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An aqueous Na-ion based hybrid capacitor has been successfully developed by highly porous graphitic carbon (HPGC)
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derived by waste writing paper and a new electrode material as negative and positive electrode, respectively. HPGC was

prepared via hydrothermal carbonization and subsequent KOH activation of waste writing paper which showed highly

porous stacked sheet like morphology with exceptionally high BET specific surface area (1254 m’ g'l). HPGC exhibited

typical electrical double layer capacitor (EDLC) behavior with a high specific capacitance of 384 F g'1 and good negative

working potential (-1.0 V) in aqueous electrolyte. On the other hand, Ni,P,0; was synthesized by simple co-precipitation

technique and tested as cathode material which delivered a maximum specific capacitance of 1893 F g'1 at2 A g'1 current

density. The fabricated HPGC| [Ni,P,0; hybrid device displayed excellent cyclic stability up to 2000 cycles and delivered

maximum energy density of 65 W h kg'1 at 800 W kg'1 power density in Na-ion based aqueous electrolyte.

Introduction

Supercapacitors are considered one of the most reliable
energy storage devices mainly due to their capability of
providing high power (10 kW kg"l), fast charge-discharge
kinetics and excellent cycling ability in contrast to the
secondary batteries.” Supercapacitors can complement or
even replace secondary batteries when high power required
such as backups or auxiliary power sources for electric vehicles
and electronic devices. However, supercapacitors display low
energy density than batteries due to low discharge time,
whereas practical applications clearly require more discharge
time.”

In recent times, hybrid capacitors (HCs) have been
emerged as an alternative energy storage devices to achieve
higher energy density demand.”® A HC is the combination of a
capacitive electrode with a battery electrode which can act as
a bridge between supercapacitors and batteries.” The
performance of the HCs for practical applications depend on
the performance of capacitive and battery electrodes in terms
of specific capacitance, energy density, power density, rate
capability, cyclic stability as well as cost and environment.
Much efforts have been devoted to recognize good electrode
materials for HCs specially to improve the energy density
without sacrificing power density and cyclic stability.

Ruthenium oxide has been in focus as positive electrode
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since long due to its highly reversible redox reactions and wide
operating electrochemical window' ™ but high cost and
toxicity hampers its use for practical applications. In recent
years, nickel based materials (NiO, Ni(OH),, NiCo,0,4, NiFe,0,,
NiMoO,, Ni3(PO4), and Ni,P,05., etc) have been considered as
fascinating battery electrode materials for hybrid capacitors
due to low cost, high capacitance and environment friendly.lz"
2 Though pyrophosphate materials (Co,P,0,, Mn,P,0; and
Ni,P,0,) have captivated the attention from researcher
worldwide,zz"25 however, there is only one recent study on
nickel pyrophosphate (Ni,P,0,) reported by Wei et al. They
synthesized hexagonal tablets of sodium doped Ni,P,0; by
hydrothermal method which delivers its maximum capacitance
557.7 F g"1 at 1.2 A g'l.22 It is worth to mention, though they
made high surface area hexagonal tablet but still the
capacitance value is low. Herein, we have synthesized Ni,P,0,
by cost-effective and facile precipitation method which
delivered its maximum specific capacitance of 1893 F g"1 at2 A
g'1 in aqueous NaOH electrolyte. In addition, 1863 F g"1
capacitance was calculated for 750" cycle demonstrating the
excellent cycling stability of Ni,P,0;.

In order to construct a HC, negative electrode is also plays
equally important role as positive electrode. Carbonaceous
materials like graphene, nanotubes (CNTs) and biomass
derived carbon have been predominantly utilized due to
complementary electrochemical window.*® 2630 Among them
biomass derived carbon has been found attractive anode
material due to its low cost, facile synthesis via simple
pyrolysis or hydrothermal methods and tailored pore size
which helps to improve the specific capacitance and eventually
energy density of the device. 332 Wang et al. have reported
capacitive electrode by hemp carbonization and assembled
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supercapacitors device delivers maximum 12 Wh kg"1 energy
density.29 Ren et al. have synthesized MnO, loaded
carbonaceous aerogel by hydrothermal carbonization of
watermelon which shows maximum 123.5 F g"1 specific
t:apacitam:e.33 Based on above consideration, we have
carbonized the writing/printing paper and converted to HPGC
by performing KOH activation step. The prepared HPGC exhibit
its maximum specific capacitance 384 F g"1 at 4 A g"1 current
density, excellent rate capability (retained capacitance at high
current densities ranging 4 to 20 A g'l) and cyclic stability up to
1500 cycle.

