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In Situ Structure Modulation of Cathode-Electrolyte
Interphase for High-Performance Potassium-lon Battery

Fengchun Li, Xin Gu,* Akang Cui, Yang Li, Sijin Dong, Shuang Wu, Zhenjie Cheng,

Qian Yao, Jian Yang,* and Mingbo Wu*

Manganese-based layered oxide cathodes, particularly K, MnO, (KMO), have
shown great potential in potassium-ion batteries (PIBs) due to their low cost,
high theoretical capacities, and excellent thermal stability. However,
Jahn-Teller distortion, manganese dissolution, and interface instability of
electrode/electrolyte lead to structural instability and performance decay.
Here, lithium difluoro(oxalate) borate (LiDFOB) is introduced as an electrolyte
additive to improve the electrochemical performance of P3-type KMO.
LiDFOB creates a uniform, thin, and robust cathode-electrolyte interphase
layer on the cathode surface, enhancing reaction kinetics, preventing
manganese dissolution, and stabilizing the structure. The P3-KMO cathode
with LIDFOB in the basic electrolyte exhibits significantly improved
electrochemical performance, such as a remarkable Coulombic efficiency of
~99.5% and high capacity retention of 78.6% after 300 cycles at 100 mA g~'.
Moreover, the full cell of P3-KMOJ||soft carbon demonstrates satisfactory
specific capacity and energy density. This study emphasizes the importance of

the relatively successful research on anode
hosts, the investigation of cathode hosts for
PIBs is much more challenging due to the
large radius of potassium ions.

Extensive research has led to the de-
velopment of cathodes for PIBs, such as
Prussian blue analogs (PBAs),[!}!2] polyan-
ionic compounds,!’*] and layered metal
oxides.'*1l However, PBAs’ high water
content and polyanionic compounds’ low
specific capacity hinder their practical ap-
plications. On the other hand, manganese-
based layered oxide cathodes, particularly
K,MnO, (KMO, 0<x<1), have gathered at-
tention due to their cost-effectiveness, high
theoretical capacities, and excellent ther-
mal stability.!2!]' However, KMO cath-
odes are vulnerable to complex struc-

interface chemistry for PIBs.

1. Introduction

Efficient and affordable secondary batteries are garnering atten-
tion from both academia and industry due to their potential to
meet the growing demand for consumer electronics and electric
vehicles, as well as address the intermittency of renewable energy
sources such as solar and wind power.'~*l While lithium-ion bat-
teries exhibit high energy/power density and long cycle life, their
widespread use is hindered by uneven resource distribution and
limited availability.>”! Potassium-ion batteries (PIBs) have sig-
nificant potential for large-scale energy storage thanks to abun-
dant potassium resources, low redox potential, and favorable in-
tercalation chemistry in graphite.®-1% Nevertheless, compared to
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tural transformations, Jahn-Teller distor-
tions, and Mn dissolution.-?’ Addition-
ally, insufficient cathode-electrolyte inter-
phase (CEI) protection leads to contin-
uous electrolyte decomposition and low
Coulombic efficiency (CE < 95%), causing rapid capacity decay
of KMO cathodes.

It has been noted that incorporating transition metals, like
Cu, Mg, Ni, Co, Fe, or Ti, can assist in reducing Jahn-Teller
distortion, enhancing specific capacity, and stabilizing KMO’s
structure.[1928-36] A coating layer of amorphous FePO, was ap-
plied to KysNij;Mn,,0, to ensure strain relaxation and fast
K-conducting capability.['>28-3¢] A report suggested that replac-
ing ethylene carbonate/diethyl carbonate (EC/DEC) with non-
flammable triethyl phosphonate (TEP) in the electrolyte can pre-
vent EC intercalation and ensure stable electrochemical perfor-
mance for P3-KMO.P*”] Creating a stable CEI layer on the cath-
ode surface can also effectively address the issues mentioned in
PIBs. For instance, Lei et al. used 6.0 M potassium bis(fluoro sul-
fonyl)amide in diglyme as the electrolyte to develop a CEI layer
and an inactive K-poor spinel interlayer on the P2-KMO surface.
The dual interphase layers-modified P2-KMO cathode achieved
a high capacity retention of 90.5% and a CE of #100% after 300
cycles.’®] However, the regulation of CEI on cathode is still a rel-
atively new concept.

