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Abstract: Very recently, a variety of undoped carbons have been employed as 

electrocatalysts for the oxygen reduction reaction (ORR), based on the defect 

mechanism. Nevertheless, the defective carbon catalyst with sufficiently high ORR 

activity is still very rare. In this work, we report a series of defective carbon catalysts 

prepared through a facile and scalable “N-doping-removal” process using seaweed 

biomass sodium alginate (SA) as precursor. Our systematic studies reveal that the 

defect content, porosity characteristic and conductivity of defective carbons can be 

finely tuned by manipulating the pyrolysis temperature and viscosity of precursor 

polymer SA, which significantly affect the ORR performance. In 0.1 M KOH, 

compared to the commercial Pt/C catalyst, the optimized catalyst D-PC-1(900), with 

abundant ORR-active defects, a large surface area of 1377 m2g-1, a Smicro/meso ratio of 

0.6 and good conductivity, exhibited very comparable ORR activity and selectivity. In 

0.5 M H2SO4, considerable ORR activity was also observed for D-PC-1(900), which 

is among the highest reported for defective carbons and comparable to many of 

N-doped carbons. Density functional theory calculations indicate that the carbon 

defect can create the active sites for ORR in acidic media. More importantly, in both 

alkaline and acidic media, D-PC-1(900) shows much better stability and methanol 

tolerance than those of the Pt/C catalyst. All these results demonstrate that the 

seaweed biomass derived defective carbon is an excellent candidate for 

non-precious-metal ORR catalyst in various fuel cells. 
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1. Introduction 

To date, platinum (Pt)-based catalysts have been widely used as very efficient 

electrocatalysts for the oxygen reduction reactions (ORR) in both alkaline and acidic 

media [1,2], which are key reactions in various fuel cells [3,4]. However, Pt-based 

catalysts usually suffer from several unfavorable problems [5,6], such as high-cost, 

poor durability, low tolerance to methanol (MeOH) crossover and CO poisoning 

effects, which impede their practical applications in fuel cells. To solve these 

bottleneck problems, low-cost and Pt-free catalysts with high catalytic activity and 

superior stability are highly desired. Thus, in recent years, a variety of carbon-based 

catalysts have been developed as inexpensive alternatives to Pt-based catalysts for 

ORR [7].   

It has been well established that the catalytic performances of carbon catalysts can 

be significantly improved by using the heteroatom-doping strategy. It has been 

reported that a variety of heteroatoms such as N [8,9], P [10,11], S [12,13], B [14,15]  

can be homogeneously doped into porous carbons, leading to the introduction of new 

catalytic centers. In recent years, there have been numerous reports of the 

heteroatom-doped porous carbons with high catalytic activities, which are even 

comparable or superior to those of Pt/C catalyst [16-19]. On the other hand, it has 

been long believed that pristine or undoped carbons display very poor ORR catalytic 

activities. 

    However, a series of studies emerging very recently suggested a new mechanism, 

in which ORR is related to the specific carbon defects, such as edge pentagons, 585 
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and 7557 motifs [20-27]. Nevertheless, there are only a limited number of cases 

reporting promising results, including undoped graphene quantum dots/graphene 

nanoribbons (GQDs/GNRs) hybrid [24], defective graphene (D-G) [27] and defective 

activated carbons (D-AC) [26]. These carbon catalysts demonstrated excellent or 

considerable ORR performance under alkaline conditions, which is more or less 

comparable to that of commercial Pt/C catalyst, indicating their promising 

applications in the field of fuel cells.         

Continuing with the exploitation of the potential of undoped carbons as ORR 

catalysts, we herein report a new class of defective carbon catalysts, which is prepared 

using seaweed biomass derived sodium alginate (SA) as precursor through a facile 

and scalable N-doping and removal process. This defective carbon exhibits good ORR 

catalytic activities as well as high selectivity and stability in both alkaline and acidic 

media, which are even comparable or superior to those of commercial Pt/C as well as 

most heteroatom-doped porous carbons. The excellent catalytic performance has been 

clearly attributed to the defects generated through the N-doping and removal process. 

This work hopefully provides a promising strategy to develop cheap and efficient 

defective carbon electrocatalysts in both alkaline and acidic media. 

2. Experimental section 

2.1 Catalysts synthesis  

The N-doped carbon precursor (denoted as N-C-1) was prepared as follows. 

Briefly, 2.0 g of SA was dissolved in a mixed solution containing 120 mL deionized 

H2O and 40 mL NH3 .H2O (28%). Then, the mixture underwent a hydrothermal 
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carbonization at 160°C for 4 h, yielding a dark brown solution. The resulting solution 

was neutralized with HCl followed by a dialysis (1000KD) for 2 days to completely 

remove the salts (i.e., NH4Cl and NaCl). This solution was freeze-dried for at least 24 

h to produce N-C-1. Next, the dried N-C-1 was placed in the center of a quartz tube 

furnace. After pumping and purging the system with Ar/H2(5%) 3×, the temperature 

was raised to 200 °C with a heating rate of 3 °C min−1 and maintained for 2 h. Then, 

the temperature was further raised to 900 °C with a heating rate of 10 °C min−1 and 

held for 30 min. After cooling down to room temperature, the product was washed 

with water and dried for characterizations.  

