
 

Copyright: © 2024 by the authors. This is an open access article under the terms and conditions of the Creative Commons 
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 
Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations 

Science for Energy and Environment  

Review 

Advanced Carbon Electrocatalysts for Selective Oxygen 
Reduction into Hydrogen Peroxide: Understandings of 
Active Sites 
Jiaxin Su 1,2, Bingbing Xiao 1,2, Jun Wang 1,2,* and Xiaofeng Zhu 1,2,* 
1 State Key Laboratory of Environment-Friendly Energy Materials, School of Materials and Chemistry, Southwest 

University of Science and Technology, Mianyang 621010, China 
2 Tianfu Institute of Research and Innovation, Southwest University of Science and Technology, Chengdu 610299, China 
* Correspondence: junwang091@163.com (J.W.); xfzhu@swust.edu.cn (X.Z.) 
Received: 17 January 2024; Revised: 25 January 2024; Accepted: 19 February 2024; Published: 5 March 2024 

Abstract: Electrochemical conversion of oxygen-to-hydrogen peroxide (H2O2) through oxygen reduction (ORR) 
is becoming a green and effective solution to replacing conventional anthraquinone industry. Advanced carbon is 
currently one of the most promising catalysts for H2O2 electrosynthesis by a selective two-electron ORR (2e-ORR), 
owing to its chemical and catalytic merits. To realize better performance of 2e-ORR over advanced carbons, 
extensive efforts is devoted to constructing highly efficient carbon-based active sites, which requests in-depth 
understanding of their underlying catalytic roles. Here, an informative and critical review of recent investigations 
on active sites on advanced carbons for 2e-ORR is provided. Together with our recent findings, the review first 
highlights the promoting progress on heteroatom-doped carbons, and their direct/indirect contributions for 2e-
ORR has been emphasized. Simultaneously, defect engineering of carbon scaffold is briefly demonstrated as a 
practical strategy for achieving outstanding H2O2 production. Meanwhile, the review also offers analysis on 
striking influence of surface modification for carbon active site. Finally, challenges and perspectives of the 
advanced carbon catalysts for 2e-ORR are outlined. Such reviewed fundamentals of active sites in this emerging 
field would shed light to future impactful progress in ORR and broader research of energy and catalysis. 
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1. Introduction 

Hydrogen peroxide (H2O2) has been widely utilized in pulp bleaching, food/water disinfection and chemical 
fabrications. Upon the COVID-19 pandemic, the hygiene and sterilization capabilities of H2O2 has been further 
amplified, due to its environmental-friendliness and non-toxicity. The global market of H2O2 is currently estimated 
to be valued at more than $4 billion [1]. The market is projected to grow at a compound annual growth rate of 
about 5.7 percent from 2020 until 2028 [2]. Till now, more than 95% of H2O2 are produced via the energy-intensive 
anthraquinone process, which however produces organic contaminants and significant carbon dioxide emissions. 
Moreover, highly centralized anthraquinone industries are always criticized by their concentrated H2O2 (up to 
70wt%) products. It not only leads to safety concerns in both storage and transportation sections, but also conflicts 
with end-users’ needs of the dilute form [3–5]. Thus, it is of great economic and environmental importance to 
develop decentralized and green routes for H2O2 production.  

To this end, recently, electrochemical synthesis of H2O2 is gaining tremendous interests from both academical 
and industrial sectors. Unlike conventional anthraquinone process, this emerging technology enables on-site 
production of H2O2 through either water oxidation reaction (WOR) at anodes or oxygen reduction reaction (ORR) 
at cathodes without any carbon footprints [6–8]. Nevertheless, compared with WOR, electrochemical ORR is 
recognized as a more facile and economic way to sustainably synthesize H2O2, owing to its lower overpotentials 
and higher selectivity [9]. In such process, oxygen molecules are reduced via a two-electron-two-proton ORR (2e-
ORR) pathway, which inevitably completes with another four-electron-four-proton way (4e-ORR) [10,11]. 
Thermodynamically, the selectivity of ORR is mainly governed by the adsorption of intermediates (adsorbed O2, 
OOH, O, OH, etc.), especially the OOH. Based on the Sabatier principle, the adsorption strength of the OOH 
should be just proper to enable rapid 2e-ORR, which is subject to physicochemical properties of electrocatalysts 

[12]. Thus, to achieve higher selectivity of 2e-ORR, researchers have developed a series of electrocatalysts to 
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acquire better selectivity of 2e-ORR, including functional carbons [13,14], noble metal compounds [15,16], metal 
chalcogenides [17–19] and single atomic catalysts [20,21]. Typically, an ideal ORR catalyst should be highly 
conductive and hierarchical porous to enable rapid mass and charge transfer [22,23]. Besides, practical H2O2 
electrosynthesis requires economic benefits and chemical stability in both acid and alkaline media. In this regard, 
among the reported catalysts, carbon-based materials are considered as a promising substitution to expensive 
noble-metal benchmarks in electrochemical H2O2 synthesis, owing to their low-cost, abundant resource and 
chemical robustness [24–26]. 

 
Figure 1. Advanced carbon-based electrocatalysts for 2e-ORR. 

