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Effects of Mg Doping on Remarkably Enhanced 

Electrochemistry Performances of Na3V2(PO4)3 

Cathode Material for Sodium Ion Batteries 

Hui Li,a Xiqian Yu,b Ying Bai,*a Feng Wu,a Chuan Wu,*a Liang-Yu Liua and 
Xiao-Qing Yang*b  

Na3V2-xMgx(PO4)3/C composites with different Mg2+ doping contents (x=0, 0.01, 0.03, 0.05, 
0.07 and 0.1) were prepared by a facile sol-gel method. The doping effects on the crystal 
structure were investigated by XRD, XPS and EXAFS. The results show that low dose doping 
Mg2+ does not alter the structure of the material, and magnesium is successfully substituted for 
vanadium site. The Mg doped Na3V2-xMgx(PO4)3/C composites exhibit significant 
improvements on the electrochemistry performances in terms of the rate capability and cycle 
performance, especially for the Na3V1.95Mg0.05(PO4)3/C. For example, when the current density 
increased from 1 C to 30 C, the specific capacity only decreased from 112.5 mAh g-1 to 94.2 
mAh g-1 showing very good rate capability. Moreover, even cycling at a high rate of 20 C, an 
excellent capacity retention of 81% is maintained from the initial value of 106.4 mAh g-1 to 
86.2 mAh g-1 at the 50th cycle. Enhanced rate capability and cycle performance can be 
attributed to the optimized particle size, structural stability and enhanced ionic and electronic 
conductivity induced by Mg doping. 
 
 
 
 

1 Introduction 

In the past several decades, lithium ion batteries play an 

important role as the prominent power sources for electronic 

devices.1-3 However, the limited abundance of lithium in the 

global scale, its uneven geographic distribution and difficulties 

in recycling lithium resources have raised concerns about large 

scale application of lithium ion batteries.4-5 Therefore, the 

search for alternative energy-storage systems that could 

complement the existing lithium-ion batteries is getting more 

and more attention. Sodium, unlike lithium, is much more 

abundant on earth, where the sodium concentration is estimated 

to be 10320 ppm in seawater and 28300 ppm in the 

lithosphere.6 In addition, sodium has similar physical and 

chemical properties as lithium. Therefore, the development of 

low-cost sodium ion batteries for large-scale energy storage 

system applications is very important.7 

  Recently, sodium ion batteries gained increasing attention 

due to their abundant reserves and relatively even geological 

distribution.8 Actually, many electrode materials such as,  

Na4Fe3(PO4)2(P2O7),9 Na[Ni0.25Fe0.5Mn0.25]O2/C,10 

Na[Li0.05(Ni0.25Fe0.25Mn0.5)0.95]O2,11 NaxCoO2,12 Na2C8H4O4,13 

Na3(VO1-xPO4)2F1+2x,14 Prussian Blue analogues,15,16 

Phosphorus,17,18 TiO2
19 have been studied as active materials in 

cathodes and anodes for sodium ion batteries. However, due to 

the bigger ionic radius of the sodium ion than lithium ion 
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(1.02Å for Na+ vs 0.76Å for Li+ ), their storage performance 

and cycle performance are much poorer than their lithium 

counterparts. The larger Na+ ionic radius is proved to be a 

crucial obstacle for Na+ diffusion.20,21 Therefore, improving the 

Na+ diffusion is quite important in developing new electrode 

materials for sodium-ion batteries with good electrochemical 

performance.   

  NASICON-type Na3V2(PO4)3 has recently been investigated 

as a prospective cathode material for sodium ion batteries. It is 

worth noting that Na3V2(PO4)3 possesses the highly covalent 

three dimensional framework that generates large interstitial 

spaces through which sodium ions may diffuse easily.22-27 In 

addition, the electrochemical response of the Na3V2(PO4)3 

electrode displays two flat plateaus at 3.4 V and 1.6 V vs. 

Na+/Na; the voltage plateau located at 3.4 V is relatively higher 

than most of other cathode materials for sodium ion batteries in 

recent reports.28,29 However, Na3V2(PO4)3 also has inherent 

deficiency. The distorted VO6 octahedral units in the 

NASICON structure negatively affects the electronic 

conductivity, making the electronic conductivity of 

Na3V2(PO4)3 similar as Li3V2(PO4)3 and LiFePO4, and 

significantly limits its electrochemical performance.28-32 

  Up to now, two major methods have been used to increase 

the electric conductivity of Na3V2(PO4)3: (i) coating various 

carbon materials;25,30 (ii) reducing the particle size to 

nano-size.24,31 The surface coated carbon mainly improves the 

electronic conductivity of Na3V2(PO4)3, and nanosized particles 

can improve ionic conductivity through shortening the diffusion 

distance of sodium ion. However, the bulk phase characteristic 

of Na3V2(PO4)3 is hard to be modified by these methods at all. 

On the other hand, doping foreign ion has been proved to be 

effective in improving the intrinsic electronic conductivity in 

lithium ion batteries.32 Goodenough and co-workers33 reported 

the improved charge-transfer kinetics of LiFePO4 by anion site 

modifications with sulfur and nitrogen via density functional 

theory (DFT) calculations. Wang34 demonstrated that the 

olivine phosphate, when co-modified with graphene and Mg2+ 

doping demonstrates improved kinetic properties. Although 

significant amount of results about doping various ions in 

electrode materials for lithium ion batteries have been reported, 

in contrast, similar reports for sodium ion batteries are much 

less in the literature, especially for Na3V2(PO4)3 electrode 

material.  