    To prepare the control catalyst D-PC-2(900), SA and SiO2 nanoparticles (with an 

average size of 15 nm) were firstly uniformly mixed in a water solution with a mass 

ratio of 80:1. This solution was freeze-dried to produce the precursor. Then, the 

precursor was pyrolyzed at 900 oC for 30 min under Ar/H2 (5%) atmosphere. The 

SiO2 nanoparticles that were used as hard templates can be removed by 0.1 M HF. 

The final product of D-PC-2(900) was then obtained. 

2.2 Physical characterizations 

The X-ray diffraction (XRD) patterns of the carbon products were recorded on a 

Rigaku D/Max 2000 powder diffractometer with Cu Ka radiation (40 kV, 20 mA). 

X-ray photoelectron spectroscopy (XPS) studies were carried out with an ESCALAB 

250 spectrometer using a monochromated Al Kα excitation source. Fourier Transform 

infrared spectroscopy (FTIR) was measured on a Varian CP-3800 spectrometer in the 

wavenumber range of 400-4000 nm-1. The as-prepared carbon catalysts were 
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characterized by the transmission electron microscope (TEM, FEI Tecnai F20) for the 

morphology and microstructure identifications. Raman spectra were recorded on a 

Micro-Raman spectroscopy system (Renishaw in Via-reflex, 633 nm excitation laser). 

Nitrogen adsorption–desorption isotherms at -196 oC were measured on an adsorption 

volumetric analyzer ASAP 2020 manufactured by Micromeritics, Inc. (Norcross, 

Georgia, USA). All samples were degassed at 200 oC overnight prior to adsorption 

measurements. A part of the N2 sorption isotherm in the P/P0 range of 0.005–0.05 was 

fitted to the BET equation to estimate the BET surface area. The pore size distribution 

was obtained using the NLDFT model in the Micromeritics ASAP 2020 software 

package (assuming slit pore geometry). Micropore area (Smicro) was calculated using 

the t-plot method. 

2.3 Electrochemical measurements 

All electrochemical measurements were performed at room temperature on a 

potentiostat (CHI 760E, CH Instrument, Shanghai, China) and a rotating ring disk 

electrode system (RRDE-3A, ALS Co., Ltd, Japan) with a standard three electrode 

cell. A Pt wire and an Hg/HgO/1 M OH- electrode (0.14 V vs NHE) or an 

Ag/AgCl/saturated KCl solution electrode (0.1988 V vs NHE) were used as the 

counter and reference electrode, respectively. A RDE with glassy carbon (GC) disk 

electrode (4 mm in diameter) and a rotating ring-disk electrode (RRDE, ALS Co., Ltd, 

Japan) with a Pt ring (5 mm inner diameter and 7 mm outer diameter) and a GC disk 

(4 mm diameter) are used as the substrate for the working electrodes. Before use, the 

GC electrodes in RDE/RRDE are polished using aqueous alumina suspension on 
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polishing pad. In alkaline medium (0.1 M KOH), the potentials measured against 

Hg/HgO/1M OH- electrode, was converted to the potential versus the reversible 

hydrogen electrode (RHE) according to ERHE=E(Hg/HgO/1M OH-)+0.0591pH+E0(Hg/HgO/1M 

OH-) [28]. In acidic medium (0.5 M H2SO4), the potentials measured against 

Ag/AgCl/saturated KCl solution electrode, was converted to the potential versus the 

RHE according to ERHE=E(Ag/AgCl/saturated KCl solution)+0.0591pH +E0(Ag/AgCl/saturated KCl 

solution) [29]. 

To fabricate the catalyst-modified working electrode, the catalyst ink was 

prepared by ultrasonically dispersing the as-prepared carbon catalyst (5 mg) in a 

solution containing 95 μL Nafion (5 wt%) solution and 350 μL ethanol. The 

as-prepared catalyst ink was casted onto the fresh surface of the GCE (with a diameter 

of 4 mm).The Pt/C catalyst (10 wt% Pt on graphitized carbon, Sigma-Aldrich) ink 

was prepared in the same way. The catalyst loading on RDE and RRDE is 400 μg 

cm-2 for carbons while 40 μgPt cm-2 for the Pt/C catalyst.  

