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Hierarchical NaFePO,4 nanostructures in
combination with an optimized carbon-based
electrode to achieve advanced aqueous Na-ion
supercapacitorst
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Recent trends in sodium-ion-based energy storage devices have shown the potential use of hollow
structures as an electrode material to improve the performance of these storage systems. It is shown
that, in addition to the use of hierarchical structures, the choice of the complementary carbon electrode
determines the final performance of Na-ion-based devices. Here, we present simple synthesis strategies
to prepare different structured carbonaceous materials that can be upscaled to an industrial level.
Individual carbon materials deliver specific capacitance ranges from 120 to 220 F g~* at a current density

of 1 A gt (with excellent capacity retention). These structures, when combined with hollow NaFePO,4
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Accepted 26th August 2021 microspheres to fabricate an aqueous supercapacitor, show as high as a 1.7 V working potential window

and can deliver a maximum energy density of 25.29 W h kg™ capacity retention. These values are much
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Introduction

Na-ions, with chemistry similar to Li-ions, were always expected
to deliver characteristics that could be useful for storage tech-
nologies. Their limited use today is mostly linked with the
difficulties associated with obtaining the single-phase Na-based
materials, with high cycling stability.>* Over the last few years,
there has been a steady growth in the expertise to stabilize Na-
based systems, with simple morphologies and reasonable
electrochemical performance.* To date, particles with solid
morphologies have been normally used in Na-ion super-
capacitors. To bring a significant jump in the performance,
hierarchical structures will now have to be investigated.>®
Additionally, one should be mindful of the fact that Na*, with
a larger ionic radius than Li", will not combine with any
randomly chosen anode. The complementary electrode must be
such that it allows space for efficient ion intercalation and
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deintercalation. It has also been suggested that to obtain the
desired performance from Na-ion storage devices, carbon-based
electrodes will have to be carefully tuned.”

One of the materials that is being investigated is NaFePO,
(NFP). The hope is that, NFP can deliver performance parame-
ters like LiFePO, (a famous material in Li-ion battery) and make
Na-ion technology competitive with the other similar yet
established systems. The formation of single-phase NaFePO,
and its use in Na-ion batteries have been reported over the last
few years.*'* Being a battery-type material, NaFePO, has not
been investigated much for supercapacitor application. The
high-rate capability and structural stability of the olivine
phosphates makes these structures useful for energy storage
devices. There are many studies present in the literature that
deal with conductive coating and metal ion doping to improve
the performance.'”” In the current work, the strategy of using
morphology driven changes Na-ion supercapacitors was
employed.

Many recent studies related to metal oxides suggesting the
use of hierarchical nanostructures as a basic ingredient in the
next generation supercapacitors.”*'* Therefore, it is now
imperative that hierarchical structures are tested in Na-ion
supercapacitors and batteries. This paper deals with the use
of hierarchical NaFePO, in Na-ion supercapacitors. Most
studies in literature have remained focus on one combination
of Na-based electrodes with a particular carbon-based electrode.
Here, it is established that unless a proper combination with
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a suitable carbon structure-based electrode is determined, the
device does not deliver the required characterization. Using
a combination of NFP with activated carbon (AC), carbon
microsphere (CMS), carbon nanosphere (CNS), graphene oxide
(GO), reduced graphene oxide (rGO), graphene quantum dots,
and nitrogen-doped graphene quantum dots, it is shown that
NFP//tGO is the best option. Reasons are given to explain the
properties of rGO, which helps it to supersede others. The
studies clearly show that Na-ion supercapacitors can only
become useful if the carbon-based negative electrode is care-
fully chosen. Further, for different Na-ion-based electrode
materials, the desired carbon structures would be different.

