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Fast Charge and High Stability of Solid-State Graphite
Organic lonic Plastic Crystal Composite Anodes

Hiroyuki Ueda,*™ Fuminori Mizuno,* Robert Kerr,” Maria Forsyth,” and

Patrick C. Howlett*®

All-solid-state batteries (ASSBs) using organic ionic plastic
crystals (OIPCs) are promising candidates to overcome the
inherent safety issues of lithium-ion batteries (LIBs). Although
OIPCs have excellent process applicability in the roll-to-roll
electrode fabrication process, their application as solid electro-
lytes incorporated in composite electrodes has yet to be
demonstrated in detail. Herein, we denote the positive effect of
the  N-ethyl-N-methylpyrrolidinium  bis(fluorosulfonyl)imide
([C,mpyr][FSI]) incorporated within a composite graphite anode
on the charge rate capability and cycle life. The highest charge
capacity ratio (the charge capacity at 2C vs. that measured at
0.1C) was measured for the composite anode with an OIPC
composite ratio of 50 wt% (89.5%, 295.7 mAh/g at 2C charge),
almost the same as that of the graphite anode with a liquid

Introduction

Since their first commercialization in 1991, lithium-ion batteries
(LIBs) have been crucial components as energy-storage devices
in many consumer electronics including, laptops and
smartphones.” Demands for their large-scale utilization are
ever growing along with a rapid expansion of the electric
vehicles (EVs) market.” To extensively use LIBs in such a large-
scale application, their safety must be ensured.” Current LIBs
are fruits of manufacturers’ labour and are practically safe as
final products, which ensure sufficient precautions at each scale
from optimization of cell chemistry to mechanical crash
protection of battery modules.”! However, at the cell-chemistry
level, LIBs rely on flammable organic liquid electrolytes, posing
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electrolyte (85.7%, 295.9 mAh/g at 2C charge). More favorable
lithium-ion conduction pathways were resolved for the anode
with a higher OIPC composite ratio, whereas an excessive
amount of OIPC reduced the long-term cyclability. The most
stable discharge capacity retention was obtained for 30 wt%
OIPC composite (257.4 mAh/g at the 100th discharge), which
showed no signs of discharge capacity fading within 100 cycles.
The lithiation/delithiation process of the solid-state graphite-
[C;mpyr][FSI] composite anode was evaluated to be stable and
reversible. In addition, the incorporated OIPC composite
enhanced the electrolyte/electrode and electrode/current col-
lector contacts. This work highlights multiple advantageous
functions of the OIPC in a composite graphite anode, which will
broaden our horizons for the use of OIPC composites in ASSBs.

inherent safety risks. Therefore, all-solid-state batteries (ASSBs),
in which solid electrolytes are used as ion-conductive pathways
have attracted attention owing to the higher thermal stability
of solid electrolytes compared to conventional liquid electro-
lytes in LIBs.”! If ASSBs can be made cost-effective and achieve
comparable performance with LIBs, the replacement of LIBs
with ASSBs will be viable.

Another important factor is the process applicability of
solid-state electrodes comprising active materials and solid
electrolytes (plus, if necessary, conductive additives and bind-
ers) to current LIB production lines. Highly compatible prepara-
tion methods for the electrodes are beneficial to boost a wide
adaptation of ASSBs in energy storage applications.” Although
inorganic solid electrolytes are promising materials in terms of
their bulk ionic conductivities, they require additional steps to
form void-free contacts between the solid electrolytes and
active materials.**” For instance, the interfacial formation of a
sulfide-based solid electrolyte with LiNi,;Mn,;Co,,;0, requires
high pressure (330 MPa) at room temperature,”” whereas that
of an oxide-based one with LiCoO, is achieved at a high
temperature (700°C).”" Such interfacial formation procedures
cannot be directly performed in the roll-to-roll electrode
fabrication process and, thus, increase costs for the mass
production of ASSBs.”*'” In this context, organic solid electro-
lytes become attractive candidates because of their excellent
process applicability,"" for which current LIB fabrication
technologies can be simply employed without implementing
any additional low-throughput processes.

Among organic solid electrolytes, organic ionic plastic
crystals (OIPCs) are an emerging class of ion conductors. They
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are solid-state analogues of ionic liquids (ILs) and inherit
advantages from their ionic nature including, low flammability,
negligible vapor pressure, and high thermal and chemical
stability."? Although the aforementioned properties enable
them to be safer candidates than the other organic solid
electrolytes,”® they have been mainly used as interlayers
between cathodes and anodes,"* and not explored as ion-
conductive pathways inside solid-state electrodes, except for a
preliminary attempt demonstrating anode slurry preparation
using an OIPC composite with agar.™ Because ion conduction
between active materials and solid electrolytes only occurs at
interfaces, sufficient contact of solid electrolytes with active
materials is a crucial requirement to obtain a higher rate
capability’” and longer cycle life of the electrodes, thereby
making ASSBs comparable with LIBs. Indeed, as for the electro-
des containing a sulfide-based solid electrolyte, it has been
demonstrated that voids inside the electrodes decrease
lithium-ion conduction pathways and, hence, limit the achiev-
able capacity at each cycle." In a similar fashion, this structure-
property relationship would also be applicable to solid-state
electrodes containing OIPCs. Therefore, studies of the interfacial
structures in the electrodes dependent upon the amount of
incorporated OIPCs and their relationship to the resulting
battery performance will lay the foundation for the develop-
ment of ASSBs.

In this paper, we report the improved charge rate capability
and cyclability of solid-state graphite anodes with an increase
in the amount of an OIPC composite, i.e., N-ethyl-N-meth-
ylpyrrolidinium bis(fluorosulfonyl)imide ([C,mpyr][FSI])+ lithium
bis(fluorosulfonyl)imide (LiFSI) in the electrodes. We employed
a simple electrode fabrication process; the difference from the
conventional method was only the addition of the OIPC
composite solution to a water-based graphite anode slurry,
ensuring high applicability of this method to the roll-to-roll
process. The process of solid electrolyte interphase (SEl)
formation was monitored by Fourier transform infrared (FTIR)
spectroscopy. Surface and cross-sectional structures of solid-
state graphite anodes with various amounts of the OIPC
composite were resolved by scanning electron microscopy
(SEM) and thereby the effect of the incorporated OIPC
composite on the charge rate capability and cyclability of the
anodes was elucidated. Furthermore, elemental analysis of
selected electrodes was carried out by energy-dispersive X-ray
spectroscopy (EDX) to understand the dispersibility of the OIPC
composite in the graphite anode. Lastly, electrochemical
impedance spectroscopy (EIS) for some cycled cells was
performed to correlate the difference in the battery perform-
ance with that of each resistor element as a function of the
state of charge (SOC) or the depth of discharge (DOD).

