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It is crucial to develop stable energy sources for rechargeable sodium-ion batteries using
simple synthesis methods. Herein, we report a facile route for synthesizing phase-pure carboncoated Na2FeSiO4 polyanionic cathodes using conventional solid-state methods at 700 °C under
inert atmosphere. X-ray diffraction results reveal that there are no impurities in the highly
crystalline Na2FeSiO4 particles, resulting from the heat of combustion provided by the organic
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chelating agent. The electrochemical behaviour of Na2FeSiO4 particles is tested within 1.5-4.5 V
at 0.25 C. The Na2FeSiO4 cathode delivered 119 mAh g-1 at 0.25 C and maintained ~ 85 % of its

EP

initial capacity after 200 cycles after activation process. Even at high current densities of 3.5 C,
the material outperforms other orthosilicates-based cathodes reported with capacities of 55 mAh

AC
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g-1 discharge capacity along with ~ 80% retention after 1,000 cycles. The enhanced performance
of carbon-coated Na2FeSiO4 particles is ascribed to the improved electronic conductivity by the
incorporation of carbon and the presence of void space between the particles. This void space
contains more electrolytes and eliminates the stress formed during the cycling process, thus
improving stability even at high rates. This is the first report on obtaining phase pure metal
orthosilicate material with negligible impurities using simple solid-state method along with such
exponential electrochemical performances.
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Introduction
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Many studies have been devoted to the design of next-generation energy storage devices
that are low-cost and environmentally benign due to the vast commercialization of portable
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electronic devices and increasing awareness of global warming.[1] Although lithium-sulfur and
metal-air batteries are considered as promising alternatives to lithium-ion batteries (LIBs), their
complex storage mechanisms make them inappropriate for commercial applications.[2, 3]
Sodium-based rechargeable batteries (RSBs) can provide significant advantages, including large
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availability of sodium resources and low toxicity, which make them a better candidate to replace
LIBs.[4] The first work on the RSB was reported in the 1970s.[5, 6] Due to the massive
commercialization of LIB cells in the early 1990s, research focusing on sodium-based chemistry
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had significantly reduced. Recently, numerous works demonstrated high-performance cathode
materials for RSBs to replace toxic LIBs.[2, 4, 7, 8] Specifically, focus is being made to develop
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p2-type layered materials due to its high capacity and facile synthesis.[2, 7, 9, 10] However,
severe capacity decay at high voltage operation occurs due to phase transition, and this hinders
its potential utilization in next-generation RSBs.[9-11]
On the other hand, with polyanionic compounds such as olivine, NASICON materials are
known to exhibit stable electrochemical performance at lower operating voltages.[12-14]
Although these materials displayed excellent cyclic stability, low cut-off voltages and
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complicated synthesis processes make them unsuitable for large-scale application. Recently,
sodium orthosilicates (Na2MSiO4, M = Fe and Mn) have attracted a great amount of attention as
a result of their high theoretical capacity (> 270 mAh g-1 when extracting two Na+ ions per

RI
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formula unit) and high thermal stability through strong Si-O bonding.[15, 16] In addition, the
high availability of earth-abundant materials such as Fe and Si can help to make Na2FeSiO4
(NFSO) the cheapest energy source available for RSBs.[17] However, NFSO still requires a

SC

great deal of attention to enhance its electrochemical performance. Zhang et al. initially prepared
NFS from Li2FeSiO4 (LFS) using a complex electrochemical ion-exchange (EIE) method and
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reported two Na-ion extractions from the NFS structure with a discharge capacity of 330 mAh g.[18] Later, many studies demonstrated the design of carbon-coated NFS (NFSO-C) using

solution-based synthesis methods.[16, 19-22]

However, most of them are reported with impurity phases, which is not beneficial for

TE
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long term cycling as well as rate performance.16,21,23 In addition, their synthesis methods
hydrothermal (HT) or spray drying (SD) or sol-gel (SG) methods) are also contained
complicated steps and required prolonged time to get the final product. For instance, Kee et al.

