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ABSTRACT 

Controlling the porosity of carbon-based electrodes is key towards performance improvement of 

charge storage devices e.g., supercapacitors, which deliver high power via fast charge/discharge 

of ions at the electrical double-layer (EDL). Here, eco-friendly preparation of carbons with 

adaptable nanopores from polymers obtained via microwave-assisted cross-linking of polyvinyl 

alcohol (PVA) and polyvinyl pyrrolidone (PVP) is reported. The polymeric hydrogels possess 

porous and foam-like structures giving an excellent control of porosity at the precursor level, which 

are then subjected to activation at high temperatures 700-900 °C to prepare carbons with a surface 

area up to 1846 m2 g-1 and uniform distribution of micro-, meso- and macro-pores. Then, graphene 

as an additive to hydrogel improves the surface characteristics and elaborates porous texture, 

giving composite materials with a surface area of 3107 m2 g-1. These carbons show interconnected 
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porous structure and bi-modal pore size distribution suitable for facile ionic transport. When 

implemented in symmetric supercapacitor configuration with aqueous 5 mol L-1 NaNO3 

electrolyte, a capacitance of 163 F g-1 (per average mass of one electrode) and stable evolution of 

capacitance, coulombic, and energy efficiency during 10,000 galvanostatic charge/discharge up to 

1.6 V at 1.0 A g-1 has been achieved.     

KEYWORDS: Microwave-assisted cross-linked polymers; nanoporous carbon; charge storage; 

electric double-layer; supercapacitor  

 

INTRODUCTION 

To meet the increasing energy demand of the modern world and to fill the niches requiring fast 

energy delivery and its simultaneous quick recovery,[1-5] new materials and methods are desirable. 

Carbon materials make up to 90 wt.% of the electrode composition used in capacitive charge 

storage technologies such as supercapacitors are attractive devices for capturing energy from 

regenerative braking in tramways or in a start-stop system for automobiles.[6-8] Commercial 

carbons are mainly derived from biomass sources with pre-defined natural structure,[9-11] thus 

restricting the control over efficient storing and releasing of charges and hence their viability in 

ever-growing energy sector. New methods and materials for designing carbons with optimized and 

compatible pore structure which can be tuned per application, is therefore highly desirable. Since 

the fast charging/discharging of electric double-layer (EDL) depends on the respective size of ions 

and pores,[12] this compatibility is at the heart of high power and long-term cycling of 

supercapacitors.  

Eliad et al. have shown that the molecular sieving effect appears when the size of ions approaches 

the pore size of carbon. For example, in the case of aqueous magnesium sulfate electrolyte, where 
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the size of hydrated ions (Mg2+ and SO4
2-) is larger than the average pore size of carbon (0.51 nm), 

less capacitive current is obtained.[13-14] In this respect, one could infer that maximum capacitance 

can be achieved with a large number of ions fitting to the pores and by this way taking full 

advantage of ion versus pore compatibility aspect.[15] Leaving aside the discussion related with 

nitrogen as a probe for estimating surface and pore sizes, one would still argue over the importance 

of pore and ion size compatibility, which is further evidenced when ionic liquids are used as 

electrolytes for charge storage in nanoporous carbons.[16-17] More importantly, it has been found 

that the majority of pores of carbon are underused due to their small size compared to the effective 

size of ions as well as their orientation while entering the pore.[18] 

From the foregoing, it is clear that pore tuning in carbon materials is an essential parameter, and 

efforts in this direction have yielded little progress so far. Indeed, high temperature and pressure 

treatment of a zeolite template carbon resulted in reduced average micropore size, however, similar 

changes in density and pore texture were not observed for commercial carbons.[19] Templated 

carbons, on the other hand, give control of microporous structure and pore interconnectivity in 

carbon owing to the structural regularity possessed by the incorporated template materials.[20-22] 

However, high synthesis cost and the use of aggressive acids such as HF to remove the template 

materials hinder the viability of this method.  

This work presents a new strategy to control the porosity of carbons by firstly obtaining a precursor 

with highly refined pores, setting the guideline for the porosity of final carbon product. In addition 

to other advantages, producing hydrogels from cross-linked polymers is environmentally friendly, 

non-toxic, and cheap. Cross-linked porous polymers offer a great opportunity to control porous 

structure, surface area, and adsorption properties.[23-24] As a result of the controlled porosity at 

different length scales, such materials possess interconnected pore structure that facilitates the 
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diffusion of ions and molecules.[25] Previously, polymer-based precursors have been carbonized 

and activated to prepare carbons and some of them have been efficiently used for charge storage 

application.[26-30] However, no systematic porous texture was studied owing to the absence of pre-

defined precursor’s structural footprints. Here, we show the use of cross-linked polymer-based 

precursor to obtain carbons with a wide range of pore diameter fitting the size of the maximum 

number of ions and efficiently charging the EDL (Figure 1), and then preparing composites with 

graphene to further improve the charge storage capability of these carbons.[31-33] 

 

 

