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Synthesis, Structure, and lon Conduction of Potassium
Carbazolides for Potassium lon Solid-State Electrolytes

Jiaquan Guo, Yang Yu,* Khai Chen Tan, Qijun Pei, Zhao Li, Yuting Wang,

Alexis Munyentwali, Hui Wu,* Teng He,* and Ping Chen

Potassium ion batteries gradually have aroused worldwide interest due to the
limited lithium resource. However, the research on the solid-state
potassium-ion batteries is at its very early stage. The lack of electrolytes with
high ionic conductivity and interfacial stability is the major obstacle. In this
work, a new phase of potassium carbazolide (KC,,HgN, $-KCZ) is synthesized
and expected to be less rigid in the stacking layers than the reported a-KCZ,
indicating weaker cation—x interactions. Upon complexing KCZ with THF, a
new type of potassium solid-state electrolyte is successfully developed
(K,CZ-yTHF), particularly, an optimal composition K, ,CZ-0.7THF reveals an
ionic conductivity as high as 4.2 x 107* S cm~" at 100 °C, which is among the
top K* conductors at this temperature. Furthermore, K, CZ-yTHF also
demonstrates a remarkable electrochemical stability window of 3.1V, as well
as outstanding interfacial stability and compatibility against K,S electrode
during a 400-h electrochemical cycling test. Other advantages of this
electrolyte include cold pressing for molding, ease for scaling up, and high
safety upon exposure to air. To the best of the knowledge, this is the first

as promising energy storage systems
and have attracted worldwide attention.!’
Lithium-ion batteries (LIBs) have stood out
among AMIBs due to their high energy
density and stable cycle performance.?!
However, the limited resource and uneven
geo-distribution of lithium have severely
restricted the long-lasting applications of
LIBs in the future. Furthermore, potential
fire/explosion is a major safety concern
for lithium batteries due to the forma-
tion of lithium metal dendrites and the
utilization of flammable organic liquid
electrolytes. Potassium ion batteries (KIBs)
are promising substitutes to LIBs due to
their unique advantages: 1) potassium is
more abundant (1.5 wt.%) in Earth’s crust
than lithium.’] 2) The electrochemical
redox potential of K/K* (-2.93 V against
Standard Hydrogen Electrode, SHE for

report that a potassium organic compound is employed as potassium

solid-state electrolyte.

1. Introduction

Electrical energy storage is essential for the large-scale utiliza-
tion of renewable energy from sources such as sunlight, wind
and tides. Alkali metal ion batteries (AMIBs) are considered
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short) is close to Li/Li* (-3.04 V against
SHE), but better than Na/Na* (-2.71 V
against SHE).[*l 3) Al can be used as the
current collector in anodes for KIBs, while
an expensive and heavier Cu foil must
be used in anodes for LIBs due to the formation of Li-Al alloy at
low potential.l®!

Solid-state electrolytes (SSEs) with excellent mechanical
strength and high thermal stability have been generally regarded
as one of the effective approaches to addressing the safety con-
cerns by suppressing the formation of metal dendrites.[®) How-
ever, research on potassium SSEs is still at its early stage com-
pared to LIBs. Indeed one of the limiting factors of developing all
solid-state potassium-ion batteries is the lack of potassium solid-
state electrolytes (KSSEs) with high ionic conductivity.l”] Other
challenging issues include poor compatibility with electrodes,
low ion transference number, difficulty in scaling up, and/or infe-
rior electrochemical stability.®°] Most of the research efforts have
been given to the development of inorganic electrolytes, such as
oxides, sulfides, and phosphides (Scheme 1). For instance, potas-
sium oxide electrolytes usually show conductivity in the range
0f 1072 to 10~* S cm™! at high temperatures.['% K-g”-aluminal!
could exhibit enhanced K* conductivity at 150 °C after thermal
treatment above 1000 °C. K,Fe,O, had the highest K* conduc-
tivity at room temperature thanks to its 3D channel structure.['?]
Examples of the non-oxide solid potassium ion conductors in-
clude KSi,P, possessing a supertetrahedral network structure
with large channels to facilitate the movement of K*;1*% and

© 2024 Wiley-VCH GmbH


http://www.afm-journal.de
mailto:yuyang1117@dicp.ac.cn
mailto:heteng@dicp.ac.cn
mailto:huiwu@nist.gov
https://doi.org/10.1002/adfm.202412005
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202412005&domain=pdf&date_stamp=2024-09-20

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

Previous Reports

Inorganic-based SSEs

K-B8"-Al,O, K,SbS,
Oxide Sulfide
KSi,P, KB1H14, KB3Hg

Phosphide Borohydride

Polymer-based SSEs
PEO-K,Bil,, PVPKIO, et al.