  In this work, Mg was selected to dope Na3V2(PO4)3/C 

cathode material, due to the light atomic weight and the 

advantages for improving performances of the electrode 

materials  revealed in lithium ion batteries. Comparing with 

undoped Na3V2(PO4)3/C, the Mg doped Na3V2-xMgx(PO4)3/C 

composites exhibit remarkable improvements in Na storage 

performances, in terms of the rate capability and cyclic 

stability. The effects of Mg doping on modification of the 

crystal structure and the electric properties of the doped 

materials are explored in detail, with the interpretion of the 

enhanced electrochemical performance in this paper. 

2 Experimental Section  

2.1 Materials Preparation 

The Na3V2-xMgx(PO4)3/C samples, where x=0, 0.01, 0.03, 0.05, 

0.07 and 0.1, were synthesized by a sol-gel method using 

NaOH, NH4VO3, NH4H2PO4, Mg(CH3COO)2 and citric acid as 

starting materials. Citric acid was used as both chelating 

reagent and carbon source. Firstly, citric acid was dissolved in 

deionized water with continuous stirring at room temperature. 

Then, after a clear solution was formed, a mixture of 

stoichiometric NaOH, NH4VO3, Mg(CH3COO)2 and 

NH4H2PO4(3.1:2-x:x:3,x=0,0.01,0.03,0.05,0.07 and 0.1) was 

added to the solution with violently stirring, and then a gel 

formed at 80 oC. The gel was initially heated to 350 oC in air 

atmosphere for 4 h, followed by cooling to room temperature. 

Finally, the obtained product was slightly ground and reheated 

at 800 oC for 8 h under flowing argon to yield the 
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Na3V2-xMgx(PO4)3/C. All chemical reagents were of analytical 

grade and used as received without any further purification. 

2.2 Characterizations 

X-ray diffraction (XRD) characterization was performed using 

an X-ray diffractometer (D/MAX-RB) with a Cu Ka radiation 

at ambient temperature. The chemical compositions of the 

synthesized powders were determined using inductively coupled 

plasma optical emission spectrometer (ICP-OES, IRIS Intrepid II 

XSP). The surface morphology of the sample was observed by 

scanning electron microscopy(SEM, HITACHI S-4800). The 

Raman spectra were taken by using a lab RAM ARAMIS laser 

Raman spectroscopy equipped with a 514 nm Ar-ion laser. The 

HRTEM images were obtained using a high-resolution 

transmission electron microscope (Hitachi H-800). The carbon 

content of the sample was obtained by using an organic element 

analyzer (Vario EL cube). X-ray photoelectron spectroscopy 

(XPS) (PHI5700, America) with monochromatic Al Ka 

radiation was employed to investigate the oxidation state of V 

in the Na3V2-xMgx(PO4)3/C samples. The binding energy values 

were calibrated by using the value of carbon contaminant on the 

sample (C1s = 284.5 eV) as a reference. X-ray absorption 

spectroscopy (XAS) experiments were carried out at beamline 

9-BM-B (APS, ANL) in transmission mode using a Si (111) 

double-crystal monochromator detuned to the 50% value of its 

original maximum intensity to eliminate the high order 

harmonics. X-ray absorption near edge structure (XANES) and 

extended X-ray absorption fine structure (EXAFS) data were 

analyzed by ATHENA software package.35  

2.3 Electrochemical tests 

The electrochemical tests were carried out using coin cells 

(CR2025) assembled in an argon filled glove box 

(Labmaster130). The cathode electrodes consist of 80 wt % 

active material, 10 wt % SP, and 10 wt % polyvinylidene 

fluoride (PVDF) binder. The mixed slurry was spread onto 

aluminum foil. Then, the electrodes were dried at 80 oC over 8 

h to remove the solvent before pressing. Then a circular cathode 

disc with a diameter of 1.0 cm was punched from the aluminum 

foil. The mass loading of the active material was typically 

around 2.3 mg cm-2. The cell was made using sodium metal foil 

as the anode and Celgard 2400 as separator. The electrolyte was 

0.6 M NaPF6 in a mixture of ethyl carbonate (EC) and diethyl 

carbonate (DEC) (volume ratio=1:1). Galvanostatic 

discharge/charge measurements were carried out in LAND 

battery test system (CT2001A, Wuhan, China) in the potential 

range of 2.5-4.0 V (vs. Na+/Na) under various current densities. 

Before the charge/discharge tests, the batteries were aged for 10 

h to ensure good soakage of the Na3V2-xMgx(PO4)3/C(x=0, 

0.01, 0.03, 0.05, 0.07 and 0.1) in the cathode by the electrolyte. 

To evaluate the Na+ diffusion coefficient, electrochemical 

impedance spectroscopy (EIS) was performed on an 

electrochemical workstation (CHI 660a, Shanghai, China), over 

a frequency range of 100 kHz to 10 mHz with an applied 

amplitude of 5 mV. The parameters of the equivalent circuit 

were calculated and analyzed by computer simulations using 

the ZView software. The electronic conductivity measurements 

were performed on a RTS-4 linear four-point probe system. 

Firstly, 1 g Na3V2-xMgx(PO4)3/C(x=0, 0.01, 0.03, 0.05, 0.07 and 0.1) 

without any adhesives was placed in a powder tablet machine with 

the pressure of 10 Mpa to make the Na3V2-xMgx(PO4)3/C(x=0, 0.01, 

0.03, 0.05, 0.07 and 0.1) pellet, respectively. Then, for each sample, 

the electronic conductivity was measured at five different positions 

on the Na3V2-xMgx(PO4)3/C(x=0, 0.01, 0.03, 0.05, 0.07 and 0.1) 

pellet with 15mm in diameter and 1 mm in thickness to calculate the 

average electronic conductivity value. 
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Fig. 1 a) XRD patterns of Na3V2-xMgx(PO4)3 phases (x = 0.00, 0.01, 0.03, 0.05, 0.07 and 0.1). b) X-ray photoelectron spectroscopy of V2p in Na3V1.95Mg0.05(PO4)3. c) 

EXAFS spectra of undoped and Mg doped Na3V2(PO4)3. d) Rietveld refined XRD patterns of Na3V1.95Mg0.05(PO4)3.  