EP

reported the preparation NFSO-C using HT at 230 oC for 7 days followed by high temperature
drying at 300 °C for two days.16 On the other hand, SG synthesis of NFS required ex-situ carbon-
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coating using sucrose as a carbon source and displayed poor capacity retention after 100 cycles.
[16, 19-23] The EIE/SG/HT synthesis of NFSO reported thus far includes complicated multi-step
preparation techniques and fails to control surface morphology, which leads to severe
aggregation of NFSO.[16, 21] This can, in turn, reduce the electrochemical performance of the
electrode due to the poor optimization of these synthesis techniques.[16, 24, 25] Most of the
studies which synthesize NFSO-C using SG or HT techniques involve ball milling to coat
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carbon.[16, 25] Thus, a simple and facile synthesis route is vital to develop highly pure NFSO-C
cathodes with better cycling and rate capabilities.
It is well known that the solid-state (SS) route is an appropriate method to prepare
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polycrystalline materials for mass production on the industrial scale. Herein, we report the
synthesis of in-situ carbon-coated, highly crystalline NFSO cathodes with negligible impurity
phases by a conventional one-step SS method using adipic acid (AA) as the carbon source. The
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potential application of NFSO-C in RSBs is tested at different current densities between 1.5 V
and 4.5 V at room temperature. The NFSO-C displays high crystallinity along with enhanced
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electrochemical stability for prolonged cycling when compared to NFSO-C prepared using SG or
HT methods. This result certainly provides the possibility of adopting Fe-based cathode
materials in next-generation batteries to drive zero emission vehicles in the near future.
Experimental
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High pure carbon-coated NFSO (NFSO-C) nanoparticles are synthesized using analytical
grade Na2C2O4 (Sigma-Aldrich, USA), FeC2O4 (Sigma-Aldrich, USA) C6H10O4 (Sigma-Aldrich,
USA) and fumed SiO2 (Sigma-Aldrich, USA) using a single-step conventional solid-state

EP

method. Adipic acid (C6H10O4, Aldrich, USA, 99%) is used as the carbon source and chelating
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agent to suppress particle agglomeration during the synthesis, and its concentration was fixed at
1 M. Stoichiometric amounts of the starting materials are mixed well using a mortar and pestle
along with the chelating agent for 30 minutes. Finally, this mixture is fired at 700 °C for 12 hours
under Ar flow to get the resulting NFSO-C powder.
The crystalline nature of the as-prepared NFSO-C is examined using powder X-ray
diffraction (XRD, Miniflex 600, Rigaku, Japan) measurements with Cu-Ka as the radiation
source. The morphological features of the nanoparticles recaptured using a high-resolution
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scanning electron microscope (HR-SEM, LEO Zeiss 1550, Switzerland) and transition electron
microscope (HR-TEM, JEOL 2010 FEG). The valence state of the metal ions is determined
using X-ray photoelectron spectroscopy (XPS, Thermo Scientific Theta Probe, USA).
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Thermogravimetric analysis (TGA, TA instrument Q500) is performed to measure the amount of
carbon present in the NFSO-C sample. The active Brunauer-Emmett-Teller (BET) surface area
of NFSO-C is measured using a Micromeritics ASAP 2020 surface area analyzer.

SC

Electrochemical measurements of the NFSO-C cathode are conducted in a CR 2032 cell
configuration in which the NFSO-C slurry is pressed on a stainless steel mesh in which NFSO-C
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serves as the cathode, and metallic Na foil acts as the anode. The detailed preparation of the
NFSO-C slurry was carried out according to our previous work.[26, 27] Charge-discharge
(C/DC) studies of NFSO-C are conducted between 1.5 V and 4.5 V at different current rates
(using 1 C = 140 mAh g-1). Electrochemical impedance spectra (EIS, Bio-logic, DSP-300,
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France) are recorded before and after cycling at different current rates. Spectra are recorded
between 200 kHz and 100 MHz.
Results and discussion

