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Abstract: NaTi2(PO4)3 (NTP) is a material with a NASICON structure, a three-

dimensional open type skeleton, and suitable negative voltage window, which is 

widely regarded as a magnetic anode material for aqueous sodium ion batteries 

(ASIBs). However, NTP’s intrinsically poor conductivity hampers their use in ASIBs. 

Herein, bimetallic doped carbon material was designed and combined with the sol-gel 

method to prepare NaTi2(PO4)3-C-FeNi (NTP-C-FeNi) composite materials. This 

bimetallic doped carbon composite NTP material not only has a large specific surface 

area, but also effectively improves conductivity and promotes rapid migration of Na+. 

Following the rate performance test, NTP-C-FeNi retained a reversible capacity of 

116.75 mAhg-1 at 0.1 Ag-1, representing 95.9% of the first cycle capacity. After 500 

cycles at 1.5 Ag-1, the cycle fixity was 85.3%. The enhancement of electrochemical 

performance may owe to the widening of pathways and acceleration of Na+ 

insertion/extraction facilitated by FeNi-C doping, while the carbon coating effectively 

promotes electrode charge transfer. The results indicate that the bimetallic doped 

carbon composite NaTi2(PO4)3 holds potential for practical applications in novel 

aqueous sodium ion battery systems.
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1. Introduction

Battery technology is considered a reliable means for efficiently storing both 

conventional and renewable energy. Although lithium-ion batteries (LIBs) continue to 

dominate the market, it is anticipated that multiple battery types will coexist in the 

future [1-4]. Aqueous batteries are increasingly gaining attention due to their low cost, 

high safety, and environmental friendliness [5, 6]. However, the consumption of 

lithium resources may lead to supply shortages [7, 8]. As a result, ASIBs, which are 

characterized by widespread resource availability, low production cost, and reduced 

environmental impact, are expected to emerge as a promising alternative to LIBs [9-

11].

As the core component of batteries, the development of stable and reliable 

electrode materials has become a top priority [12]. NaTi2(PO4)3 is characterized by a 

three-dimensional structure, enabling the reversible insertion and extraction of sodium 

ions, facilitating the reversible transformation between NaTi2(PO4)3 and Na3Ti2(PO4)3 

[13]. Additionally, aqueous electrolytes are demonstrated to exhibit better 

conductivity, lower viscosity, and superior sodium ion transfer kinetics compared to 

non-aqueous electrolytes, outperforming lithium-ion secondary batteries in these 

aspects [14]. Nevertheless, owing to the isolated TiO6 octahedra within the NTP 

structure, the material exhibits poor electronic conductivity and suboptimal 

electrochemical performance in its pure phase.

In view of this, pure-phase NTP has been successively modified by researchers 

to improve its electrochemical performance. The general modifications include 

coating [15-17], structure optimization [18-20], and doping [21-23]. The performance 

of NTP materials can be improved through coating, resulting in higher energy density 

and longer cycle life. As reported by Xu et al. [24], carbon-coated porous NTP 

nanorods have been shown to significantly improve long-cycle performance. 

Furthermore, the optimization of the nanostructure provides nanoscale channels for 
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sodium ions, and the large contact area between the electrolyte and the electrode 

facilitates enhanced electrochemical performance [25]. Additionally, the small 

particle size of NTP shortens the diffusion paths of Na⁺ and enhances the insertion 

and extraction of Na⁺, thereby improving the electrochemical performance of the 

electrodes. Wu et al. [26] designed, for the first time, a micro-sized 3D graphene 

network embedded with nanoscale porous NASICON-type NTP particles, which 

retained 80% of its initial charge capacity after 1000 cycles at 10 C. Doping of NTP 

can be divided into body doping and carbon layer doping. Doping the Ti sites in NTP 

with metal cations [27, 28] can enlarge the size of the cell while keeping the original 

crystal structure unaffected, thereby providing a larger sodium ion transport channel 

and a larger intercalation space. For instance, Siham et al. [29] reported 

Na1.5Fe0.5Ti1.5(PO4)3/C used in SIB, demonstrating that Fe replaced Ti and carbon 

coatings, respectively, enhancing ionic and electronic conductivity and improving 

electrochemical performance. Similarly, Mn-based NTP materials were prepared by 

Wu et al. [30] for aqueous sodium-ion systems, demonstrating good electrochemical 

performance and suitable working potential. Doping at the Na site and (PO4)3
- site of 

NTP has been shown it can also improve the electrochemical performance [31, 32]. 

