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Abstract 

The limited cyclability and inferior Coulombic efficiency of graphite negative electrodes have been 

major impediments to their practical utilization in potassium-ion batteries (PIBs). Herein, for the first 

time, potassium difluorophosphate (KDFP) electrolyte additive is demonstrated as a viable solution to 

these bottlenecks by facilitating the formation of a stable and K+-conducting solid-electrolyte 

interphase (SEI) on graphite. The addition of 0.2 wt% KDFP to the electrolyte, results in significant 

improvements on the (de)potassiation kinetics, capacity retention (76.8% after 400 cycles with KDFP 

vs. 27.4% after 100 cycles without KDFP) as well as average Coulombic efficiency (~99.9 % during 

400 cycles) of graphite electrode. Moreover, the KDFP-containing electrolyte also enables durable 

cycling of the K/K symmetric cell at higher efficiencies and lower interfacial resistance as opposed to 

the electrolyte without KDFP. X-ray diffraction and Raman spectroscopy analyses have confirmed the 

reversible formation of a phase-pure stage-1 potassium-graphite intercalation compound (KC8) with 

the aid of KDFP. The enhanced electrochemical performance by the KDFP addition is discussed based 

on the analysis of the SEI layer on graphite and K metal electrodes by X-ray photoelectron 

spectroscopy.  

 

Keywords: Potassium difluorophosphate (KDFP), Electrolyte additive, Potassium-ion batteries, 

Graphite, Graphite intercalation compounds (GICs).  
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1. Introduction 

Recent growth in environmental sensitivity has spurred unprecedented innovations in renewable 

energy, most notably, solar and wind power. To address the intermittency of these alternative power 

sources, energy storage devices such as rechargeable batteries are used to optimize power supply. For 

this reason, Lithium-ion battery (LIB) technology has been growing expeditiously over the years. 

However, rising costs and rapidly depleting lithium resources have aroused doubts in its sustainability 

for future energy storage.1  

In this context, sodium-ion batteries (SIBs) and potassium-ion batteries (PIBs) have emerged as 

successors owing to their abundance in nature, low cost, and widespread geographical distribution of 

sodium and potassium resources.2-4 Particularly, PIBs have shown great electrochemical performance 

revealing their potential as LIB replacements. The redox potential of K+/K (‒2.93 V vs. standard 

hydrogen electrode) is lower than that of Na+/Na (‒2.71 V) and still very close to that of Li+/Li (‒3.04 

V). This demonstrates prospects of a battery with a competitive energy density and high voltage 

operation capabilities.5-10 Although K+ has a larger ionic radius of 1.38 Å compared to Li+ (0.76 Å) 

and Na+ (1.02 Å), it has the smallest Stokes radius in certain solvents due to the weaker Lewis acidity, 

which is favorable to the transport behavior within the electrolyte and charge transfer at the electrolyte-

electrode interface for PIBs.11-12  

Besides the excellent electrochemistry of K, the compatibility of well-established LIB 

components such as graphite negative electrodes in PIBs has also stimulated their advancement.13 

Graphite has been the principle choice for negative electrodes for its ability to store cations, forming 

graphite intercalation compounds (GICs). Even so, these negative electrodes cannot be adopted in SIBs 

since only a limited amount of Na+ (< 40 mAh g–1) can be stored within the graphitic layers. This is 
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generally ascribed to the thermodynamic instability of Na–GICs,14-15 unless a solvent is cointercalated 

between two layers.16-17 On the other hand, K-GICs possess a rich variety of phases over a wide range 

of K stoichiometry, making them suitable for battery operations. Just like in the Li intercalation process, 

the structural properties of the K-GIC is dependent on the amount of K intercalants present in the 

graphitic layers at each stage.4, 18-20  

The staging mechanism of K-GICs consists of a sequential formation of KC60 (stage-5), KC48 

(stage-4), KC36 (stage-3), KC24 (stage-2), and KC8 (stage-1).21 Formation of the KC8 (stage-1 K-GIC) 

provides a theoretical capacity of 279 mAhg‒1.22 Although previous works have reported the formation 

of phase-pure KC8 under specific conditions,23-24 it is worth noting that the “fully” charged state of 

graphite is usually accompanied by the residual KC24 ( stage-2 K-GIC) which remarkably diminishes 

the practically attainable capacity.4, 6, 12, 25 The incomplete potassiation is generally attributed to the 

ineffectiveness of solid electrolyte-interphase (SEI) formed at the electrode surface in preventing 

continuous decomposition of the electrolyte, which eventually leads to excessive SEI buildup and large 

cell impedance.26 Since the quantity of the SEI is determined by the electrolyte,27 the selection and 

optimization of electrolytes are critical in harnessing the high performance of graphite anodes in PIBs.  

