Characterisation of the graphene-based electrode 

 

Figure 2. (a) Scanning electron micrographs at low and high magnification of graphene 

on (a) SiO2/Si wafer and (b) CDP substrate. (c) Fitted Raman spectra of graphene on 

Cu foil, SiO2/Si wafer, and CDP substrate. (d) Raman mapping of as-transferred 

graphene on the SiO2/Si substrate extracted from Figure S 5. Scale bar = 20 μm. (e) 
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The XPS spectra of pristine graphene on the copper, as-transferred on SiO2/Si wafer 

and CDP substrate. 

To facilitate the further analysis and achievement of optimizing parameter, the 

monolayer graphene, as mentioned above, was simultaneously transferred onto both 

the SiO2/Si and CDP substrates. The SEM images in Figures 2a and b show a 

significant amount of wrinkling in the graphene layers. Furthermore, graphene free 

regions are observed on both the SiO2/Si and CDP substrate, a result of the 

aforementioned wrinkles. The distinctive ripples from graphene synthesis are due to 

the Cu atoms moving underneath the graphene layer during growth [19, 20]. To date, 

there is no known technique for preventing wrinkle formation during the growth 

process on the Cu-foil and elimination of these intrinsic wrinkles is also impossible 

during transfer to other substrates [21]. In addition, the micromorphology of the CDP 

substrate is extremely rough when compared to that of the SiO2/Si support, which 

ultimately fraction of intact graphene is much higher than that of the graphene free 

regions, and is therefore more dominant in the electrochemical measurements. 

The values of IG/I2D remained <0.38 after the transfer onto the SiO2/Si wafer and the 

CDP pellet in Figure 2c. Furthermore, the IG/I2D intensity ratio of Raman mapping 

shown in Figure 2d extracted from Figure S5 is mainly less than 0.5. Based on these 

results, we tentatively assume the graphene is monolayer and will select the same 

batch of one for further study. XPS analysis of C1s was performed on synthesized 

graphene atop an electropolished Cu-foil, a SiO2/Si wafer, and a CDP pellet. The high-

resolution spectrum of C1s in Figure 2e shows that there are three distinctive carbon 

groups in the pristine graphene: C=C at 284.5eV, C-O or C-C at 285.5eV, and C=O 

peak at 287.5 eV [22]. Note the high contribution of the C=C peak after the graphene 

was transferred onto the CDP. That peak was nearly as pronounced in the graphene 

on the Cu-foil or on the SiO2/Si substrate. For the composite graphene and CDP 

electrode, the XPS survey spectra in Figure S6 a contained the distinctive Cs 3d peak 

at ~723.6 eV, O1s peak at 530.2 eV, C1s peak at 284.5 eV, and P 2p peak at 132.8 

eV [9, 23]. The evident diffraction peak at ~27.2 ° shown in Figure S4 b can be attributed 

to carbon (002) [24] and distinguished from representative diffraction peaks of CDP. 

2.3.3 Plasma-etched graphene 
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In Childres’s study disorder of graphene was introduced by oxygen plasma, indicating 

an evolution from a graphene lattice to a more amorphous carbon phase [25], which  

 

Figure 3. Raman spectra of graphene on SiO2/Si wafer as a function of (a) oxygen and 

(b) nitrogen plasma treatment time. (c) and (d) Band intensity ratios taken from Raman 

spectra of graphene, as a function of (a) O2 and (b) N2. 

suggest that plasma modification could cause the disorder of graphene as well as the 

defective site. The same holds true in our experimental results, Figures 3a and b show 

that exposure to an O2 plasma and N2 plasma resulted in an increase of defect density 

from low to high. The decrease of intensity ratio I2D/IG and the upshifts of 2D 

frequencies, shown in the inset, indicate that the doping heteroatom or the presence 

of charged impurities [26]. Figures 3c and d show that the intensity ratios ID/IG and I2D/IG 

as a function of plasma treatment time for an O2 and N2 plasma, respectively. Dramatic 

changes in the intensity ratio are observed in the initial phase of the plasma treatment 

when the treatment time was maintained for 10 s and 10 min for the former and the 

latter, respectively. With the subsequent decrease of ID/IG, the evolution of edge-

abundant can be accomplished via O2 and N2 plasma treatment. It is apparent, the O2 

plasma treatment is seemingly more aggressive than N2 plasma treatment, and it 
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requires much short exposure, which can be attributed to the different approaches as 

well as the difference between various precursor gases. Thus we restrict ourselves to 

a qualitative discussion of this difference. 

 

Figure 4. XPS spectra of graphene on SiO2/Si wafer as a function of oxygen plasma 

treatment at different times: (a) O 1 s spectra (b) N 1 s spectra. 

On the other hand, the surface oxygen species and doping heteroatoms can also be 

introduced by plasma technology [5, 8]. The corresponding XPS high-resolution O 1 s 

and N 1 s spectra are shown in Figure 4. The O 1 s spectra can be fitted with three 

peaks at 531.3, 532.7, and 536 eV, which are assigned to O-C, C=O, and chemisorbed 

oxygen [27]. Approximated content of C 1s, O1s, and N 1s for the graphene on SiO2/Si 

and CDP are summarized in Table S2 compared with pristine graphene on the Cu 

substrate. In general, the pristine graphene has no nitrogen content and low amounts 

of oxygen. The sample has c.a. 0.8 % nitrogen content and > 30 % oxygen content, 

which is commonly acknowledged that the contribution of substrates. Table S3 and 

Table S4 show that there is remarkably an increase of total oxygen content and 

decrease of total carbon content as a function of treatment time. This suggests that 
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further modifications result in a decrease in the total carbon content of graphene-

based electrode. 

2.3.4 Electrochemical results 

In the case of SAFC, alternating current impedance spectroscopy often uses to 

evaluate the properties of the electrolyte-electrode interface over a frequency range 

of 1 Hz to 3 MHz [28]. The width of the impedance arc represents the sum of the ORR 

impedances from the Pt/C/CDP composite and the graphene electrode. Since the 

impedance from the 3-dimensional, high-performance Pt/C/CDP composite electrode, 

on the order of 1 Ω cm2 [29, 30], is much lower than that of the 2-dimensional pristine 

graphene electrode, the contribution from the former can be disregarded. The ORR 

impedance in the Nyquist representation shown in Figure S7 is significantly reduced 

from 2500 kΩ·cm2 to 400 kΩ·cm2 once the pristine monolayer replaced the graphene 

free in the cathode electrode. Obviously, there is plenty of cracks and intrinsic defects 

for the pristine graphene-based electrode combing the results in Figures 2a and b, 

which potentially facilities the reaction of ORR. In this study, the impedance of 400 

kΩ·cm2 will tentatively be served as a reference for further modifications Figures5a 

and b show that both O2 and N2 plasma treatment had a dramatic effect on the 

electrode impedance. In the case of the O2 plasma treatment, the values of impedance 

towards the cathode ORR are respectively 73, 1.3, 0.7 and 50 kΩ·cm2 when the 

exposure time (tE) was set to 10, 20, 30 and 40 s. The overpotential (η) at higher 

current densities shown in Figure 5c follows the trend in activity measured in 

impedance is η30 s < η20 s< η40 s< η10 s. There was the lowest impedance and 

overpotential when the modification was maintained for the 30 s. This is an excellent 

agreement with the results from characterisation, where the total carbon content was 

about 25.3 at %, the surface function species, C=O, also displayed dramatic coverage 

on the graphene compared with others. It hints that the plentifully defective site has 

been achieved but no overtreatment (Table S3). However, further treatment will 

aggravate the descent of total carbon content, as well as a decreasing percentage of 

C=O group resulting in an increase of impedance when tE was set to 40 s. The increase 

of impedance potentially origins from the decrease of C=O species. This indicates that 

electrochemical performance is relational for the total carbon content as well as the 

concentration of surface oxygen groups. Therefore, the contribution of ORR activity 
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can be ascribed to the defective site, surface oxygen species. Alternatively, with 

coaction of the defective site and surface oxygen groups could be the most reason 

towards the reaction of ORR in SAFC. 

 

Figure 5. Measurements performed at 240 °C under humidified O2 gases (pH2O = 0.4 

atm) at a flow rate of 30 sccm oxygen environment in a single chamber setup for 

graphene|CDP|Pt/C/CDP electrochemical cells with the graphene side subject to O2 

and N2 plasma treatment. (a) (b) Electrochemical impedance spectroscopy data of the 

electrochemical cells. (c) (d) The polarization curve obtained with linear sweep cyclic 

voltammetry at 5 mV s-1. (e, f) Long-term stability test carried out with a DC bias of 

+500 mV. 

The impedance in the case of N2 plasma treatment shown in Figure 5b were 0.8, 2.8, 

3.4, and 29 kΩ·cm2 when the treatment time was 2, 4, 6, and 10 min, respectively. 

Figure 5d demonstrates the trend of overpotential is η2 min < η4 min< η6 min< η10 min on the 

electrode. However, Table S4 shows that there is a surprising anti-correlation between 
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the concentration of dopant as well as the value of ID/IG and electrode impedance. It 

is most likely that it has been brought the total carbon content to a lower value than 

that of O2 plasma-etched graphene at tE =40 s, which expels the effect of both surface 

function group and doping heteroatom on the promotion of impedance. 

There was the lowest impedance and overpotential when the exposure time was set 

to 2 min. Additional plasma treatment does not have a clear impact on electrode 

performance and overpotential. However, the impedance still possesses a lower value 

in the dopants content range from c.a. 1.3 to 1.4 at % (Table S4), which could be 

ascribed to strong electron withdrawing effect of doping nitrogen towards the reaction 

of ORR in SAFC. On the other hand, the total carbon content plays a significant role 

in resulting in a comparable impedance to the lowest value. 

While at an exposure time of tE = 10 min the percentage of doping nitrogen is about 

1.7 at %, the total carbon content decreases to 17.3 at %. We speculate that damaging 

effects on the graphene layer become significant and cancel out any possible 

enhancements. Likewise, it is abundant proof that the enhancements of both 

heteroatoms and defective site towards the mentioned reaction in SAFC. 

Moreover, the corrosion occurs simultaneously at the cathode via a reaction of 

electrochemical carbon oxidation in the presence of water [31], resulting in the 

contribution of carbon oxide species and the release of protons and electrons. This 

degeneration is accordingly the main mode of inactivating the catalyst under the 

operating temperature of 240 °C in this study. Figures 5e and f show the results of 

polarization measurements with a 500 mV DC bias, and depict rapid degradation of 

oxygen and nitrogen plasma treated graphene electrodes over a 40 h time period. For 

the nitrogen plasma treated layers, a stable plateau is reached, indicating some 

stability. This is consistent with the corroborated findings based on the nitrogen-doped 

CNTs towards the ORR, namely that the protonation of the nitrogen doping site results 

in the degradation coupled with the ORR [32]. Given the strong electron-withdrawing 

effect of oxygen and nitrogen, we speculate that the same holds true for oxygen-

functional groups. Further investigation of the degradation procedure was beyond the 

scope of this paper. 

2.3.5 Mechanism 
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In the SAFC, kinetics are mainly limited by the cathode reaction, as dictated by the 

sluggish, four-electron transfer kinetics for the ORR pathway in acidic media [33]. The 

first reaction begins with the adsorption of the O2- anion and an electron at the catalyst 

site to form an *OOH species with a proton (* being the adsorption site). Next, H+ is 

transmitted with the *OOH species, and an electron is adsorped to produce H2O and 

*O. This pathway is followed by the reaction of an H+ with an *O atom and an electron 

to form an *OH species, which is then superseded with additional H+ cationics, leading 

to the formation of the adsorption site and H2O. The system then undergoes the 

desorption of water to reduce O2. 

 

Figure 6. Free energy diagrams of ORR on (a) the pristine basal-plane of graphene 

zigzag. (b) Edge etched with O2 plasma and N2 plasma. (c) C=O armchair edge of a 

graphene sheet. (d) N-doped armchair edge of graphene sheets. Red circle represent 

the most active sites, which were plotted according to Table S5. 

DFT calculations were performed to further investigate the effect of plasma treatment 

on ORR activities for graphene sheets. A series of graphene sheet models with 

different doping sites were constructed (Figure S8 and the corresponding theoretical 

activities were evaluated (Table S5) under the framework established by Norskov et 
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al. [34, 35]. Due to the too weak adsorption strength of key ORR intermediates, as shown 

in Figure 6a, pristine graphene exhibited rather poor ORR catalytic performance, 

which is in excellent agreement with the result shown in Figure S7 (400 kΩ·cm2). 

However, the electrochemical activity of graphene can be improved by plasma 

treatment, as demonstrated the results in the above. The improvement of catalytic 

activity induced by plasma treatment could be attributed to two beneficial 

consequences. The first consequence is to break the graphene sheets and create 

more edge sites. Figure 6b depicts the free energy diagram of ORR on the zigzag 

edge site of graphene sheet introduce by the O2 plasma or N2 plasma, showing high 

ORR activity with the overpotential of 0.64 V, which is constant with experimental 

results, which shows that the enhancement is part due to the defective site introduced 

by O2 and N2 plasma. All the reaction steps proceed simultaneously at U = 0 V 

referenced to a reversible hydrogen electrode (RHE). And when the applied potential 

increased to 0.59 V, the last step, namely the desorption of *OH reached equilibrium, 

being the potential determining step (PDS) in the overall reaction. It is illustrated that 

the binding strength between adsorbate and the active site was considerably 

enhanced compared to pristine graphene, which was even excessively strong, leading 

to promoted ORR activity. 

In addition to edge effect, the second consequence of plasma treatment is to 

functionalize the edge sites of graphene or dope heteroatoms into the basal plane of 

graphene sheets, which substantially altered the electronic structure of the active 

carbon sites via electron-withdrawing effect.[36-39]. 