Wang et al. [33] introduced oxygen vacancies (Vo) into a core-shell C@NaTi2(PO4)3-

x composite to improve cycle stability, with C@NaTi2(PO4)3-1.0 composites 

demonstrating the most stable cycle performance and best rate performance. Doping 

of carbon layer materials with anions such as F, S, and N has also been employed to 

enhance NTP electrochemical performance [34, 35]. Although coating, structural 

optimization, and doping have significantly improved the performance of NTP 

materials, few studies have proposed metal cation doped carbon layer modified NTP 

composites.

In this paper, the design of Fe and Ni bimetallic doped carbon materials has been 

optimized. For the first time, NTP was combined with Fe-C, Ni-C, and FeNi-C 

materials using the sol-gel method to form carbon-coated NTP composite materials 

loaded on a carbon matrix. The resulting NaTi2(PO4)3-C-FeNi (NTP-C-FeNi) 

composite electrode demonstrated excellent electrochemical performance, with a rate 

Acce
pte

d M
an

us
cri

pt 
Not 

Cop
yed

ite
d



4

capability of 95.9% at 0.1 A·g-1 and cycle stability of 85.3% of the initial capacity 

after 500 cycles at 1.5 Ag-1. Additionally, the dynamic intercalation mechanism of 

Na+ was investigated in depth, and it was found that the sodium ion diffusion rate was 

significantly improved. This promising design has been shown to optimize the 

microstructure of NTP composites, improve electronic conductivity, and enhance the 

Na+ diffusion coefficient, thereby providing a novel approach for the modification and 

development of NTP negative electrodes and related electrode materials.

2. Experimental

The synthesis process of bimetallic doped carbon materials (FeNi-C) was carried 

out as follows: Firstly, 30 g of NaCl was used as a template, ammonium citrate 

(C6H17O7N3, 4.28 g) as a carbon source, melamine (0.68 g) as a nitrogen source, and 

iron acetylacetonate (0.07 g) and nickel acetylacetonate (0.05 g) as metal sources. 

These components were co-dissolved in deionized water, and the homogeneous 

solution was obtained by stirring thoroughly for 12 hours. The solution was then 

placed in a refrigerator and frozen to ensure it was completely solidified into ice. 

Next, freeze-drying was performed, during which NaCl crystallized to form regular 

nanocrystal arrays, resulting in the formation of precursors. During this process, the 

carbon, nitrogen, and metal sources were uniformly dispersed within the NaCl 

template. The precursor was then placed in a tube furnace and held at 1000°C for 2 

hours under a nitrogen atmosphere. Under these conditions, the metal grew into 

carbon flakes, protected by the NaCl template within the restricted domain. Finally, 

the NaCl template was removed by repeated washing with deionized water, resulting 

in the FeNi-doped carbon material, designated as FeNi-C. Using the same method, 

two other metal-doped carbon materials were prepared, named Fe-C and Ni-C.

The synthesis of NaTi2(PO4)3-C-Fe, NaTi2(PO4)3-C-Ni, and NaTi2(PO4)3-C-FeNi 

was carried out as follows: 1.7 ml of butyl titanate was dissolved in 20 mL of 

anhydrous ethanol in a three-necked flask. Then, added 0.208 g of anhydrous sodium 

acetate, 0.5 g of citric acid, and 0.03 g of the prepared Fe-C, Ni-C, and FeNi-C 

materials. The mixture was heated at 50°C with constant stirring for 0.5 hours to 
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ensure even and complete dissolution. Separately, 0.515 ml of phosphoric acid was 

added to 18 ml of anhydrous ethanol, and the solution was ultrasonically vibrated for 

20 minutes at room temperature to achieve a homogeneous mixture. This phosphoric 

acid solution was then added dropwise to the three-necked flask at intervals of 0.5 

hours. The reaction mixture was covered and allowed to react fully at 50°C for 3 

hours. Finally, the temperature was increased to 80°C, and the fan was set to 30 until 

the NaTi2(PO4)3-C-Fe, NaTi2(PO4)3-C-Ni, and NaTi2(PO4)3-C-FeNi precursor 

powders were obtained. The precursor powders were then placed in a tube furnace 

and calcined at 700°C for 5 hours in an argon atmosphere. The resulting composites 

were designated as NTP-C-Fe, NTP-C-Ni, and NTP-C-FeNi, respectively. The 

elemental weight percentages and atomic percentages of NTP-C-FeNi material are 

detailed in Table S1. Specifically, the weight percentages of C, O, Na, P, Ti, Fe, and 

Ni are 20.46%, 40.92%, 7.95%, 12.19%, 14.75%, 2.04%, and 1.69%, respectively, 

while the atomic percentages are 31.7%, 47.59%, 6.44%, 7.32%, 5.73%, 0.69%, and 

0.54%, respectively.