Results and Discussion
Initial charge-discharge profile

The initial charge-discharge behavior of the solid-state graph-
ite-[C;mpyr][FSI] composite anodes was compared with that of
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an equivalent graphite anode using a liquid electrolyte, i.e.,
1.0 M LiPF¢ in ethylene carbonate (EC)-diethyl carbonate (DEC)-
dimethyl carbonate (DMC). Figure 1a shows charge-discharge
profiles for the solid-state graphite-[C;mpyr][FSI] composite
anode with an OIPC content of 30 wt%. As a reference, the
charge-discharge profile for the graphite anode using the liquid
electrolyte is also illustrated in Figure 1b. At the first charging, a
peak appeared at around 0.67 V for the solid-state graphite-
[C;mpyr][FSI] composite anode, which was also found for the
other electrode compositions (i.e., OIPC contents of 0, 15, and
50 wt %, see Figure S1 for their charge-discharge profiles). This
may be attributed to some of the origins: i) SEI formation
affected by the decomposition of the [C,mpyr][FSI] composite,
ii) [C;mpyr]™ insertion into graphite, and iii) massive decom-
position of a component that does not contribute to SEI
formation. Graphite/Li half cells containing [FSI]™ anions in a
liquid electrolyte show a large irreversible capacity during the
first charge and present a shoulder in their charge profile at
0.2-1.5 V.'" In contrast, it has been reported that the graphite
anode in a bis(trifluoromethylsulfonyl)imide ([TFSI]7)-based IL
with N-methyl-N-propylpyrrolidinium ([C;mpyr]*) and Li* cati-
ons exhibits reversible intercalation of [C;mpyr]® cations at
0.4-0.7 V' In our case, the characteristic peak was observed
only in the first charging step and the charge-discharge profiles
for subsequent cycles were almost identical to that of the
graphite anode with the liquid electrolyte (Figures 1a vs. b at
the second and third cycles). Therefore, the origin of the peak
might not be due to [C,mpyr] " insertion into graphite. Further
evidence to support this claim is the stability of graphite
intercalation compounds (GICs) with pyrrolidinium cations,
where small pyrrolidinium cations with a volume of <0.2 nm?
(including [C,mpyr]*) cannot form stable GICs." As demon-
strated in Figure 1a, the SElI formed after the OIPC decom-
position provides good reversibility of lithium-ion intercalation/
deintercalation processes, which is likely to be due to the
presence of [FSI]™ anions. A previous report suggested that
[FSII~ anions contribute to the formation of a stable SEI
showing effective passivation against both co-intercalation and
cathodic decomposition of IL cations.”” Of the ions in the OIPC,
[FSI]™ anions are expected to be the main contributor to SEI
formation because bond cleavage in the anions of [TFSI]™- and
[FSI™-based ILs has been widely revealed by X-ray photo-
electron spectroscopy and FTIR spectroscopy.?” However, it
should be noted that [C;mpyr]™ cations could also be partly
decomposed during the first charge. This consideration is
supported by the fact that, in a similar system (i.e., N-butyl-N-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide,
[C,mpyr][TFSI]), the fragmentation of [C,mpyr]™ cations, which
is mainly the detachment of butyl side chains from the
pyrrolidinium rings, precedes the [TFSI]~ breakdown during the
cathodic scan.?? The fragmentation of [C,mpyr] " is expected to
occur at around 1.2V vs. Li/Li*, which is within the operating
voltage range (0.005-1.5 V). This potential value was calculated
based on the reduction potential of [C;mpyr][FSI], —2.06 V vs.
ferrocene/ferrocenium (Fc/Fc )™ and the redox potential of Fc/
Fc*, 3.26V vs. Li/LiT" Section VII-(i) in the Supporting

© 2022 The Authors. Published by Wiley-VCH GmbH
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Figure 1. a) Charge-discharge curves for the solid-state graphite-[C,mpyr][FSI] composite anode (70 wt% graphite anode + 30 wt % [C,mpyr][FSI] composite)
using the poly(vinylidene fluoride) (PVdF)-[C,mpyr][FSI] composite interlayer ([C,mpyr][FSII—10 wt % PVdF—10 mol % LiFSI) and b) charge-discharge curves for
the graphite anode with a liquid electrolyte, 1.0 M LiPF in EC-DEC-DMC (1:1:1 volume ratio) using the Celgard 3501 (polypropylene, PP) interlayer filled with
the liquid electrolyte at the first three cycles at 50°C. c) The FTIR spectra of the solid-state graphite-[C,mpyr][FSI] composite anodes charged to 0.6, 0.4, and
0.1 V. d) The FTIR spectra of [C,mpyr][FSI], the [C;mpyr][FSI] composite ([C,mpyr][FSI]:LiFSI=90:10 mol %), and the PVdF-[C,mpyr][FSI] composite interlayer. )
dQ/dV curves for the solid-state graphite-[C;mpyr][FSI] composite anode (70 wt % graphite anode + 30 wt % [C,mpyr][FSI] composite) at the first three cycles

at 50 °C. f) Comparison of dQ/dV curves for a) and b) at the first cycle at 50 °C.

Information provides detailed insights into the appearance of
the peak in the charge-discharge profiles at the first cycle.

To further analyze SEI formation at the first charging, FTIR
spectroscopy was performed for the surfaces of the solid-state
graphite-[C,mpyr][FSI] composite anodes (70 wt% graphite
anode + 30 wt% [C;mpyr][FSI] composite). Figure 1c shows the
FTIR spectra of the anodes after charging from the open-circuit
voltage to the various voltages. In addition, the FTIR spectra of
the interlayer, [C,mpyr][FSI] composite, and pure [C,mpyr][FSI]
are illustrated in Figure 1d. As shown in Table S1, the peak
wavenumbers for the spectra of the interlayer and [C;mpyr][FSI]
composite are almost the same as those of [C,mpyr][FSI]. In
contrast to the FTIR spectrum of the composite composed of
PVdF nanoparticles and [C,mpyr][FSI],*! no obvious peak shifts
are observed for the spectrum of the interlayer. This is due to
the low weight ratio of PVdF (10 wt%) in the interlayer. The
shape of the spectrum for the solid-state graphite-[C,mpyr][FSI]
composite anode was changed from that for the as-prepared
anode before contacting with the interlayer (Figures 1c vs. S2a).
and became similar to the spectrum for the interlayer. The
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result suggests that the volume of the [C,mpyr][FSI] composite
covering graphite particles increased after the half-cell oper-
ation. For most of the peaks, the anode charged to 0.6V
indicated weaker absorbance than the interlayer. This anode
also showed blueshifts for some of the peaks originating from
[FSII~ and the appearance of a new peak at 1279 cm™' (for
details of the band assignments, see Table S2). Those changes
in the spectrum provide evidence that [FSI]™ contributes to SEI
formation. Unexpectedly, a further charge of the anode to
0.4V, which corresponds to the characteristic feature in the
voltage profile at the first charging (Figure 1a), did not induce
any significant change in the spectrum, except for the blue-
shifted peaks at 754 and 574 cm™'. This implies that SEI
formation is not the main origin of the characteristic feature.
Indeed, as an alternative origin, the decomposition of PVdF in
the interlayer periphery in contact with the two coin-cell
spacers was confirmed after disassembling the half cell charged
to 0.4V (for details, see Section VII-(ii) in the Supporting
Information). Charging the anode to 0.1V further reduced the
absorbance of the peaks stemming from both [C,mpyr]* and

© 2022 The Authors. Published by Wiley-VCH GmbH
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[FSII™ (Table S2), suggesting the reduction of both ions. The
observation of both cation- and anion-derived species by FTIR
spectroscopy is supported by previous studies on similar
systems using ILs with lithium metal.?™™® The FTIR spectra of
the fully charged anode and the anode after one cycle were
almost the same as that of the anode charged to 0.1V
(Figures S2b and c vs. Figure 1c). The result indicated that the
essential level of SEI formation, which can prevent a drastic
degradation of the components, had finished by reaching the
cell voltage of 0.1 V.

Table 1 summarizes capacities and Coulombic efficiencies
for the solid-state graphite-[C,mpyr][FSI] composite anodes and
the graphite anode with the liquid electrolyte. The graphite/Li
half cell containing the liquid electrolyte shows the first cycle
Coulombic efficiency of 84.5%, whereas half cells containing
the solid-state graphite-[C,mpyr][FSI] composite anodes
present much lower first cycle Coulombic efficiencies (34.9%-—
56.5%). As stated earlier, this is due to the irreversible capacity
caused by SEl formation and decomposition of PVdF in the
edges of the interlayer. For all half cells, the Coulombic
efficiency steadily increases with cycle number. The details for
the dependence of the Coulombic efficiency and discharge
capacity on the OIPC composite ratio are discussed in Section
VIII-(i) in the Supporting Information. In short, a higher OIPC
composite ratio (>30wt%) showed higher Coulombic effi-
ciency and discharge capacity at the third cycle, which were
close to those measured for the graphite anode with a liquid
electrolyte. This suggests that a higher amount of the OIPC
composite provides more favorable ion conduction within the
anode. Surprisingly, the solid-state graphite anode without the
OIPC composite could also be cycled, due to the interparticle
diffusion of lithium ions as previously reported.”® To correlate
the difference in the battery performance with that in the
anode structure, the results of SEM and EDX analysis are
discussed later in the “Electrode structure” section.

