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ABSTRACT
Electrolyte anions are critical for achieving high-voltage stable potassium-metal batteries (PMBs).
However, the common anions cannot simultaneously prevent the formation of ‘dead K’ and the corrosion
of Al current collector, resulting in poor cycling stability. Here, we demonstrate cyclic anion of
hexafluoropropane-1,3-disulfonimide-based electrolytes that can mitigate the ‘dead K’ and remarkably
enhance the high-voltage stability of PMBs. Particularly, even using low salt concentration (0.8 M) and
additive-free carbonate-based electrolytes, the PMBs with a high-voltage polyanion cathode (4.4 V) also
exhibit excellent cycling stability of 200 cycles with a good capacity retention of 83%.This noticeable
electrochemical performance is due to the highly efficient passivation ability of the cyclic anions on both
anode and cathode surfaces.This cyclic-anion-based electrolyte design strategy is also suitable for lithium
and sodium-metal battery technologies.

Keywords: cyclic anion, low concentration, additive-free electrolyte, high-voltage, potassium-metal
batteries, solid–electrolyte interface

INTRODUCTION
Developing low-cost and high-performance
rechargeable batteries for large-scale electric energy-
storage devices (EESs) to regulate the intermittent
renewable resources (wind and solar energy) is
crucial for achieving a low-carbon future [1–3].
Lithium-ion batteries (LIBs) are prevalent in
modern society. Nonetheless, the limited lithium
resources and the ever-increasing cost remain
significant barriers to meeting the accelerating
global demand for grid-scale electric energy stor-
age [4–6]. Looking beyond LIBs, rechargeable
potassium-based energy-storage devices, includ-
ing potassium ion batteries and potassium-metal
batteries (PMBs) are attractive for EESs due to
their low-cost (potassium resources are abundant),
potentially high-voltage and high-rate capability
[7–13]. The potassium-metal anode delivers a
high theoretical capacity of 687 mAh g−1 and low
standard reduction potential of −2.93 V (vs. the
standard hydrogen electrode) [14–17], making
PMBs more viable for low-cost and high-energy
EESs.

It is well known that electrolytes have significant
impacts on the cyclability and high-voltage stability
of rechargeable batteries [18–20]. Electrolyte
engineering, including the development of new
solvents [21] and high-concentration electrolytes
[22], has effectively enhanced the electrochemical
performance of lithium-metal batteries (LMBs).
Compared to LMBs, the electrolytes are even
more crucial for PMBs due to the highly reactive
nature of the potassium metal. However, the search
for a highly efficient potassium ion electrolyte is
severely hindered by the limited species of salt
anions. Potassium salts with ClO4

− and BF4−

anions are seldom investigated due to their low
solubility and inferior ionic conductivity in common
organic solvents [23,24]. Though the PF6− anion
could passivate Al collector, the PF6− anion-based
electrolytes usually suffer from poor cycle stability
and low coulombic efficiency (CE), stemming from
their insufficient passivation ability on the anode
surface and inferior oxidation-resistant properties
[25–27]. The bis(fluorosulfonyl)imide (FSI−)
anion-based electrolytes generally can form an
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efficient passivation layer on the anode surface
[28–31], but will cause corrosion on the Al collector
[23,32] possibly due to the impurities in FSI-based
salts [33]. It also has been reported that the FSI−

anion could passivate Al foil effectively at certain
voltages, yet corrode stainless steel components
[34]. By all accounts, the investigation of high-
voltage cathode materials is largely restricted in
low concentrated FSI− anion-based electrolytes.
The bis(trifluoromethanesulfonyl)imide (TFSI−)
anion-based electrolytes are suitable for most
organic/sulfur electrode materials, but they will
severely corrode the Al collector [35–37] and
insufficiently passivate the anode surface.Therefore,
the anions of potassium salts play a decisive role
in the physical and chemical properties (solubility,
ionic conductivity and passivation ability, etc.) of
the electrolytes [38]. As such, structural regulation
of the anion could be a viable method for realizing
high-performance potassium ion electrolytes with
the simultaneous merits of high-voltage stability,
non-corrosion of Al foil and the formation of an
efficient passivation layer on the anode surface.

