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Sodium Difluorophosphate: Facile Synthesis, Structure, and 
Electrochemical Behavior as an Additive for Sodium-ion Batteries 

Huan Yang, a Jinkwang Hwang,a Yuto Tonouchi,a Kazuhiko Matsumoto,*,a,b Rika Hagiwaraa,b 

Despite the success of difluorophosphate (PO2F2
−, DFP) electrolyte additives in lithium and potassium-ion batteries, their 

utilization in sodium-ion batteries remains unexplored due to difficulties in the synthesis of sodium difluorophosphates 

(NaDFP). Thus, in this study, NaDFP salt prepared via ion exchange of KDFP and NaPF6 is characterized using single-crystal X-

ray diffraction, Raman and infrared (IR) spectroscopy, energy dispersive X-ray analysis (EDX), and thermogravimetry-

differential thermal analysis (TG-DTA). Electrochemical tests demonstrate enhanced cycle performance of a hard carbon 

electrode (capacity retention; 76.3% after 500 cycles with NaDFP vs. 59.2% after 200 cycles in the neat electrolyte), achieving 

a high Coulombic efficiency (average of 99.9% over 500 cycles) when NaDFP is used as an electrolyte additive. Further, 

electrochemical impedance spectroscopy (EIS) using a HC/HC symmetric cell demonstrates significant reduction of the 

interfacial resistance upon addition of NaDFP. X-ray photoelectron spectroscopy (XPS) indicates presence of a stable, Na+-

conducting solid–electrolyte interphase (SEI) components formed in presence of NaDFP. This work not only presents a 

feasible NaDFP synthesis method, but also demonstrates the use of NaDFP as a strategy for optimizing sodium-ion battery 

performance.  

Introduction 

As electrolyte formulation significantly influences battery 

performance, their optimization remains critical to battery 

development.1 Notably, incorporating additives into electrolyte 

compositions is considered an apt method for improving the 

performance of commercialized lithium-ion batteries (LIBs).2-5 

Unlike LIBs, in the absence of additives, the electrochemical 

measurement of sodium-ion batteries (SIBs) utilizing 

conventional carbonated electrolytes becomes difficult.6-11  

Fluoroethylene carbonate (FEC), a commonly-used 

electrolyte additive, has been found to improve the efficiency 

and stability of batteries.1, 12 However, detrimental effects 

emerging from FEC include the formation of a more resistive 

solid-electrolyte interphase (SEI) layer on hard carbon 

electrodes (HC), resulting in an increase in the voltage 

polarization; thereby culminating to attenuation in the 

cyclability.12-17 Thus, a functional additive that can form an 

excellent SEI layer (viz., thin and homogenous film with high 

conductivity) is pivotal to the performance of SIBs. In this regard, 

various researches on revealing the SEI formation and 

interphase properties of SIBs have been conducted using a 

variety of salt, solvent, and additive combinations such as NaPF6, 

NaClO4, NaTFSA (Sodium bis(trifluoromethylsulfonyl)amide), 

NaFTA sodium (fluorosulfonyl)(trifluoromethylsulfonyl)amide), 

and NaFSA (sodium bis(fluorosulfonyl)amide) and EC (ethylene 

carbonate), DEC (diethylcarbonate), DME (Dimethoxyethane), 

DMC (Dimethyl carbonate), PC (Propylene carbonate) with 

additives of VC (vinylene carbornate) and FEC, as manipulating 

various concentrations and ratios.6, 18-22 

Among the widely investigated phosphate structures, 

fluorophosphate salts have drawn immense attention, even 

more than orthophosphates, in inorganic chemistry on account 

of their compositional and structural diversity arising from their 

anion bond linkage wherein fluorine atoms are more covalently 

bound to the phosphorus atom.23-31 In particular, 

difluorophosphate (DFP) salts, which are intermediate 

decomposition products of MPF6 (M = Li, or K),32-35 in hydrolysis, 

have been investigated as electrolyte components (salt and 

additive) not only for LIBs but also for potassium-ion batteries 

(PIBs).36-38 As electrolyte additives, difluorophosphate salts 

have been found to facilitate the formation of ionically 

conductive SEI layers, which significantly improve the 

electrochemical performance of batteries. In previous studies, 

electrolytes containing LiDFP and KDFP additives were found to 

form SEI layers comprising POx species, which improved 

interfacial properties and reduced the overpotential of graphite 

electrodes during cycling.39-43 Despite their efficacy in LIBs and 

PIBs systems, this class of materials remains underexplored in 

SIBs.  

Despite the auspicious prospects, the synthesis of pure 

difluorophosphate salts presents a major challenge to their 
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advancement. Although difluorophosphates can be prepared 

using HPO2F2, its anhydrous form (P2O3F4), or HPF6, the 

corrosive nature of these precursor materials considerably 

impedes their practicality.44-47 Other synthetic routes also 

involve intricate steps, whereas lab-scale syntheses are often 

contentious.  

