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ABSTRACT

A scalable production of high surface area nanoporous carbon material (~ 2994 m? g*) with
good distribution of micro-, meso- and macro-pores was hydrothermally synthesized using both
cheap polymers and graphene foam as carbon sources. The as synthesised material shows a
unique interconnected porous graphitic structure. The electrochemical double-layer capacitor
fabricated from this nanoporous carbon material exhibited a superior supercapacitive
performance of 188 F g™ at current density 0.5 A g*. This corresponded to areal capacitance of
6.3 uF cm? coupled with a high energy of 0.56 uWh cm™ (16.71 Wh kg™) and a power density of
13.39 uW cm™ (401 W kg?) due to extended potential window of 1.6 V in KOH aqueous

electrolyte. Moreover, no capacitance loss after 10,000 cycles was observed, owing to the
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unique structure and large surface area of the active material. The outstanding performance of
this material as supercapacitor electrode shows that it has great potential for high performance

energy-related applications.

KEYWORDS: Porous carbon; Supercapacitor; Equivalent circuit; Electrochemical performance.

GRAPHICAL ABSTRACT

G'ile
PVA-; ‘-PVP

1 HydrothermalW 1 —_— Carbonization 800 °C

190°C 12h A= =57 ~ -
i LA =
@@ e . @

Activation

£ &

o “r
< CJ
t

~»
°°

0 02 04 08 08 10
Relative Pressure (p/p°)

Quantity Adsorbed (mmolig)

INTRODUCTION

As a result of the depletion of fossil fuels and the issue of greenhouse gas emission, cleaner
sources of energy are being explored such as solar and wind energies. Furthermore, new
technologies for minimizing CO, emission are developing rapidly and require the elaboration of
highly reliable energy storage devices. Supercapacitors or electrical double layer capacitors
(EDLCs) seem to be the most likely candidates for the next generation of energy storage

devices. They are at the forefront of research on energy storage technology due to the



limitations of batteries for many applications. They can help to optimize energy consumption by
complementing batteries in a variety of applications. They are also regarded as possible
replacements for batteries if their production costs are competitive enough and their energy
densities surpass those of current batteries. At the same time, they must be able to retain their
extraordinary properties of high power density, superior rate capability, rapid
charging/discharging rate, long cycle life (>100, 000 cycles), simple principles, fast dynamics of
charge propagation and low maintenance cost. These unique properties result from the storage
harvesting mechanism of the primary charge, which relies on the electro-sorption of ions from
an electrolyte onto a porous electrode [1].

Carbon materials are the materials of choice for EDLC applications. Their advantages as
electrode materials were reported in previous work [2] some of which are the following: carbon
has different allotropes, a variety of shapes, and good polarization, and its amphoteric behavior
exhibits essential electrochemical properties from donor to acceptor states. It is also
environmentally friendly. However, although low-cost nanoporous carbon electrodes with a
tunable electrically conductive architecture and a highly active surface area exhibit high power
density above 10 kW kg'1 their energy density is still limited to less than 10 Wh kg'1 [3]. Even
though the operating voltage can be up to 4 V for ionic liquids (ILs) electrolytes for carbon
electrodes, the ILs electrolytes are usually characterized by poor conductivity and high viscosity
which significantly hinder their penetration in the electrode structure and decreases charge
propagation which results in low energy density. Consequently, the capacitance of the
capacitors operating in such electrolytes is usually low and is characterized by poor power rates

[4]. On the other hand, agueous electrolytes are cheap and ecological but suffer from the



drawback of even smaller operating voltage as low as 1.0 V due to the thermodynamic
decomposition of water at 1.23 V. However, this electrolyte has the highest specific capacitance
compared to organic and ionic electrolytes owing to its high conductivity, low viscosity and
good charge propagation. In addition, this electrolyte is environmentally friendly which solves
the problem of disposal of waste and used devices. Moreover, functional carbon materials or
carbon materials enriched with heteroatom such as oxygen and nitrogen, demonstrate
pseudocapacitance originating from redox reactions of these functional groups as well as from
local changes in the electron density of the carbon matrix enriched by these heteroatoms.
These functionalized or enriched carbon materials are more stable in an aqueous electrolyte,
and their pseudocapacitive behavior further increases their specific capacitance. These
advantages have encouraged research into producing novel designs that could increase the
working potential of EDLCs in aqueous electrolytes close to that of organic electrolytes (i.e. ~2
V). Recently Fic et al. [5] designed an activated carbon (AC) symmetric supercapacitor exhibiting
a specific capacitance of 120 F.g'1 after 15 000 cycles in a working potential of 2.2 V in 1M
Li,SO4 aqueous electrolyte. Furthermore, novel asymmetric supercapacitors based on carbon in
1M H,SO,4 have demonstrated high stability after 10,000 cycles at 1.6 V [6]. The high over-
potential of di-hydrogen evolution was used to improve the working voltage. These two reports
were based on commercial activated carbon with a high specific surface area (SSA) but they
gave no information on the pore sizes distribution (PSD). In fact, good PSD in the carbon
materials can enhance the specific capacitance of the EDLCs since sub-nanometric pores size
between 0.7 and 0.9 nm satisfy the ions electro-sorption. However mono-dispersion of these

