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ABSTRACT 

Black phosphorous (BP) shows superior capacity towards K-ion storage, yet it suffers from poor 

reversibility and fast capacity degradation. Herein, BP-graphite (BP/G) composite with a high BP 

loading of 80 wt.% is synthesized and stabilized via the utilization of a localized high concentration 

electrolyte (LHCE), i.e., KFSI in trimethyl phosphate (TMP) with a fluorinated ether as the diluent. 

We reveal the benefits of high concentration electrolytes rely on the formation of inorganic 

component rich solid electrolyte interphase (SEI), which effectively passivate the electrode from 

copious parasite reactions. Furthermore, the diluent increases the electrolyte's ionic conductivity 

for achieving attractive rate capability and homogenizes the element distribution in the SEI. The 

latter essentially improves SEI's maximum elastic deformation energy for accommodating the 
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volume change, resulting in excellent cyclic performance. This work promotes the application of 

advanced K-ion batteries by adopting high-capacity BP anodes, on the one hand. On the other 

hand, it unravels the beneficial roles of LHCE in building robust SEI for stabilizing alloy anodes. 
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electrolyte; atomic force microscopy. 

 

Introduction 

K-ion batteries (KIBs) have become an attractive energy storage system in recent years owing to 

the abundant K resources.1-2 Moreover, the smaller Stokes radius of solvated K and lower standard 

redox potential of K+/K than Na/Li counterparts in non-aqueous electrolytes promise fast ion 

transport and high operation voltages.3 Various anode materials have been explored for K ion 

storage, centering mainly on carbonaceous materials,4-6 alloys,7-9 metal 

oxides/sulfides/selenides,10-12 and phosphorus-based materials.13-15 Among these, phosphorous (P) 

has been predicted to be one of the highest-capacity anodes for alloying up to 1.33 K ion per P 

atom, corresponding to 1154 mAh g-1 capacity.16 Three types of P allotropes exist in nature, i.e., 

red phosphorous (RP), white phosphorous (WP), and black phosphorous (BP).17 WP is precluded 

as a potential anode because of the safety issues associated with the self-ignition under ambient 

temperature. The non-toxic and safe RP is widely studied as anode materials for alkali metal ion 

storage.18-22 However, the poor electronic conductivity and large volume expansion (301% for 

forming K4P3) hinder its development in KIBs. The low electronic conductivity of ~10-14 S cm-1 

makes bare RP hardly directly employed as electrodes.23 The combination with conductive carbon 
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is an effective strategy to modify its intrinsic poor electronic conductivity.24-26 Taking advantage 

of low sublimation temperature (~419˚C), the RP could be encapsulated into the pores of carbon 

materials through a vaporization condensation conversion method, which enhances the 

conductivity and buffers the large volume change of P in the carbon matrix.27-28 The drawback is 

that WP will be produced during condensation. Thus, the composites need to be washed by toxic 

carbon disulfide (CS2) solvent to remove WP residual.29 Besides, the large specific surface area of 

the carbon host will cause severe electrolyte decompositions in the first cycle with a low initial 

Coulombic efficiency (ICE).  

BP is a two-dimensional layered material with an interlayer distance of 5.2 Å. It possesses the best 

thermal stability and electronic conductivity of 0.2-3.3×102 S cm-1 among all the P allotropes.30 

Chemical vapor deposition (CVD) is extensively used to synthesize BP with superior crystallinity, 

but the high cost and low BP yielding of CVD discourage the wide application in the battery.31-32 

Mechanical ball milling is recognized as a practical approach to fabricate BP and its composite 

with carbon (BP/C) at a large scale.33-34 Unfortunately, due to the difficulties in controlling the 

morphologies during ball milling, the particle size is relatively large and non-uniform, ranging 

from hundreds of nanometers to tens of micrometers.35 Although the large particles reduce the 

active surface with electrolytes and benefit the high ICE, the ball-milled BP/C composites usually 

show rapid capacity decay in KIBs because of the particle pulverization during cycling.36-38  

