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Abstract: 

Sodium-ion batteries (SIBs) are attracting significant research attentions for large-scale 

energy storage applications. Cathode material is the vital part of SIBs to determine the 

capacity and cycle performance. Here, a series of F-doped Na0.66[Mn0.66Ti0.34]O2-xFx (x < 0.1) 

cathodes with tunnel structure are designed and synthesized aiming to enlarge the sodium 

diffusion paths. The lattice parameters of unit cell are tuned successfully by adjusting F 

doping amount. Na0.66[Mn0.66Ti0.34]O1.94F0.06 with the optimized stoichiometry exhibits a 

reversible capacity of 97 mAh g-1 and promising cycle performance (85 mAh g-1 is 

maintained at 2C after 1000 cycles) with extremely low voltage polarization. More 

significantly, Na0.66[Mn0.66Ti0.34]O1.94F0.06 exhibits superior low temperature performance, 

owing to the much enhanced thermodynamics and kinetics benefited from F doping. This 

strategy may open new opportunities to design advanced intercalation-type cathode materials 

for sodium ion batteries, especially for low-temperature applications. 

 

Keywords: sodium batteries; cathode material; tunnel structure; anion doping; X-ray 

absorption spectroscopy. 
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1. Introduction 

Sodium-ion batteries (SIBs) attract great attentions for large-scale energy storage applications 

due to the earth abundance of sodium resources and potential low cost. However, 

commercialization of SIBs faces the major challenge to find suitable cathode materials. Over 

the past years, various of cathode materials for SIBs have been designed and studied by 

imitating the structure and chemistry of cathode materials that function well for Li-ion 

batteries, including layered oxides,[1-4] tunnel-structured oxides,[5-7] polyanion com-

pounds,[8,9] and organic compounds.[10,11] However, this mimicking strategy is not 

sufficient for the commercial Na-ion batteries.[12] Specifically, layered NaTMO2 (TM = 

transition metal) always shows low columbic efficiency during the initial several cycles, 

compared with no capacity decay after first charge for their Li equivalents, LiTMO2. [1-4, 12-

14] 

Tunnel-structured compound Na0.44MnO2 with orthorhombic symmetry is a promising 

cathode material for SIBs, in which Na ions shutters though the large ‘S’-shape tunnels 

reversibility [5]. Mumme et al. first reported the tunnel-structured compound,[5,15] which 

consisted of double and triple rutile-type chains formed by edge-sharing Mn-O6 octahedra as 

well as single chains of corner-sharing MnO5. Na ions locate in the two type of tunnels in the 

structure: one is a small tunnel which is fully occupied by Na ions, the other is a large S-shape 

tunnel which is half filled by Na ions. Only the Na ions located in S-shape tunnel can shutter 

through the structure reversibly during charge and discharge.[6,16,17] Previous studies 

confirmed that transition metal substitution in the tunnel-structured Na0.44MnO2 was 

considered an effective way to improve its Na storage property. Hu et al. had reported that Ti 

substituted tunnel-structured Na0.44MnO2 had exhibited superior cyclability for aqueous and 

nonaqueous sodium-ion batteries.[6] The reaction and phase transition pathway can be tuned 

by Ti substitution. The Na0.66[Mn0.66Ti0.34]O2|NaTi2(PO4)3/C aqueous sodium-ion full cell 

exhibits a reversible capacity of 76 mAh g-1 with an average operating voltage of 1.2 V at a 
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current rate of 2C.[5] Air-stable Na0.61[Mn0.27Fe0.34Ti0.39]O2 shows a usable capacity of 90 

mAh g-1, registering the highest value among the tunnel-type oxides with an average voltage 

of 3.56 V, corresponding to Fe3+/Fe4+ redox couple.[7] However, Unlike the facile transition 

metal substitution in layer-structured NaxTMO2, it should be very cautious to choose the 

substitution transition metals for tunnel-structured cathodes in order to still keep the tunnel-

type framework. 

