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Abstract: The well-matched technology of cathode and anode in 18 

Na-ion full batteries is highly challenging yet critically important 19 

in practical applications. Here, the high-performance Na-ion full 20 

batteries are developed by using NaTi2(PO4)3/N-doped 21 

mesoporous hard carbon hybrid anode and porous Na3V2(PO4)3 22 

cathode. The different anodes are designed for well-matched 23 

Na-ion full batteries. The unique sandwich and mesoporous 24 

structural features endow the hybrid anode with a high reversible 25 

capacity (240 mAh g-1 at 1 C), high rate performance (109.7 26 

mAh g-1 at 100 C), utrahigh energy/power densities (76.56 Wh 27 

kg-1/5104 W kg−1) and a long cycle-life (capacity retention of 28 

92.1% after 1000 cycles at 100C) in a half cell.  In a full battery 29 

this hybrid anode can also deliver a higher capacitive 30 

contribution (79.5–87.7%) and high energy/power densities (104 31 

Wh kg-1/5256 W kg−1). This design provides a promising 32 

pathway for developing high performance and low-cost Na-ion 33 

full batteries. 34 

Introduction 35 

Pursuing higher energy density with no sacrifice of power 36 

density drives people to develop high-performance energy 37 

storage devices (HEDs) such as supercapacitors,[1] HEDs have 38 

attracted enormous attention due to its potential applications in 39 

future electric vehicles, smart electric grids, and even 40 

miniaturized electronic/optoelectronic devices, etc. [2] However, 41 

the availability of lithium leads to a quickly rising price of Li 42 

resources. So the development of high-performance HEDs is a 43 

great challenge for modern electrochemistry. Recently, low-cost 44 

Na-ion full batteries (SIFBs) with high energy/power densities,  45 

high rate performance and long cycling stability have attracted 46 

more and more interest and attention.[3] In view of numerous 47 

applications of Na-ion full batteries, there has been a great 48 

demand for high-performance hybrid electrodes with both high 49 

energy density and power density.[4] Among various HEDs, 50 

sodium-ion full batteries (SIFBs) with pseudocapacitive 51 

behaviour are currently considered to be an excellent candidate 52 

owing to their price, safety, long cycle life and environmental 53 

friendliness.[5]  54 

In design and fabrication of low-cost SIFBs, the well-matched 55 

technology of cathode and anode is highly challenging yet 56 

critically important in practical applications.[6] Because the larger 57 

ionic radius of Na leads to a much more sluggish Na-diffusion 58 

kinetics, this makes the cathode difficult to match with some 59 

traditional anode materials of LIBs, so it is highly imperative to 60 

develop superior anode materials with unique structure. [7] 61 

Among various anode materials, the Na-superionic conductor 62 

(NASICON) structured compounds with the stable and open 63 

framework are attracting more and more attention owing to their 64 

large interstitial channels and high ionic mobility. [8] Among these 65 

compounds, NaTi2(PO4)3 (NTP) has been proposed as a 66 

promising anode material due to its low cost, high abundance, 67 

high electrical conductivity and remarkable thermal stability for 68 

SIFBs . NTP has a “zero strain” frame structure that does not 69 

undergo volume expansion during the deintercalation reaction, 70 

which ensures its excellent rate performance, high energy 71 

density and long-term cycle life.[9] However, the inherent low 72 

electron conductivity of the phosphate backbone limits its 73 

application in high power sodium-ion batteries. In order to 74 

improve electron/ion transport kinetics of the NTP, several 75 

approaches have been attempted, such as the addition of 76 

various carbon materials (e.g., graphene, porous carbon, carbon 77 

nanotube, and so on),[10] nanocrystallization and porous 78 

structure of NTP.[11] Mai et al. synthesized carbon-coated 79 

hierarchical NaTi2(PO4)3 mesoporous microflowers with superior 80 

sodium storage performance via a facile and controllable 81 

solvothermal method.[12] Besides, two-dimensional (2D) layered 82 
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NTP has excellent structural, electrochemical, and mechanical 1 

