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ABSTRACT 

Construction of active sites for electrocatalysis on carbon 

materials  

by 

Zhe Wang 

With the rapid increase of greenhouse gas emissions, there is an urgent need to 

produce fuels like dihydrogen (H2) and chemicals like ammonia (NH3) and hydrogen 

peroxide (H2O2) in a cleaner and more efficient way. Electrochemical conversions of 

dinitrogen (N2), dioxygen (O2), carbon dioxide (CO2) and water (H2O) can afford fuels and 

chemicals with high selectivity, efficiency and reaction rates under mild conditions. These 

processes also help to store and redistribute renewable energy to better match societal needs. 

However, electrocatalysts with high efficiency are still in need of further development.  

Carbon materials, which exhibit high electrical conductivity, larger specific surface 

area and good chemical stability, are promising candidates for making electrocatalysts. 

Since well-defined hexagonal defect-free carbon materials are electrochemically inert, it is 

difficult to synthesize highly active catalysts with single-atomic sites and requisite carbon 

defects which are required for efficient conversion reactions.  

This thesis begins with the introduction of single-atomic sites on carbon materials. 

In Chapter 1, single-atomic Mo was anchored on holey nitrogen-doped graphene, which 

proved to be an efficient catalyst to selectively reduce N2 to ammonia (NH3). This method 

could be a possible alternative to the traditional Haber-Bosch process that operates at a 
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high temperature and pressure. In Chapter 2, a new method to introduce single atoms into 

the carbon frame, namely flash Joule heating, was present, with which high-purity pyrrole-

type FeN4 active sites were prepared. These iron-rich carbon materials exhibited good 

performance in both the oxygen reduction reaction and the CO2 reduction reaction. In both 

chapters, the single-atomic nature and coordination environment were confirmed with a 

series of microscopic and spectroscopic methods, including X-ray photoelectron 

spectroscopy (XPS), transmission electron microscopy (TEM), aberration-corrected high-

angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and 

X-ray absorption near-edge structure (XANES).  

O-containing functional groups and N-dopants are normally considered as the 

active sites for the 2-electron oxygen reduction reaction. However, the carbon defects 

formed during the preparation process were ignored. By decoupling the formation of 

carbon defects with heteroatom doping, the critical role of carbon defects in the catalytic 

process was illustrated in Chapter 3 and Chapter 4. The synergistic effect of carbon defects 

and semiconductor materials in the 2-electron oxygen reduction reaction was analyzed 

using commercial carbon black and titanium dioxide (TiO2) as the model in Chapter 5. 
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Chapter 1 

Atomic Molybdenum for Synthesis of 

Ammonia with 50% Faradic Efficiency 

This section was mostly adapted from an unpublished manuscript 

1.1. Introduction 

Nitrogen, as one of the most abundant elements, is essential for growth, 

reproduction and biosynthesis, and is a constituent of proteins, nucleotides, amino acids 

and other ubiquitous biological molecules.1 To date, the activation and conversion of 

molecular N2 into NH3 relies heavily on the energy-intensive Haber–Bosch process that 

requires a high temperature of 350–550 °C and pressure of 350 atm.2, 3 In nature, the 

conversion of N2 to NH3 is also a fundamental process occurring in microorganisms via 

the nitrogenase enzymes, in which NH3 is synthesized from atmospheric N2, H2O, 

transferred electrons and energy on a MoFe-cofactor under ambient conditions.4, 5 That 



 
2 

 

 

mechanism of direct nitrogen reduction reaction (NRR) in nitrogenase has recently inspired 

the investigation of alternative electrochemical processes to directly reduce N2 to NH3 at 

room temperature and pressure.6 Further, the exploration of electrochemical N2 conversion 

into NH3 through renewable electricity would promote a sustainable and economical route 

for NH3 production, thereby satisfying the present demand for fertilizer and the future 

desire of energy carriers in the hydrogen economy. 7-9 

Based on direct N2 reduction via nitrogenase, for decades, researchers sought 

inspiration to explore the ability of synthetic metal-cored catalytic sites to activate N2 under 

ambient conditions. A series of transition-metal based (e.g., Fe, Ru, and Mo) molecular 

catalysts have been designed and synthesized in order to achieve homogeneous catalytic 

activity for NRR.10-12 Even though these molecular catalysts sometimes exhibited 

intriguing activities, the poor durability, weak attachment and electron transfer with 

electrodes generally limited their practical applications.13 Therefore, single-atom catalysts 

(SAC), which are made of isolated metal atoms anchored through the binding sites of solid 

supports, could be promising candidates to establish a bridge between molecular 

homogenous catalysts and heterogeneous catalysts, delivering an improved 

electrochemical NRR performance upon a highly conductive substrate. Whereas noble 

metals-based SACs including Au, Ru and Pd show high catalytic activity for NH3 

electrosynthesis, the high cost and scarcity of noble metals impose a burden on their 

widespread application.14-16 NRR research has thus shifted to the investigation and 

development of noble-metal-free alternatives. Due to its relative rich earth-abundance and 

diversified d-orbital electron configurations, Mo has emerged as an attractive transition 
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metal for designing active sites in the catalytic reduction of N2 to NH3.
17 One of the major 

challenges in optimizing electrocatalytic NRR performances is to discover an efficient 

electrocatalytic system that can reduce the overpotential (near the thermodynamically 

determined reduction potential) and increase the selectivity (also referred as Faradaic 

efficiency, FE) of NH3 synthesis during electrolysis. This must be done while also 

minimizing the competitive hydrogen evolution reaction (HER).   

We disclose here that by anchoring atomic Mo catalytic sites on a holey nitrogen-

doped graphene framework (Mo/HNG), it leads to enhanced performance of N2 

electrochemical reduction to NH4
+/NH3 with high selectivity under ambient conditions. 

Holey nitrogen-doped graphene (HNG), with a continuous porous skeleton and abundant 

edges containing nitrogen-coordination sites, was prepared through a convenient potassium 

salt assisted activation method. The HNG is used as the substrate for the Mo-atom loading 

sites. At -0.05 V vs reversible hydrogen electrode (RHE) in 0.05 M H2SO4, Mo/HNG 

exhibited an excellent FE of 50.2% for NH3 production with partial reduction current 

density of 12.7 μA cm-2 with NH3 production yield rate of 2.7 μg h-1 mgcat
-1 with low 

overpotentials. Moreover, Mo/HNG catalysts also held high catalytic stability toward N2 

electrochemical reduction at different applied potentials. Through theoretical calculations, 

it is suggested that the atomically dispersed Mo immobilized at the edges of HNG, along 

with the vacancies presented in the structure, jointly contribute to the intriguing NRR 

activity of Mo/HNG. 
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1.2. Synthesis and characterization 

 

Figure 1.1 Synthesis and morphological characterization of the Mo/HNG catalyst. (a) 

Schematic illustration of the synthetic process for the Mo/HNG catalyst. (b) HRTEM 
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images of HNG-750 and NG-750 control. (c) HRTEM images of the Mo-HNG catalyst (d) 

representative atomic resolution HAADF-STEM images of Mo-HNG and magnified area 

with circled individual Mo atoms immobilized on the carbon matrix presumably at N-rich 

edges. (g) The energy-dispersive X-ray spectroscopy (EDS) mapping spectra of Mo/HNG 

catalyst, C, N, and Mo are labeled.  

 

Figure 1.2 SEM images of HNG-750 sample with different magnifications 

 

As illustrated in Figure 1.1a, the synthetic strategy for the atomic Mo catalytic sites 

anchoring on a HNG catalyst includes two steps: the synthesis of HNG through 

simultaneous nitrogen doping and potassium salt assisted activation of GO, and subsequent 

introduction of Mo on HNG with nitrogen coordination. In the first step, a solution of 

potassium chloride (KCl) was added into the dispersed GO solution followed by bath 

sonication. Lyophilization afforded a GO foam with evenly distributed KCl. The GO/KCl 
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foam was annealed under Ar/NH3 atmosphere at 750 °C for 1 h to obtain HNG-750. The 

reduction and nitrogen doping were achieved simultaneously, which is consistent with our 

previous approach.18-20 A potassium salt-induced activation and etching process also 

occurs on the graphene during the high-temperature treatment, resulting in the appearance 

of copious pores on the surface of HNG-750 (the number represents the treatment 

temperature in °C), as shown in the comparative transmission electron microscopy (TEM) 

images before and after hole formation (Figure 1.1b). Based on the high-resolution TEM 

images, the intermittent micropores are uniformly distributed on nitrogen-doped graphene 

with diameters ranging from 4 nm to 8 nm. The nitrogen-doped graphene prepared at the 

same annealing temperature except without KCl treatment is devoid of holes as shown in 

Figure 1.1b. The surface morphology of HNG-750 was further probed with scanning 

electron microscopy (SEM) in Figure 1.2, exhibiting a typical stacked graphene sheet 

network. For the second step of Mo introduction, an acetonitrile (CH3CN) solution of 

molybdenum(V) chloride (MoCl5) was mixed with the HNG-750 followed by bath 

sonication. The Mo content was controlled at 0.96 at%, based on the weight of HNG-750, 

to avoid potential aggregation of the Mo atoms. With abundant nitrogen coordination sites 

on the HNG including pyridinic and pyrrolic nitrogen (Figure 1.3a), HNG-750 was 

functionalized as a hosting ligand to react with MoCl5, thereby anchoring the Mo species. 

After reaction between HNG-750 and MoCl5, Mo/HNG was obtained through filtration 

and washing with ethanol. The high-resolution TEM image of Mo/HNG shows the 

preservation of structural holes and the absence of any Mo-based nanoparticle phases on 

the graphene surface (Figure 1.1c). The successful incorporation of atomically dispersed 
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Mo sites is further confirmed (highlighted by white cycles) through the atomic-resolution 

high-angle annular dark-field scanning transmission electron microscope (HAADF-

STEM) measurement (Figure 1.1d), verifying no agglomeration of metallic species such 

as nanoparticles or clusters. The homogenous distribution of the C, N, and Mo elements 

throughout the graphene framework was further confirmed by the energy-dispersive X-ray 

spectroscopy (EDS) mapping spectrum (Figure 1.1e). The Mo mass loading was 

determined to be up to 2.4 wt% according to inductively coupled plasma optical emission 

spectroscopy (ICP-OES). 
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Figure 1.3. XPS, Raman and XAFS characterization of HNG-750 and Mo/HNG 

catalysts. (a) High-resolution XPS spectra of N 1s peak of HNG-750 and comparison with 
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NG-750. (b) Raman spectra of HNG-750 and NG-750. (c) k3-weighted EXAFS spectra of 

Mo/HNG, 2Mo/HNG and Mo foil (note that the Mo foil is transformed by 0.3) (d) XANES 

spectra at the Mo K edge of Mo/HNG. (e) High-resolution XPS spectra of Mo 3d peak of 

Mo/HNG. (f) High-resolution XPS spectra of N 1s peak of Mo/HNG and HNG-750. 

 

Figure 1.4 XRD spectra (Cu Kα radiation) of HNG-750, Mo/HNG, NG-750, Mo/NG 

catalysts. 
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Figure 1.5 Brunauer–Emmet–Teller (BET) surface analysis of HNG-750, Mo/HNG, 

NG-750, Mo/NG. (a) N2 adsorption isotherms and (b) pore size distributions. 

 
Surface area (m2 g-1) Average pore size (nm) 

NG-750 613 4.0 

Mo/NG 249 4.0 

HNG-750 1111 4.2 

Mo/HNG 500 3.2 

Table 1.1 BET surface areas and average pore sizes of HNG-750, Mo/HNG, NG-750, 

Mo/NG 

 

To investigate the structures and compositions of HNG-750 and Mo/HNG, we 

performed a series of characterizations, including X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), and Raman measurements. In high-resolution N 1s XPS 

spectra of HNG-750 (Figure 1.3a), four deconvoluting peaks at 398.4 eV, 399.9 eV, 401.0 

eV and 403.1 eV were designated to pyridinic-N (55 at%), pyrrolic-N (16 at%), graphitic-
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N (20 at%), and N-oxides (8.9 at%), respectively. In comparison with the KCl-treatment-

free NG-750, the ratio and intensity of the pyridinic-N peak are significantly enhanced in 

HNG-750. The pyridinic N atoms have been shown to be preferentially located at the edges 

of graphene.21, 22 During the thermal annealing and nitrogen-doping process, more nitrogen 

species are likely introduced or migrated to the exposed in-plane edges of these pores of 

HNG, leading to this elevated ratio of pyridinic-N. Raman spectra given in Figure 1.3b 

show that the intensity of D band (~1350 cm-1) to G band (~1580 cm-1) ratio (ID/IG) of 

HNG-750 was 1.11, slightly larger than that of NG-750 (ID/IG = 0.95), presumably owing 

to more defects and holey structure existed on graphene layers.23 Figure 1.4 shows the XRD 

spectra of Mo/HNG and HNG-750. Both Mo/HNG and HNG-750 exhibited a broad peak 

at ~24°, which were attributed to the (002) facets of graphene. It is worth noting that the 

(002) peak of Mo/HNG is located on the left of Mo/NG, showing a larger interlayer 

distance in Mo/HNG. No characteristic peak of Mo-based nanocrystalline was observed in 

the XRD pattern of Mo/HNG, which is in accordance with the results of TEM and HAADF-

STEM images. The Brunauer–Emmet–Teller specific surface area of Mo/HNG was 

measured as 500 m2 g−1 compared to that of Mo/NG (250 m2 g-1) (Figure 1.5 and Table 

1.1). The wide range of pore width distribution of Mo/HNG between 2-10 nm is attributed 

to its porous structure, in agreement with the results obtained from TEM. Figure 1.3c 

displays the Fourier transform (FT) k3-weighted χ(k) function of the extended X-ray 

absorption fine structure (EXAFS) spectra of Mo/HNG. The peaks at 1.17 Å in Mo/HNG 

and 2.47 Å in Mo foil can be assigned to the Mo-N(O) and Mo-Mo path, respectively, 

further indicating no Mo-Mo coordination exists in Mo/HNG. The Mo K-edge X-ray 
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absorption near-edge structure (XANES) of Mo/HNG compared with standard Mo foil is 

shown in Figure 1.3d. The positively shifted near-edge of Mo/HNG in comparison to Mo-

foil suggests that the higher valence state of Mo. The inset of Figure 1.3 d highlights the 

pre-edge features at approximately 20,003 eV, which signals 4d and 5p orbital 

hybridization of the Mo central atoms. The high-resolution XPS Mo 3d signal of Mo/HNG 

shows two well-separated spin-orbit component sharp peaks at 232.4 eV and 235.6 eV, 

assigned to Mo 3d5/2 and Mo 3d3/2, respectively, indicating a potential uniform valence 

state of Mo species in Mo/NG close to Mo(V) or Mo(VI) (Figure 1.3e). In the high-

resolution N 1s XPS spectrum of Mo/HNG, there is a shoulder peak appearing at 399.7 eV 

when compared to that of HNG-750, possibly caused by pyridinic-N species bonded to Mo 

sites (Mo-Nx), as shown in Figure 1.3f along with the estimated deconvolution. This 

distinctive difference also strongly supports the existence of coordination between Mo and 

nitrogen in the Mo/HNG catalyst. 
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1.3. Electrochemical reduction of N2 to NH3 on the Mo/HNG catalysts 

 

Figure 1.6 Linear sweep voltammetry (LSV) curves of Mo/HNG under Ar and N2-

saturated 0.05 M H2SO4 electrolyte. 
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Figure 1.7 The calibration of the indophenol blue method for estimating NH4
+/NH3 

concentration, using NH4Cl solutions of known concentration as standards.  (a) UV-

Vis curves of indophenol assays with NH3; (b) calibration assays with absorbances at 679 

nm used for calculation of NH3 concentrations, and the fitting curve shows good linear 

relation of absorbance with NH3 concentration.  
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Figure 1.8 Electrocatalytic performance of N2 reduction to NH4
+/NH3 over the 

Mo/HNG catalyst. (a) Chronoamperometric curves of measurements with Mo/HNG at 

various electrode potentials ranging from 0.00 V to -0.20 V vs RHE in the N2-saturated 

0.05 M H2SO4 solution. (b) Potential-dependent FEs and partial current densities of 

NH4
+/NH3 for NRR on Mo/HNG, Mo/NG, 2Mo/HNG catalysts determined from 

chronoamperometric measurements. (c) Durability and corresponding FE of Mo/HNG with 

testing periods of 20000s. (d) 1H NMR spectra of 14NH4Cl and 15NH4Cl standard, and the 

resultant electrolyte obtained from the chronoamperometric NRR measurement of 

Mo/HNG at -0.05 V using 14N2 and 15N2 as the isotopic nitrogen source. 
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Figure 1.9 NRR partial currents and FE of Mo/HNG as a function of potential in the 

Ar-saturated electrolyte.  

Further electrochemical measurements were conducted to evaluate the 

electrocatalytic activity of the Mo/HNG towards N2 reduction. The electrocatalysts were 

deposited on a carbon fiber paper (CFP) electrode as a working electrode with the use of 

Ag/AgCl as the reference electrode and 0.05 M H2SO4 as an electrolyte. The counter 

electrode of the Pt mesh was separated from the working and reference electrode by a 

Nafion 117 membrane to provide sufficient ion exchange between the two chambers, as 

well as to avoid the permeation of reaction products. N2 gas is purged into the chamber of 

the working cathode electrode, where N2 and H+ combine with transported electrons from 

the electrode to generate the N2 reduction product. Based on the Nernst equation, the 

standard potential for the reduction of N2 to NH3 is 0.098 V vs RHE (Ag/AgCl KCl 

saturated reference electrode has been calibrated on reversible hydrogen electrode). 
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Preliminarily, a comparison study of the linear sweep voltammetry (LSV) curves of 

Mo/HNG under Ar- and N2-saturated 0.05 M H2SO4 electrolyte was performed (Figure 

1.6). For Mo/HNG, the current density in N2-saturated electrolyte was slightly higher than 

that in Ar-saturated electrolyte at the potential ranging from 0.00 to -0.20 V vs RHE, 

indicating a possible interaction between Mo/HNG catalyst with N2 during the 

electrochemical sweeping. With the applied potential below -0.20 V vs RHE, the current 

density of Mo/HNG in N2-saturated electrolyte resembles that in Ar-saturated electrolyte, 

suggesting that the HER is the predominant reaction in this circumstance. The NRR 

catalytic performance of Mo/HNG was further tested through 

chronoamperometric measurements at various electrode potentials ranging from 0.00 V to 

-0.20 V in N2-saturated 0.05 M H2SO4 electrolyte. After each 2000 s test for Mo/HNG at a 

selected constant potential, the electrolyte in the chamber of the working electrode was 

collected. In order to quantify the concentration of NH4
+/NH3 product in the electrolyte, a 

colorimetric indophenols blue method was employed with a calibrated standard curve 

(Figure 1.7).24 The potential production of hydrazine was also examined with a p-

(dimethylamino)-benzaldehyde-based method.25 As controls, we also synthesized atomic 

Mo on nitrogen-doped graphene (Mo/NG) catalyst through NH3 annealing of a GO/MoCl3 

precursor with our previously reported method,18-20 and Mo/HNG with doubled Mo loading 

(2Mo/HNG), that were tested with the same electrochemical conditions. The corresponding 

FE of Mo/HNG, 2Mo/HNG and Mo/NG with various electrode potentials are plotted in 

Figure 1.8a. Figure 1.8a also shows the calculated corresponding partial current densities 

of Mo/HNG, 2Mo/HNG and Mo-HNG for NH4
+/NH3 production. Interestingly, at all 
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applied potentials, Mo/HNG exhibited much higher FEs and partial current densities for 

NH3 production than those of 2Mo/HNG and Mo/NG. This phenomenon suggests that the 

HNG structure and controlled Mo loading are essential for the formation of single atomic 

Mo-based active sites towards NRR in comparison with non-HNG. The FE of NH4
+/NH3 

production for Mo/HNG reached the maximum value of 50.2% at -0.05 V vs RHE, where 

it is 34.2% for Mo/NG and 8.1% for 2Mo/HNG. The Mo/HNG electrocatalyst in the N2 

saturated electrolyte exhibits approximately 2.3 times higher NH4
+/NH3 production yields 

than that of Mo/NG. For both Mo/HNG and Mo/NG, the partial current densities of 

NH4
+/NH3 production drastically increased when the applied potential shifted from 0.00 V 

to -0.05 V vs RHE, showing the range of onset potential for electrochemical NRR 

occurrence. After -0.05 V vs RHE, the partial current densities gradually drop since the 

competitive HER becomes the predominant reaction on the electrodes.  

