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The atomistic mechanism for lithiation/delithiation in all-solid-state batteries is still an open question, and
the ‘holy grail’ to engineer devices with extended lifetime. Here, by combining real-time scanning electron
microscopy in ultra-high vacuum with electrochemical cycling, we quantify the dynamic degradation of Al
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anodes in Li-ion all-solid-state batteries, a promising alternative for ultra lightweight devices. We ﬁnd that
AlLi alloy mounds are formed on the top surface of the Al anode and that degradation of battery capacity
occurs because of Li trapped in them. Our approach establishes a new platform for probing the real-time
degradation of electrodes, and can be expanded to other complex systems, allowing for high throughput
characterization of batteries with nanoscale resolution.

Introduction
Increasing the capacity of Li-ion batteries remains a critical
technological challenge given the increasingly pervasive use of
electrochemical energy storage in portable electronics, transportation, and the electric grid.1–5 Li alloy electrodes are
attractive due to their high capacity, but suﬀer from large
volumetric expansion/contraction during lithiation/de-lithiation, which can lead to fracture and pulverization of the
anode material.6–8 This failure mechanism can be mitigated in
Si nanostructures and thin lms by reducing the diameter or
thickness to below !100 nm, which allows the material to
better accommodate lithiation/de-lithiation strains without
fracture.9 In contrast to Si, Hudak et al. observed that Al
nanowires and lms exhibited a reverse trend: smaller diameter nanowires and thinner lms degraded more rapidly
compared to similar structures with larger critical dimensions.7,10 This eﬀect was attributed in part to the rapid loss of
electrical conductivity due to pulverization in small structures.
Ichitsubo et al. have also recently investigated lithiation of Al
anodes and suggested that the large strain energy associated
with AlLi formation inside the Al matrix retarded the kinetics
of lithiation/de-lithiation suﬃciently to eﬀectively arrest the
reaction.11,12
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Here, we combine real-time scanning electron microscopy
(SEM) and Auger electron spectroscopy (AES) under ultra-high
vacuum conditions with electrochemical cycling to understand the dynamic degradation of the Al anode upon
charging–discharging of a thin lm, all-solid-state Li-ion
battery (TFLIB) with a LiCoO2 cathode and N-doped LiPO4
(LiPON) electrolyte. In situ transmission electron microscopy
(TEM) experiments have been previously performed with both
Si and Al single nanowire anodes.6,7 Although highly informative, the morphology evolution captured in single nanowire
electrode studies may not be representative of larger macroscopic systems due to size scaling of material mechanical
properties and surface eﬀects, as well as due to uncertainties
in the location of active electrolyte/electrode interfaces.
Furthermore, electrochemical experiments with individual
nanostructures under strict galvanostatic control are highly
challenging because they operate at very small currents. Using
an all-solid state battery compatible with an ultra-high vacuum
environment and electron beam based imaging and spectroscopic tools, we were able to precisely control the lithiation
rate, the battery state-of-charge and state-of-discharge (SOC
and SOD, respectively), record the electrochemical potential,
and to correlate these parameters with specic changes in the
electrode morphology and chemical composition. An additional motivation for investigating TFLIBs with Al anodes is
that compared to Li which melts at 165 " C, the higher melting
point of Al makes it more attractive for ‘on-chip’ energy storage
applications. In addition, the high conductivity, higher
melting point (relative to Li), low cost, and compatibility with
complementary metal–oxide–semiconductor (CMOS) processing make Al an attractive replacement to the currently used
thin lm Li anodes in all-solid state batteries for on-chip
integrated microbatteries.
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However, we nd that these batteries lose 90% of their
capacity aer 100 cycles. An explanation to the source of the
capacity loss is provided by our observation that Li predominantly reacts with Al on the anode surface rather than at the
anode–electrolyte interface. This surface reaction leads to
signicant changes in the Al lm morphology during lithiation. With an increasing number of cycles, the smooth
surface of the Al lms (typical grain size z200 nm, and root
mean square roughness of z20 nm) becomes covered with
quarter-micron high AlLi mounds. The loss in battery
capacity is directly related to the gradual irreversible Li
trapping in these formations. Remarkably these mounds
remain in electrical contact with the bulk Al anode. This is
inconsistent with the common assumption that capacity loss
in reactive anodes that experience large strains during lithiation is due to pulverization and degradation of the electrical contact.13 We postulate that the origin of the capacity
fade is due to the blockage of Li and Al diﬀusion pathways
necessary for the decomposition of AlLi at room temperature
and which occurs as a result of Li–Al–O formation on exposed
Li–Al surfaces inside the porous mounds.

