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Abstract: A simple, large-scale and green synthetic route is demonstrated for the preparation 

of polyquaternium derived heteroatom (N and S) co-doped hierarchically porous carbon 

(HPC). Our protocol allows for the simultaneous optimization of both porous structures and 

surface functionalities of (N and S) co-doped carbon (N-S-HPC). As a result, the obtained N-

S-HPC shows a superior catalytic ORR performance to the commercial Pt/C catalyst in 

alkaline media, including high catalytic activity, remarkable long-term stability and strong 

methanol tolerance. Even in acidic media where most non-precious metal catalysts are 

suffered from high overpotential and low durability, our N-S-HPC exhibits an amazing ORR 

activity with a half-wave potential of 0.73V, and 40% enhanced limited diffusion-current 

density when compared to Pt/C catalyst. Particularly, when used for constructing a zinc–air 

battery cathode, such an N-S-HPC catalyst can give a discharge peak power density as high 

as 536 mW cm
-2

. At 1.0 V of cell voltage, a current density of 317 mA cm
-2

 is achieved. This 

performance is superior to all reported non-precious metal catalysts in literature for zinc–air 

batteries and significantly outperforms the state-of-the-art platinum-based catalyst. 

Keywords: Hierarchically porous carbons; nitrogen & sulfur co-doping; oxygen reduction 

reaction; fuel cells; metal-air batteries.

1 
1. Introduction 

 

The cathodic oxygen reduction reaction 

(ORR) is the sluggish and also the most 

challenging step in both polymer electrolyte 

membrane (PEM) fuel cells and metal–air 

batteries, which dominates the devices’ 

performance
[1,2]

 In the last several decades, 

extensive efforts have been made in speeding-

up this reaction by exploring advanced 

electrocatalysts. Until now, the most practical 

ORR catalysts are still Pt-based materials, 

particularly for application in PEM fuel cells.
[3,4]

 

However, the drawbacks of the Pt-based 

catalysts, such as high cost, limited natural 

abundance and insufficient durability in harsh 

operation conditions are still not sufficiently 

addressed, hindering the large-scale 

commercialization of their associated 

technologies.
[5] 

To overcome these challenges, 

great efforts have been made by exploring 

efficient, low-cost and durable non-precious 

metal catalysts to replace Pt-based ones.
[6-10]

 

Unfortunately, the majority of non-precious 

metal catalysts developed today are still 

suffered from insufficient catalytic ORR 

activity and low durability.
[11-15]

 

 It is known that the electrochemical 

reduction of oxygen is a multi-electron reaction 
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that has two main possible pathways: one 

involving gain of 2e
−
 to produce H2O2, and the 

other, a direct 4e
−
 pathway to produce water. 

To obtain maximum energy capacity, it is 

highly desirable to reduce oxygen via the 4e
−
 

pathway.
[16]

 Oxygen reduction reaction         

(ORR) 2H2O + O2 + 4e
-
 → 4HO

-
 in alkaline 

solution  or 2H
+
 + O2 + 4e

-
 → 2H2O in acidic 

solution, significantly affects the 

electrochemical performance of fuel cells and 

metal-air batteries.
[17]

 In the continuing effort to 

further improve the ORR performance of 

carbon-based catalysts, specific surface area, 

porous structure and surface functionalities 

have been identified as the targets for further 

optimization. It has been confirmed that 

introducing heteroatoms (e.g., B, P, S, N) into 

carbon materials to create ORR active sites has 

been seen to be much effective for performance 

enhancement.
[18-20]

 Doping carbon with 

heteroatoms with electronegativity different 

from C (χ = 2.55) may create a net positive 

charge on adjacent carbon atoms. This effect 

makes such doped carbon material catalysts 

readily facilitate side-on O2 surface adsorption, 

thus effectively weakening the O-O bonding
[21]

 

and leading to a high ORR catalytic activity. In 

this regard, nitrogen (χ = 3.04)-doped 

nanostructured porous carbon materials 

represent one kind of the important catalyst 

candidates, which are normally metal-free with 

high specific surface area and porous 

structure.
[22-25]

 It has been identified that these 

catalysts’ morphologies and the microstructures 

of their agglomerate play the most important 

roles in their ORR performance. Most recently, 

carbons co-doping with N and another element, 

for instance, B (χ = 2.04)
[26]

 and P (χ = 2.16)
[27]

 

as well as O (χ = 3.44)
28

 with higher 

electronegativity, have shown even higher ORR 

catalytic activity than the corresponding single-

atom-doped counterparts. This co-doping with 

two elements that have different 

electronegativity is believed to create a unique 

electronic structure with a synergistic coupling 

effect between heteroatoms. With respect to 

this, N and S co-doped carbons, possessing a 

certain amount of mesoporous distribution, 

were synthesized and some exceptional ORR 

catalytic activity was also observed 

recently.
[14,20,28]

 

However, in order to obtain the specified 

morphology and predetermined microstructure, 

the mesoporous carbon are usually synthesized 

using a sacrificial support method (SSM), 

during which the excess amount of hydrofluoric 

acid (HF) has to be added to remove the silica 

and also other metal-containing precursors 

commonly.
[14,29,30]

 In addition, as some 

literature reported, the microporosity could be 

created by outside NH3 activation.
[3,31]

 

Although some progresses have been achieved 

by carefully exploring suitable precursors and 

optimizing the nanostructuring process
[32-36]

, 

the catalysts’ ORR performances seem still 

inferior to the state-of-the-art Pt-based catalyst 

in terms of both catalytic activity and stability, 

particularly in strong acidic electrolytes, which 

is probably due to the non-ideal pore size 

distribution and low density of active sites.  