This work employs lithium difluoro(oxalate) borate (LiDFOB)
as an electrolyte additive in PIBs for the first time, even though it
has been previously used in conventional lithium batteries.[>#2!
X-ray photoelectron spectroscopy (XPS) and time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS) demonstrate that

© 2024 Wiley-VCH GmbH
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Figure 1. a) CV profiles at 0.03 mV s~! and b) Charge/discharge profiles at 20 mA g=! of K|[KMO in BE+LiDFOB. c) Cycle performance and Coulombic
efficiencies of K||[KMO with different electrolytes at 50 mA g='. d) Long-range cycle performance and Coulombic efficiencies of K||KMO with different
electrolytes at 100 mA g~'. e) Comparison of the cycle performance with the reported data in PIBs. f) Rate performance of K|[KMO with different
electrolytes. g) Nyquist plots of K||[KMO with different electrolytes after 30 cycles.

LiDFOB participates in the formation of CEI and effectively in-
hibits the decomposition of electrolyte solvents, resulting in a
CEI layer enriched with F and B but containing fewer C and O
species. The CEI layer is found to be uniform, thin, and robust, as
confirmed by high-resolution transmission electron microscopy
(HRTEM) and atomic force microscopy (AFM). This leads to en-
hanced reaction kinetics, stabilized crystal structure, and reduced
manganese dissolution. The P3-KMO cathode with a F- and B-
rich CEI layer exhibits a high capacity retention of 78.6% and a
CE of ~99.5% after 300 cycles at 100 mA g~!, highlighting the
promising potential of CEI layers on KMO cathode in PIBs.

2. Results and Discussion

Figure S1 (Supporting Information) shows the structure charac-
terization of KMO. X-ray diffraction (XRD) patterns and Rietveld
refinement infer that KMO is in a P3-type structure with a space

Adv. Funct. Mater. 2024, 34, 2313146

2313146 (2 of 10)

group of R3m, as shown in Figure S1a (Supporting Information).
This structure comprises oxygen atoms arranged in parallel lay-
ers in the order of ABBCCA, while Mn atoms occupy the octa-
hedral sites and K atoms are located at the prismatic sites, as de-
picted in Figure S1b (Supporting Information). Figure S1c (Sup-
porting Information) shows that KMO powders are granular with
particle sizes in a range of 2—4 um. Additionally, the inductively
coupled plasma optical emission spectra (ICP-OES) reveal that
the molar ratio of K-to-Mn is 0.49 (Figure S1d, Supporting Infor-
mation).

The effects of LiDFOB as an electrolyte additive on the elec-
trochemical performance of K||[KMO are investigated. The cyclic
voltammetry (CV) profiles of K||[KMO using the modified elec-
trolyte (BE+LiDFOB) are shown in Figure 1a. Four redox couples
are observed at 2.56/2.15, 2.93/2.43, 3.24/2.75, and 3.92/3.50 V.
The redox couple at 3.92/3.50 V is attributed to a phase
transition, while the remaining three are associated with the
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transformation of ordered/disordered K*/vacancy and the glid-
ing of the MO, layer during K-ion insertion/ extraction.[384344]
The subsequent scans of the CV profiles reveal that the KMO
electrode in BE+LiDFOB has excellent reversibility. On the other
hand, the CV profiles of the KMO electrode in the basic electrolyte
(BE) (Figure S2, Supporting Information) display four pairs of re-
dox peaks similar to those in BE+LiDFOB. This finding suggests
that the additive does not alter the electrochemical reactions, and
Li* does not participate in the electrochemical reactions. How-
ever, it is noted that the peaks with BE show a significant and
continuous decay, indicating severe irreversible phase transitions
and instability. The charge/discharge profiles of K||KMO in both
electrolytes at 20 mA g~ are depicted in Figure 1b and Figure S3
(Supporting Information), revealing different voltage platforms
consistent with the CV results.

