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Abstract: Potassium ion batteries (KIB) have been considered as helpful alternative 

energy storage devices owing to the low-cost and abundant potassium sources. 

However, it is a critical challenge to explore suitable anode materials and electrolytes 

for adapting large radius and high activity of K ions. In this study, a novel FeSe2 

nanoparticle embedded in 3D honeycomb-like N-doped carbon architectures 

(FeSe2-NC) is synthesized through a simple solid-state strategy. Such unique 

architecture structure can not only provide a high-way for electron and K
+
 transport, 

but also effectively alleviate volume variation during long-term K
+
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intercalation/deintercalation process. Hence, FeSe2-NC as anode materials for KIB 

display a high discharge capacity of 460 mAh g
-1

 at 100 mA g
-1

 and excellent 

long-term cycling stability even at a high current density of 2 A g
-1

. Beyond the 

electrochemical performance, it is found that storage K
+
 of FeSe2-NC represents a 

conversion mechanism during discharge/charge in KIB. Furthermore, regulating the 

electrolyte salts via replacing potassium bis(fluorosulfonyl)imide (KFSI) electrolyte 

with potassium hexafluorophosphate (KPF6) electrolyte can form a more uniform and 

robust solid electrolyte interphase film, which be responsible for the enhanced 

electrochemical performance. Therefore, it is helpful to understand the fundamentals 

of FeSe2-NC and promote the practical application of KIB.  

Keywords: Potassium ion batteries, FeSe2-NC, Electrolyte, SEI film, Storage 

potassium mechanism 

1. Introduction  

Lithium-ion batteries (LIB) possess high energy density and long cycle life, and 

thus have been widely used in the energy storage field over the past few decades [1, 

2]. However, lithium resource scarcity and uneven distribution induce expensive cost, 

and it is necessary to seek for low-cost energy storage to meet large-scale secondary 

applications in the future [3]. Due to abundant resources and much lower costs of 

sodium and potassium, emergent sodium ion batteries (NIB) and potassium ion 

batteries (KIB) are expected to substitute LIB as next-generation rechargeable 
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batteries. Especially, KIB possesses a low redox potential (-2.93 V vs. SHE) for K
+
/K 

relative to the standard hydrogen electrode (SHE), which is very close to that for 

Li/Li
+ 

(-3.04 V vs. SHE) and even lower than that for Na/Na
+
(-2.71 V vs. SHE) [4-6]. 

Therefore, there is a higher working voltage and energy density for KIB compared to 

NIBs. In addition, compared to Li and Na-ions, KIB can potentially provide high rate 

properties due to fast K
+
 ion transport in non-aqueous electrolytes arising by its 

weaker Lewis acidity. Nevertheless, it is still challenging to develop suitable electrode 

materials to accommodate large-size K
+
 of 1.38 Å with respect to the relatively small 

size of 0.76 Å for Li
+
 and 1.02 Å for Na

+
 during the ions intercalation/deintercalation 

process [7-10].  

For the anode in KIB, lots of efforts have been applied in carbonaceous materials 

such as graphite [11, 12], graphene [13, 14], heteroatom-doped carbon [15, 16], hard 

carbon materials [17, 18]. Although these carbonaceous materials can improve cycling 

performance, its K storage capacity is relatively low (<300 mAh g
-1

), and its energy 

density is also unsatisfactory. While transition metal chalcogenides (TMDs) such as 

MoS2 [19], MoSe2 [20], NiS2 [21], V5S8 [22], FeS2 [23], CoS [24], ZnSe [25] and 

CuSe [26] have been drawn extensive attention for application in KIB due to their 

good electrical conductivity, and high theoretical capacity based on the conversion 

reaction mechanism. Unfortunately, structural re-alignment of TMDs to regulate 

chemical transformations induces the huge volume expansion, leading to 

unsatisfactory low rate capability and inferior cycling stability [18, 27-30]. Structure 
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design strategy and carbon-assisted construct is an effective strategy to promote 

storage energy properties. For instance, Ji et al. synthesized NiS2 decorated with the 

bifunctional carbon microspheres(NiS2@C@C) composites. The introduction of the 

carbon layer with excellent electronic conductivity can suppress the volume 

expansion of NiS2, and accelerate the charge transfer of K
+
. NiS2@C@C as anode 

materials for PIB deliver high capacities of 434 mAh g
-1

 after 70 cycles at 0.1 A g
-1

 

[21].  

