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Electrochemical Sodiation and Desodiation of Gallium
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This study demonstrates the electrochemical sodiation and desodiation of gallium (Ga). A variety of techniques including
galvanostatic cycling, cyclic voltammetry, as well as ex situ and in situ powder X-ray diffraction were used to determine the
electrochemical reaction mechanisms. The sodiation and desodiation of Ga occurs reversibly at 0.71 V vs Na+/Na and the sodiated
product was determined to be NaGa4 with a theoretical capacity of 96 mAh g−1 (567 mAh cm−3). In addition, an anomalous
plateau was observed at 0.66 V vs Na+/Na during the sodiation, which was attributed to a slow diffusion of Na into Ga particles. It
was also shown that Na22Ga39 was not formed even if it is one of the expected compounds from the Ga-Na phases diagram.
However, new crystalline structures were observed and were attributed to metastable phases of NaGa4.
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Rechargeable batteries are among the most important technolo-
gies needed for the electrification and the decarbonization of our
societies, especially for their use in electric vehicles and to store
energy from intermittent sources.1 The highest-performing recharge-
able batteries currently are Li-ion, known for their superior energy
density. However, some of the materials (e.g. Co, Ni and Cu) used in
such devices have become critical due to their scarcity.2,3 To be able
to meet the continuously growing demand in energy storage, new
battery technologies based on more abundant elements are needed.
Na-ion rechargeable batteries are among the most promising
technologies developed besides Li-ion. Indeed, they are often
designed to contain abundant, sustainable and cost-effective
materials.4 They still have lower performances than Li-ion batteries
but they have many aspects that can be improved, especially the
energy density of their electrodes.5 Focusing on the negative
electrode, i.e. the anode, the most common ones in Na-ion batteries
are based on hard carbon. It has a good specific capacity of about
300 mAh g−1 (vs 372 mAh g−1 for graphite used as anode in Li-ion
batteries) but it has two main drawbacks: a low density (1.7 g cm−3)
implying a low volumetric capacity of about 510 mAh cm−3 (vs
836 mAh cm−3 for graphite with a density of 2.26 g cm−3) and a
redox potential close to 0 V vs Na+/Na creating the risk of metallic
Na dendrites formation that can short-circuit the battery.6,7 The
capacity and the safety of the anode can be improved by the addition
of metals that can react with Na to form alloys.

Metals such as tin,8–11 antimony12,13 or bismuth14 have higher
gravimetric and volumetric capacities and higher redox potentials
than those of hard-carbon. For instance, tin will react with Na to
form different sodiated phases as reported in the Na-Sn phase
diagram. Different studies show that the sodiation of tin happens at
four distinct plateaus corresponding to the formation of NaSn2,
Na1.2Sn, Na5−xSn2 and Na15+xSn4. These reactions happen at
potentials between 0.6 and 0.1 V vs Na+/Na and can lead to a
maximum theoretical capacity of 850 mAh g−1 (5940 mAh
cm−3).11,15 This maximum capacity can be reached but it is difficult
to maintain it for a prolongated number of sodiation/desodiation
cycles. Indeed, tin and the other alloying electrodes suffer from a
large volumetric expansion, leading to particle cracking. This causes
contact losses with the current collector and continuous electrolyte
decomposition due to fresh surface formation on each cycle.13 A
strategy to overcome this issue is to use self-healing metals able to
heal their cracks, such as liquid metals.16

Ga is an element of choice to design self-healable metals because of
its low melting temperature. It has four polymorphs, referred in the

literature as α, β, γ and δ-Ga.17–21 These polymorphs differ in their
crystal structures by the coordination between Ga atoms, which, for
instance, will be a simple Ga2 dimer in the α-phase but pentagons and
heptagons in the γ-phase. Each polymorph has a different melting
temperature which are 29.8 °C, −16 °C, −19 °C and−36 °C for the α,
β, δ and γ-phase, respectively.22 Gallium has already been successfully
studied as a self-healing electrode for Li-ion batteries. Deshpande et al.
studied the electrochemical lithiation of a Ga film.23 They observed by
XRD the formation of the phases expected from the Ga-Li phases
diagram. Their galvanostatic curves showed three plateaus for the
formation of Li2Ga7, LiGa and Li2Ga. They also showed by SEM that
the Ga film cracks upon delithiation but that the cracks fully heal at the
end of the delithiation due to the solid to liquid transformation. Similar
studies do not exist yet on the electrochemical sodiation of Ga.