EP

The crystalline nature of the NFSO-C examined though XRD is presented in Figure 1a.
The XRD of NFSO-C can be indexed to the Na2ZnSiO4 phase with the P1n1 (SG:7) space group
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according to the ICSD card number #18314, which is in accordance with recent reports on
Na2MnSiO4.[15, 16, 23] As seen in Figure 1a, the XRD peaks are sharp with no peaks
corresponding to major impurity phases such as Na2SiO3 and Fe3O4, demonstrating the formation
of phase-pure, highly crystalline NFSO-C nanoparticles. The insertion in Figure 1a displays the
magnified XRD pattern of NFSO-C, which further confirms that there are no unindexed peaks in
the pattern. The lattice cell contents of NFSO-C are calculated as a = 7.129 Å, b = 5.581 Å, and
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c = 5.473 Å from the XRD patterns. These lattice parameter values are in well agreement with
the previous reports on NFSO. [16] It is noteworthy that this is the first report on synthesizing
metal orthosilicates with negligible impurity phases compared to the work reported elsewhere.
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[15, 16, 19-23, 25] In addition, the NFSO-C exhibits a BET surface area of 5 m2 g-1, which is
relatively high for a material prepared from conventional SS method.16,19,22 The reason for the
formation of highly crystalline NFSO-C nanoparticles along with high active surface area even at
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low calcination temperature of 700 °C can be explained as follows: The addition of carboxylic
acid during the synthesis as a chelating agent not only prevents the aggregation of NFS particles
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but also provides the required heat of combustion to synthesis highly crystalline NFSO-C
powders.[24, 28] In turn, the particles became fluffy and swelled greatly when the calcination
temperature reached 400 °C due to the formation of void spaces by the evolution of carbon
oxides (CO and CO2) during the decomposition of carboxylic acid.[28] Consequently, the higher
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heat of combustion can naturally lead to highly crystalline NFSO-C with a high surface area. The
carbon content in NFSO-C is calculated to be approximately 5% using TGA analysis.
The SEM images of NFSO-C in figure 1b provide further evidence of this phenomenon,

EP

clearly showing the presence of void space on the surface of the particles, which can be formed
through CO and CO2 evolution.[28] As seen from the SEM images, the NFSO-C exhibited
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composite texture with highly interconnected primary particles with an average size of about ~
110 nm and an evenly sized distribution. The chelating agent added in the preparation shortens
the Na-Fe-Si distance and enhances the crystallization between the cations as well as the
homogeneity of the final product.[24, 26, 28] Subsequently, the evenly sized particles shorten the
pathway for ionic diffusion and the void space on the surface stores more electrolytes within its
structure as confirmed by SEM analysis. The former enhances the conductive nature of the
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materials and the latter reduces the inherent mechanical stress during the C/DC cycles.[29] Both
morphological features assist to improve the electrochemical stability and rate performance of
the cathode.

RI
PT

The TEM image of NFSO-C is presented in Figure 1c and the corresponding high
magnification image is shown as the insert. HR-TEM images shown in the insertion of Figure 1c
demonstrates the presence of a uniform layer of carbon (~2-3 nm) and hollow spaces on NFSO

SC

particles. As seen from the TEM image, the aggregated NFSO-C secondary particles are
composed of primary nanoparticles with an average size of 100-150 nm with a porous structure.
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It is well known that the formation of the porous structure originates from the decomposition of
organic agents and subsequent release of gas.[30] This porous structure allows the electrolyte to
access every NFSO grain, making Na+ intercalation/deintercalation (I/DI) easier between
electrolyte and NFSO-C particles.[31] Moreover, these closely packed particles with carbon
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coating further enhances the electronic conductivity of the cathode materials. [15] In addition,
the metallic distribution of NFSO-C particles is examined using EDX analysis and their
corresponding mapping is presented in figure 1d-h. The EDX elemental mappings of Na, Si, Fe,

