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ABSTRACT. High surface area, hierarchically micro-mesoporous carbon materials with
interconnected pore structures have significant potential as electrode materials for high-
performance supercapacitor applications. Here, we present the synthesis of ultrahigh surface area
hierarchically porous carbon materials, prepared by potassium carbonate (K2CO3) activation of
polyacrylamide-hydroxy propyl cellulose (PAM-HPC) hydrogel at high temperatures (500—900
°C), and their energy storage performances in two- and three-electrode cell set-up. The carbon
material obtained by carbonization of PAM-HPC hydrogel at 800 °C exhibits an ultrahigh surface
area of 3387.2 m? g! with a large pore volume of 1.963 cm? g''. The electrode prepared using this
material demonstrated excellent supercapacitance performance in the three-electrode system,
achieving a high specific capacitance of 545.5 F g! at 1 A g'! current density with superior rate
capability and outstanding cycling stability of 96.3% after 5000 charge-discharge cycles.
Furthermore, the assembled symmetric supercapacitor device constructed using this material
showed a high specific capacitance of 102.5 F g! at 0.5 A g''. It delivers a high energy density of
17.2 Wh kg! at the power density of 550 W kg™!, and superior cycling stability of 94.2% after
5000 consecutive charge-discharge cycles. The electrochemical properties reported here indicate
that hierarchically porous carbons obtained from PAM-HPC hydrogels are promising materials for

high-performance supercapacitor applications.
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INTRODUCTION
In the prevailing worldwide decarbonization economy, a burgeoning demand for materials

having efficient energy storage and energy conversion features has emerged. To establish an



energy-sustainable society, supercapacitors could make an invaluable contribution based on their
extremely high power densities, remarkable rate and cycle life performances, and economical
fabrication costs.!* Supercapacitors are categorized as electrical double-layer capacitors (EDLCs),
pseudocapacitors, and hybrid supercapacitors depending on the mechanism of energy storage.**
EDLCs use a non-faradaic mechanism and store energy electrostatically without charge transfer
between electrodes and electrolyte.” Pseudocapacitors utilize a reversible faradaic energy storage
mechanism based on redox reactions at and near the electrode-electrolyte interface.® Hybrid
supercapacitors combine the properties of EDLCs and pseudocapacitors. In order to obtain an
effective supercapacitor device, the electrode material must be carefully selected. For this purpose,
highly porous carbon materials show sufficient electrochemical performance due to a well-defined
hierarchical arrangement of micro, meso, and macropores, exhibit excellent stability, and have

appropriate electrical conductivity. Various nanocarbon materials, such as activated carbon,®!°
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carbon nanotubes, graphene-based carbon materials, and carbide-derived carbons!® have
been used widely as electrode materials in supercapacitors. Investigations have revealed that
porosity plays a critical role in improving energy storage performance. However, the task of
producing ultrahigh surface area hierarchically porous carbon materials for the enhancement of
supercapacitor performance remains challenging.

Porosity of carbon materials can be modulated by physical or chemical activation of the starting
materials. Generally, chemical activation is more effective than physical activation since it leads
to the synthesis of ultrahigh surface area carbon materials.'® Activators including alkali or alkaline
earth metal salts and other compounds (KOH, K>CO3, NaOH, ZnCl,, H3PO4) have been commonly

applied for chemical activation.!” Potassium carbonate, KoCO3, is one of the most effective

chemical activators since it decomposes generating COz, which leads to the formation of



micro/meso pores within the carbon structure during the carbonization process; the mechanism of
chemical activation has been previously reported in the literature.'® Above 700 °C, potassium
carbonate decomposes to KO and CO» gas or reacts directly with carbon forming K metal and CO
gas, Eq. 1, 2 and 3. Potassium oxide can also react with carbon and produce metallic K and CO
gas. The released gaseous products exfoliate the carbon sheets, whereas metallic potassium or its
oxide creates pores in the carbon structure due to their elimination during annealing and washing

procedures.*®

K2COs3 = K20 + CO; (1)
K,COs + 2C = 2K + 3CO 2)
K,0 +C=2K + CO (3)

Highly porous carbonaceous materials can be obtained from natural (biomass) or synthetic
carbon sources.>!” Unlike biomass-derived carbon materials, whose composition differs
depending on their origin, synthetic carbon materials offer morphological tunability,
reproducibility, cost-efficiency, and simple preparation techniques. Of these, hydrogel-derived
carbon materials have recently emerged as materials for energy-related applications because of
their adjustable physicochemical properties.?’ For example, chemically activated cellulose-derived
carbon aerogels with well-developed hierarchical pore structures and high specific capacitance
values have been reported.?!?> However, in order to acquire high-performance supercapacitors,
surface chemistry and pore distribution should be effectively tuned. Previous research has shown
that heteroatom doping of the carbon precursors, usually with nitrogen and oxygen, promotes the
wettability of electrode surfaces, increases electrical conductivity, and improves the specific

72332 50 that the use of a self-doped

capacitance of an electrode due to pseudocapacitive behavior
nitrogen-rich precursor for carbon electrodes is an effective means to obtain highly functional

materials for supercapacitors. Polyacrylamide (PAM) hydrogel having a network of



polyacrylamide units (-CH2-CH-CO-NH»-) covalently bonded using a crosslinking agent is a

potential and suitable candidate for this purpose. Zhang et al.>?