Figure 1. Cross-linking of polymers and formation of hydrogel via microwave irradiation. The porous hydrogel is 
then subjected to carbonization and activation at high temperature to prepare nanoporous carbons with majority of 
pores adaptable for ionic transport and to gain maximum charge storage. 
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EXPERIMENTAL SECTION 

Preparation of nanoporous carbons  

An aqueous solution of polyvinyl alcohol (PVA) was prepared at a concentration of 10 wt.% and 

then polyvinyl pyrrolidone (PVP) was added to the solution while gradually increasing its mass 

ratio to PVA. Hydrochloric acid (37%) was added at a volume ratio of 1.5:100 to the aqueous 

mixture of PVA and PVP as the cross-linking agent.[34]. The molecular weight of used PVA and 

PVP are 89000-98000 and 10000 respectively. The mixtures were sonicated for 30 minutes and 

then stirred using magnetic stirring for another 30 min at room temperature to obtain a respective 

homogeneous dispersion. Each solution with fully dispersed components was then transferred to a 

microwave reactor (Anton Paar Synthos 3000 multimode reactor) at 1400 W magnetron power, 

equipped with a wireless pressure and temperature sensor. The reactor was operated in the pressure 

mode using a power of 500 W; the sample temperature was ramped at 10°C/min up to 190°C and 

kept at this temperature for different reaction times. The schematic diagram for the preparation 

process of activated carbons is shown in Figure S1 (in supporting information). For the second 

type of sample, lab-scale prepared graphene by chemical vapor deposition (CVD) [35] was 

introduced to the initial mixture of PVP and PVA (4:6). and all composition was subjected to 

microwave irradiation. The cross-linked hydrogel material exhibited a consistent structure with or 

without graphene incorporated into it. The composites without graphene were first activated with 

KOH at 700°C, 800°C, and 900°C to select a suitable activation temperature. Afterward, the PVP: 

PVA hydrogels with and without graphene were carbonized and activated at 700°C (best activation 

temperature).  The obtained carbon materials after the activation process were further cleaned with 

diluted hydrochloric acid and then dried at 120°C for 12 hours to remove water contents before 

further physicochemical investigations. To compare the surface area, 10 wt.% PVP was also 
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carbonized and activated at 700°C, 800°C, and 900°C, and obtained carbon materials were washed 

and cleaned in a similar fashion as mentioned previously. For the electrochemical investigations, 

the selected samples were post-treated at 700°C for 1 hour under nitrogen atmosphere to remove 

any remaining oxygenated functional groups from the surface of carbons. 

Structural characterization of nanoporous carbons  

Nitrogen adsorption-desorption isotherms were measured at −196°C using a Micromeritics ASAP 

2020. Before analysis, samples (80 mg each) were degassed at 140°C for 12 hours under vacuum. 

The surface area was calculated by the Brunauer–Emmett–Teller (BET) method from the 

adsorption branch in the relative pressure range (P/P0) of 0.01 - 0.2. Selected samples were also 

characterized using powder X-ray diffraction (XRD) employing an XPERT-PRO diffractometer 

(PANalytical BV, Netherlands) with theta/theta geometry, operating a cobalt tube at 35 kV and 50 

mA. The XRD patterns of all specimens were recorded in the 10.0° – 80.0° 2θ range with a 

counting time of 5.240 seconds per step. The SEM images were obtained on a Zeiss Ultra Plus 55 

field emission scanning electron microscope (FE-SEM) operated at an accelerating voltage of 2.0 

kV. Raman spectroscopic analysis of the graphene and composite materials was performed using 

a T64000 micro-Raman spectrometer from HORIBA Scientific, Jobin Yvon Technology equipped 

with a triple monochromator system to eliminate contributions from the Rayleigh line. All the 

samples were analyzed with a 514 nm argon excitation laser with a power of 12 mW at laser exit 

to avoid thermal effects. Thermogravimetric Analysis (TGA) was carried out using TA 

Instruments Q600 Simultaneous DSC/TG which measures the weight change in a material as a 

function of temperature or time under a controlled atmosphere. TGA samples were heated from 

room temperature to 1000°C at a rate of 10°C min-1. 
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Electrodes preparation and electrochemical investigation of supercapacitors 

For the preparation of electrodes, a mixture of active carbon materials 90 wt.%, 

polytetrafluoroethylene (PTFE) binder 5 wt.% (from Sigma-Aldrich) and conductivity additive 5 

wt.% (SUPER C65 from TIMCAL) were homogenized and dispersed in pure ethanol, and the 

slurry was then uniformly rolled to prepare the electrode sheet. The electrodes were pasted on to 

the current collector and dried at 100°C in an oven for 12 hours to ensure complete evaporation of 

ethanol and adsorbed water. The electrochemical test of the symmetric cell was carried out in a 

two-electrode cell configuration using Swagelok-type cells with a mass loading of ~5.0 mg for 

each electrode with a thickness of 0.15 mm and a diameter of 8.0 mm, using a glass microfiber 

filter paper as the separator soaked with 5 mol L-1 NaNO3 aqueous electrolyte solution. 