Figure 1c shows dQ/dV curves for the solid-state graphite-
[C,mpyr][FSI] composite anode with the OIPC composite ratio
of 30 wt%. In addition, these dQ/dV curves are compared with
those for the graphite anode with the liquid electrolyte (as a
typical comparison, dQ/dV curves at the first cycle are depicted
in Figure 1d). Here, we focus on the lithiation/delithiation

behavior of graphite anodes in the voltage region between
0.005 and 0.250 V. dQ/dV curves outside of this voltage region
are also provided in Figure S3 to compare the difference in SEI
formation and decomposition behaviors at the first charging.
As can be seen in Figure 1¢, three pairs of lithiation/delithiation
peaks are observed at 0.080 V/0.090V, 0.108 V/0.127 V, and
0.197 V/0.226 V, which are labeled as L1/D1, L2/D2, and L3/D3,
respectively. These pairs of peaks can be assigned to phase
transitions of graphite along with lithiation/delithiation. For
instance, L1/D1 is due to the Stage 1/Stage 2 transition,
whereas L2/D2 stems from the Stage 2/Stage 2L transition.””
While L3/D3 is assigned to a further stage transition,”’? the
origin of L3/D3 has been theoretically elucidated using an
interaction term to include the effect of a decrease in the
interaction between lithium and the graphite host lattice at low
fractions of lithium intercalated into graphite (0<x<0.1).% In
our dQ/dV curve (Figure 1c), an additional delithiation peak is
found at 0.182V (labeled as D2’), which is not observed for
some graphites.”’=*" Although this might be related to a stage
transition, the appearance of this delithiation peak depends on
the types of graphite. A similar dQ/dV peak was also reported
for mesocarbon microbeads (MCMB)®" and some commercial
graphites (of unspecified grades).*? The shape of the dQ/dV
curve is stable with an increase in the cycle number, except for
L3, where the peak becomes broad from the first to the second
cycle. A difference between the dQ/dV curves for the solid-state
graphite-[C;mpyr][FSI] composite anode (30 wt% OIPC compo-
site) and the graphite anode with the liquid electrolyte appears
on the peak strengths of D2’ and D3 at the first cycle. Smaller
peaks are found for the solid-state graphite-[C;mpyr][FSI]
composite anode, which means that lithiation/delithiation of
the solid-state graphite-[C,mpyr][FSI] composite anode is not
fully reversible, and a fraction of the inserted lithium remains
inside the graphite. This also relates to a large irreversible
capacity of the solid-state graphite-[C;mpyr][FSI] composite
anode at the first cycle. The peak separations for the solid-state
graphite-[C,mpyr][FSI] composite anode are estimated to be
0.010 V for L1/D1 and 0.020 V for L2/D2, which are identical to
those estimated for the graphite anode with the liquid electro-
lyte (0.011V and 0.019 V, respectively). The result suggests that
those two phase transitions of the solid-state graphite-

Table 1. Charge and discharge capacities and Coulombic efficiencies at the first three cycles for the solid-state graphite-[C,mpyr][FSI] composite anodes and
the graphite anode containing the liquid electrolyte.
Graphite anode : Interlayer + electrolyte Cycle Charge capacity Discharge capacity Efficiency
[C,mpyr][FSI] number [mAh/g] [mAh/g] [%]
composite [wt %]
50:50 PVdF + [C,mpyr][FSI] composite 1 554.5 313.0 56.5

2 343.0 3194 93.1

3 3379 3205 94.9
70:30 PVdF + [C,mpyrl[FSI] composite 1 732.1 255.5 34.9

2 3593 2824 786

3 350.9 289.8 82.6
100:0 PVdF + [C,mpyr][FSI] composite 1 5779 261.5 453

2 341.6 284.5 83.3

3 324.0 291.9 90.1
100:0 PP+ 1 M LiPFg in EC-DEC-DMC 1 397.8 336.2 84.5

(1:1:1 vol %) 2 350.9 3379 96.3
3 346.8 338.1 97.5

Batteries & Supercaps 2022, €202200057 (4 of 15)

© 2022 The Authors. Published by Wiley-VCH GmbH



Research Article
Batteries & Supercaps

doi.org/10.1002/batt.202200057

Chemistry
Europe

European Chemical
Societies Publishing

[C;mpyr][FSI] composite anode occur as smoothly as those of
the graphite anode with the liquid electrolyte. However, wider
peak separations can be measured for the solid-state graphite-
[C;mpyr][FSI] composite anode with a small amount of the
OIPC composite (<15 wt %, see Figure S4). This is probably due
to a relatively small contact area between the bulk OIPC
composite and graphite particles in the anode, which causes a
higher contact resistance, hence requiring an overvoltage to
induce those phase transitions. Therefore, a higher OIPC
composite ratio (>30 wt%) is beneficial to facilitate the phase
transitions along with lithiation/delithiation. A further discus-
sion regarding resistivity is made later in the “EIS after the cycle
test” section, based on the results of EIS after the cycle test.

Charge rate performance
Figure 2a shows charge curves at various C-rates for the solid-
state graphite-[C,;mpyr][FSI] composite anode with the OIPC

composite ratio of 30 wt%. The plateau of the curve was
shortened and blurred with an increase in the charge C-rate,

(a)

1.4 — 0.1C
1.2 — (0.2C -
e | g
> I
> 08 —2c 3
w =
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0.4 8
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resulting in a smaller charge capacity at a higher C-rate. The
same tendency was found for the other anode compositions
(see Figure S5 for their charge curves) and the degree of
decrease in the charge capacity with a C-rate increase was
dependent on the anode composition. Figure 2b presents the
charge capacity ratio at each C-rate for the solid-state graphite-
[C,mpyr][FSI] composite anodes with the OIPC composite ratio
of 0, 30, and 50 wt% and the graphite anode with the liquid
electrolyte (see Section VIII-(ii) in the Supporting Information
for the charge rate capability of the 15wt% sample). A
difference in the charge rate capability is derived from a
difference in the structure inside the anode (Figure 2c). The
fastest decrease in the charge capacity with an increase in the
C-rate was measured for the solid-state graphite anode without
the OIPC composite. This could be attributed to three reasons:
i) the smallest contact area between the bulk OIPC composite
and the graphite particles, ii) the relatively unstable contact
between graphite particles and the copper current collector,
and iii) the loss of favorable edge-edge contacts during
charging. If the electrolyte/electrode contact area becomes
smaller, a larger interfacial resistance will be expected. The

(b)
100 r B0 wt%
[ B30 wt%
8ol B 50 wt%
- M liquid electrolyte
60 f
40

20L
0.2 0.5 1 2
Charge C-rate
50 wt% Material
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Figure 2. a) Charge curves for the solid-state graphite-[C,mpyr][FSI] composite anode (70 wt % graphite anode + 30 wt % [C,mpyr][FSI] composite) at various
C-rates at 50°C. b) The capacity ratio at each charge C-rate. c) The schematic illustration of the interface between PVdF fibers filled with the [C;mpyr][FSI]
composite ([C,mpyr][FSI]:LiFSI=90:10 mol %) and solid-state graphite-[C,mpyr][FSI] composite anodes with various graphite anode:[C,mpyr][FSI] composite