Herein, we report a facile and scalable two-step synthesis of 

sodium difluorophosphate (NaDFP) additive. The crystal 

structure was ascertained, enabling us to complete the 

chemical row series of major monovalent DFP salts (Li+, K+, Rb+, 

Cs+, NH4
+, and Ag+).46-51 The thermal and spectroscopic 

properties of NaDFP were examined by thermogravimetric and 

differential thermal analysis (TG-DTA), Raman and infrared (IR) 

spectroscopy. The influence of the NaDFP additive on the Na 

metal deposition-dissolution behavior and electrochemical 

performance of hard carbon (HC) electrodes is investigated in 

detail, and a comparison with the well-known FEC and neat 

electrolyte (electrolyte without additives) was drawn using 

symmetric cell electrochemical impedance spectroscopy (EIS), 

and X-ray photoelectron spectroscopy (XPS). 

Experimental 

Apparatus and Materials 

Volatile materials were handled in a vacuum line made from stainless 

steel, Pyrex glass, and PFA (tetrafluoroethylene-

perfluoroalkylvinylether copolymer). Non-volatile materials were 

handled under a dry argon atmosphere in a glove box or a dry air 

atmosphere in a dry chamber. The starting salts, KPO3 (Aldrich, purity 

> 99%), KPF6 (Aldrich, purity > 99%), and NaPF6 (Tokyo Chemical 

Industry, purity > 99%), were dried under vacuum for 24 h at 353 K 

before use. A precursor KDFP was synthesized through the reaction 

of KPO3 and KPF6 in the molar ratio of 2:1 by heating the starting 

materials at 593 K in a platinum crucible over three days.33 

Tetrahydrofuran (THF; Wako, water content < 10 ppm, oxygen 

content < 1 ppm) was used as-purchased. The [1-ethyl-3-

methylimidazoliulm][bis(fluorosulfonyl)amide] ionic liquid (Kanto 

Chemical, purity > 99.9%, water content < 30 ppm) was dried under 

vacuum for 24 h at 353 K. 

 

Synthesis of NaDFP 

The difluorophosphate salt, NaDFP, was synthesized by a 

metathesis reaction in a molar ratio of KDFP : NaPF6 = 1 : 1.2. 

NaPF6 (Tokyo Chemical Industry, purity > 99%) and the as-

prepared KDFP were added into dehydrated tetrahydrofuran 

(approximately 200 cm3 in a conical flask). After agitation for 48 

h using a magnetic stirrer at room temperature under airtight 

conditions, the solid precipitate was isolated by centrifuging the 

mixture. The collected precipitate was washed with THF 

(approximately 200 cm3 in a conical flask) by stirring for 24 h in 

the dry chamber twice. Repetitive recrystallization in THF from 

353 K to 273 K was performed when the precipitate obtained 

from the reaction was a fine powder, to grow larger crystals for 

ease of handling. The final product was dried under vacuum for 

24 h at 353 K prior to use. The absence of the residual KPF6, 

KDFP, and NaPF6 in the product was confirmed by vibrational 

spectroscopy and energy dispersive X-ray spectroscopy (EDX) 

(see below).  

 

Characterization 

Single crystals of NaDFP were grown by slowly cooling NaDFP-

saturated [1-ethyl-3-methylimidazoliulm] [bis(fluorosulfonyl) 

amide] ionic liquid from 363 K to room temperature. Single-

crystal X-ray diffraction measurements were performed using 

an R-axis Rapid II diffractometer (Rigaku Corporation) 

controlled by RAPID AUTO 2.40 software. The selected crystal 

was fixed in a sealed quartz capillary under a dry air atmosphere 

and mounted on the diffractometer under a cold dry-nitrogen 

flow. Data collection was performed at 113 K and consisted of 

12 ω scans (130–190°, 5° per frame) at fixed φ (0°) and χ (45°) 

angles and 32 ω scans (0–160°, 5° per frame) at fixed φ (180°) 

and χ(45°) angles. The X-ray output was 50 kV–40 mA, and the 

exposure time was 1000 s deg−1. Integration, scaling and 

absorption corrections were performed using RAPID AUTO 2.40 

software. The structure was solved using SIR-9252 and refined 

by SHELXL-2018/353 linked to Win-GX.54 Anisotropic 

displacement factors were introduced for all the atoms. Full 

crystallographic data was curated in the joint CCDC/Fiz 

Karlsruhe Crystal Structure Database under CSD-2047480. 

Raman spectra were recorded by a DXR3 Smart Raman 

spectrometer (Thermo Fisher Scientific) using a 532 nm diode-

pumped solid-state laser. The sample used for Raman 

spectroscopy was sealed in a glass cell and isolated from the air. 

Infrared spectra were recorded by an ALPHA II Fourier 

transform IR spectrometer (ALPHA II, Bruker Optics 

Laboratories, Inc.) equipped with an attenuated total reflection 

(ATR) module under the dry air atmosphere. Morphology of 

NaDFP was observed via scanning electron microscopy (SEM) 

(Hitachi SU-8020), and EDX mapping was obtained using an 

EMAXEvolution X-max analyser (Horiba) attached to the SEM 

machine. The thermal stability was measured by TG-DTA 

analysis (Rigaku Thermo Plus EVO II TG 8120) at a scan rate of 5 

K min−1 under a dry Ar atmosphere. Samples were loaded on Al 

pans. The ionic conductivities were measured using the EIS 

technique. The samples for the ionic conductivity 

measurements were sealed into an airtight T-shaped cell 

equipped with stainless steel disk electrodes in a dry Ar 

atmosphere. The cell was placed in a thermostatic chamber (SU-

241, ESPEC). 

