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In our previous work, we reported formation and its mechanism of mono/bi-layer phosphate-based material and high 

performance as a cathode material for Li-ion batteries. 1 In this work, we report the 2D amorphous nanosheets were used 

as cathode materials to achieve outstanding performance for sodium ion batteries （SIBs）e.g. high initial discharge 

capacity of 168.9 mAh g−1 at 0.1 C, ultra-long life (92.3% capacity retention over 1000 cycles), and high rate capability (77 

mAh g−1 at 10 C) for Na-ion storage, which electrochemical performance is also much superior to the reported amorphous 

FePO4 or olivine NaFePO4 with advantages of short paths and larger implantation surface areas for fast Na -ion diffusion 

and large specific surfaces with more interface capacitance. Interestingly, NaFePO4 nano-crystals with about 10 nm sizes 

are self-nucleated from amorphous 2D nanosheets in the charge/discharge process, which was verified by transmission 

electron microscopic (TEM) and in-situ electrochemical impedance spectroscopy (EIS). 

 

Introduction 

Lithium (Li)-ion batteries (LIBs) are the modern high-

performance energy storage devices for portable electronics and 

increasingly for electrical vehicles due to their high energy and 

power densities.2 However, with the increasingly serious 

energy crisis, the extensive application of LIBs faces important 

challenges related to both Li availability and cost.3 Using 

sodium-ion batteries (SIBs) as an alternative attracted great 

interest, because Na is more abundant than Li and is easy to 

recover.4 In addition, the intercalation chemistry of Na and Li is 

similar, thus the known LIB knowledge can be exploited in 

SIB. 5 Nevertheless, many challenges need to overcome before 

SIBs can become commercially competitive with LIBs. For 

instance, compared with lithium, sodium weighs more and has 

a higher ionization potential and a larger ionic radius, which led 

to a lower theoretical capacity and poor rate capacity. 

    Since the performance of SIBs (e.g., specific capacity and 

operation voltage) is largely dependent on the electrochemical 

properties of the electrode materials, it is of great importance to 

develop suitable electrode materials for SIBs.6-8 Among them, 

phosphate-based materials have been identified as potential 

electroactive materials for SIBs, 9 such as NaFePO4 (olivine),10-

13 NaVPO4F,14-16 Na3V2(PO4)2F3,
17-19 Na1.5VOPO4F0.5,

20,21 

Na2FePO4F,22 Na3V2(PO4)3,
23-26 Na3Al2(PO4)2F2,

27,28 

Na2NiPO4F,29 Na2(Fe1-xCox)PO4F
30 and Na2(Fe1-xMgx)PO4F

31 , 

etc. However, crystalline phosphates have so far performed 

poor electrochemical performance for SIBs, because the 

undersized channel of lattice limits the diffusion of Na ion. 

Thus, compared with LIBs, the crystalline phosphate-based 

sodium cathode materials show poor rate capability and cycling 

stability,32, 33 which limits commercial development of SIBs.  

In previous work1, we reported the formation of a special 

amorphous mono/bi-layer phosphate-based material and 

performance as a cathode material for LIBs, with some natural 

advantages such as: shorter paths and larger implantation 

surface areas for fast Li-ion diffusion and large specific 

surfaces with more interface capacitance. When applied in 

LIBs, it shows excellent performance with high capacity and 

rate capability. In view of above natural advantages, such 2D 

nanosheets should have excellent performance when applied in 

sodium ion batteries. Herein, we used previous methods to 

synthesize mono/bi-layer iron phosphate 2D nanosheets to use 

as a novel cathode for SIBs, which show excellent 

performance: high initial discharge capacity of 168.9 mAh g-1 

at 0.1 C, ultra-long life (92.3% capacity retention over 1000 

cycles), and high rate capability (77 mAh g-1 at 10 C) for Na-

ion storage. Interestingly, NaFePO4 nano-crystals are self-
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nucleated by electrochemical forces driven from the oxidtion 

amorphous 2D nanosheets during charge/discharge process.  