properties and can offer some advantages for Na storage, such 2 

as inhibiting the stacking of layered materials through the 3 

interaction with the carbon component, shortening the diffusion 4 

length of Na ions and facilitating the insertion/extraction of Na 5 

ions.[13] Despite all the efforts, NTP with both high energy and 6 

power densities as well as long cycling life has rarely been 7 

realized.  8 

    Chitosan, a soluble polysaccharide compound obtained by 9 

deacetylation of chitin has aroused considerable interests in 10 

synthesis of energy storage materials because of its unique 11 

properties and multiple functional groups.[14] Herein, we develop 12 

high energy/power density SIFBs by using NaTi2(PO4)3 (NTP)/N-13 

doped mesoporous hard carbon (N-MHC) hybrid anode and 14 

porous Na3V2(PO4)3 (PNVP) cathode. The novelty of this work is 15 

the unique sandwich structure of NTP/N-MHC nanocomposites 16 

prepared by using a chitosan-assisted sol-gel and subsequent 17 

calcination method, which  greatly improves  its rate performance 18 

and cycle stability. The challenge of this design is to retain 19 

efficient Na ion diffusion in NTP/N-MHC anode and PNVP 20 

cathode simultaneously. The well-matched technology issue of 21 

NTP/N-MHC anode with cathode is a crucial issue that the 22 

SIFBs can achieve both ultrahigh energy and power densities as 23 

well as long cycling life. Several merits of this design are as 24 

follows: (1) N-MHC (about 11.8 wt.%) provides high interface 25 

areas for the insertion/extraction of Na ions; (2) mesoporous 26 

structure makes the Na ions and electrolyte easily penetrate; (3) 27 

unique sandwich framework structure could be used as a stable 28 

scaffold for more Na-ion storage sites, fast electron transmission 29 

and Na+ migration, which is the most significant factor for 30 

ultrahigh rate performance and excellent long cycling life; (4) N-31 

doping (2.02 wt.%) in MHC can ameliorate the electrochemical 32 

performance by adjusting the surface functional groups, 33 

enhancing electric conductivity, in favor of the charge transfer 34 

and electrode–electrolyte interactions;[15] (5) the multifunction 35 

chitosan is based on abundant renewable resource, which 36 

makes this synthesis technology simple and cost effective; (6) 37 

the all phosphate NTP anode and NVP cathode can exhibit 38 

zero-strain characteristics during charge and discharge cycles 39 

due to the inverse volume change, offering a safer and cycle-40 

stable Na-ion technology for SIFBs .[16] Owing to these merits, 41 

the SIFBs exhibit the ultrahigh energy and power densities, 42 

which are among the best thus far reported for SIFBs assembled 43 

with NTP anode (Table S1 in the Supporting Information lists 44 

some recently reported SIFBs assembled with NTP anode). 45 

Results and Discussion 46 

Chitosan-controlled the formation of sandwich structure and 47 

enhanced electrochemical performances of the NTP/N-MHC 48 

hybrid electrode were first demonstrated. The XRD patterns 49 

(Figure 1a) of different samples present their crystallographic 50 

phase and crystallinity. All the diffraction peaks in each sample 51 

are accurately indexed to the NASICON structured NTP with a 52 

hexagonal crystal system and R-3c space group (PDF #84-53 

2009). All the sample have sharp and intense diffraction peaks, 54 

showing the well-crystallized characteristics. Furthermore, by 55 

comparison, it can be found that the 116 diffraction peak 56 

intensity of NTP/N-MHC-3 and NTP/C samples is significantly 57 

lower than that of NTP.  The results calculated by using Jade 6 58 

XRD pattern-processing software also show that NTP/N-MHC-3 59 

has smaller crystallite size (43.5 nm) and higher crystallinity 60 

(90.81%) than NTP/C and NTP (Table S2). The crystallite size 61 

(43.5 nm) of NTP/N-MHC-3 is significantly lower than that (51.3 62 

nm) of NTP. These indicate that and the crystal face growth of 63 

116 was restrained in the synthesis. The element contents of the 64 

different samples were determined by using Vario EL IIICHN 65 

elemental analyzer (Table S3). The results show that NTP/N-66 

MHC-3 has the carbon content of 11.8 wt% and the nitrogen 67 

content of 2.02 wt%. 68 

In order to further analyze the composition and structure of 69 

carbon-wrapped layers，Raman spectra of different samples 70 

are shown in Figure 1b. Obviously, the spectra of both NTP/N-71 

MHC-3 and NTP/C show two characteristic bands of carbon at 72 

about 1350 cm-1 (D-band, disorder-initiated phonon mode) and 73 

1600 cm-1 (G-band, graphite band). Furthermore, the two broad 74 

peaks of each sample can be disassembled into four peaks by 75 

utilizing Gaussian numerical simulation (see the Supporting 76 

Information, Figure S2).[7] The sp3-type carbon (amorphous 77 

carbon and the defects) is correlated to two peaks around 1200 78 

cm-1 (1) and 1540 cm-1 (3), while sp2-type carbon (graphitized 79 

carbon) is related to the other peaks around 1350 cm-1 (2) and 80 

1600 cm-1 (4).[17] According to the peak area, the peak intensity 81 

ratios of the D-band and the G-band (ID/IG) of NTP/N-MHC-3 82 

and NTP/C are 3.34 (Figure S2a) and 1.15 (Figure S2b), 83 

respectively. The ID/IG of chitosan after pyrolysis at 800 °C for 8 84 

h is 3.03 (Figure S2c), which means that both chitosan after 85 

pyrolysis and residual carbon in NTP/N-MHC-3 are hard carbon 86 

(HC). The results show that the fraction of hard carbon (HC) in 87 

the residual carbon of NTP/N-MHC-3 is significantly higher than 88 

that of NTP/C, which contributes to improving the electronic 89 

conductivity and electrochemical performance of the hybrid 90 

electrode.[18] The HC layer in NTP/N-MHC-3 mainly originates 91 

from the carbonization of chitosan in the annealing process. 92 
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 1 
Figure 1. (a) XRD patterns of different samples. (b) Raman spectra of different samples. N2 adsorption−desorption isotherm (c) and the pore-size distribution as 2 
the inset (d) of NTP/N-MHC-3. (e-f) SEM images of NTP/N-MHC-3. (g) TEM image of NTP/N-MHC-3. 3 

 4 

So chitosan can be used as a hard carbon source in the 5 

synthesis of NTP/N-MHC. 6 

To examine the mesoporous structure in NTP/N-MHC-3 7 

sample, we perform nitrogen isothermal adsorption technique. 8 

According to the International Union of Pure and Applied 9 

chemistry regulation.[19] The NTP/N-MHC-3 sample shows a 10 

typical type IV hysteresis loop pattern that indicates mesoporous  11 

characteristics (Figure 1c). Its hysteresis loop consists of an 12 

open pore structure (region 1) and a plugged pore structure 13 

(region 2).[20] The Barrett–Joyner–Halenda pore-size-distribution 14 

curve of NTP/N-MHC-3 sample also displays a bimodal pore-15 

size distribution centered at 3.5 and 6.5 nm, respectively (Figure 16 

1d). Due to the presence of mesopores, NTP/N-MHC-3 can 17 

significantly increase the permeability of the electrolyte, which 18 

makes Na ions in electrolyte easily react with NTP nanoparticles. 19 

The detailed morphology and fine microstructure of NTP/N-20 

MHC-3 are characterized by FESEM and HRTEM. The SEM 21 

images show that the NTP/N-MHC-3 has the laminar stack 22 

structure with the thickness of about 5–10 nm (Figure 1ef). The 23 

enlarged SEM image (Figure 1f) indicates the existence of many 24 

mesopores with the size of 2–10 nm on the laminar particle, 25 

which is consistent with the results of Figure 1cd. TEM image 26 

(Figure 1g) shows a particle with a multilayer structure and 27 

mesopores. Figure 2a is an HRTEM image recorded at a 28 

positive Scherzer defocus, which shows the disordered structure 29 

and vermicular texture on certain orientation in a HC ultrathin 30 

sheet. The inset in Figure 2a clearly displays C and N atomic 31 

columns. It is found that the N atomic columns show brighter 32 

spots because they have a higher atomic density than that of C 33 

atom.[17] Figure 2b also manifests the NTP crystal nucleus 34 

formed on the surface of N-MHC (inset). Figure 2c clearly shows 35 

the lattice fringes of different crystal planes, corresponding to the 36 

(024) (A), (116) (B) and (110) (C) of different NTP nanoparticles 37 

(about 5–15 nm), respectively. The NTP nanoparticles are 38 

attached to the hard carbon layer, which promotes the diffusion 39 

of free electrons and sodium ions in the electrochemical process. 40 

The confined growth of NTP nanoparticles in a monolayer N-41 

MHC sheet is also clearly observed from the HRTEM images 42 

(Figure S3ab). The SEM images in Figures 3a-c show that the 43 

chitosan after pyrolysis also has lamellar structure, which 44 

indicates that the chitosan template plays an important role in 45 

the sandwich structure formation of NTP/N-MHC-3. 46 

     According to the above characterization results, the synthesis 47 

mechanism of NTP/N-MHC is summarized in Figure 3d-i. 48 

Chitosan is used as a HC source, N source and a nucleating 49 

agent during the synthesis. The structure of chitosan has an 50 

ordered carbon compound backbone, which can be used as a 51 

structural template. It also owns many active groups, such as 52 

amino groups (-NH2) and hydroxyl groups (-OH) (Figure 3d), 53 

which can adsorb TiO6 and PO4 ions and generate the cross-54 

linking and sol-gel reactions (Figure 3e). So chitosan can 55 

effectively induce the nucleation of NTP sol particles, which also 56 

promotes the two-dimensional cross-linking reaction and self-57 

assembly of chitosan. During pyrolytic degradation, the carbon 58 

compound backbone of chitosan is decomposed to form N-MHC 59 

with sandwich structure, while N-MHC can effectively restrict the 60 

growth of the NTP nanoparticles. Figure 3f shows a structure 61 

model of the NTP/N-MHC hybrid electrode, exhibiting the high-62 
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efficiency electron/Na ion transport pathway for fast sodium 1 