Sodiated phases exist in the Ga-Na phases diagram. The two
main phases reported are NaGa4 and Na22Ga39 (also reported with
slightly different stoichiometries as Na7Ga13 or Na5Ga8) and the
existence of NaGa3 was also reported.

24,25 Wang et al. studied Ga2S3
as an anode for Na-ion batteries and claimed that they form
Na22Ga39 at full sodiation but they do not give proof of its formation
and they do not explain at which potential it is supposed to be
formed.26 In this work, the electrochemical sodiation of pure Ga was
studied for the first time. Galvanostatic cycling and cyclic voltam-
metry of Ga against sodium metal were performed to determine the
redox potentials and the capacity of its sodiation. Ex situ and in situ
XRD analyses were performed to identify the compounds formed.

Experimental

Electrode preparation.—The electrodes were made with a mass
ratio of active material:conductive additive of 90:10. They were
prepared in an Argon filled glovebox (<1 ppm of O2 and <1 ppm of
H2O, inner temperature ∼30 °C) by mixing 900 mg of gallium
(Sigma Aldrich, 99.99%) with 100 mg of carbon black (Imerys,
super C65), in 4 ml of acetonitrile (Sigma Aldrich, anhydrous,
99.8%) containing 4 mg of sodium docetyl sulfate (SDS, Sigma
Aldrich, 99%) as surfactant. The mixture was dispersed using an air
tight ZrO2 ball milling jar with 25 balls (powder:balls mass ratio =
1:10) shaken twice at 30 Hz for 30 min using a Retsch shaker.
Finally, the excess of acetonitrile was removed with a syringe and
the remaining acetonitrile was evaporated under vacuum until a fine
homogeneous powder could be recovered.

Electrolyte preparation.—The electrolyte was prepared in an
Argon filled glovebox (<1 ppm of O2 and <1 ppm of H2O, inner
temperature ∼30 °C). It was made with 1 mol.l−1 of NaPF6 (Stella,
98%) in DME (Dimethoxy Ethane, Sigma Aldrich, 99.9%). The
NaPF6 salt was previously dried at 120 °C for 12 h under vacuum.zE-mail: ronan.leruyet@kemi.uu.se
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Cell assembly.—Swagelok half-cells were assembled in an
Argon filled glovebox (<1 ppm of O2 and <1 ppm of H2O, inner
temperature ∼30 °C). The Swagelok parts are made of stainless steel
and the inner part is insulated using a polyethylene film. The
diameter of the plungers that are used as current collectors is
12.8 mm. The cells were assembled by first pouring 20 ± 1 mg of the
electrode powder into the cell. Then, two glass fiber separators
(Whatman, glass fiber filters) of diameter 14 mm were placed on top
of the powder. The Na electrodes were made by pressing Na metal
on an Al foil, from which discs of 12 mm in diameter were punched.
The Na electrode was placed on the separators. Finally, a spring was
placed on the top of the stack to maintain a constant pressure during
cycling. The electrolyte was added last to the cell; the volume used
per cell was 150 μl. The swagelok cells were sealed in the glovebox
and taken out for electrochemical cycling.

Scanning electron microscopy (SEM).—Scanning electron mi-
croscopy imaging was done with a Zeiss LEO 1530 microscope. An
electron acceleration voltage of 20 kV was used. The sample was
prepared by spreading a small amount of the electrode powder on a
sample holder covered with carbon tape.

Differential scanning calorimetry (DSC).—The differential
scanning calorimetry measurement was carried out on a Netzsch
DSC 204 F1 heat flux differential calorimeter at a heating rate of
5 °C min−1 under a constant argon flow of 25 ml min−1. The sample
was placed in a copper crucible covered with a copper lead.

Galvanostatic cycling.—Land potentiostats were used to perform
galvanostatic cycling. All the cells were cycled at about 22 °C at
5 mA g−1 with cut-off potentials of 0.001 and 1 V vs Na+/Na.
Applying a negative current to the cell is referred as discharge
(sodiation of Ga) and the opposite is referred as charge (desodiation
of Ga) in the manuscript. A period of 12 h rest was applied before
starting the measurements to ensure a good wetting of the electrodes
with the electrolyte and to reach equilibrium at the electrode/
electrolyte interfaces.

