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A porous carbonaceous material is synthesized by direct carbonization of zeolitic imidazolate
framework-67 (ZIF-67). A series of analytical tools such as scanning/transmission electron
microscopy, gas chromatography/mass spectroscopy, thermogravimetric analysis, nitrogen adsorption,
X-ray diffraction, X-ray photoelectron spectroscopy and 3D tomography are conducted for the
characterization of the prepared carbonaceous material (ZIF-C). ZIF-C has a well-defined concave
dodecahedral shape, and its chemical composition, surface area and electrical conductivity
substantially depend on carbonization temperature. ZIF-C heat-treated at 800ºC (ZIF-C-800) shows a
typical nitrogen adsorption-desorption isotherm of mesoporous materials with unimodal pores around
2 nm and sufficiently high electrical conductivity comparable to that of carbon nanotubes. ZIF-C-800
has Co metal particles wrapped by graphene layers on the walls of the interior open channels, and its
framework is composed of Co-N, C-N species and C-C networks. ZIF-C-800 also displays the highest
oxygen reduction reaction catalytic activity among ZIF-C treated at various temperatures, and its
feasibility as cathode electrocatalysts for fuel cells is demonstrated by confirming the single cell
performance.
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1. INTRODUCTION
In the last several decades, the structure and property of carbonaceous materials have been
widely researched [1-4]. Their properties usually originate from the continuous sp2-hybrid C-C
covalent bonding as well as the reduced amount of defects due to their nanoscale size [5]. Moreover,
their relatively high specific surface area is very useful in many applications [6]. In the meantime,
these carbonaceous materials can have diverse design in accordance with their raw materials and
synthesis processes [7, 8]. Depending on their structures and textural properties, carbonaceous
materials have various applications such as Li-ion battery anode, Li-air battery cathode, supercapacitor
electrode, gas storage, display, and support for catalyst [9-13].
The excellent electrical property and porous microstructure of many carbonaceous materials
allow themselves to serve as electrode materials for fuel cells. It is well known that fuel cells have
higher efficiency in energy conversion compared to other renewable energy conversion devices [14].
Among various types of fuel cells, polymer electrolyte membrane fuel cells (PEMFCs) have the
advantages of quick start-up and high durability because of its lower operating temperatures than other
types of fuel cells [15]. However, PEMFCs require expensive electrocatalysts such as platinum,
making their commercialization difficult. Therefore, cost-effective alternative electrocatalysts have
been intensively developed particularly for oxygen reduction reaction (ORR) in PEMFCs.
Herein are reported porous polyhedral carbonaceous materials with unimodal pores, high
electrical conductivity, and promising catalytic activity for ORR. As a precursor can determine the
shape, size and porosity of the resulting carbonaceous material, we deliberately chose zeolitic
imidazolate framework (ZIF), a type of metal-organic framework (MOF), as a carbon precursor [1618]. ZIF has a well-defined porous structure due to its high crystallinity [19-21], and is thermally
stable enough to maintain its framework and porosity even after high-temperature treatment. ZIF has
been used as precursors of ORR electrocatalysts in some reports [22-28]. In this study, we focus on the
investigation of structure of ZIF-derived carbonized materials and the active site for ORR. A ZIF
precursor (ZIF-67) consisting of imidazolates and Co2+ is converted to ZIF-C, which is a carbonaceous
material containing Co-Nx moieties and C-N species. The morphology and microstructure of ZIF-C
were investigated by various characterization techniques, and its electrocatalytic performance was
characterized by ORR activity.