insertion and abundant Na storage sites. So the NTP/N-MHC 2 

hybrid electrode exhibits excellent electrochemical performances 3 

(Figure 5). Figure 3g shows the adsorption assembly process of 4 

metal ion groups in the 2D cross-linked structure of chitosan 5 

during the synthesis reaction. The heterogeneous nucleation 6 

and confined growth of NTP nanoparticles in N-MHC are 7 

schematically illustrated in Figure 3hi, respectively.  8 

 9 
 Figure 2.  (a-c) HRTEM images of NTP/N-MHC-3. 10 

 11 

The surface compositions and element distribution of NTP/N-12 

MHC-3 sample are characterized by X-ray photoelectron 13 

spectroscopy (XPS), scanning-transmission electron microscopy 14 

(STEM) and X-ray energy dispersive spectrometry (EDS). Figure 15 

4a shows a typical XPS survey spectrum of NTP/N-MHC-3 16 

sample, indicating the presence of Ti, P, Na, O, C and N 17 

elements. However, the signal strength of Ti, P, Na elements is 18 

very weak because the NTP particles in NTP/N-MHC-3 were 19 

completely embedded in the interlayer of N-MHC. Figures 4b 20 

and Figure 4c show the deconvolution results of XPS Ti 2p and 21 

P 2p lines by using two curve fitting methods with nearly 100% 22 

Gaussian function, respectively. The two diffraction peaks at 23 

around 459.2 eV and 465.1 eV (Figures 4b) are assigned to Ti 24 

2p3/2 and Ti 2p1/2 without evidence of impurities, respectively, 25 

which well consistent with the Ti4+ in an octahedral environment 26 

of  NaTi2(PO4)3.
[19] The two diffraction peaks at around 132.3 and 27 

13.4 eV in the high resolution XPS spectrum of P2p are 28 

assigned to –P-O and –P=O groups, respectively, indicating that 29 

the P atoms are in an tetrahedral environment with +5 valance 30 

(Figures 4c). Figure 4d shows a high resolution XPS spectrum of 31 

Na 1s, implying that the Na atoms are with +1 valance. These 32 

XPS results further validate the XRD results in Figure 1a. The 33 

high-resolution XPS spectra of C1s, O 1s and N 1s for NTP/N-34 

MHC-3 are shown Figure S4 a, b and c, respectively. The two 35 

diffraction peaks at around 283.8, 531 and 298.2 eV are 36 

assigned to C-C, O-H and N1 groups, respectively, indicating 37 

that there are atoms of C, H and N in NTP/N-MHC-3. These 38 

results are consistent with the results of Vario EL IIICHN 39 

elemental analyzer (Table S3). The EDS spectrum of NTP/N-40 

MHC-3 sample in Figure 4e shows the peaks of titanium, 41 

phosphorus, sodium, oxygen, carbon and nitrogen, which further 42 

validate the XPS results (Figure 4a). The peaks of copper are 43 

assigned to the copper network supported the sample. Figure 4f 44 

shows a nanoparticle in NTP/N-MHC-3 sample and the 45 

elemental distributions of Ti, P, Na, O, C and N in this 46 

nanoparticle are shown in Figure 4g-l, respectively. It can be 47 

observed that the all elements are distributed homogeneously in 48 

this nanoparticle. Carbon is mainly distributed on the surface of 49 

this particle, and plays the role of adhesive and conductive 50 

agent. It can be observed that the all elements are distributed 51 

More importantly，N element is also distributed on the surface 52 

of this particle, forming N-doped carbon coating. These results 53 

show that the NTP nanoparticles were uniformly dispersed in the 54 

N-MHC, which is beneficial to improve the electrochemical 55 

performances of NTP/N-MHC-3. 56 

    First, optimization studies are carried out for the synthesis of 57 

NTP/N-MHC hybrid electrode by using the galvanostatic charge-58 

discharge test. Figure S5 and Figure S6 show XRD patterns of 59 

different samples synthesized under different preparation 60 

conditions, and the all samples show characteristic diffraction 61 

peaks of NTP. The intensity of diffraction peaks all increases 62 

with the increasing of calcinations temperature and holding time, 63 

and the crystallite size of NTP also increases (Table S2). 64 

However, the NTP/N-MHC-3 sample synthesized with the 65 

chitosan content of 0.2 g at 800 °C for 8 h has smaller crystallite 66 
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size and higher crystallinity of NTP. Figure S7 shows the 1 

electrochemical performances of Na ion half-cells assembled 2 

with the different electrodes synthesized under the different 3 

preparation conditions and Na metal as the counter electrode in 4 

the voltage range of 0–3.0 V. The results indicate that the 5 

NTP/N-MHC-3 electrode synthesized with the chitosan content 6 

of 200 mg at 800 °C for 8 h has the best rate performance. 7 

However, the rate performances of pure chitosan anode after 8 

pyrolysis at 800 °C for 8 h (Figure S8) is very poor and barely 9 

has capacity at the higher rates, which shows that it cannot be 10 

used as an anode alone. The electrochemical properties of the 11 

different electrodes were also evaluated in the Na ion half-cells 12 

and the voltage range of 1.5-3.0 V. 13 

  14 

 15 
Figure 3. (a-c) SEM images of chitosan after pyrolysis at 800 °C for 8 h. (d) A schematic presentation of the multifunctional chitosan. (e) A schematic diagram of 16 
self-assembly of chitosan with some kinds of ions. (f) Structure model of NTP/N-MHC hybrid electrode. (g) Schematic diagram of the adsorption assembly 17 
process of metal ion groups in the 2D cross-linked structure of chitosan during the synthesis reaction. (h-i) Schematic diagrams of heterogeneous nucleation 18 
process (h) and confined growth process (i) of NTP nanoparticles in N-MHC. 19 

