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Effective conversion of reproducible organic biomass into valuable carbon material is very important 

for renewable energy technology. In this study, here we develop a unique strategy to design a nitrogen-

doped carbon-based electrocatalyst for oxygen reduction reaction (ORR) via successful pyrolysis of 

purple cabbage combining with ZnCl2 activation and acid-leaching processes. It is found that this 

carbon material show high ORR catalysis performance with an ORR onset potential of ~0.96 V versus 

RHE and a half-wave potential of ~0.8 V, slightly lower than that of the commercial Pt/C catalyst in 

0.1 mol l
−1

 KOH solution. The high ORR activity mainly derives from high contents of pyridinic- and 

pyrrolic-nitrogen inside the prepared carbon material. Besides, compared to the Pt/C catalyst, the 

prepared catalyst also exhibits excellent long-term stability, which can be considered as a promising 

carbon−based ORR catalyst for fuel cells.  
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Fuel cells are regarded as a potential alternative to traditional power sources for a wide range of 

applications owing to their outstanding merits in terms of high efficiency, high energy density and low 

emissions [1,2]. However, a great disadvantage that the oxygen reduction reaction (ORR) process has a 

sluggish kinetics behavior at the cathode of fuel cells [3,4]. To date, platinum−based materials are one 

of the most efficient electrocatalysts for enhancing the ORR catalytic activity. However, high−cost and 

rarity of metal-Pt limit their practical applications. In addition, poor stability and low tolerance of fuel 

molecules on the metal-Pt also restrict their applications in fuel cell fields [5−8]. Therefore, the 

development of highly efficient, low−cost and stable ORR electrocatastlysts is beneficial for the 

commercialization of fuel cells. Motivated by their economical requirements and excellent 

performance, the great progress has been achieved in carbon−based Pt-free ORR catalysts. Compared 

with the 20 wt.% Pt/C catalyst, their exceptional properties such as excellent activity and amazing 

stability enhance their application [9−14]. Up to now, many types of Pt-free ORR electrocatalysts were 

reported, including transition metal−nitrogen (M-Nx) compounds [15], complexes of metal oxides and 

carbon materials [16−19], modified−carbon nanotubes and heteroatoms−doped carbons [20−21]. Thus, 

high efficiency and long−term stability of these non−Pt catalysts are very important for full cells 

because of particle growth during long term operation and metal dissolution at high potentials [22−23]. 

Recently, with the rapid development of transition-metal nitrides (TMNs), they have attracted 

significant research interests owing to exceptional features, i.e., low−cost, high electronic conductivity 

and renewability. These materials display a prospective application as Pt−free ORR catalysts. Usually, 

the TMNs catalysts are synthesized by chemical methods, but the chemical synthesis of TMNs is 

complicated and low−utilization of metal and the cost of this method are also more expensive than rare 

metal (Pt, etc.). Hence, more and more researchers focus on green, efficient and convenient natural 

organic materials towards the ORR by environmentally and economic synthesis methods. For example, 

several biomass, including pig bone [24], silk fibroin [25], nori [26] and hemoglobin [27] has been 

widely studied. Obviously, natural organic materials are abundant from amino acids and bioproteins. 

In our previous work [28,29], several kinds of carbon catalysts with porous nanostructures were 

prepared via the pyrolysis of protein−rich animal blood or soybean biomass. Although the obtained 

catalysts have exhibited ORR electrocatalyic activity, they do not show the same ORR catalytic 

activity with the 20 wt.% Pt/C catalyst in alkaline and acid solutions. Therefore, the study of efficient 

catalysts is still a critical scientific issue for realizing highly−efficient catalysis for oxygen reduction 

reaction. 

Compared to the reported ORR catalysts derived from biomass, purple cabbage (PG) is a lower 

cost and abundance materials in nature and contains abundant nitrogen content, showing a great 

potential in producing the ORR catalysis materials. In this study, we develop a facile and new method 

to prepare a cheap and active ORR electrocatalyst by using PG300 precursor obtained from partial 

carbonization of PG at 300 °C, combined with zinc chloride (ZnCl2) as an activator. The prepared 

catalyst was carefully analyzed, and its ORR catalytic activity was evaluated in detail. It suggests that 

this catalyst has a key function in the electrocatalysis of ORR at alkaline conditions. 

