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a b s t r a c t

A novel and highly stable 3 V sodium hybrid supercapacitor is designed with an intercalation type eco-
friendly carbon-coated Na2FeSiO4 (CNFS) and activated carbon (AC) with an organic electrolyte. The
CNFS/AC cell shows potential to outperform present mature lithium-based capacitors. This novel
sodium-based capacitor produces an energy density of 70Wh kg�1 at a specific power of 400Wkg�1, and
still maintains an energy density of 45Wh kg�1 at a higher specific power of 5400Wkg�1. The con-
structed cell also exhibits a remarkable cyclic stability of ~94% at a current density of 0.6 A g�1 after
30,000 cycles. The presence of the carbon coating and stable SieO bonding in CNFS improves its stability
and conductivity while the porous nature of the support eases ion access at high current density and
helps maintain high activity of the material. The presented CNFS/AC cell possesses high conductivity and
reverse-polarity characteristics, which enhances the safety of the cell under high voltage. This eco-
friendly, low cost and extremely safe NIC bridges the gap between batteries and capacitor and make it
attractive for application in low maintenance energy storage devices.

© 2019 Published by Elsevier Ltd.
1. Introduction

Electrochemical energy storage (EES) systems play a pivotal role
in consumer electronic devices, hybrid electric vehicles (HEVs) and
electric vehicles (EVs). Lithium ion technology (LIT) is one of the
most researched and commercialized EES systems. These devices
have been widely used in various applications over the past few
decades [1]. However, extensive utilization of Li resources for
various energy storage systems has raised growing concern about
the possible shortage of Li resources, increasing their demand and
price [2]. Lithium recycling can be an alternative and provide a
solution, but much more research and development is needed
before this is possible [3]. Alternatively, sodium ion technologies
(SIT) are environmental friendly, widely available, low-cost, and
Bai), zhwchen@uwaterloo.ca
have comparative redox potentials (Eo (Na
þ /Na)¼�2.71 V vs. SHE)

[3e5], and therefore offer promising EES alternatives [6]. One of the
greatest challenges stems from the fact that the larger ionic radius
of sodium (0.98 Å) than the lithium (0.68 Å), causing slow reaction
kinetics [7]. The larger size of Na-ions is the first limitation nega-
tively affecting SIT performance due to relatively slow diffusion and
insertion/extraction of Na ions from/into the electrode structure
[7e9]. Moreover, the operating potentials of most sodium based
cathode materials are lower compared to lithium [2,3]. Therefore,
compared with Li-ion intercalation, the second limitation for SIT is
that Na-ion intercalation generates less energy [6,10]. Although
sodium ion batteries (SIB) are being explored to replace LIT, their
low operating voltage is another setback for them to be applied
practically [3]. Many cathode materials also fail to exhibit stable
electrochemical performance over 4.3 V [3]. Extensive works have
been conducted towards increasing the electrochemical stability of
SIB cathode materials which operate with a high cut-off voltage
(>4.3 V) including metal ion doping and surface protection by
metal oxide coating using atomic layer deposition [11e18]. How-
ever, these methods require careful control over the synthesis
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conditions and require expensive experimental setups. Therefore,
the potential application of layered SIB cathode materials at lower
voltage ranges is being adopted to fabricate high performance Na-
ion capacitors (NICs).

Generally, NICs can be constructed with insertion-type mate-
rials (faradaic mechanism) as the positive electrode and capacitor-
type materials (adsorption/desorption of ions) as the negative
electrode in either aqueous or organic electrolytes [19]. NICs are of
great interest due to their hybrid EES technology that could deliver
high energy and power densities alongwith excellent cycle life [19].
NICs store charge by sodium insertion/extraction on the faradaic
material (metal oxides or other intercalation materials) combined
with surface adsorption/desorption on the non-faradaic electrode
(carbonaceous material). The combined effect of these mechanisms
produces high power and energy density while maintaining
excellent cyclability [20], making the choice of electrode material
an important parameter to design high performance and stable
NICs. In addition, NICs constructed in an aqueous electrolyte suffer
from water decomposition following the breaking of the solvation
shell at the electrode interface at ~1.23 V, restricting their appli-
cation in high-energy devices. Therefore, the fabrication of NICs in
an organic electrolyte is an effective way to enhance the overall
working voltage and thereby the energy density.

