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ABSTRACT: The pre-activation of reactants within the cavities of carbon nanotubular materials has remained largely unexplored 
due to the scarcity of materials with well-defined sizes and precisely engineered doping sites. Herein, we demonstrate that the cata-
lytic activity toward oxygen reduction reaction (ORR) is primarily governed by the cavity sizes of well-defined nanobelt materials 
with precisely doped sp2-nitrogen atoms. Our results show that the confinement effect induced by cavity size and the electron-rich 
chemical environment within the cavity are crucial for O2 adsorption and pre-activation, leading to enhanced catalytic activity. 
Belt2, with its medium-sized cavity (6.3 Å), exhibits superior ORR catalytic performance compared to Belt1 with its narrower cavi-
ty and Belt3/Belt4 with their larger cavities. Notably, Belt2 achieves high half-wave and onset potentials of 0.84 and 0.97 V, re-
spectively, along with an open circuit voltage of 1.32 V and a peak power density of 181 mW cm-2 in a zinc-air battery. This work 
not only provides a deeper understanding of the geometric factors influencing ORR electrocatalysis of nanocarbon materials but 
also offers insights into the future design of nanocarbon electrocatalysts for enhancing catalytic efficiency. These findings may also 
be beneficial for other energy conversion and catalytic materials. 

INTRODUCTION 
The oxygen reduction reaction (ORR), which serves as the 

cathodic reaction in fuel cells and metal-air batteries, holds a 

crucial role in the field of energy conversion research and fun-

damental electrochemistry.1-3 Over the past decade, extensive 

research has focused on the development of various metal-free 

carbon-based materials as promising catalysts to replace the 

current high-cost and less durable platinum-based materials 

for the large-scale commercialization of this technology,4-6 

including carbon nanotubes (CNTs),7, 8 graphene/graphite,9-11 

carbon nitride12, 13 and covalent organic frameworks (COFs)14-

16.  

The arrangement of catalytic active sites within specific ge-

ometric structures is crucial for optimizing catalytic efficiency 

and selectivity.17-22 While typical ORR catalysts often feature 

active sites situated on material surfaces for surface catalysis, 

it is usually accompanied by the occurrence of competing side 

reactions due to the lack of sufficient stabilization and activa-

tion for specific reactants and intermediates. On the contrary, 

space confined catalysts with active particles/dopants an-

chored within specific spaces have been developed for en-

hanced catalytic activity and selectivity, though their inherent 

shortcomings, including ambiguously defined active sites and 

difficulties in precise synthesis, make it challenging to sys-

tematically study their intrinsic activities and greatly limit 

their potential applications (Figure 1).  

The extensively studied ORR catalysts, CNTs, are unique 

for their radially oriented π-orbitals and strained nanotubular 

structures, which can induce confinement effect in catalysis.23, 

24 The inherent rigidity of these nanotubular structures con-

fines the size of encapsulated materials and facilitates interac-

tions between the encapsulated molecules and the interior sur-

faces of the CNTs. Additionally, the curvature of the CNT 

walls induces a shift in π-electron density from the concave 

interior to the convex exterior, resulting in an electric potential 

difference.25-27 These attributes collectively position CNTs as 

promising candidates for electrocata- 



 

 
Figure 1. Traditional surface and space confined catalysis, and 

the designed artificial nanobelts for confined catalysis in this work. 

lytic materials.28-30 As research endeavours intensified, it be-

came evident that introducing heteroatoms into CNTs could 

significantly enhance their catalytic activity for ORR.31-33 

However, impurities resulted from the synthetic process usual-

ly necessitate further purification, and geometric defects can 

also have a significant impact on catalytic activity compared 

to intact structures.34  Another concern arises from the fact that 

the prepared CNTs usually form a blend of single-walled and 

multi-walled CNTs with non-uniform cavity sizes, lengths and 

ambiguously defined doping sites. Consequently, the system-

atic investigation of their catalytic performance in relation to 

these geometric features remains challenging and largely un-

explored. 

