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ARTICLE INFO ABSTRACT

Keywords: In the preparation process of carbon-based transition metal catalysts, the transition metal atoms usually seriously
Coordination organics agglomerate, thus reducing the catalytic activity. To slow down the agglomeration of transition metal atoms
ZIF-67

during high-temperature treatments, herein, organics with coordination functions are proposed to regulate the
typical metal-organic framework compound ZIF-67 with rich Co atoms. Electron microscopy structural charac-
terization proves that ZIF-67 modified by coordinated organic compounds, including ascorbic acid (AA), citric
acid (CA) and ethylenediaminetetraacetic acid disodium salt (EA), greatly improves the dispersibility of cobalt in
the final product. All the adjusted ZIF-67 can derive cobalt-based bifunctional oxygen catalysts with higher
activity. Among them, EA-MOF-Co shows the best ORR performance, with a half-wave potential comparable to
commercial Pt/C in alkaline solutions and an obviously reduced oxygen evolution overpotential. This suggests
that it is an effective method for use of coordination organics to tether metal ions and prevent their further

Cobalt distribution
Oxygen reduction reaction
Oxygen evolution reaction

agglomeration during carbonation.

1. Introduction

With the development of industrial civilization, the demand of en-
ergy for human beings is growing. Thus, it is crucial to develop new
sustainable and green energy sources by some advanced energy con-
version devices, such as fuel cells and metal-air batteries [1,2]. In recent
years, due to high energy densities and no pollution, zinc-air batteries
have become a hot research topic [3,4]. Nevertheless, the slow reaction
kinetics of oxygen reduction (ORR) and oxygen evolution reaction
(OER) greatly affect their applications [5,6]. Currently, noble metal
catalysts such as Pt, Ir and Ru-based materials are the best catalyst to
drive ORR and OER [7-9], but their scarce earth reserves, high prices,
poor stability and resistance to poisoning seriously hinder the com-
mercial application of zinc-air batteries. Definitely, it is imperative to
develop non-noble metal catalysts with low cost, high electrochemical
activity and stability.

Among the non-noble metal catalysts currently studied, carbon-
based catalysts containing cobalt species generally exhibit bifunctional

catalytic activity (ORR and OER), and cobalt species typically including
Co nanoparticles, Co-based oxides and Co-Nx [10-18]. There are many
precursors for the preparation of cobalt-based carbon materials, in
which 2-methylimidazole cobalt salt (ZIF-67) shows great potential for
applications of ORR and OER catalysts with the advantages of abundant
cobalt and N sources, large specific surface area, and rich pore structure
[19-21]. However, it usually requires high-temperature pyrolysis for
ZIF-67 to obtain the desired catalyst, in this case cobalt atoms sponta-
neously aggregate to form large-sized cobalt particles, resulting in
reduction of electrochemically active surface area and active sites. Re-
searchers usually introduce template or composite with other materials
(such as graphene, carbon nanofibers, etc) to compensate for the de-
ficiencies caused by the carbonization of ZIF-67 [22-26]. However, few
have been investigated to control cobalt agglomeration, especially in the
case of keeping the morphology unchanged.

Here, in order to reduce various adverse influencing factors caused
by the carbonization of ZIF-67 itself, three different organic compounds
with coordination functions (ascorbic acid, citric acid, and disodium
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EDTA) were selected to tailor the division of Co in ZIF-67, ultimately
improving the agglomeration of Co atoms in the carbonized products,
thanks to their strong transition metal coordination capabilities.
Morphological and structural characterization demonstrates that the
agglomeration of Co is significantly weakened in the ZIF adjusted by the
coordination organics during heat treatment. The electrochemical per-
formance tests further show that the catalysts prepared with the coor-
dination organic modification greatly enhance their oxygen
electrocatalytic activity.

2. Experimental section
2.1. Synthesis of ZIF-67

Co(NO3)2.6 H20 (0.581 g) was dissolved in 30 mL methanol solution,
2-methylimidazole (1.314 g) was dissolved in 30 mL methanol solution,
and then mixed. After stirring in a 35 °C water bath for 4 h, the mixture
was centrifuged, washed and dried in a vacuum oven.
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2.2. Synthesis of AA-ZIF-67, CA-ZIF-67, EA-ZIF-67

vitamin C (AA, 0.045 g), citric acid (CA, 0.03 g) and disodium EDTA
(EA, 0.055 g) were dissolved in 10 mL of deionized water, respectively.
Co(NO3)2.6 Hy0 (0.581 g) was dissolved in 30 mL methanol solution,
and 2-methylimidazole (1.314 g) was dissolved in 30 mL methanol so-
lution. The coordination organics were first mixed with the Co(NO3)2.6
H50 solution, and then the mixture was poured into the 2-methylimida-
zole solution. After stirring in a 35 °C water bath for 4 h, the mixture was
centrifuged, washed and dried in a vacuum oven. and named as AA-ZIF-
67, CA-ZIF-67 and EA-ZIF-67, respectively.