High concentration electrolytes (HCE, usually > 3M) show promising potentials in improving the 

cyclic stabilities of anode materials,39-41 attributing to the interfacial chemistry induced by 

compressed solvation sheaths.42 The modified ion solvation structures help build a salt anion-

derived solid electrolyte interphase (SEI) to suppress continuous electrolyte decompositions.43 To 

resolve the high viscosity of HCE, a localized high concentration electrolyte (LHCE) is proposed 
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and has been popularly adopted in Li/Na batteries.44-48. Such a LHCE relies on fluorinated ethers 

as nonsolvent to dilute the HCE without changing its ion solvation structures.49 The LHCEs are 

rarely researched for KIBs, probably due to the phase separation of fluorinated ethers and 

carbonate solvents in high concentration K electrolytes, although it is not a problem in Li 

electrolytes.50-51 Recently, Qin et al. reported a LHCE based on KFSI/monoglyme (DME) system, 

which enables excellent cyclability of graphite anode by toughening the SEI on graphite,52 but the 

direct extension to alloy anodes has not been successful. In this work, we deviate from DME 

solvent and focus on trimethyl phosphate (TMP)-based electrolytes considering its non-

flammability with a high flash point of 150˚C (compared to 5˚C for DME). It also possesses 

excellent oxidative stability to be compatible with high-voltage cathodes for practical applications. 

Furthermore, the high dielectric constant of 21.6 allows the preparation of highly concentrated 

electrolytes up to 6.6 M with KFSI salt.53-54 We demonstrate that LHCE based on KFSI/TMP 

system with a 1,1,2,2-tetrafluoroethyl-2,2,2-trifluoroethyl ether (HFE) diluent realizes the stable 

cycling of BP-graphite (BP/G) anode with a high BP loading of 80 wt.%. The BP/G electrodes 

show high reversible capacities of 618 mAh g-1 under 0.1 A g-1 and outstanding long-term cyclic 

stability with 342 mAh g-1 after 300 cycles under 0.3 A g-1 in LHCE. 

Results and Discussion 

Commercial RP is purified by washing in boiling water, which is adopted to synthesize BP through 

high-energy ball milling (HEBM). The X-ray diffraction (XRD) in Figure 1a shows that the 

purified RP presents a medium-range order structure as manifested by the broad peak at about 15˚ 

and confirmed in transmission electron microscopy (TEM, Figure S1).55 RP is completely 

transformed to rhombohedral BP (PDF#73-1358) after HEBM. Raman spectra also identify the 

successful synthesis of BP. The Raman peaks at 347, 381-405, and 462 cm-1 (Figure 1b) match B1 
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(fundamental mode), A1 (symmetric stretch mode) and E1 (degenerate mode) vibrations in RP.56 

In comparison, there are three peaks at 362, 434, and 462 cm-1 after ball milling, corresponding to 

Ag
1 (out-of-plane mode), B2g, and Ag

2 (in-plane mode) of BP, respectively.57 The BP exhibits a 

large particle size up to several micrometers (Figure 1c). The d-spacing of 0.52 nm in high-

resolution TEM (HRTEM) is indexed to the (202) plane of BP. The BP is further mixed with 

graphite to prepare a BP/G composite through planetary ball milling for increasing the electronic 

conductivity and potentially forming a P-C bond as will be discussed later. There are no sharp 

peaks except two humps at about 23˚ and 35˚ in the XRD pattern of BP/G, indicating the long-

term ball milling decreases the crystallinity of the BP. In the Raman spectrum of BP/G composite, 

the BP peaks between 350-500 cm-1 become invisible, and only the D (1340 cm-1) and G (1586 

cm-1) bands of graphite are detected. The D band originates from A1g ring breathing mode, which 

is absent in perfect graphite, and G band arises from E2g vibration mode of sp2 carbon atoms.58 

The increase of D band (ID/IG=1.04) implies that significant defects are introduced in BP/G 

composite. The morphologies of BP/G composite are examined by TEM and scanning electron 

microscope (SEM) (Figure 1d, Figure S10a and b). It maintains the microparticle characteristic 

and exhibits the uniform elemental distribution of P and C in EDS mappings (Figure S2). 