Many insertion-type electrode materials with limited perfor-
mances such as carbon-composite materials, transition metal-
based layered materials, metal oxides, and MXenes have been
proposed as potential active materials for NICs [20]. Various ap-
proaches have been adapted to enhance the performance of these
materials in NICs such as (1) modifying the nano-structure, thus
shortening the Na ion diffusion pathways, (2) facilitating Na ion
diffusion by expanding the interlayer distance of the layered-
structure materials, and (3) designing novel sodium intercalated
materials [19]. Of late, polyanionic materials ((XO4)n�, X¼W, Mo,
As, Si and P) with various structures (maricite, olivine, Na Super
Ionic Conductor structure (NASICON)) have been adopted as po-
tential electrode materials for NIC applications. As NIC electrodes,
these materials exhibit excellent structural and thermal stabilities
and promising capacity retention endowed by their robust poly-
hedral framework [21,22]. For instance, porous carbon encapsu-
lated Na3V2(PO4)3 nanoparticles and NaMn1/3Co1/3Ni1/3PO4 are
proposed as suitable electrode materials to construct non-aqueous
NICs [23e25]. Most of these studies based on polyanionic materials
have low energy density values and limited cyclic performance
[24,25]. Of the aforementioned polyanions, metal orthosilicates
could be a promising candidate for NIC applications due to their
appealing properties such as remarkable thermal stability through
strong SieO bond, high theoretical capacity (>270mAhg�1), eco-
friendliness, and its low cost [26,27].

Several studies on carbon-coated Na2FeSiO4 (CNFS) as a positive
material for sodium ion batteries have demonstrated that it de-
livers a maximum discharge capacity of ~125mA h g�1 along with
poor cycle life at a very low current density of C/20 or C/40 [28e32].
In addition, their preparation methods have required careful con-
trol over many parameters such as preparation time and involved
complicated multi-step reactions, resulting in impurity phases in
the final product [31,33]. This affected its surface morphology, and
consequently, reduced the sodium storage behaviour of the CNFS
electrode in NIBs. In our previous work, we demonstrated the
preparation of phase-pure CNFS by a one-step solid-state method
at relatively low temperature for NIB applications [18]. As an
electrode in NIB configuration, the CNFS electrode showed
outstanding capacity retention and outperformed several studies
based on orthosilicates materials reported elsewhere
[20,26,29e31]. However, The CNFS material needs more intensive
investigations before being utilized in NIBs, which may be due in
part to the difficulty in extracting two Na-ions from its structure
and severe capacity decay over the full operating voltagewindowof
1.5e4.8 V. Hence, we emphasize one interesting factor that the
CNFS shows excellent stability at low operating voltages though the
capacity is not acceptable for practical applications. Due to the
advantages discussed above, we have employed CNFS as the energy
source for NICs. To our best knowledge, no works have reported the
utilization of phase-pure CNFS as electrode materials for NIC
applications.

In this research paper, we developed a 3 V NIC device based on a
sodium intercalated CNFS anode with commercial AC cathode. The
electrochemical performance of fabricated NIC is tested between
0 and 3 V in 1MNaClO4 electrolyte dissolved in ethyl carbonate and
diethyl carbonate. Furthermore, the abundance of iron and silicone
on the earth’s crust makes CNFS a highly attractive electrode ma-
terial for constructing economically viable NICs for large-scale en-
ergy storage applications. This work will provide further insight in
promising sodium ion capacitor technology.
2. Experimental

Phase pure CNFS nanoparticles are synthesized via a single step
solid-state reaction using Na2C2O4, FeC2O4, fumed SiO2, and Adipic
acid (1M) as starting materials. All of the chemicals are obtained
from Sigma-Aldrich and used without any modifications. Adipic
acid is used as a chelating agent to circumvent nanoparticle ag-
gregation as well as a carbon source to reinforce the inherent
electronic conductivity. Stoichiometric amounts of precursor ma-
terials are mixed with appropriate amounts (0.3M) of chelating
agent and ground thoroughly for several minutes. Finally, the
resultant powders are pelletized and annealed at 700 �C for 12 h in
argon atmosphere to obtain CNFS nanoparticles. The CNFS particles
were crushed well for 30min after annealing to get fine particles
and stored in vacuum oven for further studies. The AC having a
specific surface area of ~1700m2 g�1 is received from Wako, Japan
and used without any further modifications.

The crystalline structure of the CNFS nanoparticles is observed
through X-ray diffraction (XRD, Miniflex 600, Cu Ka radiation,
Rigaku, Japan). The morphological features are investigated with a
scanning electron microscope (SEM, LEO Zeiss 1550, Switzerland)
and transmission electron microscope (TEM, JEOL 2010 FEG).
Thermogravimetric analysis (TGA) was done on a TA Instrument
Q500. X-ray photoelectron spectroscopy (XPS, Thermo Scientific
Theta Probe, USA) was used to investigate specific bonding, func-
tional groups, and surface elemental compositions.