 

Electrolytes and electrodes preparation 

NaDFP powder was added into 1 M NaPF6-ethylene carbonate 

and dimethyl carbonate (EC/DMC, in a 1:1 volume ratio, Kishida 

Chemical Co., Ltd., > 99.0 % purity, water content < 10 ppm) and 

stirred for one day until reaching uniformity. Saturation of 

NaDFP in 1 M NaPF6-EC/DMC was found to occur when the 

concentration of NaDFP exceeds 1 wt% (0.08 mol kg‒1). The 

composite electrode of HC was prepared from HC powder 

(Carbotron P, Kureha Battery Materials Japan Co., Ltd), AB, and 

PVDF (85:10:5 in wt%) by uniformly mixing them in NMP 
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(solid/liquid ratio of 0.50). The obtained slurry was coated onto 

an Al foil and vacuum-dried at 333 K. 10 mm diameter 

electrodes were punched out from the foil and were vacuum-

dried at 333 K for 10 h prior to cell assembly. The typical loading 

mass of the electrode was 2 mg cm‒2. 

 

Electrochemical measurement  

The electrochemical characterization of the HC electrode was 

carried out at 298 K using a 2032-type coin cell fabricated with 

the Na metal counter electrode and a glass fibre separator. For 

the Na/HC cell, rate capability was tested at constant current 

rates of 20‒500 mA (g-HC)‒1 in the voltage range of 0.005‒1.5 

V. The cycle tests were performed at a constant current density 

of 100 mA (g-HC)‒1 in the same voltage range with the rate 

capability test. The symmetric HC/HC cells for EIS tests were 

assembled with the HC electrodes after 1, 3, 10, and 20 cycles 

in the Na/HC half cell with the selected electrolytes (at the 80% 

SOC). The EIS measurements were performed using a VSP 

potentiostat (Bio-Logic) at 298 K over a frequency range from 1 

or 100 mHz to 100 kHz with an ac amplitude of 10 mV. The SEI 

layer components were analysed using ex-situ XPS (JEOL, JPS-

9030, Mg Kα source). After 20 cycles, the electrodes were 

washed with EC/DMC and dried at 298 K under vacuum 

overnight for XPS measurements. 

Results and Discussion 

The NaDFP was prepared via a two-step process, as 

highlighted in Eqs. 1 and 2 below: 

 

2KPO3 + KPF6 → 3KPO2F2       (1) 

 

KPO2F2 + NaPF6 → NaPO2F2 + KPF6    (2) 

 

A KDFP salt is prepared via the reaction in Eq. 1 under 

vacuum in a sealed container.33, 55 Although this is a common 

synthesis method for KDFP, a complete reaction cannot be 

attained using Na analogues. As such, an ion-exchange reaction 

(eq. 2) was employed using the obtained KDFP and NaPF6 in THF. 

The NADFP is collected as a precipitate due to its low solubility 

in THF and washed for purification. EDX mapping conducted on 

the material reveals an even distribution of constituent 

elements similar to the theoretical composition of NaDFP with 

no detection of residual K from the precursors. (See Fig. S1† and 

the brief comments in ESI†) (powder XRD pattern is also shown 

in Fig S1g). These results suggest that a high purity NaDFP can 

be obtained through a facile and scalable two-step reaction.  

Further characterization was conducted using XRD to obtain 

crystallographic data and geometrical parameters as listed in 

Tables S1†, S2†, and S3†. The molecular structure of the DFP 

anion in NaDFP is found to have a C2v symmetry and it was 

indexed to the P−1 triclinic space group. This is different from 

other alkali metal analogues, viz., KDFP, RbDFP, and CsDFP, 

which are isostructural species, indexable to the Pnma 

orthorhombic space group47-49 and LiDFP indexable to the C2/c 

monoclinic space group (Fig. 1). Molecular geometry rendered 

from the crystallographic data displays no sign of disordering in 

the PO2F2
− anion. Two crystallographically independent DFP 

ions were found to reside in each unit cell where the length of 

P−F bonds (1.548(2), 1.557(2), 1.562(3), and 1.555(2) Å) are 

longer than the P−O bond lengths (1.466(3), 1.471(3), 1.466(3), 

and 1.467(3) Å), similar to other alkali metal DFP salts.47-49. The 

angles of the O−P−O (121.38(16) and 121.87(16)°) bonds are 

found to be larger than the F−P−F angles (97.54(13) and 

96.89(13)°) as a result of strong repulsion between two P=O 

double bonds, in concordance with the VSEPR theory.56, 57 The 

Na1 atom is coordinated with five O atoms in a square 

pyramidal fashion (Na∙∙∙O distances of 2.316(3)−2.400(3) Å), and 

has a secondary contact with an F atom (Na∙∙∙F distance of 

2.847(3) Å) at the base of the square pyramid (Fig. 1b). The Na2 

coordination environment is a distorted octahedron with two F 

atoms (2.370(3) and 2.375(3) Å) and four O atoms 

(2.303(3)−2.364(3) Å), whereby the two fluorine atoms are 

arrayed in a cis position, similar to those in KDFP, RbDFP, and 

CsDFP (Fig. 1c).48, 49 On the other hand, Li atoms in LiDFP 

coordinates with four O atoms in a tetrahedral fashion due to 

the smaller ionic radius of Li+ compared to Na+ in NaDFP. 