Experimental 

Materials 

These atomically thin amorphous 2D-sheets are controllably 

prepared through a simple chemically induced precipitation 

method and post-processing, which is the same as our previous 

work.1 The two main fabrication steps are the preparation of 

precursor and post-processing by water and ethanol. For the 

preparation of precursor, FeSO4·7H2O, H3PO4, and LiOH·H2O 

were used as starting materials. Firstly, 1.05 g FeSO4·7H2O was 

dissolved in 33.30 g of ethylene glycol with nitrogen 

protection. Secondly, 0.55 g H3PO4 was mixed in 8.80 g of 

ethylene glycol, then the solution was slowly introduced to the 

FeSO4 solution under stirring. Third, 0.43 g LiOH was added 

into 41.6 g of ethylene glycol, dissolved under ultrasonic 

treatme, then the solution was added into the prior mixed 

solution, resulting in a dark green precursor. For the post-

processing, the precursor was washed twice with water and 

once with ethanol. Finally, the product was dried in vacuum 

drying oven at 80 ℃. 

Material characterization 

X-ray powder diffraction patterns were collected from a Bruker 

D8 Advance diffractometer with Cu Kα (λ = 0.15418 nm) at the  

2θ range of 10–80° with a step of 0.02° and a testing time of 1 

s. The morphologies were observed by using SEM (ZEISS 

Supra 55) and TEM (FEI Tecnai G2 F20 S-Twin). The energy-

dispersive spectroscopy (EDS) was observed by using an 

Oxfard-Max20 detector attached to the SEM. The thickness of 

nanosheets was measured by using AFM (Bruker MultiMode 

8).  

Electrochemical measurements 

Electrochemical characterization was measured by 2032 coin 

cells. For the cathode, FePO4@C and PTFE 

(Polytetrafluoroethylene) binder were mixing in the 

isopropanol, in which the weight ratio was 80:20. With 

grinding in the agate mortar, FePO4@C and PTFE binder were 

mixed evenly, resulting into the cathode plate, and then dried in 

vacuum at 110 ℃ for 12 h. Sodium metal anodes were prepared 

by cutting and planishing sodium pieces. The 2032 coin cells 

were assembled by the above cathode plates, sodium metal 

anodes and electrolytes. All the cells were assembled in a glove 

box tested at room temperature. The electrochemical 

characteristics of cells were conducted on a NEWARE battery 

cycler in the voltage range of 1.4–3.8 V (vs. Na+/Na). The 

cyclic voltammetry (CV) results were obtained by a CHI 604E. 

(Chenhua Instruments Co., China). The electrochemical 

impedance spectra were collected from 104 to 0.1 Hz and the 

amplitude was 10 mV. 

 

 

Fig. 1 (a) TEM image of 2D nanosheets (b) High-resolution TEM (HR-TEM) images of the 2D nanosheets. The inset is selected area electron 

diffraction image of the 2D nanosheets. (c) AFM image of a typical nanosheet with a thickness of 0.74 nm, corresponding to one atomic 

layer. (d) The schematics of formed hybrid cathode materials (Fe(Ⅱ)3(PO4)2·Fe(Ⅲ)3(PO4)2(OH)3·nH2O/C (“FP@C”) ) by mixing the 2D 

nanosheets with carbon black by ball milling. (e) The SEM images for the mixture of nanosheets and carbon black.  
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Results and discussion 

