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Aluminum, due to its high abundance, very attractive theoret-
ical capacity, low cost, low (de� ) lithiation potential, light
weight, and effective suppression of dendrite growth, is
considered as a promising anode candidate for lithium-ion
batteries (LIBs). However, its practical application is hindered
due to multiple detrimental challenges, including the formation
of an amorphous surface oxide layer, pulverization, and
insufficient lithium diffusion kinetics in the α-phase. These
outstanding intrinsic challenges need to be addressed to
facilitate the commercial production of Al-based batteries. The
native passivation layer, Al2O3, plays a critical role in the
nucleation and reversibility of lithiating aluminum and is
thoroughly investigated in this study using high precision

electrochemical micro calorimetry. The enthalpy of crystalliza-
tion of β-LiAl is found to be 40.5 kJmol� 1, which is in a strong
agreement with the value obtained by calculation using Nernst
equation (40.04 kJmol� 1). Surface treatment of the active
material by the addition of 25 nm of alumina increases the
nucleation energy barrier by 83% over the native oxide layer.
After the initial nucleation, the added alumina does not
negatively impact the reversibility at 0.1 C rate, suggesting the
removal of alumina is not necessary for improving the
cyclability of aluminum anode based lithium-ion batteries.
Moreover, the coulombic efficiencies are also found to be
slightly higher in the alumina treated samples compared to the
untreated ones.

1. Introduction

Anode materials involving alloying chemistry (e.g., Silicon,
Aluminium, Tin etc.) are presented to be alluring alternatives to
intercalation-type anodes (e.g., state-of-the-art and industry
standard graphite). This is attributed to their unparalleled
higher gravimetric and volumetric capacity. Among alloying
anode materials, aluminum (Al) appears to be a highly attractive

anode candidate for lithium-ion batteries (LIBs) and this is due
to its various beneficial features such as high abundance (2nd

most abundant metal), light weight, very attractive theoretical
capacity (i. e., 993 mA/g, 1490 mAh/g and 2235 mAh/g for AlLi,
Al2Li3 and Al4Li9 phases, respectively), relatively low cost (~
$2 kg� 1),[1] low and suitable (de� ) lithiation potential (~0.2–
0.45 V vs. Li+/Li), effective suppression of dendrite growth,
environmental benignity, and sustainability. Compared to most
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of the alloying anode materials, aluminum has a decidedly
lower volume expansion upon (de� ) alloying, i. e., 96% for α-
LiAl!β-LiAl compared to >280%/400% for Si to Li3.75Si/Li4.4Si,
and 310% for Sn to Li22Sn5, and this leads to less mechanical
stress and thus, pulverization of particles; and the loss of
electrical contact between individual particles and the current
collector during long-term cycling.[2]

However, despite the fact that Al was studied as a potential
lithium storage material as early as 1970 s,[3] its practical
application has not yet been fully realized. This originates from
the presence of multiple inter-linked inherent challenges such
as: 1) the formation of an amorphous surface oxide layer,[4] 2) a
large difference in lithium diffusion kinetics between the α- and
β-LiAl phases (i. e., 10� 8 to 10� 9 cm2s� 1 in β-LiAl, and
~10� 11 cm2s� 1 in α-LiAl),[5] which leads to diffusional lithium
trapping,[6,7] 3) mechanical brittleness of the lithiated phases,[8]

4) heterogeneous nucleation with unequally distributed inter-
facial strain,[9,10] and 5) formation of nanopores/voids after β-to-
α-phase transformation.[4,11,7] All result in accelerated capacity
fading leading to low coulombic efficiency and poor long-term
cycling stability. Moreover, due to synthesis related difficulty
and extreme flammability of fine Al powders, it is found to be
problematic to integrate Al into traditional slurry-coated
electrode design and is the reason why there has been a
growing interest on Al foil based anodes, which are also
inexpensive and highly scalable.[1]

It is noteworthy to mention that in defiance of the
monumental enthusiasm in navigating and researching new
anode candidates, both by the academic and industries, Al has
not relatively received the much deserved attention considering
its intrinsic attractive properties that are essential for anode
materials, for instance, compared to its silicon counterpart.[12]

Notable findings by Park et al. on anode material of carbon
and aluminium hybrid nanoparticles (40 wt% AlC60) demon-
strated to sustain a capacity of >900 mAhg� 1 for over 100
cycles.[13] To this day, there has been growing efforts by various
researchers across the world to understand the working and
failure mechanisms of aluminum anode - based lithium-ion
batteries.[1,7,9,11,14]

Considering the huge potential of Al as anode materials for
LIBs, there is a need for an in-depth investigation to holistically
comprehend the root causes of the various failure mechanisms
and their subsequent impact on the electrochemical perform-
ance.