Experimental
Material synthesis

AC was purchased from Merck Industries Pvt. Ltd. and used
without any further modifications. CMS and CNS were synthesized
by the hydrothermal method by controlling the precursor
concentration and reaction time. For GO, a modified Hummer's
method was used. Then these GOs were reduced with the help of
the NaBH, to obtain rGO. GQD was prepared by the pyrolysis
technique utilizing citric acid and later it was nitrogen-doped by
ammonia solution. Hollow NaFePO, was synthesized by a one-pot
hydrothermal facile route.”® Detailed synthesis procedures for
obtaining materials used in this study are discussed in the ESL. %"

Electrode preparation and characterization

Slurries were prepared using active material, polyvinylidene
fluoride-co-hexafluoropropylene (PVDF) binder in acetone (for
carbon structures), and N-methyl-2-pyrrolidone (for NaFePO,)
as a mixing media. The ratio was 8:1: 1 for active material,
PVDF, and AC, respectively. The obtained slurries were drop
casted onto the graphite sheets (with 1 cm x 1 cm) and vacuum
dried at 80 °C for 12 h. All electrochemical measurements were
performed using 2 M aqueous NaOH as an electrolyte.'® Current
collecting graphite sheet coated with slurries containing the active
materials was used. Platinum wire and Ag/AgCl (in 3.0 M KCI) were

Fig. 1 SEM micrographs of (a—c) hollow and (d) solid NaFePOyg,.
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Scheme 1 Growth mechanism of hollow NaFePO,.

used as the counter and reference electrodes, respectively. CR2032
type asymmetric cells were fabricated using a Whatman glass fiber
as the separator and the respective electrodes on either side. 3-
electrode measurements were performed to optimize the electro-
chemical window of each electrode. The best performing electro-
lyte was also selected by the performance obtained from the 3-
electrode measurements. After optimizing the electrodes, NFP and
carbon electrodes were used the positive and negative electrodes,
respectively, in a device.

Result and discussion

Physiochemical results

The X-ray diffraction pattern of NaFePO, (NFP) could be
indexed using the JCPDS card no. 04-012-9665, representing an
orthorhombic unit cell with Pnmb space group as shown in
Fig. S1(a).t Fig. 1(a-c) shows the SEM images of NFP, where
a distinct hollow cavity is visible. The size of the synthesized
NFP microspheres varied in the range of 1-3 pm. Correspond-
ing TEM micrographs are shown in Fig. S1(b).} Such structures
are known to have advantages of higher surface area, large pore
size, and transport channels in comparison to their solid
counterparts.” The growth of these spherical particles is the
resultant of reagent reaction and kinetically controlled diffu-
sion (Scheme 1). The details are given in ESI.}

To prove the advantage of hollow hierarchical structure,
solid nanostructures were also synthesized using an auto
combustion route. A typical solid disc-type morphology of NFP

Table 1 Crystal parameters for NaFePO,4

Parameter a(A) b (A) c(A) Cell volume (A®)
Hollow NFP 7.67 8.76 5.12 343.84
Solid NFP 7.62 8.78 5.11 341.89

© 2021 The Author(s). Published by the Royal Society of Chemistry
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is shown in Fig. 1(d). The lattice parameters listed in Table 1,
clearly showed that the two morphologies had similar dimen-
sions. Therefore, any change in electrochemical performance
would primarily originate from the change in the surface area.

BET measurement showed that the surface area of hollow
particles was 20.1 m* g~ ', with an average pore size of 6 nm (see
Fig. S2t). In comparison, solid structures had a surface area of
6.1 m*> g~ ', with an average pore size of 1.58 nm. The particle
size was further confirmed by the SEM analysis, which indicated
the average particle size was 1.527 pm (see Fig. S3(a)t). FTIR
spectra of the sample also supported the presence of the [PO,]*~
group in the material. This would provide stability to the
structure (see Fig. S3(c and d)}).>* The atomic ratio of
Na:Fe:P:0O was found to be 1.05:1:1.08:3.57 from the
EDAX analysis, which confirmed the formation of NaFePO, (see
Fig. S4t). Further, the average zeta potential, obtained from the
material dispersed in methanol, was —41 mV (see Fig. S3(b)T).
This indicated that the NaFePO, could be used as a promising
positive electrode.

Fig. S5(a)t shows the X-ray diffraction pattern of all the
carbon structures used during this work. The peak near 25° is
the characteristic (002) plane of graphite.>* The broadness of the
peak qualitatively showed the amorphous nature of the mate-
rial. Phase purity and crystallinity of GO were also checked by

View Article Online
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XRD, where it exhibited a sharp peak near 10.52°, correspond-
ing to the (001) basal plane with a d spacing of 0.422 nm.* This
is due to the presence of hydroxyl, epoxy and carbonyl groups
are present in the GO structure.

