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ABSTRACT

All-solid-state lithium secondary battery using two-dimensional hybrid halide perovskite (2D-
HHP) (CH3(CH2)2NH3)2(CH3NH3)2PbsBrio as electrode materials and sulfide-based solid
electrolyte is fabricated for the first time. Although large amounts of lithium-ion conductor
have been mixed in the electrodes of the all-solid-state batteries based on sulfide solid
electrolytes, the high lithium-ion coefficient of the 2D-HHP, around 10~7 cm? s~!, allowed the
suitable operation of the batteries without the addition of any lithium-ion conductor into the
electrode. The lithium-ion diffusion in the electrode improves with the temperature, showing a
better performance at 100 °C and keeping a low resistance between electrode/electrolyte
interface of 13 Q. The all-solid-state battery retains a reversible capacity of more than 242 mAh
g ! for 30 cycles at 0.13 mA cm~ with a negligible capacity fade. The mechanism of the lithium
storage into the 2D-HHP electrode material consists of a three-step reaction: Li"

insertion/extraction, conversion, and alloying—dealloying reactions.



Rechargeable lithium-ion secondary batteries are powerful energy storage systems used
successfully in various electronic devices that are part of daily life. Currently, a commercialized
lithium secondary battery consists of a lithium transition-metal oxide (e.g., LiCoO>) as positive
electrode, graphite as negative electrode and an organic electrolyte containing lithium salts
embedded in a separator felt. The ever-growing demand for higher energy and power densities
for large scale energy storage such as is the case of the electric vehicles; has motivated the
development of new alternative technologies and the improvement of the electrochemical
properties of the materials that are part of the battery. Particularly, the use of flammable organic
liquid electrolytes restricts the operating limits of the battery in terms of electrochemical
potential windows and temperature with the risk of undesired reactions and leak-out, leading
to fire or explosion.

The all-solid-state lithium secondary batteries have been proposed as safe next-generation
electrochemical storage. Recently, novel sulfide solid electrolytes with high ionic conductivity
of 10 S cm™!, comparable to conventional liquid electrolytes, have been reported.” The
sulfide solid electrolytes show not only high conductivity but also, a wide electrochemical
potential window and high chemical stability at low and high temperatures.>- In addition, the
excellent mechanical strength/flexibility of the sulfide solid electrolyte facilitates the formation
of low interfacial resistance between electrode and electrolyte by a simple cold-pressure
procedure.>>%7® The fabrication of all-solid-state batteries based on sulfide solid electrolytes

requires composite electrodes consisting of a mixture of active material, sulfide solid



electrolyte (around 30 to 60 wt%>®) and carbon additives to ensure ionic and electronic
conduction paths to the active material. One of the current drawbacks is the large content of
the sulfide solid electrolyte in the composite electrode, that restricts the energy density of the
battery. For example, some electrode materials such as LiCoO», sulfur, LisTisO12, and graphite
require the mixing with the solid electrolytes and carbon additives because of their insufficient
ionic and electronic conducting properties.”"!! Thus, an ideal electrode material with an
inherent sufficient ionic and electronic conducting properties is strongly desired. For example,
FePS; can be used as an electrode without a solid electrolyte or conductor additive,'? because
the FePS; electrode has moderate electronic conductivity (~10~> S cm™!)'® as well as a layered
structure, which is expected to lead to high ionic diffusion. Moreover, high temperature
operation can easily enhance the ionic and electronic conducting properties of an electrode
material. However, side reactions at high temperature that lead to the formation of an
electrode/electrolyte interfacial layer with high resistance must be prevented.

HHPs are well known materials for their incredible optical properties, which make them very
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attractive for light emitting diodes'*!> and solar cells.'®~!® Their potential as electrode materials

has been recently explored,!*2*

and the lithium storage mechanism by insertion/extraction,
conversion, and alloying—dealloying has been proposed.?® Their characteristic structure allows

an efficient ionic diffusion (Li*, Na"). Actually, the coefficient of Li* diffusion is as high as

~10~" cm? s7!, implying that Li* conductivity of lithiated HHP can reach ~10 S cm~'.?6 This



property makes them a potential alternative to be used as electrodes for all-solid-state batteries
without the addition of any lithium-ion conductor.