Electrochemical measurements were carried out (on SP-300 potentiostat from Bio-Logic) such as 

cyclic voltammetry (CV), galvanostatic charge/discharge (GCPL), and electrochemical impedance 

spectroscopy (EIS) up to various voltages. The CV tests were carried out in the potential range of 

0 to 1.6 V at different scan rates ranging from 2 mV s-1 to 200 mV s-1, GCPL from 0.2 A g-1 to 5 

A g-1 and electrochemical impedance spectroscopy (EIS) measurements were conducted in the 

frequency range from 1 mHz to 100 kHz at open circuit voltage (OCV), 0.8 V, 1.0 V, 1.2 V, 1.4 

V and 1.6 V. 

The galvanostatic charge-discharge tests based on the two-electrode cell was used for the 

evaluation of the specific capacitance (Csp: F g-1), The area capacitances (Carea: F cm-2), the area 

energy density (Ea: Wh cm-2), and the area power density of the cell (Pa: kW cm-2) was calculated 

respectively using equations 1 to 3 given below. Generally, the full capacitance (CF) of a 

supercapacitor device is the manifestation of the electrical charge ΔQ stored at a given voltage 

change ΔV and can be written as supercapacitors performance evaluation:[36-37] 
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Figure 2. Reaction between PVP and PVA assisted by the microwave irradiation to form polymer hydrogel with and 
without graphene addition. The two composite materials are then processed through chemical activation. The addition 
of graphene facilitates in maintaining the porous structure and prevents from structural collapse of interlayer spacing.   

 

RESULTS AND DISCUSSION 

Synthesis and characterization of cross-linked polymers based carbons 

At the first step, a reduction reaction between PVA and PVP polymers was carried out to produce 

hydrogels via a simple microwave-assisted technique. Production of the hydrogel by cross-linking 

of PVA and PVP is well-known in the literature,[31-33] however, the use of microwave has been 

rarely attempted. The microwave irradiation helps to create radical sites at the -OH groups of PVA 

and/or at the main carbon chain of polymer which participate in cross-linking via hydrogen 

bonding (Figure 2). For the second part, an aqueous suspension of PVA and PVP were prepared 

with graphene as an additive and the mixture was subjected to microwave treatment. The same 

reaction mechanism follows the generation of radical and hydrogel incorporated with graphene 
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was obtained which was ready to be subjected to carbonization and activation. The activation was 

performed by KOH where alkali and the composite material mass ratio of 1:3 was maintained. The 

activation was performed at three temperatures i.e., 700°C, 800°C, and 900°C to select the most 

effective value with regard to carbon characteristics and performance parameters.  

The internal three-dimensional networks observed for the hydrogel sample in Figure 3a show the 

high connectivity of fibers and the presence of preliminary pores in the polymer structure. The 

hydrogel material under the activation and carbonization conditions transformed into an excessive 

network of channels and evolving new pore structures. The creation of such channels is expected 

owing to the release of gases (CO, H2O, and CO2) which are formed initially during the 

carbonization stage and then the chemical activation.[38-39] With an increase of PVP ratio, the 

transport channels were clearly visible and the large pores appeared on the surface (Figure 3b-f). 

These big channels or network of pores leads to smaller pores within the carbon matrix providing 

facile access to the bulk carbon material. Overall, the development of pore structure is progressive 

in nature owing to the increasing fraction of PVP to the PVA solution which improves the pore 

morphology at the hydrogel precursor level (Figure S2 in supporting information). Thanks to the 

initial pore structure of the hydrogel formed by the reaction of PVA and PVP, general wide 

surfaced sheet-like structures are observed after the activation with the different percentages of 

PVP from ratio 1:9 to 4:6 as seen in SEM images. A further increase of PVP ratio to 5:5 (Figure 

3f) results in a totally different structure of hydrogel which has a more solid form and is unsuitable 

for preparing porous carbon. 
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Figure 3. (a) SEM images of PVP:PVA hydrogel before activation and carbonization, then gradual increase of PVP 
to PVA ratio and after activation (b) 1:9, (c) 2:8, (d) 3:7, (e) 4:6, (f) 5:5. 

 

Nitrogen gas adsorption isotherms for the carbons obtained by the activation of PVA (10 wt.%) 

alone at a different temperature to find the best sample preparation condition are presented in 

Figure S3. The sample obtained at 700°C has the highest BET surface area (Table 1) and possesses 

a high number of small pores (0.204 cm3 g-1 micropore volume for a total pore volume of 0.307 

cm3 g-1). The shape of adsorption/desorption isotherm also suggests the presence of mainly 

micropores and the reversibility is a direct indication of good pore connectivity and the presence 

of adjacent channels. Further enhancing the activation temperature to 800°C and 900°C causes the 

reduction of surface area and blockage of pores indicated by the sharp rise of isotherm at high-

pressure region. Activation by chemicals at a higher temperature may block access to micropores 
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which is also indicated by decreased surface area.[40-41] Hence, for preparing further carbon 

materials in this work, an activation temperature of 700°C was selected. To obtain carbons with 

appropriate and well-organized pore structure, hydrogel samples with the varying percentages of 

PVP were subjected to carbonization and activation. This method was also helpful to obtain the 

optimum ratio of PVA to PVP and its effect on the surface area of the resulting activated carbon 

were investigated. The first four carbon samples (from 1:9 to 4:6) with increasing fraction of PVP 

show the reversible Type I isotherm (Figure 4a-c and Figure S4a), which is normally associated 

with microporous solids having relatively small external surfaces. Their limiting uptake of nitrogen 

is generally governed by the accessible micropore volume rather than by the surface area. Hence, 

a large number of the surface area is represented by the high micropore volume and presence of 

interconnected pores. 

