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Abstract: MOF–derived porous carbon is a type of promising catalyst to replace expensive Pt–based
catalysts for oxygen reduction reaction (ORR). The catalytic activity for ORR depends closely on
pyrolysis conditions. In this work, a Co–doped ZIF–8 material was chosen as a research object. The
effect of pyrolysis conditions (temperature, heating rate, two–step heating) on the ORR performance
of ZIF–derived carbon catalysts was systematically studied. The Co–ZIF–8 catalyst carbonized at
900 ◦C exhibits better ORR catalytic activity than that carbonized at 800 ◦C and 1000 ◦C. Moreover, a
low heating rate can enhance catalytic activity. Two–step pyrolysis is proven to be an effective way
to improve the performance of catalysts. Reducing the heating rate in the low–temperature stage
is more beneficial to the ORR performance, compared to the heating rate in the high–temperature
stage. The results show that the Co–ZIF–8 catalyst exhibits the best performance when the precursor
was heated to 350 ◦C at 2 ◦C/min, and then heated to 900 ◦C at 5 ◦C/min. The optimum Co–ZIF–8
catalyst shows a half–wave potential of 0.82 V and a current density of 5.2 mA·cm−2 in 0.1 M KOH
solution. It also exhibits high content of defects and good graphitization. TEM mapping shows
that Co and N atoms are highly dispersed in the polyhedral carbon skeleton. However, two–step
pyrolysis has no significant effect on the stability of the catalyst.

Keywords: metal–organic framework; oxygen reduction reaction; pyrolysis; catalyst

1. Introduction

High oxygen reduction reaction (ORR) efficiency is the key for the development
of clean energy conversion devices, such as fuel cells and metal–air batteries. Previous
studies have confirmed that commercial Pt–based catalysts exhibit high ORR catalytic
activity [1]. However, limited reserves and high costs always hinder the large–scale
application of Pt–based catalysts. Moreover, Pt–based catalysts are sensitive to CO, which
also affected their long–term stability [2,3]. In order to overcome these questions above,
non–noble metal catalysts have attracted much attention, owing to their low cost, excellent
stability, and simple operation [4,5]. It should be noted that the current performance
of non–noble metal catalysts still cannot compete with that of Pt–based catalysts. Thus,
tremendous efforts have been devoted to exploring novel non–noble metal catalysts with
high electrocatalytic activity.

Metal–organic frameworks (MOFs) are novel porous materials with ultrahigh surface
area and an ordered pore structure, which are composed of organic ligands and metal ions
linked by coordination bonds. MOFs can transform into porous carbon–based functional
materials by high–temperature pyrolysis, which has great application potential in cataly-
sis [6], gas adsorption [7,8], and small–molecule separation [9]. MOF–derived carbon cata-
lysts are considered to be promising candidates for commercial Pt–based catalysts [10,11].
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The design and preparation of high efficiency catalysts using MOFs as precursors have
become research hotspots in the field of non–platinum electro–catalysts [12]. Zeolitic imida-
zolate framework (ZIF) is a typical MOF material [13]. The catalytic activity of ZIFs can be
significantly improved by doping Co and/or N. ZIF–derived carbon catalysts are generally
synthesized through hybridization, centrifugation, and pyrolysis. Previous studies have
confirmed that the pore structure of MOFs is easy to collapse during pyrolysis [14–16].
Obviously, pyrolysis conditions have a significant impact on the performance of catalysts.
However, how to determine suitable parameters is rarely reported. Therefore, the present
paper chose a Co–doped ZIF–8 (Co–ZIF–8) precursor as the research object and proposed
to study the effect of pyrolysis conditions on the electrocatalytic activity. On this basis,
an optimum pyrolysis condition was obtained. The overall performance of the catalyst
obtained at the optimum pyrolysis condition was systematically evaluated.

