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Reversible Ni-Based Gas Diffusion Electrode;

Ni- ar_1d Co-o>_(ide materials have promising el_ectrocata}lytic properties towards ) the oxygen NiCo,0, Based Bifunctional Electrocatalyst;
evolution reaction (OER) and the oxygen reduction reaction (ORR), and attract with low cost, . .

availability, and environmental friendliness. The stability of these materials in alkaline media has 0O+ Based Bifunctional Electrocatalyst;
made them the most studied candidates for practical applications such as a gas diffusion electrode  Alkaline Media;

(GDE) for rechargeable me_:tal-air batteries. In this Wor_k, we propose a novel concept for a carbon-  ~4rpon-Free Gas Diffusion Electrode Design.
free gas GDE design. A mixture of catalyst (Coz0,, NiC0,0,) and polytetrafluoroethylene was hot

pressed onto a stainless-steel mesh as the current collector. To enhance the electrical conductivity

and, thus, increase ORR performances, up to 70 wt.% Ni powder was included. The GDEs . .

produced in this way were examined in a half-cell configuration with a 6 M KOH electrolyte, Article History:

stainless steel counter electrode, and hydrogen reference electrode at room temperature.

Electrochemical tests were performed and coupled with microstructural observations to evaluate  Received: 18 December 2022
the properties of the present oxygen electrodes in terms of their bifunctionality and stability Revised: 08 March 2023
enhancement. The electrochemical behavior of the new types of gas-diffusion electrodes, Ni/Co304 .

and Ni/NiCo,04 shows acceptable overpotentials for OER and ORR. Better mechanical and  Accepted: 03 April 2023
chemical stability of electrodes consisting of Ni/NiC0204 (70:30 wt.%) was registered. Available online: 14 May 2023

1- Introduction

In order to turn renewable energy sources (RES) into the main energy source, it is necessary to first think about
storing the excess of produced energy. The existing battery technologies require "innovative solutions, next-generation
technologies, including potentially revolutionary technologies," to answer this challenge in the short term [1, 2].
Rechargeable batteries and hydrogen installations are of crucial significance and play a very important and systematic
role in the integration and optimization of the consumption of RES. The expectation from battery power stations is for
them to provide load shifting, pick shaving, time shifting, and frequency leveling, thus providing for intelligent grid
balancing. They should be able to withstand heavy loads at charge and discharge in a time interval of a few seconds to
a few hours and to be charged/discharged from one/two to dozens of cycles per day. One of the promising systems for
practical application, accepted as an alternative to lithium batteries, is the zinc-air system. Using oxygen from the air,
they have only one electrode, which lightens up the cell's construction. This distinguishes zinc-air batteries for both
electromobility and economical storage of energy from RES due to their high theoretical energy [3-5]. The raw
materials are inexpensive and non-toxic, which additionally attracts the intensive development of this kind of battery.
However, the commercialization of electrically rechargeable zinc-air batteries is still limited due to the fast electrode
degradation during cycling and the rapid decrease in their capacity.
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The main components of the Zn-air cells are similar to those used in fuel cells: a metal electrode, an alkaline
electrolyte, a separator, and an air (gas diffusion) electrode (Figure 1). As the present study concerns the GDE
investigation, the structure of the air electrode will be described in more detail. It consists of a gas diffusion layer
(GDL), which provides the needed oxygen, and a catalytic layer (CL), where electrochemical reduction of oxygen at
discharge and oxygen evolution during charging occur [6]. The following steps are involved: (i) Diffusion of oxygen
to the three-phase boundary, which is the reaction zone; (ii) Adsorption of the oxygen at the three-phase boundary; (iii)
Electron transfer to the adsorbed oxygen (electrochemical step); (iv) Removal of the reaction products (OH-, H,0,,
H,0) through the electrolyte [7].

Due to their large surface area, active carbon or carbon blacks are the most commonly used materials for GDL
preparation. Polytetrafluoroethylene is applied as a hydrophobic bonding material to provide permeability for oxygen
but not for the electrolyte.

Intensive investigation of many new electrocatalysts has been reported, but most of the studies involve carbon as a
support and electronic conductor [8-13]. The carbon implantation, as support and/or active catalytic reactant, leads to
high electrochemical carbon corrosion during the oxygen evolution reaction (OER) and reduces the electrode stability,
which makes the GDE preparation crucial for the total battery performance. The production of a bifunctional oxygen
electrode without carbon components is the aim of the current research.