To tackle this issue, different approaches have been taken to develop advanced electrolytes for 

PIB operations. For instance, concentrated electrolyte (K[N(SO2F)2]:ethyl methyl carbonate with a 

molar ratio of 1:2.5) has been used to facilitate the formation of a robust inorganic SEI on the graphite 

surface.23 There have also been attempts to optimize the solvent formulation to reduce the growth rate 

of SEI.25 In commercialized LIBs, incorporating various types of additives is considered an effective 

and economical way to optimize battery performance.28-31 Difluorophosphate salts have been found to 

have good film-forming properties and are often effective in obtaining satisfactory electrochemical 
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performance in LIBs. Introduction of a small amount (< 2 wt%) of lithium difluorophosphate (LiDFP), 

which is an intermediate decomposition product of LiPF6, into the electrolyte has been proven 

beneficial in (i) inhibiting the hydrolysis of LiPF6 and restraining the generation of HPO2F2
32-34 and 

(ii) forming a more ionically conductive surface film on graphite. Consequently, graphite electrodes 

in the LiDFP-containing batteries show fast Li+ ion storage/release kinetics and good rate and cycling 

capability.35 Despite the significant progress of electrolyte additives in LIBs, the functionality of their 

analogs in PIBs remains vastly underexplored.  

In this study, the effects of the potassium difluorophosphate (KDFP) additive in a KPF6-based 

organic electrolyte have been investigated. A three-electrode cell with a Pt or Al working electrode 

were used to analyze the basic electrochemical stability of the electrolytes with and without KDFP. 

Potassium deposition/dissolution was evaluated using K/Al cells and K/K symmetric cells, and 

subsequent analysis of interfacial behavior was performed through electrochemical impedance 

spectroscopy (EIS). The potassiation/depotassiation processes of the graphite electrode were 

confirmed by X-ray diffraction (XRD) and Raman spectroscopy. The morphologies of graphite 

electrodes were observed by fieldemission scanning electron microscopy (FE-SEM, Hitachi SU-8020). 

Additionally, in order to understand the improved electrochemical properties, X-ray photoelectron 

spectroscopy (XPS) was also performed to examine the different SEI components in the electrolyte 

with KDFP. The results were compared with a commonly used film-forming additive fluoroethylene 

carbonate (FEC) under the same conditions. This work has also employed galvanostatic intermittent 

titration technique (GITT), rate capability, and cycle tests to provide a comprehensive electrochemical 

evaluation of the graphite electrode. 
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2. Experimental Section 

2.1. Materials and preparation of electrodes. 

KPO3 and KPF6 (Aldrich, purity > 99%) were vacuum-dried at 80 °C for 24 h before use. KDFP 

was synthesized through the reaction of KPO3 and KPF6 in the molar ratio of 2:1 at 320 °C in a 

platinum crucible over three days.36 The purity of the as-prepared KDFP was confirmed by X-ray 

powder diffraction (Figure S1). Moisture- and air-sensitive materials were handled in a glove box 

(Miwa Manufacturing Co., Ltd.) under dry deoxygenated Ar gas. The dew point (below ‒80 °C) and 

oxygen content (below 1 ppm), monitored using Oxygen Analyzer (DF-150E, General Electric 

Company). Electrode materials and reagents were weighed using an electric balance (CPA225D, 

Sartorius; WMC25-SH, Mettler Toledo) in the glove box. The as-prepared KDFP powder was weighed 

to the target weight ratio and added into 0.5 M KPF6 in ethylene carbonate and diethylene carbonate 

(EC/DEC, in a 1:1 volume ratio, Kishida Chemical Co., Ltd., >99.0 % purity, water content < 10 ppm) 

and continuously stirred for 1 day in an Ar-filled glovebox until uniformity was achieved. Graphite 

electrodes were prepared by mixing graphite as an active material (particle size of 10 m in averate 

SNO-10, SEC Carbon) with carbon black, carboxyl methylcellulose (CMC), and styrene-butadiene 

rubber (SBR) at a weight ratio of 80:10:5:5 in N-methylpyrrolidone by a solid/liquid ratio of 0.51. The 

slurry was then pasted onto Cu foil and vacuum-dried at 333 K overnight. The electrodes with 10 mm 

diameter were punched out from the foil and the electrodes were vacuum-dried at 383 K for 10 h before 

cell assembly. The average mass loading and density of the prepared graphite electrodes were 1.3 mg 

cm‒2 and 0.7 g cm‒3, respectively. The amount of electrolyte in a coin cell was typically 0.1 cm3. 

Potassium metal (Kojundo Chemical Laboratory, purity 99.5%) was pressed onto an Al current 

collector and used as the counter electrode.  

 



7 

 

2.2. Characterization. 

Cyclic voltammetry was carried out using a conventional three-electrode cell configuration under 

argon atmosphere at 25 °C with an Al or Pt working electrode, a Pt wire counter electrode, and an 

Ag+/Ag reference electrode. The reference electrode consisted of silver wire immersed in 0.05 mol kg–

1 AgSO3CF3/electrolyte solution (0.5 M KPF6-EC/DEC (1:1, v:v) with or without additive) filled in a 

glass tube with porous frit. The electrode potential in the three-electrode tests was converted to the 

K+/K standard based on the experimentally determined K+/K potential (‒3.83 V vs. Ag+/Ag, see Figure. 

S2). The electrode potential was controlled and recorded by a potentiostat (Hokuto Denko Co., Ltd., 

HZ-5000). The efficiency of K metal deposition/dissolution was measured in 2032-type coin cells with 

a Cu plate working electrode (10 mm diameter, 0.2 mm thickness) and a K metal counter electrode. 