3. Material characterization

X-ray diffractometer (XRD) of NTP-C-Fe, NTP-C-Ni, and NTP-C-FeNi were 

collected using D/Max2550VB+/PC within the 2θ range of 10°-80°. The 

microstructure of the composites was characterized by a JEOL JSM-7000F field 

emission scanning electron microscope (SEM) and a JEOL JEM-2100 transmission 

electron microscope (TEM). Raman spectra were obtained using a Horiba Lab RAM 

HR Evolution instrument. X-ray photoelectron spectroscopy (XPS) data were 

collected on a Thermo Scientific K-Alpha. The specific surface area and pore size 

distribution were measured using a Micromeritics ASAP 2460 automatic specific 

surface and porosity analyzer. Thermogravimetric analysis (TGA) data were acquired 

using the STA 449 F3 instrument.

4. Electrochemical measurements

To evaluate the rate performance, reversibility performance, and cycling 
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performance of NTP-C-Fe, NTP-C-Ni, and NTP-C-FeNi, the prepared composite 

active material, acetylene black, and PVDF were mixed in a ratio of 8:1:1. PVDF was 

first dissolved in NMP to form a uniform mixture, after which the active material and 

acetylene black were added with stirring. The resulting mixture was then coated onto 

nickel mesh that had been pre-washed, dried, and weighed. The coated nickel mesh 

was placed in a vacuum drying oven and maintained at 100°C for 10 hours. The mass 

after drying was recorded for parameter calculations in the battery tests.

A three-electrode test system was adopted to assemble half-cells, using a 

platinum sheet as the counter electrode, a saturated calomel electrode as the reference 

electrode, 5 mol NaNO3 as the electrolyte, and prepared composite as the working 

electrode. The rate performance and cycle stability of the assembled cells were 

evaluated using a SLAN-CT2001A. Cyclic voltammetry curves were tested at scan 

rates of 0.2, 0.5, 1, 2, 5, and 10 mVs-1 using a CHI760E electrochemical workstation. 

The electrochemical impedance spectra were measured in the frequency range of 106 

to 0.01 Hz.

5. Results and Discussion

5.1. Characterization of NTP composites

Fig. 1.  Schematic illustration of the preparation process (a) bimetallic doped carbon 

material (FeNi-C); (b) NaTi2(PO4)3-C-FeNi material.

A schematic illustration of the preparation process is shown in Fig. 1. Fig. 1(a)
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illustrates the key steps in the synthesis of FeNi-C, including the freezing of the 

homogeneous solution, drying, heating under a nitrogen atmosphere and subsequent 

washing. Since the focus of this study is on the performance of the bimetallic-doped 

carbon when composite with NTP, an in-depth discussion of the bimetallic-doped 

carbon itself is not provided. However, relevant references can be consulted for 

further details [36-39]. Fig. 1(b) shows the main process of the composite of FeNi-C 

and NTP through the sol-gel method. 

Fig. 2.  XRD patterns of NTP-C-Fe, NTP-C-Ni and NTP-C-FeNi composite electrode 

materials.

The precise phase information of the NTP-C-Fe, NTP-C-Ni, and NTP-C-FeNi 

samples was obtained using XRD (Fig. 2). These three composite materials have 

diffraction peaks with strong peak intensities. The typical characteristic peaks align 

precisely with those of the reference card (PDF#84-2008). By observing and 

analyzing the XRD patterns of the three composites, it was found that the positions 

corresponding to the diffraction peaks of the composite electrode materials did not 

shift after carbon coating and doping. This indicates that the modification did not 

disrupt the lattice structure of the materials, and that the calcined NTP-C-Fe, NTP-C-
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Ni, and NTP-C-FeNi materials maintained good crystallinity.

The surface microstructure of the NTP-C-FeNi material in Fig. 3(a) exhibits that 

it has a relatively homogeneous dispersion state. Compared with NTP-C-Fe (Figs. 