Organic synthesis offers a reliable and promising alternative 

approach for the preparation of CNTs and CNT analogues 

with uniform and precisely defined structures.35 Despite being 

in its infancy, significant progress has been made in the syn-

thesis of challenging molecular carbon nanobelts (CNBs), 

which represent the simplest fragments of CNTs.36 They can 

serve as effective models for systematic study of the properties 

and applications corresponding to the nanotubular materials 

with comparable cavity sizes. However, most of them are pure 

carbon materials and there is lack of available sp2-nitrogen-

doped CNBs materials for investigating the influence of cavity 

sizes on their catalytic activity. Herein, we prepared a series of 

precisely engineered sp2-nitrogen-doped CNBs with varying 

sizes by following our previously reported strategy, 37, 38 and 

revealed their cavity-size-dependent ORR catalytic activity 

(Figure 1). Our results illustrated the substantial influence of 

the cavity-size-induced confinement effect and electron-rich 

cavity chemical environment on the ORR catalytic activity of 

nanocarbon materials. Notably, CNBs with a cavity diameter 

of about 6.3 Å exhibited higher ORR efficiency, with high 

half-wave and onset potentials of 0.84 and 0.97 V, respective-

ly. Moreover, investigating the materials as cathode electro-

catalyst in a zinc-air battery exhibited a high open circuit volt-

age of 1.32 V and peak power density of 181 mW cm-2. Over-

all, this work not only contributes to a better understanding of 

the geometric factors influencing ORR electrocatalysis of 

nanocarbon materials but also provides insights for the future 

deign and optimization of carbon nanomaterials with respect 

to their cavity size for the enhancement of catalytic efficiency.  

RESULTS AND DISCUSSION 
The preparation of CNBs, Belt1, Belt2, Belt3 and Belt4, 

followed our previous report with some modifications 

(Scheme 1a-c). 37, 38 Refluxing the respective precursors, P1, 

P2 and P3, in toluene or o-dichlorobenzene (o-DCB) with 

diphenyl phosphate as the acid catalyst yielded four nitrogen-

doped CNBs with varying sizes. Subsequently, the CNBs were 

recrystallized by slow diffusion of methanol into their respec-

tive saturated dichloromethane (DCM) solutions to afford 

crystalline materials. The CNBs exhibit conjugated backbone 

structures with sp2-nitrogen atoms precisely doped in the tub-

shaped eight-membered rings (also known as 1,5-diazocine). 

Unlike Schiff base C=N bonds, the C=N bonds in the eight-

membered 1,5-diazocine rings maintain a good degree of 

backbone conjugation and display excellent stability.39 Struc-

tures of Belt1 and Belt2 were resolved by X-ray crystallo-

graphic analysis of their single crystals (Figure S1) while dif-

fraction signals of the single crystals of Belt3 and Belt4 were 

too weak to be resolved. Nevertheless, their structures are 

sufficiently evidenced by mass spectroscopy, 1H and 13C NMR 

spectroscopy and theoretical calculation. X-ray crystallograph-

ic analysis revealed that the belt-shaped molecules pack into 

1D channels by intermolecular [C-H···π] and van der Waals 



 

 
Scheme 1. a)-c) Synthesis of Belt1-4; d) Comparison of the cavity sizes of Belt1-4 (Substituents and hydrogens are omitted for 

clarity). 

interactions, forming supramolecular nanotube structures in 

the solid states (Figure S1a-d). The channel sizes of Belt1 and 

Belt2 were determined to be 4.6 Å and 6.3 Å by X-ray crystal-

lographic analysis (in line with theoretically calculated sizes), 

and it is 8.3 Å for Belt3 and 11.7 Å for Belt4 based on their 

optimized structures (Scheme 1d and Figure S1e).  

