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Summary: The present study proposes a nitrogen-doped carbon material with an improved pore 

structure, facilitating efficient mass transfer and offering abundant active sites for electrocatalytic 

oxygen reduction. The present study successfully synthesized a series of N-doped carbons with three-

dimensional interpenetrating layered porous structures by utilizing NaOH as a pore-forming agent 

during the carbonization process of biomass refuse. The half-wave potential of NWSC0.6 (N-doped 

walnut shells carbon) (E1/2 = 0.849 V) exceeds that of 20 wt% Pt/C by 9 mV. The catalyst exhibited 

exceptional catalytic performance and remarkable stability. The discharge voltage of the Mg-air 

battery utilizing NWSC0.6 as the cathode catalyst consistently outperforms that of the battery 

employing 20% wt% Pt/C as the cathode catalyst. The synthesis of noble-metal-free catalysts derived 

from natural biological resources exhibits superior electrochemical performance in Mg-air batteries. 
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Introduction 
 

The escalating energy crisis and 

environmental pollution resulting from excessive 

dependence on fossil fuels have sparked significant 

interest in the development of cost-effective, high-

efficiency, environmentally-friendly, and sustainable 

energy conversion and storage systems.[1-3] The fuel 

cell, being the primary energy conversion device in the 

future, has garnered significant attention from 

researchers due to its notable advantages including 

high energy output, rapid transmission speed, 

environmental friendliness, and ease of operation.[4-

6] The cathodic oxygen reduction in fuel cells 

proceeds at a sluggish rate, necessitating the use of 

catalysts. Among these, Pt-based precious metal 

catalysts (such as Pt/C) have been identified as the 

most efficient catalysts for ORR.[7-9] The utilization 

of Pt-based catalysts in large-scale commercial 

applications is restricted due to their high cost, 

sluggish cathode reaction kinetics, and long-term 

instability.[10] To address the limitations of Pt-based 

catalysts and further advance the widespread 

implementation of fuel cells, it is imperative to 

urgently develop novel ORR catalysts that exhibit 

reduced cost, enhanced activity, and superior 

stability.[11] To date, the quest for cost-effective non-

metallic catalysts that can achieve high performance 

levels comparable to or surpassing those of 

commercial Pt/C has garnered significant attention 

from researchers.[12] Non-metal heteroatom-doped 

carbon materials possess the advantages of cost-

effectiveness, tunable pore structure, high 

conductivity, and excellent impurity tolerance, 

rendering them highly promising for applications in 

the field of ORR catalysts.[13, 14] Among these 

materials, non-metallic catalysts are widely regarded 

as the most viable alternatives to platinum-based 

catalysts.[15] 

 

The walnut shell is a plentiful biomass waste 

on earth, characterized by its ease of extraction and 

low cost. Comprising primarily cellulose (30.88% of 

total content), hemicellulose (27.26% of total content), 

and lignin (38.05% of total content), it exhibits a 

layered porous structure at the microscopic level.[16, 

17] Additionally, the annual cultivation of a 

substantial quantity of walnuts in the Anhui province 

section of the Dabie Mountain area results in the 

generation of walnut shell waste, imposing a 

significant societal burden and energy wastage. The 

carbon nanostructures formed by high temperature 

carbonization activation of biomass waste are 

characterized by well-developed internal pores, a high 

surface area, excellent electrical conductivity, and 

corrosion resistance.[18] The biological source carbon 
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serves as a highly efficient carrier catalyst for ORR, 

enabling uniform integration with non-metallic atoms 

to generate numerous active sites.[19] This renders it 

an ideal material for fuel cell catalysts.[20] The high 

carbon content, low cost, non-toxicity, and 

environmental friendliness of biomass waste make it a 

widely applicable raw material for the production of 

activated carbon.  

 

The incorporation of nitrogen atoms into the 

carbon structure induces structural distortion, alters 

charge density, and modifies the electronic structure of 

carbon materials, consequently influencing their 

adsorption free energy towards reactants and 

intermediates.[21, 22] This ultimately impacts the 

ORR performance of nitrogen-doped carbon-based 

catalysts. Nitrogen serves as an essential source in the 

preparation of these catalysts and can act as active 

sites.[23, 24] In the previous research work, the 

primary raw materials were predominantly artificially 

synthesized chemical reagents. Two specific 

preparation schemes were employed: first, maltose 

was utilized as the carbon source, supplemented with 

CuCl₂·2H₂O and FeCl₃·4H₂O as dual metal sources, 

and dicyandiamide as the nitrogen source; [25] second, 

sucrose served as the carbon source, urea as the 

nitrogen source, and Fe/Co compounds as the metal 

sources.[26] Both approaches employed NaCl as a 

hard template to construct porous architectures. 