2.3. Synthesis of MOF-Co, AA-MOF-Co, CA-MOF-Co and EA-MOF-Co

ZIF-67, AA-ZIF-67, CA-ZIF-67 and EA-ZIF-67 were placed in a tube
furnace filled with argon atmosphere, heated up to 800 °C at a rate of
5 °C/min, then kept at 800 °C for 3 h, and finally naturally cooled to
room temperature to obtain the catalysts. The products are named as
MOF-Co, AA-MOF-Co, CA-MOF-Co and EA-MOF-Co according to the
coordination organics used.

200 nm

Fig. 1. (a) Synthetic strategy of MOF-derived electrocatalysts modulated by coordination organics; SEM images of (b) MOF-Co and (c) EA-MOF-Co; TEM images of

(d) MOF-Co and (e) EA-MOF-Co.
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3. Results and discussion
3.1. Morphology and structure characterization

The synthetic scheme of coordination organic regulation MOF is
described in Fig. 1a. The coordination organics are dissolved simulta-
neously with cobalt nitrate, then mixed with 2-methylimidazole and
subjected to a precipitation reaction for 4 h in a water bath environment
at 35 °C. The coordination organics used in this experimental includes
ascorbic acid, citric acid and ethylenediaminetetraacetic acid disodium
salt (disodium EDTA). The corresponding prepared precursors are
named AA-ZIF-67, CA-ZIF-67 and EA-ZIF-67, and the precursor pre-
pared without the addition of coordinating organics is ZIF-67. The final
catalyst is obtained by annealing the coordination organic regulation
MOF precursor at 800 °C with Nj flowing for 3 h. And the products
obtained by calcination of ZIF-67, AA-ZIF-67, CA-ZIF-67 and EA-ZIF-67
are named MOF-Co, AA-MOF-Co, CA-MOF-Co and EA-MOF-Co,
respectively.

XRD was first used to confirm the composition of all precursors. In
Fig. Sla, the diffraction peaks of the MOFs treated with coordinated
organics completely match those of pristine ZIF-67, which indicates that
the crystal structure of ZIF-67 is not affected by the coordinated or-
ganics. In the FTIR spectra (Fig. S1b), compared to ZIF-67, AA-ZIF-67
and CA-ZIF-67 show enhanced C-O expansion vibration peaks around
1380 cm ™!, while EA-ZIF-67 presents enhanced C-O and C-N expansion
vibration peaks around 1380 cm™! and 1600 cm ™}, respectively, prob-
ably because more O and N are bonded to the metal. This also suggests
that both ascorbic acid and citric acid provide O atoms to coordinate
with cobalt, while disodium EDTA provides O and N atoms to coordinate
with cobalt.

Since the coordination of organics and metals has been confirmed,
the components of the final product are bound to be affected. In XRD
patterns (Fig. S2a), the diffraction peaks in MOF-Co, AA-MOF-Co, CA-
MOF-Co and EA-MOF-Co correspond to metal Co and CoO,
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respectively. Comparing the peak intensities of the four samples, the
peak intensities of metal Co and CoO decrease to different degrees after
the addition of coordination organics, manifesting that the content or
size of the cobalt particles in the samples decreased [27,28]. It also
implies that the agglomeration of cobalt ions on the catalyst surface is
alleviated after the treatment with coordination organics. Followed by
Raman spectra, the ID/IG value of MOF-Co can be calculated as 1.01,
which is smaller than that of AA-MOF-Co (1.02), CA-MOF-Co (1.03) and
EA-MOF-Co (1.14) (where D denotes defects and G denotes graphitiza-
tion) (Fig. S2b) [29,30], suggesting that the use of coordination organics
may cause more defects in the products.

SEM images show that all the as-prepared samples exhibit a rhombic
dodecahedron morphology (Figs. 1b, ¢, S3), indicating that the coordi-
nation organics would not affect the morphology of the catalyst.
Apparently, there are many large particles on the surface of MOF-Co,
while the surfaces of AA-MOF-Co, CA-MOF-Co and EA-MOF-Co are
relatively smooth and the particle sizes are significantly reduced.
Further comparison of the four products by TEM images confirm that the
particles in MOF-Co are very heterogeneous in size, but all the products
obtained by the modulation of coordinated organics have more homo-
geneous or smaller size particles (Figs. 1d, e, S4). Especially, the parti-
cles in EA-MOF-Co are well distributed and uniform in size.

