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Rechargeable batteries[1] are increasingly viewed as an
important means of alleviating problems associated with an
overdependence on fossil fuels, as they can serve as storage
devices for renewable energy, such as wind and solar power,
and as power sources in environmentally friendly vehicles
(fully electric and hybrid cars).[2] Of the several battery
technologies available, lithium ion batteries (LIBs) are
considered the most promising because they provide the
largest energy storage densities.[3] However, conventional
LIBs have problems that limit their scalability, particularly in
regard to safety, lifetime, cost, and power density. All-solid-
state LIBs containing nonflammable solid electrolytes offer
the possibility of avoiding some of the safety issues associated
with conventional LIBs containing combustible liquid elec-
trolytes. Moreover, all-solid-state LIBs have increased cycle
life and energy density,[4] and in principle can be manufac-
tured more cheaply because they do not require air-tight
packaging or state-of-charge monitoring circuits. The chief
problem of all-solid-state LIBs is their lower power density,
and this is mostly attributed to the large resistance to lithium
ion transfer across the positive-electrode/solid-electrolyte
interface.[5]

Despite extensive efforts to analyze reaction mechanisms
for a number of different component materials and LIB
chemistries,[5, 6] to date it has not been possible to visualize the

electric potential distribution across working devices at the
nanometer scale. Dynamic observation of the potential
profile and its distribution across the electrode/electrolyte
interface in particular would help identify sources of resist-
ance, enabling more efficient and robust batteries to be
developed through a combination of nanoengineering and
materials design. With this objective, we used quantitative
electron holography (EH)[7] to directly observe the potential
distribution resulting from lithium-ion diffusion in all-solid-
state LIBs operated within a transmission electron micro-
scope (TEM). The results reveal in unprecedented detail how
the potential due to lithium ions is distributed across a
LiCoO2 positive-electrode/solid-electrolyte interface during
charge–discharge reactions. A steep potential drop and a
gradually extended slope owing to the electrical double layer
are formed near the interface, where the resistance to lithium
ion transfer occurs.

To directly observe the battery reaction occurring near the
electrode/electrolyte interface in a TEM, a planar all-solid-
state LIB was prepared in the configuration shown in
Figure 1a. A 90 mm thick glass ceramic sheet of composition
Li1+x+yAlyTi2�ySixP3�xO12 (ionic conductivity s = 10�4 Scm�1 at
room temperature; OHARA Inc., Japan) was used as the
solid electrolyte.[8] A positive electrode of crystalline LiCoO2

was deposited on one side of the sheet by pulsed laser
deposition (PLD) to a thickness of 800 nm, and a gold film
was then deposited on top to act as a current collector.[9] The
other side was coated with platinum, and the negative
electrode was prepared by partial decomposition of the
electrolyte sheet near the platinum current collector.[10]

The red box in Figure 1a indicates the region thinned for
TEM observation by a 40 kV focused ion beam (FIB), using
gallium ions, to a thickness of about 60 nm. The battery was
loaded on a specially designed TEM holder equipped with
two fixed electrodes for applying voltage. Figure 1b shows the
initial cyclic voltammogram (CV) obtained in the TEM. The
voltage was swept to 2.0 V at 40 mVmin�1. Symmetrical
anodic and cathodic current peaks can be assigned to the
electrochemical movement of lithium ions from the positive
to the negative electrode, and the reverse process, respec-
tively. In the positive electrode, LiCoO2, the largest amount of
lithium insertion/extraction occurs at 3.93 V (vs. Li/Li+),[11]

whilst for the negative electrode it is at 2.35 V (vs. Li/Li+).[10]

Therefore, the peak voltage of around 1.6 V in Figure 1b is
consistent with the difference between the potentials of the
two electrodes.

