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ABSTRACT

A Co-metal–organic-framework (MOF) crystal has been hydrothermally syn-

thesized. Then the corresponding Co/nitrogen-doped porous carbon (Co/NPC)

composite is fabricated by direct pyrolyzation of MOF without any precursor

additive. The results reveal that the MOF-derived Co/NPC exhibits a porous

structure with a surface area of 412 m2 g-1 and a narrow pore size distribution

(from 1.8 to 4.9 nm). The doped N mainly occurs in pyridine N and graphitic N

types with total content as 4.11 at.%, which is originated from the N-based

ligands in MOF. As an efficient oxygen reduction reaction (ORR) catalyst, Co/

NPC shows a more positive onset potential (0.91 V vs. RHE) with a diffusion-

limited current density of 5.46 mA cm-2 at 0.3 V (vs. RHE). The rotating disk

electrode and rotating ring-disk electrode results suggest that the Co/NPC

catalyst experiences a nearly 4e pathway with a stronger methanol tolerance and

better durability than commercial Pt/C catalyst in 0.1 M KOH. The excellent

ORR catalytic activity of Co/NPC can be attributed to the N-doped porous

carbon structure with incorporated metallic Co active species. This work affords

a new strategy for preparation of non-noble metal ORR catalysts employing

MOF as a precursor.
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Introduction

The issues of global warming, environmental pollu-

tion and fossil fuels depletion have drawn much

effort on clean and sustainable energy storage-con-

version devices including fuel cells and metal–air

batteries. Therein, electrochemical oxygen reduction

reaction (ORR) is a crucial cathodic process for above

renewable energy technologies [1–4]. Unfortunately,

several disadvantages such as high overpotential and

low efficiency as well as short lifetime greatly limit

their large-scale commercialization due to the slug-

gish ORR kinetics. Although the advanced noble

metal and their alloy nanohybrids (e.g., Pt, Pd and

PtAu) have been developed as ORR catalysts with

high activity and current density [5, 6], their pro-

hibitive cost, scarcity and easy corrosion have ham-

pered their widespread application in energy systems

[7–9]. Thus, it is of significance to explore the effi-

cient, earth-abundant and non-precious metal elec-

trocatalysts for the large-scale commercialization of

green energy devices.

The active transition metal (e.g., Co, Ni, Fe)-based

porous carbon materials with heteroatom (e.g., N, S,

P) doping/co-doping have shown excellent perfor-

mance for ORR or oxygen evolution reactions (OER)

and can be employed as one of the most likely

alternative catalysts to noble metal nanomaterials

[10–12]. Among the above mentioned electrocata-

lysts, cobalt-based nitrogen-doped porous carbon

structures (e.g., graphene, carbon nanotubes) have

demonstrated superior ORR activities for potential

energy applications [13–16]. Thereof, porous carbon

are much favorable for ORR activity due to its better

stability, large surface area, fast kinetics, narrow pore

size range, high pore volume and conductivity

[13, 17]. Additionally, doping of N atom in carbon

materials can enhance the current density and onset

potential of ORR catalysis owing to the excellent

electron-donor capacity and the plentiful nitrogen-

involving active sites [12, 18]. It has been also well

proven that the incorporation of Co transition metal

into the N-doped carbon materials can further

improve ORR performance of catalyst [19, 20]. Con-

sequently, various Co-based N-doped carbon com-

posites (e.g., Co/Co9S8@SNGS, Co@Co3O4/NC,

Co3O4C-NA) [11, 18, 20–22] have been developed as

effective ORR catalysts with higher stability and

performance. Although inspired achievements, it is

still quite challenging to guarantee the uniformity of

doped species (metal and nitrogen atoms) and the

ordering of micro/mesoporous carbon materials,

which are crucial to the mass transport and the

accessibility of active sites.