For insights into the NaDFP bond framework, Raman and IR 

spectra were obtained as displayed in Fig. 1d and 1e, 

respectively. Table S4† summarizes the assignments of 

vibrational modes ().33 As illustrated (Fig. 1d), the main bands 

of the as-prepared NaDFP observed at 1304, 1140, 852, and 818 

cm‒1, are assigned to four modes: as(PO2), s(PO2), as(PF2), and 

s(PF2) + small δs(PO2), respectively (Table S4†). The three 

modes (i.e., δs(PF2) ‒ δs(PO2), r(PF2) ‒ w(PO2), and w(PF2) ‒ 

r(PO2)) are indistinguishable and are assigned to the two bands 

observed at 520 and 502 cm‒1. The δs(PF2) ‒ δs(PO2) and t(PF2) 

‒ t(PO2) modes also overlap and are assigned to the 354 cm‒1 

band. In the IR spectra (Fig. 1e), four main bands are observed. 

The bands at 1305 cm‒1 (shoulder at 1330 cm‒1) and 1146 cm‒1 

(shoulder at 1159 cm‒1) are assigned to as(PO2) and s(PO2) 

modes, respectively whereas the absorption bands at 863 cm‒1 

(shoulder at 889 cm‒1) and 863 cm‒1 are assigned to as(PF2) and 

s(PF2) + small δs(PO2). The strong absorption band in the lower 

frequency region (498.9 cm‒1) is based on the combination 

modes, including scissoring, rocking and wagging modes (δs(PF2) 

‒ δs(PO2), r(PF2) ‒ w(PO2), and w(PF2) ‒ r(PO2)).  

To ascertain the thermal stability of the prepared NaDFP, 

TG-DTA was conducted under an Ar atmosphere. On the TG 

curve (Fig. S2†), a gradual weight-loss ascribed to the 

hygroscopic nature of NaDFP is noted as temperatures rose 

from room temperature to 453 K. In the DTA curve, a two-stage 

weight-loss trend attributed to the decomposition of NaDFP 

between 453–800 K, is manifested at two points corresponding 

to the endothermic peaks at around 507 and 584 K (equivalent 

to a weight loss of ca. 50%). The weight-loss process slows down 

around 800 K. These observations suggest the occurrence of 

either one of two decomposition reactions (Eqs. 3 and 4) 

previously postulated for DFP salts.51, 58  

 

2NaPO2F2  Na2PO3F + POF3↑         (3) 

theoretical weight loss = 46.2 wt% 
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4NaPO2F2  Na4P2O7 + PF5 ↑ + POF3↑      (4) 

theoretical weight loss = 51.1 wt% 

 

Theoretical weight loss computed from the proposed 

decomposition paths match the experimental weight loss.  

To discern the influence of additives on the sodium metal 

deposition-dissolution behavior of the NaPF6-based electrolyte, 

cyclic voltammetry was performed on half cells with Na and Al 

electrodes in neat electrolyte and electrolytes containing 

varying amounts of NaDFP and FEC additives. As shown in Fig. 

S3†, the cathodic and anodic currents corresponding to Na 

metal deposition and dissolution are observed at 0 V vs. Na/Na 

on the Al electrode. Coulombic efficiency corresponding to Na 

metal deposition/dissolution increases with the addition of 

NaDFP additives from 13.3% (neat electrolyte) to 21.5 % and 

26.7 % in electrolytes with 0.5 wt% and 1 wt% NaDFP, 

respectively. NaDFP is also found to yield significantly higher 

Coulombic efficiency than electrolytes with 0.5 wt% and 3 wt% 

FEC, which attained 7.1 % and 15.2 %, respectively. 

The cycling performance of Na/Na symmetric cells was 

tested to ascertain the voltage polarization (overpotential) 

arising from Na metal deposition and dissolution in the NaPF6-

based electrolytes containing varying amounts of NaDFP or FEC 

additives. Na/Na symmetric cells are employed to eliminate any 

influence of positive/negative electrodes.59, 60 The symmetric 

cells were sequentially cycled at constant current densities of 

10, 50, 100, 500, and 1000 µA cm‒2 (10 cycles for each current 

density) as shown in Fig. S4†. In each cycle, 

deposition/dissolution occurred for 8 minutes with a 2-minute 

rest between each step. Across all electrolytes, overpotential is 

observed to increase as the current density increases. In the 

neat electrolyte, overpotential rises from 3.8 mV (average value 

of 10 cycles) at 10 μA cm‒2 to 211 mV at 1000 μA cm‒2 (Fig. S4a†). 