ORR performance of the catalysts was investigated via cyclic voltammogram 

(CV) and linear sweep voltammogram (LSV) in O2-saturated 0.1 M KOH and 0.5 M 

H2SO4 solutions, respectively. The scan rate was 25 mV s−1 for CV and 5 mV s−1 for 

LSV tests. Oxygen reduction current was evaluated by subtracting the background 

capacitive current, which was measured by scanning the electrode in a N2-saturated 

0.1 M KOH or 0.5 M H2SO4 solution under the same conditions. The electron 

transfer number (n) was calculated using the Koutecky−Levich (K-L) equations [30]: 

(1) 1 2

1 1 1 1 1
K L KJ J J J Bω

= + = +  



8 
 

(2) 2/3 1/60.20 o oB nFC D ν −=  

where J is the measured current density, Jk is the kinetic current density, B is the 

Levich constant, ω is the angular velocity of the rotating electrode, n is the overall 

number of electrons transferred in the ORR process, F is the Faraday constant (96485 

C mol−1), and ν is the kinetic viscosity (0.01 cm2 s−1) of the electrolyte. C0 is the bulk 

concentration (1.26×10−6 mol cm−3 in 0.1 M KOH and 1.13×10−6 mol cm−3 in 0.5 M 

H2SO4) of O2, D0 is the diffusion coefficient (1.93×10−5 cm2 s−1 in 0.1 M KOH and 

1.8×10−5 cm2 s−1 in 0.5 M H2SO4) of O2 [31,32].  

Rotating ring-disk electrode (RRDE) tests for ORR were measured with a scan 

rate of 5 mV s−1 , and the ring potential was set at 1.2-1.4 V (vs. RHE) for H2O2 

production in the O2 saturated 0.1 M KOH and 0.5 M H2SO4 solutions, respectively. 

The electron transfer number n and the production yield of HO2− in 0.1 M KOH or 

H2O2 in 0.5 M H2SO4 (HO2−% or H2O2%) were determined using the following 

equations: 

(3) 
2 2 2% % 200 r

d r

I NHO or H O
I I N

−   = ×
+

 

(4) 4 d

d r

In
I I N

= ×
+

 

where Id is the disk current, Ir is the ring current, and N is the current collection 

efficiency of the Pt ring, which is 0.424 provided by the manufacturer.  

     For stability tests, the i−t chronoamperometric measurements were performed 

in either O2-saturated 0.1 M KOH or 0.5 M H2SO4 at 0.6 V (vs RHE) for 2.5-5.5 h 

with a rotation rate of 400 rpm. For methanol crossover effect tests, the i−t 

chronoamperometric response at 0.6 V (vs. RHE) was recorded by RDE tests with a 
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rotation rate of 1600 rpm at the same potentials, and followed by the introduction of 

methanol (3 M). 

Electrochemical impedance spectroscopy (EIS) measurements were carried out in 

0.1 M KOH and 0.5 M H2SO4, respectively, on an IM6e Electrochemical Workstation 

(ZAHNER, Germany) with the frequency sweeping from 50 000 to 0.01 Hz, where 

the AC voltage amplitude was set at 5 mV. Before the EIS scanning, the electrode was 

equilibrated at the corresponding bias potential for 120 s. 

3. Results and discussion 

3.1 Synthesis of defective carbon catalysts 

Sodium alginate (SA, medium viscosity) is chosen as precursor for the synthesis 

of defective carbon ORR catalysts based on the following considerations: (i) SA 

derived from abundant seaweed biomass is cheap, green and readily available; (ii) SA 

bears abundant carboxyl and hydroxyl groups, which can be removed from the 

polymeric matrix through a pyrolysis, resulting in 3D carbon materials with high 

porosity and good electrical conductivity [33-36]; (iii) SA can be chemically modified 

under mild conditions, which allows N-doping at low temperature (< 200 oC). Scheme 

1 depicts a typical preparation. Firstly, precursor polymer SA was carbonized via a 

hydrothermal process at 160 oC in the presence of NH3.H2O, yielding an N-doped 

carbon product denoted as N-C-1. Next, the N-dopants in N-C-1 was removed via a 

high-temperature pyrolysis (i.e., 700-900 oC) under Ar/H2 atmosphere, thus yielding 

porous defective carbons (D-PC-1(x), x=700, 800 and 900) containing trace or 

negligible N-species. To further study the effect of the defects generated via the 
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N-doping and removal process, a control catalyst (D-PC-2(900)) was prepared via a 

one-step pyrolysis of SA using SiO2 nanoparticles as hard template. In addition, to 

examine whether the viscosity factor of precursor polymer is essential for preparing 

the defective carbon catalysts, another control catalyst D-PC-3(900) was prepared 

from SA with low viscosity using the same “N-doping-removal” method.  

Scheme 1. Schematic illustration the preparation with an N-doping-removal process. 