S1(a)-(b)) and NTP-C-Ni (Figs. S1(c)-(d)), there is minimal adhesion or 

agglomeration, and the surface profile is clear, reaching a nanometer scale. The high-

magnification SEM image of NTP-C-FeNi material in Fig. 3(b) reveals a uniform 

microporous structure with evenly distributed pores, as indicated by the yellow-

marked regions. This suggests that NTP-C-FeNi exhibits good dispersion and 

microporosity, which facilitates the rapid removal of Na+ and enhances electron 

transport. Figs. 3(c)-(e) illustrate that all three samples exhibit a network porous 

morphology. The larger particles, labeled in the images, correspond to NTP, while the 

smaller particles represent FeNi metal. The metal nanoparticles are attached to the 

carbon matrix, and this morphology is consistent with previously reported bimetallic-

doped carbon materials [37]. However, the carbon matrix in NTP-C-Fe (Fig. 3(c)) and 

NTP-C-Ni (Fig. 3(d)) is unevenly distributed, showing noticeable agglomeration. 

TEM and HRTEM images in Fig. 3(e) and Fig. 3(f) demonstrate that the NTP-C-FeNi 

nanoparticles possess an internal porous structure, with the carbon matrix uniformly 

dispersed. The NTP particles are coated with carbon and loaded onto the carbon 

matrix. The crystal plane spacing is measured to be 0.348 nm, corresponding to the 

(113) crystal plane of NTP.
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Fig. 3.  Microscopic morphologies of three composites: (a) (b) SEM of NTP-C-FeNi; 

(c) TEM of NTP-C-Fe; (d) TEM of NTP-C-Ni; (e) (f) TEM and HRTEM of NTP-C-

FeNi.

The Raman test results of NTP-C-Fe, NTP-C-Ni, and NTP-C-FeNi are depicted 

in Fig. 4(a). Distinct D and G band peaks are observed near 1340 and 1585 cm-1. The 

relative strengths between the D and G bands are typically used to assess the integrity 

and degree of graphitization of carbon materials [40]. Highly graphitized carbon 

indicates good electronic conductivity, facilitating the separation and transfer of 

electrons. Conversely, the presence of defects in the carbon can alter the electronic 
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structure and optimize the adsorption energy of reacting molecules. The calculated 

ID/IG ratio (0.91) of the NTP-C-FeNi composite is lower than that of NTP-C-Fe (1.02) 

and NTP-C-Ni (0.99), indicating that NTP-C-FeNi possesses a highly ordered carbon 

structure with fewer defects, resulting in high electronic conductivity and significant 

enhancement of multiplicative properties. The thermogravimetric curves of NTP-C-

FeNi, NTP-C-Fe, NTP-C-Ni, and NTP-C samples are illustrated in Fig. 4(b) and Figs. 

S2(a), S3(a), and S4(a), respectively. Four samples were heated from 30 °C to 800 °C 

in an oxygen environment, and the curves of mass variation with temperature were 

obtained. The NTP-C-FeNi sample showed quality loss starting from 100 °C, which 

may be caused by residual ethanol and water during the preparation process. 

Subsequently, a significant decrease in mass is observed in the range of 400 to 

550 °C. According to the report [41], the pure NTP materials remain steady in this 

range. Therefore, the loss of mass is due to the surface carbon layer concent , which 

was calculated to be 3.93%.. The carbon content of NTP-C-Fe, NTP-C-Ni, and NTP-

C samples is calculated to be 4.13%, 3.77%, and 2.24%, respectively. Fig. 4(c) shows 

the N2 adsorption/desorption isotherms of the NTP-C-FeNi sample, indicating the 

type IV adsorption-desorption isotherm, suggesting a mesoporous structure. The 

specific surface area of NTP-C-FeNi material is 56.56 m2g-1, and the average pore 

diameter is in the range of 3-15 nm, which is consistent with observations from 

HRTEM. This pore structure with a very big specific surface area facilitates the fast 

migration of Na+ between the electrolyte and the NTP-C-FeNi anode material [42]. 