However, these methods shared several limitations: 

the first required multiple processing steps, including 

freeze-drying, grinding, molten-salt pyrolysis under 

sealed conditions, and extensive water washing for 

template removal; although the second also relied on 

NaCl templating, it similarly necessitated post-

synthesis treatments for template elimination. These 

procedures not only rendered the synthesis process 

complex and time-consuming but also increased 

production costs due to water consumption and 

generated significant wastewater, posing 

environmental challenges. To address these challenges, 

this study proposes a transition from conventional 

designs based on metal active sites to a regulatory 

strategy focused on the intrinsic structure and 

elemental composition of biomass, thereby enabling 

substantial innovation in the synthetic methodology. 

 

The present study involves the preparation of 

a highly efficient porous catalyst for ORR through 

high temperature annealing, utilizing walnut shell as a 

precursor material for carbon. The NWSC (N-doped 

walnut shells carbon) material was prepared from 

walnut shells in the Dabie Mountain area through 

NaOH activation and urea nitrogen source doping. The 

NWSC material exhibits not only a significantly large 

specific surface area and abundant pores, but also 

possesses an abundance of carbon, nitrogen, and 

oxygen functionalities, which greatly enhances its 

electrocatalytic performance. The NWSC0.6 catalysts 

demonstrate exceptional ORR catalytic performance 

in alkaline conditions (0.1 M KOH), thereby opening 

up new possibilities for the design of highly efficient 

multifunctional electrocatalysts for energy storage and 

conversion devices. 

 

Experiment 

 

Chemicals and materials 

 

Urea (H2NCONH2, 99%, Aladdin), ethanol 

(C2H5OH, ≥99.9%, Macklin), sodium chloride (NaCl, 

99%, Aladdin), sodium hydroxide (NaOH, 99%, 

Aladdin) and potassium hydroxide (KOH, 95%, 

Aladdin) were purchased individually. The 20 wt% 

Pt/C (Johnson Matthey) was procured from Hefei 

Aiyan Medical biological Co., LTD, China. Nitric acid 

(HNO3, Xilong Technology) and Hydrochloric acid 

(HCl, 95%) are purchased through the unified 

government procurement process. Ketjenblack carbon 

(EC300J), and Acetylene black (Dedka Black Li-

2060) were purchased from Saibo Electrochemical 

Materials Co., LTD, which is utilized without 

undergoing any additional purification treatment. Our 

laboratory procures the 5wt% Nafion solution from 

DuPont for use in our research. Walnut shells are 

derived from walnut trees planted in Dabie Mountain 

area. The industrial-grade magnesium alloy sheet, 

nickel foam, and waterproof breathable film are 

provided by Changzhou Youtec New Energy 

Technology Co., LTD.  

 

Synthesis of porous carbon materials 

 

The synthesis procedures are illustrated in 

Fig 1 and elaborated upon in detail below. The walnut 

shells were placed in a blast drying oven at 80 ℃ for 

24 hours. Subsequently, the dried walnut shells were 

ground into powder and subjected to heating in a 

Muffle furnace at a rate of 5 ℃·min−1 from room 

temperature to 400 ℃, followed by a holding time of 

2 hours. After cooling to room temperature, the 

samples were retrieved and further ground for 

subsequent use. We precisely weighed 1 g of the 

aforementioned pre-carbonized carbon, added 3 g of 

sodium hydroxide, and ground it thoroughly. 

Subsequently, we transferred the mixture to a 
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porcelain boat and subjected it to heating in a tube 

furnace under a nitrogen atmosphere at a rate of 

5 ℃·min−1 from room temperature to 800 ℃. The 

sample was maintained at this temperature for one 

hour before being naturally cooled back to room 

temperature for subsequent grinding. The activated 

sample was placed in a 250 mL beaker, and 

approximately 200 mL of deionized water was added. 