 20 

    Figure 5a shows the initial discharge-charge curves of 21 

different electrodes at 1 C. The first discharge capacity of NTP, 22 

NTP/C and NTP/N-MHC-3 was 19.3, 102.6 and 122.8 mAh g-1, 23 

respectively. The corresponding Coulombic efficiency is 87.2%, 24 

89.5% and 95.2%, respectively. Compared with NTP and NTP/C, 25 

the NTP/N-MHC-3 hybrid electrode not only exhibits the highest 26 

discharge capacity and the highest Coulombic efficiency, but 27 

also delivers a longer coupled flat plateaus at around 2.1 V, 28 

corresponding to the redox reaction of Ti4+/Ti3+.[9] Figure. S9a 29 

shows the cyclic voltammograms (CV) of different electrodes at 30 

a scanning rate of 0.2 mV s−1 within the potential window of 1.5–31 

3.0 V (vs Na/Na+). All the electrodesshow a pair of well-defined 32 

redox peaks at around 2.1 V, which characterize the oxidation 33 

and reduction reactions of Ti4+↔Ti3+ through a two-phase 34 

reaction mechanism as represented by the Equation (1):  [21] 35 

𝑁𝑎𝑇𝑖2(𝑃𝑂4)3  + 2𝑁𝑎+  +  2𝑒−  →   𝑁𝑎3𝑇𝑖2(𝑃𝑂4)3               (1) 36 
The Nyquist plots of different electrodes in the uncirculated state 37 

are shown in Figure S9b. They consist of a semicircle in the 38 

high-middle frequency range and a straight line in the low 39 

frequency region. The semicircle represents charge transfer 40 

resistance (Rct) between the electrolyte and electrode. 41 

Compared with NTP and NTP/C, the NTP/N-MHC-3 not only 42 

shows a pair of sharp strong redox peaks (Figure S9a) with a 43 

larger peak potential difference, but also has the smallest Rct 44 

value (92 Ω) (Figure S9b). These indicate that the NTP/N-MHC-45 

3 electrode has lower electrochemical polarization and higher  46 



    

6 

 

 1 
Figure 4.  (a) Survey XPS spectrum of NTP/N-MHC-3 sample, (b-d) high resolution XPS spectra of elements in NTP/N-MHC-3 sample: Ti 2p (b), P 2p (c) and Na 2 
1s (d). (e) EDS spectrum of NTP/N-MHC-3 sample. (f) STEM image of a nanoparticle in NTP/N-MHC-3 sample and (g–l) the elemental mapping images of this 3 
nanoparticle: titanium (g), phosphorus (h), sodium (i), oxygen (j), carbon (k), nitrogen (l). 4 

 5 

reversibility due to the high conductivity of N-MHC framework, 6 

which effectively improves the electrochemical performance. 7 

The diffusion coefficient (D) of Na ions can be calculated from   8 

the plots in the low frequency region using the following 9 

equations: [22] 10 

 𝐷 =
𝑅2𝑇2

2𝐴2𝑛4𝐹4𝐶2𝜎2
                                                                    (2)     11 

 𝑍𝑟𝑒𝑎𝑙 = 𝑅𝑒 + 𝑅𝑐𝑡 + 𝜎𝜔1/2                                                   (3)  12 
 13 
Where R is the gas constant (R=8.314 J mol-1 K-1), T is the 14 

temperature (T=298.15 K), A is electrode area (A =1.13 cm2), n 15 

is the number of electrons per molecule during oxidization (𝐴 =1), 16 

𝐹  is Faraday’s constant 𝐹  =96486 C mol-1). σ is the Warburg 17 

factor which is obtained from the inset in Figure S9b. Based on 18 

the equation 3, the value of σ for NTP/C and NTP/N-MHC-3 is 19 

382.53 and 38.07, respectively. Based on the equation 2, the 20 

value of D for NTP/C and NTP/N-MHC-3 is 3.32×10-14, 8.14×10-21 
13 cm2 s-1, respectively (Table S4). The calculation results show 22 

that NTP/N-MHC-3 has the higher diffusion coefficient of Na ion, 23 

indicating that the electrochemical kinetics of NTP/N-MHC-3 is 24 

much faster than that of NTP/C. The rate performances of  25 

 26 

different electrodes are shown in Figure 5b. Table S5 shows 27 

magnification, current density and theoretical capacity of the half 28 

battery in the voltage range of 0.01–3.0 V. The results show that 29 

the NTP/N-MHC-3 has higher rate performance than other 30 

samples. When the current rate is increased from 1C (200 mA) 31 

to 100 C (20 A), the discharging capacity of NTP/N-MHC-3 is 32 

reduced from 123 mAh g-1 to 113 mAh g-1. Especially when the 33 

high current rates increase continuously from 20 C to 100 C, the 34 

attenuation rate of its charging capacity is very low. The energy 35 

and power density of the different electrodes are calculated from 36 

the discharge curves at various current densities (Figure 5c). [23] 37 

The energy density and power density of NTP/N-MHC-3 hybrid 38 

electrode are superior to other electrodes. The NTP/N-MHC-3 39 

hybrid electrode has a high energy density of 253 Wh kg-1 at a 40 

power density of 203 W kg-1 (1 C), which also remains 196 W h 41 

kg-1 even at ultrahigh power density of 17816 W kg-1 (Table  S6).  42 

    To gain further insight into the electrochemical kinetics of Na+ 43 

insertion, the CV curves of NTP/N-MHC-3 hybrid electrode at 44 

different scan rates in a voltage range of 1.5–3.0 V are shown in 45 

Figure S9c. As increasing the scanning rate from 0.5 to 4 mV s−1,  46 
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 1 
Figure 5. (a) The initial charge-discharge curves of different electrodes in the voltage range of 1.5–3.0 V at 1 C. (b) The rate performances of different electrodes 2 
in the voltage range of 1.5–3.0 V, showing the charging capacity. (c) Ragone plots (energy density vs. power density) of different electrodes in the voltage range 3 
of 1.5–3.0 V. (d) The charge-discharge curves of NTP/N-MHC-3 electrode at the different rates in the relatively wide voltage range of 0.01–3.0 V. (e) The rate 4 
performances of NTP/N-MHC-3 electrode in the relatively wide voltage range of 0.01–3.0 V. (f) Ragone plots (energy density vs. power density) of NTP/N-MHC-3 5 
electrode in the relatively wide voltage range of 0.01–3.0 V. (g) The cycling performance of NTP/N-MHC-3 electrode at 100 C (1C=133 mA g-1) in the voltage 6 
range of 1.5–3.0 V. (h) The cycling performance of NTP/N-MHC-3 electrode at 100 C (1C=200 mA g-1) in the relatively wide voltage range of 0.01–3.0 V. 7 