micropores adversely affects rapid transport of electrolyte ions by increasing the ion transport



resistance in these small pores which leads to poor rate capability and power density.
Therefore, the presence of mesopores and macropores is essential for ions transport and the
ion buffering reservoir respectively [7]. Carbide derived carbons (CDCs), usually produced from
chlorination of metal carbides, possess narrow and tunable PSDs between 0.6 and 2 nm and a
high SSA up to 3000 m? g*. These properties can be controlled and tailored by the selection of
the precursors and the chlorination conditions. These materials show extraordinary
electrochemical performances in any electrolyte [8]. However, CDCs are very expensive and
serious safety and environmental issues surrounding their production are limiting factors for
their commercialization. On the other hand, polymers have been actively investigated as
promising alternative precursors. They have received considerable interests in recent years due
to their low cost, commercial availability, uniform structure, and high chemical purity. Mixed
with graphene, they can act as spacers to form composites, preventing graphene agglomeration
or re-stacking [9]. Thus, the high surface area of graphene will be accessible to ions and its high
conductivity will also be advantageous for the performance of this graphene-based material.
Furthermore, there have been previous reports on carbon derived hydrogel for various
applications. For example, You et al. [10] prepared a hydrogel derived non-precious
electrocatalysts for efficient oxygen reduction reaction (ORR) by freeze-drying and subsequent
carbonization of a Tris/Boric acid/EDTA gel. In their more recent work [11], similar synthesis
technique was used to produce multifunctional electroactive heteroatom-doped carbon
aerogels. This material showed promising results when used as active material for ORR and

lithium ion storage. Zhang et al [12] synthesized N-doped carbon aerogels with high surface



area. This electrode material demonstrated good electrochemical capacitor performance with a

specific capacitance of 354 Fg™ at a current density of 0.2 Ag™.

In this paper, we report on the hydrothermal synthesis of three dimensional porous carbons
with a high SSA based on graphene foam (GF) with two different polymers namely
Polyvinylpyrrolidone (PVP) and polyvinyl alcohol (PVA). We chose PVA and PVP as they are well-
known polymer blends [13—15]. PVA has some outstanding physical properties which include its
electrochemical stability, non-toxicity and mechanical strength. PVP is also non-toxic and has
excellent absorption and complex forming capabilities [16]. While PVA with its free OH groups
attached to methane carbons can be a source of hydrogen bonding, PVP being a vinyl polymer
with a pyrolidine group is good at attracting other polar groups and forming other bonds. Thus
a highly cross-linked polymer hydrogel with ionic bonds, inter and intra molecular hydrogen
bonds and dipole interactions is easily formed with such blends. The hydrothermal treatment
resulted in hydrogels that were further treated with KOH for activation followed by
carbonization to create a porous network of graphitic carbons. A systematic study was made of
the effect of activation on the morphology and SSA of the three-dimensional PVA-GF-PVP
produced carbons designated as 3D-PGP. The electrochemical characteristics of the 3D-PGP
were investigated using both the two- and three- electrode configurations. The 3D-PGP
displayed remarkable electrochemical properties in a conventional 6M KOH aqueous

electrolyte.



2. EXPERIMENTAL

2.1 Synthesis and activation of the hydrogel.
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Scheme 1. Schematic diagram of the preparation process of 3D-PGP carbons.

