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Internal potential mapping of charged
solid-state-lithium ion batteries using in situ
Kelvin probe force microscopyf

Hideki Masuda,*® Nobuyuki Ishida,®® Yoichiro Ogata,® Daigo Ito® and Daisuke Fuijita®

Solid-state-lithium ion batteries (SS-LIBs) are a promising candidate for next-generation energy storage
devices. Novel methods for characterizing electrochemical reactions occurring during battery operation
at the nanoscale are highly required for understanding the fundamental working principle and improving
the performance of the devices. In this work, we combined Ar ion milling under non-atmospheric con-
ditions with in situ cross-sectional Kelvin probe force microscopy (KPFM) for direct imaging of the internal
electrical potential distribution of the SS-LIBs. We succeeded in the direct visualization of the change in the
potential distribution of a cathode composite electrode (a mixture of the active materials, solid electrolytes,
and conductive additives) arising from battery charging (electrochemical reaction). The observed results pro-
vided several insights into battery operation, such as the behavior of Li ions and inhomogeneity of electro-
chemical reactions in the electrode. Our method paves the way to characterize the fundamental aspects of
SS-LIBs for the improvement of device performance, including the evaluation of the distribution of the Li ion
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1 Introduction

Lithium ion batteries (LIBs) are gaining much attention as the
demands for high densification, capacity enlargement, and
enhanced safety continue to rise."” Solid-state-LIBs (SS-LIBs),
in which combustible organic electrolytes are replaced with
nonflammable solid inorganic electrolytes, show promise for
satisfying these demands as next-generation batteries.
However, solid electrolytes for the current SS-LIBs have various
disadvantages, such as low power densities caused by high
ionic resistivity at the interfaces between electrode active
materials and solid electrolytes.’ A breakthrough on this point
is essential in order to improve the performance of SS-LIBs.
The high ionic resistivity has so far been attributed to the Li
depleted layer (the so-called “space-charge layer”) developed
during battery operation®™® or defects at the interfacial layer
due to damage and contamination occurring during fabrica-
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depleted regions, visualization of the conductive paths, and analysis of the cause of degradation.

tion processes.” For the fundamental understanding of the
origin of interfacial resistivity, novel in situ techniques for
measuring the distribution of the internal potential and/or Li
ion concentration of LIB cells are strongly required.

To date, a few examples of the characterization of those pro-
perties have been reported for SS-LIBs using transmission elec-
tron microscopy (TEM)-electron holography® and TEM-electron
energy loss spectroscopy (EELS).” However, in TEM experi-
ments, only very thin specimens with a thickness of several
tens of nanometers can be measured, which makes it difficult
to apply the TEM-based techniques to a wide range of actual
SS-LIBs.

Kelvin probe force microscopy (KPFM) has also been widely
used for characterizing electrical potential distribution of
various electronic and ionic devices, including LIBs. In the
study of ceramic electronic devices, the potential distributions
between two metal electrodes were measured under the
voltage applied conditions to gain insight into electron trans-
port properties.'®** On the other hand, the studies of LIBs
were restricted to measurements only at the surface of the top
electrode (active materials) or at the cross-sections of single
particles of the active materials,"”™"” i.e., not at the interface
regions between active materials and electrolytes. For this
reason, the information obtained to consider the fundamental
properties of LIBs, such as high ionic resistivity at the
interfaces (discussed above) and aging phenomena was very
limited. Furthermore, in some cases the samples were
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prepared by disassembling the LIBs after operation, which
made it difficult to investigate the correlation between the
measured physicochemical properties and the battery perform-
ance. To overcome these issues, widely applicable in situ tech-
niques for measuring electrical potential and/or Li ion distri-
bution over the interface regions during device operation are
essential.

