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Abstract

We report on degradation mechanisms of solid-state electrolyte (SSE) based on insights from nm-scale
ionic conduction and electronic leakage for solid-state batteries. The significantly different local
degradations revealed by nm-scale ionic and electronic transport imaging demonstrate the need for this nm-
scale investigation. State-of-the-art lithium-ion conductive glass ceramic (Li,O-Al;03-SiOz-P,05-TiO2-GeOy)
SSE shows at least two types of degradations spatially separated within the SSE, namely: 1) ionic
conduction blocking and slight electronic leaking and 2) highly electronic shunting. Degradation was
significantly suppressed by application of a Li-containing polyacrylonitrile thin coating on both sides of the
ceramic SSE. With this coating, the ionic conduction was not reduced by the extensive cycling; instead, it
improved slightly, although accompanied by a slight increase in electronic leaking. Our nm-scale transport
imaging was achieved using an atomic force microscopy (AFM)-based half-cell setup and a logarithmic-
scale amplifier with current sensitivity down to the fA (10> A) range. This half-cell setup consisting of an
AFM-probe/SSE/Li structure can distinguish the ionic from the electronic current by flipping the bias-
voltage polarity. This nm-scale operando imaging opens up novel characterization of ionic and electronic

transport in the field of solid-state batteries.
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1. Introduction

Lithium solid-state batteries (SSBs) are a major focus for safe next-generation, high-density energy
storage [1][2][3][4]. The ion conductivity of ceramic solid-state electrolyte (SSE) has been greatly
enhanced to a level comparable to that of liquid electrolytes [2][5][6][7], which is critical for fast charging
and discharging rates. However, great challenges have been encountered at the SSE/electrode interfaces
when integrating the SSE into SSB cells [8]. A major issue is the interface stability that depends on various
chemical reactions of the SSE with electrode materials, especially with Li metal, which is the anode material
with the highest energy density but which is highly reactive [9][10][11][12]. The chemical reaction usually
starts from the interface and can develop deeply into the SSE and electrode bulk, causing device degradation
and failure. This instability must be mitigated before the SSB can be competitive at the commercial level.
Many studies have proposed to engineer the interfaces by adding an interlayer such as a polymer coating
[13], Li salts anchoring [14][15], or a metal interlayer [16]. Unlike ceramic materials, polymer materials
show excellent mechanical plasticity and chemical stability when contacting Li metal. Therefore, polymers
containing Li salts were considered as promising candidates for stabilizing the interface [17][18][19]. The
ion conductivity of polymer electrolyte is usually much lower than that of ceramic electrolyte, thus the

polymer interlayer should be adequately thin to reduce the resistance for ion transport across the interface.

A significant improvement in the stability and cyclability of a state-of-the-art ceramic electrolyte—a
commercial Li-ion conductive glass ceramic (LICGC)—was reported by coating a polyacrylonitrile (PAN)
thin layer [20]. The galvanostatic cycling data show stable or even improved conductivity with the cycling.
In contrast, the LICGC without the coating shows degraded conductivity due to extensive cycling. The

interface reaction caused the performance degradation, as identified by the color change of the ceramic-
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only SSE from its initial white to black after the cycling, whereas the SSE with the coating shows no change
in the color and thus probably no significant interface reaction [20]. The direct macroscopic electrical data
such as galvanostatic cycling and electrochemical impedance spectroscopy (EIS) are the main tool for
testing and assessing battery cells in the SSB community [20][21][22][23]. A crucial question that arises is
how the averaged electrical data from the macroscopic testing reflect the real operation and degradation
mechanisms of battery cells, which can be highly nonuniform at the micro- or even nanometer scale. For
example, is degraded electronic leakage of SSE caused by local heavy shunting or by large-area uniform
degradation? An answer to this question is much needed for SSB development. However, despite extensive
microscopic morphological, chemical, and structural characterizations [21][22][23], there have been no

literature reports of degradation mechanisms by direct microscopic electrical characterization.

