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ABSTRACT 

Desirable porous structure and huge ion-accessible surface area are crucial for rapid 

electronic and ionic pathway electrodes in high-performance graphene-based 

electrochemical capacitors. However, graphene nanosheets tend to aggregate and restack 

because of van der Waals interaction among graphene sheets, resulting in the loss of ion-

accessible surface area and unsatisfactory electrochemical performance. To resolve this 

daunting challenge, a novel approach is developed for the self-assembly of holey 

graphene sheets intercalated with carbon spheres (H-GCS) to obtain freestanding 

electrodes by using a simple vacuum filtration approach and a subsequent KOH 

activation process. Through the introduction of carbon spheres as spacers, the restacking 

of reduced graphene oxide (rGO) sheets during the filtration process is mitigated 

efficiently. Pores on rGO sheets produced by subsequent KOH activation also provide 

rapid ionic diffusion kinetics and high ion-accessible electrochemical surface area, both 

of which favor the formation of electric double-layer capacitance. Furthermore, a higher 

degree of graphitization of CSs in H-GCS thin film improves the electrical conductivity 

of the H-GCS electrode. The H-GCS electrode exhibits 207.1 F g−1 of specific 

capacitance at a current density of 1 A g−1 in 6 M KOH aqueous electrolyte. Moreover, 

the symmetric electrochemical capacitor assembled with H-GCS electrodes and organic 

electrolyte is capable of delivering a maximum energy density of 29.5 Wh kg−1 and a 

power density of 22.6 kW kg−1. 

Keywords: Electrochemical capacitor; High-energy-density; Holey graphene; Carbon 

sphere 
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1. Introduction 

Electric double-layer capacitors (EDLCs) are attractive energy storage devices for 

applications where high power densities and long cycle life are key desirable parameters 

[1, 2]. Unlike batteries that are restricted by slow chemical reactions, EDLCs can store 

energy through fast and reversible ion adsorption/desorption reaction at the electrode–

electrolyte interface [3-5]. To sustain fast and reversible electrochemical interactions, 

electrode materials should possess large ion-accessible surface areas and efficient 

transport pathways for ions and electrons [6]. Importantly, high conducting and binder-

free electrodes are critical conditions to achieve high-energy-density EDLCs. The 

addition of conductive additives and binders leads to undesirably low active-to-substrate 

mass ratio, low electrolyte penetration, decreased conductivity, and increased total mass 

[7-9]. 

Graphene, a two-dimensional (2D) monolayer of carbon atoms packed into a honeycomb 

lattice, is a promising building block for realizing high-power-density and long-cycle-life 

EDLCs owing to its exceptionally enormous high surface area (theoretically, over 

2630 m2 g−1 per single layer), high intrinsic electrical conductivity, excellent mechanical 

flexibility, and high chemical stability [10-12]. Another merit of graphene as a promising 

electrode in EDLCs is that both surfaces of a graphene sheet are exterior surfaces, which 

are readily accessible for the electrolyte [13]. Given that the total theoretical surface area 

of graphene is fully utilized, a galvanostatic specific capacitance value of up to 550 F g−1 

can be achieved [14]. Owing to the ease of preparation and processing from abundant and 

low-cost graphite, graphene is now being manufactured on the ton scale at low cost [15]. 

However, this chemically derived graphene is a defect-rich material compared with 
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models based on theoretical calculations [16, 17]. Another daunting challenge in fully 

utilizing 2D graphene as electrodes in supercapacitors includes aggregation and 

restacking of graphene sheets because of the van der Waals interaction among graphene 

sheets. This limitation severely decreases the electrochemically active surface area and 

precludes the access of electrolyte ions to the surface of graphene sheets. Consequently, 

capacitive performance is diminished drastically, particularly the rate capability and 

cycling stability [18, 19]. The origin of the aggregation is attributed to the van der Waals 

attraction between graphene layers, an attraction that is proportional to the overlapping 

area (S) and the fourth power of the inverse of interlayer space between sheets (1/d
4) [20, 

21]. Owing to their high aspect ratio, graphene sheets are soft and prone to forming 

conformal contact with a surface or with each other, thereby significantly increasing S 

and reducing d and leading to a strong attraction [20]. Owing to the advantages of 

pseudocapacitance arising from other constituents, several research approaches have been 

devoted to minimize aggregation and restack graphene sheets by hybridizing graphene 

with carbonaceous materials, metal oxide/hydroxides, and polymers [22-32].  

