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ABSTRACT

Precious metal catalysts are generally considered to be the best electrocatalysts for slow four-electron transfer
mechanism in oxygen reduction and oxygen evolution reactions. However, its large-scale commercialization is limited
due to its high cost, scarce resources and lack of stability. Therefore, under the same catalytic performance conditions,
low cost and environmentally friendly non-noble metal electrocatalyst will become the focus of future electrocatalyst
engineering. Dicyandiamine was used for carbon resource to prepare CoV-based carbon nanotube composites (named
CoV-NC) by means of group coordination combined with freeze drying strategy and carbonization treatment. The mor-
phology and structure of the sample was characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD)
and N, adsorption-desorption curve. In 0.1 M KOH electrolyte, the £, potential of CoV-NC catalyst for ORR is 0.931 V,
and the limiting current density is higher. The OER voltage is only 1.63 V at the current density of 10 mA-cm~, demon-
strating that CoV-NC exhibits good catalytic activity of ORR and OER. As for an air-cathode material to assemble
primary Zn-air battery, it can discharge continuously for 166 h at a current density of 5 mA-cm, which is much better
than commercial Pt/C catalyst.
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gories in metal air battery at present. Compared with other metal air
battery products, Zn-air battery has good business prospects because
of its high reliability, high specific energy, stable charge and discharge
characteristics, small self-discharge, low price, environmental friendli-
ness, long service life and good reversibility'* ™. Noble metal Pt-based
catalyst has long been considered as the best electrocatalyst for ORR
slow four electron transfer mechanism. However, due to its high price
and scarce resources, it not only increases the cost, but also is not con-
ducive to large-scale commercial production”'?. Therefore, the main
research focuses on non-metallic catalysts, and it is found that the cata-
lytic performance and stability of N-doped catalysts in carbon materials
are more effective than Pt/C-based catalysts. It was found that hybrid
catalysts doped with transition metal (e.g. Fe and Co) nanoparticles in
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N-doped carbon materials showed better activity for
ORR[IZ—IG].

Using dicyanodiamine as nitrogen-containing
carbon source, Co and V metal species were intro-
duced based on group coordination. The precursor
was obtained by freeze-drying method, and then
CoV-NC carbon nanotubes were obtained by high
temperature calcination. Then the samples were
characterized by SEM and XRD. Finally, their oxy-
gen reduction performance was tested and applied to
the study of Zn-air battery. By testing, it is found that
the prepared CoV-NC catalyst has excellent ORR
and OER catalytic properties. At the same time, the
Zn-air battery assembled with this material as the
cathode material also has a long discharge time and
shows good application value.

2. Experiment

2.1 Instruments and reagents

Instruments: CHI660 electrochemical worksta-
tion (Shanghai CH Instruments Co., Ltd.); Bruker
D8 X-ray diffractometer (Bruker, Germany); Hitachi
S-4800 scanning electron microscope (Hitachi, Ja-
pan).

Reagents: dicyanodiamine (AR), ammonium
metavanadate (AR), cobalt chloride hexahydrate
(AR), Nafion (5%), ethanol (AR), potassium hydrox-
ide (AR).

2.2 Experimental method

2.2.1 Material synthesis

Add 2.102 g of dicyanodiamine into 50 mL of
water in a 100 mL beaker to dissolve it. The disso-
lution temperature is 38 °C, and stir fully. Dissolve
0.2379 g cobalt chloride hexahydrate and 0.5 mmol
ammonium metavanadate in 10 mL water at 50 °C
and stir fully. Slowly drop the sample into the dis-
solved dicyanodiamine solution and stir for 1 h. The
sample solution is orange red. Freeze dry the stirred
sample to obtain the sample precursor, then put it
in a porcelain boat, place it in a high-temperature
tubular furnace, carbonize it under nitrogen atmo-
sphere of 800 °C for 2 h, and set the heating rate as

5 °C-min"'. After high temperature calcination, the
sample is CoV-NC carbon nanotube, named CoV-
NC-800 (800 °C). For comparison, samples at dif-
ferent carbonization temperatures were prepared,
named CoV-NC-700 (700 °C) and CoV-NC-900 (900
°C).

Using the same preparation method, only 0.2379
g cobalt chloride hexahydrate was added to obtain
Co-NC carbon nanotubes, named Co-NC; similarly,
only 0.5 mmol ammonium metavanadate was added
to obtain V-NC carbon nanotubes, named V-NC.