In the case of O2 plasma-etched graphene, we first considered graphene sheets with 

C=O and C–OH functional groups listed in Table S6 according to the evidenced 

signals of C=O and C–OH in Figure 4a. The AM edge of graphene sheets with C=O 

groups exhibited a low overpotential of 0.37 V, as shown in Figure 6c. This is in good 

agreement with experimental results. The further treatment will facilitate the decrease 

of total carbon content and percentage of C=O, excepting the corrosion of carbon. The 

enhancement effect will thus vanish with exposure time. Consequently, the O2 plasma-

etched graphene activity can be attributed to the C=O surface functional group in 

conjunction with the AM defect and individual carbons of the ZZ edge. 
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In the case of N2 plasma-treated graphene, the electrochemical activity was 

improved by incorporating heteroatoms into the basal plane of graphene sheets, 

which substantially altered the electronic structure of the carbon active sites via 

the electron-withdrawing effect. The relevant models with defects were also 

constructed to identify their synergistic effects in Table S7. The ORR free energy 

diagram on the N-doped AM edge is shown in Figure 6d, and clearly 

demonstrates the significant enhancement of ORR activity induced by the 

heteroatom doping. The PDS at U = 0 vs. RHE remains the last step yet with 

the lower overpotential of 0.35 V, almost locating at the peak of activity volcano 

plot [35]. This much boosted ORR activity indicates that the edge effect and 

heteroatom doping could together optimize the adsorption strength of ORR key 

intermediates, thus leading to the outstanding catalytic performance 

demonstrated in our experiment. Likewise, this indicates that the enhancement 

mostly comes from the coaction of AM–edge and graphitic nitrogen.  

2.4 Conclusions 

Graphene was synthesized via a standard CVD method and transferred onto a solid 

acid half-cell consisting of a high-performance Pt-composite electrode, and a CDP 

electrolyte. Surface functionalization, via oxygen and nitrogen plasma treatment, led 

to a dramatic, 5000-fold decrease in the electrode impedance; however high activity 

is also paired with low stability. Interestingly, beyond the step-change of the electrode 

performance between pristine and plasma treated graphene, there is no clear trend 

observed with increasing plasma treatment. The improvement of catalytic activity 

induced by plasma treatment could be attributed to two beneficial consequences. The 

first consequence is to break the graphene sheets and create more edge sites. The 

second consequence is to dope heteroatoms and introduce surface functional groups 

into the basal plane of graphene sheets. In a word, in situ construction of defective 

sites, surface functional groups, and heteroatoms using O2 and N2 plasma treatment, 

which could tailor the contribution from the pristine graphene and produce 

edge/defect-rich graphene, has been successfully achieved. Nitrogen-

functionalization is observed to be more stable than oxygen functionalization, with the 

current reaching a steady-state value after 40 h. We did not focus on studying the 

effect of both oxygen-functionalized species and doping nitrogen on the degradation 
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of graphene. Therefore, further work investigating potentially more stable dopants, 

such as sulfur, boron are underway. 
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2.6 Supporting information 

 

Figure S1. Synthesis parameters for chemical vapor deposition (CVD) of graphene, 

on the copper foil as the growth substrate. 

 

Figure S2. Delamination of graphene from copper foil with an electrochemical method 

and insolated graphene@PMMA film. 
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Figure S3. Simple schematic drawing of an asymmetric electrochemical cell 

(Graphene|CDP|Pt/C/CDP) as a side view. (1) PTFE frame, (2) Conducting ring, (3) 

gas diffusion layer, (4) Carbon paper, (5) Pt/C/CDP, (6) CDP, and (7) Graphene. 

 

 *OH *O *OOH H
2
O H

2
 

ZPE 0.36 0.07 0.40 0.56 0.27 

TS ~ ~ ~ 0.67 0.41 

Table S1. ZPE and entropic corrections at T = 298.15 K 
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Figure S4. AFM height image of (a) pristine copper foil and (b) as-polished copper foil. 

Color scale: 0-150 nm. 

  

Figure S5. The Raman mapping of as-transferred graphene on the SiO2/Si substrate 

(a) G band, (b) 2D band. Scale bar = 20 μm.  



 

66 

 

Figure S6. (a) The XPS survey spectra of graphene on CDP substrate. (b) The XRD 

of graphene on the CDP substrate. 
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Table S2. Integrated atomic concentrations of graphene on Cu, SiO2/Si, and CDP 

substrates from XPS characterization. 

Binding energy 

 
Total 

284.5 

Total 

398.2 

Total 

530.6 

 C 1 s / % N 1 s / % O 1 s / % 

Graphene on Cu 53.8 0 2.7 

Graphene on SiO2/Si 60.4 0.8 38.8 

Graphene on CDP 57.8 0 30.7 
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Table S3. Integrated atomic concentrations of graphene on SiO2/Si substrate with 

increasing treatment time of O2 plasma from XPS characterization. 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

Binding energy 

 
Total 

284.5 eV 

Total 

398.2 eV 

Total 

530.6 eV 

 

532.6 eV 

 C 1 s / % N 1 s / % O 1 s / % C=O / % 

10 s 46.8 0.6 52.0 21.9 

20 s 53.0 0.7 46.3 27.1 

30 s 25.3 0.6 73.3 68.1 

40 s 23.0 0.8 76.1 30.2 



 

69 

Table S4. Integrated atomic concentrations of graphene on SiO2/Si substrate with 

increasing treatment time of N2 plasma from XPS characterization. 

 Binding energy  

 
Total 

284.5 eV 

Total 

398.2 eV 

Total 

530.6 eV 

 

402.8 eV 

 C 1 s / % N 1 s / % O 1 s / % g-N / % 

2 min 21.1 1.3 77.6 0.4 

4 min 19.6 1.1 79.3 0.3 

6 min 20.0 1.4 78.6 0.6 

10 min 17.3 1.7 81.0 0.9 
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Figure S7. Impedance spectra shown in the Nyquist representation for 

graphene|CDP|Pt/C/CDP and CDP electrochemical cells with the graphene side 

subject to pristine graphene. The measurements were performed at 240°C under a 

humidified oxygen environment in a single chamber setup. 
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Figure S8. Atomic models and corresponding reaction site (red circle) of (a) pristine 

graphene, (b) O-functionalized graphene, (c) zigzag edge of graphene, and (d) N-

doped armchair edge of graphene. 
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Table S5. Adsorption free energies of *OH, *O and *OOH. 

Model ΔG*OOH ΔG*O ΔG*OH 

Pristine 5.729 2.959 2.556 

ZZ-edge 3.768 2.427 0.593 

C=O-AM 3.870 2.376 0.863 

Pyridinic-N-AM 4.903 2.603 1.731 

Graphitic-AM 4.029 2.116 0.879 
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Table S 6. ORR overpotential of DFT theoretical studies on oxygen plasma treatment 

graphene. Armchair: AM. Zigzag: ZZ (NA indicates failure of O2 adsorptions). 

Models ORR overpotentials (V) 

ZZ-edge 0.64 

AM-edge NA 

C=O-ZZ NA 

C=O-AM 0.37 

C-OH-ZZ NA 

C-OH-AM NA 
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Table S 7. ORR overpotential of DFT theoretical studies on nitrogen plasma treatment 

graphene. Armchair: AM. Zigzag: ZZ (NA indicates failure of O2 adsorptions). 

Models ORR overpotentials (V) 

ZZ-edge 0.64 

AM-edge NA 

Pyridinic-N-bulk NA 

Pyridinic-N-AM 1.2 

Pyridinic-N-ZZ NA 

Pyrrolic-N-AM NA 

Pyrrolic-N-ZZ NA 

Graphitic-bulk 0.84 

Graphitic-N-AM 0.35 

Graphitic-N-ZZ NA 
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The content of this chapter has been submitted for publication in Electrochimica Acta 

as 

Chapter 3 Novel and High-efficient Three-Dimensional Hybrid Electrodes for 

Vanadium Redox Flow Battery Applications 

Xubin Lu, Fan Li, Matthias Steimecke, Muhammad Tariq  and Michael Bron 

Abstract 

Titanium, either in form of a Ti foil or in form of a Ti mesh, was used as a novel 

substrate to grow nitrogen-doped carbon nanotubes (NCNTs) by chemical vapour 

deposition (CVD) at moderate temperatures over electrodeposited iron particles. The 

thus-prepared high-surface-area electrodes were characterized using scanning 

electron microscopy (SEM), Raman spectroscopy, and X-ray photoelectron 

spectroscopy (XPS). The electrochemical performance towards the V(IV)/V(V) redox 

couple was investigated using cyclic voltammetry. The parameters for iron particle 

electrodeposition were adjusted towards high and uniform substrate coverage. 

Nanotube growth from acetonitrile at moderate temperatures (600 °C) led to N-

containing CNTs with a high amount of graphitic nitrogen. NCNTs grown over Ti 

substrates provide promising performances towards the V(IV)/V(V) as well as the 

V(III)/V(IV) redox pair. Furthermore, Ti as an inert substrate towards the mentioned 

reaction enables to study the performance of the deposited catalyst materials 

themselves. 

3.1 Introduction 

The all-vanadium redox flow battery (VRFB) is considered one of the most promising 

solutions for stationary storage of fluctuating renewable energy, which is based on its 

advantageous characteristics including high and flexible capacity, high energy 

efficiency, and long cycle life [1, 2]. The energy in VRFBs is stored using redox reactions 

of dissolved species, and the respective redox pair in the positive electrolyte solution 

is VO2+/VO2+ and in the negative one V2+/V3+ [3, 4], respectively. Unlike other types of 

redox flow batteries, the VRFBs only involves redox reactions with one single metal 
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with various valence states, which prevents a fast electrolyte degradation from cross-

contamination of the solutions of both half cells. 

It is obvious that the electrodes play a crucial role in catalysing redox reactions 

involved in electrochemical energy conversion [5, 6]. For VRFBs, carbon-based 

electrodes based on graphite felts [7] meet most requirements including high electrical 

conductivity (at least under compression), availability and price [8, 9]. However, it was 

also shown that the standard electrode material, carbon felt/carbon nonwoven, has to 

be activated in order to provide an acceptable catalytic activity for vanadium ion redox 

conversion [10], and even in this case further improvement is desired. Thus, recent 

research focusses on the investigation of catalytically active carbon material, such as 

carbon fibers [11], carbon nanotubes [12-14] mesoporous carbon [2, 15], carbon 

nanospheres [16], and more. 

Besides the active electrode material itself, the substrate electrode onto which this 

material is deposited also requires attention. In particular, long term stability, 

appropriate flow-through properties as well as high conductivity are desired. One aim 

of this study is therefore to extend the possible substrates for the deposition of active 

material for possible application in VRFB and other electrochemical devices. In 

particular, titanium, which is electrochemically stable under the strong corrosive 

environment of a VRFB and provides very good electrical conductivity, has been used 

as substrate for nitrogen-doped carbon nanotubes (NCNTs). To provide good 

electrical contact and adhesion of the NCNTs, they were directly grown onto the 

substrate using chemical vapour deposition (CVD) yielding high-surface-area 

composite electrodes with tuneable properties [17, 18]. 

In particular, two different substrates were chosen, i.e. Ti foil and Ti mesh. NCNTs 

where grown over electrochemically deposited iron particles in a low-temperature 

(600 °C) CVD step. The thus obtained composite electrodes demonstrate good activity 

for vanadium ion redox reactions. 

3.2 Methods 

3.2.1 Synthesis of nitrogen-doped carbon nanotubes on the titanium substrate 
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Electrodeposition of Fe particles was carried out in a plating bath containing 

FeSO4*7H2O (0.01 M), Na2SO4 (0.1 M), and L–(+)–Ascorbic acid (0.3 M), in a three-

electrode setup using pristine annealed Ti foil (Alfa) or Ti mesh (99.8%, pore diameter: 

180 μm, wire diameter: 100 μm, OFOLAN, China) with a size of 1 × 1 cm2 as the 

working electrode (WE). A saturated calomel (SCE) was used as reference electrode 

(RE) and a Pt mesh as counter electrode (CE) at 25±3 °C. Initially, iron deposition was 

attempted by double pulse deposition, as reported in [19]. However, it turned out that 

this approach did not yield satisfactory results, probably due to the nature of the Ti 

substrate, which seems to be covered by a small oxidic layer (see below). Thus, a 

potential program as shown in Figure 1a was established in a series of experiments, 

and justified by the fact that beneficial results were obtained. After Fe deposition, the 

Ti support decorated with Fe particles was placed into an APCVD (atmospheric 

pressure CVD) reactor and the quartz reactor tube (outer diameter, ca. 33.5 mm) 

inserted in an oven (Carbolite, Neuhausen, Germany) was purged with argon (Ar) 

flowing at 50 sccm for about 30 min. Further, the temperature of the growth chamber 

was ramped up to 600 °C under a gas flow rate of Ar:H2 = 50 sccm:50 sccm and kept 

there for 30 min. During the following growth step, the gas was saturated with 

acetonitrile (ACN) using a bubbler at 30 °C. Finally, the system was cooled down under 

50 sccm Ar after the specified growth time as detailed below. 

3.2.2 Electrochemical performance 

The electrochemical performance of the prepared NCNTs@Ti composite electrodes 

toward the positive redox reaction of the vanadium RFB (i.e., the VO2+/VO2+ redox 

couple) was studied by cyclic voltammetry (CV). CV was carried out in a standard 

three-electrode cell containing 50 mL of 0.1M vanadium (IV) solution in a 3 M sulfuric 

acid using an Autolab potentiostat/galvanostat PGstat 302 (Eco Chemie Netherlands). 