Figure 1c shows the cycle performance and CEs of K||[KMO
with and without LiDFOB in the electrolyte at 50 mA g~'. No-
tably, the KMO electrode with BE+LiDFOB displays an unprece-
dented capacity retention of 91.1% compared to the second cy-
cle and a CE of approximately 99.95% after 100 cycles. On the
other hand, the specific capacity in the BE retains only 42.7%
and shows a low CE of around 94.68%. The inferior CE implies
severe parasitic reactions on the electrode, resulting in rapid ca-
pacity decay. The amount of LiDFOB additive in the electrolyte
requires a balance between low salt solubility and consumption
during cycling. To determine the optimum content of LiDFOB,
we tested the electrochemical performance of K||KMO half cell
with various contents of LIDFOB in the electrolyte (0, 0.2%, 0.5%,
0.7%, 1.5%), as shown in Figure S4 (Supporting Information).
The optimal LiDFOB content for maintaining the cycle lifespan
and cycling stability is 0.7%. However, if the LiDFOB content is
increased beyond this data, it may become insoluble in the ba-
sic electrolyte (Figure S5, Supporting Information), reducing the
electrochemical performance of the KMO electrode. Hence, the
discussion about the effect of LIDFOB refers to 0.7% LiDFOB
without special denotation. In addition to the cathode, LIDFOB
could also influence the anode. To determine how LiDFOB af-
fects the K electrode in K||[KMO batteries, the plating and strip-
ping behaviors of K were examined using symmetrical K||K cells.
These cells were cycled at a current density of 0.02 mA cm™
(Figure S6, Supporting Information). It is worth mentioning that
the K||K symmetrical cell, when cycled in an electrolyte contain-
ing LiDFOB, displays a more significant degree of polarization
compared to the basic electrolyte. It can be inferred that the per-
formance improvement of the K||KMO half cell mainly comes
from the cathode side. Figure 1d presents the long-term cycling
performance of K||[KMO in the presence and absence of LiDFOB
at 100 mA g~!. The cell fails after 100 cycles in BE, as the CE
drops to only 89.1%, and the specific capacity decreases from
96.6 to 28.4 mAh g~1. However, by adding LiDFOB, the CE sta-
bilizes at #99.5%, and the specific capacity gradually decays to
72.9 mAh g=! over 300 cycles, retaining a high capacity reten-
tion of 78.6% relative to the second cycle. The impressive CE
in BE+LiDFOB indicates that the LiDFOB-induced CEI effec-
tively suppresses electrolyte consumption and Mn dissolution,
improving capacity retention. It is noticed that the specific ca-
pacity of KMO increases in BE+LiDFOB during cycles. To reveal
the reasons for this increase in capacity, the differential capacity
(dQ/dV) curves of KMO in BE+LiDFOB at the 30" and 150% cy-
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cle at 100 mA g™' (Figure S7, Supporting Information). At the
30™ cycle, the average polarization of the redox couples is 1.74 V.
At the 150" cycle, the average polarization decreases to 1.53 V.
The phenomenon may be due to the decomposition of LIDFOB
generating special gases, such as CO,, which leads to an increase
in polarization and a decrease in capacity.*>*¢] After dozens of
cycles, LIDFOB is exhausted, contributing to decreased polariza-
tion and increased capacity. This phenomenon has been previ-
ously reported.*”*8] The cycle performance of KMO surpasses
most previously reported results (Figure 1e).[16:28:30314954] Algo,
the rate performance was tested in both electrolytes (Figure 1f).
KMO delivers the discharge capacities of 115.6, 95.1, 81.9, 65.8,
and 49.3 mAh g! at the current densities of 20, 50, 100, 200,
and 500 mA g, respectively. As the current density comes back
to 20 mA g1, the cathode recovers a reversible capacity of 104.5
mAh g~!. However, the specific capacity in BE declines as the
current density increases. Upon returning to 20 mA g=!, KMO
shows a discharge capacity of only 90.2 mAh g1, followed by per-
sistent capacity decay. Figure S8 (Supporting Information) shows
the voltage profiles of KMO in BE or in BE+LiDFOB at different
current densities. We measured the electrochemical impedance
spectra (EIS) of KMO in different electrolytes. The EIS spectra
of KMO in BE or in BE+LiDFOB have the similar Nyquist plots
(Figure 1g). These plots comprise a semicircle representing the
CEI impedance (R¢y;) and the charge-transfer impedance (R,) at
the electrode/electrolyte interface, as well as a straight line corre-
sponding to the Warburg impedance (Z,,). By utilizing the equiv-
alent circuit, we observed that both the R and R, decrease by
the addition of LiDFOB (Table S1, Supporting Information). This
decrease is due to a thinner CEI layer and less by-product for-
mation, indicating an improvement in charge transfer dynam-
ics. As shown in Figure S9 (Supporting Information), the slope
of the line associated with the K* diffusion coefficient, known as
the Warburg factor (o), is derived from the low-frequency region.
Therefore, KMO with LiDFOB shows an improved K* diffusion
coefficient (D, ) of 2.5x10712 cm? s~! compared to that without
LiDFOB (2.3x107'2 cm? s7').