Additionally, the stability properties of NTP-C-FeNi aids in mitigating volume 

changes and irreversible phase transitions induced by repeated sodium ion 

intercalation. Furthermore, the N2 adsorption and desorption isotherms of NTP-C-Fe, 

NTP-C-Ni, and NTP-C samples are presented in Figs. S2(b), S3(b), and S4(b), 

respectively. The results reveal a specific surface area of 8.60 m2g-1 for NTP-C-Fe 

and 19.43 m2g-1 for NTP-C-Ni, with average pore sizes falling within the range of 4-

12 nm and 3-11 nm, respectively. Besides, NTP-C exhibits a specific surface area of 

4.30 m2g-1, with an average pore size ranging from 4-10 nm. To understand the 

valence states of each element on the surface of the composites, XPS spectra of NTP-
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C-Fe, NTP-C-Ni, and NTP-C-FeNi materials were analyzed. The results demonstrate 

that all three composite surfaces contain C, O, P, Ti, and Na, with iron present in 

NTP-C-Fe (Fig. S2(c)), nickel in NTP-C-Ni (Fig. S3(c)), and both iron and nickel in 

NTP-C-FeNi (Fig. 4(d)). In addition, as shown in Fig. 4(e), the C1s spectrum of NTP-

C-FeNi reveals peaks at 284.8, 286.38, 287.68, and 289.7 eV, corresponding to C-C, 

C-O, C=C, and O-C=O bonds, respectively. In the Ti 2p spectrum (Fig. 4(f)), the two 

main peaks at 460.3 eV and 466.0 eV are attributed to the 2p3/2 and 2p1/2 of Ti4+, 

while the peaks at 459.1 eV and 463.1 eV correspond to the lower oxidation state of 

Ti3+, indicating primarily a +4-valence state for Ti. The peaks at 711.8 eV and 728.1 

eV correspond to the Fe2p3/2 and Fe2p1/2 orbitals of Fe3+, while those at 710.7 eV and 

727.0 eV correspond to Fe2p3/2 and Fe2p1/2 orbitals of Fe2+, respectively. 

Additionally, three peaks at 713.6 eV, 717.3 eV, and 731.3 eV are assigned to satellite 

peaks (Fig. 4(g)). In Fig. 4(h), peaks at 854.5 eV and 872.6 eV correspond to the Ni 

2p3/2 and Ni 2p1/2 orbitals of Ni2+, while peaks at 857.8 eV and 876.8 eV correspond 

to Ni 2p3/2 and Ni 2p1/2 orbitals of Ni3+.
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Fig. 4.  (a) Raman of NTP-C-Fe, NTP-C-Ni and NTP-C-FeNi composites; (b) TG 

analysis for NTP-C-FeNi ; (c) N2 adsorption-desorption isothermal curves and pore 

size distributions for NTP-C-FeNi ; (d) XPS spectrum for NTP-C-FeNi; (e)-(h) The 

elemental XPS spectrum of C, Ti, Fe and Ni.

5.2. Electrochemical performance testing

To rapidly obtain the electrochemical reaction information of NTP-C-Fe, NTP-

C-Ni, NTP-C-FeNi, and NTP-C composite electrodes, the CV curves of these four 

composite electrode materials were compared under the same conditions: a scan rate 

of 2 mV/s, using a platinum counter electrode, a saturated calomel reference 
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electrode, and a 5 M NaNO3 aqueous solution as the electrolyte in a three-electrode 

system, as depicted in Fig. 5. The CV curves of the four composite materials exhibit 

two changes corresponding to the peak current and the increase in overpotential of the 

oxidation-reduction peaks. Moreover, the potentials corresponding to the oxidation-

reduction peaks of the four composite electrode materials show minimal differences 

under the same sweeping speed (NTP-C-Fe: -0.921/-0.699; NTP-C-Ni: -0.935/-0.721; 

NTP-C FeNi: -0.917/-0.731; NTP-C: -0.947/-0.693). However, the peak current 

densities and peak areas of the NTP-C-FeNi material are larger, indicating better 

reactivity and higher specific capacity of the electrode. This could be attributed to the 

fact that the large specific surface area by FeNi-C doping at the same dosage 

substantially improving the electrode/electrolyte contact and resulting in enhanced 

electrochemical performance of the FeNi-C doped NaTi2(PO4)3 composite material.

Fig. 5.  CV curves of NTP-C-Fe, NTP-C-Ni, NTP-C-FeNi and NTP-C at 2mVs-1.

To further elucidate the enhancement of NTP's electrochemical performance by 

FeNi-C, constant current charge-discharge tests were conducted. The cycling 

performance of the NTP-C-Fe, NTP-C-Ni, NTP-C-FeNi, and NTP-C composite 

electrode materials was compared at 0.1 A·g⁻1, as shown in Fig. 6(a). The results of 
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the cycling test at 0.1 A·g⁻1 indicated that the NTP-C-FeNi electrode maintained a 

relatively high capacity after 100 cycles, which is superior to that of NTP-C-Fe, NTP-

C-Ni and NTP-C, at which time the NTP-C only provided 60.1 mAh·g⁻1. The rapid 

capacity decay of NTP-C may be attributed to parasitic redox reactions [43]. 