 8 

the oxidation and the reduction peaks move in the positive and 9 

negative directions, respectively, which means that the 10 

polarization increases as the scan rate increases. Moreover, it 11 

also remains a pair of well-defined redox peaks even at an 12 

ultrahigh scanning rate of 4 mV s−1, showing good reproducibility 13 

and better chemical reversibility.[9] Figure S9d shows the linear  14 

 15 

relationship between the peak currents and the square root of 16 

the scan rate for the oxidation (A) and reduction (B) peaks. At 17 

the same time, the sodium ion diffusion coefficient (D) can be 18 

calculated on the basis of the Randles Sevick equation (4):  [21] 19 

𝐼𝑃 = 2.69 × 105 𝐴𝑛3 2⁄ 𝐶𝑁𝑎𝐷1 2⁄ 𝑣1 2⁄                                              (4) 20 

 21 
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Where A is the effective area of the electrode (cm2), n is the 1 

number of electron transfer of the electrode reaction, v is the 2 

scan rate (v s-1), CNa is the concentration of the reactant (mol 3 

cm-3), and Ip is the peak current (A). Thus, the D values 4 

calculated by using A and B peaks are 8.205×10−10 and 5 

6.553×10−9 cm2 s−1, respectively, which shows that the reduction 6 

reaction is faster than the oxidation reaction. It is important that 7 

the NTP/N-MHC-3 hybrid electrode still realizes a ultra-long 8 

cycling ability at the ultra-high C-rates. As shown in Figure S9e, 9 

the first-cycle charge capacity of 109.3mAh g-1 for NTP/N-MHC-10 

3 in the voltage of 1.5-3.0 V at 20 C. After 1000 cycles, the 11 

charging capacity was 104.9 mAh g-1, and the capacity retention 12 

rate was 95.4%. Even at an ultrahigh rate of 100 C, it still shows 13 

the first-cycle charge capacity of 105.1 mAh g-1, and also 14 

remains the charging capacity of 96.9 mAh g-1 and the capacity 15 

retention rate of 92.1% after 1000 cycles (Figure 5g). The results 16 

show that the NTP/N-MHC-3 hybrid electrode has extremely 17 

high rate performance and cycle stability. The electrochemical 18 

performances of the NTP/N-MHC-3 hybrid electrode were also 19 

investigated using half cells vs. Na/Na+ in a relatively wide 20 

voltage range of 0.01–3.0 V, as shown in Figure 5d-f. The 21 

results show that the discharging capacity of NTP/N-MHC-3 can 22 

reach 240 mAh g-1 at 1 C (200 mA g-1) (Figure 5de). Figure S10a 23 

shows the CV curves of NTP/N-MHC-3 electrode at different 24 

scan rates in a relatively wide voltage range of 0.01–3.0 V. By 25 

fitting the linear relationship between the peak currents (𝐼𝑃) and 26 

the square root of the scan rate (v1/2) for A and B peaks (Figure 27 

S10b), the calculated DNa values are 6.97×10-9 and 8.995×10-10 28 

cm2 s−1, respectively. The two obvious redox peaks are 29 

observed at about 0.6/0.24 and 2.3/1.7 V, corresponding to the 30 

oxidation and reduction of Ti3+↔Ti2+ in 0.01–1.0 V and Ti4+↔Ti3+ 31 

in 1.5–3.0 V (Equation (1)), respectively. The reaction 32 

mechanism that Ti3+ ions can be further reduced to Ti2+ in 0.01–33 

1.0 V is represented by Equation (5): 34 

𝑁𝑎3𝑇𝑖2(𝑃𝑂4)3 + 𝑁𝑎+  +   𝑒+   →   𝑁𝑎4𝑇𝑖2(𝑃𝑂4)3                       (5)   35 
 36 

Interestingly, the third reduction peak can be detected near 0 V, 37 

which is ascribed to Na+ storage in the interlayer of NTP/N-38 

MHC.[11] NTP/N-MHC-3 hybrid electrode not only delivers 39 

excellent rate capability (Figure 5e) and high energy 40 

density/power densities (Figure 5f and Table S7), but also better 41 

cycle stability at an ultrahigh rate of 100 C (Figure 5h). The 42 

energy density of NTP/N-MHC-3 hybrid electrode in the voltage 43 

range of 1.5–3.0 V reaches up to 253 Wh kg-1 at the power 44 

density of 204 W kg-1. Highly encouragingly, its energy density 45 

can still maintain 196 Wh kg-1 when offering a tremendous 46 

power density of 17816 W kg-1 (Table S6). Its energy density 47 

retention reaches up to 77.5%. To our surprise, such power 48 

capability even exceeds capacitors. The results show that the 49 

attainment of both high power and high energy densities in the 50 

NTP/N-MHC-3 hybrid electrode can be achieved, which is 51 

attributed to its unique sandwich and mesoporous structures. 52 

   To develop low-cost and intrinsically safe SIFBs  with fast 53 

rechargeable, long cycling stability and high energy density, we 54 

study the matched technology of the electrode configuration in 55 

SIFBs and construct a high-performance SIFBs using an NTP/N-56 

MHC-3 anode and PNVP cathode with a mass ratio of 1:1.2 57 

(NTP/N-MHC//PNVP). Figure. 6a shows the CV curves for the 58 

NTP/N-MHC-3 anode and PNVP cathode, which display a pair 59 

of redox peaks near 2.1 V and 3.4 V, corresponding to the redox 60 

of Ti3+/Ti4+ and V3+/V4+, respectively.[16] The occurrence of double 61 

reduction peaks in the CV curve of NVP cathode is due to the 62 

ion rearrangement of Na2 in the discharge process. [8] Figure 6b 63 

is the CV curve of NTP/N-MHC//PNVP full battery in the voltage 64 

range of 0.4−2.0 V. vs Na/Na+, showing a pair of well-defined 65 

redox peaks at 1.35/1.20 V. Figure 6b also shows that there is a 66 

pair of very small peaks at high voltage region, which may be 67 

due to the valence state changes of titanium ions. These show 68 

that the anode is perfectly matched with the cathode in the 69 

NTP/N-MHC//PNVP full battery. Figure 6d presents the long-70 

term cycling performance of the NTP/N-MHC//PNVP full battery 71 

in the voltage of 0.4-2.0 V at 20 C (1C=117 mAh g-1). After 1000 72 

cycles, the charging capacity was 54.9 mAh g-1, and the capacity 73 

retention rate is 81.6% with the Coulombic efficiency of 99%, 74 

exhibiting highly reversible Na storage performance. 75 

Furthermore, Figure 6d also shows a gradual    increase  in  the  76 

charge/discharge   capacity   of    the NTP/N-MHC//PNVP full 77 

battery before pre-sodium with the increase of cycle numbers, 78 

i.e., a reversible capacity of 69 mAh g-1 at 20 C and nearly 47.5% 79 

capacity increase after 150 cycles. This phenomenon is 80 

attributed to continuous activation process of NTP/N-MHC-3 81 

anode and PNVP cathode because the unique sandwich 82 

structure structure and porous structure could provide abundant 83 

defects and electrochemical active sites. The electrolyte with the 84 

increase of cycle numbers was constantly immersed into the 85 

defects and pore structure, leading to the increase of contact 86 

area between electrolyte and electrode materials and storage 87 

sites for Na ion, and hence, there is a gradual increase in the 88 

capacity.[21] To understand the Na+ diffusion properties in the 89 

charge and discharge cycle of NTP/N-MHC//PNVP full battery, 90 

the EIS measurements were carried out before and after 1000 91 

charge/discharge cycles at 20 C (Figure 6c). The Nyquist plots 92 

show that the charge transfer resistance (Rct) before and after 93 

1000 cycles are 98 and 95 Ω, respectively. Based on the 94 
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equations of 2 and 3, the calculated D Navalue before and after 1 