AC has a higher surface area due to surface modification and
the availability of smaller pores.”” Fig. 2(a—c) and inset of
Fig. 2(a—c) show the SEM and TEM micrographs of the different
carbon structures. Fig. S6(a1, a2, b1 and b2)} show the SEM and
TEM of other carbon structures. The micrographs showed that the
flake-type structures remained the same, even after reduction.
AFM images of the graphene quantum dots (GQDs) and nitrogen-
doped graphene quantum dots (NGQDs) were taken on mica
sheets and are shown in Fig. S6(a3 and a4).t AFM surface profiles
showed that the GQDs were in the size range of 5-10 nm. TEM
micrographs of GQD and NGQDs are shown in Fig. S6(b3 and b4).t
The BET surface area isotherms for AC, CNS, rGO are shown in
Fig. 2(d—f) and corresponding BET surface area isotherms for CMS,
GO, GQD, nGQD are shown in Fig. S6(c1-c4).f AC and rGO showed
type IV hysteresis isotherm, CMS and GO showed the type III
isotherms, while CNS had type II like isotherm.*?* The calculated
surface areas for AC, CMS, CNS, GO, rGO were 933, 24, 51, 52, and
82 m” g, respectively. Barrett-Joyner-Halenda (BJH) pore size
distribution is shown in Fig. S5(b).t
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Table 2 Degree of graphitization for carbon structures

Sample Name AC CMS CNS GO rGO GQDs nGQDs
Degree of graphitization 1.02 0.086 0.45 0.96 0.87 0.77 1.97

The Raman spectra of AC, CNS and rGO are shown in
Fig. 2(g-i) had two characteristic peaks viz., one near 1595 cm ™"
(G peak), which is the characteristic scattering peak of graphite
and the second peak at 1350 cm ™' (D peak), that is caused by
lattice defects, disordered arrangement, and the
symmetry.”® The corresponding curves for CNS, GO, GQD and
nGQD are shown in Fig. S6(d1-d4).} Particle size distribution
for all the carbon structures are shown in Fig. S7.7 The degree of
graphitization can be calculated using the ratio of intensities of
the D and G peaks. It is inversely proportional to the in-plane
crystallite sizes (L,) and is given by the Tuinstra-Koenig (TK)
formula.>®

low

I
I

and,

-
L, = (24 x107)x {I—D}
Is
where R is the degree of graphitization of different carbon
materials, I is the intensity of the G peak and I, is the intensity
of the D peak. A small value of the R indicates higher graphi-
tization. A is the Raman excitation wavelength. The G-band
represents the C-C vibrational mode of the sp® hybridized
carbon materials.”” The G band forms due to the in-plane
vibration of the carbon atom in E,, symmetry.?® The small
peak at 1575 cm™ ' can be linked to the oxidation of the graphite
structure. The formation of broad D peaks near 2455 cm ™" for
GO pointed towards the stacking of GO and rGO flakes. The
blue shift was observed in the G band of the rGO, in comparison
to the GO flakes.* The randomly stacked layers would promote
the formation of a disordered array of multilayer GO and rGO.
The formation of the multilayer GO and rGO were calculated by
the intensity ratio of the G band and D band.*® The ratio of the
peak intensity of D- and G bands was 0.98, which is a measure of
the defects present in the layer.** For GO and rGO, multilayer
stacking was found to be 2 and 24, respectively.'® Table 2 shows
the degree of graphitization for each of the carbon structures.
Further, Raman spectra of nitrogen-doped graphene quantum
dot showed the characteristic peak of D band (1346 cm™ ') and G
band (1596 cm ™). The ratio of the peak intensity of D- and G
bands was 1.34. In the case of NGQDs, the Ip/Ig ratio was
slightly higher. This can be attributed to the hetero atom
doping. The FTIR analysis is shown and discussed in ESI

(Fig. s8(a)t).

