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 ABSTRACT 

Carbon-based metal-free catalysts are a promising substitute for the rare and

expensive platinum (Pt) used in the oxygen reduction reaction. We herein report

N-doped graphene (NG) that is exquisitely integrated into highly conductive

frameworks, simultaneously providing more active sites and higher conductivity.

The NG was in situ grown on carbon fibers derived from silk cocoon (SCCf) using

a simple one-step thermal treatment. The resulting product (NG-SCCf), possessing

a meso-/macroporous structure with three-dimensional (3D) interconnected 

networks, exhibits an onset potential that is only 0.1 V less negative than that 

of Pt/C and shows stability and methanol tolerance superior to those of Pt/C in

alkaline media. Moreover, in the absence of Pt as co-catalyst, NG-SCCf shows a 

photocatalytic H2 production rate of 66.0 μmol·h–1·g–1, 4.4-fold higher than that 

of SCCf. This outstanding activity is intimately related to the in situ grown NG, 

hierarchically porous structure, and 3D interconnected networks, which not

only introduce more active sites but also enable smooth electron transfer,

mass transport, and effective separation of electron-hole pairs. Considering the 

abundance of the green raw material in combination with easy and low-cost 

preparation, this work contributes to the development of advanced sustainable

catalysts in energy storage/conversion fields, such as electro- and photocatalysis.

 
 

1 Introduction 

In view of the accelerated depletion of fossil fuels 

and the increasing global energy crisis, fuel cells (FCs) 

have emerged as the ideal power source for non- 

polluting vehicles. The design of highly active, stable, 
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and cheap electrocatalysts to replace Pt/C [1–4] in the 

oxygen reduction reaction (ORR) at the cathode has 

aroused great attention for direct methanol FCs [5, 6]. 

Being the most promising alternative, carbon-based 

metal-free catalysts not only possess the advantages 

of low cost, abundance, and easy accessibility, but also 

have an easily tailored composition and a tunable pore 

structure [7–13]. To improve electrocatalytic activity, 

heteroatoms like N, B, P, O, and S are often used    

to dope carbon materials, facilitating the chemical 

adsorption of oxygen and providing more effective 

active sites [14–16]. However, the incorporated 

heteroatoms may decrease conductivity and thus 

hinder charge transport to some extent [17, 18].  

A promising solution is to integrate N-doped 

graphene (NG) into highly conductive frameworks, 

which simultaneously provides more active sites and 

higher conductivity [19]. Recently, Qiao’s group [20] 

prepared N-doped ordered macro-/mesoporous carbon/ 

graphene demonstrating superior electrocatalytic 

activity. Two templates (requiring further removal) 

with different diameters were used to generate macro- 

and mesopores simultaneously. Biomass, having 

advantages like extensive availability, environmental 

friendliness, and renewability, is an effective precursor 

to heteroatom-doped carbon materials for ORR and 

other applications [21–23]. By calcining a mixture of 

bacterial cellulose and urea, Chen et al. [24] prepared 

a “vein-leaf” type of three-dimensional (3D) carbon 

nanofibers with in situ grown NG. The onset potential 

of this material is ca. 0.1 V more negative than that  

of the commercial Pt/C catalyst. However, the time- 

consuming freeze-drying procedure employed to 

provide a high surface area results in low efficiency. 

Furthermore, N-doped high-surface-area carbon 

materials for electrocatalytic applications were also 

prepared by simple thermal treatment of biomass 

such as cotton [25], amaranthus [26], tea leaves [27], 

hair [28], etc., greatly emphasizing the untapped 

potential of biomass and simplifying the preparation 

processes. 

Electrospinning is a versatile method for pro-

ducing 3D continuous nanofibers on a large scale, 

with great potential for energy applications, such as 

supercapacitors, FCs, metal-air batteries, etc. [29–31]. 