EP

O and C in Figure 1 confirm the atomic level distribution of starting materials.
The XPS spectrum in Figure 2a discloses the presence of C 1s, Na 1s, Fe 2p, Si 2s, Si 2p,
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and O 1s in NFSO-C. The high-resolution XPS of Fe 2p is presented in Figure 2b, which
contains two parts (Fe 2p3/3 and Fe 2p1/2) due to spin-orbit coupling.[32] The binding energy at
710. 1 and 725.5 eV can be attributed to Fe 2p3/2 and Fe 2p1/2, respectively, which are the typical
characteristic of the presence of ferric at the surface of the NFSO-C sample.[30, 32] The
presence of ferric on the NFSO-C samples is probably resulting from surface oxidation after
etching with the argon ion during the calcination process. It is worth mentioning here that there
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is no satellite peak of ƴ-Fe3O4 as noted at 719 eV, further validating that the electrode material is
void of impurities and that the starting material did not decompose to ƴ-Fe3O4.[32, 33] This
confirms that there is no formation of the non-conductive magnetite phase in NFSO-C that can
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affect electrochemical performance, which is also confirmed by the XRD. The Na 1s spectrum
(Figure 2c) presents a peak centred at 1072.1 eV, demonstrating an oxidation state +1. The XPS
spectrum of Si 2p (Figure 2d) and O 1s (Figure 2e) have corresponding peaks at 531.5 eV and

SC

101.9 eV, respectively.[34] The de-convoluted C 1s spectrum in Figure 2f exhibits characteristic
peaks at 283.5 eV, 285.4 eV, 286.6 eV, 288.2 eV, and 289.3 eV, which are assigned to the sp2
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carbon, C-OH, epoxy, C=O, and π-π* functionalities, respectively.[31, 32] These small oxygencontaining functionalities are crucial to ensure long-term electrochemical cycling.[35] This is
due to the fact that the presence of higher surface oxygen functionalities affects the electrical
conductivity profile and is involved in an unwanted side reaction with the electrolyte
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counterpart.32,35

The C/DC profile of NFSO-C electrode vs Na metal foil in 1 M NaClO4 dissolved in
ethyl carbonate: diethyl carbonate (DEC) (1:1, v/v) is illustrated in Figure 3a. The C/DC

EP

characteristics are recorded between 1.5 V and 4.5 V at 0.25 C. The half cell is initially tested at
0.25 C for five cycles to activate/stabilize the electrode-electrolyte interfacial layer (SEI) for
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long-term cycling. The NFSO-C/Na+ cell delivered an initial charge and discharge capacities of
260 and 120 mAh g-1, respectively, at a current rate of 0.25 C. This corresponds to the extraction
of 1.91 M of sodium from NFSO-C structure during the charging process and the reinsertion of
0.9 M Na-ions into its structure during the discharging, resulting in an initial coulombic
efficiency (CE) of approximately 50%. However, the CE increases to ~ 90 % after this activation
step (figure 3b). It is well known that the large irreversible capacity loss is normal for polyanion-
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based materials, being attributed to electrolyte decomposition, possible irreversible electrode
reduction, and inevitable SEI formation.[19, 20, 34] There are two voltage plateaus observed in
Figure 3a at 2.0 V and 4.3 V in the C/DC profile, confirming a multi-step electrochemical
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reaction as reported elsewhere.[19, 25]

After the activation step, the NFSO-C/Na+ cell exhibits a discharge capacity of 105 mAh
g-1 at 0.25 C. The discharge capacities realized from the NFSO-C/Na+ cell surpasses many

SC

reported values on NFSO. For instance, NFSO prepared using HT and SG methods exhibit
discharge capacities of 86 and 105 mAh g-1 at the current rate of C/20 and C/15, respectively
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along with severe capacity decay.[16, 21] NFSO synthesized using HT method shows roughly
40% of cyclic stability after 20 cycles.[16, 21] Recently, other orthosilicates materials
(Na2MSiO4 where M = Co or Mn) also report to deliver slightly enhanced discharge capacity
values.[15, 36-38] However, these studies utilize either large quantities of graphene (> 25 wt %)
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or high-cost electrolyte (ionic liquids or vinyl carbonate additives) to improve its electrochemical
performance, which is not appropriate for practical applications.[15, 36-38] In contrast, this work
succeeds in demonstrating the development of sodium orthosilicates using a simple solid-state

(SG and HT).