Subsequently, concentrated nitric acid was gradually 

introduced into the solution until reaching a pH value 

of 1. The solution underwent magnetic stirring at room 

temperature for a duration of 8 hours. Following this, 

it was subjected to multiple rinses with deionized 

water until achieving neutrality before being drained 

and left to dry overnight. The resulting sample was 

then labeled as WSC (walnut shells carbon). 

 

In order to further optimize and obtain carbon 

materials with excellent properties, the above 0.1 g of 

WSC was weighed and thoroughly ground with 

varying amounts of urea (0.4 g, 0.5 g, 0.6 g, and 0.7 g). 

The mixture was then placed in a tube furnace under a 

nitrogen atmosphere and heated from room 

temperature to 850 ℃ at a heating rate of 5 ℃·min−1 

before being kept warm for 3 hours. After natural 

cooling to room temperature, the samples were 

removed and finely ground. These samples were 

subsequently labeled as NWSC0.4, NWSC0.5, NWSC0.6, 

and NWSC0.7. 

 

Material characterization 

 

The crystal morphology, phase composition, 

and microstructure of the materials were analyzed 

using a German D8 X-ray diffractometer (XRD) with 

cu-k-α radiation in the 2θ rotation range of 10°~80°. 

Additionally, the test requires an angular accuracy of 

0.0001°, ensuring that the angular deviation of each 

peak within the entire spectral range does not exceed 

±0.01 degrees. The distribution, morphology, and 

microscopic size of the powder samples were analyzed 

using a scanning electron microscope (Hitachi 

SU3500) and an energy dispersive spectrometer 

(EDS). The acceleration voltage range was set at 0.1 ~ 

30 kV. Additionally, high-resolution transmission 

electron microscopy (TEM) with FEI-TALOS-F200X 

and an electron energy loss microspectrometer were 

employed to capture images of the samples. At West 

Anhui University of the Analysis and Testing Center, 

Raman spectroscopy is employed using a 532 nm laser 

source to detect chemical composition and the 

structure of the substance. The chemical composition 

and state of the samples were analyzed utilizing X-ray 

photoelectron spectroscopy (XPS) on an axial 

superDLD Kratos on-axis system with Al-Kα source. 

Furthermore, N2 adsorption isotherm analysis was 

conducted using AUTOSORB IQ surface analyzer to 

measure the sample's surface area and pore diameter. 

 

 

 

Fig. 1: Schematic of the synthesis procedure of NWSCx (x= 0.4, 0.5, 0.6 and 0.7). 
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Electrochemical measurements 

 

The prepared catalyst series (4 mg) was 

dispersed in 950 μL of ethanol and subsequently added 

to a 100 μL solution of Nafion (5 wt%). Ultrasound 

was applied for a duration of 20 minutes to achieve a 

homogeneous suspension. The glassy carbon electrode, 

with a diameter of 5 mm, was uniformly coated with a 

mixture exceeding 10 μL to serve as the working 

electrode. This formed a three-electrode system in 

conjunction with the reference electrode [Hg/HgO (1 

M KOH)] and the counter-electrode (A graphite rod). 

Prior to the electrochemical data collection, it is 

necessary to saturate the 0.1 M KOH solution with 

high-purity oxygen for 30 minutes to achieve a fully 

oxygen-saturated solution. The ORR characteristics of 

samples were investigated using a rotating ring 

electrode (RRDE) in a 0.1M O2-saturated KOH 

solution at an electrochemical station manufactured by 

Ivium, the Netherlands. The experiments were 

conducted at room temperature with all 

electrochemical tests performed at a scan rate of 10 

mV·s−1.The cyclic voltammetry (CV) curves were 

scanned at a consistent scanning rate within the 

voltage range of -1.0 ~ 0.2V. The NWSC catalyst was 

subjected to 2000 cycles of circulation in a 0.1 M O2-

saturated KOH solution, employing a scanning rate of 

50 mV·s-1 and a potential range of 0.6 ~ 1.2 V. 

 

The electron transfer number (n) was 

evaluated based on the Equations (S1, S2, S3†) in the 

electronic supplementary information (ESI).  