Active Layer

|

Electrolyte Gas Diffusion Layer

Metal Electrode Gas Diffusion Electrode

Separator

Figure 1. Schematic illustration of rechargeable metal-air system

Based on well-known Ni- and Co-based bifunctional electrocatalysts, we propose a novel concept for a gas
diffusion electrode design fabricated by only one active material and a hydrophobic binder. Due to their high reactivity
to the OER and the ORR, as well as their low cost, availability, and environmental friendliness, they have received
considerable attention over the past decades. The stability of this type of oxide in alkaline media has made them the
most studied candidates for practical application as a GDE, and a wide variety of methods and techniques to achieve
controlled morphology of their bifunctionality have been reported [14-22].

Transition metal oxides are extensively studied for high-performance energy storage applications [23]. Some of the
most promising mixtures of transition metal oxides as electrocatalysts are those with a spinel structure and atomic
arrangement of the AB,O, type. A and B are metals with charges, M3* and M?*, respectively (M = 3d transition metal).
Cobalt, in oxides with a spinel structure, shows very good electrocatalytic properties. The most representative is the
coexistence of Co with different valences, such as in CosO.. This promotes higher electron transfer during oxygen
reactions [24]. Currently, NiC0,0; is one of the most frequently reported good electrocatalysts for oxygen reactions
with such an atomic arrangement. The spinel-structured transition metal oxide NiCo0,0. shows high electronic
conductivity and theoretical catalytic activity compared to monometallic oxide catalysts, such as Co30s, and can
compete with electrocatalysts containing noble metals [25]. NiC0204 helps improve the OER and ORR of the positive
electrode [26].

A bifunctional electrocatalyst, which is a mixture of Co3;0.,~NiC0,0., has been used in various developments. It has
been successfully applied as a cathode electrocatalyst for Zn-air batteries and shows superior activity and excellent
stability [27, 28]. Compared with pure Co304, the mixture of Co0304-NiC0,04 shows excellent ORR and OER
performance [29]. To improve cathodic reduction and thus compensate for a lack of carbon, additional nickel powder
is introduced. Due to its resistance to high voltage and conductive properties, Ni is widely used in various types of
batteries, such as: NiCd, NiMH, NiZn, NiFe, lithium-ion batteries in the form of LiNiMnCo or LiNiCoAlO., etc. [30-
33]. It is a cheap and easily accessible metal.
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2- Experimental
2-1-Materials and Methods

A mixture of nickel powder (Alfa Aesar, particle size 300—700 nm), CozO4 (Marion Technologies, particle size 152
nm), or NiCo,0; (Marion Technologies, particle size 110 nm) with ratios in wt.% 70/30, respectively, and
polytetrafluoroethylene emulsion (Sigma-Aldrich, 60 wt.% dispersion in water) with an amount of 10 wt.% was ball
milled and then compressed with pressure of 300 kg/cm? for 3 minutes at temperature of 250 °C through a stainless-
steel mesh, which serves as a current collector. The working area of the obtained GDE is 10 cm?2.

The same technology was applied for the production of the so-called Etalon Electrode (EE), consisting of CL
prepared with Ag (Ferro AG), Co304 (Marion Technologies), and PTFE powder (Good Fellow, particle size 152 pm)
with a ratio of wt.% 70/30/10 and pressed onto the GDL impregnated with PTFE powder carbon blacks (Vulcan XC-
72, Cabot Corp.) mixed with a stainless-steel mesh [31-40]. The total amount of the above-mentioned GDE with
respect to both thickness (amount of catalytic mass mixed with PTFE) and the ratio between catalyst and binding agent
(PTFE) is 50 mg.cm™ GDL and 40 mg.cm™ CL. Based on our analysis [41, 42], it is accepted as the best achievement
of a carbon-based bifunctional gas diffusion electrode at the moment.

Figure 2 illustrates the flowchart to the article experimental procedure as presented in the research methodology.

Microstructural obsenvations

(XRD, SEM and X-ray fluuorescence analysis) L i

= Gas f. :
Determing 1. Mixing; bili lectrochemical testing
ratios 2. Hot pre;smg PERERLRY 'AC, electrochemical
between =1 (300 /10 cm? A impedance measurements
raw 3250°0) hydrofobicity P s
sihtals 3, 2 |resting d charge/discharge tests)
t [} y

Figure 2. The experimental procedure as presented in the research methodology of the current article

2-2-Physicochemical Characterization

X-ray fluorescence analysis was performed on a Fischerscope XDAL apparatus (Helmut Fischer, Germany). X-ray
diffraction (XRD) data were collected on an APD 15 Philips 2134 diffractometer employing CuKa radiation (A =
0.15418 nm) operated at U = 40 kV and | = 30 mA. The crystalline phases were identified using Joint Committee on
Powder Diffraction Standards (JCPDS) files. Electron microscope JEOL 6390, with an INCA Oxford EDS detector
was used for morphology observations. The entire sample was evaluated immediately after its preparation for gas
permeability and hydrophobicity. The tests were performed in a home-made installation described in more detail in
Mladenova et al. [43] and Slavova et al. [44].

