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Abstract

Cobalt/graphitic carbon catalysts were prepared from Co-MOF crystals, which were synthesized by a solvothermal method
in a Teflon-lined autoclave. The MOF crystals were calcined for 2 h to produce Co-MOF-derived catalysts. X-ray diffrac-
tion and X-ray photoelectron spectroscopy analysis showed that calcination of the Co-MOF at 600 °C favors the formation
of Co;0,, while calcination at 700 °C produced a catalyst composes of metallic Co embedded in a carbon matrix. Raman
spectra showed the carbon layer on the Co particles has graphitic properties. The Co-MOF calcined at 700 °C was observed
to have the highest surface area and catalytic activity for oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER), respectively. During charge/discharge cycling of the Co-MOF-derived catalyst (N700), the potentials were changed
within 10-50 mV from the initial potential after 250 h. This catalyst showed excellent stability for ORR and OER, which
were superior to these kinds of catalysts reported in the literatures, because graphitic carbon layers covered on the cobalt
nanoparticles.
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1 Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10800-018-1245-8) contains The rechargeable Zn—air battery has been attracting atten-
supplementary material, which is available to authorized users. tion as an energy conversion and storage device due o its

high energy density, stability, low cost, and environmentally
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benign properties. However, the practical application of
rechargeable Zn-air batteries has been limited, mainly
because of the dendritic formation of zinc at the anode, and
the sluggish oxygen reaction kinetics at the cathode. An
approach to enhance the performance of the rechargeable
Zn—air battery is to find a catalyst with good catalytic activ-
ity for both the oxygen reduction reaction (ORR) and the
oxygen evolution reaction (OER). Such a catalyst is called a
bifunctional catalyst. Pt—Ru-based catalysts are considered
to have excellent catalytic activity for ORR and OER. How-
ever, their scarcity, high cost, and stability issues have hin-
dered their commercial application. Hence, in order to mass-
produce rechargeable Zn—air batteries, it is necessary to find
a low-cost bifunctional catalyst with good stability and high
catalytic activity for ORR and OER. Several studies have
been conducted to find a good non-precious metal-based
bifunctional catalyst for rechargeable Zn—air batteries. Most
of the catalysts investigated are transition metal (Fe, Ni, Mn,
and Co) oxides, such as spinels and perovskites, because of
their stability, ORR and OER catalytic activities, and simple
preparation techniques. In general, transition metal-based
catalysts are synthesized by calcination of precursors that
are usually prepared by a sol-gel, electrospinning, or solvo-
thermal method [1-8].

Recently, the use of a metal-organic framework (MOF)
as a precursor for the preparation of catalysts has been inves-
tigated [9-11]. MOFs, or porous coordination polymers
(PCPs), are crystalline materials that exist in one-, two-, or
three-dimensional structures composed of highly organized
central metal-containing units, or secondary building units
(SBUs), and polyfunctional organic ligands. The structural
versatility of MOFs allows control of their physical char-
acteristics, such as particle size and porosity, and is highly
influenced by the kind of metal ion and the organic ligand,
which acts as a linker bridging the SBUs to form the MOF
structure [10-20]. Several metals, in the form of nitrates
or oxides, have been utilized in MOFs, depending on the
intended application [14], whereas the organic linkers used
commonly are carboxylates, because of their ability to adapt
to different bridging modes [13].

Many studies of MOF-derived bifunctional catalysts for
the ORR and OER in alkaline solution have been conducted.
Some works dealt with the effect of composites with gra-
phene or carbon nanotubes (CNTs) [21-23]. Most research
focused on the catalytic evaluation of MOF-derived materi-
als using the rotating disk electrode (RDE) test [24-26]. In
real Zn—air rechargeable batteries, the catalysts in the gas
diffusion electrode should be evaluated for long-term dura-
bility (cycling) because the chemical stabilities and capacity
retention of electrode components, including the catalyst,
at relatively high current and in high concentration alkaline
solution (~30%) are very important. Only a few studies have
reported this kind of test [27, 28]. However, nobody has
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showed that these kinds of catalysts are stable during OER
and ORR cycling under hard condition (20 mA cm™ for 4 h
per cycle) over 200 h (Supplementary Table s1).

In this study, Co/graphitic carbon derived from Co-MOF
was investigated for their bifunctional catalytic activity and
long-term stability for the ORR and OER in the rechargeable
Zn—air battery. The Co-MOF precursor was synthesized by
a simple solvothermal method. Co-MOF-derived catalysts
were obtained through calcination in nitrogen. The efficiency
of the Co-MOF-derived catalysts as bifunctional catalysts
using the gas diffusion electrode was determined through
their physical and electrochemical characteristics, and one of
the catalysts showed that the potentials were changed within
10-50 mV from the initial potential after 250 h.