 Here we demonstrate a facial fabrication of 

heteroatom (N and S) co-doped hierarchically 

porous carbon (N-S-HPC) for oxygen reduction 

reaction by combining a simple silicate 
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templated two-step graphitization of the 

impregnated carbon derived from nitrogen-

enriched polyquaternium-2 (PQ-2) without 

needing any outside NH3 activation (The 

process is shown in Fig. 1). In particular, we 

use excess amounts of sodium hydroxide to re- 

 

 

 

 

 

 

 

 

 

 

 

 

 

move the silica instead of hydrofluoric acid. In 

this way, a large-scale production of such a 

catalyst can be easily realized and, it can also 

avoid environmental pollution caused by using 

hydrofluoric acid and ammonia. The N and S 

co-doped carbon catalyst shows a high specific 

surface area of 1,201 m
2
 g

-1
, and hierarchically 

porous structure composed of micro-, meso- 

and macro- pores. The synergistic effect is 

evidently observed, which should be induced 

by high density of catalytic ORR active sites 

and hierarchical pore structures facilitating 

excellent reactant transport. As a result, the 

catalysts have superior catalytic ORR 

performance to a Pt-based catalyst (Pt/C) in 

alkaline medium. Even in acidic media, where 

most non-precious metal catalysts are suffered 

from high overpotential and low durability, N-

S-HPC exhibits an amazing ORR activity (half-

wave potential of 0.73V) which is very close to 

the Pt/C catalyst under the same measuring 

conditions. In addition, the obtained N-S-HPC 

catalyst also presents the excellent long-term 

stability and high methanol tolerance. To 

demonstrate the potential of our catalyst for real 

energy devices, we have constructed a Zn–air 

battery using N-S-HPC catalyst as the air 

cathode, which gives a peak power density of 

536 mW cm
-2

. At 1.0 V of cell voltage, a 

current density of 317 mA cm
-2

 is achieved. 

The outstanding electrochemical performance 

of such a catalyst thereby makes it very 

promising for non-precious catalyst to replace 

the commercial Pt/C in both PEM fuel cells and 

metal-air batteries.  

 

2. Results and discussion 

2.1 Physical characterization 

The morphology and microstructure of as-

prepared N-S-HPC catalysts were investigated 

by means of scanning electron microscopy 

(SEM), transmission electron microscopy 

(TEM) and X-ray diffraction (XRD). It can be 

seen that N-S-HPC catalyst shows a sponge-

like structure and, the disordered pores are cast 

successfully in the resultant carbon materials 

(SEM image in Fig. S1(a)). It is worthwhile to 

note that some interconnected macropores with 

diameters of 50-150 nm on the surface of the 

N-S-HPC sample can be observed, which do 

not directly replicate the sizes and shape of the 

used silica template (500 nm), suggesting that 

the macropores may collapsed during NaOH 

etching. TEM images, as shown in Fig. 2(a),(b) 

and Fig. S1(b), reveal that the N-S-HPC is 

Fig. 1 A proposed mechanism for the synthesis 

process of N-S-HPC electrocatalyst. 

1.Pyrolysis 

2.NaOH etching 
Silicon sphere PQ-2 

N-S-HPC Silica and metallic impurities 

1.H2SO4 cleansing 
2.Pyrolysis again 

Conglutination 
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consisted of a disordered pore system with the 

average diameter of 20 nm and a shell thickness 

of about 1nm, exactly reflecting the micro- and 

meso porous structure. From the XRD pattern 

(Fig. S1(c)), only two broad diffraction peaks 

(23º and 43º) can be explicitly observed, which 

correspond to the (002) and (004) planes of 

carbon materials with low graphitization, and 

indicate an entire amorphous structure. 