Additionally, Fig. 6(b) depicts the capacity-voltage curves of the NTP-C-FeNi 

electrode at different cycles under 0.1 A·g⁻1, which align with the CV curves and 

demonstrate good electrochemical response repeatability. The rate performance of 

NTP-C-Fe, NTP-C-Ni, NTP-C-FeNi, and NTP-C was compared in Fig. 6(c). The 

initial discharge capacities of the NTP-C-Fe composite electrode materials were 

120.63, 106.96, 81.78, 65.89, and 50.17 mAh·g-1 at 0.1, 0.2, 0.5, 1, and 3 A·g-1, 

respectively. After charging and discharging tests under different rates and returning 

to a small current density of 0.1 A·g-1, NTP-C-Fe still exhibited a reversible capacity 

of 104.46 mAh·g-1, which is 86.5% of the first cycle capacity in the electrochemical 

test. Similarly, the first cycle discharge capacities of the NTP-C-Ni composite 

electrode material were 116.67, 106.61, 88.05, 79.59, and 71.87 mAh·g-1, 

respectively. After returning to a small current density of 0.1 A·g-1, NTP-C-Ni still 

demonstrated a reversible capacity of 111.41 mAh·g-1, which is 95.4% of the capacity 

of the first cycle in the electrochemical test. When tested at 0.1, 0.2, 0.5, 1, and 3 A·g-

1, the first cycle discharge capacities of NTP-C-FeNi composite electrode materials 

were 121.72, 110.42, 97.71, 92.08, and 87.29 mAh·g-1, respectively. After charge and 

discharge tests at different rates and returning to a low current density of 0.1 A·g-1, 

NTP-C-FeNi still retained a reversible capacity of 116.75 mAh·g-1, which is 95.9% of 

the capacity of the first loop of the electrochemical test. Furthermore, NTP-C under 

the same test conditions exhibited first cycle capacities of 106.16, 87.83, 78.33, 69.16, 

and 57.5 mAh·g-1. After returning to a low current density, a capacity of 87.83 

mAh·g-1 was retained, which is 82.7% of the first cycle capacity in the 

electrochemical test. This result clearly shows that NTP-C-FeNi exhibits superior 

electrochemical rate performance. In Fig. 6(d), the first cycle charge and discharge 

curves of the four materials at 0.1 A·g-1 are displayed. Stable charge and discharge 

plateaus are observed in the charge-discharge curves of all four materials. However, a 
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smaller potential difference ΔE is noted for the NTP-C-FeNi material, indicating 

lower polarization. As shown in Fig. 6(e), NTP-C-FeNi exhibits durable cycling 

capability at high current densities. At 1.5 A·g-1, the first cycle discharge capacities of 

NTP-C-Fe, NTP-C-Ni, NTP-C-FeNi, and NTP-C are 121.52, 119.06, 122.13, and 

114.95 mAh·g-1, respectively. After 500 cycles, the capacity retention rates for NTP-

C-Fe, NTP-C-Ni, NTP-C-FeNi, and NTP-C are 68.2%, 56.4%, 85.3%, and 47.7%, 

respectively. These results indicate that FeNi-C significantly enhances the sodium ion 

diffusion kinetics, leading to the superior cycling stability and prolonged lifespan of 

NTP-C-FeNi. Additionally, uniform carbon doping is beneficial for improving the 

electronic conductivity of the anode material. Fig. 6(f) displays the charge and 

discharge curves of the four materials after 500 cycles at 1.5 A·g-1. It is evident that, 

after cycling, the NTP-C-FeNi material still exhibits the lowest polarization, a result 

corroborated by the CV curves obtained at the same scan rate. These findings indicate 

that FeNi-C doping enhances the electrochemical performance of NTP. This 

improvement is attributed to its high specific surface area and porous structure, which 

contributes to the fast migration of Na+ within the electrolyte and electrode material. 

The reaction equations for the NTP-C-FeNi composites during charging and 

discharging are given below:

Charge reaction equation

𝑁𝑎𝑇𝑖2(𝑃𝑂4)3 + 2𝑁𝑎+ + 2𝑒―→𝑁𝑎3𝑇𝑖2(𝑃𝑂4)3

Discharge reaction equation

𝑁𝑎3𝑇𝑖2(𝑃𝑂4)3→2𝑁𝑎+ + 2𝑒― + 𝑁𝑎𝑇𝑖2(𝑃𝑂4)3

During the charging process, the electrode material NaTi2(PO4)3 reacts with two 

sodium ions (Na+) and two electrons (e-) from the electrolyte to form Na3Ti2(PO4)3. 