Another strategy is electrolytes engineering to construct robust solid electrolyte 

interphase (SEI) layer and avoid forming fragile and unstable SEI due to the 

enormous volume variation during the ions intercalation/deintercalation process 

[31-33]. It is well known that the stable SEI is closely related to the salt and solvent in 

the electrolyte, which plays a crucial part in the electrochemical properties of LIB and 

NIB [34, 35]. Notably, the effect of SEI stability is more important for KIB, because 

high reactivity of K leads unstable SEI relative to Li and Na on the one hand, and 

large radius of K
+
 induce fragile SEI during repeated K

+
 intercalation/deintercalation 

process with respect to Li
+
 and Na

+
 on the other side [10, 36]. The carbonate-based 

electrolytes are commonly used as a solvent in KIB in view of the lower potential of 

K
+
/K and weaker Lewis acidity of K

+
 by comparison with Na

+
/ Na and Li

+
/ Li in the 

carbonate-based electrolytes [37]. In the carbonate-based electrolytes, potassium 

bis(fluorosulfonyl)imide (KFSI) and potassium hexafluorophosphate (KPF6) as usual 

salts have been widely applied in KBI. However, the action mechanism on SEI 
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generation for TMDs in the above potassium salts electrolyte is not clear yet.  

Herein, we have successfully synthesized a novel FeSe2-NC architectures 

structure for the first time, in which FeSe2 nanoparticles embedded in 3D 

honeycomb-like N-doped carbon architectures via a facile solid-state sintering method. 

The carbon coated FeSe2 nanoparticles coupled with honeycomb-like N-doped carbon 

can be benefited for fast electron and K
+
 transportation, and the special FeSe2-NC 

architectures structure can effectively assuage volume changes during long-term 

repeated K
+
 intercalation/deintercalation process. FeSe2-NC composites exhibit a high 

reversible discharge capacity (460 mAh g
-1

 at 100 mA g
-1

) and outstanding long-term 

cycling stability (over 240 mAh g
-1

 after 950 cycles at high current of 2 A g
-1

). Also, 

the conversion reaction mechanism of FeSe2 anodes for KIB (FeSe2 + 4 K
+
 + 4 e

﹣
 → 

Fe + 2K2Se) has been proposed. Importantly, based on the different species of the 

electrolyte salt and varied concentration in the nonaqueous carbonate-based solvents, 

1 M KFSI substituted KPF6 can make for form a robust SEI layer, suppress the further 

excessive side reaction and moderate the continuous large volume variation, and 

hence significantly improve cycling stability for KIB. 

2. Experiment Section 

Synthesis of FeSe2-NC:For the synthesis of FeSe2-NC, 1.5 g PVP (K30, Xilong Co. 

Ltd., AR) and 2.5 g Fe(NO3)3·9H2O (Xilong Co. Ltd., AR) were dissolved in 50 ml 

deionized water, followed stirring for 30 min to form a clear orange-yellow solution. 

After drying at 80 °C overnight and ball-milling an hour, the collected powder was 
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loaded into a corundum crucible and put in a tube furnace. The powder was heated at 

250 °C for 1 h and then treated at 750 °C for 2 h in Ar flow with a heating rate of 5 °C 

min
-1

, afterwards a black precursor was obtained. Whereafter, 0.15 g above black 

precursor mixing with selenium powder was placed in a tube furnace and calcinated at 

600 °C for 3 h with a heating rate of 2 °C min
-1 

in Ar/H2 flow. After cooling down to 

room temperature, the FeSe2-NC composites finally were obtained. By comparison, 

the pure FeSe2 was also synthesized via hydrothermal method according to previous 

reports [38], and the N-doping carbon (NC) was synthesized via a similar treatment 

without the addition of iron nitrate. 

Characterization of the materials: The crystal structure of the as-synthesized 

materials was tested by X-ray diffraction (XRD, Rigaku, Ultima IV with D/teX Ultra 

with CuKα radiation). The morphological character was investigated by scanning 

electron microscopy (SEM Carl Zeiss, SIGMA, HD-01-61, Germany). The detailed 

structure characterization was further analyzed by transmission electron microscopy 

(TEM, FEI-Tecnai G2 TF20, America). The surface chemistry of as-synthesized 

materials was characterized by X-ray photoelectron spectra (XPS, Kratos Axis Ultra 

DLD, Japan). The N2 adsorption-desorption isotherms and pore structure of samples 

were studied by the USA Micromeritics Instrument Corporation TriStar II 3020. 