obtained a high capacitance carbon
material (238.2 F g at 2 A g!) derived from PAM hydrogel activated by applying zinc metal. The
capacitance of the material was increased 2.86 times by the incorporation of redox additive sodium
p-aminobenzenesulfonate into the KOH electrolyte. Wu et al.* prepared a nitrogen-doped porous
carbon material having a large specific capacitance (302.1 F g at 1 A g''in 6 M KOH) from PAM
hydrogel activated by using KOH. Polyacrylamide-derived carbon activated with calcium acetate
has a specific capacitance of 194.7 F g at 0.5 A g'! in 6 M KOH.*® A large specific capacitance
(3469 F g' 0.5 A g in 3 M KOH) and good rate capability (224.4 F g at 50 A g'!) of nitrogen-
doped porous carbon materials have also been attained using PAM hydrogel with
carboxymethylcellulose. In that case, the material was templated and activated by using K>COs
and/or K;B407, which allowed tuning of porosity leading to a material having a large specific
surface area.>* PAM-glucose hydrogel-derived carbon activated by KOH*” showed a high specific
capacitance (441 F g! at 0.25 A g in 6 M KOH). However, although PAM hydrogel-derived
carbon materials are promising electrode materials for energy storage applications, there are only
a few reports of their use for this purpose.

In this work, we present the synthesis and electrochemical performances of intrinsically N, O-
doped polyacrylamide-hydroxypropyl cellulose (PAM-HPC) hydrogel-derived carbon materials
with ultrahigh surface areas and hierarchically developed micro-mesopore architectures as
electrodes for supercapacitors. Porosity was regulated based on carbonization temperature, the
presence (or absence) of a chemical activator (K»COs), and hydrogel concentration. The
fabrication method is economical and effective, and benefits from the use of both synthetic and

natural polymers. A  (co)polymerization/crosslinking reaction between acrylamide



(carbon/nitrogen source), hydroxypropyl cellulose (carbon/oxygen source), and a crosslinker
(N,N’-methylenebiacrylamide) with homogenous in situ incorporation of the activator is followed
by freeze-drying of the resulting hydrogel, then carbonization at high temperature (500-900 °C) in
an inert nitrogen atmosphere. The carbon material obtained by annealing at 800 °C has an ultrahigh
surface area (3387.2 m? g!), hierarchical micro- and mesoporosity with nitrogen and oxygen
surface functionalities. The electrode prepared using this material has a remarkable specific
capacitance of 545.5 F g'at 1 A ¢! in 1 M H2SO4 aqueous electrolyte solution a three-electrode
system with outstanding cycle performance of 96.3% after 5000 cycles. Additionally, a symmetric
supercapacitor cell assembled using the electrode reached a specific capacitance value of 102.5 F
glat 0.5 A g'!. The device achieved a high energy density of 17.2 Wh kg™! at the power density of
550 W kg with an excellent cycle life of 94.2% after 5000 charging-discharging cycles,
demonstrating that polyacrylamide-cellulose (PAM-HPC) hydrogel-derived nanoporous carbon

materials have substantial potential in high-performance supercapacitor applications.

EXPERIMENTAL SECTION

Materials. Acrylamide (AM), potassium persulfate (K2S20s), and sodium sulfite (Na2SOs3) were
purchased from Wako Pure Chemical Industries, Tokyo, Japan. N,N’-methylenebiacrylamide
(MBA) was purchased from Tokyo Chemical Industry, Tokyo, Japan. Potassium carbonate
(K2COs) was purchased from Nacalai Tesque, Kyoto, Japan. Hydroxypropyl cellulose (HPC) was
purchased from Sigma Aldrich, Darmstadt, Germany. All of the compounds were used as received
unless stated otherwise. Deionized water (H20) was used for hydrogel preparation.

Preparation of porous carbon materials from PAM-HPC hydrogel. PAM-HPC was
synthesized according to a literature procedure®® with minor modifications. AM (360 mg), MBA

(40 mg), K2COs3 (500 mg) were loaded into a 30 mL-capacity glass vial. Deionized water (3 mL)



and HPC solution (5 g; 2 wt%) were then added. The mixture was stirred with cooling in an ice-
water bath until complete dissolution of the solid materials then sparged with nitrogen gas for 30
minutes to remove oxygen, which can inhibit the free radical (co)polymerization reaction between
AM and MBA. NaxSO3 (10 mg) and K»S>0g (20 mg) were each dissolved in deionized water (1
mL) then injected into the deoxygenated reaction mixture to initiate the free radical
(co)polymerization reaction. The mixture was shaken vigorously and then incubated for 2 h at 25
°C. Gelation commenced within the first few minutes. The free radical (co)polymerization reaction
results in a semi-interpenetrated polymer network (SIPN) of polyacrylamide (PAM) and
hydroxypropyl cellulose (HPC) polymer, which forms a stable hydrogel in water. The hydrogel
was frozen in liquid nitrogen (which leads to rapid macropore formation) and then dried in a freeze
drier (EYELA FDU-1200, Tokyo, Japan) for 48 h. Following freeze-drying, samples of the dried
hydrogel were subjected to heat treatment for carbonization at different temperatures for 2 h under
N gas flow (120 cm® min™') at a heating rate of 10 °C min™'. Heat treatment was performed using
a tube furnace (KOYO, Tokyo, Japan). The resulting carbonized samples were washed thoroughly
with deionized water until neutral pH was reached and dried in a vacuum oven at 80 °C. The
samples are referred to according to their compositions as follows: PAMx-HPC-KY, where x is
the concentration of hydrogel (2, 4 or 8 wt%), Y is the carbonization temperature (500, 700, 800,
900 °C) and K indicates the use of the chemical activation agent (K2CO3). For PAM4, the quantities
described above were used. For PAM;, AM (180 mg) and MBA (20 mg) were used while for
PAMsg, AM (720 mg) and MBA (80 mg) were used. The amount of KoCO3; and HPC solution added
to the reaction mixtures was the same in each case.