The K/K symmetric cells were assembled for electrochemical impedance and polarization tests with 

K metal on both sides of the cell. A glass fiber filter (Whatman, GF/A, thickness 260 μm) was used as 

the separator. Charge/discharge measurements were performed in a K/graphite half-cell using a charge-

discharge unit (Hokuto Denko, HJ1001SD8) after resting for 1 h. Rate capability was tested at constant 

rates in the sequence of C/20, C/10, C/5, C/2, 1C, and C/20 (where 1 C corresponds to a current density 

of 279 mA g‒1 based on the theoretical capacity of KC8) within a voltage range of 0.001‒2.5 V. Cycling 

tests were performed at a constant rate of C/3 in the same voltage range as the rate capability test. 

Galvanostatic intermittent titration technique (GITT) measurement was measured by applying a 

constant rate of C/20 for 30 min, followed by voltage relaxation for 2 h. The electrolytes utilized in 

the aforementioned electrochemical measurements were 0.5 M KPF6-EC/DEC (1:1, v:v) with 0 wt%, 

0.1 wt%, and 0.2 wt% KDFP additive. The 0.5 M KPF6-EC/DEC (1:1, v:v) electrolytes with 0.3 wt% 

and 3 wt% FEC additives were also examined in the same condition for comparison. Ionic conductivity 

of the electrolyte was measured by an AC impedance technique using a 3532-80 impedance analyzer 

(Hioki E.E. Corp.). Samples were sealed in a T-shaped cell with two stainless steel electrodes in the 

glove box and placed in a temperature-controlled thermostatic chamber (SU-242, ESPEC). The density 
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of all the studied electrolytes was measured with an oscillating U-tube density meter (DMA 4500 M, 

Anton Paar GmbH). 

X-ray diffraction patterns were recorded in the Bragg-Brentano geometry using a Rigaku Smart 

Lab diffractometer with Cu-Kα radiation (40 kV and 30 mA). The samples for the XRD measurements 

were set in an airtight cell under a dry argon atmosphere. Raman spectra were collected by DXR3 

Smart Raman (Thermo Fisher Scientific) using a 532 nm diode-pumped solid-state laser for fresh and 

(de)potassiated graphite electrodes. The samples for Raman spectroscopy were sealed in a glass cell 

and isolated from the air. The SEI layer components were analyzed using ex-situ XPS (JEOL, JPS-

9030, Mg Kα source). The electrodes samples for XPS were washed with EC/DMC and dried at 25 °C 

under vacuum overnight and an airtight transfer vessel was used for tranfering the sample into the XPS 

machine.  
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3. Results and Discussion 

3.1. Electrochemical stability of the electrolyte 

In the preliminary test to ascertain the solubility of KDFP in 0.5 M KPF6-EC/DEC, saturation of 

the additive was found to occur between concentrations of 0.2 and 0.3 wt%. Subsequently, 0.5 M 

KPF6-EC/DEC electrolyte containing 0 wt%, 0.1 wt%, and 0.2 wt% KDFP were used in the assembly 

of three-electrode cells using Pt (anodic side) and Al (anodic and cathodic sides) working electrodes. 

To assess the electrochemical behavior of the electrodes in the electrolyte, cyclic voltammetry was 

performed at 25 °C. As illustrated in Figure 1, cyclic voltammograms obtained on the Pt electrode in 

0.5 M KPF6 EC/DEC with 0 wt% KDFP demonstrated a relatively low anodic potential limit of 4.40 

V vs. K+/K attained at a current density of 0.1 mA cm‒2. Higher anodic potential limits of 5.26 V and 

5.42 V are observed in electrolyte with 0.1 wt% KDFP and 0.2 wt% KDFP, respectively. Previous 

reports on difluorophosphate additives (specifically LiDFP in LiPF6-based electrolytes) have 

suggested that the addition of KDFP suppresses the generation of hydrolysis products (mainly HPO2F2), 

expanding the electrochemical stability window of the electrolyte32, 37. For comparison, as shown in 

Figure S3, the addition of 0.3 wt% and 3 wt% FEC also improves the anodic potential limit to 5.22 

and 5.48 V, respectively compared to the case without additive. The negligible current (less than 1 µA 

cm‒2 at 6.43 V vs. K+/K) acquired on the Al electrode during anodic scan proves the compatibility of 

Al as a current collector owing to the passivation layer on Al regardless of the addition of additives.38 

Cathodic scans were thereafter performed on the Al electrode in the selected 0.5 M KPF6-EC/DEC 

electrolytes (Figure 1b). In the case of 0 wt% KDFP electrolyte, a current corresponding to K metal 

deposition was seen to occur from ‒0.4 V vs. K+/K, shortly followed by K metal dissolution around 0 

V vs. K+/K upon the anodic scan. It is noted that the corresponding Coulombic efficiency of K 
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deposition/dissolution in the cyclic voltammograms increases from 5% in 0 wt% KDFP electrolyte to 

31 % and 40% in the 0.1 wt% KDFP and 0.2 wt% KDFP, respectively. Comparably as shown in Figure 

S3, a similar pattern is observed with respect to FEC additives where Coulombic efficiencies of 26% 

and 33% are noted in 0.3 wt% FEC and 3wt% FEC electrolytes, respectively. This suggests that FEC 

additives are not as effective as KDFP. 