In view of promising industrial potential on carbon-based catalysts for H2O2 electrosynthesis, recent decade 
has seen a rapidly growing number of studies and publications in this field. Previous publications have 
comprehensively reviewed the recent progress in carbon-based catalysts for O2-to-H2O2 conversion by focusing 
on the catalyst developments and their performance [1,24,27]. Besides, practical applications on H2O2 
electrosynthesis, especially in environmental protection have also been previously reviewed [28]. However, to the 
best of our knowledge, a perspective overview on identification and mechanism of actual active sites in advanced 
carbons for electrochemical O2-to-H2O2 has rarely been systematically and specifically reviewed. To address this 
gap, herein, a concise and critical review of recent advances in the metal-free advanced carbon catalysts for 2e-
ORR is presented. Based on statistic summary on the actives and their 2e-ORR performance of the recent-reported 
carbons (Table 1), the review first briefly illustrates various advanced carbon electrocatalysts developed for 2e-
ORR in Figure 1. Then, based on the types of heteroatoms, the nature and contributions of active sites in carbon 
materials, especially 2e-ORR mechanism of heteroatom doped carbons are highlighted, including electron 
redistribution, charge transfer and modified adsorption. The defect construction in carbon catalysts, such as edges 
and topological defects, is also discussed. Subsequently, as an emerging interest, surface modification as well as 
functionalization are specifically analyzed. Finally, current challenges and future perspectives of the advanced 
carbons for H2O2 electrosynthesis are outlined. This review aims to presenting a concise and in-depth analysis on 
carbon-based active sites for 2e-ORR and summarizing significant fundamentals in this emerging field. Through 
such a critical account, the understanding of carbon-based active sites and their reactive mechanism will be 
substantially deepened for 2e-ORR and broader energy conversions. 
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Table 1. Summary of carbon-based catalysts for H2O2 performance and the underlying mechanisms of the active 
sites. 

Type Catalyst Active Sites Electrolytes 2e-ORR Performance Ref. 

Heteroatom
-doped 
carbon 

P-NMG-X Pyrrolic-N sites 0.1 M KOH  
Yield: 30 mol g−1 h−1  

FE: 80% 
[29] 

Biomass 
derived 

N/C 
C defects and pyrrolic-N 0.1 M KOH FE: 39.54% @ 0.6746 VRHE [30] 

Graphitic 
N-C 

Graphitic-N 0.1 M KOH 
Yield: 1286.9 mmol gcat

−1h−1; FE: 
69.8%@0.1 VRHE 

[31] 

HPCS-S Edge C-S sites 0.1 M KOH Yield: 183.99 mmol gCat
−1h−1; [32] 

NF-Cs Doped N and F atoms 0.1 M KOH FE: 89.6%@0.74 VRHE [33] 

N-FLG 
Pyrrole-N modified nearby 

C atoms 
0.1 M KOH Yield: 9.66 mol h−1 gcat

−1 [34] 

CNT-U-
15T 

C atoms adjacent to 
Pyrrolic-N 

0.1 M KOH Selectivity: 93.5% [35] 

B-doped 
rGO 

Isolated B atoms 
pH = 3.0, 6.5 and 

10 
Selectivity: 95–98.6%  

Yield: 95.63 mg cm−2 h−1 
[36] 

FS-CFs F and S sites 0.1 M KOH 
Onset: 0.814 @VRHE  
Selectivity: 99.1% 

[37] 

B-C B heteroatoms 
1 M KOH and 1 

M Na2SO4 
Selectivity: 85–90% [38] 

Defective 
carbon 

MesoC,Mic
roC 

pentagon defects 0.1 M KOH 
Onset: 0.8VRHE; 

Selectivity: >70%@0.7 VRHE 
[39] 

OCG 
Defect C atoms adjacent to 

OFGs 
0.1 M KOH 

Yield: 473.9 mmol gcat
−1h−1; 

Selectivity: >70%@0.7 VRHE 
[40] 

PD/N-C 
Pentagonal defects and N 

dopants 
0.1 M HClO4 Yield: 2923 mg L−1 h−1 [41] 

S-D NC S-C sites 0.1 M KOH 
Onset: 0.78 VRHE  

Selectivity: ∼90% 
[42] 

CB-Plasma 
Edge active sites of O-

defects 
0.1 M KOH 

FE: 100% 
Current: 300 A g−1@0.6 VRHE 

[14] 

O-DG 
Carbonyl on pentagon 

defect 
0.1 M KOH FE: 98.38%@0.55 VRHE [43] 

CF 
Zigzag edge and zigzag 

pentagon sites 
0.1 M KOH Selectivity: >90%@0.6 VRHE [44] 

HCNFs 
Edges and topological 

defects 
0.1 M KOH 

Selectivity: 97.3%  
Current: 220 A g−1@0.65 VRHE 

[45] 

NBO-
GQDs 

B-atom site by the N atom 
and defect –OH 

0.1 M KOH 
Selectivity: >90% 

Yield: 709 mmol gcat
−1 h−1 

[46] 

MCNF Edge defects 0.1 M KOH 
Selectivity: >90%  

Current: 3 mA cm−2 @ 0.2 VRHE 
[47] 

Surface-
modified 
carbon 

Edge-rich 
VG 

Edge-bound ether-type 
groups 

0.1 M KOH 
Onset: 0.8 VRHE 

FE: 100% 
[48] 

F-mrGO Ether and carbonyl groups 0.1 M KOH Selectivity: ~100% [49] 

O-CNTs 
C atoms adjacent to OFGs 

(–COOH and C–O–C) 
0.1 M KOH FE: ~90% at 0.4–0.65 VRHE [50] 

GNPC=O Quinone functional groups 0.1 M KOH Yield: 97.8 %@0.75 VRHE [51] 