3 Results and discussion 

In order to confirm the effects of Mg2+ doping on the structure 

of Na3V2(PO4)3, XRD patterns for a series of Mg doped 

Na3V2(PO4)3 were collected and the results are shown in Fig. 

1a. All of the diffraction peaks can be assigned to the 

NASICON structure with CR3  space group (2 Na in 18e 

position, 1 Na in 6b position). No Bragg peaks representing 

impurities or other structures have been detected, indicating that 

low dose doping of Mg2+ does not alter the structure of the 

material.  

  According to the reports about ion doping in lithium 

transition metal phosphates materials for lithium ion batteries, 

there are two available sites for ion doping. One is lithium site, 

and the another is transition metal site.36,37 To identify the 

doping site of Mg in Na3V2-xMgx(PO4)3, X-ray photoelectron 

spectroscopy (XPS) was used to study the oxidation states of 

the vanadium in the compounds with x= 0.05 to further identify 

the doping site of Mg. Replacing V3+ with Mg2+, due to the 

different valence state between V3+ and Mg2+, will lead to the 

formation of V4+. Fig. 1b illustrates the experimental values and 

the fitted curves of XPS for V2p. The fitting results are given in 

Table S1. The scale of binding energy (BE) is referenced by 

setting the BE of C1s to 284.5 eV. As can be seen from Fig. 1b, 

the V 2p3/2 fits to peaks with the BE of 515.5 eV and 515.8 eV, 

which match well with those measured in V2O3 (515.3 eV) and 

VO2 (515.75 eV) in the literature.38,39 Therefore, it is reasonable 

to assume that both the V3+ and V4+ ion coexist in Mg doped 

Na3V2(PO4)3 and magnesium is successfully substituted for 

vanadium as designed. To explore the effects of Mg2+ doping 

on the structure of Na3V2(PO4)3, the extended X-ray absorption 

fine structure (EXAFS) spectra analysis was performed to 

investigate the local environment around V (Fig. 1c). Each 

reflection peaks shown in the EXAFS spectra represents the 

interaction between V ions and the surrounding atoms as 

labeled on the inset figure of the crystal structure. The slight 

peak intensity differences between undoped and doped 

Na3V2(PO4)3 indicate slight local structure changes (e.g. 

disordered extent, vacancies etc.) occurring around V site upon 

Mg doping. The peak positions remain unchanged indicating 

that the crystal framework doesn't change with Mg doping. This 
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is in good agreement with the XRD and XPS results on the 

successful substitution of magnesium at vanadium sites. 

 

Fig. 2 a) SEM image of Na3V2(PO4)3/C. b) SEM image of Na3V1.95Mg0.05(PO4)3/C. 

c) HRTEM image of Na3V2(PO4)3/C(inset:the selected-area electron diffraction 

(SAED) pattern of Na3V2(PO4)3/C). d) HRTEM image of Na3V1.95Mg0.05(PO4)3/C 

(inset: the selected-area electron diffraction (SAED) pattern of 

Na3V1.95Mg0.05(PO4)3/C). e) Raman spectrum of Na3V2(PO4)3/C. f) Raman 

spectrum of Na3V1.95Mg0.05(PO4)3/C. 

  In order to further explore the structure change affected by 

the Mg doping, the Rietveld refinement was conducted for the 

Na3V2-xMgx(PO4)3 compounds with x = 0 (Fig. S1) and 0.05 

(Fig. 1d). In this work, the refinements were carried out using 

the GSAS program suite, and a space group of CR3  was 

chosen as the refinement model. The data of calculated 

lattice parameters are listed in Table S2-S4. The value 

of the “a”  axis (a=b axis), “c” axis and the lattice 

volume decrease slightly with Mg2+ doping. It is in 

agreement with the fact that the radius of Mg2+ (r =0.65 

Å) is smaller than that of V3+ (r =0.74 Å). In addition, the 

average lengths of the V–O and P–O bond for 

Na3V1.95Mg0.05(PO4)3 is shorter than Na3V2(PO4)3, suggesting 

that the composites modified by Mg2+ doping have a more 

stable structure for the charge/discharge reaction.34,40 

Meanwhile, the shortened average bond of V–O and P–O may 

cause broadening of the channels for sodium ion diffusion. 

Moreover, the average length of the Na–O bond of 

Na3V1.95Mg0.05(PO4)3/C is longer than Na3V2(PO4)3/C. A 

longer Na–O bond has a smaller binding energy, leading to an 

easy migration of Na+ due to the reduction of the energy barrier, 

which will be beneficial to the electrochemical performance of 

cathode materials, especially at the high-C rate.41.42  

  To obtain the precise elemental compositions of the Mg2+ 

doping samples, the ICP-OES was employed. Table S5 lists the 

molar ratios of Na, V and Mg for the samples with different Mg2+ 

doping amounts. It has been found that the molar ratios are very 

close to the theoretical values, which implies that the V atoms were 

successfully replaced by Mg atoms, at different doping levels, as 

designed. 

