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ABSTRACT

Potassium ion-based dual-graphite batteries (KDGBs) emerge as promising devices for large-scale applications due to their high
voltage, low cost, and environmental friendliness. However, conventional KPF¢/carbonate-based electrolytes suffer from severe
oxidation decomposition, low concentration, and flammability, which limit the capacity and cyclability of KDGBs. Herein, a
nonflammable potassium bis(fluorosulfonyl)imide/triethyl phosphate (KFSI/TEP) electrolyte was designed for KDGBs. When the
salt-to-solvent molar ratio increases to 1:1.3, graphite cathode operated at the cut-off potential of 5.2 V exhibits much enhanced
capacity, excellent rate capability (26.4 mAh-g™ at 1.0 A-g™'), and superior cyclability with 98% capacity retention after 350 cycles.
Inorganic compounds-rich electrode/electrolyte interphase layers derived from the preferential decomposition of FSI- anions
ensure good compatibility of the 1:1.3 KFSI/TEP electrolyte with K metal and graphite anodes. Based on this electrolyte, as-
assembled KDGBs show high operation voltage of 4.3 V and good cycling performance. This work provides feasibility for

developing long-life and safe-operation DGBs.
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1 Introduction

Dual-ion batteries (DIBs), where anions and cations are
intercalated/de-intercalated into/from the cathode and anode
during the charge/discharge process, respectively, have attracted
increasing attention due to their high output voltage and high
power [1-3]. In particular, dual-carbon batteries (DCBs)
composed of carbonaceous materials as electrodes provide the
additional advantages of low cost and environmentally friendliness
[4-6]. Owing to the limited lithium (Li) resources (0.0017 wt.%)
and their uneven distribution, it is necessary to develop new DCB
configurations relying on other alkali metal cations or alkali-earth
metal cations. Potassium ion-based DCBs (KDCBs) become a
promising candidate for large-scale energy-storage applications
because of the similar physicochemical properties between K and
Li, comparable redox potentials (—2.93 V for K*/K and —3.04 V for
Li*/Li), and natural abundant K resources (2.09 wt.%) [7-10].
Benefiting from the high working voltage (> 4.5 V vs. K*/K) for
the anion (de-)intercalation in graphite cathode operated in
organic electrolytes, KDCBs are capable of providing a higher
output voltage than commercial lithium-ion batteries [8, 11-13]. It
should be mentioned that electrolytes play significant roles in
influencing the electrochemical performance of KDCBs because
both cations and anions originating from electrolytes participate in
the electrochemical reaction of two electrodes during the
charge/discharge process [14-17]. However, the poor oxidation

resistance of conventional carbonate-based electrolytes at high
voltages leads to the severe electrolyte decomposition and
undesirable cycling performance of KDCBs [18-20]. Moreover,
currently carbonate-based electrolytes are volatile and flammable,
which bring the potential safety issues. In addition, the large ionic
radius of anions (such as PF, bis(fluorosulfonyl)amide anion
(FSI'), and bis(trifluoromethylsulfonyl)imide anion (TEFSI))
results in the inevitably volume expansion and even exfoliation of
graphitic layers after repeated cycling [21]. What is worse, the
solvent  co-intercalation, especially in  low-concentrated
electrolytes, usually causes the reduced capacity and cyclability [18,
22]. Besides, the large dissociation energy and strong interaction
betweenK'andPFleadtathdowconcentrationofKPF-basedelectrolytes
(£ 1 molL?, 1 M), while the large dosage of these electrolytes
limits the energy density of KDCBs [16, 23]. Therefore, developing
high-concentrated nonflammable electrolytes with superior anti-
oxidation stability is of great significance to improve the capacity,
cycling stability, and safety of KDCBs.