Electrodes are prepared by casting electrode slurries on stainless
steel mesh, followed by drying at 80 �C under vacuum for 12 h and
further evaluated for electrochemical performance. The electrode
slurries are prepared by mixing 70wt% of active material (CNFS or
AC), 15wt% of conductive component (Ketjen black), and 15wt% of
binder (teflonized acetylene black). The half-cells are constructed
in 2032 coin cell in which either CNFS or AC acted as working
electrode and metallic Na foil served as the negative electrode
separated by a polyethene-based separator.1 MNaClO4 dissolved in
ethyl carbonate (EC)ediethyl carbonate (DEC) (EC:DEC, 1:1 volu-
metric ratio) was used as electrolyte. NIC devices are fabricated
using CNFS and AC electrode with an identical separator and
electrolyte as mentioned above. The continuous charge-discharge
(CCD) measurements of the NICs are conducted within 0e3 V at
various current densities. Cyclic voltamettry (CV) and electro-
chemical impedance spectra (EIS) are recorded using a Bio-logic
DSP-300 electrochemical analyzer.
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3. Result and discussion

The XRD pattern of CNFS is presented in Fig. 1a along with a
ternary phase diagram shown as an insert. All of the diffraction
peaks are indexed based on highly crystalline Na2ZnSiO4 phase
with the p1n1 (SG:7) space group (ICSD 18,314) which is in good
agreement with pervious reports [26,33]. There were no apparent
impurity peaks associated with Na2SiO3, FeSiO3, and Fe3O4
observed. It is worthwhile to mention that this is the first report
demonstrating the preparation of CNFS without any impurity
phases using a simple and cost-effective solid-state method. The
crystalline size of the CNFS is calculated by using Scherrer’s for-
mula, which is about 100 nm [34]. The TEM images of CNFS shown
in Fig. 1b and c demonstrate the presence of a porous carbon
network between the particles, which can be formed due to evo-
lution of CO and CO2 during the decomposition of the chelating
agent [35,36]. The chelating agent with high heat of combustion
also aids in obtaining highly crystalline CNFS particles along with
desirable surface area (5m2 g�1), which is agreed well with the
XRD result in Fig. 1a. The amount of carbon in CNFS is calculated by
TGA analysis (Fig. S1) and the content is about 5%.

As shown in TEM images (Fig. 1b and c), the CNFS displays a
composite texture with highly interconnected primary particles
ranging from 100 to 120 nm in size alongwith uniform distribution.
In addition, the HR-TEM micrograph (Fig. 1c) confirms the forma-
tion of a uniform nano-layer of carbon on the surface of CNFS
particles. The porous structure of the material can be beneficial for
unrestricted access of electrolyte to the electrode structure [33,34].
Furthermore, pores within the electrode structure can increase the
electrolyte uptake and suppress excessive Na-ion consumption
during solid electrolyte interface (SEI) formation [24]. The porous
structure also helps in reducing the mechanical stress and acts as a
flexible backbone during charge and discharge at high current cy-
cles. Furthermore. The uniform, interconnected, and porous carbon
network improves the electronic conductivity of CNFS materials
Fig. 1. (a) XRD, (b) and (c) TEM images of CNFS particles synthesized using single step solid
particles and High resolution XPS spectrum of C 1s.
and shortens the ionic diffusion pathway, which leads to higher
capacity and stable cycling life [36,37]. The EDX mapping of CNFS
presented in Fig. 1deg confirmed the even distribution of Na, Fe,
and Si elements and the presence of carbon (Fig. 1g) on the surface
of the material. Fig. 1h presents the Raman spectrum of CNFS par-
ticles, demonstrating sharp peaks at 1345 and 1594 cm�1. The peak
centered at 1345 cm�1 represents the G band arises from the vi-
bration of sp2 carbon in the hexagonal lattice whereas a peak at
1594 cm�1 associated to the D band [8]. The former results from the
stretching vibration of sp2 carbon atom in the hexagonal lattice and
the later represents the disorder nature of the graphitic carbon [37].
It is well known that the relative intensity of ID/IG displays the
quality of carbon presented in CNFS. The ID/IG ratio is calculated
from Fig. 1h, which about 0.95, confirming the CNFS contains pre-
dominantly sp2-type carbon [8,37].