 

Results and discussion 

 

Structure and morphology characterization 

 

The XRD patterns of the prepared WSC and 

NWSC0.6 samples are depicted in Fig 2a, revealing a 

weak peak at approximately 43.7°, indicative of the 

presence of graphitized carbon.[23, 27] The 

diffraction peak of nitrogen is not observed due to its 

low detectable quantity, and the incorporation of 

nitrogen atoms into the carbon framework in a 

disordered manner forms the ORR active site of the 

carbon-based catalyst.[28] To further analyze the 

structure of the amorphous carbon materials prepared, 

Raman spectral analysis was conducted. Fig 2b 

displays the Raman spectrum of the sample within a 

range of 1000-2000 cm−1. Two distinct peaks are 

identifiable, with the peak at 1334 cm−1 being 

associated with a defective disordered carbon structure 

(disordered sp3 atoms), commonly referred to as the D-

band. In addition, the peaks observed at 1602 cm−1 

(corresponding to the G-band) primarily arise from the 

graphite structure, which consists of sp2 hybridized 

carbon atoms arranged in a two-dimensional 

hexagonal lattice, or from the tensile motion of planar 

bonds between these sp2 carbon atoms.[16, 29] 

Generally speaking, the ratio of D-band to G-band 

intensity (ID/IG) can be employed as an indicator for 

assessing the level of graphitization in carbon 

materials. The degree of graphitization is a crucial 

parameter that influences the electrical conductivity of 

carbon.[30] It can be observed from the ID/IG value that, 

in comparison to WSC (ID/IG=0.998), NWSC0.6 

exhibits significantly higher disorder in its carbon 

structure (ID/IG=1.013). This indicates an increased 

presence of defect sites in the carbon due to N doping. 

The introduction of N atoms leads to the generation of 

a plethora of defects, which contribute to the provision 

of potential active sites for ORR.[31] The presence of 

significant defects facilitates the reduction in ORR 

reaction barrier, thereby enhancing charge diffusion 

and overall reaction rate, ultimately improving 

electrochemical performance.[32] The specific surface 

area of WSC and NWSC0.6 was determined using the 

nitrogen adsorption/desorption method, as illustrated 

in Fig S1. The specific surface area of WSC is 

measured to be 3121.9264 m2·g−1. The activation 

process with NaOH indicates the generation of 

abundant pore structure through strong chemical 

etching reaction between carbon atoms and NaOH, 

which has been further analyzed by SEM.[33] The 

specific surface area of NWSC0.6 is 2636.5547 m2·g−1; 

however, it undergoes a significant reduction after two 

prolonged annealing treatments due to the potential 

collapse of its porous structure during the N-doping 

process.[34-37] Additionally, the nanopore of 

NWSC0.6 may experience particle clogging, resulting 

in a decrease in its specific surface area.[38, 39] The 

high-specific-surface-area NWSC0.6 carbon material 

possesses an abundant porous structure that facilitates 

the exposure of ORR active sites and enhances the 

mass transport of electrolytes/reactants, thereby 

enhancing its catalytic activity.[40, 41] 
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Fig. 2: (a) XRD patterns of the resultant WSC and NWSC0.6，(b) Raman spectra of the different samples. 

 

The surface microstructure and morphology 

of the NWSC0.6 sample were examined using SEM to 

investigate the impact of carbonization temperature on 

pore structure, as depicted in Fig 3 (a, b). The final 

product exhibits an irregular shape, characterized by a 

relatively rough surface and prominent large pores. 

The carbon is activated by NaOH at 800 °C in an inert 

environment, resulting in a significant release of gas 

during the reaction between NaOH and carbon. The 

escape of gas leads to the formation of abundant pores 

and channels on the surface of NWSC0.6, greatly 

increasing its surface area.[33] The presence of large 

pores in these structures facilitates the three-

dimensional transport of materials, thereby promoting 

the entry of electrolyte, O2, and its intermediates into 

the catalyst surface.[40, 42] This leads to enhanced 

reaction kinetics and improved catalytic activity. To 

further investigate the morphology of NWSC0.6, TEM 

analysis (Fig 3c) and high-resolution transmission 

electron microscopy (HRTEM) measurements were 

conducted (Fig 3d). The TEM image reveals the 

complete carbon sheet, which is consistent with the 

SEM image findings. The HRTEM characterization 

further confirmed that the NWSC0.6 sample exhibited 

an amorphous structure and a disordered carbon phase. 