   

  In order to confirm the effects of Mg2+ doping on the 

morphology of Na3V2(PO4)3, the undoped sample Na3V2(PO4)3 

and Na3V2-xMgx(PO4)3/C(x=0.01, 0.03, 0.05, 0.07 and 0.1) 

composites were investigated by SEM. As can be seen in the 

SEM images, a severely aggregated morphology can be 

observed for Na3V2(PO4)3 sample in Fig. 2a, while the Mg 

doped samples have smaller particles sizes and narrower 

particles size distribution of 0.5-5.0 µm in Fig. 2b and Fig. S2. 

These results confirm that the Mg doping may slightly affect 

the morphology of samples. The reduced particle sizes for 

Na3V2-xMgx(PO4)3/C (x=0.01, 0.03, 0.05, 0.07 and 0.1) can be 

attributed to the decomposition of Mg(CH3COO)2 in the 
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precursor mixtures, which prevents the agglomeration of final 

products during high temperature sintering.43 The energy 

dispersive X-ray (EDX) elemental mapping results of 

Na3V2(PO4)3/C and Na3V1.95Mg0.05(PO4)3/C are shown in Fig. S3. It 

is clearly seen that Na,V, P, O and Mg distributions were quite 

uniform in Na3V1.95Mg0.05(PO4)3/C. To further investigate the 

morphology and microstructure of the various samples, 

HRTEM images of the Na3V2(PO4)3/C and 

Na3V1.95Mg0.05(PO4)3/C particles are shown in Fig. 2c and 2d. 

As can be seen, both the Na3V2(PO4)3/C and 

Na3V1.95Mg0.05(PO4)3/C are coated with uniform carbon layers 

on the particles surface. It has been proved that the carbon layer 

would result in the formation of a mixed conducting network, 

which is beneficial for both electron and ion transport.24 

Furthermore, the clear lattice fringes can be observed for these 

two samples. In Fig. 2c, the lattice fringes with a d-spacing of 

approximately 0.204 nm corresponds to the distance between 

(306) planes of Na3V2(PO4)3/C can be observed; Fig. 2d 

presents lattice fringes with a d-spacing of 0.6123 nm, which is 

in good agreement with that of the (012) planes for 

Na3V1.95Mg0.05(PO4)3/C. The inset of Fig. 2c and 2d are 

selected-area electron diffraction (SAED) patterns indicating 

the highly ordered single-crystal character of these two 

samples. 

  In order to identify the nature of the carbon layer formed on 

the surface of particles, Raman spectra were recorded for both 

the pristine and Na3V1.95Mg0.05(PO4)3/C powders and the results 

are given in Fig. 2 e-f. For both the Na3V2(PO4)3/C and 

Na3V1.95Mg0.05(PO4)3/C samples, two distinguishable peaks at 

about 1360 cm-1 (D-band) and 1600 cm-1 (G-band) are 

obtained, indicating the existence of the carbon layer in the 

materials. In a little more detail, the frequency of ~1600 cm-1 

corresponds to the G mode with the optically allowed E2g 

vibrations of the graphitic structure was observed for both 

samples, showing that the carbon films coated on the particles 

are partially graphitized. On the other hand, the D mode band 

with characteristic frequency of ~ 1360 cm-�1  relating to the 

disordered carbon was also observed.44 The intensity ratio 

between D and G modes provides information about the degree 

of crystallinity of carbon layer. In the present case, the ID/IG 

ratio are 0.92 and 0.90 for Na3V2(PO4)3/C and 

Na3V1.95Mg0.05(PO4)3/C, respectively, indicating that the 

coating predominantly contains sp2 type carbon, thereby 

enabling good electronic conductivity profiles.45 In addition, 

the carbon content of the various samples evaluated by organic 

elemental analysis was about 4.58 wt % and 4.23 wt % for 

Na3V2(PO4)3/C and Na3V1.95Mg0.05(PO4)3/C, respectively. Due 

to the similar ID/IG ratio and carbon content, it can be concluded 

that the carbon layer plays an equally important role in the 

electrochemical performance for both Na3V2(PO4)3/C and 

Na3V1.95Mg0.05(PO4)3/C. 

  The electrochemical performances of Na3V2-xMgx(PO4)3/C 

(x=0, 0.01, 0.03, 0.05, 0.07 and 0.1) cathodes were investigated 

in detail and presented in Fig. 3. To investigate the rate 

capability, the Na3V2-xMgx(PO4)3/C (x=0, 0.01, 0.03, 0.05, 0.07 

and 0.1) were tested stepwise from 1 to 30 C and the results are 

shown in Fig. 3a (note that 1 C means the full capacity can be 

charged or discharged in 1 h and 1 C = 117.6 mA g-1 in this 

work). The discharge capacities of all Mg doped materials are  
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Fig. 3 a) Rate capability of Na3V2-xMgx(PO4)3/C(x=0, 0.01, 0.03, 0.05, 0.07 and 0.1) at different current densities. Cycling stability of Na3V2-xMgx(PO4)3/C(x=0, 0.01, 

0.03, 0.05, 0.07 and 0.1) at b) 10 C and c) 20 C. Charge/discharge profiles of Na3V1.95Mg0.05(PO4)3/C at various cycles at current densities of  d) 10 C and e) 20 C. f) 

X-ray absorption spectra at V K-edge for Undoped and Mg-doped Na3V2(PO4)3 collected at the charged state. Reference spectra of V2O3 and V2O4 standard materials 

were presented to identify the oxidization states of the investigated materials. 