Herein, we designed a high-concentrated potassium
bis(fluorosulfonyl)imide ~ (KFSI)/triethyl ~ phosphate ~ (TEP)
electrolyte for constructing high-safety and low-cost KDCBs based
on graphite as both the cathode and anode active materials. The
KFSI/TEP electrolyte with the molar ratio of 1:1.3 exhibits a high
oxidation potential up to 59 V (vs. K/K), and enables the
significantly enhanced reversible capacity and cycling stability of
graphite cathode for FSI" anion storage. Moreover, inorganic
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compounds-rich electrode/electrolyte interphase layers mainly
originating from FSI" decomposition alleviate the side reactions
and improve the reversibility of K platting/stripping as well as the
cyclability of K metal anode. When graphite anode is utilized to
replace K metal, K*-based dual-graphite batteries (KDGBs) show
high output voltage of 4.3 V and long life for 350 cycles. This work
provides a promising DCB candidate with high safety and good
cyclability for large-scale energy storage.

2 Experimental section

2.1 Preparation of electrolytes

Different usage amounts of KFSI (Ark) were dissolved in TEP
(Alfa) to obtain KFSI/TEP electrolytes with the salt-to-solvent
molar ratios of 1:2.0, 1:1.5, and 1:1.3, respectively. All electrolytes
were prepared in the Ar-filled glove box with O, < 0.01 ppm and
H,0 < 0.01 ppm. The conventional 1 M KPF/ethylene carbonate-
dimethyl carbonate-ethyl methyl carbonate (EC-DMC-EMC,
4:3:2, volume ratio) and 1 M KPF/EC-DMC (1:1, volume ratio)
electrolytes were purchased from DoDoChem.

2.2 Preparation of graphite electrodes

Graphite cathodes were prepared by mixing the graphite powder
(325 mesh, XFNANO), carbon black, and binder at the weight
ratio of 80%:10%:10% by using deionized water as dispersing
agent to obtain the homogeneous slurry, and then coated on
aluminum (Al) foils and dried at 70 °C for 24 h. Three binders
including polyvinylidene fluoride (PVDEF), sodium alginate (SA),
and sodium carboxymethyl cellulose (CMC) were utilized for
improving the mechanical stability of graphite cathode through
the binder engineering. The mass loading of active material within
graphite cathode was around 3.0 mg-cm™. Graphite anodes coated
on Cu foils were fabricated by the same procedure with CMC as
binder.

2.3 Electrochemical tests

Stainless steel (SS)//SS «cells and K//Al cells with various
electrolytes were assembled to evaluate the ionic conductivities
and electrochemical stable windows of KFSI/TEP electrolytes with
different salt-to-solvent molar ratios, respectively. K//graphite half
cells were assembled by using K metal as the anode for evaluating
the electrochemical performance of graphite cathode. The
KFSI/TEP electrolytes with different salt-to-solvent molar ratios
were utilized in K//graphite half cells to improve the anion storage
performance of graphite cathode. The performance of graphite
anode coated on Cu foils was measured by operating the
K//graphite half cells in the voltage range of 0.01-3.0 V (vs. K*/K).
KDGBs with the 1:1.3 KFSI/TEP electrolyte were assembled by
coupling graphite cathode with graphite anode at the
anode/cathode capacity ratio of 1.1. The current and specific
capacities of KDGBs were calculated based on the mass of
graphite in cathode. K//Cu cells based on KFSI/TEP electrolytes
with different molar ratios were assembled to evaluate the
reversibility of K platting/stripping and cycling stability of K metal.
The dosage of KFSI/TEP electrolytes for each CR2032 coin cell
was 20 pL. Galvanostatic charge/discharge tests were carried out
by a Neware CT-4008 battery tester. Cyclic voltammetry (CV),
linear sweep voltammetry (LSV), and electrochemical impedance
spectroscopy (EIS) measurements were performed on the
electrochemical workstation (Autolab 302N).

