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1. INTRODUCTION 

 

Fuel cells are promising and sustainable energy conversion alternatives owing to their zero or low greenhouse 

gas emission and high efficiency (~80%). However, the large scale application of fuel cells is limited by the 

need of incorporating expensive Pt-based catalysts in their cathodic and anodic electrode components [1,2]. 

Therefore, low-platinum or metal-free electrocatalysts are most desirable for fuel cells to enter the market [3]. 

Recently, nitrogen doping of carbon nanotubes (CNT) and graphene were reported to be beneficial to enhance  

the oxygen reduction reaction (ORR) in alkaline conditions [4]. Nitrogen doping effectively modulates the 

surface chemistry, electron-donor ability and electrochemical properties of the sp2 carbon structure, as it has 

been confirmed by experiments and density functional theory (DFT) calculations [5], [6], [7], [8]. In addition, 

compared to single-atom doping, co-doping with other heteroatoms such as S, P and B improved the 

electrocatalytic activity for the ORR [9], [10].  

 

Despite the outstanding properties of graphene and CNT, they are still expensive and their synthesis in large 

scale inherently involves the use of natural gas or hazardous chemicals, and metals as catalyst precursors [11]. 

Lignocellulosic biomass in the form of plant materials as well as wastes from household and animal husbandry 

is an abundant and renewable alternative for conversion to the novel value-added carbon products. Their use 

can additionally address issues related to waste disposal and accumulation. According to the United Nations, 

almost 140 billion metric tons of biomass is generated globally from agricultural waste [12]. Therefore, 

converting biomass can potentially reduce the use of fossil fuels as well as greenhouse gas release, while 

closing the carbon cycle loop and promoting economic incentives [13]. 

 

Nowadays, increasing attention is given towards porous carbons with electroactive properties produced from 

natural resources and lignocellulosic biomass. N-doped carbon materials have been synthesized for example 

from bacterial cellulose [14,15], cellulose nanocrystals [16], glucose and soy proteins [17], chitin [18],[19], 

chitosan [20], [21],[22] lignin [23], and plant biomass (Eichhornia crassipes [24] and Typha orientalis [25]). 

In addition, heteroatom-doped carbons have been explored, for example, via pyrolysis of cellulose phosphate 
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to yield P-doped carbon [26]; N,P-doped carbon from cellulose nanocrystals and ammonium phosphate [27]; 

N,S-doped carbon from human hair [28] or glucose and those derived from S-containing precursors such as S-

(2-thienyl)-L-cysteine, 2-thienyl-carboxaldehyde, L-cysteine [29], [30]. The synthesis of multiple heteroatom-

doped carbon has also been reported by direct pyrolysis of ginkgo leaves [31] and seaweeds [32]. 

 

Coconut shells represent an important bioresource in tropical areas, available in large quantities and display 

high carbon content and low ash residues (<1 wt.%) [33], [34]. Investigation of elemental composition showed 

that coconut shells contained higher content of carbon (~53-64 wt.%) and low H/C and O/C ratio that is due 

to the large lignin content (~30-49 wt.%) [35], [36], [37]. On the other hand, compared to the others agricultural 

biomass, the density of the raw coconut shells is among the highest (1.31) and the porosity is among the least 

(14.9 %) [37]. This means that the morphology of the plant cells of the coconut shell is more compact due to 

the stronger cross-linking of the cellulose, hemicellulose and lignin. Therefore, the coconut shells are reported 

to be more suitable raw material for production of activated carbon regarding the adsorption capacity, bulk 

density, pore structure and hardness. Recently, Yang et al. synthesized N-doped porous carbon for CO2 

adsorption with a micropore-dominant structure [38]. Despite the high adsorption capacity, the synthesis 

process involved multiple steps, such as separate carbonization and activation along with ammoxidation 

treatment (ammonia/air) for nitrogen doping. Zhao et al. suggested catalytic production of vinyl chloride on 

N-doped activated carbon by using melamine as N-containing precursor [39]. The present work is designed to 

obtain an electroactive N,P-doped mesoporous carbon via an economical and environmentally-sound process 

through a single-step activation with phosphoric acid, followed by nitrogen doping using urea. In valorization 

of biomass for development of novel catalytic materials, our aim is also to reduce the use of hazardous 

chemicals. 