The CEI components on KMO after 100 cycles in different elec-
trolytes were characterized by XPS coupled with Ar-ion sputter-
ing. The survey spectra of KMO cycled in BE or in BE+LiDFOB
reveal that both CEI layers retain the signals of C, O, P, F, and
K elements (Figures S10 and S11, Supporting Information). The
CEI layer in BE+LiDFOB presents the additional signals of Li
1s (56 V) and B 1s (194 eV), which can be attributed to the de-
composition of LIDFOB.[“] Figures 2a,b illustrate the variations
of these elements at different depths in BE and BE+ LiDFOB. By
adding LiDFOB additive to BE, the content of B species increases
from zero to 4.5 at%, and that of F species increases from 6.7 to
24.6 at%, with a sputtering depth of 0 s. Conversely, the concen-
tration of C species decreases from 54.7 to 47.4 at%, and that of
O content drops from 25.8 to 13.4 at%. Moreover, the fluctua-
tions in C, F, O, and B concentrations at sputtering depths of 50
and 100 s exhibit consistency with those observed at a depth of
0's. These findings suggest LIDFOB-tuned CEl is rich in F and B
species due to DFOB-ligand involvement during initial cycling.
The decrease in C and O species indicates that the F- and B-rich
CEI functions as a protective layer for the KMO cathode, effec-
tively mitigating ongoing side reactions with the electrolyte.>]
High-resolution XPS spectra were detected to unveil the
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Figure 2. Characterization of the CEl components on KMO cathode after 100 cycles in different electrolytes by XPS. Atom concentration on the cycled
KMO electrode with varied sputtering depth in a) BE and b) BE+LiDFOB. The XPS depth profiles of C 1s for the cycled KMO electrode in c) BE and d)
BE+LiDFOB after sputtering for 0, 50, and 100 s. The XPS depth profiles of F 1s for the cycled KMO electrode in €) BE and f) BE+LiDFOB after sputtering
for 0, 50, and 100 s. The XPS depth profiles of g) B 1s and h) Li 1s for the cycled KMO electrode in BE+LiDFOB after sputtering for 0, 50, and 100 s.

underlying insights of CEI. The peaks of C—O (286.5 eV), C=0
(287.7 eV), and O—C=0 (289.6 eV) arise from electrolyte decom-
position (Figure 2c¢,d).[*"! The CEI layer formed in BE+LiDFOB
exhibits a decreased presence of C—0O, C=0, and O—C=0 com-
pared to BE (Figure 2d; Figure S12, Supporting Information),
signifying a reduced extent of solvent decomposition. Addi-
tionally, the decrease in the C=0 content observed in the O
1s data (Figure S13a, Supporting Information) relative to BE
(Figure S13b, Supporting Information) aligns with the findings
in the C 1s data. The diminished contents of C—O and C=0
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in BE+LiDFOB can be attributed to the suppressed side reac-
tions, significantly reducing surface resistance (Figure 1g). The
XPS spectra of F 1s (Figure 2f) display a distinct signal of LiF
(685.6 eV) in BE+LiDFOB, while it is almost invisible in the case
of BE (Figure 2e). It confirms the significant presence of LiF in
the CEI resulting from the LIDFOB additive.>! Furthermore, the
content of KF (684.3 eV) diminishes on the surface of KMO cy-
cled in BE+LiDFOB compared to that in BE. The increasing con-
tent of LiF (high Young’s modulus, 64.97 GPa) and the decreas-
ing content of KF (low Young’s modulus, 29 GPa) enhance the
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Figure 3. TOF-SIMS 3D reconstructed images of the CEl layer on the KMO surface after 100 cycles in different electrolytes: a) BE and b) BE+LiDFOB.
Depth profiles of several representative secondary ion fragments obtained from the KMO surface with different electrolytes: ) BE and d) BE+LiDFOB.
HRTEM images of the KMO cathode after 100 cycles with different electrolytes: e) BE and f) BE+LiDFOB. g) Element mapping images of the KMO

cathode after 100 cycles with BE+LiDFOB.