2.4 Characterization

The solvation structure of KFSI/TEP electrolytes with different
molar ratios was characterized by using nuclear magnetic
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resonance (NMR, AVANCE III HD 600 MHz, dimethyl sulfoxide
as the solvent), Raman (inVia-Reflex Raman spectrometer,
excitation wavelength: 532 nm), and Fourier transform infrared
(FTIR, Nicolet 6700 spectrometer, ATR mode) spectroscopy. X-
ray diffraction (XRD) patterns were collected by a SmartLab
9 kW X-ray diffractometer under Cu K radiation (A = 1.5416 A).
To investigate FSI™ intercalation in graphite cathode, K//graphite
half cells during the first cycle at 0.1 A-g™ were disassembled in an
Ar-filled glove box and then graphite cathodes at different states
were obtained for XRD measurement at a scanning speed of
10 °min™. X-ray photoelectron spectra (XPS) were collected by
using an Escalab 250Xi spectrometer with the Al Ko radiation.
Graphite cathodes in half cells after 10 cycles at 0.1 A-g" to
different states were disassembled and subsequently sealed in an
air-tight tube after drying to avoid direct contact with air before
transporting for XPS characterization. Graphite cathodes after
repeated cycling were recycled for XRD and Raman
measurements to examine the structural stability of graphite. The
morphology and microstructure of samples were observed by
using scanning electron microscopy (SEM, Apreo C) and
transmission electron microscopy (TEM, Talos F2008).

3 Results and discussion

The ionic conductivities of KFSI/TEP electrolytes with different
molar ratios between KFSI and TEP were first evaluated by EIS of
SS//SS cells based on various electrolytes (Fig. 1(a)). Although the
ionic conductivity of KFSI/TEP electrolytes decreases with the
increasing KFSI concentration, it remains as high as 3.98 mS-cm™
when the molar ratio increases to 1:1.3, which is comparable to
conventional carbonate-based electrolytes and facilitates the rate
capability of the batteries [24, 25]. LSV curves (Fig. 1(b)) of K//Al
cells show that the oxidation potential of KFSI/TEP electrolytes
can be increased from 4.5 to 5.9 V (vs. K*/K) as the molar ratio
changes from 1:2.0 to 1:1.3, suggesting the enhanced anti-
oxidation capability with concentrated KESI/TEP electrolyte.
Nevertheless, when the molar ratio of KFSI/TEP further increases
to 1:1.2, the additional KFSI cannot be dissolved in the TEP
solvent (Fig. S1 in the Electronic Supplementary Material (ESM)).
The flammability tests indicate that the 1 M KPF/EC-DMC-EMC
electrolyte can be easily ignited. In sharp contrast, the utilization of
1:1.3 KFSI/TEP electrolyte effectively avoids the occurrence of
combustion due to the flame resistance of phosphate-based
solvents [26, 27], which eliminates safety hazard of the batteries.
The solvation structures of KESI/TEP electrolytes with various
molar ratios were investigated to understand the wide
electrochemical stable window at high salt concentrations. As
shown in Raman spectra (Fig. S2(a) in the ESM), the typical peak
corresponding to the S=O vibration gradually shifts from 1219 to
1223 cm™ as the KFSI/TEP molar ratio increases, resulting from
the coordination of K* with O in sulfonyl oxygen (S=O) from FSI"
anions [28]. Remarkably, the fraction of free FSI" decreases with
the increasing KFSI concentration (Fig. 1(c)), accompanying with
the formation of more contact ion pairs (CIPs) and aggregates
(AGGs) in concentrated KFSI/TEP electrolyte [29]. Moreover,
FTIR spectra (Fig. 1(d)) show that the intercalation between K*
and O in P=0O bonds leads to the considerable shift of P=O
stretching vibration from 1260 to 1250 cm™ after adding KFSI into
the TEP solvent [30]. In addition, a downfield trend in "F
chemical shift can be observed with the increasing KFSI/TEP
molar ratio (Fig. 1(e)), which is mainly attributed to the weak
binding between FSI" anions and TEP solvent molecules [7, 18,
31]. Simultaneously, the "O-NMR spectra show that the typical
signal of S=O atoms from FSI” anions slightly shifts from 172.7 to
172.5 ppm with the broad trend as the KFSI/TEP molar ratio
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Figure1 (a) EIS data of SS//SS cells based on KFSI/TEP electrolytes with different salt-to-solvent molar ratios and the corresponding ionic conductivities. (b) LSV
curves of K//Al cells based on KFSI/TEP electrolytes with different molar ratios at 1.0 mV-s™ and flammability tests of the 1:1.3 KFSI/TEP electrolyte compared to 1 M
KPF/EC-DMC-EMC as a typical carbonate-based electrolyte. (c) Raman spectra, (d) FTIR spectra, and (e) “F NMR spectra of KFSI/TEP electrolytes with different

molar ratios compared to pure TEP or KFSI.

increases (Fig. S2(b) in the ESM) due to the enhanced ion-dipole
interaction at a high KFSI concentration [32,33], further
indicating the participation of FSI" anions in the solvation sheath
of K'. All these results demonstrate the strong coordination of
K*-TEP and K*~FSI'-TEP complexes in concentrated KFSI/TEP
electrolyte.