2.2.2 Electrochemical performance test

The electrochemical test adopts a three-elec-
trode system: glassy carbon ring disk electrode
as the working electrode, commercial reversible
hydrogen electrode as the reference electrode and
platinum electrode as the counter electrode. The di-
ameter of glassy carbon rotating ring disk electrode
is 5.61 mm. Before the modification of the working
electrode, it was polished with 50 nm AlLO,, ultra-
sonic cleaned repeatedly with ethanol and ultrapure
water, and finally the electrode surface was dried
with N,. The working electrode was modified: 5
mg catalyst was mixed with 1.5 mL ethanol and 0.5
mL Nafion (0.5 wt%) and sonicated for 30 mins to
obtain uniform catalyst dispersion. Then, the disper-
sion was coated on the surface of the glassy carbon
electrode and dried under an infrared lamp with a
catalyst loading of 0.4 mg-cm™. In order to compare
the electrochemical performance of the catalyst, the
commercial Pt/C (20 wt%) catalyst dispersion was
prepared by the same method.

Cyclic voltammetry (CV) and linear sweep vol-
tammetry (LSV) were measured at 0—1.2 V potential
and O, saturated 0.1 M KOH. The LSV of the cata-
lyst was measured by rotating disk electrode (RDE)
with scanning rate of 5 mV-s™' at different rotating
speeds (400—2,500 r-min"). The electron transfer
number n in ORR process is calculated by Kou-
tecky-Levich (K-L) equation:

/] =1/], +1/], = 1/(Bw'?) +1/] (D)

B = 0.62nFC,D;*V"° )
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The yield of » and hydrogen peroxide in ORR
process (H,0, (%)) was calculated using LSV exper-
imental data:

H,0,(% ) _200x[+N/N 3)
I
_ 4 d 4)
TEE XY LN

In the equation, /, is ring current; /, is disk cur-
rent; N is the collection coefficient of the rotating
ring disk electrode, and its value is 0.37.

The preparation of OER working electrode is
the same as that of ORR working electrode. The po-
tential is 1-2 V and the scanning speed is 5 mV-s .

2.2.3 Performance test of Zn-air battery

The self-made Zn-air battery was used for bat-
tery performance test: 2 cm x 2 cm self-support-
ing carbon nanofiber film was directly used as air
cathode, and the polished 3 cm x 7 cm zinc sheet

as anode and 6 M KOH solution containing 0.2 M
Zn(CH;COOH), as electrolyte Zn-air battery. The
power density, primary discharge and open circuit
voltage of the battery are tested by Land-CT2001A
system.

3. Results and discussion

3.1 Material composition and structural char-
acterization

The comparative spectra of CoV-NC-800, Co-
NC and V-NC scanning electron microscope (SEM)
are shown in Figure 1. As can be seen from Figure
1(a), CoV-NC-800 carbon nanotubes are relatively
uniform; as can be seen from Figure 1(b), the size of
CoV-NC-800 carbon nanotube is about d = 100 nm,
in the shape of bamboo; it can be seen from Figure
1(c¢) and Figure 1(d) of the comparison sample that
Co-NC and V-NC are mainly in block structure with
uneven size.
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Figure 1. SEM spectrum.
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Figure 2. (a) XRD pattern of CoV catalysts and standard patterns of Co and Co;0,; (b) N, isothenﬁ adsorption-desorption curve.
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Figure 3. High-resolution XPS spectra.

The composition of the material was character-
ized by XRD, as shown in Figure 2(a). As can be
seen from Figure 2(a), the XRD spectrum of Co-
NC catalyst presents strong diffraction peaks when
260 =44.2°,51.5° and 75.9°, and three obvious peaks
correspond to (111), (200) and (220) crystal planes
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of metal Co, respectively. The V-NC sample has a
wide diffraction peak at 20°-30°, indicating that the
sample contains amorphous carbon. No peak related
to V species was detected in the sample, which may
be due to the low content of V. The XRD pattern of
CoV-NC catalyst shows the peaks of Co and Co,0,,



indicating that the addition of V helps to convert part
of Co into Co,0,. In order to further determine the
micro pore structure of the material, N, adsorption
desorption measurement was carried out on the sam-
ple, as shown in Figure 2(b). As can be seen from
Figure 2(b), the adsorption isotherms of all samples
are type IV curves with obvious hysteresis rings, in-
dicating that there are a large number of mesoporous
structures, which corresponds to the SEM diagram.
In addition, the specific surface area of CoV-NC is
68.3732 m*-g ', which is conducive to the contact
between O, and active sites and improve the mass
transfer rate.