CB600 
O=C–OH and 
C–O–C groups 

0.1 M Na2SO4 Yield: 517.7 ± 2.4 mg L−1 [52] 

CB-PDA-A 
Dipole-modified defective 

carbon 
0.1 M KOH Yield: 1.8 mol gCat

−1h−1 [53] 

CTAB 
Carbon sites (surfactants 

modified) 
0.1 M KOH Selectivity: 95.2% [54] 
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PTFE/CB Hydrophobic carbon sites 0.05 M Na2SO4 Yield: 101.67 mg h−1 cm−2 [55] 

Na+/CB 
Carbon sites at Na+ 
modulated surface  

0.1 M H2SO4 Selectivity: over 80% [56] 

CB-PTFE 
Carbon sites at 

hydrophobic interfaces 
0.05 M Na2SO4 Selectivity: >97% [57] 

2. Influence of Heteroatom Dopants on Carbon Active Sites 

Perfect carbon framework is generally considered inactive towards electrocatalytic reactions, due to its 
homogeneous π electronic structure [58]. Thus, to create carbon active sites, one of the commonly used strategies 
is doping heteroatoms into carbon matrix, such as nitrogen (N), boron (B), fluorine (F), oxygen (O), phosphorus 
(P), and sulfur (S). By virtue of their varied electronegativities, electronic asymmetry could be deliberately 
introduced, thereby forming active sites for electrochemical ORR. 

Among the heteroatom-doped carbon catalysts, N-doped carbon has been the most extensively investigated, 
recently. Despite of the three major types (i.e., pyridinic, graphitic and pyrrolic N), it is generally believed that N 
dopants could alter electronic structure of nearby carbon atoms, making them active sites for ORR [59,60]. Such 
modifications are basically attributed to the high electronegativity of N atoms compared to C atoms, thus inducing 
positive charges on neighboring C atoms [61,62]. However, charged carbon active sites might deliver considerable 
faradaic currents for ORR, while the selectivity of 2e-pathway is not necessarily ensured. In fact, the ORR 
selectivity of the N-doped carbons is largely depended on the types of N dopants. Among the three main N dopants, 
pyridine-N has been commonly recognized to render preferential 4e-ORR in basic electrolytes [63–66]. In this 
case, pyridine-N could either confer relatively high positive charged π-orbitals on α-C atoms [61,67] or transfer 
rich free lone-paired electrons to antibonding orbitals of O2 reactants [34,68], thus leading to the cleavage of O–O 
bonds and over-reduction of *OOH intermediates. Interestingly, on the contrary, Daniel and co-workers found that 
the pyridine-N could enable effective formation of H2O2 under acidic conditions [69]. To note, the protonation of 
pyridine-N would lead to a weaker combination with OOH intermediates and thus help to maintain O–O bonds in 
acidic environment. Similarly, Sun et al. have developed N-doped porous carbon through pyrolysis of ordered 
mesoporous carbon with polyethyleneimine [70]. H2O2 selectivity of 95.3 % was achieved over the prepared N-
doped carbons in 0.05 mol L−1 H2SO4 solution, while a considerable H2O2 production rate of 570.1 mmol gcat

−1 h−1 
was observed in neutral solution. X-ray photoemission spectroscopy (XPS) analyzed the changes of different N 
content before and after ORR, revealing that pyridine-N and graphite-N was more catalytically active in both 
acidic and neutral/basic ORR process, respectively (Figure 2a). 

The contributions of graphite-N towards 2e-ORR were also reported in some studies. For instance, Rao et al. 
observed two ORR peaks in doped carbon catalyst with higher graphitic-N content, standing for 2e-ORR into H2O2 
and subsequent reduction to H2O, respectively [71]. Similar to pyridinic-N, the intrinsic capability of 2e-ORR over 
graphite-N was mainly assigned to the slightly positive charged carbon atoms around graphite-N [72–74]. These 
C atoms would act as Lewis acidic sites and suppress the adsorption of ORR intermediates. Likewise, Zhang et al. 
proposed an appealing mechanism of 2e-ORR on graphitic-N sites [31]. 2e-ORR was firstly initiated by proton-
coupled electron transfer, and the graphite-N can induce charge redistribution by providing a single electron to the 
p–π conjugated system. Consequently, the adsorption of oxygen on neighboring α-C atoms could be enhanced, 
boosting the conversion into the *OOH intermediate (Figure 2b). And then, charge re-equilibrium of graphite-N 
would facilitate the desorption of *OOH, yielding high H2O2 selectivity (up to 75%) on such graphitic-N sites in 
alkaline electrolytes. On the other hand, pyrrole-N has been widely reported as active sites for 2e-ORR. Qiao and 
collaborators introduced a porous N-rich few-layered graphene (N-FLG) with tunable pyrrole-N content [34]. 
Experimental results identified a close correlation between the content of pyrrole-N and the 2e-ORR selectivity, 
reaching around 95% conversion of O2-to-H2O2 over N-FLG-8 (Figure 2c). The excellent 2e-ORR performance 
was assigned to the electronically modified nearby C atoms, which optimized the absorption of OOH species over 
the heterocyclic distorted sites. Moreover, Wan et al. successfully prepared N-doped single-walled carbon 
nanotubes (CNT-U-15T) by a microwave-assisted pulsed heating method [35]. It was discovered that the pyrrole-
N moieties could donate two p-electrons to the π-conjugated system in the carbon configuration, which might 
extensively adjust the electron density of nearby C atoms. As a result, the ORR process over the pyrrole-N-doped 
CNT-U-15T was simulated to possess ideal electron transfer numbers (~2) for the peroxides formation within a 
wide range of potentials (0.30–0.65 VRHE), proving its excellence in 2e-ORR. 

