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Abstract. A solid polymer electrolyte metal hydride (MH)/oxygen cell using
Lag.78Cep.22Ni373Mng 30Al0.17Fe050C00.30in the anode and Nafion as electrolyte is described and
investigated experimentally. In this work, the discharge performances of the cell are compared in
two charging ways, namely, electrochemical and gas-solid hydrogenation. The specific discharge
capacityby gas-solid hydrogenation method is about 59.3mAh-g™, while almost few specific
discharge capacityis obtained by electrochemical method in this work. The cell is characterized by
means of X-ray diffraction (XRD) and scanning electron microscopy (SEM) analyses. And the
ex-situ XRD results of the cell charged by gas-solid hydrogenation method show that an
electrochemical reaction between hydrogen and oxygen does happen, and little observable side
reaction occurs. Moreover, the stability of the MH electrode depending on various relative humidity
is investigated. The results indicate that solid-state MH/O, cell using Nafion as electrolyte is
technically feasible, while the control of the water content during charge/discharge processes and
the catalyst loading must be the key points. More than that, further researches are still required to
enhance both charge/discharge capacity and reversibility.

Introduction

Nickel/metal hydride (Ni/MH) battery has been received many interests since 1990s because of its
excellent electrochemical characteristics, long cycle life and environmental friendliness[1-3].In
Ni/MH battery, the specific charge/discharge capacity is limited by Ni electrode[4].So in order to
improve the specific capacity of the battery, it is necessary to replace the heavy Ni electrode with a
lightweight electrode, for example air electrode.

Besides, in ordinary MH/O,battery, a KOH aqueous solution is currently used as an electrolyte.
And the corrosion of air electrodes made of catalyzed carbon materials [4],the neutralization of
KOH with COy[5]and the corrosion of some family of hydrogen storage alloys still remain. In order
to solve these problems, a solid polymer electrolyte is considered to replace the conventional KOH
electrolyte [6].The battery with solid polymer electrolytes normally has some advantages such as
reliability, safety and ease of cell designing compared with those using the conventional liquid
electrolyte[7].And in 2013, Andrew J.[8] has proposed and investigated proton flow battery which
is similar to MH/Ousing Nafion as the electrolyte. Their work focus on the contrast between the
new system and the conventional hydrogen cycle including hydrogen production by electrolysis,
hydrogen storage and application.

Inspired by their study, in our work, we introduce Nafionmembraneas solid polymer electrolyte
in MH/O; cell. And because of the highly reversible hydrogen sorption, low equilibrium pressure
and the relatively fast Kkinetics [9]of ABsseries, the commercialized hydrogen storage alloy
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Lao 78Cep.22Niz73Mng 30Alp17Fe050C0030 Was  used. Different charge methods namely
electrochemical and gas-solid hydrogenation and the processes of the charge/discharge were
investigated.

MH/O,Cell Chemistry

The charge/discharge reactions for the MH/air rechargeable battery using an air electrode as the
cathode, Lag78Cep.22Niz73Mng30Alp17Fe050C0030(M)as the anode and Nafion as the electrolyte
solution proceed as follows:
® At the positive electrode:

2H,0e=——24H"+0, T +4e "

® At the negative electrode:

XH" + Xe+M 7= > MH, @
Ischarge
® Overall reaction:

4 charge 4

—M +2H,0————MH, +0,

X discharge X (3)

During the charge process, oxygen gas is produced by water electrolysis on the air electrode and
during the discharge process oxygen gas must be supplied to the air electrode[10].

The Advantages of the New Type MH/O,System

In comparison with the conventional MH/O,, the new MH/O; system has the merits of reduction of
the electrode corrosion, improvement of the battery life, elimination of the problems of battery
leakage, reliability, safety and ease of cell designing.

The new type MH/O; system not only takes the advantages of conventional fuel cell, which are
high-efficiency, less-emission,[11, 12] but also obtains a compact and simple structure with a high
energy density and increases roundtrip efficiency by eliminating the intermediate steps of hydrogen
gas production, storage and recovery. Meanwhile, it overcomes the unneglectable difficulties during
hydrogen production, distribution and storage.[8, 13, 14]

Compared with the Metal/O, battery such as Zn/O, or Fe/O,battery, the innovative MH/air
system deems to exhibit a relatively long lifetime and high charging efficiency because of the
excellent electrochemical property of hydrogen storage alloys. [4, 15]

