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Sodium metal phosphates, NaMPO,4 (M = Mn, Co and Ni) were successfully synthesized by a solution
combustion synthesis (SCS) method using glycine-nitrate as a precursor. An XRD Rietveld refinement
method revealed the crystal structure and lattice parameters of NaMPO,4 (M = Mn, Co and Ni). For the
first time, the crystal structure parameters of the orthorhombic NaNiPO, maricite-type phase were
evaluated. Similarly, it was identified that the NaCoPO, and NaMnPO,4 have high temperature hexagonal
and maricite phases, respectively. The calculated BET specific surface areas (Sger) of NaMnPOy,
NaCoPO, and NaNiPO, were 17.7, 22.6 and 18.7 m? gfl, respectively. The NaMPO,4 (M = Mn, Co and Ni)
electrode exhibits good specific capacitance in 1 M NaOH electrolyte, when compared with 1 M Na,SOg,,
1 M NaNOs and 1 M NaCl. This difference in specific capacitance was analysed based on the influence of

electrolyte anions (Cl=, SO42~, OH™ and NO3z~) and pH conditions of the electrolyte solution. Overall,
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NaMnPO, (163 F g~% and NaCoPQO, (249 F g™) in 1 M NaOH electrolyte. Subsequently, a hybrid
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1. Introduction

Among various energy storage devices, Li-ion batteries are
promising power sources for cell phones, laptops, digital
cameras, power tools and electric vehicles owing to their high
energy density.”> However their broad applications in grid
storage are limited due to the high cost, low abundance of Li
metal and organic electrolytes.® Next to Li, Na is second metallic
element having lower ionic radius (0.97 A) and similar inter-
calating properties of Li. Therefore in order to decrease the cost
and improve the safety, using both Na-based intercalating mate-
rials and aqueous electrolyte used is one of the recent strategies
instead of Li based materials.>* In this regard, various sodium
based electrode materials including NaFePO,,> Na,MngO;g,’
Na,MnO,,” NaVPO,F,® NaCrO,,° NaNi;;C0;;3Mn,;3P0,,"
Na[Ni;/3C01/3Mn;4/3]0, (ref. 11) and Na,Coz(PO,),P,0; (ref. 12)
have been experienced as electrode materials for energy storage
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stability compared to the commercially available device.

applications due to its Na-ion intercalating properties, low cost
and environmental friendliness.*** Initially, layered sodium
manganese oxide (NaMnO,) has been proposed as cathode
materials for Na-ion batteries.” Among the Na based cathodes,
NaMnO, delivered high specific capacity of 140 mA h g~ " due to
its six biphasic transitions.'* However, these materials delivered
poor cycling performance since its multiple phase transition
during Na' insertion/de-insertion reactions.”

As well as sodium metal phosphates having the general
chemical formula of NaMPO, (M = Mn, Co and Fe) have also
been studied as electrode materials for sodium ion
batteries.>**™"” Thermal stability and higher voltage due to the
inductive effect are the reasons for phosphate based materials
to be the promising cathode materials in Na-ion batteries.'®"
Recently, NaFePO,/C was prepared by potentiodynamic polari-
zation in saturated aqueous NaNOj; solution, which delivered a
high storage capacity of 118 mA h g~ ' compared to LiFePO,/C.>
Normally NaMPO, (M = Mn, Co and Fe) exhibits thermody-
namically stable maricite structure, where transition metal ions
occupies M(1) site, and sodium occupied M(2) sites, which is
completely reversed in olivine structure. It was believed that the
maricite structure is electrochemically inactive as a cathode
material for battery applications in non aqueous media.”* On
the other hand, recent works demonstrated that the maricite
structure is actively involved in charge storage process in alkali
aqueous (NaOH) electrolyte.’®** However, to the best of our

This journal is © The Royal Society of Chemistry 2014
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knowledge, there is no report available on the supercapacitive
performance of pristine NaMPO, (M = Mn, Co and Ni).

In this present work, we have demonstrated that the
synthesis of sodium metal phosphates (NaMPO,; M = Mn, Co
and Ni) by solution combustion method using glycine-nitrate as
precursors. The presence of nano-pores on the surface of the
particles was clearly observed from field emission scanning
electron microscope image (FE-SEM). The intercalation/de-
intercalation properties of Na ion in maricite-type structured
NaMnPO, were investigated. The orthorhombic maricite-type
NaNiPO, nanoparticles provided higher capacitance of 368 F
g™' compared to hexagonal high-temperature phase of
NaCoPO, (249 F g ') and maricite-type of NaMnPO, (195 F g™ ')
in 1 M NaOH electrolyte. A hybrid supercapacitor is fabricated
using NaNiPO, and activated carbon (AC) as positive and
negative electrodes, respectively. The hybrid supercapacitor
delivered excellent electrochemical performances relative to the
commercially available device (AC||AC).