The overpotential gradually decreases and became more stable 

with increasing concentrations of NaDFP additive; yielding 175 

mV from 0.5 wt% and 122 mV from 1 wt% cycled at 1000 μA cm‒

2. In contrast, in the electrolytes with FEC additives (0.5 and 3 

wt% FEC), polarization was observed to be even greater than in 

the neat electrolytes, indicating that these systems had high 

interfacial resistances (Fig. S4d and S4e†). Considering the 

similar ionic conductivities of these electrolytes and therefore 

comparable bulk resistances of the test cells (Fig. S5†, See Table 

S5† for the ionic conductivity and the fitting parameters), the 

low polarization observed in the NaDFP electrolyte systems 

implies reduced interfacial resistance that enables facile ion 

kinetics and charge transfer through the SEI layers.60, 61  

For deeper insight into the deposition/dissolution behaviour 

in the selected electrolyte systems, long-term 

deposition/dissolution tests and EIS analyses were performed 

on Na/Na symmetric cells cycled at a current density of 1 mA 

cm‒2 (30 minutes per cycle). The resulting voltage profiles and 

Nyquist plots are shown in Fig. 2. In the neat electrolyte, 

polarization increases after 20 cycles, reaching 0.3 V. The 

measurements were limited by a short circuit occurring after a 

few cycles (Fig. 2a). On the other hand, stable cycling 

performance is observed during cycling in NaDFP electrolyte 

systems. The 0.5 wt% NaDFP electrolyte system (Fig. 2c) 

displays a constant overpotential of 0.1 V for 50 h (100 cycles), 

which increases gradually thereafter until 200 h (400 cycles). 

The 1 wt% NaDFP system (Fig. 2e) exhibits a more stable cycling 

performance as it maintained the overpotential at 0.1V 200 h 

(400 cycles). The resistance is noted to decrease (smaller than 

in neat electrolyte) with increased amounts of NaDFP (Fig. 2c 

and 2e) and remains stable for 200h (1 wt% NaDFP), conforming 

to the stable polarization previously observed at varying current 

densities (Fig. S4†).  

In the Nyquist plots taken at selected intervals, an arc with 

notable compressions in the high-frequency regions are 

observed in all electrolyte systems (Fig. 2b, 2d and 2f). In the 

neat electrolyte (Fig. 2b), the corresponding interfacial 

resistances are seen to increase with continued cycling, 

indicating severe decomposition occurring during Na metal 

deposition-dissolution.62 On the other hand, in the NaDFP 

electrolyte systems, the arc become smaller and more stable 

with increased amounts of NaDFP, indicating stable interfacial 

behavior during long-term deposition/dissolution tests (Fig. 2d 

and 2f). The EIS measurements for the FEC electrolyte systems 

were terminated by a short circuit occurring after a few cycles 

wherein higher interfacial resistances are detected with 

progressive cycling, indicating relatively unstable deposition-

dissolution behavior (Fig. S6†). 

The influence of additives on the Na+ insertion/extraction 

into/from HC negative electrodes was investigated using Na/HC 

cells comprising 1 M NaPF6-EC/DMC electrolyte with 0 wt% 

NaDFP(neat), 0.5 wt% NaDFP, and 1 wt% NaDFP. The first and 

second charge-discharge curves measured at a current density 

of 25 mA g‒1 and the corresponding dQ/dV plots are shown in 

Fig. 3. For comparison, electrolytes with 0.5 % and 3.0 % FEC 

were tested (Fig. S7†). The first cycle capacity and Coulombic 

efficiencies of the HC electrodes are listed in Table S6†. 

Relatively similar initial charge and discharge capacities of 342-

344 mAh g–1 and 256-260 mAh g–1, respectively, are obtained 

from all electrolyte systems along with Coulombic efficiencies 

of 74.6 − 76.1 %. The plateaus appearing below 0.1 V and the 

slopes in the 0.1 to 1.2 V regions of the discharge curves are 

attributed to Na+ insertion/extraction in nanopores and 

between graphene layers in HC, respectively, as reported by 

previous works.63  

In the dQ/dV plots, two SEI formation peaks are seen in all 

electrolyte systems (Figs. 3d-f and Figs. S7c-d). In the neat 

electrolyte, the two peaks appear at 1.00 and 0.52 V (Fig. 3d). 

Both peaks are observed to shift towards lower voltages with 

increasing amounts of NaDFP, appearing at 0.89 and 0.51 V in 

the 0.5 wt% NaDFP system and 0.81 and 0.50 V in the 1 wt% 

NaDFP system (Fig. 3e and 3f). However, the peaks shift to 

higher voltages with increasing amounts of FEC additives, where 

the peaks appeared at 1.11 and 0.66 V in the 0.5 wt% FEC 

system and 1.16 and 0.76 V in the 3.0 wt% FEC system. The 

differences in reduction potential peaks indicate that the 

composition of SEI layers formed depends on the choice of 

additive, indicating that the additives facilitated different SEI 

formation mechanisms. 