CVs were obtained with a sweep rate of 50 mV s-1 at room temperature. The 

NCNTs@Ti composite served as the WE, and the area of both NCNTs@Ti foil and 

NCNTs@Ti mesh were defined to be 1 × 1 cm2. The CE was a Pt mesh, and the RE 

was a saturated mercury sulfate electrode (Hg|HgSO4|K2SO4(sat.), MSE). 

3.2.3 Physical characterization 
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Raman spectra were recorded on a Renishaw InVia instrument using a Cobolt CW 

DPPS laser (532 nm excitation wavelength), a Peltier cooled charge coupled device 

detector (CCD) with a grating of 1800 l mm-1 and a microscope (Leica, x100 objective). 

To evaluate homogeneity of the samples, a Raman mapping experiment was 

performed using a x-y stage (Prior, 100 nm resolution) in 500 nm steps scanning areas 

of 10 × 10 μm2. 

X-ray photoelectron spectroscopy (XPS) was performed using monochromatic Al Kα 

radiation as the excitation source. Survey spectra in a wide binding energy range were 

gained with a step size of 1 eV, while high-resolution spectra for C 1s, N 1s, and O 1s 

were attained with a step size of 0.1 eV and a dwell time of 50 ms, where the scan 

times were increased (50 scans) to achieve a reasonable signal-to-noise ratio. To 

compensate charging effects, all spectra were calibrated with respect to the C 1s peak 

at 284.9 eV. Spectra were fitted with the Casa XPS program. 

The morphology of electrodeposited Fe particles as well as of NCNTs@Ti was 

investigated via scanning electron microscopy (SEM) using an ESEM XI 30 FEG 

(PHILIPS, Germany). The energy-dispersive X-ray spectroscopy (EDX) 

measurements were performed using an Octane elite plus detector. The measurement 

conditions were 5 kV accelerating voltage and 50 s measurement time (live time). 

3.3 Results and Discussion 

3.3.1 Iron electrodeposition 

Iron particles were potentiostatically deposited onto both Ti substrates using a 

potential sequence as shown in Figure 1(a). The classical double pulse deposition 

approach using a short nucleation pulse to form nuclei on the substrate surface and a 

longer growth pulse to grow the nuclei into clusters did not yield uniform and 

homogeneous coverage of the Ti surfaces, thus a considerably long initial polarisation 

(t1 = 60 – 120 s) to a rather negative potential was necessary. We tentatively attribute 

this to the presence of a thin oxide layer covering the Ti substrate. After optimising the 

deposition times, dense coverage of the Ti substrate was obtained, as shown in Figure 

1. Further optimisation of the deposition procedure (e.g., also varying the deposition 

potential etc.) was beyond the scope of this paper. The images obtained with SEM 
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shown in Figures 1 (b–d) for Ti foil and (e–g) for Ti mesh demonstrate the effect of 

varying t1 on the dispersion and size of the Fe particles  

 

Figure 1. Electrodeposition process and morphological changes of Fe particles on Ti 

substrates. (a) Schematic representation of the electrodeposition potential profile. E1 

= -3 V, E2 = -0.7 V, t1: nucleation time, t2: growth time. SEM images of as-deposited 

Fe particles on: (b–d) Ti foil, and (e–g) Ti mesh, showing the effect of t1, (b,e) 60 s, 

(c,f) 90 s and (d,g) 120 s, t2 = 10 s. 

when t2 was set to 10 s. Increasing coverage as well as particle sizes are observed 

with increasing deposition time. When the t1 is maintained for 60 s, still incomplete 

coverage may be observed in particular in case of the Ti mesh (Figure 1e), while at 

deposition times of t1 = 120 s the individual particles start to coalesce to larger ones 

(Figures 1d and 1g). Homogeneous and rather uniform as well as individual Fe 

particles are detected at t1 = 90 s in both cases. 
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Figure 2. SEM micrographs of NCNTs on: (a–c) Ti foil, and (d–f) Ti mesh showing the 

effect of t1. (a,d) t1 = 60 s, (b,e) t1 = 90 s, and (c,f) t1 = 120 s, t2 = 10 s. The growth time 

(tG) is 90 min, the substrate temperature is 600°C. SEM micrographs of NCNTs on: 

(g–i) Ti foil, and (j–l) Ti mesh showing the effect of tG. (g,j) tG = 60 min, (h, k) tG = 90 

min, and (i, l) tG = 120 min (Fe electrodeposition in all cases with t1 = 90 s and t2 = 10 

s). 

3.3.2 NCNT characterisation 

NCNTs were grown over electrodeposited iron particles as detailed in the experimental 

section and were characterized with SEM/EDX, Raman spectroscopy and XPS. SEM 

images of the grown NCNTs under variation of electrodeposition and growth time are 

shown in Figure 2. From Figures 2a–c (Ti foil) and Figures 2d-f (Ti mesh), one can see 

that dense NCNT layers are grown over the samples prepared with varying deposition 

time. However, comparing the inset of Figure 2d with those of Figures 2e and f, it 
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appears that after t1 = 60 s the NCNT layer is still rather open and full and dense 

coverage is only obtained after t1 = 90 s, indicating that the coverage with Fe particles 

is insufficient at the t1 = 60 s, in agreement with Figures 1(e). Both Ti foil and Ti mesh 

are completely covered with the NCNTs when t1 is increased to 90 s, while the NCNTs 

layer seems to be even more dense and inhomogeneous when the electrodeposition 

time is increased to 120 s. Combining the results from Figure 1 and Figure 2, t1 = 90 

s has been chosen as deposition time for further experiments, as the homogeneous 

Fe deposition leads to a homogeneous but still open 3-dimensional NCNTs layer. To 

further tune the properties of the 3D-NCNTs layers on the Ti substrates, the growth 

time (tG) has been varied, using 60, 90 and 120 min. Results NCNTs grown over Ti foil 

are shown in Figures 2 (g–i), while those for the Ti mesh are displayed in Figures 2 (j–

l). As expected, the thickness of the layers increases with growth time on both 

substrates.When carbon nanomaterials are grown on Cu [20, 21], Ni [22], or Fe [23] by 

CVD, a metal-C layer is commonly detected which is attributed to the dissolution of C 

into these metals leading to the formation of a new thin interface layer under various 

temperatures. To gain more insight into the interface between NCNT layer and 

substrate, detailed SEM/energy-dispersive X-ray spectroscopy (EDX) measurements 

were carried out. The backscattered electrons (BSE) cross-view SEM images of the 

interface between Ti mesh and NCNTs are shown in Figure 3a. EDX measured on the 

Ti mesh (black), the interface (blue) and the NCNTs (red) is displayed as in Figure 3b 

with the investigated areas marked in the figure with the same colors. The spectra 

show peaks corresponding to carbon at 0.27 keV, nitrogen at 0.38 keV, Ti at 0.39 and 

0.45 keV, and oxygen at 0.52 keV. Iron (at 0.66 keV) however is below the limit of 

detection. Obviously, the Ti mesh essentially consists of Ti and a small amount of O, 

while the interface seems to consist mainly of TiO2 as concluded from the intense 

oxygen signal. The NCNT layer demonstrates the expected signals of C and N, while 

also O can be found (see also below, XPS analysis). 

To evaluate the structural properties of carbon materials, often Raman spectroscopy 

is the method of choice. Typically, the D, G, and 2D bands at ca. 1341, 1588, and 

2682 cm-1 [19,20] are analyzed and the intensity ratio of the D to G band (ID/IG) is 

commonly used as an estimate of the quality of sp2 carbon material, e.g. NCNTs. The 

respective Raman spectra shown in Figure 4a indicate that the quality/amount of 

defects in NCNTs grown on Ti-foil and Ti-mesh, respectively, is comparable, with only 
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a minor influence of the substrate on their properties. Furthermore, to evaluate the 

homogeneity of the grown NCNT layer, Raman mappings have been performed. 

Figure 4b visualizes a statistical evaluation of the Raman mapping experiment with 

mean value as solid line and standard deviation as grey shadow from 178 single 

spectra. The mean ID/IG intensity is about 0.86 ± 0.02 for NCNTs grown on a Ti foil (t1 

= 90s and tG = 90 min) with very low standard 

 

Figure 3. SEM-BSE micrographs of: (a) As-grown NCNTs on Ti mesh. (b) EDX 

analysis along area marked in black, blue, and red in Figure 3a. t1 = 90 s, t2 = 10 s. tG 

= 90 min, TS = 600 °C. 

 

Figure 4. (a) Raman spectra of NCNTs on Ti foil and Ti mesh after testing 

electrochemical performance. (b) Statistical evaluation of the Raman mapping 

experiment with mean value and standard deviation (grey shadow) from 178 single 

spectra of NCNTs on Ti foil. t1 = 90 s, t2 = 10 s. tG = 90 min, TS = 600 °C. 

deviation, implying that the NCNTs are grown rather homogeneously on the Ti foil. 

Furthermore, in the Raman spectra of Figure 4a the characteristic radial breathing 
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model (RBM) at ca. 160–290 cm-1 [21,22] is not visible, indicating that the NCNTs 

indeed are multi-walled, as expected. 

 

Figure 5. XPS high-resolution spectra of NCNTs on Ti foil and Ti mesh. (a) C 1 s, (b) 

N 1 s, and (c) O 1 s before testing electrochemical performance. (d) C 1 s, (e) N 1 s, 

and (f) O 1 s after testing electrochemical performance. The t1 = 90 s, t2 = 10 s, tG = 90 

min, TS = 600 °C. 

X-ray photoelectron spectroscopy has been used to analyze the chemical composition 

of the NCNTs grown over Ti foil and Ti mesh. The XP survey spectra show the C 1s 

peak at 285 eV, the O 1s peak at 532 eV, the N 1s peak at 402 eV, and Ti 2p peak at 

459 eV, as summarized in Table 1. As Fe was not detected we assume that the 

electrodeposited particles are covered by the NCNTs on the Ti substrate. 
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The corresponding XPS high-resolution C 1s, N 1s, and O 1s spectra are shown in 

Figure 5. The C 1s spectra can be fitted with four peaks at 284.5 eV, 285.9 eV, 286.9 

eV, and 288.5 eV, which can be assigned to C=C, C=N or C–O, C=O or C–N, and N–

C=O species [2]. The four peaks observed in the N 1s spectra at 398.7, 400.5, 402.3, 

and 404.4 eV are commonly ascribed to pyridinic N, pyrrolic N, graphitic N (g-N), and 

oxide N [24, 25], respectively, while the high-resolution spectrum of O 1s with peaks at 

530.9 eV, 533.1 eV, and 534.5 eV indicate the presence C=O or Ti-O [26], C–O–C, and 

C–O–H or N–O species [27, 28]. Since no oxygen is present during NCNT synthesis, it 

may be assumed that oxygen functional groups form post synthesis during handling 

of the NCNTs composites in air. It is worth noting that a relatively high amount of 

graphitic N can be found in the synthesised NCNTs over Ti substrates, which may be 

attributed to the low synthesis temperature of 600 °C. 

In general, the structural characterization in this chapter proves the successful and 

homogeneous growth of dense layers of NCNTs over Fe particles electrodeposited on 

Ti foil and Ti mesh. 

Sample 
C 1s 

(at%) 

O 1s 

(at%) 

N 1s 

(at%) 

Ti 2p 

(at%) 

Fe 

(at%) 

Ti foil 94.1 2.1 3.8 < LOD < LOD 

Ti foil_CV 68.6 25.1 4.9 1.4 < LOD* 

Ti mesh 93.6 3.0 3.4 < LOD < LOD 

Ti mesh_CV 85.6 11.3 3.1 < LOD < LOD* 

Table 1. Surface atomic composition of the NCNTs derived from XPS for characteristic 

binding energies of C 1s (285 eV), O 1s (532 eV), N 1s (402 eV), Ti 2p (459 eV) and 

Fe 2p (714 eV) before and after testing CV measurements (* LOD – limit of detection, 

here ~0.5 at). 

3.3.3 Electrochemical results 
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The electrochemical behaviour of NCNTs@Ti towards the V(IV)/V(V) redox pair, which 

is one relevant reaction in a VRFB, was analysed by cyclic voltammetry. Figure 6 

compares the voltammograms of both NCNTs@Ti foil and NCNTs@Ti mesh for 

different deposition times of iron as well as different NCNTs growth times. The anodic 

peaks at about 0.5 V correspond to the oxidation VO2+, while the cathodic peaks at 

about 0.3 V can be assigned to the reduction of VO2+. The redox peaks at ca. 0.03 V 

and -0.1 V shown in Figures 6 (b) and (d), respectively, correspond to the V(III)V(IV) 

redox couple [12, 29]. This redox couple is not of relevance in a running VRFB and will 

not be discussed further in this study. However, a pronounced V(III)/V(IV) redox 

activity might be helpful for the initial pre-charging process when applying commercial 

electrolytes typically containing a V(III):V(IV) ratio of 1:1 as vanadium source in the 

VRFB. 