“The BET surface area of CNFS and AC are measured as 4 and
1700m2 g�1, respectively. The nitrogen adsorption/desorption iso-
therms and pore size distribution curves of CNFS and AC are pre-
sented in Fig. S3 in the supporting information. It is clear from
Fig. S3a and Fig. S3c that the CNFS and AC are not only displaying
specific pores at 2 nm, but also have complex pore systems with
large number of other sized pores ranging from 2 to 12 nm. The
nitrogen adsorption/desorption isotherms of CNFS and AC recorded
at 77 K is also presented in Figs. S3b and S3d, respectively. The AC
shows an intermediate type I and II adsorption/desorption
isotherm with a knee and increasing plateau, demonstrating the
presences of mixed micro and mesoporous structure in the sample
[40,41]. On the other hand, the CNFS powders has type I isotherm
and shows clear hysteresis during the desorption process [40]. It
clearly indicates that the accumulated pores are presented between
the CNFS particles, which produced from the release of gases by the
decomposition of adipic acid during the preparation. It well known
that the electrode materials with mixed pore structure (micro and
mesopores) is essential to fabricate high performance NICs. The
presence of micropores are responsible for delivering high
state method. EDX mapping of (d) Na, (e) Fe, (f) Si and (g) C. (h) Raman spectra of CNFS
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capacitance values even at high current while the mesopores
within structure enhance the conductive properties of the elec-
trode materials [41].”

XPS studies are performed on the CNFS material to investigate
the chemical and electronic state of the electrode materials and the
XPS spectrum are shown in Figs. 1 and S2 (Supporting Information).
The full range XPS spectra of CNFS shown in Fig. S2a confirms the
existence of the active materials including Fe 2p, Na 1s, C 1s and Si
2p. The high-resolution Fe 2p spectra is provided in Fig. S2b and is
deconvoluted into Fe 2p3/2 and Fe 2p1/2 due to spin-orbit coupling
at 710.1 eV and 725.5 eV, respectively. Additionally, no apparent
satellite peaks of ƴ-Fe3O4 are observed in the XPS spectra of Fe 2p,
which further confirms that the CNFS is devoid of impurities [38].
These observations are in accordance with the divalent state of Fe
[39]. Fig. S2c shows a single peak centered at 1072.1 eV corre-
sponding to the Na 1s region, which can be assigned to the þ1
oxidation state of Na. The typical XPS peak of Si 2p is provided in
Fig. S2dwith a single peak at 101.9 eV due to overlapping of Si 2p 3/2
and Si 2p 1/2 spectra. The O 1s peak is shown in Fig. S2e and has the
location at 531.5 eV, revealing the 2 þ oxidation state of oxygen
[40]. As shown in Fig. 1i, the high-resolution C 1s spectra is
deconvoluted into five distinct peaks assigned to carbon atoms in
different states: sp2 carbon (283.5 eV), sp3 carbon (285.4 eV), CeOH
(286.6 eV), C]O (288.2 eV), and p-p* functionalities (289.3 eV)
[37,39]. The presence of a small amount of surface oxygen func-
tionalities are crucial to enhance the electrochemical capacitive
behaviour of the materials during C-DC studies [41].

The half-cell performance of CNFS versus Na metal is investi-
gated between 1.5 and 4.5 V at 0.25 C rate, with the results pre-
sented in Fig. 2a. The CNFS/Naþ is initially cycled at low current of
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Fig. 2. (a) CCD profile of CNFS half-cell recorded at 0.25 C within 1.5e4.5 V after activation
half-cell performance comparison of present work with other orthosilicate materials report
long term cyclic stability plot of CNFS half-cell at 3.5 C rate.
0.25 C for 5 cycles to get the stabilized the solid-electrode interfa-
cial layer. This activation step is crucial for high voltage materials
(>4.5 V) to achieve high electrochemical stability for the cycling
process, though the reaction mechanism of activation is complex
[42]. The electrochemical profile of CNFS shown in Fig. 2a exhibits
two voltage plateaus at 2.0 V and 4.3 V which can be attributed to
the Fe2þ/Fe3þ redox reaction, and are related to the multi-step
electrochemical redox reaction in agreement with previous re-
ports [30,43]. The insert in Fig. 2a illustrates the cyclability of CNFS
at 0.25 C rate after 5 initial activation cycles. The CNFS electrode
exhibits a discharge capacity of 105mAh.g�1 at 0.25 C rate and
maintains about ~85% capacity retention after 200 cycles. To the
best of our knowledge, this discharge capacity along with excellent
stability obtained from CNFS are among the best values reported for
other sodium based orthosilicate cathodes [27,36,43e45]. The
comparison of the present investigationwith other orthosilicates in
NIB configuration is presented in Fig. 2b, revealing that the cyclic
stability of CNFS is superior to its counterpart. The previous studies
utilized high content of graphene (>25wt %) or ionic liquids to
enhance the performance of CNFS materials, which is not suitable
for commercial batteries applications as the graphene has low
volumetric capacity and the ionic liquid is expensive for practical
use [27,36,43e45]. Moreover, the CNFS prepared using sol-gel or
hydrothermal methods show very low initial capacity values of
~86mA h g�1 at C/20 current with extreme capacity fading upon
cycling [26,33]. Although the CNFS obtained by the complex elec-
trochemical ion exchange of Li with Na in Li2FeSiO4 could
deliver ~ 330mAh g�1, the practical adoptability of the electro-
chemical ion-exchange method limits its application in high energy
density devices [46]. Additionally, sol-gel, hydrothermal, and ion
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process. Insert shows the cyclic stability of CNFS electrode at 0.25 C for 200 cycles, (b)
ed elsewhere and (c) rate performance CNFS half-cell at different current rates and (d)
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exchange methods have complex reactions steps and form CNFS
particles with severe agglomeration [26,33,46]. In contrast, this
work shows the successful design of a sodium-based orthosilicate
cathode material with superior performance from a simple solid-
state method.