2 Experimental

The preparation of the electrocatalyst consisted of two parts:
the first part was the synthesis of Co-MOF, which was per-
formed by a solvothermal method, and the second part was
the synthesis of catalysts from the prepared Co-MOF by
calcination. The preparation of the Co-MOF was performed
by dissolving 21.9 mmol of cobalt (I) nitrate hexahydrate
and 18 mmol of 1,4-benzenedicarboxylic acid (BDC) in
15 mL N,N-dimethylformamide (DMF). Then, the mixture
was sealed and heated in a Teflon-lined autoclave at 100 °C
for 3 days, followed by cooling to room temperature. The
process resulted in the formation of MOF crystals, which
were washed with ethanol for several times, and then dried
under vacuum at room temperature [15, 18, 29].

The second part of the electrocatalyst preparation was the
heat-treatment of MOF crystals. The obtained MOF crystals
were pulverized using a mortar and pestle prior to their cal-
cination for 2 h in a nitrogen atmosphere. The calcination
temperature of the MOF powder was varied from 500 to
900 °C, with a heating rate of 10 °C min™".

Imaging of the synthesized Co-MOF crystals and Co-
MOF-derived electrocatalysts was performed using scan-
ning electron microscopy (SEM, Hitachi S-4800) and high-
resolution-transmission electron microscopy (HR-TEM,
JEM-2010) while the specific surface area was measured
by BELSORP-max. The crystallinity of the materials was
observed by XRD (EMPYRAN HR-XRD using Cu Ka
radiation). XPS was performed with MultiLab 2000, using
Al Ka radiation. Thermal gravimetric analysis (TGA) was
performed to measure weight loss during calcination, and
elemental analysis (EA) was also conducted to measure the
weight percent of carbon and oxygen. In addition, Raman
spectra of the synthesized Co-MOF-derived catalysts were
measured with an objective of X 100 and an excitation wave-
length of 532 nm to identify the nature of the carbon formed
by the carbonization of organic species.
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The working electrode was prepared by attaching the cat-
alytic active layer (CAL) to the gas diffusion layer (GDL),
which was a carbon paper. The CAL is composed of the
Co-MOF-derived catalyst (20 wt%), Ni powder (60 wt%,
NICO 255, Vale), carbon black (CB, 10 wt%, Vulcan XC-72,
Cabot), and polytetrafluoroethylene solution (PTFE, 10 wt%,
Aldrich), which acts as the binder. CAL was prepared by
a dispersion method, wherein the catalyst, Ni powder, and
carbon black were added to a mixed solution of deionized
water and ethanol. Afterwards, PTFE was added, and the
mixture was stirred for a few minutes. The mixture was dried
overnight at 60 °C to evaporate the solvent completely. The
resulting powder mixture was rolled to form a sheet after
adding isopropyl alcohol, and was then attached to a car-
bon paper (P50T, Ballard) using a hot press at 350 °C for
1 min [4, 5]. For comparison, Co;0, and Co metal powder
(Aldrich Co) were used as catalysts. The electrochemical
performance of the PtRu/C electrode (2.0 mg cm™2, Fuel
Cell Store) was also measured. To identify the electro-
catalytic activities for the ORR and OER of the Co-MOF-
derived catalysts, linear sweep voltammetry (LSV) was per-
formed in a three-electrode cell system using a potentiostat/
galvanostat (WBCS 3000, WonATech) for 20 cycles with a
voltage range of 0.5-2.4 V (vs. Zn wire) and at a scan rate
of 1 mV s~!. The three-electrode cell system used 8 M KOH
solution as the electrolyte, while Pt mesh and Zn wire were
used as the counter and reference electrodes, respectively.
A cycling test for charge/discharge was conducted in the
three-electrode cell system, using Pt wire as the reference
electrode instead of Zn to exclude Zn dissolution. The cur-
rents for the ORR and OER were induced in the electrodes
at 20 mA cm™2 for 2 h per step with 10-min rest time, while
measuring the voltage change in the process.
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3 Results and discussion

The Co-MOF, a three-dimensional (3D) metal-
carboxylate framework with the formula
[Me,NH,],[Co;(1,4-bdc)]-4DMF (Me,NH, = protonated
dimethylamine), was prepared from Co(NO;),-6H,0 and
1,4-bdcH, in DMF by a solvothermal reaction. The crystal
structure of the Co-MOF is constructed from the tri-nuclear
SBUs (secondary building units) Co;(RCOO)g, which
contain two crystallographically equivalent six-coordinate
terminal Co(II) centers and a six-coordinate central Co(II)
center. Each of the SBUs of the Co-MOF framework is
linked to eight separate building blocks through carboxyl
oxygens in the bdc units, generating a rare bcg net (a uni-
nodal eight-connected net) [29].