The HAADF-STEM image of the NWSC0.6 sample, 

depicted in Fig 3(e-h), reveals a homogeneous 

distribution of carbon (C), nitrogen (N), and oxygen 

(O) atoms, thereby confirming the successful 

incorporation of nitrogen dopants into the 

carbonaceous material. The elemental composition 

consists of 96.59% carbon (C), 1.14% nitrogen (N), 

and 2.28% oxygen (O). Furthermore, the incorporation 

of nitrogen atoms into the carbon skeleton enhances 

charge transfer due to the presence of highly defective 

carbons, thereby resulting in an increased activity for 

oxygen reduction reaction (ORR).[43] 

 

 
 

Fig. 3: (a, b) SEM, (c) TEM, (d) HR-TEM images, (e-h) elemental mapping images of NWSC0.6 catalyst samples 

and (i) EDS pattern of NWSC0.6 catalyst samples. 
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The composition and chemical state of 

elements in NWSC0.6 samples were further determined 

through XPS investigation and analysis, revealing the 

coexistence of carbon, nitrogen, and oxygen (Fig 4a). 

In Fig 4 (b), the high-resolution C1s spectrum can be 

divided into three peaks, corresponding to the graphite 

structure (sp2, C-C/C=C) at 284.6 eV, carbon-oxygen 

bonds in phenol, epoxy or hydroxyl groups at 285.9 

eV with a possible contribution from C-N bonds, and 

carboxylic acids or esters at 289.5 eV.[18, 23, 44, 45] 

The presence of C-N/C-O bonds indicates the 

adsorption of N and O on the carbon material, thereby 

enhancing its electronic conductivity.[46] In the high-

resolution O 1s spectrum shown in Fig 4(c), three 

distinct peaks at 531.4, 532.2, and 533.4 eV are 

observed, which can be attributed to C-O/C=O, C-

OH/C-O-C, and-COOH functionalities, 

respectively.[45, 47] The presence of C-OH enhances 

the surface wettability, whereas the presence of -

COOH induces additional defects and augments the 

number of active sites.[45] Fig 4(d) shows four typical 

N 1s peaks at energy levels of 406.5, 401.7, 400.1, and 

398.3 eV, which correspond to oxidized N, graphite N, 

pyrrole N, and pyridine N respectively.[48] The active 

sites of ORR, namely Pyridine N and graphite N, are 

widely acknowledged for their ability to facilitate 

oxygen adsorption and selective oxygen reduction via 

the four-electron mechanism, thereby enhancing the 

performance of ORR.[19] The addition of Graphite N 

can effectively mitigate the inherent resistance of 

carbon materials and facilitate electron transfer within 

the carbon matrix.[49] The presence of electron 

donors in N-functional groups enables them to 

function as electroactive sites through ORR.[50] The 

presence of different nitrogen atoms can impact the 

charge density of the carbon structure, whereby the 

lone electron pair on pyrrole nitrogen can undergo 

conjugation with the double bond, functioning as an 

electron-donating group that enhances the electron 

cloud density around the carbon atom within the 

ring.[5, 23, 51]The pyridine nitrogen is non-

conjugated, exhibiting higher electronegativity than 

carbon, resulting in electron density being localized on 

the pyridine nitrogen atoms.[34, 45, 52] This 

redistribution of charge further influences the 

adsorption mode of O2, promoting its reduction.[15] In 

addition, the nitrogen atom provides a greater number 

of electrons compared to the carbon atom, thereby 

facilitating charge transfer and consequently reducing 

the dissociation barrier of the oxygen-oxygen 

bond.[24, 52] This ultimately enhances the catalytic 

efficiency of the ORR. When combined with the 

aforementioned findings, successful nitrogen doping 

into the carbon framework derived from walnut shell 

was achieved. 