mechanical properties of the CEI layer.>’] Additionally, the sig-
nificant presence of LiF signal was observed in the Li 1s data
(Figure 2h). Despite bulk LiF’s inherent high resistance to ion
conduction, forming an in situ LiF-rich CEI layer did not hin-
der ion transport kinetics due to its thin profile and proximity
to KMO (Figure 1g). Therefore, a CEI containing abundant LiF
is an optimal barrier that shields the KMO electrode from the
corrosive effects of HF and other free radical groups in the elec-
trolyte, effectively suppressing undesirable side reactions. More-
over, introducing LiDFOB results in a significant presence of Li-
B-O (193.4 eV, Figure 2g), further contributing to inhibiting elec-
trolyte decomposition and transition metal dissolution.[*’]
TOEF-SIMS, a powerful characterization technique known for
its ultra-high surface sensitivity and chemical selectivity, was
used to investigate the CEI on the KMO surface induced by differ-
ent electrolytes. Figures 3a and b depict the 3D reconstructed im-
ages of the KMO surface exposed to different electrolytes. When
cycled in the BE, the KMO surface exhibits C-, CH™, F~, and O~
ions. Upon cycling with LiDFOB, a variety of newly generated
ions containing F and B, including BO,~, BOF,~, BF,~, KB,0,",
and LiF,-, emerge, suggesting the participation of LiDFOB in the
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formation of CEI. With increasing depth, there is a reduction in
the contents of CH™, BOF,~, and KB,0,~ for the CEI with LiD-
FOB, indicating the formation of a gradient CEI layer. In addi-
tion, the KMO surface with BE+LiDFOB shows lower C~ and
CH~™ concentrations than with BE. This suggests that the addi-
tion of LIDFOB suppresses the decomposition of BE. The C™, F~,
and O~ contents maintained relatively stable throughout varying
depths in both cases, which may be attributed to the influence of
Super P and PVDF binder in the electrode. Figures 3c and d de-
pict the depth profiles of characteristic secondary-ion fragments
(C-, CH-, F-, 0, BO,~, BOF,", BF,", KB,0,", and LiF,") ob-
tained from KMO electrodes after 100 cycles in both electrolytes.
By analyzing the profiles, we gain valuable insights into the spa-
tial distribution of the fragments and their potential impact on
electrode performance. The consistency between the depth pro-
files and 3D reconstructed images supports our findings, which
are consistent with what has been observed in XPS spectra.
Besides XPS and TOF-SIMS, HETEM was employed to ob-
serve the CEI layer directly. HRTEM images of KMO cathodes
cycled with/without LiDFOB after 100 cycles are presented in
Figures 3e and f. Notably, the KMO cathode cycled without
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Figure 4. AFM images of KMO surface cycled in a) BE and b) BE+LiDFOB electrolytes. c) Corresponding Ra summarized from AFM results. 3D AFM
images of surface modulus distribution for KMO surface cycled in d) BE and e) BE+LiDFOB electrolytes. f) Corresponding DMT modulus summarized

from AFM results.

LiDFOB exhibits a non-uniform and thick CEI layer ranging from
17 to 30 nm. In comparison, a uniform and thin CEI layer mea-
suring 13 nm is obtained on the cycled KMO cathode with LiD-
FOB. This compelling evidence highlights the indispensable role
of LiDFOB additive in facilitating the formation of high-quality
CEI, which effectively mitigates undesired reactions between
cathode material and electrolyte. The thin CEI layer is believed
to promote charge transfer and enhance reaction kinetics, as evi-
denced by EIS spectra. The energy dispersive spectroscopy (EDS)
element mapping images of the cycled KMO with BE+LiDFOB
in Figure 3g demonstrate a homogeneous distribution of P, O,
Mn, C, B, F, and K elements. The XPS, TOF-SIMS, and HETEM
results above strongly confirm that the CEI layer formed by the
LiDFOB additive is uniform, thin, and rich in B and F species.
To assess the interfacial morphology and mechanical strength
of the CEI layer in both BE and BE4+LiDFOB electrolytes, atomic
force microscopy (AFM) measurements were taken. The mea-
surements were conducted on a KMO electrode disassembled
after 100 cycles. The 3D AFM image of the CEI layer on the
KMO electrode with the basic electrolyte, shown in Figure 4a,
displays a fluctuating morphology and a rough interface with an
average roughness (Ra) of 69 nm. This suggests an uneven and
thick interface caused by severe electrolyte decomposition. Con-
versely, Figure 4b shows a uniform CEI layer on the KMO elec-
trode with LiDFOB in the basic electrolyte, with a consistently
smooth surface and a Ra of 44 nm. This demonstrates the ex-
cellent interfacial compatibility and electrochemical stability of
the CEI layer.’®! The CEI's mechanical strength was assessed
through AFM measurements of the Derjaguin-Miiller-Toporov
(DMT) modulus. The 3D AFM images in Figures 4d and e show
the distribution of surface modulus for the KMO surface cy-
cled in BE and BE+LiDFOB electrolytes. The CEI structure with
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BE+LiDFOB electrolyte demonstrated a much-enhanced modu-
lus. Figure 4f displays the CEI's average and maximum DMT
modulus with BE+LiDFOB at approximately 35.8 and 60 GPa,
respectively. These values are three times higher than the corre-
sponding values for the CEI with BE (average: ~12.4 GPa; maxi-
mum: ~20 GPa).’>%! In conclusion, adding LiDFOB to the CEI
layer improved morphology and mechanical properties.