Moreover, the chemical structures of BP/G are studied by X-ray photoelectron spectroscopy 

(XPS). As shown in Figure S3, P-C bonding is found in both C1s (283.5 eV) and P2p spectra 

(130.3 eV ), which would help reduce the energy barriers of ion migrations for fast alloying 

reactions.26, 59 
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Figure 1 Sample preparation. a) XRD patterns and b) Raman spectra of RP, BP, and BP/G 

composite; TEM images of (c) BP and (d) BP/G composite. 

Three alkylphosphates electrolytes with different formulations are prepared for examining the 

electrochemical performance of BP/G, namely NCE (1M KFSI/TMP), HCE (5M KFSI/TMP), and 

LHCE (KFSI/TMP/HFE=1:1.7:2 by mol.). The ionic conductivities of the electrolytes are 

compared in Figure S4. Increasing the concentration reduces the ionic conductivity from 5.31 for 

NCE to 1.82 mS cm-1 for HCE because of the increased ion-pairing.60 After adding HFE diluent 

in LHCE, the value is enhanced to 3.08 mS cm-1. The solvation structures of the electrolytes are 

investigated by Raman spectroscopy. In Figure 2a, two distinct peaks at 737 and 751 cm-1 are 

presented in TMP solvent, which can be ascribed to asymmetric P-O-C stretching of free TMP 

molecular.54 The free stretching peaks persist in NCE, although the intensity is weakened. In 

contrast, they are disappeared in HCE and LHCE, implying that all TMP molecules participate in 
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K solvation in high concentration electrolytes.43 In Figure 2b, a prominent peak at 1216 cm-1 is 

observed in NCE, which comes from the S=O stretching in FSI- anion. This peak shifts to the high 

frequency of 1221 cm-1 in HCE and LHCE owing to the enhanced coordination between K+ and 

FSI-. Besides, the vibration band of HFE between 840-870 cm-1 does not show apparent shifts in 

LHCE (Figure S5) since HFE molecules have minimal interaction with K ions.61 

 

Figure 2 Electrolyte solvation structures. a) and b) Raman spectra of NCE, HCE, LHCE, KFSI, 

TMP and HFE. 

The cyclic voltammetry (CV) curves are first scrutinized to study the faradaic response of BP/G 

electrodes in the electrolytes mentioned above (Figure 3a). A broad peak at 0.5-1.2 V is shown in 

the first cycle under all the electrolytes due to the formation of SEI. In NCE, the CV curves do not 

reveal evident peaks after the first cycle as a reflection of the poor reversibility of the electrode. 

As for HCE and LHCE, two pronounced reduction peaks at 0.8-1.0 V and 0.25-0.27 V are observed 

in the cathodic sweep, which is associated with the formation of KxP (x<1.33) and K4P3, 

respectively.62 Correspondingly, two oxidation peaks at about 0.8 V and 1.7 V appear in anodic 

scan due to the reversible de-alloying process. Raman spectroscopy is then performed to elucidate 

the K ion storage mechanisms of BP/G composite. No distinct peak, except for graphite peaks, is 

detected at a fully discharged state in NCE, while three Raman peaks at 392, 474, and 950 cm-1 
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emerge in HCE (Figure S6a and b). Combined with the CV curves in NCE and HCE, it can 

decipher that the BP/G composite is not alloyed with K in NCE but reacts successfully in HCE 

and LHCE. The ex situ Raman spectra for LHCE are shown in Figure 3b. In the state of discharging 

to 0.8V, a broad peak at about 440 cm-1 is found, possibly relating to the formation of KP2.
63 When 

discharging from 0.2 V to 0V, three distinct peaks in similar positions as those in HCE show high 

intensities, which is supposed to be K4P3 phase.62 To confirm the final potassiated products, the 