After single electrode performance examination, we report
a cost-effective hybrid device delivering maximum energy
density of 65 W h kg'1 at 800 W kg'1 power density and long
cycle life up to 1500 cycles in aqueous NaOH electrolyte, which
is built of Ni,P,0, as a positive electrode and HPGC as a
negative electrode. For better understanding of current status
of HCs with various electrode materials, their energy density is
compared as shown in Fig 1147163436 o example, Salunkhe et
al have demonstrated a hybrid device by the combination of o-
CNT/Ni(OH), (o-CNT refers to oxidized CNT for better
hydrophilicity) as positive material and rGO (reduced graphene
oxide) as negative electrode.”® Though they achieved 1807 W
kg'1 of maximum power density for the device but the energy
density is still low (35.24 W h kg'l). Gao et al have fabricated a
HC by combining porous graphene paper (PGP) as negative
electrode and hierarchical NiCo,0, on carbon cloth as positive
electrode. The device delivered its maximum energy density of
60.9 W h kg'1 at 11360 W kg'1 of power density.18 Thus we
believe that our study could provide new way to fabricate cost
effective aqueous Na-ion based hybrid capacitor device by the
exploration of new electrode material and laboratory made
graphitic carbon by waste paper.
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,Ta 1004 ; v— AC||Amorphous Ni(OH), (16)
= 5
= 2
2 104 A
I <— AC|CNT-Ni(OH), (35)
= —+— APDC|[Ni-Co Oxide (36)
z —— AC|NaNiPO, (34)
% 14 n —— X‘]IPGCl[I\IiZPZO7 (Present Work)
& Supercapacitors
)
= 0.1
=
Capacitors
0.01 : : : : il
1 100 10000 1000000
. -1
Power density (W kg')

Fig. 1 Comparative Ragone plot for hybrid capacitors with batteries and
supercapacitors®’

Results and discussion

Morphology and surface area study of HPGC

In the exploration for appropriate and cost-effective negative
electrode for aqueous Na-ion hybrid capacitor we have
rationally synthesized high surface area graphitic carbon by

2| J. Name., 2012, 00, 1-3

hydrothermal carbonization followed by KOH activation of
waste paper as shown in synthetic scheme Fig 2a. The surface
morphology of the prepared HPGC was investigated by FE-SEM
and compared its morphology with waste paper and
carbonized product after hydrothermal treatment (Fig. 1 b-c
and Electronic Supplementary Information (ESI) Fig S1). At low
magnification highly agglomerated and wrinkled stacked sheet
like morphology can be seen in ESI Fig S2. However, in high
magnification image (Fig 2b & c) highly porous and well
interconnected HPGC was observed which was also well
supported by TEM analysis (Fig 2d and ESI S3). The formation
of highly porous structure could be attributed to the KOH
activation step which involves melting and penetration of KOH
into the sheet at 800 °C heating under Ar atmosphere.38 The
elemental mapping of HPGC was also carried out which
confirmed presence of carbon element (Fig 2e). In order to
calculate the surface area of the HPGC, the N, adsorption—
desorption experiment was also performed as shown in Fig 2f.
According to the Brunauer—Deming—Deming—Teller (BDDT)
classification,39 the majority of physisorption isotherms can be
grouped into six types according to which sample display
typical type-IV isotherms and type H1 hysteresis loop which
means HPGC is mesoporous material and distribution of pore
size is regular. As measured, HPGC shows exceptionally high
BET surface area of value 1254 m? g'1 and the pore volume vs
pore diameter plot (inset Fig 2f) displays that 4 nm pore
diameter has highest pore volume.