Anion doping has been considered an effective strategy to improve the electrochemical 

performance of cathode materials for Li and Na batteries. In the NaxTMO2 compounds, O 

atoms reside in the middle of the transition metals pairs function importantly as bridging atom 

and forming the TM-O-TM interaction. Anion dopants often effect certain properties by some 

distance-dependent features at low doping concentration.[18] Density functional theory (DFT) 

revealed that F doping in cathode materials is positive to elevate the redox potential, improve 

ionic conductivity and impair TM migration, but negative to cation mixing, such as Li/Ni 

mixing in high Ni layered cathode materials for lithium batteries.[18] However, for NaTMO2, 

the cation mixing between TM and Na rarely happens due to the much larger ion radius of Na 

than TM ions. The F-doping O3-type NaNi1/3Fe1/3Mn1/3O2 can significantly improve the rate 

performance and capacity retention because of the changing of the binding energy of 

oxygen.[19]   

Here, we tried to tune the lattice parameters of tunnel-structured Na0.66[Mn0.66Ti0.34]O2 

cathode material by F doping to construct larger tunnels for facilitating Na transportation. F 

ions with smaller ionic radius and more negative electronegativity than O ions were 

intentionally chose in order to import electron hole in O framework and suppress the size of 

TMO6 and TMO5 polyhedrons, leading to enlarged S-shape tunnels. We revealed that the 

electrochemical performance of Na0.66[Mn0.66Ti0.34]O2 after F doping is remarkably improved, 

especially at the low temperature. F doping could be an effective strategy for optimizing the 

cathode materials for SIBs. 
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2. Experimental section 

2.1 Material Synthesis:  

A series of F doped tunnel-structured Na0.66[Mn0.66Ti0.34]O2-xFx (x=0.02, 0.04, 0.06, 0.08) 

were synthesized by a simple solid-state reaction method using Na2CO3, Mn2O3, TiO2 and 

NaF as precursors in stoichiometric proportion with an excess of 5 mol % Na2CO3. After ball-

milled in ethanol, the mixture was dry overnight in an oven. The homogenous precursors were 

calcined at 900 ºC for 20 h in the O2 atmosphere. 

2.2 Material Characterization:  

The crystal structure of the synthesized materials were characterized by power X-ray 

diffraction (XRD). The XRD patterns were collected on an X-ray diffractometer (Bruker D8 

Advance, Germeany) with Cu-Ka radiation (λ = 0.1540 nm) at 40 kV, 40 mA from 10° to 80°. 

XRD refinement was conducted by the Rietveld method using the GSAS+EXPGUI suite.[20-

23] The morphology of the synthesis materials were characterized by field emission scanning 

electron microscopy (FESEM, Cambridge S-360). X-ray absorption spectroscopy (XAS) was 

performed at beamline 12BM of the Advanced Photon Source (APS) at Argonne National 

Laboratory and beamline BL14W1 of the Shanghai Synchrotron Radiation Facility (SSRF). 

Ti and Mn K-edge XAS spectra were collected in transmission mode. The XAS data were 

processed using Athena and Artemis software packages.[24] 

2.3 Electrochemistry: 

Working electrodes were prepared by spreading the slurry (70 wt% the active materials, 20 wt% 

carbon black, 10 wt% polyvinylidenefluoride (PVDF, Sigma-Aldrich) and appropriate amount 

of N-methyl-2-pyrrolidone (NMP) ) onto aluminum foil. The electrodes were dried at 70 ºC 

under vacuum for 12 h. The active material loading of the working electrode is 2.0 mg cm-2. 

Coin cells (CR2032) were assembled in an argon-filled glove box. Pure Na foil was used as 

counter electrode and a glass fiber (GB-100R, ADVANTEC Co., Japan) as separator. The 

electrolyte was 1 M NaClO4 in a nonaqueous solution of ethylene carbonate/diethyl carbonate 
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(EC: DEC, 1:1 in volume). Galvanostatic charge-discharge measurements were carried out on 

a Land CT2001A battery test system (Wuhan, China) with voltage range from 1.5 V to 3.8 V. 

The current densities and capacities of electrodes were calculated based on the weight of the 

active materials. Cyclic Voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

test were performed on an electrochemical workstation (SP-300, Bio-Logic). CV tests were 

performed in the voltage range of 1.5 V - 3.8 V vs. Na+/Na at the scan rates from 0.1 to 1.0 

mV s-1. EIS were measured with a voltage amplitude of 5 mV and a frequency range of 10 

mHz to 10 MHz. 