Obviously, this structure is consistent with the 

sponge-like structure shown in Fig. S1(a). The 

N2 adsorption–desorption plots of N-S-HPC, as 

shown in Fig. 2(c), exhibit a type-IV isotherm 

with a steep increase of nitrogen absorption at a 

relatively high pressure, indicating the 

existence of mesopores. However, the rapid rise 

at low pressure region also indicates the 

presence of micropores, which is consistent 

well with the TEM observations. Using these 

plots, it can be calculated that N-S-HPC has a 

BET surface area as high as 1,201 m
2
 g

-1
. For 

comparison, N and S co-doped (N-S-PC) 

catalyst prepared without using a silica 

template was also characterized. The BET 

specific surface area for this N-S-PC sample 

was about 630 m
2
 g

-1
, which is much smaller 

than that of N-S-HPC, demonstrating that the 

introduction of silica during the fabrication 

Fig. 2 TEM images of N-S-HPC catalyst with different magnifications, showing the highly 

porous structures. Scale bars: 200 (a) and 100 nm (b). (c) N2 sorption isotherms of N-S-HPC; (d) 

Pore size distribution, determined using the BJH method.  

 

 

100nm 200nm 
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process can effectively increase the surface area. 

This result is consistent with those reported 

elsewhere without using a silica template.
[3,14]

  

The multimodal pore size distribution (PSD) 

plots (Fig. 2(d)) indicate that the N-S-HPC 

sample possesses micropores and mesopores 

centered at 1, 10, 15 and 28 nm, respectively, 

further confirming its hierarchical porous 

structure. As it is well-documented, the pore 

size distribution of the catalyst plays a key role 

in ORR activity, and hierarchical micro- and 

meso-porous structures can benefit the ORR 

activity due to the fact that active sites are 

predominately formed in the smaller 

micropores, while the larger pores can serve as 

reactive molecule reservoirs, and thus shorten 

the diffusion pathways of reactive molecules to 

and from the micropores. Hence, it is expected 

that N-S-HPC catalyst should be able to give a 

superior electrochemical performance for the 

ORR. It is believed that the high ORR 

performance could be promoted by large BET 

surface areas and appropriate pore structures.  

Energy-dispersive X-ray spectroscopy (EDS) 

and X-ray photoelectron spectroscopy (XPS) 

were conducted to study the surface chemical 

composition of the samples. As shown in Fig. 3 

(a) and Fig. S1(d), in addition to C, N, O, S 

signals, there are no silica or metallic species 

detected for both of the N-S-HPC and N-HPC 

samples, suggesting that these Si and Fe species 

on the surface of N-S-HPC could be 

successfully removed by the leaching processes 

using NaOH solution and H2SO4. As 

0 200 400 600 800

S

N

C

 

 

Binding Energy (eV)

 N-S-HPC

 N-HPC

O

394 396 398 400 402 404 406

401.1

(Graphitic-N)
398.4 

(Pyridinc-N)

 

 

Binding energy / eV

N-S-HPC

N-HPC

172 168 164 160 156

 

Binding energy / eV

 

 

165.1 

(thiophene-S2p 1/2)

163.9

 (thiophene-S
2p 3/2)

(a) (b)

(c) (d)

Fig. 3 (a) XPS spectra of N-S-HPC and N-HPC catalyst samples; (b) High-resolution N 1s XPS 

spectra of N-S-HPC and N-HPC; (c) High-resolution S 2p XPS spectra of N-S-HPC. (d) The 

postulated doping mechanisms in N-S-HPC. 
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demonstrated by both EDS and XPS analysis, 

N and S are both present in the N-S-HPC 

sample, demonstrating that N and S have been 

successfully doped into HPC by pyrolyzing the 

PQ-2 and ferrous sulfate mixture without 

addition of extra N or S sources, as illustrated  

in Fig. 3(b) and (c). Additionally, FT-IR studies 

were also conducted proving that N and S were 

successfully incorporated into HPC. The 

absorption peaks at 1575 and 577 cm
−1

 are ascribed 

to the bending vibrations of C-N and C-S 

absorption, respectively (Fig. S1(e)). It has been 

known that doping carbon with heteroatoms 

may not only create more defects, but also lead 

to deformation of the carbon (open edge sites, 

high curvature), thus resulting in a sponge-like 

carbon structure.
[14]

 Therefore, doping N and S 

may play these two beneficial roles, making 

contribution to the high BET surface area of the 

two samples partially. As discussed before, N-

S-HPC has a high BET surface area of 1,201 

m
2
 g

-1
, suggesting that the dual or multi 

heteroatom doping is indeed an effective way to 

improve BET surface area. According to the 

high resolution N 1s and S 2p spectra of the 

two samples (Fig. 3(b) and (c)), the calculated 

atomic percentages of different N, S and O 

functionalities are given in Table 1. 

Surprisingly, the final nitrogen content in N-S-

HPC is only 3.9 at% when FeSO4 7H2O is used 

as Fe source, while the content in N-HPC is 

5.21 at.% when FeCl2 4H2O as the Fe source. 

This may be explained by the fact that there is a 

competitive mechanism between nitrogen (N) 

and sulfur (S) as we reported previously
 [37].