2-3-Electrochemical Testing

The electrochemical measurements were done in a homemade three-electrode cell (Figure 3) in half-cell
configuration at room temperature in 6 M KOH electrolyte vs. hydrogen reference electrode (RHE, Gaskatel) and
stainless-steel counter electrode. Air was used as feed gas during discharge.

Figure 3. General view of the specially designed three-electrode unit cell
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Volt-ampere characteristics (VAC) were recorded using a Solartron Schumberger 1820 potentiostat and a Tacussel
(Bi-PAD) with a specialized electrochemical program, that allows for potential evaluation within a pre-defined range
with a given speed and current flow registered. The electrochemical impedance measurements were performed on the
IVIUM—CompactStat e10030 at a frequency range of 1 MHz-0.01 Hz, with a density of 5 points/decade and an
amplitude of the AC signal of 1 mA. Charge/discharge tests were performed using an eight-channel Galvanostate 54
(PMC) working in the potential range -1.0 V to +2 V in the following usage conditions: charged (OER) for 45 min.
and discharged (ORR) for 30 min. with a current density 20 mA cm™.

3- Results and Discussion

The XRD patterns recorded on both powders as received from the producer are presented in Figures 4a and 4b.
The results, summarized in Table 1, represent a single-phase cubic crystal system with a spinel structure. SEM
observation of Cos0, catalysts (Figure 4c) shows similar-sized spherical particles distributed uniformly, whereas
significantly smaller particles on the NiCo,04 surface are observed (Figure 4d), which is in agreement with the X-
ray phase analysis data.
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Figure 4. XRD patterns of C0304(a) and NiC0204 (b) catalysts and SEM images of raw Co0304 (c) and NiC0204 (d) spinel

Table 1. Crystallographic parameters of Co304 and NiC0204 powders

Phase a(A) 20 (degree) L (nm) vol.%  Intensity (%) ICCD
C0304 8.0837 36.853 33.6 100 100.0 00-042-1467
NiC0,04 8.1100 36.697 15.6 100 100.0 00-020-0781
Ni-standard 3.5238 - - 00-004-0850

Microstructural observations on the prepared electrodes are presented in Figures 5 and 6. After the addition of this
high amount of nickel (70 wt.% metallic Ni), the X-Ray diffraction cannot differentiate the spinel spectra. Only peaks
corresponding to the Ni phase are presented (Figures 5a and 5b). The same could be concluded from the observed X-
ray fluorescence analysis (Figure 6), which results in a markedly greater amount of Ni - approximately 85 wt.%
compared to 70 wt.% uploaded for the production of both electrodes, Co30.- and NiCo,04-based. Obviously, Ni
particles, which are larger than those of spinel particles, covered CozO4and NiCo,04 during mechanical mixing of the

powders, followed by thermal treatment and pressing.
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Figure 5. XRD patterns of pristine gas-diffusion electrodes Ni/C0304 (a) and Ni/NiC0204 (b) and corresponding SEM
images Ni/Co304 (c) and Ni/NiCo204 (d)
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Figure 6. X-ray fluorescence analysis of pristine gas-diffusion electrodes Ni/Co304 (a) and Ni/NiC0204 (b)

The performance of the electrodes was further evaluated by electrochemical tests. Figure 7 shows the VAC
characteristics of the investigated GDESs, and a comparison with the Etalon Electrode (EE) is done. The behavior of the
electrodes is similar to that of EE. It can be seen that the Ni/NiCo0,0, electrode performed slightly better than EE, but
the difference in performance decreased with increasing the current density. During reduction, it reached a current
density of 40 mA/cm?, while the Ni/Co304 electrode reached only half of this value (20 mA/cm?).
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Figure 7. Volt-ampere characteristics of Ni/C0304 (o) and Ni/NiCo0204 (o) electrodes during charge (OER) and discharge
(ORR). A comparison with the Etalon Electrode (EE) is given (0)

Impedance measurements were performed periodically during the discharge (ORR) tests, aiming to cover the
electrode behavior during the three characteristic slopes of the 1/V curves with the following operating points selected:
5 mA, 10 mA, and 20 mA. The obtained impedance spectra were analyzed using the equivalent circuit presented in
Figure 8. The results are summarized in Table 2, and some Nyquist plots are presented in Figure 9.
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Figure 8. Equivalent circuit

Table 2. Values of polarization and total resistance in three working point during ORR of carbon-free GDEs

Electrode Working point Ro/ Qcm? R1/ Qcm? R2/ Qcm? Rp/ Qcm?
5mA 1.52 4.64 14.26 12.74
Ni/Co30,4 10mA 151 4.71 14.32 12.81
20mA 151 452 14.62 13.11
5mA 3.10 4.45 6.13 3.03
Ni/NiC0,04 10mA 5.26 6.12 7.23 197
20mA 5.68 6.05 7.54 1.86
Ag/Co;0,/CB 10mA 195 5.32 9.73 12.74
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Figure 9. Impedance data of EE, Ag/ Co304/CB (o); Ni/C0304 (o) Ni/NiCo203 and Ni/NiC0204 (A) GDEs measured at
working point i=10mA during ORR (a) and the influence of the cathodic current densities on the Ni/Co3O4 electrode
resistance (b).