EP

method with superior electrochemical performance when compared to solution-based methods
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The long-term cycling stability is a key factor for adopting any cathodes in practical

applications. The cycling performance of NFSO-C at 0.25 C for 200 cycles is presented in Figure
3b. The cell exhibits a discharge capacity of 105 mAh g-1 (after the activation step) at 0.25 C and
maintains a capacity retention of ~ 85% after 200 cycles. The rate performance of the NFSO-C
electrode at 0.25 C, 1 C, 2.5 C, and 3.5 C is presented in Figure 3c. Discharge capacities of 105
mAh g-1, 77 mAh g-1, 62 mAh g-1, and 55 mAh g-1 can be obtained from the half cell at 0.25 C, 1
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C, 2.5 C, and 3.5 C, respectively. It is worth noting that the NFSO-C electrode delivers
exceptional cyclic stability among sodium orthosilicates (NOS) between 1.5 V and 4.5 V at 0.25
C. The comparison of NOS cyclic stabilities at different cycle numbers is presented in Figure 3d.
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It is clear that the half-cell containing NFSO-C cathode exceeds most of the cyclic stabilities of
its counter parts. For instance, NMS with graphene (carbon content ~25%) shows a discharge
capacity of 130 mAh g-1 and maintains 70% of its initial capacity value after 25 cycles.[15] Law

SC

et al. reported NMS/carbon with 64% of capacity retention at a rate of 0.1 C after 20 cycles.
Recently, NFS with 87 % capacity retention at a rate of 0.1 C after 100 cycles was reported by
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Guan and his co-workers.[25] Nonetheless, the reports on NFSO with long-term cyclability at
high current rate is scarce. As seen in Figure 3d, most studies were stopped before 30 cycles at
low current densities of 0.1 C or C/40. In the present work, we are reporting the long-term
cycling ability of the NFSO-C cathode at different current rates for 150 cycles (Figure 4a). As
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seen from Figure 4a, the NFSO-C/Na+ cell delivers discharge capacities of 75 mAh g-1, 62 mAh
g-1, and 55 mAh g-1 at 1 C, 2.5 C, and 3.5 C and exhibits exceptional stability even after 150
cycles. The NFSO-C electrode is further C/DC at a rate of 3.5 C for 1,000 cycles and the plot of

EP

capacity retention vs cycle number is presented in Figure 4b. It is revealed that the NFSO-C
electrode can maintain ~ 80% of its initial discharge capacity of 55 mAh g-1 after 1,000 cycles at

AC
C

a rate of 3.5 C. To the best of our knowledge, the long-term cyclability achieved in the present
work is the best one among the NOS at high current rates.[15-17, 20, 21, 25, 36-38] This
appealing electrochemical cyclic performance at high current rate make NFSO-C electrode as a
low cost and environmental friendly electrode material for next generation sodium ion batteries.
The excellent electrochemical behavior of NFSO-C even at high currents can be
attributed to the following reasons: (i) NFSO-C with ultrathin carbon-coating on the surface
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prevents the dissolution of active species into the electrolyte, which restricts unwanted side
reactions and thus enhances the electrochemical performance;[36] (ii) the relatively large surface
area of porous NFSO-C particles (as observed through SEM and TEM images) stores more
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electrolytes within its structure, increasing its performance during the high rate C/DC cycling
processes. This flexible electrode helps to eliminate inherent mechanical stress at the high-rate
cycling process and, thus, will enhance the electrochemical stability at the high current rate;[15,

SC

29] (iii) the ultrathin carbon-coating on NFSO-C surface is crucial for improving the conductive
nature of the parent materials. The carbon on the surface ensures better contact between the
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particles and current collector, enabling smooth current flow on the surface and improved rate
performance;[24] and, most importantly, (iv) NFSO-C without any impurities further confirms
the improvement of electrochemical stability. Impurity phases have a great impact on the
stability of cathode materials [16, 24, 25, 28] The presence of impurities in the cathode material
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can participate in electrochemical reactions, leading to the formation of secondary phases during
C/DC and affecting the cycling performance. It has been demonstrated that the metal
orthosilicates prepared with impurity phases either exhibit low discharge capacities or severe

EP

capacity decay upon cycling even at low current rates.[15-17, 20, 21, 25, 36] Furthermore, the
strong Si-O bond translates into very stable electrochemical and thermal properties, which are
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important for safety.