Metal–organic frameworks (MOF) stand for a new

class of porous crystalline materials, which are com-

posed of metal ions or metal ion clusters and organic

ligands [23, 24]. Given that the many unique merits

including high surface area, porous structure and

diverse composition, MOF have been extensively

investigated for different applications ranging from

gas separation and storage [25, 26], drug delivery

[27], to catalysis [28, 29]. More importantly, the

superiority of composition and structure allows MOF

to be pyrolyzed as non-precious metal based porous

carbons for ORR electrocatalysis [10, 30]. During

pyrolysis process, the heteroatom (e.g., N) in organic

ligands can be evenly doped into the MOF-derived

carbon materials for improvement in catalytic per-

formance [31]. Additionally, uniform metal ion in

MOF scaffolds can lead to the well distributed active

sites in N-doped porous carbon materials with larger

specific surface area and higher electron transfer

capability than MOF itself [32]. As a result, the syn-

ergistic effect between metal species and N-doped

porous carbon can afford the high ORR performance

because of superior conductivity, more catalytic

active sites and porous structure. Above information

has inspired us to develop high-efficiency metal/N-

doped porous carbon from MOF networks as ORR

electrocatalyst.

Herein, the Co/N-doped porous carbon (Co/NPC)

composite was prepared by directly carbonizing our

previously reported Co(O-BDC)(bbp) MOF crystals,

which was hydrothermally synthesized by using 1,3-

bis(benzoimidazol-2-yl)propane (bbp), 5-hydroxy-

isophthalic acid (HO-H2BDC), CoCl2 and NaOH. The

Co-MOF-derived Co/NPC products were carefully

studied as ORR electrocatalyst. The results revealed

that the Co/NPC catalyst exhibited the enhanced

ORR catalytic activity relative to Co-MOF itself. The

catalysis mechanisms were also analyzed on the basis

of the experimental data.
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Experimental

Chemicals

Nafion solution (5%) was obtained from DuPont Co.

(USA). Polytetrafluoroethylene (PTFE, 60%, 0.20 lm)

was supplied by Shenzhen Dechengwang S & T Ltd.

Other reagents and chemicals were purchased from

local shops as analytical pure. All of them were used

as received without further purification.

Preparation of catalyst Co/NPC

According to our previous procedure [33], the mixed

aqueous solution were prepared by dissolving

CoCl2�2H2O, 1,3-bis(benzoimidazol-2-yl)propane

(bbp), 5-hydroxyisophthalic acid (HO-H2BDC) and

NaOH in 20 mL DI water with their final concentra-

tions as 0.05, 0.05, 0.05 and 0.15 M, respectively. Then

the mixture was transferred into Teflon-lined stain-

less steel autoclaves for 72-h hydrothermal reaction at

160 �C. After cooling to room temperature, the MOF

of {[Co(O-BDC)(bbp)]�(H2O)}n was afforded as pink

crystals through filtration, washing and drying. The

Co/NPC catalyst was prepared by direct carboniza-

tion of the MOF compound. Briefly, a ceramic boat

containing the MOF compound was placed in a

quartz tube of the furnace. Air was evacuated by

30-min continuous flow of highly pure N2, and tem-

perature was raised with rate of 5 �C/min to 250 �C
for 2-h polymerization. Further carbonization was

executed under N2 atmosphere for 4 h at various

temperatures (500, 600, 700 and 800 �C). The car-

bonized product was denoted as Co/NPC. Addi-

tionally, the Co/NPC at 600 �C was then leached in

3 M HCl at 80 �C for 4 h to remove unstable species

from the catalysts. The responding product was

named as NPC.

Characterization of catalyst

X-ray diffraction patterns (XRD) were characterized

on a Rigaku powder diffractometer equipped with

Ni-filters Cu Ka radiation (k = 1.54050 Å, 40 kV and

100 mA). The morphology was executed by a JSM-

6700F scanning electron microscope (SEM, Japan

Electron Co.) and a JEOL JEM-2000EX transmission

electron microscope (TEM, Japan Electron Co.). The

BET specific surface areas are obtained by means of

N2 adsorption using an apparatus (Quantachrome-

Autosorb-1C, Quantachrome Instr., USA). The sur-

face area and the pore size distribution were,

respectively, calculated according to the liner part of

the BET equation and the BJH method. XPS was

conducted by using an HP 5950A ESCA spectrometer

with an MgKa source.