In this work, we have succeeded in directly visualizing the
charging-induced changes in electrical potential distribution
at the interface regions between an electrode and electrolyte in
a composite electrode using in situ cross-sectional KPFM. The
key factors for this success were Ar ion milling of the LIB
cross-section (which exposes clean and flat cross-sectional sur-
faces) while maintaining battery performance and a consecu-
tive non-atmospheric treatment of the specimen from sample
preparation to KPFM measurements. Our findings reveal
important information pertaining to battery operation, such as
the behavior of Li ions and inhomogeneity of electrochemical
reactions in the composite electrode.

2 Results and discussion

We performed KPFM measurements on the cross-section of a
cathode composite electrode before and after charging to
characterize the change in internal potential distribution due
to electrochemical reactions. KPFM measures the contact
potential difference (CPD) between the tip and the sample,
which reflects the work function and electrical potential distri-
bution of the sample surfaces.'®'®'® The schematic structure
of the SS-LIB used in this study is shown in Fig. 1(a). The
cathode has a composite structure that is a mixture of LiCoPO,
(LCP) as a cathode active material, Li;, Al Ti, ,(PO,); (LATP)
as a solid electrolyte, and Pd as a conductive additive
(Fig. 1(b); see the Methods section for details). Fig. 1(c) shows
the schematic of the KPFM setup. The anode side current col-
lector was ground and the cathode side opened. A dc-bias and
a modulation voltage are applied to the tip (see the Methods
section for details of the KPFM measurements).

Fig. 2(a) shows a charge characteristic of the LIB cell used
in the KPFM measurement. Initially, the cell voltage between
the two current collectors was 40 mV, and it increased to 2.39 V
after charging. The KPFM measurements were carried out at
positions A and B indicated by circles in Fig. 2(a). Fig. 2(b) and
(d) respectively show the topographic and the CPD images of
the cathode composite electrode before charging. The surface
was smooth enough to perform atomic force microscopy
(AFM) measurements except for the dark regions, which are
holes derived from voids (Fig. 2(b)). The variation of the CPD
in Fig. 2(d) can be attributed to the work function difference
between the materials in the composite electrode,?®*' since
the surface potential is expected to be homogeneous over the
electrode before charging. Fig. 2(e) shows the CPD image with
the boundary line of each material taken from the scanning
electron microscope-energy dispersive X-ray spectroscopy
(SEM-EDS) map obtained in the same area (Fig. 2(c)). The
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Fig. 1 (a) Schematic structure of SS-LIB. The red frame corresponds to
the area observed by KPFM. (b) SEM image of the cathode composite
region. Scale bar is 2 pm. (c) Schematic illustration of cross-sectional
KPFM setup inside the N flow glove box.

black broken line encloses Pd, and the red dotted line encloses
the cathode active material. The Pd regions exhibited lower
CPD values compared with other regions, and thus are clearly
visible in the initial state. The regions of active material and
solid electrolyte were difficult to distinguish but they showed
slightly different CPD values (~10 mV).

After charging, the distribution of CPD changed dramati-
cally, as shown in Fig. 2(f). The CPD values at the composite
electrode increased overall due to the increase in the electrical
potential. Also, the contrast between each electrode material
changed. Fig. 2(g) shows the CPD image with the boundary
lines taken from the same EDS map. The black broken line
encloses Pd and the red dotted line encloses the active
material. In contrast to Fig. 2(d), the regions of Pd were
imaged brighter than those of the active material. Also, the
difference of CPD between the active material and solid elec-
trolyte was increased to ~200 mV. As a result, the interface
between those two materials became clear.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Results of in situ KPFM of the composite region. (a) Charging characteristics of the SS-LIB cell. Circles A and B show the points at which
KPFM measurements were performed (before and after the charging). (b) Topographic image. (c) SEM-EDS map obtained in the same area as the
KPFM measurements. (d) CPD image before charging (state A). (e) Duplicated CPD image of (d) with lines that show the boundary of each material
taken from the EDS map. The black broken line encloses Pd, the red dotted line encloses LCP, and the black regions are topographic voids.
(f), (g) CPD image and duplicated image with boundary lines after charging (state B). Scale bar is 2 pm.