Here, 2D-HHP with a structure of (CH3(CH2)>NH3)2(CH3NH3)2Pb3Brio was evaluated as an
electrode material for an all-solid-state battery based on a sulfide solid electrolyte at different
temperatures. The synthesis of the 2D-HHP by solution-precipitation method is described at
Supporting Information. 2D-HHP are obtained by the partial substitution of the A site cation
in the three-dimensional (3D) ABX3 perovskite. The resulting material is then referred as a
Ruddlesden-Popper perovskite with lower dimensionality as the number of inorganic layers
separated by the hydrophobic cation () goes from infinity to one,?” and the chemical formula
i1s A’2An1BnX3n+1 where A, A’ are cations, B is metal and X is halide.

Figure 1 shows (a) SEM image and (b) enlarged SEM image of the prepared 2D-HHP. The
particle size of the 2D-HHP is approximately ten micrometers. A sheet-like structure, in
agreement with the 2D structure of the HHP, is observed, as indicated in Figure 1 (b). The
constituent elements (C, N, Pb, and Br) of the 2D-HHP are distributed uniformly in nanoscale
(STEM images shown in Figure S1 (a)—(e)). Figure 1 (c¢) shows the XRD pattern of the 2D-
HHP before and after heating at 100 °C for several days. The low angle peaks corresponding
to the reflection planes (040), (060) and (080) match well with the experimental and theoretical
XRD patterns of the 2D-HHP previously reported.?! The additional peak around 20 = 9.8°
should correspond to a 2D perovskite with a different dimensionality, but still a 2D material.

The crystal phase of the obtained perovskite did not change by heating at 100 °C for 14 days,



evidencing high chemical stability that could be useful for its application in batteries operated

at extreme working conditions such as high temperatures.
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Figure 1. (a) SEM image and (b) enlarged SEM image of the prepared 2D-HHP
(CH3(CH2)2NH3)2(CH3NH3)2PbsBrio. Red dotted circles indicate the sheet-like structure. (c)
XRD pattern of the 2D-HHP before and after heating at 100 °C for several days. (d) Schematic
image of the all-solid-state battery using the 2D-HHP. (¢) Schematic image of the 2D-HHP and

75Li2S-25P,Ss (B-LisPSa) solid electrolyte structures.?!-2627

To fabricate the all-solid-state lithium battery and evaluate the 2D-HHP as an electrode
material, the 2D-HHP was used as-synthesized powder without any further treatment. Figure
1 (d) illustrates a schematic image of the all-solid-state battery consisting of a three-layered
pellet prepared by uniaxial pressing at room temperature.?® A schematic image of the 2D-HHP

and 75Li2S-25P,Ss (B-Li3PS4) solid electrolyte structures also shown in Figure 1 (e).24?* In

the battery, the Li-In alloy layer works as a negative electrode and 75L12S-25P>Ss (mol%) solid



electrolyte glass works as a separator layer. The third layer is a composite powder consisting
of the 2D-HHP and vapor grown carbon fibers (VGCF), working as a positive electrode (see
Supporting Information for further details). The carbon was added to the composite electrode
to enhance the electronic conductivity.