Electrochemical impedance spectroscopy (EIS) was employed to obtain information

about the impact of particle size and carbon content on the electrochemical performance. Figure
4c presents a typical Nyquist plot for the NFSO-C/Na+ half-cell recorded before and after cycled
at 3 C current rates for 1,000 cycles within the frequency range of 200 kHz to 100 MHz. The EIS
curves are fitted based on the equivalent circuit given in figure 4d. From the Nyquist plot, the
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first intersection point on the real axis in the high frequency region is associated to the solution
resistance of the electrolyte (Rs). A semicircle is observed on the real axis at medium
frequencies, corresponding to the kinetic control regime.18 Furthermore, the semicircle develops
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moving across the Helmholtz plane, and is represented by the interfacial contact capacitance (Cc)
and charge transfer resistance (Rct). The values of Rct calculated before and after cycles are about
120.32 Ω and 145.21 Ω, respectively, which is a ~25 Ω difference in charge transfer resistance

SC

before and after cycles. This low difference in resistance during C/DC is directly increased the
current flow on the surface of the electrode, which facilitates the diffusing rate of the Na+ ions
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toward the electrode even at high current rates.[27] Generally, higher resistance after deep C/DC
cycles has a detrimental effect on ion diffusion at high current rates because the large
polarization lowers the current flow and thus limits the electrochemical performance.[10, 27]
Nevertheless, in the present investigation, the lower difference in the Rct value clearly
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demonstrates that the formation of a stable SEI layer film enhances the cycling stability.[9, 10]
This argument correlates well with the results obtained from the cycling performance presented
in Figure 3b and 4b. The improved conductivity of the electrode can also be attributed to the

EP

presence of uniform carbon coating on the surface and evenly distributed nanosized, primary
NFSO-C particles. It is apparent that the phase pure high performance NFSO cathodes could be
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prepared using solid-state method.

Conclusions

Carbon-coated Na2FeSiO4 powders without any impurities have been successfully

synthesized using solid state methods with carboxylic acid as the chelating reagent as well as the
carbon source. XRD and TEM images clearly show the absence of secondary phases and the
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presence of ultrathin uniform carbon layer on the Na2FeSiO4 particles, respectively. The best
electrochemical performance is achieved from the half-cell containing carbon-coated Na2FeSiO4
electrode with superior capacity retention of 85%, at 0.25 C within the potential range of 1.5 V -
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4.5 V after 200 cycles. This cell also has superior cycling performance (80% retention after
1,000 cycles) even at a rate of 3.5 C, owing to its high surface area and high purity. In addition,
impedance results demonstrate the smallest charge-transfer resistance difference between before

SC

and after cycles, confirming its excellent structural stability even after long cyclic process. The
impressive outcomes of this work can provide an economic way to synthesize highly stable, eco-
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friendly, Na2FeSiO4 particles in bulk for advanced sodium-ion storage applications.
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Figure 1 (a) XRD and (d) SEM and (c) TEM of NFSO-C prepared using conventional SS

method at 700 °C for 12 hours. Elemental mapping of (d) Na, (e) Si (f) Fe, (g) O and (h) C
distribution. Insert in figure (a) presents the zoomed area of XRD of NFSO-C
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Figure 3 (a) Initial C/DC curve of NFSO-C electrode recorded at 0.25 C within the 1.5 V - 4.5 V
potential range. (b) cycling performance of NFSO-C at 0.25 C (0.15 mA cm-2) rate and (c) rate
performance of NFSO-C at different current rates and (d) comparison of the cyclic stability of
NFSO-C with other orthosilicates materials cycled at different current rates.
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Figure 4 (a) Cyclic performance of NFSO-C/Na+ cell at different current rates and (b) long-term
cyclic performance of NFSO-C/Na+ cell at a rate of 3.5 C between 1.5-4.5 V for 1,000 cycles. (c)
EIS spectra of the NFSO-C/Na+ cell recorded before and after 1,000 cycles at 3.5 C rate and (d)
equivalent circuit of the EIS spectrums
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