 

 

Figure 1. Cyclic voltammograms of (a) Pt (anodic side) and (b) Al (anodic and cathodic sides) 

electrodes in 0.5 M KPF6-EC/DEC with varying weight ratios of KDFP additive. Scan rate: 5 mV s−1. 

See Figure S3 for cyclic voltammograms of 0.5 M KPF6-EC/DEC with FEC additive. 

 

3.2. K metal deposition/dissolution behavior and interfacial properties 

The Coulombic efficiency (εcycle) of K metal deposition/dissolution on a Cu plate working 

electrode assembled alongside the K metal counter electrode in a coin cell was derived. The εcycle was 

calculated in accordance with Eq. (1):39  

 

3 4 5 6 7

0

2

4

6

8

C
u

rr
e

n
t 

d
e

n
s
it
y
 /
 m

A
 c

m
–
2
 

Potential / V vs. K+/K 

 0 wt% KDFP

 0.1 wt% KDFP

 0.2 wt% KDFP

(a)

0 2 4 6

-12

-8

-4

0
C

u
rr

e
n
t 

d
e

n
s
it
y
 /

 m
A

 c
m

–
2
 

Potential / V vs. K+/K 

 0 wt% KDFP

 0.1 wt% KDFP

 0.2 wt% KDFP

(b)



11 

 

εcycle = NeffQcycle / (Qex + NeffQcycle)                        (1) 

 

where Neff is the total number of cycles until the electrode potential reaches 0.5 V vs. K+/K, Qcycle is 

the electric charge for deposition/dissolution (0.02 C cm−2) in each cycle and Qex is the electric charge 

for pre-deposition (0.1 C cm−2) in the first step before cycling. As illustrated in Figure S4, voltage 

profiles of the electrodes in 0.5 M KPF6-EC/DEC electrolytes containing varying weight ratios of 

KDFP and FEC were obtained at 25 °C. The results indicate a gradual improvement of the εcycle with 

increasing concentrations of KDFP or FEC additives, confirming the favorable effect of additives on 

SEI formation on K metal surface. However, the larger polarization is observed in the case of FEC-

added electrolytes, suggesting the different SEI nature. 

The compatibility of K metal electrodes in the electrolytes containing varying weight ratios of 

KDFP was further evaluated in K/K symmetric cells to exclude the effect from the counter K 

electrode.40-41 The symmetric cells were cycled in each electrolyte at current densities in the sequence 

of 10, 50, 100, and 500 µA cm‒2 for 10 cycles. Each cycle consisted of 8-min deposition and 8-min 

dissolution with a 2-min rest in between. The resulting voltage profiles during the galvanostatic K 

metal deposition/dissolution tests are shown in Figure 2. As shown in Figure 2a, the overpotential of 

55 mV observed in the 0 wt% KDFP electrolyte at 10 μA cm-2 significantly increases with increasing 

current densities. On the other hand, the overpotentials observed at 10 μA cm‒2 significantly decrease 

with increasing concentrations of KDFP (i.e. 17 mV and 15 mV for 0.1 wt% KDFP and 0.2 wt% KDFP, 

respectively). Considering the similar ionic conductivities of these electrolytes (see Figure S5 for 

temperature dependence of ionic conductivities), the major reason for the lower overpotential exhibited 

in the electrolytes with KDFP could primarily be attributed to reduced interfacial resistance through 
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the SEI film (see also Figure S5 for temperature dependence of density).41-42 Previous studies of the 

electrolytes for LIB have reported similar improvements in the interfacial properties of the ionically 

conductive SEI components formed in electrolytes with LiDFP additives.33, 35 Similar SEI components 

in the case of KDFP additives are also confirmed in XPS results as will be discussed in a later section. 

For comparison, the results acquired in the electrolyte with 0.3 wt% and 3 wt% FEC are shown in 

Figure S6. Evidently, compared to electrolytes with KDFP, the overall overpotential is greater and 

dramatically increases with increasing current density in electrolytes with FEC (15 mV for 0.2 wt% 

KDFP vs.138 mV for 0.3 wt% FEC, respectively, at 10 μA cm‒2). These results could be associated 

with a more resistive SEI derived from FEC-derived products. Furthermore, the observations made 

with K/K symmetric cells are in conformance with the deposition/dissolution tests performed on the 

K/Cu cells. It is also noteworthy that, the shape of voltage profiles in each cycle is steady with less 

polarization and stable from the early stage during the cycles with KDFP, whereas neat and FEC 

electrolyte required prolonged time to be stabilized. 

 

Figure 2. Voltage profiles of the K/K symmetrical cells during galvanostatic K metal 

deposition/dissolution in 0.5 M KPF6-EC/DEC with (a) 0 wt%, (b) 0.1 wt%, and (c) 0.2 wt% KFDP 

additives at 25 °C. The numbers shown in each panel denote current densities in A cm‒2 (see Figure 

S6 for the voltage profiles of the cases with FEC additive) 

 

0 200 400 600 800

-0.4

-0.2

0.0

0.2

0.4

Time / min

(c) 0.2 wt% KDFP

V
o

lt
a

g
e

 /
 V

10 

100 
50 

500 

0 200 400 600 800

-0.4

-0.2

0.0

0.2

0.4

Time / min

V
o

lt
a

g
e

 /
 V

10 

100 
50 

500 (a) 0 wt% KDFP

0 200 400 600 800

-0.4

-0.2

0.0

0.2

0.4

Time / min

V
o

lt
a

g
e

 /
 V

10 

100 
50 

500 (b) 0.1 wt% KDFP



13 

 