 

3.2 Electrochemical measurements 

ORR catalytic activities of these as-prepared carbon catalysts were evaluated by 

means of cyclic voltammetry (CV) and linear sweep voltammetry (LSV), respectively, 

in O2-saturated 0.1 M KOH. As shown Fig. 1a, all CV curves show evident ORR 

peaks, indicating that all these carbon catalysts are ORR active in alkaline medium. 

Furthermore, as suggested by LSV measurements (Fig. 1b), D-PC-1(900) exhibits the 

highest ORR activity in terms of an onset potential (Eonset) of 1.01 V, a half-wave 

potential (E1/2) of 0.83 V and a limiting current density (JL) of -5.43 mA cm-2. All 

these values are very comparable to those of commercial Pt/C catalyst (Eonset: 1.01 V, 

E1/2: 0.84 V and JL: -5.35 mA cm-2, all close to the reference data with similar Pt 

loading) [17,37,38] as well as many of heteroatom-doped carbon catalysts (see Table 

S4). In contrast, the ORR activity of D-PC-2(900) is among the poorest. As for other 

carbon catalysts, though D-PC-1(800) and D-PC-3(900) prepared with 
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N-doping-removal process are slightly inferior to D-PC-1(900), they are much better 

than D-PC-2(900). These results indicate that the N-doping-removal process is 

essential in achieving the defective carbons with high ORR catalytic activity.  

 

Figure 1. (a) CV curves of D-PC-1(900) and D-PC-2(900) compared with Pt/C (40 

μgPt cm−2) in O2 or N2-saturated 0.1 M KOH. (b) LSV curves of D-PC-1(900) and 

D-PC-2(900) compared with Pt/C in O2-saturated 0.1 M KOH at 1600 rpm. (c) LSV 

curves of D-PC-1(900) at different rotation speeds (rpm) in O2-saturated 0.1 M KOH. 

(d) The Koutecky−Levich (K-L) plots for D-PC-1(900) at different potentials. (e) The 

plots of HO2- yield (up) and n value (down) against electrode potential for 

D-PC-1(900) and Pt/C in O2-saturated 0.1 M KOH. (f) Tafel plot of D-PC-1(900) in 

O2-saturated 0.1 M KOH compared with that of Pt/C. The loading of all carbon 

catalysts is 400 μg cm−2. The Pt loading is 40 μgPt cm−2. 

To determine whether the ORR on D-PC-1(900) and D-PC-2(900) occur through 

a four-electron pathway and compare with Pt/C, LSV curves at different rotation rates 
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were measured (Fig. 1c, S1a, S2a). Based on the K-L plots (J−1 vs. ω−1/2 in Fig. 1d, 

S1b, S2b), in a potential range of 0.50-0.70 V (vs. RHE), the electron-transfer number 

(n) was calculated to be 3.87-3.98, 2.64-3.12, 3.96-4.0 for D-PC-1(900), D-PC-2(900) 

and Pt/C, respectively. This result was further validated by rotating ring-disk 

electrode (RRDE) measurements (see Fig. S3). Based on the measured ring current 

and disk current, the electron-transfer number was calculated to be 3.86-4.0 for 

D-PC-1(900) in a potential range of 0.40-0.75 V (vs. RHE, see Fig. 1e). These values 

are in good agreement with that obtained from Koutecky−Levich plot (K-L plot), 

suggesting a four-electron pathway dominant in the ORR catalyzed by D-PC-1(900) 

in alkaline medium. In addition, the RRDE measurements reveal that the production 

of HO2- is highly suppressed on D-PC-1(900) with a yield below ~6.9 % over the 

scanned potential range (0.40-0.75 V), almost comparable to that obtained on the Pt/C 

(see Fig. 1e, a value of ~3.8%, close to the reference data) [39]. Thus, these results 

suggest that D-PC-1(900) shows a high ORR catalytic efficiency in alkaline medium. 

Moreover, D-PC-1(900) demonstrates a Tafel slope of 90.0 mV dec-1 (see Fig. 1f), 

very close to that of Pt/C (88.7 mV dec-1), indicating that the ORR kinetics of 

D-PC-1(900) is similar to that of Pt/C.  

The ORR catalytic activities of these carbon catalysts were also tested in acidic 

medium (0.5 M H2SO4), and similar results were obtained. As shown in Fig. 2a, 

D-PC-1(900) exhibits a considerable ORR activity in terms of an Eonset of 0.82 V, an 

E1/2 of 0.60 V and a high JL of -4.60 mA cm-2, followed by D-PC-1(800) with a 

negatively shifted E1/2 (0.63V) but slightly negatively shifted Eonset (0.80V). Note that 
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the Eonset of D-PC-1(900) and D-PC-1(800) are even comparable to that (Eonset: 0.83 

V) of Pt/C catalyst, though their E1/2 are ca. 100-130 mV more negative. These Eonset 

and E1/2 values are also comparable to or even better than those reported for many of 

typically heteroatom-doped carbon catalysts (see Table S5). These results demonstrate 

that the defective carbon catalysts D-PC-1(900) and D-PC-1(800) are among the best 

for the non-metal catalysts in acidic medium. Additionally, Fig. 2b gives the LSV 

curves of D-PC-1(900) measured at various rotating rates compared with Pt/C (Fig. 