Accordingly, one-dimensional carbon nanotubes (CNTs) have been extensively studied 

and adopted as a smart spacer among graphene sheets because CNTs can effectively 

serve as electrical conducting paths while preventing the graphene from aggregation [33-

38]. However, CNTs remain expensive and suffer from drawbacks of a tedious 

fabrication process. From a perspective of environmental protection and sustainable 

development, carbon-based materials derived from nature using a facile yet economic 

synthesis procedure are highly desirable. Alternatively, a self-assembled hierarchical 

nanostructure comprising carbon spheres (CSs) synthesized by hydrothermal 
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carbonization of glucose and graphene sheet has been demonstrated to alleviate the 

aggregation of graphene [39]. Although studies[3, 39, 40] have demonstrated the promise 

of graphene/CSs electrode in achieving high-performance EDLCs, the electrochemical 

performance of corresponding EDLCs is still low because of i) the addition of an organic 

binder, which causes “dead” volume effect; ii) the absence of pores in the graphene 

layers, resulting in inferior ion diffusion; and iii) the presence of oxygen-containing 

groups due to incomplete reduction, which largely degrades electrical conductivity. In the 

current report, an approach to fabricate a high electrical conducting and porous 

architecture consisting of holey graphene sheets intercalated with carbon spheres (H-GCS) 

is developed via hydrazine reduction, vacuum filtration, and subsequent KOH activation 

(Scheme 1). First, CSs are fully cladded and bridged by reduced graphene oxide (rGO) 

sheets, which are formed by electrostatic attractive interactions between negatively 

charged rGO sheets and positively charged CSs functionalized by a cationic surfactant. In 

this approach, CSs play an important role as spacers to prevent graphene from self-

restacking and render the formation of unique 3D heterostructure architectures. The 

merits of the CS spacers greatly increase electrolyte-accessible surface area and enhance 

the utilization efficiency of graphene. Second, KOH activation of the as-synthesized GCS 

structures under an inert atmosphere (Ar) not only can effectively yield holey graphene, 

further reduce oxygen-containing groups, but also promote the graphitization of 

amorphous CSs between rGO sheets, leading to an enhanced conductivity. Thus, both 

high electrical conductivity and porosity of the H-GCS electrode can be obtained 

simultaneously, which is critical for high rate capability and rapid ion transportation [41]. 

As a proof of concept, the electrochemical performance of the proposed H-GCS structure 
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is characterized and its applications as electrodes for symmetric EDLCs are presented. 

The intrinsic flexibility of such H-GCS thin films renders its use as a binder-free 

electrode directly. Electrochemical measurement on the H-GCS thin films are carried out 

in symmetric devices (coin cells, CR 2302) with 1 M tetraethylammonium 

tetrafluoroborate (TEABF4) in acetonitrile (AN) as electrolyte. Without using any 

auxiliary additives, freestanding H-GCS electrode exhibits high specific gravimetric 

capacitance of 94.3 F g−1 in the organic electrolyte with 3 V voltage window at a current 

density of 1 A g−1, as well as stable capacitance retention of 85.0% over a wide range of 

current densities from 1 to 15 A g−1. Symmetric capacitor consists of H-GCS//H-GCS 

that delivers a maximum energy density of 29.5 Wh kg−1 at a maximum power density of 

22.6 kW kg−1. The unique H-GCS electrode likewise exhibits long-term cycling stability 

with 79% of capacitance retention after 5000 cycles.  
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Scheme 1. Schematic illustration of the carbon sphere-intercalated holey graphene 3D 

heterostructured architectures. Electrostatic attractive interactions between negatively 

charged rGO sheets and positively charged CTAB-grafted carbon spheres render the 

formation of 3D heterostructured architectures. KOH activation produces pores in the 

graphene layers, which are expected to provide rapid ion diffusion path.  

 

2. Experimental 

2.1. Synthesis of rGO colloid and CSs 
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Flake graphite (Asbury Carbons) was first oxidized by a modified Hummer’s method to 

obtain graphite oxide [42, 43]. Briefly, 3 g of graphite flakes were stirred in concentrated 

sulfuric acid (H2SO4, 70 mL) at room temperature (RT), and then sodium nitrate (NaNO3, 

1.5 g) was added. While keeping the reaction flask in an ice bath, potassium 

permanganate (KMnO4, 9.0 g) was added slowly into the suspension, and the temperature 

of the suspension was kept below 20 °C. Next, the reaction system was placed in a 35 °C 

water bath for 30 min, which resulted in the formation of a slurry. Subsequently, 140 mL 

deionized (DI) water was added, and the suspension was stirred for another 15 min. 