1000 cycles only reduced from 1.05×10-13 to 1.22×10-13
 cm2 s-1 2 

(inset in Figure 6c and Table S4). Thus, the change of DNa and 3 

Rct values further indicates that the full cell has good 4 

electrochemical cycle stability. 5 

 6 
Figure 6. (a) The CV curve comparison of NTP/N-MHC-3 anode and NVP cathode at the scan rate of 0.5 mV s-1. (b) The CV curve of NTP/N-MHC//PNVP full 7 
battery at the scan rate of 0.1 mV s-1. (c) The Nyquist plots of NTP/N-MHC//PNVP full battery before and after 1000 charge/discharge cycles, the inset of (c) 8 
shows the plots of impedance as a function of the inverse square root of angular frequency in the Warburg region. (d) The cyclic performance chart of NTP/N-9 
MHC//PNVP full battery at 20 C (1C=117mAh g-1). 10 
 11 

To expatiate the energy storage mechanism, we compared 12 

the electrochemical performances of NTP/N-MHC//PNVP full 13 

battery before and after pre-sodium. Figure 7a shows that the 14 

charge and discharge curve of NTP/N-MHC//PNVP full battery 15 

before pre-sodium at 0.1 C only has a coupled flat plateau with 16 

the charge/discharge of 100/91.3 mAh g−1 at around 1.25 V, but 17 

that of NTP/N-MHC//PNVP full battery after pre-sodium has two 18 

charging plateaus at around 2.75 and 3.25 V, respectively. The 19 

charging capacities of NTP/N-MHC//PNVP full battery before 20 

and after pre-sodium at 0.1 C is 100 and 80 mAh g-1 respectively. 21 

Figure 7a shows that the charge and discharge curve of NTP/N-22 

MHC//PNVP full battery before pre-sodium at 0.1 C also has 23 

some plateaued at lower voltage region of 0.5−1.0 V, which may 24 

be caused by pseudocapacitive behavior of N-MHC and are well 25 

corresponding to the results in Figure 8. The CV curves of 26 

NTP/N-MHC//PNVP full battery before and after pre-sodium at 27 

the scan rate of 0.1 mV s-1 exhibit that the battery before pre-28 

sodium shows a pair of coupled redox peaks around 1.17/1.35 V 29 

(Figure 7b), agreeing well with the discharge-charge curves 30 

(Figure 7a), but the battery after pre-sodium shows two pairs of 31 

redox peaks at around 2.80/2.90 and 3.25/3.38 V, respectively. 32 

The   results   of   Nyquist   plots    (Figure 7c)   show   that    the   33 

 34 

Rct (86 Ω) of  NTP/N-MHC//PNVP full battery after pre-sodium 35 

are much smaller than that of the full battery before pre-sodium 36 

(258Ω). Based on the equations of 2 and 3, the value of D for 37 

the NTP/N-MHC//PNVP full batteries before and after pre-38 

sodium is 3.32×10-14, 8.14×10-13 cm2 s-1, respectively (Figure 7d 39 

and Table S4). The calculation results show that the NTP/N-40 

MHC//PNVP full battery after pre-sodium has the higher diffusion 41 

coefficient of Na ion, indicating that the electrochemical kinetics 42 

of the full battery after pre-sodium is much faster than that of the 43 

full batteries before pre-sodium.   44 

   Figure 7e shows the charge and discharge curves of NTP/N-45 

MHC//PNVP full battery before pre-sodium at different scan 46 

rates in the voltage of 0.4−2.0 V. The battery polarization 47 

reasonably increased with increasing the current rate from 0.1 C 48 

to 5 C, and the charge/discharge capacities reduced to 50/58 49 

mAh g−1 (5 C rate). Although the pre-sodium for NTP/N-50 

MHC//PNVP full battery leads to the lower charging/discharging 51 

capacity and the poorer rate performance (Figure 7f), its energy 52 

and power densities were obviously improved because the 53 

number and voltage of redox plateaus increased (Figure 7g). 54 

Tables S8 and S9 show the detailed comparison data of energy 55 

and power density of NTP/N-MHC//PNVP full battery before and 56 
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 1 
Figure 7. (a) The charge and discharge curve comparison of NTP/N-MHC//PNVP full battery before and after pre-sodium at 0.1 C. (b) The CV curve comparison 2 
of NTP/N-MHC//PNVP full battery before and after pre-sodium at the scan rate of 0.1 mV s-1. (c) The Nyquist plot comparison of NTP/N-MHC//PNVP full battery 3 
before and after pre-sodium,(d) shows the plots of impedance as a function of the inverse square root of angular frequency in the Warburg region. (ef) The charge 4 
and discharge curves of NTP/N-MHC//PNVP full battery before and after pre-sodium at different scan rates. (g) Ragone plot comparison of energy and power 5 
density of NTP/N-MHC//PNVP full battery before and after pre-sodium based on (e) and (f), showing the dependence of the energy density on the power density 6 
of the full cell. 7 

 8 

after pre-sodium. The NTP/N-MHC//PNVP full battery after pre-9 

sodium can achieve the ultrahigh energy density of 241 W h kg-1 10 

at a power density of 321 W kg-1. When the ultrahigh power 11 

density increases to 5256 W kg-1, its energy density still keeps 12 

104 W h kg-1 (Table S9), indicating that the pre-sodium is 13 

beneficial to the efficient ion/electron transport between the 14 

electrode and electrolyte. Furthermore, compared with the some 15 

recently reported SIFBs  (Table S1), it can be concluded that the 16 

NTP/N-MHC//PNVP full battery after pre-sodium reaches the 17 

highest energy density with a markedly improved power density. 18 

To expatiate the energy storage mechanism of NTP/N-19 

MHC//PNVP full battery, we calculate adjustable parameter b 20 

value from the logarithmic plot of the peak current versus sweep 21 

rate. The b value is used to provide kinetic information about the 22 

electrochemical reactions of NTP/N-MHC//PNVP full battery. 23 

The range of b values from 0.5 to 1.0 indicates a “transition” 24 

area between the surface control process of pseudocapacitive 25 

materials and the diffusion control process of battery-type 26 

materials, and the capacitive contribution increases with 27 

increasing b value.[24] Figure 8a and Figure 8d shows the CV 28 

curves of NTP/N-MHC//PNVP full battery before and after pre-29 

sodium at different sweep speeds, respectively. The logarithmic  30 

plot of the peak current (i) versus sweep rate (v) is indicative of 31 

the rate-limited characteristics by Equation (6): [25] 32 

 33 
 𝑖 = a𝑣𝑏                                                                                          (6)          34 