To further substantiate that the detected NH4
+/NH3 derived from the 

electrochemical activation of N2 and not from the nitrogen atoms on the HNG substrate, 

complementary isotope labeling experiments were performed using 15N2 (99 atom% 15N) 

and abundant natural 14N2 (99.6 atom% 14N) as nitrogen sources, respectively.26 As 

illustrated in Figure 1.8d, the NH4
+ splitting patterns in 1H nuclear magnetic resonance (1H 

NMR) spectra of the resultant electrolytes demonstrate strong consistency with the 

corresponding isotopic 15N2 or 14N2 source supplied during electrolysis at -0.05 V vs RHE. 

Meanwhile, no NH3 was detected in the control experiments using Ar as the gas supply at 

the same testing potential (Figure 1.9), further substantiating the reliability of the results. 

Moreover, the hydrazine yields were both below the detection limit for the results of 
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Mo/HNG and Mo-NG, demonstrating their high electrochemical selectivity towards NH3 

formation. 

 

Figure 1.10 Computational studies of electrochemical N2 reduction. (a) Optimized 

structure models of MoN4, MoN3, MoN3 with two adjacent vacancies (MoN3+2VC), and 

their corresponding differential charge density upon adsorption of N2, where yellow and 

cyan isosurfaces indicate charge accumulation and depletion, respectively. (b) Free energy 

diagram for the NRR on the MoN4, MoN3, and MoN3+2VC catalytic centers at U = 0 V. 

The energy barrier of corresponding potential-determining step in electrochemical NRR 
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with distal pathways is shown with the two-way arrow. (c) Optimized configurations of 

reaction intermediates in NRR on MoN3+2VC center. 

 

Figure 1.11 (a) Free energy diagram for the NRR on the MoN4 catalytic centers with 

distal pathway and alternating pathway at U = 0 V. (b) Illustrated reaction 

intermediates are for distal pathway and alternating pathway. 

 

To gain better insight into the intrinsic origin of improved NRR performance from 

such edge anchored single-atom Mo sites, computational studies under the scheme of spin-

polarized density functional theory have been performed, focusing on the adsorption 

behaviors and possible reaction pathways on the Mo catalytic centers. As illustrated in 

Figure 1.10a, three representative types of hosting environment models of nitrogen-doped 

graphene have been constructed and investigated as active sites: Mo atoms embedded upon 



 
21 

 

 

a graphene lattice with typical four nitrogen coordination (MoN4), edge-anchored Mo with 

three pyridinic nitrogen as binding sites (MoN3), MoN3 site with two neighboring 

vacancies of graphene matrix (MoN3+2VC), respectively. It was found that the distal 

pathway is more feasible than the alternating pathway (Figure 1.11) on MoN4 sites, in 

accordance with the observed absence of hydrazine during NRR in Mo/HNG. The free 

energy diagram of intermediates in the distal pathway without external potential is shown 

in Figure 1.10b. All three single Mo configurations exhibit an exothermic nitrogen 

adsorption (formation of *N2) process, indicating a preferential activation of dinitrogen. 

Based on the MoN4 center, the potential-determining reaction bottleneck is identified as 

the final hydrogenation step of *NH2 intermediate (*NH2 + NH3 + H+ + e- → *NH3 +NH3) 

and the reaction barrier is calculated to be 0.93 V. In contrast, the potential-determining 

step of MoN3 was shifted to the first hydrogenation step of bonded dinitrogen (*N2 + H+ + 

e- → *NNH), meanwhile featuring reduced reaction barriers of 0.56 V, which is much 

lower than that of Mo-N4 and reported noble metal catalysts.27 Additional carbon vacancies 

(MoN3+2VC), however, did not further improve the activity with an energy barrier of 0.69 

V from the final hydrogenation step. The experimentally observed low overpotential of 

NRR towards NH3 could be attributed to this free energy favorable distal pathway on MoN3 

sites, the small coordination number of which was induced by the holey structure, thereby 

leading to the more intriguing NRR activity of Mo/HNG compared to that of Mo/NG. 
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1.4. Conclusion 

In conclusion, to overcome the challenge of non-enzymatic N2 fixation under 

ambient conditions, we designed and demonstrated that the direct electrochemical 

reduction of N2 to NH3 in a mildly acidic electrolyte could be achieved by using atomic 

Mo anchored on HNG  as an electrocatalytic catalyst. At -0.05 V versus RHE, Mo/HNG 

exhibited an outstanding FE of 50.2% for NH4
+/NH3 production with a partial current 

density of 12.7 μA cm-2 with NH3 production yield rate of 2.7 μg h-1 mgcat
-1. The HNG is 

an efficient substrate for dispersing and bonding atomic Mo species as Mo-Nx moieties, 

which are considered the active sites for NRR. DFT calculations reveal that the 

incorporation of Mo into edge-rich HNG scaffold along with the substrate vacancies 

synergistically promote electrochemical NRR with low overpotential. This work provides 

a new strategy for the synthesis of SACs and insight into the role of the coordination 

environment. This paves the way for further applications of SACs toward electrochemical 

N2 reduction.  

1.5. Methods  

1.5.1. Characterization methods 

TEM images were obtained on a JEOL-2100F field emission gun TEM equipped 

with an EDS detector at an acceleration voltage of 200 kV. SEM images were acquired on 

a  FEI Quanta 400 ESEM. Aberration-corrected TEM and HAADF-STEM measurements 

were carried out at 300 keV using a FEI Titan Themis3 S/TEM equipped with image and 
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probe spherical aberration correctors. Chemical compositions and elemental oxidation 

states of the samples were investigated by XPS spectroscopy with a base pressure of 5 × 

10–9 Torr. The survey spectra were recorded in a 0.5 eV step size with a pass energy of 140 

eV. Detailed scans were recorded in 0.1 eV step sizes with a pass energy of 26 eV. The 

elemental spectra were all shifted with respect to C 1s peaks at 284.5 eV as reference. XRD 

analysis was performed by a Rigaku D/Max Ultima II configured with a Cu Kα radiation, 

graphite monochrometer, and scintillation counter. Quantitative analysis of Mo loading 

was carried using a PerkinElmer Optima 4300 DV ICP-OES. A Renishaw Raman 

microscope using 514 nm laser excitation at room temperature with a laser power of 5 mW 

was employed to obtain Raman spectra. UV-Vis spectra were collected on a Shimadzu UV-

3600 Plus spectrometer. Mo K-edge X-ray absorption spectra were obtained at room 

temperature in fluorescence mode at beamline 7 of National Synchrotron Light Source II 

(NSLS II), which was equipped with a Si(111) monochromator and operated at 3 GeV with 

a current of 400 mA. The energy was calibrated using Mo foil, while the incident and 

fluorescence X-ray intensities were monitored with passivated implanted planar silicon 

(PIPS) detectors. The XAFS raw data were background-subtracted, normalized, and 

Fourier transformed by the standard procedures with the ATHENA program. 

1.5.2. Electrochemical measurements 

Electrochemical measurements were measured in a three‐electrode system on a 

CHI 708D electrochemical workstation. The carbon fiber paper with the catalyst layer was 

cut into 1 cm × 2 cm rectangles acting as the working electrode. The RuO2 and Ag/AgCl 

electrodes (with saturated KCl solution) served as the counter electrode and the reference 
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electrodes, respectively. In a typical synthesis of the working electrode, a catalyst ink was 

prepared by dispersing 4 mg of catalyst and 80 µL of 5 wt% Nafion solution into 1 mL of 

4:1 (v/v) water/ethanol with 3 h bath sonication, and 1 mL of the catalyst ink was loaded 

and dried into a half area of the carbon fiber paper (1 cm × 1 cm). 

The electrochemical measurements for N2 reduction were performed in a N2‐

saturated 0.05 M H2SO4 solution in a H-type reaction cell with three-electrode 

configuration. A flow of N2 (~10 sccm), generated from a constant stream bubbling in the 

cell solution, was purged into the solution during the measurement to remove residual air 

and ensure continuous N2 saturation. The concentration of produced NH4
+/NH3 was 

subsequently determined by the indophenol blue method. For further cautious validation 

of electrochemical NRR, after 2,000 s continuous electrolysis at -0.05 V vs RHE, the 0.9 

mL of electrolyte solution was collected and mixed with 0.1 mL D2O in an NMR tube. The 

mixture was analyzed on a Bruker 600 MHz 1H NMR spectrometer with water suppression 

to identify the 1H peak of NH4
+. The LSV measurements were carried out in the potential 

range of 0.10 to −1.2 V (vs RHE) with scan rate of 20 mV s−1 (the electrolyte was sparged 

with Ar gas for Ar saturation). The durability tests were performed by keeping the working 

potential at -0.05 V (vs RHE) for 20,000 s. 

1.5.3. Computational Methods 

The spin-polarized density functional theory (DFT) calculations were performed 

using the plane-wave basis Vienna Ab-initio Simulation Package (VASP)28, with Perdew-

Burke-Ernzerhof (PBE) functional29 and projector-augmented-wave (PAW) 
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pseudopotential30, describing the electron exchange-correlation interactions. An energy 

cutoff of 400 eV and a dense Gamma-centered 3 × 3 × 1 k-points grid were employed to 

ensure the convergence of the total energy to 10−5 eV and the residual forces less than 0.01 

eV/Å. The z-direction vacuum space was 15 Å, large enough to avoid spurious interactions 

between neighboring images. Free energy change (∆G) of each electrochemical step was 

calculated based on the computational hydrogen electrode (CHE) model31, 32 as: ∆G = 

∆Eelec + ∆EZPE - T∆S + ∆GU + ∆GpH, where Eelec is the electronic energy calculated by DFT, 

EZPE and S are the zero-point energy and entropy estimated through molecular vibration 

analysis under harmonic approximation, T is the temperature (298.15 K), and ∆GU = eU 

and ∆GpH = kBT × pH × ln10 are the free-energy corrections of the applied electrode 

potential U and the pH value (assumed to be zero in this work), respectively. The entropies 

of molecules in the gas phase were taken from the NIST database.  

1.6. Contributions 

Zhe Wang and Dr. Chenhao Zhang designed and performed the synthesis, sample 

characterizations, electrocatalytic experiments and wrote the paper. Jincheng Lei and 

Boris I. Yakobson helped to perform the DFT calculations to study the NRR mechanism.  

Lu Ma assisted with the analysis and discussion of EXAFS and XANES spectra. James 

M. Tour supervised the entire project and corrected the manuscript. All authors discussed 

the results.  
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Chapter 2 

Achieving Single-Atomic Fe Anchored with 

Pyrrole-type N with a Flash Joule Heating 

Method for O2 Reduction and CO2 Reduction 

This section was mostly adapted from an unpublished manuscript 

2.1. Introduction 

Heterogeneous catalysts are widely used in industry as they are stable under 

relatively harsh conditions and could be easily separated.33-37 However, the active atom 

utilization is limited as only certain types of surface atoms participated in the catalytic 

process and the selectivity could be influenced by different facets and defects.34, 38, 39 Single 

atomic catalysts, with fully exposed and isolated active atoms anchored on the substrates, 

show not only a higher active atom utilization and but also interesting electronic structures, 

exhibiting special catalytic activity when compared to bulk metals or clusters.18, 33-35, 40, 41 

Their binding with reaction intermediates can be tuned by changing the center atoms and 

adjusting coordinative dopants, making them promising candidates for heterogeneous 
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catalysis.18, 19, 33, 34, 40-43 For example, Fe-C-O coordination exhibits activity for reducing 

O2 to H2O2 while Fe-C-N experiences the 4-electron oxygen reduction pathway with water 

as the final product, underscoring these dramatic catalytic differences through small 

differences in coordinative associations.44 

 

Among the many single atomic structures, iron-nitrogen (FeN4) motifs have shown 

potential for many reactions, for example, in the CO2 reduction reaction and the 4-electron 

oxygen reduction reaction, the widely sought process to reduce greenhouse gas emissions. 

Although most FeN4 catalysts belong to pyridine-type or mixed-type and have exhibited 

good performance, recent experimental work indicated that pyrrole-type FeN4 could show 

different oxidation states and binding strength with intermediates as well as catalytic 

performances.45-48 Obtaining pyrrole-type FeN4 with high purity and comparing results 

with theoretical calculations could provide a further understanding of the reaction 

mechanism and then better design of better catalysts. 

 

Synthesizing single-atom catalysts on a large scale remains difficult since 

preparation methods usually require a long-term high-temperature annealing process, 

which is a large CO2-generating process.33, 40, 49-52 We demonstrate here the preparation of 

pyrrole-type FeN4 single atomic catalysts with a flash Joule heating (FJH) method, with 

which only 0.9 kJ g-1 energy input is required for the rapid annealing process. The single 

atomic pyrrole-type FeN4 structure was verified through a series of microscopic and 

spectroscopic methods. Theoretical calculation illustrated the pyrrole-type FeN4 could 
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show enhanced both oxygen reduction reaction (ORR) and CO2 reduction reaction 

performances, as was verified by experiments. For ORR, an onset potential of 0.86 V vs 

reversible hydrogen electrode (RHE), half-wave potential of 0.77 V vs RHE with near 4.0 

electron transfer number were achieved, which is better than that of Pt/C with similar metal 

loading. For CO2 reduction, pyrrole-type FeN4 exhibited an onset potential of -0.15 V vs 

RHE and a 90% Faradaic efficiency to generate CO from CO2.  
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2.2. Synthesis and characterization 

 

Figure 2.1 Characterization of flash Joule heated (FJH) H-CB. (a) Schematic of the 

flash Joule heating setup. (b) X-ray diffraction patterns, and (c) Raman spectra of N-CB, 

hemin, H-CB 0V, H-CB 15V, H-CB 30V, and H-CB 45V. (d) High-resolution 

Transmission electron microscopy (HR-TEM) image of H-CB 30V. (e) High-angle annular 

dark-field scanning transmission electron microscopy (HAADF-STEM) and 

corresponding energy-dispersive X-ray spectroscopy (EDS) mapping images of H-CB 30V. 
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(f) High-magnification HAADF-STEM image of H-CB-30V. (g) N contents of FJH H-CB 

samples. (h) The normalized Fe K-edge X-ray absorption near-edge structure (XANES) 

spectra, and (i) Fourier transform magnitudes of the experimental Fe-edge extended X-ray 

absorption fine structure (EXAFS) of FJH H-CB samples. Scale bars: 20 nm, 50 nm and 2 

nm in (d), (e) and (f), respectively.  

 

Figure 2.2 Structure of hemin 
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Figure 2.3 Finite element analysis of temperature distributions during flash Joule 

heating process with different voltages (U) applied. (a) U=15 V; (b) U=30 V; (c) U=45 

V. The different colors indicate the local temperatures. The scales on the top and the right 

are the x and y coordinates. 
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Figure 2.4 (a) Low-magnitude and (b) high-magnitude TEM images of H-CB 0V. No 

obvious nanoclusters or nanoparticles were observed. 

 

Figure 2.5 (a) Low-magnitude and (b) high-magnitude TEM images of H-CB 15V. No 

obvious nanoclusters or nanoparticles were observed. 
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Figure 2.6 Low-magnitude TEM image of H-CB 30V. No obvious nanoclusters or 

nanoparticles were observed. 
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Figure 2.7 (a) Low-magnitude and (b) high-magnitude TEM images of H-CB 45V. A 

nanoparticle was seen in zoomed-in images in (b) and (c). 
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Figure 2.8 SEM images of H-CB samples. (a) H-CB 0V. (c) H-CB 15V. (e) H-CB 30V. 

(g) H-CB 45V. (b), (d), (f), and (h) are zoomed-in images of (a), (c), (e) and (g), 

respectively. Scale bar: 250 nm in (a), (c), (e), and (g). 100 nm in (b), (d), (f), and (h). 

Typical amorphous particle morphology of carbon black materials could be seen in all the 

samples. 
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Figure 2.9 Brunauer-Emmett-Teller (BET) surface analysis of H-CB samples. (a) N2 

adsorption and desorption isotherms. (b) Pore size distributions. 

 

Figure 2.10 XPS spectra of H-CB samples. (a) Survey spectra. (b) N 1s spectra. From 

bottom to top: H-CB 0V, H-CB 15V, H-CB 30V, H-CB 45V.  
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Figure 2.11 (a) SEM image of H-CB 0V and (b-d) respective elemental distributions 

of C, N and Fe. Purple: C; green: N; orange: Fe. 



 
38 

 

 

 

Figure 2.12 (a) SEM image of H-CB 15V and (b-d) respective elemental distributions 

of C, N and Fe. Purple: C; green: N; orange: Fe. 
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Figure 2.13 (a) SEM image of H-CB 30V and (b-d) respective elemental distributions 

of C, N and Fe. Purple: C; green: N; orange: Fe. 
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Figure 2.14 (a) SEM image of H-CB 45V and (b-d) respective elemental distributions 

of C, N and Fe. Purple: C; green: N; orange: Fe. 
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Sample 
Surface area  

(m2 g-1) 
Average Pore width (nm) 

Percentage of pores (%) 

Micro Meso 

H-CB 0V 43 2.9 2.8 97.2 

H-CB 15V 88 2.8 3.5 96.5 

H-CB 30V 119 21.9 4.7 95.3 

H-CB 45V 133 20.1 3.4 96.6 

Table 2.1 Brunauer-Emmett-Teller analysis of H-CB samples 

 

Sample C N O Fe 

H-CB 0V 81.7 9.7 8.1 1.1 

H-CB 15V 82.4 8.2 8.1 1.2 

H-CB 30V 86.2 7.5 5.3 1.0 

H-CB 45V 92.6 5.0 1.6 0.8 

Table 2.2 XPS analysis of element contents in H-CB samples (units: at%)  

 

Sample Fe-N/Pyridinic N Pyrrolic N Graphitic N N-oxides 

H-CB 0V 80.3 10.8 4.0 4.8 

H-CB 15V 75.0 12.3 8.1 4.6 

H-CB 30V 70.8 15.3 8.9 5.0 

H-CB 45V 60.3 22.7 9.6 7.5 

Table 2.3 N 1s spectra deconvolution in H-CB samples (units: %) 

 

In this work, the pyrrole-type FeN4 single atomic catalyst was prepared with a flash 

Joule heating setup (Figure 2.1a), which could achieve a wide range of temperatures 

starting from room temperature to up to  >3,000 K within milliseconds with high heating 
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and cooling rates (103 to 105 K s-1) and requires little energy input since all the heat was 

generated locally and used to anneal the sample during the rapid process.53 During the 

preparation, hemin (Figure 2.2), a naturally abundant small compound in blood with a 

porphyrin structure, was adsorbed on the surface of N-doped carbon black. The N-doped 

carbon black is necessary to improve the conductivity of the sample as the Joule heating 

power is inversely proportional to the resistance of the sample. By controlling the voltage 

applied, the heating temperature could be adjusted (Figure 2.3) to selectively break and 

form certain types of chemical bonds.53, 54 X-ray diffraction (XRD) patterns provided 

evidence of the structure changes obtained at different FJH voltages (Figure 2.1b). In the 

H-CB 0V (the number before V represents the FJH voltage) precursor that is not heated, 

the hemin structure is kept the same as in the pure hemin: they share a similar peak at 6.8° 

in the XRD patterns. When the FJH voltage was increased, hemin was gradually converted 

into a part of the carbon frame and its peak became weaker. As the voltage reaches 30 V, 

no obvious peak from hemin could be observed. Instead, there existed only two broad peaks 

from amorphous carbon, in accord with transmission electron microscopy (TEM) (Figure 

2.4, Figure 2.5, Figure 2.6 and Figure 2.7) and scanning electron microscopy (SEM) 

(Figure 2.8) characterization. Brunauer-Emmett-Teller (BET) surface analysis also showed 

a gradually increased specific surface with an increased FJH voltage (Figure 2.9 and Table 

2.1), confirming the structural transformation during the FJH process. When the FJH 

voltage was up to 30 V, mesopores began to dominate and the average pore width was 

increased from 2.8 nm to 21.9 nm. The pyrrole-type FeN4 structure, however, was retained 

when the FJH voltage was not over 30 V according to the existence of the peak located at 
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753 cm-1 in Raman spectra which arises from the pyrrole breathing mode in the porphyrin 

structure (Figure 2.1c).55, 56 A higher voltage FJH destroys the original porphyrin structure 

and forms FeNx nanoclusters, as was confirmed by TEM images (Figure 2.10). Thus, 30 V 

FJH successfully transforms isolated hemin molecules into pyrrole-type FeN4 structures in 

the carbon frame. The energy input is only 0.9 kJ g-1, which is ~1/500 that of the traditional 

CVD method.57, 58 Besides, the system could operate at mild vacuum, which also reduces 

the cost of inert and reactive gas.59 Currently, a production rate of >10 kg day-1 has been 

achieved in our lab with the help of a homemade automation system. 

