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Abstract: How to develop high-efficient and low-cost electrocatalysts for the oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) is urgent in fuel cell and metal-air batteries.
What we are going to introduce is how to improve the performance of catalyst for ORR and OER
under different acid treatment conditions. Spinel NiCo.04 and carbon nanotubes (NC-0) composites
have been synthesized via a facile hydrothermal method without using high temperature and the
result samples were treated using nitric acid for 1h, 2h and 3h, which are named NC-x (x=1,2 and 3)
respectively. Comparing the untreated composite (NC-0) with NC-3, the ORR current density is
increased from 2.1 mA / cm? to 4.2 mA / cm? and OER current density is reduced from 13.3 mA / cm?
to 8.0 mA / cm? The result would enlighten and promote directional synthesis of different
performance electrochemical catalyst.

Introduction

Rapid economic growth and social development is leading to a large gap between the reduced
availability of fossil fuels and increased energy demands. With the continuous depletion of fossil
fuels and concerns about climate change such as global warming, it’s a pressing need to develop
renewable and sustainable energy sources. Therefore, the research of electrogenic reactors such as
metal-air cells and microbial fuel cells is speeding up nowadays [1-3].

Much effort has been invested to enhance energy production in the electrogenic reactors, but how
to make the improvement in the cathode catalysts has still remained as one of the largest challenges in
their application. Especially, bifunctional catalysts play an important role in those reactors for oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER) [4-6].

Platinum and its alloys are used as catalyst for ORR [7-9], while ruthenium and iridium-group
metals are for OER but show poor performance for ORR [10, 11]. At the same time, these noble
metals have problems of scarcity, high cost and limited stability. By contrast, several non-noble
transition metals such as Mn, Co and Ni and their oxides are reported to be efficient and low-cost
catalysts [12, 13]. Former members of our group have done some research and achieved some results.
For example, Hu et al have reported that carbon-supported spinel nanoparticle MnCo204 showed
remarkable ORR catalytic activity, which was prepared by a two-step solvothermal method [14]. And
nickel-cobalt spinel (NiCo0204) is another important member of the valence oxide with spinel
structure, which was also reported to have relatively high electrical conductivity and stability [15].
Nanostructured NiCo0204 exhibits better electronic conductivity and higher electrochemical activity
than NiO and CosO4 [16, 17]. The presence of two solid couples (Ni**/Ni?* and Co**/Co?") in the
spinel structure enables NiCo204 to show a great electrocatalytic activity [18].

Various types of configuration enable nickel-cobalt spinels to have different performance from
each other. This means that the structure plays a crucial part on their capacitive performance. As far
as we know, nickel-cobalt spinels with the following configurations have been synthesized:
nanosheet [19, 20], nanoplate [21-23], nanoflower [24, 25], nanotube [26-28], nanowire [29, 30], and
urchin-like nanostructures [31, 32]. In addition, it was found that synthesis method and process
condition of spinel oxides can significantly affect their electrochemical characteristics [33]. To
further enhance oxygen electrocatalytic activity, Xu’s group has studied the theory of how the
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transition-metal cations functions in spinel oxides through changing the calcination temperature
during the synthesis process [34].

Furthermore, it has been reported that the composites of metal oxides and carbon materials have
high electrocatalytic performance [35, 36]. Multiwalled carbon nanotubes (CNTSs) have attracted
much more preference for their superior electrical conductivity and structural flexibility and are
proved to be promising substrates for supporting nanocrystal catalysts.

With the experimental experience and the inspiration from Xu’s group, we aim to explore the
effects of different surface treatment conditions on the electrochemical properties of spinel-CNTs
composite catalysts for ORR/OER. The prepared spinel-CNTs composites with surface treatment
conditions have been examined in terms of electrochemical reactions.

Results and discussion

One untreated NiC0204-CNTs catalyst (NC-0) and three NiC0204-CNTSs catalysts which were
treated with 1 M nitric acid for 1h (NC-1), 2h (NC-2) and 3h (NC-3) respectively were identified by
XRD and their patterns were shown in Figure 1. In all the images, the standard diffraction peak of
NiCo0204 (PDF # 20-0781) is presented. The Figure 1 (a) shows that the peaks of NC-0 are chaotic,
and there are many other random peaks other than NiC0204 spinel peak whose signal is weak. But the
diffraction peak of the carbon nanotube is not obvious, indicating that carbon nanotubes of NC-0
were covered with spinel instead of being exposed to the surface of the material. After nitric acid
treatment, CNT are showed on the surface of the catalysts as shown in Figure 1 (b) (c) (d).
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Figure 1. XRD patterns of NC-0(a), NC-1(b), NC-2(c), NC-3(d)