2. EXPERIMENTAL
2.1. Materials
2-Methylimidazole (MeIm, 99%, Aldrich) and Co(NO3)2∙6H2O (99%, Aldrich) were used for
synthesizing ZIF-67. Methanol (Duksan Science) was used as a solvent. Ketjen black carbon (KB300J,
Akzo Co.) and single-wall nanotubes (SW-CNT, Iljin Co.) were employed as commercial references to
evaluate electrical resistance.
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2.2. Synthetic procedures
ZIF-67 was synthesized by following a modified procedure of ZIF-8 synthesis [20]. MeIm
(6.48 g, 79.04 mmol) was dissolved in 400 mL methanol, and Co(NO3)2∙6H2O (2.93 g, 10.08 mmol)
was added into the MeIm solution while stirring. MeIm existed in excess quantity, as the
stoichiometric ratio between MeIm and Co(NO3)2∙6H2O was 2:1. The solution turned deep purple and
turbid within 10 minutes. The mixture was further stirred overnight, and the synthesized nanocrystals
were subsequently separated from the solution by centrifugation. The collected nanocrystals were
washed with methanol 3 times. Then they were further immersed in methanol for 3 days, with daily
change of fresh methanol. The nanocrystals were eventually recovered by centrifugation and dried in
100ºC overnight (yield: 32%).
ZIF-67 was carbonized to form ZIF-C. Various carbonization temperatures (e.g., 500, 800, and
1100ºC) were used to investigate the characteristics of the resulting ZIF-C. The sample codes (ZIF-C500, ZIF-C-800 and ZIF-C-1100) refer to their respective carbonization temperatures. A tubular
furnace was used for carbonization in N2 flow. The ramping rate and treatment time were 100 ºC/h and
2 h, respectively. Afterwards the furnace was cooled down to room temperature. The prepared ZIF-C
was finally ground into fine powders in a mortar. The synthetic procedure is shown schematically in
Fig. 1.

Figure 1. Schematic illustration of the synthetic procedure of ZIF-C.

2.3. Characterization
The obtained ZIF-67 was analyzed with powder X-ray diffraction (XRD, Cu Kα, λ = 0.15406
nm, D8 Advance, Bruker) and the pattern was compared with simulation. Scanning electron
microscopy (SEM) analysis was performed on a Hitachi S5500 scanning electron microscope operated
at 10-30 kV. Transmission electron microscopy (TEM) images and energy dispersive X-ray
spectroscopy spectra were acquired by using FEI Osiris 200 kV TEM. X-ray photoelectron
spectroscopy (XPS) measurements were performed with a Micro-XPS using the monochromatic Al Kα
source (27.7 W power and 100 μm beam size). Nitrogen adsorption experiments were performed using
a Micromeritics Tristar 3000 system. The surface area of the samples was calculated using the
Brunauer–Emmett–Teller (BET) equation, while the pore size distribution was estimated by the
Barrett–Joyner–Halenda method from adsorption branch of the isotherms. In order to visualize 3D Zcontrast, high angle annular dark field scanning transmission electron microscopy was conducted for
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tomography tilt series acquisition and 3D reconstruction was performed by using FEI Inspect3D
Software. Thermogravimetric analysis (TGA) was conducted with TA Q5000 instrument from room
temperature to 1000°C under nitrogen flow. Resolved gas during the heat treatment for ZIF-67 was
identified by gas chromatography/mass spectroscopy (GC/MS, AGILENT Co.).
The electrochemical properties of ZIF-C were evaluated with a rotating disc electrode (RDE)
system (Princeton Applied Research). Glassy carbon was used as a substrate for the working electrode,
and the catalyst ink was made according to our previous papers [29, 30]. The ZIF-C catalyst was
dispersed in an aqueous suspension using ultrasonication, and the suspension was pipetted onto the
glassy carbon substrate. Nafion solution (0.05 wt%, Aldrich) was pasted on the top of the dried catalyst
powder. The electrolyte was 0.1 M HClO4 aqueous solution. Linear scan voltammetry was performed
for the ORR evaluation in the oxygen-saturated electrolyte at the scan rate of 5 mV/s. The potentials
throughout this study are reported with respect to the reversible hydrogen electrode (RHE).
A polybenzoxazine-based membrane was used for the single-cell evaluation of electrocatalysts,
and the amount of phosphoric acid in the membrane was controlled by immersing the dry membrane in
phosphoric acid at 80ºC for a few hours [29, 30]. The cathode catalyst layer was composed of the
synthesized electrocatalyst and polyvinylidene fluoride (PVDF) binder. The anode catalyst layer
consisted of carbon-supported Pt-Ru alloy (Tanaka Kikinzoku Kogyo) and PVDF. The catalyst
loadings of the cathode and anode for Pt were approximately 3.0 and 1.0 mg/cm2, respectively. For
comparison purpose, a single cell adopting Pt3Co/C (Tanaka Kikinzoku Kogyo) cathode catalyst layer
was also fabricated. Dry hydrogen gas for the anode and dry air for the cathode were used for single
cell operation conducted at 150ºC.