Scheme 1 presents the preparation process of carbons. Graphene foam (GF) with a three
dimensional network and relatively low defect density (Figure S1 (a)) was first prepared by
chemical vapor deposition (CVD) following the procedure used in our previous work [17]. The
hydrogel was synthesised via the hydrothermal process. Typically, different masses of GF were
dispersed in 100 ml of water containing 11.11 g of polyvinyl alcohol (PVA) followed by the
addition of different masses of Polyvinylpyrrolidone (PVP) (for PVA/GF/PVP samples) in a glass
vial by ultrasonication, 1.50 ml of hydrochloric acid (HCl) was added to the solution as a cross
linker [18]. The mixture was sonicated for few minutes and further stirred for 30 min to obtain
a homogeneous dispersion before being transferred into a 120 ml Teflon-lined autoclave
system operated at 190 C for 12 h. The resulting hydrogel was crushed and washed with
deionized water and dried for 6 h. The hydrogel obtained was then soaked in aqueous KOH

solution with a KOH/hydrogel mass ratio of 5 for 24 h and dried at 120 °C for 12 h before



carbonization [19]. The composite was then placed in a horizontal tube furnace ramped from
room temperature to 800 C at 10 'C/min under argon gas flow for 1 h of activation. This
procedure transforms the hydrogel into carbon materials consisting of a continuous pore
network distribution. After which samples were washed with 3 M HCl to remove the remaining
KOH and then washed with deionized water. Samples were designated 3D-PG-1 when 50 mg of
GF was added, 3D-PG-2 when 80 mg of GF was added, and 3D-PG-3 when 100mg of GF was
added in a PVA solution. 3D-PGP-1 denotes the addition of 1.76 g PVP sample to 3D-PG-3, and

3D-PGP-2 indicates samples produced when 3.5 g of PVP was added to sample 3D-PG-3.

2.1. Structural characterization

The SEM images were obtained using a Zeiss Ultra Plus 55 field emission scanning electron
microscope (FE-SEM) operated at an accelerating voltage of 2.0 kV. The energy dispersive x-ray
(EDX) obtained using scanning electron microscope (SEM) (JEOL 5800LV) equipped with an EDX
spectrometer operated at 20 kV was used to estimate the elemental composition of the
produced materials. X-ray photoelectron spectroscopy (XPS) was used to determine the
chemistries of activated carbons obtained in powder form. A Physical Electronics VersaProbe
5000 instrument employing a 100 um monochromatic Al-Ka to irradiate the sample surface was
used. Photoelectrons were collected by a 180° hemispherical electron energy analyzer. Samples
were analyzed at a 45° angle between the sample surface and the path to the analyzer. Survey
spectra were taken at a pass energy of 117.5 eV, with a step size of 0.1 eV, which was used to
obtain an estimate of the elemental analysis of the powders. High-resolution spectra of Cls,

N1s, and O1s regions were taken at a pass energy of 23.5 eV, with a step size of 0.05 eV. All



binding energies were referenced to that of the binding energy of C-C at 284.7 eV. Transmission
electron microscopy (TEM) was carried out with a JEOL JEM-2100F microscope operated at 200
kV accelerating voltage. Nitrogen adsorption—desorption isotherms were measured at -196 °C
using a Micromeritics ASAP 2020. All the samples were degassed at 180 °C for more than 12 h
under high vacuum conditions. The surface area was calculated by the Brunauer—-Emmett—
Teller (BET) method from the adsorption branch in the relative pressure range (P/Po) of 0.01 -
0.2. The X-ray diffraction (XRD) was recorded using an XPERT-PRO diffractometer (PANalytical
BV, the Netherlands) with theta/theta geometry. The qualitative phase of samples was
analyzed with the X'pert Highscore search match software at room temperature. Raman
spectroscopy measurements were carried out using a Jobin Yvon Horiba TX 6400 micro-Raman
spectrometer equipped with a triple monochromator system to eliminate contributions from
Rayleigh lines. LabSpec (Ver. 5.78.24) analytical software was used to analyze the spectra. All
the samples were excited with a 514 nm argon laser line with a laser power of 1.5 mW to avoid

possible thermal effects.

2.2 Electrochemical testing

The electrodes for supercapacitor were prepared as follows: The synthesized carbon material
was mixed with Polyvinylidene fluoride (PVdF), with a mass ratio of 90:10. The slurry was made
using N-methylpyrrolidone (NMP) solution and was uniformly coated on nickel foam acting as
current collector. The electrodes were dried at 60 °C in an oven for 8 hours to ensure complete
evaporation of the NMP. The electrochemical test of the symmetric cell was carried out in a

two-electrode cell configuration with coin-type cells. Both electrodes had a mass loading of



~3.3 mg with a thickness of 0.2 mm and a diameter of 16 mm. Glass microfiber filter paper was
used as the separator in 6 M KOH aqueous electrolyte solution. The three-electrode
measurement was performed with 3D-PGP-1 as the working electrode, a glassy carbon plate as
the counter electrode and Ag/AgCl (3 M KCl) as the reference. All electrochemical
measurements were carried out using a Bio-logic SP-300 potentiostat namely cyclic
voltammetry (CV), chronopotentiometry (CP) and electrochemical impedance spectroscopy
(EIS). The CV tests were carried out in the potential range of 0 to 1.6 V at different scan rates
ranging from 5 mV s' to 100 mV s*. Electrochemical impedance spectroscopy (EIS)
measurements were conducted in the frequency range from 0.1 Hz to 100 kHz with an open

circuit potential (~ 0 V).