This reaction enables more sodium ions to intercalate into the material, resulting in a 

compound with a higher sodium content, thereby storing electrical energy. During the 

discharge process, the two sodium ions in Na3Ti2(PO4)3 are extracted, and two 

electrons are released. These sodium ions and electrons flow through the external 
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circuit, providing current and releasing the stored energy of the battery. After 

discharge, the material returns to the NaTi2(PO4)3 state. The process of sodium ion 

intercalation during charging stores energy, while extraction during discharging 

releases energy. This process is reversible, allowing the battery to undergo multiple 

charge-discharge cycles. Simultaneously, the high electrical conductivity of FeNi 

carbon-doped materials contributes to an enhanced reaction rate and improved cycling 

performance of the batteries. Additionally, these materials enhance the conductivity 

and electron transfer capabilities of NTP, thereby significantly boosting the overall 

electrochemical performance.

Fig. 6.  (a) Cycling performance of NTP-C-Fe, NTP-C-Ni, NTP-C-FeNi and NTP-C 

at 0.1 A/g; (b) Capacity-voltage curves of NTP-C-FeNi with different cycles at 0.1 

Ag-1; (c) Rate capability of NTP-C-Fe, NTP-C-Ni, NTP-C-FeNi and NTP-C; (d) 

Capacity-voltage curves of NTP-C-Fe, NTP-C-Ni, NTP-C-FeNi and NTP-C at 0.1 

Ag-1 for the first cycle; (e) Long cycle capability of NTP-C-Fe, NTP-C-Ni, NTP-C-

FeNi and NTP-C at 1.5 Ag-1; (f) Capacity-voltage curves of NTP-C-Fe, NTP-C-Ni, 

NTP-C-FeNi and NTP-C at 1.5 Ag-1 for the 500th cycle.

5.3. Electrochemical behavior of NTP composites

The sodium ion diffusion kinetics of NTP-C-Fe, NTP-C-Ni, and NTP-C-FeNi 

were evaluated through CV curves at the various scan rates and the linear relationship 

between the oxidation-reduction peak current and the square root of the scan rate. Figs 
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7(a) (c) and (e) presents the CV curves of the three composite electrode materials at 

sweep speeds of 0.2, 0.5, 1, 5, and 10 mVs-1. It can be found that as the scanning rate 

increases, the sodium ions on the electrode surface may not migrate in time, leading to 

increased polarization and a rise in peak potential difference [44]. The CV curves of 

the three composite materials reflected variations in the corresponding peak currents 

and redox peak potentials. These variations occurred due to the increase in current 

response as the scan rate increased. Consequently, at sufficiently high scanning rates, 

the potential difference between the redox peaks of the materials will be primarily 

influenced by the scanning rate. Despite slight shifts and gradual broadening of the 

redox peak pairs as the scanning rate increases, the essential characteristics of the 

curve remain unchanged, indicating the good electrochemical reversibility of the 

material. However, NTP-C-FeNi materials exhibit higher current densities, indicating 

that the electrochemical reaction rate on the surface of the NTP-C-FeNi electrode is 

higher, resulting in higher capacity and faster kinetics. According to the principles of 

electrochemical reaction kinetics [45], the relationship between peak current (𝑖) and 

scan rate (𝜐) follows a power-law equation:

𝑖 = 𝑎𝜐𝑏

where 𝑎 and 𝑏 are adjustable parameters, and the value of 𝑏 reflects the nature of 

the electrochemical response. When 𝑏-value is close to 0.5, the electrochemical 

reaction is controlled by semi-infinite linear diffusion; when the value of 𝑏 is close to 

1, it indicates that the electrochemical reaction is biased towards surface control. 

From Figs. S5(a-c), it can be concluded that diffusion-controlled intercalation 

dominates the sodium ion storage in all three composites electrode materials, NTP-C-

Fe, NTP-C-Ni, and NTP-C-FeNi.

Due to the similar electrochemical behavior of NTP-C-Fe, NTP-C-Ni, and NTP-

C-FeNi at different scan rates, it indicates that they possess rapid reaction kinetics. 