Moreover, in the FEC systems, overpotentials are noted to 

increase with increased FEC amounts during charge and 
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discharge (Fig. S7a,b inset†), corroborating previous reports on 

HC electrodes.16 Compared to the NaDFP systems, 

overpotential was much higher in the presence of FEC, 

indicative that the SEI formed in the FEC systems had lower 

conductivities than those in the neat or NaDFP systems. This is 

further affirmed by a previous study which reported high 

resistance values from SEI formed in electrolytes with FEC. 14 

Previous works have also reported inferior rate performance in 

SIBs utilizing FEC. Thus, the cycle test was conducted at a 

relatively low rate i.e., C/10.1, 12, 16, 64  

The rate performance of the Na/HC half-cell was further 

assessed in the voltage range of 0.005–1.5 V under varying 

current densities in the sequence of 25, 50, 100, 250, 500, and 

25 mA g−1 (three cycles for each current density) as shown in Fig. 

4. At the current density of 250 mA g−1, the rate capability 

significantly improves from 93 mAh g−1 in the neat electrolyte 

to 165 and 178 mAh g−1 upon addition of 0.5 wt% and 1 wt% 

NaDFP, respectively. On the other hand, the FEC systems 

achieve considerably low reversible capacities at high rates. At 

250 mA g−1, only capacities of 75 and 70 mAh g−1 are retained 

by the 0.5 and 3 wt% FEC systems, respectively.16 

Figure 5 shows the cycle performance of the Na/HC cell in 1 

M NaPF6-EC/DMC with and without NaDFP or FEC additives. The 

neat electrolyte attains a capacity retention of 59.2% (200th 

cycle vs. 1st cycle), with progressive deterioration noted after 

the 200th cycle. In the NaDFP systems, a stable cycle 

performance is realized whereby capacity retentions of 61.8 

and 76.3% (500th cycles vs. 1st cycle) are achieved by 0.5 and 1 

wt% NaDFP systems, respectively, along with high average 

Coulombic efficiencies of 99.9%. Conversely, the FEC systems 

exhibit poor capacity retention (lower than NaDFP systems) 

characterized by discharge capacity fluctuations during cycling. 

Although stable cycle performance was realized after a few 

cycles (around 100 mAh g−1), only a minimal improvement was 

noted in comparison with the neat electrolyte system. This 

deterioration on Na insertion-extraction capability of HC with the neat 

and with FEC-containing electrolytes is clearly observed by the 

corresponding charge-discharge curves and dQ/dV plots (Fig. 

S8a,d,e,f,i,j). However, a stable charge-discharge behavior maintaining 

a long plateau with small polarization are achieved with the aid of 0.5 

wt% and 1wt% NaDFP (Fig. S8b,c,g,h). The shape of charge-discharge 

curves and the peak positions of dQ/dV plots barely change even after 

500 cycles with NaDFP, which indicates that the SEI layer formed during 

early cycles are maintained until the end of cycle test. 

To assess the electrochemical performance of an electrode 

in batteries, EIS is generally performed on symmetric cells.61, 65, 

66 Thus, EIS was conducted on HC/HC symmetric cells in 1 M 

NaPF6-EC/DMC with and without NaDFP or FEC additive after 

the 1st, 3rd, 10th, and 20th cycles at a current density of 100 mA 

g‒1, as shown by the Nyquist plots in Fig. 6. As illustrated by the 

schematic (Fig. 6f), the Nyquist plots of all the symmetric cells 

consist of two arcs and an oblique line corresponding to the 

diffusion process. The acr in the high-frequency range, denoted 

as Rh, represents either the resistance of the SEI layer or 

resistance factored between an electrode and current 

collector.61, 67-70 The arc in the low-frequency range, denoted as 

Rct, is ascribed to the charge transfer resistance. Since the Rct 

changes, depending on the SOC of each electrode, the SOC of 

each electrode in the HC/HC symmetric cells was fixed at 80% 

after cycling.71, 72 In the Nyquist plots of the neat electrolyte (Fig. 

6a), both arcs significantly expand in size with continued cycling, 

signifying an increase in Rh and Rct. During cycling in the NaDFP 

electrolyte systems, both arcs are noted to become smaller 

(indicating lower Rh and Rct) and more stable with increasing 

amounts of NaDFP (Figs. 6b-c), indicative that NaDFP facilitates 

the formation of robust SEI layers with lower interfacial 

resistance during cycling. In contrast, the addition of FEC results 

in higher Rh and Rct (Figs. 6d-e). In particular, Rct is found to grow 

more significantly, reaching approximately three times the size 

of the Rct for the neat electrolyte after 20 cycles when 3 wt% 

FEC was used. These results demonstrate that the use of NaDFP 

additives is an effective strategy for reducing interfacial 

resistance and improving cycle performance in SIBs. 

For further insight into the surface properties of the SEI 

formed on the HC electrodes, SEM analyses were performed on 

the HC electrodes before and after cycling in the 1 M NaPF6-

EC/DMC electrolyte with and without NaDFP or FEC. The SEM 

images of the pristine HC electrode are furnished alongside 

images of the HC electrodes after 3 cycles and 20 cycles in Figs. 