Another innovative feature of the MH/air system is that it permits a new battery can be
regenerated in two different ways, namely, by gas-solid hydrogenation charging and by
electrochemical charging. This allows a more flexible infrastructure for zero emission vehicles.[4,
13]

Experimental

Preparation of the Cell

The processes to fabricate a new type cell were identical to those used in the preparation of
membrane electrode assembly (MEA) with catalyst-loaded substrate method.[16]In this research,
the commercially available membranes (Nafion 117) with the loading of 4.0mgcm™ bifunctional
electrocatalyst Pt/Ir (50:50) as oxygen electrode were obtained from HesenCorporation. Then, to
make the MH electrode, 0.153g Lag7sCep22Niz73Mng30Alp17Fe050C0030 powder, whose D10%
156.065um, D50%21.310um, D90%46.791um, and the average size is 24.620um,was added into the
mixture of 1.125ml Nafion solution (Nafion,D-521,Dupont) and 0.021g acetylene black, which was
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stood statically at room temperature for 1h. Then supernatant liquid was dried at 25°C in a vacuum

for 15min, and the slurry was brushed onto a carbon paper substrate as a collector and dried at 25°C

for 30min in a vacuum oven. The hydrogen storage alloy loading for each electrode was around2.5
-2

mgem’™,

Silicon seal « Nafion membrane (electrolyte)
"
A |
Oxygen side — / Hydrogen side
AW = _» Perspex sheet
Perspex sheet
H,0/0, * ' - K};.- — ™ Porous metallic sheet

] (Current collector)

Pt/Ir catalyst layer MH electrode
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Fig. 1. Schematic design of the ML(NiCoMnAIFe)s|Nafion |O, cell.

Finally, the membrane with the Pt/Ircatalysts and the MH electrode in a 2.5*2.5 cm?active area
were bonded together by a hot pressing method, which was conducted at 140 "C with a pressure of
10MPa for 90 s. For effective contact between the MH electrode and the polymer electrolyte, the
mixture of is opropanol (IPA)/Nafion (0.2ml/0.6ml) solution with the density of 2.0 mgecmwas
again brushed on the MH electrode layer. This MEA was obtained and then assembled into a
specially-designed stack sealed with a silicone gel. And a schematic of the design of the
Lao,7gceo,22Ni3_73MI"Io_30A|o_17F€0,50C00_30|Nafion |02 battery is shown in Flg 1.

Cell Characterization

X-ray diffraction (XRD) was recorded by DX-2600 X-ray diffractometer using Copper K a
radiation source (I=0.15406nm) at 35kV and 25 mA with 20 from 20° to 80° and step span of
0.03° .

The cross-sectional morphologies of MEA was investigated by using scanning electron
microscopy (SEM,JSM-6460,JEOL, Tokyo,Japan).

All the experiments were carried out at room temperature.

Electrochemical Measurement

In charge mode, the cells using electrochemical method were charged at a current density of 0.08
mA cm™under Land CT2001A battery-testing system. While the cells by gas-solid hydrogenation
method were charged directly by an automated Sievert’s apparatus(PCTPro-2000 from Hy-Energy
LLC).The hydrogenated MEA were obtained under 40 bar and 40°C.

In discharge mode, the galvanostatic discharge tests were carried out at a current density of 0.008
mAcm*from an open-circuit voltage (OCV) to OV under Land CT2001A battery-testing system. In
this mode, variations of voltage over time were recorded.

All the electrochemical experiments were carried out after 12h of the assembly of the cells in
order to make the silicone gel dry.
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Results and Discussion
Structure and Morphology Characterization of MEA

The XRD patterns of the anodeside of MEA are obtained in Fig.2.As shown in Fig.2, except for the
extra peaksascribed to carbon (PDF: 41-1487), all peaks can be indexed by a single hexagonal
CaCus-type LaNis phase. Besides, the lattice contents and the cell volume of the hydrogen storage
alloy are that a = 5.028A, c=4.046A and 88.633A% respectively.

Fig.3 shows cross-sectional SEM images of the MEA, in which three layers of anode,
Nafionmembrane and cathode are clearly observed. As is seen from Fig.3, good contact in two
interfaceis obviously visible which is expected to provide electron and proton channels.
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Fig. 2. XRD patterns of the anode side of MEA.