 As 

shown in Fig. 3(b), the whole N1s spectra can 

generally be further divided into two primary 

peaks, corresponding to graphitic N (N1, 401.1 

eV) and pyridinic N (N2, 398.4 eV), 

respectively
[10]

, which are believed to play roles  

in the ORR process. Interestingly, the relative 

amount of graphitic N is increased from 59.2% 

for N-HPC to 78% for N and S co-doped N-S-

HPC sample. Although the chemical process 

occurring during the sulfur introduction is not 

fully understood, these results clearly suggest 

that the synergistic effect induced by co-doping 

of N and S may not merely improve the 

porosity of N-S-HPC sample but also 

dramatically restructure its surface 

functionalities, both of which are crucial in 

enhancing the ORR activity. The binding 

energy of XPS-S2p is also used to analyze the 

sulfur doping in S–N–HPC (Fig. 3(c)). As seen, 

the former two peaks are in agreement with the 

reported S2p 3/2 (S1, 163.9 eV) and S2p 1/2 (S2, 

165.1 eV) positions of thiophene-S owing to 

their spin-orbit coupling,
[38]

 while SOx groups 

(168.5eV) are not evident. This suggests that 

SO4
-2

 would be decomposed into S-containing 

small molecules (SOX, H2S, thiourea, etc.) 

during high temperature pyrolysis. According 

Table 1. XPS Results of both N-S-HPC and N-HPC samples. 

Catalysts Total 

surface N 

content 

(at.%) 

Surface content (at. 

%) of different N 

functionalities 

Total 

surface S 

content 

(at.%) 

Surface content (at. 

%) of different S 

functionalities 

Total surface 

O content 

(at.%) 

  N1 N2  S1 S2  

N-S-HPC 3.90 3.04 0.86 0.76 0.52 0.24 5.28 

N-HPC 5.21 3.08 2.13    2.87 
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to Huang's report, carbon atoms at defect sites 

or oxygen-containing groups in carbon foams 

can react with thiourea to form C–S bonds.
[38]

 

We believe that the formation of C–S bonds in 

N-S-HPC may have a similar mechanism.These 

results further indicate that S and N atoms have 

been successfully doped into the carbon foams. 

Fig. 3(d) illustrates the postulated doping 

mechanisms in N-S-HPC. 

2.2 Electrochemical measurements 

Both the cyclic voltammetry (CV) and 

rotating disk electrode (RDE) measurements 

were performed to investigate the ORR 

activities of the developed catalysts. The N-S-

HPC catalyst was tested in a N2- and O2-

saturated 0.1 M KOH aqueous electrolyte 

solution using CV at a scan rate of 50 mV s
−1

 

(Fig. 4(a)). In the case of a N2-saturated 

solution, the cyclic voltammogram only 

presents a featureless quasi-rectangular trace 

with a typical characteristic of double layer 

 

-0.2 0.0 0.2 0.4 0.6 0.8
3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

4.0

H
2
O

2
 Y

ie
ld

 %

E
le

c
tr

o
n

 t
ra

n
s
fe

r 
n

u
m

b
e

r

Potential / V (vs.RHE)

 

 

 N-S-HPC (500 ug cm
-2
)

 N-S-HPC (100 ug cm
-2
)

 20% pt/C (100 ug cm
-2
)

0

4

8

12

16

20

0.2 0.4 0.6 0.8 1.0
-8

-7

-6

-5

-4

-3

-2

-1

0

 N-S-HPC (500 ug cm
-2
)

 N-S-HPC (100 ug cm
-2
)

 20% pt/C (100 ug cm
-2
)

 C
u
rr

e
n
t 
d
e
n
si

ty
/m

A
cm

-2

 

 

 

 

Potential / V (vs.RHE)

0.4 0.6 0.8 1.0 1.2

-3

-2

-1

0

1

  

 

 

 C
u

rr
e
n
t 
d
e
n
si

ty
 /
 m

A
 c

m
-2

Potential / V (vs.RHE)

 O
2
 saturated

 N
2
 saturated

0.2 0.4 0.6 0.8 1.0
-8

-7

-6

-5

-4

-3

-2

-1

0

 C
u
rr

e
n
t 
d
e
n
s
it
y
 /
 m

A
 c

m
-2

Potential / V (vs.RHE)

 

 

 N-S-PC

 N-HPC

 N-S-HPC

(a) (b) 

(c) (d) 

Fig. 4 (a) Cyclic voltammograms of a GC electrode coated by N-S-HPC catalyst (loading: 100 µg 

cm
-2

), recorded in N2- and O2-saturated 0.1 M KOH at a scan rate of 50 mV s
-1

; (b) Linear sweep 

voltammograms of various electrocatalysts on a rotating disk electrode (rotation rate: 1600 rpm) in 

O2-saturated 0.1 M KOH at a scan rate of 5 mV s
-1

; (c) Linear sweep voltammograms of N-S-HPC 

with 100 µg cm
-2

 and 500 µg cm
-2 

loadings, and Pt/C catalyst (20 wt% Pt, loading: 100 µg cm
-2

), 

(d) Percentages of H2O2 produced and the electron transfer numbers of N-S-HPC catalysts and 

Pt/C catalyst.  
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capacitance of nitrogen-doped carbons. 