The galvanostatic intermittent time technique (GITT) was
performed at about 22 °C using an MPG potentiostat from
BioLogic. A constant current pulse of 5 mA g−1 was applied for
30 min, which was followed by a resting time of 2 h. The cut-off
voltages were set for steady state potentials of 0.1 V in discharge and
0.74 V in charge.

Cyclic voltammetry was performed using an MPG potentiostat
from BioLogic and with the same half-cell set-up as for galvano-
static measurements. The sweeping started from OCV and was going
towards reduction until a vertex voltage of 0.001 V vs Na+/Na. Then
it was changed to go toward oxidation to a vertex voltage of 1 V vs
Na+/Na. The sweeping speed was 0.01 mV s−1.

Ex situ powder X-ray diffraction (PXRD).—Ex situ powder X-
ray diffraction was performed on electrode powders before and after
galvanostatic cycling at different states of charge. The electrode
powder was recovered from the Swagelok cells in an Argon filled
glovebox (<1 ppm of O2 and <1 ppm of H2O, inner temperature
∼30 °C). The powder was first cleaned with 300 μl of DME. The
DME was then removed with a syringe and the powder dried under
vacuum at room temperature for 5 min. The powder was placed in a
borosilicate glass capillary of 0.6 mm of inner diameter and walls of
0.01 mm thickness. Due to the air sensitivity of these samples, the
capillaries were filled in the Argon filled glovebox and sealed using
epoxy resin. X-ray diffraction measurements were performed in
transmission using a Stoe diffractometer in the Debye–Scherrer
configuration. The acquisition was made during 1 h in the range of
5° to 115° 2θ. The patterns were analyzed with the Fullprof suite.
The Le Bail method27 (profile matching) was used to determine the
unit cell parameters. For unknown structures, the software
DICVOL28 was used to find the symmetry of the unit cell.

Figure 1. (a) SEM image (Ga particles are identified with yellow circles),
(b) PXRD analysis and (c) DSC measurement from−60 °C to 40 °C measured at
5 °C.min−1 of the electrode powder Ga+C (90:10) before cycling.
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In situ powder X-ray diffraction.—In situ powder X-ray
diffraction was performed on a pouch cell assembled in an Argon
filled glovebox (<1 ppm of O2 and <1 ppm of H2O, inner
temperature ∼30 °C). The pouch cell consisted of a 12 mm diameter
Na electrode prepared as described previously, two glass fiber
separators of 20 mm diameter and a 12.5 mm electrode made of
Ga and carbon. The electrode was made by pressing 50 mg of the
mixture of Ga and carbon in a pellet die, between a copper current
collector and a glass fiber separator. Then, 200 μl of electrolyte were
dropped on the glass fiber separators. The cell was placed in a
sample holder where pressure was applied on the pouch cell with
two glassy carbon windows. The cell was cycled at about 22 °C with
a SP150 BioLogic potentiostat. Galvanostatic pulses of 5 mA g−1

were applied for 1 h and they were followed by a resting period of
2 h. The X-ray diffraction measurements were acquired during this
2 h rest period. They were recorded in transmission using a Stoe
diffractometer in the Debye–Scherrer configuration from 0° to
55° 2θ.

Density functional theory (DFT) calculations.—Density func-
tional theory calculations were performed using the Vienna ab-initio
simulation package. (VASP).29–32 All simulation utilized the
Perdew–Burke–Ernzerhof (PBE) functional.33,34 The plane-wave
basis-set was truncated at 600 eV and the projector augmented
wave method by Blöchl35,36 was applied at all times. The positions
of all atoms and the volume of the cells were optimized using a
tolerance of 10−2 eV Å (kbar).