10 wt% of carbon black was added and grinded together 

with the afforded CNBs materials to improve both their con-

ductivity and compatibility with aqueous electrolyte during the 

investigation of their ORR activities. Their linear sweep volt-

ammetry (LSV) curves were obtained at different rotation 

rates (400 to 2500 rpm) in oxygen-saturated 0.1 M KOH 

aqueous electrolyte (Figure S2-5). Besides, LSV curves of 

carbon black and commercial 20 wt% Pt/C catalysts were also 

measured for comparison. The ORR half-wave and onset po-

tentials of Belt1-4, carbon black and Pt/C were determined to 

be 0.76/0.87, 0.84/0.97, 0.81/0.94, 0.80/0.94, 0.59/0.70 and 

0.86/1.01 V (vs. RHE), respectively, from their LSV curves 

measured at 1600 rpm (Figure 2a and 2b). In general, both the 

half-wave and onset potentials of belt materials are more posi-

tive than that of carbon black, and they are only considerably 

smaller than that of commercial Pt/C, illustrating their excel-

lent ORR activity as metal-free catalysts (comparing to vari-

ous state-of-the-art ORR metal-free catalysts, Table S1). 

Among Belt1-4, the more positive half-wave and onset poten-

tial of Belt2 (0.84/0.97 V) indicated its more efficient ORR 

activity, followed by Belt3, Belt4 and Belt1. The correspond-

ing electron transfer number (n) of Belt1-4 extracted from 

Koutecky-Levich (K-L) plots at different potentials were 3.87, 

3.97, 3.95, and 3.95, respectively (Figure S6-9), clearly indi-

cating a 4e- transfer pathway in the ORR process (The electron 

transfer numbers were consistent with the values determined 

by RRDE measurements, Figure S10 and S11). The Tafel 

slopes derived from LSV curves were 74.8, 49.5, 56.5 and 

62.2 mV dec-1, respectively for Belt1-4 (Figure 2c). The 

smaller Tafel slope of Belt2 (49.5 mV dec-1), again, indicated 

its faster ORR reaction kinetics.  

The electrochemical active surface areas (ECSAs) of Belt1-

4 were estimated by measurement of the electrochemical dou-

ble layer capacitance (Cdl) using the cyclic voltammetry meth-

od (change in current density vs. scan rate). The ECSAs of 

Belt1-4 were determined to be 2.3, 3.7, 4.4, 5.1 mF cm-2, 
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Figure 2. (a) LSV curves (at 1600 rpm) of carbon black (black), Pt/C (red) and Belt1-4 (blue, green, purple and orange) in O2-saturated 0.1 

M KOH electrolyte; (b) Comparison of their half-wave and onset ORR potentials; (c) Comparison of their Tafel plots; (d) Comparison of 

their TOFs; e) The schematic representation of a Zn-air battery; f) The charge polarization and power density curves of the Zn-air battery 

using Belt2 as the cathode electrocatalyst layer. 

respectively (Figure S12-15). The ECSAs shows a positive 

correlation with increasing cavity sizes of the belt materials. 

Nonetheless, Belt2 has a smaller electrochemically active sur-

face area as compared to that of Belt3 and Belt4, but exhibits 

better ORR performance regarding to the halfwave and onset 

potentials, current densities and Tafel slopes, which implies 

Belt2 should possess a higher active site utilization efficiency. 

Subsequently, the turnover frequencies (TOFs) were calculat-

ed at 0.7 V vs. RHE to evaluate the intrinsic activities of 

Belt1-4.5, 6 The TOFs of Belt1-4 were estimated to be 0.030, 

0.156, 0.076, and 0.072 s-1, respectively (Figure 2d). The larg-

er TOF value of Belt2 indicates its higher active sites utiliza-

tion efficiency, followed by Belt3, Belt4 and Belt1. The dura-

bility of Belt1-4 was evaluated at 0.7 V vs. RHE for 50000 s. 

