Improved Stability and Cyclability of Ceramic Solid Electrolyte by
Coating Polymer

Yanli Yin,' Chun-Sheng Jiang,” Harvey Guthrey,' Chuanxiao Xiao,' Natalie Seitzman,> Chunmei Ban,3
and Mowafak Al-Jassim'"

'National Renewable Energy Laboratory, Golden, CO, USA
2 Department of Chemistry, Materials Science Program, Colorado School of Mines, Golden, CO, USA
3 Department of Mechanical Engineering, University of Colorado Boulder, Boulder, CO, USA

*Corresponding authors

KEYWORDS: polymer, ceramic, solid-state lithium-ion battery

ABSTRACT: Rechargeable all-solid-state lithium (Li) metal batteries show improved safety and energy density compared to
commercial Li-ion batteries using liquid electrolyte. As the key component of Li metal batteries, ceramic solid-state electrolyte
has attracted great interests because of its high ion conductivity and great potential in interfacing with Li metal. Ceramic
electrolyte has a more stable interface with Li metal than liquid electrolyte, but chemical reaction and Li dendrite growth at
the electrolyte/Li interface are still significant, which causes device degradation and failure by cycling of Li plating and strip-
ping. Unlike ceramic electrolyte, polymer electrolyte has a relatively stable interface with Li metal and better mechanical
flexibility. Therefore, we introduced a polymer electrolyte coating to protect the ceramic electrolyte from direct contact with
Li metal. The galvanotactic cycling Li plating/striping data on the devices with (without) the coating illustrates increased
(decreased) overall conductivity and cyclability of the test cell by the cycling. Nanometer-scale ionic-transport imaging, based
on atomic force microscopy, shows that cycling degrades the ceramic-only electrolyte by partially blocking ionic transport in
areas; in contrast, cycling on the polymer-coated electrolyte improved ionic conductivity. Compared with the ceramic-only
electrolyte, this novel polymer electrolyte coating on ceramic electrolyte shows less degradation when in contact with Li metal.

m INTRODUCTION

The rechargeable lithium (Li) metal battery is considered the next-generation high-energy-density battery, but it has not been
commercialized because of Li dendrites growing in the organic liquid electrolyte.'? As a promising candidate to replace liquid
electrolyte, ceramic solid-state electrolyte is expected to mitigate Li dendrite growth, and it may enable practical applications
of the Li metal electrode.*’ Ceramic solid-state electrolyte also makes the battery safer based on its inflammable nature com-
pared with the flammable organic liquid electrolyte.® However, Li dendrite growth at the ceramic-electrolyte/Li-metal interface
is significant and can lead to battery failure.”!® One of the Li dendrite growth mechanisms is believed to be ceramic electrolyte
cracking, which is triggered by local nonuniform Li deposition at the interface between ceramic electrolyte and Li metal during
battery cycling.!!'"!3 The interface is vital to battery stability and cyclability, so a protective layer between the ceramic electro-
lyte and Li metal is expected to suppress chemical reaction, improve the interfacial conductivity and uniformity, and enhance
cyclability of the device. Many studies have investigated the interlayer including a polymer coating,'* Li salts anchoring,'>-16
and a metal interlayer.!” Unlike ceramic materials, polymer materials show higher mechanical elasticity and chemical stability
when contacting Li metal. Therefore, polymers containing Li salts were considered as promising candidates for solid-state
electrolyte, such as polyacrylonitrile (PAN),'3! polyhedral oligomeric silsesquioxane and poly(ethylene glycol) (POSS-
PEG),% and Li polyacrylic acid (LiPAA).2! However, the ion conductivity of polymer electrolyte is usually much lower than
that of ceramic electrolyte. Some investigations have reported enhanced ion conductivity by adding fillers in polymer electro-
lytes.??

In this work, we directly coated a membrane polymer electrolyte—PAN dissolved with lithium perchlorate (PAN/LiClO4)—
on the surface of a commercial ceramic electrolyte of Li-ion-conducting glass ceramic (LiCGC). The ceramic electrolyte was
tested and showed high ion conductivity (1x10* S cm™! at 25°C). But it was also mechanically fragile when assembled in a
half cell and showed chemical instability when in direct contact with Li metal. The polymer membrane coating was expected
to serve as a protective interlayer to suppress the chemical reaction between the ceramic electrolyte and Li metal. We achieved
a hybrid solid electrolyte by coating polymer on a ceramic that improved the reversibility of Li-ion chemistry. In the literature,
the chemical performance of an interlayer between solid-state electrolyte and Li metal has been investigated by many methods
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including nuclear magnetic resonance (NMR),? electrochemical impedance spectroscopy (EIS),?* and in-situ and ex-situ mi-
croscopy.?’ Here we applied nm-scale ionic-transport imaging, based on atomic force microscopy (AFM), to investigate inho-
mogeneous ion transport and the effect of polymer coating on the ion conductivity and passivation of the electrolyte/electrode
interface. This study motivated us to develop a new capability for fabricating solid-state electrolyte based on modifying com-
mercial products, which would greatly help to understand interphase stabilization between solid-state electrolytes and Li metal
electrodes.