Owing to its significant importance, this work focuses and
investigates the mechanism towards the decisive role of
alumina (Al2O3) in the nucleation and reversibility of β-LiAl
production. To gain a deeper insight into the mechanistic
understanding, several analytical tools including X-ray diffrac-
tion (XRD), high precision electrochemical micro calorimetry
and neutron depth profiling (NDP) have been employed. Since
recently, NDP has emerged as a recognized analytical technique
for an in-depth understanding of Li-ion batteries, enabling the
precise determination of a Li depth profile.[15,16,17]

The enthalpy of crystallization of β-LiAl, as determined by
electrochemical micro calorimetry, is found to be 40.5 kJmol� 1,
in a strong agreement with the value calculated using Nernst

equation (40.04 kJmol� 1). Surface treatment of Al (i. e., active
material) by the addition of 25 nm of alumina is found to
increase the nucleation energy barrier by 83% (222 vs.
121 kJmol� 1) over the native oxide layer. Moreover, surface
treatment is found to slightly increase the coulombic efficien-
cies compared to untreated ones.

Finally, the systematic investigation approach implemented
in this work presents to be of significant importance and will
spur an out-of-box roadmap and direction to comprehensively
understand and thus overcome the intrinsic challenges associ-
ated with Al anode and thereby facilitate the practical deploy-
ment of Al-anode based LIBs.

Experimental

Electrode and Coin Cell Preparation

2032 coin cell hardware and 200 μm thick lithium chips were used
(Gelon LIC Group, China). The working electrode was aluminum foil
(cathode substrate) from MTI XTL. Wattman GF-C fiber paper was
used as a separator and the electrolyte is a blend of ethylene
carbonate (EC) and ethyl-methyl carbonate (EMC) in a 3 to 7 ratio
by wt% with 1.2 M LiPF6 as ion conducting salt and 10 wt%
fluoroethylene carbonate (FEC) as an electrolyte additive. The cells
were assembled in a dry room with a dew point below � 55 °C. All
hardware and electrodes were dried for 24 hours under vacuum at
80 °C before use. The cells were then sealed with an epoxy (Torr
Seal, Agilent) to eliminate any noise from the heats of vaporization
of electrolyte leaving the test samples.

Materials and Material Processing

Scanning electron microscopy (SEM) with energy dispersive X-ray
spectroscopy (EDX) was used to investigate the aluminum foil
sample. Cross-section samples were prepared by argon ion polish-
ing using an SM-09010 polisher by JEOL. The SEM measurements
were performed using a SEminiSEM 300 (Carl Zeiss Microscopy).
Secondary electron (SE) and backscattered electron (BSE) images
were collected at 15 keV. Panoramic images were produced by
using Atlas software V. 5.3.5.3 (Carl Zeiss Microscopy). EDX was
performed using Ultimax 65 SDD-detector and Atec V. 6.0 software
(Oxford Instruments) and it was operated at 15 keV and the spectra
was collected at 10s live-time. The collection time of maps differed
due to drift effects.

The working electrode tested is a readily available lithium-ion
cathode substrate from MTI XTL (EQ-bcaf-15u-280). This foil is
>99.3% aluminium with a thickness of 15 μm thick (Figure 1a).
While it is reported to be <0.3% iron, the authors of this study
found that the cross sectioned images display micron sized iron
throughout and a notable amount of iron on one side (Figure 1b).
This is likely to emanate from a rolling process as the two sides also
have visually different roughness. The side with less iron was
oriented facing the counter electrode. The presence of an
amorphous surface layer can be seen as a nodular growth on the
surface and along grain boundaries in Figure 1c.

An additional test group consists of this foil that had been
processed by Solaytec. Atomic layer deposition was used to deposit
an additional 25 nm of alumina on the substrate. This is approx-
imately ten times greater than the thickness of the native
passivation layer. Care was taken to ensure that the deposition was
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on the side free of iron. Figure 1d) displays the thickness and varied
density throughout the cross section.