Figure 2 shows the TEM images of NC-0 and NC-3. As shown in the Figure 2 (a), the untreated

sample (NC-0) is covered with a large number of spinel oxides which appear in random order on its

surface. The outline of carbon nanotubes can be observed as well. It also shows that different sizes of

spinel oxide particles attached to the surface of the carbon nanotubes from Figure 2 (b). As shown in

Figure 2 (c) and (d), surface of the carbon nanotubes is smooth and there is nothing attached to it

anymore. However, there are some black particles at the inwall of the carbon nanotubes and the

diameter of most particles is equivalent to that of the pipe wall. It is supposed that some defects

appeared on the surfaces of carbon nanotubes under the effect of strong oxidizer. In the later process,
these defects gave a chance to a small number of smaller particles to stick in.
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Figure 2. (a) & (b) TEM images of NC-0, (¢) & (d) TEM images of NC 3

Different samples prepared under different conditions of before and after nitric acid treatment
(NC-0 and NC-3) were analyzed by XPS photoelectron spectroscopy. Figure 3 (a) (b) (c) show the
full spectrum of NC-0, Ni(2p) and Co (2p) XPS spectra while Figure 3 (d) (e) (f) show the full
spectrum of NC-3, Ni(2p) and Co (2p) XPS spectra.

Figure 3 (a) shows that sample NC-0 contains Ni, Co, O, C and N elements: Ni, Co, O were from
spinel and C was from carbon nanotube and N is probably from nitrogen-containing functional
groups such as nitro because of nitric acid in the synthesis process. This complicated spectrum
indicates that the sample contains more than one forms of catalyst. Figure 3 (b) and (c) are the XPS
spectra of Ni (2p) and Co (2p) of sample NC-0 respectively. Two distinct main peaks and satellite
peaks can be seen from Figure 3 (b), with 855.7eV and 857.0eV corresponding to Ni?* and 873.1eV
corresponding to Ni®*. Similarly, there are also two obvious main peaks and satellite peaks, with
780.9 eV, 796.8eV and 798.2eV corresponding to Co?* and 782.3eV corresponding to Co®* in the
Figure 3 (c). It can be seen after nitric acid treating, the signals of Ni and Co are weakened but the
signal of C is strengthened, indicating that part of the NiC0204 spinel oxides on the surface of the
carbon nanotubes was cleaned out, originally was enshrouded carbon nanotubes from Figure 3 (d).
There are obvious main and satellite peaks of Ni 2p in Figure 3 (e), of which 855.5 eV and 872.5 eV
corresponding to Ni?* and 856.3 eV and 872.5 eV corresponding to Ni®* [22]. Similarly, in Figure 3
(f), 780.7 eV & 795.0 eV and 781.0 eV & 796.5 eV respectively correspond to Co?* and Co** [37]. To
conclude, the existence of different elements of Ni and Co makes the catalyst have great
electrochemical properties. Moreover, we find that Ni/Co ratio of sample NC-0 is close to 1:2, which
is the theory spinel ratio. Ni/Co ratio of sample NC-3 is close to 1:1 but Ni/O or Co/O ratio is reaching
up to 1:26. It is assumed that after nitric acid treatment, a large amount of spinel on the surface was
dissolved in acid, while only a small number of Ni or Co oxides remained on the surface or the
interior of the carbon nanotubes without being washed away. At the same time, the
oxygen-containing functional groups on the surface of acidified carbon nanotubes have increased the
proportion of O atom.
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Figure 3 XPS spectra of (a)(c) Ni 2p, (b)(d) Co 2p for NC-0 and NC-3

We further studied the nitric acid treatment conditions and the influence of the surface spinel of
CNTs on electrochemical properties. Mixed isopropyl alcohol, H,O, Nafion into a solution with the
ratio of 200: 800: 40.Took 1 ml of the above solution and then mixed up with 10 mg sample, and then
we could get a homogeneous suspension after the mixture was sonicated for about 30 minutes.
Measured 10uL suspension by pipette gun and then dropped it on the surface of the polished glass
electrode after drying. Finally, we got the testing electrode after drying overnight. The
electrochemical test was proceeded in the CHI660D electrochemical workstation with three-electrode
system. The working electrode was a glassy carbon electrode(®=5mm), the reference electrode was
Ag / AgCl, the contrast electrode is a Pt electrode and the electrolyte solution is 0.1mol / L KOH
solution.