 

obviously better than the undoped one. The Na3V1.95Mg0.05(PO4)3/C sample shows the highest capacity. The discharge capacities 

of 102.6, 101.3, 97.2, 90.4, 5.8 and 5.9 mAh g-1 were obtained at 1, 2, 5, 10, 20 and 30 C for Na3V2(PO4)3/C, respectively. In 

contrast, Na3V1.95Mg0.05(PO4)3/C shows remarkably improved rate capability and delivers a discharge capacity as high as 112.5, 

111.3, 109.9, 108.5, 103.9 and 94.2 mAh g-1 at 1, 2, 5, 10, 20 and 30 C. When the rate was increased from 1 C to 30 C, a high 

capacity retention of 83.7 % was obtained. Such excellent rate capability is also quite impressive when compared to the reported 

values in the literature (Table S6). In addition, it is worth noting that when all the samples cycled at current densities as high as 20 

C and 30 C, the undoped Na3V2(PO4)3/C  

 

can only deliver discharge capacity around 5 mAh g-1, which can be considered that the Na3V2(PO4)3 electrode has lost the ability 

to charge/discharge. In comparison, the discharge  capacities of Mg doped Na3V1.95Mg0.05(PO4)3/C can still reach up to 103.9 and 

94.2 mAh g-1 at 20 C and 30 C, respectively. Therefore, it can be conclude that Mg doping in Na3V2(PO4)3 obviously enhance the 

rate capability, particularly at high rates. It is interesting to note that with the increasing Mg doping content, the discharge 

capacities under the same current densities increase first, reach a maximum value when the x is 0.05 in Na3V2-xMgx(PO4)3/C, then 

decrease (Fig. S4). A more detailed discussion about the reason for the volcano-type variation in the discharge capacity with 

doping level will be provided at the end of this paper. 

  Good high rate cycling is one of the most important electrochemical performance requirements of sodium ion batteries for the 

power storage application. A comparison of the discharge capacity as a function of cycle number for Na3V2-xMgx(PO4)3 with 

different Mg doping content (x = 0.00,  

0.01, 0.03, 0.05, 0.70 and 0.1) are given in Fig. 3 b-c. The samples were cycled between 2.5 to 4.0 V at different discharge 
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 rates (10 C and 20 C). It is easy to find that Mg doped Na3V2(PO4)3 cathode materials exhibit better rate capability and long term 

cycle stability than the undoped one, both at 10 C and 20 C. As shown in Fig. 3b, Na3V1.95Mg0.05(PO4)3 displays the best cycle 

performance: The initial capacity is 108.4 mAh g-1 at 10 C; after 50 cycles, it remained as high as 104.6 mAh g-1 with only 3.5 % 

lost. In contrast, the initial discharge capacity of Na3V2(PO4)3 sample was at a lower level of 101.8 mAh g-1; after 50 cycles, only 

85.5 mAh g-1 could be obtained with 16 % 

lost. At the higher rate of 20 C, such improvement in rate capability and cycle stability for Mg2+ doped samples(Fig. 3c) is much 

more significant: The Na3V2(PO4)3 can only deliver initial discharge capacity around 10 mAh g-1 at 20 C. In contrast, the 

Na3V1.95Mg0.05(PO4)3 was able to deliver an impressive initial value of 106.4 mAh g-1 at the same rate and finally stabilized at 86.2 

mAh g-1 after 50 cycles, demonstrating outstanding capacity retention. The excellent cycle stability of Na3V2-xMgx(PO4)3 is further 

confirmed by discharge curves at various cycles under 10 C and 20 C rates (Fig. 3 d-e). We can see that even during a prolonged 

cycling test on Na3V2-xMgx(PO4)3 electrode, there is nearly no apparent change in the charge=discharge profiles up to 50 cycles at 

10 C. In Fig. 3d, the obvious discharging plateau is observed at 3.2 V in the first cycle, with only a little potential drop (0.1 V) 

during the charge/discharge process up to the 50th cycle. Even at the higher current density of 20 C (Fig. 3e), the quite flat plateaus 

also can be observed during the prolonged cycling test, suggesting the excellent reversible sodium ion battery performance, 

structure stability of Mg-doped Na3V2-xMgx(PO4)3. 

  In order to understand the Na storage mechanism of undoped and Mg doped Na3V2(PO4)3, V K-edge XAS spectra were 

collected to examine the oxidation states of V at the fully charged state. The corresponding X-ray absorption near edge 

spectroscopy (XANES) results are shown in Fig. 3f. It can be seen that at the fully charged state, the XANES edge features of both 

undoped and Mg doped Na3V2(PO4)3 resemble that of the reference standard material V2O4, indicating V ions have been oxidize to 

tetravalent state. Combining the charge/discharge profiles and XANES, we can deduce that the charge/discharge   

mechanism of Mg doped materials is similar with the undoped one, the sodium extraction/insertion behavior can be described with 

the following reactions:    

−+ ++⇔
++

eNaPONaVPOVNa 22)()( 34
4

234
3

23 (1)                            
−+

−+− −+−+⇔
+++

exNaxPOMgVNaPOMgVVNa xxxxxx )22()22()()( 34
4

22134
43

223   

(2)              

where the reaction (1) and (2) correspond to the charge/discharge behavior of Na3V2(PO4)3 and Na3V2-xMgx(PO4)3/C, respectively.  