Scheme 1 shows the synthesis of cobalt-containing car-
bon composites from the heat-treatment of the Co-MOF.
The resultant metal/carbon composite catalysts have metal
nanoparticles covered by a porous carbon layer. The porous
carbon layer can prevent an increase in the particle size of
the metal during heat-treatment and create a path for the gas
to reach the catalyst surface for the oxygen reaction.

The calcination of the synthesized MOF powder under
varying temperature and gas atmosphere yielded six sam-
ples, which were named according to their calcination con-
ditions in Table 1.

Figure 1a shows the result of TGA under nitrogen of the
Co-MOF synthesized by a solvothermal method. The TGA
curve shows that the weight loss can be divided into three
major regions: (1) weight loss at less than 200 °C, which
can be due to the evaporation of non-coordinated and coor-
dinated water molecules; (2) weight loss between 201 and
300 °C, which is attributed to the decomposition of residual

Cobalt or cobalt oxide

/; Carbon layer

0;

Metal/carbon composite

Scheme 1 Diagram for the synthesis of cobalt-containing carbon composites for oxygen reaction from Co-MOF
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Table 1 Physical and

. S Sample Temp. (°C)  Weight percent by EDS Weight percent Surface
Chemlcz.ﬂ properties of . (Wt%) by EA & TGA (wt%) area
synthesized Co-MOF-derived m? g™
electrocatalysts C Co (6] C Co (0]

Co-MOF.N500 500 32.71 34.84 32.45 15.61 62.51 21.75 114.5
Co-MOF.N600 600 35.35 32.12 32.53 18.60 58.14 23.15 55.6
Co-MOF.N700 700 62.51 34.22 3.27 38.23 61.49 0.13 195.1
Co-MOF.N800 800 69.06 30.94 - 37.56 60.51 1.79 120.1
Co-MOF.N900 900 77.49 22.51 - 40.74 58.67 0.50 71.1
Fig. 1 TGA curves of a synthe- 100 F
sized Co-MOF under nitrogen (a) 105 L AN (b)
and b Co-MOF-derived cata- x 87 N, s 100 p=eimsn 1 \\ Air
. ~ ~ 95} %
lysts under air % 60 F % ol NS00 - \
0 | 2 i N600 \
g 0 2 g5k - -N700 [ Noeeveeeneennaenienmnes
20| | N800 N -
0 80T — —Ngo0 ===
0 L 1 1 1 75 1 L L )
0 200 400 600 800 0 200 400 600 800
Temperature / °C Temperature / °C
nitrates and solvent; (3) weight loss at temperatures greater
o L. . . ®Co vCo;0, mCarbon
than 400 °C, which is attributed to the degradation of the
organic framework [20, 29]. On the other hand, Fig. 1b o
shows the results of TGA in air of the catalysts derived from oy [ ] J 2 ©  N900
Co-MOF by calcination. The TGA curves show that all the g — NS00
catalysts, aside from N600, gained weight at a certain point € N700
between the beginning of the analysis and 500 °C. This can v Y Y Y  N60O
be explained through the formation of cobalt oxide com- ' A N500
pounds by the oxidation reaction with oxygen. In addition, : : . : : P :
the drastic drop in weight percent before reaching 600 °C 10 20 30 40 50 60 70 80 90

can be explained through the decomposition of carbon com-
pounds formed by the carbonization of organic compounds
of MOFs under nitrogen. The weight percent of Co in cata-
lysts was calculated from TGA results, assuming that the
final product was cobalt oxide (Co;0,) after 600 °C. Table 1
lists the weight percentages of elements in the catalysts
analyzed by energy dispersive X-ray spectroscopy (EDS),
EA and TGA. The weight percent of carbon measured by
EDS was relatively higher than that measured by TGA. This
means that carbon materials were coated on the surface of
cobalt particles.

In Table 1, the surface area of the catalyst prepared at
700 °C is the highest among the catalysts, and decreases
with increasing calcination temperature.