We have developed an atomic force microscopy (AFM)-based nm-resolution electrical imaging technique
for charge transport through SSEs; it uses a half-cell setup consisting of AFM-probe/SSE/electrode. This
technique allows us to distinguish the ionic current and electronic current by flipping the bias-voltage
polarity. Using this technique, we have found highly nonuniform ion conduction of Li;PSs (LPS)
polycrystalline ceramic and LPS/polymer bulk hybrid SSEs[24]. Here, we report on the microscopic
degradation mechanisms of LICGC as revealed by this nm-scale operando technique. We found highly
complicated electrical degradations varying in micrometer to submillimeter sizes depending on the local
domains. In contrast, the polymer-coated LICGC shows uniform improvement of ionic conduction, but

slight, uniform electronic degradation due to the extensive cycling.

2. Results and Discussions

The half-cell setup for imaging the charge transport through SSE is shown in Fig. 1. The AFM probe is
scanned over the SSE surface in contact mode. A bias voltage (Vs) is applied to the Li metal and the probe
is virtually grounded, with the potential kept the same as the ground level but not actually grounded so that

the electrical current flowing through the probe can be measured. We used a logarithmic-scale amplifier to

3
Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



enhance the current sensitivity in the mA—fA (10°-10"'% A) range; this enabled the detection of both ionic
and electronic current, respectively, in the pA and fA ranges flowing through the probe with an ~100-nm
radius. When a negative Vs is applied, only the electronic leaking current flows through the SSE (Fig. 1a),
because Li+ ionic current is blocked at the steady state with this bias, neither a Li atom is available from
the probe side flowing to the Li metal side nor a Li ion in the SSE can be reduced to a Li atom by a Vs less
than -1 V [25][26][27]. With a positive Vs applied, both ionic and electronic current can flow. Because the
electronic current should be approximately symmetrical with the negative and positive Vs, ionic and
electronic currents can be identified by measuring and comparing the currents in both polarities. In a
working SSE, the ionic current is many orders of magnitude larger than the electronic current; so, ionic
current dominates the measured current with a positive Vs. However, in a degraded SSE, electronic
conduction can be comparable to or even larger than the ionic conduction; current images are taken with
both polarities to assess the electrical transport.

We first show charge-transport imaging on the pristine ceramic-only SSE, then discuss in detail the SSE
degradation mechanisms by taking current images on degraded SSE. Finally, we will show both the pristine

and cycled SSE with polymer coating.

2.1 Pristine ceramic SSE

The commercial pristine LICGC SSE with glass ceramic components of Li,O-Al,03-SiO2-P,0s-TiO2-GeO;
[28] appears uniform and shiny in optical microscope images (Fig. 2a), and the surface is flat as shown by
the AFM image (Fig. 2b), which has a root-mean-square roughness of 1.2 nm. The average ion current is
2.5 pA with a positive Vs = +0.5 V, as indicated in the middle of the logarithmic scale bar (Fig. 2¢). The
current shows significant fluctuation, with amplitude comparable to the average current value (Fig. 2d).
The sizes of the regions with different current signals are about 100 nm to 1 pum. Both the amplitude and
length scale of current fluctuations are much smaller than that of the polycrystalline LPS SSE, which has

1-2 orders-of-magnitude fluctuation in ion current amplitude and a length scale of several hundreds of nm
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to several um[24]. This relatively small current fluctuation should be due to the glass ceramic structure,
which has smaller grain sizes [28][29] in its amorphous matrix compared with the hundreds of nm grain
size and several um agglomerate sizes of the polycrystalline LPS SSE [24][30]. The AFM-based half-cell
setup primarily probes the electrical conductivity in the local areas beneath the probe. The current routes
spread rapidly with distancing from the local area, and the Vs drop is dominated on the local nm-scale
volume of the material, which ensures the nm-scale resolution of the technique [31][32][33]. The current
density flowing through the probe is 2.5 pA/nr’ ~ 8 mA/cm? with nominal probe radius r of ~100 nm, which

is compatible with or slightly higher than the normal charging/discharging rate of a battery.