First, we focus on the variation of the CPD values at the Pd
current collector before and after charging. Since the change
of the CPD value at this region was purely induced by the
change of electrostatic potential (not by the electrochemical
reaction and/or the change of work function), it is expected to
correspond to the variation of the cell voltage. However, the
variation (1.74 V: from 0.65 V to 2.39 V) was smaller than that
of the cell voltage (2.35 V: from 0.04 to 2.39 V) by 26.0%. This
discrepancy can be explained by the so-called tip averaging
effect included in the amplitude modulation (AM)-KPFM
measurements;>> namely in a previous work, the CPD differ-
ence between two Au electrodes (where bias voltages were
applied) with an interval of 50 pm was smaller than the
expected value by 27.6%. In our case, the solid electrolyte
region (which has lower CPD values and thus can lower the
CPD values measured at the Pd electrode) is about 10 pm away
from the current collector regions.>® Considering the geometri-
cal difference from the work in ref. 23, we consider the value
of 26.0% to be within a reasonable range. Note that the influ-
ence of the tip averaging effect can be effectively suppressed by
using a frequency modulation-KPFM mode,>® which thus
enables more quantitative measurements.

Next, we consider the change in the CPD at the active
material regions. The CPD values at these regions changed
from 0.76 V to 2.05 V (total: 1.29 V). This variation can be
explained by the electrochemical reactions at the cathode
active material. During the charging reaction, Li ions deinter-
calate from LCP, resulting in the increase of the concentration
ratio of [Co®>']/[Co*'] in each LCP particle.**** The variation of
the CPD at this region was smaller than that at the Pd current
collector regions, although these values should be comparable.

This journal is © The Royal Society of Chemistry 2017

We think this discrepancy mostly arises from the change in
the work function followed by the stoichiometric change of
LCP due to the electrochemical reactions.*® Note that to com-
pensate for the charge in LCP, not only the oxidation state of
[Co>"] but also the electronic structure around PO, (which is
interpreted by the hybridization effect between the Co 3d and
O 2p orbitals) changes.>”"*

Finally, we discuss the CPD variation at the LATP regions in
the composite electrode. The CPD at this region changed from
0.75 to 2.25 V (total: 1.50 V). The electrostatic potential at the
solid electrolyte is thought not to alter during the charging/dis-
charging reactions, except for the region close to the interface
between active material and the electrolyte.”® However, the
CPD values within all the single particles of LATP in the com-
posite electrode exhibited a homogeneous increase over the
range of a few micrometers. This finding suggests that Li ions
in LATP are depleted over the micrometer range and trans-
ferred into the anode side, since the oxidation-reduction reac-
tion that can change electric potential in the electrolyte
materials occurred only due to the movement of Li ions.

The LATP at the solid electrolyte regions showed different
behavior than that at the composite electrode. Fig. 3(a) shows
the CPD image obtained after charging with a wider view.
Fig. 3(b) displays the line profile taken along the white line
a-a' in Fig. 3(a). The CPD value of LATP at the composite elec-
trode increased by charging, while on the other hand, their
change at the solid electrolyte regions was little (100-200 mV).
This slight increase can also be explained by the tip averaging
effect, which is induced by the higher CPD values at the com-
posite electrode regions. This suggests that depletion of Li
ions from LATP occurs only in the cathode composite region.

Nanoscale, 2017, 9, 893-898 | 895
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Fig. 3 (a) Large view of the CPD image after charging. (b) CPD line

profile along white line a—a’". The broken black line corresponds to the
interface between the cathode composite region and the current
collector. The broken gray line corresponds to the interface between
the cathode composite and the solid electrolyte region.

Actually, a potential gradient was observed around the inter-
face between the cathode composite and the solid electrolyte
regions. However, it is difficult to define a clear interface
between them, which makes it impossible to discuss whether
a Li-depleted region exists in the solid electrolyte region from
these data. For a detailed discussion of the Li-depleted region
at there, additional experimentation on a well-defined inter-
face is required.