Silk cocoon, produced by an electrospinning-like 

process, is an example of abundantly available natural 

biomass with a largely unexplored potential use in 

energy storage and transformation. Lately, Wu and 

coworkers [32] prepared binder-free supercapacitor 

electrodes by direct carbonization of silk cocoon, 

utilizing the interconnected 3D porous network 

structure and flexibility of carbonized silk cocoon 

(SCCf). In our previous work, cross-linked Fe-N/C 

nanofiber networks [33] and cobalt-containing carbon 

nanofibers interconnected by in situ grown NG/carbon 

nanotubes (CNTs) [34, 35] were prepared by electros-

pinning and subsequent thermal treatment. These 

non-precious metal 3D networks show excellent ORR 

activity due to efficient electron transfer, mass transport, 

and highly abundant active sites. 

In this study, NG was in situ grown on SCCf using a 

one-pot thermal treatment of graphitic carbon nitride 

(g-C3N4), melamine, and silk cocoon, which not only 

introduces more active sites but also accelerates the 

mass and electron transport for oxygen reduction. The 

product (NG-SCCf) shows superior ORR catalytic 

behavior (with the onset potential being only 0.1 V 

more negative than that of the Pt/C catalyst), close  

to four-electron (4e–) transfer processes, and good 

methanol tolerance in alkaline media. It is worth 

mentioning that the metal-free NG-SCCf shows an H2 

production rate of 66.0 μmol·h–1·g–1 in absence of a 

co-catalyst, which is 4.4-fold higher than that of SCCf. 

This behavior can be attributed to rapid charge transfer 

and effective separation of electron–hole pairs. Fur-

thermore, the easy low-cost method facilitates large- 

scale production. We hope that this work will provide 

an innovative strategy for preparing metal-free catalysts 

with well-tailored architecture and composition for 

applications in energy- and environment-related fields. 

2 Experimental 

Bombyx mori silk cocoon was purchased from Taobao. 

Melamine was purchased from Tianjin Guangfu  

Fine Chemical Research Institute (China). g-C3N4 was 

prepared by heating melamine at 550 °C in air for 4 h. 

Isopropyl alcohol was purchased from Tianjin Damao 

Chemical Reagent Factory (China). Nafion solution 

(5 wt.%) and the Pt/C electrocatalyst (20 wt.% Pt) were 

purchased from Alfa Aesar and Johnson Matthey, 
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respectively. Ultrapure water was produced in-house. 

All reagents were used as received. 

The preparation of NG-SCCf, N-doped SCCf (N- 

SCCf), and SCCf is illustrated in Scheme 1. SCCf was 

obtained by heating silk cocoon at 900 °C (heating 

rate of 3 °C·min–1, final temperature maintained for 

2 h). NG-SCCf was prepared as follows. Untreated 

silk cocoon (0.2 g) was ground with melamine (1 g) 

and g-C3N4 (1 g). The mixture was transferred into a 

furnace under a flow of N2 and further heated at 600 °C 

(1 °C·min–1) with a holding time of 1 h. Subsequently, 

the sample was heated to 900 °C (3 °C·min–1) with a 

holding time of 1 h and then cooled to room tem-

perature under nitrogen to yield black NG-SCCf. 

N-SCCf (without in situ formed graphene) was obtained 

by heating SCCf ground with g-C3N4 and melamine 

under the same conditions. Graphene oxide (GO) 

was prepared using an improved Hummer’s method 

[36]. GO (0.3 g) and melamine (1.5 g) were dispersed 

in ultrapure water and stirred thoroughly. The mixture 

was heated at 120 °C for 7 h and subsequently at 900 °C 

for 1 h (3 °C·min–1) to obtain NG. In addition, the 

physical mixture of NG and N-SCCf, referred to as 

MIX, was used as a control sample. 

Sample morphology was characterized by field 

emission scanning electron microscopy (FESEM, Hitachi 

S-4800, Japan). Transmission electron microscopy (TEM) 

was performed using the TecnaiTF200 instrument. 