The electronic leaking current with a negative Vs = -0.5 V is 5 orders of magnitude smaller than the
current at Vs = +0.5 V (Figs. 2e and 2f) and fluctuates in amplitude similar to the current value. The
electronic conduction of ceramic materials should be approximately symmetrical about the Vs polarity, i.e.,
the electronic current at Vs = +0.5 V should be about 5 orders of magnitude smaller than the measured
current, which is the sum of the electronic and ionic currents. So, the measured current is dominated by the
ionic current. This electronic conduction can be caused by electronic-state overlapping between defects
inside the SSE. Although the ceramic material is fundamentally an electronic insulator, the wavefunctions
of defect states can overlap and form conduction percolation paths[34][35]. Another conduction mechanism
is redox transition of the multiple bonding states in the highly disordered ceramic material containing
multiple components. Electron transport can be dominated by the redox of multi-bonding states through
crystalline structures without defects. In the current experimental setting, Li metal is attached to one side
of the SSE and can reduce Ti*' to Ti*" even without any electrochemical cycling. Although the reduction is
not visually obvious, local reduction can increase electronic conductivity. Apparently, the 5 orders-of-
magnitude smaller electronic conduction is not small enough to block Li dendrite growth from the SSE
bulk. This degree of electronic conduction can supply electrons to reduce Li ions needed for Li dendrite
growth inside the SSE bulk. Therefore, further suppression of the electronic conduction is needed to

eliminate the Li dendrite growth.
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2.2 Degradation of ceramic SSE

After extensive cycling of the Li/SSE/Li half-cell with 360 cycles, one side of the Li metal was
mechanically removed, and the SSE surface was exposed to be characterized. Apparent color of the SSE is
black, which is indicative of significant chemical reactions due to the cycling [20]. Optical microscopy
inspection shows the SSE to be a mixture of bright and dark irregular shapes, with sizes ranging from
micrometers to submillimeter. This variety indicates that the chemical reaction might be highly nonuniform.
We have carried out a relatively comprehensive survey of the various domains using the AFM-based
transport imaging. The results, as follow, indicate highly different degradation mechanisms involving ionic

and electronic conduction and insulation.

First, we show some areas that are not degraded in either ionic conduction or electronic insulation (Fig.
3). This type of area (type 1) is in a small portion of the whole area—probably less than 10%. The optical
image shows as relatively bright, with surrounding dark areas (Fig. 3a). Surface morphology was roughened
to a moderate degree by the cycling (Fig. 3b). The ion conduction was somewhat improved in several times
rather than degraded (Fig. 3¢). However, the ion current fluctuation also increased several times to about
one order of magnitude. The electronic conduction remains similar to the pristine state. Although the
average electronic current (Fig. 3e) is smaller than that of the pristine state (Fig. 2e), the amplifier output
at this small current value is not accurate because of the narrow bandwidth. Only the qualitative scale in
the same current images and the rough orders of magnitude are reliable. Overall, the type 1 area shows very
similar transport properties to the pristine SSE and has not been apparently affected by the electrochemical
cycling.

Next, we show different degradations. The most typical degradation (type 2), across more than 80% of
the area, is shown in Fig. 4. Optical images on this type of area are dark, and AFM surface morphology is
rough with corrugations of ~1 um. The current at positive Vs decreased about two orders of magnitude,

whereas the current at negative Vs increased two orders of magnitude; so, the currents at both polarities are
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comparable. This illustrates that both the ionic conduction and electronic insulation were degraded, and the
electronic current can dominate both the images. The galvanostatic cycling data (see Supplemental
Materials Fig. S1) show monotonically increased voltage with cycling, which is mainly caused by this
degradation in the charge transports. The voltage polarization during Li plating/stripping (>200 cycles) may
be mainly due to ohmic resistance for the electronic conduction. This result is important because the
rectangular-shaped galvanostatic voltage curves could give wrong indication that the SSE is still working
as a Li" solid electrolyte. Here, we were able to show with the AFM-based half-cell setup that the voltage
curves should be understood with the electronic transports instead of the ionic transports. However, what
chemical reaction caused the ionic blocking and electronic conduction increase cannot be assessed directly
by this transport imaging.

Type 3 degradation shows very high electronic conduction (Fig. 5). The optical image shows bright areas
and AFM shows moderately roughened surface morphology (Fig. 5b). Domain sizes of this type of
degradation are usually small and adjacent to areas of type 2 degradation. Figure 5 shows images taken
across both type 3 (left) and type 2 (right). The current images with the opposite polarities show similar
current amplitudes in both the regions, with very high current of 10>-10° pA orders on the left (type 3) and
low current of 10>-107 pA orders on the right (type 2). Again, this current image is dominated by electronic

but not ionic conduction because of the similar values with the opposite polarities.