2. Experimental section
2.1 Materials

Sodium nitrate (NaNO;), manganese nitrate tetrahydrate
(Mn(NO3),-4H,0), cobalt nitrate hexahydrate (Co(NO3), - 6H,0),
nickel nitrate hexahydrate (Ni(NOj3), 6H,0), ammonium dihy-
drogen phosphate (NH,H,PO,), glycine (C,H;NO,), sodium
hydroxide (NaOH) and aqueous ammonia (NH;-H,0) were
purchased from Merck and used as received without further
purification.

2.2 Synthesis of NaMPO,, (M = Mn, Co and Ni)

For the synthesis of maricite-type NaMnPO,, a stoichiometric
amount of Mn(NOj3),-4H,0 (2.073 g), NaNO; (0.8499 g) and
NH,H,PO, (1.150 g) were dissolved in desired amount of
distilled water and mixed with the above solutions. The desired
amount of glycine was dissolved in distilled water and poured
into above solution. In this reaction, oxidant to fuel ratio was
maintained as 1. Further, the pH of the precursor solution was
adjusted to 7 by adding ammonia solution. The resulting
solution was placed on hot plate at 200 °C for dehydration. After
complete dehydration, the remaining solid mass was trans-
ferred into muffle furnace and the temperature was raised to
300 °C. After 10 minutes, decomposition occurred with gradual
release of gaseous by-products. The final foamy product was
collected after grinding it on agate mortar pestle and then used
for further characterization. The foamy product was calcined at
400 °C for 3 h to form the single phase NaMnPO,. The similar
procedure was repeated for the synthesis of NaCoPO, and
NaNiPO, by using Co(NOj),-6H,0 and Ni(NOj3), 6H,0,
respectively, as cation precursors. Here, the single phase of
NaNiPO, was obtained after 700 °C calcinations and NaCoPO,
phase was obtained without any calcinations.

2.3 Characterization techniques

Phase formation was identified by powder X-ray diffractometer
(Bruker, D8 advance) with CuKa radiation. A quantitative two-
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phase full-profile Rietveld refinement was performed by
using WinCSD program package. To investigate the
morphology of the prepared samples, JEOL JEM 2100 High
Resolution Transmission Electron Microscope (HRTEM) with
200 kV acceleration voltages was used. The surface area and
pore size distribution of the composites were investigated by
N, adsorption-desorption experiments at 77 K using Micro-
meritics ASAP 2010 surface area analyser. The electrochemical
performances of NaMPO,, (M = Mn, Co and Ni) were inves-
tigated using cyclic voltammetry (CV) and galvanostatic
charge-discharge techniques. The electrochemical experi-
ments were carried out in three electrode system using plat-
inum wire as a counter electrode. Ag/AgCl and Hg/HgO were
used as a reference electrode. Aqueous solution of 1 M Na,SO,,
1 M NaCl, 1 M NaNO; and 1 M NaOH were used as electrolyte.
The cyclic voltammetry and galvanostatic charge-discharge
studies of the composites were carried out using SP-150, Bio-
Logic Science Instruments in room temperature.

2.4 Electrode preparation

To prepare active electrode material, NaMPO, (80 wt%), carbon
black (15 wt%) and polyvinlidene fluoride (PVDF) (5 wt%) were
suspended in 0.4 mL of N-methyl-2-pyrrolidinone (NMP) to
form a slurry. The slurry was coated on a small piece of graphite
sheet (area of coating, 1 cm?). The loaded active material was
approximately 2 mg in each case. Activated carbon (AC) was
purchased from Aldrich with surface area of ~1800 m” g~ . To
prepare active negative electrode material, AC (90 wt%) and
polyvinlidene fluoride (PVDF) (10 wt%) were used. A hybrid full
cell (AC||NaNiPO,) was fabricated by employing a polypropylene
separator.