The internal resistance (R,) and the charge-transfer resistance (R1) of the Ni/Cos04 electrode are approximately the
same as those of the Etalon, since significant differences in low frequency semicircles are observed (R»). They are
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dominated by the diffusion process and can be attributed to the different microstructures. The porous and highly active
carbon surface area contributes to the fast transport of oxygen from the atmospheric air to the catalytic zones, i.e., the
three-phase boundary where the electrochemical reduction takes place. On the contrary, the higher initial resistance
obtained for the Ni/NiCo,03 electrode demonstrates that some activation processes occurred at the electrode surface.
However, this electrode exhibited better performance in oxygen reduction, displaying a lower charge-transfer
resistance than that of the other two electrodes. It can be attributed to the higher electrical conductivity caused by the
higher amount of Ni and the larger density and homogeneity of the electrode, which is in agreement with the
microstructural observation.

Similarly to the Ni/Co304 electrode, a transport limitation (the second semicircle on the zoomed part of Figure 9a)
was observed. Its influence on cathodic current densities is presented in Figure 8b. The increase in current load
affected transport processes and complicated the diffusion of oxygen, thus limiting the polarization behavior of the
electrodes. The increased depression (CPE2) of the low frequency semicircle (Figure 9b) going to bounded conditions
[45] indicates that the gas-diffusion side of the electrodes was already wetted or closed.

Long-term charge/discharge tests of the Ni/NiCo.04 electrode are presented in Figure 10. With the increase in the
number of charge/discharge cycles, the cell voltage stayed stable for more than 400 cycles. A very smooth increase in
the polarization was observed at about 100-150 mV. A very high cycle stability of the electrode was achieved. After
400 cycles, an accelerated degradation of the electrode was registered due to electrolyte leakage. After 430 cycles,
electrode wetting was observed, which hindered the oxygen's access. A post-mortem analysis of the Ni/NiC0,0.
electrode after 430 charge/discharge cycles was done (Figure 11).
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Figure 11. Post-mortem analysis of Ni/NiC0204 GDE after 430 charge/discharge cycles: a) XRD pattern and b) SEM picture

The XRD and SEM observations revealed an increase in the Ni peak intensity (Figure 11-a) in comparison to those
before use (Figure 4-b), due to the Ni agglomeration confirmed on the SEM picture (Figure 11-b). The PTFE streaks
were no longer present, and their disbanding, caused by wetting of the electrode, caused serious damage to its
functionality. NiO peaks were not present at the XDR pattern, which shows that the electrode is chemically stable and
Ni corrosion processes did not occur during its operation in alkaline media.

4- Conclusions

The activity and stability of spinel oxides (CozO4 and NiCo,04) were investigated for application in a carbon-free
design of reversible gas diffusion electrodes. Hot pressed mixture of these catalysts, Ni powder, and PTFE, was
examined in a half-cell configuration in alkaline media. The bifunctional behavior of both electrodes (Ni/Co3s04 and
Ni/NiCo,04) towards the OER and the ORR had shown acceptable overpotentials with respect to the Etalon Electrode
consisting of carbon blacks. The presented monolithic electrode consists only of CL, i.e., the entire electrode is
catalytically active and its electrochemical characteristics are not impaired by deeper wetting. This eliminates the
possibility of poor adhesion between CL and GDL, as observed in classical GDE [46].

The impedance measurements performed during the reduction provide information about the mechanisms of the
reaction. The direct 4e~ reduction pathway is confirmed, which is important for energy storage applications. The
diffusion of oxygen towards the three-phase boundary is recognized as the step of the reduction reaction that limits its
rate. More stable electrochemical performance was registered for Ni/NiCo,04 electrodes, withstanding over 420
charge/discharge cycles. The formation of Ni agglomeration is the cause of microstructural damage to the electrode
and limits its lifetime.

The proposed combination of an easy preparation procedure with non-expensive and non-toxic raw materials
without carbon is very encouraging for the manufacturing of Cos04 and NiCo,04 spinel oxides based on reversible gas
diffusion electrodes. The ORR activity and cycling stability can be additionally improved by decreasing the metal Ni
component and by varying the catalyst/PTFE ratio to find an appropriate microstructure and increase the active surface
area, thus improving the gas permeability and eliminating the Ni aggregation.
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