To investigate the interfacial behavior of the SEI formed, EIS analysis was performed on the K/K 

symmetric cells after the formation of a stable SEI layer, which was achieved by cycling the cells at 

10 µA cm‒2 for 8 min over the course of three cycles. Figure 3d illustrates a schematic of the equivalent 

circuit used for this analysis. The resulting electrolyte resistance Rbulk and interfacial resistances Rint 

resistances are listed in Table S1. The time-evolving EIS results (Figure 3a-c) illustrate that the Rbulk 

values remain low regardless of the amount of additive present; consistent with the ionic conductivity 

results shown in Figure S5. However, a dramatic decrease in the Rint values is manifested in the 

presence of KDFP, signifying that a stabilized interface is formed on the K. These results conform to 

the voltage profiles of the K/K symmetric cells shown in Figure 2. In the case of the FEC additive, as 

shown in Figure S7 and Table S1, a progressive increase of Rint is observed in the presence of the 

additive, which verifies the inferior stability of the SEI formed. For the cells evaluated after storage 

for 5 days, the Rint value is more than ten times larger than that in the presence of KDFP.  
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Figure 3. Nyquist plots and fitting lines of the K/K symmetric cells at 25 °C using the 0.5 M KPF6-

EC/DEC electrolyte with (a) 0 wt%, (b) 0.1 wt%, and (c) 0.2 wt% KDFP in the frequency range of 

100 kHz−10 mHz. (d) Equivalent circuit used for data fitting. AC amplitude: 10 mV. (See Figure S7 

for the Nyquist plots and fitting lines of the cases with FEC additive.) 

 

3.3. The Effect of KDFP on the electrochemical behavior of graphite 

To assess the effect of KDFP on the electrochemical behavior of graphite, cyclic voltammetry 

profiles of the graphite electrode in electrolytes with varying amounts of KDFP were measured in a 

three-electrode cell at a scan rate of 5 mV s–1 between OCP and 0.01 V vs. K+/K as shown in Figure 

S8. For the additive-free electrolyte, the CV curve shows a pair of redox peaks centered at ca. 0.02 V 
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vs. K+/K; an indication of the potassium intercalation/deintercalation into/from graphite. The relatively 

low initial Coulombic efficiency (36%) achieved from the 0 wt% KDFP electrolyte is ascribed to the 

severe reductive decomposition of the electrolyte without an additive, as discussed above. In the case 

of electrolytes with 0.1 wt% and 0.2 wt% KDFP, a significant increase in the current density is 

observed; which corresponds to the facile interfacial reaction. Moreover, a new reduction peak which 

appears at 0.6 V vs. K+/K, depicts the reductive decomposition of KDFP. It is crucial to note that the 

initial Coulombic efficiency is remarkably improved to 64% (0.1 wt% KDFP) and 75% (0.2 wt% 

KDFP) despite the additional SEI created from KDFP decomposition. The higher Coulombic 

efficiency is most likely due to the preferential reduction of KDFP into a stable SEI layer on the 

graphite surface that suppresses the decomposition of other electrolyte components33, 35. This favorable 

initial SEI formation is postulated to facilitate the subsequent K intercalation/deintercalation into/from 

graphite. From Figure S8d, reduction of FEC is identifiable at the higher potentials of 1.3 and 1.0 V 

vs K+/K compared to the case without FEC, however, only a limited improvement in Coulombic 

efficiency is obtained (41%).  

The K+ intercalation/deintercalation behavior into/from graphite is examined by K/graphite half-cells. 

In the present study, intercalation and deintercalation of K+ are defined as charge and discharge, 

respectively. Figure 4 shows the initial three charge-discharge curves measured at C/20 (1C = 279 mA 

g–1) and the corresponding dQ/dV plots. For the additive-free electrolyte, the charge curve consists of 

two regions. The first region slopes in the range of 0.4 and 0.2 V and the second is a voltage plateau at 

0.15 V25. During the first charge, a charge capacity of 309 mAh g–1 was achieved in total (Figure 4a). 

Besides, a small irreversible reduction peak, which is related to the decomposition of the electrolyte 

during the formation of SEI, was observed at 0.29 V (Figure 4d). Three subsequent peaks 
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corresponding to the phase transformation process to KC36, KC24, and KC8 were also attained at 0.26, 

0.20, and 0.15 V, respectively, in accordance with the previous study.23 This is accompanied by a 

conspicuous change in the color of the graphite electrode from grey to gold, proving the formation of 

KC8 (Figure S9).4, 25 During the discharge process, the peaks observed at 0.28, 0.37, and 0.49 V in the 

dQ/dV plot correspond to the depotassiation steps of K-GICs (see Table S2 for voltage details).23 A 

first discharge capacity of 266 mAh g–1 (Figure 4a) is attained with a resultant initial Coulombic 

efficiency of 84.5%. As shown in Figure S9, the appearance of the depotassiated electrode returns to 

dark grey, supporting the complete depotassiation of graphite.  