2. Results
2.1. Initial Co–Doped ZIF–8 Precursor

ZIF–8 materials are formed by the coordination of Zn ions and N–containing 2–
methylimidazole organic ligands [17]. The initial morphology of ZIF–8 synthesized using
methanol solvent is shown in Figure 1a. It can be seen that ZIF–8 particles exhibit typical
uniform, regular rhombic dodecahedron features. The average particle size is about 200 nm.
However, ZIF–8 derived catalysts cannot be used directly as ORR catalysts owing to
insufficient active sites. By contrast, bimetallic ZIFs derived catalysts exhibit better catalytic
activity. The active site can significantly increase by further doping with Co [18,19]. Thus,
Co–doped ZIF–8 was synthesized for use as a precursor in the present study. Figure 1b
shows the morphology of Co–ZIF–8, which has similar morphology features to that of
ZIF–8. However, the average particle size of Co–ZIF–8 can reach up to 400 µm. In order
to ensure the exposure of sufficient active sites, Co–doped ZIF–8 precursors need to be
pyrolyzed at high–temperature in an argon atmosphere.
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Figure 1. (a) The initial morphology of ZIF–8, (b) The initial morphology of Co–ZIF–8.

2.2. Effect of Pyrolysis Temperature and Heating Rate on the Catalyst during One–Step Pyrolysis

The pyrolysis of MOF–based materials aims to obtain porous carbon material by
the volatilization of metal ions and organic molecules at high temperatures. In order
to study the effect of pyrolysis temperature on the catalyst, Co–ZIF–8 precursor was
heated to a different temperature (800 ◦C, 900 ◦C, and 1000 ◦C) with a rate of 2 ◦C/min.
Linear sweep voltammetry (LSV) curves of various carbonized Co–ZIF–8 were tested in
O2–saturated 0.1 M KOH electrolyte with a scan rate of 10 mV·s−1 and a rotation rate of
1600 rpm. The onset and half–wave potentials of all catalysts were listed in Table 1 in the
Experimental section. Moreover, the LSV curve of commercial Pt/C was also tested for
comparison. As shown in Figure 2a, commercial Pt/C exhibits high ORR activity with
an onset potential of 0.96 VRHE, a half–wave potential of 0.82 VRHE, and a limited current
density of 5.7 mA·cm−2. The result is similar to that reported in previous studies [20].
The Co–ZIF–8 carbonized at 800 ◦C exhibits poor activity with a half–wave potential of
0.74 VRHE and a limited current density of 3.8 mA·cm−2. When the pyrolysis temperature
increased to 900 ◦C, the activity was significantly improved. The half–wave potential and
the limited current density increased to 0.80 VRHE and 5.0 mA·cm−2, respectively. When
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the pyrolysis temperature reached further to 1000 ◦C, the half–wave potential and the
limited current density fell slightly to 0.79 VRHE and 4.89 mA·cm−2, respectively.

Table 1. The pyrolysis conditions and performance of the Co–ZIF–8 precursor.

Heating
Mode

Rate
(◦C/min)

Time
(h)

Temperature
(◦C)

Rate
(◦C/min)

Temperature
(◦C)

Time
(h)

Onset
Potentials

(VRHE)

Half–Wave
Potentials

(VRHE)

One–step
pyrolysis

2 – 800 – – 2 0.86 0.74
2 – 900 – – 2 0.97 0.80
2 – 1000 – – 2 0.89 0.79
5 – 900 – – 2 0.95 0.78

10 – 900 – – 2 0.94 0.77

Two–step
pyrolysis

2 1 h 350 5 900 2 0.98 0.82
2 1 h 350 10 900 2 0.92 0.79
5 1 h 350 2 900 2 0.93 0.78
5 1 h 350 5 900 2 0.92 0.78

10 1 h 350 2 900 2 0.90 0.77
10 1 h 350 5 900 2 0.89 0.76
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pyrolyzed at heating rates.

A stable carbon framework structure with ordered channel systems is also closely
related to the heating rate. To study the effect of heating rate on the performance of
catalysts, the Co–ZIF–8 precursor was heated to 900 ◦C with different heating rates of 2,
5, 10/min. LSV curves of three catalysts were shown in Figure 2b. The catalyst with a
heating rate of 10 ◦C/min exhibits the worst performance with a half–wave potential of
0.77 VRHE and a limited current density of 4.0 mA·cm−2. When the heating rate decreases to
5 ◦C/min, the half–wave potential and the limited current density increased to 0.78 VRHE
and 4.85 mA·cm−2, respectively. With the heating rate further decreases to 2 ◦C/min,
the half–wave potential reached 0.80 VRHE, and. the limited current density reached
5.0 mA·cm−2. It can be seen that the catalytic activity was enhanced with a decrease in the
heating rate.