S4), showing rapidly increased current densities with the increase in rotation speed. 

The electron transfer number (n) was calculated to be 3.72-3.81 in a potential range of 

0.3-0.5V (vs. RHE) using K-L plots (Fig. 2c). This result was confirmed by RRDE 

measurements (Fig. S5), which suggest an electron transfer number (n) of 3.86-3.94 

and a H2O2 yield of 2.9-7.2% in the similar potential range (i.e., 0.20-0.55 V, see Fig. 

2d). Thus, the combined study of RDE and RRDE suggests a four-electron pathway 

dominated in the ORR on D-PC-1(900) in acidic medium. As shown in Fig. 2e, the 

Tafel slope of D-PC-1(900) is calculated to be 56.8 mV dec-1 at low potentials, close 

to that of Pt/C (53.8 mV dec-1), indicating their similar ORR kinetics in acidic 

medium. Noteworthy is that D-PC-2(900) shows almost negligible ORR activity 

under the same condition, which again demonstrates the importance of the 

N-doping-removal process in preparation of defective carbon catalysts with high ORR 

activity. 
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Figure 2. (a) LSV curves of D-PC-1(900) and D-PC-2(900) compared with Pt/C in 

0.5 M H2SO4 at 1600 rpm. (b) LSV curves of D-PC-1(900) at different rotation 

speeds (rpm) in 0.5 M H2SO4. (c) The corresponding Koutecky−Levich (K-L) plots. 

(d) The plots of HO2- yield (up) and n value (down) against electrode potential for 

D-PC-1(900) compared with those of Pt/C in 0.5 M H2SO4 (d) Tafel plot of 

D-PC-1(900) compared with that of Pt/C in 0.5 M H2SO4. (The loading of all 

nonprecious catalysts is 400 μg cm−2. The Pt loading is 40 μgPt cm−2). 

3.3 Characterizations of defective carbon catalysts 

To investigate the reasons behind the good catalytic performance of 

D-PC-1(900), a series of physical characterizations were performed. Firstly, XRD and 

Raman measurements were performed to study their structural features. As shown in 

Fig. 3a, the carbon catalysts show similar XRD patterns with a broad peak around 2θ

≈25o, which corresponds to the (002) plane of graphitic carbon, indicating their 
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partially graphitized structures. The carbon catalysts also show similar Raman spectra 

(Fig. 3b), in which two characteristic peaks observed at 1327 and 1590 cm-1 can be 

assigned to the D band and G band, respectively. The D band arises from the 

structural defects, while the G band is closely related to the graphitic carbon phase 

with a sp2 electronic configuration [40,41]. Thus, the defect density in carbon catalyst 

can be estimated using the ratio of the D band to G band integrated intensities (ID/IG) 

[42]. Among all these carbon catalysts, D-PC-1(900) shows the highest ID/IG ratio 

(2.88), while D-PC-2(900) gives the lowest (2.24). Other catalysts show the ID/IG 

ratios ranging from 2.71 to 2.53. These results indicate the following facts: (i) 

defective structures are common in these carbon catalysts; (ii) the carbon catalysts 

prepared through the N-doping-removal process possess slightly more defects. The 

structural features of D-PC-1(900) and D-PC-2(900) were further examined by 

electronic and FT-IR spectroscopy techniques. As shown in the TEM and HR-TEM 

images (Fig. 3c, d and S6), D-PC-1(900) and D-PC-2(900) exhibit similar cotton-like 

morphologies with abundant meso- and micropores in the carbon matrix. The 

ring-like patterns shown in the selected-area electron diffraction (SAED) images 

indicate their amorphous nature, in good agreement with the messy lattice fringes 

observed in HR-TEM image. In addition, D-PC-1(900) and D-PC-2(900) display 

featureless and similar FT-IR spectra (see Fig. S7). The broad band centered at 1585 

cm-1 can be assigned to the in-plane vibration of aromatic carbon skeleton (C=C) [24], 

while another weak but broad band at 1100-1280 might be attributed to the presence 

of a trace of C-O groups [43], indicative of the carbon nanostructures with relatively 
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high degree of graphitization. These results suggest that D-PC-1(900) and 

D-PC-2(900) share the similar structural features, though the former is slightly more 

defective than the latter as revealed by XRD. 

 

Figure 3. (a,b) XRD and Raman spectra of D-PC-1(900) and D-PC-2(900). (c,d) 

TEM images of D-PC-1(900) at different magnifications. 