K4P3 is chemically synthesized by HEBM using K metal and BP powder with a stoichiometric 

ratio of 4:3. As observed in Figure S7, a group of K4P3 peaks is well-defined, consistent with the 

peaks at a fully discharged state. Upon charge (Figure 3b), the sharp peak at 473 cm-1 is 

disappeared and turns to a weak peak after charging to 1.0 V. Broad peaks located at between 350 

and 500 cm-1 arise when charging to above 1.8 V, evidencing the potassiated phases recovered to 

BP (Figure S8). Similarly, the BP peaks are detected when charging back to 2.5 V in HCE 

electrolyte as well (Figure S6b). The observations demonstrate the highly reversible alloying and 

de-alloying processes of 4K+3P↔K4P3 in high concentration electrolytes. 
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Figure 3 a) CV curves of BP/G electrodes in NCE, HCE and LHCE at the scan rate of 0.1 mV s-1; 

b) Ex situ Raman characterization of BP/G electrodes under different states in LHCE (note: D1-

0.8V represents 0.8V in the first discharge process). 

The electrochemical performances of BP/G composite in KIBs are evaluated in coin cells, and the 

specific capacities are calculated based on the total mass of BP/G composite. As shown in Figure 

S9a, the BP/G electrode shows a large discharge capacity and minor charge capacity with an 

extremely low ICE of 3.7% in NCE. We speculate that the electrolyte decomposition dominates 

the process owing to the failure of forming an effective protective SEI layer. As observed in SEM 

images (Figure S10), a thick layer consisting of electrolyte reduction products is coated on the 

electrode's surface after only three cycles in NCE, compared to the neat electrode surface under 

HCE and LHCE. The restricted alloy reaction is also evidenced by the absence of KxP phases in 

the Raman spectra since nearly all the discharge capacity arises from electrolyte reduction (Figure 

S6a). In sharp contrast, a high reversible capacity of 536 mAh g-1 with ICE of 69.5% is achieved 

in HCE (Figure S9b). Moreover, the performance can be further enhanced by adopting LHCE. The 

voltage profiles consist of two charge plateaus at 0.70 V and 1.61 V, contributing to an 

accumulated capacity of 668 mAh g-1 with 70.8% ICE (Figure 4a, and dQ/dV curve in Figure S11). 

The improved specific capacity can be attributed to the higher ionic conductivity of LHCE than 

HCE, as discussed before. To quantify the K ion storage capacity of BP in BP/G composite, the 

ball-milled graphite electrodes are tested in LHCE (Figure S12a and b). It shows a low charge 

capacity of 83 mAh g-1 under 0.1 A g-1, contributing only 2.5% capacity in the composite. 

Therefore, it can be calculated that about 814 mAh g-1 is contributed by BP, equivalent to 0.94 K 

ion per P atom participated in the alloying reaction. It is worth mentioning that the ball-milled BP 

electrodes without graphite cannot deliver such high specific capacity even in LHCE (Figure S12c 
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and d). It emphasizes the synergistic effect of BP and graphite in achieving a high capacity and 

stable performance. 

The well overlapped discharge-charge curves of BP/G electrode in HCE and LHCE suggest stable 

cyclic performances. BP/G electrode presents a capacity of 618 mAh g-1 with 92.7% retention after 

70 cycles in LHCE under 0.1 A g-1 (Figure 4b), which outperforms the 399 mAh g-1 in HCE and 

is among the highest values achieved in P-based anodes (Table S1). Because of the high capacity 

and appropriate potential, the BP/G may greatly enhance the energy density of PIBs when coupled 

with a high-energy cathode. Noted that such a high capacity and stability could not be obtained in 

classic carbonate electrolytes. Noticeable capacity degradations are observed in conventional 1M 

KFSI/ECPC and highly concentrated 5M KFSI/ECPC electrolytes (Figure S13). Compared to 

HCE, much higher rate capacities are obtained in LHCE at increasing current density from 0.05 to 

2.0 A g-1 (Figure 4c). A slight capacity increase at the initial cycles is observed at 0.05 A g-1 due 

possibly to the gradual activation of the large-sized particles.  The CV scans at different rates are 

carried out to calculate the K ion diffusion coefficient according to the Randles-Sevcik equation 