Electrochemical results

The electrochemical performances of all the electrodes were
investigated using 2 M NaOH aqueous electrolyte in 3-electrode

30034 | RSC Adv, 2021, 1, 30031-30039

configuration. Before the electrochemical measurements, to
ensure complete soaking, the electrodes were pre-dipped in the
electrolyte (2 M NaOH) solution for 20 min. NaFePO, was
studied in the three-electrode in the potential window of —0.3 V
to 0.5 V.*> The CV and CD for NaFePO, are shown in Fig. 3(a and
b). The specific capacitance of hollow NaFePO, structures was
125 F g~ *. In the charge-discharge study, these structures could
deliver 142 F g~ capacitance, at 1 A g~ ' discharge current
density. Variation of specific capacitance with scan rate and
current density is shown in Fig. 3(d). The cycling stability test
showed that the electrodes only lost 7% of the initial capaci-
tance after 1500 cycles (Fig. 3(c)). This material showed higher
performance than the other aqueous-based Na-ion electrode
materials.®** As the scan rate increased to 150 mV s, the
specific capacitance decreased to 40 F g~ '. Therefore, the
capacitance retention was only 29%. When the discharging
current increased by 5-folds, 55% specific capacitance was
retained. This can happen because, when the scan rate or
discharge current increases, the material has less time for
storage or transfer, leading to reduced performance. The charge
transport kinetics of the electrode was studied by the analysis of
electrochemical impedance spectroscopy (EIS). Nyquist plots
also give information about electrode-electrolyte interactions
and equivalent series resistance (ESR). The ESR value for the
hollow microsphere was 0.78 Q (Fig. S9t).

In a hybrid device, there are two types of electrochemical
charge storage mechanisms, which must be considered viz.,
electric double layer capacitance (EDLC) and pseudocapaci-
tance.®® The total storage capacity for an electrode is

0.02 - . - 0.7
|——5mVs ——10mVs ——20mVs’ ——1Ag'
[——30mVs'——50mVs'——75mvs’ —2Ag"

0.01]——100mVs'——150mvs’ 0.5 / < 3Ag’
_ |——200mv's ——5Ag"
< ? 0.3{8 —7ag'
=}
£0.00 =
£ £ 04
3 o
o [
-0.01 04
(a) (b)
-0.02 0.3 T
-0.4 -0.2 0.0 0.2 0.4 0.6 0 100 200 300 400
Potential (V) Time (s)
130 Current density (Ag")
+ Specific capacitance [ __ 0 2 4 6 8 0
s £~200 . 2007
va o * Variation of specific capacitance} o
w w with current density L
P i d 8 ]
100 i 11{;i*1{!§i rsol 150 8
§ “ e | 8 T | S
3 ] kK ©
[ ®1004 ey 100 8
e g ) g g
gm , AR IRN @} ¢
e o .. o
£ € 50 s 50 &
5 g ey g
g_ (C) 3 ® Variation of specific capacitance o
@ 40 . . ; LI with scan rate P
0 400 800 1200 1600 0 40 80 120 160 200
Cycle Number Scan rate (mV s ')
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(d) cycling stability of NaFePO4 in 2 M NaOH.
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Fig. 4 CV profiles at different scan rates (a) activated carbon, (b)
carbon microsphere, (c) carbon nanosphere, (d) graphene oxide (GO),
(e) reduced graphene oxide (rGO), and (f) graphene quantum dot
(GQD).

a convoluted picture of both these mechanisms, which are
mainly controlled by (a) surface area, (b) porosity, (c) number of
active sites, (d) presence of the functional group, and (e) avail-
ability of the redox-active sites in the electrode.***” In this study,
all the carbon structures showed a stable voltage window of —1
to 0 V, as shown in Fig. 4(a-f). Maximum specific capacitance
values obtained from the CV curves at 5 mV s~ ', were 130, 86,
111,122,202, 69, and 77 F g~ * for AC, CMS, CNS, GO, GO, GQD,
and NGQD, respectively. The calculated specific capacitance,
with increasing scan rates, is listed in Table 3.