Results

Electrodes used in this study.—The electrodes used in this study
were made with 90 wt% of Ga and 10 wt% of carbon additive. They
were prepared by wet ball milling followed by a drying step, as
described in the experimental section, and the result of this process
was a fine powder. Figures 1a and 1b shows SEM and PXRD results
of the obtained powder. The SEM image shows that the Ga turned
into droplets that are dispersed with the carbon powder. All droplets
have a spherical shape but they vary in diameter from ∼10 μm to
less than 1 μm (SEM images with higher magnification can be found
in Fig. S1 (available online at stacks.iop.org/JES/169/060525/
mmedia)). The XRD pattern shows a non-crystallinity of Ga in
this powder. Only broad peaks between 30° and 50° could be
observed. This pattern is typical of melted Ga.37 Even if the as
received Ga was made of the crystalline α-phase, melting at about
30 °C (onset at 29.8 °C and maximum at 35.6 °C, see Fig. S2), the
as-prepared particles of Ga can remain liquid at room temperature
because of the formation of metastable phases. It has been reported
that dispersed Ga particles could be made of the β and γ-phases with
respective melting temperature of −16.3 °C and −35.6 °C.18 A DSC
measurement (Fig. 1c) performed on the electrode powder shows
indeed two endothermic peaks at −16.5 °C and −35.9 °C which
could be assigned to the melting of the β and γ-phases, respectively.
It also appears that no melting happens at 35.6 °C, indicating that no
α-Ga is present remains in the powder. The position of the broad
peaks on the XRD pattern seems to correspond to those of the main
peaks of the β and γ phases, with of course an important broadening
due to the liquid state of Ga in this powder. Therefore, the
preparation process of the electrode can have a strong impact on
the Ga properties, its structure and its melting temperature. It can
also be noted that carbon black has almost no contribution in this
diffraction pattern. Carbon black XRD would usually result in an
important broad peak around 25° and two smaller ones around 45°
and 55°.38

Electrochemical cycling.—The electrode powder was cycled in
half-cells with a Na metal counter electrode and an electrolyte of
1 M NaPF6 in DME. In Figs. 2a and 2b, the results obtained by

Figure 2. (a) Galvanostatic cycling of a half-cell using Ga+C (90:10)
working electrode and Na as counter and reference electrode. The electrolyte
used was 1 M NaPF6 in DME. The cell was cycled at 5 mA g−1 between
0.001 and 1 V vs Na+/Na. (b) Specific capacity and Coulombic efficiency as
a function of cycle number of the galvanostatic cycling. (c) Cyclic
voltammetry of a half-cell built as described before, cycled at 0.01 mV s−1

between 0.001 and 1 V vs Na+/Na.
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galvanostatic cycling at 5 mA g−1 are plotted. A common observa-
tion for alloying anodes is that the first discharge shows a high
overpotential compared to the following cycles.39 Often, such
materials undergo an irreversible structural change during the first
sodiation, which facilitates further sodiation. During the first
discharge, an irreversible reaction starting at about 0.9 V vs
Na+/Na can be observed, which could be linked to the reduction
of the electrolyte, i.e. the formation of a solid electrolyte interphase
(SEI). A first plateau starts at 0.60 V vs Na+/Na. Then the voltage
decreases to reach a small plateau at 0.54 V vs Na+/Na. After, the
potential decreases sharply before a small bump around 0.3 V vs
Na+/Na. The contribution of the carbon black is visible with a small
plateau at 0.05 V vs Na+/Na. On the first charge, the potential
increases to a plateau at about 0.70 V vs Na+/Na. This plateau seems

to be followed by a second one at 0.72 V vs Na+/Na. During the
subsequent cycles, the potential of the discharge is higher than that
in the first discharge, leading to a two-stage plateau: the first one at
0.68 V vs Na+/Na and the second one at 0.63 V vs Na+/Na. The
small plateau at 0.54 V vs Na+/Na seems to remain for several
cycles but gets shorter and shorter, and is indiscernible after
20 cycles. The potentials for the charge are the same as for the first
cycle, and the plateau at 0.72 V vs Na+/Na also seems to gradually
disappear. The other important observation is the increase in
capacity upon cycling. The discharge capacity starts at about
63 mAh g−1 and stabilizes around 95 mAh g−1 after 20 cycles.
This kind of capacity increase has already been observed for other
alloy-type anodes and was attributed to an improved diffusion of
Na+ ions in the electrode during cycling due to particle
reorganization.40–44 The stabilized capacity is close to the theoretical
capacity for the formation of NaGa4 from pure Ga that is equal to 96
mAh g−1. This theoretical gravimetric capacity is calculated using
Faraday’s law of electrolysis:45,46