m EXPERIMENTAL
1. Method of modifying ceramic electrolyte

First, we dried the ceramic electrolyte at 100°C for 20 hours. The ceramic electrolyte (LICGC™ AG-01) purchased from
OHARA INC. (Japan) was 19 mm in diameter X 0.15 mm in thickness with a composition of Li,O-Al,03-Si02-P20s-Ti0,-
GeO»-System. Second, we dissolved LiClO4 powders and PAN powders (average molecular weight of 150,000) into dimethyl-
formamide (DMF) solvent with a ratio at 1:9:90 by weight. DMF, PAN, and LiClO4 powders were purchased from Sigma-
Aldrich Corporation (USA). Finally, the gel obtained was coated on both sides of ceramic electrolyte by dipping the ceramic
sample into gel for 10 seconds and drying it for 20 hours at room temperature. The obtained ceramic electrolyte was coated by
a 10-pum polymer film to form a polymer/LiCGC/polymer sandwich structure. The polymer electrolyte coating contains 10%
LiClO4 by weight in PAN.

2. 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 (Figure 1). 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 purchased from Alfa Aesar with the thickness of 0.75 mm
and purity of 99.9% (metals basis) and was scratched by a sharp blade to expose a shiny surface. An electrochemical cell with
the structure of Li/LICGC/Li was also constructed as a control sample. The voltage profile of Li striping and plating cycling
were obtained from the cells by using Bio-Logic Science Instruments SAS (VMP3).

Without polymer coating  With polymer coating
g

B —
D
k B .| E PANM 0%LICID,

Figure 1. Conceptual diagram depicting polymer-coated ceramic electrolyte and ceramic electrolyte.

EIS was applied to the Pt/LiCGC/Pt cell and Pt/polymer/LiCGC/polymer/Pt tightly clamped by the same pressing tool and
rested for 24 hours before the ion conductivity test. Pt works as ion-blocking electrodes and have no Li-ion reaction when
interfacing with electrolyte. The thickness of Pt is about 300nm. The impedance results depend strongly on the high frequency,
relaxation time, and temperature, so we keep the frequency range at 1M kHz to 25 mHz at 25°C for the EIS measurement to
ensure reliable results.? To reduce surrounding electromagnetic interference, the positive and negative wires of the analyzer
were twisted in a pair. The electronic conductivity was measured by DC polarization method, using the same cell structure.
All the above work was conducted in an Ar-filled glovebox.

3. 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;
a bias voltage (Vs) was applied to the Li metal side, and the probe was kept at the ground potential level. lonic current domi-
nates the measured current when a positive Vs was applied, and electronic current dominates with a negative Vs. We used a
logarithm 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.

4. The morphology characterization

The microstructure morphology analysis of the hybrid solid-state electrolyte was carried out with scanning electron micros-
copy (SEM).

m RESULTS AND DISCUSSION
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94 Figure 2. (a) Nyquist plots and (b) current profile at 100 mV holding voltage of Pt/LiCGC/Pt cell and Pt/polymer/LiCGC/polymer/Pt cell at
95 the pristine states. Pt was sputtered as electrical contact.

96 Electrochemical performance. The ion conductivity of solid-state electrolyte was measured by monitoring the EIS by setting
97  up a cell structure of Pt/solid-state-electrolyte/Pt cell using Pt as ion-blocking electrodes.* '* 2" We monitored the EIS signal
98 of cells at pristine states at temperature of 25°C. The Nyquist plots collected from EIS results are shown in Figure 2a. The
99  ionic conductivity (i) is calculated by:

1 1
[X0] Rb A (1)

100

101 where A is the area of electrolyte/Pt interface, which is 1.6 cm?; [ is the thickness of electrolyte, which is 0.15 mm and 0.17
102 mm for the ceramic and polymer-coated ceramic, respectively; and R; is the bulk ion resistance of the electrolyte. The bulk
103 resistance is obtained from the real value of the Nyquist plot at the highest frequency. From the calculated results by using Eq.
104 1, the LiCGC electrolyte shows an ion conductivity of 0.86 x10* S cm™!, whereas the electrolyte with polymer/LiCGC/polymer
105 sandwich structure shows an ionic conductivity of 0.73x10* S c¢cm!, which is similar to the control LiCGC electrolyte. The
106  baseline conductivity of PAN-LiClO4 polymer was measured to be 10%-10° Scm'. The ionic conductivity comparison with
107 and without the polymer coating indicates that the coating of the polymer electrolyte on the ceramic electrolyte does not sig-
108 nificantly reduce the ionic conductivity of original ceramic electrolyte. The real value of the Nyquist plot at the lowest fre-
109 quency indicates direct current (DC) resistance of the electrolyte. The DC resistance of polymer/LiCGC/polymer electrolyte
110 is shown as 10 times more than that of LiCGC electrolyte. Comparable EIS measurement on the cycled electrolyte requires the
111 sputtering of Pt electrical contact by an air-free sample transfer to the sputtering chamber and will probably be reported in the
112 future.