Here, we demonstrate cyclic anions of
hexafluoropropane-1,3-disulfonimide (HFDF−)-
based electrolytes that can remarkably mitigate
the ‘dead K’, enhance the high-voltage properties
and strengthen the cycle stability of PMBs. The
highly covalent and electron delocalized center
(−SO2−N−SO2−) of the HFDF− anion guar-
antees its good solubility and ionic conductivity
in common carbonate- and ether-based solvents.
Substituting the terminal group of −CF3 in KTFSI
to −(CF2)3− is conducive to enhancing the
passivation capability against the Al collector.
The more negative lowest unoccupied molecular
orbital (LUMO) energy level of this cyclic HFDF−

anion ensures the formation of an anion-derived
solid–electrolyte interface (SEI) on the anode. As
a result, without any electrolyte additives, the low
concentrated (0.8 M of KHFDF) carbonate-based
electrolyte could form effective passivation layers
on both the anode and cathode surfaces, enabling a
high voltage (4.4 V) and stable (200 cycles) PMBs.
Moreover, it has been proved that the proposed
cyclic-anion strategy is also suitable for other
alkali-metal (Li and Na) batteries.

RESULTS AND DISCUSSION
Design concept of the cyclic anion and
its physicochemical properties
Several criteria that must be defined prior to reg-
ulating the anion: (i) good solubility and ionic
conductivity in common solvents, (ii) superior

compatibility with the cathode/anode and excel-
lent electrochemical stability against electrode
surfaces and (iii) adequate inert to current collec-
tors (especially Al foil) and other battery packing
materials [35,39]. It is well known that the FSI−

and TFSI− anion-based salts have a higher solu-
bility and ionic conductivity because the strong
electron-withdrawing ability of the N-substituents
can reduce the Lewis basicity [33]. Therefore,
the −SO2−N−SO2− basic unit is attractive for
developing new anions. Using F-containing groups
(e.g. FSI− and TFSI− anion-based electrolytes)
as substituent groups with the −SO2−N−SO2−
basic unit is a good choice because they can form
an F-rich interface, which is conducive to achieving
highly stable metal batteries [40–42]. By replacing
the −F group with −CF3 group, the TFSI− anion
is very compatible with sulfur- and organic-based
electrode materials, while still suffering from corro-
sion of the Al current collector. Furthermore, it has
been reported that replacing the−CF3 group with a
longer −C4F9 group could effectively suppress the
corrosion of the Al collector [43]. Moreover, it is
known that cyclic solvent molecules are superior to
linear solvent molecules for certain properties, such
as the passivation ability on the anode [39,44], prob-
ably due to the lower LUMO energy levels of cyclic
solvent molecules (Supplementary Fig. 1). Based
on the above rationale, we hypothesized that a cyclic
perfluorinated alkyl sulfonimide anion (as shown in
Fig. 1a) could satisfy the three aforementioned crite-
ria, whose chemical structure and synthesis method
could be dated back to 1987 [45], and its application
in electrolytic salt was explored in 2004 [46].

The thermal stability of four potassium salts
(Supplementary Fig. 2) reveals that the KFSI is eas-
ily decomposed after 200◦C due to the labile F–S
bond, while the decomposition temperature could
reach up to>400◦C for KTFSI, KPF6 and KHFDF.
Generally, the electrolyte’s LUMO and the highest
occupied molecular orbital energy levels are used
as a rough indicator for evaluating their reductive
and oxidative stabilities, respectively [44,47]. The
HFDF− anion exhibits the lowest LUMO energy
level among all solvents and anions examined in this
study (Supplementary Fig. 3), indicating its high
electron affinity and tendency to form an anion-
derived SEI on the anode surface [45]. By con-
trast, the LUMO energy level of the FSI− anion
is slightly lower than the EC solvent, indicating
both the FSI− anion and the EC solvent are eas-
ily reductive on the anode surface. The LUMO en-
ergy levels of the TFSI− anion and PF6− anion are
much higher than the EC solvent, indicating that
the EC solvent is readily reduced on the anode
surface.
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Figure 1. Design concept and electrochemical performance of K-metal cells. (a) De-
sign scheme and molecular structure of the anions studied this work. (b) Cycling and
(c) Aurbach efficiency test of K metal in K||Cu half-cells with different electrolytes.
(d) Cycling and rate performance of symmetric K||K cells in KHFDF-based electrolytes.