Experimental section
All solid-state battery fabrication
The samples were fabricated on a Si (001) substrate with a 100
nm thick SiO2 layer. 20 nm of Ti and 120 nm of Pt, or a
sequential deposition of Ti(30 nm)/Pt(90 nm)/Ti(40 nm)/
Pt(100 nm)/Ti(80 nm) were used as the bottom contact for
current collection. 305 nm of crystalline LiCoO2 (cathode)
was deposited by sputtering in the same chamber and
without exposure to air. The sample was then annealed in
ambient oxygen at 700 " C for 2 h to smoothen the cathode
layer.14 Following the heat treatment, the sample was sputtercoated with 365 nm of LiPON (electrolyte) and nally 400 nm
of Al (anode). Batteries with 0.51 mm diameter were fabricated by using a stainless steel shadow mask for the anode
deposition.
In situ SEM measurements
The in situ electrochemical measurements were performed
under ultra-high vacuum conditions at 8.0 # 10$8 Pa (6 # 10$10
Torr) using a tungsten probe as the top current collector and the
sample stage as the bottom contact. A current–voltage generator
was used to charge the device. Simultaneously, all the in situ
SEM images were acquired using a 5 kV, 100 pA electron beam
and an in-lens detector.
Ex situ TEM and SEM measurements
Cross-sectional transmission electron microscope (TEM) thin
lm samples were prepared by focused ion beam technique.
Initially, we deposited 2 mm of Pt as a protective layer. A
representative region of the sample was lied-oﬀ and glued to a
cross-sectional Cu TEM grid. Finally, the sample was thinned to
electron beam transparent thickness. High spatial resolution
imaging and micro- or chemical-analysis were performed using
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an analytical TEM, operating at 300 kV accelerating voltage with
3.8 kV extraction voltage. The system is also equipped with a
3000 high-angle annular dark-eld (HAADF) detector and a
lithium-dried silicon energy dispersive X-ray spectrometer.
The ex situ SEM measurements were performed using a 5.0 kV
electron beam, 50 pA beam current, and two types of secondary
electron detectors: through-the-lens (TLD) and ion imaging
(ICE).
In situ Auger electron spectroscopy
AES measurements were performed in situ before, during and
aer lithiation cycles. The electron beam incident angle and
take-oﬀ angle to the analyzer were 25" and 35" correspondingly
with respect to the sample normal. AES spectra were collected
via rastering over 2 # 103 mm2 areas, using 1 nA and 3 keV (or 7
keV) electrons. The sputtering was done inside the same
chamber using 2 keV Ar ions for shallow (tens of nanometers)
and deep (hundreds of nanometers) etching.