According to the galvanostatic charge—discharge tests based on a two-electrode cell, the
gravimetric specific capacitance (Csp: F g!), the maximum energy density (Emax: Wh kg), and

the power density (Pmax: kW kg™) of the cell were calculated using equations 1 to 3 respectively:

Csp = 4 X [ At/m AV (1)
Emax = 0.5 C(AV)? = (Csp X AV?)/28.8 (2)
Phax = 3.6 X Epax/At (3)

where | is the discharge current (A), m is the total mass of the active material in both electrodes
(g), At is the discharge time (s), and AV is the applied potential (V). The areal (Cyrea: F cm?)

capacitances of 3D-PGP were calculated using equation 4:

Carea = 107* x Csp/ABET (4)
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where Aggr is the BET surface area (m2 g'l) of the 3D-PGP-1 sample. The energy (E,: Wh cm'z)
and power (P,: kW cm’?) densities of the two electrode cell were calculated respectively using

equation 5 and 6 below respectively:

E, = (Carea X AV?)/28.8 (5)
P, =3.6 XE,/At (6)
RESULTS AND DISCUSSION

Figure 1 shows SEM and TEM micrographs of 3D-PGP-1 sample. SEM images of GF, 3D-PGP-2
and 3D-PGP-3 samples are shown in figure S1, in the supporting information. Figure 1 (a) shows
a low-magnification image of 3D-PGP-1 sample, and Figure 1 (b) shows a high-magnification
image of the sample, which reveals a highly dense and interconnected porous architecture
which is beneficial in providing a large ion-accessible surface for fast ion transport for high
performance supercapacitors. The TEM image (Figure 1 (c)) verifies that the pores are
homogeneously and uniformly distributed throughout the highly porous structure of the
sample with a d-spacing of about 0.38 nm as indicated by the distance between the white lines

in the TEM image.
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Figure 1. SEM and TEM of 3D-PGP-1 sample: (a) low-magnification SEM image, (b) high-magnification SEM image

and (c) TEM image.

The mechanism of formation of the hydrogel which yielded the porous structure of 3D-PGP-1
sample could be explained as follows: The PVA, which is the template, consists of long
molecular chains which are believed to promote physical cross-linking points with the PVP. The
PVP promotes and ensures a high cross-linking density and denser packing of polymer chains in
the PVP/PVA hydrogel network [20]. The deprotonating processes in the acid catalyzing
medium enhances the formation of bonds between the two polymers. The hydroxyl OH groups
of PVA readily deprotonate in an acidic medium, making a cross-link with carbonyl groups (CO)
of PVP via hydrogen bonding [14]. Another form of cross linkage between the two polymers can
occur as a result of free radicals produced at the main chains of both polymers. This can also be
enhanced during the heating of the polymer mixtures. Thus other bonds can be formed via the

free radicals of the PVP groups and the OH of PVA (as can be seen below in reaction Scheme 2)
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Scheme 2. Schematic of the reaction between PVA/GF/PVP in a hydrothermal system.

below leading to more cross-linking. This cross-linkage further assists in the interconnectivity
and the porosity of the structure. The different repeating units in PVA and PVP also result in a

steric stabilization of the hydrogel produced [21].

On the other hand the presence of graphene foam which has been shown to have excellent
properties by Chen et. al. [22], is believed to have a i-1t or weak Van der Waal interaction with
the hydrogel, which ensures a larger surface and enhanced conductivity. The activation of the
preformed PVA/GF/PVP hydrogel by KOH further enhances the porosity of the hydrogel
structure by the efficient intercalation of potassium ions in the carbon lattice of the polymer
network. The role of KOH in the activation of carbon materials has been summarized as the
result of a series of synergistic reactions, which include chemical activation, physical activation
and carbon lattice expansion by the metallic K intercalation [23]. The resulting activated carbon
obtained from the PVA/GF/PVP hydrogel after the carbonation process through annealing thus
guaranteed a highly dense porosity which should be coupled with a highly improved conductive

surface area.
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The XPS elemental analysis and peak fitting results are shown in table S1 and S2 respectively in
the supporting information. Carbon is considered the major element (89.4 at.%) in the sample,
while oxygen takes the second place, the percentage of oxygen is 9.5 at. %. The sample also
contains N at 1.1 at. %. The results of the peak fitting for the sample are shown in Figure 2. The
C1s region was fitted by four components corresponding to graphitic carbon, hydrocarbons
(CH,), alcoholic (C-O-) and/or carbon nitrogen structures (C-N-), and carboxyl or ester (COO).

