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Batteries with air electrodes are gaining interest as Energy Storage Systems (ESSs) for

Electrical Vehicles (EVs) because of their high specific energy density. The electrochemical

performance of these batteries is limited by themetallic electrode, which suffers structural

transformations and corrosion during cycling that reduces the cycle life of the battery. In

this context, relevant information on the discharge products may be obtained by in-situ

neutron diffraction, a suitable technique to study electrodes that contain light elements or

near neighbor elements in the periodic table. Case studies of MH-air and Fe-air batteries

are highlighted.
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INTRODUCTION

Air cathode-based batteries are promising energy storage systems for Electrical Vehicles (EVs)
because they are lighter and, theoretically, may store higher electrochemical capacity than Li-ion
batteries. This, in turn, maximizes the specific energy density (kWkg−1) of the battery and may
lead to a substantial increase of the range capability of EVs beyond the present limit of ∼300Km
(Science and Technology, 2017). Tesla has recently obtained patent(s) on this technology (Herman
et al., 2017), with the aim of developing new chemistries and optimizing the existing ones which,
unfortunately, are not yet competitive enough to replace current technology, especially in terms of
cycle life.

An air cathode battery is a hybrid system that falls into two technologies; fuel cells and
rechargeable batteries. The positive electrode or cathode is a light electrode that requires a
continuous source of fuel or gaseous reactant to release the stored energy, as in Solid Oxide
Fuel Cells (SOFCs) (Singhal, 2000). The anode is a metallic electrode which usually contains
additives to improve its electrochemical performance and it is immersed in the electrolyte, typically
an aqueous one. This hybrid configuration overcomes some of the problems associated with
fuel cells and rechargeable batteries, when considered individually. For instance, air cathode
batteries do not rely on H2 gas, so safety issues and costs associated with hydrogen storage using
highly-pressurized cylinders are not a limitation in Metal-air batteries. Or the electrochemical
capacity of a rechargeable Nickel-Metal Hydride battery (NiMH) may be significantly increased
by the use of an air-electrode instead of Ni(OH)2 (Dong et al., 2010), hence a MH-air battery.

Half-cell reactions in an aqueous air cathode battery are presented below. For the positive air
electrode, oxygen or air is supplied during discharge and the oxygen reduction reaction takes
place giving 2 hydroxide molecules. It is difficult to develop air-electrodes able to withstand
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the electrochemical evolution and reduction of oxygen (OER
and ORR) at high current rates (Jörissen, 2006). For our
work investigating phase formation and transformations during
charge/discharge using in-situ powder diffraction methods, Ni
mesh may be used at the anode. The use of nickel mesh is
motivated by its relatively simple diffraction pattern, which
minimizes the number of Bragg reflections contaminating
the neutron diffraction patterns collected in-situ. Concerning
half-cell reactions at the metallic electrode, two reactions
are presented which generally describe the chemistry at this
electrode, which is the limiting one in terms of battery
electrochemical capacity. In the case where the metallic electrode
is a hydrogen-absorbing metal or metal-hydride as in MH-air
batteries, reaction 2, protons diffuse to the particle surface and
recombine with OH- at the interface with the electrolyte during
discharge, forming H2O and releasing electrons (Young and
Nei, 2013; Yartys et al., 2016). Or, alternatively, the metallic
electrode oxidizes forming hydroxides and/or oxide compounds,
depending on the depth-of-discharge, reaction 3. In this category,
Al-air, Mg-air, Zn-air or Fe-air batteries are included (Rahman
Md et al., 2013).

Air electrode: 2OH−
↔

1/2O2 +H2O+ 2e− reaction 1
MH -electrode: 2M+ 2H2O+ 2e− ↔ 2MH+ 2OH−

reaction 2
Metallic electrode 2M(OH)x + 2e− ↔ 2M+ 2OH−

reaction 3
The cycle life of an air cathode battery is limited by the reactions
taking place at the metallic electrode. In MH-air batteries, the
stored electrochemical capacity is high (∼300 mAhg−1 for AB5-
type alloys) and may be increased if superlattice A2B7-type
alloys are used, which also show lower self-discharge (Yartys
et al., 2016). However, these materials corrode in alkaline
solutions, forming insulating phases such as La(OH)2 at the
particle/electrolyte interface, which reduce the diffusivity of
protons to the bulk and, as the electrochemical reaction proceeds,
capacity rapidly decreases. Corrosion also affects Metal-air
batteries. In Li-Air batteries (Aurbach et al., 2016), the chemical
interaction between Li metal and the electrolyte is critical to
avoid formation of irreversible phases, and aprotic electrolytes
have shown better performance than aqueous ones. Critically,
the latter one needs passivation of the metallic lithium in order
to operate safely. The highly irreversible formation of discharge
products at the metallic electrodes in Al-air, Zn-air, Fe-air and
Mg-air batteries affect their performance and, in addition, H2 gas
evolution occurs at the discharge potentials, which reduces the
efficiency of the batteries (RahmanMd et al., 2013). In the case of
Fe-air, addition of K2SnO3 to the aqueous electrolyte improves
the electrochemical performance of the battery (Chamoun et al.,
2017).