A low current density loss (about 5%) was observed for all 

belt materials (Figure S16), suggesting their good stability in 

alkaline condition. Besides, the current densities were largely 

retained upon addition of methanol into the electrolyte solu-

tion at 20000 s (Figure S17), indicating their excellent toler-

ance towards small organic molecules. Considering the excel-

lent catalytic performance of Belt2 in ORR process, its appli-

cation potential was further investigated in an aqueous zinc-air 

battery (Figure 2e). It can be observed that approximately 98% 

of the initial voltage was maintained after being discharged for 

18 h (Figure S18). The battery demonstrated a high open cir-

cuit voltage of 1.32 V and a peak power density of 181 mW 

cm-2 (Figure 2f), indicating its excellent performance as a 

cathode electrocatalytic material and great potential in energy 

conversion applications.  

To address the differences in ORR activity of Belt1-4, their 

nitrogen contents were investigated since some previous stud-

ies have demonstrated a positive correlation between the ni-

trogen contents doped in the materials and ORR catalytic ac-

tivity.40, 41 The nitrogen contents for Belt1-4 were determined 

to be 9.98%, 6.32%, 3.70% and 3.70%, respectively. Obvious-

ly, although Belt1 possesses the highest nitrogen content, yet 

it exhibits the poorest ORR catalytic activity, which suggests 

that the catalytic differences cannot be explained by their ni-

trogen contents. As depicted in Scheme 1d, these belt materi-

als have similar molecular structures, same type of heteroatom 

doping and doping sites as well as similar skeleton electronic 

properties. Intuitively, their obvious difference in cavity sizes 

could be responsible for the variations in ORR activities. From 

atomic-level analysis, these nanobelts with tunable cavity sizes 



 

 
Figure 3. a) The most favorable O2 adsorption configurations for Belt1-4 determined by DFT calculations (substituents and hydrogens are 

omitted for clarity); b) The calculated electron density isosurfaces for Belt1-4 (isovalues: -2.0 for red, electron rich region; +6.0 for cyan, 

electron deficient region). 

and radially arrayed π-electrons can exhibit a confinement 

effect within the cavities, which offers additional opportunities 

to enhance the catalytic activity and selectivity for specific 

products compared to 2D materials. However, when the cavity 

size increases beyond a certain diameter, the confinement ef-

fect would become less significant as illustrated in some theo-

retical studies.42-44 Eventually, the interior and exterior surfac-

es would behave like 2D carbons at micro-level for tubes with 

very large diameters. Therefore, the noticeable differences in 

catalytic activity of Belt1-4 inspired us to explore the underly-

ing causes through both theoretical calculation and experi-

mental validation. 

Characterized by the precise nitrogen doping sites and tuna-

ble cavity sizes, these well-defined belt materials provide 

atomic-level insights into the intrinsic relationship between 

structures and ORR catalytic activity. Firstly, the electrostatic 

potential (ESP) surfaces of molecular oxygen and Belt1-4 

were disclosed at the M06-2X/6-311G level (Figure S19) for 

the identification of possible O2 binding sites. The nitrogen 

atoms in Belt1-4 possess a strong negative electrostatic poten-

tial due to high electronegativity, causing the nearby carbon 

atoms to be more electrostatically positive (C=N and C-N). 

Therefore, these nearby carbon sites could be possible active 

sites for ORR. Hirshfeld atomic charges suggested that ORR 

occurs more favorably at C3 (in C=N) rather than C2 (in C-N) 

due to its higher atomic charge for stronger O2 affinity (Figure 

S20).  

Considering the only slight charge difference of C3 sites in 

Belt1-4, we further explored the effects of their cavity sizes on 

catalytic activity. DFT calculations for the adsorption models 

of oxygen in belt cavities were then performed to identify the 

optimal adsorption site and configuration for O2. The most 

favorable configuration, denoted as B1S1 (Figure S21), shows 

O2 residing above the cavity of Belt1 (∆𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = -0.34 eV), with 

van der Waals interactions between the oxygen atoms and the 

C3 carbon atoms (van der Waals distance, dvdw = 3.74 Å). The 



 