113 Electronic conductivity was measured by DC polarization method. Figure 2b shows the current profile at 100 mV holding
114 voltage test. By using equation 2, the electronic conductivity (c.;) of LiICGC and Polymer/LiCGC/Polymer is calculated as 1.66
115  x10° Scm™ and 4.98 x107'° S cm™, respectively,

1 o l
O = = X —
“TwmTA @
116
117 where U is the holding voltage used in DC polarization, / is the polarized current after holding voltage at 100 mV for 1 hour.
118 It was reported that high electronic conductivity is probably the root cause for dendrite formation in the solid state electrolyte
119 such as LisLasZr,01, (LLZO), Li,S—P,Ss and LiPON,? so lowering the electronic conductivity, rather than further increasing
120 the ionic conductivity of solid state electrolytes, is critical for the success of all-solid-state Li batteries. By coating polymer,
121 the LICGC shows that the electronic conductivity is significantly lower than the original ceramic electrolyte, which may help
122 suppress the Li dendrites growth.

123
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Figure 3. Voltage profile of Li/LiCGC/Li cell and Li/polymer/LiCGC/polymer/Li cells under the repeated stripping/plating testing at current
density of 0.3 pA/cm?.

The galvanostatic cycling testing was applied on the Li/solid-state-electrolyte/Li cells by using 0.3 uA/cm? current density
with reversed polarity every 0.5 h. Under this testing, there is a repeated Li stripping/plating reaction at the solid-state-electro-
lyte/Li-metal interfaces. The voltage profiles of the Li/LiCGC/Li cell and Li/polymer/LiCGC/polymer/Li cell are shown in
Figure 3. This testing monitors the overall performance of test cells, and the small cycling current was largely limited by ion
transport resistance at the solid-state-electrolyte/Li-metal interface at room temperature (RT). In the first few cycles of the Li
plating/stripping reaction, the Li/polymer/LiCGC/polymer/Li cell shows much higher cell voltage compared with the
Li/LiCGC/Li cell. This indicates a large increase in the ionic-transport resistance at the interface region by the polymer elec-
trolyte coating, which is consistent with the above EIS characterization at low frequency. During the following 360 cycles of
Li plating/stripping reaction, the Li/LiCGC/Li cell shows increased cell voltage with the cycling, whereas the Li/poly-
mer/LiCGC/polymer/Li cell shows decreased cell voltage. These cell voltages are comparable at the 360" cycle. This result
indicates: 1) there is formation of more ion resistive and less reversible species at the interface of ceramic electrolyte and Li
metal by the cycling, which induces the cyclability degradation; 2) there is formation of more ion-conductive spices at the
interface of hybrid solid-state electrolyte and Li metal, which induces the decrease in the overall resistance and improved
cyclability of the test cell; and 3) the overall conductivity of ceramic-electrolyte and hybrid-electrolyte cells are comparable
after 360 cycles of Li plating/stripping reaction.

Nanometer-scale charge-transport imaging. To investigate the ionic-transport nonuniformity at the nm scale, AFM-based
charge-transport imaging was conducted on the four samples of half-cells with ceramic-only and polymer-coated ceramic and
at the pristine and cycled states, respectively. Significant nonuniform ionic conductivity varying one to two orders of magnitude
was found for all samples. By comparing the samples at cycled states with pristine states, the half-cells with ceramic-only and
polymer-coated ceramic show significant degraded and improved ionic transport, respectively. Figures 4a and 4b show the
current images and a line profile on the pristine ceramic surface. The average current with Vs = 0.7 V and probe size of 40 nm
is 1.3x107"" A (see scale bar in Fig. 4a). In contrast, the average current on the pristine polymer-coated ceramic (9.5x1014 A)
is about two orders of magnitude smaller than the ceramic-only electrolyte, even under a larger Vs = 1.2 V. This current is
close to the detection limit of the amplifier, and it results in current fluctuations with the fast scan in horizontal and slow scan
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Figure 4. Ionic current images taken at the pristine state on samples of (a) ceramic-only and (c) polymer-coated ceramic. Figures 4(b)
and 4(d) show example line profiles along the dashed lines in 4(a) and 4(c).
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in vertical directions. The overall current difference between the two electrolytes is consistent with the electrochemical data
(Figure 3), illustrating that the polymer coating reduced the ion transport in the pristine state. The current fluctuations (Figures
4b and 4d) are significant in one to two orders of magnitude, which suggests complication of Li-ion transport routes in the nm
scale—and thus, a change in the chemical and structural ordering in the ceramic material with the multiple chemical elements.
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Figure 5. Ionic current images taken on the cycled (a) ceramic-only and (c¢) polymer-coated electrolytes. Figures 5(b) and 5(d) show
example line profiles along the dashed lines in 5(a) and 5(c).