Fig. 1 shows the morphology of as-prepared amorphous 2D 

nanosheets for this work characterized by TEM and AFM, and 

the schematics of formed hybrid cathode materials (Fe( Ⅱ

)3(PO4)2·Fe(Ⅲ)3(PO4)2(OH)3·nH2O/C (“FP@C”) ) by mixing 

the 2D nanosheets with carbon black by ball milling. The SEM 

and TEM images show large scale nanosheets prepared for this 

work with an average size of more than 1 μm (Fig. S1, S2, S3 

and Fig. 1a). High-resolution TEM images clearly illustrate no 

crystal lattice (Fig. 1b), and the Selected Area Electron 

Diffraction (SAED) images also show no signals of crystalline 

diffraction spots, indicating the amorphous structure for the 

prepared 2D nanosheets, which was further indicated by X-Ray 

Diffraction (XRD), as shown in Fig. S5. The thicknesses of the 

thin films measured by AFM are 0.76 nm and 1.55 nm, as 

shown in Fig. 1c and S4. In order to make full use of 2D 

nanosheets natural advantages, we created the 2D nanosheets 

coating carbon black special structure, where the 2D nanosheets 

were triturated and evenly coated on the surface of carbon black 

by ball milling (Fig. 1d). Therefore, 2D nanosheets have close 

contact with carbon black, and carbon black forms excellent 

conductive network. After ball milling process, the 2D 

nanosheets still kept amorphous structure, indicated by XRD 

(Fig. S5). The SEM images and EDS mapping show that the 2D 

nanosheets and carbon black had been fully mixed together as 

“FP@C” (Fig. 1e and S6). 

    To demonstrate the advantages of these 2D nanosheets, we 

evaluate their performance as cathode materials for SIBs, in which 

the sodium metal was used as the counter electrode and a mixture of 

EC and DMC with 1M NaClO4 dissolved was used as electrolyte.34 

Fig. 2a shows the charge/discharge curves of the 2D nanosheets 

hybrid cathode within a cut-off voltage window of 1.4–3.8 V versus 

Na+/Na at a current rate of 0.1 C (1 C = 170 mA g-1). The first 

discharge capacity is very high, about 168.9 mAh g-1. Note that 

because of the absence of sodium ion, Fe(II) in FP@C is oxidized to 

Fe(III) in the first charge with a capacity of about 9.5 mAh g-1. After 

the second charge/discharge cycle, the electrode delivers normal 

charge and discharge curves. These 2D nanosheets also show 

excellent rate capability at charge/discharge current rates ranging 

from 0.1–10 C, as shown in Fig. 2b. The average capacities are 168, 

145, 132, 116, 96, and 77 mAh g-1 at charge/discharge current rates 

of 0.1, 0.5, 1, 2, 5 and 10 C, respectively. After high-rate 

charge/discharge cycling, a specific capacity of 170.1 mAh g-1 is 

restored when the current density is back to 0.1 C. All these results 

indicate that 2D nanosheets exhibit an excellent rate capability and 

electrochemical reversibility for sodium ion storage. To the best of 

our knowledge, this excellent rate capability is reported for the first 

time in types of olivine NaFePO4 and amorphous FePO4. The 

cycling performance of the 2D nanosheets was measured at a 

current density of 1 C, as shown in Fig. 2c. After 1000 cycles, 

the capacity declines slightly from 127.8 to 117.9 mAh g-1, by a  

 

Fig. 2 (a) Galvanostatic discharging/charging profiles obtained 

at 0.1 C. (b) Capacity versus cycle number at 0.1 C, 0.5 C, 1 C, 2 

C, 5 C, 10 C and return to 0.1 C. (c) Cycling performance of the 

sodium ion battery of 2D nanosheets. The capacity retention 

at 1 C is about 92.3%, declining from 127.8 mAh g
-1

 at the first 

cycle to 117.9 mAh g
-1

 at the 1000th cycle. (d) CV curves 

conducted at scan rates of 0.1 mV s
-1

 to 0.5 mV s
-1

. (e) The b-

values of the different voltages. (f) CV curves and the 

capacitance contribution. 

factor of 7.7%, which is superior to those reported types of NaFePO4 

materials. The cyclic voltammogram (CV) curve shows a pair of 

current peaks positioned at 2.6 and 2.2 V (Fig. 2d), corresponding to 

the deintercalation/intercalation of sodium ion, respectively. The 

broad deintercalation peaks imply a continuous single-phase de-

intercalation reaction, which is quite different from that of the 

olivine NaFePO4 characterized by a biphasic transition during the 

sodium ion de-intercalation/intercalation.  