Material characterizations. Thermogravimetric analyses (TGA) of PAM-HPC carbon

materials were carried out using STA 2500 (Regulus, Netzsch, Wittelsbacherstrale, SELB,



Germany) at a sample heating rate of 10 °C min™' under a nitrogen atmosphere. PAM-HPC carbons
were characterized by Raman scattering spectroscopy at the excitation wavelength of neon laser
532.09 nm (NRS-3100, JASCO, Tokyo, Japan). Powder X-ray diffraction (XRD) patterns of the
PAM-HPC carbon materials were collected at V =40 kV and I = 30 mA with Cu-Ka radiation at
25 °C in the scan range of 20 = 5—80° using Rigaku X-ray diffractometer (RINT, Tokyo, Japan).
Surface compositions of PAM-HPC carbon materials were studied by using X-ray photoelectron
spectroscopy (XPS) (Quantera SXM instrument, ULVAC-PHI, Chanhassen, MN, USA). The
identities of oxygen and nitrogen functional groups in PAM-HPC carbon samples were examined
by using Fourier-transform infrared (FTIR) spectroscopy, NICOLET iS20 instrument (Thermo-
Fisher Scientific, Waltham, MA, USA). Surface morphologies of the carbon materials were
investigated by using scanning electron microscopy (SEM: S-4800, Hitachi Co., Ltd., Japan,
operated at an accelerating voltage of 10 kV) and transmission electron microscopy (TEM) using
a JEM2100F instrument (JEOL, Tokyo, Japan) operated at 200 kV. In order to minimize charging
effects during imaging, samples for SEM were coated with platinum (~2 nm) using a Hitachi S-
2030 ion coater prior to observation. Textural properties of PAM-HPC carbons, i.e.,
Brunauer—Emmett—Teller (BET) surface area and porosity, were studied by nitrogen adsorption
isotherms recorded at 77 K (Quantachrome Autosorb-iQ2, Boynton Beach, FL, USA). Prior to
adsorption/desorption measurements, samples (15-20 mg) were loaded into a glass cell followed
by degassing at 120 °C for 24 h. The Barrett—Joyner—Halenda (BJH) and density functional theory
(DFT) methods provided information about the pore dimensions and pore volumes.
Electrochemical measurements. The applicability of PAM-HPC carbon materials for
supercapacitor applications was evaluated by cyclic voltammetry (CV), galvanostatic

charge—discharge (GCD), and electrochemical impedance spectroscopy (EIS) measurements.



Electrochemical measurements were performed in a three-electrode system with an aqueous
electrolyte (1 M H2SOg4, 25 °C) using an ALS CHI 660E workstation (CH Instruments, Inc. Austin,
TX, USA). Working electrodes were prepared on glassy carbon electrodes (GCE). Carbon material
(2 mg) was dispersed in water:ethanol mixture (1 mL, 4:1 v/v) then sonicated for 1 h. The
suspension obtained (3 puL) was drop-casted at the center of the GCE followed by drying for 1 h
at 70 °C to remove the solvents. The carbon material was then coated with Nafion (5 puL, 0.5 wt.%
in ethanol) on the GCE and then dried under reduced pressure for 24 h at 70 °C. The mass of the
active material for each electrode was 6 x 10 mg. A platinum wire and Ag/AgCl were used as
the counter-and reference electrode, respectively. EIS measurements were performed in the
frequency range of 0.01 Hz—100 kHz at an amplitude of 5 mV. Specific capacitances (Cs, F g™!)

were calculated from the GCD curves according to Eq. 4:

_ Ixtg
- @

where / is the discharge current (A), ¢4 is the discharge time (s), m is the mass of the carbon material
loaded on the working electrode (g), and AV is the potential window (1.1 V).

To quantify the charge storage behavior of the electrode explicitly, a power law was used as shown
in Eq. 5:

i=av? (5)

where i (A g') is the sum of surface-controlled (capacitive) and diffusion-controlled current
contributions, @ and b are adjustable parameters, and v is the applied scan rate (mV s™). For values
of b ~ 1, a surface-controlled charge storage mechanism prevails. For b values ~ 0.5, a diffusion-
controlled energy storage process dominates.** The contributions from the surface-controlled
(capacitive) and diffusion-controlled processes can be evaluated quantitatively using the following

Eq 6:38—40



i(V) = kv + kvt/? (6)

where i, v, k1, and k> indicate the current, scan rate, and constants, respectively.