It can be seen that heteroatoms with higher electronegativity can interfere with the electroneutrality of the 
carbon system and promote charge redistribution, which could be beneficial to the generation of H2O2 [60,75,76]. 
Bearing this thought, Zhao et al. modulated the electronic structure of porous carbon by doping F with even higher 
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electronegativity compared to N [77]. With 3.41 at.% of F atoms, the F-doped carbons exhibited exceptional H2O2 
selectivity of 83.0%–97.5%, producing a peroxide generation rate of 112.6–792.6 mmol g−1h−1. To further 
elucidate the underlying effects of F dopants, three different models were constructed (Gr-F, Gr-F2, and Gr-F3) by 
theoretical calculations. Simulations revealed that F doping resulted in a weaker adsorption energy for O2 
molecules compared to the F-free counterpart, facilitating the activation of O2 molecules on the carbon planes. 
Among these models, Gr-F2 sites presented a weaker OOH-binding energy, promoting the generation of H2O2. 
Meanwhile, the formation of C-F covalent bonds in F-modified CNT could lead to local structural deformation of 
carbon. The resulting CNT-F-0.6 showed a high electrical H2O2 production concentration and current efficiency 
of 47.6 mg L−1 and 89.4%, respectively. The high 2e-ORR performance was attributed to the formation of C-F on 
the surface of the CNT by F, and the weak binding energy of the C-F with OOH promoted the 2e-ORR [78]. 

Contradicting to F and N atoms, B dopants with less electronegative than C normally produce negative 
charges in local carbon matrix, which make itself favoring for the adsorption and reduction of oxygen molecules 
[38,79,80]. Xia et al. demonstrated that B-doped carbon materials could exhibit very low overpotentials for 2e-
ORR by Density Functional Theory (DFT) calculations and experimental results [38]. However, like N-dope cases, 
the ORR selectivity of the B-doped carbon catalysts was majorly governed by the specific doping patterns [81]. 
To figure out their critical roles in 2e-ORR, Chol Ri et al. prepared different B-doped rGO catalysts and found that 
the 2e-ORR selectivity of B-doped rGO was related to the B content and oxygen transfer conditions [36]. The 
interconnected B atoms, in their case, served as centers for 4e-ORR, while isolated B atoms acted as the active 
sites for 2e-ORR in B-doped rGO. Therefore, after proper optimization of isolated B concentrations, the 
synthesized catalysts exhibited high 2e-ORR selectivity in the range of 95–98.6%, with H2O2 yields as high as 
95.63 mg cm−2 h−1 at the current density of 200 mA cm−2. To establish a systematic comparison of heteroatom 
doping on the performance of 2e-ORR, Wang et al. fabricated B-, N-, P- and S-doped carbon nanomaterials, and 
B-doped C catalyst presented the best 2e-ORR activity with high H2O2 selectivity (85–90%) under alkaline 
condition (Figure 2d) [38]. Unlike N and F dopants, B heteroatoms per se could serve as active sites for 2e-ORR, 
rather than neighboring C atoms. Further, B dopant sites offered the best *OOH adsorption energy, thereby 
lowering thermodynamic barriers for 2e-ORR. 

Although being elements of the same main group with N, the catalytic activity of P-doped carbon catalysts 
for the electrochemical generation of H2O2 has been less studied. Among the limited work, Liu et al. synthesized 
P-doped macroporous/mesoporous/microporous carbon (P-MC) electrocatalysts, which exhibited excellent FE of 
more than 98% under alkaline conditions. The significant enhancement of the catalytic activity of the P-MC was 
attributed to the different electronegativity between the P and C atoms, which redistributed the electrons of the 
carbon [82]. However, the situation is different for S-doping, which induces charges and increases the spin density 
of carbon, resulting in lower overpotentials for 2e-ORR. For instance, Chen et al. used a silica template method to 
prepare C and S composites. 2–5 nm sulfur nanocrystals were confined within hollow porous carbon spheres, and 
the interfacial electron distribution was altered, effectively facilitating electron transport and leading to high 2e-
ORR activity and selectivity. DFT showed that the appearance of C-S edge sites greatly reduced the overpotential, 
which significantly improved the electrocatalytic performance [32]. 
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Figure 2. (a) The relative content of nitrogen in nitrogen-doped porous carbon before and after catalysis under acid, 
neutral and basic conditions, Data from Ref. [70]. (b) The mechanism diagram of 2e-ORR on graphite-N-doped 
carbon catalysts. Original reproduced and concept from Ref. [31]. (c) Relationship between H2O2 selectivity and 
the content of pyrrolic-N [34]. (d) Preferred *OOH adsorption configurations on B-, P-, N-, and S-doped graphene, 
respectively [38]. (e) The optimized O2 adsorption energy and the doping structure. (f) The optimized *OOH 
adsorption energy and the doping structure. (g) and (h) The optimized O2 and *OOH adsorption energy and the 
doping structure on the various N species [33]. 