The specific capacitance values decrease with the increase in
scan rate, which is a normal behaviour in supercapacitor elec-
trode materials. As the scan rate increases, the electrodes have
less time to exploit the voltage window. Hence, the charge

Table 3 Values of specific capacitance with the increase of specific
capacitance for different carbon structures from CV profiles

Specific capacitance (F g ')

Scanrate (mVs™') AC CMS CNS GO rGO GQD NGQD
5 130 86 111 122 202 69 77
10 125 85 106 118 194 66 55
20 121 84 100 114 186 63 49
30 110 83 98 109 182 60 46
50 89 80 95 105 173 55 42
75 73 75 92 99 168 53 38
100 62 68 86 93 167 48 34
150 47 58 83 87 164 41 31

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 CV profiles at different scan rates (a) activated carbon, (b)
carbon microsphere, (c) carbon nanosphere, (d) graphene oxide (GO),
(e) reduced graphene oxide (rGO), and (f) graphene quantum dot
(GQD).

storage capacity decreases. Additionally, the electrochemical
kinetics of the electrostatic adsorption in EDLC is slower than
that of the pseudocapacitive faradaic reactions.*® Consequently,
the specific capacitance decreases as the material has less time
to exchange charges i.e. faradaic reactions.* The quantification
curves for the carbon structures are shown in Fig. 5. This
allowed the estimation of the pseudocapacitance contribution
in the electrode. Most of the curves showed a plateau region,
which signifies materials having EDL type storage behaviour.
Capacity retention was 36, 67, 74, 71, 81, 20, and 40% for AC,
CMS, CNS, GO, rGO, GQD and NGQD, respectively (calculated
from CV profiles). It can be seen from the quantification curves
that reduced GO had highest pseudocapacitive contribution, in
comparison to the other carbon structures.

Table 4 Values of specific capacitance with the increase of specific
capacitance for different carbon structures from CD profiles

Specific capacitance (F g %)

Current density

(Ag™h AC CMS CNS GO r1GO GQD nGQD
1 124 78 110 109 202 70 73
2 121 63 95 109 194 66 53
3 118 60 90 108 186 63 47
4 116 58 85 106 173 60 40
5 114 55 83 105 168 55 35
8 106 47 72 93 167 53 25
10 94 43 64 83 164 48 15

RSC Adv, 2021, 11, 30031-30039 | 30035
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Table 5 Comparison of specific capacitance for different carbon-based electrodes and the capacity of varying device combinations

3 electrode 3 electrode

2 electrode CV

2 electrode CD ESR value of R values

Material CVv CD with NFP with NFP the device of the device
AC 130 124 23 23 2.43 15.53
Micro sphere 86 78 29 23 1.45 7.72
Nano sphere 111 110 39 32 1.06 7.02
GQD 69 70 24 25 1.43 6.17
NGQD 77 73 34 30 1.89 6.62
GO 122 109 44 40 2.1 5.54
rGO 202 180 58 63 3.56 5.42

The AC showed lower capacity retention compared to others.
Modifying the carbon to micro and nanostructured spheres
improved capacity retention, but the specific capacitance values
remained lower than that of rGO. The highest specific capaci-
tance value of AC material can be attributed to the largest
surface area.” The higher capacitance retention for carbon
nanostructure can be attributed to the higher zeta potential
value.** The zeta potential values for different carbon struc-
tures are shown in Fig. S8(b).T GO flakes also showed EDLC
type storage, but the higher surface area and zeta potential
make this structure useful for supercapacitor applications. In
the case of rGO, there are additional oxygen functional
groups present amongst which carboxyl and phenol groups
actively participate in the faradaic redox reactions, when
placed in the alkaline electrolyte with hydroxyl ions (OH™).**
Therefore, rGO can show both EDLC, as well as pseudoca-
pacitance. This induced higher specific capacitance values,
in comparison to other carbonaceous materials. The corre-
sponding charge transfer equations can be written as
follows:*?