Fig. 2a shows the particle size of about 50 nm in EA-MOF-Co, the
particle in EA-MOF-Co is core-shell structure, where the diameter of the
core is about 15-20 nm and the shell is about 10-15 nm (Fig. 2b). From
the HRTEM image, two kinds of lattice stripes exist on the particles.
Then according to the XRD results, the lattice spacing of approximately
0.2 nm in the core region was preliminary determined to represent the
(111) crystal plane of metallic Co, and the lattice spacing of approxi-
mately 0.213 nm in the shell region was initially determined to repre-
sent the (200) crystal plane of CoO (Fig. 2c). Strikingly, many
monodisperse Co atoms are present in the surface of carbon matrix (red
circles in Fig. 2d). Through EELS analysis, these single atoms can be
judged as Co-N coordination (Fig. 2e). The HAADF-STEM EDS mapping

500
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Fig. 2. Morphology and structure of EA-MOF-Co. (a) and (b) TEM images, (c) HRTEM image, (d) aberration-corrected HAADF-STEM image, (e) monodisperse Co

atoms structure analyzed by EELS, (f) HAADF-STEM EDS mapping.
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of the particle shows that C and N are uniformly dispersed (Fig. 2f),
while the core and shell regions are mainly gathered with the Co atom
and the Co and O atoms, respectively. Therefore, the aforementioned
test results collectively demonstrate that this particle in EA-MOF-Co is
structured with metallic cobalt as the core and cobalt oxide as the shell.

To further analyze the effect of the use of coordination organics on
the fine chemical structure of the samples, XPS test was performed. Cls
spectrum can be fitted as five peaks, namely C-sp2 (284.5 eV), C-sp3
(285 eV), C-N (285.5 eV), C-O (286.5 eV) and C=0 (288.2 eV) (Fig. S5)
[31,32]. The C-N bond content is significantly increased in the samples
prepared with coordination organics, which favors the electrochemical
performance.[33,34] The N1s high-resolution XPS spectrum is usually
divided into three peaks located at 398.9 eV, 400.1 eV and 401.2 eV,
representing pyridinic-N (pyri-N), pyrrolic-N (pyrr-N) and graphitic-N
(grap-N), respectively (Fig. S6) [35,36]. Among them, pyri-N is the
active site for the oxygen reduction reaction and grap-N has the ability
to stabilize the carbon materials [37,38]. Moreover, pyri-N and grap-N
are also the most active nitrogen species in the oxygen evolution reac-
tion [39,40]. Compared with MOF-Co, the content of pyri-N and grap-N
is increased for catalysts prepared with the coordination organics,
resulting in more active sites and increased stability for ORR and OER.
The Co2p XPS pattern includes two core energy regions: Co 2p1/2 and
Co 2p3/2 (Fig. S7) [41,42]. By peak area comparison, the content of Co®
for AA-MOF-Co, CA-MOF-Co and EA-MOF-Co is significantly decreased,
in accordance with the XRD test results. Meanwhile, the content of Co?*
is obviously increased, which may also indicate the increase of Co?*-N.
All the above results demonstrate that the addition of coordination or-
ganics slows down the agglomeration of Co, reduces the size of Co
particles, and promotes the generation of Co-Nx active sites, all of which
are very favorable for the electrocatalytic reaction.

3.2. Oxygen reduction reaction performance

The ORR electrocatalytic performance of these samples was first
measured in 0.1 M KOH. LSV curves display that the half-wave potential
(E1/2) of AA-MOF-Co, CA-MOF-Co and EA-MOF-Co are all increased
compared to MOF-Co (Fig. 3a), with the highest E; /2 of 0.842 V for EA-
MOF-Co, which is comparable to 20% Pt/C. The reduced Tafel slopes of
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the samples prepared with the coordination organics also evidence their
faster electrochemical reaction rate (Fig. 3b). Subsequently, EA-MOF-Co
was subjected to the LSV tests at six different rotational speeds, and then
the K-L plot was obtained on the basis of the Koutecky-Levich (K-L)
equation. The five parallel curves signify that the ORR process of EA-
MOF-Co is consistent with the first-order kinetics (Fig. 3c). The elec-
tron transfer number was calculated to be 3.99, uncovering that EA-
MOF-Co has the ability to convert oxygen directly into HyO, reducing
the generation of by-products such as HoO,, beneficial to the stability of
the catalyst.