Figure 2 shows discharge-charge curves of the all-solid-state batteries using the 2D-HHP at
(a) 25 °C, (b) 60 °C, and (c) 100 °C. In Figure 2, (d) cycle ability, (e) coulomb efficiency and
(f) capacity retention of the all-solid-state batteries with the 2D-HHP at the different
temperatures are also shown. In the discharge-charge measurement, the cut-off voltage was set
to —0.52 V vs. Li-In alloy for discharge and 2.58 V vs. Li-In alloy for charging. The current
density was set to 0.13 mA cm™2, and the batteries were firstly discharged (lithium insertion).
The battery operated at 25 °C showed discharge-charge behavior, but the reversible capacity is
only 12 mAh g! at the first cycle. The battery operated at 60 °C shows a higher reversible
capacity of 93 mAh g! at the first cycle compared with the battery operated at 25 °C. From the
second cycle onwards, the battery retains a discharge capacity of more than 46 mAh g~!. At the
higher temperature operation of 100 °C, the battery performance is further improved compared
with those at 25 °C and 60 °C. The reversible capacity is increased to 249 mAh g! at the first
cycle, and the discharge capacity is more than 242 mAh g! for 30 cycles even though the
composite electrode did not contain solid electrolyte. The coulombic efficiency of the batteries
is more than 90 % after initial cycles (~8 cycles) onwards (Figure 2 (e)), in the case of the

battery operated at 100 °C after the initial third cycle. The large irreversible capacity observed



at the initial cycle is attributed to irreversible reactions between 2D-HHP electrode and solid
electrolyte. The capacity retention (lithium extraction) of the battery operated at 25 °C and
60 °C shows a continuous capacity fade, while the battery operated at 100 °C displays a
significant improvement in the lifetime of the battery achieving a capacity retention close to
100 % after 30 cycles. The clear temperature dependence of the battery performance of the 2D-
HHP is attributed to a better lithium-ion diffusion in the 2D-HHP promoted by the heating of
the battery. This behavior has also been observed in similar systems with others composite
electrode not containing lithium (conversion materials).’! Li-ion batteries using LiCoO2 have
also shown a similar temperature dependence of the discharge behavior,*? in which faster
lithium-ion diffusion into the LiCoO; structure is obtained at higher temperatures resulting in
the better discharge performance. Thus, a temperature of 100 °C was high enough to promote
a faster lithium-ion diffusion (~10~7 cm? s~1)?® into 2D-HHP structure resulting in adequate and
superior battery performance. Note that the operating temperature of the battery at 100 °C is
expected not to cause huge negative effect on the 75Li2S-25P>Ss solid electrolyte used as the
separator layer because this temperature is low enough not to produce structural changes such
as crystallization which have been reported to be in the range from 220 °C to 260 °C.*
Moreover, the conductivity of the 75Li,S-25P>Ss glass electrolyte at 100 °C is expected to be

in the order of 107> S cm™' (~10~* S cm™! at 25 °C) ensuing the lithium ionic conductivity during

charge and discharge processes.>>-*
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Figure 2. Discharge-charge curves of the all-solid-state batteries using the prepared 2D-HHP
(CH3(CHz2)2NH3)2(CH3NH3)2PbsBrio at (a) 25 °C, (b) 60 °C, and (c) 100 °C. (d) Cycle ability,
(e) coulombic efficiency, and (f) capacity retention of the all-solid-state battery with the 2D-
HHP at different temperature (25 °C, 60 °C, and 100 °C).

Figure 3 shows Nyquist plots of the all-solid-state battery with the 2D-HHP (a) before
discharge and charge, and (d) after the 30th charge at 100 °C. The enlarged Nyquist plots are
also included in Figure 3 (b—c, e—f) to differentiate the individual contributions at higher
frequencies. In the Nyquist plots, three resistance components followed of the capacitive tail
at low frequency (0.1 — 0.01 Hz) which is ascribed to electrodes impedance (Li-In alloy and
electrode composite with current collectors of stainless steel) are confirmed. The resistive
components were identified according to a previous report.>>> The resistance (R1) observed at
high frequency (1 MHz), corresponding to the interception with the real axis, is attributed to

the solid electrolyte separator layer. The resistance (R2) at middle frequency (100 — 200 kHz),