This type of degradation can raise a crucial question: What reaction caused the local ceramic electronic
insulator to change to highly electronic conductive? Further, the mixture of type 2 and type 3 degradations
can be found to be highly blended and with small pm domain sizes. An example is shown in Fig. S2 with a
domain size of several um. The surface morphology is relatively rough (Fig. S2b), and the optical image
(Fig. S2a) shows a very small bright dot surrounded by darkness. The degree of electronic leaking in type
2 degradation is relatively weak (10°~102 pA), but the degradation area is more than 80%. On the other
hand, the leaking current of type 3 degradation is huge (10>-10° pA), but the degradation area can be in a

very small portion of the SSE. The ionic conduction in the degraded SSE is largely blocked, and electronic
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leaking can dominate the galvanostatic data. Although the degradation mode should be proposed by local
materials chemical analyses, it could be partly interpreted by the materials specification of the LICGC SSE
(28). LICGC is composed of three crystallographic phases, Lii+xAliGeyTizxyP301> as a main phase, and
AIPOj4 and Lij+x+3,Al(Ge,Ti)2-«(Si,PO4)3 as sub phases. The type 2 area can be assigned to the main phase,
Lij+xAlGeyTizx.yP3012, because (i) it is the main area covering more than 80% of the whole sample area
and (ii) Ti** can be reduced to Ti*" by accepting Li*/e” from Li metal, which increase electronic conductivity
through the Ti*"3* redox couple and the color change from white to black[36][37]. The type 1 should be
then AIPO4 because there is no notable electronic conductivity increase by the cycling, which is a signature
of Ti-free domains. The other sub-phase, Lii+x+3,Al(Ge, Ti)2«(Si,PO4)3 can be assigned to the type 3 domain
based on its size and the large electronic conductivity increase. Detailed mechanisms of nm-scale
distribution of ionic conduction blocking and electronic leakage seem to depend on the crystallographic
structure and morphology of the solid electrolyte[38][39][40], such as atomic defects (Schottky defects[41],
Frenkel defects[42]) and crystallite size, which request further investigations using methods beyond the

AFM-based electrical imaging techniques.

We have found at least the two types of degraded areas and non-degraded areas on the degraded SSE,
with the dominance of type 2 where the ion conduction is blocked and the electronic leaking is slightly
increased. This nm-scale transport imaging provides assessment of the electrical degradation, which is
directly related to the Li plating and stripping in the half-cell. Further understanding what lies behind the

electrical behavior requires local microscopic chemical and structural characterization.

2.3 Polymer-coated SSE

We have reported that the stability and cyclability of the half-cell were significantly improved by the Li-
containing PAN coating on the ceramic SSE. The galvanostatic data showed the initial decreased electrical
conduction compared with the SSE without polymer coating; but the electrical conductivity increased by

extensive charging/discharging of 360 cycles (see Fig. S1), in contrast to the reduced conductivity of the
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ceramic-only SSE. The nm-transport imaging on the pristine polymer-coated SSE (Fig. 6) shows reduced
ionic conductivity (Figs. 6¢ and 6d) by about one order of magnitude compared with the ceramic-only SSE
(Figs 2¢ and 2d), which is consistent with the galvanostatic data (Fig.S1). This reduced current is due to the
thin coating of ~10 pum on both sides of the ceramic SSE. The ion current is distributed relatively uniformly,
and the current fluctuation is moderate with an amplitude similar to the current value. The electronic leaking
current is also relatively uniform and in the 10 pA range, similar to the leaking current without the coating.

The ionic current dominates electrical conduction on the working polymer-coated SSE with a positive Vs.