This Work
Organic-based SSE

Carbazolide and derivative

\ J

Scheme 1. Previous KSSEs compared with the electrolytes in the present
study.[106:11,13,14b,15]

W-doped K,;SbS, with high conductivity at room temperature
owing to the increased vacancy concentrations through charge
compensation.!!3] There are also reports on potassium solid poly-
mer electrolytes (KSPEs). The conductivity of these K-ion poly-
mer electrolytes strongly depends on the solubility and dissoci-
ation ability of potassium salts (KBPh,, K,CO,, KCI, KI, KBrO,,
etc.) in polymers (PEO, PVP, PVA, MC, etc.).21*l To the best of
our knowledge, the pristine organic-based potassium electrolyte
has never been reported (Scheme 1). More detailed ionic con-
ductivity and the working temperature of the reported KSSEs are
listed in Table S1 (Supporting Information).

For the oxide/sulfide-based SSEs, the larger size of K* com-
pared to Li* may limit its applications for electrolyte fabri-
cation, however, in the organic molecular salts, the large-size
anions in the lattice may help to accommodate K* ions. Re-
cently, a series of metal organic compounds (MOCs) were suc-
cessfully developed by our group.[*®! Particularly, some of these
MOCs and their derivatives composed of large anions (such as
carbazolides!!®! and indolides)['%] can exhibit fast Li* and Na*
ion conductivity.'”8] Inspired by these findings, it would be
of great interest to develop analogous potassium organic com-
pounds as potential solid-state electrolytes. Given the myriad
types of organic ligand molecules, this approach may lead to a
potentially fertile area for discovery of new K-ion conductors.

Herein, potassium carbazolide (KC,,HgN, KCZ for short) and
its THF-coordinated derivatives were fabricated as a new type of
solid-state potassium ion conductor with attractive ionic conduc-
tivities (Scheme 1). Upon compositional optimization, a K* con-
ductivity as high as 4.2 X 10™* S cm™' can be achieved at 100 °C,
which is among the top K conductors at this temperature. Fur-
thermore, THF-coordinated KCZ electrolyte possessed excellent
interfacial stability and compatibility with the K, S electrode, i.e.,
stable K* electrochemical cycle was observed over 400 h cycling.
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2. Results and Discussion

2.1. Synthesis of Potassium Carbazolide

Large-sized anion such as B,;H,,~ or B;,H;,%~ in hydride-based
solid-state electrolytes have been viewed as a prerequisite for fast
ion conduction in some cases.”"*>1%] C,,H,N~ anion has a large
z-conjugated structure so that it may be suitable for the migration
of K ion and thus is employed in the present study. Potassium
carbazolide can be synthesized from the reaction between KH
and carbazole in THF solution with the evolution of ca. 1 equiv-
alent hydrogen (Figure S1, Supporting Information). However,
THF can be hardly removed from the sample after evaporation
at room temperature (Route I-Step 1 in Scheme S1, Supporting
Information). The molar ratio of THF to K in such a sample is
0.4:1 as determined by 'H nuclear magnetic resonance (NMR)
(Figure 1b). Therefore, this sample is labeled as KCZ-0.4THF
and it is in an amorphous state as identified by powder X-ray
diffraction (XRD) (Figure 1a). THF-free KCZ can be obtained by
heating KCZ-0.4THF under vacuum at 353 K (Route I-Step 2 in
Scheme S1, Supporting Information). The disappearance of THF
signal in 'H and C NMR (Figure 1b,c) confirms the removal
of THF through the heat treatment. XRD characterization was
employed for phase identification. As shown in Figure 1a, the
XRD pattern of the KCZ (i.e., KC;,HgN) attained after removal of
THF at 353K is of trigonal structure which is consistent with the
XRD pattern of KCZ reported in literature (Figure S2, Supporting
Information).[?’) However, interestingly, the trigonal structured
KCZ undergoes phase transition upon further heat treatment to
473K (Route I-Step 3 in Scheme S1, Supporting Information),
i.e., a different XRD pattern (Figure 1a) can be observed. This
new phase has never been reported in literature, and is dubbed
as f-KCZ, while the low-temperature phase KCZ is labeled as a-
KCZ. As shown in Scheme S1 (Supporting Information), §-KCZ
phase can also be synthesized directly via the solid-state reaction
of KH and carbazole at 473 K (Route II in Scheme S1, Supporting
Information) with ca. 1 equivalent hydrogen released (Figure S3,
Supporting Information).