For symmetric supercapacitor cells, working electrodes were prepared by grinding a mixture of
active material (PAM4-HPC-K800), polyvinylidene fluoride and carbon black (weight percent, %
80 : 10 : 10) in ethanol. Solvent was added and the mixture was ground for about 30 minutes to
obtain a homogenous slurry. The slurry was then spread on the carbon cloth substrate (1 cm x 1
cm) and air-dried at 80 °C overnight. The prepared electrodes had similar masses (1.1 mg each)
and were immersed in 1 M H2SO4 electrolyte for further measurements. Cyclic voltammetry
measurements (scanning rate of 5-100 mV s!) and galvanostatic charge-discharge tests (current
density of 0.5-20 A g!) were performed using a BioLogic station VSP-3e (Grenoble, France). The
specific capacitance (Cs, F g™!) of the symmetric supercapacitor device was evaluated from the
GCD curves using Eq. (4) multiplied by 2.

The energy density and power density of the symmetric supercapacitor were evaluated according

to the following Eq. 7 and 8:

_0.5:Cs+(AV?)
- 3.6

E @)

__ 3600'E

p ®)

ta

where E (Wh kg'!) is energy density, and P (W kg™!) is power density.**

RESULTS AND DISCUSSION
A semi-interpenetrated polymer network (SIPN) consisting of a polyacrylamide (PAM) network
and hydroxypropyl cellulose (HPC) polymer was prepared using radical (co)polymerization. PAM

acts as a carbon, oxygen, and nitrogen source, with HPC used as an additional source of carbon
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and oxygen. Scheme 1 shows the synthesis method for PAM-HPC hydrogel-derived carbon

materials activated by KoCOs3 (for more details see the Experimental Section).
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Scheme 1. Synthesis of K2COsactivated PAM-HPC hydrogel-derived carbon materials.

Figure 1a shows TGA profile of K»COs3 incorporated PAM4-HPC hydrogel. Below 200 °C,

weight loss is associated with the evaporation of trapped water from the hydrogel pores.*!
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Figure 1. (a) TGA and (b) FTIR spectrum of PAM4-HPC K>COs activated hydrogel.

Subsequently, in the temperature range of 200-500 °C, decomposition of the side amide groups,
main PAM backbone, cellulose units and three-dimensional network occurs with a weight loss of

about 30%.*! Carbon material forms at temperatures above 500 °C, so that the following
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carbonization temperatures were selected for study: 500, 700, 800, and 900 °C. Note that prepared
hydrogel contains a fixed amount of potassium carbonate in its structure. Therefore, the melting
temperature of K;CO3; (900 °C in N> atmosphere) should be considered. The thermal
decomposition of KoCOs3 releases volatile compounds (KO and CO») leading to weight loss in
this temperature region.*? As reported previously, substantial weight loss occurs during heating of
potassium carbonate even below its melting point. Consequently, for PAM4-HPC-K hydrogel, we
can assume that drastic weight loss above 800 °C is influenced by the decomposition reactions of
potassium carbonate (Eq.1, 2 and 3). Figure 1b shows FTIR spectrum of PAM4-HPC hydrogel.
FTIR bands at 3352 cm™ and 3194 cm™! correspond to N-H and O-H stretching vibrations from
polyacrylamide and pyranose units of hydroxypropyl cellulose, respectively.** The bands at 2972
and 2877 cm™! are assigned to CH; stretching vibrations and -N—CH»— bonds from the crosslinking
bridges.**** Bands at 1662 and 1448 cm™! are characteristic of the carbonyl group (C=0) stretching
vibration and the C—N stretching, respectively.*’ After heat treatment, the intensity of FTIR peaks
due to nitrogen- and oxygen-containing functionalities decreases substantially due to the high
temperatures of carbonization (Figure S1).

Nitrogen adsorption/desorption isotherms were recorded to examine the surface textural
properties of PAM-HPC-derived porous carbon materials (Figure 2). Directly carbonized reference
sample, PAM4-HPC-800 shows a low nitrogen uptake, which is represented by the Type-III
isotherm indicating its nonporous nature. BET surface area is ca. 92.4 m? g'!.>>* The introduction
of the activator, KoCOs3 plays a significant role in developing the porosity of carbon materials.
During the carbonization process, KoCOs reacts with the carbon precursor (in this case, PAM-
HPC), forming volatile gases (e.g. CO2, H20), which exit the carbon framework.!®!” These

released gases cause the formation of pores within the carbon skeleton resulting in large specific
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surface area and high nitrogen uptake. Increasing the annealing temperature from 500 to 800 °C
leads to substantial increases in nitrogen uptake in the low relative pressure region (P/P¢<0.1)
signifying the formation of a large number of micropores (Type I isotherm) (Figure 2a,b).
However, increasing the temperature further to 900 °C (PAM4-HPC-K900) causes micropore
coalescence resulting in the formation of mesopores. The isotherm changes from Type-I to a mixed
Type-I and Type-IV with a hysteresis loop in the middle-pressure region (0.4 < P/Po < 0.6: Figure
2a) due to the occurrence of capillary condensation.?* This indicates that this carbon material has
a hierarchically micro- and mesoporous structure. This is further supported by the pore-size
distribution profiles obtained by using DFT method (Figure 2c) and BJH model (Figure 2d), which
confirm the micro- and mesopore architecture of these carbon materials. The presence of the
mesoporous structures in the microporous carbon is advantageous for supercapacitor applications