Peak current density (jpa and jpc), peak potential difference (ΔEp), as well as the redox 

onset potentials are a common measure to estimate the catalytic activity of electrode 

materials [13, 30]. However, on the other hand it has recently been shown, that at least 

in case of porous electrodes, these values may not necessarily reflect activity, but may 

also be influenced by porosity, surface area, double layer capacity, etc. [2, 31]. To 

overcome this challenge, we have recently developed an SECM (scanning 

electrochemical microscope) procedure [14], which however is difficult to apply to the 

present 3-dimensional samples. Thus we restrict ourselves to a qualitative discussion 

of the electrochemical results. First of all, from Figure 6 it is obviously neither Ti foil 

nor Ti mesh provides significant redox activity towards the V(IV)/V(V) redox pair, 

making them suitable substrates for the investigation of carbon-based materials 

towards the given reaction. Moreover, in the case of NCNTs@Ti foil, the values of ΔEp 

at 50 mV s-1 are 0.16, 0.13 and 0.19 V when t1 was set to 60, 90, and 120 s, 

respectively, while in the case of NCNTs@Ti mesh, the values of ΔEp are 0.28, 0.20, 

and 0.33 V, demonstrating that the prepared electrodes provide good redox activity. A 

slight influence of the iron deposition time is observed with 90 s in both cases as shown 

in Figures 6 (a) and (b), providing the highest current densities and the lowest peak 

potential differences. This is in agreement with the results from characterisation, where 

these samples showed dense coverage with NCNTs but no overgrowth. We assume 

that the fact that the peak separation in case of Ti foil is smaller does not indicate 

higher catalytic activity but is due to the highly porous nature of the Ti mesh, thus 
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diffusion within the porous network becomes relevant for CV shape. Accordingly, 

qwing to the three-dimensional structure of the Ti mesh, a ten-fold current density 

(related to geometrical surface area) was achieved compared to the Ti foil. 

 

 

Figure 6. Electrochemical properties of NCNTs on Ti foil and Ti mesh with a scan rate 

of 50 mV s−1. The fifth cycle is recorded (a) Ti foil and (b) Ti mesh substrates showing 

the effect of various nucleation times, t2 = 10 s, tG = 90 min. (c) Ti foil and (d) Ti mesh 

substrates showing the effect of tG, TS = 600 °C,t1 = 90 s, t2 = 10 s. 

In Figures 6c and 6d, the cyclic voltammograms of the various samples prepared at 

different CVD growth times are summarised, exhibiting an increase in peak current 

densities with growth time and, in case of the Ti mesh, a decrease in the ΔEp value. 

The enhancement in current densities is attributed to the increase in the thickness of 

NCNTs layers on the Ti surface, as shown in Figure 2(g–i) and (j–l). The best 

performance was obtained on NCNTs@Ti mesh at tG of 120 min, with the highest jpa 
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and jpc, the lowest ΔEp value (0.15 V), indicating promising activity toward the 

[VO]2+/[VO2]+ redox couple of VRFB. 

Recently, there has been a debate as to which surface structural features in carbon 

materials form the active sites for redox ion conversion. We have shown that oxygen 

functional groups seem not to be directly involved but the increased hydrophilicity 

introduced by them leads to increased wetting and thus to enhanced accessibility of 

the surface for vanadium redox species [2, 32]. Accordingly, nitrogen doping may 

influence the surface properties of the 3-dimensional electrodes leading to complete 

wetting and good activity. 

3.4 Conclusion 

In this study, Ti foil and Ti mesh were investigated as composite electrodes for VRFB. 

The catalyst was grown on these materials via the atmospheric pressure chemical 

vapor deposition. The time-dependent processing parameter was employed 

scrupulously to tailor the coverage of iron particles and to enhance the number of 

active sites as well. Furthermore, the peak current density of redox reaction was 

remarkably improved to about 35 mA cm-1 with the lowest ΔEp value (0.15 V) for 

NCNTs@Ti-mesh composite compared to the original Ti-foil. The effect of isolated 

NCNTs on the electrochemical activity of the [VO]2+/[VO2]+ couple of VRFB was first 

investigated. By the electron-withdrawing effect of doping nitrogen atom in NCNTs, 

the stable group of g-N could be the significant active centre to facilitate the redox 

reaction in strong acidic electrolyte. Finally, it proposes a feasible method to study the 

catalytic performance of isolated catalyst and composite material catalyst for energy 

storage systems. 
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Chapter 4 Nanocrystal Graphene, Graphene, and Nitrogen-doped Graphene 

Hybrid Electrode for Vanadium Redox Flow Battery Applications 

Xubin Lu, Fan Li, Tariq Muhammad and Michael Bron 

Abstract 

The performances of nanocrystalline graphene, graphene, and nitrogen-doped 

graphene synthesized by atmospheric-pressure chemical vapour deposition are 

assessed for working electrodes in combination with titanium (Ti) towards the 

V(IV)/V(V) redox couple of a vanadium redox flow battery (VRFB). Raman 

spectroscopy, X-ray photoelectron spectroscopy, and Raman mapping analysis of the 

sp2 carbon atoms provide insight into the physical features of these electrodes. 

Irreversible cyclic voltammetry of these electrode hybrids reveals remarkable 

electrochemical activity towards the V(IV)/V(V) redox pair compared with that of the 

bare Ti support. Furthermore, the electrochemical performance of individual two-

dimensional (2D) sp2 carbon nanomaterials could be effectively obtained with the 

hybrid electrodes herein owing to the fact that bare Ti is inert towards the V(IV)/V(V) 

redox couple reaction. Therefore, this represents a considerable basic study on two-

dimensional carbon nanomaterials in VRFB. 

4.1 Introduction 

The VRFB is applied extensively in large-scale electrochemical energy storage 

systems since its chemistry is entirely based on vanadium ions at different valence 

states, and thus are free from cross-contamination problems [1, 2]. Indeed, VRFB has 

attracted increasing attention for its significant advantages, including long cycle life, 

simple yet flexible design, high capacity, high-energy efficiency, resistance to 

overloading, and low maintenance cost, which make it a promising large-scale power 

storage system [3]. The main energy conversion reactions in both half-cells of VRFB, 

a positive one [VO]2+/[VO2]+ and a negative one [V]2+/[V]3+, occur mainly on the 

electrode surface, which plays a significant role in providing active sites for redox 
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reaction occurring in VRFB. Consequently, the current density and reaction efficiency 

strongly depend on the type, structure, and composition of electrode materials [4]. 

Numerous carbon materials, such as, graphite felts [5], carbon nanotubes [6] 

mesoporous carbon [7], and nitrogen-doped carbon nanotubes [8] have been used as 

catalytically active ingredients in VRFB. However, to date, the electrochemical activity 

of isolated sp2 carbon nanomaterials have rarely been appropriately evaluated. This 

is mostly because of the presence of strongly acidic electrolytes excludes the 

application of less expensive materials. The previous report investigated the growth of 

nano-sized graphene islands on the cobalt (Co)(0001)hcp surface [9]. Noteworthy, the 

transition temperature of crystalline titanium (Ti) from (α-Ti)hcp to (β-Ti)bcc [10] is 882 °C. 

It is therefore probably the control temperature to accomplish the synthesis of nano-

sized graphene on the (α-Ti)hcp support. Thus, it is interesting to evaluate a 

combination of high-activity sp2 carbons with high-stable Ti substrate as a novel hybrid 

electrode for VRFB. Moreover, the electrochemical performance of isolated sp2 carbon 

nanomaterial was identified in this study. 

4.2 Methods 

Electropolished copper foil (thickness 25 μm, 2 × 8 cm2) and Ti foil (Alfa aesar) (1 × 2 

cm2) were annealed for 30 min under Ar and H2 (20 sccm) before the next steps. For 

growth of graphene, the Cu foil was exposed to H2 and CH4 (H2 : CH4 = 20 sccm : 60 

sccm) for 50 min when growth temperature was set at 1080°C. NG was carried out 

with a mixture of H2 + Ar + acetonitrile (Roth, +99%) and maintained for 50 min (H2 : 

Ar = 50 sccm : 50 sccm) under 800 °C. Synthesis of NCG, the Ti foil was exposed to 

H2 + Ar + cyclohexane (Roth) (H2 : Ar = 50 sccm : 50 sccm) under 800 °C. Finally, the 

substrate was cooled down room temperature under Ar (20 sccm). PMMA (4%) 

dissolved in anisole (Alfa Aesar) was used for transferring graphene or NG onto the Ti 

substrate [11]. 

Electrochemical performance was performed in a standard three-electrode cell 

containing 50 mL of 0.1 M [VO]2+/[VO2]+ using an Autolab potentiostat/galvanostat 

PGstat 302 (Eco Chemie Netherlands) with a scan rate of 50 mV s-1. The 1 × 1 cm2 

G@Ti, NCG@Ti, and NG@Ti composites served as the WE, respectively. The CE 
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was a Pt mesh, and the RE was a saturated mercury sulfate electrode 

(Hg|HgSO4|K2SO4(sat.), MSE). 

Raman spectra were obtained on a Renishaw InVia instrument using Cobolt CW 

DPPS laser (532 nm excitation wavelength) and a Peltier cooled charge coupled 

device detector (CCD) with a grating of 1800 l mm-1and a microscope (Leica, x100 

objective). X-ray diffraction (XRD) was carried out on a D8 advanced X-ray 

diffractometer from Bruker AXS using Cu Kα radiation (λ = 1.5406 Å) and a step size 

of 0.013°. X-ray photoelectron spectroscopy (XPS) was carried out using an X-ray 

photoelectron spectrometer with monochromatic Al Kα radiation (Kratos, Axis Ultra) 

and Omicron DAR 400 X-ray source with Al Kα line (15 kV) and an EA 125X 

Hemispherical energy analyzer (Omicron). 

4.3 Results and Discussion 

Raman spectroscopy is a high-efficient approach to analyse the structural properties 

of two-dimensional (2D) sp2 carbon materials. Typically, the D, G, and 2D bands at ca. 

1360, 1600, and 2710 cm−1 are analysed. A decreasing intensity ratio of the G to 2D 

band intensities (IG/I2D) is commonly considered a qualitative indicator for decreasing 

defect concentration of graphene. The representative Raman spectra of pristine 

graphene, NG, and NCG are shown in Figure 1a, which identify the quality of these 

samples. It is clear that the value of IG/I2D for the pristine graphene sample is less than 

0.5 with a weak D band, which is a significant indicator for monolayer graphene [12]. In 

the NG sample spectrum, the D' band (~1625 cm−1) is the main characteristic peak of 

the NG spectrum, which is adjacent to the G band (~1600cm-1). In the NCG sample 

spectrum, the D band is broadened compared with that of the NG sample, which is the 

result of the Ti peak at 1116 cm−1 merging with the D band at 1360 cm−1. With its large 

amount of edges, the NCG exhibits an insensitive defect band at 1360 cm−1 as well as 

the G band at 1600 cm−1. 

Figure 1 b shows the Raman spectra of NCG as a function of various growth durations. 

The ratio of the D to G band intensities (ID/IG) decreases from 1.01 to 0.86 with 

increasing growth duration as the amorphous carbon transitions into NCG. With 

increasing NCG growth duration from 30 to 60 min, the ID/IG decreases to 0.72 and 

the intensities of the Ti peaks at 554 and 620 cm−1 [13] decrease gradually. These 
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results indicate that graphite becomes dominant with further growth. Furthermore, the 

Raman mapping of ID/IG values on an area of the NCG sample grown for 30 min is 

shown in the inset of Figure 1b, where the ID/IG value primarily is ca. 0.96. This result 

implies that the graphene nanocrystalline size is about 20 nm for the NCG samples 

used in this study [14]. 

 

Figure 1. (a) Raman spectra of as-transferred pristine graphene on Ti foil, as-grown 

NG on Cu foil, and NCG on Ti sheet. (b) Raman spectra of NCG films grown for various 

durations. (c) Raman mapping of the D- and G-band peak intensity ratio (ID/IG) of NCG 

film on Ti substrate. (d) XRD pattern of NCG and Ti foil. XPS spectra of sp2 carbon 
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materials. (c–e) High-resolution C 1s spectra of (c) NCG, (d) pristine graphene, and 

(e) NG. (f) High-resolution N 1s spectra of NG. 

The XRD pattern of the NCG sample shown in the inset of Figure 1b exhibits the 

distinctive diffraction peaks corresponding to the Ti-C phase at 2θ values of 35.2°, 

60.6°, 73.2°, and 76.9°, which are respectively attributed to the (110), (220), (311), 

and (222) diffraction planes. This XRD pattern can be contrasted with that of the Ti foil 
[15]. 

Figures 1c–e show the high-resolution C 1s XPS results for the NCG, graphene, and 

NG samples. The C 1s peaks of NCG and pristine graphene at 284.5, 285.5, 287.5, 

and 288.1 eV can be ascribed to the C=C (sp2), C–C (sp3), C–O–C, and O–C=O 

species, respectively. The C 1s peaks of NG (4.27 at%) at 285.6, 286.6, and 288.5 eV 

are respectively assigned to the C=N (sp2), C=O, and C–N (sp3) species. The broad 

N1s XPS peak of NG shown in Figure 1f can be fitted with four peaks at 398.7, 400.6, 

401.8, and >403.6 eV, which are respectively assigned to the pyridinic-N, pyrrolic-N, 

and graphitic-N species and nitrogen oxide [7]. 

Figure 2 plots the voltammograms of the NCG@Ti, Graphene@Ti, and NG@Ti 

electrodes at −0.2 – 1.5 V. The anodic peaks at about 0.9 V can be ascribed to the 

oxidation of VO2+ to VO2+ [16]. However, the anodic electrochemical response on these 

2D sp2 carbon materials is an irreversible process, which suggests a relatively poor 

electrochemical activity of these samples towards the V(IV)/V(V) redox repair [17]. This 

finding is an excellent agreement with that reported regarding the irreversible electron 

transfer (ET) of graphite towards the aforementioned reaction [18]. 