(Figure S14). The results show the values in LHCE are about an order of magnitude higher than 

those in HCE (Figure 4d), indicating faster ion transfer in the former electrolyte. The 

electrochemical impedance spectroscopy (EIS) is performed to further study the kinetics behavior 

of the interphases formed in HCE and LHCE. As shown in Figure S15-S16 and Table S2-S3, close 

resistances of charge transfer (Rct) in HCE (5197 Ω) and LHCE (5106 Ω) are obtained for the 

cells at OCV state, and the values separately decrease to 628.2 and 627.4 Ω after building SEI. 

Nevertheless, the SEI (RSEI) resistance in LHCE is much smaller than in HCE (134.6 vs. 756.2 Ω), 

confirming the faster charge transfer kinetics in the designed LHCE.  
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The long-term cycling of BP/G composite is conducted to evaluate the electrochemical stability 

(Figure 4e). Outstanding cyclic performances are obtained for BP/G when LHCE is employed, 

achieving a high reversible capacity of 342 and 291 mAh g-1 over 300 cycles under 0.3 and 0.5 A 

g-1, respectively. We also examine the RP/G performance under the LHCE (Figure xx), which 

shows decent cyclic stability and confirms the benefits of LHCE. In contrast, there is apparent 

capacity degradation and fluctuation in the HCE after 200 cycles, dropping to 168 mAh g-1 in the 

300th cycle under 0.3 A g-1. Furthermore, the full cell performance in LHCE is demonstrated using 

the BP/G anode and a Prussian blue KxMnFe(CN)6 (0≤ x≤ 2) cathode. The structure of 

KxMnFe(CN)6 has a monoclinic phase (ICSD#151697) (Figure S17a and the inset).64 The 

KxMnFe(CN)6 half cell shows two discharge plateaus at about 4.0 and 3.9 V, leading to a 

cumulative capacity of xx mAh/g(Figure S17b-c). The full cell delivers a decent capacity of 82 

mA g-1 (based on the total mass of anode and cathode) with a considerable rate capability at a 

current density up to 0.5 A g-1 (Figure S17d and e). A capacity of 77 mAh g-1 can be recovered and 

stabilized with a working potential of 3.01 V when the current density decreases to 0.025 A g-1, 

giving rise to an energy density of 232 Wh kg-1. This value is lower than the theoretical prediction 

due to the K ion consumption in the SEI formation, which may be resolved through pre-

potassiation techniques, similar to that adopted in Li- and Na- ion batteries. We also couple the 

BP/G with a high-voltage KVPO4F cathode (Figure xx), demonstrating again the compability of 

as-prepared anode and electrolyte. Overall, these results indicate that the LHCE is fully compatible 

with the cathode. 
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Figure 4 The electrochemical performances of BP/G. a) Voltage profiles under 0.1 A g-1 in LHCE; 

b) Cyclic performance under 0.1 A g-1 in NCE, HCE, and LHCE; c) rate capability in HCE and 

LHCE; d) Diffusion constant values derived from the CV profiles (Figure S14); e) Long-term 

cyclic performances in corresponding electrolytes. 

To explore the underlying mechanism behind the electrolyte-induced enhancement, the SEI 

chemical compositions of the BP/G electrodes after cycling three times are investigated by XPS. 

As presented in the C1s and P2p spectra (Figure S18 and Figure 5a and b), the SEIs consist of C-
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C (284.8 eV), C-OH (285.7 eV), C-O (286.7 eV), and P-O (around 133.3 eV) organic species, 

which are originated from the TMP decomposition. Other inorganic components are probed in F1s 

and S2p spectra, including K-F (683.6 eV), S-F (687.1 eV), (S=O)-N (168.3 eV), K2SO3 (166.1 

eV) and K2S (161.8 eV) species.60, 65 In particular, the atomic concentrations of P and S elements 

presents significant differences in the three electrolytes. The SEI forming in NCE has the highest 