 

To further investigate the atomic structure of FJH H-CB materials, more 

characterizations were carried out. High-resolution TEM showed neither nanoparticles nor 

clusters formation after the FJH process when the voltage applied is controlled no higher 

than 30 V (Figure 2.1d and Figure 2.4, Figure 2.5, Figure 2.6). High-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM) equipped with energy-

dispersive X-ray (EDX) detectors demonstrated a uniform distribution of both N and Fe 

elements in H-CB 30V (Figure 2.1e). The single-atomic nature of Fe was further exhibited 

by the high-resolution aberration-corrected HAADF-STEM image in which every bright 

spot represents one Fe atom due to the Z-contrast of Fe compared to C and N and most of 

them are isolated from each other (Figure 2.1f). X-ray photoelectron spectroscopy (XPS) 

showed element compositions changes during the FJH process, N, O, and Fe contents have 

an inverse relationship with the FJH voltage due to the high temperature during the FJH 

process (Figure 2.1g, Figure 2.10 and Table 2.2). And the Fe concentrations were also 
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confirmed by inductively coupled plasma mass spectrometry (ICP-MS). High-resolution 

N 1s spectra were deconvoluted into 4 peaks: pyrrolic N binding to Fe and isolated 

pyridinic N (398.7 eV), isolated pyrrolic N (400.3 eV), graphitic N (401.6 eV), and N 

oxides (403.7 eV), illustrating that Fe in H-CB 15V and H-CB 30V are anchored by 

pyrrolic N, similar to that in the H-CB 0V precursor (Table 2.3).45 SEM elemental mapping 

further confirmed the homogeneous dispersions of N and Fe in all the samples (Figure 2.11, 

Figure 2.12, Figure 2.13 and Figure 2.14).  

X-ray absorption near-edge structure (XANES) spectroscopy, which provides 

detailed information about the atomic structure around the photoabsorber, was carried out 

to probe the chemical state and coordination structure of Fe (Figure 2.1h). H-CB 0V, H-

CB 15V, and H-CB 30V had similar spectra with pure hemin in the Fe K-edge XANES, 

indicating their similar Fe(III) chemical states. Their lower pre-edge shoulder peak at 7,114 

eV illustrated a D4h symmetry in which each Fe atom is anchored by 4 pyrrole-type N. 

Pyridine-type FeN4, however, has a square-pyramidal geometry.19 Additionally, 

coordination atoms in the z-axis could also induce D4h symmetry breaking and change the 

intensity and shape shoulder peak.60 The negative shift of the pre-edge spectrum from the 

reduction of Fe(III) and the decreased intensity of the shoulder peak confirmed the 

formation of FeNx in H-CB 45V, in accord with our previous analysis. Figure 2.1i shows 

the Fourier transform magnitudes of the experimental Fe-edge extended X-ray absorption 

fine structure (EXAFS) of FJH H-CB materials as well as commercial Fe3O4, pure hemin, 

and Fe foil. H-CB 0V, H-CB 15V, and H-CB 30V showed a strong peak at 1.68 Å due to 

Fe-N coordinations, which is similar to that in hemin. No obvious signal from Fe-Fe bond 
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was found, confirming their single-atomic nature. However, peaks related to Fe-N and Fe-

Fe bonds were observed in H-CB 45V, illustrating the importance of voltage control to 

make single-atomic catalysts.  

2.3. DFT Theoretical predictions of catalytic performance 

 

Figure 2.15 Calculated free energy profiles of FeN4 sites. (a) Pyridine- and (b) pyrrole-

type FeN4 sites. (c) Free energy changes of the 4-electron ORR at potential U = 1.23 V. (d) 
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Free energy change at U = 0 V for the CO2 reduction to CO. The inserts show the optimized 

structures of reaction intermediates. C: black; N: blue; O: red; H: white, Fe: yellow.  

 

To provide a theoretical evaluation of the catalytic activity and the mechanism on 

the pyridine- and pyrrole-type FeN4 sites (Figure 2.15a-b) and guide experimental designs, 

we investigate the free energies of the reaction pathways in both the 4e- ORR61-63 and CO2 

reduction32, 64 using first principles calculations. According to the calculated 4e- ORR 

mechanism in Figure 2.15c, the rate-determining step (RDS) of the pyrrole-type is the first 

step, O2 hydrogenation to *OOH, whereas RDS of pyridine-type is the last step, *OH 

desorption. And the pyrrole-type structure has a lower overpotential (0.53 V) than the 

pyridine-type structure (0.78 V). In the CO2 reduction reaction (Figure 2.15d), although 

the pyridine-type has lower Gibbs free energy change (ΔG) in the first proton and electron 

transfer step, it has ΔG of 1.15 eV for CO desorption, the bottleneck of the CO2 reduction 

on both types of FeN4 site, compared to the 0.83 eV for pyrrole-type. This large free energy 

difference (0.32 eV) suggests that the pyrrole-type FeN4 site can have a higher activity to 

reduce CO2 and form CO than pyridine-type. 
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2.4. Electrocatalytic performance of FJH H-CB materials 

 

Figure 2.16 CV curves in O2-saturated and Ar-saturated HClO4 of FJH H-CB 

catalysts. (a) H-CB 0V, (b) H-CB 15V, (c) H-CB 30V, and (d) H-CB 45V. Scan rate: 10 

mV s-1.  
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Figure 2.17 Oxygen reduction reaction performance of H-CB in O2 saturated 0.1 M 

HClO4. (a) RDE voltammograms of H-CB samples and commercial Pt/C. (b) RDE 

voltammograms of H-CB 30V and Pyridine-type FeN4. (c) RDE voltammograms of H-CB 
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samples at different rotating speeds. Inset: corresponding Koutecky-Levich plots (K-L 

plots) at different potentials. (d) Electron transfer number and H2O2 yield calculated from 

RRDE voltammograms. Rotating speed: 1600 rpm. (e) Accelerated durable tests of H-CB-

30V before and after 10,000 cycles. (f) Chronoamperometric curves of H-CB-30V and Pt/C 

at 0.60 V vs RHE.  

 

Figure 2.18 Tafel slopes of H-CB samples and commercial Pt/C. 
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Figure 2.19 Cdl determination of H-CB 0V. (a) CV curves of H-CB 0V recorded at 10, 

20, 40, 60, 80, 100 mV s-1. (b) Cathodic current density and anodic current density at 1.08 

V (vs. RHE) as a function of scan rate along with the linear fitting curves. 

 

Figure 2.20 Cdl determination of H-CB 15V. (a) CV curves of H-CB 15V recorded at 10, 

20, 40, 60, 80, 100 mV s-1. (b) Cathodic current density and anodic current density at 1.08 

V (vs. RHE) as a function of scan rate along with the linear fitting curves. 
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Figure 2.21 Cdl determination of H-CB 30V. (a) CV curves of H-CB 30V recorded at 10, 

20, 40, 60, 80, 100 mV s-1. (b) Cathodic current density and anodic current density at 1.08 

V (vs. RHE) as a function of scan rate along with the linear fitting curves. 

 

Figure 2.22 Cdl determination of H-CB 45V. (a) CV curves of H-CB 45V recorded at 10, 

20, 40, 60, 80, 100 mV s-1. (b) Cathodic current density and anodic current density at 1.08 

V (vs. RHE) as a function of scan rate along with the linear fitting curves. 



 
52 

 

 

FeN4 

types 

Mass 

loading 

 (mg cm-2) 

Half-wave 

potential 

 (V vs RHE) 

H2O2 

selectivity (%) 

Electrolyte

s 
Ref 

Pyrrole 0.16 0.77 1.5 
0.1 M 

HClO4 

This 

work 

Pyridine 0.16 0.72 - 
0.1 M 

HClO4 

This 

work 

Pyridine 0.2 0.63 0 
0.1 M 

HClO4 

Ref.6

5 

Pyridine 0.8 0.748 <9.9 
0.1 M 

HClO4 

Ref.6

6 

Pyrrole 0.6 0.86 2.5 
0.5 M 

H2SO4 

Ref.4

6 

Pyridine 0.6 0.71 <1 
0.5 M 

H2SO4 

Ref.4

6 

Pyrrole 0.6 0.8 <5 
0.5 M 

H2SO4 

Ref.4

7 

Table 2.4 Comparison of ORR activity and selectivity on different types of FeN4 

catalysts in acidic electrolytes. 

 

Sample Cdl (mF cm-2) EASA(cm2 cm-2
electrode) 

H-CB 0V 4.1 102 

H-CB 15V 9.9 248 

H-CB 30V 11.3 282 

H-CB 45V 6.6 165 

Table 2.5 Double-layer capacity and electrochemically active surface areas (EASA)  

in H-CB samples in 0.1 M HClO4. 

 

Acidic ORR performances of FJH H-CB catalysts were evaluated in a 0.1 M HClO4 

aqueous solution with a saturated Hg/Hg2SO4 electrode as the reference electrode. A thin 

layer of catalyst ink was uniformly coated on the surface of a rotating disk electrode (RDE) 
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or a rotating ring-disk electrode (RRDE) with a mass loading of 0.16 mg cm-2. H-CB 0V 

exhibited an irreversible ORR peak at 0.45 V vs RHE in the cyclic voltammogram (CV) in 

the O2-saturated electrolyte (Figure 2.16). This peak was positively shifted to 0.50 V vs 

RHE and 0.75 V vs RHE in H-CB 15V and H-CB 30V, respectively, which could be 

attributed to the improved electrical conductivity between carbon frame and FeN4 active 

center during the FJH process. However, the peak is located at 0.66 V vs RHE in H-CB 

45V due to the formation of FeNx.
67 Similar trends were found in linear sweep 

voltammograms on RDE in which the onset and half-wave potentials rank from negative 

to positive in the order of H-CB 0V<H-CB 15V<H-CB 45V<H-CB 30V (Figure 2.17a). It 

is worth noting that the onset potential (0.91 V vs RHE) and half-wave potential of H-CB 

30V (0.77V vs RHE) were 200 mV and 150 mV more positive than 5% Pt/C, respectively, 

although they remained slightly inferior to 20% Pt/C. The performance of pyrrole-type 

FeN4 catalyst, H-CB 30V, is comparable to that of other pyrrole-type FeN4 catalysts and 

better than pyridine-type FeN4 prepared with the long-term annealing process (Figure 

2.17b and Table 2.4). A small Tafel slope (89 mV dec-1) was also observed in H-CB 30V, 

indicating a fast kinetic process during the oxygen reduction (Figure 2.18). 

Electrochemically active surface areas (ECSA) were also calculated from the double-layer 

capacitance in the Ar-saturated electrolyte (Figure 2.19, Figure 2.20, Figure 2.21, Figure 

2.22 and Table 2.5). It was found that controlled voltage FJH significantly increased the 

ECSA. A voltage that is too high, however, impeded the EASA increasing although the 

BET surface area is directly related to the FJH voltage.  
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To better understand the ORR pathways and mechanism, ORR polarization curves 

of H-CB 30V at different rotating speeds were obtained (Figure 2.17c). According to the 

Koutecky-Levich equation, an average of ~4.0 electron transfer number at different 

potentials was calculated from the plots of J-1 as a function of ω-1/2 (Koutecky-Levich plots, 

K-L plots), showing the 4e- oxygen reduction process. To further confirm if the oxygen 

experience a direct 4e- or two sequential  2e- mechanism, RRDE, the Pt ring of which could 

detect the H2O2 generated in the central disk, was used. The rotating speed was fixed at 

1,600 rpm to promote the convection of H2O2 and improve the signal intensity on the ring. 

The average electron transfer number was 3.97, corresponding to 1.5% H2O2 selectivity, 

which revealed a direct 4e- ORR mechanism (Figure 2.17d). After 10,000 cycles between 

0.6 V and 1.0 V vs RHE, the half-wave potential of H-CB 30V was shifted by 35 mV and 

88% of the original current was preserved (Figure 2.17e). This result along with the 80% 

current retention after 50,000 s electrolysis at 0.6 V vs RHE compared to <60% in the 20% 

Pt/C in the long-term chronoamperometric tests demonstrated the superior stability of H-

CB 30V (Figure 2.17f).  



 
55 

 

 

 

Figure 2.23 CO2 reduction reaction performance of H-CB-30V. (a) RDE 

voltammograms of H-CB in CO2- and Ar-saturated 1 M KHCO3. (b) CO partial current 

density and Faradaic efficiency as a function of potential.  

 

Figure 2.24 CO2 reduction current as a function of potential in CO2 saturated 1 M 

KHCO3 on the gas diffusion electrode. 
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The CO2 reduction performance was initially evaluated using RDE voltammograms 

in Ar-and CO2-saturated 1 M KHCO3 at a rotating speed of 1,600 rpm. It was found that 

H-CB 30V exhibited an earlier onset potential in CO2-saturated KHCO3 than in the Ar-

saturated electrolyte, arising from the CO2 reduction process (Figure 2.23a). The CO2 

reduction onset potential of -0.15 V vs RHE was 150 mV more positive than pyridine type 

FeN4 catalyst, in accord with the theoretical prediction.19, 45 In order to quantify its CO2 

reduction reaction, H-CB 30V was tested in the flow cell setup. Gas-phase and liquid-phase 

products were analyzed with gas chromatography (GC) and 1H nuclear magnetic resonance 

(NMR) spectroscopy, respectively. A near 90% Faradaic efficiency was achieved with a 

CO partial current density of 8.88 mA cm-2 at -0.64 V vs RHE (Figure 2.23b and Figure 

2.24). The maximum CO partial current density, however, could reach 13.81 mA cm-2 at -

0.76 V vs RHE. When higher overpotentials were applied, hydrogen evolution reaction 

gradually became dominant on the surface.  

 

2.5. Conclusion 

In summary, we demonstrated that pyrrole-type FeN4 single atomic catalysts could 

be synthesized rapidly using a flash Joule heating (FJH) method, with which only 0.9 kJ g-

1 energy input is required, much smaller than the widely used CVD method. The atomic 

motif and uniform distributions were confirmed with a series of structural characterizations, 

including SEM, HRTEM, HAADF-STEM and XANES. Theoretical calculation illustrated 

the pyrrole-type FeN4 could exhibit enhanced performances compared to traditional 
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pyridine-type FeN4 in both the oxygen reduction reaction (ORR) and the CO2 reduction 

reaction, as were verified by experiments. For ORR, the as-prepared catalyst could reduce 

O2 to water with an early onset potential through a direct 4e- pathway with better stability 

than commercial Pt/C catalysts.  

For CO2 reduction, pyrrole-type FeN4 exhibited an onset potential of -0.15 V vs 

RHE and a 90% Faradaic efficiency to generate CO from CO2. Our work provides a 

convenient method to tune the electronic structure and the catalytic performance of single-

atomic catalysts. It will expand possibilities to a variety of electrochemical processes. 

 

2.6. Experimental Methods 

Preparation of H-CB 0V precursors: The method was described in the previous work.68 

To be specific, typically, a thin layer of carbon black (Black Pearl 2000, Cabot) was 

uniformly distributed in a homemade boat, which was transferred into a commercial plasma 

cleaner (Model 1020, Fischione Instruments) and treated with N2 plasma for 15 min. 100 

mg of as-prepared N-doped carbon black was added into 20 mL deionized water with 0.2 

mmol hemin (Sigma) and 1 mL ammonium hydroxide. The mixture was sonicated for 1 h 

to get a uniform suspension and stirred for 24h followed by lyophilization to obtain H-CB 

0V powders. 

 

Preparation of H-CB 15V, H-CB 30V and H-CB 45V: 30 mg H-CB 0V powders were 

weighed, added into a quartz tube (diameter:4 mm) and compressed to a certain length 
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(0.70 cm) with a resistance of 5.2 Ω. Both ends of the tube were then connected to graphite 

electrodes under vacuum. A capacitor bank (60 mF) was charged to the desired potential, 

e.g. 15 V, and then discharged between graphite electrodes within 500 ms controlled by 

IGBT.53 The carbon samples could be heated by the discharge current with different 

heating and cooling rates depending on the voltage and resistance. 

 

Preparation of Pyridine-type FeN4: The preparation process was described in the previous 

work.18 Typically, 0.25 mL FeCl3 (0.0125 M) solution was added into 25 mL GO 

suspension (2 mg mL-1 in deionized water), which was then sonicated and lyophilized to 

obtain a dry foam precursor. The foam was then annealed in a mixed gas of 100 sccm Ar 

and 50 sccm NH3 at 750 ℃ to get pyridine type FeN4.  

Energy consumption: energy consumed during the flash Joule heating process was 

calculated according to the energy stored in the capacitor bank before the flash: 

𝐸 =
1

2
𝐶𝑈2/𝑚 

where C is the capacity, U is the voltage, m is the mass of precursors between graphite 

electrodes. 

 

Electrochemical Measurements:  

Electrode preparation: Rotating disk electrode (RDE) and rotating ring-disk electrode 

(RRDE) tests were performed in an electrochemical cell. Rotating rates were controlled 

with a Pine Instrument rotator (model: AFMSRCE). Typically, the catalyst (4.0 mg) and 5 

wt% Nafion solution (80 µL) were mixed in 0.20 mL ethanol and 0.80 mL water. The 
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mixture was then sonicated for 1 h to obtain a homogeneous ink. 8.00 µL as-prepared 

catalyst ink was loaded onto a RDE (glassy carbon, 5 mm in diameter) or RRDE (glassy 

carbon, 5 mm in diameter) and dried in air at room temperature. RDE and RRDE 

electrochemical tests were carried out using a CHI 708D electrochemical workstation (CH 

Instruments, Inc.). In ORR tests, a Hg/Hg2SO4 (K2SO4, saturated) electrode and a graphite 

rod are used as the reference electrode and the counter electrode, respectively. In CO2 

reduction reaction tests, a Ag/AgCl (KCl, saturated) electrode and a graphite rod are used 

as the reference electrode and the counter electrode, respectively.  

ORR performance measurement: The ORR tests were conducted in 0.1 M HClO4 solution 

with continuous O2 bubbling to ensure O2 saturation. Controlled experiments in the Ar 

atmosphere were done under the same conditions with Ar bubbling instead of O2.  