X-ray photoelectron spectroscopy (XPS) was carried 

out using a VG ESCALAB MKП instrument (Al Kα 

excitation, UK). X-ray diffraction (XRD) patterns were 

recorded on a powder X-ray diffractometer (Siemens 

D-5005, Cu-Kα radiation, Germany). Raman spectra 

were obtained using a 488 nm air-cooled Ar+ laser 

with 1.3 mV intensity and a 50×objective (LabRAM 

HR, Horiba Jobin Yvon, France). Thermogravimetric 

analysis (TGA) was performed on a SDT Q600 

instrument in N2 (10 °C·min–1). Nitrogen adsorption 

data were recorded with a Micromeritics ASAP 2020 

nitrogen adsorption apparatus (USA). The specific 

surface areas (SBET) were calculated based on the 

nitrogen adsorption data using the Brunauer– 

Emmett–Teller (BET) method. Pore size distributions 

were evaluated using the Barrett–Joyner–Halenda 

(BJH) method. 

Electrochemical measurements were performed 

using a computer-controlled potentiostat (CHI 660e, 

Chenhua, China) with a three-electrode electrochemical 

cell. The glassy carbon electrode (GCE, 7.065 mm2) 

and rotating disk electrode (RDE-3A, ALS, Japan, 

12.56 mm2) loaded with catalyst served as the working 

electrode. Pt wire and a saturated calomel reference 

electrode (SCE) were used as the counter and reference 

electrode, respectively. All experiments were performed 

at room temperature. The catalysts were loaded 

onto GCE or RDE using the following procedure.  

All catalysts were dispersed in a mixture of water, 

isopropanol, and Nafion by sonication to obtain a 

concentration of 5 g·L–1. Subsequently, 6 and 8 μL of 

these suspensions were transferred onto the polished 

GCE and RDE, respectively. Cyclic voltammetry (CV) 

curves were recorded at a scan rate of 100 mV·s–1 in 

O2-saturated 0.1 M KOH electrolyte. Linear sweep 

voltammetry (LSV) curves were obtained for different 

RDE rotation speeds (400, 600, 900, 1,200, and 1,600 rpm) 

at a scan rate of 10 mV·s–1. Methanol was introduced 

into the KOH electrolyte to determine the crossover 

resistance. Durability tests of NG-SCCf and Pt/C 

electrocatalysts were conducted by potential cycling 

in O2-saturated 0.1 M KOH for up to 2,000 cycles. In 

all tests, O2 was bubbled into the electrolyte to keep  

it saturated. The electron transfer numbers (n) of 

catalysts were obtained from the slopes of Koutecky– 

Levich (K–L) plots using the following equation 

(Eq. (1)) 

0.5
k

1 1 1

j j B
                 (1) 

where j is the disk current density, jk is the kinetic 

current density, ω is the electrode rotation speed, and 

B is expressed as Eq. (2) 

2 2

2/3 1/6

O O
0.2 ( )B nF D C             (2) 

where 0.2 is a conversion factor for expressing the 

rotation speed in rpm, F is the Faraday constant (F = 

96,485 C·mol–1), DO2 is the diffusion coefficient of O2 

in 0.1 M KOH (1.9 × 10–5 cm2·s–1), v is the kinematic 

viscosity of the KOH solution (0.01 cm2·s–1), and CO2 is 

the dissolved O2 concentration (1.2 × 10–6 mol·cm–3). 

Photocatalytic H2 production was carried out in a 

100 mL three-neck quartz flask. A 300-W xenon arc  
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lamp (Changzhou Siyu Environmental Materials Co., 

Ltd.) positioned 20 cm away from the reactor was used 

as a solar light source to trigger the photocatalytic 

reaction. In a typical experiment, 20 mg of the prepared 

sample were dispersed in 50 mL of aqueous methanol 

(40 mL water and 10 mL methanol) under constant 

stirring. Prior to irradiation, the system was purged 

with nitrogen for 30 min to eliminate any residual  

O2. After irradiation, the generated gas (1 mL) was 

intermittently collected and analyzed by gas chro-

matography (SP6890, Shangdong Lunan Ruihong 

Instrument Co., Ltd., TCD, argon carrier gas, and a 

5 Å molecular sieve column). 