ratios (100:0, 70:30, and 50:50 wt %).
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solid-state graphite anode has no electrolyte inside and,
therefore, SEl formation on the current collector is not possible.
The SE| on copper is reportedly rich in organics,** which would
enhance the adhesion of graphite particles to the current
collector. However, the electrode/current collector contact in
the solid-state graphite anode relies dominantly on the binder,
i.e., sodium carboxymethylcellulose (Na-CMC) and van der
Waals force of graphene layers with the bare substrate, which
is more likely to incur the partial contact loss between graphite
particles and the current collector during charging. A difference
in the electrode/current collector contact will be further
discussed in the “EIS after the cycle test” section. As for the
orientation dependency of graphite particles, it is known that
lithium intercalation into graphite occurs across edge planes.®”
Because defect-free basal planes of graphite particles are
inactive against lithium intercalation,®” lithium-ion conduction
between graphite particles in the solid-state graphite anode
without the OIPC composite is expected to take place at
contact points between edge planes (red curved arrows
passing through graphite particles in Figure 2c). However, if the
charge rate increases, lithium intercalation via each contact
point will also increase. This causes rapid volume expansion of
graphite particles and could cause slippage of the contact
points, changing their orientation from edge-edge contacts to
unfavorable basal-edge or basal-basal contacts (shown as
yellow wavy lines in Figure 2c). Such contact modification could
be non-negligible because graphite particles expand by 10%
along with their c-axes during charging from the delithiated
state to the lithiated state.®® A decrease in the charge capacity
with a C-rate increase becomes less intense as the fraction of
OIPC within the composite increases. This is due to the
nullification of some or all of the aforementioned three adverse
effects. As stated in the “Initial charge-discharge profile” section,
an increase in the OIPC composite ratio provides graphite
particles with large electrolyte/electrode contact areas, reduc-
ing the interfacial resistance. In addition, the OIPC composite
plays an adhesion role in the anode, maintaining both electro-
lyte/electrode and electrode/current collector contacts and
fastening the orientation of graphite particles at contact points.
Such an adhesive feature is an inherent property of [FSI]-based
OIPCs.®” Indeed, the OIPC composite made of 90 mol%
[C;mpyr][FSI] and 10 mol% LiFSI is sticky enough to bind
graphite particles. The charge rate capability increases with an

increase in the OIPC composite ratio. Importantly, the capacity
ratio of the solid-state graphite-[C,mpyr][FSI] composite anodes
with the OIPC composite ratio of 50 wt% (89.5% at 2C charge)
is almost the same as that of the graphite anode with the liquid
electrolyte (85.7% at 2C charge). This suggests that, at 50 wt %,
the OIPC composite sufficiently fills the voids within the anode
and covers the graphite particles to provide them with
favorable lithium-ion conduction pathways from/to the bulk
OIPC composite.

As demonstrated here, filling the voids in the graphite
anode with the [C,mpyr][FSI] composite is beneficial to
improving the charge rate capability because it can allow
graphite particles to access lithium ions via the OIPC composite.
Lithium-ion conduction in OIPCs has been explained by a
paddle-wheel (cog-wheel) or revolving-door mechanism,®
where the rotational motions of organic ions comprising OIPCs
transfer adjacent lithium ions to the different sites in the crystal
lattice. In addition, the defects (vacancies and dislocations)
formed by the structural disorder in OIPCs also facilitate ion
conduction."* These lithium-ion conduction mechanisms are
also applicable to the case of the solid-state graphite-
[C;mpyr][FSI] composite anodes. Furthermore, the [C,mpyr][FSI]
composite around the graphite particles is subject to composi-
tional change and recrystallisation followed by the formation of
smaller grains (compared to the uncycled [C,mpyr][FSI] compo-
site), as resolved for the interface between lithium-doped N,N-
dimethylpyrrolidinium tetrafluoroborate and lithium metal after
symmetric cell cycling.*® This increases the volume of grain
boundary phases that are reportedly more ion-conductive than
the bulk OIPC phases.*" The aforementioned lithium-ion
conducting function of the [C,mpyr][FSI] composite and the
results shown in Figure 2b deduce the positive effect of the
OIPC inclusion in electrodes on the performance improvement
of ASSBs.

Surprisingly, solid-state graphite-[C,mpyr][FSI] composite
anodes could operate under a low volume fraction of the
electrolyte (i.e., the volume fraction of LiFSI, @gectroiyte < 1.8 %),
which was evaluated to be >60% smaller than that of the
solid-state graphite anode with the liquid electrolyte
(Pelectrote=5.0%, see Table 2 for details). To obtain further
insight into how much of the electrolyte per anode is required
to achieve a high charge rate capability, the capacity ratio at 2C
charging was plotted against @eectolyte/Panode in Figure 3, where

Table 2. Composition, volume fractions of voids (¢,.q), an anode (including graphite, carbon black, and Na-CMC) (¢,nece), @an electrolyte (Pejectrolyte), @and a

solvent (¢so|vent)l and ¢electrolyte/¢anode’

Aimed graphite anode :
[Compyr][FSI]
composite ratio [wt %]

Interlayer + electrolyte Puoia [%]

¢anode [0/0] ¢e|ectro|yte[a] [0/ °] ¢solvent[b] [0/0] ¢ele(trolyte/ ‘Panode [%]

50:50 PVdF + [C,mpyr] [FSI] composite 21.2
70:30 PVdF -+ [C,mpyr] [FSI] composite 356
85:15 PVdF + [C;mpyr] [FSI] composite 426
100:0 PVdF -+ [C,mpyr] [FSI] composite 34.1
100:0 PP+1 M LiPF, in EC-DEC-DMC 0

(1:1:1 vol%)

29.0 18 48.1 6.1
37.1 1.0 263 26
44.0 0.5 12.9 1.1
65.9 0 0 0
50.2 5.0 44.7 10.0

e Electrolyte: LiFSI or LiPF¢. ™ Solvent: [C,mpyrl[FSI] or EC-DEC-DMC (1:1:1 vol %). 9 All voids are assumed to be filled by 1 M LiPF, in EC-DEC-DMC

(1:1:1 vol %).
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100 with the liquid electrolyte (10.0%). This is one of the
| advantages of the transition from the conventional liquid
electrolyte system to the solid electrolyte system using the
80 OIPC composite. Owing to this transition, ca. 39% of the
§ | electrolyte volume is expected to be reduced, which would be
(ci.) an additional space to incorporate more graphite (and the
w 60 other ingredients accordingly), thereby resulting in the im-
i) | provement of the volumetric energy density (mAh/L). A
o ) possible physicochemical interpretation of a more efficient
% 40 graph|te.—[02mpyr][FS|] lithium-ion transfer behavior in the solid-state graphite-
2 composite anode . o . ) !
3 [C,mpyr][FSI] composite anode is discussed in Section IX in the
8 Supporting Information.
20F
[ Cycle life
0 L 1 1 1 L 1 1 1 1 1
0 2 4 6 8 10

(welectroiyle/q)anode) / 0/0

Figure 3. Plots of the capacity ratio at 2C charging vs. @ejectrolyte/ Panode at
50°C.

Panode 1S the volume fraction of anode, i.e., the sum of the
volume fractions of graphite, carbon black, and Na-CMC. It was
evaluated that the amount of the electrolyte in the OIPC
composite is smaller than that in the liquid electrolyte to
achieve the same charge rate capability. Specifically, the
Pelectrolyte! Panoge Value for the solid-state graphite-[C,mpyr][FSI]
composite anode with 50 wt% of the OIPC composite (6.1 %)
was 39% smaller than that for the solid-state graphite anode

Figure 4a shows charge-discharge profiles of the solid-state
graphite-[C,mpyr][FSI] composite anode with the OIPC compo-
site ratio of 30wt% during extended cycle testing. The
corresponding dQ/dV curve for each charge-discharge profile is
also illustrated in Figure 4b. The charge capacity was stable at
every cycle. In contrast, the discharge capacity gradually
improved as the cycle number increased and was stabilized at
around the 20th cycle. This can be explained as a precondition-
ing process. It was reported for not only lithium/lithium
symmetric cells with an OIPC composite interlayer,"***? but also
half cells composed of a LiFePO, (LFP) cathode, an OIPC
composite interlayer, and lithium metal.“*****! The precondi-
tioning process is likely to stem from Joule heating, recrystalli-
zation of the OIPC followed by the formation of small OIPC

(a) (b)
1.4 = 2nd cycle
1.2 b = 10th cycle
10| — e
cycle
> 0.8 ?