In this study, electrolytes were prepared
without any additives to investigate the intrinsic
differences in the anion’s physicochemical prop-
erties. The prepared potassium ion electrolytes
are labeled as 0.8 M KPF6, KFSI, KTFSI and
KHFDF-EC: dimethyl carbonate (DMC), or
denoted according to the anions as KPF6-, KFSI-,
KTFSI- and KHFDF-based electrolytes, respec-
tively. The ionic conductivities of these potassium
ion electrolytes at room temperature and low tem-
perature (∼0◦C) could reach up to >8 mS cm−1

(Supplementary Fig. 4), which is sufficient for the
PMBs operation.

Enhanced potassium-metal stability
TheK||Cu cells with different electrolytes were per-
formed to investigate the different electrochemi-
cal behaviors between the cyclic-anion-based elec-
trolytes and the linear anions-based electrolytes. For
the potassium ion electrolytes, four anions includ-
ing PF6−, FSI−, TFSI− and cyclic HFDF− are stud-
ied (Fig. 1b). Clearly, the KPF6-based electrolyte
operated for 60 cycles with a relatively low CE,

indicating that the electrolyte suffered severe par-
asitic reactions. The KFSI-based electrolyte exhib-
ited a good stability and a high CE during the
initial 80 cycles, but suffered large fluctuations in
CE after 80 cycles until they failed at 124 cycles.
The CE of the KTFSI-based electrolyte showed an
increasing trend in the initial 40 cycles (still infe-
rior compared to the KFSI-based electrolyte) and
then decreased until the descent to zero after 132
cycles. Remarkably, the KHFDF-based electrolyte
delivered a high and stable CE, which rapidly in-
creased to 93% after the initial cycle and remained
steady for 200 cycles with an average CE of 94.3%.
Such a high CE and long cycle stability are among
the best of K||Cu cells with low-concentration
and additive-free carbonate electrolytes [48]. The
discharge–charge profiles of the K||Cu cells (Sup-
plementary Fig. 5) also support the superior sta-
bility of KHFDF-based electrolytes. Moreover, the
Aurbach efficiency test (Fig. 1c) further confirmed
superiority of the cyclic KHFDF-based electrolyte
with an efficiency of 90.9%, which is higher than
that of KPF6-based (86.0%), KFSI-based (86.6%)
and KTFSI-based (82.8%) electrolytes. Lastly, the
rate tests at different current densities for a symmet-
ric K||K cell (Fig. 1d) with a KHFDF-based elec-
trolyte exhibited excellent stability (1000 h), indi-
cating that the potassium dendrite growth is also
suppressed effectively. And the performance of a
symmetric K||K cell with a KHFDF-based elec-
trolyte is among the best in low-concentration and
additive-free electrolytes (Supplementary Table 1).
Moreover, considering the small numerical differ-
ence in ionic conductivities at low (∼0◦C) and
room temperature, theK||Cu cells with various elec-
trolytes at low temperature (∼0◦C)were also inves-
tigated (Supplementary Fig. 6). The KHFDF-based
electrolyte could operate for >220 cycles, which
is considerably superior to that of the KPF6-based
(73 cycles), KFSI-based (147 cycles) and KTFSI-
based electrolyte (146 cycles). Additionally, the pro-
posed cyclic-anion strategy is also suitable for LMBs
(Supplementary Fig. 7) and sodium-metal batteries
(Supplementary Fig. 8).