shown as green semicircles in Figure 3 (c) and (f), correspond to the interfacial resistance
between the 2D-HHP electrode and the 75Li>S-25P>Ss solid electrolyte. A resistance (R3) at
low frequency (50 — 500 Hz), shown as orange semicircles in Figure 3 (¢) and (f), is attributed
to the interface with Li-In alloy electrode. In order to assess to the value of each resistance, the
impedance profiles were fitted to equivalent circuits illustrated in Figure 3 (g) and (h). The
constant phase elements (CPE), CPE1 and CPE2, are used to simulate the capacitive behavior
of R and Rj3 resistances, respectively. The Warburg element (Wo) and CPE3 were used to
simulate the diffusive behavior at low frequency range. In the fitting of the impedance profile
of the battery after the 30th charge at 100 °C (Figure 3 (h)), a constant phase element was used
instead of a Warburg element to reduce the error since limited data at low frequency were
obtained, even when the data were collected until 0.01 Hz. This behavior is attributed to the
high resistance of the composite electrode (before charge-discharge) because of the deficiency
of the charges in the 2D-HHP electrode, which is visibly reduced after the 30th charge where
the lithium pathway to the inside of the electrode composite is expected. Table I shows
resistance values extracted from the fitting results (solid red line in Figure 3).

After the 30th charge, the R; resistance increases from 7.5 Q to 16.6 Q. This suggests that the
lithium-ion conductivity of the solid electrolyte decreases by extended heating at 100 °C but
the solid electrolyte is relatively stable even at 100 °C. Actually, an all-solid-state battery using
the Li>S-P»Ss solid electrolyte system has been reported to show stable discharge-charge

behavior at high temperature such as 120 °C.*! The R resistance increases from 13.0 Q to 33.7
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Q after the 30th charge, which corresponds to a slight increase of ~20 Q. This resistance,
associated to the elemental diffusion at the electrode-electrolyte interface, is reported to achieve
higher values up to ~300 Q in an all-solid-state battery using LiCoO: electrode and Li>S-P>Ss
solid electrolyte.*® This suggests that a favorable interface can be formed in all-solid-state
batteries using the 2D-HHP. The R3 resistance is not changed significantly over cycling
keeping a value around 50 Q.

It can be inferred that the interface formed between 2D-HHP electrode and sulfide solid
electrolyte in the all-solid-state battery is electrochemically stable even at the high operating
temperature of 100 °C. Moreover, the high capacity retention of the all-solid-state battery using
the 2D-HHP has not been observed in the Li-ion batteries prepared with the 2D or 3D hybrid
perovskites and organic liquid electrolytes.!*

In addition, the interface between the solid electrolyte and 2D-HHP composite electrode, and
2D-HHP electrode after the 30th charge was evaluated by SEM-EDS analysis (Figure 4 (a—¢)),
where the composite electrode is observed to be sufficiently attached to the solid electrolyte

layer without any evidence of an elemental diffusion, in good agreement with the low

interfacial resistance (34 ) of the all-solid-state battery determined by impedance analysis

(Figure 3 d—f).
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Figure 3. Nyquist plots of the all-solid-state battery with the 2D-HHP (a) before discharge and
charge, and (d) after the 30th charge at 100 °C. These enlarged Nyquist plots (b—c) before
discharge and charge, and (e—f) after the 30th charge are also shown. Equivalent Circuit models
used to fit the impedance profiles of the all-solid-state battery with the 2D-HHP (g) before
discharge and charge, and (h) after the 30th charge at 100 °C, respectively.

Table 1. Fitting results of the impedance spectra of the all-solid-state battery with the 2D-
HHP (a) before discharge and charge, and (d) after the 30th charge at 100 °C.

Ri/Q R2/Q R3/Q
Before discharge and charge 7.5 13.0 56.9
After the 30th charge 16.6 33.7 49.6
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Figure 4. (a) Cross-sectional SEM image, and EDS mapping of (b) Br and (c) P of the

electrode-electrolyte interface of the all-solid-state battery after the 30th charge. (d) SEM
images details of the interface between 2D-HHP electrode and solid electrolyte and (e) 2D-
HHP electrode.