 

2. EXPERIMENTAL 
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2.1. Materials synthesis 

Firstly, fresh PG was purchased from local supermarket and completely dried in vacuum oven 

at 100 °C for 24 hours. The dried PG was further ground for powders in an agate mortar. Subsequently, 

1.0 g of dried PG powder was partially carbonized in a tube furnace at 300 °C for 2 h in nitrogen 

atmosphere to prepare the precursor (marked PG300). To prepare the PG300Z−X (X=700, 800 or 900) 

catalyst, the all−solid−state mixture of 0.5 g of zinc chloride (Z) as an activator and 0.1 g of PG300 as 

a precursor was pyrolyzed at different temperatures (700, 800 and 900 °C) for 2 h with a heating−rate 

of 5 °C min
−1 

under the flowing−N2 atmosphere, respectively. The obtained carbon−based catalysts 

were marked as PG300Z−700, PG300Z−800 and PG300Z−900, respectively. The synthesis process is 

depicted in Fig. 1. All prepared samples were further washed with 0.5 mol
−1 

HCl solution and dried at 

80 °C before using for ORR catalysts.  

 

 
 

Figure 1. Schematic illustration for synthesis of the PG300Z−X catalyst 

 

2.2. Characterization 

The structural analysis of the prepared catalysts was performed via using an X−ray 

photoelectron spectroscopy (XPS) (VG Scientific ESCALAB 220iXL spectrometer) with an Al Ka (hν 

= 1486.69 eV) X−ray source. The morphology of the prepared catalysts was characterized by 

high−resolution transmission electron microscope (FEI Tecnai−G2 F30) with an acceleration voltage 

of 300 kV. 

2.3. ORR performance test  
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Electrochemical data were obtained on a Zennium−E workstation (Germany) with a 

conventional three−electrode device. A glass−carbon rotation disk electrode (GC−RDE, Φ=4 mm, 

Model 636−PAR), a saturated calomel electrode (SCE), and a Pt foil with geometric area of 1 cm
2 

were used as a working electrode (WE), a reference electrode (RE), and a auxiliary electrode (AE), 

respectively. The fabrication of WE refers to our previous reports [28]. The mass loading is controlled 

to be around 0.40 mg cm
−2

 except for the commercial Pt/C catalyst (20 wt.% Pt) with a mass loading 

of 0.30 mg cm
−2

. All potentials versus SCE were transformed into the potentials versus a reversible 

hydrogen electrode (RHE). All electrochemical experiments including cyclic voltammetry (CV) and 

linear sweep voltammetry (LSV) tests were carried out in 0.1 mol L
−1

 KOH electrolytes at a scanning 

rate of 5 mV s
−1

. The number of electron transfer (n) per O2 molecule was calculated by the following 

equation [26]: 

21613226.0

11

Jd

1

WVnFCoDoJk 


 

where Jd and Jk are the measured current density and kinetic limiting current density 

respectively, F is the Faraday constant (96,485 C/mol), CO is the O2 saturation concentration in the 

aqueous solution solution (1.2×10
−6

 mol/cm
−3

), DO is the O2 diffusion coefficient in the aqueous 

solution (cm
2
 s
−1

), v is the kinetic viscosity of the solution (cm
2
 s
−1

), w is the electrode rotation rate (r 

min
−1

), and 0.26 is a constant when the rotation rate is expressed in rpm. 

 

 

3. RESULTS AND DISCUSSION 

3.1. Morphology and structure characterizations 

X−ray photoelection spectroscopy (XPS) was used to probe the electronic structure of 

PG300Z−700, PG300Z−800 and PG300Z−900. As shown in Fig. 2, three typical peaks: C1s, N1s, and 

O1s can be distinctly found, indicating that all the catalysts consist of carbon, nitrogen and oxygen 

elements. The total nitrogen contents of PG300Z−700 and PG300Z−800 are about 3.96 at.% and 3.33 

at.%, respectively, but that of PG300Z−900 is only 1.70 at.%. It indicates that the increasing of 

heat−treatment temperature can affect the nitrogen content of the carbon−based catalyst. For the N1s 

XPS spectra (Fig. 3a−c), the peaks at 398.3, 400.3 and 401.8 eV are attributed to three types of 

nitrogen functionalities, that is, pyridinic−N, pyrrolic−N and oxidized−N. Generally, the content and 

proportion of N species in the carbon materials play a vital role for improving the ORR catalytic 

activity [30,31]. As displayed in Fig. 3d, it is obviously found that the synthesis temperature has an 

important effect on the relative percentage of various N bonding configurations. In detailed, the 

relative percentage of the planar N (pyridinic−N and pyrrolic−N) rapidly increases from 73.5 at.% for 

PG300Z−700 to 79.5 at.% for PG300Z−900 with the increasing carbonization temperatures. 