 
Figure 4. a) The oxygen adsorption isotherm of Belt1-4 at 273 K and 298 K; b) The calculated isosteric heat of adsorption per site 

for Belt1-4; c) d) The in situ electrochemical ATR-FTIR spectra of Belt2 measured in 0.1 M KOH electrolyte from 1.0 V to 0.4 V 

(vs RHE); The spectra in Argon- and Oxygen-saturated electrolyte at open circuit potential (OCP) were also obtained for compari-

son; e) The proposed 4e- ORR catalytic cycle; f) The free energy diagram for Belt1-4 at U=1.23 V. 

kinetic diameter of O2 is about 3.46 Å and a strong van der 

Waals interaction occurs at a distance of 3-6 Å.45 The cavity 

size of Belt1 (4.6 Å) is too small for O2 to fit inside for estab-

lishing stronger interactions, thus limiting interactions to the 

exterior of cavity. For Belt2-4 with larger cavity sizes, calcu-

lations revealed that O2 adsorbs favourably within the cavities. 

For instance, Belt2 (6.3 Å) in the B2S1 configuration (Figure 

S22) has a more suitable cavity size that allows for strong 

interactions with O2, resulting in the most negative adsorption 

energy (∆𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = -0.58 eV) compared to Belt1, Belt3, and 

Belt4 (Figure 3a and Table S3). In Belt2, O2 is centrally locat-

ed, interacting with both the C3 carbon atoms (dvdw = 4.69 Å) 

as well as the belt skeleton (dvdw = 3.17 Å). However, Belt3 

(8.3 Å) and Belt4 (11.7 Å) have cavities that are too large, 

leading to weaker O2 capturing ability due to diminished inter-

actions and a lack of confinement. These findings demonstrate 

that cavity size significantly influences O2 adsorption strength 

and configuration. 

Besides, the electron density isosurfaces of Belt1-4 were 

calculated to visualize their spatial chemical environments 

(Figure 3b). The sp2-skeletons of Belt1-4 are electron-deficient 

due to unsaturated bonds, while the cavities and surroundings 

are electron-rich due to the out-of-plane radially arrayed π-

electrons and nitrogen lone pair electrons. Since O2 essentially 

acts as an electron acceptor, its interaction with the most elec-

tron-rich Belt1 cavity is greatly hindered due to size restriction. 

As the cavity size increases in Belt 2-4, O2 can be strongly 

adsorb into the cavities, although the centers of these belts 

become progressively less electron-rich due to increased dis-

tance to the π-skeletons. Moreover, the packing structures of 

Belt 1-4 after O2 adsorption are illustrated (Figure S25), re-

vealing that O2 molecules are sandwiched between two Belt1 

molecules and reside within the cavities of other belts. In addi-

tion, the bond length of free O2 (1.201 Å) slightly increases to 

1.213, 1.233, 1.221, and 1.221 Å for Belt1-4, respectively, 

indicating pre-activation of the adsorbed O2 with activation 

levels correlating to cavity sizes, which provides further in-

sights into their ORR activity variations.  

With the above analysis, we explored O2 adsorption iso-

therms of Belt1-4 under 298 K and 273 K to investigate the 

interactions between O2 and belt materials (Figure 4a). Overall, 

Belt2 displayed more pronounced O2 adsorption. The isosteric 



 