—COOH + OH™ & —COO™ + H,O + ¢~

=C-OH+OH < >C-O" +H,O +e”

The electrochemical performance of GQD and NGQD are
shown in ESIL.T The specific capacitance values determined from
the charge-discharge profiles are listed in Table 4. The
maximum specific capacitance was observed for rGO, which
could deliver up to 220 F g ' at 1 A g~ . Maximum specific
capacitance for the AC, CMS, CNS, GO, GQD and NGQD were
124,78,110,109,70,and 73 Fg ', at 1 Ag™ ' current density. CD
curves, variations in specific capacitance, as a function of
increasing scan rate and current densities, are shown in
Fig. S10-S12,t respectively. It was observed that, as the current
density or scan rate increased, the specific capacitance
decreased rapidly at first, and thereafter the rate slowed down.
This behaviour also supports the hypothesis, which suggested
the coexistence of EDLC and pseudocapacitance.

The performance of the carbon electrodes was also investi-
gated by electrochemical impedance spectroscopy (EIS).
Fig. S137 shows the EIS curve for the different carbon elec-
trodes. rGO had the lowest electrochemical series resistance

30036 | RSC Adv, 2021, 11, 30031-30039

(ESR) value of 0.59 Q. It also showed low charge transfer resis-
tance, which again supports the increase in pseudocapacitance
of the material.** The ESR values, Warburg resistance and the
charge transfer resistance are listed in Table S1.f GQD and
NGQD showed a dominant EDLC type behaviour.

Following the 3-electrode performance of the electrodes,
asymmetric hybrid devices were also fabricated. Fabrication of
asymmetric supercapacitor device needs charge balancing of
the electrode materials. The optimal charge balance condition
was estimated using the mass balance formula:**

m, AV.C.
m_ AV,C,

my

where C_ and C, are the capacitances (in F g~ ') measured at
the same scan rate, using the three-electrode system, while
AV, and AV_ denote the potential working window for the
positive and negative electrodes, respectively. The required
mass ratio for positive and negative electrodes (m./m_) was
estimated at 5 mV s~ ' and the total mass (m, + m_) was set to
2.0 mg cm* for each device. To utilize the full electrochemical
window in the device, positive electrode material (NaFePO,)
was combined with each negative electrode material (i.e.
carbon variants). The operation window was also optimized for
the hybrid devices.

NaFePO,//AC showed stable performance in the 1.3 V voltage
window. CV curves for all the devices fabricated using carbon
structures (except NFP//rGO) are shown in Fig S15.1 As the
structures changed to CMS and CNS, the voltage window
increased to 1.7 V. NFP//AC device could deliver 23 F g~ specific
capacitance at a 5 mV s~ ' scan rate. So, shifting from micro-
structures of AC to spherical structures helped to achieve
asymmetric supercapacitors with a higher voltage window. The
highest specific capacitance observed in the NFP//CMS and
NFP//CNS devices were 29 F ¢~ ' and 39 F g, respectively, at
5mvs .

Charge discharge results also corroborated the CV studies.
CD curves, at increasing current densities, in devices with
different carbon structures (except NFP//rGO), are shown in Fig
S$16.1 NFP//AC could deliver up to 23 F g~ " specific capacitance
at 1 A g~ " discharging current density. In comparison, NFP//
CNS could deliver up to 32 F g ' at 1 A g ' current density.
NFP//GO based asymmetric device delivered a maximum
specific capacitance of 44 F ¢~' and 40 F g~ at 5 mV s~ scan
rate and 1 A g~ " current density, respectively. Higher specific

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) CV profiles at different scan rate, (b) charge discharge at
different current density, (c) decrease specific capacitance with
increase in scan rate and, (d) variation of specific capacitance with
current density for NaFePO,4//rGO device.

capacitance can be attributed to the layered structures of the
GO, where it can accommodate more Na-ions in the bulk of the
material and provides a greater number of channels for the ions
to interact with material and store charge. The electrochemical
results for n-GQD are shown in Fig. S14.7

Amongst all the asymmetric device configurations, the NFP//
rGO combination gave the best results. Corresponding CV and
CD curves at increasing scan rate and current density are shown
in Fig. (6a and b). Here the device could deliver up to 58 F g™*
and 63 F g~ specific capacitance at 5 mV s~ scan rate and
1 Ag ! current density, respectively, without compromising the
voltage window, which has been found to be 1.7 V. rGO provided
improved EDLC nature owing to higher surface area and posi-
tive higher zeta potential value, which enhances the charge
storage.