As shown in Figure 1D, all of the 'H NMR spectra of KCZ sam-
ples do not contain any H resonance of the -NH group, confirm-
ing the replacement of H in -NH by K. Furthermore, all the 'H
signals shift toward upfield compared to carbazole, indicating the
increased electron density in the carbazole ring upon K substi-
tution, which is consistent with the calculations in the previous
reports.['®13C NMR spectra reveal that the C atoms close to the
N atom have obvious downfield shifts, while the C atoms further
from the N atom have upfield shifts (Figure 1c). The spectra of
Fourier transform-infrared (FT-IR) show that the N-H stretching
vibrational peak of carbazole at 3427 cm™! fully disappears in a-
KCZ, p-KCZ, and KCZ-0.4THF samples, demonstrating the com-
plete replacement of H of -NH by potassium ions (Figure 1d).
With the replacement of H in -NH by K, the C-H stretching
mode in carbazole shifts from ~3051 to #3037 cm™! due to the in-
creased electron density. Moreover, KCZ-0.4THF exhibits a broad
peak centered at 2870 cm™! corresponding to the C-H stretching
mode of THF. ¥K magic-angle spinning nuclear magnetic res-
onance (MAS NMR) was used to investigate the chemical envi-
ronment of potassium ions. As shown in Figure S4 (Supporting
Information), upon reacting carbazole with KH, the signal of K at
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Figure 1. a) XRD patterns of carbazole, a-KCZ, f-KCZ and KCZ-0.4THF. (Cu Ka) b) "H NMR and c) *C NMR spectra of carbazole, a-KCZ, -KCZ and

KCZ-0.4THF. d) FT-IR spectra of carbazole, a-KCZ, -KCZ and KCZ-0.4THF.

71ppm in the initial KH completely disappears and a small peak
at-12 ppm can be observed after the reaction. All these character-
izations strongly indicate the formation of KCZs.

2.2. Crystal Structure of 8-KCZ

The crystal structure of the newly discovered f-KCZ (KC,,HgN)
was investigated using powder X-ray diffraction. First-principles
molecular dynamics simulated annealing was performed to con-
firm the C;,HgN™ anion configurations with the lowest energy
due to the insensitivity of X-ray to the light-weight elements. f-
KCZ was found to crystallize in an orthorhombic structure with
the space group of Pnma (No. 62) and refined lattice parameters
of f-KCZ are a = 7.2819(4) A, b = 17.8936(17) A, ¢ = 7.5654(4)
A, and V = 985.76(17) A® (Table S2, Supporting Information).
For comparison, the lattice parameters of a-KCZ are listed in the
table as well. The Rietveld fit to the laboratory XRD pattern of g-
KCZ is shown in Figure 2a. In the structure of §-KCZ (Figure 2b),
each K* is coordinated with three C;,H;N™ anions in two ways,
i.e., 1) the direct o-bonds to the N’ s of the two C;,HgN~ anions
with the KeeeN distances of 2.69 to 2.73 A, and 2) the cation-r in-
teraction with the face of the third planar C,, H;N™ anion. Hence,
the C,;,HgN™ anions are linked together through alternating K-N
o-bond and K*—x interaction, forming a herringbone chain ex-
tending along a axis (Figure 2c). The adjacent parallel chains are
woven together through molecular interaction, forming arrays
spreading along ¢ direction. The neighboring K-carbazolide array
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layers are then loosely stacking along b axis, interacting through
weak hydrogen bonding with a shortest HeesH distance of 2.47 A
(Figure 2d).