Results and discussion
Plan-view and cross-section SEM images of an as-fabricated
battery with an Al anode are shown in Fig. 1a and b, where it
can be seen that the amorphous LiPON layer conformally
coats the LiCoO2 layer without interfacial aws. With these
dimensions, each 0.5 mm TFLIB pad has a theoretical
maximum cathode capacity of 0.0412 mA h (21.2 mA h cm$2)
and an anode theoretical capacity of 0.211 mA h (107 mA h
cm$2). The batteries were cycled in ultra-high vacuum (base
pressure of 8.0 # 10$8 Pa) using a tungsten nanomanipulator
probe as the top current collector and a current–voltage
generator to charge the device. Fig. 1c shows a cyclic voltammogram (CV) from 2.0 V to 4.2 V versus Li/Li+ at a 0.15 mV
s$1 scan rate for a representative battery upon three full
sweeps. A capacity of z20 mA h cm$2 is reached on the rst
charge cycle, or z94% of the theoretical cathode capacity
and only z20% of the theoretical anode capacity.15 However,
the battery rapidly degrades, losing z90% of its capacity
aer 100 cycles, as shown in Fig. S2.† The capacity loss is on
discharge (i.e. the capacity measured during charging is
nearly identical to the capacity measured during the previous
discharge) indicating that Li is irreversibly trapped in the
anode.
The rst galvanostatic charge–discharge cycle collected at a
current density of 15.3 mA cm$2 is shown in Fig. 3a. Fig. 3b–i
show SEM images of the Al anode surface recorded at the stateof-charge (SOC) and state-of-discharge (SOD) referenced to the
Al anode indicated by the arrows in Fig. 3a. The charge cycle
shows a local maximum at 3.78 V (black arrow). Simultaneously,
bright features nucleate at the surface of the anode. Similar
batteries charged using diﬀerent current densities exhibited the
same behavior (see Fig. 2). The voltage peak was initially associated with the formation of AlLi.16 More recently, however, in
situ experiments of Y. Liu et al.6 and Hudak and Huber10
provided convincing evidence that this dip in potential is due to
formation of a Li–Al–O surface layer.6,10,17,18 We thus associate
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Fig. 1 Al anode thin-ﬁlm battery. (a) Plan view and (b) cross-section
SEM images of a representative Al anode all-solid-state thin-ﬁlm
battery before cycling. A very uniform and granular surface is
originally obtained by the electron beam deposition of Al. (c) Cyclic
voltammogram from $2.0 V to $4.2 V versus LiCoO2 at a 0.15 mV
s$1 scan rate for a representative battery. The ﬁrst three cycles are
shown. For the SEM images: (a) detector: TLD, voltage: 5.0 keV,
beam current: 100 pA, (b) det: TLD, voltage: 5.0 keV, beam current:
50 pA.

the features nucleated on the surface with the formation of
Li–Al–Ox. Upon further lithiation (Fig. 3b–f), secondary features
(mounds) with a distinctly diﬀerent contrast emerge from the
side of the initial bright nucleation sites. These mounds
increase in volume until a cell voltage of $4 V is reached (Fig. 3f)
(see video #1 in the ESI section†).
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During discharge most of the mounds contract due to
delithiation of AlLi. With further cycling the anode area
becomes increasingly covered with mounds, which impinge
on each other, forming crack-like features at their boundaries. At this stage, the level of expansion/contraction of the
AlLi mounds decreases substantially, as does the battery
capacity.