The thicknesses of space-charge layers at solid electrolyte
regions in SS-LIBs are estimated to be 10-100 nm using a
screening theory based on the Debye-Hiickel approxi-
mation,*® and this estimation has been indirectly corrobo-
rated by some experimental results.*"*> On the other hand,
direct observation of the electrical potential and Li ion distri-
bution by TEM-electron holography?® and TEM-EELS’®
suggested that its length was in the range of 1-2 pm, respect-
ively, which is 1-2 orders of magnitude larger than the esti-
mated values. Our KPFM experiment also indicated that it
spread over the micrometer range at the LATP solid electro-
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lyte region in the composite electrode. Since the screening
theory cannot explain the micrometer-order length of the
space-charge layer,®° this discrepancy implies that we need a
new model to explain it. Anyway, a few experimental results
might be insufficient to conclude the general trend of the
length of the space charge layer in SS-LIBs. Systematic exper-
imentation on a series of different solid electrolyte materials,
especially on well-defined interfaces, is required for more
detailed discussion.

In addition to the overall change of potential distribution
on each material in the composite electrode, we also observed
local inhomogeneity. Fig. 4(a) shows the KPFM image of a
charged SS-LIB prepared from another lot of the SS-LIB.
Fig. 4(b) displays the CPD image with the boundary line of
each material taken from an EDS map obtained in the same
area (Fig. 4(c)). An LATP particle indicated by an arrow in
Fig. 4(b) exhibited a lower potential value than other LATP par-
ticles in the image. This particle comes into direct contact
with the current collector at the left side without active
materials in between. A similar tendency was observed on
other LATP particles under the same conditions. The lower
CPD value indicates that depletion of Li ions (discussed above)
is less in those particles. This finding suggests that electro-

Fig. 4 (a) CPD image of the cathode composite region after charging.
(b) Duplicated image of (a) with boundary lines of each material
taken from the EDS map. The black broken line encloses Pd. The red
broken line encloses LCP. The white broken line encloses an LATP
particle, which exhibited lower potential value than other LATP particles.
(c) SEM-EDS map. Scale bar is 2 pm.

This journal is © The Royal Society of Chemistry 2017
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chemical reactions in the composite electrode are sensitive to
the local structures. This measurement demonstrated that the
cross-sectional KPFM can be used to image the inhomogeneity
of the electrochemical reactions at the composite electrodes
down to the nanometer scale and to acquire information
about structure-correlated Li transport in the electrodes.
Thus, our method would be powerful in the characterization
of SS-LIBs in many respects, such as visualizing the conduc-
tivity network in composite electrodes and clarifying degra-
dation mechanisms of battery performance. Furthermore, by
extending our technique to the measurements in operando
conditions (during charging/discharging processes), it would
be possible to visualize and quantify the internal resistance of
LIB cells.

3 Conclusion

We have succeeded in directly visualizing the potential distri-
bution around the interface between the active material of LIB
and a solid electrolyte and its change arising from battery
charging using in situ KPFM. Ar ion milling of the cross-
sections of the LIB under non-atmospheric conditions and
consecutive non-atmospheric treatments of the specimen from
sample preparation to KPFM measurements played key roles
in this success. We observed an increase in electrical potential
over the whole composite cathode electrode regions after char-
ging, which suggests that Li ions were depleted even in LATP
(solid electrolyte) regions over the micrometer range. Also, a
local difference in electrical potential was observed, indicating
the importance of the local structures of the composite
electrodes in controlling Li ion behavior. Our experimental
results demonstrate that cross-sectional KPFM is a powerful
way to characterize various aspects of SS-LIBs, including evalu-
ation of the distribution of the Li ion depleted region, visual-
ization of the conductive path, and analysis of the cause of
degradation.