    Table 1 shows a comparison of our work with the reported 

works on SIBs based on amorphous FePO4 or olivine NaFePO4 

with high performance. Hu35 reported that porous amorphous 

FePO4 nanoparticles mixed with single-wall carbon nanotubes 

showed cell performance for Na-ions storage. The 

electrochemical performance shows the discharge capacity is 

120 mAh g-1 at 0.1 C rate (10 mA g-1), and the capacity still 

remain 50 mAh g-1 after 300 cycles at 1 C rate (100 mA g-1). Cao36 

reported amorphous FePO4 nanospheres showed high-performance 

for sodium ion batteries with a high initial discharging capacity of 

151 mAh g−1 at 20 mA g−1, good cycle stability (94% capacity 

retention ratio over 160 cycles), as well as high rate capability (44 

mAh g−1 at 1000 mA g−1). Xu37 reported amorphous FePO4 nano- 
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Table. 1 The comparison of our work with the reported works 

on SIBs based on amorphous FePO4 or olivine NaFePO4. 

Compound 
Capacity 

(mAh g-1) 

Rate Capacity 

(mAh g-1) 

Cycling performance 

Our paper 169 (0.1 C) 77 (10 C) 92.3% (1000cycle 1C) 

Amorphous-FePO4
 35 120 (0.1 C) 50 (1 C) 98% (40cycle 0.5C) 

Amorphous-FePO4
36 151 (0.1 C) 44 (10 C) 94% (160cycle 0.1C) 

Amorphous-FePO4
37 142 (0.1 C) 64 (1 C) 92% (120cycle 0.1C) 

Amorphous-FePO4 
38 155 (0.1 C) 75 (1 C) -- 

Maricite-NaFePO4
12 142 (0.05 C) 66 (2 C) 95% (200cycle 0.1C) 

Olivine-NaFePO4
33 111 (0.1 C) 46 (2 C) 90% (240cycle 0.1C) 

Olivine-NaFePO4
39 120 (0.05 C) 25 (2 C) 90% (100cycle 0.1C) 

Olivine-NaFePO4
11 125 (0.05 C) 85 (0.5 C) 90% (50cycle 0.1C) 

particles showed an initial specific-discharge capacity of 142 

mAh g-1, reversible capacity of 130.8 mAh g-1 after 120 cycles, 

and high rate capability of 63.5 mA h g-1 at 1 C. Liu38 reported 

FePO4@MCNT nanowire showed excellent cell performance 

with a discharge specific capacity of 155.2 mAh g-1 in the 

initial cycle and 157.2 mAh g-1 after 70 cycles at 0.1 C. From 

Table 1, we can see that our 2D nanosheets shows the best 

electrochemical performance in all reported. 

    The reasons for the 2D nanosheets showed the remarkable 

electrochemical performance with high capacity, high rate 

capacity, and long life can be attributed as below. Compared 

with amorphous FePO4 and olivine NaFePO4, the 2D 

nanosheets create shorter paths and larger implantation surface 

areas for fast Li/Na-ion diffusion. The energy barrier of Na ion 

insertion of 2D-Na is much lower than that in bulks of olivine 

NaFePO4. Because of larger ionic radius, Na ion is difficult to 

insert into undersized channel of bulks of olivine NaFePO4. For 

2D nanosheets, the diffusion of sodium ion is not limited in 

mono/bi-layer materials. Another reason is that large surfaces 

of the 2D nanosheets would contribute large interface 

capacitance to the total capacity. Similar to 2D nanosheets in 

lithium ion batteries, to investigate the effect of the 

capacitance-type behavior of 2D nanosheets on their 

electrochemical performance, we measured a series of CV 

curves at scan rates of 0.1-0.5 mV s-1. The shapes of these CV 

curves (Fig. 2d) show no distortion with the speeding up of the 

scanning rate, meaning that the 2D nanosheets exhibit an 

excellent rate capability. Assuming that the current and the scan 

rate follow a power-law relationship, 40 Ip = avb, where a and b 

are adjustable values. b value of 0.5 indicates that the current is 

controlled by semi-infinite linear diffusion, while b value of 1 

indicates that the current is surface-controlled like capacitance. 
41 We get the b-values at 1.8-3.6 V are between 0.503 and 