Electrochemical Measurements: The CR2025-type cells were assembled using K slice 

as the counter electrode in the glove box fulfilled by argon. The anodes were 

composed of the as-synthesized samples, acetylene carbon black (Aladdin, Cell Grade) 
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and binder (PVDF, Aladdin, Cell Grade) with the weight ratio of 8:1:1, which mix in 

the N-methyl-2-pyrrolidone (NMP) solvent to form a uniform mixture. Then, the 

mixture was coated on copper foil to construct anode, after being dried at 80 °C for 12 

h under vacuum condition. The mass loading of the active materials is about 1 mg 

cm
-2

. The electrolyte was 1.0 M KFSI (Sigma-Aldrich, 98.0%) or 1.0 M KPF6 

(Sigma-Aldrich, 99.5%) in (EC/DEC, 1:1 v/v), and the glass fiber film (Whatman 

GF/D) was used as a separator. The galvanostatic discharge/charge tests were carried 

out by batterreis test systems (Neware, Shenzhen) at a voltage window of 0.01-3.0 V. 

Cyclic voltammetry (CV) were recorded by CHI660E electrochemical workstation 

(ChenHua, Shanghai).  

3 Results and Discussion 

3.1 Materials Characterization 

The honeycomb FeSe2/NC was prepared by a simple solid-state strategy. During 

the preparation process, the mixture contained polyvinylpyrrolidone (PVP) viscous 

slurry was gradually blown up numerous bubbles, caused by a large number of gas 

released from the rapid decomposition of ferric nitrate. Due to the synergistic effect of 

continuous gas release and surface tension, the bubble wall gradually became thin. 

Subsequently, the thin bubble wall gradually carbonized and transformed into 

N-doped carbon accompany with contained Fe precursor in the calcination process. A 

similar approach has been presented in previous reference [39, 40]. Finally, FeSe2 

nanoparticles uniformly embedded in the honeycomb-like N-doped carbon were 
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obtained after a selenization route. SEM (Figure 1a, b) and TEM (Figure 1c) was used 

to characterize the morphology of FeSe2-NC, revealing the FeSe2 nanoparticles (5-50 

nm) are uniformly embedded in the 3D honeycomb-like carbon nanosheets. The 

well-defined crystallinity of FeSe2 was verified by the HR-TEM image and inset FFT 

pattern in Figure 1d. The lattice spacing of 0.257 nm is assigned to (111) planes of 

FeSe2-NC, and the coating layer of FeSe2-NC is composed of graphitizing carbon 

with (002) planes and amorphous carbon (Figure 1d; Figure S1, Supporting 

Information). The covered carbon layer can alleviate the agglomeration of FeSe2 

nanoparticles and promote the conductivity and mitigate volume variation in the long 

cycle. For comparison, the morphology and detailed structure of pure FeSe2 and 

N-doping carbon (NC) are investigated by SEM and TEM. Figure S2a-c (Supporting 

Information) show that the NC exhibits 3D honeycomb-like carbon, and the bulk 

FeSe2 particles display obvious lattice fringe indexing to (111) planes of FeSe2. The 

specific surface area and pore structure of as-synthesized samples were investigated 

based on N2 adsorption/desorption test and corresponding results present in Figure 

S3a (Supporting Information). The specific surface area of FeSe2-NC (88.89 m
2 

g
-1

) is 

far larger than that of FeSe2 (3.98 m
2 

g
-1

) and NC (22.23 m
2 

g
-1

), resulting in 

facilitating full access between active materials and electrolyte for fast K
+
 diffusion 

[41]. Compared to pure FeSe2 and NC, FeSe2-NC reveals a narrower pore size 

distribution with mesoporous centered at about 3 nm.  
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The crystallinity structure of the FeSe2-NC, pure FeSe2 and NC was detected by 

XRD test. As shown in Figure 1e and Figure S4 (Supporting Information), all 

diffraction characteristic peaks of FeSe2-NC can be denoted as standard peaks of 

FeSe2 (PDF No. 79-1892) as well as pure FeSe2，and an additional humped 

diffraction peak of FeSe2-NC and NC at around 22
o
 is assigned to (002) planes of 

graphite (Figure 1e, Figure S4b, Supporting Information). The carbon content of the 

FeSe2-NC composites is about 40.9% calculated via TGA results in Figure S5 

(Supporting Information). Furthermore, X-ray photoelectron spectroscopy (XPS) is 

applied to monitor the chemical composition and element chemical state of the 

as-synthesized FeSe2-NC. As shown in Figure 1f , the XPS survey spectrum verified 

the existence of Fe, Se, C, O and N five elements in the FeSe2-NC. As shown 

high-resolution Fe 2p in Figure 1g, the peaks at 710.7 for Fe 2p3/2 and 725.0 eV for Fe 

2p1/2, and the other two peaks at 712.8 and 719.0 eV is ascribed to satellite peak [41]. 

