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Air gas-diffusion electrodes for operation in magnesium-air cells/NaCl — electrolyte
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Metal-air batteries have attracted much attention for their future potential as clean mobile power sources. However,
the study is mainly focused on alkaline electrolyte Zn-air batteries and Al-air batteries. A very few studies on neutral
saline Mg-air battery were carried out so far.

Air gas-diffusion electrodes (GDE) for reduction of oxygen from the air are commonly used as cathodes in metal-air
systems and fuel cell with alkaline electrolytes. They are also used in electrochemical cells operating with neutral
electrolytes: Mg-air cells, Al-air batteries and microbial fuel cells. The electrodes, which are subject of this study,
consisted of two layers: hydrophobic and an active one. One of the most important tasks in the development of air gas-
diffusion electrodes is to find proper catalysts for the electrochemical reduction of oxygen, which ensures high
electrochemical characteristics and long exploitation time. Various non-platinum catalysts, introduced into the active
carbon, are studied: cobalt tetramethoxyphenylporphyrine (CoTMPP), VS50—-CoTMPP-700 and active carbon with Co
and Ni (ACCoNi). Transport hindrances that occur in the catalyst layers are evaluated with potential AE vs. current
density (i) analysis. The optimal values of the parameters of the overall structure of the electrodes and the optimal

composition of the catalyst are found.

Mg-air cells operating with saline electrolyte NaCl-solution are developed and investigated.
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INTRODUCTION

As efficient, clean, energy converters, fuel cells
and metal-air batteries have attracted much
attention in recent years due to the possible energy
crisis induced by power demands and the increasing
importance of protecting our environment.
However at the current stage of technology, high
cost is one of the big obstacles hindering the
commercialization of fuel cells.

Bidault et al. [1] are given review of the state-
of-the-art in gas diffusion cathode development.
The overall cell performance and stability is
dominated by the behavior of the cathode, leading
to a focus of research effort on cathode
development. Many publications have discussed the
behavior of porous electrodes in alkaline fuel cells.
Whereas some authors have focused on specific
issues such as current distribution [2], or the degree
of catalyst utilization [3, 4], the majority have tried
to understand the overall mechanism of operation in
the GDE related to the structure; considering
factors such as gas diffusion and electrolyte
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penetration. Several models have been used such as
the simple pore model [5], the thin film model [6]
or the dual scale of porosity model [7]. In the
former, a range of porosities is considered, where
macropores are gas filled and micropores are
electrolyte filled [8, 9]. Giner [10] listed the
limitations of this ‘flooded porous electrode’ model
introducing the concept of ‘flooded agglomerates’.
The operational mechanism of this structure
consists of catalyst particles, which form porous
agglomerates ‘flooded’ with electrolyte under
working condition. It has been reported elsewhere
that the concept of ‘flooded agglomerates’ gives a
satisfactory explanation for the behavior of
Polytetrafluoroethylene  (PTFE) bonded gas
diffusion electrodes, and is in good accordance with
experimental findings [11-14].

Optimizing the cathode performance is essential
because it governs the overall performance of the
fuel cell. According to Bockris [15] at high current
density, 80% of the polarization may be due to the
oxygen reduction. The Oxygen Reduction Reaction
(ORR) is a complex process involving four coupled
proton and electron transfer steps. Several of the
elementary steps involve reaction intermediates
leading to a wide choice of reaction pathways. The
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exact sequence of the reactions is still not known,
and identification of all reaction steps and
intermediates, and their Kinetic parameters is
required, which is clearly challenging. Appleby
[16] has reviewed and discussed the issues relating
to the ORR in acid and alkaline solution. In acid
electrolyte, the ORR reaction is electrocatalytic, as
pH values become alkaline, redox processes
involving superoxide and peroxide ions start to play
a role and dominate in strongly alkali media. The
reaction in alkaline electrolytes may stop with the

formation of the relatively stable HO2 solvated
ion, which is easily disproportionated or oxidized to
dioxygen. Although there is no consensus on the
exact reaction sequence, two overall pathways take
place in alkaline media [17]:

Direct 4-electron pathway:

02+2H20 +4e —»40H (1)
Peroxide pathway or ‘2 + 2-electron’ pathway:

