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ABSTRACT

It is of great allure to construct nitrogen-doped hierarchical porous carbon to

replace Pt-based catalysts for efficient ORR. Here, nitrogen-doped hierarchical

porous carbon (NHPC) was prepared by carbonizing ZTIF-1 and KOH acti-

vating. The resultant NHPC4-700 catalyst exhibits a hierarchical porous struc-

ture and high specific area (2404 m2 g-1), which promoted the exposure of

enough active sites as well as simultaneously enhanced the electron transfer

rate, shorten the mass transfer pathway, enhanced ionic conductivity and car-

bon wetting. The results are capable of remarkably improving the ORR activities

of carbon materials. The NHPC4-700 catalyst exhibits a great catalytic perfor-

mance with onset potential at 0.90 V and limiting current density of

- 6.0 mA cm-2, which is close to commercial Pt/C electrocatalyst. Meanwhile,

the NHPC4-700 catalysts had better stability and methanol resistance than that

of Pt/C toward ORR. These superior electrochemical properties of the NHPC4-

700 catalysts were closely related to their nitrogen-doped hierarchical porous

structure and high specific area.
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1 Introduction

In recent years, the energy crisis and environmental

pollution caused using fossil fuels have forced us to

explore new energy system to replace them, and

create efficient energy-storage devices. As we all

know, hydrogen energy is an ideal substitute for

traditional fossil fuels due to its high energy density

and environmentally friendly reaction product [1, 2].

Oxygen reduction reaction (ORR) is a crucial cathodic

reaction in a hydrogen energy system. However, the

acceleration of sluggish kinetics acquires efficient

electrocatalysts to make cathodic reaction fast enough

for applications [3]. Among all the electrocatalysts,

precious metal catalysts especially platinum-based

materials are widely used as fuel cell cathodic elec-

trocatalysts because of their excellent ORR activity

[4, 5]. However, the high cost, poor stability and

methanol crossover effect seriously hindered their

applications [6–8]. Therefore, it is necessary to

develop a cheap and stable substitute to replace those

precious metals-derived electrocatalysts.

Carbon-based materials are widely used for

energy-storage devices due to their adjustable porous

structure, high specific area, abundant sources and

superior chemical stability [9–15]. However, pure

carbon materials usually deliver an unsatisfactory

electrocatalytic performance, which is not satisfactory

for the catalytic activity of electrochemical ORR.

Recently, heteroatoms-decorated (N, O, P, F, etc.)

carbon materials have been further investigated and

are considered as the promising substitute for ORR

[16–22]. Among them, nitrogen-doped materials are

the most widely investigated heteroatom-decorated

carbons, because the nitrogen atoms can activate their

neighboring carbon atoms during ORR process.

However, the superior ORR catalytic activity in

alkaline media is due to the nitrogen dopants

including quaternary-N, which is beneficial for the

limiting current density, and pyridinic-N that could

decrease the adsorption energy of O2 at electrode

surface resulting in a positive onset potential [23].

Meanwhile, it is very important to control the struc-

ture and morphology of materials during the whole

synthesis process, but the goals is still a challenge in

the modern scientific and industrial studies [24–28].

Additionally, recent research has found that metal–

organic frameworks (MOFs) derived materials can

provide high specific surface area and porous

structure which promote mass transfer and create

more active sites [29–32]. Qian et al. pyrolyzed a Zn-

MOF and obtained a highly porous B-N dual-doped

carbon which exhibited an onset potential of 0.894 V

(vs. RHE) and a current density of 4.73 mA cm-2.

However, the carbon material obtained from a simple

carbonization of MOFs has less mesopore structure,

which is not beneficial for mass transfer resulting in a

poor ORR performance. However, a series of mate-

rials with a hierarchical porous structure have gained

great interest in energy, catalysis, environment etc.