After the extensive cycling, the SSE does not show a significant chemical reaction with Li metal, unlike
the ceramic-only SSE. The optical microscopy (Fig. 7a) shows a bright image except for local scattered
dark spots that are in a small portion of the image. The AFM image (Fig. 7b) shows a moderately roughened
surface morphology after the cycling. The ion current increased from 0.6 pA to 1.3 pA, about double the
current value due to the cycling. The current fluctuation also increased to slightly larger than the current
value. This increase of ionic conduction is probably due to the improved polymer/Li contact and adhesion
due to the cycling. At the same time, the electronic leaking current increased more than two orders of
magnitude. Still, the electronic leaking current is two orders of magnitude smaller than the ionic current,
and ionic current dominates the current image with the positive Vs, showing that the SSE is working after
the cycling. The result confirms that the voltage polarization during galvanostatic cycling (Fig. S1) is
mainly originated from the ionic transport limitations during cycling unlike the bare SSE case. It is
interesting to note that the degree of the voltage polarization of the polymer-coated SSE is similar to that
of the bare SSE (Fig. S1; after 200 cycles), which indicates that the resistance of Li* transports in the
polymer-coated SSE is similar to that of the electronic transports in the bare SSE with degradations. This
further emphasize the importance of the operando AFM-based analysis of ionic and electronic transports

because it can deconvolute galvanostatic voltage signals to the electronic and ionic current components.

3. Conclusion
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We have performed a detailed study of SSE degradation mechanisms by assessing nm-scale ionic and
electronic transport. The highly nonuniform and significantly different transport mechanisms in both the
ionic conduction and electronic leaking demonstrate the need for nm-scale investigation, which provides
insight far beyond macroscopic characterization. The ceramic SSE degradation with extensive cycling is
caused by different local mechanisms—including, but not limited to, ion conduction blocking combined
with slight electronic leaking as well as local highly electronic shunting. With a thin polymer coating, the
degradation was effectively suppressed, and the ion conduction was even slightly improved although a
slight electronic degradation was also detected due to the cycling. These results illustrate that the nm-scale
current imaging opens up novel, important characterization for ionic and electronic transport in the field of

solid-state batteries.

4, Materials and Methods

Nanometer-scale charge-transport imaging. The nm-scale ionic and electronic charge-transport imaging
was conducted on the electrolyte surfaces based on contact-mode AFM (Veeco D5000 and Nanoscope V)
in an Ar glovebox. The AFM-probe/electrolyte/Li-metal setup forms a half-cell that is in the operando state
during transport imaging. A Vs was applied to the Li metal side, and the probe was kept at the ground
potential level, but not connected to the ground in order to measure the current flowing through the probe.
We used a logarithmic current amplifier to enhance the current sensitivity in a wide range of mA~fA orders.
A diamond-coated Si probe (BrukerNano DDESP) was employed for strong wear-off resistance. Constant
contact force between the probe and sample was controlled in a moderate force level of tens of nN to ensure
both good contact and that the sample was not damaged. Scanning speed of the probe was set at ~500 nm/s
to leverage the imaging quality and productivity. Some minor topographic effect of the current imaging was

observed and examined when scanning on rough sample surfaces.

SSE sample preparation. The state-of-the-art ceramic electrolyte (LICGC™ AG-01) was acquired from

OHARA Inc. (Japan). The plate-shaped SSE has a diameter of 19 mm and a thickness of 0.15 mm, with
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compositions of LiO-Al,03-Si02-P205-TiO2-GeO;. The ceramic electrolyte was dried at 100°C for 20
hours before being assembled to a Li/SSE/Li half-cell. To make the polymer coating on the ceramic SSE,
we dissolved LiClO4 powders and PAN powders (average molecular weight of 150,000) into
dimethylformamide (DMF) solvent with a ratio at 1:9:90 by weight. DMF, PAN, and LiClO4 powders were
acquired from Sigma-Aldrich Corporation (USA). The gel was coated on both sides of the ceramic
electrolyte by dipping the ceramic sample into the gel for 10 seconds and drying it for 20 hours at room
temperature, forming a polymer/LiCGC/polymer sandwich structure. The polymer-coating thickness was
~10 um as measured by a micrometer before and after the coating. The polymer electrolyte coating contains

10% LiClO4 by weight in PAN.

Electrochemical test. An electrochemical cell with the structure of Li/polymer/LiCGC/polymer/Li was
tightly clamped by a pressing tool and then rested for 24 hours before the electrochemical cycling test. The
Li metal electrode was punched into a round shape with a 9/16-inch diameter from Li metal foil. The Li
metal foil was acquired from Alfa Aesar with the thickness of 0.75 mm and purity of 99.9% (metals basis),
and it was scratched by a sharp blade to expose a shiny surface before use. An electrochemical cell with the
structure of Li/LICGC/Li was also constructed as a control sample. The voltage profile of Li stripping and

plating cycling were measured by using Bio-Logic Science Instruments SAS (VMP3).
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Fig. 1. Schematics illustrating the half-cell setup for charge-transport imaging (a) with a negative Vs polarity

that flows only the electronic current, and (b) with a positive Vs that flows both ionic and electronic currents.