However, when O2 was introduced into the 

solution, a distinct ORR response with the peak 

potential (Ep) at 0.813 V vs. RHE, and the peak 

current density (Ip) of 2.81 mA cm
-2

 can be 

clearly observed, indicating that this N-S-HPC 

catalyst has a profound catalytic ORR activity.  

For a more quantitative analysis, Fig. 4(b) 

displays the typical ORR polarization curves 

for three catalyst samples (N-S-HPC, N-S-PC, 

and N-HPC) using RDE at a rotating rate of 

1600 rpm for comparison. As can be seen from 

Fig. 4(b), for N-S-HPC the values of onset 

potential (the onset potential was defined as the 

potential at which the background subtracted 

current density was equal to 0.1 mA cm
-2

.
[19]

), 

half-wave potential (E1/2) and catalytic current 

density (at 0.6 V) are 0.99V, 0.86V and 7.5 mA 

cm
-2

, respectively, exhibiting a much enhanced 

electrocatalytic ORR activity when compared 

to both N-HPC and N-S-PC as well as 

previously reported results for heteroatom-

doped carbon catalysts. Even with the low 

µg cm
-2

, the N-S-HPC can still 

exhibit an excellent catalytic activity, as 

reflected by the E1/2 of 0.83 V, which is more 

positive than the Pt/C catalyst (E1/2 = 0.82 V) 

(Fig. 4(c)). This exceptional catalytic ORR 

activity of H-S-HPC catalyst may be induced 

by the relatively high BET surface area, proper 

pore structure, and high density of ORR-

relevant active sites (including pyridinc-N, 

graphitic-N and thiophene-S). Considering the 

technical and economic feasibility, the catalyst                                                   

loading of N-S-HPC was also increased to 

µg cm
-2

 (Fig. 4(c)), yielding a 

significantly improved E1/2 of 0.87 V, which is 

40 mV more positive than that of Pt/C catalyst. 

Apart from the half-wave potential, the 

diffusion-limited current density of N-S-HPC 

approaches ～ 7.5 mA cm
-2

, which is much 

higher than that of Pt/C (～5.5 mA  cm
-2

). To 

the best of our knowledge, these values 

including the half-wave potential and the 

diffusion-limited current density are superior to 

other non-precious metal catalysts reported to 

date, including metal-free ORR catalysts in an 

alkaline medium (Table S1). Obviously, the 

improved performance may be attributed to the 

synergistic effect, which includes the increased 

surface area, appropriate pore structures and 

high density of active sites. 

In order to accurately quantify the ORR 

electron transfer pathway, rotating ring-disk 

electrode technique (RRDE)
[12]

 was also 

employed in this work (Fig. S2(a)). The results 

revealed a high selectivity of the N-S-HPC 

catalyst towards the four-electron oxygen 

reduction. From Fig. 4(d), it can be seen that 

the H2O2 yield measured with N-S-HPC 

catalyst (loading: 500 µg cm
-2

) remains below 5% 

at all potentials and drops to 1.5% at 0.8 V, 

corresponding to a high electron-transfer 

number (ne) of 3.97, which suggests a complete 

reduction of oxygen to water. This value is 

even slightly higher than that of Pt/C catalyst 

with a value of 3.92 at 0.8V. Even at a low 

µg cm
-2

, the H2O2 yield is still 

remained below 6% at all potentials, 

demonstrating that N-S-HPC catalyst can 

indeed catalyze a complete 4-electron ORR. 

Due to that the pyrolysis temperature can 

play an essential role in the formation of ORR 

active sites for non-precious metal catalysts, 

several temperatures such as 700, 800, and 

900
o
C were used to pyrolyze the N-S-HPC 
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samples for ORR catalysts. As shown in Fig. 

S2(b), the most active catalyst is that 

synthesized at a pyrolysis temperature of 800
o
C. 

In general, high temperatures can result in the 

decomposed species for active sites, while 

lower temperatures will not be sufficient to 

form densely populated active moieties.
[1]

 

For direct methanol fuel cell application, 

catalyst’s methanol tolerance is an important 

consideration. To test the methanol tolerance of 

the N-S-HPC catalyst, the chronoamperometric 

responses for both N-S-HPC and Pt/C catalysts 

were recorded in the presence of methanol in 

the electrolyte solution, as shown in Fig. 5(a). 

It can be seen that after the addition of 3 M 

methanol to a 0.1 M KOH solution saturated 

with O2, no noticeable change can be observed 

in the ORR current at the N-S-HPC electrode. 

However, the ORR current of Pt/C catalyst 

shows a drastic decrease once methanol is 

added under the same testing conditions. These 

results indicate that N-S-HPC catalyst has a 

super higher methanol tolerance than in the 

case for Pt/C catalyst.  