Finally, DI water (500 mL) and hydrogen peroxide solution (H2O2, 30 wt %, 20 mL) 

were slowly added to obtain a yellow graphite oxide solution. This solution was filtered 

and washed with 1:10 HCl aqueous solution (250 mL), followed by repeated washing 

with DI water and centrifugation. The solution was freeze-dried to obtain a brownish 

graphite oxide powder. The resulting graphite oxide was dispersed in DI water by 

ultrasonication to make a graphene oxide (GO) aqueous dispersion (0.25 mg mL−1), 

which was then subjected to 30 min centrifugation at 4000 rpm to remove any 

unexfoliated graphite oxide. The above suspension was adjusted to pH 10–10.5 by 

ammonia solution (28 wt% in water) followed by the addition of a hydrazine solution 

(35 wt% in water, mass ratio hydrazine/graphene oxide = 7:10) to reduce GO. 

The CSs were fabricated via hydrothermal reaction in a stainless steel autoclave (50 mL 

in total capacity) under autogenous pressure. In the typical process, 4 g of glucose was 

dissolved in 40 mL of DI water, and then the solution was transferred to the autoclave. 

The autoclave was sealed and maintained at 180 °C for 4 h. After being cooled naturally 
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to RT, the products were collected and washed with DI water and ethanol several times 

followed by drying at 80 °C in air.  

2.2. Synthesis of GCS papers 

GCS paper was fabricated through a self-assembly method via electrostatic interaction 

between negatively charged rGO and positively charged CSs. The positively charged CSs 

were functionalized with a cationic surfactant (cetyltrimethylammonium bromide: 

CTAB). First, CTAB was dissolved in DI water (1 wt%), and CSs powder was added. 

The resulting dispersion was stirred for 5 h and excess CTAB was removed by 

centrifugation/washing/redispersion. Next, 30 mL of functionalized CSs aqueous 

dispersion (pH 9.5) was added into 70 mL of rGO solution under gentle stirring at RT 

(mass ratio GO/CSs = 10/1). After 2 h, the mixture was vacuum-filtered over a 

polytetrafluoroethylene membrane (0.2 µm pore size, 47 mm in diameter; SciLab) to 

form a homogeneous thin film, and a free-standing film was carefully peeled off from the 

filter membrane.  

2.3. Synthesis of H-GCS 

The as-prepared GCS thin film was infiltrated in 20 mL KOH solution (2 M) for 24 h in 

ambient conditions, and the thin film was taken out of the KOH solution and dried at 

60 °C for 12 h. The activation process was operated at 800 °C for 1 h in a horizontal tube 

furnace under argon atmosphere. The temperature was ramped to 800 °C at 5 °C min−1. 

After cooling, the sample was repeatedly washed with 1 M HCl and DI water until pH 7 

was reached. Finally, the H-GCS thin film was dried at 60 °C for 12 h.  

2.4. Assembling of coin-cell supercapacitor devices 
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The coin-cell devices were assembled in an argon-filled glove box using the CR 2032 cell 

case [44]. The samples were punched into round electrodes 15 mm in diameter. The 

stacking sequence of the coin cell consisted of the bottom cap, gasket, spacer, electrode 

disk, polypropylene separator (17 mm), electrode disk, electrolyte (1 M TEABF4 in AN), 

spacer, spring, and top cap. The mass loading of the H-GCS electrode was 0.47 mg cm−2. 

2.5. Characterization  

X-ray powder diffraction (XRD) patterns were collected on a Rigaku MPA-2000 X-ray 

diffractometer with Cu kα radiation (λ = 1.5418 Å) at 40 kV voltage and a current of 

40 mA. The microstructures were characterized under scanning electron microscopy 

(SEM, Tescan MIRA3 LMH) and transmission electron microscopy (TEM, FEI Talos, 

USA). X-ray photoelectron spectroscopy (XPS) measurements were performed via the 

Thermo VG Escalab 250 photoelectron spectrometer. Raman spectra of the samples were 

recorded at room temperature using a Jobin-Yvon Horiba HR800 UV Raman microscope. 

This instrument used a 514 nm laser as excitation source. Tapping-mode atomic force 

microscopy (AFM) images were obtained via the Nanoscope IIIa Multimode instrument 

(Digital Instruments, California). The electrical conductivity was tested by a four point 

probe setup (Ecopia, HMS-3000). The nitrogen absorption/desorption isotherms were 

obtained with a commercial manometric device (nanoPOROSITY-XQ, Mirae Scientific 

Instruments Co., Korea). The specific surface area (SSA) was calculated from nitrogen 

isotherms using the Brunauer-Emmett-Teller (BET) equation. The pore size distributions 

were determined by applying the Barrett-Joyner-Halenda (BJH) method.  