3 Results and discussion 

The preparation of NG-SCCf, N-SCCf, and SCCf is 

illustrated in Scheme 1. The microstructure of these 

materials was analyzed by SEM and TEM (Fig. 1). The 

SEM image in Fig. 1(a) shows SCCf with a diameter 

of ~10 μm. The inset indicates that the abundant 

mesopores are uniformly distributed on the SCCf 

surface. Note that the red circles in Fig. 1(a) highlight 

the 3D interconnected web structure produced by 

thermal treatment, which facilitates fast electron and 

mass transport [37]. Heating the mixture of SCCf, 

g-C3N4, and melamine produces the 3D interconnected 

SCCf web only (Fig. 1(b)), while graphene growth on 

SCCf was observed during the pyrolysis of silk cocoon, 

g-C3N4, and melamine (Fig. 1(c)). The identity of the 

in situ grown NG was further verified by TEM imaging 

(Fig. 1(d)). 

 

Figure 1 SEM images of (a) SCCf, (b) N-SCCf, (c) NG-SCCf, 
and (d) TEM image of the in situ grown NG in NG-SCCf. 

XPS measurements were carried out to determine 

the content and the chemical states of N, C, and O 

(Fig. 2). Table 1 lists the chemical composition and 

the content of graphitic and pyridinic N for the three 

samples. The survey spectra (Fig. 2(a)) display three 

distinct peaks corresponding to the C, N, and O 

elements. The N content of SCCf, N-SCCf, and NG- 

SCCf was determined to be 2.08 at.%, 3.71 at.%, and 

7.19 at.%, respectively. The nitrogen in SCCf originates 

from the amino acids (mainly glycine and alanine) in 

the cocoon, suggesting that it can act as a single 

precursor for both carbon and nitrogen. For NG-SCCf 

and N-SCCf, the increased N content is attributed to 

the complete decomposition of g-C3N4 and melamine 

N dopants at 900 °C. Moreover, during the preparation 

of NG-SCCf the remaining g-C3N4 sacrificial template  

 

Scheme 1 Schematic diagram of the preparation of NG-SCCf. 
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Table 1 Chemical composition (at.%) and content of graphitic 

and pyridinic N (at.%) for NG-SCCf, N-SCCf, and SCCf 

Sample C O N Graphitic-N Pyridinic-N

NG-SCCf 87.96 4.85 7.19 1.89 1.69 

N-SCCf 84.80 11.49 3.71 0.93 1.65 

SCCf 82.46 15.46 2.08 1.10 0.36 

 

serves as a nitrogen source for further graphene doping 

and reduces the associated nitrogen leaching above 

600 °C. 

A detailed overview of the chemical states of N   

is shown in Fig. 2(b). The N 1s spectra of the three 

samples can be deconvoluted into signals due to 

pyridinic N (~398.0 eV), pyrrolic N (~399.0 eV), 

graphitic N (~400.9 eV), and N oxides (~402.2 eV) [38]. 

Pyridinic and graphitic nitrogens [39] are generally 

regarded as active sites beneficial for the ORR. The 

defect density can be efficiently enhanced after the  

in situ growth of graphene. We believe that NG-SCCf 

can provide more active sites and offer potential for the 

enhancement of electrocatalytic activity. Furthermore, 

proper hydrophilicity is essential to improve the  

ORR mass transport. Therefore, we also performed a 

detailed analysis of the chemical states of C and O in 

NG-SCCf (Figs. 2(c) and 2(d)). The results indicate the 

existence of C–OH and C=O functionalities, which 

can improve the hydrophilicity of the carbon plane 

and allow the electrolyte with dissolved O2 to reach 

the catalytically active sites more easily [40]. 

The following mechanism for the formation of the 

in situ grown NG is proposed. During thermal 

treatment of the silk cocoon/melamine/g-C3N4 mixture, 

the silk cocoon acts as a precursor to SCCf and liberates 

plenty of carbonaceous gases. The carbon intermediates 

diffuse into the interlayer voids of g-C3N4 and are 

thermally transformed into graphene. When heated 

at low temperature (≤600 °C), melamine polymerizes 

to supply more g-C3N4, and the evolved nitrogenous 

gases gradually dope SCCf and graphene. When heated 

to 900 °C, g-C3N4 decomposes completely [20, 24]. The 

released nitrogenous intermediates function as nitrogen 

dopant precursors for both graphene and SCCf, thus 

leading to the formation of NG. As a comparison, no 

graphene formed when the SCCf/melamine/g-C3N4 

mixture was pyrolyzed under the same condition, 

 

Figure 2 (a) XPS survey and (b)–(d) corresponding high-resolution N 1s, C 1s, and O 1s spectra of NG-SCCf, N-SCCf, and SCCf. 
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mainly due to the fact that no carbon intermediates 

participated in the reaction.  