To pursue better 2e-ORR performance, the synergistic effect between different doped atoms has also been 
considered, thus multi-doped carbons have been consequently developed. Doping of two or more heteroatoms 
would substantially increase the population of active sites, thus resulting in better activity for 2e-ORR. For example, 
in N and F co-doped carbon hollow nanospheres (Figure 2e–h), N and F dopants were responsible for ORR activity 
and 2e-selectivity, respectively, synergistically leading to the highly efficient carbon-based electrocatalysts for 
H2O2 production [33]. In addition, F dopants could enhance the interaction between the active sites and oxygen, 
thereby improving the production of H2O2. In this regard, Gu et al. prepared a series of O or F mono- and O/F co-
doped CNTs with different O/F ratios for 2e-ORR [83]. By incorporating the COOH and C-F species, the electronic 
structure of carbon atoms was disrupted and influenced by a strong electropositive effect, which was favorable for 
the end-on adsorption of O2 molecules (Pauling model) and then 2e-ORR. Furthermore, compared with the mono-
doped F material, the addition of S could also generate an internal electric field at the S-C interfaces [84,85], 
leading to enriched electron population over the carbon atoms and accelerated electron transportation [76,86]. Thus, 
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Xiang et al. investigated the 2e-ORR performance of samples with different S and F doping [37]. Among them, 
F/S dual-doped metal-free carbon fiber catalyst exhibited the best 2e-ORR performance with an onset potential of 
0.814 VRHE and a state-of-the-art H2O2 selectivity of 99.1%. It was demonstrated that enhanced intermolecular 
charge transfer and electron spin redistribution generated by F and S sites incurred the optimized adsorption 
strength of the *OOH intermediate towards 2e-ORR. 

In general, heteroatom doping strategy is basically breaking the electroneutrality of perfect carbon, owing to 
the distinct electronegativity of the dopants. Thus, these created charged sites, either dopants (B and P doping) or 
nearby C atoms (F and N doping), could adjust the adsorption of OOH intermediates to harvest decent 2e-ORR 
selectivity, and the reactivity of the doped carbon materials is more related to the dopants (type and content of 
dopant atoms). Compared with mono-doping, co-doping could introduce a different heteroatom into carbon 
platform, synergistically affecting with another dopants. Unlike mono-doping, the selection and combination of 
the heteroatoms rather than the electronic negativity would be the decisive factor in electrocatalytic activity in this 
configuration. Also, doping locations in the carbon matrix strongly determine the active sites and their 
corresponding roles, which implies abundant scientific opportunities in precise controlling of heteroatom doping. 

3. Carbon Defects as Active Sites for 2e-ORR 

Heteroatom doping can indeed regulate the electronic configurations of carbon framework, while over-
doping may also jeopardize the electroconductivity by lowering the degree of graphitization [87,88]. It inevitably 
leads to the decrease of the electrochemical performance, and thereby defect engineering without involving any 
heteroatoms has been explored. Carbon materials with various types of defects can geometrically create active 
sites for 2e-ORR. Plus, electrical asymmetry would also be introduced by breaking hexagonal ring of the aromatic 
carbon network. Nevertheless, the inherent defect density in pristine carbon is too low to generate enough catalytic 
capacity, therefore requiring further defect construction to induce textual distortions and charge reconfiguration in 
the carbon material [89,90]. 

The reactive carbon defects mainly include edge and topological defects. Recent decades have witnessed 
increasing scientific attentions over edge site-rich carbons, because of their outstanding superiority to planar-rich 
counterparts for electrochemical applications [11]. Notably, as often the case, oxygen would be bonded with carbon 
defects to compensate the exposed unsaturated coordination in both zigzag and armchair edges. For instance, Bao 
et al. exfoliated graphite by ball milling to form defective graphene, resulting in a superior ORR activity [91]. 
Simulations combined with XPS analysis spotted that the zigzag edges occupied by –C=O and C–O–C rather than 
armchair edges accounted for the improved ORR performance, and the C atoms adjacent to these two functional 
groups were identified as active sites. At the same time, Roman et al. developed a graphene-based nanomaterial 
catalyst, showing 94±2% H2O2 selectivity and an onset potential of ~0.79 VRHE in alkaline environment [92]. In 
contrast, their results showed that both the armchair and zigzag edges saturated by either the carbonyl (C=O) or 
the hydroxyl (C–OH) groups can significantly change the local electronic structure of C active sites, thus favoring 
selective 2e-ORR and effective H2O2 generation. Despite of the above debates, many studies ignored such 
discrepancy and purposely increase the defect concentrations in the carbon skeleton, in order to produce abundant 
exposed active sites. Sa and colleagues, for instance, prepared a two-dimensional graphitized carbon catalyst with 
a large amount of edge defects, achieving sustainable production of H2O2 for 16 h with faradaic efficiency reaching 
almost 99% [11]. The linear relationship between defect content and 2e-ORR performance further disclosed the 
active nature of carbon sites at defects. Likewise, the fabrication of nano-sized pores on the basal plane can also 
generate additional carbon edges. The pore structure allows the carbon edges to be fully exposed to the reaction 
substrate and electrolyte, facilitating oxygen diffusion mass transfer. As shown in Figure 3a,b, Jing and coworkers 
employed an organic-inorganic hybrid co-assembly strategy prepare mesoporous carbon fibers (MCNFs) with 
controllable edge densities [47]. The as-prepared MCNFs exhibited cathodic current density of up to 3 mA cm−2 
(@ 0.2 VRHE) and a selectivity of >90% for H2O2. Apart from the accelerated mass transfer, suitable binding energy 
of the *OOH at the defect edge sites also improved the electrocatalytic activity and selectivity towards H2O2, as 
evidenced by their spectroscopical and DFT results. 
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Figure 3. (a) Schematic illustration of the preparation of MCNFs. (b) Corresponding HRTEM images [47]. (c) The 
possible models of B, N, O modified GQDs. (d) Charge density difference mapping images of proposed doping 
structures (Top view). Charge accumulation: yellow; Charge depletion: cyan [46]. 