The graphitic carbon takes the largest fraction of the Cl1s region (0.45). The N1s region (Figure.
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Figure 2. XPS spectra of (a) Cls, (b) N1s and (c) O1s regions for 3D-PGP-1.

2b) was fitted by one component corresponding to nitrile and/or pyrrole while the O1s region
(Figure 2c) was fitted by two components corresponding to C-O- and COO. The presence of all
these functional groups on the surface of this activated carbon could prevent oxygen and

hydrogen overpotential in aqueous electrolytes as mentioned by Bichat et. al. [24].
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Figure 3. (a) N, adsorption-desorption isotherm of the 3D-PGP-1 sample and (b) X-ray diffraction pattern of the 3D-

PGP-1 sample.

The specific surface areas and pore size distributions of samples were measured by N,
adsorption—desorption isotherms using the Barrett Joyner Halenda (BJH) method as shown in
Figure 3 for the 3D-PGP-1 sample, with other samples showing similar behaviour. It is observed
that the 3D-PGP-1 sample shows a H4 isotherm that is characteristic of complex materials that
contain micropores and mesopores. At high pressure, the inflection point occurs near
completion of the first monolayer. The sample also exhibits a high Brunauer—Emmett—Teller
surface area of 2994 m? g_l. The average BJH pore size distribution (inset to the figure) is of 2
nm, with a substantial amount of mesopores present in the 3D-PGP-1 sample. The structural
parameters, such as BET isotherm and pore volume of all the other samples are listed in Table
S3 in the supporting information. Figure 3 (b) shows the XRD patterns for the 3D-PGP-1
powders. The wavelength used for the XRD analysis was Cu-K,, 1-5405 A. It is noted that all the

XRD peaks are identified as graphite peaks (COD: 96-900-8570) which crystallize in the
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hexagonal structure with space group P63mc (186), and lattice parameters a= 2.4560 A and c=

6.6960 A. Figure S2 is the EDX of the 3D-PGP-1, which shows the presence of carbon only.

Figure S3 in the supporting information shows the Raman spectra of all as-synthesized samples.
Figure S3 (a) shows the defect-free spectrum of GF with only two prominent peaks (G and 2D
peaks) typical of graphene samples. This shows that the CVD-grown GF consists of few layers.
Figure S3 (b) shows the Raman spectra of the composites. Typically, all the Raman spectra show
D and G bands, suggesting that the samples produced are made up of highly disordered
graphitic structures. The D band is commonly ascribed to a series of structural defects, whereas
the G band is observed in all graphitic structures. The intensity ratio of the D- and G-peak Ip /lg
is also used to estimate the concentration of sp® carbon relative to the concentration of sp?

carbon.

The potential of the activated materials performance as an EDLC electrode was demonstrated
using cyclic voltammetry (CV) and galvanostatic charge/discharge (CD) measurements in both
three- and two- electrode cell configurations. Table S3 shows that the 3D-PGP-1 sample has
superior listed properties as compared to the others, and hence based on this, it was the
sample on which electrochemical measurements were done because its properties are ideal for
such measurements. Herein, we show the results of the 3D-PGP-1 sample with SSA of 2,994 m’

g, Figure 4 (a) shows the CV results of the 3D-PGP-1 as the active electrode material at two
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Figure 4. (a) CV and (b) galvanostatic charge/discharge results the 3D-PGP-1 sample in a three-electrode system in
the negative and positive voltage ranges.

different voltage ranges of -0.8 - 0 V and -0.2 - 0.8 V vs Ag/AgCl. The CV curve in Figure 4 (a) is
almost featureless and quasi-rectangular in these potential windows confirming the traditional
double-layer capacitance characteristics. Figure 4 (b) shows the CD results of the 3D-PGP-1
sample in the three-electrode system; the same absolute values of the potential windows are
shown. The specific capacitance values calculated from the CD in Figure 4 (b) are 175.27 F g’l
for the negative potential and 182.32 F g'l for the positive potential. The variation in the values
could be due to the distorted CV shape and possible increase in resistance as observed in the IR
drop in the negative potential window. Due to these capacitance values, which might be related
to the high SSA of this sample, further tests were done on a two-electrode symmetric

configuration.
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10 A g"l, (c) Ragone plot and the specific capacitance as function of the current density, and (d) Cycle stability at a

constant current density of 2 A g'l.