02+H20+2 —HO2 +OH  (2)
With:

HO2 +H20+2e —30H  (3)
The peroxide produced may also undergo
catalytic decomposition with the formation of

dioxygen and OH , given by:

2HO2 —20H +02 4)

Due to the inherently faster kinetics for the ORR
in alkaline media, a wide range of catalysts have
been studied including noble metals, non-noble
metals, perovskites, spinels, etc. However, it is
important to appreciate that the carbon support
plays a role in the kinetics as well as the catalyst
supported on its surface, so that in evaluating the
performance, it is necessary to assess the loading of
the catalyst and the type of carbon used where its
hydrophobic properties as well as its surface
groupings greatly affect the final hydrophobic
structure of the electrode.

Developing non-noble catalysts to replace
expensive platinum-based catalysts is one of the
major approaches being explored to reduce the cost
[18-20]. Among the non-noble catalysts that have
been discovered, metalloporphyrin complexes have
been investigated for several decades as promising
candidates for a fuel cell ORR catalyst.

Oxygen electrocatalysis that J. Lee et al. [21]
first defined is considered as the most important
phenomenon in almost all electrochemical
industries because it is the most sluggish reaction
that governs the overall reaction rate in
electrochemical cells. In this review, they covered

two main areas of oxygen—water electrocatalysis,
oxygen reduction to water and oxygen evolution
from water. This review will be of value to both
electrochemists and other applied scientists
interested in this field of electrocatalysis.

In the paper Liu H. et al. [22] described the
mechanism and kinetics of oxygen and hydrogen
peroxide electrochemical reduction that is catalyzed
by an adsorbed CoTMPP on a graphite electrode
was investigated using cyclic voltammetry and the
rotating disk electrode technique. Carbon particle-
based air cathodes catalyzed by CoTMPP were
fabricated for metal-air fuel cell application. The
obtained non-noble catalyst content cathodes show
considerably improved performance and stability.

Catalysts containing mixed Ni-Co oxides
prepared by impregnating active carbon with
solution of Ni-acetate and Co-acetate and
subsequent heat treatment are investigated [23].
Here we present a study on selection of
hydrophobic material with optimal physical,
chemical and electrochemical characteristics for the
gas layer of the air gas-diffusion electrode and
investigation and selection of suitable catalyst for
the electrochemical reduction of oxygen that occurs
on the air gas-diffusion electrode.

EXPERIMENTAL

During the last few years in our laboratories
research efforts in the field of Metal-air systems
have been directed towards developing a Mg-air
battery with neutral chloride electrolyte. The air
gas-diffusion electrode is a porous, thin and light
tablet, which serves as a wall of the metal-air cell
and separates the electrolyte of the cell from the
surrounding air. This configuration poses some
conflicting requirements to the air electrode: it must
be highly porous and permeable for gaseous oxygen
and simultaneously the leakage of the electrolyte
through the porous electrode must be completely
avoided. The electrode must be electrically
conductive and must possess enough mechanical
strength to withstand the hydrostatic pressure of the
electrolyte and the eventual hydrodynamic shocks.
The air electrode must contain an active catalyst for
electrochemical reduction of oxygen in contact with
the electrolyte. Stable operation of the air electrode
with time is also needed.

The air gas-diffusion electrode developed in our
laboratory [24-30] is a double-layered tablet
(thickness ca.1.5 mm), which separates the
electrolyte of the cell from the surrounding air. The
electrode comprises two layers: a porous, highly
hydrophobic and electrically conductive gas layer
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(from the side of the air) and a catalytic layer (from
the side of the electrolyte). During operation
oxygen from the atmospheric air diffuses in a gas
phase trough the free of electrolyte hydrophobic
pores of the gas layer and trough the catalytic
layer’s hydrophobic zones and reaches the partially
flooded with electrolyte catalytic zones in the
catalytic layer. Electrochemical reduction is taking
place on the three-phase boundary
oxygen/catalyst/electrolyte.