2.6. Electrochemical measurements 
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Electrochemical properties and results were determined using an IviumNstat 

electrochemical station. Three-electrode tests were performed in a 6 M KOH electrolyte 

with saturated calomel electrode (SCE, Hg/Hg2Cl2) as the reference electrode and 

platinum foil as the counter electrode. Thin-film samples (1 × 1 cm2) were used directly 

as working electrodes. The specific capacitance derived from galvanostatic charge-

discharge (GCD) tests was calculated using the following equation: 

 Cs = I × ∆t / (∆V ×  m)                                                                (1) 

where Cs (F g-1), I (A), ∆t (s), ∆V, and m (g) are the specific capacitance, discharge 

current, discharge time, potential window (here, ∆V = 1 V), and mass of the thin-film 

samples, respectively. Cyclic voltammetry (CV) and GCD for symmetric SCs were 

obtained from 0 V to 3 V. The cycle life tests were conducted by using GCD 

measurements with a constant current density of 5 A g−1 for 5000 cycles. The total 

gravimetric capacitance (Ct) of a supercapacitor cell was calculated from GCD process as 

follows: 

Ct = I × ∆t / (∆V × M)                                                                (2) 

where I is the instant current, ∆V represents the voltage drop on discharging after the IR 

drop, ∆t is the time for a full discharge, and M is the total mass of the thin-film materials 

in two electrodes. In symmetric supercapacitors, the specific capacitance (Csc) of the 

electrodes was calculated from Equation (3): 

Csc = 4 Ct                                                                                                                            (3) 

Energy and power densities were calculated using the following equations: 
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E = ½ × Ct  × ∆V
2
                                                                     (4) 

P = E/∆t                                                                                    (5) 

3. Results and discussion 

 

Fig. 1. (a) SEM images of CSs and (b) Tapping mode AFM image of GO sheets 

deposited on SiO2 substrate.  

Fig. 1a shows the SEM image of CSs obtained by hydrothermal carbonization of D-

glucose at 180 °C. The images indicated that the as-prepared CSs with smooth surfaces 

have a size range of 1–6 µm. These CSs did not form aggregation. According to previous 

research, CSs are mainly polysaccharides containing abundant −OH and C═O groups on 

their surface, which facilitate the functionalization with CTAB and the dispersion in DI 

water [45, 46]. Fig. 1b shows an AFM image of GO sheets. The thickness of the flat GO 

sheets is ~1.1 nm. The size demonstrates the full exfoliation of graphite oxide (Fig. S1) 

and is consistent with the predicted effective single-sheet thickness for GO [47]. Rational 

synthesis and self-assembly of GCS were developed through electrostatic interactions 

between CSs and rGO. Negatively charged rGO colloids exhibited Zeta potential of -
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40.0 mV at pH 9.5 (Fig. S2b) because of the presence of carboxylic acid (COOH‒) [48]. 

Positively charged CSs at pH 9.5 (Fig. S2d) were obtained by functionalizing with a 

cationic surfactant (CTAB) [37, 49].  

 

Fig. 2. Schematic illustration and cross-sectional SEM images of (a) rGO, (b), GCS, and 

(c) H-GCS thin films. (a) Original rGO thin film without CSs. The individual rGO sheets 

are prone to self-restacking because of the van der Waals interactions, leading to the 

inferior migration behavior of electrolyte ions between the restacked rGO sheets. (b) rGO 
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sheets intercalated by CS with large inter-layer voids, leaving more diffusion pathways 

for electrolyte ions. (c) Holes in the pillared rGO sheets can function as the ion transport 

pathways to speed up ion migration through the entire H-GCS film. 

Fig. 2 shows the typical cross-sectional SEM images of plain rGO, GCS, and H-GCS thin 

films along with their schematic illustrations. Pristine rGO film (has a thickness of about 

1.7 µm) displayed a densely compacted layered structure, suggesting that rGO sheets 

tended to self-assemble repeatedly under the vacuum filtration-induced directional flow 

(Fig. 2a). By contrast, GCS film (~ 5.9 µm thick) exhibited a loose structure and 

possessed numerous cavities (Fig. 2b), which are good for electrolyte diffusion and 

applicable for supercapacitors. After KOH chemical activation, the structure was well 

retained and the thickness was increased to ~ 7.5 µm (Fig. 2c). The activation of 

graphene with KOH proceeds as 6KOH + C ↔ 2K + 3H2 + 2K2CO3, in which KOH is 

reduced by graphene to metallic potassium and the graphene is etched to give rise to the 

porosity [50]. Furthermore, vapors of potassium metal were intercalated between the 

graphene layers, causing swelling of the carbon microstructure and thereby generating 

additional porosity [51]. These pores can effectively facilitate ion transport kinetics by 

providing shorter diffusion pathways while offering a larger electrochemical surface area. 
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Fig. 3. Top-view SEM images of rGO (a and b) and GCS (c and d), and TEM images of 

H-GCS (e and f) thin films. 