Table 1. BET surface area versus carbonization temperature of PVA (10 wt.%) sample. 

TC a) 700°C 800°C 900°C 

BET  
(m2 g-1) 

537 449 85 

a) temperature at which PVA is carbonized and activated. 
 

The sample with PVA to PVP ratio 5:5 shows a deviation of the adsorption and desorption curves 

from the previous trend (Figure 4d). Although such an isotherm could feature the Type H3 loop 

which is generally associated with monolayer coverage and the start of multilayer sorption on 

nonporous materials. In this case, however, it indicates the Type I isotherm, characteristic for the 

presence of micropores in the carbon material together with the external surface remaining for 

further adsorption. Indeed, the inflection point appears in the sample with 60% PVP representing 

also the Type H3 loop (Figure 4e), which is observed for materials with aggregates of plate-like 

particles giving rise to slit-like pores.[42-44] 
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Figure 4. (a-e) gas adsorption/desorption isotherms of various samples with increasing mass ratio of PVP to PVA at 
carbonization/activation temperature of 700°C, (f) BET surface area of different sample with increasing ratio of PVP 
and a maximum at the PVP to PVA ratio of 4:6 (reaching to a surface area of 1846 m2 g-1). Filled and hollow circles 
in isotherms represent respectively the adsorption and desorption of nitrogen at -196°C and relative pressure P/P0 0.0 
to 1.0.  

 

Combining now the observation from SEM data and N2 gas adsorption/desorption isotherms, the 

following assumptions, have been made. The broken platelet shape is present without a continuous 

external surface structure. The end of one of the sheets the carbon sample with a PVP to PVA ratio 

of 4:6 shows a “cheddar-cheese’’- like structure with a corresponding width of about 3 µm. This 

is indicative of the presence of a high number of small pores with respect to the other carbon 

samples investigated. Although the surface observation of the different carbon samples shows the 

presence of pores, yet there is an increasing degree of pore coverage with an increase in the 
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proportion of PVP introduced to preliminary composition. This means that the carbon material 

obtained from PVP: PVA ratio 4:6 based hydrogel exhibits the highest pore coverage. An 

exception is also found in the last samples with PVP: PVA ratio 5: 5 and 6: 4 which did not exhibit 

definite pore structures. Keeping in view the N2 sorption curve, one can infer that the slit-like pores 

are expected to be found for such structures. 

For all the prepared carbons, uneven size of pore diameter for ratio 1:9 to 4:6 are clearly visible. 

Large nano-meter sized pores in the range of 400 nm to 600 nm are mostly exhibited by the 1:9 

sample; these sizes decrease with the 2:8 sample which showed mostly 200-300 nm diameter pore 

sizes. The carbons obtained after activation of 3:7 and 4:6 samples both possess large pore 

diameters looking like ‘’pores-within-pores’’ structures. The carbon material from 4:6 samples 

still retains some of the singular 100 nm diameter big pores and an average pore diameter of 2.36 

nm (Table S1 in supporting information). The specific surface area values increase steadily for 

the carbon samples with PVP to PVA ratio 1:9 to 4:6 with a sharp decline at ratio 5:5 as also seen 

from the BET values (Figure 4f and Table 2). The SEM images show the availability and the 

morphology of the pores (Figure S5 in supporting information), which follows a similar pattern as 

the values of obtained specific surface area. The carbon samples with the high number of pores 

and with more complicated structures give an insight into the rate at which gases evolve from the 

surface of the carbon sample during activation of the corresponding ‘parent hydrogel’. This clearly 

shows the richness of the porosity and subsequent surface area of obtained carbon materials. 

Hence, by systematically varying the precursor composition, we can confirm that majority of bulk 

precursor material has been utilized for the pore development.  
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Table 2. Increasing mass ratio of PVP to PVA (for preparing the precursor hydrogel material) versus the BET 
surface area of derived carbons.  

Sample 1:9 2:8 3:7 4:6 5:5 6:4 

BET  
(m2 g-1) 

1230 1249 1347 1846 606 440 

 

Influence of graphene as an additive on textural properties of carbon   

At the next stage, lab-scale produced graphene was introduced to the polymer-based hydrogel to 

enhance the conductivity and elaborate the pore structure. For this purpose, graphene was used as 

an additive to the initial mixture of PVP to PVA mass ratio of 4:6 before the microwave treatment. 