[33]. In particular, micropore can as a confined reac-

tor and expose enough active sites [34]. Meanwhile,

mesopore and macropore could simultaneously

enhance the electron transfer rate, shorten the mass

transfer pathway, enhanced ionic conductivity and

carbon wetting, which are capable of remarkably

improving the ORR activities of carbon materials in

both acid and alkaline condition [35]. In addition,

higher specific surface area can expose more active

sites, thus improving the electrochemical catalytic

activity of ORR [36]. Therefore, it is important to

synthesize nitrogen-doped hierarchical porous car-

bon materials with high specific surface area [37]. In

order to obtain hierarchical porous carbon materials,

chemical activation methods are often used to

develop the pore network structure of carbon mate-

rials [38]. This method is usually carried out by

mixing the chemical activating agents (such as KOH

etc.) with carbon precursors at different mass-ratios

and temperatures. The specific area can be greatly

increased and a large number of mesopore and

macropore structures can be obtained [39]. Zhang

et al. mixed the cellulose with KOH to obtain a

defect-rich graphene-like nanocarbon material which

can get an onset potential of 0.991 V and a current

density of 5.6 mA cm-2 [40]. However, KOH activa-

tion leads to a great loss of nitrogen. In order to

preserve more nitrogen after the activation, ZTIF-1

that contains 5-methyltetrazole is used as the pre-

cursor that can preserve enough nitrogen content for

ORR after KOH activation.

In this study, we developed a nitrogen-doped

hierarchical porous carbon (NHPC) with rich defects,

hierarchical porous structure and dominant pyri-

dinic-N and pyrrolic-N content by carbonizing ZTIFs

(zeolitic tetrazolate-imidazolate frameworks) and

activating the carbonized-products. During the acti-

vation, the violent reaction produced metallic K, K2O

and CO2 and hydrogen gas. The K2O will be embed
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into carbon layers and the released gases (H2, H2O,

CO2, CO, etc.) will leave a large number of pores as

well as defects which can promote mass transfer and

catalytic activity. The prepared NHPC had a large

specific area of 2404 m2 g-1 and a great number of

mesopores leading to a hierarchical porous structure.

The NHPCs were used as ORR electrocatalyst in

0.1 M KOH solution and exhibited an excellent elec-

trocatalytic performance. The NHPC4-700 shows an

onset potential of 0.90 V, and limiting current density

of - 6.0 mA cm-2 which is close to the commercial

20% Pt/C material (onset potential of 0.97 V and

limiting current density of 5.46 mA cm-2). With fur-

ther investigation, NHPC4-700 has a better durability

and methanol tolerance performance. Hence, we

believe that NHPC4-700 can become an ideal substi-

tute to Pt/C.

2 Experimental

2.1 Materials

Zinc acetate (Zn(CH3CO2)2), ethanol and 5-methyl-

tetrazole were purchased from Macklin. N,N-

Dimethylformamide (DMF) and potassium hydrox-

ide was purchased from Aladdin. 2-ethylimidazole

was purchased from TCI. All chemical reagents were

of analytical grade and used without any further

purification.

2.2 Synthesis of NHPC

The zeolitic tetrazolate-imidazolate frameworks

(ZTIF-1) was prepared by following the method [41].

0.96 g 2-ethylimidazole, 1.83 g zinc acetate and 0.86 g

5-methyltetrazole were dissolved in the mixture of

50 mL DMF and 50 mL ethanol. The mixture was

sealed in a 250 mL hydrothermal reactor and heated

at 120 �C for 72 h, then cooled to room temperature.

The yellow crystals (ZTIF-1) was collected through

filtered and washed with ethanol, and dried 12 h at

70 �C.
The NHPC is synthesized by the following process.

Firstly, ZTIF-1 was carbonized at 800 �C under Ar

atmosphere for 2 h with a rate of 10 �C min-1 to gain

nitrogen-decorated nanoporous carbon (NNPC) [42].

Secondly, the resultant NNPC was chemically acti-

vated with KOH. For this purpose, the NNPC was

mixed with KOH at different mass ratio (1:1, 1:2, 1:3

and 1:4) and reacted at different temperatures

(700 �C, 750 �C and 800 �C) under Ar atmosphere for

1 h with a rate of 5 �C min-1. Finally, these samples

were washed with diluted sulfuric acid (20 wt%) and

deionized water to totally remove KOH and other

ions, and dried 12 h at 70 �C. The resultant samples

were named as NHPCx-T (x represents the KOH/

NHPC mass ratio and T represents the reacting

temperature), respectively.