It is known that the electrochemical behaviors of
K metal are closely related to the deposition mor-
phology of K and the SEI composition. The mor-
phology of K metal on the Cu foil after plating or
stripping is revealed by scanning electron micro-
scope (SEM). Compared to the granular morphol-
ogy of bare Cu foil (Supplementary Fig. 9), when
using the KPF6-based electrolyte, a large amount
of remaining ‘dead K’ (electrically isolated metallic
K or the compounds in SEI [49]) with thick and
porous morphology can be seen on the Cu foil af-
ter stripping (Fig. 2a and Supplementary Fig. 10).
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Figure 2. The morphology of K metal on Cu foil after five cycles of plating/stripping. (a–h) K morphology in K||Cu cells (0.25 mA cm−2, 0.5 mAh cm−2)
with different electrolytes. (a–d) After stripping. (e–h) After plating. (i and j) Schematic of the different K behavior in traditional anion-based electrolytes
and cyclic HFDF− anion-based electrolyte.

Meanwhile, high-magnification SEM images reveal
that the SEI on the Cu surface is porous, likely
due to the continuousdecompositionof electrolytes,
resulting in inferior stability and poor CE. With
the KFSI-based electrolyte (Fig. 2b and Supplemen-
tary Fig. 11), although some ‘dead K’ is evident
under low-magnification images after stripping, the
‘dead K’ on the Cu foil shows a thinner and smaller
coverage area compared to the KPF6-based elec-
trolyte. Furthermore, high-magnification SEM im-
ages exhibit a dense SEI network on the Cu foil.
The lower amount of ‘dead K’ and the unique SEI
are responsible for the good electrochemical prop-
erties. As for the KTFSI-based electrolyte (Fig. 2c
and Supplementary Fig. 12), there is the existence
of appreciable ‘dead K’ with cracks and voids, and
the SEI on the Cu foil is unevenly bestrewed with
‘dead K’ on it, leading to inferior electrochemical
performance. Compared to the above three elec-
trolytes, the KHFDF-based electrolyte strikingly
exhibits a uniform SEI on the Cu foil and is almost
devoid of ‘dead K’ as evidenced by the low- or high-
magnification SEM images (Fig. 2d and Supplemen-
tary Fig. 13), which is responsible for its superior
electrochemical properties.

Figure 2e–h also reveals tremendous differences
in morphologies after K-plating with various elec-

trolytes. Obviously, a part of the bare Cu foil still ex-
ists after K-plating when using a KPF6-based elec-
trolyte (Fig. 2e and Supplementary Fig. 14) and the
K deposition morphology appears patchy with nu-
merous cracks. Furthermore, the morphology of the
deposited K is porous and loose, which is a dis-
advantage for its electrochemical performance. For
the KFSI-based electrolyte (Fig. 2f and Supplemen-
tary Fig. 15), the K metal is uniformly deposited
on the Cu foil and almost no bare Cu could be ob-
served. However, the morphology of the K metal
in high-magnification SEM images exhibits a porous
dendrite structure. As for the KTFSI-based elec-
trolyte (Fig. 2g and Supplementary Fig. 16), dis-
tinct boundaries are present between the unevenly
deposited K-metal islands. While some islands are
thick and homogeneous, the others are shallow;
such non-uniform morphology could explain its in-
ferior electrochemical properties. Notably, when us-
ing a KHFDF-based electrolyte, the plated K metal
exhibits a dense and homogeneous morphology
(Fig. 2h and Supplementary Fig. 17). Furthermore,
numerous large grains of K with a flat surface are
present, implying the absence of dendrites.