  Electrochemical impedance spectroscopy (EIS) was employed to investigate the electrode kinetics of various 

Na3V2-xMgx(PO4)3/C (x=0, 0.01, 0.03, 0.05, 0.07 and 0.1) samples. The Nyquist plots of the various Na3V2-xMgx(PO4)3/C (x=0, 

0.01, 0.03, 0.05, 0.07 and 0.1) electrodes charged to 4 V after 4 cycles are depicted in Fig.4a. In the Nyquist plots, each impedance 

spectrum consists of a depressed semicircle at high  

frequency, and a slope line at the low frequency range. The semicircle in the high frequency region is attributed to charge transfer 

resistance. The straight line in the low frequency region represents the diffusion of the sodium ions into the bulk of electrode 

material.46-48 The inset of Fig. 4a is the equivalent circuit used to fit the EIS. In the circuit, the small intercept depicts the bulk 

resistance of the cell (Rs); CPE represents the double layer capacitance and capacity of surface layer; and Rct 
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Fig. 4 a) Nyquist plots of the Na3V2-xMgx(PO4)3/C (x=0, 0.01, 0.03, 0.05, 0.07 and 0.1, inset: the equivalent circuit used to fit the EIS). b) The relationship between Zre 

and ω−1/2 at low frequencies. c) Sodium ion diffusion coefficients in Na3V2-xMgx(PO4)3/C (x=0, 0.01, 0.03, 0.05, 0.07 and 0.1). d) Electronic conductivity of 

Na3V2-xMgx(PO4)3/C (x=0, 0.01, 0.03, 0.05, 0.07 and 0.1), which was taken by a RTS-4 linear four-point probe measurement system

is charge transfer resistance. The Warburg impedance (Zw) 

represents the diffusion behavior at low frequency.49 The fitting 

results of the equivalent circuit are listed in Table S7. Notably, 

the Na3V2-xMgx(PO4)3/C (x= 0.05) sample exhibits the smallest 

Rct (226.1 Ω), followed by x= 0.03, 0.01, 0.07, 0.1and 0, 

indicating the easier charge transfer for Mg doped materials. 

Furthermore, the diffusion coefficient (DNa
+) of sodium ion can 

be calculated from the plots in the low-frequency region, and 

the equation can be expressed as50,51 

22442

22

2 σCFnA
TRD =

                                   (1)                                                                             

21σω++= ctere RRZ                                 (2)                                                                                

where R is the gas constant, T is the absolute temperature, A is 

the surface area of the cathode, n is the number of electrons per 

molecule during oxidization, F is the Faraday constant, C is the 

concentration of sodium ion(3.47×10-3 mol cm-3), which can be 

calculated from the density and the molecular weight. ơ is the 

Warburg factor which is relative with Zre(shown in reaction 2), 

ρ and M are the density and the molecular weight of the 

materials, respectively. Fig. 4b shows the relationship between 

Zre and square root of frequency (ω-1/2) in the low frequency 

region. A linear characteristic could be seen for every curve. 

The diffusion coefficient of sodium ion is calculated based on 

Eqs. (1) and (2). As demonstrated in Fig. 4c, the sodium ion 

diffusion coefficient of Na3V1.95Mg0.05(PO4)3/C is 1.0×10-13 

cm2/s, an order higher than the undoped one(1.1×10-14cm2/s); 

and all the sodium ion diffusion coefficients of Mg doped 

9 



 

Na3V2(PO4)3 are clearly higher than the undoped sample, 

demonstrating that the rate of sodium diffusion in the 

charge/discharge processes is drastically increased by Mg2+ 

doping.  

  To explore the effects of doping on electronic conductivity, 

the electronic conductivity measurement was carried out using 

a RTS-4 linear four-point probe measurement system and the 

variation of electronic conductivity of Na3V2-xMgx(PO4)3 

samples was shown in Fig. 4d. An increase in electronic 

conductivity is observed with the increase of Mg doping 

content. This is easy to understand. Mg2+ substitutes onto V 

site, in order to preserve the charge balance, there many holes, 

i.e., V4+, will be generated. And then the conductivity increases. 

It is obvious that the increased sodium ion diffusion 

coefficients and electronic conductivity of 

Na3V2-xMgx(PO4)3(x=0.01, 0.03, 0.05, 0.07 and 0.1) will 

greatly improve the electrochemical performance, thus the 

observed superior rate capability as well as excellent cycling 

stability.  

  It is very interesting to point out that the variation trend of 

sodium ion diffusion coefficients of these Na3V2-xMgx(PO4)3 

electrodes has an unexpected co-relationship with the variation 

of the electrochemical performance as shown in Fig. S4. Until 

recently, there is no clear evidence for the volcano-type 

variation in sodium ion diffusion coefficients, but the changes 

in lattice parameter with increasing doping level may lead to 

disruption of the Na+ ion diffusion, as suggested by some 

previous studies.52,53 From our results described above, it can 

be suggested that the volcano-type variation in the discharge 

capacity can be ascribed to several aspects: Firstly, the 

volcano-type variation of sodium ion diffusion coefficients lead 

to the same variation of discharge capacity. Secondly, since 

most of Mg2+ ions occupy the V site, in order to preserve the 

charge balance, many holes in valance band (associating with 

V4+), will be generated, leading to the increase of electrical 

conductivity and thus improve the electrochemical 

performance.54,55 Finally, Mg2+ is an inactive element in the 

materials, as discussed above, the theoretical specific capacity 

of Na3V2-xMgx(PO4)3 will decrease as a result of inactive 

magnesium element doped in the materials. Considering the 

effects of Mg doping, the different ionic conductivity and the 

increased electronic conductivity could be the major contributor 

to the improved electrochemical performance and rate 

capability of Mg doped Na3V1.95Mg0.05(PO4)3/C.    