 

 
 

Fig. 4: XPS spectra of (a) XPS survey spectrum, (b) C 1s, (c) O 1s and (d) N 1s for NWSC0.6 electrocatalyst. 
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Electrocatalytic performance 

 

The ORR catalytic performance of WSC, 

NWSC0.4, NWSC0.5, NWSC0.6, NWSC0.7 and 

commercial Pt/C catalysts in aqueous solution 

saturated with O2 at 0.1 M KOH was evaluated using 

Linear sweep voltammetry (LSV), as depicted in Fig 

5a. NWSC0.6 exhibited superior catalytic activity in 

terms of half-wave potential (E1/2=0.849 V) compared 

to NWSC0.7 (E1/2= 0.733 V), NWSC0.5 (E1/2= 0.746 V), 

NWSC0.4 (E1/2=0.771 V), and WSC (E1/2=0.679 V), as 

summarized in Table1. The E1/2 of the NWSC0.6 

catalyst exhibited a positive shift of 9 mV compared to 

the commercial Pt/C catalyst (E1/2=0.840 V). The 

enhanced ORR activity of NWSC0.6 can be attributed 

to the disruption of electroneutrality in carbon 

nanosheets through nitrogen doping, resulting in 

active carbon atoms carrying a net positive charge that 

serve as electrocatalytic active centers. To further 

investigate the electrochemical ORR properties of 

these catalysts, we conducted CV measurements using 

rotating ring-disk electrode (RRDE) to elucidate their 

initial activity. In an O2-saturated electrolyte solution 

containing 0.1 M KOH, all catalysts exhibited distinct 

cathodic peaks corresponding to oxygen reduction at 

potentials ranging from 0.7V to 0.9V (Fig S2). 

Notably, the peak potential of the NWSC0.6 catalyst 

was significantly higher than that of the other catalysts, 

indicating superior ORR activity. The observed 

activity trend in the CV curves is consistent with that 

observed in LSV curves. The XPS analysis reveals a 

significant presence of pyridine and graphitic nitrogen, 

which greatly facilitates the ORR process. 

Furthermore, in addition to the advantages provided 

by nitrogen-induced active sites and high electrical 

conductivity, the defect nature of NWSC0.6 also 

generates defect-induced active sites that 

synergistically promote the enhancement of ORR 

activity. This is evidenced by the high ID/IG ratio 

observed in Raman spectra. Finally, NWSC0.6 exhibits 

a porous structure and possesses a significantly high 

surface area of 2636.5547 m2·g−1. This unique porous 

architecture and expansive surface area not only 

facilitate the generation of abundant active sites, 

effectively exposing the catalytic center, but also 

greatly enhance the efficiency of oxygen and 

electrolyte mass transport processes. 

 

 
 

Fig 5: (a) ORR polarization curves for different catalysts at 1600 rpm, (b) Koutecky-Levich plots of different 

catalysts at different potentials, (c) The electron transfer number and percentage of peroxide of different 

catalysts at different potentials, (d) Tafel plots of different catalysts deriving from the LSVs data. 

 



Kun Liu et al.,             J.Chem.Soc.Pak., Vol. 48, No. 04, 2026    354 
 

Table-1: The electrochemical performance of the different sample under the same test conditions. 

Sample 
Half-wave potential 

(E1/2， V) 

The electron transfer 

number (n) 

The average H2O2 

yield 

The Tafel slope 

(mV·dec−1) 

WSC 0.679 2.95 49.4% 141 

NWSC0.4 0.771 3.62 19.7% 117 

NWSC0.5 0.746 3.68 16.8% 90 

NWSC0.6 0.849 3.99 ＜1% 51 

NWSC0.7  0.733 3.69  15.7% 85 

commercial Pt/C 0.840 3.94 ＜1% 77 

 

To further elucidate the electron transfer 

mechanism, LSV curves at various rotation rates are 

presented in Fig 5b, and ESI, S3-S8. The 

corresponding Koutecky-Levich (K-L) diagram 

substantiates a highly linear correlation between J−1 

and ω−1/2, thereby indicating the first-order reaction 

kinetics of ORR. Within the potential range of 0.2 V 

to 0.7 V, the electron transfer number (n) for WSC, 

NWSC0.4, NWSC0.5, NWSC0.6, NWSC0.7 and the 

commercial Pt/C catalysts is approximately 2.89, 3.59, 

3.66, 4.01, 3.68 and 3.93 respectively. The results 

demonstrate that NWSC0.6 exhibits a four-electron 

pathway for oxygen reduction, making it an effective 

air cathode catalyst for facilitating the 4-electron 

transfer mechanism. To further showcase their high 

activity, RRDE technology was employed to calculate 

the H2O2 yield of these catalysts. The average H2O2 

yield of NWSC0.6 was found to be less than 1%, which 

is lower compared to WSC (49.4%), NWSC0.4 (19.7%), 

NWSC0.5 (16.8%), and NWSC0.7 (15.7%). These 

findings indicate that the reduction of O2 by NWSC0.6 

occurs through a four-electron transfer step, enabling 

ORR to directly convert O2 into H2O with excellent 

selectivity (Fig 5c). The electron transfer numbers (n) 