100th cycle

LI B B B S B S S R E e

0 100 200 300 400 0 0.05 0.10 0.15 0.20 0.25
Capacity | (mAh/g) ElV
c d
112.( ) )
E =0 wt% o 108
\Q -
g E = 30 wt%
=1 5
5 08 ] o 104
51045— % 100
e F g :
S F = 96 gF
S 100 f = 2
S g
< o
© 9 f 88 E
Coaaabaaaaloaaslaaaabasaaloaaalasaalaasalaasalasng
0 20 40 60 80 100 0 20 40 60 80 100

Cycle number

Cycle number

Figure 4. a) Charge-discharge curves and b) dQ/dV curves for the solid-state graphite-[C,mpyr][FSI] composite anode (70 wt% graphite anode + 30 wt%
[C,mpyr][FSI] composite) at the 2nd, 10th, 20th, 50th, and 100th cycles at 50 °C. ¢) Capacity retention and d) Coulombic efficiency at each cycle.
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grains, and the uneven concentration profile of lithium ions at
the electrolyte/electrode interfaces.*?***¥ These provide contact
points with melted phases or disordered phases of the OIPC
composite, and hence facilitate lithium-ion conduction. These
effects are induced by cell cycling and can reduce interfacial
resistance. An interesting preconditioning behavior for the
solid-state graphite-[C,mpyr][FSI] composite anode is that an
increase in the discharge capacity is mainly due to stage
transitions higher than D1 (i.e,, D2 and D2’, see the enlarged
curve of Figure 4b). The peak heights of these stage transitions
were not changed significantly during cycling, but the
discharge capacity derived from the intermediate regions
(between D1, D2, and D2') gradually increased with an increase
in the cycle number. The same preconditioning behavior was
also observed for the solid-state graphite-[C,mpyr][FSI] compo-
site anode with the OIPC composite ratio of 50 wt% (see
Figures S6a and b for its charge-discharge profiles and dQ/dV
curves during cycling, respectively). Furthermore, this anode
showed an unusual dQ/dV increase at 1.0-1.5V (Figure S7¢).
Because lithiation/delithiation of graphite particles occurs
below 0.3V vs. Li/Li*, this is originated from another side
reaction. A possible scenario for this side reaction could be
partial degradation of the PVdF fiber in the area sandwiched
between the solid-state graphite-[C,mpyr][FSI] composite
anode and lithium metal. This reaction may be mediated by
nitrene radicals of [FSI]~ decomposition products. Nitrene
radials are strong bases and can abstract H atom from C—H
bonds.*” Therefore, it is expected that they can also dehydro-
fluorinate PVdF. In the case of the solid-state graphite anode
without the OIPC composite (see Figures Sé6c and d), the charge
capacity was gradually increased during the first eight cycles,
stabilized up to the 20th cycle, and started decreasing from the
21st cycle. It also showed the aforementioned preconditioning

behavior. However, as the decrease in charge capacity was
bigger than the increase in the discharge capacity, the
discharge capacity also decreased from the 21st cycle. The
result suggests that the disconnection of favorable graphite-
graphite contacts simultaneously progresses with precondition-
ing and generates more inactive graphite particles during
cycling. Also, as stated in the “Charge rate performance” section,
the lithium-ion conduction pathways inside the solid-state
graphite anode without the OIPC composite are the most
limited among the solid-state graphite anodes studied here,
which could result in the fastest SEI growth at the electrolyte/
electrode interfaces.

Figure 4c shows the discharge capacity retention for the
solid-state graphite-[C,mpyr][FSI] composite anode with the
OIPC composite ratio of 0, 30, and 50 wt% during the cycle
test. Capacities, Coulombic efficiencies, and discharge capacity
retention at selected cycles are tabulated in Table 3. From the
first cycle to the 20th cycle, all cells displayed increases in the
discharge capacity. After that, each cell presented a different
plot of the discharge capacity retention. The solid-state graph-
ite anode without the OIPC composite exhibited a steady
decrease in the discharge capacity retention. Its average
degradation speed was evaluated to be 0.081% per cycle,
reaching a discharge capacity retention of 95.7% (275.3 mAh/
g) after 100 cycles. The discharge capacity retention for the
solid-state graphite-[C,mpyr][FSI] composite anode with the
OIPC composite ratio of 30 wt% was stable during the cycle
test (102.7%, 257.4 mAh/g at the 100th cycle). To the best of
our knowledge, such a super stable discharge capacity
retention of a solid-state half cell with an OIPC composite
interlayer was only reported for the cell comprising an LFP
cathode, the OIPC composite of 90 mol% [C,mpyr][TFSI] and
10 mol% LiTFSI, and lithium metal at 80°C.** In contrast, a

Table 3. Capacities, Coulombic efficiencies, and discharge capacity retention at selected cycles for the solid-state graphite-[C,mpyr][FSI] composite anodes

during the cycle test.

Graphite anode: [C;mpyr][FSIT  Cycle number Charge capacity [mAh/g]
composite [wt %]

Discharge capacity [mAh/g]  Efficiency [%] Discharge capacity retention [%]

50:50 1 301.5 @
2 290.4
10 289.8
20 289.9
50 287.4 "
100 285.5 1
101 261.4 @

70:30 1 295.3 1
2 263.7
10 2625
20 263.8
50 263.0
100 261.8
101 2711 @

100:0 1 293.8 @
2 294.0
10 2934
20 294.8
50 288.0
100 275.9
101 300.8 ®

European Chemical
Societies Publishing

2815 93.4 -
278.7 96.0 100
281.0 97.0 100.8
282.0 97.3 101.2
288.0 ™ 100.2 ® 103.3 ®
3102 ¥ 108.7 ®! 111.3
3294 " 126.0® -
2583 87.5 -
250.5 95.0 100
254.6 97.0 101.6
256.9 97.4 102.5
257.7 98.0 102.9
257.4 98.3 102.7
266.9 98.4 -
286.6 97.6 -
287.6 97.8 100
290.1 98.9 100.9
292.1 99.1 101.6
286.6 99.5 99.7
2753 99.8 95.7
300.9 100.0 -

' Measured at 0.1 C. "® Affected by a side reaction.
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further increase in the OIPC composite ratio to 50 wt% induced
a fluctuating increase in the discharge capacity retention
because of an unwanted side reaction. As for the Coulombic
efficiency, a similar trend was found which also increased from
the first cycle to the 20th cycle. However, the Coulombic
efficiency still showed a gradual increase after the 20th cycle.
For instance, the Coulombic efficiency of the solid-state graph-
ite-[C;mpyr][FSI] composite anode with the OIPC composite
ratio of 30 wt% rapidly increased from 95.0% at the second
cycle to 97.4% at the 20th cycle and then further improved to
98.3% at the 100th cycle. In contrast, the Coulombic efficiency
of the solid-state graphite-[C,mpyr][FSI] composite anode with
the OIPC composite ratio of 50 wt% started fluctuating from
the 31st cycle. The result suggests that 30 wt% is the most
balanced condition in terms of charge rate capability and cycle
life and a further increase in the OIPC composite ratio within
the solid-state graphite-[C,;mpyr][FSI] composite anode (i.e.,
50 wt %) incurs the risk of fluctuation in the discharge capacity
caused by a side reaction. To confirm the instability of the
50 wt% sample, another half cell with the same condition
(using a different anode disk) was also cycled (Figure S8). In this
case, fluctuations in the discharge capacity retention and the
Coulombic efficiency were observed at an earlier cycle (i.e., the
27th cycle). Further discussion about the fluctuation in the
discharge capacity retention and Coulombic efficiency for the
50 wt% sample has been provided in Section X in the
Supporting Information. The systematic investigation of the
effect of the incorporated OIPC composite on the charge rate
capability and cycle life highlights the importance of optimizing
the anode composition with an OIPC solid electrolyte to
maximize cell performance.