Figure 1h depicts the high-resolution Se 3d spectrum that could be split into three 

peaks at 55.5, 56.2 and 59.0 eV, which is indexed to selenium in Se 3d5/2 (Se-Fe 

bonds), Se 3d3/2 (Se-Se bonds), and satellite peaks respectively[42]. Three peaks of 

carbon spectra in Figure 1i appear at 284.8, 285.9 and 288.5 eV, which stem from 

C-C, C=N and C=O, respectively, suggesting the existence of N doping carbon in the 

FeSe2-NC composites. The doped N atoms originated from the pyrolysis of PVP are 

classified into pyridinic N (398.5 eV), pyrrolic N (401.0 eV) and graphitic N (403.1 

eV) in Figure 1j. N-doping carbon in FeSe2-NC composites is beneficial to increase 
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the conductivity of matrix, importantly, pyrrolic-N in doped N component could 

provide more active bring to excellent electrochemical performance [43]. 

3.2 Potassium Storage Performance  

The electrochemical properties of FeSe2-NC electrode both in the KFSI and 

KPF6 electrolytes with EC/DEC (1:1 v/v) as a solvent were first investigated by CV 

scaning rate of 0.1 mV s
-1

 under the voltage of 0.01-3.0 V as presented in Figure 2a, 

b. FeSe2-NC electrode both in the KPF6 and KFSI electrolytes displays a similar 

redox pairs, which ascribe the alike electrochemical react mechanism. During the 

initial scan for KFSI electrolytes in Figure 2a, a reductive peak at about 1.64 V 

possibly was related to K
+
 ion intercalation of FeSe2-NC. Following obvious 

reductive peak appears at 1.12 V and then disappeared in subsequent cycles, which is 

relative to the SEI layer generated on the electrode surface. Other reduction peaks at 

about 0.84 and 0.50 V are indexed to further conversion reaction of FeSe2 and K
+
 

storage in the N doped carbon (NC), respectively. In the corresponding fist anodic 

sweep, oxidation peaks located at 0.86, 1.70 and 2.27 V can be assigned to the 

extraction from NC, the adverse conversion reaction and further K
+
 deintercalation 

reaction of FeSe2, respectively. In the following cycles, CV curves of FeSe2-NC 

present a little change except the peaks assigned to the formation of SEI, suggesting 

the high reversible electrochemical reaction. The FeSe2-NC in KPF6 electrolyte 

displays a analogous electrochemical reaction behavior, yet all the additional 

reduction peaks at around 1.26 V and then disappeared is probably related to an extra 
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harmful side reaction (Figure 2b). Moreover, the intensity of redox peaks and 

repeatability of CV curves during subsequent cycles in KPF6 electrolyte is noteworthy 

worse compared to the same electrode in KFSI electrolytes, suggesting bad cycle 

stability.  

Galvanostatic discharge/charge tests were conducted to estimate the 

electrochemical properties of FeSe2-NC. Notably, FeSe2-NC delivers an obviously 

improved electrochemical performance compared to pure FeSe2 and NC (Figure S6 

and S7, Supporting Information). As the discharge-charge curves shown in Figure 2c 

and d, FeSe2-NC displays an initial reversible capacity of 425.4 mAh g
-1

 with an 

initial coulombic efficiency (ICE) of 51.1% in KFSI electrolyte. By comparison, it 

expresses a lower capacity of 360.0 mAh g
-1

 in KPF6 electrolyte, corresponding to a 

lower ICE of 44.0%. The higher initial coulombic efficiency in KFSI is attributed to 

the less side reactions to format SEI layer than in KPF6 electrolyte. Moreover, the 

cycling performance of FeSe2-NC in both electrolytes depicted in Figure 2e. In the 

KFSI electrolyte, after 50 cycles, the reversible capacity of FeSe2-NC is 448 mAh g
-1

, 

and after 5 cycles, the CE reaches almost 100%. To the contrary, in KPF6 electrolyte, 

it shows severe capacity drop after only 10 cycles, and displays very inferior 

discharge capacities of less than 100 mAh g
-1

 after 50 cycles, as well as its CE is 

fluctuated and low (~80%). It can be found that the reversible capacity, cycle stability 

and CE of the FeSe2-NC in KFSI electrolyte is remarkable superior to KPF6. Also, 

rate performance is another important indicator for evaluating electrochemical 
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properties of KIB. When current density increases from 100 mA g
-1

 to 1000 mA g
-1

, 

the FeSe2-NC in KFSI electrolyte achieves a high reversible specific capacities of 

440, 400, 368, 340 mAh g
-1

, respectively, and still recovers a reversible specific 

capacity of 460 mAh g
-1

 after the current density returned to 100 mA g
-1

 (Figure 2f). 