                                 35 
The slope b value is calculated from the linear regression 36 

equation  of Figure 8b  and Figure 8e.  The  results  show  that  37 

the b-values of the cathode and anode peaks for the NTP/N-38 

MHC//PNVP full batteries before pre-sodium were 0.53 and 0.54, 39 

respectively (Figure 8b). The b values about 0.5 represent the 40 

larger contribution from diffusion-controlled intercalation 41 

processes that occur in the bulk, such as battery-type processes 42 

(Figure 8c).[24] The b-values of the cathode and anode peaks for 43 

the NTP/N-MHC//PNVP full batteries after pre-sodium were 0.72 44 

and 0.82, respectively (Figure 8e), indicating the higher 45 

capacitive contribution of the surface control process (Figure 8f). 46 

These results explain the different energy storage mechanism of 47 

NTP/N-MHC//PNVP full batteries before and after pre-sodium. A 48 

rough estimate of the mixing processes of surface and diffusion-49 

control can be done by Equation (7): [24] 50 

𝑖(𝑣) = 𝑘1 𝑣 + 𝑘2𝑣1 2⁄                                                    (7) 51 
 52 

Where k1v is the contribution from surface capacitances and 53 

k2v1/2 is the contribution from diffusion-controlled processes. If 54 

divided both sides by i/v1/2, this equation becomes Equation (8): 55 

 𝑖 𝑣1 2⁄⁄ = 𝑘1𝑣1 2⁄ + 𝑘2                                                 (8) 56 
 57 
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 1 
Figure 8. (a) The CV curves of NTP/N-MHC//PNVP full battery before pre-sodium in the voltage range of 0.3–2.1 V at various sweep rates. (b) Plots of log (sweep 2 
rate) versus log (peak current) before pre-sodium. (c) Capacitive contribution in the CV curves of NTP/N-MHC//PNVP full battery before pre-sodium obtained at 3 
different sweep rates. (d) The CV curves of NTP/N-MHC//PNVP full battery after pre-sodium in the voltage range of 1.5–4.5 V at various sweep rates. (e) Plots of 4 
log (sweep rate) versus log (peak current) after pre-sodium. (f) Capacitive contribution in the CV curves of NTP/N-MHC//PNVP full battery after pre-sodium 5 
obtained at different sweep rates after pre-sodium. 6 
 7 

The specific data of k1 and k2 are calculated by the linear 8 

regression equation of i/v1/2 to v1/2. Therefore, the contribution 9 

rate of the two processes at a fixed potential is obtained. Using 10 

this approach, we can determine the proportion of the mixing 11 

processes in the entire potential window. As shown in Figure 8f, 12 

the surface control process accounted for 87.7% of the total Na 13 

ion storage at 0.5 mV s-1. The capacitive contribution in the CV 14 

curves of NTP/N-MHC//PNVP full battery after pre-sodium 15 

obtained at different sweep rates is in the range of 79.5–87.7%, 16 

indicating that the NTP/N- MHC//PNVP full battery after pre-17 

sodium has a higher capacitive contribution. 18 

In order to investigate the effect of electrode mass loading on 19 

electrochemical properties, the charge and discharge curve 20 

comparison of NTP/N-MHC//PNVP full battery with different mass 21 

loading at 0.1 C is shown in Fig. S11a. Fig. S11b shows the cycle 22 

performance of NTP/N-MHC//PNVP full battery with anode mass 23 

loading of 1.5 mg cm−2 and cathode loading of 1.8 mg cm−2 at a 24 

current density of 10 C. The result shows that the full cell with higher 25 

mass loading has poor cycle performance and lower Coulomb 26 

efficiency at 10 C than these of the NTP/N-MHC//PNVP full cell with 27 

anode mass loading of 1.2 mg cm−2 and cathode loading of 1.3 mg 28 

cm−2 at 20 C (Fig. 6d). The reasons are as follows: First, the 29 

increase of the mass loading leads to an increase of the actual 30 

current at the same current density, which also increases the 31 

charge-discharge polarization and reduce the capacity of the battery 32 

because of incomplete electrolyte penetration.[26] Fig.S11a shows 33 

that the full cell with anode mass loading of 1.5 mg cm−2 and 34 

cathode loading of 1.8 mg cm−2 has the higher charge-discharge 35 

polarization than the full cell with anode mass loading of 1.2 mg cm−2 36 

and cathode loading of 1.3 mg cm−2. Second, the slurry coating with 37 

high mass loading is easy to peel off, causing the battery to be 38 

unstable. Finally, the high mass loading also causes dendrites due 39 

to excess ions. 40 

    Based on the electrochemical performance analysis, an 41 

energy storage mechanism model of the NTP/N-MHC//PNVP full 42 

battery after pre-sodium is proposed, as shown in Figure S12. 43 

Its capacitive contribution (surface control process, 87.7%) in the 44 

sandwich structure dominated the total charge storage at a high 45 

sweep rate of 0.5 mV s-1. This is due to the emergence of 46 

extrinsic faradaic reactions on the interface between NTP and N-47 

MHC. These interfaces also provided a large accessible surface 48 

area for fast charge transfer and a shorter diffusion path for Na+ 49 

insertion/extraction at active species, thus significantly improving 50 

the power density. More importantly, NTP nanoparticles 51 

between two N-MHC ultrathin sheets can provide high Na ion 52 

storage interface and efficient electron/ion transport pathway for 53 

fast ion intercalation, which also played an important role in 54 

enhancing    the   energy  density.   Due  to  the  collective   and  55 

 56 

synergetic effect of different energy storage control processes in 57 

the NTP/N-MHC with the unique sandwich structure, the NTP/N-58 

MHC//PNVP full battery after pre-sodium utilized the hybrid 59 

energy storage mechanisms exhibit an ultrahigh energy density 60 

and an excellent power density. 61 
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Conclusion 1 