Porous hydrophobic material

The hydrophobic gas layer of the air electrode
possesses high porosity (0.7-0.9 cm?/g) enabling
effective oxygen transport through this layer. From
the experimental porograms measured by both
mercury and KOH-porometry, the contact angle
@ of the hydrophobic material with water
electrolytes is obtained (@:+=116° — 118°). Because
of this high hydrophobicity, the gas layer prevents
completely the leakage of the electrolyte through
the electrode. The hydrophobic material possesses
relatively high electronic conductivity (1.0 — 2.0 &
1em?), which allows the current collection to be
achieved through a metal grid pressed on the gas
layer of the electrode. In this way the current
collector grid is not in contact with the electrolyte
and thus corrosion is avoided. This is very
important especially in the case when the electrode
operates in NaCl-electrolyte.

Catalysts for the electrochemical reduction of O,

Various carbon-based catalysts are tested in the
investigated air gas-diffusion electrodes: active
carbon promoted with mixed Co-Ni oxides and
catalysts prepared by pyrolysis of active carbon
impregnated with some N-4 chelate compounds.

ACCoNi catalyst was prepared as active carbon
NORIT NK was impregnated with a solution
containing both Co- and Ni-acetates, dried and heat
treated at 300° C in open air. VS50-CoTMPP-700
type was prepared while dispersed SiO, (VS) was
impregnated with a solution of CoTMPP and after
removing the solvent and drying, the material was
treated at 700° C in argon. Pyrolyzed CoTMPP
catalyst is produced by impregnation of a dispersed
carbon material with a solution of CoTMPP, drying
and subsequent heat treatment in Ar at 800° C.

Several types of experimental Mg-Air cells are
tested, differing in their size (working area of the
air electrodes used) [31].
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RESULTS AND DISCUSSION

Fig. 1 represents a comparison between the
polarization curves of the air electrodes and the
investigated types of catalysts: pyrolyzed CoTMPP,
VS50-CoTMPP-700 and ACCONI. The
measurements were performed in 4M NaCl
electrolyte operating both in air and in pure oxygen.
The comparison with the polarization curve for the
electrodes with CoTMPP catalyst shows that the
chelate-promoted electrodes have also better
current-voltage characteristic.
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Fig. 1. Current-voltage characteristics of the electrodes
with catalysts VS 50 CoTMPP 700, ACCoNi and
pyrolyzed CoTMPP, operating in pure oxygen and in air

in saline electrolyte.
a0 100 150 200

0
07 T T T T

06
05

- catalysts:

- = CoTMPP
= L4f ©®  \S50-CoTMPP-700
wi03f A ACCoNi

Al

02
[IA]
il

I Current dlensitz, mA/ nm‘l

. catalysts: ) oxygen _

®  ColMPP
©®  V350-CoTMPP-700

A - :V-ii;
T1=16% B
M Nl
I,Z 1 1

0

Potential vs. Ag/AgCl, V

1 , 10 100
Current density, mA/cm

Fig. 2. Comparative methods for diagnostics of the
transport hindrances (a) and activity (b) in the electrodes.

The differences in the behavior of the air
electrodes with various catalysts is strongly
influenced both by the activity of the catalyst used,
and also by the hindrances in the transport of the
reagent (oxygen) in the porous structure of the
catalyst.

Comparative methods for diagnostics of the
transport hindrances (Fig. 2a) and the activity (Fig.
2b) in the electrodes are used. The transport
hindrances in the air electrodes with the
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Fig. 3. Current of the air electrode as a function of the
catalytic layer content at constant potential.

investigated catalysts are studied by the use of the
difference AE (AE = E oxygen — E air). It is
theoretically shown that at low current densities,
where the transport hindrances in the porous
structure of the air electrode are negligible, the
value of AE remains constant. At higher current
densities the value of AE increases with the
increase of the current density. This increase is
much faster when the transport hindrances in the
electrode are more pronounced. From the AE-i
dependences of the air electrodes with the
investigated catalysts, presented in Fig. 2a it can be
seen that the transport hindrances in the electrode
with catalyst VS50-CoTMPP-700 are
comparatively low versus the electrodes with
catalysts ACCoNi and pyrolyzed CoTMPP. The
activity of the catalysts was compared based on the
experimental Tafel plots (Fig. 2b). The more active
catalysts are VS50-CoTMPP-700 and pyrolyzed
CoTMPP.