 

Fig. 1. a) XRD patterns of as-synthesized MTF-x (x = 0, 1, 2, 3, 4). b) Lattice parameters a, b, c and unit 

cell volume V of MTF-x. c) Schematic of the tunnel-structured MTF on the a-b plane. d) Rietveld 

refinement patterns of XRD data for MTF-3.   

 

3. Results and Discussion 
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3.1 Crystal structure 

A series of air stable F-doped Na0.66[Mn0.66Ti0.34]O2-xFx (x=0.02, 0.04, 0.06, 0.08, denoted as 

MTF-0, MTF-1, MTF-2, MTF-3 and MTF-4, respectively) were synthesized by solid-state 

reaction method. Fig. 1a shows the XRD patterns of these as-synthesized materials. The 

diffraction peaks of MTF-0 were indexed to a typical tunnel-type structure with a space group 

of Pbam. Wang et al. had reported that a small amount of P2 phase impurity was produced, 

when the Mn/Ti ratio was too low or Na/(Mn+Ti) ratio was too high. [5.6] The pure tunnel-

type structure of Na0.66Mn0.66Ti0.34O2 can only be obtained at a narrow composition range. 

With the increasing of F-doping amount, the main structure can be well maintained, while 

some peaks shift is observed, suggesting that the doped F ions enter O sites in the 

orthorhombic structure, forming MTF-x solid-solution phase. Fig. 1b shows the lattice 

parameter and volume changes of unit cell derived from XRD. With the increase of F doping 

up to x = 0.06, the lattice parameter c (the distance between a-b planes) decreases, suggesting 

the MO6 and MO5 polyhedrons are shrinking. However, lattice parameter a and b increase, 

attributed to the strong electronegativity of F ions, resulting in the expansion of S-type 

channels. However, when the amount of F doping increase to x = 0.08 (MTF-4), a P2-type 

layered phase appears, indicating the tunnel structure cannot be stabilized under high F 

doping amount. In addition, the lattice parameters of MTF-4 start to change in the reversed 

directions. A schematic of tunnel structure is shown in Fig. 1c, the size of S-shape channel is 

enlarged by the increase of lattice parameter a and b with F doping. Thus, the 

thermodynamical characteristics for Na storage may become better, facilitating Na 

intercalation and deintercalation. It is known that Na ions transfer from one unit cell to 

another along c direction in the S-shape channels. Therefore, the kinetics of Na 

intercalation/deintercalation can be enhanced by the decreased lattice parameter c, which 

shortens the Na migration paths from one unit cell to another. From the data above, it is 

confirmed that F doping can effectively expand a-b plane and decrease lattice parameter c of 



  

7 
 

the tunnel structure. We believe that the thermodynamics and kinetics for Na storage in tunnel 

structure could be enhanced by F doping, especially for MTF-3. It is evidenced by the 

electrochemical performance results shown in Fig. S1. The Rietveld refinement of the XRD 

pattern of MTF-3 is shown in Fig. 1d, the lattice parameters of MTF-3 are a=9.21774 Å, 

b=26.5267 Å, and c=2.86392 Å. Compared with tunnel-type Na0.66[Mn0.66Ti0.34]O2 reported 

by Hu et al.[5], lattice parameter a and b are higher while c is lower than the reported values 

of Na0.66[Mn0.66Ti0.34]O2, further confirming the effect of F doping. Scanning electron 

microscopy (SEM) image (Fig. S2) shows that the synthesized MTF-3 mainly consists of rod-

like particles in micrometer scale (1-5 μm). EDX mapping indicates all the elements in MTF-

3 are distributed homogeneously in the particles. 

 

Fig. 2. XANES spectra of a) Mn and b) Ti K-edges of MTF-3 and corresponding metal oxide references 

with standard valence states, including Mn2O3 (Mn3+), MnO2 (Mn2+), TiO (Ti2+), TiO2 (Ti4+). 