The morphologies of Co–ZIF–8 pyrolyzed at different temperatures were observed
by scanning electron microscopy (SEM), as shown in Figure 3a–c. It can be seen that
the morphology depends closely on the pyrolysis temperature. Carbonized Co–ZIF–8
particles still remain in initial rhombic dodecahedral shape, but exhibit rough surface and
contractive size due to the thermal shrinkage. Despite Co–ZIF–8 particles carbonized at
800 ◦C (Figure 3a) exhibit contractive morphology. However, the graphitization generally
occurs above 800 ◦C and increases with temperature [21,22]. Low graphitization would lead
to low limited current density [23]. In addition, the evaporation of Zn also occurred above
800 ◦C [24]. Thus, the catalyst carbonized at 800 ◦C has poor ORR activity. By contrast,
Co–ZIF–8 particles carbonized at 900 ◦C (Figure 3b) exhibit uniform pyrolysis morphology,
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which corresponds to the best catalytic performance. With the temperature increasing to
1000 ◦C, some particles are severely agglomerated (Figure 3c). The MN4 (M = Fe and Co)
sites are the main active sites [25]. Uniformly dispersed Co atoms contribute to obtaining
high–density CoN4 active sites in ZIF–8 [26]. The Co–clustering is detrimental to the ORR
catalytic activity. Moreover, the excessive temperature will lead to high Zn content in
surface layers due to the evaporation of Zn [22]. Thus, the optimal pyrolysis temperature
for Co–ZIF–8 should be 900 ◦C.
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The morphologies of Co–ZIF–8 pyrolyzed at the different heating rates were also
observed. As shown in Figure 4a, the catalyst obtained at 10 ◦C/min has a small amount
of carbonized particles and large amounts of bulk phases. It is because that the initial pore
structure tends to collapse into bulk phases without significant pores when Zn ions and
organic molecules evaporate quickly [15]. When the heating rate decreased to 5 ◦C/min,
the content of bulk phases decreased significantly. Only a tiny amount of bulk phases can
be identified, as shown in Figure 4b. As the heating rate further decreased to 2 ◦C/min,
nearly no bulk phases can be observed. The precursor was fully carbonized (Figure 4c).
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In order to further study the effect of the heating rate on the carbonized structure,
the porosity of catalysts pyrolyzed with different heating rates was analyzed using the
Brunauer–Emmet–Teller (BET) method. As shown in Figure 5, Co–ZIF–8 pyrolyzed with
a heating rate of 2 ◦C/min exhibited the highest BET surface area (889 m2/g). The result
indicates that lowering the heating rate is conducive to improve the porosity and create
a more porous morphology. High porosity can avoid the agglomeration of active sites,
thereby enhancing the density of active sites and mass transfer. Moreover, a low heating
rate can prolong pyrolysis time and promote the evaporation of unstable species (e.g., Zn
and residual organics). Thus, reducing the heating rate is beneficial to enhance the ORR
activity of catalysts.
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2.3. Effect of Two–Step Pyrolysis on the Performance of the Catalyst

Currently, nearly all studies on MOF–derived catalysts adopt one–step pyrolysis.
A few previous studies were also conducted on the two–step pyrolysis process. They
mainly investigated the effect of repeated pyrolysis and atmosphere on the ORR activity
of catalysts. Ye investigated that the performance of ZIF–8 via two–step pyrolysis in Ar
and NH3 atmosphere. First, the initial ZIF–8 was heated to 900 ◦C in Ar atmosphere. After
one–step normal pyrolysis, the catalyst was heated to 900 ◦C in an Ar atmosphere and kept
at 900 ◦C for 2 h in an NH3 atmosphere [27]. They found that the introduction of NH3
favors mesopore–dominated morphology, which can enhance the ORR activity. Wang also
investigated the two–step pyrolysis of a Fe/N/C catalyst. The powder was pyrolyzed at
950 ◦C in an Ar atmosphere for 1 h. Then the powder was further pyrolyzed at 950 ◦C for
3 h to obtain final products [28]. Sahraie investigated the effect of three–step pyrolysis on
the ORR activity of Fe/N–doped carbon. The first pyrolysis for 1 h and the second and
third pyrolysis for 3 h was performed in N2 at 900 ◦C [29]. However, nearly no study was
conducted on the effect of different temperature stages on the catalyst.