The rate performance of FeSe2-NC electrode in the KFSI electrolyte obviously 

outperforms the electrode in the KPF6 electrolyte. Furthermore, the different 

concentrations of KFSI electrolyte are tuned to optimize the electrochemical 

performance of FeSe2-NC. As exhibited in Figure S8 (Supporting Information), the 

discharge capacity and cycle stability are improved as the rising concentrations of 

KFSI salt, but the excess KFSI salt can’t solve in the EC/DEC solvent after 

concentrations over 1 M. The best cycling performance can be obtained in the1 M 

KFSI electrolyte. According to previous researches, the concentrated KFSI based 

electrolyte can effectively inhibit the solvent decomposition and form a more stable 

SEI film due to the unique solution structure [44-47]. Therefore, the discharge 

capacity and cycle stability can ben improved as the rising concentrations of KFSI 

salt. Given all above, by altering the electrolyte salt and preparing rational structure 

electrode materials, FeSe2-NC as anode materials for KIB can deliver an excellent 

reversible capacity and cycle stability performance, which is much better than lots of 

latest reported results (Table S1, Supporting Information). The long-range cycle 

performance of FeSe2-NC in KFSI electrolyte was performed at 2000 mA g
-1

. As 

exhibited in Figure 2g, it still possesses a high reversible capacity of 240 mAh g
-1
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after 950 cycles and manifests a less than 0.02% capacity fading for each cycle. The 

outstanding long-term cycle performance is obvious superior to other lots of reported 

anode materials for KIB (Table S1, Supporting Information).  

To further explore the potassium storage kinetics of the FeSe2-NC electrode, 

galvanostatic intermittent titration technique (GITT) was employed to evaluate 

diffusion behavior in KFSI and KPF6 electrolyte. The typicle GITT curves of 

FeSe2-NC in KFSI and KPF6 electrolyte during discharge processes are reveal in 

Figure 3a, b. The single GITT profile and basic calculation step is revealed in Figure 

3c, which the potassium diffusion coefficients are calculated based on the following 

equation: 

D =
4𝐿2

𝜋𝜏
(

∆𝐸𝑆

∆𝐸𝑡
)

2

                                                  (1) 

Where t is the duration of the current pulse (s), τ is the relaxation time (s), ΔEs is 

the steady-state potential change (V) by the current pulse, and ΔEt is the potential 

change (V) during the constant current pulse after eliminating the iR drop. L is 

potassium ion diffusion length (cm). Obviously, the calculated K
+
 diffusion 

coefficient of FeSe2-NC electrodes in KFSI electrolyte can be calculated to be 

≈10
-12

⁓10
-9

 cm
2
 s

-1
, which are higher than that of KPF6 electrolyte are ≈10

-13
⁓10

-11
 

cm
2
 s

-1
 as shown in Figure 3d. The larger DK values for the FeSe2-NC electrodes in 

KFSI electrolyte indicate that the KFSI electrolyte in EC/DEC (1:1 v/v) improved the 

                  



15 

 

conductivity of electronic and accelerated the transmission of ionic, which is 

responsible for excellent electrochemical performance.  

3.3 Potassium Storage Mechanism 

To investigate the storage mechanism of potassium in FeSe2-NC electrode, the 

ex-situ XRD，ex-situ XPS and TEM measurements were executed. Figure 4b shows 

the ex-situ XRD patterns of FeSe2-NC under different discharge/charge states, which 

is corresponding to the discharge/charge curves depicted in Figure 4a. The peak 

around 43
o
 assigns to the Cu current collector. When the FeSe2-NC electrode 

discharged to 1.0 V, the KFeSe2 and K2Se crystalline phase as a beginning product of 

inserted K
+
 are detected. When it further discharged to 0.2 V, the crystalline signals 

located at 32.3
o
 and 42.1

o
 are corresponding to FeSe, as well as signals at 29.6° can be 

indexed to Se accompanied by disappeared KFeSe2 phase. The crystalline Se is 

possibly related to the instability of K2Se, which will decompose based on the 

equation of K2Se → 2K + Se. A similar phenomenon has observed in the previous 

works on CuSe [48]. After fully discharged at 0.01 V, the peaks at 44.8
o
 assigned to 