The rate performance of the CNFS electrode is tested at different
current densities and the results are presented in Fig. 2c. Discharge
capacities of 105, 77, 62, and 55mAh g�1 are obtained at 0.25 C, 1 C,
2.5 C, and 3.5 C, respectively from the CNFS half-cell. To further
evaluate the performance of CNFS, this material is charged and
discharged at 3.5 C rate for 500 cycles to study the long-term
cycling stability of the electrode. As shown in Fig. 2d, the high
electrochemical stability of CNFS for sodium storage is observed at
a high rate of 3.5 C with a specific charge capacity of 55mA h g�1

and 52mA h g�1 during the first cycle and after 500 cycles,
respectively, corresponding to a capacity retention of 95%. It is
noteworthy here to mention that the rate performance and cyclic
behaviour at high current density also surpasses many literature
values based on Na2MSiO4 (M¼Mn or Co or Fe) as illustrated in
Fig. 2b [27,36,43e45]. The enhanced sodium storage activity of
CNFS could be attributed to the highly crystalline CNFS and the
presence of a porous carbon network between the CNFS particles.
Generally, the former has a great impact on the elimination of
forming secondary phases during the charge/discharge reaction
and the latter increases its inherent conductive properties and
structural integrity. In addition, the strong SieO bond further
contributes to improving electrochemical and thermal properties,
thereby enhancing the cell safety. This remarkable Na-ion interca-
lation/deintercalation performance at high currents makes CNFS a
cheap, eco-friendly and high-performance energy source material
for next generation high energy density NICs. The morphology of
the CNFS electrode is also examined before and after 200 cycles at
0.25 C rage within 1.5e4.5 V through SEM analysis and the corre-
sponding images are presented in Fig. S4. As seen in Fig. S4, the
CNFS particle shows almost ideal morphology before and after 200
cycles, which further confirms its superior structural integrity.

The anodic performance of CNFS against sodium foil is also
Fig. 3. (a) CCD curves of CNFS recorded between 0 and 3 V at different current densities, (b) e
voltage regions, (c) CD curve and (d) cyclic stability of activated carbon electrode vs. Na fo
tested within 0e3 V at various currents and the outcomes are
shown in Fig. 3a. As an anode in SIB, the CNFS material delivers a
capacity of ~530 and 234mA h g�1 during the initial and second
cycle at 100mA g-1 current density, respectively. The irreversible
capacity may be due to the formation of a SEI layer during the initial
cycling process. In addition, the CNFS electrode delivers a capacity
of 122mAh g�1 at current density of 250mAh g�1 as shown in
Fig. 3a. However, the CNFS has shown a reasonable stability after 1,
000 CCD cycles at 100mA g�1 (insert in Fig. 3a), demonstrating the
bifunctional electrochemical activity of the CNFS material, which
canwork in both the cathodic and anodic regions. Furthermore, the
presence of phase changes in the CNFS electrode before and after
cycling in both cathodic and anodic regions have been analyzed
through ex-situ XRD as shown in Fig. 3b. It is clear that the ex-situ
XRD patterns of both electrodes do not show any new peaks,
demonstrating a similar spectra to pristine CNFSwith low intensity,
which indicates that the CNFS structure is still retained ever after
the long term cyclic process. This confirms the robust behaviour of
CNFS, making it a low cost and suitable candidate to fabricate long
term high performance NICs. The ex-site XRD and SEM study
(Fig. S4) demonstrates that the CNFS particles could be used to
fabricate high performance NIC systems.

