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Abstract: The development of platinum group metal-free (PGM-free) electrocatalysts derived from 

cheap and environmentally friendly biomasses for oxygen reduction reaction (ORR) is a topic of 

relevant interest, particularly from the point of view of sustainability. Fe-nitrogen-doped carbon 

materials (Fe-N-C) have attracted particular interest as alternative to Pt-based materials, due to the 

high activity and selectivity of Fe-Nx active sites, the high availability and good tolerance to poison-

ing. Recently, many studies focused on developing synthetic strategies, which could transform N-

containing biomasses into N-doped carbons. In this paper chitosan was employed as a suitable N-

containing biomass for preparing Fe-N-C catalyst in virtue of its high N content (7.1%) and unique 

chemical structure. Moreover, the major application of chitosan is based on its ability to strongly 

coordinate metal ions, a precondition for the formation of Fe-Nx active sites. The synthesis of Fe-N-

C consists in a double step thermochemical conversion of a dried chitosan hydrogel. In acidic aque-

ous solution, the preparation of physical cross-linked hydrogel allows to obtain sophisticated or-

ganization, which assure an optimal mesoporosity before and after the pyrolysis. After the second 

thermal treatment at 900 °C, a highly graphitized material was obtained, which has been fully char-

acterized in term of textural, morphological and chemical properties. RRDE technique was used for 

understanding the activity and the selectivity of the material versus the ORR in 0.5 M H2SO4 elec-

trolyte. Special attention was put in the determination of the active site density according to nitrite 

electrochemical reduction measurements. It was clearly established that the catalytic activity ex-

pressed as half wave potential linearly scales with the number of Fe-Nx sites. It was also established 

that the addition of the iron precursor after the first pyrolysis step leads to an increased activity 

because of both an increased number of active sites and of a hierarchical structure, which improves 

the access to active sites. At the same time, the increased graphitization degree, and a reduced den-

sity of pyrrolic nitrogen groups are helpful to increase the selectivity toward the 4e- ORR pathway.  

Keywords: ORR; PGM-free; iron; chitosan; biomass, acid electrolyte; iron-nitrogen-doped carbon; 

graphitization, site density, Fe-Nx 

 

1. Introduction 

The two main classes of materials that are currently explored for reaching the goal of ex-

panding the market of Fuel Cells by addressing the goal of having an efficient and  sus-

tainable oxygen reduction reaction (ORR) at the cathodic electrode are low-content Pt or 

Platinum Group Metals (PGM)-free electrocatalysts [1]. The former group aims at produc-

ing highly active and durable (particle stability and poisoning resistance) electrocatalysts 

by reducing the Pt amount while maintaing its working life. Different approaches have 

been adopted, e.g. creation of Pt alloys with transition [2,3] or late earth metals [4–7] 

and/or by engineering of nanoparticles (NPs) size and shape [8,9], focusing also on the 

interaction with the support, usually undoped or heteroatom doped carbons [10–12]. The 

latter PGM-free route aims at finding materials with good activity and durability based 

on cheap and earth-abundant metals. Within the PGM-free group, the single site metal-
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nitrogen-doped carbon (M-N-C) materials have emerged as the most promising candidate 

due to the low cost and their performances, which are slowly approaching those of Pt-

based materials [13–17], in particular in alkaline environment. Among all M-N-C materi-

als, Fe-N-C has become the most studied and promising system due to the good activity 

and stability if compared with other metals like Co, Mn, or Zn [18]. However, the nature 

of the active sites in these catalysts is still under debate; in addition, the role of the support, 

of the doping precursor and of the synthesis condition in term of activity and type of sites 

formed still has to be fully rationalized [19,20]. In this context, the development of PGM-

free electrocatalysts for ORR derived from cheap and highly available precursors is a topic 

of relevant interest, which could have a relevant impact on the future market offuel cells 

[16,21], metal air batteries [22,23] and electrochemical sensors for O2 detection [24,25]. For 

this reason, great efforts have been and continue to be made for exploring the use of cheap 

and abundant biomasses [26,27] as a feedstock to obtain new materials with improved 

activity [28], selectivity [29,30] and stability [31,32].  

Hierarchical mesoporous carbons (MC) are the most interesting materials for appli-

cation in electrocatalysis; in fact, while micropores favors the hosting of M-Nx active sites 

[33,34], mesopores play a pivotal role in conveying the reagents to the active sites. Without 

mesopores, a large part of physical surface area is not reached by reactants because the 

diffusion is hindered [35]. The distribution and shape of pores are fundamental to tune 

and improve catalytic performance. Furthermore, the presence of different heteroatom 

functional groups embedded on a 3D hierarchical porous structure and the graphitization 

degree can induce higher catalytic performance and stability, respectively [36]. To control 

textural and porous structure of MCs, the use of inorganic templates (hard template ap-

proach) [10,37–41], or self-assembled nanostructure of organic molecules (soft template 

approach) [42,43] can be exploited. In the latter method, the chemical interactions between 

the template and the carbon precursor rule the success of the templating. These two meth-

ods have demonstrated to be most successful for the synthesis of a well-ordered and uni-

form pore structure. A third way is the self-templating approach where specific etching 

molecules, e.g. CO2, CO, SO2, NH3, or particles, e.g. metal, metal oxides or carbides, are 

generated in situ and are able to induce the formation of micropores [10] or mesopores 

[44].  