Fig. 3 shows the top-view SEM images of plain rGO and GCS and TEM images of H-

GCS. Their corresponding thin film fabricated by a simple vacuum filtration process (Fig. 

S3). Plain rGO thin film, without the incorporation of CSs into rGO sheets, presents the 

wrinkled structure and severe aggregation and restacking phenomenon, where rGO sheets 
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overlapped with each other (Fig. 3a and b). By contrast, graphene sheets with laminar 

morphology-like silk veil waves were observed (Fig. 3c and d) [39]. These results 

indicated a strong interaction between rGO and CSs, where CSs are spaced between rGO 

sheets to form a 3D network and alleviate the aggregation and restacking of rGO sheets. 

The advantages of the proposed GCS architecture include the following: 1) continuous 

rGO sheets can favor electron transport, 2) intercalated CSs can prevent the rGO sheet 

from restacking, and 3) intrinsic wrinkles and ripples on the graphene surface can offer 

additional flexibility for film deformation. Fig. 3e and S4 show the TEM images of the 

the H-GCS sample. As observed, CSs are supported onto the graphene sheets and large 

quantities of mesopores can be observed. A high-resolution TEM image of the H-GCS 

(Fig. 3f) demonstrates that numerous micropores are homogeneously distributed. In 

addition,  mesopores (as marked by dashed circles) are clearly observed. Such a holey 

structure can effectively provide more electroactive sites, facilitate the effective 

accessibility of electrolyte ions, and accommodate volume changes during charge and 

discharge for SC applications [52, 53]. The porous nature of the H-GCS samples was also 

characterized by nitrogen adsorption/desorption measurement (Figure S5). Before the 

measurement, the thin film samples were cut into small pieces. Based on the BET method, 

the SSA of rGO, GCS, and H-GCS thin films are 54.83, 129.77, and 288.19 m2 g-1, 

respectively. The obtained multimodal pore size distribution for rGO, GCS, and H-GCS 

thin films are present in Fig. S5b, c and d. Results show that the rGO and GCS thin films 

possess pore sizes ranging between 2 and 10 nm. The results confirm that mesopores 

were generated by the KOH treatment. It is clear that the H-GCS films possess the 

highest SSA, largest quantities of mesopores and largest total pore volume compare to the 
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rGO and GCS films. Based on the results of SEM, TEM, and nitrogen 

adsorption/desorption isotherm, the H-GCS films demonstrate a hierarchical holey 

structure with numerous micro-mesopores. Therefore, the proposed H-GCS films exhibit 

high BET SSA and well-developed micro-mesopores, which are believed to be extremely 

beneficial for energy storage applications. 

 

Fig. 4.  (a) Raman spectra, (b) XRD patterns and (c) XPS spectra of GO, rGO, GCS, and 

H-GCS 

 Fig. 4a shows the Raman spectra for GO, rGO, GCS, and H-GCS, all of which revealed 

a pronounced D band at around 1350 cm−1 and a G band at around 1580 cm−1. The D 

band is associated with structural defects or a partially disordered structure of graphitic 

domains, while the G band corresponds to the first-order scattering of E2g mode of sp2 

carbon atoms in the hexagonal carbon framework [54]. The ID/IG ratio calculated from 

the Raman spectrum can be utilized as an index of the structural quality of graphene. 

Compared with GO, the ID/IG ratios of the GO, rGO, GCS, and H-GCS increased from 

0.93 to 1.12, 1.18, and 1.15, respectively. The increase of ID/IG ratios suggests the 

presence of defects and indicates the chemical reduction of GO [55, 56]. The obtained H-