3. RESULTS AND DISCUSSION
The synthesized ZIF-67 has morphology of well-defined rhombic dodecahedron, as shown in
Fig. 2(a). Note that the rhombic dodecahedron was formed because each Co atom was connected to
four imidazolate linkers to form a tetrahedron in ZIF. From the clear facets of the crystal we deduce
that the single crystals were successfully synthesized. The XRD pattern of prepared ZIF-67 was
perfectly matched to the simulated one as confirmed in Fig. 2(b). More details on the characterization
of ZIF-67 have been described elsewhere [20]. In the SEM images of ZIF-C (Fig. 2(c)-(f)), the
rhombic dodecahedral morphology was maintained after carbonization except for slight volume
shrinkage. The frames of ZIF-C particles were strictly conserved with concaved facets. The observed
length of the frames in Fig. 2(e) and 2(f) was from 100 nm to 150 nm.
In order to understand the structural changes from ZIF-67 to ZIF-C during carbonization, the
thermal decomposition of ZIF-67 was investigated by TGA and GC/MS. The inset of Fig. 3 shows that
the thermal decomposition of ZIF-67 starts at 450ºC and continues up to 1000ºC. Since carbon dioxide
(CO2), acetonitrile (CH3CN), and hydrogen cyanide (HCN) were detected in chromatogram at 560ºC,
the imidazole groups are presumed to be partially decomposed into the gaseous products during
thermal treatment. Methyl imidazolate was detected in GC as well. Total weight loss obtained in TGA
was approximately 70 wt%.
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Figure 2. (a) SEM images and (b) experimental and simulated XRD patterns of ZIF-67. (c), (d), (e),
and (f): SEM images of ZIF-C under different levels of magnification.

Figure 3. GC/MS analysis of gases from the thermal decomposition of ZIF-67 at 560°C in N2 flow.
Inset: TGA results of ZIF-67 in N2 flow up to 1000°C.
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In this study, it is speculated that structural rearrangement including breaking and rebinding of
frameworks occurred during the thermal treatment. A notably high undecomposed weight (30 wt%)
was achieved due to the high thermal stability of ZIF-67 [20]. It has been known that the imidazole
functional groups could become a precursor of N-doped CNTs [31, 32]. We therefore expect that the
C-N as well as C-C bonds in ZIF-C would be formed from the imidazole groups.
Nitrogen adsorption isotherms of ZIF-C carbonized at different temperatures were measured by
the BET method (Fig. 4). ZIF-C-500 showed higher N2 uptake than ZIF-C-800 and ZIF-C-1100. The
BET surface area of ZIF-C-500 was calculated to be 1396 m2/g, while those of ZIF-C-800 and ZIF-C1100 were 322 m2/g and 172 m2/g, respectively.

Figure 4. Textural characterization of ZIF-C carbonized at various temperatures. (a), (b) Nitrogen
adsorption-desorption isotherm curves. (c) Pore size distribution curves.
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We do not expect ZIF-C-500 to be fully carbonized, because the weight loss just starts at this
temperature in TGA (Fig. 3, inset). The total pore volume gradually decreased with increasing
carbonization temperature from 0.71 cm3/g to 0.14 cm3/g and 0.10 cm3/g for ZIF-C-500, ZIF-C-800
and ZIF-C-1100 respectively as shown in Table 1. Meanwhile, the isotherms of ZIF-C-800 and ZIF-C1100 showed H2 type hysteresis, which is a typical phenomenon in mesoporous materials, in Fig. 4(b).
In Fig. 4(c), a peak in the pore size distribution for ZIF-C-800 and ZIF-C-1100 implied that uniform
pores of which size is 1.85 nm were formed through the carbonization process. Contrary to reports [23,
33] on the synthesis of template-free porous carbon using cross-linked polymers where unimodal pores
were not formed, the introduction of ZIF-67 as a carbonizing precursor as in our study is a
demonstration of making well-defined porous carbonaceous materials without template.