3. Results and discussion
3.1 Structural analysis

XRD patterns of combustion synthesized sodium metal phos-
phates (NaMPO,, M = Mn, Co and Ni) are shown in Fig. 1(a-c).
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Fig. 1 XRD patterns of combustion synthesized (a) NaMnPOQO,, (b)
NaCoPO4 and (c) NaNiPOg,.
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Table 1 Lattice parameters of the NaMPO,4 (M = Mn and Co) phases in comparison with the literature data

Composition Space group a, A b, A c, A v, A3 Reference
NaMnPO, Pmnb 6.9053(9) 9.085(2) 5.1149(7) 320.9(2) This work
NaMnPO, Pmnb 6.9041(1) 9.0882(1) 5.1134(1) 320.8 22

NaCoPO, P65 10.169(3) — 23.868(7) 2137.5(9) This work
h-NaCoPO, P65 10.166(1) — 23.881(5) JCPDS no. 52-335

The observed diffraction maxima for NaMnPO, (Fig. 1(a)) are
basically matched with the standard diffraction pattern of
maricite-type phase (JCPDS no. 84-0852). Full profile Riet-
veld refinement confirms the phase composition of
NaMnPO, (see Fig. S1t) and allows establishing the lattice
parameters of the orthorhombic NaMnPO,. Refined values
of the cell dimensions of NaMnPO, in comparison with the
literature data for the reference compound are given in Table
1. The calculated lattice parameters are consistent with the
reported values.

On the other hand, the majority of observed diffraction
peaks of combustion synthesized NaCoPO, (Fig. 1(b)) are
matched with the standard diffraction pattern of the high
temperature B-phase of NaCoPO, (JCPDS no. 52-0335), which
belongs to the family of stuffed tridymites. As it is derived from
the quantitative XRD phase analysis, performed by two-phase
Rietveld refinement, the sample shows coexistence of two
NaCoPO, polymorphs - 77 wt% of hexagonal NaCoPO, phase
and 23 wt% of orthorhombic maricite-type NaCoPO, phase
(Fig. S2f). Lattice parameters of combustion synthesized
NaCoPO, is well matched with reported high temperature
hexagonal NaCoPO, (Table 1).

From the XRD pattern of NaNiPO, (Fig. 1(c)), orthorhombic
maricite-type NaNiPO, is detected as the main phase. Besides
NaNiPO,, this sample contains Na,Ni3(PO,),(P,0;). According
to the two-phase Rietveld refinement, the weight ratio of
NaNiPO, and Na,Ni3(PO,4),(P,0;) phases in the sample is 81 : 19
(Fig. 2). At the Rietveld refinement procedure, the atomic
positions in the NaMnPO, structure® are taken as a starting
model for the refinement of NaNiPO, structural parameters. For

Intensity (a.u)

L (I
1 LI SO (O O WO 1 LSO RO VO W O g O TRy -

20 30 40 50 60 70
2 theta (degree)

Fig. 2 Graphical results of the Rietveld refinement of the NaNiPO4
sample showing presence of NaNiPO, (81 wt%, blue) and
Na4Ni3(PO4)2(P207) (19 Wt%, red) phases.
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the secondary Na,Niz(PO,),(P,O,) phase the atomic coordinates
from ref. 23 are taken; these values are fixed during the
refinement procedure.

Structural parameters of the NaNiPO, compound, obtained
for the first time in the present work, are in excellent agreement
with the literature data for the isotypical NaMPO, (M = Co, Fe,
Mn) compounds. In particular, the lattice parameters in the
NaMPO, series (Table 2) increases systematically with
increasing ionic radii of M>" ions and the unit cell volumes
increase almost linearly in accordance with Vegard's law
(Fig. 3).> The values of refined lattice parameters, positional and
displacement parameters of atoms in NaNiPO, structure are
presented in Table 3. Bond length and bond angles in the
NaNiPO, structure calculated from the refined structural
parameters are tabulated in Table S1.f According to our
knowledge, no lattice parameters or atomic coordinates in the
NaNiPO, structure are reported in the literature so far.