0.838, indicating a concurrence of both sodium ion semi-

infinite linear diffusion and surface-controlled 

pseudocapacitance. (Fig. 2e). We further investigated the 

capacitance contribution in the sodium ion battery capacity, as 

shown in Fig. 2f. According to CV curves, electric quantity of 

the whole cycle and capacitance part were calculated separately 

by a numerical integration. The results show the capacitive 

contribution in the sodium ion battery is almost unchanged at 

any scan rate, and interface capacitance accounted for 31.7%-

33.8% of the total capacity, as shown in Fig. S7. 

We further compared the electrochemical performance of 2D 

nanosheets SIBs (2D-Na) with that of 2D nanosheets LIBs (2D-

Li). As shown in Fig. 3a, the average voltage of the discharge 

curve of 2D-Na is lower than that of 2D-Li by 0.31 V, which is 

smaller than the voltage reduction of 0.53 V from olivine 

LiFePO4 to NaFePO4.
42 In addition, compared with bulk 

crystalline materials, the variation of the rate capability 

between 2D-Li and 2D-Na is much smaller (Fig. 3b). For 

example, the capacity of bulk olivine NaFePO4 is decreased 

from 120 mAh g-1 @ 0.1 C to 40 mAh g-1@ 2 C, 2.5 times 

larger than the capacity decrease for olivine LiFePO4 (168 mAh 

g-1 @ 0.1 C vs. 120 mAh g-1 @ 2 C). In contrast, the capacity of 

2D-Na is decreased from 169 mAh g-1 @ 0.1 C to 77 mAh g-1 

@ 10 C, 1.5 times larger than the capacity decrease for 2D-Li 

(185 mAh g-1 @ 0.1 C and 127 mAh g-1 @ 10 C for 2D-Li). 

The much better rate capability performance of 2D-Na is due to 

the absence of the undersized channel for diffusion. We further 

compared the resistance of 2D-Li and 2D-Na (Fig. 3c), and the 

data are analyzed according to the following equation: 43 

DLi+ = R2T2/2A2n4F4C2κ2 

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

the surface area of the electrode, n is the number of electrons 

per molecule, F is the Faraday constant, C is the concentration 

of Li-ion, and κ is the Warburg factor to be determined from 

the slope of the low frequency part of resistance. It can be seen 

that 2D-Li and 2D-Na have the similar κ, so the diffusion  

 

Fig.3 (a) Discharge curve of 2D-Na and 2D-Li. (b) Rate capability 
of 2D-Li, 2D-Na, LiFePO4 and NaFePO4. (c) Electrochemical 
impedance spectroscopy (EIS) of 2D-Li and 2D-Na. (d) The 
image of LED lit by 2D nanosheets sodium ion battery.  
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coefficients of those are similar, which further indicates 2D 

nanosheets with shorter diffusion paths for cation storage. 

Electrochemical impedance spectroscopy (EIS) is used to 

study the electrode reaction kinetics of 2D-Na. We tested the 

EIS of the coin cell after 1, 10, 20, 40, and 100 cycles at 1 C as 

shown in Fig. 4a and Fig. S8, in which the visible semicircles in 

the high and middle frequency ranges reflect the solid-

electrolyte interface (SEI) resistance (Rsei) and charge transfer 

resistance (Rct), respectively. Similar to the ref 1, the third 

semicircle appears in the low frequency ranges with 

charge/discharge cycles, which indicates additional diffusion 

behavior appears in semi-infinite linear diffusion. We speculate 

that the additional diffusion behavior is associated with the 

formation of NaFePO4 nano-crystalline particles as the new 

“second-phase” (see Fig. 4c-d). The “transmission line model” 

is proposed to explain the special EIS features. Due to the 

presence of amorphous and crystal phase in the 2D nanosheets, 

the Na+ can diffuse into/from the amorphous phase and 

NaFePO4 nano-crystalline particles during discharge/charge 

process, which leads to two kinds of diffusion behavior and the 

second semicircle.  