4 Methods

Sample preparation

The SS-LIB used in this study consists of Lij,AlLTi,_(POy);
(LATP) as a solid electrolyte, Li;.,Al,Ge,_(PO,); (LAGP) as a
separator, LiCoPO, (LCP) as a cathode active material, and Pd
as a current collector and conductive additive. For the cathode,
we use a composite cathode structure that is a mixture of the
cathode active material, solid electrolyte, and conductive addi-
tives. For the anode, we use an in situ-formed electrode
system.>*?* The LCP and LATP (NASICON type solid electro-
lytes) are known to react with each other during co-sintering
at high temperature.>®>° In order to suppress this reaction,
we used Co-doped LATP and LAGP.”” The SS LIB structure
shown in Fig. 1(a) was fabricated by stacking the ceramic
green sheets (on which each material is printed) and sub-
sequent co-sintering. This battery works at ~2.3 V (LCP (4.8 V

This journal is © The Royal Society of Chemistry 2017
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vs. Li/Li")***° to LATP (2.5 V vs. Li/Li*)*>*") at 120 °C (see
details in the ESI S17).

The LIB cells had been stored in an Ar-filled glove box (O,:
<0.8 ppm, H,O: <0.8 ppm) after the fabrication to avoid
degradation due to oxygen and water in air. To prepare
samples for the KPFM measurements, first the LIB cells were
cut to the size of ~1 mm x ~2 mm in the Ar-filled glove box.
Then, they were transferred into a vacuum chamber
(~107* Pa) without exposure to air using a transfer vessel for
polishing the cross-sectional surface with Ar ion milling
(JEOL 1IB-09020CP 8 kV). This process exposed the cross-
sections of the particles of each material, as shown in
Fig. 1(b), and made the whole cross-sectional surface smooth
enough to perform KPFM measurements. We confirmed that
this process did not alter the LIB performance (see details in
the ESI S2t). After milling the samples were again transferred
to the Ar-filled glove box without exposure to air and were
clamped by using two stainless steel plates that were electri-
cally isolated from each other. Finally, they were transferred
to the N, flow glove box for KPFM measurement using alumi-
num laminated bags.

KPFM measurements

KPFM measurements were performed using a commercial
AFM (Park Systems XE-100) that was placed in a N, flow glove
box (0,: <1000 ppm, H,0: <250 ppm). We used Pt/Ir-coated Si
cantilevers (NANOSENSORS PPP-EFM). The CPD between the
tip and the sample was measured with an AM mode (17 kHz,
1Vrms) using a lock-in amplifier. The modulation voltage and
a dc-voltage to minimize the electrostatic force between the tip
and the sample were applied to the tip. The sample was set so
that the anode side current collector of the LIB was electrically
connected to the ground and the cathode side was opened
(Fig. 1(c)). The KPFM measurements were carried out before
and after charging. First, the sample was measured at room
temperature (RT). Then, the sample was placed on a ceramic
heater plate maintained at 120 °C in the N, flow glove
box and charged using a potentiostat/galvanostat (Princeton
VersaSTAT3-200) in a constant current mode with a current
density of ~20 pA em™. After charging, the sample was again
placed at the AFM stage for KPFM measurement. The measure-
ment was carried out at RT in the same area as the one before
the charging.

SEM-EDS measurements

To identify the material of each particle in the composite elec-
trode, we performed elemental mapping using a SEM-EDS
(JEOL JSM-7800F 5 kV, Oxford X-Max 50, using characteristic
X-rays of Pd M(, Co La, and Ti La). The sample was transferred
to the SEM vacuum chamber (~107> Pa) without exposure to
air using the transfer vessel. The mapping measurements were
carried out in the same area observed by KPFM. Although Co
was not only included in the LCP but also doped in the solid
electrolyte (LATP), the regions of the LCP were clearly dis-
tinguishable in the Co map due to the intensity difference of
the spectrum.*?

Nanoscale, 2017, 9, 893-898 | 897
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