In a previous work by Behrens et al,!?*l @-KCZ was reported
to crystalize in a trigonal structure with the space group of R3¢
(No. 161) and lattice parameters of a = 25.0827(9) A, c = 7.8355(2)
A, and V = 4269.2(2) A’. Within the structure, the C,,H,N~ an-
ions are knitted together by K* cations through the direct K—N
o-bonds into a helical chain propagating along ¢ direction. Each
turn of such a helix consists of three KC,, HgN units (Figure 2e).
The aforementioned -KCZ structure is also composed of infinite
K-C;,HgN chains. However, there are distinct differences in the
interactions of the intra-chains and inter-chains between these
two KCZ phases: 1) unlike a- KCZ, where only K-N ¢-bonds are
involved within each chain, the K-C;,HgN chains in g-KCZ are
constructed by both K-N o-bonds and cation—r interactions; 2)
in @-KCZ, the adjacent K-C;,HgN helical chains are interlocked
by relatively strong cation—z interactions, thus resulting in a
rigid ionic crystal structure, whereas the neighboring K-C,, H{N
chains in f-KCZ structure are interacting through weak molecu-
lar interactions or hydrogen bonding. Therefore, compared to a-
KCZ, -KCZ is expected to be less rigid.

2.3. Electrical Properties of KCZ and Derivatives
We then investigated the ion conduction of both §-KCZ and a-

KCZ phases. Unfortunately, neither of them exhibits any ionic
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Figure 2. a) Experimental (circles), fitted (line), and difference (line below observed and calculated patterns) of laboratory XRD profiles for -KCZ at room
temperature (Cu Ka radiation). Vertical bars indicate the calculated positions of Bragg peaks from the KC;,HgN main phase and the minor unreacted
carbazole precursor (from the top). There are also couple of unfitted peaks from minor unknown impurities. R,,, = 0.0529, R, = 0.0394, and »2 = 1.29.
b) B-KCZ crystal structure in a unit cell. c) (010) view and d) (100) view of the §-KCZ crystal structure. e) (001) view of the a-KCZ crystal structure.!?0]
Potassium, carbon, nitrogen, hydrogen atoms are presented by purple, brown, blue, pink spheres, respectively. Unit cells are outlined in black.

conductivity within the testing temperature range (20-150 °C)
through the electrochemical impedance spectroscopy (EIS) tests.
The poor ion conduction may be due to the strong K—N ionic
bonds and/or stoichiometric ratio of cation and anion. Previous
reports showed that the addition of organic ligands could effec-
tively weaken the interaction between cations and anions, fa-
cilitating the migration of cation.['”182!] Thus, tetrahydrofuran-
coordinated KCZ (KCZ-0.4THF) synthesized from Route I-Step
1 in Scheme S1 (Supporting Information) was tested for possi-
ble ion conduction with stainless steel (SS) electrode. To our de-
light, the Nyquist plot at 100 °C demonstrates a semicircle in the
high-frequency range and a spike in the lower-frequency range,
which respectively correspond to the bulk and grain boundary
resistance of the electrolyte and the capacitive behavior of the in-
terface between the blocking electrode and the solid-state elec-
trolyte (Figure 3a inset), showing the appearance of ion con-
duction upon THF complexation. As the temperature gradu-
ally decreases from 100 to 20 °C, the diameters of the semi-
circles increase, indicating faster ion conduction at higher tem-
peratures (Figure 3a; Figure S5, Supporting Information). The
ionic conductivity of KCZ-0.4THF are 3.4 X 107° S cm ™! at 20 °C
and 6.4 x 10 S cm™! at 100 °C, respectively. As shown in
Figure 3a, the temperature dependence of ionic conductivity fol-
lows the Arrhenius equation (o = o, X e 5/XT), where ¢, denotes
the pre-exponential parameter, k represents the Boltzmann con-
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stant, and E, denotes the activation energy. The calculated ac-
tivation energy of KCZ-0.4THF is 0.35 eV, which is similar to
the reported values on KNH,!??l and K,0I2*] materials in liter-
ature. No sample melting was observed (Figure S6, Supporting
Information).