Overall, the uniform and smooth K-plating/
stripping morphologies evidenced in the KHFDF-
based electrolyte are responsible for the excellent
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electrochemical performance (as depicted in
Fig. 1d). Detailed energy dispersive spectroscopy
(EDS) maps of regions (Supplementary Fig. 18)
further confirmed that the plating/stripping behav-
iors in the KHFDF-based electrolyte are superior to
the other three (KPF6-, KFSI- and KTFSI-based)
electrolytes. Moreover, similar phenomena are
further verified by the optical photographs of Cu
foils after five cycles of stripping or plating in the
four electrolytes (Supplementary Fig. 19). It should
be mentioned when using high areal capacities of
1, 3 and 5 mAh cm−2, the deposited K metal shows
a dense and compact morphology consisting of
micro-sized grains in a KHFDF-based electrolyte
(Supplementary Fig. 20). Even at a high areal
capacity of 3 mAh cm−2, the CE of the K||Cu cell
in the KHFDF-based electrolyte (Supplementary
Fig. 21) could reach 88.8% for the initial cycle
and rapidly increased to >97% for the third cycle
indicating the fast activation process. Moreover,
the average CE of the K||Cu cell could reach 96.6%
at a high areal capacity of 3 mAh cm−2, which is
higher than that at a low areal capacity (Fig. 1b),
demonstrating that the plating areal capacity has a
significant impact on the stripping/plating behav-
iors of the potassium-metal electrode. Based on the
electrochemical performance and characterization
described above, K-metal plating/stripping behav-
iors with the cyclic KHFDF-based electrolyte is far
superior to the other three anion-based electrolytes.
In other words, the K||Cu cells with KPF6-, KFSI-
and KTFSI-based electrolytes cannot form the
desired SEI to promote the uniform deposition of
K, resulting in a large amount of ‘dead K’ or dendrite
(Fig. 2i). By contrast, the K||Cu cells with the cyclic
KHFDF-based electrolyte promote an efficient SEI
formation, resulting in enhanced electrochemical
behaviors (Fig. 2j).

The SEI components of the plated K metal on
Cu foils were evaluated using an X-ray photoelec-
tron spectrometer (XPS) equipped with Ar+ sput-
tering. For the KPF6-based electrolytes, the C 1s
(Fig. 3a) and F 1s (Fig. 3e) XPS depth profiles re-
veal thatmoreC-containing species (mainly derived
from the decomposition of the solvents) and fewer
F-containing species (derived from the decomposi-
tion of the anion) are present on the surface of the
SEI. Besides, based on XPS depth profiles analysis,
a huge difference in the compositions of the surface
and the inner layers of the SEI is evident. The pres-
ence of organic species decreases while the KF in-
creases with the increased Ar+ sputtering time, lead-
ing to a typically two-layered SEI composed of an
organic-rich outer layer and an inorganic-rich inner
SEI [20,49]. The same phenomena can be observed
for both KFSI-based (Fig. 3b and f) and KTFSI-

based (Fig. 3c and g) electrolytes. On the contrary,
for the KHFDF-based electrolyte, the relative inten-
sities of C 1s (Fig. 3d) and F 1s (Fig. 3h) peaks re-
veal a small amount of C-containing organic species
with a high content of KF at the surface. Moreover,
the elemental ratio of C/F at the electrode surface
in the KHFDF-based electrolyte is 1.92, which is
lower than that of the KPF6- (2.12), KFSI- (2.08)
andKTFSI- (3.15) based electrolytes.Therefore, an-
ion decomposition is the predominant contributor
to the surface SEI formation rather than the de-
composition of electrolyte solvents in the KHFDF-
based electrolyte. Meanwhile, the C 1s and F 1s
XPS depth profiles exhibit minor differences be-
tween the surfaces before and after Ar+ sputter-
ing for the KHFDF-based electrolyte, indicating a
homogeneous SEI composition at different depths.
This unique structure and uniform composition of
the SEI is possibly due to the low LUMO energy
level of cyclic HFDF− anion. Similar trends are
observed for other elements through XPS analysis
(Supplementary Figs 22–25).