To determine the structure of these features we used a Ga
focused ion beam (FIB) to extract a cross-section of the batteries
followed by TEM with selected area electron diﬀraction (SAED).
Fig. 4a shows a cross-section SEM image of a FIB-cut discharged
battery aer 10 charging cycles, while a similar cluster from the
same battery is seen in a TEM bright-eld image in Fig. 4b with
the corresponding SAED pattern shown in Fig. 4c. The TEM
images indicate that the mounds consist of nanometer-sized
randomly oriented grains of the AlLi Fd3m phase. There is no
evidence of formation of other room temperature stable alloys,
such as Li3Al2, Li9Al4,19 and Li2Al,20 which present a higher
concentration of Li.
Another surprising nding revealed by TEM is that the
bulk of the anode lm remains fcc-Al (Fig. 4d) without any
evidence of reaction and no measurable Li, indicating that
the lithiation process primarily occurs at the surface. This
behavior is in contrast to that observed for Si where microscopy reveals that the reaction occurs throughout the anodes.9
Aer 10 cycles, the morphology of the Al bulk remains the
same but its thickness expands z16% (Fig. S1†). Finally,
cross-section FIB and TEM images provide no evidence
that AlLi mounds lose electrical contact with the underlying
bulk Al.
We now examine in more detail how the Al anode
morphology evolves with an increasing number of charge–
discharge cycles and relate it to capacity loss. Fig. 5 displays a
sequence of in situ SEM images and the corresponding galvanostatic charge–discharge curves for ten cycles at 30 nA
(1 C-rate). Aer each cycle the mounds do not fully retract and
the surface becomes increasingly covered with immobile
mounds. When mounds impinge on each other, they form
crack-like features at the boundaries and the degrees of
expansion/contraction decrease sharply, see Fig. S2.† An
obvious conclusion is that the trapped Li is contained in the
immobile mounds as well as in the Li–Al-oxides, as suggested in
ref. 19. This is quantitatively conrmed by Fig. 5g where it is
shown that the immobile mound area closely tracks the capacity
loss. Finally, Fig. 5h shows that the density of nucleation sites
slightly increases by cycling the battery independent of the
amount of current used to charge the battery, as a result of the
Li consumption by the mound.
At rst glance it is puzzling why Li is trapped in the AlLi
mounds since they seem to maintain electrical contact with
the underlying Al lm. However, for the AlLi mounds to form
and decay the diﬀusion of both Al and Li is required. Li must
diﬀuse through the lm and Al must diﬀuse out of the lm to
be incorporated into the mound. Blockage of either of these
diﬀusion channels would lead to capacity loss. In the
following we present one scenario for how this might
happen.
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Fig. 2 Al anode battery capacity loss. Galvanostatic cycling for the battery at (a) 10, (b) 20, and (c) 30 nA. (d)–(f) Zoom in of galvanostatic
cycling showing local voltage maxima, corresponding to the nucleation potential of the Al–Li clusters. (g)–(o) Plan view SEM images
showing the morphology evolution of the Al anode surface for the ﬁrst cycling step. By increasing the charging current, the density of
clusters also increases, indicating that the Al–Li alloy formation is a kinetically driven process. For all SEM images: TLD detector, 5.0 keV,
beam current: 100 pA.