The XRD patterns of the catalysts derived from calcina-
tion of the Co-MOF at different temperatures are shown in
Fig. 2. It can be observed that catalysts N500 and N60O have
similar peaks. Likewise, catalysts N700, N800, and N900
have parallel peaks. However, it is evident that the peak of
NO900 is more prominent. The peak patterns of N500 and
N600 match the XRD pattern JCPDS 78-1970, which cor-
responds to a cubic Co;0, spinel at 20=19.14 (111), 31.43
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Fig.2 XRD pattern of Co-MOF-derived catalysts calcined in various
temperatures

(220), 36.99 (311), 38.7 (222), 44.97 (400), 59.50 (511), and
65.40 (440) with their corresponding Miller indices [30, 31].
The peaks at 260=44.42 (111), 51.67 (200) and 75.81 (220)
of N700, N800, and N90O are the characteristic peaks of
metallic Co (JCPDS 15-0806), while the peak at 260=26.41
(002) of N800 and N900 indicates the formation of graphitic
carbon due to the catalytic effect of Co at high temperature
[10, 31, 32].

Figure 3 shows the surface morphology of Co-MOF
(a) crystals and (b—f) Co-MOF-derived catalysts that were
calcined at different temperatures. The Co-MOF crystals
synthesized by the solvothermal method, shown in Fig. 3a,
have a smooth surface with a sheet shape and with particle
size > 100 pm. Figure 3b—f is the image of Co-MOF-derived
catalysts that were calcined under a nitrogen atmosphere
at a final temperature of 500-900 °C, respectively. Cal-
cination of the synthesized Co-MOF powder at different



Journal of Applied Electrochemistry (2018) 48:1231-1241

1235

Fig.3 SEM images of a Co-MOF, b N500, ¢ N600, d N700, e N800, f N900

temperatures produced a wide range of particle sizes and
random shapes. However, unlike the Co-MOF crystal and
powder (Fig. 3a), the surface of the Co-MOF-derived cata-
lysts is rough, indicating that the particles are agglomerates
of smaller particles.

Figure 4 shows the EDS image of the catalyst prepared at
700 °C and the variation in the weight percent of elements
for catalysts calcined at different temperatures. The carbon
content continuously increased and the oxygen content
sharply decreased to zero over 700 °C. The cobalt content
relatively decreased, although the weight of the catalyst did
not change after 600 °C, as shown in Fig. la. The weight

change of cobalt in Fig. 4b may be a result of the increase of
carbon coating on the surface of cobalt by the agglomeration
of metal particles.

TEM images of the catalysts derived from the Co-MOF
by calcination under nitrogen atmosphere at various tem-
peratures are shown in Fig. 5, respectively. In the figures,
it can be observed that particle aggregation increases with
increasing calcination temperature. However, the distribu-
tion of the Co species (the dark particles embedded in the
carbon matrix, which can be either Co;0, or metallic Co
as indicated by the XRD analysis) decreases with increas-
ing calcination temperature by the agglomeration. These
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Fig.4 a EDS image of the
catalyst, Co-MOF.N700, and b
weight percent of each element
for catalysts calcined at different
temperatures
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Fig.5 TEM images of Co-MOF-derived catalysts calcined at different temperatures a N500, b N600, ¢ N700, d N800, e N900, and f N700

(high-resolution)
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particles were covered by a graphitic carbon layer [33, 34],
as shown in Fig. 5f.

To identify the chemical state of elements in the Co-
MOF-derived catalysts calcined at different temperatures,
XPS was carried out and the results are shown in Fig. 6.
The overall XPS survey spectrum for the catalysts, shown
in Fig. 6a, contains the characteristic peaks for C 1s, O 1s,
and Co 2p. The intensity of C 1s peak was amplified with
increasing calcination temperature, while the effect on O
1s and Co 2p peak intensity is the opposite. In Table 2,
the binding energies and atomic concentrations for the C,
Co, and O atoms are listed. The C peak for the catalysts
calcined between 700 and 900 °C, observed at the binding
energy of 285 eV, and shown in Fig. 6b, indicates the pres-
ence of graphitic C in a mixture of sp? or sp? hybridized
states, while the C peak for the catalysts calcined at 500
and 600 °C suggests the presence of C atoms in different
chemical environments, such as C-C, C=0 [2, 34, 35].
The Co 2p scan of the Co-MOF-derived catalysts, shown
in Fig. 6¢, indicates the smaller percentage of Co atoms
on the surface of catalysts calcined at higher temperatures.
This phenomenon can be explained by the agglomeration
of Co particles at higher temperatures, which allows more
C atoms on the surface of the catalysts, as observed in the
TEM images in Fig. 5. Furthermore, the variation of the