Fig. 3d shows the LSV curves before and after 10,000 CV cycles, and
the ORR activity of EA-MOF-Co maintains excellent stability. Addi-
tionally, EA-MOF-Co can maintain a 96.2% current density after 7 h of
chronoamperometry test, while 20% Pt/C drops to 81.3% in less than
3 h of test (Fig. 3e). TEM images show that the morphology and size of
the particle in EA-MOF-Co remain unchanged after the ORR stability
testing (Fig. S8). In addition, the XPS binding energy positions of Co2p
and O1s of EA-MOF-Co are consistent before and after the ORR stability
test (Fig. S9), indicating that the components of EA-MOF-Co are almost
unchanged. Then, the methanol resistance of the sample was tested with
chronoamperometry. After pouring methanol into the electrolyte, EA-
MOF-Co gradually stabilizes after a short fluctuation and the current
density almost has no change, while the current density of 20% Pt/C is
decreased sharply (Fig. 3f). The above test results strongly corroborate
that EA-MOF-Co has excellent stability.

Since EA-MOF-Co donates the best half-wave potential in alkaline
electrolyte, its ORR activity in acidic electrolyte (0.5 M HySO4) was
continued to be examined. Fig. S10a shows the LSV curves of EA-MOF-
Co, MOF-Co and 20% Pt/C in 0.5 M H3SO4. Although the half-wave
potential of EA-MOF-Co is lower than 20% Pt/C, there is a significant
increase relative to MOF-Co, which also reflects the positive modulation
of ZIF-67 by disodium EDTA. The electron transfer number obtained
from K-L equation confirms the excellent ability of EA-MOF-Co to reduce
oxygen under acidic conditions (Fig. S10b). Undoubtedly, EA-MOF-Co
still maintains its better stability and resistance to methanol in
0.5 M HySO4 (Fig. S10c, d).
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Fig. 3. ORR performance in alkaline electrolytes. (a) LSV curves, (b) Tafel plots, (c) LSV curves of EA-MOF-Co at different rotation rates (inset: corresponding
Koutecky-Levich plots), (d) LSV curves of EA-MOF-Co before and after 10,000 CV cycles, (e) i-t curves and (f) methanol resistance test.
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3.3. Oxygen evolution reaction performance

Immediately, the catalysts prepared with the coordination organic
modification were again compared with MOF-Co and RuO3 in a 1 M
KOH electrolyte for OER activity. Their OER activities were first recor-
ded by LSV test (Fig. 4a). The overpotentials of EA-MOF-Co, AA-MOF-Co
and CA-MOF-Co are 389 mV, 402 mV and 405mV at 10 mA cm 2,
respectively (Fig. 4b). Although slightly larger than RuOs (324 mV),
they are significantly lower than MOF-Co (443 mV), suggesting that the
OER activity is substantially improved by adding the coordination
organic. The Tafel slope also reveals that the catalysts prepared with
coordination organics have faster reaction kinetics than MOF-Co
(Fig. 4c). Electrochemical impedance (EIS) tests were then carried out
on the samples to characterize the charge transfer rates during the OER
process. The smaller semicircle diameter of EA-MOF-Co AA-MOf-Co and
CA-MOF-Co reflects their lower resistance and faster charge transfer rate
(Fig. 4d), which is favorable to their OER activity.

Afterward, the CV curves outside the faraday region at five sweep
speeds were tested to calculate the electric double layer capacitance
(Cdl) (Fig. S11). The Cdl value of EA-MOF-Co, AA-MOF-Co and CA-
MOF-Co is 52.1 mF cm’z, 49.7 mF cm ™2 and 43.6 mF cm’z, respec-
tively, but that of MOF-Co is only 15.5 mF cm ™2 (Fig. 4e), meaning that
the catalysts prepared with coordination organics, especially EA-MOF-
Co, have larger electrochemically active surface area. Moreover, the
specific surface area of EA-MOF-Co, AA-MOF-Co , CA-MOF-Co and
MOF-Co was analyzed by Ny adsorption/desorption isothermal mea-
surements, their specific surface area is 347.57 m? g1, 298.1 m? g},
289.16 m? g~ ! and 266.31 m? g~!, respectively (Fig. S12, Table S1),
consistent with the Cdl results. In addition, the Ny adsorption/desorp-
tion isothermal results show that EA-MOF-Co, AA-MOF-Co , CA-MOF-
Co possess a larger pore capacity than MOF-Co. Larger specific surface
area is beneficial to expose active center [43,44] and larger pore ca-
pacity is convenient to accommodate more electrolyte [45,46], thus
leading to improved electrochemical performance.