To further validate the second phase generated after cycling, we 

dismantled the coin cell after 1000 cycles at 1 C and cleaned 

the electrode materials for EDS, XRD and TEM analyses. The 

EDS mapping (Fig. S9) shows Na ion insertion into the 2D 

nanosheets. Fig. 4b shows the XRD patterns of the electrode 

materials with strong reflection peaks at 28.2 and 41.4, which 

correspond to the phase structure of (020) and (212) planes of 

crystalline NaFePO4, respectively. TEM (Fig. S10 and Fig. 4c) 

images show that the morphology of 2D nanosheets remains  

 

Fig.4 (a) Electrochemical impedance spectroscopy (EIS) and the 

fitting curve for 40 charge/discharge cycles. (b) XRD pattern for 

crystallization of nanosheets after 1000 cycles. (c) TEM image 

for crystallization of 2D nanosheets. The inset is the FFT figure 

of 2D nanosheets. (d) HR-TEM image for crystallization of 2D 

nanosheets.  

unchanged and many nano-crystal particles with 10-15 nm sizes 

are inside of the 2D nanosheets. Furthermore, the high 

magnification TEM images (Fig. 5d and Fig. S11) revealed the 

obvious lattice channels in the nano-particles with two kinds of 

interplanar distance of about 0.22 nm and 0.32 nm. This finding 

is consistent with the d212 value (0.22 nm) and d020 value (0.32 

nm), calculated from the XRD pattern of olivine NaFePO4 

crystals. Thus, both TEM and XRD results strongly proves that 

olivine NaFePO4 nano-crystals can be nucleated and grown 

from atomically thin amorphous 2D nanosheets in the 

electrochemical charge/ discharge cycles. The nucleation and 

limited sizes (about 10-15 nm) of NaFePO4 nano-crystals from 

amorphous are interesting. Its mechanism can be proposed that 

NaFePO4-like short-ordering structures in the amorphous 2D 

nanosheets can become nucleated-centers, but it is hard to grow 

a nucleus in big size because of the high mobility resistance of 

the iron phosphate group in the solid amorphous phase. The 

ratio of NaFePO4 nano-crystalline part and amorphous part left 

without crystalline is difficult to be defined.  

Conclusions 

We use the synthesized mono/bi-layer amorphous iron 

phosphate nanosheets milled with carbon black to generate 

hybrid cathode materials for SIBs, which show a high 

reversible capacity of 168.9 mAh g-1 @ 0.1 C, high rate 

capability of 77 mAh g-1 @ 10 C, and an excellent cycling 

stability with 92.3% capacity retention after 1000 cycles. This 

electrochemical performance is also superior to the reported 

high performance of SIBs based on amorphous FePO4 or 

olivine NaFePO4. The high performance can be attributed to the 

shorter paths and larger implantation surface areas for fast Na-

ion diffusion and more interface capacitance in such mono/bi-

layer amorphous iron phosphate nanosheets. Interestingly, self-

nucleated NaFePO4 nano-crystals with sizes of about 10-15 nm 

as the new phase can be in-situ observed by EIS during the 

electrochemical charge/discharge cycles. This work reveals that 

the atomically thin 2D nanosheets can become novel electrode 

materials with hybrid behavior of battery and supercapacitor for 

high-performance sodium ion batteries. 
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Graphical Abstract 

 

 

2D amorphous iron phosphate nanosheets coated carbon exhibits high rate capability  

and ultra-long cycle life for sodium ion batteries. 
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