 

Fig. 2 illustrates the X-ray absorption near edge structure (XANES) spectra of Mn and Ti K-

edge for MTF-3. Compared with the standard references (Mn2O3, MnO2, TiO, TiO2), the 

valence states of Mn and Ti in the as-synthesized MTF-3 are estimated to be 3+ and 4+, 

respectively.[24] They are same as the valence states of Mn and Ti in the reported MTF-

0,[13,14] implying that F doping does not affect the valence states of transition metals in the 

tunnel structure. 



  

8 
 

3.2 Electrochemical performance 

The sodium storage performance of MTF-3 were investigated by galvanostatic 

charge/discharge in the voltage range of 1.5-3.8 V at a current rate of 0.2 C (22 mA g-1), as 

shown in Fig. 3a. The open circuit voltage (OCV) is about 2.75 V (vs. Na+/Na). The charge-

discharge profiles show a typical sloping feature without clear plateaus, which are similar as 

the undoped MTF-0. The initial charge capacity of MTF-3 is found to be 57 mAh g-1, 

corresponding to about 0.21 Na extracted per MTF-3. During discharge, a capacity of 96 mAh 

g-1 can be achieved (0.35 Na per MTF-3). It is higher than the discharge capacity of MTF-0 

(Fig. S1), implying F doping could improve the sodium intercalation property of MTF. After 

50 cycles, a reversible capacity of 95 mAh g-1 can still be maintained, illustrating good 

capacity retention. Fig. 3b shows the rate capability of MTF-3 electrodes at various rates from 

2 C to 20 C. The reversible capacities decrease from 95 mAh g-1 to 65 mAh g-1 when the 

current increases from 2 C to 20 C. After the current returns to 2 C, the capacity can recover 

to 86 mAh g-1, illustrating good rate capability. In addition, the discharge capacity keeps 

nearly constant after 200 cycles at the current of 2 C. A specific capacity of 85 mAh g-1 can 

be kept even after 1000 cycles at 2 C rate, further confirms the superior long term cycle 

stability, benefit from the enlarged tunnel structure. Compared with the rate capability and 

cycle performance of MTF-0 (Fig. S3), these results evidenced that F doping can effectively 

improve the rate performance and cycle stability of MTF. 
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Fig. 3. a) Galvanostatic charge/discharge curves of MTF-3 in the initial 50th cycles at a current rate of 0.2 

C (22 mA g-1) in the potential range of 1.5-3.8 V versus Na+/Na at 25℃. b) Rate capability at various 

current rates from 2C to 20 C at 25℃. c) The long-cycling performance at 2 C for 1000 cycles at 25℃. 

 

The CV curves of MTF-3 in the first five cycles are presented in Fig. 4a. Three pairs of 

oxidation/reduction peaks locate at 3.30/3.25, 2.27/2.20 and 1.96/1.90 V (vs. Na+/Na), 

respectively. These redox peaks are quite symmetric without current decreasing. As shown in 

Table S1, the voltage polarizations between charge and discharge are less than 100 mV, 

indicating excellent kinetics characteristics and reversibility for MTF-3. For comparison, the 

redox peaks of MTF-0 shown in Fig. S4 exhibit much higher voltage polarization than MTF-3, 

also evidenced by Table S1. In addition, the peak voltage difference of MTF-3 between the 

charge and discharge is much smaller than that of MTF-0 especially at high voltage (Table 

S1), suggesting the effect of F doping on enhancing kinetics and reversibility is more 

significant at high voltage region. 

 

Fig. 4. a) The initial five cyclic voltammograms (CV) of the MTF-3 electrode between 1.5 and 3.8 V 

versus Na+/Na at a scan rate of 0.1 mV s-1. b) Plot of the peak current (Ip) as a function of the square root of 

sweeping rates (v1/2) calculated from cyclic voltammograms (CV) at scanning rate from 0.2-1.0 mV s-1. c) 

ln(D) as a function of inverse temperature obtained from EIS. 