It is known that vacancies or defects usually can facilitate ion
migration in a solid-state electrolyte. To further improve the K*
conductivity, the composition of Kin KCZ-0.4THF was optimized
(K,CZ-0.4THF, x = 0.7, 0.8, 0.9, 1.0, and 1.1) via tuning ratio
of potassium hydride and carbazole during synthesis. Due to
the amorphous nature of these compounds (Figure S7, Support-
ing Information), NMR was employed for structural character-
ization. 'H NMR results demonstrate that as the KH increases
from 0.7 to 1.1, the chemical shifts move upfield slightly (Figure
S8, Supporting Information), which is consistent with the fact
that more potassium in K,CZ-0.4THF results in higher elec-
tron density in carbazolide ring.®**C NMR spectra also con-
firm the variation of electron density (Figure S9, Supporting In-
formation). Furthermore, as the content of K decreases, a small
amount of carbazole can be observed in the samples of K,,CZ-
0.4THF and K,;CZ-0.4THF as determined by XRD characteri-
zations (Figure S7, Supporting Information), indicating a phase
separation in these samples. As shown in Figure 3a, the ionic con-
ductivity decreases significantly with excessive KH, i.e., K, ;CZ-
0.4THF exhibits an ion conductivity of 5.2 X 107° S cm~! at 100 °C
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Figure 3. a) The Arrhenius plots of the K ionic conductivity for K,CZ-0.4THF electrolytes tested via cooling from 100 to 20 °C. (inset: Nyquist plot of
KCZ-0.4THF at 100 °C). b) Heating and cooling cycles of conductivity tests for Ky ¢CZ-0.4THF. (inset: visible melting test of K, ¢CZ-0.4THF at 100 °C).
c) Conductivity of K,CZ-0.4THF (x = 0.7, 0.8, 0.9, 1.0, and 1.1) measured at 100 °C. d) The Arrhenius plots of the K ionic conductivity for K, oCZ-yTHF

electrolytes tested via cooling from 100 to 20 °C. (y = 0.4, 0.5, 0.6, and 0.7).

(Figure 3a; Figure S10, Supporting Information). As expected
from the induced cationic vacancies, the ionic conductivity in-
creases as the K content decrease to 0.9 equivalent, i.e., K, ,CZ-
0.4THF exhibits an ionic conductivity as high as 1.7 x 10™* S
cm~! at 100 °C, ca. 2.6 times higher than that of KCZ-0.4THF un-
der the same condition (Figure 3a; Figure S11, Supporting Infor-
mation). However, further decreasing the K content to 0.8 and 0.7
will result in worse ion conduction, which may be due to the pres-
ence of the excessive carbazole (Figure 3c; Figures S7,512,and
S13, Supporting Information).

Since the K,,CZ-0.4THF showed a better ion conductivity
compared with other compositions, the content of THF in the
Ky oCZ-0.4THF was optimized as well. It was discovered that
more THF addition could lead to higher ionic conductivity
(Figure 3d). For instances, the conductivity of K,,CZ-0.7THF
could be as high as 1.3 X 10 S cm™! at 20 °C and 4.2 x 107*
S cm™! at 100 °C, which is about one order higher than that of
KCZ-0.4THF and is among the top K-ion conductors under the
same conditions (Table S1, Supporting Information). As shown
in Figure S14 (Supporting Information), the pressure of K ,CZ-
0.4THF sample after holding at 100 °C for 1 h is only 3.3 psi,
far below the equilibrium vapor pressure of pristine THF at the
same temperature.[?* To figure out the physical state of K, ,CZ-
0.4THF during the ionic conductivity tests, the visual melting
points were conducted, which demonstrated that the sample re-
mained solid state during the temperature range of 20 to 120 °C
(Figure S15, Supporting Information). However, further increas-
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ing THF amount would lead to the melting of sample at elevated
temperature.

Electrochemical cyclability and stability of K,,CZ-0.4THF
were also tested. As shown in Figure 3b, the ionic conductivity of
Ky oCZ-0.4THF did not exhibit any obvious deactivation during
three cycles of heating and cooling. The electrochemical stabil-
ity window of K, ,CZ-0.4THF was accessed by employing linear
sweep voltammetry (LSV) with a scan rate of 0.1 mV s™' at 50 °C
(Figure S16, Supporting Information). The LSV experiment uti-
lized a K|K,, ,CZ-0.4THF|SS half cell, which exhibited an electro-
chemical stability window of 3.1 V when operated with a K metal
electrode. The constant voltage test (CstV) of K, ,CZ-0.4THF was
measured using stainless steel (SS) as electrodes. It can be seen
that the current decreased from 4.2 X 1072 mA () to 1 x 107°
mA (I,) after 5000 s test at 70 °C (Figure S17, Supporting Infor-
mation). Accordingly, an ion transference number (t;) of 0.99 was
obtained according to the equation of t; = (I, — I;)/I,, showing
that the conduction is mainly originated from the movement of
ions rather than electrons. This ion transference number of 0.99
is higher than that of organic polymer electrolytes which usually
show the values ~0.5-0.8.114023]