Because of the large volume change of graphite cathode during
repeated anion (de-)intercalation, the mechanical stability of
graphite cathode was improved by binder engineering. Three
binders including PVDF, SA, and CMC were utilized when
preparing graphite cathode. Half cells composed of K metal anode
and graphite cathode were assembled to evaluate the FSI™ anion
storage performance of graphite cathode. The overall performance
of graphite cathodes follows the sequence of CMC > SA > PVDF
(Fig. S3 in the ESM), which benefits from the strong interaction of
CMC with graphite to improve the mechanical properties of
electrodes, and thus graphite cathode with the CMC binder was
used for further electrochemical measurements [34]. To confirm
the feasibility of KEFSI/TEP electrolytes for KDGBs, the
electrochemical performance of graphite cathode was evaluated by
utilizing KFSI/TEP electrolytes with different molar ratios.
Nevertheless, graphite cathode shows poor Coulombic efficiencies
(CEs) under the charge cut-off voltage of 5.0 V when using the
1:20 KFSI/TEP electrolyte (Figs. S4(a)-S4(c) in the ESM).
Notably, the reversible capacity and CEs are effectively promoted
as the KFSI/TEP molar ratio increases to 1:1.3 even at 0.5 A-g"
(Figs. S4(d)-$4(f) in the ESM). Moreover, the initial CE increases
to 81.9% at 0.5 A-g”, and the capacity of 40.1 mAh-g" after
100 cycles can be obtained when the cell was charged to 5.2 V (Fig.
2(a) and Fig. S5(a) in the ESM), where the increase in capacity
during the initial cycles might be mainly attributed to the
activation process (Fig. S6 in the ESM). However, much decreased
CEs happen as the cut-off voltage further increases to 5.3 V (Fig.
S7 in the ESM), which is caused by the severe electrolyte oxidative

decomposition [35, 36]. Thus, the upper cut-off voltage of graphite
cathode in the 1:1.3 KFSI/TEP electrolyte was determined to be
52 V for further evaluating the electrochemical performance.
Nevertheless, graphite cathode exhibits low capacity and poor CEs
when two conventional carbonate-based electrolytes (1 M
KPF¢/EC-DMC and 1 M KPF¢/EC-DMC-EMC) are utilized in the
same operation window (Fig.S8 in the ESM) because of the
electrolyte decomposition at high voltages.

With the utilization of 1:1.3 KFSI/TEP electrolyte, graphite
cathode delivers the reversible capacities of 44.4, 40.6, 37.5, 35.5,
29.5, and 264 mAh-g" at 0.2, 0.3, 0.4, 0.5, 0.8, and 1.0 A-g" (Fig.
2(b) and Fig. S5(b) in the ESM), respectively. The CV curves of
graphite cathode remain the same shape at various scan rates (Fig.
2(c)), and meanwhile, the cathodic peak slightly shifts from 4.31 to
428 V as the scan rate increases from 0.3 to 1.2 mV-s?,
demonstrating small polarization and fast reaction kinetics of
graphite cathode. The current (i) dependence of electrode active
materials on the scan rate (v) follows the rule of i = av* (a and b
are variable parameters), where the b value of 0.5 represents that
the electrochemical reaction is limited by the diffusion-controlled
process, while the b value of 1 indicates the capacitive process.
Through the linear fitting, the b values of two dominant oxidation
and reduction peaks were determined as 0.797 and 0.893 (Fig. S9
in the ESM), respectively, which suggest that the intercalation of
FSI' anions in graphite cathode has capacitive characteristics.
Furthermore, the capacitive contribution can be determined by
the equation i = kv + k"?, where kv and k,;»"* represent
capacitive process and diffusion-controlled process, respectively.
In kinetic analysis, the capacitive contribution increases with the
scan rate (Fig. 2(d)) and attains 87.8% at 1.2 mV-s™ (Fig. S10 in the
ESM), which should be responsible for the high-rate capability of
graphite cathode [34]. Importantly, graphite cathode still exhibits
the capacity of 32.1 mAh-g" after 350 cycles at 1.0 A-g" with a
high capacity retention of 98% (Fig.2(e)) and stable voltage
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Figure2 (a) Cycling performance of graphite cathode when utilizing KFSI/TEP electrolytes with different molar ratios at 0.5 A-g". (b) Rate capability of graphite
cathode when utilizing the 1:1.3 KFSI/TEP electrolyte. (c) CV curves of graphite cathode at different scan rates when using the 1:1.3 KESI/TEP electrolyte and (d) the
corresponding capacitive contribution ratio. (e) Long cycling performance of graphite cathode when utilizing the 1:1.3 KFSI/TEP electrolyte at 1.0 A-g™.