Similarly, the half-cell performance of the AC electrodes is
investigated at 250 and 400mA g�1 between 3 and 4.5 V vs. Na/Naþ

(Fig. 3c). The linear charge/discharge profile shown in Fig. 3c ex-
plains that the AC displays a surface adsorption/desorption charge
storage mechanism [47]. Fig. 3c and d reveals that the AC electrode
delivers 92 and 52mA h g�1 capacities at current densities of 250
and 400mA g�1, respectively, along with over ~ 95% capacity
retention up to 250 cycles at 400mA g�1, which concludes that the
adsorption/desorption process is reversible. From the half-cell
performances, it is clear that CNFS and AC electrodes show highly
stable Na-ion storage performance, demonstrating that they can be
adopted as electrode materials to construct high-performance NIC
cells. An appropriate mass balance between the AC and CNFS
electrodes is essential to construct the full cell to achieve a high
energy and power NICwithout sacrificing its cycle life. Electrodes in
x-situ XRD patterns of CNFS electrode before and after 100 and 1000 cycles at different
il anode at 400mA g�1 current density between 3 and 4.6 V.
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a symmetrical capacitor split the applied voltage equally when it is
fabricated with the same mass of electrodes, while in the asym-
metric capacitor, the applied voltage will be split based on the
capacitive behaviour of each individual electrode [18]. Based on the
above half-cell performance (Fig. 3) of CNFS and AC vs. Na foil at
250mA g�1, the optimized mass balance between AC and CNFS is
1:1.3.

The NIC is evaluated between 0 and 3 V using different elec-
trochemical studies in 1M NaClO4 electrolyte. The CV curves of the
hybrid NIC cell is evaluated between 0 and 3 V at different scan
rates from 10mV s�1 to 200mV s�1 and is presented in Fig. 4a and
Fig. S5. The CV curves resemble the capacitive behaviour of the
material with a slight deviation from the ideal rectangular shape
(Fig. 4a). This confirms the existence of different charge storage
mechanisms in the NIC; the intercalation/deintercalation of Na ions
and non-faradaic surface charge storage in AC [48e50]. Generally,
AC stores energy by charge separation at the electrode and elec-
trolyte interfacewhereas the energy storage of CNFS arises from the
reversible phase transformation and the utilization of a Faradaic
Fig. 4. (a) CV traces of CNFS/AC NIC cell at 10, 100 and 200mV s�1 scan rate recorded betwee
rate capability of CNFS/AC NIC cell at different currents densities.
electron transfer reaction. The shapes of the CV curves do not
change even at a high scan rate of 200mV s�1 (Fig. 4a), which
demonstrates the higher stability of the CNFS/AC cell over the
operational voltage range of 0e3 V [47,51].

The CCD profile of the CNFS/AC cell was recorded at 0.6 A g�1

between 0 and 3 V in 1M NaClO4 electrolyte and is presented in
Fig. 4b. The linear variation of potential vs. time seen from the CCD
plot reveals that the CNFS/AC system displays good capacitance
behaviour with excellent electrochemical reversibility. Although
the constructed CNFS/AC cell shows a linear potential response, the
obtained curves deviate from an ideal triangular shaped EDLC
capacitor profile. The CCD curves exhibits a plateau at ~1.5 V fol-
lowed by the sloping line, confirming the presence of two different
energy storage mechanisms. The plateau represents the faradaic
insertion/removal of Naþ ions whereas the sloping line corresponds
to the nonfaradic surface adsorption/desorption process [51]. Based
on this, the energy storage mechanism of CNFS/AC NIC can be
explained as follows; during the charging process, Na-ions in the
electrolyte are inserted into the CNFS, which results in a charge
n 0 and 3 V. (b) CCD curve of NIC at 0.6 A g�1 current density, (c) cyclic stability and (d)
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imbalance in the electrolyte system. However, this change imbal-
ance is compensated through AC electrode by the adsorption of
ClO4

�1 anions on its surface, which forms a double layer. The Naþ

ions and anions are returned to the electrolyte from CNFS and AC,
respectively, during the discharge process. This faradaic Na-ion
extraction/reinsertion is responsible for providing high energy
density whereas the nonfaradic double layer formation on the
electrode offers essential power density. The reaction mechanism
involving Na ion removal and surface adsorption at AC are as
follows:

CNFS side: Naþ2 Fe
2þSiO4 þ xe�⇔Naþ2þxFe

3þSiO4

AC side: AC⇔ACþ ==xClO4� xe

� ð = = represents double layerÞ
The electrochemical parameters like cell specific and discharge

capacitances, internal resistance, energy, and power densities are
calculated based on formulas reported elsewhere [18,24,52e54].
The constructed NIC cell is continuously charged and discharged for
2500 cycles at 0.3 and 0.6 A g�1 current densities with the stability
curve presented in Fig. 4c. The discharge capacitance of about 60
and 48 F g�1 is calculated from the CCD curves at 0.3 and 0.6 A g�1