Neutron Depth Profiling

Neutron depth profile experiments (NDP) were conducted on the
TNDP spectrometer of the NPI CANAM infrastructure at the nuclear
research reactor LVR15 in Řež (operated by the Research Center
Řež). NDP, a non-destructive analytical technique for quantifying
and measuring lithium that absorbs neutrons as a function of depth
within the electrode material, is governed by the following nuclear
reaction (Eq. (1))[18]

6Liþ n! 3H ð2727:9 keVÞ þ 4He ð2055:5 keVÞ (1)

The method utilizes a nuclear reaction of Li atoms with neutrons,
resulting in charged alpha (α) and triton (t) particles, 6Li(n,α)t that
exhibits a high cross-section of 940 barn. The sample irradiated by
a thermal neutron beam is facing a solid-state detector and emitted
charged particles with residual energies are counted with a
multichannel analyzer. For each measurement performed, the
spectrum was normalized by a neutron monitor measuring the
fluence of neutron beam. Energy calibration was performed using
isotopically enriched 6LiF sputtered on Mylar foil as standard. The t-

and α-peaks in the raw NDP spectra were fitted with a Gaussian
function to determine the peak positions and correlate them with
the recoil energies of emitted particles from the 6Li(n,α)t reaction in
the samples. The calibration for elemental abundance was done by
measuring an SRM2137 boron standard with a defined concen-
tration of 1.904�0.015×1016 10B/cm2, certified by the National
Institute of Standards and Technology (NIST).

By comparing the peak areas in the NDP spectra with the Li
concentration, it is possible to determine the scaling factor from
counts to concentration. A methodology similar to that reported by
Pivarnikova et al is employed in this study.[17] After calibration
procedures, NDP was performed on aluminum foils with a 0%, 25%
and 50% lithiation degree – with 100% state of charge (full
lithiation) defined as the pure β-LiAl phase (Figure S1) – with a
2.8 μm Kapton foil placed between the detector and sample to
remove the α contribution from the spectra and thus improve
resolution of the triton contribution in bigger depths. The samples
were measured in vacuum condition of about 1 mbar, from both
sides to achieve the best depth resolution throughout the whole
thickness of the foil. N4DP software was used to analyze and
interpret the obtained data.[19]

Figure 1. a) and b) Pristine aluminum foil displaying iron contamination throughout and on one surface. c) Nodular growth of amorphous aluminum oxides;
suggested to be lithium aluminum oxide (Li� Al� O), and d) thicknesses of the native oxide layer “1” and ALD deposited layer “2”.
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X-Ray Diffraction

Aluminum foil was electrochemically lithiated in half cells with a
current rate of C/40 to a state of charge (SOC) of 25% and 50%.
Hereby, the 100% state of charge (full lithiation) was defined as the
β-LiAl phase. The electrodes were kept between two sheets of
Kapton foil after the cell disassembly and during the measurement.

For the X-ray diffraction (XRD) measurements on the extracted
aluminum foils, Empyrean X-ray diffractometer (Malvern Panalytical)
was used with GaliPIX3D detector and MoKα1 radiation (λ=

0.70932 Å). The samples were measured in transmission mode
under rotation in a 2θ-range between 7–49° 2θ with a step size of
0.0035° 2θ and a measuring time of 42.59 s for each step. The total
measuring time for each sample was between 7 and 36 h to ensure
good statistics. One pristine aluminum foil as well as three
aluminum foils at 25% and 50% lithiation degrees were probed.
Furthermore, a LaB6 NIST660c powder sample was measured as a
reference sample. The phase analysis was conducted with
HighScore[20] software. α-LiAl, β-LiAl and LiOH phases were
identified and used for the Rietveld refinement.

Electrochemical Micro-Calorimetry

Heat flow data was collected by supplying current to coin cells
housed in a TAM IV iso-thermal micro calorimeter (TA Instruments)
in a 40.00 °C environment. The cells were cycled using Keithley
2602 C sources. Currents were in the 1 mA range with an accuracy
of + /-0.02%+200 nA with a 10 nA resolution. Voltages in the 6 V
range are measured with an accuracy of + /- 0.015%+1 mV with a
10 μV resolution using a time resolution of less than 1 s. The
samples were measured at a rate less than C/40 for fifteen
consecutive cycles. The first lithiation was conducted at a rate of C/
100 to avoid lithium plating while promoting the nucleation of the
β-LiAl phase. The coin cells were sealed with epoxy to eliminate
any noise from the heats of vaporization of electrolyte leaving the
test samples. The detailed description of the equipment setup and
methodology for these techniques is provided by Krause et al.[21] To
ensure reproducibility, all electrical and thermal testing were
conducted in triplicate and the error is represented by the standard
deviation of the test group.