XRD patterns (Fig. 3(a)) were recorded to characterize 

the degree of graphitization. All three samples exhibit 

two broad peaks at 2= 26° and 43°, attributed to  

the (002) and (100) facets of the graphitic material, 

respectively, indicating a low graphitization degree 

[41–43]. Furthermore, the corresponding Raman 

spectra (Fig. 3(b)) were also recorded. The D band 

near 1,360 cm–1 and G band close to 1,580 cm–1 are 

attributed to the disordered and ordered structures 

of the carbon material, respectively [44]. Generally, 

the band intensity ratio (ID/IG) is used to measure the 

amount of defects in the carbon structure [45]. NG- 

SCCf shows a higher ID/IG value (1.01) than N-SCCf 

(0.88), indicating a higher amount of disordered carbon 

and supposedly related to enhanced N content and 

in situ formed NG. Besides, thermal stability is a key 

factor for practical applications. TGA carried out in an 

atmosphere of N2 demonstrates that NG-SCCf has 

superior thermal stability (Fig. S1 in the Electronic 

Supplementary Material (ESM)). 

Large SBET and pore volume are highly desirable for 

the enhancement of ORR activity [46]. To analyze the 

pore structure of SCCf and NG-SCCf, N2 adsorption– 

desorption experiments were carried out at 77 K 

(Fig. 4). SCCf exhibits an isotherm of type IV, and its 

SBET (Fig. 4(a)) was calculated to be 1,032.1 m2·g–1;  

the average pore diameter was estimated at 1.96 nm. 

At low p/p0 values (p/p0 < 0.1), SCCf exhibited rapid 

adsorption increase attributed to the presence of 

micropores [47]. Therefore, SCCf contains micro-, meso-, 

and macropores. The isotherm of NG-SCCf (Fig. 4(b)) 

is of type Ш, with a hysteresis loop at medium   

and high pressure (p/p0 = 0.4–1.0), attributable to the 

existence of meso- and macropores [48]. The corres-

ponding SBET was calculated to be 133.5 m2·g–1, and the 

average pore diameter was estimated at 8.15 nm, with 

a peak at 2.15 nm. Obviously, the formation of NG led 

to almost complete disappearance of the micropores. 

Since the fibrous frameworks formed by carbon 

nanoparticles are linked together, NG-SCCf exhibits 

an interconnected meso-/macroporous structure, which 

can improve adsorption performance and generate 

 

Figure 3 (a) XRD patterns of NG-SCCf, N-SCCf, and SCCf; (b) Raman spectra of NG-SCCf and N-SCCf. 

 

Figure 4 Nitrogen adsorption–desorption isotherms at 77 K (inset) and pore size distributions of (a) SCCf and (b) NG-SCCf. 
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multidimensional pathways to promote mass and 

electron transport [49]. Such interconnected porous 

web structure can also act as a perfect support for the 

ORR active sites. 

To gain insight into the electrocatalytic ORR activities, 

CV and LSV tests were performed in O2-saturated 

0.1 M KOH solution. As shown in Fig. 5(a), NG-SCCf 

exhibits a more positive peak potential and a larger 

peak current (–0.234 V vs. SCE, 1.468 mA·cm–2) than 

the other samples, signifying a better catalytic per-

formance. Remarkably, the ORR onset potential of 

NG-SCCf (–0.148 V) is more positive than that of 

N-SCCf (–0.360 V), NG (–0.220 V), and the physical 

mixture of NG and N-SCCf (termed MIX) (–0.213 V), 

being slightly (by 0.1 V) inferior to that of Pt/C (Fig. 5(b)) 

at the same catalyst loading of 0.32 mg·cm–2. In 

addition, NG-SCCf shows a comparable ORR activity to 

numerous other metal-free electrocatalysts, as shown in 

Table S1 (in the ESM). Moreover, NG-SCCf outperforms 

other catalysts, including N-SCCf, NG, and MIX in 

terms of disk current density and half-wave potential, 

indicating its higher ORR electrocatalytic activity. Taken 

together, the strong synergistic coupling between 

the in situ grown NG and carbonized silk effectively 

improves the ORR activity. 