= · ·−
Q

m
n

M
F

1
e

where Q is the capacity in mAh, m the mass of Ga in g, ne− is the
number of electrons involved in the electrochemical reaction, M is
the molar mass of Ga in g mol−1 and F is the Faraday’s constant
(96485 C mol−1 or 26801 mAh mol−1). Cyclic voltammetry
measurements were also performed as shown on Fig. 2c. The first
cycle is clearly different from the subsequent ones. The first
reduction starts with a broad peak around 0.58 V vs Na+/Na. It is
followed by a small peak at 0.54 V vs Na+/Na. A broad but weak
peak also seems to appear between 0.50 and 0.10 V vs Na+/Na.
Close to 0 V vs Na+/Na, the reversible sodiation and desodiation of
carbon black can be observed and appears at each cycle. During
oxidation, only one peak appears and its maximum is at 0.73 V vs
Na+/Na. The following cycles differ mainly during reduction. They
feature two reduction peaks at 0.66 and 0.61 V vs Na+/Na. These
two peaks are still followed by the small one at 0.54 V vs Na+/Na
that slowly disappear upon cycling. The charge is the same as for the
first cycle except that the maximum current is now higher, i.e. the
capacity of this reaction has increased. The cyclic voltammograms
show results with the same trend as for the galvanostatic measure-
ments. In both cases, the sodiation of Gallium (reduction) happens in
two steps while the desodiation (oxidation) happens only in one.

The galvanostatic intermittent titration technique (GITT, Fig. 3)
was used to determine if the two discharge plateaus were due to a
kinetic limitation and what the steady state potential was at different
state of charge (SOC). On discharge, the curve created from the
points at the end of each resting period at different SOC exhibits two
plateaus: one at 0.71 V vs Na+/Na and one at 0.66 V vs Na+/Na. It is
noted that the plateau at 0.66 V vs Na+/Na seems shorter during this
measurement. On charge, there is a plateau at 0.71 V vs Na+/Na and
a short one at the end at 0.72 V vs Na+/Na. The composition of the
phase formed at the end of the sodiation of Ga seems quite clear.
Indeed, the number of Na that have reacted with Ga is close to 0.25,
meaning that NaGa4 is formed. The value of x here is slightly higher
than 0.25 because the carbon additive also contributes partly to the
total capacity. The differences of potential between the end of each
current pulse (Epulse) and the end of the subsequent resting period
(Esteady state) are plotted in Fig. 3b. During the discharge, the
difference of potential increases slowly until x = 0.22. Then it
sharply increases to x = 0.25 before a decrease. In charge, the
difference of potential is very small, close to 0 V. There is a small
spike at the beginning of the charge (x > 0.25) corresponding to the
potential increase towards the plateau at 0.71 V vs Na+/Na. Then, it
is stable before a gradual increase from x = 0.10 to x = 0.03. From
there, an important increase happens followed by a decrease. The
slow increase observed during the discharge could be due to a slow
diffusion of Na in Ga while forming NaGa4. This diffusion seems to
become even slower while arriving at the second plateau at 0.66 V vs

Figure 3. (a) GITT measurement of a half-cell using Ga+C (90:10) working
electrodes and Na as counter and reference electrode. The electrolyte used
was 1 M NaPF6 in DME. The cell was cycled with current pulses of 5 mA
g−1 for 30 min followed by rest periods of 2 h. (b) Evolution of the
difference of potential between the end of each pulse and the end of the
subsequent resting period during the GITT measurement.
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Na+/Na. This can be partly due to the lower electronic conductivity
of NaGa4 compared to Ga.47 It can also be due to a faster Na
diffusion through liquid Ga than through solid NaGa4 as observed by
Deshpande et al. for the lithiation of Ga. They showed that Li
diffuses faster in liquid Ga than solid Ga.23 The formation of NaGa4
would create a layer on the Ga particles that makes the sodiation of
the core of the particles more difficult. However, the desodiation
seems to occur with less resistance as the difference of potential is
very small until full desodiation.

DFT calculations were performed to support the results obtained
experimentally. The formation energy per atom were calculated for
phases commonly reported in the Ga-Na phases diagram, i.e. NaGa4
and Na22Ga39, plus the phase NaGa3.