The preparation of the obtained spinel carbon nanotube composite catalyst using 1M nitric acid
was performed without the simultaneous long nitric acid treatment, and the ORR and OER activity
was detected, as shown in the Figure (a) (b). As can be seen from the figure, the initial potential and
current density decreased after nitric acid treatment in the OER test, while in ORR test, the nitric acid
treatment has resulted in potential decrease and the current density increased. We made the following
hypothesis: under the condition of higher spinel content, for OER is relatively good, but after washing,
the spinel content decreased, makes the exposed surface coated carbon nanotubes, due to its superior
conductivity, combined with excellent electrochemical performance of spinel, ORR performance was
improved. When we observe ORR and OER curves under different washing conditions, we find that
they are not very different. This may be that the acid in the concentration of the acid can quickly wash
away the spinel of the catalyst surface, so that the samples we get tend to be consistent.

2072



ATLANTIS . . .
PRESS Advances in Engineering Research, volume 120

Q
~1{——NC0 o<
g 12 NC-1 E 44
2 “l—ne2 z
E w{——NC-3 =
— = a2l
el =
= g4 [
z 5
8 = ——NCO0
P . =
= =1 el _
>3 4
3 Q ——NG-3
o T T -5 T T T
02 0.4 06 08 -08 -0.6 -04 -0.2 00
Potential (V) Potential (V'
(a) (b W)

Figure 4 RED polarization plots of different samples in different washing conditions
We tested the rotation disc polarization curves of different samples at different speeds, as shown in
Figure (a) (b) (c) (d). It can be observed that with the increase of rotational speed, the corresponding
current density also increased, indicating that the rotating speed is helpful to reduce the diffusion.
To explore the mechanism of this process, we calculated the number of transferred electron
through the Koutecky-Levich equation. The calculation process is as follows:

J1=3 M)k l= (B w12) 14 it D)
B=0.2nFCo(Dg)?® v-1/6 (2)
Jk=nFkCo (3

Among them, J represents measured electric current density; Ju represents diffusion limited
electric current density; Jk represents power limited electric current density; n is the number of
transferred electron; F is Faraday constant (96485 C/mol); Do is diffusion coefficient (1.9%<10°
cm?s): w is electrode speed; v is electrolyte dynamic viscosity (0.01 cm?s?); CO is the oxygen
concentration in solution (1.2x10°3M); k is the electron transfer constant. The K-L curve is made
according to the formula (6) (7) (8) and the measured LSV curve data as shown in Figure. After
calculation, the number of transferred electron for four catalysts was 3.75, 3.63, 3.35 and 2.99
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Figure5 LSV for samples in different rotation speeds

Experimental

Pre-processing of CNTs
CNTs were provided by Xian Feng Nano Co., Ltd. 500mg of CNTs was dispersed in 50ml of 68%
HNOg3, refluxing at 140°C for 12h. After that, CNTs was separated by centrifugal and washed three
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times with DI water and then once with ethanol. It is dried in a vacuum oven at 80°C overnight. The
processed CNTs was named p-CNTSs.

Preparation of NC-x

The catalyst was prepared using the starting precursor of NiSO4 6H20, NiSO4 6H20,ascorbic acid,
ammonia solution and p-CNT. In a typical synthesis, the stoichiometric amount of NiSO4 6H.0
(2mmol), NiSOs 6H20 (4mmol) and ascorbic acid (4mmol) were dissolved in 30 mL of water.
Further, 50 mg of p-CNT was added into the former mixed solution. 2.4ml ammonia was added to
adjust pH. After that, the solution was transferred into Teflon lined stainless steel container and kept
at 120°C for 12h under hydrothermal treatment. The obtained powder was washed by DI water for
three times and ethanol for one time and dried in vacuum at 80°C for 12h. Named it with NC-0. Treat
NC-0 with nitric acid for 1, 2, 3 hours separately and wash them by DI water and ethanol.After being
dried in vacuum at 80°C for 12h we can get three samples named with NC-1, NC-2, NC-3.

Conclusions

Through a traditional hydrothermal method, Ni-Co spinel oxides and other tiny particles
successfully attached to the carbon nanotubes. Particles of NC-0’s surface exist a variety of structures,
such as NiC0204, C0304, Ni. By a sample nitric acid treatment, we found that the catalyst surface has
experienced drastic changes; almost all of the oxide was released from the surface of the carbon
nanotubes. The remaining carbon nanotubes’ wall is attached with nickel. The reason why nickel is
attached to carbon nanotubes is because pre-treatment of carbon nanotubes. We characterized the
ORR and OER properties of the catalysts with linear sweep voltammetry (LSV). Comparing NC-0
and NC-3, the ORR current density has doubled and the OER current density is reduced from 13.3
mA/cm? to 8.0 mA/cm?. Similarly, we compared samples for different nitric acid treatment times and
we found no significant difference in ORR and OER performance. Through this study, we can
directionally prepare transition metals / carbon nanotubes composite catalysts with different
electrochemical properties
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