The 4e– reduction pathway for ORR (Eq. (3)) is 

highly desired, while the less desirable 2e– reduction 

pathway (Eq. (4)) is not only inefficient, but also 

produces corrosive hydrogen peroxide. To understand 

the ORR mechanism and the main electrocatalytic 

process, we performed LSV measurements using 

different RDE rotation speeds. Figure 5(c) shows  

the RDE voltammograms of NG-SCCf. The Koutecky– 

Levich (K–L) equation was used to analyze the kinetic 

parameters, and Fig. 5(d) shows the corresponding 

K–L plot with good linearity. The n value is calculated 

to be 3.51–3.93 at potentials between –0.50 and 

–0.70 V, suggesting that the ORR is dominated by the 

4e– reduction pathway, similarly to Pt/C (Fig. 5(e)). 

Figure S2 in the ESM shows RDE voltammograms at 

various rotation speeds and the corresponding K–L 

plots of other samples. The n values are estimated to 

be 2.58–2.20 (N-SCCf), 2.76–3.18 (NG), and 2.59–2.83 

(MIX), implying that the ORR for these three samples 

occurs via the 2e– pathway. We also performed LSV 

analysis for SCCf (Fig. S3 in the ESM). Though  SCCf 

has a high SBET, its electrocatalytic activity is far lower 

than that of NG-SCCf, indicating that N-doping and 

the in situ formed NG are more important than the 

surface area for enhancing ORR activity. Obviously, 

NG-SCCf has a higher active site density than SCCf. 

Figure 5(f) is a schematic illustration of the 3D 

 

Figure 5 (a) CV and (b) LSV curves of N-SCCf, NG, MIX, NG-SCCf, and Pt/C at 1,600 rpm; (c) LSV curves at different rotation 
speeds, and (d) the corresponding K–L plots of NG-SCCf; (e) electron transfer numbers of different samples; (f) schematic illustration of 
the 3D interconnected web structure of NG-SCCf, facilitating electron transfer and mass transport. 
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interconnected web structure of NG-SCCf. The inter-

connected SCCf with in situ grown NG provides more 

active sites and enables efficient electron transport 

through the whole framework. The large voids between 

interconnected fibers and the meso-/macropores ensure 

smooth mass transfer. The two aspects remarkably 

improve ORR diffusion kinetics. 

2 2
O H O 4e 4OH              (3) 

2 2 2
O H O 2e HO OH             (4) 

To validate the stability and methanol tolerance of 

NG-SCCf, CV measurements were performed for up 

to 2,000 cycles in O2-saturated 0.1 M KOH and in 

O2-saturated 0.1 M KOH with 3 M methanol (Fig. 6). 

The original cathodic ORR peak potential and current 

do not exhibit distinct changes, highlighting excellent 

electrocatalytic stability in the ORR process (Fig. 6(a)). 

However, the Pt/C catalyst is less stable (Fig. 6(b)).  

As known for direct methanol FCs, methanol in the 

anode region may pass through the proton exchange 

membrane and get oxidized at the cathode, signifi-

cantly deteriorating the cell performance [50, 51]. 

Thus, ORR catalysts should also exhibit satisfactory 

methanol tolerance. In this study, 3 M methanol was 

added to the 0.1 M KOH aqueous electrolyte. It is 

worth noting that the original cathodic ORR peak 

potential and current of NG-SCCf remains almost 

unchanged (Fig. 6(a)), whereas the CV curve of Pt/C 

is greatly affected by methanol addition (Fig. 6(b)). 

Therefore, NG-SCCf shows stability and methanol 

tolerance superior to those of Pt/C in alkaline media, 

appearing to be an alternative cathode catalyst for 

use in direct methanol alkaline FCs.  