current density, respectively, within a 0e3 V potential range. When
cycling at 0.3 A g�1 current density, the NIC loses a discharge
capacitance of about 4 F g�1 during the first 500 cycles and displays
very stable cycling behaviour thereafter. In contrast, when the
current density is doubled to 0.6 A g�1, there is almost no change
observed in capacitance from 48 F g�1 after 5000 cycles, which
confirms that the electrochemical behaviors of CNFS/AC NIC cell is
highly stable even at high current densities. The rate performance
of the cell is shown in Fig. 4d, where specific capacitances are
compared at various current densities. The specific capacitance of
Fig. 5. (a) Comparison of energy and power density values of CNFS/AC capacitor with vari
number curve of CNFS/AC NIC cell. (d) EIS spectra of CNFS/AC NIC cell recorded before and
NICwas calculated 63, 60, 49, 44 and 40 F g�1 at current densities of
0.15, 0.3, 0.6, 1.4 and 2.15 A g�1, respectively. It is also noted from
Fig. 4d that the discharge capacitance of the NIC cell decreases with
an increase in current density. This may be due to the slow reaction
kinetics and low penetration of Na ions into the electrode at fast
charge/discharge rates [51]. The decrease in capacitance with
increased current density can also be associated with low utiliza-
tion of active materials as sodium ions do not have enough time to
penetrate into the bulk of the materials [55]. It is noteworthy here
that the discharge capacitance value obtained at a high current
density of 2.15 A g�1 is one of the best reported for NICs made with
numerous sodium intercalating materials [8,14,18,24,28,36,56e58].
The main factor considered for obtaining high capacitance at high
currents is the absence of impurity phases in CNFS structures. It is
widely accepted that the impurities in energy source materials
result in unwanted side reactions, which leads to severe capaci-
tance fading during the cycling process. In addition, the morpho-
logical features of CNFS also assist in achieving high rate
performances. For instance, the small and uniform CNFS nano-
particles (observed in the TEM images of Fig. 1) shorten the diffu-
sion path for electronic and Na ion transport. Secondly, the highly
porous carbon architecture eliminates the stress associated with
Na-ion insertion/extraction at high currents.

Fig. 5a shows the Ragone plot of the present investigation
compared with various NICs fabricated with different types of so-
dium intercalating materials. The energy density of 70Wh kg�1 is
obtained at a power density of 400Wkg�1 from the CNFS/AC cell
andmaintains a 45Wh kg�1 energy density at a high power density
of 5400Wkg�1. Table 1 and Fig. 5a clearly show that the novel NIC
cell has an excellent capacitive performance with high power and
energy density and is superior to most of the currently reported
sodium ion hybrid capacitors [23,25,56,59e61]. For instance, the
NIC fabricated with Na2Ti3O7@CNT electrode delivered an energy
density of 11Wh kg�1 at a power density of 2000 Wkg�1 [57]. The
ous NICs, (b) long term stability for 30,000 cycles, and (c) internal resistance vs. cycle
after 30,000 cycles between the frequency range of 200 kHz to 100mHz.



Table. 1
Comparison of electrochemical capacitive parameters of the CNFS/AC cell with various NICs fabricated with sodium intercalation materials.

Material Capacitance F.g�1 Energy Density W h kg�1 Power Density W kg�1 Electrochemical stability (%)

This work 49 45 5400 94% (30,000 cycles)
Na2CoSiO4 [59] 42 12.4 782.7 84% (1500 cycles)
Na3V2(PO4)3/AC [23] e 12 5424 64.5% (10,000 cycles)
NaMn1/3Co1/3Ni1/3PO4/AC [25] 40 50 180 95% (1, 000 cycles)
AC/Na-TNT [56] 35 38 140 98% (900 cycles)
CeNa3V2(PO4)3/CDC [24] 51 60 850 95% (10,000 cycles)
Al-NMNC/AC [18] 68 63 6600 98% (10,000 cycles)
Na2Ti2O4(OH)2/AC [62] 42.3 65 500 93% (3000 cycles)
Na0$66MnO2/AC [63] 38.9 19.5 130 97% (10,000 cycles)
Na0$35MnO2/AC [64] 38 42.6 129.8 99% (5000 cycles)
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CNFS/AC cell also outperforms Na2CoSiO4 [59], Na3V2(PO4)3 [23],
NaMn1/3Co1/3Ni1/3PO4 [25] and AC/Na-TNT [56] NICs tested in
organic electrolyte. Long-term cycling stability at high current
density is significant in developing technology suitability for high
energy applications.