Figure 2a shows a bright-field TEM image of the positive-
electrode/electrolyte interface. The electrode has a columnar
microstructure orientated perpendicular to the electrolyte
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sheet. Electron interference fringe patterns, or “holograms”,
were obtained for the region enclosed by the yellow dashed
line in Figure 2a at different applied voltages corresponding
to labels (1)–(8) in the CV of Figure 1b. The corresponding
potential images and line profiles perpendicular to the
interface were then extracted (Figure 2b–i). Extraneous
potential signals resulting from variations in sample thickness
and electron charging were removed by subtracting the
potential for the initial state (0 V) from that in the applied
state. Some noise is apparent in the LiCoO2 region, which is
caused by electron diffraction that perturbs the contrast and
spacing of the electron interference fringes in the holograms.

The line profiles clearly show that the electric potential
height of the positive electrode varies gradually with the
applied voltage. In contrast, far from the interface the
potential in the electrolyte did not change at all, regardless
of the voltage. This result indicates that the resistance is
mainly concentrated near the interface, which is consistent
with the generally accepted model of potential distribution at
an interface.[12] Although the overall battery voltage is the net
difference in potential between positive and negative electro-
des, the profiles reveal how the potential is distributed
internally, providing critical information on the different
components and their interactions. Several characteristic
features are discernible in these potential profile curves; for
example, in LiCoO2, the profile has a relatively linear slope,
with a steep potential drop at the interface, and a gradual
slope in the solid electrolyte near the interface. These
characteristic profiles were completely reversible during

repeated charge–discharge cycles and disappeared when the
voltage was removed.

To verify that changes in the potential profile were due to
lithium ion movement, electron energy loss spectroscopy
(EELS) analysis was performed. The average change in
valence of cobalt ions in LiCoO2 upon lithium extraction was
measured from the EELS spectra of cobalt taken in the cross-
section “A” in Figure 2a. Figure 3 shows the core-loss spectra
for the Co L-edge in uncharged (0 V) and charged (1.6 V)
states. During charging, the energy-loss peak increased by
0.4 eV, indicating an increase in the average valence number
of cobalt.[13] In contrast, the zero-loss EELS peak did not shift
during the period of exposure (18 s). These results confirm
that cobalt was partially oxidized from Co3+ to Co4+ during
charging as a result of removal of lithium ions from LiCoO2.

Figure 4a shows the lithium ion and electron distributions
near the positive-electrode/electrolyte interface during charg-
ing, and typical distribution of the measured potential. When

Figure 2. Electric potential distribution around the LiCoO2/electrolyte
interface during the charge–discharge process. a) Bright-field TEM
image of the region near the interface. b–i) 2D potential images (left)
and line profiles (right) for the region bounded by the dashed line in
Figure 2a and obtained at voltages corresponding to points (1)–(8) in
Figure 1b. Potential [V] is given on the y axis.

Figure 1. a) The all-solid-state LIB sample. The red-boxed region was
thinned by a focused ion beam and observed by electron holography.
b) Cyclic voltammogram measured in a TEM with a voltage sweep rate
of 40 mVmin�1. EH images were taken at points (1)–(8), and are given
in Figure 2b–i, respectively.
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lithium ions are extracted from LiCoO2 via the interface,
oxidation of the positive electrode material occurs to main-
tain charge balance, as evident from the EELS spectra
(Figure 3). Consequently, holes form in the valence band and
the Fermi level decreases,[14] as illustrated in the band
structure diagrams (Figure 4b), resulting in enhanced elec-
tronic conductivity.[15] The inner potential level V0 measured
by EH is roughly defined as the volume average of the atomic
electrostatic potential owing to positively charged nuclei and
negatively charged electrons.[16] Therefore, its position in the
valence band does not change significantly during charge–

discharge cycles because lithium is a much lighter element
than the others in the system (cobalt and oxygen). Moreover,
the average amount of extracted lithium is assumed to be less
than 50 %, as no characteristic peaks corresponding to the
hexagonal–monoclinic structural phase transition of LiCoO2

were observed in the CV.[11] When the band structures shift
such that the Fermi levels in the LiCoO2 align, the local
differences in V0 become apparent. These differences can be
detected by EH, producing the linear potential slopes in the
LiCoO2 region. Stated simply, the slope of the potential curve
in the LiCoO2 represents local differences in lithium ion
concentration. Note that the sign of the vertical axes in
Figure 2b–i is positive, which is opposite to that for electronic
band structures (Figure 4b).