Powder diffraction experiments are a fundamental method
of determining phase composition and structures in multi-
component systems such as batteries, of which the metallic
compounds contained inside, are one example. However,
corrosion products in Li and Na-based batteries may be difficult
to characterize using X-rays due to the low atomic number
elements contained in them. In a similar way there is very
little contrast between elements adjacent to each other in the
periodic table, e.g., transition metals, when X-ray radiation

is used, so limiting the structural information that can be
obtained from Rietveld refinement of the crystal structure(s).
With neutron diffraction, however, the scattering power of
nuclei can vary dramatically between elements of similar atomic
number, and also between isotopes of the same element.
Furthermore, neutrons are highly penetrating compared to X-
rays, meaning that information is gained from the bulk of a
sample rather than near-surface regions. Consequently in-situ
neutron diffraction is the ideal technique to obtain accurate
structural information on the phases commonly found in air
cathode batteries in real time as they are charged and discharged
in the neutron beam. However, air cathode electrodes have
additional requirements compared to rechargeable batteries
which need to be implemented into cell design e.g. O2 or H2

evolution.
In this manuscript, the use of in-situ neutron diffraction to

characterize Metal-air batteries is highlighted in two case studies,
MH-air and Fe-air, using a customized electrochemical cell for air
cathode.

METHODS

In-situ neutron diffraction data were collected at the Polaris
diffractometer (Hull et al., 1992) at ISIS, and diffraction data
were analyzed by the Rietveld method using GSAS least-squares
refinement software (Larson and Von Dreele, 1990). Neutron
diffraction data were collected using the backscattering detector
(135◦ ≤ 2θ ≤ 168◦, dmax = 2.7 Å). Further information of cell
design and components may be found in (Biendicho et al., 2014,
2015; Chamoun et al., 2017).

RESULTS AND DISCUSSION

The electrochemical cell originally constructed to conduct in-situ
studies in a NiMH battery (Biendicho et al., 2014, 2015), may be
easily adapted to other energy storage systems due to its modular
and flexible configuration. As presented in previous publications,
the cell is based in a planar design stacking the components
on top of each other, as in coin cells used in a laboratory to
characterize electrodematerials ex-situ. However, the dimensions
of the in-situ cell are significantly larger compared to standard
coin cells to maximize the amount of electrode material exposed
to the neutron beam; the outer cell diameter of the cell is 84mm
and usually accommodates rectangular-shaped electrodes of 1–
2 g. Figures 1A,B show an expanded view of the in-situ cell and
a sketch of the cell components and their position with respect
to the incident neutron beam, respectively. Further details of the
cell components and materials used to collect neutron diffraction
patterns with an increased peak-to-background ratio may be
found in previous publications (Roberts et al., 2013; Biendicho
et al., 2014, 2015).

As discussed above, the positive electrode in a metal-air
battery requires a constant source of fuel to release the stored
energy. It is necessary, therefore, to take into account this
requirement at the cell design stage, especially if long-term
stability studies are considered. A special separator module was
designed and is presented in Figure 1C. The upper part of the
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FIGURE 1 | (A) Expanded view of the in-situ cell; 1 and 2 correspond to the

alloy clamp rings and PEEK screws used to seal the cell after assembly, 3 and

4 are the two windows which hold the thin Ni metal sheets used as positive

and negative electrodes, 5 are inlet/outlet connections for the tubing to pump

in gas fuel or electrolyte and 6 is the threaded block used to mount the cell on

the diffractometer; (B) sketch of the cell components and their position with

respect to the incident neutron beam; (C) close-up detail of the separator

module; the two apertures that connect the inner compartment of the battery

with the cell exterior (indicated by the black arrows); (D) assembled cell with

tubing connections prior in-situ experiment.

separator module has two apertures, indicated by black arrows,
which connect the inner compartment of the battery to the cell
exterior, allowing either gas fuel or electrolyte to be pumped
in and out of the cell during in-situ diffraction measurements.
These apertures are also used to avoid cell over-pressure during
discharge at the positive electrode (H2 evolution). Figure 1D
shows the assembled in-situ cell with inlet and outlet connections,
which was constructed prior to one of the experiments conducted
at the ISIS neutron spallation source. Considering the positive
electrode, a nickel mesh is preferred since it is the same material
as current collector. Other catalytic materials could be used
as electrodes but they would either add extra Bragg peaks to
the neutron diffraction patterns or increase the background,
potentially masking reflections from the negative electrode.