as they promote the electrolyte ion diffusion towards the electrode surface.
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Figure 2. Surface textural properties obtained by nitrogen sorption measurements. (a) Nitrogen
sorption isotherms of PAM4-HPC-800, PAM4-HPC-K500, PAM4-HPC-K700, PAM4-HPC-K800,
PAM4-HPC-K900 samples; (b) Nitrogen sorption isotherms of PAM>-HPC-K700, PAMs-HPC-
K700, PAMg-HPC-K700; (c) pore-size-distribution profiles from the DFT method; and (d) pore-

size-distribution profiles obtained from the BJH model.

The sample carbonized at 800 °C (PAM4-HPC-K800) exhibits optimal surface textural

properties probably because at this temperature there exists a balance between the degradation of
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the polymeric carbon network and the formation of 2D carbon. This is supported by the TGA
analysis (Figure 1a), where a substantial weight loss is observed at about 800 °C assigned to the
degradation of the carbon network. BET surface area and pore volume are ca. 3387.2 m? g™ and
1.963 cm® g!, respectively. These values are much higher than the commercially available
activated carbon materials or other porous carbon materials derived from other synthetic carbon
sources including fullerene crystals.*¢* K»COs also introduces defects or structural irregularities
in the carbon lattice, which can function as active sites for electron transfer further improving the
prospects of these materials in energy storage applications.

Compared to the effect of temperature, the PAM concentration in the hydrogel exerts only a
minor influence on the surface area. This is most probably due to the balanced elemental
composition and textural properties of the derived carbons. The PAM4-HPC-K700 obtained from
the hydrogel with 4 wt.% of PAM and cellulose shows the largest BET surface area (2712.6 m* g
1) compared to the carbons prepared using 2 wt.% (2546.6 m? g'!') and 8 wt.% (2295.3 m? g'!) of
PAM (Figure 2b). The textural properties of the prepared carbon materials are shown in Table 1.
Note that as the temperature increases from 700 to 900 °C, mesopores' size and pore volume
increase (Table 1), which benefits the electrolyte charge transport through the porous carbon
network. As for the micropores, PAM4-HPC-K800 has the largest micropores, which are well-
wetted by the electrolyte ions and allow their moderate diffusion onto the inner surface of the

electrode carbon material.

Table 1. Surface area and porosity properties of nanoporous carbon materials obtained by the

K>COs activation of PAM-HPC hydrogel'.

SBET Smicro Vp Vnicro Vineso Wp Dp
Sample

(m’*gh) | (m?g") | (em®g") | (em*g") | (em’g") | (am) | (nm)
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PAM4-HPC-800 92.4 61.3 0.215 0.109 0.106 o 3.89

PAM4-HPC-K500 | 349.5 424.2 0.353 0.231 0.122 0.274 3.09

PAM4-HPC-K700 | 2712.6 |2681.2 1.485 1.254 0.231 0.273 2.97

PAM4-HPC-K800 | 3387.2 | 2919.6 1.963 1.694 0.269 0.610 3.13

PAM4-HPC-K900 | 3081.9 |2698.7 |2.187 1.733 0.454 0.286 3.51

PAM,-HPC-K700 | 2546.6 | 2565.2 1.374 1.166 0.208 0.259 2.97

PAMs-HPC-K700 | 2295.3 | 2405.5 1.217 1.041 0.176 0.273 2.97

!Sser = BET surface area, Smicro = micropore surface area, ¥, = pore volume (total), Vmicro = pore
volume from micropores, Vmeso = pore volume from mesopores, W, = average half pore width, D,
= average mesopore diameter.

Figure 3 shows SEM images of the KoCOj3 activated carbon materials. SEM images of the
hydrogel (PAM4-HPC) and additional SEM images of the prepared carbon materials are provided
in the Supplementary Information (Figure S2: PAM4-HPC, Figure S3: PAM4-HPC-K500, Figure
S4: PAM4-HPC-K700, Figure S5: PAM4-HPC-K800, Figure S6: PAM4-HPC-K900, Figure S7:
PAM,-HPC-K700, and Figure S8: PAMg-HPC-K700). At the macroscale, morphology of the
carbonized samples has a honeycomb-like irregular structure (Figure 3a,c,e,g,i,k). High-resolution
SEM images reveal that the mesoporosity of the PAMs-HPC-derived carbons seems to increase
with increasing carbonization temperature reaching a maximum at 800 °C (Figure 3b,d,f,g and
Figure S3-6). The PAM>-HPC-K700 and PAMs-HPC-K700 samples have similar internal pore
structures (Figure 3j and Figure 31). TEM images (Figure 4a,b) further confirm the presence of
well-developed mesoporous structures. Microporous amorphous carbon structures can be observed
in HR-TEM images (Figure 4c,d) indicating the hierarchically porous motif of the prepared carbon

material.
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Figure 3. SEM images of PAMy-HPC-derived carbon materials. (a, b) PAM4+-HPC-K500; (c, d)
PAM4-HPC-K700; (e, f) PAM4-HPC-K800; (g, h) PAM4-HPC-K900; (i, j) PAM»-HPC-K700; and

(k, 1) PAM;-HPC-K700.