The porous characteristics and BET specific areas of the carbon catalysts were 

evaluated using N2 adsorption-desorption measurements. As shown in Fig. 4, all 

samples exhibit a sharp N2 uptake at low pressure (P/P0 < 0.001) and a relatively 

smooth plateau at middle pressure (P/P0 = 0.001-0.4), indicative of the presence of 

abundant micropores that are ascribed to the vacancies left by the release of H2O and 

CO2 during the hydrothermal and pyrolysis processes [35,44]. In the medium to high 

pressure regions (P/P0 = 0.4-1.0), all samples except for D-PC-1(700) display a small 

hysteresis loop, suggesting the presence of plenty of mesopores, which might be 

related to the efficient removal of the N-dopants (for D-PC-1(900, 800) and 



17 
 

D-PC-3(900)) or hard template of SiO2 nanoparticles (for D-PC-2(900)). Such results 

can be confirmed by pore size distribution (PSD) results calculated using nonlocal 

density functional theory (NL-DFT) (Fig. S8): All samples possess abundant 

micropores (around 0.6-2.0 nm). Except for sample D-PC-1(700), all samples also 

show more or less mesopores with pore sizes distributed in a wide range of 2-50 nm. 

As the large microporous surface area is reported to be critical for the formation of the 

active sites and mesoporous structure for efficient mass transport, the hierarchical 

porous characteristics has been believed to be beneficial for ORR process. The BET 

specific areas of all these carbon samples along with their micro- and mesopores areas 

calculated using t-plot method are listed in Table 1. It can be seen that (i) all samples 

except for D-PC-1(700) possess large BET areas over 1200 m2g-1; (ii) D-PC-1(900) 

and D-PC-2(900) possess very similar porous characteristics including similar BET 

areas and comparable ratios of Smicro/Smeso (i.e., 0.6 vs 0.9); (iii) the ratio of 

Smicro/Smeso is decreasing with the increase of pyrolysis temperature. For example, the 

catalysts prepared by the pyrolysis at 900 oC generally possess more mesopores than 

those prepared at 800-700 oC. Nevertheless, since ORR activity of D-PC-1(800) is 

only slightly lower than that of the best D-PC-1(900), it appears that increasing the 

Smicro/Smeso ratio from 0.6 to 3.6 induces insignificant effect on the ORR activity of 

the carbon catalysts with sufficient BET surface areas. 

Table 1. Textural properties of D-PC-1(900) and D-PC-2(900). 

Catalysts 
N (at.%) SBET 

(m2g-1)a 

Smicro
 

(m2 g-1)b 

Smeso 

(m2 g-1)c
 

Ratio of 

Smicro/Smeso 
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a Surface areas (SBET) were calculated by the BET method.  

b Micropore areas (Smicro) were calculated using the t-plot method. 

c Mesopore areas (Smeso) were calculated from the difference of the BET surface area and 

micropore area (Smeso = SBET-Smicro). 

 

Figure 4. N2 adsorption–desorption isotherms of D-PC-1(900), D-PC-1(800), 

D-PC-1(700), D-PC-2(900) and D-PC-3(900).  

Furthermore, the compositions of these carbon catalysts were explored by means 

of XPS (Fig. 5 and S9). The elemental contents estimated by XPS analyses are 

summarized in Table 1 and S1. It is clearly seen that the hydrothermally prepared 

precursors N-C-1 and N-C-3 possess a moderate N-content of 5.2 and 7.8 at%, 

D-PC-1(900) <0.10 1377 516 862 0.6 

D-PC-1(800) 1.98 1201 941 260 3.6 

D-PC-1(700) 3.94 732 583 149 3.9 

D-PC-2(900) --- 1302 622 680 0.9 

D-PC-3(900) 0.83 1242 834 408 2.0 
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respectively, indicating the successful N-doping through the hydrothermal process. 

Nevertheless, the N-content of D-PC-1(900) is almost negligible (<0.10 at%), 

followed by D-PC-3(900) (0.83 at%), D-PC-1(800) (1.98 at%) and D-PC-1(700) (3.94 

at%). These results suggest that the N-dopants can be more efficiently removed via 

the pyrolysis at higher temperature, resulting in more abundant defects in D-PC-1(900) 

and D-PC-3(900). Obviously, the high ORR activity of D-PC-1(900) is not originated 

from the N species because of the negligible N-content on the carbon matrix surface 

but likely related to the specific defects generated by the N-doping-removal process. 

The importance of the N-doping-removal process can be further confirmed by the fact 

that D-PC-2(900) displays very poor ORR activity, though it also possesses no 

N-content and shares similar structural features as discussed above. In addition, the 

high-resolution N 1s spectra of D-PC-1(x) (x=700, 800) reveal the presence of 

pyridinic, pyrrolic and graphitic N-species [45,46], which have been reported to be 

highly ORR active species [47]. Hence the inferior ORR activities of D-PC-1(x) 

(x=700, 800) might indicate that these N-species are less efficient in promoting the 

ORR activities of carbon catalysts, as compared to the defects generated by the 

N-doping-removal process. 
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Figure 5.  XPS survey spectra of N-C-1, D-PC-1(900) and D-PC-2(900) (the 

highlighted area was enlarged in the right of this figure). 