Furthermore, the stability of the best catslyst EA-MOF-Co was tested
by CV accelerated cycling and chronoamperometry. With 10,000 CV
cycles acceleration testing, the OER activity of EA-MOF-Co has slightly
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increased, which may be due to the activation of surface components
and increase of electrode wettability by CV cycling [47,48] (Fig. S13). In
addition, the chronoamperometry result also testifies that EA-MOF-Co
has excellent stability to OER, and the current density of EA-MOF-Co
decreases by only 8.2% within 9 h (Fig. 4f). Fig. S14 shows the
morphology of EA-MOF-Co after OER stability test, the particles in
EA-MOF-Co still maintain the core-shell structure after the OER stability
test, implying that the particle structure has excellent stability. XPS
spectra of Co2p show that Co shifts towards to lower binding energy
after OER stability test (Fig. S15a), attributive to the formation of Co>*.
Then, through the change of Ols binding energy (Fig. S15b), it can be
determined that CoOOOH was generated on EA-MOF-Co after the OER
stability test, as a result of the oxidation of cobalt species on the surface
of EA-MOF-Co by electrochemical activation and also the active material
for OER.

3.4. Zinc-air battery application

Due to the good ORR and OER performance of EA-MOF-Co, a prac-
tical liquid rechargeable zinc-air cell was constructed (Fig. 5a), with a
polished zinc foil as the anode, a carbon paper coated with catalyst as
the cathode, and 6.0 M potassium hydroxide solution dissolved with
0.2 M zinc acetate as the electrolyte. The open-circuit voltage of the EA-
MOF-Co-based zinc-air battery is 1.485 V, but it is only 1.445 V for 20%
Pt/C+RuO2 (Fig. S16). Fig. 5b shows a peak power density of
111 mW cm™2 for the EA-MOF-Co-based zinc-air battery, higher than
that of 20% Pt/C+RuOy (92 mW cm’z). Moreover, it discharges a
plateau of 1.315 V at the current density of 5 mA cm ™2, better than 20%
Pt/C+RuOs (1.289 V), and remains stable throughout the 80,000 s test
(Fig. 5c¢), exhibiting a good discharge stability. Besides, based on the
discharge of the zinc-air battery with EA-MOF-Co at a current density of
20 mA cm 2 (the discharge duration was 28.56 h, average discharge
voltage was 1.28 V) and the mass of the zinc sheet consumed (0.8 g), the
specific energy and the energy density of the battery were calculated to
be 714 mAh/gz, and 914 Wh/kgzy,, respectively, which is comparable to
the performance of most zinc-air batteries from the literature (Fig. S17,
Table S2). Moreover, the stable galvanostatic discharge and charge
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Fig. 4. OER performance evaluation. (a) LSV curves, (b) overpotentials summary at 10 mA cm™2, (c) Tafel plots, (d) Nyquist plots for MOF-Co, CA-MOF-Co, AA-
MOF-Co and EA-MOF-Co obtained at 1.65V, (e) the current density variation at 0.15 V versus Hg/HgO plotted against with the scan rates, (f) i-t curves of EA-

MOF-Co and RuO..
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Fig. 5. Zinc-air battery performance evaluation. (a) Assembled zinc air battery, (b) power density curves, (c) discharge curves under 5 mA cm’z, (d) galvanostatic
charge-discharge cycling of EA-MOF-Co based zinc-air battery, (e) picture of open circuit voltage of solid zinc-air battery and (f) a lighted LED (~3.4 V).

cycling for 14 h proves its excellent charge/discharge stability (Fig. 5d).
Furthermore, EA-MOF-Co was assembled in the all-solid-state zinc-air
battery as the air cathode. The all-solid-state zinc-air battery outputs a
high open-circuit voltage of 1.38 V and can light a small bulb with a
voltage of about 3.4 V by connecting only three of these all-solid-state
zinc-air batteries in series (Fig. Se, f). The above performance of EA-
MOF-Co in zinc-air batteries affirms its excellent practical catalytic
performance.

4. Conclusion

In summary, we have successfully adjusted the MOF using coordi-
nation organics to prepare highly efficient cobalt-based oxygen reduc-
tion/oxygen evolution bifunctional catalysts. The introduction of
coordination organics had no destructive effect on the morphology of
the catalyst, but it obviously reduced the size of cobalt particles in the
catalyst and enriches the content of Co-Ny sites. As expected, the ORR
and OER activities of the catalysts prepared with coordination organics
are both improved. This study has implications for the size-controlled
engineering of metal particles and the design of efficient bifunctional
electrocatalysts.
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