The ionic and electronic currents are identified by comparing the current at positive and negative Vs values.
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Fig. 2. Transport imaging of the pristine LICGC ceramic-only SSE; (a) an optical microscopy image; (b) an
AFM surface morphology image simultaneously taken with the current images; (c) an ionic current image
taken with Vs = +0.5 V on the area as indicated by the square in the center of the optical image; (d) a current

line profile along the line in (c); (e) an electronic current image taken with Vs = -0.5 V in the same area as (b)

and (c); and (f) a current line profile along the line in (e).
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Fig. 3. Charge-transport images taken on a non-degraded area of the LICGC ceramic-only SSE after extensive
cycling; (a) an optical microscopy image around this area; (b) an AFM surface morphology image
simultaneously taken with the current images; (c) an ionic current image taken with Vs = +0.5 V on the area
as indicated by the square in the center of the optical image; (d) a current line profile along the line in (c); (e)
an electronic current image taken with Vs = -0.5 V in the same area as (b) and (c); and (f) a current line profile

along the line in (e).
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Flg. 4. Charge-transport images taken on a typical degraded area of the LICGC ceramic-only SSE after
extensive cycling; (a) an optical microscopy image around this area; (b) an AFM surface morphology image
simultaneously taken with the current images; (c) a current image taken with Vs = +1 V on the area as indicated
by the square in the center of the optical image; (d) a current line profile along the line in (c); (e) a current

image taken with Vs = -1 V in the same area as (b) and (c); and (f) a current line profile along the line in (e).
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Flg. 5. Charge-transport images taken on a degraded area with highly mixed areas of ionic blocking and
electronic shunting on the LICGC ceramic-only SSE after extensive cycling; (a) an optical microscopy image
around this area; (b) an AFM surface morphology image simultaneously taken with the current images; (c) a
current image taken with Vs = +1 V on the area as indicated by the square in the center of the optical image;
(d) a current line profile along the line in (c); (e) a current image taken with Vs = -1 V in the same area as (b)

and (c); and (f) a current line profile along the line in (e).
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Fig. 6. Transport imaging of the pristine LICGC SSE with Li-containing PAN-coating; (a) an optical
microscopy image; (b) an AFM surface morphology image simultaneously taken with the current images; (c)
an ionic current image taken with Vs = +1 V on the area as indicated by the square in the center of the optical
image; (d) a current line profile along the line in (c); (e) an electronic current image taken with Vs = -1V in

the same area as (b) and (c); and (f) a current line profile along the line in ().
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Fig. 7. Charge-transport images taken on a typical area of the LICGC SSE with the polymer coating after
extensive cycling; (a) an optical microscopy image around this area; (b) an AFM surface morphology image
simultaneously taken with the current images; (c) an ionic current image taken with Vs = +1 V on the area as
indicated by the square in the center of the optical image; (d) a current line profile along the line in (c); (€) an

electronic current image taken with Vs = -1 V in the same area as (b) and (c); and (f) a current line profile

along the line in (e).
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Supplementary materials
Local electrical degradations of solid-state electrolyte by nm-scale operando imaging of
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Fig. S1. Voltage profile of the Li/LiCGC/Li and Li/polymer/LiCGC/polymer/Li cells during stripping/plating

cycling with a constant current density of 0.3 pA/cm?.
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Fig. S2. Charge-transport images taken on a degraded area with highly blended areas of ionic blocking and
electronic shunting on the LICGC ceramic-only SSE after extensive cycling; (a) an optical microscopy image
around this area; (b) an AFM surface morphology image simultaneously taken with the current images; (c) a
current image taken with Vs = +1 V on the area as indicated by the square in the center of the optical image;
(d) a current line profile along the line in (c); (e) a current image taken with Vs = -1 V in the same area as (b)

and (c); and (f) a current line profile along the line in (e).
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