 

There are two main methods for the activation of lignocellulosic materials; either by physical or chemical 

processes [35]. Physical activation is carried out in two separate steps: a preliminary carbonization in an inert 

atmosphere at intermediate temperatures (400-500 °C), followed by activation using steam or carbon dioxide 

at higher temperatures (900-1000 °C) [40]. Chemical activation is done via impregnation of the raw material 

with given chemicals at specific ratios before carbonization. Potassium hydroxide (KOH), sodium hydroxide 

(NaOH), sodium carbonate (Na2CO3), magnesium chloride (MgCl2), phosphoric acid (H3PO4) and zinc 

chloride (ZnCl2) have been reported as typical dehydrating agents for chemical activation [41], [42], [43]. 

Phosphoric acid is an ideal reagent due to its low-cost, low environmental impact (milder than zinc chloride) 

and the possibility of producing high surface area carbon with desired pore size distribution, in a single-step 

and at low temperatures (400-500 ºC) [44]. It is also reported that the chemical activation of coconut shells 

with phosphoric acid can generate crack-free active carbon grains, leading to the better mechanical properties 

than the activated carbon via ZnCl2 [35]. Urea is a non-toxic, cheap and an environmentally safe alternative 

among typical graphitic carbon nitride (g-C3N4) precursors such as thiourea, dicyandiamide and melamine 

[45]. Besides, urea presents a higher water solubility and can result in denser C-N sp2 graphitic structures at 



4 
 

500 °C [46]. This study shows for the first time the development of N,P-doped porous carbons derived from 

coconut shells with high electrocatalytic activity towards the reduction of oxygen in alkaline media.  

 

2. EXPERIMENTAL 

2.1 Materials synthesis  

The carbon samples were prepared after chemical activation of coconut shells with phosphoric acid, followed 

by doping with urea as nitrogen precursor and pyrolysis at 1000 ºC. In more detail, coconuts were purchased 

from a local market (S-Market, Finland) and their shells were grinded and sieved through 100 micron mesh. 

The powdered materials were chemically impregnated overnight with 50 wt.% H3PO4 (1:2 ratio), followed by 

drying at 70 ºC until a paste texture was obtained. The carbonization was carried out under nitrogen flow at 

550 ºC for 1 h using a heating ramp rate of 10 ºC min-1. The obtained carbon was washed with hot water and 

then immersed in 3 M HCl overnight and finally filtered and dried at 105 ºC. For nitrogen doping of the 

activated carbon (AC), a post-treatment was performed by dispersion in 1 M urea solution overnight. The 

resultant dispersion was filtered and dried, followed by pyrolysis at 1000 ºC for 2 h at 5 ºC min-1. In order to 

enhance the interaction of urea with the activated carbon surface, the AC was treated with 2 M HNO3/1 M 

H2SO4 (1:1 v/v) at 120 ºC for 2 h (functionalization treatment). Herein, the samples are coded as AC for 

activated carbon; AC-P for the AC after pyrolysis at 1000 ºC; AC-U-P for the impregnated AC with urea 

followed by pyrolysis and, finally, AC-F-U-P for the AC after functionalization and urea impregnation and 

pyrolysis. The schematic illustration of the synthesis procedure of the more complete sequence, AC-F-U-P, is 

provided in Figure 1.  

 

Figure 1. Schematic of the synthesis of N,P-doped porous carbon from coconut shells (AC-F-U-P). Shorter 
sequences are possible by skipping the functionalization (F) or urea treatment (U) steps. 

 

2.2 Characterization 

Scanning electron microscopy (SEM) studies were carried out with a field emission Zeiss Sigma VP at 2 kV. 

N2 adsorption-desorption measurements were carried out at 77 K using a Micromeritics Tristar II equipped 
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This is due to the morphology of the coconut shell plant cell which is more compact due to the stronger cross-

linking of the cellulose, hemicellulose and lignin [37]. In activation via phosphoric acid, the phosphate and 

phosphate ester form linkages to the lignocellulose, thereby inhibit the shrinkage of the structure during the 

pyrolysis; as a result, the voids volume are protected [42]. Upon rinsing the sample after pyrolysis, the 

phosphate groups are washed away, forming large number of pores in the activated carbon structure. In 

addition, phosphoric acid retards the decomposition of lignocellulose by preventing tar formation and the 

evolution of volatile products during the pyrolysis, thus providing high carbonization yield (TGA analysis in 

Figure S1) [43]. Based on degradation temperature of impregnated coconut shells (Figure S1) and previous 

findings [48], the carbonization temperature was set at 550 °C in this study to obtain high AC yield (46%). 