GCS resulting from the KOH heat treatment of GCS reveals a further chemical reduction 

of rGO oxide by decomposition of oxygen-containing functional groups. This effect can 
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be interpreted as an increase in high electrical conductivity of the H-GCS film and is 

beneficial for the application of supercapacitors. XRD was further used to analyze the 

phase structure of the samples (Fig. 4b). A typical peak near 10.3° (d-spacing ~8.6 Å) 

was observed for the GO sample. A broad and weak peak (002) in the XRD pattern of the 

rGO paper indicated the poor ordering of graphene sheets along their stacking direction, 

which agreed with the SEM results [57]. The peak position of GCS shifted to a lower 

degree compared to that of the rGO, which revealed that CSs are well intercalated 

between the graphene sheets as spacers. However, the (002) peak of H-GCS shifted to a 

lower degree after KOH activation, which indicates larger d-spacing. For H-GCS sample, 

the (002) XRD peak became more distinct after high temperature KOH activation process 

compared with the GCS samples, which suggests a higher degree of graphitization 

occurred in CSs during the KOH activation process. Since CSs was synthesized from 

glucose via hydrothermal method, the as-obtained CS exhibits amorphous carbon 

characteristics, which is unfavorable for electrode materials. After KOH activation 

process, a higher degree of graphitization of CSs in H-GCS thin film is expected to 

improve the electrical conductivity of the H-GCS electrode and is beneficial for its 

energy storage [58]. The enhanced electrical conductivity of H-GCS was verified by a 

standard four-point probe method. The electrical conductivity of the H-GCS electrode 

was measured to be 5202.9 S m−1, which is much higher than that of the rGO (3673.8 S 

m−1) and GCS (629.3 S m−1) electrodes. Importantly, the sharp peak demonstrated a loose 

structure, which could benefit SC applications [59]. The surface chemical structure and 

composition of the GO, rGO, GCS, and H-GCS were further characterized by XPS 

measurements. The surface oxygen groups in GO were calculated as 31.09 at.%, whereas 
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the percentage of oxygen decreased to 11.47 at.% after treatment with hydrazine (Fig. 4c). 

These results demonstrate that efficient deoxygenation occurred by hydrazine reduction. 

Owing to the introduction of CSs into rGO sheets, the oxygen content of the GCS 

(13.68 at.%) was slightly higher than that of rGO. After KOH activation treatment of 

GCS, the percentage of oxygen in H-GCS showed a clear decline from 13.68 at.% (GCS) 

to 6.35 at.% (H-GCS), implying more deoxygenation of rGO sheets, which is 

advantageous to electrical conductivity.  

 

Fig. 5. Electrochemical characterization of rGO-, GCS-, and H-GCS-based film 

electrodes in 6.0 M KOH aqueous electrolyte. CV curves of (a) rGO, (b) GCS, and (c) H-

GCS thin film electrode at the scan rates from 10  mV s−1 to 100 mV s−1; (d) CV curves 

of H-GCS compared to rGO and GCS at a scan rate of 100 mV s−1; (e) galvanostatic 

charge/discharge curves of H-GCS thin film; (f) Comparison of specific capacitances of 

rGO, GCS, and H-GCS thin-film electrodes versus various current densities. 
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All the as-prepared thin-film samples were directly used as freestanding electrodes to 

evaluate their electrochemical performance in a three-electrode system, in which a 6 M 

KOH aqueous solution was used as the electrolyte. CV measurements were first carried 

out at a sweep rate of 10, 30, 50 and 100 mV s−1 from −1.0 V to 0 V (Fig. 5a-d). All CV 

curves displayed a quasi-rectangular shape even under 100 mV s−1, indicating a 

reversible reaction and ideal EDLC behavior. Notably, humps were observed in these CV 

curves of GCS, signifying the coexistence of EDLC and pseudocapacitance. The 

presence of pseudocapacitance is attributed to the presence of surface oxygen-containing 

functionalities, such as carboxylic acid groups in rGO [47, 48], as well as the abundant 

−OH and C═O groups on the surface of CSs [46]. The formation of pseudocapacitance is 

attributed to the following reactions for different surface oxygen functional groups [60]: 

>C‒OH ↔ >C꞊O + H+ + e−                                                               (6) 

‒COOH ↔ −COO−+ H+ + e−                                                             (7) 

>C꞊O + e− ↔ >C−O−                                                                         (8) 

The CV curves of the H-GCS (Fig. 5c) electrode showed a more rectangular shape 

compared with that of the rGO (Fig. 5a) and GCS (Fig. 5b) electrodes, which indicated 

better capacitive performance. Obviously, the CV curves of the H-GCS electrode have 

higher current density and larger integral area compared with that of other samples, 

which revealed that H-GCS possesses superior electrochemical performance among 

tested samples (Fig. 5d). In addition, the H-GCS electrode retained the desirable 

rectangular shape for scan rates up to 100 mV s-1, indicating it possesses efficient ion 
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transport kinetics for high rate capability. The capacitive performance of the samples was 

further investigated with GCD experiments at various current densities under the voltage 

windows of the CV measurements (Fig. 5e and S6). All samples exhibited symmetric 

triangular shapes in the GCD profiles, which indicated that capacitance was dominated 

by EDLC behavior. For the GCS electrode, a hump presented at approximately −0.1 V in 

the GCD indicated the presence of pseudocapacitance, which agreed well with the result 

obtained from CV analysis. At the current density 0.5 A g−1, the specific capacitance for 

the H-GCS electrode was 207.1 F g−1, which was higher than that of the rGO (137.3 F g−1) 

and GCS (182.4 F g−1) electrodes respectively. The results clearly show that the H-GCS 

electrode is capable of being charged and discharged smoothly with nearly symmetric 

and well-defined charge–discharge lines at different current densities. Based on the GCD 

curves, the specific capacitances of the H-GCS electrode were calculated as 207.1, 194.2, 