Two examples are presented in the following paragraphs i.e.,
MH-air and Fe-air, to show the quality of diffraction patterns
obtained by the customized electrochemical cell, and the type
of structural information that may be extracted by in-situ
measurements, respectively.

Figure 2A shows neutron diffraction patterns of the cell
assembled with an AB5-type alloy as anode as a function
of discharge state using a current of ∼30mA. Because the
incoherent neutron scattering from hydrogen atoms would
produce a large background signal, deuterated 6M KOD
electrolyte was used instead during battery construction. The

most intense sharp diffraction peaks correspond to nickel from
the thin current collectors and Ni mesh used as counter
electrode, and the small background contribution is related to a
Polypropylenemembrane. The cell was loaded with 1.8 gr of alloy
with composition MmNi3.6Al0.4Mn0.3Co0.7 where Mm denotes
Misch metals. Additional information of cell assembly, cycling
conditions and components may be found in Biendicho et al.
(2014, 2015).

As discharge proceeds, the intensity of the reflections
corresponding to the β-phase with lattice parameters a ∼5.26 Å
and c ∼4.17 Å decrease and other reflections appear that can be
indexed using a smaller unit cell corresponding to the α-phase,
with a ∼5.00 Å and c ∼4.04 Å. Because of the good signal-to-
noise ratio of the in-situ neutron diffraction patterns, it is also
possible to observe differences in diffraction line widths between
the charged phase and the discharged one. Bragg Peaks of β-
phase are broader than the ones corresponding to the α-phase,
demonstrating a substantial disorder of the deuterium atoms
in the crystal structure of the charged material. For this alloy
composition, an intermediate an intermediate phase (γ-phase)
has been detected, in addition to the β- and α- phases, during
charge and its appearance has been related to an improved
stability of the electrode to corrosion and, in turn, to a better cycle
life (Latroche et al., 1999).

Figure 2B shows phase fraction (weight %) as a function of
cell potential for a Fe-air battery. Blue, red and black markers
correspond to Fe, Fe3O4 and a new intermediate hydride phase
that was identified during in-situ measurements. The electrolyte
composition was deuterated 6 KOD and 0.1M K2SO3 which
was used as additive to reduce H2 evolution and no membrane
was used to separate the Fe and Ni mesh electrodes. Instead,
physical separation with a 5mm distance between the electrodes
was provided. The total weight of the Fe electrode was 1.25 g.
Additional information of cell assembly, cycling conditions and
components may be found in Chamoun et al. (2017).

Structural refinements of the new phase observed in the
Fe electrode showed a good agreement between observed
and calculated data (see Chamoun et al., 2017). The new
metastable phase was refined using a tetragonal unit cell and
with composition being a solid solution of Fe, Sn, Bi, and
C. its weight fraction was then monitored in-situ, as for the
other phases. In-situ structural information, which may also
involve lattice or atomic displacement parameters, are interesting
because they give in-deep understanding of the redox chemistry
in the electrode, otherwise inaccessible by ex-situ techniques.

CONCLUSIONS

In-situ neutron diffraction is, therefore, a technique that
contributes to a better understanding of charge/discharge
mechanism in the metallic alloys presently used in many battery
systems. Such knowledge is vital in allowing the development
of new materials and compositions having improved capacity
retention, fewer irreversible side-reaction and better efficiency.

The updated electrochemical cell presented in this paper
provides the requirements to characterize the structure of
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FIGURE 2 | (A) Neutron diffraction patterns from the cell collected in-situ using an MH electrode (AB5-type alloy) and Ni mesh as negative and positive electrodes,

respectively. The cell potential vs O2/H2 measured during the in-situ experiment is also presented, (B) Plot showing weight fraction and the cell potential vs. O2/H2 as

a function of time using a Fe electrode and Ni mesh as anode and cathode, respectively.

metallic electrodes in an air cathode battery in-situ. The
specially designed separator module, the choice of Ni mesh
as cathode and the use of deuterated aqueous electrolyte are
key components to obtain neutron diffraction patterns with
good signal-to-noise ratio, which may be used to extract
relevant structural information such as phase stability or phase
fraction as highlighted for an MH-air and a Fe-air battery,
respectively.
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