Similar to the related NaMPO, maricite-type compounds
with Mn, Fe and Co,**?*?* the NaNiPO, structure can be
described as edge-sharing chains of distorted NiOg octahedra
running parallel to the [100]-direction (Fig. 4). Neighbouring
chains are cross-connected by almost regular PO, tetrahedra,
thus form large cavities in which the Na ions are located. The
bond length and bond angles inside PO, tetrahedra in
NaNiPO, structure (Table S1T) are similar to those in the
related NaMPO, compounds,****** and the average bond
length of 1.537 A corresponds well to the length of P-O bonds
in phosphates. The NiOg octahedra are rather distorted, with
two compressed and two stretched bonds (Table S1f¥).
Besides, distortion of NiOg octahedra is manifested itself in a
significant deviation of the intra-octahedral O-Ni-O bond
angles from 90° (Table S17). Like as in the related NaMPO,
compounds, coordination polyhedra of Na ions could be also
considered as octahedral, however the distortion of NaOg
polyhedra is much more pronounced in comparison with
NiOg octahedra (Table S17).

3.2 Morphological analysis

In general, the morphological features are important to mend
the electrochemical performance of the material. The formation
of porous particles is the characteristic features of combustion
method and the amount of pores mainly depend upon the
amount of gases released during the reaction. Fig. 5(a) shows
the SEM image of NaMnPO,. It can be seen that the particles are
having micrometer in size. The measured sizes of the particles
are to be 0.02 to 0.6 pm using scion image software. TEM image
(inset of Fig. 5(a)) of NaMnPO, further supports the formation

This journal is © The Royal Society of Chemistry 2014
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Table 2 Lattice parameters of NaNiPO4 sample in comparison with the literature data for the related maricite-type NaMPO4 (M = Co, Fe, Mn)

compounds
Composition Space group a, A b, A ¢ A v, A® Reference
NaNiPO, Pmnb 6.7373(7) 8.7735(10) 5.0336(6) 297.5(1) This work
NaCoPO, Pnma 8.871(3) 6.780(3) 5.023(1) 302.1 JCPDS no. 87-1016
Pnma 8.896(1) 6.8007(9) 5.0341(7) 304.5 JCPDS no. 88-481
NaFePO, Pmnb 6.867 8.989 5.049 311.6 JCPDS no. 29-1216
Pnma 8.990 6.862 5.047 311.3 JCPDS no. 89-816
NaMnPO, Pmnb 6.9041(1) 9.0882(1) 5.1134(1) 320.8 JCPDS no.84-852
325 e PP o - of larger size particles. Here, the agglomeration of the particles
N Co Fe MOQ may be due to the high temperature calcination. Similarly, the
- 320+ spherical like particles are observed in NaCoPO, (Fig. 5(b)) and
<< 315 NaNiPO, (Fig. 5(c)). Subsequently, the presence of porous on
“E’ & the surface of the particles is clearly visible. On the other hand,
% 310+ in NaNiPO,, the presence of smaller sized particles also
; 305 observed compared to NaCoPO,. Hence, the formation of
] ; -8 microsized particles are due to the aggregation of smaller sized
2 3004 ! " particles. So, the presence of pores and smaller sized particles
o Nat? PO, may facilitate to improve the charge storage by the reduction of
2954 diffusive path lengths and improves the electrode/electrolyte

068 072 076 080 084
n(M;) for CN6, A

Fig. 3 Dependence of the unit cell volumes in NaMPO,4 (M = Ni, Co,
Fe, Mn) series on the ionic radii of M2* cations.

Table 3 Crystallographic data for NaNiPO, structure (space group
Pmnb, Z = 4, a = 6.7373(7) A, b = 8.7735(10) A, ¢ = 5.0336(6) A)

Atoms, sites X/a y/b Z/c Biso/eqs A?
Na, 4c 3/4 0.8544(15)  0.553(2) 1.5(3)
Ni, 4a 0 0 0 1.1(2)
P, 4c 1/4 0.8206(11)  0.535(2) 1.1(3)
01, 4c¢ 1/4 0.882(2) 0.243(2) 0.5(4)
02, 8d 0.4365(14)  0.8756(15)  0.6732(15) 0.7(4)
03, 4c¢ 1/4 0.6442(14)  0.539(3) 0.3(5)

Fig. 4 NaNiPOy, structure as a frame of the columns of edge-shared
NiOg octahedra connected via PO4 tetrahedra.
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contact area.**!