24,25 From the formation energy
per atom we can construct a convex hull as presented in Fig. 4a.
Compounds above the convex hull are predicted to be unstable with
respect to disproportionation. Among the structures considered here,

NaGa3 is considered unstable and only NaGa4 and Na22Ga39 would
be stable. Redox potentials were calculated from the total energies of
the optimized structures according to:

=
−

−[ ] [ ]
[ ]V

E y.E

x
E

tot NaxGay tot Ga
tot Na

where V is the redox potential for the formation of the NaxGay
species, Etot[Ga] and Etot[Na] refer to the total energies of metallic Ga
and Na respectively, Etot[NaxGay] refer to total energies of NaGa4 or
Na22Ga39. Figure 4b shows the theoretical galvanostatic curves for
the formation of NaGa4 and Na22Ga39, for which the redox
potentials were calculated to be 0.76 and 0.36 V vs Na+/Na,
respectively. The potential calculated for the formation of NaGa4
is close to the one observed experimentally, which was also
attributed to the formation of NaGa4. Apart from a small bump
observed at 0.3 V vs Na+/Na during the first discharge, no plateau is
observed close to 0.36 V vs Na+/Na. This could be due to the fact
that the energy needed to pass from NaGa4 to Na22Ga39 is too high
as observed in the Li-Ga system. The electrochemical lithiation of
LiGa into Li2Ga is difficult due to the need to break many Ga-Ga
bonds.48 A similar mechanism could be occurring here.

Ex situ and in situ powder X-ray diffraction.—Ex situ XRD
measurements were performed on electrodes cycled galvanostati-
cally to different SOC points (Fig. 5), before and after the plateaus
observed in the previous section. Before cycling, the powder features
the pattern of an amorphous material which is understood to be
liquid Ga in its β and γ-phase as described previously. At the end of
the first discharge, a small amorphous contribution can still be
observed, but diffraction peaks are also present. None of them seem
to correspond to Na22Ga39 (space group: Pnma)49 but small peaks
for NaGa4 (space group: I4/mmm)50 can be observed. The other
peaks do not correspond to any known compound from the Ga-Na
phases diagram and could be due to one or several extra new phases.
At the end of the first charge, part of the Ga again becomes liquid
while some of it remains solid, crystallizing in the space group
Cmca, which is α-Ga, the expected stable phase at room temperature
and atmospheric pressure.21 SEM images were also taken at the end
of the first charge (see Fig. S1). These images are quite similar to the
one taken before cycling. There are no observable solid and liquid
Ga particles so the solid and liquid phases might be mixed together
in the Ga particles. For the second cycle, a sample was cycled until
0.66 V vs Na+/Na during the discharge, the point just before the
second plateau observed with the previous electrochemical measure-
ments (see Fig. 2a). At this potential, the diffraction pattern is similar
to the one observed at the end of the first discharge but the peaks are
much less intense and few peaks of solid α-Ga (space group: Cmca)
can be observed. At the end of the second discharge, the diffraction
pattern is almost identical to that for the one at the end of the first
discharge. The last pattern was measured on a powder cycled at the
end of the second charge. This sample shows a similar diffraction
pattern to that at the end of the first charge, but with the intensity of
the crystalline α-Ga (space group: Cmca) being more intense. This
could suggest that the amount of solid Ga increases upon cycling.

Le Bail profile matching was performed on the diffraction
patterns of the sample cycled to the end of the first charge and the
sample cycled to the end of the first discharge. These patterns can be
said to be representative of the others at equivalent potentials.
Figure 6a shows the result for the sample at the end of the first
charge. It confirms that this sample is made of liquid β and γ-Ga and
crystalline α-Ga. The analysis was more complex for the sample at
the end of the first discharge due to the presence of NaGa4 and one
or more unknown crystalline phases. Attempts were made to
determine the space group of the unknown phases by selecting all
the peaks not corresponding to NaGa4. This resulted in no solution.
The strategy was then to assume that the unknown peaks were
caused by several phases or that the structure proposed in the
literature for NaGa4 was wrong. A first answer came from an attempt

Figure 4. Results from DFT calculations. (a) Formation energy for different
NaxGa1−x compounds. The convex hull (tie-line) is constructed by joining
the energy of the stable structures. (b) Theoretical redox potential as a
function of x in NaxGa.
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Figure 5. Ex situ powder X-ray diffraction of Ga+C (90:10) electrodes cycled vs Na, at different states of charge. The electrodes were cycled at 5 mA g−1 with
an electrolyte made of 1 M NaPF6 in DME.
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to synthesize NaGa4 by mixing Na and Ga with the corresponding
stoichiometry and initiating a reaction by annealing at 150 °C for 10 h
in an Argon filled glovebox (<1 ppm of O2 and <1 ppm of H2O).
Then, this sample was pulverized using ball milling with the same tool
as the one used to prepare the electrodes, shaking it at 30 Hz for
30 min. The XRD pattern of this sample is presented in supplementary
information (Fig. S3) and interestingly does not have the structure of
pure NaGa4. It shows a similar pattern as the one obtained at the end
of the discharge but with two main differences: the peaks of NaGa4
are more intense and some of the peaks observed at the end of the
discharge are not present. From these observations, it was assumed
that there was not one but two unknown phases formed at the end of
the discharge. New attempts to find the space group of these two
unknown phases were made selecting first the peaks not corre-
sponding to NaGa4 and appearing only for the sample of synthesized
NaGa4. This resulted in the description of a first phase crystallizing in
the space group Pmmm with the cell parameters a = 14.8499(7) Å,
b = 11.5981(4) Å and c = 8.6731(3) Å. As no other compound than
NaGa4 was expected, this phase was named β-NaGa4. The second
unknown phase was determined by selecting peaks not belonging to
NaGa4 nor β-NaGa4 in the pattern obtained at the end of the
discharge. This resulted in the identification of a phase crystalizing
also in the Pmmm space group but with different cell parameters:

a = 18.2064(3) Å, b = 8.8425(2) Å, and c = 4.21154(7) Å. This
phase was named γ-NaGa4. Using these three phases was the only
way to explain all the peaks from the diffraction pattern obtained at
the end of the discharge as shown on Fig. 6b. These new unreported
structures could be due to the presence of β and γ-Ga forming
metastable NaGa4 phases. It is well-known that alkali-Ga compounds
have a very rich crystallography with different structures formed with
different large clusters made of Ga atoms.51 It could also be due to the
different sizes of the Ga particles leading to different structural
mechanism during the sodiation as observed by Sottmann et al. for the
sodiation of Bi.14 It can be assumed that NaGa4 could be formed with
different configuration of Na and Ga atoms.

The ex situ XRD showed that several sodiated crystalline phases
were formed but the formation of a second plateau in discharge was
still unclear as the patterns before and after this plateau were quite
similar. To obtain additional information, in situ PXRD was
performed. This measurement was performed in transmission through
a pouch cell cycled in GITT mode. Unfortunately, the observed peaks
were quite weak and a long time of acquisition was needed to obtain
acceptable diffraction patterns. On the right side of Fig. 7 the value of
the potential reached at the end of the resting time is plotted. These
measurements were made on the second cycle of the cell as a first one
was performed only to confirm that the cell was working properly.

Figure 6. Ex situ powder X-ray diffraction patterns and profile matching of (a) an electrode cycled to the end of the first charge and (b) an electrode cycled to the
end of the first discharge. The electrodes were cycled at 5 mA g−1 with an electrolyte made of 1 M NaPF6 in DME.
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This is why peaks of crystalline α-Ga can be observed at the
beginning of the measurement as well as some remaining peaks of
NaGa4 compounds. The latter might be caused by the non-optimiza-
tion of the electrode that is simply made of powder pressed on a
copper current collector, resulting in lower cyclability. During the
discharge, the peaks of crystalline α-Ga decrease. They have
completely disappeared at the end of the discharge. Peaks of
β-NaGa4 and γ-NaGa4 start to appear all along the discharge while
the peaks of NaGa4 seem to appear only at the end of discharge. It is
most obvious with the intense peak of NaGa4 at about 34°. During the
charge, crystalline Ga peaks start to reappear progressively. The peaks
of NaGa4, β-NaGa4 and γ-NaGa4 are all disappearing progressively;
no phase seems to be disappearing before another.

Proposed Sodiation Mechanism of Gallium

From the results presented in the previous sections, it seems clear
that the compound formed at the end sodiation of Ga is NaGa4.
However, two plateaus were observed during the sodiation and this
was surprising because no phases have ever been reported in the
region between pure Ga and NaGa4. A plateau in galvanostatic
measurement is usually due to the transformation of a phase into
another one, i.e. a biphasic region. This is due the Gibbs phase rule

that can be written as follow:46

= − +F C P 2

where F is the number of degrees of freedom (number of intensive
thermodynamic parameters), C is the number of components and P is
the number of phases. If only NaGa4 is formed then C = 2 (Ga and
Na) and P = 2 (Ga and NaGa4) so F =2. This means the system has
two degrees of freedom but here, two intensive parameters are
already fixed: the temperature and the pressure are constant, so no
degree of freedom is left. Then, the redox potential cannot change in
a biphasic region. If another Na1−xGa4 defined compound was
formed, it should result in a reversible plateau in galvanostatic
cycling or a peak in cyclic voltammetry but it is not the case here.
Using the same rule, there cannot be the formation of a NaxGa solid
solution because in that case P would be equal to 1, resulting in F =
3. Under these conditions, the redox potential could vary depending
on the concentration of Na in Ga and lead to a sloppy evolution of
the potential in galvanostatic cycling which is not the case here
neither. There is also no sign of a solid solution formation because
the in situ PXRD measurements show no shifts of the peaks.