ORR electrocatalytic performance of Co/
NPC

Electrochemical measurements were carried out on

CHI 660D workstation in a conventional three-elec-

trode cell. The Ag/AgCl (3 M) and platinum flake

(1 9 2 cm2) served as reference electrode and counter

electrode, respectively. For preparation of working

electrode, 10-mg as-synthesized catalyst was dis-

persed in 400 lL ethanol and 15 lL Nafion (1.0%)

mixture by ultrasonic treatment for 15 min. Then

1 lL homogeneous ink was cast on a rotating disk

electrode (RDE, A = 2 mm), which was pretreatment

by polishing and washing. Cyclic voltammetry (CV)

was performed at a scan rate of 50 mV s-1, and linear

sweep voltammetry (LSV) was recorded at 10 mV s-1

with various rotate speeds (400–2025 rpm). In all

electrochemical experiments, 0.1 M KOH solution

was acted as electrolyte and saturated with O2 before

each test. The reference potential relative to the

reversible hydrogen electrode (RHE) was calculated

basing on the Nernst equation [34]:

ERHE ¼ EAg=AgCl þ 0:059pH þ 0:1976: ð1Þ

The exact kinetic parameters for the ORR activities,

such as electron transfer number (n) and kinetic

current density (Jk), were investigated according to

the Koutecky–Levich (K–L) equation [35]:

1

J
¼ 1

JK
þ 1

JL
¼ 1

JK
þ 1

B � x1=2
ð2Þ

B ¼ 0:62 � n � F � C0 �D2=3
0 � m1=6 ð3Þ

where J is the measured current density, Jk is the

kinetic current density, x is the electrode rotate

speed, n represents the number of electron trans-

ferred per oxygen molecule, F is the Faraday constant

(96485 C/mol), D0 is the diffusion coefficient of O2 in

0.1 M KOH (1.90 9 10-5 cm2 s-1), v is the kinematic

viscosity of the electrolyte (0.01 cm2 s-1), and C0 is

the bulk concentration of O2 (1.2 9 10-6 mol/cm3)

[35]. The constant 0.2 is used when the rotate speed is

expressed in rpm. For the rotating ring-disk electrode

(RRDE) measurements, the %HO2
- and the electron
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transfer number n were determined by the following

equations [36]:

%HO�
2 ¼ 200 � Id

N � Id þ Ir
ð4Þ

n ¼ 4Id= Id þ
Ir
N

� �
ð5Þ

where Id is the current of disk, Ir is the current of ring,

and N is the current collection efficiency of the Pt

ring. N was determined to be 0.40 from the reduction

in K3Fe(CN)6, well consisting with the manufac-

turer’s value.

Results and discussion

Structural characterization of catalyst

The crystallinity of as-prepared Co-MOF and its Co/

NPC are characterized by powder X-ray diffraction

(XRD) patterns. As shown in Fig. 1a, the experimen-

tal XRD patterns of as-synthesized Co-MOF display

the five strong diffractions peaks for (002), (100),

(040), (21-1) and (15-1), which are highly matched

with the calculated ones from its crystal data [33].

After directly pyrolyzing this template, Co/NPC

(Fig. 1b) exhibits the distinct graphitic (002) and (101)

plane diffraction peaks at 26.1� and 42.3� (JCPDS

Card No. 75-1621), respectively [37]. Additionally,

the diffraction reflections at 44.2� and 51.5� are

attributed to the (111) and (200) crystalline planes of

metallic Co (JCPDS card No. 96-900-8467) [38]. The

diffraction peaks at 31.1� and 35.4� are assigned to

(220) and (311) planes of Co3O4 [11] accompanying

with a weak (111) reflection of CoO phase at 61.9�.

The results reveal that Co-MOF has been converted

into the graphitic carbon materials integrating vari-

ous Co species including Co3O4, CoO and Co metal,

which is favorable for ORR catalysis.

The texture properties of the resultant Co/NPC

catalyst are investigated by using the nitrogen

adsorption–desorption isotherms as shown in Fig. 2.