Fe phases are appeared, suggesting that the intermediator product FeSe converts to Fe 

and K2Se via a further in-depth electrochemical reaction. The results can further 

confirm by HRTEM results of FeSe2-NC electrode after fully discharge. As displayed 

in Figure 4c, the distance of lattice fringe with 0.30 and 0.20 nm are indexed to the 

(101) planes of Se and (110) planes of Fe, respectively. When charging to 1.0 V, the 

peak strength of Fe reduces, and the peak of KFeSe2 emerges. It indicates that the 
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KFeSe2 phase can generate from conversion reaction between K2Se and Fe. After 

fully charged to 3.0 V, there are no obvious characteristic peaks except for Cu 

characteristic peaks, which possibly is caused by the low crystallinity of FeSe2. 

Fortunately, the HRTEM results (Figure 4d) present that lattice distances of 0.287 nm 

and 0.257 nm index the (101) and (111) plane of FeSe2 respectively, suggesting that 

the final charge product is FeSe2 with low crystallinity. Moreover, the ex-situ XPS is 

conducted to analyze the Fe valence change in FeSe2-NC electrode in the 

charge/discharge process. The ex-situ full survey XPS spectrum of the FeSe2 

electrode displays in Figure S9 (Supporting Information). As shown in Figure 4e, the 

Fe 2p1/2 peak shifts from 724.4 eV to722.0 eV, and the peak almost disappears after 

discharged to 0.05 V during the discharge process. Meanwhile, another peak of Fe 

2p3/2 at 711.3 eV also weakens, which is related to FeSe and Fe metal generated from 

the reduction of FeSe2. Oppositely, the peaks of Fe 2p1/2 and Fe 2p3/2 at 721.5 eV and 

711.3 eV, respectively, enhance gradually during charging, suggesting the formation 

of FeSe2. In addition, ex-situ Se 3d XPS is displayed in Figure S10 (Supporting 

Information). The pristine Se 3d spectrum located at 55.5, 56.2 and 59.0 eV is 

indexed to Se 3d5/2 (Se-Fe bonds), Se 3d3/2 (Se-Se bonds), and satellite peaks, 

respectively[42]. During the discharge process, the Se 3d5/2 (Se-Fe bonds) peak 

almost disappeared, suggesting that FeSe2 gradually transforms into Fe and K2Se 

during the discharge process verified by the ex situ XRD. On the contrary, the peak 
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value of Se 3d5/2 (Se-Fe bonds) appears again during the charging process, indicating 

the reversible formation of FeSe2.  

Based on the above analysis, the electrochemical reaction mechanism of FeSe2 

can be summarized as follows： 

For discharge process：  

𝐹𝑒𝑆𝑒2  +  𝐾+  + 𝑒−  →  𝐾𝐹𝑒𝑆𝑒2                                    （2

） 

𝐾𝐹𝑒𝑆𝑒2  +  𝐾+  +  𝑒−  →  𝐹𝑒𝑆𝑒 +  𝐾2𝑆𝑒                             （3

） 

𝐹𝑒𝑆𝑒 + 2𝐾+  +  2𝑒−  →  𝐹𝑒 + 𝐾2𝑆𝑒                                （4

） 

For charge process： 

𝐹𝑒 +  2𝐾2𝑆𝑒 →  𝐾𝐹𝑒𝑆𝑒2  +  3𝐾+  +  3𝑒−                            （5

） 

𝐾𝐹𝑒𝑆𝑒2  →  𝐹𝑒𝑆𝑒2  +  𝑥𝐾+  +  𝑥𝑒−                                  （6

） 

3.4 Surface Chemistries 

                  



18 

 

To investigate how the KFSI obviously improve the electrochemical performance, 

FeSe2-NC electrodes after 10 cycles in both KFSI and KPF6 electrolytes is in-depth 

characterized via TEM and XPS test. Compared to pristine FeSe2 (Figure 5a), the 

surface of FeSe2 particles is covered by an amorphous layer material assigned to 

stable solid electrolyte interphase (SEI) layer after 10 cycles in KPF6 electrolyte 

(Figure 5b). However, its SEI layer was uneven and ruptured due to the large volume 

expansion/shrinkage and even pulverization during K
+
 intercalation/deintercalation 

process leading to break the SEI layer. After breaking the SEI layer, the new 

FeSe2-NC surface will expose to contact with the electrolyte, resulting in further 

irreversible decomposition between FeSe2-NC and more electrolyte. In consequence, 

continuous consumption of electrolytes is responsible for the rapid capacity fade, as 

shown in Figure 2. On the contrary, the SEI layer in KFSI electrolyte can maintain 

more uniform and integrated than KPF6 electrolyte (Figure 5c). It suggests that the 

SEI film is more stable and could avoid continuous side reactions between FeSe2-NC 

and electrolyte, which is beneficial for the enhancement of reversible discharge 

capacity and cycling stability.  