2.3 Characterization

Field emission scanning electron microscopy

(FESEM) images were acquired by a Hitachi SU-70

FESEM instrument. X-ray diffraction (XRD) patterns

were collected by a Bruker D8 Advance powder

X-ray diffractometer using Cu Ka radiation. The

specific surface area is obtained by using

micromeritics ASAP 2020 analyzer based on the

Brunauere-Emmette-Teller (BET) method. Raman

spectra was performed on RENISHAW invia Raman

Microscope. X-ray photoelectron spectroscopy (XPS)

measurements were carried out on Microlab 350.

Element analysis was carried out on Vario EL cube.

2.4 Electrochemical measurements

Electrochemical measurements were carried out at

room temperature on a Bio-logic VMP-300 electro-

chemistry workstation together with a PINE rotating

ring-disk electrode (RRDE). For ORR testing, 1.0 mg

active material was firstly dispersed in a Nafion/

methanol solution (100 lL, 0.25% Nafion) by sonica-

tion for 0.5 h and therefore a well-dispersed catalyst

ink was obtained. Then, to load the catalyst onto

electrode, 10 lL ink was injected onto the glassy-

carbon electrode and dried in air. The ORR activity of

all materials was examined by rotating ring-disk

electrode (RRDE) measurements. The number of

transferred electrons during ORR was analyzed

according to Koutecky–Levich (K–L) equation [43], as

shown below:

1

J
¼ 1

JL
þ 1

JK
¼ 1

Bx1=2
þ 1

JK

B ¼ 0:62nFCOD
2=3
O t�1=6

JK ¼ nFkCO

where J is the measured current density, JL the dif-

fusion current density, JK the kinetic limiting current
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density, x the angular velocity, n is electron transfer

number, F the Faraday constant (96,485 C mol-1), Do

the diffusion coefficient of O2 in the electrolyte

(1.9 9 10-5 cm2 s-1), t the kinematic viscosity of the

electrolyte (0.01 cm2 s-1), and Co the bulk concen-

tration of O2 in the 0.1 M KOH electrolyte.

3 Results and discussion

In this work, the synthesis process of NHPC is

illustrated in scheme 1. First, the ZTIF-1 was syn-

thesized by a one-step hydrothermal process. The

introduction of 5-methyltetrazole not only provides

the ligand of ZTIF-1 but also brings out a high in situ

N content. After pyrolysis and acid wash, the product

is referred to NNPC. Last, KOH activation is carried

out to create a hierarchical porous structure and then

NHPC is obtained. During the activation, the violent

reaction produced metallic K, K2CO3 and hydrogen

gas based on the following equation: [39]

6 KOHþ 2C ! 2Kþ 3H2 þ 2K2CO3

The as produced K compounds can corrode the

carbon layers to form abundant edges and defects in

NHPC. K2CO3 will be further decomposed into K2O

and CO2 following the equation. The K2O will be

embed into carbon layers and the released gases (H2,

H2O, CO2, CO, etc.) will leave a large number of

pores as well as defects which can promote mass

transfer and catalytic activity.

K2CO3 ! K2Oþ CO2

The XRD pattern of ZTIF-1 is shown in the Fig. 1a,

which shows the typical structure of ZTIF-1 [42].

Figure 1b shows the XRD pattern of NNPC and

NHPC4-700. NNPC has two broad peaks at 24� and

44� (2h) which are corresponding to (002) and (100)

diffraction peaks of carbon (PDF#03-0401), respec-

tively. After the KOH activation process, the pattern

of NHPC4-700 reveals the (002) diffraction peak

decreasing apparently. The results show that KOH

activation leads to a limited degree of graphitization.

However, the formation of a large number of disor-

dered carbon structures increases the defect and

specific surface area (SSA).

Raman spectra for NNPC and different NHPCs are

shown in Fig. 2a, b. The peak at around 1340 cm-1

relates to D band which stands for disordered carbon

and defected carbon. The peak at around 1580 cm-1

relates to G band which stands for graphitic carbon.

The intensity ratio of two peaks (ID/IG) reveals the

graphitization degree of carbon material. The ID/IG
ratio of NHPC2-700, NHPC3-700 and NHPC4-700 is

0.91, 0.92 and 0.93, respectively. It reveals that NHPC

will get more defects by increasing KOH mass ratio.