of WSC, NWSC0.4, NWSC0.5, NWSC0.6, NWSC0.7, 

and commercial Pt/C catalysts are approximately 2.95, 

3.62, 3.68, 3.99, 3.69 and 3.94, respectively, as 

summarized in Table1. The electrochemical active 

surface area (ECSA) of the ORR catalysts was 

determined by calculating the double-layer 

capacitance (Cdl) from cyclic voltammetry (CV) 

curves obtained at various scanning rates in a N2-

saturated 0.1 M KOH solution, as illustrated in ESI 

(Fig S9). The ECSA value of NWSC0.6 was 43.43 

m2·g-1, surpassing the values of WSC (19.18m2·g-1) 

and commercial Pt/C (35.56 m2·g-1). The NWSC0.6 

demonstrates a higher electrochemically active surface 

area, while the catalytic material exhibits comparable 

or superior electrocatalytic properties, thus 

showcasing its immense potential for diverse 

applications and effectively enhancing catalytic 

performance through increased exposure of active 

sites. The NWSC0.6 possesses a suitable porous 

structure and exhibits remarkable ORR properties, 

which can effectively facilitate the transportation of O₂ 

and electrolytes. The Tafel curve (Fig 5d) 

demonstrates that the Tafel slope of NWSC0.6 is 

measured at a lower value of 51mV·dec−1 compared to 

the reference value for a Pt/C catalyst with a loading 

of 20 wt% (77 mV·dec−1), as well as being lower than 

that observed for NWSC0.7 (85 mV·dec−1). 

Furthermore, it is also noted that the Tafel slopes for 

NWSC0.5 (90 mV·dec−1), NWSC0.4 (117mV·dec−1), 

and WSC (141 mV·dec−1) are higher than those 

recorded for the aforementioned samples. The samples 

labeled NWSC0.6 exhibited superior kinetics in terms 

of ORR compared to the other tested materials. The 

stability factor plays a crucial role in influencing the 

ORR of fuel cells. As depicted in Fig S10, the 

accelerated durability test conducted after 2000 CV 

cycles reveals that the ORR activity of the NWSC0.6 

catalyst only diminishes by 9 mV, whereas that of the 

20 wt% Pt/C catalyst attenuates by 11 mV. This 

observation further confirms that the NWSC0.6 catalyst 

exhibits superior durability compared to its 

counterpart. Consequently, it can be inferred that 

NWSC0.6 holds promising potential as an ORR 

electrocatalyst for practical applications in fuel cells. 

 

The K-L analysis confirmed that the ORR 

process of the synthesized metal-free nitrogen-

permeable carbon skeleton NWSC0.6 catalyst followed 

a four-electron pathway instead of a two-electron 

pathway, with an approximate n value of 3.99. The 

performance of the NWSC0.6 catalyst surpasses that of 

the WSC catalyst. The reasonable design of porous 

carbon in walnut shell as an electrocatalyst was 

achieved by incorporating urea dopant, thereby 

enhancing its ORR catalytic activity, given the 

nitrogen deficiency in most low-cost renewable 

energy sources.[53] The presence of graphite N and 

pyridine N in NWSC0.6 results in the electronegativity 

of the nitrogen atom, rendering the adjacent C atom 

electron-deficient and potentially facilitating the 

generation of a positive charge on this neighboring 

carbon atom.[23] The positively charged site 

facilitates the adsorption of O2 and promotes the 

breaking of O-O bonds, leading to the complete 

reduction of O2 to H2O through a 4-electron 

pathway.[14, 31] In an aqueous electrolyte, the 

cathode reaction process of oxygen reduction in a fuel 

cell proceeds through the following steps: initial 

diffusion and adsorption of oxygen molecules onto the 

electrocatalyst surface, then transfer of electrons from 

the anode to the oxygen molecules, subsequent 

breaking of the O=O bond, and eventual release of 
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resulting OH- ions into the solution.[5, 23] The 

reaction of the direct four-electron pathway in alkaline 

electrolytes proceeds as follows:[23] 