In the last years, the conversion of biomasses [27,45–52] or waste polymers [44] into 

activated carbon has become a promising approach for the synthesis of self-templating M-

N-C catalysts. In this paper we present the synthesis and characterization of Fe-Nx doped 

MCs by thermochemical conversion of a preconditioned hydrogel, prepared from a re-

fined biomass, i.e. chitosan, without the use of any additional template or carbon black 

support. Chitosan is a polysaccharide obtained from the deacetylation of chitin which is 

easily extracted from shrimp’s shell [53]. Chitosan is biocompatible and was proved to be 

a useful materials in a wide range of fields, such as food industry, water treatment [54], 

tissue engineering, medical area [55], supercapacitor [56] ,CO2 hydrogenation [57], reduc-

tion of nitro compounds [58], batteries [59,60] and fuel cell devices [32,61,62]. Further-

more, chitosan is a suitable N-containing biopolymeric material with a high N content 

(7.1%) and jellify producing a self-template hydrogel precursor. The hydrogel reduces the 

aggregation ensuring an effectively homogenous heteroatom doping, while its 3D porous 

architecture can be preserved or even improved in the final catalyst. The chitosan derived 

MC was employed as platform for the pinning of Fe-Nx sites and the final electrocatalysts 

performance for ORR was rationalized according to the textural and physico-chemical 

properties of the Fe-N-C materials.  

2. Results and Discussion 

The synthesis of chitosan-derived Fe-N-C catalysts is based on the preliminary gelation of 

chitosan followed by the synthetic protocol explained in detail in the paragraph 3.1 and 

sketched in Scheme 1. Chitosan is the main source of carbon and nitrogen, 1,10 phenan-
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throline is used as an auxiliary nitrogen source, whereas FeCl2, FeCl3 or tris(1,10-phenan-

throline)iron(II)-chloride (Fe(Phen)3Cl2) were employed as alternative iron precursors for 

the Fe-Nx formation. The different precursors were mixed with chitosan or chitosan de-

rived carbon at different stage during the preparation. Different final materials were ob-

tained which are labelled as Fe-N-Cn (n=1-5). For the sake of clarity all the conditions em-

ployed for the preparation of the different Fe-N-Cn materials are resumed in 

 

Scheme 1: Schematic representation of different steps for the synthesis of a chitosan-derived Fe-N-C 

electrocatalysts. 

 

Table 1. 

 

Scheme 1: Schematic representation of different steps for the synthesis of a chitosan-derived Fe-N-C 

electrocatalysts. 

 

Table 1: Different synthetic conditions for chitosan-derived Fe-N-Cn (n=1-5) electrocata-

lysts.  
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Samples Precursors Details 

 chitosan Phen Fe(II)Cl2 Fe(III)Cl3 Fe(Phen)3Cl2 
Added after first 

pyrolysis at 400 °C 

Fe-N-C1 ✔ ✔ ✔    

Fe-N-C2 ✔ ✔  ✔   

Fe-N-C3 ✔  ✔    

Fe-N-C4 ✔  ✔   ✔ 

Fe-N-C5 ✔    ✔ ✔ 

 

2.1. Morphological and textural properties 

The morphology of the Fe-N-Cn catalysts was investigated by TEM (Error! Reference 

source not found.). All of them show a mixed structure of compact lamellae and sponge-

like structures. Several Fe-based NPs are trapped within the structure as clearly visible by 

the different image contrast due to the higher electron density of Fe with respect to C. 

Some alveoli like pore can be recognized, whose size is equal to those of Fe-based NPs. This 

matching allows to suggest that the formed NPs act as a templating agent, which decom-

pose or migrate to agglomerate in larger NPs during the pyrolysis leaving voids in the 

carbonaceous network. The high density of Fe-based NPs and the alveoli like pores could 

be explained by the mechanism proposed by Wang Y. et al. for magnetite production [63], 

where the complex between chitosan and iron becomes a magnetite Fe3O4 NP after alka-

line treatment. There are no remarkable differences on the final structure when phenan-

throline or different iron precursors are used. It is important to stress that the Fe-based 

NPs are enveloped in a carbon shell (Fe@C), so that they are partially protected against 

the acid treatment. In fact, comparing the images before and after acid wash (Figure S1), 

the NPs are not totally removed: as an example, the iron content in Fe-N-C3 is reduced 

from 15.2 wt.% to 4.9 wt.% (Table 2).  