Fig. 3. The cross sectional SEM images of MEA

The electrochemical properties of the cell charged with gas-solid hydrogenation method.
The galvanostatic discharge curves the cell charged with gas-solid hydrogenation method at the
current density of 0.008 mA cm™are obtained in Fig.4(a). As can be seen from Fig.4(a), a flat
plateau around 0.5V is obtained. And the specific discharge capacity of 59.3mAhg™is shown, with
the estimated hydrogen storage of 0.165wt% in the alloys. And in order to demonstrate the
occurrence of the electrochemical reactions, X-ray diffraction analysis was performed.

Fig.4(b) shows the XRD patterns of MEA during discharge process relating to the pointsa~con
the voltage curve in Fig.4(a).As indicated in the figure, at the start of the discharge process, except
for the extra peaks ascribed to carbon substrates, the other XRD peaks of the initial electrode are
assigned to LaNisHs.With the proceeding of discharge, new peaks appear which are assigned to
LaNis phase. And by the end of the discharge process, there is a single LaNis phase. All in all, the
change of XRD patterns of the discharge sample shows the disappearance of a hydrogenated phase,
the presence of a hydrogen storage alloy, and the remaining carbon, which indicates that there is
indeed an electrochemical reaction.

Besides, the cycle performance of the MEA was investigated, however, there is almost not any
discharge specific capacity of this cell in the 2" cycle in our work. The reasons need to be further
studied.
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Fig. 4. The galvanostatic discharge curves of MEA charged with a gas-solid hydrogenation
method (a), and the corresponding XRD patterns evolution of MEA during the discharge process

(b).
The Cell Charged with Electrochemical Method

The charge/discharge tests of the new type cell with electrochemical charge method were conducted.
In charge mode, the oxygen electrode was filled with water, while in discharge mode, water was
drained from the cell and the oxygen electrode was filled with oxygen at a flow rate of 100 sccm.
Typical charge curve is presented in Fig.5, which shows that the voltage reaches to around 1.3V
during charge. Unfortunately, however, there is almost not any discharge specific capacity of this
cell, which indicates that the hydrogen atoms directly form hydrogen molecules and evolve into the
atmosphere instead of entering the electrode and forming MH, and the phenomenon has been
proved by the XRD results. As can be seen from Fig.6, the XRD patterns shows there is no new
phase after charge/discharge process except for the remaining original hydrogen storage alloy and
carbon. In order to analyze the reasons for the poor charge efficiency of the cell, the process of the

hydride formation and the stability of the hydride electrode are considered.
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Fig. 5. The galvanostatic charge curve of the cell.
Actually, the hydride formation experiences a series of chemical reactions including interface

reaction and mass transport which is similar to the process of Ni/MH battery.[17-20]Firstly, the
reactant protons are first supplied by the oxygen evolution reaction on the anode.

2H,00 4H" +0, +4e )

Then, the charge transfer reaction occurs at the interface between the solid polymer electrolyte
and the alloy. The reductive atomic hydrogen H(ads) is chemically adsorbed on the surface.
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H"+e+M1[ MHads(5)

Next, the adsorbed hydrogen atoms diffuse into the interior of the alloy powders to become
absorbed hydrogen atoms (Haps) and finally proceed to form the metal hydride.

MHads D MHabs (6)

MH, . T MH, oy

Based upon the knowledge of self-discharge, when MH electrode is stored at open circuit, the

hydrogen evolution reaction(HER) is prone to occur due to the relatively low hydrogen evolution
over potential.

MH s 0 M+ Ho 2Hog T H T g
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Fig. 6. The XRD patterns of MEA before/after electrochemical charge.
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Fig. 7. The schematic process of the verification test.

According to the processes of hydride formation, the possible difficulties of forming the metal
hydride may be caused by the barriers of proton production, transmission, the electrochemical
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reactionor the diffusion of hydrogen atoms into the alloy powders. The results that there is no
difficulty of proton production and transmission through Nafionmembrane had been proved by the
experiment using the normal electrolyser with Pt/Ir (1:1,4mgcm™) as electrocatalysts and Nafion
membrane as electrolyte. The schematic process is shown in Fig.7. As shown in Fig.7, the
normalelectrolyser as mentioned above converts electric energy into chemical energy in the form of
hydrogen and oxygen respectively, and then the produced hydrogen and oxygen were filled in the
PEM fuel cell, the chemical energy is directly converted into electric energy through fuel cell to
support the fan to work. So, the phenomenon of the rotation of the fan indicates that the normal
electrolyser works well which means there is no difficulty of proton production and transmission
through Nafion membrane.