As shown in Figure 2, the interaction with graphene gives structural stability and improves the 

pore architecture and thereby retaining the integrity of electrode materials via enhanced pore 

connectivity and easy access to the transport channels within the carbon matrix. A gradual increase 

of graphene mass ratio to the total mixture of PVP: PVA did not alter the morphology of the 

hydrogel obtained after microwave treatment. Therefore, one can expect the evolution of a similar 

pore structure in the hydrogel before it goes through KOH activation. As seen in Table 3, a gradual 

increase of graphene from 0.0081 wt./wt.% (0.010 wt./vol%) to 0.024 wt./wt.% (0.030 wt./vol%) 

results in enhanced surface area of the carbon material obtained after carbonization and activation 

at 700°C. Figure 5 shows the simultaneous gas adsorption isotherm and thermogravimetry (TG) 

data of each sample obtained after activation of three-component mixture of PVP: PVA (4:6) with 

graphene at varying mass proportion. The sample without the addition of graphene exhibits a 

surface area of 1846 m2 g-1. The use of graphene improves the surface area of the resulting 

composite material up to ca. 3100 m2 g-1. The additional benefit of using graphene with polymer 

structure is to incorporate it within the layer structure (evident from low mass loss of ~4% in TGA 

curves), and the presence of such architecture preserves the integrity of carbon materials and keeps 

the channels open for ionic transport.  
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Table 3. Table 2. Porous textural data of activated carbons obtained from different proportion of wt. % of graphene 
in the mixture of PVP to PVA (4:6) at activation temperature TC = 700oC. For comparison, porous data of sample 
without graphene additive is given.  

Sample wt./wt.% 
of 

graphene 

wt./vol.% 
of 

graphene 

BET  
[m2 g-1] 

aVmicro 
[cm3 g-1] 

bVtotal 
[cm3 g-1] 

cPore 
diameter 

[nm] 

C46P - - 1846 0.50 1.04 2.36 

C46P-
G10 

0.008 0.01 2848 0.51 0.84 2.40 

C46P-
G20 

0.016 0.02 3107 0.56 0.88 2.35 

C46P-
G30 

0.024 0.03 2998 0.52 0.70 2.21 

a) t-Plot micropore volume; b) BJH Desorption cumulative volume of pores between 1.7 nm and 300 nm diameter; c) 
BJH Desorption average pore diameter (4V/A). 

 

Figure 5. Isotherms for nanoporous carbon samples obtained from PVP:PVA (4:6) composite with increasing 
proportion of graphene (a-b) 0.0081 wt./wt.%, samples named in Table 3 as C46P-G10 (c-d) 0.016 wt./wt.%, sample 
named as C46P-G20 and (e-f) 0.024 wt./wt.% , sample named as C46P-G30 – carbonized and activated at 700°C and 
various analyses performed on the materials such as (a, c, e) gas adsorption characterization, and (d, d, f) 
thermogravimetric analysis.  
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One can see that the combination of PVP: PVA with graphene not only improves the surface area 

and alters the pore structure but also enhances pore connectivity and gives control over the pore 

alignment (Figure S6). This aspect is crucial for designing efficient charge storage systems where 

the compatibility of ion sizes with the size of pores is important.[45-47] As expected, the addition of 

graphene to the hydrogels increases their surface area and conductivity. With an increased amount 

of 0.016 wt./wt.% of graphene, the surface area up to 3107 m2 g-1 is achieved (Table 3). However, 

a further increase of graphene content does not influence to greater extent the specific surface area 

and the pore architecture which is indicated by the sample containing 0.024 wt./wt.% graphene. 

The presence of micropore volume in the range of 0.5 cm3 g-1 is similar to most commercial 

carbons, however, the presence of graphene sheets and their layer-by-layer connectivity with 

preserved stacking properties gives access to even small micropores which enhance the surface 

area.[48-49] Moreover, a well-distributed pore size range makes these carbons suitable for preparing 

sustainable electrodes for supercapacitors which have been investigated and discussed in the next 

section.  

Performance of nanoporous carbons in symmetric supercapacitors 

Electrochemical performance of symmetric supercapacitors using two types of carbon samples i) 

PVP to PVA mass ratio of 4:6 (referred to in this section as PVP+PVA) and ii) PVP to PVA mass 

ratio of 4:6 with 0.016 wt./wt.% of graphene (referred in this section as PVP+PVA+Graphene) is 

compared and summarized in Figure 6. Keeping in view the wide pore size distribution and pore 

diameter in the range of 2.36 nm, the alkali metal ions and most of the inorganic cations would 

easily fit resulting in fast charging of EDL. We selected NaNO3 based electrolyte due to its easy 

availability, low cost, abundance, and, most of all, the compatibility of ions size with pore structure 

of designed carbons. The symmetric charge/discharge curves for a capacitor with PVP+PVA based 
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carbon at 0.2 A g-1 (Figure S9-S11 in supporting information) and nearly rectangular shape of CVs 

at high scan rate up to 200 mV s-1 from 0.8 V up to 1.6 V suggests the main charge storage 

phenomenon occurring at the electric double layer (EDL). Similarly, the second capacitor using 

PVP+PVA+graphene based electrode also shows symmetric charge/discharge curves and 

excellent charge propagation up to 1.6 V and 200 mV s-1. Nevertheless, due to the presence of 

water based electrolyte, some contributions indicated by the current increase in CVs at the high 

voltage region near 1.5 or 1.6 V are important which correspond to the reversible 

adsorption/desorption (or reversible storage) of hydrogen in pores of the negative electrode 

material produced under the electrochemical reduction of water.[50] Furthermore, High voltages up 

to 1.6 V are possible with such supercapacitor using neutral aqueous NaNO3 electrolyte owing to 

high overpotential at the negative carbon electrode associated with the increase of local pH. 