P content among the three but lower S content than those in HCE and LHCE (Figure 5c). The P 

and S elements in the SEI are mainly derived from the decomposition of TMP solvent and KFSI 

salt, respectively. That means the solvent decomposition is dominated in the low concentrated 

electrolyte, and more FSI- anion reduction occurs in the high concentration counterpart. The 

preference for FSI- anion decomposition is attributed to the lowest unoccupied molecular orbital 

(LUMO) shifting from solvent to anion because of the modified solvation structures of high 

concentration electrolytes .49 Compared to the SEI in HCE, higher S content is found in the one 

under LHCE.  The HFE additive enhances the interaction of cations and anions of the salt, and 

allows more FSI- anions to participate in the K ion solvation sheath, which leads to rich anion-

derived SEI.66-67 Further exploring the deconvoluted spectra (Figure 5a-c), it shows that the SEI in 

LHCE has more rich (S=O)-N species but less amount of classic inorganic components such as 

KF (1.64 vs. 3.23%), K2S (0.04% vs. 0.16%), and K2SO3 (0.25% vs. 0.71%) than those in HCE 

counterparts. 
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Figure 5. XPS Characterizations of BP/G electrodes after three cycles. C1s, P2p, F1s, and S2p 

spectra a) in HCE; b) LHCE; c) the atomic percentage of P and S elements in corresponding 

electrolytes. 

The nanostructures of the SEIs are studied by TEM and energy-dispersive X-ray spectroscopy 

(EDS) mappings to examine the morphology and elemental distribution. In NCE (Figure S19), the 

discontinuous SEI with rough and ruptured morphology is observed on the particle surface, which 

cannot successfully protect the electrode, leading to the overwhelming electrolyte decomposition 

in the first discharge. The SEI with a thickness of 17.7 and 9.4 nm is formed in HCE (Figure S20a 

and b) and LHCE (Figure S20d and e), respectively. The thick SEI in HCE may undermine the 

rate capability. The C, O, S, F, K, and P elements show more uniform distributions in the LHCE 

than HCE (Figure S20c and f). Meanwhile, the electrodes after long-term cycling are also 

characterized to understand the discrepancy in cyclic stability. The thickness of the SEIs slightly 
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increases to 22.3 for HCE and 12.2 nm for LHCE after 300 cycles (Figure 6a and c). It again 

confirms the robustness of SEI subject to the deformation, successfully passivating the electrode 

surface to prevent the continuous SEI growth. Such stable SEI is crucial in protecting the integrity 

of active particles and suppressing the parasitic reactions of electrolytes. More importantly, the 

SEI formed in LHCE maintains excellent structural homogeneity (Figure 6d) owing to the fast K 

ion transport. In comparison, the segregation phenomenon becomes more severe for the SEI in 

HCE, as evidenced in the elements mixed image (Figure 6b).  

The elemental segregation in the SEI formed under HCE may explain the inferior stability 

compared to LHCE. To examine the speculation, the mechanical properties of SEIs in HCE and 

LHCE are probed by atomic force microscopy (AFM). Young’s modulus (E) and elastic strain 

limit (ɛY) are the most widely used parameters for evaluating the SEI’s mechanical stability, and 

the maximum elastic deformation energy (U) reflects their combined effect.68 Elastic deformation 

is performed to determine the E in the 1st step AFM tests, while the SEI is intentionally fractured 

by applying a large indention force in the 2nd step to calculate ɛY. At least 90 points are measured 

to increase the accuracy of the test. A larger E of 1210 MPa is attained for the SEI build in HCE 

than the counterpart (810 MPa) in LHCE (Figure 6e). The reason lies in the presence of abundant 

KF (29 GPa), K2SO3 (45 GPa), and K2S (19 GPa) components with high stiffness in HCE. 

Nevertheless, the SEI in LHCE shows higher ɛY than the one in HCE, attributed to the better 

homogeneity with reduced stress concentration. Combined the effects of E and ɛY, the parameter 

U (proportional to E·ɛY
5, Equation 1), is used to appraise the mechanical stability of SEI. The SEI 

formed in LHCE shows a large U of 202.5 pJ, almost two times higher than in HCE (Figure 6f). 