plateau during cycling (Fig.S11 in the ESM). The overall
performance of graphite cathode with the 1:1.3 KFSI/TEP
electrolyte is at middle level among the reported literatures (Fig.
S12 in the ESM). These results demonstrate that the utilization of
concentrated KFSI/TEP electrolyte enables the superior rate
performance and cycling stability of graphite cathode.

In order to monitor the structural transformation of graphite
cathode during the insertion/extraction process of FSI™ anions,
XRD patterns of graphite cathodes at different states were
collected during the first cycle at 0.1 A-g™* with the employment of
1:1.3 KFSI/TEP electrolyte. The relative intensity corresponding to
the (002) peak of graphite at 26.5° gradually decreases upon
charging (Fig. 3(a)). After being charged to the upper voltage limit
of 52 V (vs. K'/K), two new peaks emerge at 24.1° and 25.2°,
respectively. The interplanar space of graphite cathode increases
from 3.35 to 3.69 A during charging, resulting from the
intercalation of FSI" anions into graphite [37, 38]. The (002) peak
of graphite reappears when being discharged to the cut-off voltage
of 3.5 V, which suggests the successful de-intercalation of FSI”
anions from graphite. XPS was also performed to detect the
compositions of graphite cathodes at the fully charged and
discharged states during the 10" cycle. No characteristic peak can
be observed from the F 1s spectrum of pristine graphite cathode
(Fig. 3(b)) due to the absence of F-containing species. When being
charged to 5.2 V, two peaks at 685.2 and 688.3 eV, corresponding
to the signals of C-F/S-F/O-F and K-F, appear [16,39]. The
relative content of C-F/S-F/O-F largely decreases after being
discharged, which further confirms the FSI" extraction from
graphite cathode [40]. In addition, the main (002) peak of graphite
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can be well maintained after 10 and 20 cycles (Fig.3(c)).
Moreover, Raman spectra (Fig. 3(d)) show that the E,,, band at
1580 cm™ and 2D band at 2720 cm™ of graphite cathode after
cycling recover to the pristine state, which indicates the structural
integrity of graphite cathode after the repeated insertion/extraction
of FSI" anions [7, 37].

Furthermore, the morphology of graphite cathode after
350 cycles at 1.0 A-g™ was characterized by TEM (Fig. 3(e)), and a
thin cathode/electrolyte interphase (CEI) layer can be detected on
the graphite surface (Fig.3(f)) with the utilization of 1:1.3
KFESI/TEP electrolyte, which helps maintain the structural stability
of graphite cathode after long cycling [18,41]. SEM images (Fig.
S13 in the ESM) also prove that the surface of graphite cathode
after cycling is completely covered with the CEI film.