Figure 2a indicates that there is a noticeable enhancement of the peak current density 

in the case of NCG@Ti electrode compared with the Ti electrode, which provides 

further proof that the NCG was grown directly on the Ti substrate. However, the 

electrochemical response of NCG is sluggish towards the V(IV)/V(V) redox repair, 

which can be mostly ascribed to the high defect density of NCG. This is consistent 

with the above characterisation. With high defect density, the scattering of the 

electrons results in a low conductivity, [19] and thus leading to lower ET of the VO2+ to 

VO2+ oxidation reaction. Additionally, the low conductivity mostly results from the low 

total sp2 carbon content of NCG [20]. 
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Figure 2. Electrochemical properties of electrode hybrids of (a) NCG@Ti, (b) 

graphene@Ti, and (c) NG@Ti electrode. Raman mapping of the G-band peak 

intensity (IG) of (d) NCG, (e) graphene, and (f) NG on Ti substrate for the first (1st) and 

third (3rd) scanning. 

The voltammograms of the Graphene@Ti and NG@Ti electrodes, shown in Figures 

2b and 2c, exhibit their remarkable anodic peak current density of 3.5 and 5.2 mA cm−1, 

respectively. These current density values are much greater than that of the NCG@Ti 

electrode, and are likely owing to a sufficient total quantity of sp2 carbons present on 

the Graphene@Ti and NG@Ti electrodes. The high sp2 carbon content and 

homogenous graphene domain shown in Figures 2e and 2f not only provide plentiful 
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adsorption sites but also enhance the conductivity of the VO2+ to VO2+ oxidation 

reaction [17, 20]. In particular, adsorption is commonly considered the rate-determining 

step among all catalytic processes [21]. Among these, abundant adsorption and high 

ET are dynamic prerequisites for subsequent processes that facilitate the VO2+/VO2+ 

redox couple. The NG@Ti electrode possesses excellent electrochemical 

performance among these electrodes, which can be attributed to the strong electron-

withdrawing effect of the heteroatom [22]. Raman mapping of the G-band intensity for 

sp2 NCG, graphene, and NG on Ti substrate indicate that the decrease of sp2 carbon 

content on the Ti surface after suffering the third scanning. It is reasonable that 

repeated sweeping would cause the oxidation peaks to drop severely with increasing 

cycle number for various electrodes. 

4.4 Conclusion 

In this study, Ti foil was investigated as a hybrid and supporting electrode for VRFB. 

Two-dimensional sp2 carbon materials were employed to estimate their activity toward 

the VO2+/VO2+ redox couple. The anodic current density exhibited remarkable three- 

to five-fold improvement for G@Ti, and NG@Ti electrodes, respectively, compared 

with the original Ti electrode. This investigation reveals the effect of NCG, pristine 

graphene, and NG on the electrochemical performance towards the VO2+/VO2+ redox 

couple, which recommends an ingenious method to develop novel, stable, and highly-

efficient electrodes for large-scale energy storage systems. 
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The content of this chapter has been submitted for publication in Nanoscale as 

Chapter 5 Synthesis of N-doped Carbon Nanotubes with Abundant Graphitic 

Nitrogen as an Electrocatalyst for Water Splitting in Alkaline Solution 

Xubin Lu, Xin Yang, Haojie Zhang, Ralf B. Wehrspohn, Jia Li and Michael Bron 

Abstract 

Carbon-based materials, such as carbon nanotubes (CNTs), have been extensively 

developed and utilized in the renewable energy industry as energy storage and 

conversion materials. They are also potentially applicable to the water-splitting method, 

which requires electrocatalysts with high stability and low overpotential. Here, we 

report that N-doped CNTs (NCNTs), a highly abundant graphitic nitrogen and an 

extremely effective electrocatalyst, can be directly synthesized over Ni foam (NiF) at 

a low temperature (600°C) via atmospheric pressure chemical vapor deposition 

(APCVD). Scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), X-ray photoelectron microscopy (XPS), X-ray diffraction (XRD), and Raman 

spectroscopy allowed insight into the characteristics of the hybrid electrode of NiF and 

NCNTs. The electrochemical activity of both the hydrogen evaluation reaction (HER) 

and oxygen evaluation reaction (OER) was performed by liner scanning voltammetry 

(LSV). The density functional theory (DFT) calculation paired with experimentation 

shows the contribution of both the metal substrate and heteroatom doping to facilitate 

the HER performance and produce renewable energy via electrolytic water splitting. 

Furthermore, these results provide a sufficient basis for the DFT calculation, which 

indicates that NCNTs with abundant g-N is a promising electrocatalyst for water 

splitting. 

5.1 Introduction 

The decomposition of water into separate hydrogen and oxygen components, also 

known as “water splitting”, has been regularly evaluated as a potential and promising 

clean and renewable energy solution to the global energy crisis [1, 2]. The water splitting 

reaction consists of a HER and OER, two half-reactions that demonstrate sluggish 

kinetics. As state-of-the-art catalysts for water electrolysis, precious-metal-group 
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materials, like platinum and noble metal oxides, have played an important role in 

catalyzing the HER and OER kinetics (e.g., Pt for HER[3, 4], RuO2 for OER[5]). However, 

large-scale application is impractical due to the high cost and limited availability of the 

catalyzing agents [6-9]. Consequently, tremendous effort has been invested into finding 

effective and economical alternatives. Notably, carbon-based materials like 

graphene[10], Nitrogen-doped (N-Doped) graphene[11], CNTs[12], and NCNTs[13] have 

been extensively investigated owing to their low cost, excellent mechanical properties, 

good electrical conductivity, and high activity towards the HER and OER. 

Two primary strategies are employed to improve catalytic activity: 1) increasing the 

number of active sites by increasing catalyst loading; and 2) modifying their electronic 

structures to enlarge the active surface area or enhancing the intrinsic activity of the 

catalysts[14]. Various research studies have attempted to implement the first strategy 

by combining transition-metals that exhibit remarkable catalytic activity with graphene 

or CNTs, such as MoS2/graphene[6]. MoSx/graphene [10], and N-doped TiO2@CNTs [7, 

11]. The addition of graphene and CNTs effectively increases the catalyst loading, 

which subsequently increases the electrocatalytic HER efficiency [6, 10, 15]. 

While it has been demonstrated that carbon-based materials effectively promote 

electrocatalysis, as the fundamental unit for most carbon allotropes, pristine graphene 

is not characterized by exceptional HER or OER activities [16, 17]. It has been broadly 

recognized that graphene, when combined with various nonmetal dopants, can 

significantly optimize the adsorption strength of certain key intermediates in the HER 

and OER. Thus, a number of studies have focused on modifying the electronic 

structure of graphene or CNTs by doping a heteroatom [13, 18] or adding functional 

groups [8], in order to improve catalytic performance. Xia et al.[19] and Chen et al.[20] 

characterized the nature of active sites in these carbon-based catalysts and reported 

that in N-doped graphene, the g-N is the actual active site for the oxygen reduction 

reaction. It has been demonstrated that the carbon atoms adjacent to the nitrogen 

dopant atoms are positively charged, owing to the electron-withdrawing effect of the 

nitrogen atom, thus facilitating the formation of an O-H bond and promoting overall 

catalytic activity[21, 22]. 

Although there have been numerous investigations into enhancing the intrinsic activity 

of graphene or CNTs using chemical doping, very few studies have focused on 
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improving catalytic activity by coating graphene or CNTs on metal substrates. This 

method plays an important role both in graphene film synthesis and the subsequent 

application of graphene on electrodes [23, 24]. In this study, the HER catalytic 

performance of metal-supported and graphene doped methods were meticulously 

investigated using DFT calculations. Of the various models evaluated, nitrogen-doped 

graphene coating the Ni (111) surface exhibited superior HER catalytic performance, 

comparable to state-of-the-art platinum. The improvement of HER activity is attributed 

to elimination of planar distortion in the graphene sheets, which were caused by 

hydrogen adsorption. Motivated by these findings, we successfully synthesized Ni 

supported NCNTs, in which the concentration of nitrogen dopant was precisely 

customized, using vaporizing acetonitrile (ACN), to optimize catalytic performance. 

The HER activity of the synthesized sample was slightly lower than Pt, but higher than 

Ni, reaching a current density of -20 mA cm-2 at an overpotential of 128 mV and a Tafel 

slope of 121.04 mV dec−1. Furthermore, the OER activity was also investigated. The 

results showed high activity with an overpotential of 250 mV, at 20 mA cm-2, indicating 

these materials can also serve as the cathode in water splitting reactions. Subsequent 

DFT calculations revealed that the OER activity of NCNTs actually stems from nitrogen 

doping. These findings can aid in accelerating the rational design of carbon-based 

catalysts and offer a new opportunity for improving HER and OER activity. 

5.2 Methods 

5.2.1 Synthesis of graphene and ultrathin graphite 

Pristine NiF was cut into 1 cm × 2 cm strips and placed into an APCVD reactor, as 

shown in Fig. S1. Next, the cut foam was purged under a mixture of Ar and H2 (Ar: H2 

= 80:20 sccm) for ~30 minutes. Following this treatment, the growth chamber 

temperature was raised to 1080°C, where it remained for 30 min. The NiF was then 

exposed to H2 and CH4 (ratio H2:CH4 = 20:60 sccm) for 20 min (graphene) or 50 min 

(UGr) to stimulate the growth of the graphene and UGr. Subsequently, the strips were 

cooled to room temperature under H2 and Ar atmospheric conditions. 

5.2.2 Synthesis of NCNTs and N-doped graphite 
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In order to grow NCNTs via APCVD, Fe nanoparticles (Fe NPs) were deposited using 

the Double-Pulse-Deposition (DPD) method, as shown in Figure S2. The NCNTs were 

grown in a commercial warm-wall CVD reactor, using a mixture of H2, Ar, and ACN 

(Alfa Aesar, >99%) as the precursor gases. The gas delivery system and growth 

chamber were first purged with Ar and H2 (Ar: H2 = 25:10 sccm) for ∼30 min. Next, the 

growth chamber temperature was raised to 600°C and maintained for 30 min. The gas 

flow rate was kept stable at 50 sccm and humidified using an ACN bubbler at room 

temperature. Following the 30 min growth window, the system was cooled down for 

300 min with 25 sccm of Ar. N-doped graphite was obtained using the same gas ratio 

and temperature with the only difference being the absence of Fe NPs when the 

growth time was set of 10 min and substrate temperature was 750°C. 

5.2.3 Electrochemical characterization 

All electrochemical analyses were performed at room temperature (25 ± 3°C), using 

an Eco Chemie Autolab potentiostat/galvanostat PGstat 302 on 100 mL of electrolyte 

solution in a standard glass vessel equipped with a three-electrode system. Pt mesh 

and Hg|HgO electrodes were used as the counter electrode and reference electrode, 

respectively. NiF combined with carbon material was directly used as the working 

electrode. To determine the performance of the HER and OER, polarization curves 

were recorded by LSV after scanning five times from -1.8 V to 1.0 V at a scan rate of 

10 mV s−1 V and plotted against Hg|HgO at a rate of 10 mV s-1 in 1 M KOH. For the 

overall water splitting reaction, the prepared electrodes were directly used as the 

cathode and anode in a two-electrode system composed of 1 M KOH at room 

temperature. The polarization curves were recorded by LSV from 1.2 V to 2.0 V and 

plotted against the counter electrode voltage at a scan rate of 10 mV s−1. 

Chronopotentiometric and chronoamperometric measurements were carried out 

under a constant overpotential of 0.28 V and 1.58 V, both of which were plotted against 

the reversible hydrogen electrode (RHE) and 1.58 (vs. RHE) without compensating for 

the IR drop. 

5.2.4 IR correction 

The electrolyte solution, wiring, NiF, and NiF with carbon material possess natural 

resistance. All these resistances collectively constitute the series resistance (Rs), 
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which can be indirectly obtained by fitting the EIS Nyquist plot to an equivalent circuit 

diagram or directly obtained from an EIS Nyquist plot as the first intercept of the main 

arc with the real axis. To obtain relatively appropriate electrochemical behavior of 

various catalysts, the main polarization curves were corrected for IR compensation as 

follows: ECorrected = ERaw − IRs. 

5.2.5 Calibration of the reference electrode 

The Hg|HgO electrode was calibrated before the HER and OER measurements. The 

calibration was performed in a standard three-electrode system, where the Hg|HgO 

electrode was used as the reference electrode, and two Pt meshes were used as the 

working electrode and counter electrode. This relationship is expressed as: ERHE = 

EHg|HgO + 0.925 V (0.099 + 0.059 × pH). 

5.2.6 Electrochemically active surface area 

The electrochemically active surface area (ECSA) of the samples was estimated by 

double-layer capacitance (Cdl) measurements using the cyclic voltammetry method 

without Faradic reaction. The currents were measured in a narrow window, using the 

method reported by Alshareef [25]. In this case, the currents can be primarily attributed 

to the charging of a double layer; and is expected to be linearly proportional to the 

active surface area. The double-layer capacitance is obtained by averaging the 

absolute value of anodic and cathodic slopes of linear fits as follows: 

Cdl = |Slope(anode)|+|Slope(cathode)| 
2

 

In this study, a NiF was used as the substrate and considered the standard. The ECSA 

of each catalyst is therefore calculated as follows: 

AECSA=  Cdl catalyst (mF cm-2 )

Cdl Ni foam �mF cm-2�per cm2 

5.2.7 Physical Characterization 

Raman spectra were measured using a Renishaw InVia spectrometer with 532 nm 

excitation wavelength and a Cobalt CW DPSS laser. In addition, a HORIBA, Jobin 
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Yvon iHR320, synapse CCD Raman spectrometer was also employed. This Raman 

spectrometer was equipped with an Olympus IX71 microscope for confocal sampling 

using an Nd:YAG, coherent, Verdi laser at 5 mW (λ = 532 nm). X-ray photoelectric 

spectra were recorded with a Kratos Axis Ultra X-ray photoelectron spectrometer using 

monochromatic Al Kα radiation, an Omicron DAR 400 X-ray source with Al Kα line (15 

kV), and an Omicron EA 125X Hemispherical Energy Analyzer. The structural 

properties and morphology of CNTs were characterized via SEM using a PHILIPS 

ESEM XI 30 FEG instrument. XRD was carried out with a Bruker AXS D8 advanced 

X-ray diffractometer using Cu Kα radiation (λ = 1.5406 Å) and a step size of 0.013°. 