The results indicate the better mechanical properties of the SEI in LHCE for accommodating the 

deformation to realize long lifespan BP/G electrode. 
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Figure 6 Morphologies and mechanical properties of the SEIs. The TEM, STEM images and EDS 

mapping after long-term cycling (300 cycles) in a, b) HCE and c, d) LHCE; e) Young’s modulus 

(E) and elastic strain limit (ɛY), and f) the maximum elastic deformation energy (U) of SEIs formed 

in these two electrolytes. 

Conclusions 

We prepare the BP/G electrode as advanced anodes in KIBs via a facile two-step ball milling 

approach. HEBM is adopted to transfer the RP into BP, which is mixed with graphite to obtain 

BP/G composite with a high BP loading of 80 wt.%. The electrode fails to deliver a decent 
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reversible capacity in a standard concentration TMP-based electrolyte (1M). Increasing the 

concentration to 5M essentially boosts the reversibility, albeit the rate capability remains poor due 

to low ionic conductivity. Therefore, LHCE (KFSI/TMP/HFE with a molar ratio of 1: 1.7: 2) is 

designed to resolve the long-term stability and rate performance. The electrode presents a highly 

reversible and stable capacity of 342 mAh g-1 over 300 cycles under 0.3 A g-1 with the assistance 

of LHCE. Such an improvement roots in the enhanced ionic conductivity and the building of a 

robust SEI. We summarize the essential roles of SEI in governing the electrochemical behavior as 

follows: i) The absence of an effective SEI in NCE leads to negligible reversible capacity because 

of the copious electrotype decomposition. ii) The electrode shows a high reversible capacity in 

HCE but suffers from capacity degradation in long-term cycles. The inhomogeneous SEI with 

apparent elemental segregation reduces the yield strain. iii) The building of an inorganic 

component-rich SEI with uniform elemental distribution boosts the BP/G performance in the 

LHCE. On the one hand, the conformal SEI layer effectively prevents parasite reactions on the 

electrode surface. On the other hand, the homogenous SEI renders superb mechanical stability for 

accommodating deformation, as reflected by the large maximum elastic deformation energy. 

Lastly, we demonstrate that the electrolyte is fully compatible with the cathode, thus promoting 

the application of advanced KIBs with high-capacity BP anodes. 

 

Experimental 

Synthesis of RP, BP, RP/G, BP/G, K4P3 samples 

The amorphous red phosphorous (RP) powder (Alfa Aeser, 98%) was purified before use. 2 g RP 

was washed by 200 mL boiling deionized water under the string and rinsed several times until the 

pH value turned neutral.69 The purified RP powder was collected by centrifugation and dried at 70 
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˚C under vacuum. 1 g RP was sealed in the 100 mL jar under Ar atmosphere and ball milled 

(HEBM, SPEX 8000) for 1 hour to synthesize black phosphorous (BP). Afterward, 400 mg BP (80 

wt.%) and 100 mg graphite (20 wt.%, KS6, MTI) were mixed by mechanical ball milling (QM-

3SP2 planetary ball mill) for 48 hours under 360 rpm to prepare BP/G composite. RP/G composite 

was prepared following the same protocol by replacing the BP with RP. The ball-milled BP or 

graphite preparation was similar to BP/G composite, except without adding graphite or BP. The 

ball-milled samples were sealed under Ar atmosphere before ball milling, and the jar was open in 

the glovebox after the treatment. The K4P3 was synthesized by high-energy ball milling K metal 

(47 mg) and BP (28 mg) powder for 30 min under Ar atmosphere. To avoid oxidation, all the 

samples were stocked in the glovebox (O2<0.1 ppm, H2O<0.1 ppm). 