A completely different structure can be observed in Fe-N-C4 and Fe-N-C5 where 

FeCl2 and Fe(Phen)3Cl2 were respectively added only after the first pyrolysis at 400 °C. In 

fact, compact carbon sheets are no longer present, whereas the sole sponge-like structure 

remains. Also, in this case the porous structure is due to the self-templating effect of Fe-

based NPs. In this case, a much lower number of Fe@C NPs can be recognized contrary to 

Fe-N-Cn (n = 1-3). This can be justified by the fact that iron is added after the pre-formation 

of the carbon scaffold, which is no longer able to reorganize. Without being protected by 

a carbon shell, Fe-based NPs are more effectively removed by the acid leaching as demon-

strated by ICP-MS results in Table 2, where the Fe content in Fe-N-Cn (n = 4,5) decreases 

below 1 % wt. after the acid wash.  

 

Figure 1 TEM images of (a,f) Fe-N-C1; (b,g) Fe-N-C2; (c,h) Fe-N-C3; (d,i) Fe-N-C4 and (e,l) Fe-N-C5 
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The porous structure was further characterized by N2 ads/desorption and the results 

are reported in Figure 2 and Table 2. Fe-N-C1 has a very high surface area (627 m2 g −1) 

thanks to the high density of micro and mesopores, whose formation seems to be encour-

aged by 1,10-phenanthroline [41]. The hysteresis of Fe-N-C1 is a H5-like type, which is 

typical of certain pore structures with both open and blocked mesopores [64]. The desorp-

tion branch presents a rapid step-down at 0.45 p/p0, i.e. the cavitation pressure, which is 

due to ink-bottle shape pores. For this reason, these isotherms are analyzed applying cy-

lindrical/spherical QSDFT adsorption model [65]. Fe-N-C2 and Fe-N-C3 present the same 

IV(a) type isotherm and the same H4 hysteresis, typical of micro-mesoporous materials. 

In fact, their mesoporosity is similar, the main difference being in the uptake at low p/p0 

due to microporosity, clearly visible in Figure 2a: Fe-N-C2 and Fe-N-C3  have a different 

microporous surface of 157 m2 g −1 and 248 m2 g −1, respectively, while they have the same 

pore size distribution as reported in Figure 2b. The textural properties appear to be not 

affected by the addition of iron after the first pyrolysis. In fact, Fe-N-C3 and Fe-N-C4 have 

the same isotherms and similar textural properties (see Table 2). The isotherm for Fe-N-

C5 is a mixture of II and IV(a) types, due to the presence of both macropores and meso-

pores and the hysteresis is a mixed H2(a)/H3 type. This type of isotherm is given by a 

heterogeneous pore network with macropores (H3 type), and mesopores (H2 type). The 

steeper desorption branch at 0.45 p/p0, which identifies H2(a) hysteresis, is due to pore-

blocking in a narrow range of pore necks.  

 

Figure 2 (a) N2 adsorption/desorption isotherms and (b) pore size distribution of the investigated catalysts. Micro-, meso- 

and total (c) surface area and (d) pore volume. 

The pore size is similar in all the samples, except for the higher density of pores with size > 

10 nm in Fe-N-C5 (Figure 2b). Figure 2c and d report the comparison of surface area and 

volume of micropores and mesopores: all the sample have important components of both 

micropores and mesopores even though to a different extent. Accessibility and connectiv-

ity among pores are fundamental parameters for the heterogeneous catalysis. For this rea-

son, a hierarchical factor (HF) can be calculated as  

𝐻𝐹 =
𝑉𝜇

𝑉𝑇𝑂𝑇
∙

𝑆𝑚

𝑆𝑄𝑆𝐷𝐹𝑇
 (1) 
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were Vμ and VTOT are the volume of micropore and the total volume pore respectively, 

whereas Sm and SQSDFT are the surface area of mesopore and the total surface area deter-

mined by the quenched-solid density-functional-theory model, which considers the ad-

sorbant as a hardcore sphere interacting with fluid molecules. The HF is generally used to 

evaluate the catalytic activity of zeolite, but the general applicability has been recently 

challenged [66]. In the best catalysts should maximize the HF factor by comprising the 

enhancement of the mesopore surface area without a severe penalization of the micropore 

volume aiming at improving the reagent and product transport efficiency to the active 

site. If we take zeolites as reference materials, mostly microporous standard samples have 

moderate HF< 0.1, whereas those mostly mesoporous have HF < 0.05. Materials displaying 

high relative microporosity and low relative mesoporosity, have HF > 0.10, whereas sys-

tem with spread hierarchical pores have HF > 0.15. Our Fe-N-Cn catalysts show HF values 

close to 0.1 or below attesting to be highly microporous with a moderate content of mes-

opores, that is promising for electrocatalytic applications since Fe-Nx sites are expected to 

form inside the micropores, whereas mesopores are useful to increase the accessibility to 

the active sites. Based on their HF values, the samples are rather similar from the struc-

tural point of view: the micro- and meso-porosity are balanced in the same way for all 

catalysts. In Fe-N-Cn (n = 4,5) the HF value is slightly lower than in Fe-N-Cn (n = 1-3) but 

this is principally due to a decrease of mesoporosity rather than an increase of microporos-

ity (Table 2). 

 

Table 2: Physical and chemical properties of some chitosan-based Fe-N-Cn electrocatalysts.  