The ID/IG ratio of NHPC3-700, NHPC3-750 and

NHPC3-800 is 0.92, 0.95 and 0.98, respectively. This

demonstrates that increasing activation temperature

will promote activation reaction and reduce the

graphitization degree of NHPC.

The network structures are further validated by

SEM (Fig. 3a–c), TEM (Fig. 3d-e) and HR-TEM (Fig

S1b-f). Figure 3a-c shows the SEM images of ZTIF-1,

NNPC and NHPC. By comparison, it can be found

that carbonization makes NNPC get many porous

Scheme 1 The synthesis process of NHPC
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structures on the basis of ZTIF-1, and the surface of

NNPC is relatively smooth. By comparing NNPC and

NHPC, it can be found that more pores have been

added to NHPC. Under the corrosion of KOH,

obvious microcracks appear on the surface, leading to

the formation of mesoporous structures. At the same

time, the carbon matrix shrinks and forms folds

inside the NHPC, which increases the specific surface

area. As a result, NHPC has abundant pore structure

and ultra-high specific surface area.

The TEM images of NHPC4-700 are shown in

Fig. 3d. It can be observed that there are many

mesoporous and macroporous and the entire mate-

rial has an irregular morphology. The HR-TEM

image of NHPC4-700 (Fig. 3e and Fig. S1b–f) shows

an enlarged image of a part of the area in Fig. 3d. No

obvious lattice is observed, indicating that a large

number of defects and microporous structures are

distributed on the surface, which is consistent with

the results of average pore size distribution of BET

analysis. The result NHPC4-700 catalyst provides a

high specific surface area and hierarchical porous

structure, which is conducive to the exposure of more

active sites and improving the catalytic activity of

ORR. Obviously, the KOH activation creates a large

number of defects and a hierarchical porous structure

was formed. Figure 3f–j shows the EDS image of

NHPC4-700 and it reveals that the material is mainly

composed of three elements (C, N, and O). The N

element is evenly distributed in NHPC4-700, which is

beneficial to improve ORR activity.

In order to further investigate the chemical com-

position, X-ray spectroscopic (XPS) measurements

and element analysis were carried out. As shown in

Fig. 4a, the spectra of NHPC4-700 reveals the exis-

tence of C, N and O content, which has the same

results with TEM element mapping. Table 1 is the

detailed of the element content for NNPC and

Fig. 1 XRD patterns of a ZTIF-1 and b NNPC and NHPC4-700

Fig. 2 Raman shifts of a NHPC3-700, NHPC3-750 and NHPC3-800 and b NHPC2-700, NHPC3-700 and NHPC4-700

17098 J Mater Sci: Mater Electron (2021) 32:17094–17104



NHPC4-700 by using organic element analyzer. The

results showed that the high nitrogen content of

NNPC was 15.84% after ZTIFI-1 carbonization treat-

ment, while the nitrogen content of NNPC remained

in the range of 0.35 –0.99% after activation treatment,

which was sufficient to provide ORR active sites.

Figure 4b shows the high-resolution C 1s spectra. It

can be divided into three peeks including C–C/C=C

(284.4 eV), C–N (285.4 eV), C–O (286.5 eV). The high-

resolution N 1s spectra of NHPC4-700 at 397–402 eV

Fig. 3 SEM images of a ZTIF-1, b NNPC and c NHPC4-700, d) TEM image of NHPC4-700 and e HRTEM image of NHPC4-700, f–

j element mapping of the selected area of NHPC4-700 revealing the elemental distribution of C, N and O

Fig. 4 XPS results of NHPC4-700 a XPS survey, b high-resolution C 1s spectra and c high-resolution N 1s spectra

J Mater Sci: Mater Electron (2021) 32:17094–17104 17099



are shown in Fig. 4c. Each N 1s peak can be divided

into three peaks corresponding to pyridinic-N

(398.3 eV ± 0.1 eV), pyrrolic-N (399.5 eV ± 0.2 eV)

and graphitic-N (400.8 eV ± 0.2 eV). Especially, both

of pyridinic-N and pyrrolic-N are beneficial for ORR.