Solid-state
graphite-[C,mpyr][FSI]
composite layer

Electrode structure

The surfaces of the solid-state graphite anode and the solid-
state graphite-[C,mpyr][FSI] composite anodes were observed
by SEM. At x 6,000, all surfaces show graphite particles partly
covered by the foamy structure of carbon black (Figures 5a-c
and S9a). Clear outlines of each particle were resolved for the
solid-state graphite anode without the OIPC composite. As
more OIPC was incorporated into the composite anode, the
outlines became more blurred. This suggests that the OIPC
composite covers the graphite particles and tightly connects
them with each other. Therefore, a higher amount of the OIPC
composite inside the anode can provide a smaller contact
resistance between the bulk OIPC composite and graphite
particles. Further surface analysis was carried out using a
backscattered electron (BSE) detector to evaluate the dispersal
of the OIPC composite in the solid-state graphite-[C,mpyr][FSI]
composite anodes. In the BSE images at x 6,000 (Figures S10a-
¢), all anodes show grey particles, black voids, and insignificant
color contrast on the resolved graphite particles, except for a
few bright spots presumably because of LiFSI recrystallization.
Consequently, the dispersibility of the OIPC composite is high
in those regions. However, some undispersed OIPC composite
grains (as light grey areas) with a diameter of up to 150 um
and the copper current collector (as the brightest spots) are
resolved in their zoomed-out images at x50 (Figures S10d-f).
The grain boundaries of OIPC composite grains are identified at
x400 for the solid-state graphite-[C,mpyr][FSI] composite
anode with the OIPC composite ratio of 30 wt% (Figure S11a).
Most of them form periodic grain boundaries, which are similar
to those resolved for [C,mpyrl[BF,1.*” Elemental mapping for
this region (Figures S11b-h) confirms that the light grey areas
in the BSE images are OIPC composite grains, where the

Figure 5. SEM images of a) the solid-state graphite anode and b-e) the solid-state graphite-[C,mpyr][FSI] composite anodes. b, d) 70 wt% graphite anode
+ 30 wt% [C;mpyr][FSI] composite. ¢, €) 50 wt % graphite anode + 50 wt % [C,mpyr][FSI] composite.
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elements originated from [FSI]™ anions (i.e, N, O, F, and S
atoms) are concentrated. In the other areas, these elements
plus C and Na atoms are well dispersed. C atoms stem from
graphite, carbon black, Na-CMC, and [C,mpyr]*, while Na atoms
are attributed to only Na-CMC. The layered image (Figure S11b)
clearly shows that the OIPC composite (S atoms) are mainly
localized between graphite particles. The results indicate that
the OIPC composite forms a network of lithium-ion conduction
pathways inside the anode. Although the surface of the solid-
state graphite-[C,mpyr][FSI] composite anodes have some
undispersed OIPC composite grains, the overall anode structure
appears to be homogeneous enough to evaluate the effect of
the incorporated OIPC composite ratio on the half-cell perform-
ance. A comparison of the SEM images (Figures 5a-c and S9a)
suggests that a higher OIPC composite ratio provides a solid-
state graphite anode with better lithium-ion conduction path-
ways. However, because a larger amount of OIPC within the
composite (i.e., 50 wt%) causes unpredictable fluctuation of
the capacity during the cycle test (see the “Cycle life" section),
the OIPC composite ratio is required to be fine-tuned based on
gravimetric or volumetric energy density at the desired C-rate
and cycle stability (e.g., 30 wt % to balance them).

The cross-sections of the solid-state graphite anode and the
solid-state graphite-[C,mpyr][FSI] composite anodes were also
resolved to gain further insight into their structural differences.
As can be seen in Figures 5d and e and S9b, the outlines of the
graphite particles become smooth with an increase in the OIPC
composite ratio. In addition, more parts of carbon black are
blended with the OIPC composite at a higher OIPC composite
ratio. These tendencies are the same as those found in the
surface images (Figures 5a-c and S9a). On the other hand, the
cross-sectional images give information about the arrangement
of the graphite particles. An interesting point is that graphite
particles on the surface are densely packed together and face
the interlayer with their basal planes, whereas inner graphite
particles are randomly oriented with voids and some of them
are aligned vertically to the copper current collector. This
assures the efficient lithium-ion insertion/extraction of the
solid-state graphite-[C,mpyr][FSI] composite anodes. Because a
higher fraction of horizontally oriented graphite particles (i.e., a
higher anode density) tends to decelerate lithium-ion
conduction,”®* random orientations of inner graphite particles
are beneficial. The BSE images of Figures 5d and 5e are shown
in Figures S12b and ¢, respectively. These cross-sectional
images also show homogeneously colored particles at the
same observation depth, suggesting that the OIPC composite is
well dispersed from the anode surface to the innermost
boundary with the copper current collector. Namely, the solid-
state graphite-[C;mpyr][FSI] composite anode with the OIPC
composite ratio of 50 wt % clearly indicates voids filled with the
OIPC.

EIS after the cycle test

To further understand the origin of the differences in the half-
cell performance between the solid-state graphite anode and

Batteries & Supercaps 2022, €202200057 (10 of 15)

the solid-state graphite-[C,mpyr][FSI] composite anodes, EIS at
various SOCs and DODs was carried out for cycled cells.
Figure 6a shows the equivalent circuit used for fitting each
Nyquist plot, which contains three resistances, R;, R,, and R;
and a Warburg element, W; in series and two constant phase
elements (CPEs), Q, and Q; connected in parallel with R, and R,
+ W;, respectively. Fitting using this equivalent circuit was
reported for not only secondary batteries with liquid
electrolytes,“” but also ASSBs."® R, (hereafter denoted as Ry
can be obtained as a high-frequency intercept and interpreted
as Ohmic resistance mainly attributed to the bulk
electrolyte.*>#®<*! |n addition, Ry, is also affected by the
Ohmic resistance of the electrodes,”™™ which is a more
important factor for ASSBs because effective electronic/ionic
conduction is one of the crucial requirements for composite
electrodes in ASSBs to achieve high rate capability.*" R, could
be assigned to the resistance of the SEl layer (Rs), whereas R; is
derived from the charge-transfer resistance (R.,)."’***

Figures 6b and c¢ present Nyquist plots of half cells
containing the solid-state graphite anode and the solid-state
graphite-[C,mpyr][FSI] composite anode with the OIPC com-
posite ratio of 30 wt%, respectively. Experimental curves at
various SOCs were well fitted by the equivalent circuit. In the
case of the solid-state graphite-[C,mpyr][FSI] composite
anode, R, slightly decreased with an increase in the SOC
(Figure 6d). The highest Rs; was found at SOC 0% (159.2 Q)
followed by a decrease to ca. 140 Q at the other measured
SOCs (Figure 6e). R, was 200-220 Q at SOC < 80 %, except for
136.5 Q2 at SOC 9.2%, and gradually decreased from SOC
>80% (Figure 6f). Notably, changes in Ry, Rss, and R values
were reversible. Almost the same values were obtained during
the discharging process (see Figure S13 for details of charge-
discharge profiles during the EIS test and Nyquist plots at
various DODs). This suggests that lithiation/delithiation of the
solid-state graphite-[C,mpyr][FSI] composite anode is stable
enough to provide a long cycle life. In contrast, the solid-state
graphite anode without the OIPC composite exhibited fluctua-
tions in the resistance values. While Ry, seemed to be steady
and reversible, R, and R, showed sudden rises and falls in
their values. For instance, Ry, decreased from 48.67 Q at SOC
23.4% to 22.39 Q at SOC 35.1% and soared from 23.30 Q at
DOD 0% to 263.0 Q2 at DOD 15.0%. Such fluctuation in Ry
implies tortuous electron conduction inside the solid-state
graphite anode, which could be induced by changes in either
the particle/particle contact or the electrode/current collector
contact during volume expansion/shrinkage of the graphite
particles.’? Contrary to lithium-ion conduction, the electron
conduction between graphite particles efficiently occurs
regardless of their orientations, which is due to the high
electronic conductivity of graphite (2.0-4.0x10° or 1x
10*Scm™ in parallel with the basal plane and 3.3 or 0.3-
0.5 Scm™' along the normal to the basal plane).®” In addition,
the solid-state graphite anode contains carbon black, which
further develops the electron conduction pathways inside the
anode. Therefore, it is estimated that the alteration of particle/
particle contacts has a negligible effect on the fluctuation in
Rpur- However, the electrode/current collector contact