Table 1. Textural, elemental and electrical properties of ZIF-C carbonized at 500, 800 and 1100ºC.
C, H, N Elements analysis
*Electrical resistance
(wt%)
Sample
(mΩ/□)
C
H
N
ZIF-C-500
1396
0.71
42.7
4.8
25.1
N.A.
ZIF-C-800
322
0.14
47.8
1.1
6.0
1.94
ZIF-C-1100
172
0.10
56.2
0.08
0.69
1.74
*The samples were pelletized under the pressure of 1,400 psi, and then measured by a 4-point probe.
(Reference carbon materials: Ketjen black 77.67mΩ/□, single-wall carbon nanotube 4.86mΩ/□)
BET surface
area (m2/g)

Pore volume
(cm3/g)

The result of element analysis of prepared ZIF-C is summarized in Table 1. The amounts of
hydrogen and nitrogen decrease whereas that of carbon increases with increasing carbonization
temperature. The cobalt content is estimated at 43–45 wt% in all the ZIF-C samples. The presence of
metallic Co would contribute to the electrical conductivity of ZIF-C. Since the conductivity is an
important property for an electrode material in PEMFC, the electrical resistance of ZIF-C was
measured, and the value for ZIF-C-1100 (1.74 mΩ/□) is lower than for ZIF-C-800 (11.94 mΩ/□). The
resistances of all the ZIF-C samples, especially ZIF-C-1100, were lower than that of Ketjen black, and
comparable to that of single-wall carbon nanotubes (4.86 mΩ/□). The decent electrical property of
ZIF-C could be related to Co metal on frameworks and regular Catalan shape that can be closely
packed while being pelletized.
The nanostructure of ZIF-C was further investigated by HR-TEM and XRD to understand its
morphology and electrical property. As shown in Fig. 5, the microstructure of ZIF-C consists of Co
metal nanoparticles 5–20 nm in diameter with several layers of graphene wrapped on the outside. The
metallic Co particles were identified by XRD analysis, which is shown in Fig. 5(b). The Coimidazolate framework of ZIF seems to be converted to Co metal nanoparticles and Co-N-C
frameworks. The Co metal nanoparticles with carbon shell are attributed to the resolution of Co 2+ and
imidazoles in ZIF-67, and subsequent growth of the reduced Co metal nanoparticles during
carbonization. The thickness of the carbon shell was in the range of 1–2 nm, corresponding to 3–6
graphene layers. Graphene layers are known to form on the surface of transition metals by contact with
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hydrocarbon gases at high temperatures. Such carbon deposition on transition metal catalysts has been
mainly observed in water-gas shift reaction where it often leads to catalyst deactivation. However, the
graphene shells with a large amount of carbon and nitrogen atoms as well as Co-Nx moieties would be
active for ORR.

Figure 5. Characterization of microstructure of prepared ZIF-C-800. (a) TEM image. (b) XRD pattern.
(c) and (d) Magnified TEM images, showing cobalt particles enveloped in graphene layers. (e)
3D tomography of the developed channels inside ZIF-C-800 (red particle: Co metal).
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3D tomography measurement was performed to investigate the internal structure of ZIF-C. As
shown in Fig. 5(e), there are open channels connected to each other in the ZIF-C solid. The mutually
interconnected channels can offer facile mass transfer for both reactants and products. The Co metal
particles were found on the walls of the open channels of ZIF-C. The framework of ZIF-C would be
composed of Co-Nx moieties and C-C networks created from undecomposed component.
XPS analysis was conducted for ZIF-C-800 to evaluate its surface composition and the
oxidation state of each element. As shown in Fig. 6, carbon, nitrogen, oxygen and cobalt were
detected, with the calculated atomic composition of 88.9%, 4.5%, 4.6%, and 2.0%, respectively. More
specifically, the N1s peak can be deconvoluted into three different N species: pyridinic N at 398.7 eV,
graphitic N at 400.8 eV and an unknown N species at 404.5 eV as shown in Fig. 6(b). Among them,
major species is the pyridinic N that is known to be more active than other N species for ORR [34].
Co2+ peak was detected at 780.6 eV on ZIF-C (Fig. 6(c)), indicating that Co-Nx moieties remained in
frameworks, although a considerable portion of Co atoms were converted to Co metal particles.
Carbon was slightly oxidized during carbonization as shown in C1s peak (Fig. 6(d)).