To gain insights into the oxidative stability of BE and
BE+LiDFOB electrolytes, we performed linear scan voltamme-
try (LSV) measurements on K/stainless steel with the two elec-
trolytes using a scan rate of 0.1 mV s~!. As stated in Figure 5a,
the addition of LiDFOB induces a new small peak at 3.6 V (vs.
K*/K), probably due to the decomposition of LIDFOB. Figure 5a
demonstrates the superior stability of LiDFOB-containing elec-
trolytes up to 5.5 V, in contrast to the basic electrolyte, which un-
dergoes decomposition at 4.0 V. This finding suggests that the
addition of LiDFOB enhances the oxidation stability of the elec-
trolyte. Density functional theory (DFT) simulations were em-
ployed to gain a deeper understanding of the process to calcu-
late the highest occupied molecular orbital (HOMO) energies of
KPF,, LiDFOB, EC, and DEC molecules. Figure 5b illustrates
the descending order of HOMO energies for these molecules:
LiDFOB (—7.85 V) > DEC (=8.05 eV) > EC (—8.49 eV) > KPF,
(=10.72 eV). The higher HOMO energy level of LIDFOB com-
pared to EC, DEC, and KPF suggests that LiDFOB is preferen-
tially involved in the cathodic process, leading to its decompo-
sition and subsequent formation of the F- and B-rich CEI layer.
This finding validates the proposed mechanism for CEI forma-
tion.

The impact of the F- and B-rich CEI layer on suppressing
Mn dissolution in the electrolyte was investigated via ICP-OES.
As shown in Figure 5c, the separator subjected to 100 cycles in

© 2024 Wiley-VCH GmbH
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Figure 5. a) Linear scan voltammetry curves of K/stainless steel in different electrolytes at a scan rate of 0.1 mV s~. b) Calculated HOMOs of KPF,
LiDFOB, EC, and DEC. c) ICP-OES results for the Mn element content collected from the separators after 100 cycles in BE and BE+LiDFOB. The insert is
the corresponding separator. d) Schematic representation showing the issues caused by basic electrolytes and the unique functions of LiDFOB additive.

BE+LiDFOB exhibited a lower Mn content (10 ppm) than that in
BE (63 ppm). The inset of Figure 5c demonstrates that the separa-
tor remained unchanged without any color variation after under-
going 100 cycles. In contrast, after repeated cycles, the separator
with BE exhibits a yellowish hue. These findings highlight the
significant impact of F- and B-rich CEI in mitigating electrolyte
decomposition and Mn dissolution. Figure 5d comprehensively
illustrates the LIDFOB additive’s role in enhancing the electro-
chemical performance of the KMO cathode. In the basic elec-
trolyte, EC molecules can be easily oxidized under the catalysis of
O~ (which is produced from the oxidation of lattice oxygen), re-
sulting in the formation of CH;COO~ and H* ions.[®!] This will
cause severe side reactions between the electrode and electrolyte,
resulting in a thick and rough CEI layer composed primarily of
C-H, P-F, K-F, and other organic components. This layer fails to
effectively suppress Jahn-Teller distortion, Mn dissolution, and
side reactions between electrode and electrolyte, resulting in se-
vere structural degradation, poor Coulombic efficiency, and slug-
gish reaction kinetics. With the introduction of LiDFOB, the in-
termediates generated by its preferential oxidative decomposition
can capture the harmful O, H*, and F~, forming a thin, uni-
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form, and robust CEI layer enriched with F and B species. These
CEI layer components have high antioxidant stability and elec-
tronic insulation, which can effectively suppress the decomposi-
tion of electrolytes and the subsequent attack of HF to the KMO
crystal, thus significantly mitigating structural degradation and
Mn dissolution of the cathode.[®!] Tt also improves coulombic ef-
ficiency, electron/ion transport kinetics, and cycling durability.[*]