The catalyst displays the classic IV adsorption/des-

orption isotherm with a well-defined H3-type hys-

teresis loop, which suggests existence of microporous

and mesoporous structure. At a low relative pressure

P/P0\ 0.1, an obvious nitrogen uptake demonstrates

the occurrence of micropores [39]. During P/P0 range

from 0.4 to 0.9, the hysteresis between adsorption and

desorption branches indexes the characteristic of

mesopores [40]. Correspondingly, Co/NPC shows a

narrow pore size distribution between 1.8 and 4.9 nm
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with a total pore volume of 0.562 cm3 g-1 (Inset in

Fig. 2), which is also confirmed by its TEM image in

Fig. 3. The BET surface area of Co/NPC was obtained

to be 412 m2 g-1, indicating the excellent porous

structure derived from the well-ordered MOF pre-

cursor. It is supposed that the higher surface area and

the abundance porosities can provide the more active

sites for the faster electron communication and the

lower mass transport resistance.

The porous morphology of Co/NPC is carefully

characterized by TEM and HRTEM (Fig. 3). As

shown in Fig. 3a, carbon materials predominantly

appear in amorphous porous structure with some

nanotube-shape moieties. The diameter of tube car-

bon species is around 40–70 nm, revealing formation

of carbon nanotube. From the magnified TEM image

in Fig. 3b, it can be found that there are distinct

crystal lattice pattern of carbon on tube area. More-

over, some Co-based nanoparticles (dark subareas)

are incorporated in the carbon lamellar structures

with uniform distribution. The HRTEM image in

Fig. 3c shows Co species were encapsulated within

the graphitic carbon layers. Therein, the most semi-

transparent laminar morphology are ascribed to the

ultrathin graphite carbon nanosheets with about

0.316 nm lattice fringe for (002) plane. Furthermore,

the interplanar spacing values of 0.204 and 0.232 nm

are responsible for the (111) lattice fringe of Co

crystal and the (311) lattice fringe of Co3O4 phase

[18]. The corresponding behaviors are presented in

selected area electron diffraction (SAED) measure-

ment (Fig. 3d), in which the Co/NPC composite are

testified by the scattered dots (Co and Co3O4) and

diffraction rings (graphitic carbon). The results are

highly consistent with those of XRD. Given that these

proof, we can confirm the successful preparation of

Co/NPC nanocatalyst.

Figure 3 TEM image (a), HRTEM images (b and c) and a selected area electron diffraction pattern d of Co/NPC catalyst.
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XPS measurements were then employed to char-

acterize the chemical composition and elemental

valence states of electrocatalyst. The survey spectrum

in Fig. 4a demonstrates the existence of Co, O, N and

C elements in Co/NPC composite with their sharp

peaks at 780.1, 531.1, 398.1 and 284.1 eV, respectively.

The contents of Co, O, N and C elements are,

respectively, calculated to be 8.01, 33.26, 4.11 and

54.61 at.%, indicating successful transformation of

Co-MOF to Co/NPC. In the high-resolution scan in

Fig. 4b, C 1s spectra is deconvoluted into three dif-

ferent carbon species such as sp2-hybridized gra-

phite-like carbon (C=C) at 284.2 eV, sp3-hybridized

diamond-like carbon (C–C) at 285.1 eV, and a C–O–C

bond at 287.4 eV [41, 42]. The predominant non-

oxygenated C species (C=C and C–C) in catalyst are

desirable to ORR activity owing to the enhanced

graphitization. The N 1s spectrum in Fig. 4c is only

deconvoluted to two peaks corresponding to the

pyridinic N (398.5 eV) and graphitic N (400.1 eV)

components. It is well knowledge that both pyridine

N and graphitic N are electroactive nitrogen types

[43]. In fact, introduction of the doped N can afford

more defects and surface polarity for excellent ORR

performance because of its larger atomic radius than

C [44]. The high electron donor nature derived from

its lone pair electrons can result in convenient coor-

dination of metal to form the favorable ORR active

sites [45]. Figure 4d presents the best deconvolution

of the Co 2p profile containing six peaks. Among

them, the peaks at 785.7 and 802.5 eV are satellite

peaks resulted from the shake-up excitation of the

high-spin Co2? ions [46]. The XPS peak centered at

780.4 eV is assigned to Co 2p3/2 of Co3O4 in agree-

ment with well-characterized Co3O4 crystal [11, 18].