184.9, 176.3, and 169.6 F g−1 at current densities of 0.5, 1, 5, 10, and 15 A g−1, 

respectively. The H-GCS electrode also exhibits good capacitance retention capability 

(81.9%) compared with the rGO (65.6%) and GCS (73.3%) electrodes. The relationships 

between specific capacitance values and current densities of the samples are presented in 

Fig. 5f. Owing to the inadequate time for electrolyte transportation into the inner volume, 

the increasing current density gradually decreased the calculated specific capacitance of 

samples. The superb electrochemical performance could be attributed to the unique H-

GCS architectures with micro-mesopores. First, the restacking of graphene sheets in H-

GCS structure could be alleviated effectively to obtain higher electrochemical surface 

area of graphene sheets. Second, the micro-mesopores generated on the surface of the 

graphene sheets not only increased the electroactive sites effectively, but also facilitated 
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the capability of ion transport kinetics. Moreover, the H-GCS electrode exhibited better 

electrical conductivity than the rGO and GCS electrodes because of the higher degree of 

decomposition of oxygen-containing functional groups, thus preserving high electrical 

conductivity of the graphene sheets.  
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Fig. 6. Electrochemical properties of H-GCS electrode in a symmetric supercapacitor. (a) 

CV of H-GCS devices at 100 mV s-1 from 1.0 up to 3.0 V, (b) CV of H-GCS devices at 

various scan rates in the potential of 3.0 V, (c) Galvanostatic charge/discharge curves of 

H-GCS devices at different current densities, (d) Gravimetric capacitance of H-GCS 

electrode at various current densities, (e) Ragone plots of energy density versus power 

density for H-GCS devices in comparison with others reported, and (f) Cycling 

performance of H-GCS devices at a current density of 1.0 A g−1. 

 

To access the H-GCS electrode for practical supercapacitor application, a CR 2032 coin-

cell-type device was fabricated by using the same two H-GCS electrodes with a 

polypropylene paper as the separator in an organic electrolyte (1 M TEABF4 in AN). Fig. 

6a exhibits the CV curves of H-GCS//H-GCS symmetric supercapacitor operated at 

different voltage windows at 100 mV s−1. These CV curves present quasi-rectangular-

shaped voltammetry characteristics with various voltage windows for 1 V to 3 V. Fig. 6b 

shows the CV of the H-GCS symmetric supercapacitor cycle between 0 and 3 V at 

various scan rates. The cell nearly retained the typical rectangular shape of CVs with 

slight distortion due to oxygen-related functional groups presented on the surface of H-

GCS samples, as supported by the CV and GCD data. The almost symmetric charge–

discharge curves (Fig. 6c) are in good agreement with their rectangular CV behavior, 

which indicated the dominant EDLC characteristic. Fig. 6d shows the specific 

capacitance of the H-GCS electrode at various current densities. Remarkably, the 

capacitance at 15 A g−1 corresponds to 78% capacitance retention relative to 1 A g−1. 
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The device performance of the H-GCS symmetric supercapacitor was manifested in its 

Ragone plot (Fig. 6e). Given that the energy density of a supercapacitor is directly 

proportional to the square of its working voltage, the wide voltage window of TEABF4 in 

AN resulted in high energy density of H-GCS symmetric supercapacitor. As shown in the 

Ragone plot, the H-GCS symmetric supercapacitor delivers maximum energy density of 

29.5 Wh kg−1 (at the power density of 1.5 kW kg−1). This figure is higher than that of 

carbonaceous-based supercapacitor presented in literature, such as porous graphene paper 

symmetric SC in an organic electrolyte (1 M TEABF4 in AN) (26 Wh kg−1) [61], flash-

converted graphene paper symmetric SC in an organic electrolyte (1 M TEABF4 in AN) 

(9 Wh kg−1) [44], pillared graphene paper symmetric SC in organic electrolyte (LiPF4) 

(26 Wh kg−1) [8], graphene-CMK-5 symmetric SC in organic electrolyte (LiPF4) 