Meanwhile, another way to constructing edge sites is downsizing carbon nanomaterials. Graphene quantum 
dots (GQDs), as unique zero-dimensional carbon materials, contain abundant edge sites [93]. Such nano-scaled 
edge sites tend to be coordinated with functional groups and heteroatoms, inducing desirable catalytic activity [94]. 
As a prediction, Fan et al. screened N and B active site configurations over GQDs carbon model through DFT 
theoretical simulations, forming N-B-OH sites (NBO-GQDs) [46]. Consequently, NBO-GQDs was theoretically 
able to present overwhelming 2e-ORR performance. Experimental evidence also confirmed their simulation results. 
The resulting NBO-GQDs illustrated a high selectivity of H2O2 of over 90% and the mass activity of 709 mmol 
gcatal

−1 h−1 in the flow cell. They proposed that the synergistic modulation of the B-atom site by the N atom and 
defect-OH weakened the adsorption of the OOH* at the active site, leading to a highly selective of H2O2 
performance (Figure 3c,d). 
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Unlike the edges, structural defects within the basal carbon planes mainly induce asymmetric local electron 
redistribution to tune the electrocatalytic capability of carbon materials [39,95]. In particular, the topological 
pentagonal defects with one carbon vacancy could form larger local charges than hexagonal defects, due to 
structural distortion [96]. Lee et al. investigated the electronic properties of various topological defects in carbon 
nanotubes. They found that the electronic state of pentagonal sites was close to the valence band, which could 
serve as electron acceptors, whereas that of the heptagonal sites approached the conduction bands, working as 
electron donors [97]. Both of them could successfully generate enough charge asymmetry over carbon framework, 
which then facilitated H2O2 synthesis via 2e-ORR. 

However, carbon materials with individual defects are still far inferior to noble metal-based compounds in 
ORR, due to co-presence of different defects. In view of these, recent studies have endeavored to orientate the 
construction of specified defective species, with accurate identification of their location and density. Bao et al. 
pioneeringly synthesized two porous carbon materials with microporous (MicroC) and mesoporous carbon 
(MesoC) for H2O2 synthesis via 2e-ORR. Electrochemical results pictured that the prepared carbon nanotubes 
achieved high H2O2 selectivity over 70% and excellent onset potential (0.7 VRHE), approaching ideal 
thermodynamic equilibrium. As revealed by DFT (Figure 4a,b), the pentagon defects located at both the MicroC 
and MesoC acted as active sits in 2e-ORR process, by tailoring the electronic structure of carbon atoms [39]. 

 
Figure 4. (a) Different defect type configurations examined of the two porous carbon materials. (b) Volcano plot 
of 2e-ORR (red) and 4e-ORR (black) [39]. (c) DFT results of different atomic models. (d) Standard free energy 
diagram of the types of N dopants for 2e-ORR. (e) Volcano plot between UL and ΔG*OOH for 2e-ORR. (f) The 
charge density of non-doped pentagon defect, (g) Gr-N doped pentagon defect, (h) non-doped graphene edge, and 
(i) Gr-N doped graphene edge before and after interacting with*OOH; The positive charge: yellow; The negative 
charge: cyan [41]. 

Moreover, Zhang et al. creatively adopted pentagonal-defects engineering on N-doped carbon nanomaterials 
(PD/N-C), using fullerene as a precursor with ammonia treatments [41]. The PD/N-C catalyst achieved a faraday 
efficiency (FE) of nearly 100% and a high H2O2 yield of 2923 mg L−1 h−1 under acidic condition. Experimental 
and theoretical results indicated that the pentagonal defects facilitate electron transport from the carbon substrate 
of the adjacent N-C sites to the adsorbed *OOH. Consequently, the synergistic interactions between the pentagonal 
defects and N doping significantly influenced and modulated the geometrical and electronic structure of the 
nanocarbon, leading to optimized *OOH adsorption strength and facilitating H2O2 production (Figure 4c–i). 
Similarly, continues from the previous work, Lu et al. then reported 2e-ORR enhancement that could be achieved 
by directionally settling the intrinsic carbon defects next to the S dopants [42]. Their work was devoted to the 
construction of topological carbon defects in the presence of S in which S-doped defective nanocarbon (S-DNC) 
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was synthesized by direct pyrolysis of fullerenes. Such S-DNC exhibited an exceptional ORR onset potential of 
0.78 VRHE and high selectivity (∼90%) for the 2e-ORR. DFT calculations showed that synergistic interactions 
between S heteroatoms and pentagonal defects promoted charge redistribution in the carbon substrate. As a result, 
the electron density on the S-adjacent atoms (i.e., the active centers were located at the S-C sites) was increased, 
which optimized the adsorption energy of the ORR intermediates and consequently decreased the total energy 
barrier of the ORR. These studies fully demonstrated the spacious potential of combining topological pentagonal 
defects and heteroatom dopants to realize the 2e-ORR performance of the catalysts. 