Furthermore, the 3D structure of the formed
SEI in the KHFDF-based electrolyte is visualized
using time-of-flight-secondary ion mass spectrome-
try (TOF-SIMS) (Fig. 3i). The decomposed prod-
uct’s 3D views and depth profiles can elucidate
the SEI interface structure and composition. Here,
the C3F6S2O4N− represents the cyclic anion, the
C2HO− is the organic species derived from the de-
composition of solvents, while the KF−, F− and S−

represent the inorganic products originating from
the decomposition of the HFDF− anion. Clearly,
the C3F6S2O4N− is mainly distributed on the sur-
face, indicating the absence of anions in the interior.
Meanwhile, the C2HO− is present to a small extent
and is mainly distributed on the surface of the SEI.
By contrast, large amounts of KF−, F− and S− are
homogeneously distributed throughout the SEI, in
excellent agreement with the XPS analysis.These re-
sults were further verified by the corresponding 2D
views of chemicalmaps and the depth profiles of var-
ious secondary ions (Supplementary Fig. 26).

High-voltage properties of electrolytes
The oxidation stability of the different electrolytes
against Al foil was investigated by linear sweep
voltammetry method using K||Al cells. According
to the oxidation stability of potassium ion elec-
trolytes (Fig. 4a), the KPF6-based electrolyte ex-
hibits high oxidation stability against Al, and pas-
sivation was observed in the voltage range of 4.3–
4.8 V due to the formation of AlF3 on the Al foil.
The KFSI-based electrolyte exhibits a slight current
in the voltage range of 2.7–4.5V, followed by a sharp
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Figure 3. Characterizations of the SEI compositions and structures produced on the K-plated Cu foil after five cycles. (a–h) XPS depth profiles for the
(a–d) C 1s and (e–h) F 1s spectra for K||Cu cells with (a and e) KPF6-, (b and f) KFSI-, (c and g) KTFSI- and (d and h) KHFDF-based electrolytes. (i) 3D
views of the element distribution in TOF-SIMS.

increase in the current due to the severe decomposi-
tion of electrolyte or corrosion of the Al foil. For the
KTFSI-based electrolyte, a slightly lower onset ox-
idation voltage of 3.9 V was obtained due to the
stronger ability of TFSI− anions to corrode the Al
foil. It is impressive that the KHFDF-based elec-
trolyte delivers the highest oxidation stability against
Al up to 4.7 V, possibly due to the unique cyclic
structure of the HFDF− anion. In addition, the
superior compatibility of cyclic-anion-based elec-
trolytes with Al at high voltage are applicable for
lithium-based (Supplementary Fig. 27) and sodium-
based electrolytes (Supplementary Fig. 28). More-
over, the potentiostatic polarization tests (Supple-
mentary Fig. 29) at high voltage further verified the

superior compatibility of these cyclic-anion-based
electrolytes with Al at high voltage.

Considering the merits of PMBs and the
high-voltage stability of the cyclic-anion-based
electrolytes, we performed the electrochemical
performance of these potassium ion electrolytes
with different cathode materials. Four categories
of commonly used cathode materials include the
polyanion compound, layered metal oxide, Prussian
blue analog and organic materials are used to
investigate the electrochemical performance of the
four electrolytes. However, the KVTiPO4||K cells
with KPF6-, KFSI- and KTFSI-based electrolytes
failed during the initial charge process due to the
severe overcharge phenomena, which might be
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Figure 4.High-voltage stability and the performance of K-metal full cells. (a) The oxidation stability of different electrolytes in
K||Al cells. (b) The consecutive abnormal charge curves of a polyanion cathode in KPF6-, KFSI- and KTFSI-based electrolytes.
(c) The discharge–charge profiles of the polyanion cathode in the KHFDF-based electrolyte. (d) The discharge–charge profiles
of a layered metal oxide cathode in the KHFDF-based electrolyte. (e) The cycle stability of the K-metal full cells with the
layered metal oxide and the polyanion cathode in the KHFDF-based electrolyte.