Subsequently, the sodium ion diffusion coefficients of the three composites materials 

were calculated from the Randles-Sevcik equation [46]:

𝑖𝑝 = 0.4463(𝐹3/𝑅𝑇)1/2𝑛3/2𝐴𝐷1/2𝐶∗
0𝑣1/2
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where 𝑖𝑝 is the peak current value of the oxidation-reduction peak, 𝐹 is the 

Faraday constant, 𝑅 is the molar gas constant, 𝑇 is the thermodynamic temperature, 𝑛 

is the number of transferred electrons, 𝐴 is the area of the electrode, 𝐶∗
0is the 

concentration of sodium ion in the NTP solidoid, and 𝜐 is the scan speed. 𝐶∗
0 is 

calculated using equation:

𝐶 = 𝜌/𝑀

In the equation, 𝜌 is 2.84 gcm-1, and 𝑀 is 404 gmol-1. The plots of peak current 

density versus square root of scan rate are shown in Figs. 7(b) (d) and (f) for NTP-C-

Fe, NTP-C-Ni, and NTP-C-FeNi, respectively. From which, NTP-C-FeNi composites 

in ASIB with diffusion coefficients of (Da = 2.95×10⁻10) and (Dc = 9.41×10⁻10), 

which are superior to NTP-C-Fe and NTP-C-Ni. This indicates that NTP-C-FeNi 

exhibits rapid diffusion kinetics. This result further confirms that FeNi-C composites 

can effectively promote the fast mobility of Na+ in ASIBs, facilitate fast reactions, 

and thus enhance the sodium storage capacity of NTP.
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Fig. 7.  (a) CV curve of NTP-C-Fe; (b) Correlation between peak current density and 

square root of scan rate for NTP-C-Fe; (c) CV curve of NTP-C-Ni; (d) Correlation 

between peak current density and square root of scan rate for NTP-C-Ni; (e) CV curve 

of NTP-C-FeNi; (f) Correlation between peak current density and square root of scan 

rate for NTP-C-FeNi.

Figs. 8(a-c) depict the EIS of NTP-C-Fe, NTP-C-Ni, and NTP-C-FeNi composite 

electrode materials, measured over a frequency range of 0.01 to 10⁶ Hz. The 

corresponding equivalent circuit is provided in Supporting Information Fig. S6. The 

EIS spectra are characterized by semicircles in the high-frequency region and fitted 

slopes in the low-frequency region, representing the respective characteristics of these 
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frequency ranges. The semicircle is caused by charge transfer impedance (Rct), the 

fitting slope is related to ion diffusion kinetics. The impedance parameters Rs, Rct and 

Warburg impedance of the ASIB system were calculated by simulating the reactions 

in the battery using an equivalent circuit and the results are shown in Table S2. NTP-

C-FeNi was found to exhibit a smaller Rct and a larger Warburg impedance, indicating 

lower charge transfer impedance and higher ion diffusion kinetics. These results 

further confirm that NTP-C-FeNi possesses a good Na⁺ diffusion rate, which 

contributes to its excellent Na⁺ storage performance.

Fig. 8.  Electrochemical impedance spectroscopy (a) NTP-C-Fe; (b) NTP-C-Ni; (c) 

NTP-C-FeNi of the composite.

6. Conclusion

Bimetallic-doped carbon-coated NTP complexes were successfully synthesized 

by a sol-gel approach, which enhanced structural stability and raised the conductivity 

of NTP for rapid Na+ insertion/extraction. Among them, the NTP-C-FeNi composite 

showed excellent electrochemical performance in ASIBs. The first-cycle discharge 

capacities were 121.72, 110.42, 97.71, 92.08, and 87.29 mAh·g-1 at 0.1, 0.2, 0.5, 1, 

and 3 A·g-1, respectively. After 500 cycles at 1.5 A·g-1, the capacity remained at 

85.3%. Additionally, the insertion mechanism of Na+ in NTP-C-Fe, NTP-C-Ni, and 

NTP-C-FeNi composites was investigated in the three-electrode system, the diffusion 

kinetics of Na+ were analyzed. The results show that Na+ in the NTP-C-FeNi 

materials have a fast ion migration rate in ASIBs. Therefore, the rate performance and 

cycling performance of the NTP material were improved after FeNi-C doping. This 

bimetallic-doped carbon composite NTP material has the benefits of a big specific 

surface area, stable chemistry, fast Na+ transfer kinetics, which also provide a 
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research idea for the application of ASIBs based on NTP anode in field of energy 

storage.
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