The peak of Co 2p3/2 at 782.1 eV indexes the forma-

tion of CoNx and CoOx species in complexes form

[17, 47]. The rest peaks at 796.4 and 797.7 eV are

assigned to the characteristic of Co 2p1/2 species. The

Co active species at various valence states

1200 1000 800 600 400 200

In
te

ns
ity

 (a
.u

)

Binding Energy (eV)

N1s

C1s

O1s

Co2p

290 288 286 284 282 280

C1s

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)

C-O-C

C-C sp3

C-C sp2

410 405 400 395 390 385

N1s

In
te

ns
ity

(a
.u

)

Binding Energy (ev)

Graphitic N Pyridinic N

810 800 790 780

2P1/2

sat.

In
te

ns
ity

(a
.u

.)

Binding Energy(eV)

2P3/2

sat.

Co2P

(b)

(d)

(a)

(c)

Figure 4 Surface survey XPS

spectrum (a), high-resolution

C 1s XPS spectrum (b), high-

resolution N 1s XPS spectrum

(c) and high-resolution Co 2p

XPS spectrum (d) of Co/NPC.

J Mater Sci (2018) 53:6774–6784 6779



incorporated in catalyst can also be an enhancer for

electrocatalytic activity [16].

Electrochemical ORR

It is acknowledged that the ORR performances of

catalysts are mainly reflected by their electrochemical

behaviors. Firstly, the LSV curves of the four Co/

NPC samples obtained at 500–800 �C were deter-

mined in O2-saturated 0.1 M KOH medium as shown

in Fig. S1. It is evident that the pyrolytic product at

600 �C gives rise to the biggest onset potential and

diffusion-limited current. The effects of different

loads for the Co/NPC product (at 600 �C) were also

investigated as illustrated in Fig. S2. It can be easily

seen that the loading of 0.49 mg cm-2 is the optimal.

Hence, the Co/NPC product (at 600 �C) with

0.49 mg cm-2 loading was applied in the subsequent

experiments. Then the CV curves of Co/NPC catalyst

are determined in O2- and N2-saturated 0.1 M NaOH

aqueous solution at scan rate of 10 mV s-1 under the

potential window from 0.2 to 1.1 V. As illustrated in

Fig. 5a, the CV plot for N2-saturated medium (black

curve) does not appear any significant voltammetric

current peak, revealing typical super capacitance

performance [40]. However, in O2-saturated elec-

trolyte (red curve), a distinct well-defined cathodic

peak at 0.79 V can be found, suggesting a high elec-

trochemical activity of Co/NPC toward ORR in alkali

solution [32]. The excellent ORR activity of Co/NPC

could be also testified by LSV technique on RDE in

0.1 M KOH (Fig. 5b). It is obvious that the ORR onset

potential and half-wave potential of Co/NPC (0.91

and 0.74 V) are both comparable to those of com-

mercial 20% Pt/C catalyst (0.92 and 0.73 V). Fur-

thermore, their diffusion-limited current densities at

0.30 V are almost equal (5.46 and 5.40 mA cm-2 for

Co/NPC and 20% Pt/C). However, the obtained Co/

NPC hybrid highly outperforms the MOF precursor

and metal free NPC counterparts. The results mani-

fest that the significant ORR activity of Co/NPC is

stemmed from the synergistic contribution of high

conductive carbon layer and well-dispersed Co active

species in doped carbon matrix as well as increased

active sites owing to the N-atom self-doping [48].

For the sake of deep insight into ORR mechanism

of the Co/NPC catalyst, LSV curves on RDE are also

collected at rotation rate range from 400 to 2025 rpm

(Fig. 6a). The limiting current density of catalyst is

positively proportional to rotating speed, ascribing to

the progressively reduced diffusion distance [12].

Obviously, the ORR of Co/NPC is subjected to a

diffusion course at the potential more negative than

0.65 V and a mixed control process between 0.60 and

0.81 V [40]. Additionally, the Co/NPC catalyst fol-

lows the unchangeable overpotentials at different

rotation speeds at the potential more positive than

0.81 V, divulging the superior initial ORR stability

[49]. The corresponding K–L plots, depicting the

relationship between reciprocal of current density

against inverse of square root of rotating speed (j-1

vs. x-1/2), are obtained basing on the LSV curves

data at different potentials as presented in Fig. 6b

[12]. The K–L plots display the good linearity, sug-

gesting the first-order ORR kinetics toward the dis-

solved oxygen concentration. It is also supported by
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the similar electron transfer numbers from 3.85 to