  Due to the lighter atomic weight, Mg is often considered as 

an ideal doping element. Chen56 reported that Mg2+ doping in 

LiFePO4 compound can improve the rate performance and 

cyclic stability of this material. Huang57 demonstrated that the 

doping in V site by Mg2+ was favorable for the structural 

stability of Li3V2-xMgx(PO4)3/C and this led to an improved 

long term stability on cycling. However, studies on doping ion 

in Na3V2(PO4)3 have not been reported so far. Our experimental 

results show that a small amount of Mg doping does not 

significantly change the structure of the Na3V2(PO4)3 materials, 

but dramatically improve the electrochemical performance. The 

reasons can be attributed to the following aspects: firstly, by 

doping Mg into Na3V2(PO4)3, the morphology of smaller 

particle sizes can be obtained, which can increase the contact 

area between electrode and electrolyte, and accelerate the 

charge transfer between the interfaces. Secondly, in the case of 

V3+, it will be changed to V4+ during the Na+ extraction, which is 

smaller. As a result, the lattice will be contracted and limit the 

diffusion of sodium ions. In the Mg2+ doped sample, Mg2+ in the 

lattice could act as a pillar to prevent the collapse of the crystal 

during cycling. Hence, the existence of Mg2+ might be able to 

reduce the negative effects caused by the volume 

shrinking/swelling during the Na+ extraction/insertion, resulting 

in increased cycle stability of Mg-doped Na3V2(PO4)3 

system.58,59 Thirdly, doping Mg into Na3V2(PO4)3 results in the 

lowered charge transfer resistance and increased sodium ion 

conductivity of Na3V2-xMgx(PO4)3(x=0.01, 0.03, 0.05, 0.07 and 

0.1), helped in better electrochemical performance, including 

superior rate capability and excellent cycling stability. Finally, 

the existence of Mg2+ will cause some local defects in the 
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crystal structure, which might be able to increase the electronic 

conductivity, and hence improve the rate performance. 

4 Conclusion 

  In summary, a series of Mg doped Na3V2-xMgx(PO4)3 (x=0, 

0.01, 0.03, 0.05, 0.07 and 0.1) cathode materials were prepared 

by a sol-gel method. It has been found that the ionic and 

electronic conductivity of the Na3V2-xMgx(PO4)3 are 

significantly improved after Mg doping, resulting in dramatic 

improvement of the rate and cycle performances. For 

Na3V1.95Mg0.05(PO4)3/C, when the cycling rate increased from 1 

C to 30 C, the specific capacity only decreased from 112.5 

mAh g-1 to 94.2 mAh g-1 demonstrating excellent rate 

capability. Moreover, even when cycled at high rate of 10 and 

20 C, the initial capacity of 108.4 and 106.4 mAh g-1 can be 

obtained, and after 50 cycles, the discharge capacity can be 

stabilized at 104.6 and 86.2 mAh g-1 respectively. Such 

excellent electrochemistry performances in the 

Na3V1.95Mg0.05(PO4)3/C containing earth abundant Mg and Na 

resources is very encouraging for the development of sodium 

ion batteries for industrial applications. In addition, These 

results demonstrate the advantages of using doping to increase 

the conductivity for other electrode materials of sodium ion 

batteries. 
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Fig. S1 Rietveld refined XRD patterns of Na3V2(PO4)3. 
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Fig. S2 SEM images of Na3V2-xMgx(PO4)3 (x = 0.01, 0.03, 0.07 and 0.1). As shown in Fig. S1 , the particle of Na3V2-xMgx(PO4)3 (x = 0.01, 0.03, 0.07 and 0.1) is 

decreasing with the increasing x. The reduced particle sizes for Na3V2-xMgx(PO4)3/C (x=0.01, 0.03, 0.05, 0.07 and 0.1) are attributed to the decomposition of 

Mg(CH3COO)2 in the precursor mixtures, which prevents the agglomeration of final products during high temperature sintering. It is advantageous enhance the 

electrochemical performance of the material, for the reduction of particle size will result in sufficient contact between active materials and electrolyte, which is favorable 

for shortening the distance of Na+ diffusion and transmission. As a result, the Na3V2-xMgx(PO4)3/C (x=0.01, 0.03, 0.05, 0.07 and 0.1) with smaller particle sizes would 

benefit in better electrochemical performance. 
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Fig. S3 EDS mapping images of a) Na3V3(PO4)3 and b) Na3V1.95Mg0.05(PO4)3.  Based on the EDX mapping images, it can be clearly observed that O, Na, V, P and Mg 

elements are uniformly distributed on the Na3V1.95Mg0.05(PO4)3 particle..
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Fig. S4  The discharge capacities of Na3V2-xMgx(PO4)3/C(x=0, 0.01, 0.03, 0.05, 0.07 and 0.1) at 5 C. As shown in Fig. S2, with the increasing Mg doping content, the 

discharge capacities under the same current densities increase first, reach a maximum value when the x is 0.05 in Na3V2-xMgx(PO4)3/C, then decrease, displaying a 

volcano-type variation. 
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Table S1.  XPS fitting parameters for V2p signals in Na3V1.95Mg0.05(PO4)3. 