Finally, the interfacial stability and compatibility with the K,S
electrode were investigated. As shown in Figure 4a, when the
galvanostatic cycling of K, S|K,,CZ-0.4THF|K,S symmetric cell
was measured at a current density of 0.05 mA cm=2 at 90 °C, an
overpotential of ca. 1.5 V was obtained. The voltage of ca. 1.5V
is coming from the potential difference between K, S-K extracted
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Figure 4. a) Galvanostatic cycling curves of potassium symmetric cells
with SSE of Ky ¢CZ-0.4THF during K electrochemical cycling at 90 °C 0.05
mA cm~2. b) Voltage transients during K electrochemical cycling at 0.05
mA cm~2 and 0.1 mA cm~2 with the SSE of K, 4CZ-0.4THF.

and K, S-inserted and the internal voltage decay because of the re-
sistance of electrolyte, which remained stable with no significant
sudden fluctuation. The initial increase in the overpotential may
be attributed to the diffusion of THF within the system. The over-
potential could stay stable for more than 400 hours during K elec-
trochemical cycling test after equilibrium. Furthermore, the K,S
symmetric cells using K, ,CZ-0.4THF could be steadily cycled at
different current densities (Figure 4b). When the current den-
sity was increased to 0.1 mA cm™2, the overpotential increased
slightly and remained stable after 20 circles. After the current
density was reduced back to 0.05 mA ¢cm™2, the overpotential of
the symmetric cell restored its original level, demonstrating the
outstanding interfacial stability and compatibility.

2.4. Discussion

The present study reveals that THF is essential for the fast K*
conduction in these KCZ-THF compounds. Their conductivity
can further be optimized by tuning the concentrations of THF
and K. Therefore, the effects of THF and K concentrations on
the resulting ion conduction will be discussed in this section
(Scheme 2).

It was reported that the addition of neutral ligands (such
as ammonia,?!l ammonia borane,?®! and ethylene diamine)!?’]
could significantly improve the ion conduction during heating.
Calculations showed that the exchange of NH; molecules in the
orthorhombic phase of LiBH,-1/2NH; is helpful for the migra-
tion of lithium ions.[?8! Very recently, in situ NMR reveled that the
evaporation of the coordinated THF in the structures of organic
molecular compounds such as Na-CZ-2.25THF and Li-ID-2THF
under a dynamic solid-vapor equilibrium at high temperature
could allow the movement of THF and generate structural vacan-
cies and defects, which could enhance the migration of Li* and
Na*.l1718] Tt is possible that the THF may play a similar role on the
conduction of the present K,CZ-yTHF compounds. Our TG-DTA
(Thermogravimetric-differential Thermal Analysis for short) re-
sult (Figure S18, Supporting Information) demonstrates that the
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KCZ-0.4THF sample could lose its weight upon heating and the
total weight loss is #12.1% at 150 °C, which is corresponding to
the theoretical concentration of THF in KCZ-0.4THF. TPD-MS
(Temperature-programmed desorption with online mass spec-
trometer for short) confirms the release of THF upon heating
the sample. However, in a small limited closed cell for ion con-
duction test, THF molecules would not completely escape from
the sample and dissipate into open space as in the TG-DTA con-
dition. Rather the evaporated THF and the rest structural THF
would form a gas-solid equilibrium within the closed cell, as evi-
denced by the low THF pressure observed during heating (Figure
S14, Supporting Information). Such dynamic equilibrium at high
temperature would allow the movement of THF between the gas
and solid phases. Due to the amorphous nature of these com-
pounds, it is difficult to discern the exact interactions between
K* and THF. From the previous studies on akin systems,!17:1]
we can reasonably speculate that the movement of THF could
likely play a role in assisting the migration of K ions (Scheme 2
left).