S8† and S9†, respectively. The pristine HC particles appear to be 

irregularly shaped with sharp edges.73 After 3 cycles in the neat 

electrolyte (Fig. S9b†), the smooth and flat surfaces of the HC 

particles become rugged due to the emergence of large 

quantities of deposits on the surface. After 20 cycles (Fig. S10b†), 

the HC particles become entirely covered with surface deposits. 

This corresponds to the continuous formation of the SEI layer 

and is not only consistent with other SEM images throughout 

the cycles but also corroborates previous reports on HC 

electrode morphological evolution during cycling.74 In the 

NaDFP systems (Figs. S9c-d† and S10c-d†), the smooth surfaces 

and sharp edges seen in the pristine electrode are preserved 

even after 20 cycles, indicating that NaDFP facilitates the 

formation of an SEI layer with remarkable properties. After 3 

and 20 cycles in the FEC system (Figs. S9e-f† and Figs. S10e-f†), 

moderate amounts of surface deposits are seen on the HC with 

continued cycling. The SEM results of the HC electrodes after 500 cycles 

with 1wt% NaDFP indicated that smooth surface and sharp edges in the 

pristine electrode is still preserved even after 500 cycles (Figure S11†). 

This appears to be the distinguishing feature between HC 

electrodes in FEC and NaDFP systems that would result in the 

unstable cycle performance and low capacity retention seen in 

FEC systems. 

XPS analyses were performed to ascertain the components 

of the SEI layer formed on the HC electrode after cycling in the 

electrolytes with and without NaDFP or FEC additives. XPS 

spectra of the electrodes after 20 cycles are shown in Fig. 7. A 

summary of the peak assignments and elemental quantification 

is furnished in Tables S8† and S9†. The main differences in the 

SEI composition of the electrodes cycled in the different 

electrolyte systems appear in the F 1s, O 1s and P 2p spectra. In 

the F 1s spectra, the peak appearing around 684 eV is assigned 

to NaF, a key component of SEI layers formed on the surface of 

HC electrodes.1, 74-76 The F 1s spectra results further reveal that 

higher amounts of NaF are present on the SEI formed by NaDFP 
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(Fig. 7a, d). In the O 1s spectra, peaks corresponding to C-O and 

C=O bonds appear at 533.2 and 531.6 eV, respectively (Fig. 7b, 

d). These peaks are observed in all electrolytes, suggesting that 

the SEI components are products of carbonate solvent 

decomposition. In the O 1s spectrum of NaDFP, a peak 

corresponding to P-O appears at 530.7 eV.77 In the P 1s spectra, 

the intensity of the peaks corresponding to P-O bond is found 

to be significantly higher in the presence of additives, with the 

largest peak appearing in the NaDFP system (Fig. 7c, d). This is 

attributed to the decomposition of the DFP anion, which 

facilitates the formation of a more conductive SEI layer on the 

surface of HC electrodes.38, 42 Moreover, XPS peaks after 500 cycles with 

1% NaDFP suggested that the contribution of P-O bonds in O 1s and P 

2p became larger after 500 cycles compared to those after 20 cycles, 

indicative of robust SEI formation by NaDFP on HC during cycle. 

Conclusions 

Herein, a NaDFP additive for SIBs is prepared via a two-step 

reaction process and further characterized using single-crystal 

XRD, Raman and IR spectroscopy, and TG-DTA analysis. The 

molecular structure of the DFP anion in NaDFP is found to have 

a C2v symmetry. The two crystallographically independent Na+ 

ions have different coordination environments. Na1 is in a 

square pyramidal oxygen coordination in contact with one 

secondary fluorine, while Na2 is in a distorted octahedral 

coordination with four oxygen and two fluorine atoms arrayed 

in a cis position. The prepared NaDFP was used as an additive 

for SIBs. The Na metal deposition/dissolution efficiency of a 

NaPF6-based electrolyte was found to improve with increasing 

concentrations of NaDFP. Improved electrochemical 

performance of a Na/HC cell confirmed the beneficial role of 

NaDFP on the formation of the SEI layer, which suppressed 

overpotential and interfacial resistance, as further affirmed by 

the EIS measurements. As a result, a high rate capability and 

long cycle life with capacity retentions of 76.3% over 500 cycles 

were achieved with 1 wt% NaDFP. SEM results confirm that 

electrolytes with NaDFP form a more stable SEI layer than neat 

electrolytes, thus mitigating further electrolyte degradation. 

XPS analyses reveal the presence of components attributed to 

additive decomposition, evincing the active participation of 

NaDFP in the formation of a stable SEI layer with higher ionic 

conductivity.  