Element Binding energy (eV) FWHM (eV) Area (eV cps) 

V3+ 2p  515.4  2.4  5637.327 

V4+ 2p  515.8  2.1  140.6294 

 

From the fitting results, the areas obtained for the V3+ 2p and V4+ 2p peaks can be used to calculate the approximate concentration ratio of V3+ and V4+, according to the 

following equation: 
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where IV
3+ and IV

4+ represent the areas of the V3+ 2p and V4+ 2p peaks under their curves. The concentration ratio of 40 for V3+ to V4+ in Na3V1.95Mg0.05(PO4)3 sample is 

calculated based on the above equation, which is close to the values of 39 (=1.95/0.05) obtained from the stoichiometric ratio. Therefore, it is reasonable to further 

assume that both the V3+ and V4+ ion coexist in Mg doped Na3V2(PO4)3 and magnesium is successfully substituted for vanadium. 
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Table S2.  Results of structural analysis obtained from XRD Rietveld refinement of samples Na3V2(PO4)3 and Na3V1.95Mg0.05(PO4)3 

Samples 

Lattice constant/Å Lattice bond/Å Reliability factors/% 

a(=b) c v V-O average P-O average Na-O average Rwp Rp 

Na3V2(PO4)3  8.6853 21.6859 1416.71 2.018 1.529 2.819 15.23 10.71 

Na3V1.95Mg0.05(PO4)3 8.6757 21.6673 1412.37 2.016 1.527 2.822 13.08 9.88 
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Table S3. Crystallographic data of the Na3V2(PO4)3 

Atom Type X/a Y/b Z/c Occupancy 

O1 O 0.14193 0.49765 0.07762 1.00 

O2 O 0.54047 0.84480 -0.02643 1.00 

V V 0.33333 0.66667 0.01950 1.00 

Na1 Na 0.33333 0.66667 0.16667 0.81 

Na2 Na 0.66667 0.96724 0.08333 0.73 

P P -0.04271 0.33333 0.08333 1.00 
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Table S4. Crystallographic data of the Na3V1.95Mg0.05 (PO4)3 

Atom Type X/a Y/b Z/c Occupancy 

O1 O 0.14193 0.49765 0.07762 1.00 

O2 O 0.54047 0.84480 -0.02643 1.00 

V V 0.33333 0.66667 0.01950 0.975 

Mg Mg 0.33333 0.66667 0.01950 0.025 

Na1 Na 0.33333 0.66667 0.16667 0.81 

Na2 Na 0.66667 0.96724 0.08333 0.73 

P P -0.04271 0.33333 0.08333 1.00 
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Table S5.  Molar ratio of the Mg2+ doping Na3V2-xMgx(PO4)3/C(x=0, 0.01, 0.03, 0.05, 0.07 and 0.1) samples determined using ICP-OES 

Samples x=0 x=0.01 x=0.03 x=0.05 x=0.07 x=0.1 

Na:V:Mg(theoretical) 3:2 3:1.99:0.01 3:1.97:0.03 3:1.95:0.05 3:1.93:0.07 3:1.9:0.1 

Na:V:Mg(experimental) 2.92:2 2.95:1.99:0.010 2.93:1.97:0.033 2.97:1.95:0.052 2.95:1.93:0.074 2.96:1.9:0.102 
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Table S6. The rate performances of Na3V2(PO4)3 cathode materials in sodium ion batteries 

 This work Ref. 22 Ref. 23 Ref.25 Ref.60 Ref.61 Ref.31 

Cathode material Na3V1.95Mg0.05(PO4)3 Na3V2(PO4)3 Na3V2(PO4)3 Na3V2(PO4)3 Na3V2(PO4)3 Na3V2(PO4)3 Na3V2(PO4)3 

1C(mA g-1) 117.6 117.5 110 117.6 118 117.6 117 

Electrolyte NaPF6 NaClO4  NaClO4  NaClO4 NaClO4 NaClO4 NaClO4 

Solvent EC/DEC EC/PC EC/DEC  EC/DMC EC/DEC PC PC 

Potential 

window(V) 
2.5-4.0  2.3-3.9  2.7−4.0  2.3-3.9  2.7-4.0 2.5-3.8 2.5-3.8 

Low rate capacity 

(mA h g-1) 

112.5 

(1 C)   

114   

 (1 C) 

118 

(0.05 C) 

117.5   

 (0.5 C) 

102 

 (0.2 C) 

93 

(1 C) 

77 

(2 C) 

High rate capacity 

(mA h g-1) 

94.2 

(30 C) 

61 

(40 C) 

90 

(5 C) 

97 

(5 C) 

84.3 

(5 C) 

58.79 

(30 C) 

20 

(20 C) 

Capacity retention 
83.7% 54% 76% 82.5% 82.6% 63.2% 25.9% 

 

Our Na3V1.95Mg0.05(PO4)3/C shows remarkably improved rate capability and delivers a discharge capacity as high as 112.5, 111.3, 109.9, 108.5, 103.9 and 94.2 mAh g-1 

at 1, 2, 5, 10, 20 and 30 C. Such excellent rate capability is also quite impressive when compared to the reported values in the literature. When the electrode material is 

charged/discharged at small current density(~1 C), the capacity of our Na3V1.95Mg0.05(PO4)3/C is a little higher than most the reported work. However, when the electrode 

material is charged/discharged at high current density, our Na3V1.95Mg0.05(PO4)3/C displays remarkably enhanced electrochemical performance. For example, the 

capacity of our Na3V1.95Mg0.05(PO4)3/C at 30 C is far higher than Ref. 25 at 20 C with 20 mAh g-1, 

Ref. 49 at 30 C with 58.79 mAh g-1 and Ref. 48 at 5 C with 84.3 mAh g-1 . Therefore, Mg doping is an effective way to enhance the rate performance of Na3V2(PO4)3.     
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Table S7. Kinetic parameters of Na3V2-xMgx(PO4)3/C (x=0, 0.01, 0.03, 0.05, 0.07 and 0.1) obtained from equivalent circuit fitting 

x in Na3V2-x Mgx(PO4)3                  Re(Ω) Rct(Ω) 

0 5.597 967.7 

0.01 6.402 335.2 

0.03 4.406 240.3 

0.05 2.49 226.1 

0.07 3.866 456.4 

0.1 7.657 601.8 
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