The durability of both the N-S-HPC and Pt/C 

catalysts were also compared. We assessed the 

durability of the N-S-HPC catalyst using the 

US Department of Energy's accelerated 

durability test protocol. It can be seen that after 

5000 continuous cycles the half-wave potential 

of N-S-HPC exhibited almost no any negative 

shift under O2 cycling, which compares 

favorably with most non-precious metal 

catalysts and the Pt/C catalyst. Note, that a 35 

mV of negative shift for Pt/C can be clearly 

observed after only 3000 continuous cycles 

(inset in Fig. 5(b)), indicating that N-S-HPC 

catalyst is very stable in alkaline solution.  

 Furthermore, the electrocatalytic 

performance of the catalysts obtained in acidic 

medium was also investigated. First, the CV 

curve indicates a significant reduction process 

for N-S-HPC, with a pronounced cathodic ORR 

peak at 0.625 V versus the reversible hydrogen 

electrode (RHE) when the electrolyte (0.5 M 

H2SO4) is saturated with O2 (Fig. S3(a)). 

Normally, in acidic medium, most of non-

precious metal catalysts are suffered from high 

overpotential and low durability. However, N-

S-HPC exhibited a very promising ORR 

activity, as reflected by the E1/2 of as high as 

0.73 V, very close to the Pt/C catalyst (E1/2 = 

0.78 V) and, also much higher current density 

(～7.0 mA cm
-2

 at 0.50 V) than Pt/C catalyst 

(5.26 mA cm
-2

 at 0.50 V) (Fig. 5(c)). It can be 

found that for the electrode with a low catalyst 

loading (100 µg cm
-2

), the ORR activity is very 

low and no well-defined limiting plateau can be 

observed (Fig. S3(b)). However, when the 

catalyst loading is increased to higher than 500 

µg cm
-2

, both onset potential and half-wave 

potential are greatly improved, and a 

comparatively well-defined mass-transfer-

limited current plateau appears. It is noticed 

that the catalytic current densities (at 0.5 V) of 

the electrode with a loading of 800 µg cm
-2

 can 

reach 7.0 mA cm
-2

, which is the highest value 

reported in the literature (Table S2). According 

to the RRDE polarization curves of N-S-HPC 

and commercial Pt/C at a rotation rate of 1600 

rpm (Fig. S3(c)), the H2O2 yield calculated with 

N-S-HPC remains below 2.5% at all potentials 

and even much lower than Pt/C over the 

potential range of 0-0.5 V, showing an ORR 

process involving a complete 4-electron 

transfer pathway (n = 3.97-3.99) (Fig. 5(d)).  
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Fig. 5 (a) Chronoamperometric responses of N-S-HPC and Pt/C coated electrodes measured in O2-

saturated 0.1 M KOH with 3M methanol added; (b) Linear sweep voltammograms of N-S-HPC and 

Pt/C (inset) on a rotating disk electrode (1500 rpm) before and after 5000 cycles in O2-saturated 0.1 M 

KOH at a scan rate of 5 mV s
-1

; (c) Linear sweep ORR voltammetric curves for N-S-HPC, N-HPC and 

Pt/C. The loading was 0.8 mg cm
-2 

for all sample catalysts and 0.1 mg cm
-2 

for Pt/C. Electrolyte, 0.5 M 

H2SO4 for N-S-HPC-X and 0.1 M HClO4 for Pt/C. Electrode rotation speed, 1600 rpm; scan rate, 5 

mV s
-1

; (d) Percentage of H2O2 produced and the electron transfer number of N-S-HPC catalysts (1600 

rpm); (e) Single cell performance of the Zn–air battery showing  polarization curve and power density 

with a comparison with Pt/C catalyst; (f) Long-time galvanostatic discharge curves  of Zn–air cell with 

N-S-HPC as cathode catalyst at 10 mA cm
-2

 until complete consumption of Zn anode. The specific 

capacity was normalized to the mass of consumed Zn (inset). Electrolyte for Zn–air cell was 6.0 M 

KOH. Catalyst loading was 2.0 mg cm
-2

 for N/S-Fe-HPC. 
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Additionally, N-S-HPC exhibits a remarkable 

stability as well in acidic medium merely with a 

small negative shift of about 30 mV for the E1/2 

after 5000 continuous cycles under O2 cycling 

(Fig. S3(d)).  

   To determine the role of iron in forming 

active ORR catalytic sites in the N-S-HPC, we 

investigated the ORR activity poisoning effect 

in both acidic and alkaline media containing 5 

mM NaSCN (Fig. S4). Previous studies have 

revealed that introducing transition metals into 

the nitrogen containing complex could further 

enhance the ORR catalytic activity.
[5]

 

Transition metal, especially iron, was found to 

be indispensable to catalyze the graphitization 

of nitrogen−carbon precursor to form the highly 

graphitized carbon. However, the exact role of 

transition metals is still under debate whether 

the transition metal acts as the activity center or 

whether the transition metal only facilitates the 

formation of active nitrogen−carbon functional 

sites. In general, most electrochemical 

poisoning tests for studying the role of metals 

in the catalysts are conducted in alkaline media, 

and there are few electrochemical experiments 

performed in acidic medium, mainly due to the 

absence of appropriate ORR  probes.
[39]

  In  our  

study , we employed SCN
-
 as a probe to further 

understand the role of iron in forming active 

sites in both acidic and alkaline media. 