The coin cells were cycled in a capacity limited fashion to avoid the
possible production of higher lithiated phases than β-LiAl and
maintain mechanical robustness of the foil. This particular foil has
been found to become mechanically unreliable past a lithiation
degree of 60%. The first lithiation was performed at 8.1 mAg� 1 (C/
83) to avoid lithium plating while navigating the over-potentials
associated with the first formation of β-LiAl. Subsequent delithia-
tions and lithiations were conducted at 16.3 mAg� 1 (C/40).

2. Results and Discussion

2.1. Neutron Depth Profiling and X-Ray Diffraction

NDP measurements are performed on aluminum foils with 0%,
25%, and 50% lithiation degrees. The raw NDP spectrum shows
two strong triton (t) peaks around 2200 keV and 2700 keV,
which stem from Li on the sample surfaces (Figure 2a)). The t
particles lose energy as they move through the samples.
Therefore, the peak at higher energy values results from Li
accumulating near the top surface; and the t peak with lower
energy is due to the reaction of neutrons with Li on the

opposite (back) surface of the foil. The measured counts
between these two peaks correspond to Li within the Al foil.

The onset of the α-peaks, which contain the same
information (with higher resolution but less penetration depth)
as t, can be seen at lower energies where they are shifted due
to the Kapton film used as a filter during the measurement. In
contrast, the pristine Al foil has no notable peaks, which
corresponds to no Li detection as was expected. The 25% and
50% lithiated samples show lithiation across the whole foil
thickness, suggesting that no pristine aluminum zone is left
inside the sample. Lithiated foils were measured from both
sides to increase measurement accuracy. Here, the front side is
defined as the side of the foil facing the separator during the
lithiation, and the back side is the side facing the cell housing.
The two measurements are combined at the point where the Li
concentrations overlap (Figure 2b)).

For the NDP analyses, a uniform density of the foil is
assumed, which corresponds to the density of pristine alumi-
num of ϱ=2.698 g/cm3, to estimate the thickness and the
concentration. However, the actual density of the foil will be
slightly lower since lithiated LiAl phases have lower densities
than pure (non-lithiated) Al. For both foils, one can see high Li
peaks at the surfaces on both sides, reaching up to about 2 μm
into the bulk of the foil. Liu et al. reported a substantial increase
in Li concentration during operando measurements at the

Figure 2. a) NDP spectra for 0%, 25% and 50% lithiation, and b) Combined
Li depth profiles for the front side and back side measurements. The plateau
of the 25% lithiated sample is assumed to be α-LiAl phase with 5 at% Li,
and thus the concentration of the β-phase is estimated using that value.
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interface between electrode and separator with a similar
depth.[15]

On the front side, the surface peak has the same height for
both lithiation degrees. In contrast, the back side shows a
higher surface peak with a concentration of 25% lithiated foil
exceeding the concentration of 50% lithiated foil. Since the
surface peaks are visible on both sides, it is likely that during
cell assembly, the electrolyte may have also infiltrated the back
side of the Al foil.

Therefore, one can assume that the peaks partly result from
either the formation of a solid-electrolyte interphase (SEI) or the
formation of a Li� Al� O glass layer due to the electrochemical
reduction of the native Al2O3 in the presence of Li metal.[4] As a
kinetic barrier for the formation of the crystalline β-LiAl needs
to be overcome, it is also assumed that higher lithiated
amorphous Li1+xAl phases are present at the surface.[22] This
finding might explain why the surface peaks have the same
concentration and width regardless of the lithiation degree. The
peaks on the back side of the surface exhibit higher concen-
tration values than the front side, which is somewhat surprising.
It can be assumed that the Li on the front side will be extracted
from that surface layer during lithiation and propagates towards
the bulk region of the electrode. However, this remains the
same at the backside as there is no such a driving force.

On the front side, the concentration of the 25% lithiated
sample decreases monotonously towards the bulk of the foil. It
is also visible that the concentration does not reach zero at any
point, which confirms that the lithiation covers the whole
thickness of the foil. For the 50% sample, the concentration
shows a shoulder from 2–5 μm with a higher slope before this
slope declines again. From 5 μm onwards, the concentration
decreases at a slower rate, which is close to the 25% sample.
However, the concentration does not reach the value of the
25% lithiation sample in the bulk of the foil and always remains
at a higher level throughout the entire thickness.