4. Interfacial Effects on Carbon Active Sites 

Both doping and defect engineering introduce electronic asymmetry by breaking carbon matrix, while recent 
endeavors focus on surface modifications, leaving carbon framework intact. The efforts and implementations have 
been mainly concentrated on planting functional groups, short/long chains, and polymer molecules onto carbon 
interfaces [98,99]. Thus, the intermediates adsorption would be tuned and 2e-ORR can be boosted via their 
thermodynamic and kinetic advantages. Among them, oxygen functional groups (OFGs) have been widely 
reported for their unique capability in reinforcing 2e-ORR selectivity of carbon catalysts. Such OFGs could either 
perform as active sites or modulate the electronic structure of neighboring C atoms [100], thus the activity and 
selectivity for 2e-ORR over carbon-based catalysts could be further modified [101–103]. The interaction and 
prompting roles of OFGs are believed to be governed by the particular properties of various carbons and OFGs, 
leading to different explanations for the mechanism in 2e-ORR process. 

Among the first attempts, Cui et al. pioneered and developed an oxidized carbon nanotubes (O-CNTs) by 
treating CNTs with concentrated nitric acid [50]. Compared with pristine CNTs, O-CNTs exhibited lower 
overpotentials (~130 mV) and higher H2O2 selectivity (~90% at 0.4–0.65 VRHE) in alkaline solution. Given that 
the positive correlation between the O content and their activity and selectivity for 2e-ORR, the C atoms adjacent 
to OFGs (–COOH and C–O–C) were revealed to be active sites for 2e-ORR, as indicated by DFT calculations. 
Unlike oxidation routes, OFGs-carbon could also be prepared via a partial reduction of graphene oxide (F-mrGO) 

[49]. Under alkaline conditions, the F-mrGO catalysts with high concentrated cyclic ether groups could produce 
H2O2 at nearly 100% H2O2 selectivity and excellent stability (over 15 h). As unveiled by near-edge X-ray 
absorption fine structure (NEXAFS) and in-situ Raman, the sp2 hybridized C near-ring ether defects that generated 
by OFGs was the active site for H2O2 electro-generation. 

On the other hand, some research has also argued the direct participation of OFGs in 2e-ORR process, where 
OFGs instead of C atoms were regarded as active sits. Han and co-workers constructed targeted quinone groups 
onto carbon materials with overhanging edge sites, and the resulting catalysts yielded H2O2 at an efficacy of 97.8% 

[51]. By adjusting the quinone content of the carbon catalyst from 4.5% to 7.4%, the ring current (standing for 
H2O2 formation) was correspondingly increased during rotating ring disk electrode (RRDE) measurements, 
confirming that the quinone species were the active sites for the 2e-ORR (Figure 5a). Furthermore, the effect of 
the position of quinone groups on the 2e-ORR was investigated by DFT, demonstrating that the quinone functional 
groups on the carbon edges delivered the highest 2e-ORR activity (Figure 5b,c). Meanwhile, to gain insights into 
the reaction mechanism, Xie et al. also systematically investigated the activity of various active sites in O-doped 
carbon materials, based on the DFT calculations [104]. Among these simultaneous generated OFGs during the 
oxidation of carbon surface, ether and carbonyl groups were identified as the sources of high 2e-ORR activity. 
Furthermore, a significant synergistic effect between different OFGs was also spotted, when the doped OFGs are 
combined with specific oxygen structures, especially epoxides, the activity can be further increased, which 
enriched the number of active sites in these carbons. 

Despite of functionalization, another strategy of surface modifications is combining macromolecules with 
carbons, such as organic chains and polymers. Inspired by such concepts, our group innovatively proposed a 
polymer-carbon modification route, which improved 2e-ORR selectivity by establishing polydopamine (PDA)-
defective carbon (CB-PDA-A) electrocatalytic system [53]. The FE of the CB-PDA-A reached nearly 100% at 0.5 
VRHE, harvesting an industrial-level H2O2 yield of 1.8 mol gcat

−1 h−1. Experimental results revealed that the 
improved ORR activity and selectivity were caused by the tuned electronic structure, due to the non-covalent 
dipole-dipole interaction between PDA polymers and defective carbon sites. Such electronic polarization from 
PDA restructured the electronic configuration of local carbon active sites, thus maintaining O–O bonds of OOH 
intermediate and leading to reinforced 2e-ORR selectivity as revealed by well-designed anaerobic tests (Figure 
5d). Besides, the desorption efficiency of the *OOH intermediate at the active site could also be another factor to 
affect 2e-selectivity. Some conventional cationic surfactants, such as cetyltrimethylammonium bromide (CTAB), 
were utilized to decorate metal-free carbon surfaces [54]. More than 95% H2O2 selectivity was obtained on the 
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catalyst within a wide voltage range of 0.7–0.1 VRHE. Due to the local Coulomb effect of the CTAB layer, the 
*OOH intermediates adsorbed on the catalyst surface were forced to be desorbed before their further reduction 
(4e-ORR), thus outcoming high H2O2 selectivity (Figure 5e). 