One scenario for the entrapment of Li is shown in Fig. 6.
The key point is that surface diﬀusion on Al can be suﬃciently
fast to cause large surface rearrangements at room temperature. For example the micron scale surface morphology of Al
has been observed to change even below room temperature on
less than hour time scales by Go et al.21,22 Therefore, a possible

This journal is © The Royal Society of Chemistry 2014

route for the AlLi mound formation is that Li makes its way to
the Al surface. On the surface, Al diﬀusion would be suﬃciently fast23 that Al atoms can diﬀuse into the growing AlLi
mounds and react with surface Li, increasing the mound
volume.22 This hypothesis is supported by the fact that Li
diﬀuses z9 orders of magnitude faster into Si than it does in
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Battery morphology and electrochemical performance. (a)
First galvanostatic charge–discharge cycle at 30 nA; arrows indicate time when a sequence of plan view SEM images (b)–(i) were
collected, showing Al–Li alloy evolution. For the SEM images:
detector: TLD, voltage: 5.0 keV, beam current: 100 pA. The Li
percentage shown in the top y-axis of (a) refers to the atomic
concentration of Li that diﬀuses during the charging and discharging cycles, respectively.
Fig. 3

Al,24 probably resulting in the limited number of diﬀusion
pathways observed by SEM. Further, the formation of AlLi on
the surface of the anode lm is due to our solid-state device
conguration.
This scenario raises three questions: (1) why does not Li react
with Al when it rst encounters it at the Al–LiPON interface? No
long-range diﬀusion would be required. (2) What are the initial
nucleation events observed before the mounds grow? (3) Why is
the AlLi inside the mounds unable to dissociate during
discharge aer several cycles despite the thermodynamic
driving force? An answer to the rst question is that formation
of AlLi at the interface would necessarily create large stresses
due to the volumetric expansion of AlLi in the absence of Al
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diﬀusion. As pointed out in ref. 11 and 12 these stresses would
signicantly impede nucleation and growth of the AlLi phase.
However, the AlLi mounds formed at the surface of the anode
can be free of stress if a relatively small number of mist
dislocations are formed at the Al–AlLi interface, which is
probably the case. An answer to both the second and third
questions is that the original Al lm surface is oxidized and not
a good source of Al. (Extracting an Al atom through the Al2O3
lattice would require rearrangement of the oxide, which is
unlikely because Al2O3 is very stable.) Therefore, Al is etched
underneath the oxide layer close to AlLi. This suggests that the
nucleation and the growth of the AlLi mounds require nucleation of a void with an unoxidized surface in the interior of the
lm, underneath the Al2O3, which grows into the lm as the
AlLi mound evolves. The mounds seem to grow from the sides
of the nucleated features on the surface. Perhaps the void
nucleation is caused by Li initially reacting with the oxide to
form a Li–Al–O glass as observed by Liu et al. in Al nanowires.6
The volumetric expansion of the glass could lead to delamination of the oxide from the Al lm to create a void with a clean
surface.
This model supposes that AlLi grows underneath the oxide
layer (Fig. 6). Close inspection of the SEM images (see ESI†
for real-time movies) indeed suggests that the mounds are
growing underneath the original oxide (Fig. 6a), because
small surface features present on the original unreacted
surface seem to persist on the AlLi mounds (Fig. 6b). Pores in
the AlLi phase would form during discharging for the same
reason: Al must diﬀuse (even if diﬀusion of Li in AlLi is very
fast) and the surfaces of the pores in the AlLi provide a
pathway.25
Further support for the above scenario is provided by
examining the chemical composition of the Al anode before,
during, and aer cycling by characterization using Auger
Electron Spectroscopy (AES). As expected for air exposed Al,
the surface of the anode is covered with a few nanometer
thick Al-oxide layer (Fig. 7a). The reaction of Li with this oxide
layer to form Li–Al–Ox provides a strong driving force for Li
diﬀusion to the surface rather than reacting in the bulk
where the associated strain energy impedes formation of
AlLi. During cycling, more oxygen from the ambience is able
to penetrate through microcracks into the porous AlLi
mounds where the resulting surface oxide layer impedes
surface diﬀusion paths. Evidence for continued oxidation of
AlLi in the mounds is provided in Fig. 7b, where we show that
an AlOx layer readily reforms on the surface of freshly sputtered Al lms on a time scale of !30 minutes and grows even
faster during lithiation.
Dealloying AlLi at room temperature requires clean AlLi
surfaces; exposure to oxygen or other ambient gases will
passivate these reactive surfaces. It is possible that the
apparent cracks in the SEM images are cracks in the oxide
which have allowed the impurities to penetrate underlying
pores and oxidize them, (Fig. 6c). The intricate mound/pore
morphology thus created is susceptible to degradation
during charge–recharge cycles. It is important to note that
Si thin lm anodes used in solid state batteries do not

This journal is © The Royal Society of Chemistry 2014

View Article Online

Published on 03 September 2014. Downloaded by University of Maryland - College Park on 20/11/2014 19:03:32.

Paper

Journal of Materials Chemistry A

Fig. 4 TEM analysis of the Al anode after lithiation. (a) Cross-section SEM image of a battery after ten cycling sweeps showing an AlLi

cluster formed at the Al anode's surface. A C/Pt layer is used to protect the sample surface during focused ion beam milling. Detector: ICE,
voltage: 5.0 keV, beam current: 50 pA, and tilt: 52" . (b) TEM cross-section bright ﬁeld. Scale bar is 250 nm. (c) and (d) SAED patterns from
(b) collected at two diﬀerent locations: (c) a mound on top of an Al layer containing the AlLi Fd3m phase, and (d) underneath it, showing
pure Al.

experience this degradation mode.8,26,27 The relative
stability of Si anodes has a simple possible explanation:
Si surface diﬀusion at room temperature is negligible,
and thus the formation of surface mounds and the
associated trapped Li does not occur. In fact, Li diﬀuses z9
orders of magnitude faster into Si than it does in Al. 24