© 2022 The Authors. Published by Wiley-VCH GmbH
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Figure 6. a) The equivalent circuit used for EIS fitting. Nyquist plots at various SOCs at 50 °C for the solid-state graphite-[C;mpyr][FSI] composite anodes with
various graphite anode:[C,mpyr][FSI] composite ratios, b) 100:0 and c) 70:30 wt%. The plots of d) R, €) Rsz, and f) R as a function of the SOC or DOD.

presents a different scenario. As stated in the “Charge rate
performance” section, the interaction between graphite par-
ticles and the current collector in the solid-state graphite
anode is evaluated to be weaker than that of the solid-state
graphite-[C,mpyr][FSI] composite anode, which is due to the
absence of SEl formation and the action of the sticky OIPC
composite on copper. Consequently, the solid-state graphite
anode has a more unstable electrode/current collector contact
than the solid-state graphite-[C,mpyr][FSI] composite anode,
showing the fluctuation in Ry, As for the variation of R, it
could be elucidated as the modification of the electrolyte/
electrode contact. Because the electrolyte/electrode contact
area of the solid-state graphite anode is smaller than the
solid-state graphite-[C;mpyr][FSI] composite anode and is
localized at the outermost anode surface, the partial contact
loss during volume expansion/shrinkage of the graphite
particles would more severely affect the R, value. Even
though R fluctuated, it remained in the same order of
magnitude as that of the solid-state graphite-[C,mpyr][FSI]
composite anode. This implies that a larger fluctuation of R,
had a more impact than that of R, which leads to the poorer
charge rate capability and cycle life of the solid-state graphite
anode compared to the solid-state graphite-[C;mpyr][FSI]
composite anode.

Overall, the incorporation of the OIPC composite in the
graphite anode not only facilitates lithium-ion conduction
pathways inside the anode but also enhances the electrolyte/
electrode and electrode/current collector contacts, resulting in
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the improvement of charge rate capability and cycle life. This
work opens up a new avenue for the development of ASSBs
using an OIPC composite as an incorporated solid electrolyte
within an electrode. Of course, the optimum ratio of a
composite electrode differs from material to material,”" high
compatibility of the OIPC composite with the graphite anode
inspires the use OIPCs in electrodes to achieve the desired cell
performance. The possible benefit of using an OIPC composite
as a solid electrolyte rather than using a conventional liquid
electrolyte is that a high charge rate capability can be achieved
with a much lower ratio of the electrolyte volume to the
electrode volume. To maximize this benefit, a further reduction
of the void volume in solid-state electrodes is worth perform-
ing. Because a vast number of combinations between cations
and anions have yet to be studied as OIPC composites in
ASSBs, identifying the effects of cation and anion chemistries
on the battery performance and its root cause analysis could
be the next stage of studies on such solid-state composite
electrolytes. Furthermore, the positive approach shown in this
study may be equally applicable to other active materials such
as LFP, lithium nickel manganese cobalt oxide, sulfur, silicon
etc., thereby paving the way to develop a whole new class of
ASSBs.
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Conclusion graphite-[C,mpyr][FSI] composite anode and an important

In summary, we demonstrated a promising approach to
enhancing the charge rate capability and cycle life of ASSBs
by incorporating the [C,mpyr][FSI] composite into a graphite
anode. The effect of the OIPC composite mass ratio on the
charge-discharge profile and anode structure was systemati-
cally investigated by battery tests, FTIR spectroscopy, SEM,
EDX, and EIS. Half cells comprising either a solid-state graphite
anode or graphite-[C,mpyr][FSI] composite anode, an electro-
spun PVdF fiber interlayer filled with the [C,mpyr][FSI]
composite, and lithium metal presented a relatively large
irreversible capacity at the first charging, but the Coulombic
efficiency gradually improved with an increased cycle number.
FTIR spectra of the solid-state graphite-[C;mpyr][FSI] compo-
site anodes after charging to the various voltages suggested
that both [C,mpyr]* and [FSI]™ are subject to reduction during
the first charging. In addition, the post-mortem observation
and FTIR spectroscopy of the inner cell components after
charging to 0.4V clarified the decomposition of PVdF in the
interlayer periphery in contact with the two coin-cell spacers,
which contributed to the large initial irreversible capacity. The
dQ/dV analysis revealed that the lithiation/delithiation proc-
esses of the solid-state graphite-[C,;mpyr][FSI] composite
anode were almost the same as those of the graphite anode
with a liquid electrolyte. Each dQ/dV peak separation of the
solid-state graphite anode was larger than that of the anode
with the OIPC composite, suggesting the incorporation of the
OIPC composite in the anode reduced the interfacial resist-
ance to facilitate the lithiation/delithiation processes. The
charge rate capability was improved with an increase in the
inside OIPC composite ratio and, at 50 wt%, it became
competitive (the charge capacity ratio: 89.5%, 295.7 mAh/g at
2C charge) with that of the graphite anode with a liquid
electrolyte (85.7%, 295.9 mAh/g at 2C charge). This improve-
ment has been elucidated as the structural difference in the
solid-state graphite-[C,mpyr][FSI] composite anodes. It was
clarified that, as the amount of the OIPC composite increased,
favorable lithium-ion conduction pathways were established
in the anode, where graphite particles and carbon black were
well covered with the OIPC composite. Although the relatively
large volume fractions of voids in the solid-state graphite-
[C,mpyr][FSI] composite anodes were estimated, the replace-
ment of the conventional liquid electrolyte with the solid
OIPC composite electrolyte significantly reduced the required
volume fraction of the lithium salt per graphite anode to
reach the same level of charge rate capability. Elemental
mapping and BSE images confirmed high dispersibility of the
OIPC throughout the composite anodes, except for some
precipitated OIPC grains. The best cycle stability was meas-
ured for the solid-state graphite-[C,mpyr][FSI] composite
anode with the OIPC composite ratio of 30 wt%. The
preconditioning took ca. 20 cycles to be stabilized and, after
that, the discharge capacity retention did not show an
obvious decreasing trend, reaching 102.7%, 257.4 mAh/g at
the 100th cycle. EIS for cycled cells highlighted the stable and
reversible lithiation/delithiation processes of the solid-state
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role for the OIPC addition in strengthening the electrolyte/
electrode and electrode/current collector contacts. The results
provide useful insights into the structure-property relationship
of the graphite-[C,mpyr][FSI] composite anode, which will lay
a robust foundation for the development of ASSBs using OIPC
composite electrodes.