In addition to the above thermodynamic approaches, the ORR procedures in the vicinity of the carbon active 
sites could be tailored by regulating the microenvironments of the carbon interfaces. For instance, Zhang et al. 
controlled the interface hydrophilicity of a carbon fiber cloth through loading polytetrafluoroethylene (PTFE)-
protected carbon black [55]. Compared with the pristine carbon cloth, the formation of superhydrophobic air 
diffusion layers resulted in an accelerated mass exchanging with an increment of 5.7 times quicker O2 diffusion 
from ambient air to the reaction interfaces. However, excessive PTFE would lead to a reduction of active sites and 
hindered ion transfer, and the enrichment of protons in the acidic electrolyte in turn could cause further reduction 
to H2O. To this end, Wang et al. reported a cation-modulated catalyst/electrolyte interface to realize highly 
selective and effective electrochemical reduction of O2 to H2O2 in acids [56]. Molecular dynamics simulations 
echoed with experimental results demonstrated that solvated alkali metal cations (such as Na+) could be 
preferentially attracted on the electrical double layer interfaces between carbon catalysts/electrolyte and extruded 
localized protons during the reactions. Such cation shielding squeezed away protons and inhibited the further 
reduction of the generated H2O2 (Figure 5f). 

Collectively, it is worth noting that the design and regulation on interfaces between carbons and electrolytes 
are still rarely seen in recent publications, which in fact poses significant influences on the overall energy 
efficiency of the whole electrocatalytic process. It could also be governed by innovative designs on device and 
electrolyte types, which is however beyond the scope of this review [105–107]. 

 
Figure 5. (a) Comparison of RRDE currents of the quinone species and blank glassy carbon (GC). (b) DFT results 
of the oxygen functional groups. (c) Theoretical 2e-ORR activity volcano plot [51]. (d) Schematic mechanism of 
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the ORR selectivity with dipole-dipole interaction [53]. (e) A simplified reaction pathways at carbonyl and carboxyl 
sites. Originally re-drawn and concept from Ref. [50]. (f) Schematic diagram of 2e-ORR in acid with/without Na+ 
adsorption over carbon catalysts [56]. 

5. Conclusions and Perspective 

The two-electron oxygen electrochemical reduction is becoming more promising in recent years, due to its 
potential high faradaic efficiency and considerable productivity. Still, 2e-ORR on carbon-based materials is 
demanding substantial progress to further enhance the catalytic activity, selectivity, and stability. Thus, in-depth 
understandings of the active sites for 2e-ORR are of great importance. This review has summarized the recent 
progress of carbon-based active sites in 2e-ORR, including the doping sites, defective sites, and modified surfaces. 
At the same time, the electron transfer mechanism of the catalytic active site and the intermediate *OOH has a 
great influence on 2e-ORR. Based on this, the researchers optimized existing materials through interface 
engineering to design specific functional groups on the carbon surface to accelerate the desorption of H2O2, thereby 
further improving the selectivity of H2O2.Based on such findings, innovations on the design and development of 
novel carbon catalysts are extremely applaudable. The brief report reviews the development of catalysts and their 
underlying mechanism of active sites for electrocatalytic H2O2 production. Despite the pioneer work and 
achievements that have been reviewed, there are still many opportunities for the electrochemical conversion of O2-
to-H2O2. Specific challenges and potential strategies are briefly discussed as follows: 

1) Electronic engineering on the ORR-active sites of carbon-based catalysts for efficient and stable 2e-ORR. 
To suppress the thermodynamically preferential 4-electron pathway, the combination of catalytic carbon 
and electro-withdrawing species, such as chalcogen and their functional groups, would be a feasible 
solution. Meanwhile, the coordination manipulation is another practical method to promote the 2e-ORR 
performance of carbons. Manipulating the defects and porous topology together with heteroatom doping 
would also help with the design and optimization of the carbon catalysts. It not only dynamically 
facilitates the 2e-route but also boosts the mass diffusion for application purposes. Meanwhile, due to 
the vulnerability of carbon active sites in acid media, the carbon-based catalysts with superior 2e-ORR 
in acid is still rare, while metal-free carbons have intrinsic advantages in harsh acidic environment over 
metal or metal compounds. Also, H2O2 is rather stable in acids than in alkaline. Therefore, it is of great 
opportunities and challenges to fabricate acidic carbon catalysts for acidic H2O2 production. 

2) Mechanism study of the carbon-based catalysts for H2O2 electro-synthesis via in-situ and Operando 
techniques. Most of the efforts are still concentrated on the improvement of catalytic performance, 
whereas the underlying mechanism of the 2e-ORR is rarely investigated in-depth. One of the possible 
reasons is that 2e-ORR shares similar mechanism to 4e-ORR, which has been studied extensively in the 
fuel-cell-related investigations [108,109]. Thus, in most cases, the same methodology has been employed 
in theoretical simulations and calculations in both 2e-ORR and 4e-ORR. However, the 2e-ORR may 
employ fewer intermediates and peroxides products could feature different decomposition routes, either 
of which leads to a distinct and complex mechanism compared with 4e-pathway. Therefore, advanced 
characterizations, especially in-situ and Operando techniques with atomic resolutions, are strongly 
encouraged to be applied in unveiling the 2e-ORR mechanism. It would be useful and practical 
guidelines for future design of carbon catalysts. 

3) Device innovations for chemical and environmental purposes. Aside from the catalytic materials, 
optimizations of GDE or membrane electrode assembly (MEA) for practical applications is greatly 
significant. Nevertheless, limited research is conducted towards GDEs or MEAs on carbon catalysts for 
2e-ORR. One of the main reasons is the device performance of the assembled GDEs and MEAs are 
considerably inferior to their RRDE activity, predominately due to the dramatic differences in 
electrolytes and mass transfer properties. In this case, the catalytic behaviors of the carbon active sites 
would be kinetically and thermodynamically changes. Therefore, based on unveiling the correlation 
between the media environments, mass transfer simulations and performance, the novel fabrications of 
device could be further advanced to meet practical and economic ambitions. 
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