5.2.8 Computational details 

All the first-principles calculations were performed using spin polarization within the 

DFT framework, as implemented in the VASP code [26, 27]. The projected augmented 

wave (PAW) pseudopotential [28] was used to describe the ionic cores. The plane wave 

basis, with a 400 eV kinetic energy cutoff, was employed after several convergence 

tests. The exchange-correlation energy is described via the Perdew-Burke-Ernzerhof 

(PBE) functional within the generalized gradient approximation [29]. Gaussian smearing 

of 0.05 eV is adapted to the partial orbital occupation during geometry optimization 

and a tetrahedron method with Blöchl corrections[30] is used to accurately calculate the 

electronic structures. For unsupported models, all atoms are free to move by conjugate 

gradient (CG) algorithm until the force on each atom is less than 0.02 eV Å-1. For 

metal-supported models, atoms in the two bottom metal layers are fixed to their 

corresponding bulk positions, while atoms in the top layer of the metal and graphene 

sheets are able to relax until reaching the force convergence criteria. A gamma 

centred k-points sampling scheme of at least (12 x 12 x 1) per graphene unit cell was 

used for geometry optimization, and a denser k-points sample scheme (24 x 24 x 1) 

was used for the electronic structure calculations. 

Considering the deficiency of DFT in describing van der Waals interactions, a suitable 

van der Waals functional optB88 [31] was selected to accurately simulate the interaction 

between hydrogen, graphene, and metals. A set of tests were conducted to reproduce 

the experimental results [23, 24] of the adsorption structures and the graphene sheet 

height above Ni (111) (Figure S3). The original PBE, optB88, and SCAN plus rvv10[32, 
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33] functionals gave reasonable results with respect to graphene sheet height - with the 

lowest binding energy around 2.1 Å; while the D3 [34] and TS [35] severely deviate from 

this value. Although PBE has reproduced the binding distances, the binding to Ni (111) 

is predicted to be endothermic, which is contrary to experimental evidence. In 

consideration of the high computational cost of SCAN, optB88 was selected as the 

van der Waals functional in our calculations. 

5.3 Results and Discussion 

5.3.1 NCNTs Characterization 

Various hybrid electrodes of NiF and sp2 carbon nanomaterials were synthesised as 

detailed in the experimental section and characterized with SEM/EDX, TEM, Raman 

spectroscopy, XRD and XPS. The SEM images shown in Figures 1a–c displayed that 

the morphologies and yield of NCNTs on Ni-F largely depends on the nucleation time 

(t1). There was obviously no growth of NCNTs on the Ni-F using a short nucleation 

pulse to form nuclei on the substrate surface. Accordingly, a comparatively long initial 

polarisation (30 s) was necessary to a constant growth pulse and negative potential. 

NCNTs were homogeneously coated on the Ni-F as t1 was set to 70 s, indicating an 

optimal nucleation time for growing NCNTs. However, after nucleating for more than 

70 s, cluster-like NCNTs emerged on the Ni-F. The likely explanation for this clustering 

is that the Fe NPs escaped from the substrate into the gas stream and reabsorbed on 

the sites along the gas flow direction.[36] Because Ni has a high carbon solubility (>0.1 

at%),[37] the carbon species can dissolve into the Ni and form a new thin layer of carbon 

consisting of the grown carbon interface, a carbon-Ni layer, and intrinsic Ni layer.[38] 

The NCNTs grew on the manufactured carbon-Ni interface of the Ni-F and thus, 

cluster-like NCNTs could be detected. 
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Figure 1. Structural characterization of the NCNTs@Ni-F. (a–c) ESEM images of as-

grown NCNTs on the Ni-F substrates showing the effect of dispersion with increasing 

nucleation time: 30s, 70s and 90s. With high magnification micrographs. (d) The TEM 

image of NCNTs. (e) Representative Rama spectra of graphene, ultrathin graphite 

(UGr), N-doped graphite (NGr), and N-doped CNTs (NCNTs) on Ni foam. (f) XRD 

pattern of carbon materials on the NiF substrate. (g) N1s spectra of NCNTs at 600 °C. 

The TEM images showed that the microstructure of NCNTs, which were synthesized 

at 600°C via APCVD, exhibited bamboo-like construction. This shape revealed the 

growth mechanism of NCNTs to be a nanotube catalyzed by a single iron particle.[39] 

When the movement of the catalytic particle is slower than the growth rate of the 
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nanotube, a bamboo joint forms on the wall of the NCNTs. This growth mechanism is 

identical to that reported by Jung et al. and Tetana et al. concerning a mixture of N2+H2 

in an ACN environment,[40, 41] and will inevitably introduce some defects into the 

NCNTs, as shown in Figure 1d. 

Comparison of Raman spectra with D, G, and 2D bands in pristine graphene, UGr@Ni-

F, NGr@Ni-F, and NCNTs@Ni-F are shown in Figure 1f. UGr can be feasibly 

differentiated from pristine graphene by the intensive G model at ~1580 cm-1 and the 

broad 2D model at ~2720 cm-1.[42] The 2D band of UGr is slightly blue-shifted due to 

the compressional strain from the large number of layers. Besides the distinct models 

of D, G and 2D, the D’ model is detected in nitrogen-doped graphite (NGr). The 

introduction of heteroatoms results in the width and intensity of both the D and G peaks 

increasing, as well as a 2D peak blue shift when compared with graphene. In contrast, 

the weak 2D peak of NCNTs is slightly red-shifted when compared with the 2D peak 

of UGr and NGr and even raw graphene. The strong and broad D peak suggests that 

the NCNTs in this study are multiwall [43, 44]. 

The XRD pattern shown in Figure 1g exhibits only three stronger diffraction peaks of 

Ni-F with Fe NPs at ca. 45.0°, 52.5°, and 77.0°[45]. Stronger carbon peaks of Ni-F with 

Fe NPs at 27.2° were detected on both UGr@Ni-F and NCNTs@Ni-F. 

Figure 1h and S8 show the representative XPS analysis of the UGr@Ni-F, NGr@Ni-

F, and NCNTs@Ni-F. The total percentage of nitrogen for NCNTs is c.a. 4.97 at%. 

The broad N1s XPS peak of NCNTs can be fitted with four separate peaks, observed 

at 398.7 eV, 400.5 eV, 402.3 eV, and 404.4 eV. The peaks correlate with pyridinic-N 

(2.9%), pyrrolic-N (28.4%), g-N (65.5%), and oxidized pyridinic-N (3.2%), respectively 
[46, 47]. There are four distinct carbon groups in NGr and NCNTs:  C=C of sp2 (C1: 284.5 

eV), C=N or C-O-C (C2: 285.8 eV), O-C=O or C-N (C3: 288.1 eV), and N–C=O (C4: 

291.1 eV)[11, 41]. The C1s XPS peak of both graphene and UGr can be fitted with the 

same four peaks specified above without the nitrogen groups. It worth noting that the 

ratio of C-C sp2 and C-C sp3 (C=N in NGr or NCNTs) remains a large value, which 

implies that pristine graphene contains perfect graphene networks. 

5.3.2 Hydrogen evolution reaction performance 
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Figure 2. Electrocatalytic properties of NCNTs@Ni-F and other samples for hydrogen 

evolution reaction electrocatalysis in 1 M KOH. (a) LSV plots obtained with Ni-F, 

ultrathin graphite (UGr), N-doped graphite (NGr), and N-doped CNT (NCNT) at 

10mVs-1 in 1M KOH. (b) Polarization curves-derived Tafel slopes for the 

corresponding electrocatalysts. (c) Electrochemical impedance spectroscopy data for 

hybrid materials in 1M KOH, (d) Long-term stability test carried out under a constant 

overpotential of 0.28 V vs. RHE. 

To verify that the synthesized NCNTs@Ni electrode has superior HER electrocatalytic 

activity when compared to other carbon materials on Ni substrates, similar 

electrochemical performance evaluations were conducted on UGr@NiF, NGr@NiF 

and raw Ni-F. Polarization curves, corrected for electrolyte resistance, were recorded 

in LSV tests in 1 M KOH solution. The original HER data and Nyquist plots are shown 

in Figure S5. The comparison depicted in Figure 2a demonstrates that the NCNTs 

exhibit much higher activity than UGr and NGr. For NCNTs@Ni, a current density of 

20 mA cm−2 can be achieved at an overpotential of 128 mV. In contrast, NGr@Ni, 

UGr@Ni, and raw Ni-F require overpotentials of 191 mV, 245 mV, and 254 mV, 

respectively, to drive the same current density. Furthermore, when overpotential is 
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plotted against current density, the NCNTs@Ni depicts the lowest Tafel slope (121.04 

mV dec−1) among the four catalysts investigated, see Figure 2c. 

The Tafel slope is closely related to electron and mass transport and follows the 

Volmer-Heyrovsky-Tafel mechanism. It is governed by the number and nature 

(whether or not electron transfer takes place) of the preceding steps and by the rate-

determining step. A smaller Tafel slope indicates that the catalyst has a smaller |ΔGH*| 

and hence a smaller rate-determining step. For the NCNTs@Ni electrode, the 

electrochemical desorption pathway is the rate-determining step,[6] and the Volmer-

Heyrovsky-Tafel mechanism is reasonable for the HER. Furthermore, electrochemical 

impedance spectroscopy (EIS) in 1 M KOH solution was used to investigate the 

kinetics of the grown electrodes during the HER pathway. The charge-transfer 

resistance of the NCNTs@Ni-F electrode is slightly lower than that of NGr@Ni, but 

both catalysts are shown to have a faster charge-transfer capacity during the HER, 

when compared to UGr@Ni-F and Ni-F. However, because the NCNTs@Ni-F has a 

higher ECSA, the active performance of NCNTs@Ni-F is higher than that of NGr@Ni-

F as shown in Figure S6. This also helps explain why NCNTs@Ni performs better than 

NGr@Ni-F. 

5.3.3 Oxygen evolution reaction performance 

The overpotential of the oxygen evolution reaction (OER) is an important 

measurement when evaluating the effectiveness of a particular catalyst, as the slow 

kinetics of the OER is the rate-determining step for the overall water splitting reaction. 

For this reason, the OER performance of NCNTs@Ni-F, in 1 M KOH, was also 

assessed. Figure 3a shows that the polarization curve of NCNTs@Ni-F achieved a 

low overpotential of 250 mV at a current density of 20 mA cm−2. A lower Tafel slope of 

52.4 mV dec−1 indicates that NCNTs@Ni electrode has a fast charge capacity during 

the OER. These results illustrated the high catalytic performance of NCNTs@Ni-F for 

the overall water splitting reaction, which is inconsistent with previous reports 

regarding the OER catalytic performance of N-doped graphene. 
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Figure 3. Electrocatalytic properties of NCNTs@Ni-F and other samples for Oxygen 

evolution reaction electrocatalysis in 1 M KOH. (a) LSV plots obtained with Ni-F, 

ultrathin graphite (UGr), N-doped graphite (NGr), and N-doped CNT (NCNT) at 

10mVs-1 in 1M KOH. (b) Polarization curves-derived Tafel slopes for the 

corresponding electrocatalysts. (c) Electrochemical impedance spectroscopy data for 

hybrid materials in 1M KOH and (d) Long-term stability test carried out under a 

constant overpotential of 1.58 V vs. RHE. 

As shown in Figure 7, the specific contribution of each participant in the system was 

investigated. The deposition of Fe NPs remarkably improved the electrocatalytic 

behavior of the OER before the NCNTs@Ni electrode was constructed; and synthesis 

of NCNTs on the deposited Fe NPs further facilitated this effect. The OER activity of 

the NCNTs@Ni electrode mainly originated from the electron-withdrawing effect of 

heteroatoms and the positive carbons adjacent to nitrogen.[21, 22, 48] However, its actual 

active function to facilitate the OER is limited. This is inconsistent with the HER 

performance under the same processing parameters, indicating that the acute active 

sites facilitating the OER isn’t the heteroatom concentration. However, being with an 
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available and highly-active group, such as g-N, could be a promising approach for 

enhancing the OER. Similarly, the stabilities of these catalysts were tested for 5h as 

shown in Figure 3d. 

 

Figure 4. NCNTs@Ni-F electrocatalyst for overall water splitting in 1 M KOH. (a) Digital 

photograph of the two electrode configuration for both anode and cathode. (b) 

Polarization curve recorded at 10 mV s−1. Inset: the NCNTs@Ni-F electrode for overall 

water splitting, (c) Long-term stability test carried out at constant current densities of 

10, 20, and 50 mA cm−2. 

5.3.4 Over water splitting performance 

NCNTs@Ni-F electrode was subsequently evaluated as both an anode and cathode 

in a single alkaline medium for the overall water-splitting reaction. Figure 4a depicts 

the polarization curve response obtained by plotting the current and potential at 10 mV 

s−1. Under a two-electrode system, current densities of 10 mA cm−2, 20 mA cm−2, and 

50 mA cm−2 were achieved and stable for 10 h at cell voltages of 1.76 V, 1.84 V, and 

1.99 V, respectively (Figures 4b and 4c). These results are comparable with or 
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superior to previously reported results for only C-based electrocatalysts (Tables S2–

S4). 