The chemical constitution of the corresponding SEI layer in the KPF6 and KFSI 

electrolyte is further analyzed by XPS. The survey XPS (Figure S11, Supporting 

Information) reveals that five visible peaks of C 1s, K 2p, K 2s, O 1s and F 1s of 

FeSe2 electrode in KPF6 electrolyte. While the additional signs assigned to S 2p and N 

1s can be observed in KFSI electrolyte due to the decomposition of KFSI electrolyte. 
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For the S 2p XPS spectra in KFSI electrolyte (Figure 5d), K2S, K2HSO3, K2S2O3, 

K2SO4 species and R-S bond are detected, verifying the reduction of KFSI. The F1s 

XPS spectra (Figure 5e) illustrates two similar characteristic peaks in the range of 

686-693 eV and 683.5 eV. The former in the field of 686-693 eV is indexed to S-F in 

KFSI electrolyte and P-F in KPF6 electrolyte caused by incompleted decomposition 

salts. The latter in 683.5 eV is attributed to K-F. The formation of KF in KPF6 

electrolyte possibly generate from the direct decomposition of the salt (KPF6 → KF + 

PF5) and/or hydrolysis (KPF6 + H2O → KF + 2HF + POF3).[10] On the contrary, the 

detection of KF in KFSI electrolyte possible generated from the reductive reaction f 

S-F bonds in the FSI
-
 [11]. The higher relative proportion of P-F in KPF6 electrolyte 

derived from strong Lewis acids such as HF, POF3, PF5 can incur the polymerization 

of carbonate-based solvent [10, 49]. And there is more KF component in KFSI 

electrolyte than KPF6 electrolyte, suggesting an inorganic-rich SEI layer in KFSI 

electrolyte [11]. In addition, the C1s spectra (Figure 5f) reveals C-C/ C=C, C-O, C=O 

and O-C=O bonds in both KPF6 and KFSI electrolytes except for an extra O-C-O 

bond in KPF6 electrolyte, which are possibly derived from the dissolution of the 

carbonate-base solvent. As the O 1s spectra shown in Figure 5g, there is the existence 

of C=O, C-O and O-C=O bonds both in the KPF6 and KFSI electrolyte, the O-C-O 

peaks also found in KPF6 electrolyte. The C-C/ C=C, C-O and O-C-O bonds may be 

derived from the organic species (e.g. CH3OK), C=O and O-C=O probably stemmed 

from inorganic (e.g. K2CO3) [10]. It can be found that the relative proportion between 
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inorganic and organic components in KFSI electrolyte is higher than KPF6 

electrolytes, further indicating a more inorganic-rich SEI layer in KFSI electrolyte 

than in KPF6 electrolyte. It has been found that the inorganic-rich SEI layer formed 

will be more stable and efficient than the organic-rich SEI layer[11]. Therefore, the 

mechanism of SEI layer formation in the KPF6 and KFSI electrolyte varies with the 

salts in the electrolyte. The SEI layer generated in KPF6 electrolytes is mainly 

attributed to solvent reduction, and it in KFSI is primarily derived from KFSI salt 

reduction.  

4 Conclusions 

We have proposed a novel FeSe2 nanoparticle embedded in 3D honeycomb-like 

N-doped carbon architectures (FeSe2-NC) prepared via a simple solid-state method. 

The FeSe2-NC as anode materials for KIB express a reversible 

intercalation/deintercalation and further conversion mechanism. Moreover, a general 

and convenient route has been applied to improve electrochemical properties 

significantly by regulating the electrolyte sal. It can be attributed to the formed 

uniform and robust SEI film on the surface of FeSe2-NC in KFSI electrolyte by 

comparison with KPF6 electrolyte. Therefore, FeSe2-NC achieved high reversible 

potassium storage capability of 460 mAh g
-1

 at 100 mA g
-1

, long-term cycling 

stability even at a high current density of 2 A g
-1

 used KFSI as the salt in the 

carbonate-base electrolyte. We hope our work will promote further understanding the 
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electrolyte engineering and open up more opportunities for rapid practical 

development of KIB. 
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Figure lists 

Figure 1 (a-b) SEM images, (c-d) TEM and HRTEM images, (e) XRD pattern (f) 

XPS survey, (g-j) high-resolution Fe 2p, Se 3d, C 1s and N 1s spectra of the 

FeSe2-NC. 