Phase characterization and chemical composition study of
HPGC

Fig 3a shows the X-ray diffraction pattern of prepared HPGC
display two broad peak around 26° and 43° correspond to
(002) and (100) reflections, respectively, which reveals the
formation of graphitic domain during carbonization process.
However, peak around 16° could be due to surface oxidation
of HPGC. The low intensity and broadened peaks indicate the
existence of lattice defects in formed HPGC.*° Raman
spectroscopy analysis also performed
investigate the graphitic nature of prepared carbon which is
shown in Fig 3b and ESI Fig. S4. The Raman spectrum of
prepared HPGC exhibit D-band (1355 cm'l) and G-band (1588
cm'l) and the relative intensity of G-band is significantly higher
compare to D-band (lg/lp = 1.38) which indicate that prepared
HPGC is graphitized.“’ a2 Further, the chemical bonding state of
HPGC was confirmed in detail by XPS as shown in Fig 3c-e. The
XPS survey scan suggests the presence of C and O element in
HPGC (Fig 3c). The deconvoluted C1s spectra (Fig 3d) provides
detailed information about functional groups present in HPGC
which includes non-oxygenated ring C=C major peak at binding
energy 284.2 eV, the hydroxyl carbon at 285.9 eV, the carbonyl
carbon (C=0) at 287.6 eV and the carboxylate carbon (O-C=0)
at 289.2 eV.* The O 1s spectra (Fig 3e) show three
deconvoluted peaks at 530.7, 532.5 and 534.8 eV which is
ascribed to physically absorbed oxygen, double bonded oxygen
(in acids and esters; O=C-OR) and single bonded oxygen (in
acids and esters; RO-C=0), respectively.“' % The C 1s and O 1s
XPS spectra indicate presence of graphitic carbon as well as

was to further
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other functional group which might be due to the surface
oxidation of HPGC also supported by the X-ray diffractogram
and Raman spectrum.
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Fig. 2 (a) Synthetic scheme (b) & (c) high magnification SEM images (d) TEM image (e) elemental mapping of HPGC. (f) Nitrogen adsorption-desorption isotherm (inset

pore volume vs pore diameter plot) of prepared HPGC.
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Fig. 3 (a) Powder X-ray diffractogram (b) Raman spectra (c) survey scan (d) C 1s
(e) O 1s XPS spectra of HPGC

Electrochemical performance of HPGC

The HPGC derived from waste paper with mesopores and high
surface area is expected to display exceptional electrochemical
CV was utilized to evaluate the
electrochemical of HPGC aqueous NaOH
electrolyte with Pt counter and Hg/HgO reference electrode
and compare its performance with commercial activated
carbon (Fig 4a). HPGC gives higher current and improved EDLC
behaviour than activated carbon when scan both at 50 mV s
from 0.0 to -1.0 V which could be due to highly porous nature
of HPGC. Therefore, it would be concluded that waste paper
derived HPGC can be a good candidate for EDLC as anode

capacitive properties.

behavior in

This journal is © The Royal Society of Chemistry 20xx

material in contrast to activated carbon. Fig 4b shows the CV
plot for HPGC as anode at different scan rates ranging from 10
to 200 mV s which displays the quasi rectangle shape,
characteristics of a typical EDLC, even at high scan rate of 200
capacitance of HPGC was
The
charge-discharge curves (Fig 4c), at different current densities

mV s, The electrochemical

evaluated by galvanostatic charge-discharge profile.

ranging from 4 to 20 A g'1 between voltage window 0.0 and -
1.0 V appeared to be symmetric inverted V-shape which also
insinuates EDLC nature of HPGC. An electrochemisorption of
electrolyte cations (Na*) at the negative electrode (HPGC), with
the formation of electrical double layer facilitate the charge
storage process. Remarkably, the calculated specific
capacitance (384 F g'l) was found constant at different current
density up to 20 A g'1 which ascribe the outstanding rate
capability of active material. This noteworthy behavior could
be attributed to the excellent diffusion of electrolyte ions into
the electroactive materials due to high surface area and
mesoporous nature of HPGC. Moreover, small IR drop was
observed during charge-discharge which indicates high
electrical conductivity of HPGC electrode resulting high
performance electrode. It is also worthy to mention here that
the presence of functional groups on HPGC can greatly
increase hydrophilicity  resulting ions adsorption
improvement in aqueous electrolyte which could also
contribute in the excellent performance of HPGC.*® We have

its

also performed 1500 cycles charge-discharge at 4 A g'1 for
HPGC in order to investigate its cyclic stability as shown in Fig
4d. Notably, it was observed that HPGC absolutely retains its
initial specific capacitance up to 1500 cycles which is an
ultimate behavior of EDLC. SEM analysis was carried out for