(26 Wh kg−1) [62], and sponge-like graphene symmetric SC in ionic liquid (21.4 Wh kg−1) 

[63]. Even at a power density of 22.6 kW kg−1, the cell delivered high energy density of 

25.1 Wh kg−1. Remarkably, the cycle stability of H-GCS device retained 79% of the 

initial specific capacitance after 5000 cycles at a current density of 1.0 A g-1 (Fig. 6f). The 

fading of the capacitance is tightly related with the decomposition of the organic 

electrolyte on the active surface of the electrode. The organic electrolyte is decomposed 

on the electrode materials, which lead to changes of their chemical composition [64]. The 

gases including methane, ethane, di-oxygen, and di-hydrogen are the main forming 

products. These decomposition productions can be trapped in the pores, leading to a 

decrease of accessible porosity. And the evolved gasses are expected to be blocked in the 

pores of separator and active electrodes, giving rise to a resistance increase and the 

hindrance of ion diffusion. 
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4. Conclusion 

A novel approach is reported for preparing a high-conductivity and porous H-GCS film 

electrode consisting of CSs intercalated between holey rGO sheets via robust electrostatic 

self-assembly, vacuum filtration, and subsequent KOH activation. Owing to the pillared 

structure, micro-mesopores on rGO sheets, improved electrical conductivity, efficient 

electron transport pathways, and rapid ion diffusion kinetics, the freestanding H-GCS 

paper electrode exhibits large reversible capacity, high rate capability, high energy 

density, and great cycling stability. This study provides an effective approach to alleviate 

the aggregation and restacking issue of graphene electrodes for high-performance energy 

storage devices.  
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Figure captions 

Scheme 1 Schematic illustration of the carbon sphere-intercalated holey graphene 3D 

heterostructured architectures. Electrostatic attractive interactions between negatively 

charged rGO sheets and positively charged CTAB-grafted carbon spheres render the 

formation of 3D heterostructured architectures. KOH activation produces microscale 

pores in the graphene layers, which are expected to provide rapid ion diffusion path. 

Fig. 1. (a) SEM images of CSs and (b) Tapping mode AFM image of GO sheets 

deposited on SiO2 substrate.  

Fig. 2. Schematic illustration and cross-sectional SEM images of (a) rGO, (b), GCS, and 

(c) H-GCS thin films. (a) Original rGO thin film without CSs. The individual rGO sheets 

are prone to self-restacking because of the van der Waals interactions, leading to the 

inferior migration behavior of electrolyte ions between the restacked rGO sheets. (b) rGO 

sheets intercalated by CS with large inter-layer voids, leaving more diffusion pathways 

for electrolyte ions. (c) Holes in the pillared rGO sheets can function as the ion transport 

pathways to speed up ion migration through the entire H-GCS film. 

Fig. 3. Top-view SEM images of rGO (a and b) and GCS (c and d), and TEM images of 

H-GCS (e and f) thin films. 

Fig. 4. (a) Raman spectra, (b) XRD patterns and (c) XPS spectra of GO, rGO, GCS, and 

H-GCS.  

Fig. 5. Electrochemical characterization of rGO-, GCS-, and H-GCS-based film 

electrodes in 6.0 M KOH aqueous electrolyte. CV curves of (a) rGO, (b) GCS, and (c) H-

GCS thin film electrode at the scan rates from 10  mV s−1 to 100 mV s−1; (d) CV curves 
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of H-GCS compared to rGO and GCS at a scan rate of 100 mV s−1; (e) galvanostatic 

charge/discharge curves of H-GCS thin film; (f) Comparison of specific capacitances of 

rGO, GCS, and H-GCS thin-film electrodes versus various current densities. 

Fig. 6. Electrochemical properties of H-GCS electrode in a symmetric supercapacitor. (a) 

CV of H-GCS devices at 100 mV s-1 from 1.0 up to 3.0 V, (b) CV of H-GCS devices at 

various scan rates in the potential of 3.0 V, (c) Galvanostatic charge/discharge curves of 

H-GCS devices at different current densities, (d) Gravimetric capacitance of H-GCS 

electrode at various current densities, (e) Ragone plots of energy density versus power 

density for H-GCS devices in comparison with others reported, and (f) Cycling 

performance of H-GCS devices at a current density of 1.0 A g−1. 
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Highlights 

• Self-assembly of holey graphene sheets intercalates with carbon spheres. 

• The film electrode exhibits 207.1 F g−1 of specific capacitance. 

• Maximum specific energy and power of 29.5 Wh kg−1 and 22.6 kW kg−1 are achieved. 

 

 

 

  

 