In the presence of KDFP, relatively large reductive peaks emerged at ca. 0.36 V, indicating 

additional reduction associated with SEI formation, as had been portrayed earlier by the cyclic 

voltammetry results. The first discharge capacity of 273 and 274 mAh g–1 was obtained from 0.1 wt% 

and 0.2 wt% KDFP electrolytes, respectively, which is fairly close to the theoretical capacity of 279 

mAh g–1 for fully intercalated KC8. Compared to the electrolyte without additives, slightly higher 

initial Coulombic efficiency of 86.1% and 86.9% are achieved in 0.1 wt% and 0.2 wt% KDFP 

electrolyte. Importantly, the Coulombic efficiency of the subsequent cycles approaches 100% with 

KDFP addition (95.9 % for 0 wt % KDFP, 98.2 % for 0.1 wt% KDFP, and 99.8 % for 0.2 wt% KDFP 

in the second cycle), which also verifies the stable SEI formed in the presence of KDFP additive (see 

Table S3 for comparison). Likewise, the onset potential associated with the potassiation of graphite, 

shifts towards a more positive region and vice versa during depotassiation (see Table S2 for 

comparison). This further corroborates the positive influence of KDFP in reducing the reaction 

overpotential. The more comprehensive (de)potassiation process exhibited in this case is as a result of 

a less resistive SEI film being formed in the presence of KDFP.35  
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As shown in Figure S10 and summarized in Tables S2 and S3, the addition of FEC does not 

substantially contribute to improvement in the electrochemical behavior of graphite electrodes. The 

overpotential of (de)potassiation even increases by adding FEC, implying that an inferior, non-

protective SEI layer is formed from the decomposition of FEC. This finding corroborates a previous 

study whereby the graphite electrode in a KPF6-based electrolyte with 3 wt% FEC could not withstand 

cycling over 3 times.43 These results clearly suggest that some established additives used in LIBs may 

be ineffective or even detrimental in the PIBs. 

Figure 4. Charge-discharge curves of the K/graphite cells in 0.5 M KPF6-EC/DEC with (a) 0 wt%, (b) 

0.1 wt%, and (c) 0.2 wt% KDFP. Current density: C/20 (1C = 279 mA g−1). The corresponding 

differential capacity vs. voltage (dQ/dV) plots of the first two charge-discharge cycles are shown in 

(d–f). (See Figure S10 for charge-discharge curves and the corresponding dQ/dV plots of the ones 

with FEC additive. See Table S2 for the peak position during potassiation and depotassiation of the 

initial cycle.) 
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The effect of the additives on the structural evolution of graphite electrodes undergoing 

(de)potassiation was further investigated through ex-situ XRD and Raman spectroscopic analysis. As 

illustrated in Figure 5 and Figure S12, XRD patterns and Raman spectra of the pristine, fully charged, 

and fully discharged graphite electrodes in 0.5 M KPF6-EC/DEC with 0 wt%, 0.1 wt%, and 0.2 wt% 

KDFP were obtained. 

As can be seen in Figure 5a, a sharp peak corresponding to an interlayer distance of 3.36 Å 

appears at 26.46° on the 002 diffraction line of the pristine graphite electrode.44 After charging the cell 

at C/20 to 0.001 V in the electrolyte without additive, the 002 peak disappears, and two characteristic 

peaks assignable to KC8 appear at 16.4 (5.40 Å) and 33.3° (2.69 Å). The XRD reflections of K-GICs 

obey the (00l) plane along the c-axis giving an interlayer distance of 5.40 Å. In previous works on the 

stage-1 K-GIC (KC8), two different indexing manners (001 and 00221 or 004 and 0086, 45) were 

proposed for these peaks depending on the interlayer arrangements of K+ . In addition to the diffraction 

peaks of KC8, a small peak assignable to the residual stage-2 K-GIC (KC24) appears at 20.1°, indicating 

the incomplete potassiation of K-GIC. After discharging, the characteristic 002 peak of graphite is 

reformed but with a lower intensity and a broader shape; indicating the original layered structure is 

recovered but with a certain degree of damage caused by the volume variation. As shown in Figure 

5d, the G band of the pristine graphite shifts from 1580 cm‒1 to 1600 cm‒1 after charging, confirming 

the existence of the residue of stage-2 K-GIC (KC24) on the surface of charged graphite electrode (see 

the literature for assignments of the K-GIC Raman bands).4, 21 The G and D bands of graphite which 

are also recovered after discharging, show consistency with the XRD results.  

In the case of the 0.1 wt% KDFP electrolyte, the diffraction peak of KC24 disappears leaving only 
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the ones assigned to KC8 in the charged electrode (Figure S12a). However, the corresponding Raman 

spectrum shows that a characteristic Fano-type band of KC8 at 1430 cm‒1 46-47 appears alongside a 

band of KC24 on the high wavenumber side, implying that the stage-2 K-GIC still exists on the surface 

of the charged graphite electrode (Figure S12b).48 Interestingly, when the KDFP concentration in the 

electrolyte increased to 0.2 wt%, phase-pure KC8 could exclusively be formed after charging, with 

characteristic peaks appearing at 16.50° and 33.40°22 (Figure 5b). Maximum intensity was observed 

on the typical KC8 broad Fano-type band46 at around 1430 cm‒1 (Figure 5e). The complete and 

reversible formation of phase-pure KC8 from the pristine graphite verified by these ex-situ analyses 

illustrates the best electrochemical performance22 is attained with 0.2 wt% KDFP.  