To inquire about the mechanisms of lithium storage of the all-solid-state battery using the 2D-

HHP material, a series of ex-situ XRD measurements at different stages of the discharge-charge

processes were carried out. Figure 5 shows (a) the first discharge-charge curve of the all-solid-

state battery using the 2D-HHP and (b) the XRD patterns of the composite electrodes at

different voltage during the first discharge and first charge cycles. The colored circles in the

discharge-charge curve indicate the measurement points of the XRD patterns (A) before

discharge and charge, (B) at 1.43 V and (C) at 0 V vs. Li-In alloy during the first discharge

process, (D) after the first discharge at —0.52 V vs. Li-In alloy, and (E) after the first charge at

2.58 V vs. Li-In alloy. To correct the XRD patterns, Si powders were used as a standard
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material for the composite electrodes. In the XRD pattern at 1.43 V vs. Li-In alloy during the
discharge process, the peaks due to Pb meal (31.2 and 36.2 °) and LiBr (28.0 and 32.5 °) were
confirmed, and unknown peaks (22.0 and 38.7 °) were also observed. This result indicates that
the conversion reaction can occur during the early stage of the discharge process (Figure 5 (a),
between (A) and (B) points). It has been reported that batteries using CH3NH3PbBr3, which is
3D-HHP, show the discharge plateau at ~2.3 V vs. Li, corresponding to ~1.7 V vs. Li-In alloy,
through the formation of the Li'-inserted CH3;NH3PbBr3.? In case of the all-solid-state battery
prepared with 2D-HHP, a similar discharge plateau was observed at ~1.5 V vs. Li-In alloy. In
contrast, this discharge plateau was not observed in a lithium-ion battery using PbO, where
only conversion and alloying—dealloying process has been reported.?” Thus, conversion and
Li" insertion reactions in the 2D-HHP are expected to occur during the early stage of the
discharge process. The possible Li* insertion and conversion reactions are shown below:
(PA)2(MA)2PbsBrio + xLi" + xe~ = Amorphous Lix(PA)2(MA),PbsBrip (1)
Amorphous Lix(PA)2(MA),PbsBrio + (6—x)Li" + (6—x)e~ = 3Pb + 6LiBr + (PA)2(MA):Br4
2)
(where MA: CH3NH3, PA: CH3(CH2)2NH3)

In these reactions, Pb?" can be reduced to Pb’. The unknown peaks would be attributed to an
organic component such as (CH3(CH2)>NH3)>(CH3NH3)2Br4. In XRD pattern (C) at 0 V vs. Li-
In alloy during the discharge process, the peaks due to Pb meal and LiBr, and unknown peaks

(22.0 and 38.7 °) were again observed, suggesting that the conversion reaction (equation (2))
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proceeded in the discharge process between (B) at 1.43 and (C) at 0 V vs. Li-In alloy. In XRD
pattern (D) after the discharge at —0.52 V vs. Li-In alloy, the peaks due to LiBr, LigPbs (22.2,
24.2,25.0,29.1,and 37.7 °), and Li3Pb (23.0, 26.6, and 38.0 °), and unknown peaks (22.0, 31.3,
and 38.7 °) were confirmed. This result indicates that the alloying reactions occurs during last
stage of the discharge process (Figure 5 (a), between (C) and (D)), as shown below:

3Pb + 8Li" + 8¢~ — LigPbs (3)

LisPbs + Li" + e~ - 3LisPb  (4)

The unknown peak at 31.3 ° would be attributed to the Li-Pb alloy component. The XRD
pattern (E) after the first charge shows almost the same diffraction peaks that those observed
in XRD patterns of (B) at 1.43 V and (C) at 0 V vs. Li-In alloy during the discharge process.
Thus, the dealloying reactions occur during the charge process. In the charge cycle, the plateau
was observed at ~1.7 V vs. Li-In alloy. Considering the discharge plateau observed at ~1.5 V
vs. Li-In alloy in the first discharge cycle, which can correspond to the Li" insertion reaction,
this charge plateau can be attributed to the Li* extraction reaction from the Li*-inserted 2D-
HHP. Since the peaks due to the 2D-HHP are not detected after the charge cycle, 2D-HHP with
amorphous feature may be formed in the Li" extraction reaction. Therefore, not only the