 

3.3 Kinetics characteristics 

The ionic diffusion process in MTF are investigated by measuring the CV curves at different 

scanning rates. The peak shape and peak current evolution of CV curves with sweep rates are 
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related to the kinetics of Na intercalation/deintercalation in the host structure. Fig. S5 and S6 

shows CV curves of MTF-0 and MTF-3 at various scan rates from 0.1 to 1.0 mV s-1 in the 

potential range of 1.5-3.8 V. In general, with the increase of scan rates, the peak currents (Ip) 

of the oxidation and reduction peaks increase. The Ip can be plotted as a function of the scan 

rate v1/2, based on the following equation:[20-23] 

𝐼𝐼𝑝𝑝 = 2.69 × 105𝑛𝑛3/2𝐴𝐴𝐷𝐷1/2𝑣𝑣1/2𝐶𝐶0                          (1) 

Where n is the number of electrons per reaction species, A is the area of electrode, D is the 

diffusion coefficient of Na+, C0 is the concentration of Na+ in the lattice. As shown in Fig. 4b, 

the peak currents Ip shows a good linear dependence on the square root of the scan rate for 

intercalation process, indicating a diffusion-controlled behavior.[25] The diffusion 

coefficients (D) for MTF-0 and MTF-3 calculated from Equation (1) are 1.72 × 10-11 and 2.42 

× 10-11 cm2 s-1, respectively.  

To further investigate the thermodynamics and kinetics characteristics of F doping in the 

tunnel structure, electrochemical impedance spectroscopy (EIS) of MTF-0 and MTF-3 was 

measured. Fig. S7 shows the measured and fitted EIS results testing from 30 to 60 ℃. By 

using the equivalent circuit model[26], the fitted results (Z_cal) are well accord with the 

measured results (Z_msd). The diffusion coefficient (D) and activation energy (Ea) can be 

calculated by the following equations:[21,23] 

D = 𝑅𝑅2𝑇𝑇2𝑌𝑌02

𝑛𝑛4𝐹𝐹4𝐴𝐴2𝐶𝐶2
                                                                 (2) 

ln𝐷𝐷 = −𝐸𝐸𝑎𝑎
𝑘𝑘
1
𝑇𝑇

+ 𝑙𝑙𝑙𝑙𝐷𝐷0                                                 (3) 

Where R is ideal gas constant, T is absolute temperature (K), n is electron transfer number, F 

is Faraday constant, A is the area of electrode, C is the concentration of Na+ in the lattice. Y0 is 

calculated semi-infinite Warburg diffusion impedance (Zw).[27] Where, k is Boltzmann 

constant, Ea is activation energy. The diffusion coefficients of MTF-0 and MTF-3 at 30 ℃ 

based on Equation (2) are 9.42×10-12 and 2.35×10-11 cm2 s-1, which are slightly smaller than 
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the values derived from CV. The calculated activation energy for MTF-3 based on Equation 

(3) is 0.678 eV, smaller than 0.942 eV for MTF-0, as shown in Fig. 4c. These results manifest 

that F doping can effectively enhance the thermodynamics and kinetics properties of the 

tunnel-structured cathode materials. 

 

3.4 Structure evolution 

 To monitor the structural changes of MTF-3 during Na extraction and insertion, ex situ XRD 

was conducted at various charge/discharge states in a voltage range of 1.5-3.8 V vs. Na+/Na. 

The results are presented in Fig. 5. During the charge process, most of diffraction peaks shift 

continuously to higher angles, indicating the shrinking of the unit cells of MTF-3 upon 

sodium deintercalation in a solid-solution behavior. At the end of the charge, a new peak can 

be observed indicating a new phase is formed. However, the new phase cannot be resolved at 

this stage due to the poor data quality. Compared with the phase transition behavior of 

Na0.44Mn0.44Ti0.56O2 [6] and Na0.66Mn0.66Ti0.34O2 [5] reported in previous literatures, the peak 

shift of MTF-3 is much less than Na0.44Mn0.44Ti0.56O2 and Na0.66Mn0.66Ti0.34O2, implying that 

F doping can effectively prevent the unit cell change of the tunnel structure during 

desodiation and sodiation, resulting better structure stability. 
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Fig. 5. Ex-situ X-ray diffraction patterns collected during the first charge/discharge and the second charge 

of Na/MTF-3 cells at a current rate of 0.2 C in the potential range between 1.5 and 3.8 V. 

 

Fig. 6. a) Charge and discharge plots of NCMT-2 electrode for ex XAFS. b), c) and d) Mn K-edge XANES 

of MTF-3 at various stages during the first charge/discharge and the second charge process, respectively. e) 

Ti K-edges XANES of MTF-3 at various stages during the first charge/discharge and the second charge 

processes. 