3.3 Surface area analysis

The N, adsorption-desorption isotherms and pore size distri-
bution (BJH-plot) of nanoporous NaMPO, (M = Mn, Co and Ni)
particles are shown in Fig. 6. The observed type IV isotherm and
BJH-plot for the NaNiPO, and NaCoPO, particles indicates the
presence of mesopores on the surface of the particles. For
NaMnPO,, type II isotherm was observed, which confirms the
nonporous nature of the particles. Hence, all these well
substantiates the FE-SEM result. The calculated specific surface
area (Sggr) of NaMnPO,, NaCoPO, and NaNiPO, porous parti-
cles are 17.7, 22.6 and 18.7 m”> g~ ' respectively. The pore size
distributions of the samples are calculated by using Barrett-
Joyner-Halenda (BJH) method. The obtained average pore
diameter of the NaCoPO, (~4 nm) and NaNiPO, (~4 nm)
particles indicates the presence of mesopores. The high surface
area and mesoporous structure of NaCoPO, and NaNiPO,
nanoparticles when compared with NaMnPO, will provide more
active reaction sites and improve the ions transport.*

3.4 Electrochemical analysis

In order to well understand the working potential window,
redox potential of the active species and charge storage kinetics
of the electrode, the cyclic voltammogram analysis was carried
in different aqueous electrolytes. CV curves of NaMnPO, in
different electrolytes including 1 M Na,SO,, 1 M NaCl, 1 M
NaNO; and 1 M NaOH are given in Fig. 7. Overall, the potential
dependent and independent current regions are observed based
on the electrolytes. Specifically, the potential independent
current response or rectangular shape CV curves was observed
in 1 M NaCl electrolyte. It infers that the contribution of charge
storage was mainly due to the EDLC type ie., adsorption-
desorption of ions at the electrode/electrolyte interfaces. On the

RSC Adv., 2014, 4, 53192-53200 | 53195
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Fig. 5 FE-SEM images of nanoporous (a) NaMnPOy, (b) NaCoPO,4 and (c) NaNiPO4 particles (inset) TEM image.
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Fig. 7 CV curves of NaMnPQO, in (@) 1 M Na,SOy,, (b) 1 M NaCl, (c) 1 M
NaNOs and (d) 1 M NaOH at various scan rates of 2, 5, 10, 20, 30, 40
and 50 mV s L.
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other hand, a small redox peak (a potential independent current
region) was observed for NaMnPO, at 0.59 V and 0.62 V vs. Ag/
AgCl in 1 M Na,SO, and 1 M NaNOs; electrolytes, respectively,
that revealed the occurrence of intercalation/de-intercalation of
Na" ions. Similar type of redox peaks have been reported for
MnO,,**? NH,MnPO,,** and Na,MnO,.**? The possible charge
storage mechanism of NaMnPO, in 1 M Na,SO, and 1 M NaNO;
electrolyte is as follows>*

Na,_,MnPO, + xNa™ + xe~ < NaMnPO, (1)

where, x is the mole fraction of inserted sodium ions. The
potential difference between the anodic and cathodic peak is
smaller than 56 mV, which indicates the good reversibility of
the electrode. However the major contribution of the charge
storage in neutral aqueous electrolyte depends on adsorption-
desorption of Na" ions.

Interestingly, a well-defined oxidation/reduction peaks were
obtained in 1 M NaOH electrolyte (Fig. 7(d)), which indicates the
pseudocapacitive behavior of NaMnPO, electrodes. The
observed redox peaks in the potential +0.015/—0.281 V vs. Hg/
HgO is due to the Faradic redox reaction of Mn as explained
from the Pour-baix diagram.*” The calculated specific capaci-
tances®** are 219, 132, 123 and 113 F g’1 for 1 M NaOH, 1 M
NaCl, 1 M Na,SO, and 1 M NaNO; respectively, at 2 mV s~ *. The
difference in specific capacitance of NaMnPO, at different
electrolytes is due to the difference charge storage mechanism.
This may be explained based on the pH and ionic solvation
radius of the electrolytes. According to the Pour-baix diagram of
Mn, the Mn*" jons involve in redox reactions only in alkali
aqueous (1 M NaOH) electrolytes and not in neutral aqueous
electrolytes like NaCl, NaNO; and Na,SO,. The observed redox
peaks of NaMnPO, in NaOH electrolyte is mainly due to the
electron transfer between Mn** and Mn*" ions.

Similarly, the ionic solvation radius of OH™ (3.00 A) ions is
low compared to NO;~ (3.35 A), Cl~ (3.32 A) and SO, (3.79 A)
ions. Therefore the electrolyte OH™ ions can easily diffuse into
the pores of the electrode that lodges more number of ions
which in turn high specific capacitance.”®*® In other words, the
ions with smaller ionic solvation radius having high ionic
conductivity in aqueous solutions that improves the maximum

This journal is © The Royal Society of Chemistry 2014
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number of ions to interact with active electrode. Subsequently it
creates more active sites in the electrode material.>*® Overall,
low ionic solvation radius of electrolyte anions and pH of the
electrolyte has favourably improved the electrochemical
performances.