binding energy for Co 2p and C Is from previous studies
can be a result of several factors, such as the matrix effect,
because the Co species were embedded in a carbon matrix
(Fig. 5) [36]. Thus, for the Co 2p spectra of N500 and
N600, the peaks for Co 2p;;, and Co 2p,,, are observed
at a binding energy of 781.8 and 796.1 eV, which can be
assigned to the presence of Co;0,. The peak for the Co
2p;,, of the catalysts calcined at 700 °C and higher, which
was observed at 780.5 eV, can be assigned to the Co metal
species [3, 37-39].

Figure 7 shows the Raman spectra of the catalysts derived
from the calcination of Co-MOF. The peaks observed at the
Raman shifts ~480 and 685 cm™' represent the E, and the
A, phonon modes of Co;0, [40, 41]. This indicates that
NO900 also contains a traceable amount of Co;0y,, like in
N500. Furthermore, all the catalysts calcined under nitro-
gen atmosphere contain graphitic carbon, as suggested by
the peaks at ~ 1340 and ~ 1580 cm™!, which represent the D
and G peaks from the A, and E,, symmetries for nanocrys-
talline graphitic carbon. In addition, the presence of the D
peak can be attributed to the disorder caused primarily by
the presence of metallic Co, which is observed in the XRD
and XPS data (Figs. 2, 6) [41-43]. As listed in Table 2, the
ratio of /I, and I; decreased with increasing heat-treatment
temperature. This means that the graphitic property of the

N900

Co2p (a) Cisscan (b) Co2p scap /(zc) O1lsscan (d)
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1/2
N600 Jmﬁxbn/ﬁ\w
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S
é; 10 N700 iﬂﬂXLh,n\~_¢/\\“\ -
g M
=] N600 NGO
= N800 IN70Q |
N700 N800
N800
N800
N900 IN9OO IN9QO . N\

1200 1000 800 600 400 200 O
Binding energy / eV

294 289 284 279
Binding Energy / eV

815 800 785 770 543 537 531 525
Binding energy / eV Binding energy / eV

Fig.6 XPS spectra of Co-MOF-derived catalysts a survey spectrum, b C 1s scan, ¢ Co 2p scan, and d O 1s scan

Table 2 Binding energy

N ! Sample Binding energy (eV) Atomic content (%) I/l

and percentage of atomic

concentration by XPS, and Cls Co 2p;, Ols C Co O

relative ratio of D and G bands

by Raman of Co-MOF-derived Co-MOF.N500 286.85 781.79 531.77 16.01 34.10 49.89 2.50

catalysts Co-MOF.N600 286.92 782.83 532.70 63.95 10.27 25.78 2.42
Co-MOF.N700 284.77 780.57 532.01 89.22 2.60 8.18 1.63
Co-MOF.N800 284.77 780.39 530.28 86.58 4.47 8.96 1.33
Co-MOF.N900 284.79 780.42 530.28 93.71 1.84 4.45 1.08

@ Springer



1238

Journal of Applied Electrochemistry (2018) 48:1231-1241

Fig.7 Raman Spectra of
Co-MOF-derived catalysts
calcined at various temperatures
in N,-atmosphere and fitting
curves for catalyst prepared at
700 °C
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carbon coated on the surface increased at a higher tempera-
ture [44—46].

The LSV results for the Co-MOF-derived catalysts,
Co;0,4, Co metal powder and PtRu/C, shown in Fig. 8a
and b. Figure 8c and d shows average values of apparent
current density (CD) based on electrode area and mass
activity (MA) on the weight of catalyst in a 1 cm? elec-
trode from more than five cell tests. Co-MOF-derived cata-
lysts, N500 and N600, which consisted mainly of cobalt
oxide compounds, showed higher performance than Co;0,
catalyst. Also, the cell performances of N700, N80O, and
N900 were higher than that of Co metal catalyst. These
indicate that the catalyst prepared from the MOF had high
catalytic activity because of its small size and high surface