Figure 4. (a, b) TEM images of PAM4-HPC-K800, and (c, d) the corresponding HR-TEM images.
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Figure 5. (a) XRD patterns and (b) Raman scattering spectra of PAM4-HPC-800 reference sample
and the activated carbon samples with the deconvoluted curves: PAM4-HPC-K500, PAM4-HPC-

K700, PAM4-HPC-K800, PAM4-HPC-K900, PAM>-HPC-K700, and PAMs-HPC-K700.

Figure 5a shows XRD patterns of directly carbonized PAM-HPC and the K>COs-activated
carbon materials. The patterns contain two broad diffraction peaks at 20 = 25.4° and 43.6°,
corresponding to the (002) and (100) planes of disordered graphite-like structures of amorphous
carbon, respectively. The (002) peak is the most intense in the XRD pattern of graphite, and it is
sensitive to the stacking order of the carbon layers. The (100) peak is less intense than the (002)
peak and is less sensitive to the stacking order of the carbon layers. KoCOj activation contributes
to the formation of a larger number of pores and defect sites in the carbon lattice. This is indicated
by a reduced intensity of the (002) peak. The (002) peak is attenuated because pores and defects
disrupt the stacking order of the carbon layers. Increasing the carbonization temperature above 700

°C leads to strong attenuation of the (002) peak, which is the result of the formation of randomly
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oriented highly porous carbon materials. The persistence of the (100) peak in all the samples
suggests that the carbon layers remain stacked in a relatively ordered fashion.?®?” Overall, the XRD
results indicate that KoCOs3 activation promotes the formation of pores and defect sites in the
carbon materials.

Raman scattering spectra (Figure 5b) contain two peaks located at ~1360 cm™ and 1600 cm™
corresponding respectively to D (disordered structure) and G (graphitic structure) bands of carbon
materials.>® In order to gain more information about the intrinsic features of these carbon materials,
the fitting of Raman spectra using Lorentzian-shaped bands was performed.’!>* The fitting
includes an ideal graphitic G-band at about ~1580 cm™! and disordered graphitic lattice D-bands,
namely, D1, D2, D3, Ds. More specifically, Di (~1360 cm™) is due to graphene layer edges, D>
(~1620 cm™) the surfaces of graphitic layers, D3 (~1510 cm™') amorphous carbon and heteroatom-

doped carbon, and D4 (~1270 cm™) is due to polyenes and ionic impurities, e.g. potassium cations.
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Figure 6. XPS spectra of PAM-HPC hydrogel-derived carbons. (a) XPS survey spectra of PAMjy-
HPC-800, PAM4-HPC-K500, PAM4-HPC-K700, PAM4-HPC-K800, PAM4+-HPC-K900, PAM>-
HPC-K700, PAMs-HPC-K700; (b) XPS C 1s core level spectra with the deconvoluted peaks; (c)
XPS N 1s core level spectra with the deconvoluted peaks; (d) XPS O 1s core level spectra with the

deconvoluted peaks.
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Surface compositions and chemical states of the elements in PAM-HPC hydrogel-derived
carbon materials were studied using XPS (Figure 6). Survey spectra of the carbon materials reveal
three main peaks at ~ 284, 400, and 532 eV, which correspond to C 1s, O 1s, and N 1s components,
respectively (Figure 6a). Increasing the carbonization temperature leads to decreases in nitrogen
and oxygen contents, indicated by the lower intensities of O 1s, and N 1s peaks in XPS spectra.
The C 1s spectra of PAM-HPC hydrogel-derived carbon materials were deconvoluted into four
peaks, with those centered at 284.6, 285.7, 288.5, and 292.0 eV corresponding to C=C (sp?), C—
N/C—C (sp*), C=0 and O-C=0 bonding states, respectively (Figure 6b). Deconvolution of N 1s
spectra revealed three types of nitrogen at the surfaces of carbon samples (Figure 6¢). The signal
at ~398.0 eV is assigned to pyridinic nitrogen (N-6), that at ~400.2 eV is due to graphitic N (N-4),
and the peak at ~403.7 eV is attributed to N-oxide (N-X).>**¢ For PAM4-HPC-K500, some pyrrolic
(N-5) nitrogen indicated by the peak at 399.8 eV could also be observed. Further increasing the
temperature of carbonization leads to the emergence of graphitic nitrogen (N-4) as the prevalent
form, which contributes positively to the electrical conductivity of the supercapacitor electrode.
However, since nitrogen content in these carbon materials is significantly decreased above 800 °C,
we consider that the micro/mesoporous architectures and the overall surface textural properties
play the most significant role in the performance of supercapacitor electrodes. O 1s XPS spectra
were deconvoluted to peaks at 530.7 eV, 532.5 eV, and 535.4 eV, which correspond to C=0, C—
O-C, and O—C=0 groups, respectively, with carbonyl and ester groups being most abundant
(Figure 6d). Overall, the presence of graphitic nitrogen in the carbon structure improves electrical
conductivity, whereas pyridinic, and pyrrolic nitrogen as well as oxygen functionalities promote
redox reactions and wettability of the carbon surface, which is beneficial for high-performance

supercapacitors.