Such high carbon yield is a crucial factor in the cost of the final electrocatalyst for fuel cells. We also observed 

that upon increasing the temperature ramp rate, higher mesopores content could be obtained (Figure S2), which 

is desirable for the application in this study. Phosphoric acid on one hand work as hydrolyzing agent to cleave 

the lignocellulosic bonds, and on the other hand as cross-linker via formation of phosphate ester linkages. 

Upon heat treatment of the lignocellulos-phosphoric acid mixture, initially crosslinking reactions dominate 

over bond cleavage until ~250 °C. As the temperature increased, cyclization and condensation overcomes due 

to the scission of P-O-C bonds. In a faster heating ramp, the rate of phosphate bond cleavage occurs faster than 

the condensation and reordering of the clusters, leaving larger pores [49].  Therefore, a 10 °C min-1 heating 

rate was chosen to obtain wider mesopores contribution, with additional benefit of decreasing the activation 

cost.  

In the case of AC-P, heat-treatment of AC at 1000 ºC (2 h) did not influence the pore structure. The BET 

surface area and pore volume of AC-P only decreased slightly, owing to carbon gasification. Interestingly, the 

N2 adsorption isotherms and pore size distribution of AC-U-P and AC-F-U-P (Figure S3) did not significantly 

change after further processing via acid functionalization (120 ºC, 2 h) and urea impregnation. However, longer 

functionalization for 4 h significantly damaged the pore structure (Figure S4). Treatment with urea prevented 

gasification, possibly due to crosslinking and formation of graphitic carbon nitride sheets [50]. Notably, the 

pore structure and surface area of AC-F-U-P was still similar to that of the other samples (Figure 2d), even 

after functionalization treatment. This indicated a high mechanical strength of the activated carbon produced 

from the coconut shells [51]. 

The XPS survey spectrum of the carbon samples (Figure 3a) shows a strong carbon C1s peak at 284.3 eV as 

well as signals for oxygen (O1s at around 532 eV) and phosphorus (P2p at 133 eV and P2s at 190.3 eV) 

[26],[27]. According to the asymmetric shape of the sharp peak at 284.3 eV in the C1s high resolution spectrum 

(Figure S5), carbon was exclusively in graphitic form. In the high resolution spectrum of oxygen (Figure S5) 

both carbon- and phosphorus-bonded atoms (or surface hydroxyls due to exposure to air) were seen as the O1s 

signal was split into two components at 532.8 and 530.5 eV. The quantitative analysis (Figure 3b) showed that 

phosphorus content is about 2.3 at.%, a relatively large content that resulted from effective chemical activation 
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with phosphoric acid. Interestingly, phosphorus content did not change after functionalization and urea 

treatment, suggesting strong bonds within the carbon framework (Figure 3b).  

 

Figure 3. XPS survey spectra of carbon samples (inset: high-resolution N1s and P2p spectra) (a). Atomic % 
of elements present on the surface according to XPS (b). Deconvolution of high-resolution N1s spectra with 
assigned N-functionalities (c) and Raman spectra of AC, AC-P, AC-U-P, AC-F-U-P samples (d). 

A small N1s peak at ca. 400 eV (Figure 3a) was evident in AC-U-P and AC-F-U-P samples, suggesting N-

doping of the activated carbons after impregnation with urea. The nitrogen content almost doubled from 0.5 

at.% (AC-U-P) to 1.1 at.% (AC-F-U-P), upon functionalization and enhanced interaction of urea with oxygen 

functional groups on the surface (Figure 3b). A slight but measurable decrease in the O/C atomic ratio, from 

0.06 (AC-P) to 0.05 (AC-U-P), was observed upon urea addition. The close relationship between the nitrogen 

doping and disappearance of oxygen-containing moieties suggests the occurrence of reactions of oxygen 


