Supports    N2 ads/desorption isotherm 

 C a N a Fe b SQSDFT VTOT VQSDFT Sμ Sm HF 

 % %a %b m2g-1 cm3 g-1 cm3g-1 m2g-1 m2 g-1  

Fe-N-C1 86.78 0.44 n.a. n.a. 627 0.477 0.425 396 232 0.10 

Fe-N-C2 85.57 0.56 n.a. n.a. 255 0.214 0.182 157 98 0.09 

Fe-N-C3 81.71 0.68 15.2c 4.9d 356 0.260 0.224 248 108 0.09 

Fe-N-C4 85.71 0.90 10.0c 0.6d 360 0.275 0.233 268 91 0.07 

Fe-N-C5 89.25 0.45 9.6c 0.4d 233 0.337 0.253 122 111 0.06 
a from elemental analysis, b ICP-MS, c before acid washing; d after acid washing 

 

2.2. Chemical and spectroscopic characterization  

Raman characterization was also performed on all samples, since it can give interest-

ing insights on the degree of graphitization, size of graphite crystallites (La) and content 

of amorphous carbon (Figure 3). The spectra were deconvoluted with 4 (D4, D1, D3 and 

G) or 5 (D2) bands (Figure S3) in the region between 1100 and 1700 cm-1 [67,68] after a 

normalization relative to the G band peak (namely to the Raman shift around 1600 cm-1). 

In the region between 2200 and 3200 cm−1, 2 or 3 bands (2D4, 2D1and D1+G) were used to 

deconvolute the spectrum according to Sadezky et al. [68]. This spectral region is generally 

called the graphene/graphene oxide region because at least two distinct bands similar to 

those of graphene oxide are observed in materials such as Fe-N-C5 (Figure 3b). 

All the catalysts have similar ID1/IG value ranging between 1.1 and 1.3 (Table S1), 

which classify these materials as nanocrystalline graphite according to Ferrari et al. [67] 

(Figure 3c). The size of carbon crystallites (La) can be calculated using the Tunista and 

Koenig equation:  

𝐼𝐷1

𝐼𝐺

=  
𝐶𝜆

𝐿𝑎

   (2) 

where  𝐶𝜆 =  −126 Å + 𝜆𝐿 ∗ 0.033.  La ranges between 3 – 5 nm (Figure 3c) and finds 

its maximum value in Fe-N-C5, which shows an increased graphitization degree with re-

spect the other catalysts. Fe-N-C5 presents four main changing features: (i) the G band is 
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more intense than D1 band, (ii) G band is split into two bands (G and D2), (iii) D3 area, 

which accounts for amorphous carbon is much lower than D3 in the other sample, and 

(iv) the second order bands are well defined. In particular, the 2D1 band, which is indica-

tive of the ordered stacking of the graphene layers along the hexagonal axis in short or 

medium ranges, is very intense and sharp (Figure 3d) [69]. It is well evident that the em-

ployment of the Fe(Phen)2Cl2 complex after the first pyrolysis leads to a more graphitized 

carbon catalyst as confirmed also by the ID1/IG value, the lowest one, and also by the small 

D3 band area associated to amorphous carbon (Table S1 and Figure 3d). The higher graph-

itization of Fe-N-C5 is confirmed also by adopting the parameter R2 introduced by 

Beyssac et al. [70] and that can be calculated according to equation 3 

𝑅2 =  
𝐼𝐷1

𝐼𝐺 + 𝐼𝐷1 + 𝐼𝐷2

 (3) 

R2 value reflects the number of structural defects and assume value higher than 0.5 

for poorly organized structure and lower than 0.5 for well-organized one. R2 is equal to 

0.45 for Fe-N-C5, whereas is > 0.5 in all the other synthetized catalysts. 

 

Figure 3 a) Overlay of spectra acquired in different synthetic condition, b) full range Raman spectrum for Fe-N-C5, c) ID1/IG 

ratio and La variation within the set of Fe-N-C catalysts, d) D3 and D2 band area and G band FWHM within the set of Fe-

N-C catalysts. 

The XRD analysis was performed on samples before acid washing, since otherwise 

the concentration of iron phases was too low to yield a clearly detectable diffraction signal 

(Figure 4a). The Fe-N-CX samples are composed of the following crystalline phases: 

graphite (C), metallic iron (α-Fe) and iron carbide (Fe3C), but the content is different 

among different samples. Magnetite (Fe3O4) was detected only in Fe-N-C5. From a quali-

tatively evaluation of the diffraction patterns, the Bragg reflection at 30.4 °2θ from C (002) 

lattice planes is sharper for Fe-N-C5, which means a higher degree of crystallinity. The 

same conclusion was previously found from Raman spectroscopy analysis. A quantitative 

description of the peak broadening of graphite 002 reflection was achieved by profile fit-

ting with an asymmetric (split width) Pseudo Voigt function. When iron is added after 

the first pyrolysis, the total width is reduced from 6.6 °2 in Fe-N-C3 to 5.0 in Fe-N-C4 

and the integrated intensity increases, becoming two times higher than in Fe-N-C3. The 

same consideration stands for Fe-N-C5. The 002 reflection intensity increment means that 

the stacking of graphite layers is not interrupted by amorphous carbon. For the other 

phases, which exhibited more defined reflections, a Williamson-Hall (W-H) plot analysis 

was tentatively applied. In Figure S4 the W-H plots of Fe3O4 and -Fe are reported. The 