20



Inspired by the favorable characteristics for energy storage applications, including ultrahigh
surface area, well-developed hierarchically porous architecture, large pore volume, intrinsic
nitrogen and oxygen dopants of the PAM-HPC hydrogel-derived carbons, the electrochemical
supercapacitance performance was studied by CV, GCD, and EIS measurements in aqueous
electrolyte (1 M H2SOs). Figure 7a compares the CV curves of selected samples at a fixed scan

rate of 50 mV s™! in the potential window of 1.1 V (from -0.1-1V).
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Figure 7. (a) Comparison of the CV profiles of PAM-HPC carbon materials at 50 mV s™'; (b) CV
profile of PAM4-HPC-K800 at different scan rates (5-500 mV s™); (c) comparison of the GCD
profiles of the prepared carbon materials at current density of 1 A g'!'; (d) GCD profiles at different
current densities (1 to 50 A g!) for a sample with optimal surface area (PAM4-HPC-K800); (e)
calculated specific capacitance Cs vs. current density and (f) Nyquist plots for PAM>-HPC-K700,
PAM4-HPC-K700, PAMs-HPC-K700, PAM4-HPC-K800, PAM4-HPC-K900; (g) logarithm
relationship of oxidation peak current versus scan rate; (h) Capacitive or Surface-controlled (Qs)

and diffusion-controlled (Qq) current contribution of the PAM4-HPC-K800 electrode analyzed at

various scan rates.
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The CV profiles have a quasi-rectangular shape, which is important for the EDLC-type energy
storage mechanism (Figure 7a).’” Weak redox peaks obtained in the CV profiles at 0.3 and 0.4 V
can be attributed to the presence of the nitrogen and oxygen dopants. Figure 7b shows the CV
profiles at different sweep rates. At a faster potential sweep (500 mV s™'), the quasi-rectangular
shape of CV profiles is maintained, indicating rapid diffusion of H' ions to the electrode surface
promoted by the hierarchical porosity and appropriate pore size of the materials. GCD profiles of
directly carbonized PAM4-HPC-800 and K>COs-activated samples measured at a current density
of 1 A g'! are shown in Figure 7c. All the GCD curves have a quasi-triangular shape typical of an
electrical double-layer capacitor (EDLC).*%%> GCD curves indicate that PAM4-HPC-K800 has the
longest discharge time, which is consistent with it having the largest surface area of the materials
studied, and also indicates the largest energy storage capacitance. Figure 7d shows the GCD curves
for PAM4-HPC-K800 measured at different current densities (1-50 A g'!). GCD curves retain a
quasi-triangular shape even at higher current densities (Figure S9), which can be attributed to the
rapid transfer of electrolyte ions to the surface of the carbon electrode. Specific capacitances Cs
calculated from GCD curves using Eq. 4 are represented in Figure 7e. The optimal sample achieved
the highest specific capacitance ca. 545.5 F g at a current density of 1 A g' with 43.7%
capacitance retention at a high current density of 50 A g”! (Figure S10a) and an outstanding cycle
life of 96.3% after 5000 charging-discharging cycles (Figure S10b). Such a high value of the
specific capacitance and a good rate performance can be attributed to the synergy effect of
ultrahigh surface area caused due to the abundant micro- and mesopores, and nitrogen doping. Cs
values of other samples are ca. 413.6 F g'! (PAM4-HPC-K900), 370.1 F g"! (PAM4-HPC-K700),
309.1 F g'! (PAM,-HPC-K700), 245.5 F ¢! (PAMs-HPC-K700), and 98.7 F ¢! (PAM4-HPC-800).

Pore size and distribution affect electrode performance. As preparation temperature increases from
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700 to 900 °C, the dimensions and pore volume of mesopores increases, having a beneficial impact
on electrolyte ion transport through the porous carbon network. Regarding the micropores, PAMs-
HPC-K800 has large micropores which are well-wetted by the electrolyte ions and allow their
moderate diffusion onto the inner surface of the electrode carbon material. Nyquist plots acquired
by EIS measurements provide information on the charge storage mechanism of the prepared
capacitive materials (Figure 7f). A vertical line in the low-frequency region is characteristic of
EDLC materials, whereas the presence of the weak semicircular response in the high-frequency

region is caused by the presence of N and O functional groups on the surface of the electrode

1.17 )23,63

material."’ The values of equivalent series resistance (ESR obtained from the intersection
point between the real and imaginary axes are as follows: 4.85 Q (PAM>-HPC-K700), 5.96 Q
(PAM4-HPC-K700), 4.30 Q (PAMs-HPC-K700), 4.67 Q (PAM4-HPC-K800), 4.17 Q (PAMs-
HPC-K900), which indicate the good electrical conductivity of PAM-HPC hydrogel-derived
carbon materials. Furthermore, the contribution of each charge storage mechanism was evaluated
using the classification of capacitive or surface-controlled to diffusion-controlled energy storage
contributions.®*% Since the b value obtained using Eq. 5 is 0.96 (Figure 7g), the surface-controlled
charge storage mechanism prevails over the diffusion-controlled contribution and its dominance
increases at higher scan rates (Eq. 6, Figure 7h).° Based on the electrochemical experiments,
PAM4-HPC-K800 has an extremely high Cs value, rather low internal resistance, and excellent
capacitance performance. For these reasons, it was used in further measurements incorporated in
a symmetrical cell device.