To gain deeper insight on the influence of the electrolyte additive on the (de)potassiation behavior 

of graphite, galvanostatic intermittent titration technique (GITT)49 was employed to acquire 

charge/discharge profiles approaching to the thermodynamic equilibrium (Figure S11a and S11b). 

The evolution of the quasi-equilibrium voltage vs. time (dV/dt) is shown in Figure S11c. Since the 

steady-state of phase transformation occur in the voltage plateau, in theory, the voltage variation in 

this region should be zero. As can be seen, the measured dV/dt values remain constant at zero for a 

more prolonged state of (dis)charge in the case of 0.2 wt% KDFP than in the electrolyte without 

additive. This extended region of dV/dt  0 indicates that for the selected electrode, a faster equilibrium 

is reached and favorable diffusion path in SEI layer is established with the aid of KDFP.  

To draw a comparison, the (de)potassiation process of graphite in the FEC containing electrolyte 

has also been investigated by XRD and Raman analyses. As shown in Figure 5c, the potassiated 

graphite shows a pair of strong diffraction peaks of KC24 with even greater intensity than those of KC8. 

The residual KC24 seen after discharge indicates the poor reversibility of (de)potassiation in the 
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electrolyte with FEC. These findings are further supported by the Raman spectra (Figure 5f). Thus, 

the rapid capacity fading of graphite in the FEC-added electrolyte can be attributed to the irreversibility 

of K-GIC staging process.  

 

 

Figure 5. Ex-situ XRD patterns and Raman spectra of graphite electrodes at pristine (black), fully 

potassiated (red), and fully depotassiated (blue) states. Electrolytes: 0.5 M KPF6-EC/DEC with (a, d) 

0 wt%, (b, e) 0.2 wt% KDFP, and (c, f) 0.3 wt% FEC. (see Fig. S12 for XRD patterns and Raman 

spectra in the case with 0.1 wt% KDFP). 

 

The rate performance of the K/graphite half-cell was further evaluated in the voltage range of 

0.001–2.5 V at current densities of C/20, C/10, C/5, C/2, 1C, and C/20 at 25 °C as shown in Figure 

S13. The results show significant improvements in the rate capability with increasing concentration of 

KDFP. After cycling at different rates, a reversible capacity as high as 272 mAh g‒1 could be obtained 
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from the electrolyte with 0.2 wt% KDFP at the current density of C/20. The corresponding charge-

discharge curves shown in Figure S14 clearly indicate diminished polarization with regards to the 

electrolyte with 0.2 wt% KDFP. This further substantiates the dQ/dV results (Figure 4) reported in this 

study and additionally highlights the positive influence of KDFP additive on (de)potassiation kinetics. 

The minimal deviation from the equilibrium voltage observed in the galvanostatic intermittent titration 

technique performed on cells containing the KDFP additive, also substantiates that the presence of 

KDFP is auspicious in the formation of a more ionically conductive SEI that leads to the better 

(de)potassiation kinetics observed. Similar findings have been made in corresponding studies on the 

lithium analog, LiDFP, indicating enhanced rate capability in the performance of graphite electrodes 

for LIBs 33, 35. 

Figure 6a shows the cycle performance of K/graphite half-cells with varying amounts of KDFP 

evaluated in the voltage range of 0.001‒2.5 V at a current density of C/3 and temperature of 25 °C. As 

can be seen, the capacity of the cell without KDFP dramatically decays after 40 cycles exhibiting low 

capacity retention (27.4%) at the 100th cycle (discharge capacity of 56 mAh g‒1). In contrast, the cells 

containing the KDFP additive manifested significant enhancement in the cycling stability and 

discharge capacity retention. In particular, the discharge capacity retention of the cell with 0.2 wt% 

KDFP is 89.0% at the 100th cycle and 76.8% at the 400 cycles (discharge capacity: 181 mAh g‒1). 

Furthermore, the comparison of Coulombic efficiencies of the cells with and without KDFP over the 

initial 15 cycles presented in Figure 6b shows that cells consisting of electrolytes with the additive 

need fewer cycles to achieve a Coulombic efficiency ≥ 99.9%, exemplifying the formation of stable 

SEI film. These results clearly affirm the importance of adopting a suitable electrolyte additive for 

feasible PIB operations. 
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Figure 6. Cycle performance of the K/graphite cells with 0.5 M KPF6-EC/DEC with 0 wt%, 0.1 wt%, 

and 0.2 wt% of KDFP. (a) Capacity retention and (b) Coulombic efficiency. C-rate: C/3. Cut-off 

voltage: 0.001−2.5 V. 