Subsequently, the compositions of CEI layer formed on
graphite cathode after cycling were investigated by XPS. The S 2p
spectra (Fig.4(a)) can be deconvoluted into characteristic peaks
located at 171.2/170.5, 169.4, 167.6, and 163.2 eV, corresponding
to the ~-SON in FSI" as well as the SO,*, SO5*, and S* formed by
decomposition of FSI, respectively [28, 37,42]. Moreover, the N
Is spectra (Fig. 4(b)) show two peaks at 400.6 and 399.4 eV
assignable to K-N and -SNO groups, respectively [43,44].
Although the P 2p spectra show the P-O signal originating from
TEP decomposition [37,45], O 1s spectra (Fig. S14 in the ESM)
confirm the low content of P-containing species in CEI layer,
which suggests the less possibility for solvent decomposition of
concentrated KFSI/TEP electrolyte. These results demonstrate that
the inorganic compounds rich-CEI layer formed on graphite
cathode mainly results from the decomposition of FSI" anions

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2023, 16(5): 6353-6360

6357

(a) I
x1/2
f Discharge to 3.5 V
’;. _ r—A_ Charge to 5.2 V
8 A Charge to 5.0 V
>
=
7}
5 A Charge to 4.7V
-
= I
x 1/4
L ocv
L L] - L] L}
15 20 30 35 40

(b)

F1s

C-F, S-F, O-F

Discharge to 3.5V

Intensity (a.u.)

Chargeto 5.2V

Pristine graphite cathode

688 686 684 682
Binding energy (eV)

692 690

—_—
(2)
~—

e After 10 cycles
== After 20 cycles

Intensity (a.u.)

(d)

= Pristine graphite cathode
After 1 cycle
— After 10 cycles

Intensity (a.u.)

2000 2400 2800

Raman shift (cm™)

Figure3 (a) Ex-situ XRD patterns of graphite cathodes at different states during the first cycle at 0.1 A-g* when utilizing the 1:1.3 KFSI/TEP electrolyte. OCV: open
circuit voltage. (b) High-resolution F 1s spectra of pristine graphite cathode and the fully charged/discharged graphite cathodes during the 10" cycle at 0.1 A-g" when
utilizing the 1:1.3 KFSI/TEP electrolyte. (c) XRD patterns of graphite cathodes after 10 and 20 cycles at 0.1 A-g" when utilizing the 1:1.3 KESI/TEP electrolyte. (d)
Raman spectra of pristine graphite cathode and the recycled graphite cathodes after 1 and 10 cycles at 0.1 A-g” when utilizing the 1:1.3 KESI/TEP electrolyte. (¢) TEM
and (f) high-resolution TEM (HRTEM) images of graphite cathode after 350 cycles at 1.0 A-g when utilizing the 1:1.3 KFSI/TEP electrolyte.

when the 1:1.3 KFSI/TEP electrolyte is utilized, which possesses
good mechanical strength to maintain the structural integrity of
graphite cathode during the repeated intercalation/de-intercalation
of FSI” anions [27, 37].

We further investigated the impacts of KFSI/TEP electrolytes
with different molar ratios on the cyclability of K metal anode
because the above electrochemical performance of graphite
cathode was evaluated by assembling half cells based on K metal
anode. K//Cu cells with two 1:2.0 and 1:1.5 KFSI/TEP electrolytes
show fluctuating CEs after only 286 and 296 cycles at 0.2 mA-cm™
with the platting capacity of 0.2 mAh and the upper potential limit
of 1.0 V due to the continuous growth and dissolution of K
dendrites (Fig. 4(c)). Remarkably, the utilization of 1:1.3 KFSI/TEP
electrolyte enables high CEs of K//Cu cells for 700 cycles,
suggesting the enhanced cycling stability of K metal in high-
concentrated electrolyte [46,47]. During the first cycle, the
nucleation overpotential (7,) for the 1:1.3 KFSI/TEP electrolyte is
0.10 V, which is smaller than those of 1:2.0 and 1:1.5 KFSI/TEP
electrolytes (Fig. 4(d)), demonstrating that the 1:1.3 KFSI/TEP
electrolyte is favorable for K deposition [48,49]. As the cycling
process proceeds, the K platting/stripping profiles of K//Cu cells

with the 1:1.3 KFSI/TEP electrolyte exhibit indistinctive change in
voltage hysteresis (Fig.4(e)). Similar phenomenon has been
reported in high-concentrated KEFSI electrolytes dissolved in
carbonate solvents [7], where the formation of FSI" anion-derived
interphase layer contributes to improving the reversibility and
cyclability of K metal anode.