Figure 5 presents the CV and Chronopotentiometry measurements of the symmetric AC/AC
supercapacitor in a 6 M KOH electrolyte. Figure 5 (a) shows the CV curves of the symmetric cell
at different scan rates, which range from 5 to 100 mV s™ in a potential window of 1.6 V. The cell
shows near-rectangular CV shapes at low scan rates, indicating ideal capacitive behavior, which
demonstrates the formation of a double-layer capacitor and ideal polarization of the electrodes

material. The shape of the CV indicates a pure capacitive characteristic behavior, suggesting
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reversible reaction at the electrode/electrolyte interface [25]. At a high scan rate, the CV shows
a deviation from the pure EDLC shape with a characteristic resistive CV shape related to an
increase in resistance attributed to the capacitance decay observed in Figure 5 (c). A symmetric
triangular charge/discharge distinctive of ideal capacitor behavior was observed even at a high
current density of 10 A g (Figure 5 (b)). This linear behaviour indicates the reversible
adsorption/desorption of ions at the electrode interface with a relatively small voltage drop.
The gravimetric capacitance was 188 F g™ at a current density of 0.5 A g*, which can be
expressed as areal capacitance from equation 4 as 6.28 pF cm™. These are reasonable values
for double-layer capacitors and compare well with or are higher than previous values in the

literature [5,26,27].

The Ragone plot and the specific capacitance as function of the current density of the
symmetric device are shown in Figure 5 (c). The specific capacitance decreases from 188 F g™ to
111 F g™ with increasing current density from 0.5 to 10 A g™, retaining about 60% of the initial
capacitance. We attribute this to the unique nanoporous architecture, where the wide
meso/macro pore range from 10 — 60 nm could buffer the amount of electrolyte ions and
promote ion transfer into the interior pore surface of the micropores at higher current densities
[28]. The maximum energy density of the device was recorded as 17 Wh kg'1 with power
density of 400 W kg™ at a current density of 0.5 A g™'. However, at this point it is worth stating
that the gravimetric capacitance does not reflect the true performance metrics of the porous
electrode materials [29] but rather the areal capacitance calculated according to equations 5
and 6. A high areal capacitance of 6.3 uF cm™ was obtained, which resulted in high energy and

power densities of 0.56 pWh cm™ (16.71 Wh kg™) and 13.39 pW cm™ (401 W kg™) respectively.
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This excellent electrochemical performance of the 3D-PGP-1 electrode material was attributed
to: (i) The ability of the material to work in both the negative and positive potential window,
thus extending the total potential of the fabricated cell; (ii) the unique porous architecture of
the 3D-PGP-1 material and (iii) the large accessible surface area, which consists of micropores
for trapping the ions and adequate proper-sized mesopores, which enable rapid and reversible
ion transport [30]. Although, it is difficult to compare accurately the performance of all types of
supercapacitors due to a large number of varying parameters such as material mass loadings
and testing configurations, but a rough estimation and comparison show that the results
presented in this work are good or even better than those in some previous reports on

symmetric carbons devices in agueous media [26,31].

As shown in Figure 5 (d), the symmetric cell shows no capacitance loss after 10,000 cycles at a
current density of 2 A g, demonstrating that repeated charge/discharge cycles never caused a
significant structural change in the 3D-PGP-1 electrode. Nevertheless, a small increase in the
capacitance (~0.1 %) was observed after the cycling process. A similar increase was observed by
Ren et .al [32] which was tentatively attributed to the swelling of the graphene at some
defective sites. This promoted the intercalation of electrolyte ions in the space created by the
swelling, or the creation of more pores after many CD cycles leading to a more accessible

surface area and hence an increase in efficiency [32].

The CV curves at a scan rate of 20 mV s before and after cycling are shown in Figure 6 (a). The
cell showed an improved rate capability after 10, 000 cycles, which indicates that there was no

decay in the capacitive performance of the cell, as shown in Figure 5 (d). Furthermore, no
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significant change to or degradation of the unique microstructure of the porous electrodes was
revealed. In order to confirm the improved electrochemical performance of the cell after
cycling, EIS measurements were also done before and after cycling (Figure 6 (b)). In general, at
high frequencies, current flow in the cell is a result of the capacitance of the electrode
materials. The intercept on the real axis (left side of the semicircle) of the Nyquist plot in the
high-frequency region provides information about the combined resistance of the electrolyte,
the contact leads and the porous carbon materials also known as the equivalent series
resistance (ESR), denoted by Rs. The semicircle is a result of the charging of the double layer
which appeared in the medium-frequency region. This is attributed to the interfacial charge
transfer resistance and mass transport through the porous architecture of the material, and is
denoted by R¢r. The Nyquist plot shows a deviation from the vertical line in the low-frequency
region, indicating a near-ideal capacitive behavior. This represents the diffusion of ions to the
interface between electrode and electrolyte. At these low frequencies, the current flowing
through the cell usually has resistance and a Warburg impedance characteristic element
denoted by W, which is expressed as /(jw)%® [33,34] where A is the Warburg coefficient and

w is the angular frequency.