J. Name., 2013, 00, 1-3 | 3
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HPGC after 1500 charge-discharge cycle which is shown in ESI
Fig S6. No significant change in morphology was observed
which also implies that only electrochemisorption of Na ion
takes place at HPGC electrode. The excellent electrochemical
behavior of HPGC is due to the high surface area, retained
morphology and good electronic conductivity.
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Fig. 4 Electrochemical behavior of prepared HPGC in aqueous electrolyte with Pt
counter and Hg/HgO reference electrode (a) comparison with commercial available
activated carbon at 50 mV s™* scan rate (b) CV curves at different scan rates; (c)
Galvanostatic charge-discharge profile at different current density and (d) cyclic
stability test up to 1500 cycles at 4 A g'1 current density (inset shows charge-discharge
profile of HPGC at first cycle and 1500 cycle)

Phase purity and chemical bonding analyses of Ni,P,0,

To build a practical Na-ion based hybrid capacitor device, it is
also required to find a suitable positive electrode which should
have sufficient working potential and reversibility. More than
decade, various nickel based system have been studied as
positive electrode which displayed good working potential
(0.45 V) and highly reversible redox reaction in aqueous alkali
electrolytes.ls’ 20, 47 Herein, we have synthesized Ni,P,0; by
facile precipitation method followed by calcination in air. The
phase formation temperature of the prepared Ni,P,0; was
determined by thermogravimetric analysis (TGA) experiment.
TGA of Ni,P,0; was carried out in a static air atmosphere at a
heating rate of 10 °C per minute and analysis of as prepared
sample show one step weight loss about 23 % at 800 °C (ESI Fig
S7a). The weight loss is assigned to the removal of structure
water molecules. Further no significant weight loss is observed
which substantiating the formation of pure phase. The phase
formation of Ni,P,0; at different calcination temperature was
also examined by powder X-ray diffractogram (PXRD) as shown
in Fig 5a. The observed pattern in PXRD affirms that pure
phase Ni,P,0; formed at 800 °C which is well matched with
JCPDS card number 74-1604. This confirms the formation of
monoclinic phase pure Ni,P,0, with a space group of B21/c.
However, there was no significant change observe between as
prepared sample (without calcination) and the sample calcined
at 600 °C. The chemical bonding in Ni,P,0; was determined by
X-ray photoelectron spectroscopy (XPS) as shown in ESI Fig
S7b-e. Fig S7b shows XPS survey spectra of Ni,P,0; and

4| J. Name., 2012, 00, 1-3

obtained peaks confirm the presence of Ni, O and P elements.
In high resolution spectrum of Ni 2p, two peaks centred at
875.1 and 856.6 eV corresponding to Ni 2p;/, and Ni 2p,,, are
identified (Fig S7c). Along with this two satellite peaks, at
861.7 and 879.8 eV, were also observed.”® The O1s spectra (Fig
S7d) confirms the presence of metal oxide (M-O; 532.6 eV).49
However, the peaks observed at 133.5 and 135.8 eV in high
resolution spectrum of P 2p (Fig S7e) is assigned to P 2p3/, and
P 2py/,.

Surface morphology and surface area study of Ni,P,0,

The surface morphology of Ni,P,0, was examined by FE-
SEM which shows that particles have uniform grain-like
morphology with high agglomeration and size of particles
varies from 200-300 nm also supported by TEM analysis (Fig
5b-d). Figure 5e displays an energy-dispersive X-ray (EDX)
pattern for Ni,P,0; which confirms the presence of Ni, P and O
elements and the observed atomic ratio of Ni, P and O are
matched with the stoichiometry of the Ni,P,0, compound (ESI
Table S1). Elemental mapping of Ni,P,0;, sample was also
carried out as shown in Fig 5f-i, confirms the presence and
uniform distribution of Ni, P and O elements. The BET surface
area of Ni,P,0,
desorption experiment shown in Fig 5j which was calculated to

was measured by nitrogen adsorption

be 6 m? g'1 and mesopores formation is identified by average
measured pore width of 11 nm (BJH method). The pores of the
material can facilitate diffusion of electrolyte ions (OH™) and

. L . . 12,13, 50
redox reaction with increase in active electrode area.