α-Fe showed two Bragg reflections in the measured 2 range, thus the line profile analysis 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 February 2021                   doi:10.20944/preprints202102.0603.v1

https://doi.org/10.20944/preprints202102.0603.v1


 

was limited to two diffraction peaks, namely the 011 and 002 reflections. The integral 

breadth values, subtracted by the instrumental contribution, are reported in table x. The 

estimated mean crystallite size was derived by applying the Scherrer equation on each 

reflection, setting a shape factor Kβ = 1. For sample Fe-N-C5, the sizes of α-Fe resulted 

equal to 49 nm for Bragg peak at 52.3 °2θ and 48 nm for Bragg peak at 77.2 °2θ (Table S2). 

The size of these particles is in general agreement with those obtained from TEM images, 

so that it is reasonable to assert that the most visible particles are principally made of 

metallic iron. The Fe3O4 phase displayed a more pronounced peak broadening (Figure S4) 

related to smaller crystallite sizes. As previously introduced, the acid washing removes 

the Fe3O4 and metallic particles, and the remaining ones are Fe3C and a low percentage of 

α-Fe (Figure S5). 

The composition of the exposed surface of Fe-N-Cn samples was investigated by a 

comprehensive XPS analysis, which evidenced the presence of iron, oxygen, carbon and 

nitrogen. The presence of the same elements was confirmed by ICP-MC (Fe) and elemental 

analysis (N and C) as reported in Table 2. It is interesting to underline that according to 

bulk elemental analysis, the use of 1,10-phenanthroline as an auxiliary nitrogen source 

does not bring any further increase of the nitrogen functional groups (Table 2 and Figure 

4c). Actually, the nitrogen content decreases from 0.68 wt.% (Fe-N-C3) to 0.44 wt.% (Fe-

N-C1) when 1,10-phenanthroline is used. If Fe(Phen)3Cl2 is used as Fe3+ precursor, the ni-

trogen content increases up to 0.56 wt.%, and this was associated to the strong chelating 

effect exert by the trivalent cation. In fact, it seems that Fe3+ is more easily incorporated in 

the sample than Fe2. . It seems then that the hydrogel acts as a carbon exchange resin, 

where the adsorption depends on pH and on chemical interaction. The maximum nitro-

gen surface content determined by XPS is limited to ca. 2 %wt. (in Fe-N-C1 and Fe-N-C3, 

see Table S3). The N 1s peak was fitted with 6 components (Figure 4b) i.e. imine N (397.8 

eV), pyridinic N (398.8 eV), Fe-Nx (399.9 eV), pyrrolic N (400.7 eV), graphitic N (401.7 eV) 

and N-O group (402.7 eV) [19,44]. Actually, the data show an apparent decrement of pyr-

rolic nitrogen and Fe-Nx, going from Fe-N-C1 to Fe-N-C5 (see Figure 4d and Table S3). 

The distribution of the N-functional groups appears to be influenced by the oxidation state 

of the iron precursor, as it can be observed from Figure 4d. In fact, the principal nitrogen 

groups which form when using Fe3+ are: Nx, pyrrolic and graphitic nitrogen, while using 

Fe2+ the imine and pyridinic groups may be singled out.  
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Figure 4 a) XRD spectra acquired before acid wash in H2SO4, b) example of high-resolution core-level XPS spectra of N 1s 

and deconvolution for Fe-N-C5; (c) superficial and bulk(NEA) nitrogen content as determined by XPS and elemental anal-

ysis, respectively (d) surface nitrogen speciation in each Fe-N-Cn catalyst. 

2.3. ORR electrochemical performace  

The catalytic performance for oxygen reduction reaction was evaluated by using CV 

and LSV with RRDE. In Figure 5a we report a representative example of the voltammetric 

behavior of Fe-N-C5 in both Ar-purged and O2-saturated 0.5 M H2SO4. In oxygen-satu-

rated electrolyte, a very intense and narrow peak appears at around 0.75 V/RHE (scan rate 

at 2 mV s-1) which is not present in the background and that can be convincedly assigned 

to the ORR process. All the other catalysts show very similar behavior, but with different 

Ep and Ip. Figure 5b reports the LSV curves for all the Fe-N-C catalysts. E1/2 and jk, repre-

senting the half wave potential and the kinetic current, respectively, are two objective de-

scriptors of the catalytic process and it clearly appears that both shifts to more positive 

value passing from Fe-N-C1 to Fe-N-C5, attesting a superior catalytic activity for Fe-N-C5 

(Figure 5c). The number of transferred electrons were calculated from the K-L plot and 

compared to the value determined by RRDE (Figure 5d). The two values are in fairly 

agreement attesting an almost 4 electron process at all the catalysts with a higher selectiv-

ity in those catalysts obtained with the post addition of iron precursors. The H2O2 yield 

ranges between 6% to 10 % reaching the lowest value in Fe-N-C5 (Figure 5d).  