 This work not only presents an easy and scalable synthesis 

route for a SIB electrolyte additive, it also demonstrates the 

active role of NaDFP on the improvement of SIB performance 

through the formation of an SEI layer with excellent features, 

paving the way for further exploration of electrolyte 

optimization as a viable approach for improving SIB 

performance.  
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Fig. 1 (a) Molecular structure of DFP− in NaDFP determined at 113 K. Coordination environments of (b) Na1 and (c) Na2 in NaDFP [symmetry code: 
(i) x+1, y−1, z; (ii) −x+2, −y, −z+2; (iii) −x+2, −y, −z+2; (iv) x+1, y, z; (v) x, y−1, z+1; (vi) −x+1, −y, −z+2; (vii) −x+2, −y+1, −z+1]. Thermal ellipsoids are 
shown at the 50 % probability level. (d) Raman and (e) IR spectra of NaDFP.
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Fig. 2 Voltage profiles and Nyquist plots of the Na/Na symmetrical cells during galvanostatic Na metal deposition/dissolution cycles using 1 M NaPF6-EC/DMC (1:1, v:v) 
electrolute with (a, b) 0 wt% NaDFP (neat), (c, d) 0.5 wt% NaDFP and (e, f) 1 wt% NaDFP. Current density: 1 mA cm‒2. (See Fig. S6 in ESI† for voltage profiles and Nyquist 
plots with 0.5 wt% FEC and 3 wt% FEC) 

0 50 100 150 200 250
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

Time / h

V
o
lt
a
g
e
 /
 V

(c) 0.5 wt% NaDFP

0 50 100 150 200 250
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

Time / h

V
o
lt
a
g
e
 /
 V

(e) 1 wt% NaDFP

0 100 200 300 400 500
0

100

200

300

400

500

–
Im

Z
 /

 o
h

m

ReZ / ohm

 0 cycle

 3 cycles

 50 cycles

 100 cycles

(b) neat

0 100 200 300 400 500
0

100

200

300

400

500

 0 cycle

 3 cycle

 50 cycle

 100 cycle

 400 cycle

–
Im

Z
 /

 o
h

m
ReZ / ohm

(d) 0.5 wt% NaDFP

0 100 200 300 400 500
0

100

200

300

400

500

 0 cycle

 3 cycle

 50 cycle

 100 cycle

 400 cycle

–
Im

Z
 /

 o
h

m

ReZ / ohm

(f) 1 wt% NaDFP

0 50 100 150 200 250
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

V
o
lt
a
g
e
 /
 V

Time / h

(a) neat
0 cycle

3 cycles

50 cycles

100 cycles

0 cycle

3 cycles

50 cycles

100 cycles

400 cycles

0 cycle

3 cycles

50 cycles

100 cycles

400 cycles

Time / h

Time / h

Time / h

short circuit

short circuit



ARTICLE Journal Name 

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 Fig. 3 Charge-discharge curves and the corresponding differential capacity-voltage (dQ/dV) plots of the Na/HC cells using 1 M NaPF6-EC/DMC (1:1, v:v) electrolyte with (a, d) 0 wt% 

NaDFP (neat), (b, e) 0.5 wt% NaDFP and (c,f) 1 wt% NaDFP. Current density: 25 mA g−1. Cut-off voltage: 0.0051.5 V. (See Fig. S7 in ESI† for the data with 0.5 wt% FEC and 3 wt% FEC .
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Fig. 4 Rate capability of the Na/HC cells using 1 M NaPF6-EC/DMC (1:1, v:v) electrolyte with (a) 0 wt% NaDFP (neat), 0.5 wt% NaDFP and 1 wt% NaDFP and (b) 0 wt% 
FEC (neat), 0.5 wt% FEC and 3 wt% FEC. Cut-off voltage: 0.0051.5 V. Electrolytes: Current densities are shown in mA g−1.
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Fig. 5 Cycle performance of the Na/HC cells using 1 M NaPF6-EC/DMC (1:1, v:v) electrolyte with (a) 0 wt% NaDFP (neat), (b) 0.5 wt% NaDFP, (c) 1 wt% NaDFP, (d) 0.5 
wt% FEC, and (e) 3 wt% FEC. Current density: 100 mA g−1. Cut-off voltage: 0.0051.5 V. (See Fig. S8 in ESI† for the corresponding Charge-discharge curves and dQ/dV 
plots) 
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Fig. 6 Nyquist plots of the HC/HC symmetric cells using 1 M NaPF6-EC/DMC (1:1, v:v) electrolyte with (a) 0 wt% NaDFP (neat), (b) 0.5 wt% NaDFP, (c) 1 wt% NaDFP, (d) 
0.5 wt% FEC, and (e) 3 wt% FEC, and (h) the schematic drawing of the fitting parameters for the arc. Frequency range of 100 kHz−10 mHz. AC amplitude: 10 mV. See 
Table S7 in ESI† EIS parameters) 
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 Fig. 7 X-ray photoelectron spectra of the SEI layers formed on the HC electrodes after 20 cycles in 1 M NaPF6-EC/DMC (1:1, v:v) electrolyte with 0 wt% NaDFP (neat), 1 
wt% NaDFP and 3 wt% FEC additives in the (a) F 1s, (b) O 1s, and (c) P 2p regions, and (d) SEI component ratios (see Table S8 in ESI† for the binding energy of the peaks). 
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