Based on the promising results obtained from the metallic
potassium cell experiment discussed earlier, we proceeded to
construct a full cell comprising the KMO cathode and soft carbon
(SC) anode using the BE+LiDFOB electrolyte and BE electrolyte
(as illustrated in Figure 6a). The SC anode exhibited impressive
electrochemical properties, such as high discharge capacity and
exceptional cyclability in the potassium half-cell (Figure S14, sup-
porting information). Charge/discharge curves of KMO||SC, a
full cell with BE+LiDFOB electrolyte, were typical and demon-
strated in Figure 6b. Specifically, KMO||SC with BE+LiDFOB
electrolyte displayed a high CE of above 99%, a reversible spe-
cific capacity of 80.8 mAh g~!, and a capacity retention of 71.4%
over 20 cycles (Figure 6¢). In contrast, KMO||SC with the BE elec-
trolyte showed a lower specific capacity of 51.6 mAh g=! in the
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Figure 6. a) Schematic illustration of the K-ion full cell. b) Charge/discharge profiles of KMO||SC full cell in BE+LiDFOB at different cycles between 1.0
and 4.0 V at a current density of 20 mA g~'. c) Cycling performance of KMO||SC full cell in BE+LiDFOB at 20 mA g~ in a 1.0-4.0 V voltage range.

d) Average discharge voltage and energy density versus capacity of some re

ported K-ion full-cells. Note: both the capacity and energy density of the

KMOI|SC full cell are calculated based on the total mass of the cathode and anode materials, and the data used for plotting Figure 6d are listed in Table

S2 (Supporting Information).

first cycle, and the CE is always below 80% for the first ten cycles,
indicating severe electrolyte decomposition (Figure S15, Support-
ing Information). Based on the total weight of the cathode and
anode materials, the KMO||SC full cell reaches an energy den-
sity of 167.3 Wh kg~! (Figure 6d and Table S2, Supporting Infor-
mation). This is one of the highest recorded energy densities for
K-ion full-cell with layered oxide cathodes.[!84462-6]

3. Conclusion

To summarize, we have discovered LiDFOB as a new electrolyte
additive for PIBs and studied its origin in enhancing the electro-
chemical stability and kinetics of the KMO cathode. Our findings
show that LiDFOB breaks down before KPF,, EC, and DEC dur-
ing the cathodic process, acting as an oxidative sacrificial agent
that improves the physicochemical properties of the CEI layer on
the KMO cathode. The CEI layer, which has appropriate chemi-
cal compositions rich in F and B species, dramatically enhances
the structural stability of KMO, protects against various side re-
actions, and reduces Mn loss. The CEI-modified P3-KMO with
F- and B-rich composition exhibits a high Coulombic efficiency
of %99.5% and a capacity retention rate of 78.6% after 300 cycles.
The KMO||SC K-ion full cell shows a high reversible capacity of
80.1 mAh g~' at 20 mA g~! and a high energy density of 167.3
Wh kg~!. This study provides valuable insights into the in situ
CEI construction on the KMO cathode for enhancing the perfor-
mance of PIBs, considering the multifunctional electrolyte addi-
tive’s effectiveness, convenience, and low cost.
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4. Experimental Section

Material Synthesis: ~ Synthesis of MnCOs. To start the process, 0.98 g of
Mn(CH;COO0),-4H,0 and 2.37 g of NH,HCO; were mixed with 40 mL of
ethylene glycol and stirred for 30 minutes at room temperature. Next, the
solution was heated to 200 °C for 20 hours in a 50 mL Teflon-lined stain-
less steel autoclave. Afterward, MnCO; was obtained by centrifugation at
4000 rpm for 5 minutes, washed multiple times with deionized water and
absolute ethanol, and dried in a vacuum at 60°C overnight.

Synthesis of Ky sMnO,: To synthesize Mn,03;, MnCO; was annealed
in the air at 500 °C for four hours. Then, 0.40 g of Mn,05 and 0.19 g of
KOH were mixed thoroughly by ball-milling and calcined at 850 °C for ten
hours under an air atmosphere, producing K, sMnO,.

Synthesis of Soft Carbon: The soft carbon anode materials were pre-
pared by thermal pyrolysis of perylene-3,4,9,10-tetracarboxylic dianhydride
(PTCDA, Aladdin) at 900 °C for 10 h in flowing Ar gas.