5.3.5 Simulation of hydrogen evaluation reaction 

 

Figure 5. (a) Schematic illustration for the atomic structure of metal supported and 

heteroatom-doped graphene. (b) HER activities of the different metal supported and 

heteroatom-doped graphene sheets. (c) Free energy diagram for HER on Ni, N-doped 

graphene, Ni supported N-doped graphene and ideal catalyst. (d) The relationship 

between hydrogen adsorption Gibbs free energy ΔGH* and the formation energy of 

carbon vacancy. 

The HER generally follows a three-step pathway: 1) the initial state of H++e-, 2) 

intermediate adsorption of H* (* being the adsorption site) and, 3) production of ½ H2. 

Due to the mechanics of this reaction pathway, a catalyst’s HER performance can be 

computationally evaluated by the adsorption Gibbs free energy of hydrogen (ΔGH*). 

An ideal HER catalyst should possess a moderate ΔGH*, close to 0 eV, in order to 

satisfy  Sabatier’s rule,  i.e., simultaneously boost the adsorption and desorption 

process.[9] This indicator has been extensively applied to predict catalyst HER activity 



 

114 

using first-principles calculations based on DFT.[49] In this study, ΔGH* was employed 

to theoretically evaluate the HER performance of several carbon-based materials, 

including: pristine, Boron-doped graphene (BG); Nitrogen-doped graphene (NG); 

graphene coated metals; and pure metals, as shown in Figures 5 (a) and (b). Note 

that with the exception of the pure metals model, the plot exclusively shows HER 

activities of active carbon atoms. With respect to the B- and N-doped models, only 

graphitic heteroatom doping was considered, as all other doping methods result in a 

graphene layer collapsing onto the metal substrate. Negating the substantial planar 

distortion of the graphene sheet requires a large supercell and excessive 

computational cost, and thus, is beyond the scope of this study. 

For unsupported graphene, only the carbon atoms surrounding the heteroatoms are 

considered as the active site. In contrast, metal-supported graphene has two active 

sites: 1) where heteroatoms occupy the top sites and, 2) face centre cubic (fcc) / 

hexagonal close packed (hcp) hollow sites of supported metals. According to the local 

atomic environment of active carbon atoms, these models are labelled as A-Gra@M-

S, where A, M, and S denote the heteroatoms, supported metals, and hydrogen 

adsorption sites respectively. For detailed models and HER activities of other active 

sites (B and N atoms) refer to Figure S8.With pristine graphene used as the catalyst, 

the overall HER performance severely suffered from weak hydrogen binding and thus 

is limited by the adsorption step, which is inconsistent with previous literature.[17, 50, 51] 

In the case where pure metals served as the catalyst, the desorption process was 

suppressed, owing to the powerful binding between hydrogen and metals.[9] In contrast, 

both the doping and metal supporting models demonstrated considerably enhanced 

interaction between hydrogen and carbon atoms, which improved the overall HER 

performance of graphene. In particular, N-doped graphene supported by Ni (111) 

exhibited extraordinary HER activity with a moderate ΔGH* of -0.04 eV; and thus 

theoretically performed better than state-of-the-art Pt (111). Given these results, we 

further investigated the geometrical and electronic structure of these models to get a 

deeper understanding of the adsorption behaviour of hydrogen on carbon atoms and 

gain further insight into how doping and supporting metal improves the HER activities 

of graphene-based materials. 
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Currently, there are several descriptors relating to the intrinsic electronic structure of 

materials that can be used for evaluating the HER performance, including the work 

required to fill empty C states (Wfilling)[52] and the energy level of the lowest unoccupied 

state referenced to vacuum level (εLUS).[53] However, both descriptors are based on 

the rigid band approximation (RBA),[52] which indicates that the adsorption of hydrogen 

injects a single electron into the substrate without altering the substrate’s intrinsic band 

structure. Alternatively, our calculations showed that the adsorption of hydrogen 

significantly withdrew the active carbon atom from the graphene basal plane and 

directly opened a gap in the pristine graphene band structure (Figure S9). This 

phenomenon has also been confirmed by other theoretical calculations and 

experiments.[50, 54-56] Using molecular orbital theory and first-principles calculation, S. 

Z. Qiao et al.[17] proposed a descriptor Ep, namely the highest peak of the active centre 

DOS, which correlates linearly to the HER activity of carbon materials. Nevertheless, 

this descriptor also appears incompatible with our system, in that there is no clear 

trend between Ep and HER performance. The results for this and other descriptors 

are shown in Figure S10. Very recently, Wei jiang et al.[49] put forward a suitable 

descriptor - the formation energy of oxygen vacancy Ef, for HER on oxygen-terminated 

MXenes. Their theoretical results demonstrated that the hydrogen adsorption on 

MXenes would extensively withdraw the active oxygen from the basal plane and 

substantially alter the intrinsic electronic structure of the substrate. This scenario 

parallels our system; the process is the same, but the materials are different. Further 

investigation into other descriptors εLUS and the number of electrons gained by the 

oxygen atom suggests that these descriptors are incapable of capturing the local 

structure distortion induced by hydrogen adsorption. Approximately 0.8–0.9 eV of 

distortion energy is required to pucker the planar graphene enough to form an sp3 

hybridized C–H bond.[51] This distortion energy makes up a large proportion of the 

energy gain induced by hydrogen adsorption on pristine graphene. Thus, it is within 

reason to hypothesize that the HER performance of graphene-based materials will be 

substantially enhanced if the planar distortion can be mitigated. Following this principle, 

we calculated the carbon vacancy formation energy to explore the extent of distortion, 

then correlated this parameter to the Gibbs free energy of hydrogen adsorption. Figure 

5d depicts a clear trend demonstrating that as Ef increases, ΔGH* decreases. 

Furthermore, the high Ef values indicate that formation of carbon vacancies is difficult, 

which indirectly implies the distortion does not occur easily. These results all support 
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the notion that metal substrates and heteroatom doping could alleviate the distortion 

of the graphene sheet. 

The next issue to address was how to mitigate the distortion. Considering Ni supported 

models as an example, the catalyst performs much better if hydrogen is adsorbed on 

fcc hollow sites, where carbon binds less securely to the substrate; as opposed to on 

top of the Ni sites, where carbon binds more securely. This phenomenon is also 

manifested by the difference between the average height of carbon atoms at fcc hollow 

sites and Ni sites (see Table S4). The slightly higher carbon and lower carbon together 

established pseudo sp3 networks, and hydrogen adsorption on the fcc hollow site of 

the carbon atoms was strengthened due to the reduction in distortion. Compared to Ni 

and Co substrates, Cu supported graphene exhibits inferior HER catalytic 

performance. This can be explained by the fact that the Cu-graphene bond is much 

weaker than the Ni- and Co- graphene bond, and by the height of graphene relative to 

these substrates. As for the consequence of doping, the incompatibility between the 

bond length C-N/C-B and C-C led to an upshift or downshift of the heteroatoms from 

the graphene basal plane. This phenomenon is not so apparent in unsupported 

graphene, but becomes evident in the metal-supported graphene sheet (Figure S11). 

Thus, the distortion caused by heteroatom doping pre-empted and partially negated 

the hydrogen adsorption deformation. Therefore, by intentionally introducing some 

planar distortion beforehand, via metal supporting and heteroatom doping, the 

distortion induced by hydrogen adsorption can be effectively mitigated, and thus the 

HER performance of these carbon-based materials is improved. 

The NCNTs@Ni were constructed with abundant g-N in order to create more positive 

carbons adjacent to the dopants, and are in good agreement with DFT calculations. 

The DFT calculation models were established on the premise that the graphene and 

supporting frame shared the same dimensions. All models in previous studies 

neglected active sites that were distanced from the dopants.[15] However, there is an 

intrinsic geometrical difference between the graphene and CNTs, especially with 

NCNTs that contain a high concentration of dopants away from substrate section. 

These will both enhance the catalytic activity and improve the ECSA of the NCNTs@Ni 

electrode.  

5.3.6 Simulation of oxygen evaluation reaction 
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The origin of OER activity in NCNTs@Ni was investigated using DFT calculations. 

Three models were constructed and evaluated for their OER activity based on the 

previous established theoretical framework. The models consisted of: the edge of g-N 

doped graphene, the basal plane of g-N doped graphene, and N-doped graphene on 

Ni (111). For model details and adsorption structures, refer to Figure S8. Based on the 

free energy diagrams in Figure S12, the third step of the OER, namely the transition 

from *O to *OOH, is the rate-determining step for all three models. It is also apparent 

that carbon atoms surrounding the nitrogen at the bulk g-N exhibited the lowest OER 

activity, with an overpotential of 0.46 V, comparable to RuO2, one of the best OER 

catalyst (0.42 eV).[57] It should be noted that these findings are inconsistent with 

previous reports.[15, 19, 20] Nevertheless, N-doped graphene on Ni (111) showed the 

least OER catalytic performance with an overpotential of 1.47 V. Therefore, the active 

site for the OER is not the metal supported N-doped graphene but the unsupported 

one, which is contrary to the active site in the HER. Although the metal substrate does 

not account for the OER activity of NCNTs, further experiments demonstrated that the 

Fe NPs on the NiF play a vital role in enhancing the OER performance, as reported in 

the previous study.[58]  

Summary 

This study thoroughly samples the broader range of possible carbon materials, and 

exams their effectiveness as catalysts. The relative catalytic activity of NCNTs@Ni-F 

can be attributed to the following factors: 1) N-doping alters the electronic structure 

and further optimizes the reversible adsorption and desorption of hydrogen (Figures 

5b and 5c). 2) A lower-temperature synthesis of NCNTs on the Ni-F ensures the 

presence of abundant g-N to facilitate the HER and OER, as shown in Figure 1 g. 3) 

High ECSAs enable close contact with the electrolyte, thus allowing more efficient 

utilization of the active site (Figure S6). 4) Increase in the Fe NPs concentration plays 

an important role in the OER (Figure S7). 5) The N-doped graphite fills the region free 

of NCNTs, not only enabling good mechanical adhesion and electrical attraction, but 

also improving the ECSA compared with NiF alone. 6) The positive carbon atoms 

adjacent to the incorporated nitrogen atoms facilitate the rate-determining step via the 

electrophilic OER owing to electron-withdrawing effect. 7) It is reasonable to conclude 
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that the geometric construction provides intrinsic catalytic effect, owing to the presence 

of considerable defects on the edge of bamboo-like NCNTs. 

5.4 Conclusion 

A combined theoretical and experimental study was carried out to synthesize and 

evaluate NCNTs as an ordinary and naturally abundant electrocatalyst for water 

splitting. The HER catalytic performance of metal supported and unsupported 

graphene sheets with heteroatom doping were evaluated by DFT calculations. Among 

all models, N-doped graphene coated on Ni (111) exhibited the best HER activity, 

which could be attributed to the negation of distortion induced by hydrogen adsorption. 

However, the main advantage is that the NCNTs@Ni electrode simultaneously 

improves both the HER and OER activities. This study customized the NCNTs doping 

by controlling the process parameters; the expected DFT results were not obtained. 

However, this study provides promising experimental evidence that a composite 

catalyst with a single dopant can be employed on a large scale to produce H2 gas by 

splitting water and storing energy. 
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5.6 Supporting information 

 

Figure S1. Simple schematic drawing of atmospheric pressure chemical vapor 

deposition (APCVD)system. 1) gas mixing Ar + H2  or Ar + H2 + CH4; 2) Changeover 

valve 3) Changeover valve; 4) Liquid precursor (ACN); 5) Quartz tube; 6) APCVD. 
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Figure. S2. Schematic representation of the double pulse potential technique, 

nucleation potential: E1 = -3 V; growth potential: E2 = -1.6 V; nucleation time: t1, and 

growth time: t2. 

 

Figure S3. The binding energy as a function of PBE, optB88, SCAN+rvv10 reproduced 

the experimental value of the height of graphene (about 2.1 Å), where the blue, green, 

and orange indicates Cobalt, Nickel, and the Copper substrate. 
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Figure S4. XPS spectra of graphene, ultrathin graphite, N-doped graphite, and N-

doped CNTs on Ni foam. The growth time of graphene and ultrathin graphite are 

respectively 20 min and 50 min, the growth temperature 1080°C. Synthesis of N-doped 

graphite and N-doped CNTs are respectively 750°C and 600°C in APCVD; the growth 

time are respectively 10 min and 30 min. 
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Figure S5. (a) and (b) Nyquist plots of NiF, UGr, NGr, and NCNTs for HER, shown in 

the inset, the equivalent circuit diagram used for analysis of the EIS curves measured 

for the HER and OER. (c) and (d) Before and after correcting LSV plots obtained with 

NiF, ultrathin graphite (UGr), N-doped graphite (NGr), and N-doped CNT (NCNT) at 

10mVs-1 in 1M KOH for the HER and OER.  
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Figure S6. Electrochemical capacitance measurements for the estimation of the 

relative electrochemical active surface area of Ni foam, ultrathin graphite, N-doped 

graphite, and N-doped CNT upon HER and OER. (a) Cyclic voltammograms in the 

region of 0.75 – 0.85 V vs. RHE and 1.05 – 1.15 V vs. RHE (b) The differences in 

current density at 0.80 V and 1.1 V vs. RHE plotted as a function of scan rate fitted to 

a linear regression, where the slope is Cdl. 
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 Figure S7. The effect of FeNPs on the electrocatalytic activities of NCNTs@Ni-F 

electrode. Nucleation time (t1) is 70 s; the growth time is 10 s (t2). The NCNTs were 

prepared with the parameter of Table S2. 
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Figure S8. Three possible Schematic illustrations with C3v symmetry for graphene on 

(a) the top and hcp hollow (TH), (b) fcc hollow and hcp hollow (FH), and (c) top and 

fcc hollow (TF) sites of Cu or Ni. (d) TH and (e) FH of Co, where the green circles 

indicate Cu/Co/Ni, grey circles indicate B/C/N. (f) the geometric structure of adsorption 

sites for FCC and HCP, where the blue circle indicates FCC hollow site, an orange 

circle indicates top site and green circle indicates HCP hollow sites. 
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Figure S9. The band structure of (a) pristine graphene and (b) hydrogen adsorbed 

graphene. 
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Figure S10. The relationships between free adsorption energy of hydrogen ΔGH* and 

(a) the formation energy of carbon vacancy; (b) the energy level of the highest peak in 

the density of states of an active carbon atom; (c) the on-site magnetic moments; (d) 

The binding energy of graphene sheets and metal substrates. 
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Figure S11. The atomic structures of Ni supported (a) pristine graphene; (b) N-doped 

graphene; (c) B-doped graphene. 
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Figure S12. Schematic energy profiles for the OER pathway on (a) graphitic-N edge, 

(b) graphitic-N bulk and (c) graphitic-N@Ni 
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Table S1. Comparison of the catalytic activity toward the HER in 1 M KOH of the 

NCNTs@NiF with other reported high performance HER catalysts. a: 20 mA cm-2, b: 

1M NaOH. 