The established classical diffusion model describes the ion mi-
gration in traditional SSEs as the ions hopping from one lat-
tice site to another.[?! This indicates that introducing defects
or vacancies is an effective strategy to improve the ion con-
duction for SSEs.1323] In the present study, the evaporation
and movement of THF would simultaneously generate the de-
fects/vacancies within the K,CZ-yTHF compounds. In partic-
ular, the off-stoichiometric K,,CZ-0.4THF sample, which also
contains suitable cationic vacancies for K™ hopping, exhibits the
Dbest ion conduction performance in our study. Therefore, the ob-
served optimal conductivity is very likely the synergetic results
of the optimized K/THF vacancy/defect concentrations, which
would jointly promote the K* migration (Scheme 2 right).

As a new type of solid-state electrolytes, MOCs exhibit funda-
mental distinctions from the traditional potassium solid polymer
electrolytes (KSPEs). KSPEs are composed of organic polymer
and inorganic potassium salt, while MOCs are predominantly
constituted of pristine organic salts. Additionally, the migration
of K* ions in KSPEs often relies on the segmental movement of
polymer chains within the amorphous phase, while the migra-
tion of K* in MOCs follows the hopping mechanism with the
help of neutral molecule. Conversely, the MOCs exhibited signif-
icantly greater ion transference number compared to traditional
KSPEs, thereby potentially suppressing the formation of metal
dendrites. Furthermore, besides their high K* ionic conductiv-
ity comparable with the top potassium SSEs, K,CZ-yTHF com-
pounds possess additional advantages compared to traditional
inorganic SSEs. As elaborated above, the synthesis of these com-
pounds is facile and can be scaled up easily. The K,CZ-yTHF or-
ganic salts also show good compatibility and stability with the
electrode. Exposure to air does not result in explosion or com-
bustion, hence ensuring their safety. In the production of a bat-
tery cell, the method of cold pressing is sufficient for the molding
of K,CZ-yTHEF electrolyte, while high-temperature pressing is in-
dispensable for the fabrication of organic SSEs.

3. Conclusion

In conclusion, we successfully synthesized a new phase of potas-
sium carbazolide KC,,HgN, ie., f-KCZ. Different from the
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Scheme 2. Schematic illustration of the effects of the THF solid-vapor phase equilibrium and defects/vacancies on the migration of K ions.

previously reported a-KCZ, -KCZ crystallizes in an orthorhom-
bic structure with the space group Pnma (No.62). Upon complex-
ing KCZ with THF, we developed a new type of potassium solid-
state electrolyte, i.e., K,CZ-yTHF, with a pronounced ionic con-
ductivity. Through compositional optimization on K and THF,
a conductivity as high as 4.2 x 107 S cm™' at 100 °C can be
achieved, which is among the top solid state K conductors at
this temperature. K,CZ-yTHF also showed outstanding interfa-
cial stability and compatibility to the K,S electrode, i.e., overpo-
tential could keep stable for >400 hours during K electrochemical
cycling. To the best of our knowledge, this is the first potassium
organic compound for solid-state potassium electrolytes. Given
the abundant diverse organic molecules, which may be utilized
for electrolyte application, the potassium organic compound pro-
vides a broad space for the exploration and development of potas-
sium SSEs in the future.

4. Experimental Section

Chemicals and Materials: Carbazole (95%, Alfa Aesar), potassium
hydride (dispersion in mineral oil, Sigma-Aldrich), cyclohexane (HPLC,
Macklin), tetrahydrofuran (HPLC, Macklin), K,S (AR, Macklin) and Super
P Carbon (Timcal) were purchased and used without further purification.
All the materials were conducted in a glove box filled with purified argon
with <0.1 ppm of H,0 and O, concentrations.