 

3.5 Charge compensation 

The local geometry and valence changes of MTF-3 during the charge/discharge processes are 

investigated by X-ray absorption spectroscopy (XAS).[28,29] Fig. 6 shows the X-ray 

absorption near edge structure (XANES) spectra of Mn and Ti during the first charge, first 

discharge and second charge processes. The charge/discharge curves and corresponding states 

where the XAS scans were taken are presented in Fig. 6a. indicating very stable Ti4+ is 

maintained with no valence change during sodium intercalation and deintercalation. However, 

for Mn K-edge spectra in the initial charge and discharge (Fig. 6c-e), the white line shifts to 

higher energy, indicating Mn cation is oxidized to higher valance states (Mn3.0+→Mn3.4+) 

during the charge process, corresponding to 0.21 Na+ deintercalated per MTF-3. It agrees well 
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with the initial charge capacity of 57 mAh g-1. In the first discharge process (Fig. 6d), the 

XANES spectra of Mn shift back toward lower energy, suggesting the reduction of Mn back 

to Mn2.8+, corresponding to 0.36 Na+ per MTF-3 intercalated during discharge, agreeing well 

with the initial discharge capacity of 96 mAh g-1. In the second charge process (Fig. 6e), the 

valance state of Mn undergoes reversed change compared the initial discharge process, 

suggesting a reversible evolution of the electronic structure and surrounding environment of 

Mn in MTF-3. The XAS results confirm the charge compensation of MTF-3 during charge 

and discharge is mainly contributed by Mn. 

 

Fig. 7. a) Galvanostatic charge/discharge curves of MTF-3 at a current rate of 0.2 C at 50, 25, 0 and -20 ℃. 

b) The long-cycling performance of MTF-3 at various temperature of 0 ℃, -20 ℃ and 25 ℃. 

 

3.6 Temperature dependence 

From the above results, it is known that F doping results in larger channels for sodium 

diffusion with better kinetics and thermodynamics, as well as structure stability. Since the 

low-temperature performance is highly depended on the kinetics and thermodynamics of the 

electrode materials, the electrochemical performance of MTF-3 and MTF-0 at different 

temperature were investigated. As shown in the Fig. 7a, MTF-3 exhibited a reversible 

capacity of 107 mAh g-1 at 50 ℃, 11 % higher than 96 mAh g-1 at room temperature. At 0 ℃, 

the reversible capacity decreases to 84 mAh g-1, while the voltage polarization is still low. 
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When the temperature goes down to -20 ℃, a reversible capacity of 60 mAh g-1 can still be 

delivered. For comparison, the discharge capacity of MTF-0 at -20 ℃ is less than 10 mAh g-1 

as shown in Fig. S8. Considering the large ion radius of Na compared with Li, the low 

temperature could result in very poor kinetics for Na ion transportation in the host framework. 

The enlarged S-shape tunnels caused by F doping play a key role in facilitate Na 

transportation at low temperature. On the other hand, the charge-discharge curves of MTF-3 

at -20 ºC show increased voltage polarization. It is reported previously that ohmic polarization 

controlled the overall polarization at room temperature.[30,31] However, at the temperature 

below -20 ºC, the charge-transfer polarization dominates the overpotential.[31] Thus the 

increased voltage polarization of MTF-3 at -20 ºC should be mainly contributed by the 

charge-transfer polarization. The cycle performance of MTF-3 at low temperature is shown in 

Fig. 7b. In the initial 30 cycles, the temperature was set to 0 ºC. A reversible capacity of 84 

mAh g-1 is maintained with negligible capacity fading. After 30 cycles, the temperature is set 

down to -20 ºC, a reversible capacity of 61.5 mAh g-1 is retained with the average capacity 

fading of 0.04 % per cycle, exhibiting superior cycle performance at such a low temperature. 