Fig. 8(a) shows the comparative CV curve of NaMPO, at
10 mV s~ and Fig. 8(b and c) shows the CV curves of NaNiPO,
and NaCoPO, in NaOH electrolyte at various scan rates. Similar
to NaMnPO,, both the materials also exhibited EDLC and
intercalation/de-intercalation behavior in 1 M Na,SO4, 1 M
NaCl, 1 M NaNO; and 1 M NaOH electrolytes. A couple of redox
peaks were observed for both NaNiPO, and NaCoPO, nano-
particles in 1 M NaOH electrolyte due to intercalation/de-
intercalation process, which is clearly seen in Fig. 8(a-c). The
redox peak observed in NaNiPO, is due to the diffusion
controlled reversible redox reaction of Ni(u) < Ni(ur).***** The
redox reaction of Co(u) < Co(m) is the reason for the peaks
obtained at 0.22/0.15 V vs. Hg/HgO in NaCoPO,.*"*** An extra
pair of redox peak was observed at 0.55/0.45 V for NaCoPO,
which is attributed to the redox reaction of Co(m) < Co(w).>*
The reproducibility of the redox peaks in the CV curves at higher
scan rates confirms the good electronic and ionic transport of
the material.®»* The capacitance calculated for NaMPO,, in
various scan rates of 2-20 mV s~ ' is presented in Fig. 8(d). The
capacitance is decreased with increase in scan rate which is due
to the decrease in charge diffusion of electrolyte ions into the
inner active sites at higher scan rates.* It is well agreed with
morphological and surface area analysis results. However, the
charge storage mechanism is vital role for storing energy.

For comparison, the calculated voltammetric specific
capacitance of NaMPO, in all Na based aqueous electrolytes is
presented in Fig. 9. It can be seen that the NaMPO, provides
high capacitance in 1 M NaOH electrolyte than other electro-
lytes, due to its pseudocapacitive behaviour. Hence, it can be
optimized that 1 M NaOH is the best electrolyte due to its
smaller solvation sphere radius (OH ™), high ionic conductivity,
and better reversibility of the electrode. Particularly, the
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Fig. 9 Capacitance of NaMPO,4 (M = Mn, Co and Ni) in various elec-
trolytes at 2 mV s™* scan rate.

NaNiPO, deliver a high capacitance of 390 F g~ " at a scan rate of
2 mV s ' compared to NaMnPO, (219 F g~ ') and NaCoPO,
(279 F g~ ") due to the battery like behaviour and reversible redox
reaction of Ni(n) <> Ni(m).*** Among the studied sodium metal
phosphates, NaNiPO, is electrochemically more active than
NaMnPO, and NaCoPO,. Based on the CV analysis, it is iden-
tified that the combination of NaNiPO, and 1 M NaOH are the
best electrode and electrolyte. It is well known that the total
amount of charge stored in the electrode is mainly due to the
contribution of both capacitive and intercalation process.*®
However, the capacitive process consists of two mechanisms
including surface redox pseudocapacitive and ions adsorption-
desorption reaction at the electrode/electrolyte interface.
According to Power's law, the scan rate dependence of CV
current can be expressed as***

(V) = a” (2)

where, v is scan rate (V s~ '), @ and b are the adjustable param-
eters. The slope of log i vs. log v at a fixed potential (V) gives the
value of b. The value of b has two conditions like b = 0.5 for
intercalation of ions into the electrode and b = 1 for capacitive
process. It is the best way to know the charge storage kinetics at
each potential. Fig. S3(a)f infers that the value of b is different
in different potentials for NaNiPO,. It shows that the value of b
is closer to 0.5 at each potential in 1 M NaOH electrolyte. Hence,
the CV curve is directly proportional to the square root of scan
rate. It reveals that the NaNiPO, stores the charge based on
intercalation/deintercalation mechanism rather than capacitive
mechanism (Fig. S3(a)}). However, it reveals that the
intercalation/deintercalation mechanism is dominant in 1 M
NaOH electrolyte for NaNiPO,. It is well substantiates the
previous result.