resulting from the severe corrosion of Al or decom-
position of electrolytes (Fig. 4b), whereas for the
KHFDF-based electrolyte, the KVTiPO4||K cell
with a high working voltage of 2.0–4.4 V could nor-
mally operate with good CE (Fig. 4c). Meanwhile,
the layered metal oxide||K cell also exhibit normal
discharge–charge profiles with highCE (Fig. 4d). As
a result, the KVTiPO4||K cell maintains a capacity
retention of 83% after 200 cycles with a high aver-
age CE of >97.6% when using the KHFDF-based
electrolyte (Fig. 4e), which is among the best perfor-
mances of low-concentration and additive-free elec-
trolytes (Supplementary Table 2). Also, the layered
metal oxide||K cell (Fig. 4e) could also operate for
200 cycles with an ultra-high average CE of 99.6%
when using the KHFDF-based electrolyte. Further-
more, when using theKHFDF-based electrolyte, the
Prussian blue analog||K cell could also exhibit supe-
rior electrochemical performance compared to the
other three electrolytes (Supplementary Fig. 30).

Interestingly, the cyclic KHFDF also exhibits
good electrochemical performance in an ether-
based solvent of 1,2-dimethoxyethane (DME).
When using 1.5 M KHFDF-DME electrolyte,
the 3,4,9,10-perylenetetracarboxylic diimide
(PTCDI) electrode (Supplementary Fig. 31)
and the K0.5[Mn0.85Ni0.1Co0.05]O2 electrode
(Supplementary Fig. 32) exhibit superior cycle
stability and higher CE compared to the 1.5 M
KPF6-DME, 1.5 M KFSI-DME and 1.5 M KTFSI-
DME electrolytes. More importantly, the 1.5 M
KHFDF-DME electrolyte is compatible with the
poly(2,6-anthraquinonyl sulfide) cathode and
delivers good capacity retention and high CE
(Supplementary Fig. 33).

The stability of the electrolyte against the Al col-
lector is also responsible for the electrochemical per-
formance of a cathode. Compared to bare Al foil
(Supplementary Fig. 34), the SEM images reveal
slight corrosion of the Al foil when using a KPF6-
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Figure 5.Anodic stability of Al foil and structure of CEI in different electrolytes. (a–d) SEM images of the Al foil in (a) KPF6-, (b)
KFSI-, (c) KTFSI- and (d) KHFDF-based electrolytes. (e–h) The TEMmorphology of the CEI on the cathode surface with (e) KPF6-,
(f) KFSI-, (g) KTFSI- and (h) KHFDF-based electrolytes. (i) HAADF-STEM mapping of the CEI in the KHFDF-based electrolyte.
(j) Schematic illustration of the CEI formation in different electrolytes.

based electrolyte (Fig. 5a) while the corrosion is
extensive with a KFSI-based electrolyte (Fig. 5b)
and Al foil pitting is observed with a KTFSI-based
electrolyte (Fig. 5c), indicating that the Al foil is an-
odically dissolved in these three electrolytes at high
voltage. Remarkably, when using a KHFDF-based
electrolyte, the Al foil exhibits a smooth surface with
negligible pittingor corrosion (Fig. 5d), demonstrat-
ing its excellent stability against Al foil at high poten-
tial, which is also consistent with the potentiostatic
polarization of K||Al cells.

The cathode–electrolyte interface (CEI) on the
layeredmetal oxide cathodewas further investigated
using transmission electron microscopy (TEM) to
better understand their different electrochemical be-
haviors. It could be seen that the formed CEI layer
is thick and uneven in KPF6-based (Fig. 5e) and
KFSI-based (Fig. 5f) electrolytes, while it is thin and
uneven in a KTFSI-based electrolyte (Fig. 5g). No-
tably, the formed CEI layer is thin and uniform in
a KHFDF-based electrolyte (Fig. 5h), which could
effectively suppress the decomposition of the elec-
trolyte in subsequent discharge/charge processes.
The thin and uniform CEI also shortens the transfer