The decomposition of ZIF–8 is generally divided into two main stages during pyroly-
sis [30]. In the low–temperature stage, residual guest molecules and some organics will
be removed. In the high–temperature stage, Zn ions and residual organics will evaporate.
Thus, a reasonable pyrolysis method is important for the ZIF–derived catalyst. To further
study the effect of heating rates at different stages, two–step pyrolysis was employed to
prepare Co–ZIF–8 derived catalyst. The Co–ZIF–8 precursor was heated to 350 ◦C for 1 h
with a heating rate of 2, 5, 10 ◦C/min, and then heated to 900 ◦C with a heating rate of 2, 5,
10 ◦C/min. The detailed pyrolysis conditions were listed in Table 1. Corresponding LSV
curves were shown in Figure 6. As shown in Figure 6a–c, when the heating rate in the low–
temperature stage is a fixed value, the variation of the heating rate in the high–temperature
stage has a minor effect on the performance of the catalyst. In contrast, the heating rate in
the low–temperature stage has a greater impact, as shown in Figure 6d. When the heating
rate in the low temperature reached 10 ◦C/min (mode VI), the half–wave potential and
the limited current density were just 0.78 VRHE, and 4.7 mA·cm−2, respectively. When the
heating rate in the low–temperature stage decreased to 2 ◦C/min (mode I), the catalyst
exhibits the best activity with a half–wave potential of 0.82 VRHE and a limited current den-
sity of 5.2 mA·cm−2. Thus, a low heating rate in the low–temperature stage can effectively
enhance the performance of the catalyst.
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Most guest molecules (methanol or H2O) can evaporate easily below 350 ◦C but some
guest molecules in restricted pores are difficult to escape and may be carbonized at high
temperatures [31]. These guest molecules need more time to evaporate. A slow heating rate
can promote the evaporation of these guest molecules. Moreover, a large amount of organic
molecules can evaporate below 350 ◦C. Reducing the evaporation rate is conducive to the
even shrinkage of materials, thereby avoiding the collapse of pores. A stable carbon–based
skeleton can be gradually formed. After the formation of the stable carbon–based skeletons,
a modest increase in the heating rate is feasible in the high–temperature stage. However,
it also should be noted that the excessive heating rate is also not suitable. The excessive
heating rate can accelerate the volatilization of Zn ions and residual organics. Co, C, and N
atoms may not be connected well enough. Thus, the heating rate in the first stage should
be low. Moreover, it can be found from Figures 2a and 6d that the performance of the
catalyst obtained by two–step pyrolysis mode I is slightly higher than that of the catalyst
obtained by one–step pyrolysis with a heating rate of 2 ◦C/min. It should benefit from the
heat preservation at 350 ◦C, which strengthens the carbon skeleton. To sum up, the optimal
pyrolysis condition should be mode I.