Experimental Section

Preparation of solid-state graphite electrodes

[C,mpyr][FSI] (Boron Molecular, >99%) was used after vacuum
drying at 60°C for >12 h. LiFSI (Nippon Shokubai, IONEL™ LF-
101) was used as received. Both [C,mpyr][FSI] and LiFSI were
weighed in an Ar-atmosphere glove box (O, <10.0 ppm, H,0
< 0.1 ppm) followed by the addition of acetone (Chem-Supply,
>99.5%) outside the glove box to make a 40 wt% [C,mpyr][FSI]
composite acetone solution (90 mol% [C,mpyrl[FSI] and
10 mol % LiFSI). 1.2 g Na-CMC (Sigma-Aldrich, average molecular
weight: 70,000 g/mol) was dissolved in 78.6 g distilled water at
room temperature using a magnetic stirrer. After confirming the
complete dissolution of Na-CMC in water, 1.2 g carbon black
(C65, Imerys Graphite & Carbon, C-NERGY™ SUPER C65) was
added to the solution followed by stirring at room temperature
for > 12 h to obtain the dispersion, 1.5 wt% Na-CMC+ 1.5 wt%
C65 in water. Graphite (Merck, fine powder extra pure) was
weighed in another vial for the electrode slurry preparation. The
desired amount of the 40 wt% [C,mpyr][FSI] composite acetone
solution was dropped into this vial and then, an appropriate
amount of the Na-CMC+C65 dispersion was added. This graph-
ite slurry was stirred at room temperature for > 12 h to acquire a
homogenous mixture. Then, the slurry was coated onto Cu
sheets (thickness: 20 pm) using a doctor blade with a wet gap of
80 um. The solvent inside the coated slurry was evaporated in an
oven at 80°C for >1 h. Dried sheets were punched to obtain
solid-state graphite electrode disks with a diameter of 8 mm.
Each disk was sandwiched by two Teflon disks (¢16 mm)
followed by pressing using a pellet die (¢p16 mm) at room
temperature under 3,000 psi. After pressing, the weight and
thickness of the electrode disks were measured. The electrode
disks were further vacuum dried at 60°C for >12 h and used for
coin cell assembly.

The compositions of the graphite anodes without the [C,mpyr][FSI]
composite ([C;mpyr][FSI]+LiFSI) were aimed at 90 wt% graphite,
5wt% C65, and 5 wt% Na-CMC. The ratios of the graphite anode
to the [C,mpyr][FSI] composite were set to be (100 — x):x wt% (x=
0, 15, 30, or 50). The actual composition, electrode loading, and
density of tested solid-state graphite anode disks are summarized
in Table S3 in the Supporting Information. The ionic conductivity
and melting point of the [Cmpyr][FSI]  composite
([C,mpyr][FSI:LiFSI=90:10 mol%) were reported to be 7x
107 Scm™' (at 20°C) and 156°C (which was the peak temperature
in the heating trace of differential scanning calorimetry, DSC),
respectively.*¥

Preparation of interlayers

Electrospun PVdF fiber was made by the procedure described in a
previous paper.®¥ The PVdF fiber with an Al sheet was punched
into ¢12.7 mm disks. The 40 wt% [C,mpyr][FSI] composite acetone
solution was dropped onto those PVdF fiber disks followed by
drying under an Ar atmosphere at room temperature for >3 h.
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Then, the coated PVdF fiber disks were further vacuum dried at
60°C for >12 h. Each disk was sandwiched by two Teflon disks
(¢16 mm) and pressed under an Ar atmosphere using a pellet die
(916 mm) at room temperature under 2,000 psi. After removing Al
sheets, those PVAF-[C,mpyr][FSI] composite fiber disks were used
for coin cell assembly. The composition of the disks was 90 wt%
[C;mpyr][FSI] composite and 10 wt% PVdF. According to the
previous report, this interlayer ([C,mpyrl[FSI] —10wt%
PVdF—10 mol% LiFSI) showed an ionic conductivity of 4.6x
107°Scm™' (at 20°C) and two melting peaks (in the heating trace
of DSC) at 130°C for PVdF and 191 °C for the plastic crystal.®¥

Coin cell assembly

CR2032-type coin cells were assembled in an Ar-filled glove box.
Both sides of a lithium strip (Ganfeng Lithium, thickness: 50 um)
were brushed and then punched into round disks (¢ 10 mm). This
brushed lithium disk was attached to a coin cell component and
covered by a PVdF-[C,mpyr][FSI] composite fiber disk. Then, a solid-
state graphite electrode was placed onto it. After crimping, coin
cells were transferred to an oven at 50°C and stored there for
>12h to ensure temperature equilibrium of the battery test
environment.

Coin cells using a liquid electrolyte, 1.0 M LiPF; in the mixed
solvent composed of EC, DEC, and DMC (EC:DEC:DMC=
1:1:1vol%) supplied from Solvionic (99.9%, reference number:
E034) were also fabricated as reference cells. In this case, instead of
using a PVAF-[C,mpyr][FSI] composite fiber disk, Celgard 3501 was
used as a separator. A punched separator disk (¢19 mm) was put
on a brushed lithium disk and 200 pL of the liquid electrolyte was
dropped onto the separator. After placing a graphite anode disk
onto the separator, the components were crimped to assemble a
coin cell.

Battery tests

All battery tests were conducted at 50°C using either a Neware
battery cycler or a BioLogic VMP-300 potentiostat. The 1C
current rate (mA) was calculated as follows: the weight of the
active material for each cell (g) was multiplied by the actual
discharge capacity of graphite used in this study (340 mAh/g)
and then, this number was divided by 1 h. Firstly, coin cells were
cycled three times using the constant-current-constant-voltage
(CCCV) mode with the current rate of 0.1C for charging
(lithiation) and the constant-current (CC) mode with 0.1C for
discharging (delithiation). The lower and upper cut-off voltages
were 0.005V and 1.5V, respectively. The cut-off current rate for
the CV charging was 0.05C and the rest time between charging
and discharging was 10 min.

After three cycles, the charge rate test was performed at 50°C.
Specifically, the test condition was the same as that of the first
three cycles, except for the test mode and the current rate at each
charging. The CC mode was used and the charge current rate was
changed every cycle in the following order: 0.1C—0.2C—0.5C—
1C—2C—0.1C (six cycles in total). The charge rate capability was
evaluated as the ratio of the charge capacity at a higher C-rate (>
0.1C) to that measured at the final 0.1C-CC charging.

After the charge rate test, the selected cells were further cycled at
50°C. To check the capacities, the cells were initially cycled at 0.1C-
CC. Then, the cells were tested at 0.2C-CC charging and 0.1C-CC
discharging for 99 cycles. Finally, the capacities after the cycle test
were measured at 0.1C-CC. The cut-off voltages and the rest time
were the same as those of the first three cycles.
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FTIR spectra analysis

PerkinElmer IR 101820 series spectrometer with the software (v.
10.4.4) was used for attenuated total reflection (ATR)-FTIR. The
spectra were taken from the solid-state graphite-[C;mpyr][FSI]
composite anodes after the initial charging to 0.6, 0.4, 0.1, or
0.005 V or the first cycle at 0.1C followed by the disassembly of the
coin cells in the Ar-filled glove box. The anodes were not washed
after disassembly to maintain the conditions of their surfaces. An
electrode sample was placed on a holder stage and sealed with an
O-ring to avoid exposure of the sample to the air. The spectra in
the mid-IR range from 4000 to 450 cm™' were measured for 32
scans using a diamond ATR crystal at room temperature.

Structural analysis

SEM was carried out for selected solid-state graphite anodes using
a JSM IT 300 series microscope. The cross-sections of the electrodes
were obtained using razor blades. Specifically, the electrode was
sandwiched between two plastic films and fixed in a holder. Then,
it was cut from the electrode surface to the copper current
collector while keeping contact between the electrode and the
fresh edge of the razor blade. All samples were prepared in a glove
box and transferred to the SEM observation room using an air-
sensitive holder. Elemental analysis of the electrodes was
performed by means of EDX with an Oxford X-Max 50 mm? EDX
detector.

Impedance analysis

EIS was performed at 50°C for some cycled cells using a BioLogic
VMP-300 potentiostat. The data were obtained from 1 MHz to
100 mHz with a voltage amplitude of 10 mV. To obtain the spectra
at various SOCs, the cells were charged from SOC 0% at 0.1 C for
1 h and then rested for 6 h to stabilize the voltage change. After
the rest period, EIS was measured for each cell. This charge and
rest procedure was repeated until the cell voltage reached 0.005 V.
EIS at SOC 100% was also measured after the rest time of 6 h.
Similarly, the spectra at various DODs were acquired after every
0.1C discharge for 1 h followed by 6 h rest, where the final cut-off
voltage at DOD 100% was 1.5 V. EIS fitting based on an equivalent
circuit was carried out using the EC-Lab software (Z Fit v. 10.39).
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