 

O2 +H2O+ 2e−→OOH− +OH−   (1) 

H2O +OOH− + 2e−→3OH−    (2) 

O2 + 2H2O + 4e−→4OH−    (3) 

 

Therefore, our synthesized material 

demonstrates exceptional catalytic properties for ORR, 

and the superior catalytic activity of NWSC0.6 can be 

attributed to two key factors. The abundant large-pore 

carbon skeleton enhances electron transport efficiency 

and exposes a multitude of active sites, thereby 

facilitating reaction acceleration. On the contrary, the 

incorporation of nitrogen leads to the regulation of 

functional groups (pyridine nitrogen and graphite N) 

on the surface of the carbon matrix, thereby enhancing 

catalytic activity for ORR. The presence of a 

sufficiently high electrochemically active surface area 

facilitates the exposure of more active sites for 

catalytic services and enhances efficient mass 

transport. 

 

Catalytic performance for Mg-air battery 

 

To validate the exceptional ORR activity of 

NWSC0.6, we conducted a cathode catalyst test on 

NWSC0.6 in a magnesium-air cell at a current density 

of 5 mA·cm-2. These experimental findings align 

consistently with the kinetics of oxygen reduction in 

an alkaline environment (Fig 6a). The NWSC0.6 

catalyst was utilized as the air cathode in the 

magnesium-air battery, while a magnesium alloy plate 

served as the anode and a 3.5% salt water solution 

functioned as the electrolyte. The NWSC0.6-based Mg-

air battery exhibits a consistent discharge voltage 

profile, with an initial discharge voltage of 

approximately 1.25 V, maintaining stability at 1.23 V 

even after 45 hours of continuous discharge, and 

eventually settling at 1.19 V after 60 hours. The Pt/C-

based Mg-air battery exhibits an initial discharge 

voltage of 1.22 V, consistently lower than that of the 

NWSC0.6-based Mg-air battery throughout the entire 

discharge process, until reaching a discharge voltage 

of 1.15 V after 60 hours. The polarization curve and 

power density diagram of the neutral magnesium air 

battery are depicted in Fig 6b. NWSC0.6 exhibits a 

higher power density of 65.6mW·cm-2 compared to 20% 

Pt/C (62.5 mW·cm-2). As the current density increases, 

both NWSC0.6 and 20% wt% Pt/C experience a 

decrease in battery voltage. It is noteworthy that at the 

same current density, NWSC0.6 surpasses the voltage 

of 20% Pt/C. The results further confirm the excellent 

catalytic activity and durability of the NWSC0.6-based 

Mg-air battery, thereby demonstrating its superior 

ORR catalytic performance in seawater battery 

applications. 

 

 
 

Fig. 6: Full-cell test of catalysts. (a) Discharge profiles of NWSC0.6 electrocatalyst and 20 wt% Pt/C at 5 mA·cm-

2 in Mg-air batteries. (b) Polarization curves and power density plots of the Mg-air batteries with NWSC0.6 

electrocatalyst and 20 wt% Pt/C as the cathode catalysts. 
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Conclusions 
 

A series of nitrogen-doped biomass carbon 

materials were prepared by adjusting the doping ratio, 

using walnut shell as a carbon source, NaOH as an 

activator, and urea as a nitrogen source. The optimal 

product (NWSC0.6) exhibiting outstanding cathodic 

oxygen reduction performance was synthesized 

through the addition of urea, in a mass ratio of 1:6 with 

pre-carbonized carbon to NaOH at 800℃ for a 

duration of 3 hours following pyrolysis. The 

introduction of a nitrogen source resulted in the 

modification of the chemical structure of the material, 

leading to an increase in defects within the carbon 

material and ultimately enhancing the catalytic 

activity of the carbon catalyst. The electrochemical 

test results also demonstrate that the N-doped porous 

carbon exhibits enhanced catalytic activity for oxygen 

reduction compared to the WSC. Consequently, this 

study presents a novel approach to fabricate defect 

sites and optimize the structure of carbon catalysts, 

thereby offering promising prospects for their 

application in fuel cells and metal-air batteries. 
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