4.00 at various potentials [50]. The mean electron

transfer number of 3.92 demonstrates that the Co/

NPC catalyst can perform ORR in alkaline solution

through a perfect 4e pathway. In other word, the Co/

NPC can directly reduce oxygen into OH- almost

without harmful O2H- intermediate. This superiority

is also reconfirmed by monitoring O2H- yield and

evaluating the electron transfer number per oxygen

molecule by using the RRDE measurement. Figure 6c

shows the disk and ring current densities of the Co/

NPC by RRDE voltammograms. On the basis of the

disk and ring current, the measured O2H- yield is

less than 5%, and the electron transfer number is

ranged from 3.88 to 3.92 over the potential region of

0.20–0.60 V in Fig. 6d. This is highly in line with the

LSV results based on RDE experiments, affirmably

inferring that the ORR follows an efficient 4e process

at Co/NPC in alkaline media.

The durability and tolerance toward methanol

crossover are also essential parameters for high-effi-

ciency ORR catalyst. Therefore, the long-time

stabilities of both Co/NPC and commercial Pt/C

were determined in O2-saturated 0.1 M KOH solu-

tion by chronoamperometry. Figure 7a reveals that

the current of Co/NPC only decreases by about 5%

after continuous ORR testing for 9.5 h at 0.50 V (vs.

RHE). By contrast, the current of commercial Pt/C

catalyst appears about 28% reduction in the same

period. The prominent stability of the Co/NPC cat-

alyst is also verified by its LSV curves in Fig. S3.

Obviously, the LSV curve after continuous potential

5000 cycles almost keeps the initial shape. The better

stability of Co/NPC can be attributed to its highly

graphitized carbon network and the rich active sites

involving the doped nitrogen. Wherein the C–N

bonding rather than physical adsorption can

strengthen its corrosion resistance and guarantee the

persistence of active sites in the catalyst structure

during continuous measurements [37, 40]. Addition-

ally, the protection role of the carbon species on Co

can also alleviate the degradation of Co/NPC catalyst

[51]. The poor durability of Pt/C can be ascribed to

the degradation of Pt nanoparticles because of the
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Figure 6 a RDE

voltammograms of Co/NPC in

O2-saturated 0.1 M KOH at a

scan rate of 10 mV s-1 at

different rotating speed and

b the corresponding K–L plot

of J-1 versus x-1/2. The inset

shows the electron transfer

number (n). c RRDE

voltammograms of Co/NPC in

O2-saturated 0.1 M KOH. The

disk potential is scanned at

10 mV s-1 and the ring

potential is constant at 1.3 V.

d The electron transfer number

n and percentage of HO2
- at

certain potentials based on the

corresponding RRDE results.
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agglomeration and migration of Pt nanoparticles.

Moreover, i–t chronoamperometric curves of in O2-

saturated electrolyte in the presence of 2 M methanol

were also recorded as presented in Fig. 7b. In the

initial stage, addition of O2 results in the distinct ORR

current on both catalysts, meaning their good ORR

activity. After injecting methanol, a dramatic drop is

observed for Pt/C catalyst, while a slight decrease is

detected under the similar experimental conditions. It

is suggested that Co/NPC possesses superior toler-

ance ability against methanol poisoning. The above

results manifest that Co/NPC has better methanol

stability and tolerance than commercial 20 wt% Pt/C.

Conclusion

A novel Co/NPC composite was successfully pre-

pared through a direct pyrolysis of Co-MOF under

N2 atmosphere without adding any additive. The Co-

MOF-derived Co/NPC displays microporous and

mesoporous structures with large surface area and

high percentage of pyridinic and graphitic nitrogen.

Therefore, Co/NPC, as an efficient catalyst, presents

excellent performance for ORR. The ORR electro-

chemical measurements demonstrate that Co/NPC

displays the more positive onset potential and higher

diffusion-limited current density in alkaline solution.

Furthermore, the Co/NPC catalyst processes a per-

fect 4e mechanism with a small amount of O2H-

intermediates. The methanol tolerance and long-term

durability of Co/NPC are also superior to those of

Pt/C catalyst. It is suggested that the Co-MOF-

derived Co/NPC can be a promising ORR catalyst for

actual application.
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