Preparation of electrodes and electrolytes 

A slurry was first prepared by hand grinding active materials (75 wt.%), super P (15 wt.%), 

polyacrylic acid (PAA, 10 wt.%) in N-methyl-2-pyrrolidone (NMP) in the glovebox. The slurry 

was cast on Cu foil and dried at 100 ˚C for 12 hours under vacuum in Buchi glass oven (B-585 

Drying). All the electrodes were directly transferred into the glovebox in the Buchi glass oven 

without air contact. The tapes were chopped into ½ inch diameter electrodes with active mass 

loading of about 1 mg cm-2. The KxMnFe(CN)6 cathode was synthesized following the previous 

report.64 The cathode was prepared by mixing 70 wt.% KxMnFe(CN)6 and 30 wt.% super P, which 

is directly used in powder form electrode. The potassium bis(fluorosulfonyl)imide (KFSI, 98%) 

was purchased from Energy Chemical and 1,1,2,2-tetrafluoroethyl 2,2,2-trifluoroethyl ether (HFE, 

≥97%) was brought from Macklin. Trimethyl phosphate (TMP), ethylene carbonate (EC), 

propylene carbonate (PC) and dimethyl carbonate (DMC) were provided by DoDo Chem. All 

electrolyte salt and solvents were used without any purification. 1M KFSI/TMP (NCE), 5M 
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KFSI/TMP (HCE), KFSI/TMP/HFE with the molar ratio of 1:1.7:2 (LHCE), 1M KFSI/ECPC and 

5M KFSI/ECPC were used as electrolytes. To prepare LHCE, the KFSI salt was first dissolved in 

TMP solvent under the string to form a transparent and clear solution, and then HFE was added 

and continuously stirred until the solution turned clear again.  

Electrochemical measurements 

CR2032 coin-type half-cells were assembled in the glovebox with K metal as the counter/reference 

electrode and one piece of glass fiber (GF/D, Whatman) as a separator. 75 uL of electrolytes were 

added to each cell. The galvanostatic tests were conducted on a LAND battery test system with 

the potential of 0-2.5V. Cyclic voltammetry (CV, 0-2.5V, 0.1-0.5 mV s-1) was tested on Solartron 

Analytical 1400 electrochemical workstation. The electrochemical impedance spectroscopy (EIS, 

100 kHz-0.1 HZ) was carried out on a Biologic SP150 electrochemical workstation with an 

amplitude of 5 mV. The full cell BP/G||KxMnFe(CN)6 was assembled with BP/G anode and 

KxMnFe(CN)6 cathode with cathode/anode mass ratio of about 6.  

Materials characterizations 

The X-ray diffraction (XRD) patterns were collected on X-ray Diffractometer (Rigaku SmartLab). 

Raman spectra were performed on Witec alpha 300 R with EL-CELL ECC-Opto-std test cell using 

532 nm laser source. The morphologies of electrodes were observed by scanning electron 

microscope (SEM, Tescan VEGA3). X-ray photoelectron spectroscopy (XPS, Thermo Scientific 

Nexsa) was conducted to investigate the chemical compositions of solid electrolytes interphases 

(SEIs). The samples are sealed in a vacuum transfer holder to avoid air exposure. The 

nanostructures and EDS mappings of the SEIs were explored by transmission electron microscopy 

(TEM, JEOL JEM-2100F). Atomic force microscopy (AFM, Bruker Dimension Icon) was adopted 

to examine the mechanical properties of SEI in the glovebox. To avoid the possible interference 
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from the binder, the electrode for AFM test was prepared by mixing BP/G (75 wt.%) with super P 

(25 wt.%), which were pre-cycled to build SEIs in HCE and LHCE. Detailed AFM tests and 

analyses could be found in the previous study.68 The maximum elastic deformation energy is 

calculated by the following equation: 

U =
8

15
(

4

5
π)

5

∙ 𝑟3 ∙ (1 − ν2)4 ∙ 𝐸 ∙ (𝜀Y)5      (Equation 1) 

where r is the radius of the rigid indenter (assumed as 1 μm), the ν is the SEI Poisson’s ratio, 

and a typical value of 0.3 is used. E and 𝜀Y are corrected Young’s modulus and yield strain after 

eliminating the substrate's interference. 
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