One of the main advantages of the developed air
electrode is the possibility to vary independently
the parameters of its structure: thickness of the gas
layer, thickness of the catalytic layer and the ratio
catalyst/hydrophobic material in the catalytic layer.
One of the important structural parameter of the air
electrode is the ratio between the amounts of
catalyst and hydrophobic material in the catalytic
layer. This ratio is given by the value (1-p), which
expresses the amount of the catalyst per unit weight
of the catalytic layer. In Fig. 3 the potential at
constant current as a function of the ratio (1-p) is
presented. At low value (1-B) the amount of the
catalyst is low and the potential is also low. With
the increases of (1-B) the current density increases
and reaches a maximum value. Further increase of
(1-p) value results in current density decrease. This
is connected with the transport hindrances in the
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Fig. 4. Current generated from the air electrode at
constant potential as a function of the ratio
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Fig. 5. Optimization of the oxides content in the catalyst
ACCoNi.

catalytic layer. With the increase of (1-B) the
dimensions of the hydrophobic zones in the
catalytic layer decrease which results in an increase
of the transport hindrances of the gaseous reactant
towards the catalytic zones.

To investigate experimentally the influence of
the active layer thickness, the polarization
characteristics of a series of air supplying layers
100 mg/cm? XC-35 and corresponding value of
catalyst mixture (0,2 g (14%); 0,3 g (21%); 0,4 g
(28%); 0,5 g (35%); 0,6 g (41%)) were measured.
The dependence of the generated by the electrodes
current at constant potential amount of catalyst
mixture is studied. Measurements showed, that the
optimal value is 0,5 g (35%) catalyst mixture (Fig.
4).

In Fig.5 are presented the current densities of air
electrodes measured at constant potential as a
function of the content of metal oxides (expressed
as a sum of Co + Ni content) in the catalyst. From
this figure the optimal content of the mixed Co-Ni
oxides in the catalyst is found (ca. 5% Ni + Co).
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The experiments have shown that high power
Mg-air cells can be constructed. In Fig.6 are
presented the voltage and the power characteristics
of an experimental Mg-air cell: air electrode with
pyrolyzed CoTMPP catalyst (total area 660cm?);
Mg — electrode — Mg alloy type MA8M 06;
electrolyte - 4M NacCl solution.

The described Mg-Air cells are designed as
experimental "mechanically rechargeable cells".
Once the magnesium anode has been discharged, it
is removed out of the cell together with the
electrolyte and new magnesium electrode and fresh
saline electrolyte are introduced in it. After this
"mechanically recharge" the magnesium-air cell is
operational again. The essential feature in this case
is that the air electrodes in the cell are used many
times. The Mg-air cell can be stored for a long time
without electrolyte and without Mg anode. When
needed it can be put in operation only by
introducing electrolyte and Mg-anode.

CONCLUSIONS

Presented here is a study on selection of
hydrophobic material with optimal physical,
chemical and electrochemical characteristics for the
gas layer of the air gas-diffusion electrode and
investigation and selection of suitable catalyst for
the electrochemical reduction of oxygen that occurs
on the air gas-diffusion electrode. Accordingly, the
air gas-diffusion electrodes suitable for operation in
NaCl-solution are designed and tested under
various conditions. Several carbon-based catalysts
for the oxygen reduction reaction were developed.

The performance of the air gas-diffusion
electrode is influenced not only by the activity of
the catalyst but also by all transport processes
taking place in its porous structure. At low current
densities, where the transport hindrances in the
electrode are negligible low, the value AE is
practically independent on the current density.
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For the CoTMPP catalyst the ratio between
catalyst and the amount of the hydrophobic material
presented in the catalytic layer is experimentally
investigated. The maximum reached value of the
ratio is 0,68, which corresponds to catalyst contents
of 68% at the active layer.

The investigation of the dependence of the
generated by the electrodes current at constant
potential amount of catalyst mixture showed
optimal value when the amount of catalyst
(CoTMPP)/hydrophobic material in the active layer
is 35%.

For the ACCoNi catalyst the investigation of the
current densities of air electrodes, measured at
constant potential as function of the contents of
metal oxides, showed that best mixture of Co-Ni
oxides in the catalyst is ca. 5% Ni + Co.