 

In the RRDE tests, H2O2 yield and electron transfer number were calculated using the 

following eqeations: 

H2O2% =
Ir/N

Ir/N+Id
× 200%  

n = 4 ×
Id

Ir/N+Id
   

where Id is the disk current, Ir is the ring current and N is the collection efficiency (0.37). 

 

Koutecky-Levich plot: The O2 reduction current satisfies Koutecky-Levich (K-L) equation,  

J-1=JK
-1+JL

-1 

where JK is the potential dependent kinetic current and JL is the Levich current,  
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JL=0.62nF[O2](DO2)
2/3ω1/2ν-1/6 

where n is the electron transfer number, [O2] is the concentration of O2 in a saturated 

solution (1.26 mol m-3) at 25 °C, DO2 is the diffusion coefficient of O2 (1.93×10-5 cm2 s-1), 

ω is the angular velocity of the disc and ν is the kinematic viscosity of the solution (0.01 

cm2 s-1) at 25 °C.69  

 

Electrochemically active surface area (ECSA): ECSA is calculated from the 

electrochemical double-layer capacitance (Cdl) of the catalyst.18 By plotting current density 

as a function of scan rates at certain potentials where not Faradaic processes happen, Cdl 

could be calculated from the slope. The ECSA was calculated from the following equation: 

ECSA =
Cdl

Cs
 

where Cs is the specific capacitance of a flat standard electrode with 1 cm2 of real surface 

area. The value of Cs is determined to be 40 μF cm-2
 according to several previous studies.18, 

70, 71  

CO2 reduction reaction performance measurement: The CO2 reduction reaction tests were 

conducted in 1 M KHCO3 solution with continuous CO2 bubbling to ensure CO2 saturation. 

Controlled experiments in the Ar atmosphere were done under the same conditions with 

Ar bubbling instead of CO2. 
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Calibration of reference electrodes: The Hg/Hg2SO4, K2SO4(sat) reference electrode used 

was calibrated with respect to the reversible hydrogen electrode (RHE).  

E(RHE) = E(Hg/Hg2SO4, K2SO4(sat)) + 0.730 V 

The Ag/AgCl, KCl(sat) reference electrode used was calibrated with respect to the 

reversible hydrogen electrode (RHE).  

E(RHE) = E(Ag/AgCl, KCl(sat)) + 0.199 V+0.0592pH 

 

CO2 reduction reaction test in the flow cell: 

Preparation of the electrodes: Typically, 10 mg of as-prepared H-CB 30V catalysts, 2 ml 

of isopropanol (Sigma Aldrich) and 40 µl of Nafion binder solution (Sigma, 5%) were 

mixed and sonicated for 20 min to obtain a homogeneous ink. Then, the prepared ink was 

air-brushed onto 3×3 cm2 Sigracet 28 BC gas diffusion layer (Fuel Cell Store) electrodes 

until the desired catalysts loading was achieved. 

Electrocatalytic measurement: The electrochemical measurements were run with a 

BioLogic VMP3 workstation. For electrochemical flow cell tests, the prepared electrode 

and Ni foam (Fuel Cell Store) were cut into 1.5×2.5 cm2 as CO2RR cathode and anode, 

respectively. The two electrodes were placed on opposite sides of two 0.5-cm thick PTFE 

sheets with 0.5-cm wide by 2.0-cm long channels such that the catalyst layer interfaced 

with the flowing liquid electrolyte, A Nafion 117 film (Fuel Cell Store) were used for cation 

exchange membrane. The geometric surface area of the catalyst is 1 cm2. The cathode side 

was continuously supplied with 30 sccm CO2 (Airgas, 99.995 %) by a gas flow controller 

while the anode was open to the atmosphere. The outlet gas flow of the cathode side was 

also calibrated with another gas flow controller to monitor the flow rate change during the 

reaction. We chose 1 M KHCO3 solution as the electrolyte and used peristaltic pumps to 
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control the flow rate with 1 ml min-1 for the cathode side and 3 ml min-1 for the anode side, 

respectively. A saturated calomel electrode (SCE, CH Instruments) was connected to the 

cathode channel as the reference electrode. All potentials measured against SCE was 

converted to the reversible hydrogen electrode (RHE) scale using E (vs RHE) = E (vs SCE) 

+ 0.244 V + 0.0591*pH and calibrated with iR compensation using E (iR corrected vs 

RHE) = E (vs RHE) - R * I (amps of average current)*0.85, where the solution resistance 

(R) was determined by potentiostatic electrochemical impedance spectroscopy (PEIS) at 

frequencies ranging from 0.1 Hz to 200 kHz.  

CO2RR products analysis: During electrolysis, continuous CO2 flow with gas reduction 

product were vented into a Shimadzu GC-2014 gas chromatograph (GC). H2 concentration 

was quantified by a thermal conductivity detector (TCD), CO concentration was analyzed 

by a flame ionization detector (FID). The partial current density for a given gas product 

was calculated as below: 

𝑗𝑖 = 𝑥𝑖 × 𝑣 ×
𝑛𝑖𝐹𝑝0

𝑅𝑇
× (𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑎𝑟𝑒𝑎)−1 

where 𝑥𝑖 is the volume fraction of certain product determined by online GC referenced to 

calibration curves from two standard gas samples (Scott and Airgas), 𝑣 is the flow rate, 𝑛𝑖 

is the number of electrons involved, 𝑝0 = 101.3 kPa, F is the Faradaic constant and R is the 

gas constant. The corresponding FE at each potential is calculated by 𝐹𝐸 =

𝑗𝑖 𝑖𝑡𝑜𝑡𝑎𝑙  × 100 %⁄ .  

1D 1H NMR spectra were collected on a Bruker AVIII 500MHz NMR spectrometer with 

solvent (water) suppression to quantify the liquid products. Typically, 500 µL of electrolyte 

collected at each potential was mixed with 100 µL of D2O and 0.05 μL dimethyl sulfoxide 

(DMSO) as internal standard. Standard curved were made accordingly by mixing DMSO 

with known concentrations of certain chemicals at the interested range. 
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Finite element analysis: The numerical simulations were conducted using COMSOL 

Multiphysics 5.5. 

 

Computational Details: 

Spin-polarized DFT calculations are implemented in Vienna Ab Initio Simulation Package 

(VASP).28, 72 The exchange-correlation potential is described by Perdew-Burke-Ernzerhof 

(PBE) functional with generalized gradient approximation (GGA).29 The projector 

augmented wave (PAW) method is applied to describe the electron-ion interaction73, 74 and 

the plane-wave energy cutoff is 500 eV. The energy and forces convergence criterion are 

1 × 10-5 eV and 0.01 eV/Å, respectively. The vacuum spacing is set to 18 Å along the non-

periodic direction to prevent interaction between two neighboring surfaces. The van der 

Waals interaction is considered by DFT-D3 method proposed by Grimme et. al.75 

For each step along the ORR 2e- and 4e- pathways, the Gibbs free energy ΔG is calculated 

using the computational hydrogen electrode (CHE) model developed by Norskov et al31, 76 

and defined as the difference between free energies of the initial and final states:62, 77 

∆𝐺 =  ∆𝐸 +  ∆𝑍𝑃𝐸 − 𝑇∆𝑆 + ∆𝐺𝑈 

where ΔE is the reaction energy obtained from DFT calculations; ΔZPE and ΔS are the 

zero-point energy and entropy contribution estimated by harmonic approximations due to 

the reaction; The bias effect on the free energy is taken into account by shifting the energy 



 
64 

 

 

of the state by ΔGU = - neU, where U is the electrode applied potential relative to RHE and 

n is the number of proton-electron pairs transferred in each step. 

The supercells used for DFT calculations are shown in Figure 2.15. The reaction pathways 

of 4e- ORR in acidic conditions are: 

* + O2 + H+ + e− → *OOH 

∗OOH + H+ + e− → O∗ + H2O 

*O + H+ + e− → *OH 

*OH + H+ + e− → H2O + * 

The thermodynamic overpotential at the equilibrium electrode potential of this reaction is 

defined as η = 1.23 V + max{ΔG}/e-, where ΔG is the free energy change of the four 

elementary steps; 

For 2e- ORR, the reaction pathways are: 

O2 + H+ + e− → *OOH 

*OOH + H+ + e− → H2O2 

The thermodynamic overpotential is defined as η = 0.70 V + max{ΔG}/e-, where ΔG is the 

free energy change of the two elementary steps; 

The proposed reaction pathways of the CO2 reduction to CO are: 

CO2 + (H+ + e-) + * → *COOH 
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*COOH + (H+ + e-) → *CO + H2O 

*CO → CO + * 

Characterization  Scanning electron microscope (SEM) images were acquired on an FEI 

NanoLab 660 SEM at 10 kV acceleration voltage. Transmission electron microscopy 

(TEM) images were obtained on a JEOL-2100F field emission gun transmission electron 

microscope at 200 kV acceleration voltage. Scanning TEM (STEM) and energy-dispersive 

spectroscopy (EDS) images were taken on a FEI Titan Themis STEM at 300 kV 

acceleration voltage. X-ray photoelectron spectroscopies (XPS) of the samples were 

acquired on a PHI Quantera scanning X-ray microprobe at 4×10-9 Torr. Elemental spectra 

were shifted by calibrating the obtained C1s peaks to 284.6 eV. X-ray diffraction (XRD) 

data were collected on a Rigaku D/Max Ultima II (Rigaku Corporation) that is equipped 

with a Cu Kα radiation, a graphite monochrometer, and a scintillation counter. Raman 

spectra were obtained on a Renishaw Raman microscope with a 532 nm laser. The 

Brunauer-Emmett-Teller (BET) surface analysis was done on a Quantachrome Autosorb-

iQ3-MP/Kr BET surface analyzer. ICP-MS trace-metal elemental analysis was performed 

using a Perkin Elmer Nexion 300 inductively coupled plasma mass spectrometer equipped 

with a quadrupole mass analyzer. X-ray absorption near-edge structure experiments were 

performed at beamline 7 of National Synchrotron Light Source II (NSLS II). 
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Chapter 3 

Hydrogen Peroxide Generation with 100% 

Faradaic Efficiency on Metal-Free Carbon 

Black 

This section was copied from Reference78 with minor reformatting 

3.1. Introduction 

Hydrogen peroxide (H2O2) has garnered a market of almost $5 billion annually and 

is rapidly expanding.79-81 It is widely used as a disinfectant and all the more so in light of 

the COVID-19 pandemic.82, 83 Apart from this, H2O2 is extensively used in the paper and 

pulp industries, wastewater treatment, and chemical oxidation processes.79, 84 Most H2O2 

is produced through the traditional energy-intensive anthraquinone process that requires 

expensive catalysts and generates large amounts of wastewater as well as organic 

byproducts.79, 80, 84, 85 Furthermore, transportation from the centralized H2O2 generation 

facilities, and then local storage, account for a large portion of the chemical cost.79, 86 Thus, 

a localized and renewable generation method is desired.86-88 The electrochemical reduction 
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of oxygen to generate H2O2 is a promising route since it can show high energy efficiency 

and cost-effectiveness. The generation plant can be simply constructed since the reaction 

takes place under mild conditions in aqueous systems without organic solvents.79, 89, 90 

In general, oxygen is reduced in one of two pathways: a 2e- pathway to H2O2 or a 

4e- pathway to H2O.91 A variety of materials have been synthesized that catalyze the 4e- 

pathway with high efficiency.18, 70, 92-100 However, only a small number of catalysts were 

found to reduce oxygen by the 2e- pathway to H2O2 with high selectivity.44, 61, 87, 89, 101-118 

The key parameter for bifurcating between H2O2 and H2O generation is the degree of 

interaction between the catalyst and the O species.91 A strong interaction drives the O-O 

dissociation of *OOH with H2O as the final product. A weak interaction lessens the O 

species concentration on the surface, lowering the amount of oxygen reduction. Thus, 

designing and engineering the structure of the active sites is critical for oxygen reduction 

reaction (ORR) selectivity and catalytic activities. 

Carbon materials such as defective graphene with abundant 5-membered and 7-

membered rings, vacancies, and sp3-carbons, have shown potential towards both 2e- and 

4e- pathways, although well-defined graphite or graphene themselves have little to no 

activity in oxygen reduction.119, 120 It is possible to adjust defect types and concentrations 

by choosing proper treatments and procedures.92, 101, 102, 105, 109, 119, 121-123 Several studies 

have shown that defective CNTs, graphene, and other carbon materials could catalyze 

oxygen reduction to H2O2, although expensive precursors and harsh reaction conditions 

during the preparation make it difficult to produce the catalyst on a large scale.87, 89, 101-107, 

110, 113, 114 Carbon black (CB), an inexpensive commercial material with a large surface area 
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(>1000 m2 g-1) and good conductivity, could be a potential precursor for efficient oxygen 

reduction catalysts.103, 124 

We report here the synthesis of a defective CB catalyst using a simple one-step 

plasma method. Compared to other oxidation methods, plasma treatment rapidly introduces 

a high concentration of defects.125 The treated CB catalyst exhibits highly selective 2e− 

reduction of oxygen toward H2O2, with a high onset potential (0.10 mA cm-2 at 0.80 V 

versus reversible hydrogen electrode, RHE) and excellent mass activity (300 A g-1), which 

was maintained after removal of most oxygen-containing groups. Microscopic and 

spectroscopic characterizations as well as density-functional theory (DFT) calculations 

suggest that the high performance is from the defect sites. 

3.2. Results and discussion 
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Figure 3.1 Preparation and characterization of pristine CB, CB-Plasma, CB-UV and 

CB-A. (a) Preparation of CB-Plasma. (b) Representative Raman spectra of CB-A, CB-UV, 

CB-Plasma, and CB. The ID/IG ratio is labeled above each spectrum. (c) XPS survey spectra 
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of CB-A, CB-UV, CB-Plasma, and CB. (d) XPS C1s spectra of CB-A, CB-UV, CB-Plasma, 

and CB. (e) XPS O 1s spectra of CB-UV, and CB-Plasma samples.  

 

 

Figure 3.2 N2 adsorption/desorption plots of (a) pristine CB, (b) CB-Plasma, (c) CB-

UV, and (d) CB-A.  



 
72 

 

 

 

Figure 3.3 Pore size distributions of pristine CB, CB-Plasma, CB-UV, and CB-A. 
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Figure 3.4 (a) TEM and (b) HR-TEM images of pristine CB. Inset: corresponding 

SAED pattern. There were no obvious lattice fringes in the HR-TEM image and only 

blurred rings were found in the inset SAED pattern, both of which confirm the amorphous 

nature of pristine CB.  
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Figure 3.5 (a) TEM and (b) HR-TEM images of CB-Plasma. Inset: corresponding 

SAED pattern. There were no obvious lattice fringes in the HR-TEM image and only 

blurred rings were found in the inset SAED pattern, both of which confirmed the 

amorphous nature was maintained after plasma treatment. 
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Figure 3.6 (a) TEM and (b) HR-TEM images of CB-UV. Inset: corresponding SAED 

pattern. There were no obvious lattice fringes in the HR-TEM image and only blurred rings 

were found in the inset SAED pattern, both of which confirmed the amorphous nature was 

maintained after UV-ozone treatment. 
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Figure 3.7 (a) TEM and (b) HR-TEM images of CB-A. Inset: corresponding SAED 

pattern. There were no obvious lattice fringes in the HR-TEM image and only blurred rings 

were found in the inset SAED pattern, both of which confirmed the amorphous nature was 

maintained after the high-temperature annealing process. 
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Figure 3.8 XRD patterns of CB-A, CB-UV, CB-Plasma, and CB-A. Only broad peaks 

were observed, confirming the amorphous nature of all the samples.  

 

 

 



 
78 

 

 

 

Figure 3.9 (a) STEM image of CB-UV on a lacey carbon TEM grid and (b-c) 

respective elemental distribution of C and O. (d) STEM image of CB-Plasma on a 

lacey carbon TEM grid and (e-f) respective elemental distribution of C and O. Purple: 

carbon; green: oxygen. Oxygen is uniformly distributed in both samples. 

 

Sample Specific surface area (m2 g-1) Pore Width (nm) 

CB 1307 1.47 

CB-UV 1312 1.47 

CB-Plasma 1281 1.47 

CB-A 1392 1.47 

Table 3.1 Brunauer-Emmett-Teller (BET) Surface Analysis Results. 
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Sample C (at%) O (at%) 

CB 99.2 0.8 

CB-Plasma 76.5 23.5 

CB-UV 91.5 8.5 

CB-A 98.4 1.6 

Table 3.2 Elemental Composition of CB, CB-Plasma, CB-UV, and CB-A from XPS. 

 

Sample C-C/C=C (at%) C-O (at%) C=O (at%) O=C-O (at%) 

CB 100.0 <0.1 <0.1 <0.1 

CB-Plasma 81.6 4.8 4.9 8.8 

CB-UV 88.4 4.8 2.9 3.9 

CB-A 100.0 <0.1 <0.1 <0.1 

Table 3.3 Concentrations of Carbon Species from XPS in CB, CB-Plasma, CB-UV, 

and CB-A. 

 

Sample C-O (at%) C=O (at%) 

CB-Plasma 57.4 42.6 

CB-UV 56.7 43.3 

Table 3.4 Concentrations of oxygen species from XPS in CB-Plasma, and CB-UV. 

 

The oxidized carbon material reported here, CB-Plasma was developed by 

exposing commercial CB materials to an O2 plasma environment, which is known to 

generate carbon defects and oxygen-containing groups in carbon materials (Figure 3.1a).70 

CB-UV was prepared similarly by replacing O2 plasma with a UV ozone atmosphere to 

generate oxidized carbon material.126 CB-A was obtained by annealing CB-Plasma in the 
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Ar atmosphere to remove most of the oxygen-containing groups.104 All samples showed a 

high surface area (~1300 m2 g-1, Figure 3.2, Figure 3.3 and Table 3.1).119 In the Raman 

spectrum of pristine CB, the typical D and G peaks were found at 1340 cm-1 and 1590 cm-

1, respectively (Figure 3.1b). The ID/IG ratio (1.09) showed the existence of defects.127 The 

ID/IG ratio was maintained in CB-UV while decreased in CB-Plasma, indicating a similar 

defect concentration in CB-UV as in the raw material but a more defective structure in CB-

Plasma.127 The increased ratio in CB-A is attributed to the removal of oxygen-containing 

groups in the annealing process. These results were in accord with the amorphous structure 

in high-resolution transmission electron microscopy (HR-TEM) images, selected area 

electron diffraction (SAED) patterns, and X-ray diffraction (XRD) patterns (Figure 3.4, 

Figure 3.5, Figure 3.6 and Figure 3.7 and Figure 3.8). Figure 3.1c shows the elemental 

composition determined by X-ray photoelectron spectroscopy (XPS), where CB has an 

oxygen concentration of 0.8% compared to 23.5% for CB-Plasma, 8.5% for CB-UV, and 

1.6% for CB-A (Table 3.2). No obvious transition metal peaks were found. Inductively 

coupled plasma mass spectrometry (ICP-MS) showed only 0.0018 wt% of Cu and 0.0005 

wt% of Cr from the raw materials. The C 1s spectra were deconvoluted into the peaks from 

C-C/C=C (285.6 eV), C-O (286.4 eV), C=O (287.6 eV), and O=C-O (289.1 eV), 

respectively (Figure 3.1d and Table 3.3). Both CB-Plasma and CB-UV contained various 

kinds of oxygen-containing groups, which were distributed uniformly in the sample (Figure 

3.9). These groups in CB-Plasma were successfully removed in CB-A. Figure 3.1e shows 

the deconvolution of O1s peaks of CB-Plasma and CB-UV, while the concentrations of C-

O and C=O are similar in both samples (Table 3.4).  
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Figure 3.10 The 2e- ORR performance of CB, CB-Plasma, CB-UV (a) Polarization 

curves of CB, CB-Plasma, CB-UV, and CB-A on RRDE at 1600 rpm in O2 saturated 0.1 

M KOH (solid line: disk current; dashed line: ring current) and (b) corresponding H2O2 
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selectivity under different potentials. (c) Cyclic voltammograms of CB-Plasma in O2 

saturated and Ar-saturated 0.1 M KOH at 10 mV s-1. (d) RDE voltammograms of CB-

Plasma at different rotating rates from 400 to 1600 rpm in O2 saturated 0.1 M KOH. Scan 

rate: 10 mV s-1. Inset: corresponding K-L plots at different potentials. (e) 

Chronoamperometry stability test of CB-Plasma on RRDE at 1600 rpm. (0.52 V vs RHE 

in 0.1 M KOH). (f) Mass activity of at 0.60 V vs RHE. It was calculated at a rotating speed 

of 1600 rpm. Data adapted from references.44, 87, 89, 101, 102, 105, 108, 109 

 

 

Figure 3.11 LSV curves of CB in O2-saturated 0.1 M KOH and O2-saturated 0.1 M 

KOH with 1mM H2O2 at a rotating speed of 1600 rpm. The current differences above 

0.8 V and below 0.3 V are attributed to H2O2 oxidation current and to H2O2 reduction 

current, respectively. Scan rate: 20 mV s-1.  
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Figure 3.12 CV curves in Ar- and O2-saturated 0.1 M KOH of (a) CB, (c) CB-UV, and 

(e) CB-A. LSV curves at different rotating speeds ranging from 400 rpm to 1600 rpm 

of (b) CB, (d) CB-UV, and (f) CB-A. Insets: corresponding K-L plots at different 
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potentials. Calculated electron transfer numbers of CB, CB-UV, and CB-A are 2.3, 2.3, 

and 2.0, respectively. 