Conversely, the percentage of the oxidized−N obviously decreases from 26.5 at.% for PG300Z−700 to 

20.5 at.% for PG300Z−900, respectively. The electrocatalytic activity of the catalyst is clearly 

improved (see Fig. 5). A preliminary conclusion that and the planar−N species can be responsible for 

the enhancement of the ORR electrocatalytic activity, which may be the electrocatalytically active sites 

for the ORR [32−33]. Moreover, the structure of PG300Z−800 catalyst (Fig. 4) combined with ZnCl2 
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activation and heat−treatment at high temperature shows a micro−scaled bulk porous morphology. 

This micro−structure may facilitate the electron transfer and increase the active sites for the ORR, 

resulting in good ORR catalytic activity. 
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Figure 2. XPS full-scan spectra of PG300Z−700, PG300Z−800 and PG300Z−900. 
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Figure 3. N1s XPS spectra of PG300Z−700 (a), PG300Z−800 (b) and PG300Z−900 (c). (d) The 

nitrogen group distribution of PG300Z−700, PG300 Z−800 and PG300Z−900. 
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Figure 4. High−resolution TEM images of PG300Z−800 (a, b). 

 

3.2. ORR electrocatalytic activity  

In Fig. 5, the electrocatalytic activity towards the ORR of PG300Z−X  and 20 wt.% Pt/C 

catalysts in N2 versus O2−saturated 0.1 mol l
−1

 KOH solution were evaluated by CV  and LSV 

b 

a 
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methods. As indicated in Fig.3a and 3b, significant differences among the catalysts on ORR catalytic 

activity in terms of ORR peak potential (Ep) and onset potential (EORR) are clearly observed by 

comparing the CV curves obtained in N2− versus O2−saturated KOH solutions. Interestingly, the ORR 

onset potential of PG300Z−800 is up to 0.98V versus RHE, whereas it is only 0.92 V and 0.9 V for 

PG300Z−900 and PG300Z−700, correspondingly. The varied potential tendency indicates that more 

contents of pyridinic−N and pyrrolic−N in catalysts have better ORR activity among all the catalysts in 

alkaline solution. Fig. 5a shows that the CV curve has exhibited no ORR activity in N2-saturated 0.1 

mol l
−1

 KOH solution. The stability of oxygen reduction catalysis is another key factor to evaluate the 

practical ability of prepared non−precious catalysts in future application of fuel cells. In Fig. 6, we 

measure the ORR stability of PG300Z−800 and Pt/C catalysts by an accelerated aging test (AAT) with 

a continuous cyclic voltammetry test for 2000 cycles in O2−saturated KOH solution at a scan rate of 

100 mV s
−1

. Compared with commercial 20 wt.% Pt/C catalyst, the PG300Z−800 catalyst has better 

ORR stability. According to the results reported in the literature [24,34−41], it is found that the ORR 

catalysis performance of PG300Z-800 can compare favourably with some carbon-based 

electrocatalysts in terms of onset potential, half-wave potential, electron transfer number and current 

density, as shown in Table 1. 

 

Table 1. The ORR activity data for PG300Z-800 and other carbon catalysts reported in the literature.  

Samples EORR E1/2 n Current density Ref. 

Fe/C-SOYB-A 0.83 V vs.RHE 0.66 V vs.RHE 3.1 1.3 mA cm
–2

 @ + 0.65 V vs.RHE [28] 

BP350C1000 0.90 V vs.RHE 0.78 V vs.RHE 3.5 1.0 mA cm
–2

 @ + 0.65 V vs.RHE [29] 

N-Graphene 0.31 V vs.SHE 0.35 V vs.SHE 3.6 3.0 mA cm
–2

 @ –1.0 V vs.SHE [32] 

Co-NC(900) 0.85 V vs.RHE 0.80 V vs.RHE 3.9 5.5 mA cm
–2

 @ + 0.65 V vs.RHE [34] 

CoN/C-600 0.91 V vs.RHE 0.85 V vs.RHE 3.8 5.7 mA cm
–2

 @ + 0.55 V vs.RHE [35] 

N-CNT(800) 0.91 V vs.RHE 0.70 V vs.RHE 3.7 2.6 mA cm
–2

 @ +0.65 V vs.RHE [36] 

GO flakes 
–0.21 V 

vs.Ag/AgCl 
--- 1.9 

3.7 mA cm
–2

 @ –1.0 V 

vs.Ag/AgCl 
[37] 

Co/N/C-900 
0.035 V  

vs.Hg/HgO 
--- 3.8 

4.3 mA cm
–2

 @ –0.4 V vs. 