The potential profiles in Figure 2b–i drop steeply at the
interface, and then gradually decrease over a distance of
1.5 mm in the electrolyte. In general, when a positive potential
is applied to an electrode, a negatively charged region forms
on the electrolyte side of the interface. In our case, the solid
electrolyte permits rapid movement of positively charged
lithium ions, but not the host ions (aluminum, titanium,
silicon, phosphorus, and oxygen), whilst electrons also have a
low diffusion rate and thus cannot move as fast as the lithium
ions. Lithium ions in the electrolyte thus move away from the
interface and towards the negative electrode, forming a
lithium-poor region with net negative charge according to the
reaction:

Li1þxþyAlyTi2�ySixP3�xO12 Ð ðLi1þxþy�zAlyTi2�ySixP3�xO12Þz� þ z Liþ

The thickness of this space charge or electrical double layer
constitutes a measure of the Debye length, which can
generally be estimated using the Poisson–Boltzmann equa-
tion in accordance with the Gouy–Chapmann theory.[17] The
estimate of the Debye length obtained using the lithium
concentration in the solid electrolyte is on the order of a few
Á̊ngstr�ms only, which is much shorter than that observed in
the profiles (ca. 1.5 mm). However, the theoretical model only
takes into account electrostatic interactions between uniform
charges formed on the electrode surface and the mobile ions,
and neglects other interactions. The holographic results thus
indicate that lithium ions in the solid electrolyte are subject to
other interactions, as is the case in concentrated liquid
electrolytes. Thermodynamic analysis of the potential profiles
should enable the formation mechanism of the charge region
in the electrolyte to be elucidated. This analysis is currently in
progress.

In conclusion, we have succeeded in directly observing
changes of electric potential in an all-solid-state LIB during
charge–discharge cycles. EH has been used to successfully
quantify the 2D potential distribution resulting from move-
ment of lithium ions near the positive-electrode/electrolyte
interface. This result was confirmed using EELS results,
which showed that lithium extraction from the positive
electrode during charging results in oxidation of cobalt from
Co3+ to Co4+. Quantitative analysis of these data will allow the
sources of reaction resistance in all-solid-state batteries to be
identified, and particularly kinetic factors controlling charge–
discharge reactions at the interface. This in-situ observation

Figure 3. Co L-edge electron energy loss spectra from the LiCoO2

material in uncharged (red) and charged states (1.6 V; blue). Both
spectra were obtained from cross-section “A” in Figure 2a.

Figure 4. Effect of lithium extraction on LiCoO2 band structure and the
concomitant formation of an electric double layer. a) Lithium and
electron distributions near the positive-electrode/electrolyte interface
in the charged state (top), and typical distribution of the measured
potential (bottom). b) Extraction of lithium ions from LiCoO2 leads to
a shift of the electronic band structures. The resulting shift of the
inner potential level V0, as measured by electron holography, is
manifested in the slopes of the potential plots in Figure 2b–i. An
electric double layer forms at the interface as a result of lithium ion
diffusion, leading to the observed potential drop at the interface and
the gradual slope of the potential in the electrolyte (Figure 2b–i).
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technique based upon quantitative EH combined with EELS
promises to be a powerful technique for characterizing not
only LIBs but also electric double layer capacitors, fuel cell
batteries, and other electrochemical devices.

Experimental Section
An 800 nm thick film of LiCoO2 was deposited at 873 K for 10 h on
the solid electrolyte (OHARA Inc.) by PLD.[9] When the Au/LiCoO2/
solid-electrolyte/Pt cell was first charged, with the LiCoO2 side
positive, excess lithium ions accumulated at the electrolyte/Pt inter-
face. As a result, partial and irreversible decomposition of the
electrolyte occurred near the interface, with the resultant phase
serving as the negative electrode.[10] EH and EELS were performed
with a 300 kV EH TEM and a 200 kV aberration-corrected TEM,
respectively. The details of our TEM holder and EH analysis are
described in Supporting Information.
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