Conclusions
In summary, we quantied the anode degradation lithiation/
de-lithiation processes by combining galvanostatic cycles
with SEM images and AES under a controlled environment.
The lithiation rate and the electrochemical potential were
recorded and related to specic changes in the electrode
morphology. Surprisingly, we found that signicant changes
in the Al lm morphology occur at a very low lithiation level.
We showed that upon lithiation stable AlLi alloy mounds are

This journal is © The Royal Society of Chemistry 2014

formed on the top surface of the Al anode, as a result of the
extremely low diﬀusivity of Li within Al and surface-driven
reaction. Although these mounds remain in electrical contact
with Al, they do not disappear on discharge, leading to irreversible capacity loss. Additionally, we proposed a mechanism for the AlLi alloy formation irreversibility, based on
surface oxidation of AlLi and therefore, the loss of Al diﬀusion paths. An alternative to minimize the capacity loss
observed in this system is to modify the anode surface, in
order to prevent the formation of the stable Al–Li–O alloy.
The addition of a thin and inert metallic cap layer could
prevent the surface driven reactions presented here. The
direct in situ measurement of Li diﬀusion during lithiation/
de-lithiation in an operating TFLIB represents an important
step towards understanding and engineering the surface of
Al and other metal anodes to improve the capacity of
rechargeable batteries.
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Schematic of lithiation/delithiation on Al anode thin-ﬁlm
batteries. (a) Lithium diﬀuses into the surface of the Al thin ﬁlm to react
with the Al2O3 surface oxide. Expansion of lithiated Al2O3 creates a
void with an unoxidized Al surface. (b) The surface of voids in the Al ﬁlm
provides a path for Al and Li to diﬀuse into a growing AlLi mound. As
long as the voids remain unreacted, this process is reversible. (c)
Oxidation of the surface of the voids removes the diﬀusion paths for Al
that is required for the facile decay of the AlLi mound. Layers are
depicted out of scale for clarity. The bottom row shows plan view SEM
images corresponding to each illustration (detector: TLD, 5.0 keV,
beam current: 100 pA).
Fig. 6

Fig. 5 Sequence of in situ SEM images showing Al–Li alloy
morphology evolution at the Al anode surface using 30 nA. After ﬁrst
(a) charging, (b) discharging, second (c) charging, (d) discharging, and
tenth (e) charging, (f) discharging. The insets display real-time voltage
proﬁle measurements. The blue arrows show a cluster that is isolated,
while the red arrows point to an ensemble of clusters that coalesce
after the ﬁrst charging cycle (c). Note that after ten cycles, the shape
and size of the clusters remain approximately the same, as shown in (e)
and (f). Detector: InLens, voltage: 5.0 keV, beam current: 100 pA. (g)
Discharge capacity as a function of the percentage of the area covered
by the cluster. Note the exponential decay of the capacity caused by
irreversible lithiation, which saturates for z80% of cluster coverage
area. (h) Nucleation sites as a function of the cycle number for similar
batteries charged at diﬀerent current values. In (g) and (h) the error
bars indicate single standard deviation uncertainties and are primarily
caused by uncertainty concerning the edges of the mounds and the
number of craters per mm2, respectively.
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Supporting Figure S1: Cross-section SEM images of Al anode battery before and after 10
cycles. After cycling, the thickness of the anode expands in ≈ 16 %. Detector: TLD, 5.0 keV,
beam current: 10 nA).

Supporting Figure S2: (a) Discharge capacity as a function of number of cycles at 10 nA. (b)
Galvanostatic cycling overlaid by area percentage covered with Li-Al cluster after 10 cycles
at 30 nA.
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Figure S3: (a) STEM dark image of the Al-Li cluster (darker contrast) on Al anode (brighter
contrast). EELS spectra taken from (b) Al anode and (c) Al-Li cluster at the positions
indicated in the STEM image shows only Al L-edge for (b) and both Al L-edge and Li K-edge
for (c). Atomic resolution TEM images of (d) Al anode and (e) Al-Li cluster with identified
lattice fringes nanoscale crystals.
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