Hg/HgO 
[38] 
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Fe-PANI@ 

GD-900 
1.05 V vs.RHE 0.82 V vs.RHE 4.0 4.5 mA cm

–2
 @ 0.5 V vs.RHE  [39] 

PG300Z-800 0.98 V vs.RHE 0.80 V vs.RHE 3.9 3.1 mA cm
–2

 @ + 0.65 V vs.RHE 
This 

work 
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Figure 5. (a) CV curves of PG300Z−800 in O2 versus N2−saturated 0.1 mol l
−1

 KOH electrolyte at a 

scan rate of 5 mV s
−1

; (b) CV and (c) LSV curves of PG300Z−700, PG300Z−800 and 

PG300Z−900 in O2−saturated 0.1 mol l
−1

 KOH electrolyte at a scan rate of 5 mV s
−1

; (d) LSV 

curves of PG300Z−800 and 20 wt.% Pt/C catalysts in O2−saturated 0.1 mol l
−1

 KOH 

electrolyte. 

 

 

To further understand the ORR mechanism of PG300Z−800 in KOH solution, the LSV curves 

for the ORR at different rotation rates from 400 to 3600 rpm were tested and the results were shown in 

Fig. 7a. It is clearly indicated that the limited current density (jd) increases with the increasing of the 

rotation speed. Six jd values corresponding to the potentials of 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7 V on the 

LSV curves were taken. According to the slopes of Koutecky−Levich plots, the average electron 

transfer number is calculated to be ~3.9. It demonstrates the ORR process of PG300Z−800 catalyst 

involves a four−electron transfer pathway, which is very similar to ORR catalyzed on a Pt/C catalyst in 
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alkaline electrolyte [41]. Despite the nitrogen−containing functionality plays a critical role in ORR 

electrocatalytic activity, its reaction mechanism remains unclear until now. In this study, a true fact is 

certain that the heat-treatment temperature can regulate the ratios of nitrogen species as well as the 

number of active sites, leading to a great change in ORR catalytic activity. As analyzed from the above 

XPS data, all the prepared doped-carbon catalysts from ZnCl2 activation at high temperature have high 

graphitization degree. Especially, the PG300Z−800 with excellent ORR catalytic activity is closely 

correlated to its nitrogen species and inner porous structure. In addition, the PG300Z−800 catalyst has 

a relatively high content of nitrogen-containing species including pyridinic− and pyrrolic−N 

functionalities. Interestingly, a great number of pores can be observed on the surface of PG300Z−800, 

which also leads to fast electron transfer of oxygen reduction and high ORR activity. After the 

heat−treatment process at high temperatures, we consider that the pyridinic-N species is also dominant 

for enhancing the ORR activity of nitrogen-doped carbon-based catalyst other than the pyrrolic−N 

species. As for pyridinic−N, we infer that it is a primary influence factor on the ORR activity for our 

system. 
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Figure 6. CV curves of PG300Z−800 and 20 wt.% Pt/C catalyst before and after performing an 

accelerated aging test (AAT) in O2−saturated 0.1 mol l
–1

 KOH solution. 
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Figure 7. (a) ORR polarization curves of PG300Z−800 obtained at different rotation speeds (400–

3600 rpm) in O2−saturated 0.1 mol l
−1

 KOH electrolyte. (b) Koutecky−Levich plots at different 

potentials (0.2, 0.3, 0.4, 0.5, 0.6 and 0.7 V). Data are obtained from (a).  

 

 

4. CONCLUSION 

In summary, we develop a novel approach to obtain Pt-free oxygen reduction electrocatalyst by 

using carbonized purple cabbage as a single-source precursor, combined with ZnCl2 activation and 

acid-leaching processes. The structure and morphology characterization largely confirm that the 

surface N−rich active sites of the prepared catalyst are effectively exposed to the oxygen reaction 

process in alkaline media. Hence, this catalyst exhibits high ORR activity and excellent stability, 
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which can be comparable to the commercial Pt/C catalyst and other carbon-based catalysts reported in 

the literature. Furthermore, we propose a new model to explain the relationship between ORR activity 

and N-rich active structures. Namely, both pyridinic− and pyrrolic−nitrogen species are mainly 

responsible for the ORR electrocatalytic activity, and they can be further considered as the ORR 

electrocatalytically active sites for our prepared catalysts. Also, the pyridinic-N species may be a 

primary influence factor on the ORR activity because of its special importance to the ORR.. Our 

results demonstrate that the prepared carbon material via two-step pyrolysis of purple cabbage biomass 

with the help of zinc chloride has a promising applications in several electrochemical reactions. 
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