length of K+ in the CEI layer, consequently improv-
ing the electrochemical performance, which proba-
bly stems from the unique structure and the solva-
tion environment (Supplementary Figs 35–37) of
the HFDF− anion. Also, high-angle annular-dark-
field scanning transmission electron microscopy
(HAADF-STEM) and EDSmapping confirmed the
uniform distribution of C, N, F, S, O andK elements
when using a KHFDF-based electrolyte (Fig. 5i).
Therefore, it can be concluded that the KPF6-,
KFSI- andKTFSI-based electrolytes tend to decom-
pose continuously on the electrode surface, form-
ing a thick or uneven layer on the electrode surface
(Fig. 5j). In contrast, the cyclic KHFDF-based elec-
trolyte decomposition is controllable and results in
a uniform and thinCEI, which could prevent further
decomposition of the electrolyte and promote the
transfer of K+ (Fig. 5j).

Overall evaluation of these electrolytes
A promising electrolyte must meet the following
five criteria: high average CE, high-voltage re-
sistance, efficient SEI/CEI formation, excellent
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alkali-metal performance and high stability towards
the Al collector (Fig. 6a). Overall, the PF6−-based
electrolyte exhibits good passivation ability for Al
but suffers from insufficient SEI/CEI formation
and low CE for the alkali-metal battery. The FSI−-
based electrolyte improves the performance of an
alkali-metal anode and CE criteria while enduring
severe corrosion of Al and poor resistance to high
voltage. The TFSI−-based electrolyte exhibits a
more moderate level in all criteria (except for the
high-voltage resistance ability) than the PF6−-based
electrolyte. By contrast, the low-concentration
and additive-free cyclic HFDF−-based electrolyte
delivers high average CE, superior high-voltage
stability, high-effective SEI/CEI formation, re-
markable metal batteries performance and excellent
resistance towards Al corrosion, which confirms our
hypothesis for the cyclic anion. Akin to blood in a
living organism, it is known that the electrolyte plays
a pivotal role in a battery that connects the cathode
and the anode (Fig. 6b). The proposed cyclic
HFDF− anion is suitable for various cathode mate-
rials and can form consistent and uniform SEI/CEI
on anode/cathode surfaces, further improving the
electrochemical performance of the energy-storage
system. Overall, the electrolyte salts are an in-
dispensable component (Fig. 6c) because they
are composed of anions and cations (carriers),

which significantly impact the composition and
formation of SEI/CEI, solvation environment,
current collector stability at a wide voltage range
and consequently the electrochemical behavior
of a battery. The commonly used alkali-metal
salts, including PF6−, FSI− and TFSI−, presently
have deficiencies and merits. Because none of them
could synchronously realize all requirements for
high-voltage stable alkali-metal batteries, developing
new salts with novel anions is highly desired. This
work presented a new potassium salt with a cyclic
HFDF− anion that exhibits excellent compatibility
with carbonate/ether solvents and delivers a supe-
rior electrochemical performance of high-voltage
PMBs than the traditional electrolytes. Meanwhile,
the hypothesis of the cyclic anion was validated by
Li-metal and Na-metal systems.

CONCLUSION
In conclusion, we proposed a cyclic anion for high-
voltage stable PMBs. In particular, without any elec-
trolyte additives, the cyclic-anion-based electrolyte
of 0.8 M KHFDF-EC: DMC (1:1, v/v) electrolyte
could form effective SEI/CEI on both potassium-
metal anode/cathode materials and a high-voltage
stability against Al foils (4.7 V). Consequently, the
cyclic KHFDF-based electrolyte could support a
high-voltage polyanion cathode (2–4.4 V) for 200
cycles with a capacity retention of >83% and CE
of >97.6%. Moreover, the cyclic-anion-based elec-
trolyte concept is also suitable for lithium-metal and
sodium-metal batteries. It is firmly believed that fur-
ther optimization of the additives, concentrations
and solvents based on a cyclic anion could drive the
development of high-performance metal batteries.
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