Here, sodium-ion full batteries (SIFBs) with ultrahigh 2 

energy/power densities are developed by using NaTi2(PO4)3 3 

(NTP)/N-doped mesoporous hard carbon (N-MHC) hybrid anode 4 

and porous Na3V2(PO4)3 (PNVP) cathode for the first time. The 5 

results show that chitosan biotemplate during synthesis can 6 

effectively induce nucleation of NTP nanoparticles, promote its 7 

two-dimensional cross-linking reaction and form N-MHC with 8 

sandwich structure. The NTP/N-MHC hybrid electrode endows 9 

the NTP/N-MHC//PNVP full battery with a hybrid energy storage 10 

mechanism because of its unique sandwich structural features. 11 

As a result, the NTP/N-MHC hybrid electrode for Na ion half 12 

batteries exhibits a ultrahigh reversible capacity (240 mAh g-1 at 13 

1 C, 109.7 mAh g-1 at 100 C), ultrahigh energy/power densities 14 

(76.56 W h kg-1/5104 W kg−1) and a long cycle-life (capacity 15 

retention of 92.1% after 1000 cycles at 100 C) in a half cell and 16 

the relatively wide voltage range of 0.01–3.0 V. The NTP/N-17 

MHC//PNVP full battery also showed high discharge capacity 18 

(95mAh g-1) and long-term cycle life at 0.1 C (capacity retention 19 

at 20 C was 81% after 1000 cycles). Furthermore, the NTP/N-20 

MHC//PNVP full battery after pre-sodium exhibits high 21 

energy/power densities (104 W h kg-1/5256 W kg−1). We hope 22 

this work can demonstrate that energy/power densities can be 23 

largely improved via the design of hybrid electrodes with a 24 

unique structure, which provides new insights for realizing high-25 

performance SIFBs . 26 

Experimental 27 

Materials synthesis 28 

Chitosan with deacetylation degree of 96% and acetic acid of 29 

99.5% were purchased from Weihai Ziguang Technology Park 30 

Co., Ltd and Tianjin Fuyu Fine Chemical Co., Ltd. respectively. 31 

NH4H2(PO4)3 (99.9%), Na2CO3 (99.9%) and titanium butoxide 32 

(99.9%) were obtained from McLean Reagent Co., Ltd. Citric 33 

acid (99.5%) is from Tianjin Damao Chemical Co., Ltd. 34 

The fabrication process of the NTP/N-MHC hybrid electrode 35 

by using chitosan biotemplate assisted sol-gel method is 36 

illustrated in Figure S1. Firstly, chitosan with different contents 37 

(100, 150, 200 and 250 mg) was first dissolved into 20 mL 1wt % 38 

acetic acid solution, respectively, forming different A solutions 39 

after magnetic stirring for 3 hours. NH4H2(PO4)3 (3.45 g), 40 

Na2CO3 (0.53 g) and titanium butoxide (6.81 g) were 41 

successively added to 40 ml 0.1 M citric acid solution, forming B 42 

solution after magnetic stirring for 4 hours. Then, the different A 43 

solutions were added into the B solution with vigorous stirring, 44 

respectively. The forming mixture was further stirred to form a 45 

jelly，and dried in the vacuum oven at 80 °C for 12 h. The 46 

products were finally annealed in the tube furnace under N2 47 

atmosphere at 800 °C for 8 h to form the NTP/N-MHC-1 (100 mg 48 

Chitosan), NTP/N-MHC-2 (150 mg Chitosan), NTP/N-MHC-3 49 

(200 mg Chitosan) and NTP/N-MHC-4 (250 mg Chitosan). For 50 

comparison, the NTP/C without the chitosan and the NTP 51 

without any carbon source were also synthesized by using the 52 

same method described above. The PNVP was prepared by 53 

using the previously reported method.[8] 54 

 55 
Characterization 56 

The phase composition and crystal structure features of the 57 

different samples were analyzed by X-ray diffraction (XRD, 58 

Shimadzu-6100 with Cu Kα radiation over a range of 2θ angles 59 

from 10° to 70° at a scanning rate of 4° min-1). The X-ray 60 

photoelectron spectroscopy (XPS) analysis was performed on a 61 

Thermo Fisher Scientific ESCALAB Xi spectrometer with Al Kα 62 

(1486.6 eV) as the X-ray source. The morphology and fine 63 

microstructure were observed on scanning/transmission electron 64 

microscopes (SEM, ZEISS Gemini 500, TEM, JEM- 2100 and 65 

STEM, X-MaxN TSR). The Raman spectra of NTP/C and 66 

NTP/N-MHC were recorded on the condition of 532 nm diode 67 

laser excitation (LabRam HR Evolution). The N2 adsorption-68 

desorption isotherms and Barrett-Joyner-Halenda pore size 69 

distributions were obtained at 77K using an automatic surface 70 

area analyzer (Micromeritics, Gemini V2380, USA) under 71 

continuous adsorption conditions. 72 

 73 

Electrochemical evaluation 74 

The working electrode was prepared by spreading the slurry of 75 

the active materials (80 wt.%), acetylene black (10 wt.%) and 76 

PVDF binder (10 wt.%) on a Cu foil and dried at 110 °C in 77 

vacuum for overnight. The average mass loading of the NTP/N-78 

MHC anode was about 1.5 mg cm−2. CR 2032 coin cells were 79 

assembled in an argon-filled glove box. For the test of NTP/N-80 

MHC half battery, sodium metal was used as the reference 81 

electrode, a solution of 1 M NaClO4 in EC: PC (1:1) + 5wt.% 82 

FEC as the electrolyte, and a Whatman glass microfiber filter 83 

(Grade GF/F) as the separator. The charge-discharge properties 84 

were tested on a Channels battery analyzer (CT3008W). The 85 

cyclic voltammetry (CV) and electrochemical impedance 86 

spectroscopy (EIS) were tested on a PARSTAT 2263 87 

electrochemical workstation. The voltage range of CV 88 

measurements was 0.0–4.5 V. 89 

Furthermore, the full battery (NTP/N-MHC//PNVP) was 90 

constructed using PNVP as the cathode and NTP/N-MHC-3 as 91 

the anode. The working electrode was prepared by spreading 92 
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the slurry of the PNVP (80 wt.%), acetylene black (10 wt.%) and 1 

PVDF binder (10 wt.%) on an Al foil and dried at 110°C in 2 

vacuum for overnight. The average mass loading of the PNVP 3 

cathode was about 1.2 mg cm−2. The mass ratio between 4 

cathode and anode is about 1.2:1 so that the battery capacity 5 

was determined by the anode. The charge and discharge 6 

measurements were carried out between 0.0–4.5 V. All the tests 7 

were performed at room temperature. 8 
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Na-ion battery-supercapacitor hybrid devices: A high-performance hybrid device is developed by using NaTi2(PO4)3/N-doped 5 

mesoporous hard carbon (NTP/N-MHC) hybrid anode with unique sandwich and mesoporous structural features and porous 6 

Na3V2(PO4)3 (PNVP) cathode. The hybrid device after pre-sodium shows high capacitive contribution, fast rate performance, utrahigh 7 

energy/power densities and a long cycle-life. 8 