Electrochemical performance of Ni,P,0,

The prepared monoclinic phase pure Ni,P,0, was tested as
positive electrode material for the first time in aqueous alkali
electrolyte. CV curves of Ni,P,0, in NaOH electrolyte recorded
at a scan rate of 5 mV s™ is shown in Fig 6a. The oxidation peak
is observed at 0.45 V and corresponding reduction peak at
0.33 V vs Hg/HgO. The redox peaks is assigned to the diffusion
controlled reversible redox reaction of Ni(ll) <> Ni(lll)
reaction.’® ?° In the first cycle the anodic (cathodic) peak
current value is 5 mA which increases with number of cycle
and reaches ~70 mA as shown in Fig 6a. The increase in peak
current value is due the activation process of the Ni,P,0,
electrode material. The peak current values get saturated
above 400 cycles, subsequently the CV tests are performed for
different scan rates to investigate the rate capability of active
material shown in Fig 6b. The redox peaks are reproducible in
high scan rates substantiating the rapid electronic transport of
the material in the given scan rates.’® Galvanostatic charge-
discharge measurements are also carried out to calculate the
specific capacitance in various scan rates (Fig 6c). The curves
show plateau regions in 0.45 and 0.33 V vs Hg/HgO which is
due to the following reversible redox reaction (1).

Ni,P,0;,+ 2 OH <> Ni,P,0, (OH ), +2 e (1)

The prepared Ni,P,0; showed a specific
capacitance of 1893 F g'1 at 2 A g'1 current density which is
higher to other Ni-based double metal oxides such as Ni-Co
oxide (1846 F g),*® NiMoO, (1517 F g™),*° NiWO, (586.2 F g

H2t Nico,0, (895 F g"),*” ** NaNiPO, (368 F g™h),*

maximum

This journal is © The Royal Society of Chemistry 20xx
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Na,Nis(PO,),P,0; (584 F g™)*'. The capacitance of 1157 F g
was observed even at high current density of 10 A g'1 confirms
the good rate capability of active material. The cycling stability
of the Ni,P,0; is tested up to 750 cycles with various current

Journal-ef-Materials-Chemistry A

densities (Fig 6d). Please note that no significant change in
initial capacitance was

250nm
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Fig. 5 (a) Powder X-ray diffraction pattern for without calcined and calcined samples at 600 & 800 °C (b) & (c) SEM images; (d) TEM image of Ni,P,0; (e) energy-dispersive X-ray
pattern, elemental mapping (f) mapped area and presence of (g) Ni element (h) P element and (i) O element (j) Nitrogen adsorption-desorption isotherm of Ni,P,0;.
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Fig. 6 Electrochemical behavior of Ni,P,0; in aqueous electrolyte with Pt counter
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This journal is © The Royal Society of Chemistry 20xx

observed during cycling stability test. The initial capacitance
was almost retained (1863 F g'l) even after testing at different
current densities which validate the outstanding cycling
stability of Ni,P,0;. To understand the outstanding capacitive
feature of the material the surface morphology was examined
after 750 charge-discharge cycles (ESI Fig S9). Unlike HPGC, the
morphology of the samples changed from grains to more open
and porous flake-like morphology which could be accredited to
the intercalation of OH™ ions to positive electrode.

Performance study of hybrid capacitor (HPGC| | Ni,P,05)
Based on the above electrochemical results, a hybrid
supercapacitor device is fabricated using Ni,P,0, and HPGC as
positive and negative electrode, respectively. The schematic
illustration of hybrid device and proposed charge storage
mechanism is shown in Scheme 1. The recorded CV curves for
hybrid device at various scan rates are shown in Fig 7a. The
oxidation-reduction peaks observed in CV curves are due to
the electrochemical redox behaviour of Ni. However, the
electrochemical reaction in the electrodes of the cell is shown
below:

At positive electrode

J. Name., 2013, 00, 1-3 | 5



thialof:Materials-Chentisti

ARTICLE
Ni,P,0;+20OH™ <> Ni,P,0;, (OH ), +2e” (1)

At negative electrode
HPGC + xNa" + xe”

<> HPGC (xe) || xNa* (2)

(here, || indicates electrical double layer)

HPGC Electrode
Ni,P,0, Electrode

Ni(L) mmp Ni(IIT)

GC + Na" mmp GC(xe’)||xNa™

@ =Na*ion @ =OH ion

Schemel Schematic representation of hybrid device made by waste paper
derived HPGC and Ni,P,0; as anode and cathode in charged state in aqueous Na
ion electrolyte.