A schematic illustration of a symmetric supercapacitor device is shown in Figure 8a. Figure 8b

shows the CV response of the device at different scan rates from 5 to 100 mV s’ in the potential

window of 1.1 V. These data indicate the capacitive behavior typical of an electrical double-layer
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supercapacitor.®’” With increasing scan rate, the CV profiles diverge from the ideal rectangular
shape due to charge transport resistance. GCD profiles of the device recorded at different current
densities (0.5 — 20 A g!) are shown in Figure 8c. The charge-discharge curves have a nearly
symmetrical triangular shape from low to high current densities (Figure 8c and Figure S11),
indicating EDLC behavior with well-balanced charge storage. The gravimetric specific
capacitance of the cell calculated from GCD data is 102.5 F g at 0.5 A g! (Figure 8d). Moreover,
the supercapacitor cell has a low resistance, indicated by the absence of a voltage (IR) drop. Figure
8e shows Nyquist plots of the device obtained by EIS measurements performed prior to and
following stability measurements. The semi-circular behavior in the high frequency region with
approximately 45° slope in the low frequency region in the EIS curves infers charge transfer
resistance and Warburg impedance that are often present for carbon materials containing nitrogen
and oxygen. EIS data were fitted using an equivalent circuit (Inset of Figure 8e). From the fitting,
solution (Rs) and charge transfer resistance (Rc) of the device before and after cycle tests were ca.
0.512 Q and 0.101 Q, and 0.524 Q and 0.091 Q, respectively. Long-term cycling durability tests
of the supercapacitor cell were performed at a current density of 10 A g during 5000 cycles
(Figure 8f). The material exhibits an outstanding cycling stability with 94.2% capacitance retention

and 99.3% coulombic efficiency after 5000 consecutive charge-discharge cycles (Figure 8f).
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Figure 8. (a) Schematic illustration of a symmetric supercapacitor device based on PAM-HPC
carbon. (b) CV curves of PAM4-HPC-K800 supercapacitor device at different scan rates from 5 to
100 mV s!. (¢) GCD curves at different current densities from 0.5 to 20 A g in the voltage range
of 0—1.1 V. (d) calculated specific capacitance Cs vs. current density. (¢) Nyquist plots of the
supercapacitor before and after cycling measurements. (f) Capacitance retention at a current
density of 10 A g! and coulombic efficiency. (g) Ragone plot. The inset of panel (e) represents
the equivalent circuit diagram, where Rs, Rct represents the solution and charge transfer resistance.

Ca, Cdif, and W represents the double layer formation, diffusion contribution, and Warburg

diffusion resistance.

The energy performance of the assembled symmetric supercapacitor device is shown in the
Ragone plot (Figure 8g). The device achieved a high energy density of 17.2 Wh kg™ (Eq. 7) at a
power density of 550 W kg™! (Eq. 8), which is superior to/or comparable to the performance of
previously reported porous carbon materials, such as ZnCl>-CaCl, molten salt-activated chitin

carbon,”® PAM hydrogel activated carbon,** PAM-glucose hydrogel KOH activated carbon,’’
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Tasmanian blue gum tree bark derived carbon,’® carbon nitride derived from melamine and citric
acid, and activated using KOH,* KOH activated pomelo peel derived carbon,®® K,B4O7 and
K>COs carboxymethyl chitosan hydrogel-derived carbon,®® and quantum dots/reduced graphene
oxide composite derived carbon.®” The electrochemical results demonstrate that K,COs-activated
PAM-HPC hydrogel porous carbons exhibit hierarchically micro-mesoporous structures, ultrahigh
surface area, and self-heteroatom doping. Therefore, they are promising supercapacitor electrode

materials offering high energy density, excellent rate performance and cycle life.

CONCLUSIONS

To conclude, hierarchically porous carbons with ultrahigh surface area and well-defined pore
structures were prepared by KoCOs activation of polyacrylamide-cellulose (PAM-HPC) hydrogel
at different carbonization temperatures (500—900 °C). The presence/absence of the activation
agent and carbonization temperature are the factors that influence most significantly the pore-size
modulation/formation. Carbonization at 800 °C yielded nanoporous carbon material with an
ultrahigh surface area of 3387.2 m? g'! and a large pore volume of 1.963 cm?® g'!. The electrode
prepared using this material demonstrated excellent supercapacitance performance, giving a high
specific capacitance of 545.5 F g' at 1 A g'! in the three-electrode cell setup together with high
rate performance and long cycle life of 96.3% after 5000 charging-discharging cycles.
Additionally, the optimal sample was used to assemble a symmetric supercapacitor device
operable in the potential window of 1.1 V in an aqueous electrolyte (1M KOH). The device
achieved a specific capacitance of 102.5 F g at 0.5 A g'!. It gave a high energy density of 17.2
Wh kg! at the power density of 550 W kg with an excellent cycle life of 94.2% after 5000

charging-discharging cycles, demonstrating that activated polyacrylamide-cellulose (PAM-HPC)
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hydrogel-derived nanoporous carbon materials have enormous potential in high-performance

supercapacitor applications.
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