It is interesting to observe that H2O2 yield scale linearly with both: the percentage of 

pyrrolic functional groups determined by XPS analysis and the R2 parameter attesting the 

graphitization degree of the carbon material, i.e. the higher the Npyrrolyc density or the 

amorphous carbon fraction, the higher the H2O2 (Figure 5e and f). 

The number of Fe-Nx sites was determined by the electrochemical nitrite stripping 

developed by Malko et al. [71,72]. This method is based on the selective interaction of Fe-

Nx sites with probe molecule NO2
−, which reversibly binds to the Fe center as nitrosyl at a 

buffered pH value of 5.2. The nitrosyl stripping charge, Qstrip, can be related to the gravi-

metric site density according to the formula: 

MSD [mol sites g−1]  =  
𝑄𝑠𝑡𝑟𝑖𝑝[𝐶 g−1]

n𝑠𝑡𝑟𝑖𝑝𝐹[𝐶 mol−1]
 (4) 

where nstrip is the number of electrons associated with the reduction of one adsorbed 

nitrosyl per site to NH3. What we expect is to observe a variation of sites density depend-

ing on the synthetic procedure and therefore on the textural, morphological and chemical 

properties of the Fe-N-C catalysts. An example of the obtained electrochemical curves is 

reported in Figure S6a,b. The turnover frequency (TOF) of Fe-Nx sites is then given by the 

expression: 

𝑇𝑂𝐹[𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑠𝑖𝑡𝑒𝑠−1 𝑠−1] =
𝑗𝐾 [𝐴 𝑔−1]

𝑀𝑆𝐷[𝑚𝑜𝑙 𝑠𝑖𝑡𝑒𝑠 𝑔−1] ∙ 𝐹[𝐶 𝑚𝑜𝑙−1]
 (5) 

where F is the Faraday constant, 𝑗𝐾 is the kinetic current determined by the Tafel 

plot (Figure S6c) and MSD is the gravimetric active sites density. It becomes clear that the 

catalytic activity expressed as jk is influenced either from a high turnover frequency or a 

high number of active sites (Figure S6d). It is interesting to observe that according to NO-

stripping results (Table S4), the site density scale almost linearly (excluding the Fe-N-C1 

point) with the half wave potentials of LSV recorded at different catalysts for the ORR 

process. This is a clear indication of how the catalytic activity depends on the number of 

Fe-Nx sites. Furthermore, the SD shows a good correlation also with the hierarchical factor 

HF, which is a descriptor of how much interconnected are micropores, where active sited 

should be located, and mesopores which favor the access to the active sites. The addition 

of iron precursor after the first pyrolysis step leads to an increased activity because of 

both: an increased number of active sites and to a hierarchical structure, which improve 

the access to those active sites. At the same time, the increased graphitization degree is 

helpful in increasing the selectivity because of a reduced density of pyrrolic nitrogen.  
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Figure 5 (a) cyclic voltammetry of Fe-N-C5 recorded in Ar purged and O2-saturated 0.5 M H2SO4, v = 2 mV s-1 (b) LSV at 

RRDE recorded in O2-saturated 0.5 M H2SO4, v = 2 mV s-1 and was  =1600 rpm. (c) Kinetic current and half-wave potential 

for Fe-N-Cn; (d) number of transferred electron for ORR and H2O2 yield determined at 0.7 VRHE for all the investigated 

catalysts; (e) correlation between the pyrrolic nitrogen species and H2O2 percentage ; (f) correlation between the graphiti-

zation parameter R2 calculated according to equation 3 and H2O2 percentage; (g) correlation between the site density 

determined by nitrosyl stripping and the half wave potential (h) correlation between the site density and the hierarchical 

factor HF determined by equation 1. In picture e-h, dotted lined are only intended for guiding the eye. 

 

 

3. Materials and Methods 
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3.1 Synthesis of the catalysts. 

The synthesis of chitosan-based Fe-Nx catalysts is based on the gelation of chitosan where 

chitosan is the main source of carbon and nitrogen, and 1,10-phenanthroline is used as an 

auxiliary nitrogen source. The iron doping is obtained using an inorganic salt such as FeCl2, 

FeCl3 or tris(1,10-phenanthroline)iron(II)-chloride (Fe(Phen)3Cl2). The synthesis consists in 

the formation of a chitosan hydrogel, followed by the removal of the solvent by freeze 

drying and the pyrolysis of the resulting material (Scheme 1). The hydrogel synthesis in-

volved the dispersion of the chitosan powder (1.8 g) in an acetic acid solution (100 mL, 2 

vol %), and the resulting mixture was vigorously stirred to ensure the complete solubili-

zation. At acidic pH, the amine groups in the N-acetyl-β-(D)-glucosamine moiety are pro-

tonated to ammonium (pKa (-NH3+) = 6.3), favoring the solubilization of the polymer in 

water, thus obtaining a transparent, homogeneous and viscous solution. At this stage, 1,10-

phenanthroline (Phen), FeCl2 or FeCl3 were used as secondary sources of nitrogen and as 

iron precursor, to induce the formation of Fe-Nx sites. The addition at this stage of Phen + 

FeCl2, Phen + FeCl3 or FeCl2 leads to form Fe-N-Cn (X = 1-3) after the second pyrolysis 

(

 

Scheme 1: Schematic representation of different steps for the synthesis of a chitosan-derived Fe-N-C 

electrocatalysts. 