During charge storage process, OH™ ions are intercalating
to the Ni,P,0, however, Na" ions are chemisorbed on the
surface of mesoporous HPGC. The galvanostatic charge-
discharge behavior of the hybrid device at different current
densities ranging from 1.0 A g'l to5.0A g'1 is shown in Fig 7b.
The curves show quasi-symmetric charge-discharge behavior
owing to the intercalation of OH™ ions which also corroborates
the CV results (Fig 7a). The cycling stability of the hybrid device
is also tested up to 2000 cycles for long term performance (Fig
7c) and it was observed that device retains ~83% of its initial
value up to 2000 cycles.
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Fig. 7 (a) CV curves at different scan rates; (b) Galvanostatic charge-discharge
profile at different current density (c) long term cyclic performance (inset shows
charge-discharge profile of full cell at first cycle and 2000 cycle) and (d) Ragone
plot for HPGC-Ni,P,0; based fabricated device measured in aqueous Na-ion
electrolyte.

Fig 7d presents a Ragone plot, which relates the energy
density to the power density of the hybrid supercapacitor
device. The hybrid Na-ion based device delivered a maximum
energy density of 65 W h kg'l at 800 W kg'1 power density in 1
M NaOH electrolyte and it is maintained to 38 W h kg'1 at high
power density of 4000 W kg'1 which suggest that this hybrid
device has great promise for practical application in terms of
stability, cost and environment. The energy density value of
the hybrid device is significantly higher than the reported
AC||a-Ni(OH),, AC||NaNiPO, and AC||NaNi;;3Co;/;3Mn;/3P0,
hybrid capacitors. However, for broader context of our work,
the energy density of our hybrid device is compared with the
other reported Ni based hybrid device shown in Table 1. From
Table 1, it can be clearly observed that HPGC| | Ni,P,0, hybrid
device shows better performance than most of the AC and
metal oxide based hybrid capacitor reported previously in the
literature.

Conclusions

In summary, HPGC and a new electrode material Ni,P,0;
were synthesized by waste paper and precipitation method,
respectively. HPGC and Ni,P,0; were tested as anode and
cathode correspondingly via half-cell in aqueous electrolyte
and found that HPGC and Ni,P,0, can be good electroactive
material for aqueous Na-ion based device. We have also
successfully fabricated hybrid capacitor built HPGC as anode
and Ni,P,0; as cathode and examined its performance in
aqueous sodium based electrolyte. The hybrid device showed
excellent electrochemical properties of high capacitance, high
rate capability and good cycling stability. The hybrid capacitor
has the advantages of low cost, environmental benign, high
energy density (65 W h kg'l) and good cycling stability. We
believe that present study can open up new way to design
cost-effective hybrid capacitor by using electrode materials
which can be synthesized by waste and without much effort.

This journal is © The Royal Society of Chemistry 20xx
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Table 1: Comparison table of prepared hybrid capacitor with reported hybrid capacitors

Hybrid Capacitor Specific Capacitance Energy Density Power density Cyclic stability Ref
(Fg?) (W hkg?) (W kg™) Retention Cycle number
PGP |NiCo,04/CC“ 71.32 60.9 11360 96.8 5000 18
AC| |NiMo00,/CoM00,.xH,0 80 28 100 92 1000 20
AC||NaNiPO, 56 20 138 70 500 34
AC| | B-Ni(OH),/Ni Foam 105.8 36.2 100.6 92 1000 14
APDC| |Ni-Co oxide ” 202 71.7 400 ~80 4000 36
rGO| | o-CNT/Ni(OH), 78.33 35.24 1807 100 1400 15
AC| | a-Ni(OH), 127 42.3 110 82 1000 53
AC| |NiM004.xH,0 96.7 344 165 ~81 1000 54
AC| |NiCo,0,/rGO 99.4 23.32 324.9 83 2500 55
AC| [NaNiy3Co1/3Mny/3PO4 45 15 400 - 1000 56
HPGC| | Ni,P,0 183 65 800 83 2000 Present
work