Although no iron spectra could be found in the 

wide-scan spectra of the N/S-Fe-HPC, it does 

not mean that there is no metal residing in the 

catalyst due to the limited analytic sensitivity of 

XPS. In our work, inductively coupled plasma 

atomic emission spectrometry (ICP-AES) 

revealed an iron content of 0.3 wt%, confirming 

the presence of trace metals. According to the 

literatures most recently reported, even an 

extremely small amount of metallic impurities 

in carbon materials may have a strong influence 

on the ORR. As shown in Fig. S4, in the 

presence of SCN
-
 in 0.5 M H2SO4 electrolyte, 

the ORR onset potential of the N-S-HPC 

catalyst decreased significantly by more than 

60 mV, with 1.35 mA cm
-2

 (19.3%) decrement 

in the diffusion-limiting current (Fig. S4(a)), 

suggesting blocking of the iron sites by SCN
-
 

ions and a reduction of the electron transfer 

number from four-electron. After washing the 

catalyst to remove SCN
-
 ions absorbed on the 

active sites, the ORR activity is almost fully 

recovered, confirming that the Fe ion is the 

active center in the catalyst. Contrary to this 

completely, the N-S-HPC catalysts show 

almost no activity loss in the presence of SCN
-
 

in 0.1 M KOH solution (Fig. S4(b)). These 

results likely suggest a very different catalytic 

mechanism and active site structures between 

acidic and alkaline media.
[40]

 

To demonstrate the potential of our catalyst 

for practical energy devices, we constructed a 

Zn–air battery using N-S-HPC catalyst loaded 

on the gas diffusion layer (Tefloncoated carbon 

fibre paper) as the air cathode, Zn plate as the 

anode and 6M KOH as the electrolyte. As 

shown in Fig. 5(e), the battery shows a very 

promising open circuit voltage of 1.415 V. At a 

voltage of 1.0 V, N-S-HPC reached a high 

current density of 317 mA cm
-2

, which is much 

higher compared with the current density of 

103 mA cm
−2

 obtained by 20%Pt/C at the same 

measuring conditions. In particular, the peak 

power density could be as high as 536 mW cm
-2

, 

significantly superior to Pt/C (145 mW cm
−2

) 

and also to those reported for Zn-air primary 
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batteries by applying N-doped CNTs (1V@ 50 

mA cm
-2

; 69.5 mW cm
-2

)
[41]

 and N-doped 

porous carbon nanofibers (1V@ 150 mA cm
-2

; 

194 mW cm
-2

).
[42]

 Besides, the performance of 

our N-S-HPC based Zn–air battery in terms of  

both the current density at 1V and the peak 

power density is also significantly improved 

compared to those most recently reported Zn-

air primary batteries by applying the metal 

oxides supported on carbon materials as 

cathode catalysts (Table S3). When the battery 

is galvanostatically discharged at 10 mA cm
-2

 

for 100 hours, no obvious voltage drop can be 

observed until a complete consumption of the 

Zinc anode (Fig. 5(f)), again suggesting the 

durability of heteroatom (N and S) co-doped 

hierarchically porous carbon (N-S-HPC). The 

specific capacity normalized to the mass of 

consumed Zn was 730 mAh g
-1

 (inset graph in 

Fig. 5 (f)), corresponding to a high energy 

density > 900Wh kg
-1

 at discharge densities of 

10 mA cm
-2

. 

Conclusions 

In summary, heteroatom (N and S) co-doped 

hierarchically porous carbons (N-SHPC) using 

a simple and green two-step graphitization of 

the bis-quaternary ammonium group (PQ-2) 

have demonstrated an outstanding catalytic 

ORR performance. The unique hierarchical 

pore structures and high surface area can afford 

abundant active sites on the N-S-HPC surface 

and facilitate the electrolyte/reactant diffusion 

during the oxygen reduction process. The N-S-

HPC catalyst doped with heteroatom (N and S) 

exhibits a surprisingly positive half-wave 

potential and high diffusion-limited current in 

both acidic and alkaline medium. Moreover, 

this catalyst shows both the pronounced 

electrocatalytic activity and long-term stability 

towards the ORR. The high-active and stable 

ORR performance can be attributed to the 

synergistic effects, which include the increased 

surface area, suitable pore structures and high 

density of active sites. The outstanding 

electrochemical performance of such catalysts 

thereby makes it very promising for this non-

noble catalyst to replace the commercial Pt/C in 

both fuel cell systems and metal-air batteries.  