3.2 XPS characterization of materials

X-ray photoelectron spectroscopy (XPS) (Fig-
ure 3) can not only determine the composition of
surface elements, but also give the chemical and
electronic state information of each element. As can
be seen from Figure 3(a), there are three peaks in
the C 1s spectrum, namely C-C (284.6 e¢V), C-N
(285.8 eV) and C-C=0 (289.1 eV). The existence of
CN bond and the obvious asymmetry of C Is peak
prove the heteroatom doping in graphite carbon net-
work. As can be seen from Figure 3(b), there are
two peaks in the Co 2p spectrum, namely Co 2p;,
(780.2 eV) and Co 2p,, (795.6 V). As can be seen
from Figure 3(c), there are four peaks in V 2p spec-
trum, and the contents of V’* and V* are 515.8/516.9
and 523.7/524.7 eV, respectively. As can be seen
from Figure 3(d), the high resolution N 1s spectrum
can be divided into three peaks located at 398.1,
399.0 and 400.8 eV, which are attributed to pyridine
N, pyrrole N and graphite N, respectively.

3.3 Electrocatalytic ORR and OER proper-
ties of materials

The LSV of the catalyst was measured by ro-
tating disk electrode (RDE) and rotating ring disk
electrode (RRDE) in O, saturated 0.1 mol-L™' KOH
solution at 1,600 rmin"". The initial potential (E,,..)
of the catalyst was 0.931 V. The ORR polarization
curves of CoV-NC catalyst at different calcination
temperatures are compared, as shown in Figure 4.
It can be seen from Figure 4 that the half wave po-
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tential (£,,) of 800 °C CoV-NC is 0.834 V, which
is higher than 700 °C (0.829) and 900 °C (0.794).
It shows that the ORR performance of CoV-NC is
the best at 800 °C. The ORR and OER polarization
curves of CoV-NC-800 and different comparison
samples are shown in Figure 5 and Figure 6, re-
spectively. It can be seen from Figure 5 that at 800
°C, CoV-NC shows ORR activity equivalent to Pt/
C catalyst, and the half wave potential (£,,) is 0.834
V, which is higher than Co-NC (0.768 V) and V-NC
(0.826 V), confirming the excellent ORR activity of
Co-NC. It can be seen from Figure 6 that CoV-NC
shows excellent OER catalytic performance at 800
°C. At 10 mA-cm’, the potential of CoV-NC is 1.63
V, which is lower than that of Co-NC (1.74 V) and
V-NC (1.75 V), which proves the excellent OER ac-
tivity of Co-NC.
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Figure 4. ORR polarization curves of CoV-NC catalyst at differ-
ent calcination temperatures.
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Figure 5. ORR polarization curves of CoV-NC-800 catalyst at
different calcination temperatures.
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Figure 6. ORR polarization curves of CoV-NC-800 at different
comparison samples.

3.4 Performance test of Zn-air battery

In order to test the application effect of the pre-
pared catalyst in practice, it was used as a self-sup-
porting air cathode to assemble Zn-air air battery,
and a series of performance tests were carried out.
The constant current discharge curve is shown in
Figure 7. It can be seen from Figure 7 that the pri-
mary Zn-air battery assembled with CoV-NC-800 as
positive material can discharge continuously for 166
h at 5 mA-cm’, which is longer than that of Pt/C.
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Figure 7. Discharge test of N-air battery under current density
of 5mA-cm”.

4. Conclusion

Using dicyanodiamine as nitrogen-containing
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carbon source, the catalyst precursor was obtained
by low-temperature freeze-drying, and then CoV-NC
carbon nanotubes were obtained by high-temperature
calcination. Different catalysts CoV-NC were pre-
pared by changing the carbonization reaction tem-
perature. Finally, the samples were tested for ORR
electrochemical performance in alkaline system, to
determine the initial potential, half wave potential
and limit current density of ORR reaction. After
testing, it is found that the prepared CoV-NC has
high initial potential and high limit current density.
Compared with the general reversible hydrogen elec-
trode, its initial potential can reach 0.931 V, the limit
current density is very large, and the voltage of CoV-
NC catalyst at 10 mA-cm~ is 1.63 V, the potential is
lower than that of single metal catalyst. It is proved
that CoV-NC has good ORR and OER catalytic ac-
tivities. The primary Zn-air battery assembled by
CoV-NC as positive material can discharge contin-
uously for 166 h at 5 mA-cm °, which is better than
commercial Pt/C catalyst, and has a broad applica-
tion space in the field of energy devices.
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