Before assembling KDGBs, the compatibility of 1:1.3 KESI/TEP
electrolyte with graphite anode was evaluated in half cells.
Graphite anode exhibits superior cycling performance with a high
capacity of 281 mAh-g™ after 600 cycles at 0.05 A-g™ (Figs. S15(a)
and S15(b) in the ESM). The CV curves of graphite anode at
0.3 mV-s™ show the reversible cathodic/anodic peaks at 0.01 and
0.75 V which are assigned to K* insertion and extraction (Fig.
S15(c) in the ESM), respectively. By integrating two graphite
electrodes with the 1:1.3 KFSI/TEP electrolyte, the working voltage
of KDGB is estimated to be around 4.3 V according to the CV
curves (Fig. 5(a)) and charge-discharge profiles (Fig. 5(b)) of two
half cells. In the KDGB system, FSI" anions are intercalated into
graphite cathode upon charging, while K* cations are inserted into
graphite anode simultaneously (Fig. 5(c)). During discharge, FSI"
anions and K’ cations are de-intercalated from two graphite
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Figure4 High-resolution (a) S 2p and (b) N 1s spectra of the fully discharged graphite cathode after 10 cycles at 0.1 A-g" when utilizing the 1:1.3 KFSI/TEP
electrolyte. (c) CEs, (d) plating/stripping profiles for initial CEs of K//Cu cells when utilizing KFSI/TEP electrolytes with different molar ratios at 0.2 mA-cm™ with the
plating capacity of 0.2 mAh and the charge cut-off voltage of 1.0 V, as well as (e) the representative plating/stripping profiles of K//Cu cells based on the 1:1.3 KFSI/TEP

electrolyte.

electrodes back to the electrolyte. Both the current and specific
capacities of KDGBs are calculated based on the mass of graphite
active material in cathode. The charge/discharge profiles of
KDGBs show the high average operating voltage of 4.3 V when
operated at 0.5 A-g”' (Fig. 5(d)). The KDGBs deliver the reversible
capacity of 26.6 mAh-g™ after 350 cycles at 0.5 A-g” (Fig. 5(¢)). An
increase in CEs during the initial cycles can be found, which is
primarily due to the electrolyte decomposition for constructing
electrode/electrolyte interphase layers. This phenomenon was also
found in previous reported DIB systems [20, 38, 50-52]. The good
electrochemical performance of as-assembled KDGBs can be
mainly attributed to the excellent anti-oxidation capability of the
1:1.3 KFSI/TEP electrolyte and the formation of FSI™-derived
interphase layers to suppress further electrolyte decomposition.

4 Conclusions

In summary, a nonflammable phosphate-based electrolyte was
successfully designed for K'-based dual-graphite batteries. With
the assistance of CMC binder, the 1:1.3 KFSI/TEP electrolyte
endows graphite cathode with high capacity as well as superior
rate capability and cyclability under the high cut-off voltage of
52 V. Ex-situ XRD and XPS prove the reversible FSI" anion
intercalation into graphite cathode. SEM, TEM, and XPS analyses
suggest that the FSI™-derived inorganic compound-rich interphase

O NEZI L
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layer formed on the surface of graphite cathode -effectively
prevents the electrolyte oxidative decomposition at high voltages
and maintains the structural stability of graphite cathode during
repeated cycling. Moreover, the 1:1.3 KFSI/TEP electrolyte also
exhibits good compatibility with both the K metal and graphite
anodes. The KDGBs with the 1:1.3 KFSI/TEP electrolyte show a
high working voltage around 4.3 V, the reversible capacity up to
45.5 mAh-g" (based on the graphite in cathode), and good cycling
performance for 350 cycles at 0.1 A-g™". This work demonstrates
the feasibility of using nonflammable concentrated electrolytes to
develop high-voltage, low-cost, and environmentally friendly DIB
systems with high safety for large-scale energy storage
applications.
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