Meanwhile, they can promote the electrocatalytic

performance of carbon catalyst and these two kinds

of nitrogen content accounted for 60.26% of the total

nitrogen content [44]. Hence, the superior catalytic

activity can be attributed to the dominant pyridinic-N

and pyrrolic-N content.

In order to further analyze the pore properties,

nitrogen adsorption and desorption measurements

are introduced to perform specific surface area (SSA)

based on a BET method. Pore size is calculated by a

BJH method. Figure 5a, b show the SSA and pore

properties for NHPC3-700 and NNPC. Compared

with the un-activated NNPC, NHPC3-700 shows a

combined Type IV isotherms with a H4 hysteresis

loops. As shown in Fig. 5a, the SSA of NHPC

(2404 m2 g-1) is larger than NNPC (557 m2 g-1). Pore

size distributions are displayed in Fig. 5b and the

pore size distribution is centered at 2.64 nm.

Obviously, KOH activation makes NHPC produce

more mesoporous structure, which gives it a hierar-

chical structure and increases SSA.

The ORR performance of NHPCs and commercial

Pt/C are further studied by linear sweep voltamme-

try (LSV), durability and methanol tolerance test with

a rotating disk electrode (RDE) device. Figure 6a, b

are LSV curves of NHPCs with different activation

temperature and KOH mass ratio. It is obvious that

the sample heat treated at 700 �C has the best elec-

trocatalytic performance (Fig. 6a). The reason for this

result is that the part of the activation reaction needs

to be above 700 �C [39]. With the increase of the

activation temperature, the activation will be more

violent. Then there will be a great loss of nitrogen

(XPS table). Moreover, with the increase of tempera-

ture, the structure of NHPC will be seriously cor-

roded, especially at 800� C activation. The great loss

of nitrogen and the collapse of the carbon material

structure resulted in the deterioration of the onset

potential of NHPC. Therefore, 700 �C is chosen as the

activation temperature before studying the effect of

the mass ratio of KOH. As shown in the Fig. 6b,

NHPC4-700 has the best catalytic performance. The

onset potential reached 0.90 V and the limiting cur-

rent density was - 6.0 mA cm-2, which was better

than other samples. When the content of KOH is too

low, the activation reaction is not sufficient. Mean-

while, the pore structure is not rich enough, and the

active site cannot be fully exposed. These results lead

to an unsatisfactory initial potential. On the contrary,

when the KOH content is too high, the intense acti-

vation process leads to the collapse of the NHPC

skeleton structure, which reduces the limiting current

density. As shown in the Fig. 6c, compared to

Table 1 The element content of NNPC and NHPCs determined

by element analysis

Element (wt%) C (%) N (%) H (%)

NNPC 46.41 15.84 1.676

NHPC2-700 87.97 0.99 /

NHPC4-700 93.07 0.39 /

NHPC3-700 92.57 0.66 /

NHPC3-750 95.84 0.91 /

NHPC3-800 92.13 0.35 /

Fig. 5 a N2 absorption and desorption curves and b pore distribution of NNPC and NHPC4-700
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commercial Pt/C, the NHPC4-700 exhibits an onset