3. Experimental section 

3.1 Fabrication of polybasic controlled 

nanosilica template agents  

With the purpose of obtaining the optimized 

hierarchical porous carbon materials, the first step 

in the synthesis was to prepare a template SiO2 

solution as follows: 5 g of nano-silica was mixed 

with 25 g of hydrochloric acid solution (1 M) and 

sonicated for eight minutes to easily obtain 

uniformly polybasic controlled nanosilica template 

agents (CNS) containing 16.6 wt.% of SiO2. 

 

3.2 Synthesis of nitrogen & sulfur-doped 

hierarchically porous carbons (N-S-HPC) 

A hard-templating method combining a simple 

two-step graphitization of the impregnated carbon 

was used to synthesize the N & S-doped 

hierarchically porous carbon catalysts (N-S-HPC), 

as illustrated in Fig. 1. The N-S-HPC is synthesized 

by homogeneously dispersing iron and 

polyquaternium-2 (PQ-2) precursors onto the 

surface of SiO2 template. In a typical synthesis 

process, 3.63g PQ-2 solution (62 wt.%, Sigma–
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Aldrich,) was added into the pre-synthesized SiO2 

solution (the PQ-2 content as 45 wt.% with respect 

to the silica) under a magnetic stirring, resulting in 

the spontaneous coating of adherent PQ-2 layers. 

Then, a solution of FeSO4 7H2O solution 

containing 0.3 g Fe was added into this mixture 

under stirring for more than 3 hours. Then the 

resulting viscous solution was dried for 48 hours at 

85
o
C. The obtained solid was ground to a fine 

powder in an agate mortar and, then pyrolyzed at 

800
o
C for 1 hour under a nitrogen atmosphere with 

a temperature ramp rate of 20
o
C/min. The SiO2 was 

leached out using excess amount of sodium 

hydroxide (NaOH) (4 M) solution for 48 hours. 

The resulting powder was washed by deionized 

water for neutralization, and then dried for 

overnight. To remove a redundant phase, mainly 

unreacted metallic iron and iron compounds, the 

sample was acid-leached using 0.5 M H2SO4 at 

85
o
C for 8 hours, then re-pyrolyzed at 800

o
C for 1 

hour under the same conditions as those during the 

first heat treatment to obtain the final catalyst 

sample. To confirm the synergetic effect between N 

and S, FeCl2 4H2O was used as the Fe-precursor 

instead of FeSO4 7H2O to prepare S-free 

counterparts, which is named N-HPC. Meanwhile, 

samples without using CNS (named N-S-PC) 

prepared by the same procedure were also used as 

the reference. For comparison, a state-of-the-art 

commercial Pt/C catalyst (20% Pt, BASF) was also 

measured under the same conditions. 

Scanning electron microscopy (HITACHI/S-

4800) was performed to observe the 

morphologies of various catalyst samples. To 

verify the microstructures of the samples, XRD 

patterns were collected by a Rigaku D/max-

2550 V diffractometer with Cu Kα radiation 

operating at 30 kV and 40 mA. The specific 

surface area and pore size distribution curves 

were determined by nitrogen adsorption in a 

Micromeritics ASAP 2020 gas adsorption 

apparatus (USA). Surface analysis of the 

catalyst particles was carried out by XPS on a 

RBD upgraded PHI-5000C ECSA system 

(PerkinElmer) with Al K X-ray anode source 

(hn = 1486.6 eV) at 14.0 kV and 250 W. 

Electrochemical measurements were 

performed in a conventional three-electrode cell 

using CHI Electrochemical Station (760D). All 

electrochemical tests were carried out in either 

O2-saturated or N2-saturated 0.1 M KOH 

electrolyte solution controlled at room 

temperature. In order to subtract the 

background capacitive current, linear sweep 

voltammetry was conducted under the same 

conditions in an N2-saturated electrolyte. A 

platinum wire was used as the counter electrode 

and a saturated calomel electrode as the 

reference electrode, respectively. In this paper, 

all potentials were converted to the standard 

hydrogen electrode (SHE) scale. The catalyst 

ink was prepared by ultrasonically mixing 2.0 

mg catalyst with 0.4 mL of isopropyl alcohol 

and 0.1 mL of 0.5 wt% Nafion® for more than 

30 minutes. Then 6.0 µL (loading, 100 µg cm-2) 

or 31.0 µL (high loading, 500 µg cm
-2

 ) of the 

resulting suspension was dropped onto the pre-

cleaned GC (6.25 mm inner diameter and 7.92 

mm outer diameter) surface, and dried at room 

temperature to form a uniform layer across the 

electrode surface. For comparison, a 

commercially available Pt/C catalyst (20 wt% 

Pt) was used as the baseline, and its electrode 

was prepared under the same conditions as 

those for the studied catalysts. Before each 

measurement for cyclic voltammograms (CV), 
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rotating-disk electrode voltammograms or 

chronoamperometry, the electrolyte solution 

was purged with high purity nitrogen or oxygen 

for at least 30 minutes to ensure saturation. 

4. Supporting Information 

Supporting Information is available from the Wiley 

Online Library or from the author. 
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