2.4. The Description of the Catalyst Carbonized at the Optimum Pyrolysis Condition

The Co–ZIF–8 catalyst pyrolyzed at the optimal condition (mode I) was further an-
alyzed. Figure 7a shows the X-ray diffraction (XRD) pattern for the optimum Co–ZIF–8
catalyst. The pattern shows two main peaks at 25◦ and 44◦, which correspond to (002)
and (101) diffractions of the graphitic carbon. It indicates that the Co–ZIF–8 precursor was
well–carbonized. Considering that Co atoms may be capsuled in graphitized carbon, the
content of Co atoms in the catalyst was further analyzed by thermal gravimetric analysis
(TGA), as shown in Figure 7b. There were 18.69 wt% of weight remained up to 800 ◦C in
air atmosphere. The residue loading is Co3O4 [32]. Thus, the Co content is estimated to
be about 13.7 wt%. Raman spectrum was also performed to investigate the carbonaceous
structure of the catalyst (Figure 7c). It can be seen from the spectrum that two characteristic
peaks D and G appear at around 1350 and 1580 cm−1. The intensity ratio of the D band to
the G band (ID/IG) can be used to describe the graphitization degree and the defect number
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of carbon materials. By calculating, the ID/IG value of the sample is 1.07, indicating that the
sample exhibits high content of defects, which can provide a large amount of active sites,
thereby improving the ORR catalytic activity [33]. Moreover, the porosity of the catalyst
carbonized by mode I was measured by BET. The catalyst exhibits a BET surface area of
1122 m2/g.
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The Co–ZIF–8 catalyst carbonized by mode I was analyzed by transmission electron
microscopy (TEM). It can be seen from Figure 8a,b that the catalyst still retains the polyhe-
dral structure feature of the initial precursor. Previous studies show that some particles
enriched doping atoms may form due to excessive doping atoms or too rapid a heating
rate, which will affect the catalytic activity [34]. However, no significant particles enriched
with Co can be observed in the image with high magnification (Figure 8c), indicating
that Co atoms are highly dispersed in the catalyst. It can also be observed that pore–like
morphologies are the main features of the Co–ZIF–8 catalyst. Moreover, TEM mapping
was conducted to analyze the element distribution, as shown in Figure 8d,e. It is further
confirmed that Co and N atoms are highly dispersed in the catalyst, which is conducive to
the exposure of more active sites.
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The element composition of the catalyst was analyzed by X-ray photoelectron spec-
troscopy (XPS). The C1s spectra (Figure 9a) shows two peaks at 284.6 eV, 285.79 eV, and
288.73 ev, corresponding to the binding energy of C=C, C=N, and C=O, respectively. The
N1s XPS spectra (Figure 9b) shows N exists in four states: pyridine N and N–Co (398.4 eV),
pyrrole N (399.92 eV), graphite N (401 eV), and N–oxide (402.14 eV). It should be noted
that further deconvolution is difficult for pyridine N and N–Co due to their similar binding
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energy [35]. From the peak intensity, most of N exists in the form of pyridine N, N–Co,
and graphite N, which are the main electrocatalytic active sites for ORR [36–38]. The XPS
spectra (Figure 9c) shows a Co 2p3/2 peak at 781.3 eV [39]. It further indicates that N–Co
bonding generally exists in the form of CoN4.
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The electron transfer number (n) of Co–ZIF–8 during ORR was also measured. We
also compared the n values of catalysts pyrolyzed at different conditions. As shown in
Figure 10, the results of Koutecky–Levich (K–L) plots show the average n values of Co–
ZIF–8 pyrolyzed at the conditions of 2 ◦C/min + 5 ◦C/min–900 ◦C, 2 ◦C/min–900 ◦C,
2 ◦C/min–1000 ◦C were 3.84, 3.79, and 3.77, respectively. This confirmed that the ORR
on different Co–ZIF–8 mainly followed a four–electron process. However, the pyrolysis
condition also has a certain effect on the electron transfer number. Combined with porosity
analysis, the porosity can be improved by optimizing pyrolysis conditions. As the porosity
increased, the transferred number of electrons tends to be closer to four.
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The stability of the Co–ZIF–8 catalyst was tested by chronoamperometry at a relatively
high potential of 0.7 V in O2–saturated 0.1 M KOH. It can be seen from Figure 11 that
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Co–ZIF–8 pyrolyzed at the condition of 2 ◦C/min + 5 ◦C/min–900 ◦C retained 81% of its
initial ORR performance after 20,000 s. The stability is close to that of Co–ZIF–8 obtained
at other pyrolysis conditions [22]. It illustrates that the cyclic stability mostly depends on
the catalyst’s own characteristics. Carbon corrosion and dissolution of metal sites may be
the main reason for the low stability [22,40]. The pyrolysis condition has little effect on the
cyclic stability.
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3. Materials and Methods
3.1. Materials and Equipment

Zn(NO3)2·6H2O and KOH were supplied by Sinopharm Group. Co(NO3)2·6H2O,
2–methylimidazole, methanol, and isopropanol were purchased from Shanghai Macklin
Biochemical (Shanghai, China). Pt/C catalyst (20 wt% Pt) was obtained from Johnson
Matthey Chemicals. Vulcan XC–72 carbon was supplied by Cabot Chemical. A 5% Nafion
solution was acquired from Sigma–Aldrich. All chemicals were of analytical grade, and no
additional purification is required.