After the 360 cycles of plating and stripping, ionic transport changed significantly on both the ceramic-only and polymer-
coated samples (Figure 5). The ceramic-only electrolyte shows nearly ionic insulation in many areas (Figures 5a and 5b), even
with a large Vs = 2 V. This electrolyte/Li interface reacted, and the chemical composition changed, as shown by the color
change from white before cycling to black after cycling. The ionic current distribution is also largely nonuniform, changing
from area to area in micro-sizes. There are only partial conductive areas left (dark areas in Figure 5a), and the current difference
between the conductive and non-conductive areas are about two orders of magnitude (Figure 5b). Figures 5¢ and 5d show the
ion current image and a line profile on the polymer-coated electrolyte after cycling. The average current increased two orders
of magnitude (Figures 4c and 5¢) by the cycling, illustrating the improved ion conductivity, probably by opening more transport
channels during the cycling. The current fluctuation of about one order of magnitude is consistent with the pristine ceramic-
only electrolyte and likely suggests similar ion-transport mechanisms. The clear improvement and degradation, respectively,
on the polymer-coated and ceramic-only electrolytes by the cycling elucidates the significantly improved solid-electrolyte
quality by the polymer coating.

Morphology characterization. We made both the ceramic-only electrolyte and ceramic with polymer coating in contact to
Li metal under a constant pressure for a few days of rest. Figure 6a (left) shows that the ceramic electrolyte with polymer
coating can be separated from Li metal after 1-day contact and has no change in color, suggesting no significant chemical
reaction of the electrolyte with Li metal. Figure 6a (right) shows that the ceramic-only electrolyte cannot be simply separated
from Li metal after 1-day contact indicating significant chemical reaction of the electrolyte with Li. Figure 6b (left) also shows
no change of color for the ceramic electrolyte with polymer coating after 4-day contact with Li metal. Figure 6b (right) shows
changing of color from white to black at the edge of ceramic-only electrolyte after 4-day contact with Li metal, which illustrates
further reaction at the interface. The photographs of electrolyte changing is consistent with the phenomenon reported in liter-
ature.”

The samples were further observed by SEM. From SEM images (Figure 7), the cycled ceramic electrolyte with polymer
coating shows a different surface morphology from that of the pristine electrolyte; while it shows comparable surface mor-
phology with that of both pristine and cycled ceramic-only electrolyte. This observation suggests that the polymer coating
reacted with ceramic and formed a new interface after cycling.

m CONCLUSION
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186 We have achieved a ceramic/polymer hybrid solid-state electrolyte with sandwich structure using a simple polymer-coating.
187  The EIS measurements show similar bulk ionic conductivities of the ceramic electrolytes after the polymer coating, demon-
188 strating that the bulk ion conductivity did not degrade by the coating. The DC polarization measurement shows the lower
189 electronic conductivity of the electrolytes after the polymer coating. In the 360 cycles of Li stripping/plating reaction, the
190  galvanostatic voltage during cycling decreases (increases) on the electrolytes with (without) the polymer coating, thus illus-
191 trating improved (degraded) overall ion conductivity and cyclability of the cells by the cycling. The AFM-based ion-transport
192  imaging shows significant inhomogeneous ion current in nm-scale, illustrating the complexity of ion transport in the solid
193 electrolyte. The ion current images are consistent with the macroscopic measurement, showing improved or degraded charge
194 transport by the cycling. The morphology characterization by SEM demonstrates that the surface structure of the polymer-
195 coated ceramic electrolyte changes to be similar to cycled ceramic electrolyte after the long cycles. Our results reveal that
196 simple polymer coating on commercially available ceramic solid electrolyte can significantly improve stability and cyclability.

197
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Figure 6. Photographs of ceramic electrolyte with polymer coating (left) and ceramic-only (right) after (a) one day and (b) four days of
contact with Li metal.
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Figure 7. SEM images of the ceramic electrolyte in (a) the pristine and (b) cycled states compared with ceramic electrolyte with polymer
coating in the (c) pristine and (d) cycled states.
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