 

Figure 3.13 (a) Calibration curve of Ce4+ concentration and absorbance at 319 nm. 

(b) Polarization curve on carbon paper electrode in O2 saturated 0.1 M KOH 

electrolyte and calculated current efficiency of bulk electrolysis determined by 

Ce(SO4)2 titration method.   
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Oxygen reduction reaction performance was evaluated in 0.1 M KOH aqueous 

solution using a rotating ring-disk electrode (RRDE) (Figure 3.10a) and the corresponding 

H2O2 selectivity was plotted in Figure 3.10b as a function of potential. The raw material 

CB showed similar H2O2 selectivity as in previous studies.88 The 4e− oxygen reduction, 

however, experienced mainly through the direct pathway rather than the two sequential 

2e− pathway from 0.4 V to 0.8 V. In other words, H2O2 could hardly get further reduced 

to water at a suitable potential, as is shown in the control experiment with H2O2 added 

(Figure 3.11). H2O2 could only get reduced at low potentials and this is similar to 

phenomena on Au catalysts, which is caused by the large kinetic barrier of O-O dissociation 

of H2O2.
128-131 CB-Plasma achieved 100% H2O2 current at 0.60 V (vs RHE), which is the 

highest efficiency reported. This performance was maintained in CB-A in an even wider 

potential range. On the contrary, CB-UV did not show improved performance when 

compared to pristine CB. Considering the high H2O2 selectivity of CB-Plasma and CB-A 

compared to that of CB-UV, it is reasonable to propose that the active sites are not only 

related to those oxygen-containing groups. Defects themselves could be suitable to catalyze 

the H2O2 generation. Similar to CB, CB-Plasma, CB-UV and CB-A showed worse 

selectivity at lower potentials due to the H2O2 reduction reaction. In cyclic voltammogram 

(CV) measurements of CB-Plasma (Figure 3.10c), a typical irreversible reduction wave 

starting at 0.84 V (vs RHE) and peaking at 0.74 V (vs RHE) was exhibited in the O2-

saturated solution. This high onset potential is attributed to the low H2O2 concentration in 

the electrolyte, which caused a Nernst-related potential shift.44, 61, 87, 108 The oxidation peak 

was presumably from the oxidation of H2O2 and other species, in accord with the quasi-
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rectangular double-layer capacity current in the Ar-saturated solution. RDE 

voltammograms at different rotation rates were carried out to evaluate the oxygen reduction 

performance of CB-Plasma. Similar CV curves were also found in CB, CB-UV, and CB-

A (Figure 3.12). At 0.76 V vs RHE, the theoretical potential for 2e− oxygen reduction, a 

current density of 0.44 mA cm-2 is observed, showing a very high onset potential (Figure 

3.10d). The electron transfer number (2.0) was calculated according to the Koutecky-

Levich equation, showing the same H2O2 efficiency as the RRDE test results. In addition, 

the oxygen reduction performance of CB-Plasma was confirmed by bulk electrolysis in an 

H-cell and the colorimetric quantification method (Figure 3.13). The stability of CB-

Plasma was demonstrated by long-term testing (30000 s) and 100% Faradaic efficiency 

was maintained. The mass activities of the recently reported catalysts for H2O2 production 

are summarized in Figure 3.10f, and CB-Plasma achieved 300 A g-1 H2O2 current and 

surpasses most state-of-the-art catalysts.  
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Figure 3.14 TEM characterization of carbon black in the same area: (a) before and 

(b) after UV Ozone treatment. (c) before and (d) after O2 plasma treatment. Inset: 

amplified HR-TEM images of the areas in the blue circles. It is obvious that O2 plasma 

treatment created more defects in CB.  
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Figure 3.15 Determination of the Cdl. CV curves recorded at 10, 20, 40, 60, 80, 100 

mV s-1 of (a) CB, (c) CB-Plasma, (e) CB-UV, (g) CB-A. Current density at 0.96 V (vs. 
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RHE) as a function of scan rate along with the linear fitting curves of (b) CB, (d) CB-

Plasma, (f) CB-UV, (h) CB-A are shown.  

 

Sample Cdl (mF cm-2) ECSA (cm2 cm-2
electrode) 

CB 5.34 133 

CB-Plasma 7.75 194 

CB-UV 4.92 123 

CB-A 4.57 114 

Table 3.5 Cdl and corresponding ECSA of CB, CB-Plasma, CB-UV, and CB-A 

 

To better understand the changes in CB during plasma and UV-ozone treatment, 

TEM images of the same CB powders before and after oxidation were taken. As is shown 

in Figure 3.14a-b, UV-ozone treatment barely changed the morphology of the CB powders, 

and only a small amount of the carbon on the surface was removed, indicating a surface 

oxidation mechanism. The carbon defect concentration was not obviously increased. 

However, O2 plasma removed a considerable amount of CB, exposed fresh surfaces, and 

caused more defects in the structure (Figure 3.14c-d).125 These changes agreed with the 

electrochemically active surface area (ECSA) analyses of CB (133 cm2 cm-2
electrode), CB-

Plasma (194 cm2 cm-2
electrode), and CB-UV (123 cm2 cm-2

electrode) (Figure 3.15 and Table 

3.5). It is worth noting that ECSA of CB-UV was a bit smaller than that of CB, indicating 

a smaller area that is accessible to the electrolyte. In other words, CB-UV showed enhanced 

local hydrophobicity, making it kinetically more suitable for the direct 4e- oxygen 

reduction.132 
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Figure 3.16 DFT theoretical calculations of the 2e- ORR on different carbon sites. (a) 

Optimized *OOH structures adsorbed on the active sites. Color code: C, black; O, red; H, 

white. (b) Calculated volcano relation of limiting potential UL as a function of ΔG(*OOH). 

The benchmark data of PtHg4 and Pd/Au was adapted from references.61, 111 The 

equilibrium potential of O2/H2O2 is shown as a black dot line. (c) Free energy profile of 

2e− pathway at U = 0.7 V for the four defect GNR models.  
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Figure 3.17 Free energy profile of 4e- pathway at U = 0 V on four defect GNR models. 

 

These experiments suggested that the high selectivity of ORR products could be 

related to carbon defects. While it remains a challenge to resolve the specific atomic 

structure due to the limitations of experimental techniques, theoretical calculations become 

an important approach to enable an understanding of the origin of high selectivity and to 

design new catalysts based on that understanding. We investigate the ORR mechanism 

using a graphene nanoribbons (GNRs) model system aided by first principles calculations 

since the size of CB particles are normally <20 nm. The carbonyl functional group and 

typical 555-777 defects,119, 121, 133 where 5 and 7 refer to the pentagon and heptagon in 
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GNRs, are introduced at the edge of GNRs as shown in Figure 3.16a. 555-777 is the 

common defect structure in graphene and could also be transformed from other carbon 

defects.121 For the 2e−  ORR to H2O2, the reduction pathway could be described by 

Equation 3.1 and  Equation 3.2: 

O2 + H2O + e− →∗ OOH + OH− 

Equation 3.1 The first step of the 2e- ORR in alkaline electrolytes 

∗ OOH + H2O + e− → H2O2 + OH− 

Equation 3.2 The second step of the 2e- ORR in alkaline electrolytes 

The formation free energy of key intermediate *OOH showed a scaling relationship 

with the formation free energy of *OH, an important intermediate in the 4e- ORR.119 Thus, 

it can be used as a good descriptor to determine catalyst activities. Figure 3.16b shows the 

calculated thermodynamic limiting potential UL as a function of ΔG(*OOH) for the H2O2 

formation on the GNR studied here.61, 119 UL is defined as the most positive potential at 

which the free energies of all the ORR reaction steps are downhill. A UL closer to 0.7 V 

implies higher H2O2 activity. Although the formation free energies of H2O2 is slightly 

different in alkaline solution since H2O2 is deprotonated to HO2
−when pH>11.6, we present 

the volcano plots in the form of H2O2 to provide a more general mechanistic understanding 

in a wider pH range. The catalysts located on the right side of the volcano have lower 

*OOH binding energies, and thus, the limiting step is Equation 3.1. Those located on the 

left side are limited by Equation 3.2 due to strong *OOH adsorption energy, and undesired 

O-O dissociation reaction may involve, driving the 4e- ORR process and reducing H2O2 
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selectivity.44, 119, 134 The free energy profiles of 2e− pathway at U = 0.7 V for the four GNR 

models are shown in Figure 3.16c. The free energy profiles for the 4e−  pathway are 

provided in Figure 3.17. When compared to Edges, the Defects with 555-777 rings showed 

a smaller theoretical overpotential for H2O2 formation, explaining the better activity of CB-

A than CB. Among the four models studied, the O-Defects shows the highest catalytic 

activity to H2O2, UL increases from 0.48 V to 0.69 V after edge oxidation with O. The O 

functionalization enhances the *OOH adsorption at edge active site of O-Defects and 

lowers the overpotential for H2O2 generation to almost zero, which is comparable to the 

highly active H2O2 catalyst PtHg4(110), showing the origin of the high H2O2 selectivity in 

CB-Plasma as high concentrations of defects and oxygen-containing groups were 

introduced through plasma-treatment.61 However, the O decoration on the edge of pristine 

GNR, namely O-Edges model in Figure 3.16a, weakens the *OOH adsorption drastically, 

which deviates from the optimal peak value at 4.22 eV of ΔG(*OOH) and locates at the 

right side of the volcano plot. Compared to pristine Edges, O-Edges show little 

enhancement of the ORR activity to H2O2, which agrees with the similar H2O2 selectivity 

of CB-UV and CB in the experiment.  

 

 

3.3. Conclusion 

In summary, an oxidized carbon material, CB-Plasma, was successfully prepared 

from inexpensive commercial CB with simple O2 plasma treatment and shown to be an 
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efficient catalyst to reduce O2 to H2O2 with 100% Faradaic efficiency. The current density 

reached 0.44 mA cm-2 at the theoretical potential of H2O2 generation, and the mass activity 

(300 A g-1) is the highest among state-of-the-art catalysts. In addition, these performances 

could be maintained even after high-temperature annealing. Microscopic and spectroscopic 

characterization as well as DFT calculations indicate that excellent performance comes 

from the defective carbon structure after plasma treatment. Our findings will open the door 

for a better understanding of the ORR process on metal-free catalysts and cast light on 

future designs of hydrogen peroxide catalysts with high performance and selectivity.  

3.4. Experimental Methods 

Electrochemically active surface area (ECSA): 

ECSA is calculated from the electrochemical double-layer capacitance (Cdl) of the 

catalyst.18 Cdl was determined from the slope by plotting current density as a function of 

scan rate in a potential range where no Faradaic current was generated.. The ECSA was 

calculated from the following equation: 

ECSA =
Cdl

Cs
 

where Cs is the specific capacitance of a flat standard electrode with 1 cm2 of real surface 

area. The value of Cs is determined to be 40 μF cm-2
 according to several previous studies.18, 

70, 71  
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Calibration of reference electrodes: 

The HgO/Hg (1 M KOH) and AgCl/Ag (saturated KCl) reference electrodes used were 

both calibrated with respect to the reversible hydrogen electrode (RHE).  

E(RHE) = E(HgO/Hg) + 0.900 V 

E(RHE) = E(AgCl/Ag) + 0.970 V 

 

Koutecky-Levich plot: 

The O2 reduction current satisfies Koutecky-Levich (K-L) equation,  

J-1=JK
-1+JL

-1 

where JK is the potential dependent kinetic current and JL is the Levich current,  

JL=0.62nF[O2](DO2)
2/3ω1/2ν-1/6 

where n is the electron transfer number, [O2] is the concentration of O2 in a saturated 

solution (1.26 mol m-3) at 25 °C, DO2 is the diffusion coefficient of O2 (1.93×10-5 cm2 s-1), 

ω is the angular velocity of the disc and ν is the kinematic viscosity of the solution (0.01 

cm2 s-1) at 25 °C.69  

 

Preparation of CB-UV: A thin layer of commercial CB (black pearl 2000, Cabot) was 

scattered uniformly onto a microscope glass slide, which was then transferred into a UV-

ozone cleaner (Boekel Model 135500) and treated in the ozone environment for 1 h.  
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Preparation of CB-Plasma: A thin layer of commercial CB (black pearl 2000, Cabot) was 

uniformly scattered onto a microscope glass slide, which was placed in a home-made boat 

and transferred into a plasma cleaner (Model 1020, Fischione Instruments) and treated with 

plasma under 20% O2/Ar atmosphere.  

 

Preparation of CB-A: CB-Plasma powders were scattered in a boat, which was then 

transferred into a quartz tube and heated to 750 °C with a heating rate of 10 °C min-1 and 

maintained at 750 °C for 2 h under 150 sccm Ar flow.  

 

Characterization: TEM, scanning TEM (STEM) and energy-dispersive spectroscopy 

(EDS) images were acquired on a JEOL-2100F field emission gun transmission electron 

microscope at 200 kV acceleration voltage. X-ray photoelectron spectroscopies (XPS) of 

the samples were investigated on a PHI Quantera scanning X-ray microprobe at 4×10-9 

Torr. Elemental spectra were shifted by calibrating the obtained C1s peaks to 284.6 eV. 

XRD patterns were collected on a Rigaku D/Max Ultima II (Rigaku Corporation), which 

is equipped with a Cu Kα radiation, a graphite monochrometer, and a scintillation counter. 

Raman spectra were obtained on a Renishaw Raman microscope with a 532 nm laser. The 

BET characterizations were done on a Quantachrome Autosorb-iQ3-MP/Kr BET surface 

analyzer. UV-Vis spectra were performed on a SHIMADZU UV-3600Plus configured with 

a photomultiplier tube from 200 to 400 nm wavelength. ICP-MS trace-metal elemental 
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analysis was performed using a Perkin Elmer Nexion 300 inductively coupled plasma mass 

spectrometer equipped with a quadrupole mass analyzer.  

 

TEM of the same carbon materials before and after oxidation: TEM grids with labels were 

carefully mixed with CB powders and shaken for 3 min. The as-prepared TEM grids were 

then loaded into the TEM holder and a set of marked areas checked under TEM. Afterward, 

the grids along with the holder were treated with O2 plasma for 15 s or treated with UV 

Ozone for 60 s to mimic the sample preparation process while avoiding destroying the grids. 

The same area was then checked under TEM again and compared with the images taken 

before the oxidizing treatments.  

 

Electrochemical Measurements: Rotating disk electrode (RDE) and rotating ring-disk 

electrode (RRDE) tests were performed in an electrochemical cell. Rotating rate was 

controlled with a Pine Instrument rotator (model: AFMSRCE). Typically, the catalyst (1.0 

mg) and 5 wt% Nafion solution (80 µL) were mixed in 1.60 mL ethanol and 6.40 mL water 

followed by 4 h bath sonication (Cole Parmer, model 08849–00) to obtain a homogeneous 

ink. 16.00 µL as-prepared catalyst ink was loaded onto a RDE (glassy carbon, 5 mm in 

diameter) and dried in air at room temperature. RDE electrochemical tests were carried out 

using a CHI 608D electrochemical workstation (CH Instruments, Inc.) with a three-

electrode configuration. A graphite rod and a HgO/Hg (1 M KOH) electrode are used as 

the counter electrode and reference electrode, respectively. The ORR tests were conducted 

in 0.1 M KOH solution with continuous O2 bubbling to ensure the O2 saturation. Controlled 



 
98 

 

 

experiments in Ar atmosphere were done under the same conditions by replacing O2 

bubbling with Ar bubbling. RRDE tests were done by combining a CHI 608D 

electrochemical workstation (CH Instruments, Inc.) with a CS310 electrochemical 

workstation (Wuhan Corrtest Instruments Corp., Ltd.). The disk electrode was scanned at 

a rate of 10 mV/s and the ring potential was kept constant at (1.16 ± 0.01) V vs RHE using 

a chronoamperometry method. The H2O2 yield and electron transfer number were 

calculated using the following equations: 

H2O2% =
Ir/N

Ir/N+Id
× 200%  

n = 4 ×
Id

Ir/N+Id
  

where Id is the disk current, Ir is the ring current and N is the collection efficiency (0.25). 

Bulk electrolysis was conducted in an H-cell. Typically, 8.0 mg CB-Plasma and 5 

wt% Nafion solution (80 µL) were mixed in 8.00 mL solvent (water:ethanol = 4:1, v:v) 

and sonicated for 4 h (Cole Parmer, model 08849–00) to obtain a homogeneous ink. 0.50 

mL as-prepared ink was then loaded onto a carbon paper electrode (0.5 × 1 cm2, Toray 

Paper 060, Fuel Cell Store), which was left dry at room temperature overnight. H2O2 

concentration was quantified by a cerium sulfate titration method. The yellow Ce4+ ion is 

reduced by H2O2 to colorless Ce3+ as in the following equation: 

2Ce4+ + H2O2 → 2Ce3+ + O2 + 2H+  

The amount of H2O2 is then determined by measuring the amount changing of Ce4+: 

nH2O2
= 2∆nCe4+  
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Computational Details: Spin-polarized DFT calculations are implemented in Vienna Ab 

Initio Simulation Package (VASP).28, 72 The exchange-correlation potential is described by 

Perdew-Burke-Ernzerhof (PBE) functional with generalized gradient approximation 

(GGA).29 The projector augmented wave (PAW) method is applied to describe the 

electron-ion interaction73, 74 and the plane-wave energy cutoff is 500 eV. The energy and 

forces convergence criterion are 1 × 10-5 eV and 0.01 eV/Å, respectively. The vacuum 

spacing is set to 18 Å along the non-periodic direction to prevent interaction between two 

neighboring surfaces. The van der Waals interaction is considered by DFT-D3 method 

proposed by Grimme et al.75 

For each step along the ORR 2e- and 4e- pathways, the Gibbs free energy ΔG is 

calculated using the computational hydrogen electrode (CHE) model developed by 

Norskov et al31, 76 and defined as the difference between free energies of the initial and final 

states in the following equation:62, 77 

∆𝐺 =  ∆𝐸 + ∆𝑍𝑃𝐸 − 𝑇∆𝑆 +  ∆𝐺𝑈  

where ΔE is the reaction energy obtained from DFT calculations; ΔZPE and ΔS are the 

zero-point energy and entropy contribution estimated by harmonic approximations due to 

the reaction; The bias effect on the free energy is taken into account by shifting the energy 

of the state by ΔGU = - neU, where U is the electrode applied potential relative to RHE and 

n is the number of proton-electron pairs transferred in each step. 
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Chapter 4 

Identifying Active Sites for Acidic Hydrogen 

Peroxide Generation on Carbon Catalysts 

This section was mostly adapted from an unpublished manuscript 

4.1. Introduction 

Carbon-based metal-free catalysts, which are inexpensive and abundant materials, 

have been considered alternatives to precious-metal-based catalysts in a variety of 

electrocatalytic processes including the hydrogen reduction reaction (HER), the oxygen 

evolution reaction (OER), the oxygen reduction reaction (ORR) and the carbon dioxide 

reduction reaction (CO2RR).91, 135-137 Although normally used as efficient catalysts to 

reduce oxygen (O2) to water during the ORR process, recently carbon-based metal-free 

catalysts have shown potential to selectively reduce O2 to hydrogen peroxide (H2O2), one 

of the 100 most important chemicals, through a 2-electron ORR pathway, making them 

promising candidates for renewable on-site electrochemical direct H2O2 generation.78, 85, 87, 

89, 101-103, 105, 106, 109, 110, 119, 124, 138-140 However, a relatively high overpotential and a small 
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current density in an acidic medium require extra energy input in practice and hampers 

their worldwide deployment.112 

To address the problem, a molecular-level understanding of the active sites is 

needed to explain the elementary reaction steps and to improve the catalyst design. 