Upon lithiation, aluminum forms a solid solution first with Li
(LixAl1-x, α-LiAl) until it reaches the solubility limit (i. e., super-
saturation stage) and then forms the β-LiAl phase after further
lithiation.[23–25] In different studies, the solubility limit for Li
inside aluminium is reported to lie somewhere between
5 at%[15,25] and 11 at% Li.[23] The transition from α-LiAl to β-LiAl
occurs at the surface when β-LiAl nuclei are formed that are
growing vertically inside the bulk and protruding outwards.[1,9,15]

For the 25% lithiated sample, the elevated Li concentration
decrease from the surface towards the bulk indicates these β-
LiAl regimes. Since the concentration inside the bulk is relatively
constant, it can be assumed that it mainly consists of the α-LiAl
phase. For the 50% lithiated sample, the β-LiAl regimes grow
further into the bulk, which is visible at elevated concentra-
tions.

Since with NDP, the alpha and triton particles are detected
only lose energy while passing through the material, 0 μm
depth corresponds to the actual surface of the foil regardless of
surface roughness. The measured Li concentration gives the
mean value throughout the sample area at that given depth. In
the case of the formation of homogeneous lamellar-like β-LiAl
with a clear edge between the β-LiAl phase and the less

lithiated α-LiAl phase, which has been reported with SEM,[1,7]

one would expect to see a clearly defined decay in the Li
concentration at a distinct depth value in the NDP curve. As this
is not the case, it can most likely be assumed to have a more
inhomogeneous structure.

For the nucleation of the β-LiAl, an energy barrier must
surpassed.[26] This overpotential was suggested to originate
from the necessary mechanical work for deforming the
surrounding α-LiAl phase.[27] Simultaneously, the overpotential
affects the morphology of the β-LiAl as higher overpotentials
result in faster nucleation rates and lead to a more homoge-
neous β-LiAl surface coverage.[1,9] In our case, the overpotential
can be estimated to be around � 0.1 V, indicating the formation
of ellipsoidal LiAl rather than homogeneous lamellar structures.

At 25% lithiation, it can be assumed that the structure of Al
is not damaged too much, i. e. Al allows 25% of Li to be
absorbed without a significant material disintegration, as this
would cause a change in the Li depth profile otherwise. The
visible shoulders for the 50% lithiated sample might originate
from the inhomogeneities of the local β-LiAl particles at the
given depth, which results in the gradual decrease of the
concentration towards the bulk. Larger β-LiAl regimes are
formed in the subsurface region up to 5 μm depth due to the
intensive lithiation process, and smaller regimes are formed at a
depth of 5 to 17 μm. Such structural inhomogeneities may be
reflected in the double-slope Li profiles measured for the 50%
lithiation sample. As the lithiation is not completed at either
25% or 50% degree of lithiation, not all the β-LiAl particles are
expected to reach the back side of the Al foil. This is also visible
in the concentration profile, where the concentration towards
the back side is still significantly lower than the front (aside
from the surface peaks). It is possible that the slopes detected
for the 50% lithiated sample will even out after the lithiation is
fully completed. If the concentration of the 25% lithiation
sample in the bulk, c0�4×1020 Li/cm3, is assumed to be only α-
LiAl, one can calculate the expected concentrations for the β-
LiAl phase (Figure 2b). For a solubility limit of 5 at% Li inside
the α-LiAl sample, the β-LiAl should have a Li concentration ten
times (10x) that of the obtained value around c=4×1021 Li/cm3,
which would correspond to the concentration around the 4 μm
mark for the 50% lithiation sample. Every concentration
exceeding that value can also include even higher lithiated Li1+

xAl or some surface components of the SEI, consisting of more
than 50 at% Li.