When the temperature is reset to room temperature (25 ºC), the capacity recovers to 93 mAh 

g-1, suggesting strong tolerance at various temperatures. It should be noted that the primary 

particle size of MTF-3 are in the range of 1-5 μm and not optimized. We believe the low-

temperature performance can be further improved by optimizing the particle size and surface 

coating.[32] 

4. Conclusion 

In this work, a series of F doped tunnel-structured Na0.66[Mn0.66Ti0.34]O2-xFx (x=0.02, 0.04, 

0.06, 0.08) cathode materials are designed and synthesized for SIBs. F doping affects the unit 

cells with increased a and b lattice parameters and decreased c lattice parameter, resulting in 

enlarged S-shape channels for sodium transportation with better kinetics and thermodynamics, 

as well as structure stability. Among them, MTF-3 delivers the highest reversible capacity of 
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97 mAh g-1 at 0.2 C with excellent capacity retention in 1000 cycles at 2 C current rate. Both 

CV and EIS measurements confirm that diffusion coefficient can be increased significantly by 

F doping. In addition, F doping shows marked effectiveness to improve the low temperature 

performance of MTF at -20 ºC. MTF-3 delivers a stable reversible capacity of 84 mAh g-1 at 0 

ºC and 61.5 mAh g-1 at -20 ºC with superior capacity retention, while MTF-0 only yields a 

very low capacity of 6-7 mAh g-1 at -20 ºC. XRD results prove the single phase evolution 

character during charge and discharge, and less lattice changes of MTF-3 compared with 

MTF-0, benefiting for the cycle performance in MTF-3. XAS results reveal that the charge 

compensation of MTF-3 during cycling is only contributed by Mn-ion redox. This work opens 

new opportunities to design advanced intercalation-type cathode materials for sodium ion 

batteries, especially for low temperature applications. 

 

Supporting Information 

Galvanostatic discharge curves, rate capability, long-cycling performance, cyclic 
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Supporting Information 
 
 
 
 

 
 
Fig. S1. Galvanostatic discharge curves of MTF-0 (black), MTF-1 (olive), MTF-2 (blue), 

MTF-3 (red) and MTF-4 (cyan) in the initial cycle at a current rate of 0.2 C (22 mA g-1) in the 

potential range of 1.5 - 3.8 V versus Na+/Na. 
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Fig. S2. The SEM image (a) of MTF-3 and corresponding EDX mapping (b) of element Na, 

Mn, Ti, O and F. 
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Fig. S3. (a)  Rate capability for MTF-0 at various current rates from 2C to 20 C at 25 °C in 

the potential range of 1.5-3.8 V versus Na+/Na. (b) The long-cycling performance of MTF-0 

at 0.2 C for 100 cycles at 25°C. 
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Fig. S4. The initial five cyclic voltammograms (CV) of the MTF-0 electrode between 1.5 and 

3.8 V versus Na+/Na at a scan rate of 0.1 mV s-1. 
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Fig. S5. CV profiles for MTF-0 electrode at various scan rates of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 

0.7, 0.8, 0.9 and 1 mV s-1. 
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Fig. S6. CV profiles for MTF-3 electrode at various scan rates of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 

0.7, 0.8, 0.9 and 1 mV s-1. 

  



  

26 
 

 

 

 
 

Fig. S7. Nyquist plots of measured electrochemical impedance spectroscopy (EIS) results 

(Z_msd) and calculated results (Z_cal) from equivalent circuit model of the MTF-0 (red) and 

MTF-3 (blue) electrode at 30 (a), 40 (b), 50 (c) and 60 ºC (d), inserting images is the 

equivalent circuit model for nyquist plots. 
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Fig. S8. The galvanostatic charge/discharge curves of MTF-0 for the first (black) and the 

second (red) cycle at -20 ºC.  
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Table S1. The peak potential of MTF-0 and MTF-3 in the CV at 0.1 mV s-1 for positive and 
negative scanning. The △V is the voltage polarizations between charge (positive scan) and 
discharge (negative scan). 
 
Sample Scanning Potential / 

V 
△V / V Potential / 

V 
△V / V Potential / 

V 
△V / V 

MTF-0 Positive 1.93 0.08 2.29 0.13 3.35 0.18 Negative 1.85 2.16 3.17 
MTF-3 Positive 1.96 0.06 2.27 0.07 3.30 0.05 Negative 1.90 2.20 3.25 

 
 
 

 

 

 

 

 