Figure 6. XPS spectra of ZIF-C-800 in (a) full range, (b) N1s, (c) Co2p, and (d) C1s.
The ORR activity of ZIF-C was investigated aiming at an application to catalyst in fuel cells.
Research on non-precious metal electrocatalysts for ORR has been actively carried out in order to
replace the Pt-based precious metal electrocatalysts since Jasinski found that Co-N4 moiety in cobalt
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phthalocyanine showed activity for ORR [35]. Recently, several reports have been published regarding
metal-N-C ORR electrocatalysts that were prepared from MOF [22, 23]. The ORR activity of ZIF-C
was investigated by RDE method in 1 M HClO4 solution saturated with oxygen. A comparison of ORR
activity using ZIF-C carbonized at various temperatures is shown in Fig. 7. The ORR current of ZIFC-500 is negligible due to insufficient carbonization. The best ORR activity is obtained from ZIF-C800, indicating complete carbonization which results in the maximization of active sites in the carbon
network. A relatively lower ORR activity was observed in ZIF-C-1100, possibly due to shrinkage of its
surface area from heat shock at 1100ºC.

Figure 7. ORR activity of ZIF-C. (a) ORR currents from RDE test, using ZIF-C carbonized at various
temperatures. (b) MEA performances of ZIF-C-800 and Pt3Co/C.

We further assessed the membrane electrolyte assembly (MEA) performance of ZIF-C as
cathode catalyst of PEMFC at 150ºC. Compared to commercial Pt3Co/C, which is one of the most
active ORR catalysts, ZIF-C showed lower performance in PEMFC as shown in Fig. 7(b). In contrast
with Pt3Co/C, a lower open circuit voltage (OCV) and a higher ohmic overpotential were observed for
ZIF-C. The ORR onset potential of ZIF-C around 0.8 V was realized as an OCV value of MEA in
between 0.7 V and 0.8 V whereas it seems that less dense ZIF-C than Pt3Co/C needs a thicker
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electrode for securing enough amount of active catalytic sites, which in turn incurs a higher ohmic
overpotential at electrodes.
Finally we consider the active catalytic site of ZIF-C. The Co-Nx moieties as an active site
would be formed in the frameworks after carbonization as suggested by Ma et al. [22]. On the other
hand, Co metal particles were stuck on the wall of open channels in ZIF-C. C-N species would exist in
graphene layers around the Co metal particles, becoming a different active site created from
decomposed imidazolates as confirmed by GC/MS analysis. The graphene layers are speculated to
contain many C-N sites due to their large surface area. Interaction between the Co metal particles and
the C-N species in graphene layers with respect to electrochemical reaction could not be deduced in
this study. Further investigation is needed to fully understand the active site in Co-N-C electrocatalyst
and improve its activity for ORR.

4. CONCLUSIONS
A carbonaceous material, ZIF-C, was prepared from ZIF-67 through carbonization process.
The dodecahedron frame of ZIF-67 remained more or less after carbonization up to 1100ºC. The high
electrical conductivity of ZIF-C measured from pelletized sample is believed to be due to the existence
of Co metal and the regular dodecahedron structure. Its porous structure would promote the ORR
activity by a facile mass transfer of reactant and product. Catalytic activity of ZIF-C for ORR was
observed in RDE and PEMFC MEA tests. The Co-Nx moieties in frameworks and C-N species in
graphene layers on the Co metal particles would play a role of active site for ORR. Besides the ORR
catalytic activity, the well-defined structure, high electrical conductivity and unimodal pores of ZIF-C
could make it useful for many other electrochemical applications.
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