Linear sweep voltammetry curves were tested using electrochemical workstation
(CHI 660A, Shanghai, China) and a rotating disk electrode (RDE, Pine, Grove city, PA,
USA) in O2–saturated 0.1 M KOH solution. RED, silver–chloride electrode, and graphite
electrode were used as working electrode, reference electrode and counter electrode, re-
spectively. A catalyst ink was prepared by ultrasonically dispersing 5 mg catalyst in 300 µL
deionized water, 700 µL Isopropanol and 10 µL Nafion solution (5 wt%). The obtained
10 µL of catalyst ink was spread on the RDE electrode and dried. The catalyst loading
was approximately 0.232 mg·cm−2. The Co content in the catalyst was measured by TGA
(STA449F5, Netzsch, Bavaria, Germany). The porosity of the catalyst was tested by BET
(ASAP 2460, Micromeritics, Norcross, GE, USA). The morphology of various catalysts was
observed using SEM (Merlin Compact, Carl Zeiss, Heidenheim, Germany). The enlarged
morphology and elemental mapping were obtained using TEM (JEM–2100, JEOL, Tokyo,
Japan). The Roman spectrum was measured by Raman spectroscopy (inVia, Renishaw,
London, UK). Component analyses were carried out by XPS (EscaLab Xi+, Thermo Fisher,
Waltham, MA, USA).

3.2. The Synthesis of Co–ZIF–8 Precursor

The Co–ZIF–8 precursor was synthesized by conventional hydrothermal method.
Zn(NO3)2·6H2O (1.488 g) and Co(NO3)2·6H2O (0.364 g) were dissolved in 50 mL methanol
(named solution A). A total of 2–methylimidazole (1.642 g) was dissolved in 50 mL
methanol (named solution B). The solution A and B were stirred for 5 min, respectively.
Then the solution A was poured into solution B. The mixed solution was stirred for 10 min.
Pouring the mixed solution into the centrifuge tube and let stand for 24 h. The obtained
precipitation was centrifuged at a rate of 7000 rpm for 2 min and then washed with
methanol/ethanol 5 times. The precipitation was placed in a vacuum drying oven and
heated to 80 ◦C for 24 h. Finally, Co–ZIF–8 powders with light purple were obtained.
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3.3. The Pyrolysis of Co–ZIF–8 Precursor

The Co–ZIF–8 precursor was placed in a tube furnace and then carbonized in an
argon atmosphere according to pre–set pyrolysis conditions. In order to study the effect
of pyrolysis conditions on the performance of catalysts, different heating modes, heating
rates, and carbonization temperature were adopted, as shown in Table 1. The onset and
half–wave potentials of all the catalysts were also listed in the table.

4. Conclusions

In this study, the effect of pyrolysis conditions on the performance of Co–doped ZIF–
derived catalysts was systematically investigated. The main conclusions from this work
are as follows:

(1) The catalytic activity depends closely on the temperature and heating rate. The
Co–ZIF–8 catalyst carbonized at 900 ◦C exhibits better ORR catalytic activity. A low heating
rate can enhance the catalytic activity.

(2) Two–step pyrolysis is an effective way to improve the performance of catalysts.
Reducing the heating rate in the low–temperature stage is more beneficial to the ORR
performance, compared to the heating rate in the high–temperature stage.

(3) The Co–ZIF–8 catalyst exhibits the best ORR performance when the precursor
was heated to 350 ◦C for 1 h at 2 ◦C/min, and then heated to 900 ◦C at 5 ◦C/min. The
half–wave potential and the current density can reach 0.82 V and 5.2 mA·cm−2 in 0.1 M
KOH solution. Co and N atoms are also highly dispersed in the carbon skeleton. However,
the stability of the catalyst cannot be improved significantly by two–step pyrolysis.
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