 

The SEM images of the pristine graphite electrode and the ones after cycling are provided in 

Figure S15. Figure S15a,b shows the surface morphology of the pristine graphite particles with flake-

like structures. After 400 cycles in the electrolyte without additive, a thick surface layer is formed on 

the graphite electrode (Figure S15d). In addition, the particle of graphite is partly exfoliated into a 

smaller size compared with the pristine graphite (Figure S15c). The graphite electrode with 0.2 wt% 

KDFP shows an evenly distributed SEI film which protects the flake-like structures of the graphite 

even after 400 cycles (Figure S15e,f). As shown in Figure S15g,h, a thick SEI film is deposited even 

after 3 cycles and blocks pores of the graphite electrode, which agrees with the severe degradation 

during cycling (Figure S10b). This phenomenon also provides an insight in the inferior 

electrochemical performance with FEC additive in KIB. 
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X-ray photoelectron spectroscopic analysis was carried out to ascertain the components of the 

SEI layer of graphite electrodes undergoing (de)potassiation and verify the possible effects of the 

additive on the electrochemical performance. Figure 7 shows K 2p, C 1s, O 1s, F 1s, and P 2p XPS 

spectra of graphite electrodes after 400 cycles in 0.5 M KPF6-EC/DEC with 0 wt% and 0.2 wt% KDFP 

(see Table S4 for assignments). For the pristine graphite electrode, the characteristic peaks in the C 1s 

spectrum appearing at 284.4 eV and 285.3 eV can be assigned to be sp2 and sp3 carbon, respectively. 

The peak appearing at 290.9 eV in C 1s is considered to be indicative of π–π* transition (Figure S16).50 

Partially oxidized graphite which results in weak peaks at 286.1 eV for C–O (also from CMC binder) 

and 287.2 eV for C=O, is also consistently observed in the O 1s spectra at 533.6 eV for C–O and 532.1 

eV for C=O.23, 51 Graphite electrodes cycled in both the electrolytes with and without the KDFP 

additive, showed significant increases in the intensities of C–O, C=O, and -CO3
2– peaks in the C 1s 

spectra (Figure 7a), and the K–O species are observable at 528.8 eV in the O 1s spectra (Figure 7b).52 

53 These results validate the formation of the SEI layer by electrolyte decomposition and shows good 

agreement with previous works for potassium-ion batteries with KPF6 electrolyte.23, 51-53 

The main difference in the SEI constituents formed by electrolytes with and without additive can 

be observed in the F 1s and P 2p spectra. In both the electrolytes, the presence of CFx, PFx species 

(687.5 ± 1 eV), and KF (683.6 eV) are confirmed in F 1s spectra.52 However, the KF ratio increases 

from 15.1% to 25.1 % in the presence of 0.2 wt% KDFP (Figure 7c), in conformity with previous 

reports on the effect of LiDFP additive in LIBs.35 Although, KF species can be detected in the K metal 

counter electrode recovered from the electrolyte with 0.2 wt% KDFP, they are not detected in the 

electrolyte without the additive (Figure S16c). Additional evidence of the distinctive SEI formed by 

the addition of KDFP is also furnished by the P 2p spectra as illustrated in Figure 7d. Two peaks 
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associated with KxPFy and phosphate (POx), are observed at 137.7 eV and 133.7 eV respectively. On 

the other hand, the spectrum of the electrode cycled in the electrolyte with 0 wt% KDFP shows only 

one peak of KxPFy at 137.6 eV. It can, therefore, be inferred that these phosphate species are created 

through the addition of KDFP into the electrolyte. According to the previous studies on the use of 

LiDFP additive in LIB electrolytes, phosphate species are considered to be favorable components of 

SEI during interfacial reactions and Li+
 diffusion.35 In a similar manner, it is expected that the addition 

of KDFP could promote the formation of a stable and more ionically conductive SEI layer, which 

contributes to the facile reaction in the K/K symmetric and K/graphite cells observed in this system. 
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Figure 7. X-ray photoelectron spectra of SEI layers formed on graphite electrodes after 400 cycles in 

0.5 M KPF6 EC/DEC with and without KDFP additive in the (a) K 2p and C 1s, (b) O 1s, (c) F 1s, and 

(d) P 2p regions. (See Table S4 for the binding energy of the peaks and SEI components and Figure 

S16 for the XPS spectra of pristine graphite electrode and K metal electrode after 400 cycles.) 
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4. Conclusions 

In conclusion, the feasibility of KDFP additive in KPF6-based electrolytes has been systematically 

investigated using K metal and graphite electrodes. Potassium metal deposition/dissolution tests and 

EIS measurements confirmed that a stable SEI with improved ionic conductivity is formed on the 

electrode surface during operation in the electrolyte containing KDFP. Furthermore, a high discharge 

capacity of 274 mAh g–1 (98.2% of the theoretical value) was achieved from graphite electrodes in the 

electrolyte with 0.2 wt% KDFP as a result of the complete and reversible formation of phase-pure 

stage-1 K-GIC (KC8). The electrolyte containing KDFP is also seen to significantly improve the rate 

performance and cyclability of graphite, delivering a 76.8% capacity retention after 400 cycles with 

an averaged Coulombic efficiency of 99.9%. It is important to note that such improvements could not 

be attained when FEC (another common additive) was used instead; attesting to the unique role of 

KDFP. Additional XPS analysis performed on the graphite electrodes after cycling in the electrolyte 

containing KDFP indicated that enriched KF and POx species were formed in the SEI layer, causing 

the improved interfacial properties and the diminished (de)potassiation overpotential. This study not 

only demonstrates a simple and effective way to acquire stage-1 K-GIC from high performance PIB 

electrolytes but also establishes the use of small amounts additives as a judicious way to boost the 

electrochemical performance of certain electrode materials. 
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