 

Figure 2 CV curves of FeSe2-NC in (a) KFSI and (b) KPF6 electrolyte at scan rate of 

0.1 mV s
-1

, charge/discharge curves of FeSe2-NC at 100 mA g
-1 

in (c) KFSI and (d) 

KPF6 electrolyte, (e) cycle performance of FeSe2-NC electrodes in KPF6 and KFSI 

electrolytes at 100 mA g
-1

, (f) rate capacity of FeSe2-NC in KPF6 and KFSI 

electrolytes at various current density, (g) long-range cycle performance of FeSe2-NC 

electrodes in KFSI electrolytes at 2000 mA g
-1

. 

 

Figure 3 GITT curves of FeSe2-NC (a) in KFSI and (b) KPF6 electrolyte, (c) E vs. t 

profile for a single GITT during discharge process, (d) calculated K
+
 diffusion 

coefficient at different potassiation states in KFSI and KPF6 electrolyte. 

 

Figure 4 (a) Discharge/charge curves of FeSe2-NC at 100 mA g
-1

, (b) corresponding 

ex situ XRD patterns at different voltages states in the initial discharge/charge 

process, HRTEM image of FeSe2-NC electrode (c) after fully discharge and (d) fully 

charge, (e) ex-situ Fe 2p XPS of FeSe2 electrode at various discharge/charge states. 

 

Figure 5 TEM images of FeSe2-NC electrode (a) pristine state, (b) after 10 cycles in 

KPF6 (c) after 10 cycles in KFSI, XPS spectra of (d) S 2p in KFSI electrolyte, (e) F 1s 

in KFSI and KPF6 electrolyte after 10 cycles, (f) C 1s in KFSI and KPF6 electrolyte 

and (g) O 1s in KFSI and KPF6 electrolyte. 
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Figure 1 (a-b) SEM images, (c-d) TEM and HRTEM images, (e) XRD pattern (f) 

XPS survey, (g-j) high-resolution Fe 2p, Se 3d, C 1s and N 1s spectra of the 

FeSe2-NC. 
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Figure 2 CV curves of FeSe2-NC in (a) KFSI and (b) KPF6 electrolyte at scan rate of 

0.1 mV s
-1

, charge/discharge curves of FeSe2-NC at 100 mA g
-1 

in (c) KFSI and (d) 

KPF6 electrolyte, (e) cycle performance of FeSe2-NC electrodes in KPF6 and KFSI 

electrolytes at 100 mA g
-1

, (f) rate capacity of FeSe2-NC in KPF6 and KFSI 
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electrolytes at various current density, (g) long-range cycle performance of FeSe2-NC 

electrodes in KFSI electrolytes at 2000 mA g
-1
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Figure 3 GITT curves of FeSe2-NC (a) in KFSI and (b) KPF6 electrolyte, (c) E vs. t 

profile for a single GITT during discharge process, (d) calculated K
+
 diffusion 

coefficient at different potassiation states in KFSI and KPF6 electrolyte. 
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Figure 4 (a) Discharge/charge curves of FeSe2-NC at 100 mA g
-1

, (b) corresponding 

ex situ XRD patterns at different voltages states in the initial discharge/charge 

process, HRTEM image of FeSe2-NC electrode (c) after fully discharge and (d) fully 

charge, (e) ex-situ Fe 2p XPS of FeSe2 electrode at various discharge/charge states.  
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Figure 5 TEM images of FeSe2-NC electrode (a) pristine state, (b) after 10 cycles in 

KPF6 (c) after 10 cycles in KFSI, XPS spectra of (d) S 2p in KFSI electrolyte, (e) F 1s 

in KFSI and KPF6 electrolyte after 10 cycles, (f) C 1s in KFSI and KPF6 electrolyte 

and (g) O 1s in KFSI and KPF6 electrolyte. 
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As an excellent anode material for potassium ion batteries, the FeSe2-NC electrode used KFSI 

as the salt in the carbonate-base electrolyte exhibits positive significance for sustainable 

energy development. 

 

                  