dealloying but also the Li* extraction reactions may occur during the charge cycle.
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Figure 5. (a) First discharge-charge curve of the all-solid-state battery using the 2D-HHP and
(b) XRD patterns of the composite electrodes at different voltage during the first discharge and
first charge processes. The colored circles in the discharge-charge curve indicates the
measurement points of the XRD patterns (A) before discharge and charge, (B) at 1.43 and (C)
at 0 V vs. Li-In alloy during the discharge process, (D) after the first discharge at —0.52 V vs.
Li-In alloy, and (E) after the first charge at 2.58 V vs. Li-In alloy. To correct XRD patterns, Si

powders as standard material were mixed into the composite electrodes.

The first charge reactions are shown in below:
3LisPb — LigPbs + Li" + e~ (5)
LisPbs — 3Pb + 8Li" + 8¢~ (6)
Amorphous Lix(PA)2(MA),Pb3Brip = Amorphous (PA)2(MA),Pb3Brio + xLi" +xe~  (7)
(MA: CH3NH3s, PA: CH3(CH2)>NH3)

Thus, the mechanism of the lithium storage into the 2D-HHP electrode material consists of a
three-step reaction: Li" insertion/extraction, conversion, and alloying—dealloying reactions.

The favorable electrochemical performance of the battery can be attributed to both the high
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lithium-ion diffusion of the 2D-HHP structure facilitated at high temperatures and the
formation of LiBr during the initial discharge-charge processes. LiBr, known as additives to
increase Li" conductivity of polymers and glasses, can enhance the lithium pathway into
composite electrode.

Finally, the 2D-HHP electrode material can be more effective than other inorganic materials
based on Pb or their mixture with additives such as LiBr because the organic component in the
unique 2D-HHP structure (organic cation: (CH3(CH2)2NH;3)2(CH3NH;):*") is expected to
prevent or minimize the large volume change of the electrode during the discharge-charge
processes (lithium insertion/disinsertion) which coincide with the observed electrochemical
behavior of the all-solid-state battery where a negligible capacity degradation after the second
cycle was obtained. It is anticipated that the chemical structure of the 2D-HHP material
strongly affects the interfacial reactions with the solid electrolyte and therefore, the
electrochemical performance of the battery is expected to be improved by the change in the
structure of the metal halide perovskite such as the use of Sn or Ni instead of Pb, Cl instead of

Br and the volume of organic cation, etc.

Conclusions
All-solid-state lithium secondary battery using 2D-HHP (CH3(CH2)2NH3)2(CH3NH3)2PbsBrio
(electrode material) sulfide solid electrolyte (separator layer) and Li-In alloy (negative

electrode) was successfully prepared and evaluated at different temperatures from 25 °C to 100
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°C in a potential range between —0.52 V to 2.58 V vs. Li-In alloy. In the higher temperature
operation at 100 °C, the all-solid-state battery performance was further improved compared
with those at 25 °C and 60 °C because of a faster lithium-ion diffusion (~10~7 cm? s7!) into 2D-
HHP structure and its high chemical stability verified by XRD measurement. The all-solid-
state battery operated at 100 °C achieved a high reversible capacity of more than 242 mAh g!
for 30 cycles at 0.13 mA cm~2, even though the absence of lithium-ion conductor additives in
the composite electrode. Moreover, a low interfacial resistance between 2D-HHP and sulfide
solid electrolyte of only 34 Q after 30 cycles was determined, which shows the high
electrochemical stability of the battery. The mechanism of the lithium storage into the 2D-HHP
electrode material was investigated by ex-situ XRD measurements of composite electrode at
different stages of the discharge-charge processes. The results suggest that the lithium storage
of the battery consists of a three-step reaction: Li" insertion/extraction, conversion, and

alloying—dealloying reactions.
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