(a)
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area. Among the Co-MOF-derived catalysts, N700 is the
mostly active catalyst for the ORR at 0.5 V (vs. Zn), fol-
lowed by N500, N800, N900, and N600. Similarly, for
the OER at 2.4 V (vs. Zn), N700 has the highest current
density followed by N800, N500, N900, and N600. N700
and N800 showed higher performance than PtRu/C for
both the ORR and the OER. The notable performance for
the ORR and the OER of N700 catalyst can be attributed to
its high specific surface area, wherein the calcination tem-
perature is one of the major distinguishing factors. Among
the Co-MOF-derived catalysts, N700 showed the highest
surface area, as shown in Table 1. The large difference in
the surface areas of N700 and N80OO from those of N500
and N600 can be explained by the XRD pattern and TEM

---- Cometal
——PtRu/C

Potential / V (vs Zn/Zn?*) T

-0 20 40 60 80 100 120 140
Current density / mA cm?

d
( ) 150 m Current density
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S
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Fig.8 Linear sweep voltammetry (a, b), current density(CD) (mA cm™?), and mass activity(MA) (x107" mA mg—cat‘l) (c,d)at0.5and 2.4 V
of Co-MOF-derived catalysts, Co;0,, Co and PtRu/C for ORR (c) and OER (d) in 8M KOH solution
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Fig.9 Charge/discharge profile (a) (b)
a at 20 mA cm™2 with 2 h per 0.8 -
step and XRD patterns b before T 06k N * Co/Ni
and after cycle test of N700 2 "
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images, in Figs. 2 and 5. The XRD peaks and TEM images
indicate the presence of graphitic carbon, which might
largely contribute to their high surface area [2, 31, 39].

N700 has shown an impressive catalytic activity for
both the ORR and the OER, and to further determine its
potential use as a bifunctional catalyst for a rechargeable
Zn—air battery, its cycle durability in alkaline electrolyte
was determined. Figure 9a shows the cycle test of N700
for charge/discharge at 20 mA cm™2. At the beginning of
the test, the potential was —0.20 and 0.61 V (vs. Pt) for the
ORR and the OER, respectively. After 250 h (almost 60
cycles) of continuous charge and discharge, the potentials
were changed to — 0.26 and 0.60 V, respectively. After the
cycle test, peaks for Co (catalyst) or Ni metal (conductive
additive) were found and no other peaks were detected in
the XRD of the electrode, as shown in Fig. 9b. Only H.
Dai’s group has reported charge/discharge profiles cycled
at 20 mA c¢cm™2 or higher with 10 h per step for ~200 h,
which showed a negligible voltage change at the end,
using CoO/carbon hybrid catalyst and a three-electrode
configuration (two cathodes and one anode) [47]. Except
for Dai’s report, we have not seen charge/discharge results
at 20 mA cm™~2 with more than 2 h per step and stable volt-
age retention for over 200 h (Supplementary Table s1).

Finally, Co-MOF-derived catalysts had high surface
area, around 200 m? g_l, and Co particles, ~ 50 nm in size,
and were covered by a graphitic carbon layer, although the
Co content in the catalyst powder was around 60%. Heat-
treatment over 700 °C converted Co oxide compound to
Co metal, which increased the catalytic activity of Co.
Nanosize and highly porous Co particles improved the
catalytic activities for the OER and the ORR, and the gra-
phitic carbon layer on Co particles increased their chemi-
cal resistance in alkaline solution during the long-term
cycle durability test. It has been confirmed that the gra-
phitic carbon layer does not have any catalytic activity
because the layer does not contain any nitrogen [9, 48,
49]. The synthesis of Co-based catalysts through MOFs
and calcination may be a simple way to produce highly
porous and stable catalysts for oxygen reactions in alkaline
solution.

4 Conclusions

The preparation of electrocatalysts by combined solvother-
mal synthesis of metal-organic frameworks and calcination
is an effective method to produce catalysts with a large sur-
face area, which in turn results in a higher catalytic activ-
ity. XPS and Raman spectra showed that Co-MOF-derived
catalysts contain traceable amounts of Co;0,, metallic
Co and graphitic carbon, which varies with the calcina-
tion temperature. Thus, the calcination temperature of Co-
MOF-derived catalysts greatly influences the kind of Co
species that were embedded in a carbon matrix. Calcination
at 600 °C and below favored the formation of Co;0, over
metallic Co, while calcination at 700 °C and higher pro-
duced more metallic cobalt than Co;0,. Furthermore, cal-
cination at higher temperature produced significant amounts
of graphitic carbon, which enhanced the catalytic activity of
N700 and N800. During the cycle test at 20 mA cm™2 with
2 h per step, the catalyst showed stable voltage retention for
250 h because the graphitic carbon layer on the Co particles
increased their chemical resistance in alkaline solution.
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