Figure 3a illustrates the diffraction patterns for a pristine
aluminum foil with lithiation degrees of 0%, 25% and 50%.
Only aluminum can be identified in the diffraction pattern for
the pristine sample. Lithiated samples show additional peaks
that can be ascribed to β-LiAl (e.g., 2θ=11.10°), LiOH (e.g.,
2θ=14.86°) and other phases, which are not visible in the
pristine sample. The LiOH likely results from the reaction of Li
with unavoidable traces of water in the electrolyte (i. e., 2Li+
2H2O!2LiOH+H2). Since α-LiAl has the same crystal structure
with almost identical lattice parameters as pristine aluminum, it
was impossible to fit both phases reliably using Rietveld
refinement. However, NDP measurements suggest that all
aluminum is partially lithiated. Thus, one can assume that only
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α-LiAl phase with increasing average Li content is present and
can be used in the Rietveld Refinement. Furthermore, the
aluminum/α-LiAl peak intensities decrease with higher lithiation
degrees. Higher lithiated crystalline phases could not be
detected in any of the samples, which is in agreement with the
phase diagram of LiAl.[26] The same goes for the metastable LiAl3
phase.[28]

Quantitative phase analysis with Rietveld method was
performed to determine the phase fractions. The data was fitted
using the three phases, namely α-LiAl, β-LiAl and LiOH, which
yielded good results as depicted in Figure S2. From the phase
analysis, the 25% lithiated samples contain higher amounts of
α-LiAl (Figure 3b), while the 50% lithiated samples have higher
LiOH and β-LiAl amounts. Hereby, the difference in β-LiAl
between the two lithiation degrees is relatively small, while the
difference is more significant for LiOH. At 25% lithiation degree,
the Li amount inside the foil should be around 12.5 at%. If the
lithiation was uniform throughout the sample, one can expect
to detect α-LiAl almost exclusively inside the foil. As this is not
the case, it can be reasonably concluded that an inhomoge-
neous lithiation pattern exists, forming a homogenously
lithiated α-LiAl to some degree up to its solubility limit, before
converting into β-LiAl. This mechanism is in agreement with the
concentration profiles from the NDP data (Figure 2b). An
increased accumulation of Li near the surface is visible, which
decreases towards the bulk of the material.

The bulk‘s flatter concentration profile can be assigned to
the α-LiAl phase, whereas higher concentrations towards the
surface might result from β-LiAl or higher lithiated phases. The
relative ratio between β-LiAl and bulk α-LiAl phase should

roughly be a factor of 4.5 to 10 (depending on whether the
solubility limit for α-LiAl is as low as 5 at% Li or as high as
11 at% as estimated from previous works).[15,23,25] NDP data from
this study confirm that the solubility limit for α-LiAl is closer to
5%.

The phase analysis shows that the amount of β-LiAl is
slightly higher for the 50% lithiated sample, while the differ-
ence is more significant for LiOH. Therefore, it can be assumed
that Li inside the β-LiAl phase can undergo reaction with the
moisture (ca. 2Li+2H2O!2LiOH+H2) and/or traces of oxygen
that exist along with the moisture (O2+2H2O+4Li+ +4e� !
4LiOH) in ambient air or electrolyte to form the LiOH phase, a
common degradation compound found on surfaces of
electrodes.[29] This indicates that the surface peaks measured
with NDP might also be attributed to the formation of LiOH.
With the XRD, only crystalline phases inside the materials can
be detected. Higher lithiated amorphous phases of aluminum
like Li1+xAl might be present inside the foils since its growth
has been detected before crossing the two-phase plateau in the
potential curve.[22]

2.2. Electrochemical Micro-Calorimetry

The total energy loss arising from heat production/dissipation is
mainly attributed to entropic (QEntropic), parasitic (Qparasitic) and
polarization (Qpolarization, ohmic heat) factors. The parasitic factor
refers to any chemical or electrochemical driven irreversible
decomposition of electrolyte constituents (solvents, salt anions,
additives, impurities), surface species, formation and decom-
position of SEI layer, self- discharge etc. Figure 4 presents the
voltage and thermal response during lithiation and delithiation
processes as well as irreversible entropic changes during cycles
1 and 2.

The enthalpy potential, UH, is expressed as in Equation (2).

UH ¼ U �
_q
i (2)

Where U is the cell potential (V), q is the thermal signal (W)
and i is the current (A) response. The difference between U and
UH can be considered as entropy contribution. Immediately
noticeable in this data (Figure 4 b) is that even with capacity
limited cycling, the material drops below the β-LiAl plateau
after the first cycle which has a coulombic efficiency greater
than one; and this implies that the kinetics of delithiation is
more the limiting factor than those involving the lithiation.
During the first lithiation, it is also evident that the untreated
(without Alumina coating) samples experience a linearly
increasing enthalpy potential with the introduction of lithium.
This is assumed to be from parasitic heating and is present in
all untreated samples, while reduced (nearly invisible) in treated
samples. However, it has to be noted that though the
magnitude could be different, the possibility of having even
lesser degree of parasitic heating on the treated samples cannot
be neglected. Both the treated and untreated samples display
lithiation beyond β-LiAl during the second cycle, which is not