Although much effort has been devoted to this task, the exact motif and detailed structure-

activity relationship of carbon-based metal-free catalysts on the 2-electron ORR process 

remains elusive.92, 138, 141 For example, some studies have indicated that N-doped carbon 

materials with pyridinic N (sp2-N atoms that substitute carbon atoms on the edge in a six-

membered ring) are associated with the 2-electron ORR performance while others 

suggested that graphitic N (sp2-N atoms that replace carbon atoms within the hexagonal 

framework and bond to 3 carbon atoms) and pyrrolic N (sp2-N atoms that substitute carbon 

atoms on the edge in a five-membered ring) are the active sites.107, 142-144 Additional direct 

evidence is needed to further differentiate these conclusions.92 In addition, influence from 

the carbon substrates should be taken into consideration since it is well-known that carbon 

defects may form as a result of C-N bond breaking during the annealing process, especially 

in an ammonia atmosphere.92, 145 Thus, the real question here for the acidic 2-electron ORR 

is: Which are the active sites, certain heteroatom-dopants, or the carbon defects? 

In this work, the traditional high-temperature N-doping process is split into two 

steps: N-doping through a nitrogen plasma method, and a separate high-temperature 

annealing process to remove the N-dopants. Spectroscopic and microscopic 

characterization demonstrated that the N-dopants were successfully removed during the 

annealing step and that new carbon defects formed. The electrocatalytic performance of N-
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doped carbon black (N-CB) is similar to that of pristine carbon black (CB) while annealed 

N-doped carbon black (N-CB-A) showed a highly improved activity: an onset potential at 

0.65 V vs reversible hydrogen electrode (RHE), which is 50 mV lower than equilibrium 

potential and 300 mV more positive than that of pristine carbon, N-doped carbon or 

annealed carbon materials, and one of the highest current densities at 0.4 V vs RHE (0.43 

mA cm-2) among carbon-based metal-free catalysts in acidic electrolytes. These results 

combined with density functional theory (DFT) calculations illustrate the critical role of 

carbon defects in the acidic 2-electron ORR process, which could be superior to N-dopants. 

 

4.2. Synthesis and characterization 
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Figure 4.1. Preparation processes of N-CB-A and control samples together with 

spectroscopic characterizations. (a) Synthetic schematic of N-CB-A, during which N-

doping followed by de-doping with concomitant defects forming. (b) X-ray photoelectron 
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spectroscopy (XPS) survey spectra, (c) detailed N 1s spectra, (d) representative Raman 

spectra, and (e) average ID/IG of pristine CB, CB-A, N-CB, N-CB-A.  

 

 

Figure 4.2 (a) STEM image of N-CB. (b-d) Corresponding EDS mapping of C, N, and 

O are shown, respectively. A uniform distribution of N was detected. 
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Figure 4.3 (a) SEM image of N-CB. (b-d) Corresponding EDS mapping of C, N, and 

O are shown, respectively. A uniform distribution of N was detected. 
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Figure 4.4  XRD patterns of pristine CB, CB-A, N-CB, and N-CB-A. The amorphous 

nature could be seen in all the samples.  

 

Figure 4.5 (a) TEM and (b) HR-TEM images of pristine CB. Inset: corresponding 

SAED pattern. There were no obvious lattice fringes in the HR-TEM image and only 
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blurred rings were found in the inset SAED pattern, both of which confirm the amorphous 

nature of pristine CB. 

 

 

Figure 4.6 (a) TEM and (b) HR-TEM images of CB-A. Inset: corresponding SAED 

pattern. There were no obvious lattice fringes in the HR-TEM image and only blurred rings 

were found in the inset SAED pattern, both of which confirm the amorphous nature of CB-

A. 
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Figure 4.7 (a) TEM and (b) HR-TEM images of N-CB. Inset: corresponding SAED 

pattern. There were no obvious lattice fringes in the HR-TEM image and only blurred rings 

were found in the inset SAED pattern, both of which confirm the amorphous nature of N-

CB. 
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Figure 4.8 (a) TEM and (b) HR-TEM images of N-CB-A.Inset: corresponding SAED 

pattern. There were no obvious lattice fringes in the HR-TEM image and only blurred rings 

were found in the inset SAED pattern, both of which confirm the amorphous nature of N-

CB-A. 
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Figure 4.9 Brunauer-Emmett-Teller (BET) surface analysis. (a) N2 

adsorption/desorption plots and (b) pore size distributions of pristine CB, CB-A, N-CB and 

N-CB-A.  

 

Sample 

Elemental concentration (at%) 

C N O 

CB 99.1 <0.1 0.9 

`CB-A 99.8 <0.1 0.2 

N-CB 83.2 13.7 3.1 

N-CB-A 96.7 1.8 1.6 

Table 4.1 Elemental concentrations in different samples according to XPS analysis 
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Sample Specific surface area (m2 g-1) average pore width (nm) Vmicro (%) 

CB 1320 0.71 17.8 

CB-A 1297 0.78 17.7 

N-CB 1283 0.71 17.5 

N-CB-A 987 0.75 17.8 

Table 4.2 Brunauer-Emmett-Teller (BET) Surface Analysis Results 

 

The synthetic steps for N-CB and N-CB-A are depicted in Figure 4.1a. Briefly, N-

dopants were introduced into commercial CB materials with a nitrogen plasma treatment. 

The as-prepared N-CB was then annealed under an Ar atmosphere to remove N-dopants 

and produce N-CB-A. As a control sample, CB-A was prepared by directly annealing CB 

at 1,000℃ in the Ar atmosphere without additional treatment. Figure 4.1b shows the 

elemental composition of all the materials determined by X-ray photoelectron spectroscopy 

(XPS), the results of which were summarized in Table 4.1. 13.7at% N was successfully 

introduced into N-CB compared to <0.1at% in the pristine CB and CB-A; N was then 

reduced to 1.8at% after annealing to produce N-CB-A. No obvious signals from metal 

elements were found, as was confirmed by inductively coupled plasma mass spectrometry 

(ICP-MS). Only 0.003 wt% Fe and 0.0003 wt% Ni in the pristine CB were detected and 

the concentrations remained the same in N-CB, N-CB-A, and CB-A. The N1s spectrum of 

N-CB was deconvoluted into three peaks at 398.8 eV, 400.1 eV, and 401.5 eV, which were 

associated with pyridinic N (43.2%), pyrrolic N (44.2%), and graphitic N (12.6%), 

respectively (Figure 4.1c). 146 Scanning transmission electron microscopy (STEM) and 

corresponding elemental mapping confirmed a uniform N dispersion in the N-CB (Figure 

4.2). Energy-dispersive X-ray spectroscopy combined with scanning electron microscopy 
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(SEM) demonstrated that N was evenly distributed in the entire N-CB (Figure 4.3). X-ray 

diffraction patterns (XRD) of all samples exhibited no obvious diffraction peaks and 

indicated an amorphous nature, which is in accord with TEM images, and the 

corresponding selected area electron diffraction (SAED) images (Figure 4.4, Figure 4.5, 

Figure 4.6, Figure 4.7 and Figure 4.8). In the Raman spectrum of pristine CB, the typical 

D and G peaks were found at 1340 and 1590 cm-1, respectively (Figure 4.1d). The ID/IG 

ratio was increased from 1.07 to 1.16 in N-CB, indicating a decreased defect concentration 

after N-doping (Figure 4.1e).127 The annealing process, however, exhibited different effects 

on CB and N-CB. The increased ID/IG ratio of CB-A (1.11) compared to pristine CB 

indicated a reduced defect concentration in CB-A while N-CB-A had a smaller ID/IG ratio 

(1.14) and more defects than N-CB due to the removal of N-dopants during the annealing 

process. According to the Brunauer-Emmett-Teller (BET) surface analysis, the surface area 

of all samples remained the same except for the N-CB-A where it decreased from ~1,300 

m2 g-1 to 987 m2 g-1 (Figure 4.9 and Table 4.2).  

 



 
114 

 

 

 

Figure 4.10 Sequential transmission electron microscopy (TEM) images of the same 

area (a) before N2 plasma treatment, (b) after N2 plasma treatment, and (c) after 

annealing. (d-f) The zoomed-in images of the same area labeled with red circles in (a-

c), respectively. The edges in the blue rectangle became blunt after the N-doping while 

they become sharper after the annealing process. Scale bars: 100 nm in (a-c), 10 nm in (d-

f).  

 

To better understand the surface changes during the N-doping and annealing 

process, TEM images of the same area of CB powders were obtained (Figure 4.10). After 

the N-doping process, the CB particle size became smaller due to the physical etching of 

Ar ions and the chemical etching of trace amounts of O2. The overall effect causes the 
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edges to become blunt with fewer defects due to the surface interaction mechanism of the 

plasma treatment.147, 148 However, the contour changed and became sharper after the 

annealing process, suggesting that the removal of N-dopants created new defects.92  

 

4.3. Acidic ORR to generate H2O2  

 

Figure 4.11 CV curves in Ar- and O2-saturated 0.1 M HClO4 of (a) CB, (b) CB-A, (c) 

N-CB, and (e) N-CB-A. Scan rate: 10 mV s-1. 
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Figure 4.12 Determination of the Cdl of CB. (a) CV curves of CB recorded at 10, 20, 40, 

60, 80, 100 mV s-1. (b) Cathodic and anodic current density at 0.98 V (vs RHE) as a function 

of scan rate along with the linear fitting curves. 
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Figure 4.13 Determination of the Cdl of CB-A. (a) CV curves of CB-A recorded at 10, 

20, 40, 60, 80 and 100 mV s-1. (b) Cathodic and anodic current density at 0.98 V (vs RHE) 

as a function of scan rate along with the linear fitting curves. 

 

Figure 4.14 Determination of the Cdl of N-CB. (a) CV curves of N-CB recorded at 10, 

20, 40, 60, 80, and 100 mV s-1. (b) Cathodic and anodic current density at 0.78 V (vs RHE) 

as a function of scan rate along with the linear fitting curves. 
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Figure 4.15 Determination of the Cdl of  N-CB-A. (a) CV curves of N-CB-A recorded at 

10, 20, 40, 60, 80, and 100 mV s-1. (b) Cathodic and anodic current density at 0.98 V (vs 

RHE) as a function of scan rate along with the linear fitting curves. 
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Figure 4.16 Acidic ORR performance of CB, CB-A, N-CB and N-CB-A. (a) LSV of 

pristine CB, CB-A, N-CB, and N-CB-A in 0.1 M HClO4 on RRDE. Solid line: disk current 

density; dashed line: ring current. (b) Calculated H2O2 selectivity and electron transfer 

number during the sweep. (c) Stability measurement of N-CB-A at 0.4 V vs RHE in 0.1 M 

HClO4 on RRDE. Black line: disk current density. Red line: ring current density. Blue 

circles: calculated H2O2 selectivity. 
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Sample Cdl (mF cm-2) ECSA (cm2 cm-2
electrode) 

CB 5.88 147 

`CB-A 7.00 175 

N-CB 3.46 86 

N-CB-A 3.65 91 

Table 4.3 Cdl and corresponding ECSA of CB, CB-A, N-CB and N-CB-A. 

 

Num

ber 
Sample 

Onset Potential  

(V vs RHE) 

H2O2 current density 

at 0.4 V vs RHE  

(mA cm-2) 

Electrolyte Ref 

1 N-CB-A 0.65 0.43 
0.1 M 

HClO4 

This 

work 

2 
NCMK3IL50_9

00T 
0.50 0.31 

0.5 M 

H2SO4 
Ref.14 

3 g-N-CNH 0.40 - 
0.1 M 

H2SO4 
Ref.15 

4 

Mesoporous 

carbon hollow 

spheres, MCHS 

0.37 - 
0.5 M 

H2SO4 
Ref.16 

5 meso-BMP-800 0.40 - 
0.1 M 

HClO4 
Ref.17 

6 NDC 0.56 0.11 
0.1 M 

HClO4 
Ref.18 

7 ANC 0.67 0.49 
0.5 M 

H2SO4 
Ref.19 

Table 4.4 Comparison of onset potentials and H2O2 current densities at 0.4 V vs RHE 

 

The acidic ORR performances of all samples were evaluated in a 0.1 M HClO4 

aqueous solution. All potentials were calibrated with a reversible hydrogen electrode 

(RHE) and a high-purity graphite rod was used as the counter electrode. In the rotating disk 

electrode (RDE) or rotating ring-disk electrode (RRDE) experiments, a thin layer of 
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catalyst ink was cast onto the RRDE with a mass loading of 0.08 mg cm-2. An irreversible 

ORR wave starting at 0.8 V vs RHE was observed in the cyclic voltammogram (CV) curve 

of N-CB-A (Figure 4.11) in 0.1 M O2-saturated HClO4, which disappeared in the CV curve 

obtained in the Ar-saturated electrolyte. The other three samples, however, exhibited an 

ORR onset potential below 0.4 V vs RHE. The electrochemically active surface area 

(ECSA) was also measured based on the relationship between double-layer capacitance 

and scan rates (Figure 4.12, Figure 4.13, Figure 4.14 and Figure 4.15); the results are listed 

in Table 4.3. N-CB and N-CB-A had smaller ECSA than pristine CB and CB-A, which 

might be related to their smaller defect concentrations. In the RRDE tests, the rotating 

speed was fixed at 1,600 rpm to promote H2O2 diffusion from the central disk to the 

surrounding Pt ring. Figure 4.16a shows the linear sweep voltammograms (LSV) of 

different catalysts as a function of potential together with the ring currents. The 

corresponding H2O2 selectivity and electron transfer number were plotted in Figure 4.16b. 

Similar to the results from the CV tests, simply annealing or N-doping did little to improve 

the acidic ORR performance. On the contrary, pristine CB shared a similar onset potential 

with N-CB and CB-A although its 2-electron H2O2 current is the largest. Thus, all three 

types of N-dopants, including pyridinic N, pyrrolic N, and graphitic N, did not promote the 

acidic ORR process. N-CB-A, which contains new types of carbon defects, exhibited a 

highly improved performance with an onset potential of 0.65 V vs RHE, about 300 mV 

more positive than CB, N-CB, and CB-A. Taking into consideration that N-CB-A has a 

small ECSA, its activity is much higher than the N-dopants in N-CB or the original carbon 

defects in CB. N-CB-A exhibits a H2O2 current density of 0.43 mA cm-2 at 0.4 V vs RHE 
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with over 60% Faradaic efficiency. Compared to other carbon materials, its onset potential 

and H2O2 current density are both among the highest (Table 4.4). And the H2O2 selectivity 

was maintained the long-term stability tests although the current density decayed after 

hours of electrolysis, which happened in most carbon-based acidic 2-electron ORR 

catalysts (Figure 4.16c).103, 112 
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4.4. DFT calculations of ORR mechanism on different active sites 

 

Figure 4.17 (a) Optimized structures of *OOH intermediates adsorbed on different 

N-doped sites and defect sites calculated with DFT methods. (b) Calculated volcano 
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plot of limiting potential as a function of ΔG*OOH for 2-electron ORR to H2O2. The 

benchmark data for PtHg4 and Pd/Au, not the figure, was taken from the reference.61, 111 

The grey dashed line shows the thermodynamic equilibrium potential of O2/H2O2.  

 

These characterization data and experiments suggest that the highly improved 2-

electron acidic ORR activity is related to the carbon defects formed during the removal of 

N-dopants in the annealing step. Due to the experimental technique limitations, it is still 

challenging to obtain the specific atomic structure of the active sites. Theoretical 

calculations, however, provide an understanding of a reasonable reaction mechanism and 

the origin of the high activity; these theoretical calculations could lead to better catalysts. 

We investigated the ORR mechanism using first-principles calculations on a graphene 

nanoribbon model system due to the small size of CB particles. Four typical N-dopants 

(Pyridinic N1, Pyridinic N2, Pyrrolic N, and Graphitic N), and the corresponding carbon 

defect structures after the removal of  N (Pyridinic N1R, Pyridinic N2R, Pyrrolic NR, and 

Graphitic NR) were considered and the optimized structures with *OOH adsorbed on the 

active sites were shown in Figure 4.17a. The 2-electron ORR process could be described 

by the following two equations: 141 

O2 + H+ + e− →∗ OOH 

Equation 4.1 The first step of the 2e- ORR in acidic electrolytes 
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∗ OOH + H+ + e− → H2O2 

Equation 4.2 The second step of the 2e- ORR in acidic electrolytes 

Considering that the formation free energy of the key intermediate *OOH (ΔG*OOH) 

exhibited a linear relationship with the formation free energy of *OH (ΔG*OH), another key 

intermediate in the 4-electron ORR process, the formation free energy *OOH could be used 

as the descriptor of both the 2-electron and the 4-electron ORR processes.119 The 

thermodynamic limiting potential (UL), the most positive potential in the ORR process at 

which all the reaction steps could be downhill, is plotted as a function of ΔG*OOH together 

with the 2-electron volcano plot in Figure 4.17b. Location on the right side of the volcano 

indicates a high ΔG*OOH and a weak interaction between the active site and intermediates, 

which is usually limited by the adsorption of O2 and Equation 4.1. Those data points located 

on the left branch have strong interaction with the intermediates, which could induce the 

dissociation of O-O bond and prefers the 4-electron ORR to the 2-electron process, and are 

thus limited by Equation 4.2. It is found that the carbon defects all exhibited smaller 

ΔG*OOH and were located on the left of the corresponding N-dopants. Pyridinic-N1R, 

Pyrrolic-NR, and Graphitic-NR have larger UL compared to Pyridinic-N1, Pyrrolic-N, and 

Graphitic-N, respectively. Note that the thermodynamic limiting potential of Graphitic-NR 

(0.66 V vs RHE) was similar to the onset potential of N-CB-A in the electrochemical 

experiments and is comparable to the highly active H2O2 catalyst PtHg4 and Pd/Au. These 

results explain the highly improved acidic 2-electron ORR performances in N-CB-A and 

demonstrate the importance of carbon defects in the catalytic process.  
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4.5. Conclusion 

In summary, the N-doping and annealing processes were successfully decoupled 

by combining a cold nitrogen plasma treatment with an Ar annealing process. A series of 

spectroscopic and microscopic characterizations confirm the formation of carbon defects 

after the N-dopants were removed. Electrochemical tests showed a highly improved 2-

electron ORR performance than those of pristine carbon, N-doped carbon or annealed 

carbon materials, and one of the highest current densities at 0.4 V vs RHE among carbon-

based metal-free catalysts. Density functional theory (DFT) calculations illustrated the 

critical role of carbon defects in the acidic 2-electron ORR process, the activity of which 

could be superior to N-dopants. This work highlights the acidic ORR mechanism on metal-

free carbon catalysts and could provide a better understanding to design superior catalysts 

for H2O2 generation. 