To further investigate the long-term stability of NIC, CNFS/AC is
tested between 0 and 3 V at a current density of 0.6 A g�1 for 30,000
deep charge CCD cycles. Fig. 5b illustrates the plot of energy density
retention vs. the cycle number. The CNFS/AC exhibits an initial high
energy density of 56Wh kg�1 which drops to 53.2Wh kg �1 after
the first 1000 cycles and then delivers an excellent stability of 94%
until 30,000 charge discharge cycles. In addition, the CNFS/AC cell
exhibits excellent coulombic efficiency close to 100% even after
30,000 cycles as presented in Fig. 5b. To the best of our knowledge,
the cycling stability obtained at very high current density is one of
the best prolonged cycle performances among NICs as compared in
Table 1. This excellent electrochemical stability arises from the low
internal resistance of the cell throughout the deep CCDmechanism.
The comparison of internal resistance with cycle number is given in
Fig. 5c. The internal resistance of the cell in the first cycles and after
30,000 cycles are calculated to be around 19.2 and 20.3U, respec-
tively, which confirms the higher current flow on the electrodes
surface. It is confirmed by many authors that a higher current flow
on the electrode improves the cycling behaviour of the cell signif-
icantly even at high current density [18,61]. Moreover, the porous
carbon conductive network between the CNFS particles allows the
electrode to accommodate more electrolyte within its structure.
This gives the electrode a flexible structure which provides an
advantage to overcome mechanical stress during the high current
cycling process. Generally, high mechanical stress forms voids and
cracks on the electrode surface, which negatively affects the current
flow, reducing the rate and cyclic performance [61]. In addition, the
highly stable SieO bond in CNFS, highly crystalline nature of CNFS
without any impurity phases, and proper mass balance between
electrode materials have a great impact in achieving this remark-
able cycling performance at high current density. To confirm the
structural stability of CNFS electrode after 30,000 cycles, an ex-situ
XRD measurement is conducted after 30, 000 cycles and compared
to the pristine electrodes. Comparison of the XRD patterns of CNFS
before and after 30,000 cycles is given in Fig. S6, indicating that no
new phases formed even after 30,000 deep CCD cycles. It is evident
from Fig. S6 that the major diffraction peaks of CNFS before and
after cycling are indistinguishable. This reveals that the crystal
structure of CNFS is retained even after severe CCD studies at high
current rates.

EIS is a powerful technology to study the resistance changes of
the material before and after cycling. This helps to estimate the
penetration of current on the electrode surface and determine the
extent to which ions can access the surface. EIS was conducted
between the frequency range of 200 kHz and 100mHz at open
circuit voltage before and after 30,000 cycles at 0.6 A g�1 (Fig. 5d)
and the equivalent circuit is given as an insert. In the EIS plot, the
semicircle at the higher frequency can be assigned to the reaction
kinetics at the electrode and electrolyte interface and can be
denoted as the charge transfer resistance (Rct), while the straight
line in the low frequency region relates to the diffusion controlled
process [37,49]. The low Rct difference observed in the EIS spectra of
the CNFS/AC cell after 30,000 cycles compared to before cycling
suggests smoother Na-ion diffusion during the CCD cycling process.
There is no change in solution resistance (~16.86U) observed
before and after cycling, which implies no significant side reactions
during deep cycling testing. The Rct values of ~14.45 and 18.44U
can be calculated before and after 30,000 cycles, respectively, from
the EIS plot as shown in Fig. 5d. Although a slight increase in Rct is
observed, the obtained value is still considered as low even after
30,000 cycles. Lowering the resistance directly increases the cur-
rent flow on the surface of the electrode and enhances the cycling
performance and energy storage capability of the CNFS/AC NIC cell.
The outcome of this work opens a new path to fabricate a low cost
and environmentally friendly NIC that can deliver excellent rate
capability, high power and energy densities, and outstanding
cycling performance.

4. Conclusion

In this work, we succeeded in developing a novel cost-effective
high-performance sodium ion hybrid capacitor consisting of a
carbon-coated Na2FeSiO4 nanomaterial synthesized by a single-
step solid-state method and activated carbon. The Na2FeSiO4/acti-
vated carbon system exhibits a remarkable electrochemical
capacitive performance in an organic electrolyte between 0 and 3 V.
The sodium ion capacitor cell displays a maximum energy and
power densities of 70Wh kg�1 and 5400Wkg�1, respectively. In
addition, the cell also shows superior cycling performancewith 94%
retention after 30,000 deep charge discharge cycles at a 0.6 A g�1

current density. The results prove that the CNFS/AC capacitor is
capable of delivering one of the highest energy density values, even
at high power density, among other sodium-ion intercalation ma-
terial capacitors. Constructing a high energy density NIC with
environmentally benign materials may significantly reduce the
electrode materials cost and device complexity while enhancing
manufacturability of NICs as an energy source for electric vehicles
and next generation low maintenance energy storage devices.
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