Figure 3. a) XRD patterns for different lithiation degrees (0%, 25% and
50%), and b) Phase fractions identified with Rietveld analysis for the 25%
and 50% samples. Errors bars show standard deviations.
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detected in the XRD analysis. During the first lithiation, the
large overpotential associated with the nucleation of the β-LiAl
phase is also apparent. This is shown in Figure 5a where the
exotherm associated with the nucleation and initial formation
of β-LiAl is measured. The addition of extra 25 nm of Al2O3

(referred to as treated sample) is found to increase this energy
by 63% (i. e.; from 161 to 262 kJmol� 1).

The free energy associated with the formation of β-LiAl is
calculated from the Nernst equation (Equation. 3) using the
potential upon delithiation and is found to be 40.04 kJmol� 1.
Figure 5b displays the enthalpy of formation while delithiating
the β-LiAl phase where it is found to be 40.5 kJmol� 1, which is
in a strong agreement with the calculated value.

This finding confirms that the nucleation energy barrier for
the treated and untreated samples are 120.5 and 221.5 kJmol� 1

respectively, as the measured heat during the initial generation
of β-LiAl holds the heating from nucleation as well as the
formation.

G ¼ � nFE (3)

Where G is the Gibbs free energy, n is the number of
electrons transferred in the reaction, F is the Faraday constant
(96.485 C/mol) and E is the potential difference.

Concerning the effect of alumina on the reversible lithiation
of the material, it is clear from the coulombic efficiencies that it

Figure 4. Electrical and thermal data from cycles: a) 1 and b) 2 of both untreated aluminum sample (black) and the sample with additional Al2O3 deposited
(red, treated). Dashed lines represent enthalpy potential while solid lines represent cell potential on the upper charts.

Figure 5. a) Electrical and thermal response during the first lithiation of both samples. The dashed line is the enthalpy potential. The integrals are the sum of
the energy associated with the thermal event. b) Potential, heat flow, and enthalpy potential during the first delithiation displaying the enthalpy of formation
for β-LiAl.
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does not have a negative impact (Figure 6). On average,
throughout the life of both sample groups, the addition of
25 nm of Al2O3 resulted in no statistically significant difference
to the coulombic efficiencies, except in some aspects and
(unexpectedly) a reduction in total heat production.

3. Conclusions

This work is aimed at investigating the role of alumina (Al2O3) in
the nucleation and reversibility of β-LiAl. For this purpose, the
reactivity of the native oxide (Al2O3) layer was monitored by
introducing additional alumina and measuring the performance
response from both electrical and thermal data. It is found that
the 10x addition of alumina results in a significantly increased
nucleation energy barrier compared to the untreated sample,
yet no negative impact on the reversibility of the electro-
chemical response. The total heat measured during cycling is
found to be reduced for the treated samples. Findings from this
study suggest that the added Al2O3 blocks the nucleation sites
while fostering better passivation on the underlying aluminum.
The enthalpy of formation for the β-LiAl phase is measured to
be 40.5 kJmol� 1, in a strong agreement with the calculated
value, 40.04 kJmol� 1, using Nernst equation. The nucleation
energy barrier for aluminum with a native passivation layer was
found to be 120.5 kJmol� 1. The coulombic efficiencies are also
found to be slightly higher in the treated samples.

Furthermore, the lithiation of aluminum foil is found to be
inhomogeneous as Li accumulates close to the interface
between the electrode and separator, and decreases towards
the bulk. NDP analysis evidenced the existence of two different
slopes inside the aluminum foil, suggesting structural inhomo-
geneities. Further studies on the evolution of the Li distribution
after consecutive cycles and the effect of different surface
coatings on the reversibility of the lithiation process need to be
conducted.

Lastly, calorimetry data obtained from this work strongly
suggests that Al2O3 does not play a role in the production of

Li� Al� O, which is one of multiple detrimental challenges
plaguing the reversibility of aluminum anodes in lithium-ion
batteries.

4. Supplementary Information (SI)

Figure S1. Electrochemical lithiation of the aluminium foils.
100% lithiation is defined as pure β-LiAl phase.

Figure S2. Rietveld refinement of a 25% lithiated Al foil. The
identified phases are α-LiAl, β-LiAl and LiOH.
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