 

Table 1). The hydrogel formation occurred after pouring a 1 M NaOH solution to the chi-

tosan solution. The gelation is not instantaneous but depends by the diffusion of OH− 

through the chitosan solution. The obtained hydrogel was than rinsed with water until a 

neutral pH was reached and then cut into small pieces and afterward freeze-dried to re-

move all water. The dried gel was then thermally treated in a two-step pyrolysis procedure. 

The gel was heated in a Carbolite tubular furnace with a 75 sccm (standard cm3/min) N2 

flux at 100 °C for 1 h, after which the temperature was raised up to 400 °C at a rate of 

5 °C/min and kept at that temperature for 2 h. The resulting powder was ground by vibro-

milling (Retsch MM 400, four steps of 4 min/10–25 Hz). As alternative to the addition of 
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nitrogen and iron precursor before the gelation process, FeCl2 or tris(1,10-phenanthro-

line)iron(II)-chloride (Fe(Phen)3Cl2) were mixed after the first pyrolysis at 400°C to form 

Fe-N-C4 and Fe-N-C5, respectively after the second pyrolysis 

(

 

Scheme 1: Schematic representation of different steps for the synthesis of a chitosan-derived Fe-N-C 

electrocatalysts. 

 

Table 1). Notwithstanding the timing in which chitosan, iron precursors and nitro-

gen auxiliary source are added, the mixture was re-pyrolyzed at 900 °C for 2 h under 

nitrogen atmosphere. The so obtained catalysts were acid washed in a 2 M H2SO4 solution, 

under reflux for 2h at 100 °C. After that, the solution is filtered, and the carbon is washed 

with milli-Q water several times and dried at 80 °C in oven for a night. Eventually, the Fe-

N-C catalysts were activated at 900 °C for 2 h under a reducing atmosphere of (8 % H2 in 

nitrogen), which is fluxed when 900 °C is reached. The final powder catalyst is grinded 

for 40 min at 22 Hz before the characterizations. 

3.2 Electrochemical test 

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were carried out on a 

rotating ring-disc electrode (RRDE, Metrohm; d = 5 mm GC disk and a Pt ring), in both 

Ar-purged and O2-saturated 0.5 M H2SO4 solution using an Autolab model 101N potenti-

ostat. All measurements were done in a three-electrode cell thermostated at 25°C. The 

RRDE tip was used as working electrode, a graphite rod was used as counter-electrode 

and a homemade RHE as reference electrode. RHE consists in a spiral Pt wire settled to 

the closed end of a capillary glass tube filled with the electrolyte solution in which H2 was 

directly electrogenerated at the Pt wire via chronoamperometric technique until half of 

the spiral was filled with gas. 

The materials activity was investigated on a relatively thin catalyst layer loaded on GC 

surface via drop-casting after the preparation of an ink made approximately of a 8:2 mix-

ture of water, an organic solvent (ethanol, isopropanol and THF) and Nafion (mnafion/mcat 

solution ≈ 0.8). To obtain a good dispersion the ink was sonicated both in a bath and probe 

sonicator. The loading was chosen to be 0.6 mg cm-2 as used in previous works [20,42]. 

All the materials were initially activated in Ar-purged electrolyte with extensive CV 

cycling at 200 mV s-1 until a stable current was observed. In ORR tests, O2 was bubbled 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 February 2021                   doi:10.20944/preprints202102.0603.v1

https://doi.org/10.20944/preprints202102.0603.v1


 

inside the electrolyte solution for at least 30 min. The number of transferred electron (n) 

was determined by RRDE linear sweep voltammetry according to the following equation: 

𝑛 =
4|𝑖𝐷|

|𝑖𝐷| + |𝑖𝑅|/N
 (6) 

Where iD is the current recorded at disk, iR the current recorded at ring and N the 

collection efficiency, which is equal to 0.25 (determined by performing RRDE measure-

ment in the presence of K4Fe(CN)6 in 0.5 M K2SO4 electrolyte). With the last analysis it is 

also possible to evaluate the percentage of hydrogen peroxide produced at the working 

electrode: 

𝜒𝐻2𝑂2
% = 100 ∙

4 − 𝑛

2
=

100 ∙ 2|𝑖𝑅|

𝑁 ∙ |𝑖𝐷| + |𝑖𝑅|
 (7) 

Other parameters of interest are the half-wave potential (E1/2), and the limiting cur-

rent density (jlim) determined from LSV analysis at 2 mV s-1 and 1600 rpm. The mass-

transport corrected kinetic current density at a selected potential was calculated according 

to equation 8. 