Synthesis of Potassium Carbazolides (KCZs): To synthesize p-KCZ, 0.88
g carbazole (0.005 mol) and 0.21 g potassium hydride (0.005 mol) were
put into a 180 mL stainless steel vessel with the ball-to-sample mass ratio
of 100:1. The mixture was ball-milled twice for 2 h at a rotational speed
of 150 rpm at room temperature. There was no evolution of gas during
ball-milling. A thermal treatment of up to 473 K for 2 h with a ramping rate
of 2 K/min was required to release hydrogen. Pressure gauge was used to
monitor the pressure change during heating progress. KCZ-0.4THF were
synthesized by the wet chemical method in THF. Carbazole and potas-
sium hydride with a molar ratio of 1:1 were added into a 130 mL auto-
clave, then 30 mL THF was added. The mixture was stirred at a rate of
500 rpm at room temperature. A pressure gauge was used to monitor the
reaction. One equivalent hydrogen was released after stirring for ca. 1h.
Then, the solution was transferred to a flask in the glove box for obtaining
a powder sample via evaporation. Ky ;CZ-THF, Ky qCZ-THF, K, 3CZ-THF,
and Ky ;CZ-THF were synthesized by the same method with the molar ra-
tio of potassium hydride to carbazole 1.1:1, 0.9:1, 0.8:1, and 0.7:1. Finally,
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a-KCZ was obtained from evaporation of THF from KCZ-0.4THF under a
thermal treatment and vacuuming at 353 K.

Characterizations of KCZ:  Powder XRD was used for phase identifica-
tion collected on a PANalytical X’pert diffractometer equipped with Cu Ka
radiation (40 kV, 40 mA). A homemade sample cell covered with KAPTON
film was used to protect the test sample from the contamination of air
and moisture. Thermogravimetric-differential thermal analysis (TG-DTA,
Netsch) was used to investigate the thermal stability and purified argon
was used as carrier gas. The temperature-programmed desorption and
mass spectrometer (TPD-MS) was used to quantify the desorption tem-
perature of THF. TPD was conducted in a custom-made reactor with puri-
fied argon as a carrier gas. The samples were heated at a heating rate of 2
K min~! and the gaseous species Ar, H,, H,0, and THF were monitored
with an online mass spectrometer (MS, Hiden, UK). Solution nuclear mag-
netic resonance (NMR) spectroscopy was recorded on a J]NM-ECZL400S
400 MHz NMR spectrometer (9.4 T) at ambient temperature. Solution 'H
and *C NMR spectroscopy were conducted with DMSO as the deuter-
ated solvent. 3°K magic-angle spinning nuclear magnetic resonance (MAS
NMR) was recorded on a Bruker AVANCE NEO 600 WB 600 MHz NMR
spectrometer (14.1 T) at ambient temperature.

Electrochemical Tests:  lonic conductivities were measured with electro-
chemical impedance spectroscopy on a BioLogic VMP-300 Potentiostat.
The sample was put into a commercial unibody device with a diameter
of 10 mm and kept a pressure of 1.6 t on the sample during the electro-
chemical test. Impedance plots were measured from room temperature
to 100 °C during heating and cooling runs in a frequency range from 4
MHz to 0.1 Hz. Before each measurement, a 40-min dwell time was held.
The resistance (R) of the sample was obtained from the diameter of the
semicircle. The conductivity (o) of the electrolyte is given by 6 = d/(A X
R), where d is the thickness of the pressed SSE and A is the area of the
pellet.3%! The ionic conductivities of Ky4CZ-yTHF (y = 0.4, 0.5, 0.6, and
0.7) were tested by adding extra THF into Ky gCZ-0.4THF according to the
theoretical calculation and then keeping a pressure of 1.6 t on the sample
during the electrochemical test.

The ion transference number of K, gCZ-0.4THF was tested by constant
voltage test (CstV) at the voltage of 0.1V and the temperature of 70 °C,
using stainless steel (SS) as working electrodes. Upon assembly, a pres-
sure of 1.6 t was kept on the sample to ensure good contact between
electrolytes and electrodes. Linear sweep voltammetry (LSV) was used to
measure the electrochemical window of Ky gCZ-0.4THF. The measurement
was performed by K|Ky ¢CZ-0.4THF|SS half cell at the scanning rate of 0.1
mV/s and the temperature of 50 °C. To test the stability of the electrolyte,
K,S|Kp 9CZ-0.4THF|K,S symmetric cell was assembled. A mixture of K, S,
Kg.9CZ-0.4THF, and Super P Carbon was used as electrode where the mass
ratio of K,S:KqCZ-0.4THF:Super P Carbon was 4:4:1. Upon assembly, a
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pressure of 1.6 t was kept on the sample to ensure good contact between
electrolytes and electrodes.
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