Besides, from the results of the higher specific discharge capacity of the new type cell with
gas-solid hydrogen uptake method, it is safely concluded that the Nafionand acetylene black have
formed an efficient three dimensional conductive framework. And because of the charging current
density is low enough, the diffusion of hydrogen atoms into the alloy powders is not the main
problem[17-20].So, excluding the above reasons, the interruption of the electrochemical reaction
may be one of the reasons contributing to the difficulty of charging. In order to solve this problem,
the addition of electrocatalysts such as nickel needs to be considered. And further research is still
required.

On the other hand, thecombination of fluorinated backbone and sulfonic acid groups makes
Nafion a very strong acid[21, 22]. So the stability of the hydride electrode at different humidity

needs to be further discussed.
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Fig. 8. The XRD pattern evolution of the MEA during the standing process respectively at
the relatively humidity of 60% (a) and 100% (b).

In order to study the stability of the hydride in acid Nafion, MH in the relative humidity of 60%
and 100% were investigated, respectively. The change of XRD patterns of MH with the increasing
of standing time at different conditions is obtained in Fig. 8.As seen in Fig.8(a), after 36h, at the
relative humidity of 60%,the XRD patterns of MH shows the presence of a hydrogen storage alloy
phase, and the peaks of LaNisHsshift slightly to higher degrees, which implies that hydrogen atoms
Evolved from the interstitial sites in the lattice of the hydrogen storage alloys. And up to 72h, there
is only a single LaNis phase. Fig.8(b) shows a similar variation at relative humidity of 100%. But
the starting time of the change is obviously shortened, and in order to analyze the reason of the
results, the microstructure of Nafion is discussed. According to the previous studies of
Nafion[22-24], the Small Angle X-ray Scattering (SAXS) patterns shows an increase in the
intensity of the ionomer peak and a shift to lower scattering angle with the increase of the relative
humidity which suggests the number and size of the clusters increased with increasing relative
humidity. And the corresponding maximum entropy (MaxEnt) electron density maps of Nafionalso
showsan overall increase in electron density associated with an increase in water uptake. And the
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results indicate the increase of the number of clusters. Based on the basic cluster-network model of
earlier investigation, the increase of the number of sulfonate ion clusters means there are more
corresponding equilibrium H3O" which may attribute to the increase of contact opportunity between
H;O" and the hydrogenated alloys. And according to previous researches, thehydride is unstable in
acid case which means that the hydrogen atom will evolve from the hydrogenated alloys. So, more
contact possibility between the H;O" and the hydrogenated alloys maybe the reason of the shorter
change time of the hydrogenated phase with the increase of relative humidity.So,the control of the
water content during both charge and discharge processes must be one of the key points.

Though the performances of the MH/O, battery using Nafion as electrolyte with electrochemical
and gas-solid hydrogenation method in our study are poor, more studies such as using graphene
which can provide both proton and electron channels[25]or preparing the protection layer for
hydrogen storage alloys need to be done to solve the problem of the unstability of the hydrogenated
anode. Besides, the addition of electrocatalysts such as nickel helps to form the hydrogenated
electrode in the electrochemical method. Apart from these, other families of hydrogen storage
alloys with higher theoretical energy density such as Mg-based hydrogen storage alloys
(MgH2:1900 Wh/kg), which has been shown to be seriously corroded in alkaline solution, can be a
potential candidate for use as an anode material in the innovative MH/O,, battery.

Conclusions

In this paper, a solid polymer electrolyte metal hydride (MH)/oxygen cell using Nafion as
electrolyte is fabricated and investigated experimentally. And the charge/discharge performances of
the cell are compared in two charging ways, namely, electrochemical and gas-solid hydrogenation.
As for the cell charged by gas-solid hydrogenation, the specific discharge capacity of 59.3mAh g™
is obtained under the current density of 0.008 mA cm™, with the estimated hydrogen storage of
0.165wWt% in the Lag7sCep22Niz73Mng30Alo17F€050C0030 alloys. And the corresponding ex-situ
XRD results indicate that there is indeed an electrochemical reaction. While for the cell charged by
electrochemical method, there is few specific discharge capacity observed, which indicates that the
hydrogen atoms directly form hydrogen molecules and evolve. One of the possible reasons may be
the interruption of the electrochemical reaction during hydride forming process which needs to be
further studied. Besides, the research results of the stability of MH at different relative humidity
show that with the increase of the standing time, the hydrogen atoms will evolve from MH
automatically. So, the control of the water content during both charge and discharge processes must
be one of the key points.
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