The results shows that the Mg-air cells are with
substantially increased power output. They could be
used as primary and emergency power sources for
the residential, commercial and industrial markets.
A great advantage of the magnesium-air cells and
batteries is the use of the non-toxic magnesium and
a non-aggressive salt-water electrolyte and
particularly see/ocean water.
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Bb3AYIIHN I'A30/IN®Y3MOHHHN EJIEKTPOIU 3A EJIEKTPOXMMWYHI KJIIETKH
MATHE3UU-BB31YX, PABOTEIIU C PASTBOP HA HATPUEB XJIOPU/I

M. 1. Munymesa®, P. U. bykypeupinesa, C. M. Xpucros
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(Pesrome)

[Ipe3 mocnenHNTE TOAUHU TOPUBHUTE KJIETKH M METAJO-BB3AYIIHUTE OaTepuy NPUBIMYAT HAYYHO BHUMAaHHE KaTo
epukacHu TpeoOpa3yBaTeNy Ha €Heprus. 3a KaTOAM B METAIO-BB3AYIIHUTE €NEKTPOXUMHUYHHU KICTKH C€ H3IIOJI3BAT
NpeiMMHO BB3AYIIHU ra3oaudysuonnu enekrpoau (BI'JIE), BbpXy KOHWTO HpoTHYa €JIEKTPOXUMHUYHA PEAYKIHS Ha
KHCJIOPOA M C€ OCBHIIECTBABA KOHTAKT MEXAY €JICKTPOJIMTHHUS Pa3TBOP M ra3oobpasHus Kuciopox. B mureparypara
4ecTo ce 00CHKAa MOBEICHNETO Ha MMOPECTH ENEKTPOIH B aJIKATHU TOPUBHU KJIETKH, HO CHIIECTBYBAT OrpaHUYEH Opoit
n3cnenBanus 3a paborara Ha BI'JIE B HeyTpanen enextposnut. llen Ha HACTOSAMIOTO M3CIEABaHE € ONTUMHU3UPAHE HA
BI'IE 3a paboTa B elIeKTpOXHMMHYHA KJIETKAa MarHe3uid-Bb3ayXx ¢ eiaektpoiuT NaCl. ['azoBusr ciioii € u3paboteH ot
pasinuHu XuApo(hoOMpaHN CaXIU U € ONTUMM3NpaHa JeOeMHaTa U KOJIWYECTBOTO BBITIEPOJICH MaTepHal B ra30BUs
cioi Ha eylekTpoja. M3roTBeHM ca KaTaaM3aTOpPH 32 €JIEKTPOXMMHYHATA PEAYKIMsS Ha KHCIopoja Ha 0OazaTa Ha
BBIVIEPO/IHM MaTepHaId U Pa3IMYHA MPOMOTOPH M Ca ONPEAEIEeHH eJIeKTpOXUMHUIHNTE Xapakrepuctuku Ha BIJIE c
KaTalu3aTopUTe. MUpoNu3upan kobant terpamerokcudenmnoppupud (CoTMPP), VS50 - COTMPP - 700 u aktuBeH
BoriieH ¢ Co u Ni ( ACCoNi ). Uscienano e BIMSHUETO HA JeOETHHATA HA AKTHBHUS CJIOH M CHOTHOIIEHHETO HA
KOIMYecTBaTa Ha KaTanu3aTopa W XuApodoOHMS Marepwand B aKTUBHHUS CIOH BBPXY HOAPU3AIHMOHHHUTE
XapaKTePUCTUKU W TPAHCIOPTHUTE 3aTPyIHEHUS BbB BB3AYLIHUTE €JIEKTPOAU ¢ pasznuuHu Katanusaropu. BI'JIE e
W3MO03BaH B IIBPBUYHA E€IEKTPOXHMUYHA KJIETKA MAarHe3Wi-BB3AyX, KOATO TIIOKa3Ba [OOpPH EIEKTPOXUMHIHU
XapaKTePUCTHKU U pabOTH C HETOKCHYCH MarHe3ueB eneKkTpo/ i HearpecuseH enexrpoiaut NaCl.
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