Electrolyte Preparation and Battery Assembly:  The basic electrolyte, pur-
chased from DoDoChem, consisted of 0.8 mol L™! KPFg dissolved in a
mixed solvent of ethylene carbonate and dimethyl carbonate (1:1, v/v).
To prepare the LiDFOB-containing electrolyte, LiDFOB salt (> 99.9%,
DoDoChem) was added to the basic electrolyte.

To create the cathode slurry, a mixture of KysMnO,, Super P, and
polyvinylidene fluoride binder was combined in a ratio of 7:2:1 by weight.
The mixture was then dispersed in 1-methyl-2-pyrrolidinone. Afterward,
the slurry was placed onto an Al foil and dried at 80 °C overnight under
a vacuum. To form circular discs measuring 12 mm, the dried aluminum
foil was pressed with a rolling machine and punched out. The active mate-
rial on the electrode was around 1.2 mg cm~2. To prepare the soft carbon
anode, a slurry containing 70% soft carbon, 20% acetylene black, and 10%
carboxymethyl cellulose (CMC) was spread onto the Cu foil. The electrodes
were left to dry overnight at 80 °C. The mass loading of soft carbon was
around 0.4 mg cm~2. CR2032 coin cells were assembled inside an Ar-filled
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glove box (with H,O content < 0.1 ppm and O, content < 0.1 ppm). The
K||[KMO half-cell consisted of a K sheet as the anode, a Ky sMnO, elec-
trode as the cathode, and a Whatman GF/D glass microfiber filter as the
separator. The KMO||SC full cell used a soft carbon electrode as the anode.
Before assembling the full cell, the Ky sMnO, and soft carbon electrodes
were activated in the metallic potassium cell for 8 cycles. Each cell was
filled with approximately 80 uL of electrolyte.

Material Characterization: Various methods were used to analyze our
samples. X-ray diffraction patterns were collected using a PANalytical
X’Pert Pro MPD with Cu-Ka radiation (A = 1.54178 A) and diagnosed with
the GSAS Rietveld program. Electrochemical impedance spectroscopy
(EIS) measurements were conducted on an electrochemical workstation
(Gamry-Reference 3000) in the frequency range of 0.01-100 kHz. Our X-
ray photoelectron spectroscopy (XPS) and scanning electron microscopy
(SEM) results were obtained using a Thermo Fischer ESCALAB 250 X-ray
photoelectron spectrometer and a JEOL JSM-7500F field-emission scan-
ning electron microscope. Transmission electron microscopy (TEM) and
energy dispersive spectroscopy (EDS) maps were recorded by using an FEI
Tecnai G2 F30 field emission transmission electron microscope. Atomic
force microscopy (AFM) measurements were conducted via tapping mode
on a Brucker Bioscope Resolve scanning probe microscope (Germany). To
study element compositions, inductively coupled plasma optical emission
spectrometry (ICP-OES, PerkinElmer OPTIMA 8300) was used. For sur-
face analysis, TOF-SIMS analysis was performed using a PHI nanoTOF Il
time-of-flight SIMS with a 30 kV Bi-cluster liquid metal ion gun (LMIG).
The electrodes were fixed with a metallic mask on the sample holder to
avoid air exposure and transferred them from the glove box to the spec-
trometer using a transfer vessel. The same experimental conditions were
used for all mass spectra acquisition, allowing semiquantitative analysis.
The LMIG gun was set to deliver Bi** primary ions with a DC of 2 nA, and
the number of frames were put to 30 for both positive and negative polar-
ities. For depth profile experiments, a 5 kV Art gas gun was used with an
etching time of 20 s for each cycle and a DC of 300 nA.

Electrochemical measurements: Galvanostatic charge/discharge tests
were conducted on a battery testing system (LAND CT-2007A, China) at
room temperature, ranging from 1.5 to 4.0 V. To obtain cyclic voltammetry
(CV) curves, a CHI 760E electrochemical workstation was used. LSV was
also performed using a two-electrode system consisting of a stainless steel
sheet as the working electrode and a K sheet as the counter electrode.

Density Function Theory (DFT) Calculations: DFT calculations were
performed on the Gaussian 09 software package. The molecular geomet-
rical configurations were optimized at the B3LYP/6-311++G(d) level. The
liquid environment simulation was considered using the continuous po-
larization medium model (PCM) method with the dielectric constant of
acetone. Frequency analyses were done at the same level to confirm the ob-
tained optimized stationary point.[¢] The 3D images of key species were
generated by the Multiwfn program and VMD 1.9.3 program.[®7]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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