 

 

4.6. Experimental Methods 

Electrochemically active surface area (ECSA): ECSA is calculated from the 

electrochemical double-layer capacitance (Cdl) of the catalyst.18 Cdl was determined from 

the slope by plotting current density as a function of scan rate in a potential range where 

no Faradaic current was generated. The ECSA was calculated from the following equation: 

ECSA =
Cdl

Cs
   



 
127 

 

 

where Cs is the specific capacitance of a flat standard electrode with 1 cm2 of real surface 

area. The value of Cs is determined to be 40 μF cm-2
 according to several previous studies.18, 

70, 71  

 

Calibration of reference electrodes: The Hg/HgSO4, saturated K2SO4 reference electrode 

used was calibrated with respect to the reversible hydrogen electrode (RHE) using the 

following equation.  

E(RHE) = E(Hg/HgSO4, saturated K2SO4) + 0.731 V  

 

Preparation of CB-A: carbon black (denoted as CB, black pearl 2000, Cabot) powders were 

well ground and scattered in an alumina boat, which was then transferred into a quartz tube 

and heated to 1000 °C with a heating rate of 10 °C min-1 and maintained at 1000 °C for 2 

h under 150 sccm Ar flow.  

 

Preparation of N-CB: well-ground CB powders were uniformly scattered into a home-

made paper boat, which was then treated with N2 plasma for 15 min under 99% N2 

atmosphere in a plasma cleaner (Model 1020, Fischione Instruments).  

 

Preparation of N-CB-A: N-CB powders were well ground and scattered in an alumina boat, 

which was then transferred into a quartz tube and heated to 1000 °C with a heating rate of 

10 °C min-1 and maintained at 1000 °C for 2 h under 150 sccm Ar flow.  
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Characterization: Scanning electron microscope (SEM) images were acquired on an FEI 

Quanta 400 ESEM EFG equipped with an energy-dispersive spectroscopy (EDS) detector 

at 10 kV acceleration voltage. Transmission electron microscope (TEM), scanning TEM 

(STEM) and EDS images were obtained on a JEOL-2100F field emission gun transmission 

electron microscope at the acceleration voltage of 200 kV. X-ray photoelectron 

spectroscopies (XPS) of the samples were acquired on a PHI Quantera scanning X-ray 

microprobe at 5×10-9 Torr. Elemental spectra were shifted by calibrating the obtained C1s 

peaks to 284.6 eV. X-ray diffraction (XRD) data were collected on a Rigaku D/Max Ultima 

II (Rigaku Corporation) that is equipped with a Cu Kα radiation, a graphite monochrometer, 

and a scintillation counter. Raman spectra were obtained on a Renishaw Raman microscope 

with a 532 nm laser. The Brunauer-Emmett-Teller (BET) surface analysis was carried out 

on a Quantachrome Autosorb-iQ3-MP/Kr BET surface analyzer. ICP-MS trace-metal 

elemental analysis was performed using a Perkin Elmer Nexion 300 inductively coupled 

plasma mass spectrometer equipped with a quadrupole mass analyzer.  

 

TEM of the same carbon materials before plasma, after plasma and after annealing: A 

TEM grid with labels was carefully mixed with well-ground CB powders and shaken 

together. The as-prepared TEM grid was separated from the CB powders carefully to 

remove the excess CB powders from the grid. A set of marked areas on the grid were 

checked under JEOL-2100F TEM. Afterward, the grid along with the TEM holder was 

transferred into the plasma cleaner and treated with N2 plasma for 15 s to simulate the N-
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CB preparation process while avoid damaging the TEM grid. Then the same areas of the 

TEM grid were again checked under TEM. Afterward, the grid was carefully transferred 

into a homemade alumina boat, which was annealing in CVD further at 750 °C with a 

heating rate of 10 °C min-1 and maintained at 750 °C for 2 h under 150 sccm Ar flow to 

avoid damaging the grid. The same areas were then checked under TEM and compared 

with previous images. 

 

Electrochemical Measurements: Rotating disk electrode (RDE) and rotating ring-disk 

electrode (RRDE) tests were performed in an electrochemical cell. The rotating rate was 

controlled with a Pine Instrument rotator (model: AFMSRCE). Typically, the catalyst (8.0 

mg) and 5 wt% Nafion solution (80 µL) were mixed in ethanol (1.60 mL) and mL (6.40) 

water. The mixture was then sonicated for 1 h to obtain a homogeneous ink. 16 µL of the 

as-prepared catalyst ink was loaded onto a RDE (glassy carbon, 5 mm in diameter) or 

RRDE (glassy carbon, 5 mm in diameter) and dried in air at room temperature. RDE and 

RRDE electrochemical tests were carried out using a CHI 708D electrochemical 

workstation (CH Instruments, Inc.). A Hg/HgSO4, saturated K2SO4 electrode and a graphite 

rod are used as the reference electrode and the counter electrode, respectively. The ORR 

tests were conducted in 0.1 M O2 saturated HClO4 solution with continuous O2 bubbling 

to ensure the O2 saturation during the tests. Controlled experiments in Ar atmosphere were 

done under the same conditions with Ar bubbling instead of O2.  

In the RRDE tests, H2O2 yield and electron transfer number were calculated using 

the following equations: 
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H2O2% =
Ir/N

Ir/N + Id
× 200% 

n = 4 ×
Id

Ir/N + Id
 

where Id is the disk current, Ir is the ring current and N is the collection efficiency (0.25). 

 

Computational Details  Spin-polarized DFT calculations are implemented in Vienna Ab 

Initio Simulation Package (VASP).28, 72 The exchange-correlation potential is described by 

Perdew-Burke-Ernzerhof (PBE) functional with generalized gradient approximation 

(GGA).29 The projector augmented wave (PAW) method is applied to describe the 

electron-ion interaction73, 74 and the plane-wave energy cutoff is 500 eV. The energy and 

forces convergence criterion are 1 × 10-5 eV and 0.01 eV/Å, respectively. The vacuum 

spacing is set to 18 Å along the non-periodic direction to prevent interaction between two 

neighboring surfaces. The van der Waals interaction is considered by DFT-D3 method 

proposed by Grimme et. al. 75 

For each step along the ORR 2e−  pathways, the Gibbs free energy ΔG is calculated 

using the computational hydrogen electrode (CHE) model developed by Norskov et. Al.31, 

76 and defined as the difference between free energies of the initial and final states:62, 77 

∆𝐺 =  ∆𝐸 +  ∆𝑍𝑃𝐸 − 𝑇∆𝑆 + ∆𝐺𝑈 

where ΔE is the reaction energy obtained from DFT calculations; ΔZPE and ΔS are the 

zero-point energy and entropy contribution estimated by harmonic approximations due to 

the reaction; The bias effect on the free energy is taken into account by shifting the energy 
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of the state by ΔGU = - neU, where U is the electrode applied potential relative to RHE and 

n is the number of proton-electron pairs transferred in each step. 

 

4.7. Contributions 

Zhe Wang designed and performed the synthesis, sample characterizations, 

electrocatalytic experiments and wrote the paper. Chenhao Zhang, Bing Deng, Emily A. 

McHugh, Robert A. Carter, Jinhang Chen and Dongdong Liu provided help in some of the 

characterizations. Zhihua Cheng assisted with the data processing. Yufeng Zhao and Boris 

I. Yakobson helped to perform the DFT calculations to study the ORR mechanism.  James 

M. Tour supervised the entire project and corrected the manuscript. All authors discussed 

the results.  
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Chapter 5 

Enhanced Electrochemical Hydrogen 

Peroxide Generation on TiO2-supported 

Carbon 

This section was mostly adapted from an unpublished manuscript 

5.1. Introduction 

Hydrogen peroxide (H2O2), as one of the 100 most important chemicals, is now 

widely used in industries, including paper and pulp manufacture, wastewater treatment and 

chemical synthesis, and its market size is rapidly expanding.79-81, 84, 85, 141  In light of the 

COVID-19 pandemic, H2O2 is in even larger demand for disinfection.82, 83 However, most 

H2O2 is still produced through the 70-year-old anthraquinone process, during which 

energy-intensive separation and purification are involved with large amounts of toxic 

organic by-products and wastewater generated.79, 80, 84, 85, 141 The centralized production 

also requires extra transportation and storage of this unstable chemical.79, 86, 88, 149 Thus, a 

local and renewable generation method is desirable. The electrochemical synthesis 
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combined with green electricity has been projected as an effective and preferable route to 

H2O2 production.89, 104, 138, 150-152 

 

There are two main electrochemical pathways to generate H2O2 in an aqueous 

system: the first is the 2-electron ORR on the cathode (eq 1) and the second is to selectively 

oxidize water to H2O2 on the anode (eq 2).138, 150 

𝑂2 + 2𝑒− + 2𝐻+ → 𝐻2𝑂2        𝐸𝜃 = 0.70 𝑉 

Equation 5.1 The reaction equation of the 2-electron ORR process 

2𝐻2𝑂 − 2𝑒− → 𝐻2𝑂2 + 2𝐻+   𝐸𝜃 = 1.76 𝑉 

Equation 5.2 The reaction equation of the 2-electron water oxidation process 

 

Ideally, combining these two reactions could achieve the best overall Faradaic 

efficiency since the electrons are fully utilized on both electrodes. Although noble metals 

or alloys have been found highly efficient for the 2-electron ORR process, their cost and 

scarcity make it difficult for large-scale utilization.44, 61, 111, 115-117 Recently, exciting 

progress has been made in carbon-based catalysts. The carbon electronic properties and the 

binding strength to the reaction intermediates during the catalytic process have been 

adjusted by heteroatom doping or defect engineering.44, 78, 87, 89, 102-104, 106-108, 110, 112-114, 153 

For example, over 90% H2O2 selectivity has been achieved on oxidized carbon materials 

and N-doped carbon.78, 104, 106, 107, 153 However, to further scale up the production, a milder 

catalyst preparation method is necessary. On the anode side, most catalysts such as metal 
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oxides, hydroxides and carbon materials, prefer the 4-electron water oxidation reaction 

(WOR) with water as the final product.154-162 Recently, some semiconductor materials such 

as ZnO, WO3, BiVO4 and CaSnO3, have shown activity towards the 2-electron WOR.86, 150, 

163, 164 However, the overpotential was usually large than 200 mV and a better design of the 

catalyst is still in need.  

 

The interaction between electrochemical intermediates and catalysts is affected by 

the local electronic properties of the system, and thus considered the route by which both 

the 2-electron ORR and the 2-electron WOR can be tuned.85, 128, 138, 150, 165 Take ORR as an 

example; a too strong binding of the intermediates promotes the dissociation of O-O bonds 

and increases the rate of the 4-electron processes, while a too weak binding increases the 

kinetic barriers and reduces the reaction rates. Thus, a suitable electronic structure design 

is critical to catalyst performance. Although heteroatom doping is widely used to adjust the 

local electronic properties, combining two conductors or semiconductors can change the 

electrochemical potentials and electronic properties, a process that is widely used in the 

semiconductor industry and photocatalysis.166-172 It has been reported that the formation of 

the carbon-semiconductor interface enhanced the hydrogen evolution reaction (HER) and 

CO2 reduction reaction (CRR).173-176 We report here that carbon-TiO2 (C-TiO2) materials 

serve as bifunctional catalysts for both the 2-electron ORR and WOR processes. The 

formation of a C-TiO2 interface induces the redistribution of electron density and changes 

the electrochemical potential, as evidenced by the spectroscopic characterizations. C-TiO2 

catalysts showed reduced WOR overpotential, 2.2 mA cm-2 at theoretical potential, 1.76 V 
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vs RHE, in 1 M NaHCO3 and the enhanced 2-electron ORR performance, 150% to 200% 

of the H2O2 current density of carbon or TiO2 by themselves in both alkaline and near-

neutral pH. DFT calculations suggested the importance of the C-TiO2 interface in both 

WOR and ORR. 

5.2. Synthesis and characterization 

 

Figure 5.1 Characterizations of TiO2 and C-TiO2. (a) X-ray diffraction (XRD) patterns 

of TiO2, 0.1C-TiO2 and 0.5C-TiO2. No obvious peak or relative intensity changes were 

detected. (b) Tauc plots of TiO2, 0.1C-TiO2 and 0.5C-TiO2. Bandgaps did not show 



 
136 

 

 

obvious change with the addition of carbon. (c) Valence-band X-ray photoelectron spectra 

(XPS) of TiO2, 0.1C-TiO2 and 0.5C-TiO2. The valence band edge along with the 

electrochemical potential shifted as carbon was added. (d) Raman spectra of TiO2, 0.1C-

TiO2 and 0.5C-TiO2. Peaks shifted as the carbon concentration changed.  

 

 

Figure 5.2 SEM images of (a) TiO2, (b) 0.1C-TiO2, (c) 0.5C-TiO2. (d-f) are zoomed-in 

images of (a-c), respectively. Scale bar: 2 μm in (a-c), 400 nm in (d-f).  
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Figure 5.3 TEM images of (a) TiO2, (b) 0.1C-TiO2, (c) 0.5C-TiO2. (d-f) are zoomed-in 

images of (a-c), respectively. Scale bar: 30 nm in (a-c), 5 nm in (d-f).  
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Figure 5.4 BET surface analysis of C, TiO2, 0.1C-TiO2 and 0.5C-TiO2. (a) N2 

adsorption and desorption isotherms and (b) corresponding pore size distributions. 

 

Figure 5.5 Solid-state UV-Vis spectra of TiO2, 0.1C-TiO2 and 0.5C-TiO2.  
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Figure 5.6 XPS spectra of TiO2, 0.1C-TiO2 and 0.5C-TiO2. (a) Ti 2p spectra, (b) O 1s 

spectra. 
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Figure 5.7 EPR spectra of TiO2, 0.1C-TiO2 and 0.5C-TiO2 in water at room 

temperature.  

 

Figure 5.8 XRD patterns of ZnO, 0.1C-ZnO and 0.5C-ZnO.  
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Figure 5.9 SEM images of (a) ZnO, (b) 0.1C-ZnO and (c) 0.5C-ZnO. (d-f) are the 

zoomed-in images of (a-c), respectively. Scale bar: 2 μm in (a-c), 400 nm in (d-f).  
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Figure 5.10 TEM images of (a) ZnO, (b) 0.1C-ZnO and (c) 0.5C-ZnO. (d-f) are the 

zoomed-in images of (a-c), respectively. Scale bar: 50 nm in (a-c), 5 nm in (d-f).  
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Figure 5.11 XPS spectra of ZnO, 0.1C-ZnO and 0.5C-ZnO. (a) Zn 2p spectra, (b) O 1s 

spectra. 

 

Figure 5.12 Valence band edges of ZnO, 0.1C-ZnO and 0.5C-ZnO acquired with XPS.  
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Figure 5.13 (a) Solid-state UV-Vis spectra of ZnO, 0.1C-ZnO and 0.5C-ZnO and (b) 

corresponding Tauc plots. 

 

 

Figure 5.14 (a) Raman spectra and (b) zoomed-in spectra of ZnO, 0.1C-ZnO and 

0.5C-ZnO. 
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Figure 5.15 BET surface analysis of C, ZnO, 0.1C-ZnO and 0.5C-ZnO. (a) N2 

adsorption and desorption isotherms and (b) corresponding pore size distributions. 

 

Sample Specific surface area (m2 g-1) Average pore width (nm) 

C 1365 1.47 

0.5C-TiO2 781 1.47 

0.1C-TiO2 168 1.41 

TiO2 53 36.00 

0.5C-ZnO 756 1.47 

0.1C-ZnO 130 1.41 

ZnO 5 2.77 

Table 5.1 BET surface analysis of different samples 

 

C-TiO2 materials were prepared by mixing commercial carbon black (CB) and TiO2. 

10 wt% and 50 wt% CB were introduced to make 0.1C-TiO2 and 0.5C-TiO2, respectively. 

X-ray diffraction (XRD) patterns revealed that the mixing process did not introduce 
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structural changes in CB or TiO2 since the peak positions and relative intensities of C-TiO2 

stayed the same as those of the TiO2 precursor (Figure 5.1a). Scanning electron microscopy 

(SEM) images and transmission electron microscopy (TEM) images also confirmed that 

the size, morphology and structures of both carbon and TiO2 in C-TiO2 remained the same 

as in the precursor (Figure 5.2 and Figure 5.3). Due to the large surface area and small 

molar mass of CB, TiO2 nanoparticles were mostly covered by amorphous CB. Brunauer–

Emmett–Teller (BET) surface analysis was performed (Figure 5.4 and Table 5.1). The 

surface area and pore size distribution matched the linear combination of TiO2 and C, 

which implies the structures of each remained the same. The bandgaps of C-TiO2 materials 

obtained via solid-state UV-Vis spectra were similar to that of pure TiO2 (Figure 5.1b and 

Figure 5.5).177 Based on this data, the mixing process did not introduce high concentrations 

of Ti3+ or oxygen vacancy, in accordance with the Ti 2p and O 1s X-ray photoelectron 

spectra (XPS) (Figure 5.6).178, 179 The free electrons in the system, however, mostly 

remained in the carbon and not in the TiO2 according to the electron paramagnetic 

resonance (EPR) spectra (Figure 5.7).180, 181 However, the valence band edges of C-TiO2 

were shifted, revealing a change in the electrochemical potential (Figure 5.1c).178, 179  The 

characteristic peaks of TiO2 in C-TiO2 materials were also shifted in the Raman spectra 

(Figure 5.1d). These results indicate the vibrational frequencies of TiO2 were influenced 

by the formation of a C-TiO2 interface, which presumably led to the local lattice 

distortions.178, 179, 182, 183 Additionally, the vibrational changes (Raman shift differences) are 

related directly to the CB concentration. Similar results were also found in C-ZnO (Figure 

5.8, Figure 5.9, Figure 5.10, Figure 5.11, Figure 5.12, Figure 5.13, Figure 5.14 and Figure 
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5.15). The size, structure and morphology of CB and ZnO remained the same as the 

precursors while the electrochemical potential and the Raman peaks were shifted due to 

the formation of a C-ZnO interface.  
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5.3. Water oxidation catalytic performances 

 

Figure 5.16 Water oxidation performances of carbon-semiconductor catalysts. (a) 

Linear sweep voltammograms (LSV) of TiO2, 0.1C-TiO2, 0.5C-TiO2 and C in Ar saturated 
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1 M NaHCO3 on rotating ring disk electrode (RRDE) and (b) corresponding H2O2 

selectivity. (c) LSV of ZnO, 0.1C-ZnO, 0.5C-ZnO and C in Ar saturated 1 M NaHCO3 on 

RRDE and (d) corresponding H2O2 selectivity. (e) Stability test of 0.1C-TiO2 in 1 M 

NaHCO3. Disk potential was kept at 1.84 V vs RHE.  