The relatively low value of the Rs (0.29 Q) of the electrode material studied here reveals the fair
conductivity and high quality of the 3D-PGP-1 electrodes. After 10,000 cycles there is a
decrease in the semicircle indicating a decrease in the R¢r value from 6.40 to 3.88 Q. This
observation is expected as EIS is a more sensitive technique, and it also confirms the results

observed from the CV after cycling from the rectangular shape.
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Figure 6. (a) CV curves at a scan rate of 20 mV s-1 before and after cycling, (b) EIS before and after cycling, (c) EIS plot and

fitting curve for single electrode with the inset to the figure being equivalent circuit used for fitting the data, (d) EIS plot

and fitting curve for the symmetric cell, (e) Equivalent circuit used for fitting of the symmetric cell data in (d) and (f) the real

and the imaginary part of the cells capacitance as a function of frequency.
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The capacitive behavior of the 3D-PGP-1 capacitor was also confirmed using impedance
analysis. Figure 6 shows the Nyquist plot in the frequency range of 100 kHz to 10 mHz
measured at the open circuit potential (0 V). The performance analyses based on Nyquist plot
interpretations were represented and modelled by a modified Randles circuit [35] with a set of
resistors and capacitors in series and parallel to extract the series and charge-transfer
resistances. The fitting of the impedance expression data obtained from the experimental data
of the Nyquist plot was performed with a fitting program ZFIT/EC-Lab version 10.38 and is
represented in Figure 6 (c) along with the experimental data for a single electrode. In the
equivalent circuit, a solution resistance (Rs) is connected in series with a constant phase
element (CPEp,), and the CPEp, is connected in parallel with the charge transfer resistance (R¢y)
and the mass capacitance (CPE.), while the Warburg and the leakage current resistance, R, are
all in series with R;. CPEp, represents the double-layer capacitance related to the porous
electrode. CPE, represents the ideal polarizable capacitance which would give rise to a straight
line parallel to the imaginary axis. The deviation from the ideal situation-suggests that a
resistive element R_ is associated with CPE,. The impedance of CPEp, is defined as Z¢pg =
T(w)™ [34] where T and n are frequency-independent constants and w is the angular
frequency. The exponent n is a correction factor which is related to the capacitive kinetics and
roughness of electrode surfaces. The values for n range between 0 and 1; n = 1 denotes that the
CPE is an ideal capacitor, for n = -1, CPE behaves as an inductor, while n = 0 and 0.5 denote a

resistance and Warburg behavior respectively [34].

Figure 6 (c) shows the Nyquist plot of the 3D-PGP-1 sample and its fitting using circuit in the

inset to the figure obtained in a three-electrode configuration, while Figure 6 (d) shows the
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Nyquist plot and its fitting using the circuit in Figure 6 (e) of the symmetric cell of the 3D-PGP-1
sample. Both fittings show that the impedance spectroscopy of the electrodes fits perfectly
with the experimental data. The inset to Figure 6 (c) shows the equivalent circuit of the single
electrode, while Figure 6 (e) shows the equivalent circuit diagram of the symmetric cell by
combining the two sets of fitting parameters listed in Table 1 for a single electrode in series.
The Rs and Rcr values and other parameters fit perfectly without any further adjustment, which
indicates an optimized minimization of experimental data with the design of the cell with an
error of 0.1. X? represents the criterion for minimization of the fit. X/vVN, where N is the
number of points, is a normalized expression of X%, whose value is independent of the number

of points and is represented as the error above.