The specific capacitance contribution from inner and outer
surface of the electrode is calculated using Trasatti plot.***“ The
plot between specific capacitance and inverse square root of
scan rate implies the specific capacitance contribution from
outer surface of the electrode (Fig. S3(b)t). Similarly, the plot
between specific capacitance vs. square root of scan rate implies
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the specific capacitance contribution from the entire electrode
(426 F g7 1) (Fig. S3(c)T). From this, it can be calculated that the
specific capacitance contribution from inner surface of the
electrode that is the difference between total surface of the
electrode and outer surface of the electrode. Then, the calcu-
lated specific capacitance contribution from inner and outer
surface of the electrode is 333 and 93 F g~ . It witnessed that the
electrode stores more charges in the inner surface of the elec-
trode due to the low ionic solvation radius and high ionic
mobility.

Hence, galvanostatic charge-discharge measurements were
performed in 1 M NaOH for the NaMPO, electrodes and are given
in Fig. 10. Two different discharge behaviours i.e., linear and non-
linear regions are observed for all the cases. The linear region
implies that the electrode stores the charge based on adsorption—
desorption reaction at the electrode surface. Similarly, the non-
linear region is the evidence that the electrode stores the
charge based on redox or intercalation mechanism. The asym-
metric charge-discharge profiles were obtained for NaMPO, (M =
Mn, Co and Ni) at all the current densities. It demonstrates the
pseudocapacitive nature of the materials. The charge-discharge
plateau regions were observed for NaNiPO, which demonstrates
the battery type charge storage of the material. The plateau
regions provide high specific capacitance (above 500 F g™') in
narrow potential window and it shows high charge storage
capability of the material. The calculated specific capacitance® at
a current density of 2 mA ecm ™2 for NaMnPO,, NaCoPO, and
NaNiPO, is 163 F g ', 249 F g~ ' and 368 F g, respectively. The
high capacitance of the NaNiPO, compared to other electrodes
substantiates the CV results. The specific capacitance of NaMPO,
as a function of current density is shown in Fig. 10(d). The specific
capacitance was decreased with increase in current density which
is normal behaviour. More than 64% of capacitance at low
current density (2 mA cm™?) was retained at higher current rates
(10 mA ecm™?) for NaCoPO, and NaNiPO, which show high rate
capability of the materials.

For practical applications, the cycle life of electrode material
is an important parameter. The cycling stability of the materials
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was tested up to 1000 cycles at a current density of 10 mA cm ™2,
The specific capacitance of NaMPO, as a function of cycle
number is shown in Fig. 11. No significant capacitance fading
was observed for NaMnPO, and NaCoPO, up to 1000 cycles.
93 and 96% of initial capacitance was observed for NaMnPO,
and NaCoPOy, respectively. In case of NaNiPO, more than 88%
of initial capacitance was retained after 1000 cycles. The results
showed good cycling stability of the materials in 1 M NaOH.

3.5 Asymmetric AC||NaNiPO, supercapacitor characteristics

From the above charge-discharge studies, NaNiPO, electrodes
delivered more capacitance (368 F g~ ') compared to NaMnPO,
and NaCoPO,. Therefore an asymmetric full cell (AC||NaNiPO,)
was fabricated using NaNiPO, and activated carbon (AC) as
positive and negative electrodes, respectively. The CV curve of
NaNiPO, and AC in a three electrode system as recorded at a
scan rate of 5 mV s~ is shown in Fig. 12. The observed rect-
angular type CV curve of AC confirms the adsorption-desorp-
tion of electrolyte cations (Na') and EDLC behavior. The far
negative working potential (—1.0 V) of the AC in aqueous elec-
trolyte is promising to use this material as negative electrode

350 -
—£- NaNiPO,
< 300 —#— NaCoPOy
o 1 AN
aMnPOy4
[
= 250
o
DO
o ‘\“““““““ “‘\“\“‘\‘\\\x““
c 200 NN oW ““““
o i
3
= ]
£ 150
<
o 4
Q
&= 100+
(5]
g A R L R e
0 504
0

T T T T T T T T T T
0 200 400 600 800 1000
Cycle number

Fig. 11 Variation of the SC with cycle number at 10 mA cm™2 for
NaMPQO4 (M = Mn, Co and Ni).
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material for asymmetric supercapacitors. The specific capaci-
tance calculated from the CV curve is 100 F g~ for AC at a scan
rate of 5 mV s *. In the same scan rate, NaNiPO, delivered a
capacitance of 323 F g~ . It is well known that the positive and
negative charge should be balanced (g, = ¢_) for fabrication of
the full cell.** The mass balancing will follow eqn (3),