Moreover, it is also noted that the two defective carbons D-PC-1(900) and 

D-PC-3(900), which were prepared using SA with medium and low viscosities as 

precursors, respectively, show different ORR activities in either alkaline or acidic 

medium. To better understand how the viscosity factor of precursor polymer (SA) 

affects the ORR activities of defective carbons, electrochemical impedance 

spectroscopy (EIS) measurements were conducted on D-PC-1(900) and D-PC-3(900), 

respectively, in both alkaline and acidic media. The Nyquist plots including 

experimental (symbols) and fitted data (solid lines) are shown in Fig. 6. The inset 

presents the corresponding equivalent circuit, which consists of the electrolyte 

resistance (Rs), catalyst film resistance (Rc), charge transfer resistance (Rt) and 

constant phase elements of the catalyst layer and double layer (C1 and C2) [48]. The 

fitted data are summarized in Table 2. It can be seen that each Nyquist plot measured 

in either alkaline or acidic medium is composed of two semicircles at high and low 

frequencies, which are associated to Rc and Rt, respectively. Obviously, D-PC-1(900) 
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always exhibits smaller Rc and Rt (see Table 2) irrespective of the electrolyte variety 

(i.e., alkaline or acidic), suggesting a higher electron conductivity of the catalyst film 

and faster charge transfer on the D-PC-1(900)-electrolyte interface. Therefore, it is 

reasonable to propose that the precursor polymer SA with medium viscosity yielded 

the defective carbon with higher electron conductivity, which combining the more 

abundant mesoporous structures may account for the better ORR activity of 

D-PC-1(900). 

 

Figure 6. Electrochemical impedance spectra (EIS) of D-PC-1(900) and D-PC-3(900) 

for the ORR at their onset potential in (a) O2-saturated 0.1 M KOH solution and (b) 

O2-saturated 0.5 M H2SO4 solution Inset shows equivalent circuit used to interpret 

the data. 

Table 2. Impedance spectra fitting results for the ORR on D-PC-1(900) and 

D-PC-3(900) in alkaline and acidic media, respectively. 

Samples RS (Ω) C1(10-3Ω) n1 R2(Ω) C2(10-3Ω) n2 R3(Ω) 

D-PC-1(900)a 54.5 1.43 0.86 56.54 13.90 1.01 103.8 

D-PC-3(900)a 52.0 1.83 0.83 57.24 8.40 1.04 132.9 
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D-PC-1(900)b 9.5 2.44 1.19 12.66 1.51 0.91 473.7 

D-PC-3(900)b 11.7 4.73 0.88 47.37 2.85 1.08 658.3 

a In 0.1 M KOH; b In 0.5 M H2SO4.  

In addition, to better understand the less-explored catalytic mechanism of 

defective carbon in acidic medium, a series of DFT calculations were performed with 

Gaussian 09 program package[49]. Particularly, two typical defect models (A, see Fig. 

7 and B, see Fig. S10) with no net spin were employed for theoretical calculations, in 

which a typical defect (i.e., 585 defect or pentagon defect) [21,23,27] was modeled at 

the edge of carbon cluster. The control model (C, see Fig. S11) containing a pyridinic 

N was also used for comparison. All model structures were optimized at the 

M06-2X/3-21G level [50,51] in vacuum and confirmed by vibrational analysis as 

local-energy minima. The products obtained via key steps of ORR correspond to the 

lowest calculated potential energy. To evaluate the Gibbs free energy change (ΔG°) 

before and after O2 activation, single-point calculations were carried out at the higher 

level of M06-2X/6-31++G** [52]. The calculated data of proton affinity are listed in 

Table S2. According to our calculations, there are two possible pathways toward the 

formation of A-O…OH+ (Fig. 7), the key intermediate of ORR: (i) protonation of A 

followed by O2 adsorption and activation; (ii) O2 adsorption to A followed by 

proton-induced activation. The calculated ΔG° for key steps of ORR for models A, B, 

C is summarized in Table S3. In either pathway, the defect edge carbon (i.e., C8) 

plays an important role as the active site, where O2 adsorption and activation 

favorably occur with the ΔG° of -8.8~-13.6 kcal mol-1 (see. However, if a 
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simplification of model A with just one pentagon is considered (i.e., model B), the 

calculations demonstrate the pentagon carbon (i.e., C17) as the most active site, 

yielding a higher ΔG° value of -21.9~xx kcal mol-1. As for model C, the carbon (i.e., 

C17) next to the pyridinic N was revealed to be the most active site for O2 adsorption 

and activation, which is in good agreement with literature report [53-55]. The 

corresponding ΔG° was calculated to be -17.8 kcal mol-1, higher than those of model 

A but lower than those of model B. These results might indicate that the some carbon 

defect (i.e., 585-defect) can provide active site for ORR with a smaller activation 

barrier relative to that of pyridinic N-doped carbon, which might well account for the 

considerable ORR activity of the defective carbon D-PC-1(900) in acidic medium. 