Based on the aforementioned results, the superior 

ORR performance of NG-SCCf can be mainly ascribed 

to four factors: 1) The meso- and macropores obtained 

as a result of the thermal treatment of silk cocoon can 

reduce diffusion resistance and ensure rapid mass 

transport; 2) the in situ formed NG is in intimate 

contact with cocoon-derived carbon fibers and forms 

favorable nitrogen species, providing effective active 

sites for ORR; 3) the interconnected 3D web structure 

of SCCf and the tough contact between NG and SCCf 

promote rapid electron transfer; 4) the proper hydro-

philicity makes it easier for the electrolyte with 

dissolved O2 to get to the catalytically active sites. 

The synergistic combination of the above advantages 

dramatically improves the electrocatalytic activity.  

To show that our catalysts can also work well in 

other reactions, the photocatalytic performance of NG- 

SCCf was investigated. As known, photolytic water 

splitting is promising if low-cost semiconductors with 

scalable preparation routes are used [52–55]. Recently, 

growing demands for metal-free photocatalysts based 

on earth-abundant elements (e.g., g-C3N4) have attracted 

much attention [56–59]. As reported, C-N structures 

can be utilized to create semiconducting materials for 

photocatalytic applications [14]. Meanwhile, graphene 

shows the ability to effectively hinder charge recom-

bination [60]. Inspired by these advances, the simply 

prepared, low-cost, and non-toxic NG-SCCf is expected 

to have superior photocatalytic activity. Thus, photo-

catalytic H2 production under simulated solar light 

was investigated. 

As shown in Fig. 7(a), SCCf (20 mg) shows an H2 

 

Figure 6 The 1st and 2,000th CV cycles in O2-saturated 0.1 M KOH and the corresponding cycles in O2-saturated 0.1 M KOH with 
3 M methanol for (a) NG-SCCf and (b) Pt/C. Scan rate = 100 mV·s–1. 
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production rate of 0.30 μmol·h–1 (15 μmol·h–1·g–1), 

possibly resulting from a small amount of C-N 

structure derived from silk cocoon and a high SBET. 

Excitingly, in absence of Pt as a co-catalyst, the metal- 

free NG-SCCf (20 mg) shows an H2 production rate of 

1.32 μmol·h–1 (66.0 μmol·h–1·g–1), 4.4-fold higher than 

that of SCCf. Considering that the SBET of NG-SCCf is 

much lower than that of SCCf, SBET cannot be the 

main factor influencing photocatalytic H2 production. 

The dominant cause can be attributed to the higher 

nitrogen content, superior electron conductivity, and 

good hydrophilicity of NG-SCCf. To elucidate the 

enhanced photocatalytic H2 production activity, a 

control experiment was performed using NG prepared 

from GO and melamine, where no H2 production 

was detected. Hence, a plausible mechanism for the 

production of H2 was proposed, shown in Fig. 7(b). 

The interconnected SCCf fibers provide multiple paths 

enhancing electron transport, and the in situ formed 

NG allows rapid transport of charge carriers as well 

as effective separation of electron–hole pairs [61], 

thus accelerating the reduction process to generate 

H2. Hence, the NG-SCCf material is an appealing 

candidate for metal-free photocatalytic materials. 

Further investigations are currently under way. 

4 Conclusions 

In summary, we have successfully prepared 3D 

interconnected carbon fibers with in situ grown NG by 

a one-step thermal treatment. This work successfully 

combines the advantages of NG, having numerous 

active sites, with those of the hierarchically inter-

connected porous SCCf, exhibiting high electron con-

ductivity and abundant meso- /macropores, etc. Due 

to its superior ORR activity, excellent stability, good 

methanol tolerance, and a low-cost scalable synthesis, 

NG-SCCf presents a potential alternative to Pt/C as 

an ORR catalyst. In addition, it also exhibits good 

solar photocatalytic H2 production activity, mainly 

due to its interconnected structure, hierarchical pores, 

and a high nitrogen content of the in situ formed NG. 

A bifunctional catalyst for both photocatalytic H2 

production and ORR could be very promising for 

sustainable development. NG-SCCf can also act as a 

support for the loading of photo-/electrocatalytic 

species to achieve enhanced properties. Furthermore, 

this work might provide a simple way to prepare 

metal-free catalysts with well-tailored architecture 

and composition for applications in energy- and 

environment-related fields. 
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