%:C;XAE* 3)

m_ ¢y AE,

where, m is mass of the active material in the electrode and AE
is the working potential of the material. On the basis of mass
balancing, the calculated mass of negative electrode was 3.9 mg.
So the mass loading of the negative electrode material was
adjusted to 4 mg. The working potential of the cell is optimized
from the CV curve (Fig. 12). The maximum working potential of
the asymmetric cell is set to 1.6 V which is higher than that of
the AC based symmetric supercapacitor (1.0 V) in alkali aqueous
electrolyte.’”*

The CV measurements for the asymmetric full cell
(AC||NaNiPO,) recorded at various scan rates is shown in
Fig. 13(a). The redox peaks observed in the CV curves confirms
the pseudocapacitance in positive electrode. An adsorption—
desorption of electrolyte cations (Na') at the negative electrode
(AC), with the formation of electrical double layer facilitate the
charge storage process. The possible electrochemical charge
storage reactions in the cell are, for the positive electrode is due
diffusion controlled reversible redox reaction of Ni, and for the
negative electrode,* the mechanism is given below

AC + xNa* + xe~ < AC (xe )||xNa* (4)

(here, || indicates double layer).

Galvanostatic charge-discharge curves of the asymmetric
capacitor were recorded at various current densities which are
shown in Fig. 13(b). The mirror like form of charge discharge
curve shows good electrochemical reversibility of the cell.
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Subsequently, the non-linear charge-discharge profile is
observed which also well substantiates the CV results. The
specific capacitance, energy density and power density of the
full cell were calculated using the formulae reported else
where.*® The specific capacitance value obtained for the cell
from the discharge curves is 56, 50, 41, 36 and 33 F g~ ' at
current densities 1, 2, 4, 6, 8 and 10 mA cm 2, respectively.
Fig. 13(c) compares the Ragone plots derived from charge-
discharge curves at various current densities. The asymmetric
capacitor delivers an energy density of 20 W h kg~ at a power
density of 138 W kg ' and 12 W h kg™ ' even at a high power
density of 1358 W kg '. The power and energy density of the
asymmetric AC||NaNiPO, capacitor is comparatively higher
than symmetric (AC||AC) and the current state-of-art electrical
double layer capacitor (EDLC) technology.” Moreover, the
energy density value of the capacitor is significantly higher than
the reported AC||NaMnO, (ref. 42) and AC||NaNi,;3C04/3Mny,
3PO, (ref. 10) hybrid capacitors. However, the energy density is
low compared with recent reports of AC||K,,,;MnO,-0.6H,0
(ref. 43) and AC||Na, 3sMnO, (ref. 44) supercapacitors. The cycle
life of the cell was investigated up to 500 cycles. Fig. 13(d) shows
the specific capacitance and coulombic efficiency of the cell
tested for 500 charge-discharge cycles at a current density of 10
mA cm™ . Superior coulombic efficiency (>95%) was observed
for the asymmetric cell; capacitance is stable and above 70% of
initial capacitance was retained up to 500 cycles. Overall, the
maricite-type NaNiPO, is the promising electrode material for
energy storage applications based on their good electro-
chemical reversibility, a high specific capacitance, a smaller
particle size, a high surface area, mesoporous structure and a
good cycle life.

4. Conclusions

In summary, NaMnPO, microstructures and NaMPO, (M = Co
and Ni) nanoparticles were successfully synthesized by solution
combustion synthesis technique. The formation of crystalline
NaMPO, was identified by XRD Rietveld refinement. Structural
parameters of new maricite-type NaNiPO, phase were refined.
From N, absorption-desorption measurements specific surface
area and pore size distributions of the samples were calculated.
The electrochemical performance of the materials was first
investigated in various Na based aqueous electrolytes and the
charge storage mechanism was proposed. The NaNiPO, deliv-
ered a maximum capacitance of 368 F g~ ' due to intercalation/
de-intercalation like behaviour in 1 M NaOH electrolyte, nano
meter size of the particles and reversible redox reaction of Ni.
An asymmetric full cell (AC||NaNiPO,) was fabricated and it
delivered a high specific capacitance (56 F g~ ') and energy
density (20 W h kg™").
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