Another hypothesis could be that the two plateaus in discharge
are due to the reaction of solid Ga with Na and the reaction of liquid

Figure 7. In-situ powder X-ray diffraction recorded in transmission with a pouch cell cycled in GITT mode at 5 mA g−1, with pulse periods of 1 h and resting
periods of 2 h. The plot on the right shows the value of the potential at the end of each resting period during which the XRD patterns were recorded.

Figure 8. Scheme summarizing the electrochemical sodiation and desodiation process of Ga.
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Ga with Na. Then, the reaction on charge would be the oxidation of
solid NaGa4 into solid Ga. Indeed, the PXRD results showed that
part of the liquid Ga turned into solid Ga upon cycling. To verify this
hypothesis, a cell was cycled at 40 °C, the results of which are
presented in the supplementary information (Fig. S4). The electro-
chemical curves are the same as at room temperature, despite the fact
that no solid Ga can be formed at 40 °C.

The last hypothesis is that the anomalous plateau at 0.66 V vs
Na+/Na is due to the difficulty to sodiate Ga particles once a thick
enough layer of NaGa4 is formed at their surface. The GITT
measurement showed that the diffusion of Na in Ga becomes slower
as the sodiation progresses. Sodiation of Ga might slow down
because of the higher electrical resistivity of NaGa4 compared to Ga
and a slower diffusion of Na through solid NaGa4 than through
liquid Ga. This would cause the potential to drop to 0.66 V vs
Na+/Na. The desodiation seems faster and happens at 0.71 V vs
Na+/Na. This could be due to the fact that the desodiation starts from
the surface so there is no NaGa4 layer hindering the oxidation
reaction and slowing down the sodium diffusion. This hypothesis
seems to be the most probable one and is summarized in Fig. 8.

Conclusions

The electrochemical sodiation and desodiation of Ga was studied
for the first time. Galvanostatic cycling and cyclic voltammetry were
performed with Ga electrodes against Na. The electrochemical
measurements have been supported with DFT calculations, ex situ
and in situ powder X-ray diffraction.

It was shown that Ga reacts with sodium to form NaGa4 at about
0.71 V vs Na+/Na for a theoretical and practical capacity of 96 mAh g−1

(567 mAh cm−3). This potential is close to the one calculated by DFT
(0.76 V vs Na+/Na). The formation of NaGa3 and Na22Ga39 were not
observed. The DFT calculations predicted that NaGa3 was unstable but
Na22Ga39 was predicted to be stable and it should be formed around
0.36 V vs Na+/Na. The XRD measurements showed that, initially, the
Ga in the electrodes was liquid. This was because of the presence of the
β and γ-Ga phases that have melting temperatures of −16.5 °C and
−35.9 °C, respectively. It was also observed by XRD that the liquid Ga
phases partially turned into solid α-Ga after desodiation. New structures
were observed during the sodiation of Ga and they were considered as
two metastable phases of NaGa4. They were indexed in the Pmmm
space group and called β-NaGa4 and γ-NaGa4 and might be due to a
different arrangement of Na and Ga atoms in the structure. An
anomalous plateau appeared at 0.66 V vs Na+/Na. It was unexpected
considering that only the plateau at 0.71 V vs Na+/Na should be
observed for the formation of NaGa4. This plateau was assumed to be
due to the increase of electronic resistance at the surface of the Ga
particles due to the formation of NaGa4, which has a higher electronic
resistivity than Ga. It can also be ascribed to a slower Na diffusion
though solid NaGa4 than through liquid Ga.

This work is a first step in the study of the electrochemical sodiation
and desodiation of Ga and Ga-based compounds. There is still more
work to do to fully understand the sodiation and desodiation of Ga.
More structural analysis is needed to understand what exactly are the
new phases described in this work. The Ga-Na phase diagram might be
enriched by determining what phases are formed when the different
polymorphs of Ga react with Na. It would also be interesting to
understand why Na22Ga39 cannot be formed electrochemically.
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