𝑗
𝑘

=
𝑗

𝐸
∙ 𝑗

𝑙𝑖𝑚

𝑗
𝐸

− 𝑗
𝑙𝑖𝑚

 (8) 

where jE is the current density at the selected potential E = 0.65 V vs RHE. 

To evaluate the catalysts site density, nitrite (NO2
−) poisoning and electrochemical 

stripping were performed following the procedure described by Malko et al. [71]. This 

procedure allows the selective poisoning of Fe-Nx site and the site density is determined 

by measuring the charge of NO reductive stripping during a CV measurement. The side 

density measurements were performed on a thin layer of catalyst deposited on a GC (RDE, 

Metrohm Ø = 5 mm) in a 0.5 M acetate buffer at pH 5.2. A loading of 0.2 mg cm-2 was 

chosen according to published procedure, the ink was let dry with the electrode in rotation 

at 130 rpm for about 20 min. 

3.3 Physico-chemical characterization 

X-ray photoemission spectroscopy (XPS) measurements were performed at room 

temperature in a UHV chamber (base pressure < 5.10−9 mbar), equipped with a double 

anode X-ray source (Omicron DAR-400) and a hemispherical electron analyser (Omicron 

EIS-125). A non-monochromatized Mg-Kα radiation (hν=1253.6 eV) and pass energies of 

50 eV and 20 eV for the survey and the single spectral windows, respectively, were used. 

The calibration of the Binding Energy (BE) scale was carried out using Au 4f7/2 as a refer-

ence (BE Au 4f7/ 2=84.0 eV). The XPS peak of nitrogen was deconvoluted into single com-

ponents by using symmetrical Voigt functions. 

XRD measurements were acquired by using a Panalytical X’Pert Pro diffractometer 

equipped with a Co anode X-ray tube (40 kV, 40 mA), Bragg–BrentanoHD optical module, 

and X’Celerator detector. Diffraction patterns were collected in the 5°-90° 2 range with 

2 = 0.0338 ° virtual step size, counting an equivalent time of 300 s per step. The experi-

mental patterns after some corrections are compared with the reference ones (Powder Dif-

fraction File - PDF database) to individuate the possible phases. The main corrections con-

cern the background and the instrumental broadening. In fact, in these samples, the back-

ground is bumped up by amorphous carbon matrix. The instrumental broadening was 

evaluated from the Bragg reflections of the reference standard LaB6 (SRM 660c). The fitting 

profile was performed using a Pseudo-Voigt function, which allows to consider both Lo-

rentzian and Gaussian broadening of the diffraction peaks, as demonstrated by the fitting 

of the graphite reflection of sample Fe-N-C3 in Figure S4. 

Raman spectra were recorded using a micro-Raman set-up with a 1mW laser at 532 

nm with 50xLWD objective (pinhole 25µm). N2 adsorption/desorption isotherm were rec-

orded at 77.3 K using an ASAP 2020 Plus instrument. Specific surface area of the samples 

was determined by BET analysis and with Quenched Solid Density Functional Theory 

(QSDFT) model, which showed to be more accurate compared to NLDFT, even if limited 
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to pore dimension of 40 nm. In fact, it takes into account the roughness of the surface and 

chemical heterogeneity leading to a better fit of experimental data, in particular for disor-

dered carbons. The total volume of pore was obtained applying Gurvitsch law at p/p0 ≈ 

0.98. Elemental analysis (EA) was carried out using a Thermo Scientific Flash 2000 ana-

lyzer. Transmission electron microscopy (TEM) images were obtained with a FEI TECNAI 

G2 instrument operating at 100kV.5.  

Inductively coupled plasma mass spectrometric analysis was performed with an Ag-

ilent Technologies 7700x ICP-MS. The samples (5 mg) were digested with 5 ml of 68% 

HNO3 in a microwave system CEM EXPLORER SPD PLUS at a heating rate of 40 °C/min 

from room temperature to 220 °C (power of 300 W). The vial pressure was 400 psi and the 

digestion procedure took 15 minutes. Samples, after the digestion step, were suitably di-

luted and filtered before the ICP-MS measurement. 

Conclusions 

In this paper we consider the synthesis of Fe-N-C type catalysts by employing chi-

tosan as sustainable carbon and nitrogen precursor. The synthetic procedure of Fe-N-C 

was refined and the optimal conditions for obtaining highly active and selective catalysts 

for oxygen reduction reaction consists in a double step thermochemical conversion of chi-

tosan where an iron complex such as Fe(Phen)3Cl2 is added only after the first pyrolysis 

step. This leads to the formation of a catalysts with enhanced Fe-Nx catalytic sites and a 

reduced amount of pyrrolic functional groups. The combined effects allow to increase the 

activity and the selectivity versus the 4e- ORR. Furthermore, the Fe-N-C catalysts pre-

pared according to this protocol shows a high graphitization degree, which help the se-

lectivity versus the reduction of O2 to H2O and an optimal hierarchical pore structure, 

which enhances the accessibility to the Fe-Nx active sites. 
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