Table 1 Fitting parameters for the single electrode

Rs Qp, dpL Ay R, Rer Q ap
(Q) (F.s®Y) (Q.s*%) (Q) (Q) (F.s®Y)
0.300 0.0002 1 75.34 0.413 2.314 0.433 1

X*= 0.4, X/V/N = 0.1, CPEp= Qp, CPE,=Q, ap=a,=n

The real and imaginary parts of the capacitance of the cell as a function of the frequency are
shown in Figure 6 (f). C' represents the real accessible capacitance of the cell at the
corresponding frequency (0.01 Hz), representing the deliverable capacitance which is 0.68 F,
while C" represents the energy loss due to the irreversible process of the electrodes. It is also

used to define the transition frequency between pure capacitive and pure resistive behavior of
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the 3D-PGP-1 sample [36]. A small knee in the figure at a frequency of 0.1 Hz is an indication
that the full capacitance of the cell can be reached at a slow recharging time t = 1/f, which is 10
s in this case. This is an indication of the excellent and unique porous structures with a good
distribution of micro- and mesopores which provide the highly accessible pathway to ions from
the electrolyte. Figure S4 in the supporting information presents the phase angle as a function
of frequency. The phase angle for the electrodes is about ~-80°, which is close to -90° and which

defines ideal capacitive response.
CONCLUSION

In this work, we reported on the successful hydrothermal synthesis of three-dimensional
porous carbons derived from various carbon precursors. The 3D material exhibited an
interconnected carbon network with a superior surface area of 2,994 m? g'l. The symmetric
supercapacitor electrodes fabricated from these materials exhibited excellent electrochemical
storage properties, including a high areal capacitance of 6.3 uF cm?, high energy of 0.56 uWh
cm™ (16.71 Wh kg) and power densities of 13.39 pW cm™ (401 W kg*) with a stable operation
voltage between 0 and 1.6 V and excellent long-term stability at a current density of 2 A g*. The
stable potential window in aqueous KOH electrolyte was attributed to the presence of
functional groups in the porous carbon material which could prevent the over potential of di-
hydrogen and di-oxygen evolution in water-containing electrolyte. We believe that these
interesting and promising results give the potential of these three-dimensional porous carbons

the potential to be excellent electrode materials for high energy supercapacitors.
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Supplementary Information

Supplementary figure S1. SEM images of (a) GF (b) 3D-PG-1 (c) 3D-PG-2 (d) 3D-PG-3 (e) 3D-PGP-2 (f) SAED image of 3D-PGP-1




Supplementary Table S1. Elemental analysis of 3D-PGP-1

Cat.% N at.% 0 at.%
89.4+0.1 1.1+0.1 9.5+0.1
Supplementary Table S2. XPS peak fitting results for 3D-PGP-1
Region BE [eV] FWHM [eV] Fraction Assigned to Reference

284.7 0.9 0.45 C-C [1]
285.2 1.0 0.36 CH, [2]

Cls
286.2 1.5 0.16 C-O-/C-N [1]
288.1 1.5 0.03 coo [1]

N 1s 400.6 2.1 1.00 Nitrile/Pyrrole [3]
532.0 2.3 0.53 C-0- [1]

O1s
533.5 2.1 0.47 coo [1]

The EDX below shows that the 3D-PGP-1 sample consist mainly of carbon with little or no

traces of impurities.
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Supplementary figure S2. EDX pattern of 3D-PGP-1

The Raman spectra of the GF show the two prominent G and 2D peaks at 1582.2 cm™ and
2705.7 cm™, respectively. The relative intensity 2D/G ratio of 1.2 and FWHM of 38.8 cm™ were
attributed to few layer graphene. The absence of the D-peak (disorder) at 1350 cm™ showed
that the graphene foam was of good quality, with a low defect density. SEM shows the three-

dimensional (3D) porous network structure of the GF after CVD synthesis.
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Supplementary figure S3. Raman spectra (a) GF and (b) 3D-PG-1, 3D-PG-2, 3D-PG-3, 3D-PGP-1, 3D-PGP-2.

These spectra were investigated using a Jobin Yvon Horiba TX 6400 micro-Raman spectrometer

with a 514 nm argon excitation laser (1.5 mW laser power on the sample to avoid possible

thermal effects). The ratio of the Ip and Ig intensity peaks were used to approximate the degree

of graphitization.

The structural properties such as BET and pore volume of the produced materials with different

ration of GF is summarized in Table S1. BET was measured based on adsorption branch in the

relative pressure range (P/Py) of 0.01 to 0.2.
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Supplementary Table S3. BET and Pore volume of all the samples

Sample BET (m?g™) Pore volume (cm? g™)

3D-PG-1 502 0.026548
3D-PG-2 673 0.112935
3D-PG-3 1063 0.131153
3D-PGP-1 2994 0.455646
3D-PGP-2 1040 0.248939
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Supplementary figure S4. the phase angle versus frequency of the symmetric cell in 6 M KOH electrolyte. Showing

a phase angle of ~-80 ° which is close to -90° indicating a nearly ideal capacitive behaviour.
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