However, these faradaic processes represent only a fractional contribution to the total capacitance 

of the supercapacitor. Certainly, the main capacitance in both the systems originates from charge 

storage at the EDL. The comparison of CVs (Figure S10c) and galvanostatic charge/discharge 

(Figure S10d) between the two capacitors confirm the high capacitance for the system with an 

electrode containing the graphene as an additive. One can also see that, despite the low capacitance 

for the cell using PVP+PVA based electrode, the shape of the CV and GCPL curves is more 

symmetric suggesting EDL charging as the main charge storage phenomenon. In particular, the 

rectangular shape of CV and symmetric GCPL for PVP+PVA based sample up to 200 mV s-1 and 

5 A g-1 (Figure S9) indicates the total charge storage at the EDL which is a highly reversible and 

physical phenomenon and involves very little contribution from the electrochemical 

reduction/oxidation of water at the negative or positive carbon electrodes. Thanks to the polymeric 

structure preserving the electrode porous structure, a highly fast charge and discharge can be 
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achieved, and thereby an enhanced rate performance of the supercapacitor device. A low ohmic 

loss in charge/discharge curves is evident of good pore connectivity and transport channels within 

the electrode matrix for ionic movement. As the triangular shape of charge/discharge curves is 

conserved even at high specific currents, one can infer the high rate capability and cycle life of 

supercapacitor using this electrode material. 

 

Figure 6. Electrochemical performance of symmetric capacitor using PVP+PVA and PVP+PVA+graphene electrodes 
in 5 mol L-1 NaNO3; (a-b) evolution of coulombic efficiency (ηc), energy efficiency (ηe) and capacitance versus voltage 
up to 1.6 V at 0.2 A g-1, and capacitance, coulombic efficiency, energy efficiency evolution at 1.6 V with increasing 
specific current up to 5 A g-1 for (c) PVP+PVA based capacitance and (d) PVP+PVA+graphene based supercapacitor. 
The dashed and solid lines represent the PVP+PVA and PVP+PVA+graphene based supercapacitors respectively.   

 

Figure 6a-d shows the comparison of coulombic efficiency (ratio of the discharge time to charging 

time), energy efficiency (ratio of area under discharge curve to the area under charging curve), 
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capacitance, and, rate performance. Relatively, high value of energy efficiency (89%) and 

coulombic efficiency (96%) at 1.6 V (at 0.2 A g-1 in Figure 6a) for the cell with PVP+PVA based 

electrodes suggest the easy ionic transport within the channels and without the substantial loss of 

charges in the faradaic processes. This is also evidence of fast charging/discharging of EDL in the 

case of PVP+PVA based capacitor. On the other hand, for the supercapacitors with 

PVP+PVA+graphene based electrodes, the energy efficiency value is 73% and the coulombic 

efficiency value is 89% at 1.6 V (at 0.2 A g-1). The relatively low efficiency values suggest the 

presence of deep channels between the graphene layers with slight coverage due to the functional 

groups which may hinder the swift movement of ions upon charge and discharge. 

The capacitance comparison in Figure 6b and the evolution of capacitance versus increasing 

specific current (Figure 6c-d) suggest a high rate performance of supercapacitor constructed by 

using PVP+PVA electrode material. Although the capacitance value for the supercapacitor with 

PVP+PVA+graphene electrode are high (163 F g-1 at 0.2 A g-1), yet the decrease in capacitance at 

high specific current is 18% from 0.2 A g-1 to 5 A g-1. This is also indicated by the low energy 

efficiency of supercapacitor using this material ~66% at 5 A g-1 compared to ~79% for PVP+PVA 

based cell. Indeed the low energy efficiency for the cell using electrode material with graphene 

additive suggests a different pore architecture and the presence of functional groups.  