potential of 0.90 V and a half-wave potential of

0.76 V, which are close to Pt/C (0.97 V and 0.88 V,

respectively) and a higher limiting current density

than commercial Pt/C. As shown in Table S1, it can

be observed that the ORR catalytic activity of

NHPC4-700 is superior or comparable to the most

recently reported metal-free catalysts. Figure 6d is

the LSV curve of NHPC4-700 from 400 rpm to

2400 rpm. The limiting current density increase from

- 3.3 to - 8.5 mA cm-2. According to the Koutecky-

Levich (K-L) equation, the electron transfer number

of NHPC4-700 be calculated (Fig. 6e). The n values of

NHPC4-700 are 3.73–3.97 (Fig. 6f), which is close to n

of Pt/C. The result indicates that the reaction process

of NHPC4-700 is a four-electron process. Further-

more, the LSV curve and the electron transfer number

Fig. 6 a LSV curves of NHPC3-650, NHPC3-700, NHPC3-750

and NHPC3-3-800, b LSV curves of NHPC1-700, NHPC2-700,

NHPC3-700, NHPC4-700 and NHPC5-700, c LSV curves of

NHPC4-700 and Pt/C catalyst, d LSV curves of NHPC4-700 at

different rotating rates, e K-L plots of NHPC4-700, f electron

transfer number at different potential, g chronoamperometric

response of NHPC4-700 and Pt/C catalyst after 15,000 s and

h chronoamperometric response of NHPC4-700 and Pt/C catalyst

with the addition of 3 M methanol

J Mater Sci: Mater Electron (2021) 32:17094–17104 17101



of NHPC1-700, NHPC2-700, NHPC3-700 and

NHPC5-700 are shown in Figs. S3–S4.

Herein, it is believed that the excellent electrocat-

alytic performance of NHPC4-700 is related to the

following reasons. (i) First, the etching of the KOH

activation reaction forms a hierarchical porous

structure on the microporous substrate of NNPC.

This hierarchical porous structure is beneficial for

proton transport and the increase of limiting current

density [45]. Therefore, NHPC can obtain an excellent

limiting current density in comparison with Pt/C. (ii)

The activation of KOH produces many defects. These

defects expose active sites of nitrogen species which

hidden in the material. The increase of active sites

promoted the electrocatalytic activity of the NHPC

catalyst and finally realized the increase of onset

potential. (iii) Thirdly, based on the XPS results in

Fig. 4a, it can be known that the existence of nitrogen

in NHPC4-700 is mainly pyridinic-N and pyrrolic-N.

As reported, pyridinic-N and pyrrolic-N can promote

the electrocatalytic performance of carbon material in

alkaline solution. Therefore, NHPC4-700 can obtain a

better electrocatalytic performance than Pt/C in

terms of limiting current density.

In addition to excellent ORR activity, it is also very

important to have a good durability for electrocata-

lysts. Figure 6g shows the chronoamperometric cur-

rent–time (i–t) measurement for NHPC4-700 and Pt/

C catalysts. The i–t curves showed NHPC4-700

(76.1%) had excellent stability than that of Pt/C

(70.6%) toward ORR at a constant potential of

- 0.4 V (vs Hg/HgO) in 0.1 M KOH. Methanol tol-

erance test is also carried out for NHPC4-700 and Pt/

C. To evaluate the tolerance to methanol, the NHPC4-

700 and Pt/C catalysts is measured in O2-saturated

0.1 M KOH solution (1600 rpm). As shown in the

Fig. 6h, after injecting 3 M methanol at 500 s, the

ORR current density of NHPC4-700 keeps at the same

level, while the ORR current density of Pt/C shows a

strong response to methanol and then an apparent

decrease for current density. This result proves that

NHPC4-700 has a better methanol tolerance than that

of Pt/c.

4 Conclusion

In summary, the NHPC4-700 catalyst was success-

fully fabricated by carbonizing ZTIF-1 process and

KOH-activating approach. The resultant NHPC4-700

catalyst exhibits a hierarchical porous structure and

high specific area after KOH-activating. The hierar-

chical porous network structure and high specific

surface area (2404 m2 g-1) of NHPC4-700 catalyst

promoted the exposure of enough active sites as well

as simultaneously enhanced the electron transfer rate,

shorten the mass transfer pathway, enhanced ionic

conductivity and carbon wetting, which are capable

of remarkably improving the ORR activities of carbon

materials. The NHPC4-700 catalyst exhibits a great

catalytic performance with onset potential at 0.90 V

and limiting current density of - 6.0 mA cm-2.

Meanwhile, the i–t curves showed NHPC4-700

(76.1%) had better stability than that of Pt/C (70.6%)

toward ORR after 15000 s. The result of methanol

resistance proves that NHPC4-700 has an excellence

methanol tolerance than that of Pt/C. The superior

ORR electrocatalytic performance of NHPC4-700 can

be ascribed to the following factors: (i) hierarchical

porous structure suitable for the mass transfer; (ii)

rich defects and high specific area exposing nitrogen

active sites; (iii) dominant pyridinic-N and pyrrolic-N

content. In conclusion, the NHPC catalyst can be a

promising ORR electrocatalyst.
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