 

To understand the influence of the carbon-TiO2 interface on the WOR process, 

catalytic performances of 0.1C-TiO2, 0.5C-TiO2, CB and TiO2 were evaluated in a standard 

rotating ring-disk electrode (RRDE) setup in 1 M NaHCO3. The H2O2 generated in the disk 

electrode would diffuse to the surrounding Pt ring electrode and generate current, allowing 

the H2O2 current and selectivity to be determined. As is shown in Figure 5.16a, the 

overpotential of 0.1C-TiO2 was reduced by about 200 mV compared to pristine TiO2. At 

the theoretical potential of the 2-electron WOR (1.76 V vs RHE), a current density of 2.2 

mA cm-2 was achieved. The H2O2 selectivity stayed the same (Figure 5.16b). If the CB 

concentration was further increased, the 4-electron WOR reaction dominated and the H2O2 

selectivity was decreased. No obvious H2O2 current could be detected when the CB was 

tested. A similar trend could be seen in the C-ZnO system (Figure 5.16c). The onset 

potential of 0.1C-ZnO was negatively shifted by ~100 mV compared to that of pure ZnO 

although the H2O2 selectivity was reduced (Figure 5.16d). Increasing the CB concentration 

to 50% or more only reduced the H2O2 selectivity. Of all the catalysts, 0.1C-TiO2 exhibited 

the smallest overpotential and the best H2O2 selectivity. To further verify its performance, 

long-term stability tests found that a stable H2O2 current and yield were maintained for 

over 30000 s (Figure 5.16e).  
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5.4. 2-electron ORR performances 

 

Figure 5.17 Cyclic voltammograms of (a) TiO2, (b) 0.1C-TiO2, (c) 0.5C-TiO2 and (d) 

C in O2 saturated and Ar saturated 0.1 M KOH. 
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Figure 5.18 ORR performances of carbon-TiO2 catalysts in 0.1 M KOH. (a) LSV of 

TiO2, 0.1C-TiO2, 0.5C-TiO2 and C in O2 saturated 0.1 M KOH on RRDE and (b) 

corresponding H2O2 selectivity and electron transfer number. (c) Stability test of 0.1C-TiO2 

in 0.1 M KOH. The potential was kept at 0.55 V vs RHE. 
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Figure 5.19 (a) Cyclic voltammograms of TiO2 at different scan rates in 0.1 M KOH 

and (b) current density at 1.08 V vs RHE as a function of scan rates along with the 

linear fitting curves.  

 

Figure 5.20 (a) Cyclic voltammograms of 0.1C-TiO2 at different scan rates in 0.1 M 

KOH and (b) current density at 1.08 V vs RHE as a function of scan rates along with 

the linear fitting curves.  
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Figure 5.21 (a) Cyclic voltammograms of 0.5C-TiO2 at different scan rates in 0.1 M 

KOH and (b) current density at 1.08 V vs RHE as a function of scan rates along with 

the linear fitting curves.  

 

Figure 5.22 (a) Cyclic voltammograms of C at different scan rates in 0.1 M KOH and 

(b) current density at 1.08 V vs RHE as a function of scan rates along with the linear 

fitting curves.  
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Sample Cdl (mF cm-2) EASA (cm2 cm-2
electrode) 

C 14.84 371 

0.5C-TiO2 6.81 170 

0.1C-TiO2 5.88 147 

TiO2 5.54 138 

Table 5.2 Average Cdl and EASA of TiO2, 0.1C-TiO2, 0.5C-TiO2 and C in 0.1 M KOH 

 

The 2-electron ORR process played an important role in electrochemical H2O2 

generation. ORR tests of C-TiO2 catalysts were first carried out in 0.1 M KOH. For each 

catalyst, a quasi-rectangular current, which originated from the double layer capacity, was 

present in the cyclic voltammogram in the Ar-saturated electrolyte on a RDE (Figure 5.17). 

When the gas was switched to O2, a typical irreversible O2 reduction peak was observed at 

~0.6-0.7 V vs RHE. As is shown in Figure 5.18a, similar to previous results, carbon 

materials exhibited an early onset at 0.76 V vs RHE and achieved over 70% H2O2 

selectivity within a broad potential range (Figure 5.18b).78 Pure TiO2 showed a better H2O2 

selectivity (95%) while the H2O2 current was smaller. 0.5C-TiO2, with 50% CB and 50% 

TiO2, achieved a similar H2O2 current as CB by itself while the H2O2 selectivity was better. 

0.1C-TiO2, however, exhibited 150% the current density of carbon materials with over 

90% H2O2 selectivity. The selectivity could be further enhanced to near 100% in the long-

term stability test, possibly because of the oxidation of carbon (Figure 5.18c).89 In order to 

exclude the influence of the surface conditions, electrochemically active surface area 

(EASA) analyses were obtained (Figure 5.19, Figure 5.20, Figure 5.21, Figure 5.22 and 

Table 5.2). Although CB had the largest EASA, which can help preserve the O-O bond in 
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the intermediates, its H2O2 selectivity was still not as good as the other three catalysts, 

revealing the advantage of the C-TiO2 interface on H2O2 generation.184 

 

 

Figure 5.23 Cyclic voltammograms of (a) TiO2, (b) 0.1C-TiO2, (c) 0.5C-TiO2 and (d) 

C in O2 saturated and Ar saturated 1 M NaHCO3. 
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Figure 5.24 ORR performances of carbon-TiO2 catalysts in 1 M NaHCO3. (a) LSV of 

TiO2, 0.1C-TiO2, 0.5C-TiO2 and C in O2 saturated 1 M NaHCO3 on RRDE and (b) 

corresponding H2O2 selectivity and electron transfer number. (c) Stability test of 0.5C-TiO2 

in 1 M NaHCO3. The potential remained at 0.42 V vs RHE. The ring electrode was 

refreshed 2 times during the test to remove accumulated PtOx from the surface by rapid 

scanning at a negative potential range.  
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Figure 5.25 (a) Cyclic voltammograms of TiO2 at different scan rates in 1 M NaHCO3 

and (b) current density at 1.08 V vs RHE as a function of scan rates along with the 

linear fitting curves.  

 

Figure 5.26 (a) Cyclic voltammograms of 0.1C-TiO2 at different scan rates in 1 M 

NaHCO3 and (b) current density at 1.08 V vs RHE as a function of scan rates along 

with the linear fitting curves.  
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Figure 5.27 (a) Cyclic voltammograms of 0.5C-TiO2 at different scan rates in 1 M 

NaHCO3 and (b) current density at 1.08 V vs RHE as a function of scan rates along 

with the linear fitting curves.  

 

Figure 5.28 (a) Cyclic voltammograms of C at different scan rates in 1 M NaHCO3 

and (b) current density at 1.08 V vs RHE as a function of scan rates along with the 

linear fitting curves.  
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Sample Cdl (mF cm-2) EASA (cm2 cm-2
electrode) 

C 19.36 484 

0.5C-TiO2 7.56 189 

0.1C-TiO2 6.50 162 

TiO2 1.92 48 

Table 5.3 Average Cdl and EASA of TiO2, 0.1C-TiO2, 0.5C-TiO2 and C in 1 M 

NaHCO3 

 

To obtain a better understanding of the mechanism in a wide pH range, ORR tests 

were performed in near-neutral NaHCO3 solutions. An ORR irreversible peak was 

observed at 0.4-0.5 V vs RHE in cyclic voltammograms on RDE in the O2-saturated 

electrolyte, similar to the results in 0.1 M KOH electrolyte (Figure 5.23). RRDE 

voltammograms illustrated that the current densities of all the catalysts decreased in the 

NaHCO3 electrolyte compared to those in 0.1 M KOH except for 0.5C-TiO2 (Figure 5.24a). 

The onset potential of 0.5C-TiO2, however, was comparable to CB and was 100 mV earlier 

than TiO2 and 0.1C-TiO2 while its H2O2 current was nearly 2 times that of CB and TiO2. 

Although 0.1C-TiO2 could achieve a similar maximal H2O2 current, the overpotential 

required was much larger than that of 0.5C-TiO2. In addition, the H2O2 selectivity of 0.5C-

TiO2 reached over 86% (Figure 5.24b). In the long-term stability test, ~90% selectivity was 

maintained after 100000 s electrolysis (Figure 5.24c). The influence from EASA was 

excluded (Figure 5.25, Figure 5.26, Figure 5.27, Figure 5.28 and Table 5.3) and the much-

improved performance of 0.5C-TiO2 was attributed to the C-TiO2 interface.  
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5.5. DFT theoretical calculations 

 

Figure 5.29 DFT calcuations of the WOR and ORR on C-semiconductors. Optimized 

*OH structures adsorbed at the active site of the (a) pristine graphene and (b) defective 

graphene on TiO2. The black dashed circles denote the adsorbed *OH at the active site. 

The cyan atoms in (b) are the 555-6-777 defect in graphene. Color code: Ti, light grey; C, 

grey; O, red; and H, white. (c) Activity volcano relation of limiting potential UL of 2e- 
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WOR (black line) and 2e- ORR (green line) as a function of the free energy of *OH, 

ΔG(*OH). The equilibrium potentials of H2O/H2O2 and O2/H2O2 are shown as black and 

green dashed lines, respectively. (d) Calculated free energy profile of 2e- WOR and 2e- 

ORR pathways at electrode potential U = 0 V for the pristine and defective graphene on 

TiO2.  

 

 

Figure 5.30 (a) Pristine graphene and (b) 555-6-777 defect-decorated graphene on 

ZnO (0001) supercell used for DFT calculations to investigate the effect of defect on 

the WOR and ORR activity. The black dashed line denotes the adsorbed *OH at the 

active site. The cyan atoms in (b) are the 555-6-777 defects in graphene. Color code: Zn, 

light blue; C, grey; O, red; and H, white. 
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To theoretically evaluate the effect of CB on the catalytic activity of TiO2 or ZnO, 

the free energies of the reaction pathways, 2e- WOR and 2e- ORR to H2O2
86, 185, were 

investigated using first-principles calculations. Graphene on TiO2 (Figure 5.29a) was 

utilized as the model system and the typical 555-6-777 defect in graphene119, 121, 133, where 

5, 6 and 7 represent the pentagon, hexagon and heptagon rings, were introduced as defects 

into graphene to assess the influence of the defective structure of CB on TiO2 as shown in 

Figure 5.29b (the reaction intermediate *OH adsorbed on the pristine and defective 

graphene on ZnO are also shown in Figure 5.30). Figure 5.29c shows the calculated 

thermodynamic limiting potential UL as a function of ΔG(*OH), which is the key descriptor 

to determine the catalytic activity and selectivity for the 2e- WOR or ORR pathways.86 UL 

is defined as the lowest potential at which the free energies of all the reaction steps are 

downhill. A UL closer to 1.76 V (0.70 V) implies better H2O2 activity in WOR (ORR). The 

free energy profiles of WOR and ORR pathways for the studied graphene/TiO2 models are 

shown in Figure 5.29d. Compared to pristine graphene on TiO2 or TiO2 itself, the *OH 

binds stronger to the active sites on the 555-6-777 defects-decorated graphene, and it 

exhibits the smaller UL to H2O2 in WOR, i.e., UL decreases from 2.27 V for TiO2
86 or 2.43 

V for graphene on TiO2 to 1.80 V for 555-6-777 defect, very close to the optimal value of 

1.76 V at ΔG(*OH) of 1.76 eV. In addition, such trend of UL coincides with the 

improvement of ORR activity as ΔG(*OH) approaches its optimal value of 1.02 eV for 

better ORR, whose activity is limited by the *OOH formation due to the weak free energy 

of *OH located on the right-hand side of ORR volcano plot in Figure 5.29c. Similarly, one 
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can also see the decreasing UL for the defective graphene on ZnO compared to pristine 

graphene or pure ZnO.163 A smaller UL indicates a smaller thermodynamic overpotential 

(the difference between UL and equilibrium potentials), thus higher catalytic activity on 

graphene defects, which is in good agreement with the higher H2O2 production of defective 

carbon on TiO2 or ZnO in experiments. Besides, materials with a small ΔG(*OH) have 

strong OH adsorption energy, making further oxidation (from *OH to *O,*OOH and O2) 

a preferred pathway for the WOR process. This may help to explain the H2O2 selectivity 

decrease in 0.1C-ZnO as ΔG(*OH) of defective graphene on ZnO is close to 1.6 eV, the 

dividing line of the 4-electron WOR and the 2-electron WOR.86 

 

5.6. Conclusion 

In summary, C-TiO2 materials were successfully prepared from commercial CB 

and TiO2 with a simple mixing method. The C-TiO2 interface adjusted the electrochemical 

potential of the materials, making it an efficient catalyst for both the 2-electron water 

oxidation and the 2-electron oxygen reduction to generate H2O2. For the water oxidation, 

it achieved 2.2 mA cm-2 at the theoretical potential, 1.76 V vs RHE and maintained the 

H2O2 selectivity of TiO2. For the oxygen reduction, the H2O2 current was enhanced 1.5 to 

2 times compared to TiO2 or carbon materials. DFT calculations revealed the importance 

of the C-TiO2 interface on adjusting the reaction pathway. This work sheds light on 

methods to simple design and engineer better catalysts without the need for harder-to-

access nanomaterials. Future studies will focus on exploring the construction of a 
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conductor-semiconductor or a semiconductor-semiconductor interface and its applications 

in an even wider range.  

 

 

5.7. Experimental Methods 

Preparation of C-TiO2 materials: using 0.1C-TiO2 as an example, TiO2 (0.9 g, P25, Sigma-

Aldrich) and carbon black (CB, 0.1 g, Black Pearl 2000, Cabot) were weighed and ground 

using an agate mortar and pestle. The 0.5C-TiO2 was prepared using a similar method with 

TiO2 (0.5 g) and CB (0.5 g).  

 

Preparation of C-ZnO materials: Composites 0.1C-ZnO and 0.5C-ZnO were prepared 

using similar methods as C-TiO2 materials by replacing TiO2 with ZnO (Sigma-Aldrich).  

 

Characterization: transmission electron microscopy (TEM images) were obtained on a 

JEOL-2100F equipped with a field emission gun operating at 200 kV acceleration voltage. 

Scanning electron microscopy (SEM) images were taken on a FEI Helios 660 SEM with a 

working distance of 4 mm.  X-ray photoelectron spectroscopy (XPS) of the samples were 

acquired on a PHI Quantera scanning X-ray microprobe at 4×10-9 Torr. Elemental spectra 

were shifted by calibrating the obtained O1s peaks to 529.7 eV for all the TiO2 samples 

and 530.8 eV for all the ZnO samples. X-ray diffraction (XRD) patterns were collected on 
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a Rigaku D/Max Ultima II (Rigaku Corporation) with a Cu Kα radiation, a graphite 

monochrometer, and a scintillation counter. Raman spectra were collected on a Renishaw 

Raman microscope with a 532 nm laser. Brunauer–Emmett–Teller (BET) characterizations 

were done on a Quantachrome Autosorb-iQ3-MP/Kr BET surface analyzer. X-band 

electron paramagnetic resonance (EPR) spectra were acquired on a Bruker EMX 

spectrometer (Billerica, MA) at room temperature. UV-Vis spectra were collected on a 

Shimadzu UV-2450 spectrometer with an integrating sphere attachment. 

 

Electrochemical Measurements: Rotating disk electrode (RDE) and rotating ring-disk 

electrode (RRDE) tests were carried out in a typical three-electrode setup. The rotating rate 

was controlled with a Pine Instrument rotator (model: AFMSRCE). Typically, the catalyst 

(16.0 mg) and 5 wt% Nafion solution (80 µL) along with ethanol (1.60 mL) and water 

(6.40 mL) were sonicated overnight (Cole Parmer, model 08849–00) to obtain a 

homogeneous ink. The as-prepared catalyst ink (16.00 µL) was loaded onto a RDE (glassy 

carbon, 5 mm in diameter) and dried in air at room temperature. RDE and RRDE 

electrochemical tests were carried out using a CHI 708D electrochemical workstation (CH 

Instruments, Inc.). A graphite rod was used as the counter electrode. A Hg/HgO (1 M KOH) 

electrode and a Ag/AgCl (saturated KCl) electrode were used as the reference electrodes 

in 0.1 M KOH and 1 M NaHCO3 electrolyte, respectively. Before the ORR tests, 

electrolytes were saturated with continuous O2 bubbling for at least 10 min. Controlled 

experiments in Ar atmosphere were done under the same conditions by replacing O2 

bubbling with Ar bubbling 30 min before the test. In RRDE tests, typically the disk 
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electrode was scanned at a rate of 10 mV/s with a rotating speed of 1600 rpm and the ring 

potential was kept constant at 1.15 V vs RHE. The H2O2 yield and electron transfer number 

were calculated using the following equations: 

H2O2% =
Ir/N

Ir/N + Id
× 200% 

n = 4 ×
Id

Ir/N + Id
 

where Id is the disk current, Ir is the ring current and N is the collection efficiency (0.37). 

 

Calibration of reference electrodes:The HgO/Hg (1 M KOH) and AgCl/Ag (saturated 

KCl) reference electrodes used were both calibrated with respect to the reversible hydrogen 

electrode (RHE) in the following equations:  

E(RHE) = E(HgO/Hg) + 0.900 V 

E(RHE) = E(AgCl/Ag) + 0.197 V+ 0.05916pH 

 

Electrochemically active surface area (ECSA) calculations: ECSA is calculated from the 

electrochemical double-layer capacitance (Cdl) of the catalyst, which was obtained from 

the slope by plotting current density as a function of scan rate in a potential range where 

no Faradaic occurred.18 The ECSA was calculated from the following equation: 

ECSA =
Cdl

Cs
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where Cs is the specific capacitance of a flat standard electrode with 1 cm2 of real surface 

area. The value of Cs is determined to be 40 μF cm-2
 according to several previous studies.18, 

70, 71  

 

Computational Details: DFT calculations are implemented in Vienna Ab Initio Simulation 

Package (VASP).28, 72 The exchange-correlation potential is described by Perdew-Burke-

Ernzerhof (PBE) functional with generalized gradient approximation (GGA).29 The 

projector augmented wave (PAW) method is applied to describe the electron-ion 

interaction73, 74 and the plane-wave energy cutoff is 500 eV. The energy and forces 

convergence criterion are 1 × 10-5 eV and 0.01 eV/Å, respectively. The vacuum spacing is 

set to 15 Å along non-periodic direction to prevent interaction between two neighboring 

surfaces. The van der Waals interaction is considered by the DFT-D2 method proposed by 

Grimme et. al.75 

For each step along the WOR and ORR 2e- pathways, the Gibbs free energy ΔG is 

calculated using the computational hydrogen electrode (CHE) model developed by 

Norskov et al31, 76 and defined as the difference between free energies of the initial and 

final states in the following equation:62, 77 

∆𝐺 =  ∆𝐸 +  ∆𝑍𝑃𝐸 − 𝑇∆𝑆 + ∆𝐺𝑈 

where ΔE is the reaction energy obtained from DFT calculations; ΔZPE and ΔS are the 

zero-point energy and entropy contribution estimated by harmonic approximations due to 

the reaction; The bias effect on the free energy is taken into account by shifting the energy 
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of the state by ΔGU = - neU, where U is the electrode applied potential relative to RHE and 

n is the number of proton-electron pairs transferred in each step. 

   To minimize the lattice mismatch in DFT calculations, the distorted 6 × 6 

graphene is placed on √5 × √5 anatase TiO2 (110) (15.281×15.281Å) supercells as shown 

in Figure 5.29a-b in the main text, and the supercells used for Gr/ZnO are shown in Figure 

5.30.  

 

For 2e- ORR, the reaction pathways are shown below: 

* + O2 + (H+ + e−) → *OOH 

*OOH + (H+ + e−) → *H2O2 

The thermodynamic limiting potential UL is defined as UL = -max{ΔG}/e-, the 

thermodynamic overpotential is defined as η = max{ΔG}/e- + 0.70 V, where ΔG is the free 

energy change of the four elementary steps; 

 

For 2e- WOR, the reaction pathways are eq 9 and 10: 

* + H2O → *OH + H+ + e−  

*OH + H2O → H2O2 + H+ + e−  
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The thermodynamic limiting potential UL is defined as UL = max{ΔG}/e-, the 

thermodynamic overpotential is defined as η = max{ΔG}/e- - 1.76 V, where ΔG is the free 

energy change of the two elementary steps. 
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