 

Figure 7. Schematic pathways toward the formation of A-O…OH+. 

3.4 Long-term stability of defective carbon catalysts 

To evaluate the long-term stability of the as-prepared defective carbons, cycling 

durability tests were performed in both alkaline and acidic media. Particularly, after 

multiple CV cycles (i.e., 5000 cycles in alkaline medium and 2000 cycles in acidic 

medium) in a potential range of 0.6-1.0 V (vs. RHE) with a scan rate of 50 mV s-1, the 
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E1/2 of D-PC-1(900) undergoes only 7 mV and 13 mV negative shifts in alkaline and 

acidic media (Fig. 8), respectively. In contrast, the potential shift observed for Pt/C is 

more than 40 mV under the same condition (Fig. S12). These results, therefore, 

indicate a better stability for D-PC-1(900) relative to that of Pt/C catalyst in either 

alkaline or acidic media. To confirm these results, chronoamperometric measurements 

were performed in both alkaline and acidic media. As shown in Fig. S13, 

D-PC-1(900) exhibits a good stability with a relatively small current decay (i.e., ~5%) 

over 5 h in alkaline or over 2.5 h in acidic medium. In comparison, Pt/C catalyst 

shows a much lower stability with a more remarkable current decay (i.e., ~20% decay) 

under the same condition. Moreover, the resistance of D-PC-1(900) to methanol 

crossover was evaluated by the chronoamperometric measurements at a rotating rate 

of 1600 rpm in 0.1 M KOH and 0.5 M H2SO4, respectively. As shown in Fig. 9, 

D-PC-1(900) shows a small current decay (7-15%) upon the addition of 3M methanol 

into the electrolyte, irrespective of alkaline or acidic medium, while Pt/C displays a 

remarkable current drop of ca. 40-70% upon the methanol addition. These results thus 

suggest a better methanol tolerance for D-PC-1(900) in both alkaline and acidic 

media. 
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Figure 8. LSV curves of D-PC-1(900) in O2-saturated (a) 0.1 M KOH and (b) 0.5 M 

H2SO4 solutions, respectively, before and after 5000 or 2000 CV cycles between 

0.6-1.0 V and 0.4-0.8 V vs RHE.  

 

Figure 9. i–t chronoamperometric responses of the catalyst-modified electrodes upon 

the addition of methanol at 0.6 V (vs RHE) with a rotating speed of 1600 rpm in 

O2-saturated (a) 0.1 M KOH and (b) 0.5 M H2SO4, respectively. The arrow indicates 

the addition of methanol into the electrolytic cell. 

4. Conclusions 

In summary, a series of defective carbon catalysts were prepared via a simple and 

scalable “N-doping-removal” approach using abundant seaweed biomass SA as 

precursor. The systematic studies give rise to the following guidelines: (i) the 

“N-doping-removal” process is essential in achieving the ORR-active defects; (ii) the 

defect content, porosity characteristics and conductivity of defective carbon are highly 

related to the pyrolysis temperature and viscosity of precursor polymer SA; (iii) the 

optimized defective carbon D-PC-1(900) was obtained via the pyrolysis at 900 oC 

using the SA with medium viscosity as precursor, which features negligible N-content, 

abundant ORR-active defects, a high BET surface area (1377 m2 g-1) with a Smicro/meso 
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ratio of 0.6 and good conductivity. In 0.1 M KOH, D-PC-1(900) exhibits excellent 

ORR activity in terms of an E1/2 of 0.83 V (vs RHE), comparable to that of Pt/C 

catalyst. In 0.5 M H2SO4, this catalyst also exhibits considerable ORR activity in 

terms of an E1/2 of 0.63 V (vs RHE), which is among the best reported for defective 

carbons and comparable to many of N-doped carbon catalysts. DFT calculations 

confirm that the carbon defect can create the active site for ORR in acidic medium. 

Moreover, experimental results reveal that D-PC-1(900) follows the direct 4e- 

pathway, indicating efficient reductions of O2 to water in both alkaline and acidic 

conditions. The catalyst also shows superior stability and methanol tolerance relative 

to those of Pt/C catalyst. All these results demonstrate that D-PC-1(900) is an 

excellent candidate for non-precious-metal ORR catalyst in fuel cells. This work also 

provides more insights to fabricate highly efficient defective carbon catalysts for the 

ORR in both alkaline and acidic media. 
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