The Nyquist plot, which is the frequency responses of the device with imaginary and real 

impedances as a function of the frequency is shown in Figure 7. The high-frequency intersection 

with the positive Z-axis shows a semicircle at this frequency domain, a 45° line region, and a 

vertical line in the low-frequency region typically signifies the charge storage mechanisms of the 

capacitive materials. The presence of functional groups on the surface of the carbon materials may 

contribute to the charge transfer process that arises from an electron transfer from one phase (e.g. 
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electrode) to another (e.g. liquid). In addition, interfacial impedances between the current 

collector/active material may also contribute to the appearance of the semicircle.[51-53] This was 

confirmed by recording the impedance data at multiple potentials from the open circuit potential 

to 1.6 V. The change in the charge transfer resistance (diameter of the semicircle) with increasing 

potential affirm the assertion that main contribution is from a charge transfer process. The Rct 

values range from 0.33 to 0.61 Ω for Figure 7a (PVP+PVA) and 0.14 to 0.23 Ω for 7b 

(PVP+PVA+graphene), as the voltage increases. Furthermore, the smaller values for the Rct 

obtained at high frequencies for the cell with PVP+PVA+graphene based electrodes as the voltage 

increases is attributed to increase in conductivity of the carbon material due to the presence of 

graphene, and may increase electron mobility as the voltage increases leading to decrease in the 

diameter of the semicircle. ESR values in Table 4 extracted from the Nyquist plot at 1 kHz show 

an increasing trend for both the capacitors from OCV to 1.6 V. Nevertheless, these values are 

smaller in PVP+PVA+Graphene electrodes based capacitor than in PVP+PVA based capacitor, 

owing to high interlayer connectivity in the latter. Additionally, the ESR values measured from 

the galvanostatic charge/discharge curves at 1 A g-1 (up to 1.6 V) also follow a similar pattern, 

with 0.381 Ω  for PVP+PVA based capacitor and 0.261 Ω for the capacitor with 

PVP+PVA+graphene electrodes.  

Table 4. ESR and time constant (τ) values for symmetric supercapacitors with PVP+PVA and PVP+PVA+Graphene 
based carbon electrodes in 5 mol L-1 NaNO3. 

  OCV 0.8 V 1.0 V 1.2 V   1.4 V 1.5 V 1.6 V 

PVP+PVA ESR (Ω) 0.543 0.580 0.620 0.631 0.664 0.798 0.982 

 τ (s) 1.41 1.41 1.41 1.41 1.89 1.89 1.89 

PVP+PVA 
+Graphene 

 
ESR (Ω) 

 
0.438 

 
0.438 

 
0.451 

 
0.460 

 
0.472 

 
0.524 

 
0.575 

 τ (s) 2.27 1.89 1.89 1.89 1.89 1.89 1.89 
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Figure 7. (a) Nyquist plots obtained at different voltage from open circuit voltage up to 1.6 V for symmetric capacitors 
using (a) PVP+PVA based electrodes and (b) PVA+PVP+graphene electrodes in 5 mol L-1 NaNO3. The insets in ‘a’ 
and ‘b’ show the equivalent circuit models for the symmetric cells, and the color representation for voltages is as 
follows: Red (OCV), light blue (0.8 V), yellow (1.0 V), blue (1.2 V), purple (1.4 V), orange (1.5 V) and green (1.6 
V). 

 

Furthermore, the shift of the knee frequency region suggests the influence of increasing voltage 

on the ionic movement. The impeded movement of ions within the deeper pores is indicated  by 

extended medium frequency region. Equivalent circuit diagram obtained from the fitting of 

impedance data are presented for both systems in Figure 7. In the equivalent circuit, the equivalent 

circuit used for fitting of the EIS plots in this work is shown in Figure 7 a and b. The EIS plots are 

fitted according to the Randle's model, which is ideal and close to practical application. The 



 24

equivalent circuit element such as the RS and RCT are shown in Table S3. Rs is the equivalent series 

resistance (ESR), which depicts the resistance of the electrolyte combined with the internal 

resistance of the electrode, RCT is the resistance of the electrode-electrolyte interface. CPEDL is the 

constant phase element (CPE) of double layer, symbolizes the double layer capacitance, which 

occurs at interfaces between the porous carbon and solution due to separation of ionic and/or 

electronic charges. The mathematical definition for CPE is expressed as [H. Li, J. Wang, Q. Chu, 

Z. Wang, F. Zhang, S. Wang, Theoretical and experimental specific capacitance of polyaniline in 

sulfuric acid, J. Power Sources 190 (2009) 578–586.]: 

  
0

1

( )n
CPE

Q j
         (8) 

Where Q0 and n are frequency-independent constants and ω 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. 

W is the Warburg element, which represents the diffusion of ions into the porous electrode in the 

mid frequency region, and is a consequence of the frequency requirement of the diffusion process. 

A probable attribute to the insensitivity to changing voltage is a short diffusion path length of the 

ions in the electrolyte, as evidenced by a short Warburg region on the Nyquist plots. RL represent 

the leakage and faradaic resistance, which is placed in parallel with CPEL, and it is usually very 

high and can be ignored in the circuit however we reported in our model. CPEL represents 

pseudocapacitance, which arises with voltage dependent Faradaic charge transfer processes. The 

n in equation 8 for the CPEL in Figure 7a is ~0.7 while the n value in Figure 7b ~ 1. The time 
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constant calculated from the real capacitance versus frequency data [54] (Figure S12-13) for the two 

systems is presented in Table 4. Both the supercapacitors can be fully charged up to 1.6 V in a 

similar time of 1.89 s which confirms the positive effect of graphene additive on the carbon 

nanostructure (despite high surface area) for improved the rate performance.  