“ PGP and CC refer to Porous Graphene Paper and Carbon Cloth; ® APDC refers to Activated Polyaniline-derived Carbon;

Experimental Details

Synthesis of HPGC

HPGC was synthesized via hydrothermal method by
carbonization of discarded writing paper followed by
activation by KOH. In typical synthesis, 3 g of waste paper (cut
in to small pieces) was treated hydrothermally with 50% dilute
sulfuric acid (50 mL) at 160 °C for 16 h. After hydrothermal
reaction, the autoclave was allowed to cool naturally and
obtained product was filtered and washed with water several
time to remove excess acid, if present. The product was dried
in hot air oven and further grind it prior to KOH activation step
in order to get powder form of product. The obtained powder
was mixed with KOH (Sigma Aldrich) in 1:1 ratio and annealed
at 800 °C for 2 h in argon atmosphere and allowed to cool to
room temperature. The resultant powder was then thoroughly
washed with 10 wt% HCl (DaeJung Chemicals, Korea) to
remove any inorganic impurity and finally wash with water
until neutral pH was achieved. The subsequent powder was
dried in hot air oven at 60 °C and used for further
characterization and supercapacitors experiments.

Synthesis of Ni,P,0,

For the preparation of nickel pyrophosphate, stoichiometric
amounts of nickel nitrate Ni(NO3),.6H,0 and ammonium
dihydrogen phosphate (NH4H,PO,) were used as precursors.
Lithium hydroxide solution (LiOH.H,0) was wused as
precipitating agent. The precursors were dissolved in distilled
water and stirred overnight in magnetic stirrer. The final
precipitate was collected by centrifuge and washed with

This journal is © The Royal Society of Chemistry 20xx

distilled water. The sample was dried at 80 °C and calcination
was carried out at different temperatures.

Materials Characterization

Crystal structure of the samples were characterized by powder
X-ray diffraction (XRD) data which was collected using the
Bruker D8 Advance Diffractometer equipped with Cu-Ka
radiation and a diffractometer monochromator that was
operated at 40 kV and 30 mA. TGA was performed by TA SDT
2960 Simultaneous DSC-TGA instruments. The surface
morphologies of the samples were examined by Hitachi, S-
4800, Field Emission Scanning Electron Microscopy (FE-SEM) at
10 kV operating voltage. The sample was dispersed in EtOH
and put drop onto the silicon wafers, which were positioned
over the top of FE-SEM stubs. TEM was performed with JEOL
JEM 2100 high-resolution field emission transmission electron
microscope, using an accelerating voltage of 200 kV. Energy-
dispersive X-ray (EDX) spectroscopic analysis and elemental
maps were performed by an INCA, Oxford Instruments
attached with HR-TEM. The chemical bonding and functional
group was investigated by X-ray Photoelectron Spectrometer
(XPS, K-alpha, Thermo Fisher, UK) and confocal Raman
microscope (alpha 300R, WITec, Germany) with excitation
wavelength at 532 nm. The BET surface areas were analysed
by nitrogen (N,) adsorption at liquid N, temperature with a
Micromeritics ASAP 2020 nitrogen adsorption apparatus. All
the samples were degassed at 120 °C for 12 h prior to the N,
adsorption measurements.

Electrode preparation and electrochemical measurement

J. Name., 2013, 00, 1-3 | 7
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For electrochemical measurement, the active electrodes
(HPGC, Ni,P,05 and AC) were prepared by mixing electroactive
material (75 wt %), super P carbon black (20 wt %) and PVDF (5
wt %) with 0.35 mL of NMP to form a slurry which was coated
and dried on carbon paper (area of coating, 1 cmz). Cyclic
Voltammetry (CV) and galvanostatic charge-discharge studies
of the HPGC, Ni,P,0; and AC half cells were carried out using
Ivium Technologies Instruments, Iviumstat. For
electrochemical characterization Pt plate as counter and
Hg/HgO as reference electrode was used. A full cell
(HPGC]| | Ni,P,0;) was fabricated by using celgard separator.
The cyclic voltammetry and galvanostatic charge-discharge
studies of the full cell was carried out using Biologic Science
Instruments VSP 300 in 1 M NaOH electrolyte at room

temperature.
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