heat of adsorption per site for Belt1-4 were estimated to be -

2.54, -8.96, -5.24 and -5.31 kJ mol-1 (Figure 4b), respectively, 

using Clausius-Clapeyron equation.46 The results indicate 

stronger O2 adsorption for Belt2, which aligns well with the 

theoretical calculations. The higher affinity of O2 to Belt2 can 

be beneficial for ORR catalytic process.47-49 The in situ attenu-

ated total reflectance Fourier transform infrared spectroscopy 

(ATR-FTIR) was employed to gain a more comprehensive 

understanding of the origin and variation in the ORR catalytic 

activities of Belt1-4. In the case of Belt 1, no obvious peak 

near 1400 cm-1 corresponding to the *O-O vibration50 of ad-

sorbed O2 can be detected in Ar and O2 saturated 0.1 M KOH 

electrolyte at open circuit potential (OCP) (Figure S29a). In 

contrast, observable peaks for Belt2-4 were found near 1400 

cm-1 (Figure 4c and Figure S30a/S31a), indicating the stronger 

oxygen adsorption compared to Belt1. Belt2 showed the most 

obvious oxygen absorption peak, manifesting the importance 

of O2 adsorption in promoting ORR process. As the applied 

potential was decreased, the peak near 1400 cm-1 became more 

pronounced from 1.0 to 0.7 V (vs RHE), signifying an in-

crease in reaction kinetics (Figure 4c). Besides, the in situ 

ATR-FTIR was also utilized to detect the possible intermedi-

ates in the ORR process. No observable change was detected 

near 1050 cm-1 (corresponding to *O2- anion51) (Figure 4d and 

S29b/S30b/S31b), while the enhanced peak intensity near 

1020 cm-1, corresponding to *OOH,52 was observed, suggest-

ing that the first electron transfer process from O2 to form the 

*O2- anion intermediate might either not occur or proceed rap-

idly, leading directly to the formation of *OOH intermediate. 

These findings indicated the belt materials exhibited a varia-

tion in affinity to oxygen molecules in facilitating the for-

mation of *O2 intermediate, which is beneficial for ORR initi-

ation.    

It is widely accepted that the 4e- reduction process from O2 

to OH- in alkaline electrolyte generally involves diffusion and 

adsorption of O2, electron transfer and protonation by H2O to 

form intermediates, and dissociation of the generated OH- ions 

as summarized in Table S2 (O2  O2*  HOO*  O*  

HO*  OH-). Next, the adsorption energies between O2/other 

involved intermediates and Belt1-4 were calculated to identify 

whether the belt materials could interact differently with 

O2/intermediates in any of the given steps. The results show 

that each intermediate (HOO, O or HO) reacted with the C3 

carbon atoms (Figure S26-28), thus a plausible 4e- ORR cata-

lytic cycle was constructed based on both the experimental 

observations and theoretical calculations (Figure 4e). The cor-

responding energy diagrams of Belt1-4 were constructed to 

outline their overall ORR process (Figure 4f). It can be ob-

served that the O2  O2*, HOO*  O* and O*  HO* steps 

are exothermic while O2*  HOO* and HO*  OH- are en-

dothermic. The higher energy barrier of O2*  HOO* indi-

cates itself as the rate determine step in the ORR pathway. The 

overall energy barriers for Belt1-4 were calculated to be 1.37, 

0.86, 1.01 and 1.05 eV, respectively, which also suggests the 

higher activity of Belt2 because of lower reaction initiation 

energy barrier.  

CONCLUSION 

In summary, we demonstrated that cavity-tunable carbon 

nanobelts with well-defined structures and precise sp2-nitrogen 

doping exhibit confined interactions with O2 in ORR electro-

catalysis. Both experimental results and DFT calculations re-

veal that Belt2, with a 6.3 Å cavity, gives rise to noticeable 

enhancement of ORR catalytic performance, achieving high 

half-wave and onset potentials of 0.84 and 0.97 V, respective-

ly. This is due to the size-induced confinement effect and the 

electron-rich cavity, facilitating O2 adsorption and pre-

activation. As a cathode electrocatalyst in a zinc-air battery, 

Belt2 also achieved a high open circuit voltage of 1.32 V and 

a peak power density of 181 mW cm-2. This study deepens our 

understanding of the geometric factors affecting ORR electro-

catalysis of nanocarbon materials and provides valuable in-

sights for designing nanocarbon electrocatalysts to enhance 

catalytic efficiency. These findings could also contribute to 

advancements in other energy conversion applications and 

catalytic processes, such as CO2 reduction, O2 evolution, and 

N2 reduction.          
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