Electrocatalysts 
j =10 

(mA cm-2) 

Tafel Slop 

(mV dec-1) 
Reference 

NCNT|NiF 128a 112.04 This work 

NiFe-OH-PO4/NiF 135a 33.4 [1] 

NiFe LDH@NiCoP/NiF 120 88 [2] 

Mo0.6Ni0.4 /Ti foil 65 72 [3] 

NiFe-MOF 134 42 [4] 

CoNiN@C/CuF 120 140 [5] 

NiCo2S4/NiF 210 58.9 [6] 

Hierarchical NiCo2O4 

hollow microcuboids 
110b 49.7 [7] 

FeSe2/NiF 178 / [8] 

Fe-Ni@NC-CNTs/GCE 202 113.7 [9] 

Co1Mn1CH/NiF 180 / [10] 

Ni5P4 nanosheets/NiF 150 53 [11] 

Mo5.9Ni94.1S/NiF 60.8 39.2 [12] 

NiSe-Ni0.85Se/CP 101 74 [13] 

Co(OH)2@NCNTs/NiF 170 / [14] 
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Table S2. Comparison of the catalytic activity toward the HER in 1 M KOH of the 

NCNTs@NiF with other reported high performance OER catalysts. a: 20 mAcm-2, b: 

1M NaOH, c: 30mA cm-2. 

Electrocatalysts 
J=10 

(mA cm-2) 

Tafel Slop 

(mV dec-1) 
Reference 

NCNT|NiF 250a 52.4 This work 

NiFe-OH-PO4/NiF 249a 41.76 [1] 

NiFe LDH@NiCoP/NiF 220 48.6 [2] 

Mo0.6Ni0.4 /Ti foil 290 42 [3] 

CoNiN@C/CuF 265 56 [5] 

NiCo2S4/NiF 260 40.1 [6] 

Hierarchical NiCo2O4 hollow 

microcuboids 
290b 53 [7] 

FeSe2/NiF 245 / [8] 

Fe-Ni@NC-CNTs/GCE 274 45.47 [9] 

Co1Mn1CH/NiF 294c / [10] 

W0.5Co0.4Fe0.1/NiF 310 32 [15] 

NiCo2O4@ FeOOH/NiF 187 24.18 [16] 

Mo5.9Ni94.1S/NiF 213 35.1 [12] 

NiSe-Ni0.85Se/CP 300 98 [13] 

Co(OH)2@NCNTs@NF, 270 72 [14] 
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Table S3. Comparison of the catalytic activity toward the overall water splitting in 1 M 

KOH of the NCNTs@Ni-F with other reported high performance bi-functional catalysts. 

Catalyst 
Cell voltages (V) at 

J=10 mA cm-2 
Reference 

NCNT/Ni-F 1.75 This work 

Co(OH)2@NCNTs@NiF 1.72 [14] 

Ni@NiO@NiF 1.71 [13] 

Co–P/NC@CC 1.77 [17] 

Hierarchical 

NiCo2O4 hollow 

microcuboids 

1.65 [7] 

FeSe2/NiF 1.78 [8] 

 

 

Table S4. The bind energy Eb between metal substrates and graphene and the height 

of graphene sheets on different metal supports. 

 TH FH TF 

 Eb (eV) h (Å) Eb (eV) h (Å) Eb (eV) h (Å) 

Co -0.128  2.099  -0.061  2.430  ~ ~ 

Ni -0.078  2.179  -0.070  2.349  -0.079  2.163  

Cu -0.008  3.104  0.002  3.253  -0.018  3.031  
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Summary and outlook 

The development of high-efficient and high-stability carbon-based catalyst, e.g. 

graphene, N-doped graphene, and N-doped carbon nanotubes, for energy storage 

and conversion, e.g. solid acid fuel cell, vanadium redox flow battery, 

electro/photocatalytic water splitting, and more, was the scope of the thesis. 

In the first part of this thesis, high-quality monolayer graphene was synthesized over 

the Cu foil via a low-pressure CVD system. A simple 2-dimensional electrode 

consisting of the solid acid fuel cell electrolyte material CsH2PO4 combined with a 

graphene layer as a metal-free catalyst to study the electrochemical activity of ORR, 

which can be performed by the diameter of the impedance arc. The ORR impedance 

was remarkably reduced when pristine 1-LG severed as cathode electrode compared 

with that of graphene free. The excellent electrochemical performance was achieved 

by introducing O2 plasma and N2 plasma. The DFT calculation explored that the 

improvement of catalytic activity induced by plasma treatment could be attributed to 

two beneficial consequences. The first consequence was to break the graphene 

sheets and create more edge sites. The second consequence was to dope 

heteroatoms into the basal plane of graphene sheets and surface functional groups, 

which substantially altered the electronic structure of the carbon active sites via the 

electron-withdrawing effect. This discovery that the zigzag (ZZ) carbon is the most 

active site for the oxygen reduction reaction (ORR) on both the O2 and N2 plasma-

etched graphene. Furthermore, the armchair (AM) carbon adjacent to the surface 

oxygen groups and doping heteroatom is another main active site for O2 and N2 

plasma-etched graphene, respectively. The results of this study will guide future 

endeavours in developing non-precious metal catalytically active and stable materials 

for fuel cell cathodes. 

The development of a novel high-stable and high-efficient promising electrode for the 

all-vanadium redox flow battery (VRFB) is the second scope of this thesis. Owing to 

that it is considered one of the most promising solutions for stationary storage of 

fluctuating renewable energy. Firstly, the nanocrystalline graphene was directly grown 

over the (Ti)hcp substrate by tailoring the phase transition temperature. Followed then, 

the electrochemical performance of isolated pristine graphene, nanocrystalline 

graphene, and N-doped graphene towards the V(IV)/V(V) redox pair was investigated 
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due to the Ti as inert substrate towards the mentioned reaction. The general trend of 

irreversible peak current density of these electrodes is: NG@Ti > G@Ti > NCG@Ti > 

Ti. The asymmetric conductance behavior in the metal-graphene interface, as well as 

high contact resistance between graphene and Ti, could be the main reason that 

irreversible response occurs on various electrodes. Besides, the poor activity of 

NCG@Ti electrode compared to the case of G@Ti and NG@Ti can be assigned to 

the high defect density, which will lead to the scattering of the electron, and further 

result from the decrease of conductivity and reduction of activity. The three to five-fold 

anodic peak current density for G@Ti and NG@Ti electrode compared to the original 

Ti electrode peak can be ascribed to two reasons. The first reason was that exhibits 

sufficient total quantity of sp2 carbons on G@Ti and NG@Ti electrodes, which will 

create abundant adsorption sites and homogenous electron transfer towards the 

V(IV)/V(V) redox pair reaction. The second was that the strong electron-withdrawing 

effect of doping nitrogen. Furthermore, the nitrogen may exhibit π-π interaction with 

an empty molecular orbital of [VO]2+ or [VO2]+ in the form of N-V band. Resulting in 

that the delamination of graphene and degradation of peak current density during 

redox stage. It is reasonable that the repeating sweeping oxidation peaks drop 

severely with the increase in the cycle number on various electrodes. However, we 

first investigated the effect of individual graphene, nanocrystal graphene, and N-doped 

graphene on the electrochemical performance towards the [VO]2+/[VO2]+ redox couple, 

which will propose an ingenious method to develop novel, stable, and high-efficient 

electrodes for large scale energy storage systems. 

The investigation of 2-dimensional sp2 carbon materials combined with inert Ti 

substrate demonstrated that the activity had been improved towards the V(IV)/V(V) 

redox pair of VRFB. The effect of isolated NCNTs on the electrochemical activity of 

the V(IV)/V(V) couple of VRFB was also achieved in the third part of this thesis. Where 

Ti-foil and Ti-mesh were used as a novel substrate to grow NCNTs by CVD at 600 °C 

over electrodeposited iron particles. Actually, it is largely due to that the homogeneous 

and rather uniform as well as individual Fe particles were contributed by using a long 

nucleation pulse to form nuclei on the substrate surface and a constant growth pulse 

to grow the nuclei into clusters, namely double pulse deposition approach. The 

voltammograms of both NCNTs@Ti foil and NCNTs@Ti mesh, for different deposition 

times of iron as well as different NCNTs growth times, displays a significant redox 
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activity towards the V(IV)/V(V) redox pair, making them suitable substrates for the 

investigation of carbon-based materials towards the given reaction. Given the 

difference in the two-dimensional and three-dimensional structure of the Ti foil and Ti 

mesh, the latter is the ten-fold current density of the former. Furthermore, NCNTs 

grown over Ti mesh provide promising performances towards the V(IV)/V(V) as well 

as the V(III)/V(IV) redox pair. Moreover, we have finished the investigation of both 2-

dimensional and 3-dimensional sp2 carbon nanomaterials towards the V(IV)/V(V) 

redox couple in this thesis, which will guide future endeavours to develop both 

catalytically active and stable materials for energy storage and conversion technology. 

Clean and renewable energy-driven water splitting to produce H2 and O2 has been 

commonly studied as a promising way to release global energy crisis and demands. 

Therefore, in the last part of this thesis, we focused on exploring the excellent and 

stable sp2 carbon nanomaterials, e.g. graphene, N-doped graphene, ultrathin graphite, 

and N-doped carbon nanotubes in combination with Ni foam as a catalyst towards 

electrocatalytic water splitting. Firstly, NCNTs, a highly abundant graphitic nitrogen 

and an extremely effective electrocatalyst, was directly synthesized over Ni foam at 

low temperature via APCVD. Additionally, the electrochemical activity of both the 

hydrogen evaluation reaction and oxygen evaluation reaction was performed by liner 

scanning voltammetry. The overpotentials required to achieve 20 mA cm−2 current 

density in 1 M potassium hydroxide (KOH) electrolyte for oxygen evolution reaction 

(OER) and hydrogen evolution reaction (HER) are 250 mV and 128 mV, respectively. 

When the as-grown NCNTs were used as the electrocatalyst for both the cathode and 

anode, an overall water-splitting current density of 10 mA cm−2 was obtained at 1.76 

V vs reversible hydrogen electrode in 1 M KOH electrolyte. Furthermore, the DFT 

calculation coupled with experimentation revealed that the contribution of both the 

metal substrate and heteroatom doping to facilitate the HER performance and produce 

renewable energy via electrolytic water splitting. Therefore, the relative catalytic 

activity of NCNTs@Ni can be attributed to the following factors: (1) N-doping alters the 

electronic structure and further optimizes the reversible adsorption and desorption of 

H. (2) A lower-temperature synthesis of NCNTs on Ni foam ensures the presence of 

abundant g-N to facilitate the HER and OER. (3) High ECSAs enable close contact 

with the electrolyte, thus allowing more efficient utilization of the active site. (4) The 

increase in the content of FeNPs should not be ignored for OER. (5). The N-doped 
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graphite fills the region free of NCNTs, thus not only enabling good mechanical 

adhesion and electric connection but also improving the ECSA compared with bare Ni 

foam. (6). the positive C atoms adjacent to the incorporated N atom facilitate the rate-

determining step via the electrophilic OER owing to electron-withdrawing effect. (8) It 

is reasonable that the geometric construction provides intrinsic catalytic property 

owing to the presence of a large amount of defect on the edge of bamboo-like NCNTs. 

(9) The N-doped graphene coated on Ni (111) exhibited best HER activity, which could 

be attributed to the proper cancellation of distortion induced by hydrogen adsorption. 

The development of promising sp2 carbon nanomaterials for energy storage and 

conversion has shown in this thesis. However, there are following points will be 

suggested for a further investigation of this work. Firstly, much more stable and 

efficient metal-free catalyst, such as sulphur or boron doped graphene, towards the 

ORR reaction for solid acid fuel cell should be studied. In additional to poor stability, 

the degradation of total carbon content remains a challenge. The impedance of the 

graphene-based electrode was remarkably improved by introducing the defective sits, 

surface oxygen species and doping nitrogen. However, the relationship between 

electrochemical performance and a high percentage of doping nitrogen combined with 

sufficient carbon content remain unknown. Therefore, of particular interest is the 

endeavor of metal-free catalysts by introducing heteroatoms on sp2 carbon 

nanomaterials in the next steps. 

Secondly, both Ti mesh and Ti foil served as an inert supporting electrode to study the 

individual electrochemical performance of N-doped carbon nanotubes, graphene, 

nanocrystalline graphene, and N-doped graphene. However, the most active sites 

should be further studied toed for porous electrode due to the effect of surface area, 

porosity, and double layer capacity, etc. on the electrochemical performance. 
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