Galvanostatic charge/discharge cycling test of supercapacitor containing PVP+PVA and 

PVP+PVA+graphene based electrodes in 5 mol L-1 NaNO3 electrolyte at 1.6 V and a constant 

specific current of 1 A g-1 were performed (Figure 8). At the end of 10,000 galvanostatic 

charge/discharge cycles, capacitance remains constant (no capacitance decay) for the capacitor 

with PVP+PVA electrodes while it decays by 4% for the cell with PVP+PVA+graphene based 

electrodes. However, the energy efficiency estimated after every 1000 galvanostatic 

charge/discharge cycle improves by 2 and 4% after total of 10,000 cycles for PVP+PVA and 

PVP+PVA+graphene based systems respectively. The improved energy efficiency could be due 

to the enhanced wetting of electrode and gradual ions transport into the deep pores of the 

electrodes. In particular, for the PVP+PVA based capacitor, the constant capacitance and 

efficiency values suggest the stability of the supercapacitor device to operate at high voltage and 

with negligible degradation to the electrodes. A comparison of galvanostatic charge discharge 

curves at 1 A g-1 before and after cycling shows superimposition of curves corroborating the high 

stability of the system, where both cells maintain nearly the initial ‘fresh cell-like’ characteristics. 

The energy and power performance estimated from galvanostatic charge/discharge up to high 

specific currents is shown in Ragone plot (Figure 8d), where PVA+PVP and PVA+PVP+graphene 

based capacitors demonstrate high energy of 8 and 12 Wh kg-1 respectively at a specific power of 

2 kW kg-1 (Table S2). Furthermore, the surface area of carbons obtained from activation of 

polymeric sources and the performance of thereafter-built supercapacitors in aqueous electrolytes 
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is compared in Table 5. High surface area and capacitance values obtained for carbons prepared 

in this work closely match and in some cases exceed the performance of state-of-the-art systems.  

 

Figure 8. (a) Electrochemical stability test of supercapacitors for 10000 galvanostatic charge/discharge cycles at 1.0 
A/g, comparison of galvanostatic charge/discharge curves before and after cycling at 1 A/g for (b) PVP+PVA carbon 
based supercapacitor and (c) PVP+PVA+graphene composite based supercapacitor. (d) Ragone plot presenting the 
comparison of energy and power performance for symmetric supercapacitors with two carbon materials. The data for 
Ragone plot is extracted from the galvanostatic charge/discharge curves at 0.2 A g-1, 0.5 A g-1, 1 A g-1, 2 A g-1 and 5 
A g-1 up to 1.6 V in Figure S9.   
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Table 5. Comparison of surface area, capacitance and density of supercapacitors using polymers derived carbons in 
aqueous electrolytes.  

Materials Specific surface 
area (m2 g-1) 

  Specific 
capacitance 

(F g-1) 

Energy density  
(Wh kg-1) 

Ref. 

Low-density 
polyethylene (LDPE)-
derived activated 
carbons (PE-AC) 

1600 112 - 55 

Phenolic resin 1759 115 - 56 

Graphene 
foam/polyvinyl 
alcohol/formaldehyde 
(GF/PVA/FP and  
GF/PVA/F) 

 
705 
610 

 
158 
177 

 
- 
- 

 
57 

Nitrogen-doped hollow 
carbon spheres 

- 173 - 58 

Lignin-based 
hierarchical porous 
carbon 

1140 148 at 0.2 A g-1 - 59 

Sodium lignosulfonate 1867 370 at 0.5 A g-1 18.5 60 

Block copolymer 2104 257 at 0.5 A g-1 - 61 

Block copolymers 953 150 at 0.625 A g-1 - 62 

Polyacrylonitrile 451 156 at 0.2 A g-1 - 63 

Eucalyptus-bark 1276 155 32.8 64 

Lecithin 1803 285 at 0.5 A g-1 24.7 65 

PVP+PVA+graphene 3107 163 at 0.2 A g-1 12 This work 

 

CONCLUSIONS 

Nanoporous carbons derived from the composite of PVP and PVA represent an eco-friendly and 

low cost route to prepare electrode materials. The systematic variation of polymeric components 

gives control over the evolution of porous texture which can be adapted for charge storage 

applications. Interestingly, the chemical reaction via microwave irradiation resulting in hydrogel 

gives control over porosity at the precursor level. By introducing graphene additives to the 
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preliminary composite before activation, certain physicochemical and electrochemical properties 

of the carbon material can be altered. The addition of graphene improves the surface area and pore 

connectivity which in turn provides facile transport channels for ionic movement. The 

charge/discharge curves of symmetric supercapacitors confirm that by adapting the majority of 

pores to the size of ions, the performance of supercapacitor device can be improved. The 

outstanding energy and power parameters of supercapacitors show great potential for the 

application of these materials in high-power related applications. Hence, designing materials with 

pores adaptable to ions size is crucial for next-generation high power devices. Future work is aimed 

at designing new carbons based on these reaction pathways and activation processes by the use of 

different polymeric chain lengths to create new pore architectures that could accommodate bigger 

ions e.g., ionic liquid-based electrolytes. 
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