Again, the layered structures of the rGO can accommodate
a higher amount of Na" ions on the surface as well as in the
interior of the layered structures. So, compared to the other

Table 6 Comparison of specific capacitance for different carbon-
based electrodes and the capacity of varying device combinations

Energy density

Work Whkg™ Reference
NaMnO,//AC 19.5 33
NaMnO,//AC 28.56 45
Nag »:MnO,//AC 31.8 46
NaMnPO,//AC 10.7 47
CuO//AC 19.7 48
RuO,//rGO 26.3 49
MnO,//Graphene 6.8 50
Na,Ti,05_,//TGO-AC film 15.6 51
NaMn; 3Niy3C04,5PO4//AC 15 52
NaMn, /3Ni;/3C04,3P04//AC 50 53
NaFePO,//rGO 25.29 This work

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The Ragone plot for the different combinations of devices.

carbon structures with simpler morphologies, layered rGO can
suitably combine with the NFP electrode and provide the
required performance to achieve a well-performing device with
high charge storage. This device can compete well with some of
the suggested Na-ion or metal oxide-based supercapacitors, as
shown in Table 5. GQD and NGQD showed reduced perfor-
mance as they could show only 25 and 30 F g~ ' specific
capacitance in device configuration with NaFePO,. The elec-
trochemical impedance spectroscopy (EIS) was investigated
within a frequency range of 50 mHz to 1 MHz. The corre-
sponding results are shown in SI (Fig. S14t). Among the carbon
structures, the NFP//rGO device showed low ESR (R;) and the
lowest charge transfer resistance (R.) at the electrode-electro-
Iyte interface (EEI). Low R, signifies that NFP//rGO had low
resistance, and rGO facilitates solvated Na" ions to intercalation
into the interlayer spacing while ensuring efficient charge
transfer from the electrolyte to the bulk of the material. NFP//
rGO based asymmetric device also had the lowest ESR values
(Table 5).

The ESR and charge transfer resistance values for all the
combinations are shown in Table 5. The Ragone plot for the
different combinations is shown in Fig. S17.1 The highest
energy density was achieved by the NaFePO,//rGO device and
the value was 25.29 W h kg ™" and power density was 0.894 kW
kg~' (Table 6). The comparison of power density and energy

* Reduced graphene oxide

©  Graphene oxide
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8040086550328808%8

© Activated carbon
! 200 o Carbon microsphere
A Carbon nanosphere

0000000000000 0O0COOO0G

K00088800000480044004
FEESSES SR EESEREREae

(a)
500 1000 1500 200
Cycle number

AAAAR 222 2T RS TR

657ecovccecerccercnsece
ESESEPREREERERER D L

Specific capacitance (F g™
=
o

Specific capacitance (F g™

oo
S
oo

500 1000 1500 2000
Cycle number

Fig. 8 Cycling stability test for (a) AC, CMS, CNS and (b) GO, rGO,
GQD, nGQ electrodes, respectively.
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density for all the device configurations are listed in Table
S47 (Fig. 7).

To investigate the performance of the supercapacitor cycling
stability of the electrode and the devices were also tested. All
carbon-based electrodes were subjected to a cycling stability test
for 2000 cycles and the corresponding results, for different
electrodes are, presented in Fig. 8. rGO electrodes showed 94%
capacity retention after 2000 cycle with the highest specific
capacitance. The device with hollow NaFePO,//rGO showed 87%
capacity after 2000 cycles.

Conclusions

Hollow NaFePO, structures, with various carbon structures, can
be utilized to fabricate Na-ion supercapacitors. Carbon struc-
tures (1-, 2-, 3-D types) are tested as negative electrodes in the
device. Different combinations lead to varied performance,
which indicates that the choice of complementary carbon
electrodes is critical in Na-ion-based storage technologies.
Reduced GO showed the best performance in devices with NFP
structures. NaFePO,//rGO combination can deliver specific
capacitance 63 F ¢! at 1 A g~ ' current density, which is nearly
three times higher than the NFP//AC based device. The device
also retained 87% cycling stability after 2000 cycles of charge-
discharge. An optimized device can deliver energy and power
density values, which can make Na-ion supercapacitors
a competitive technology with good cycling stability.
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