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This work presents a new class of porous graphene particles with a 

three-dimensional microscale network and an ultrahigh specific 

surface area (2590 m
2
 g

-1
), which is obtained by the KOH activation 

of a compact graphene hydrogel. As supercapacitor electrodes, 

such porous graphene particles show high compressibility and little 

capacitance loss when subjected to an compressive force up to 40 

MPa, yielding an excellent volumetric performance with ionic liquid 

electrolyte. Such carbon materials show great promise for 

applications needing high volumetric energy. 

1.  Introduction 

Due to its high power density and long life span, the supercapacitor 

is viewed as a very attractive energy storage device. It usually stores 

charge through the adsorption of electrolyte ions onto the surface of 

porous electrodes.1,2 Considering the increased requirements for 

green and portable energy and the limited charge storage ability of 

supercapcitors, advances have focused on improving their energy 

density both on a gravimetric and volumetric basis.3-7 The normally 

used porous carbon materials for supercapacitors have failed to 

provide simultaneous high gravimetric and volumetric energy 

densities because of their low density.8-10 A simple but practical 

method to increase electrode density is the mechanical compression 

of electrodes made from porous materials that would reduce the 

volume of unused empty space caused by the poor packing of the 

material, and consequently increase the volumetric capacitance.11,12 

However, as a result of the collapse of the porous structure and its 

accompanying large reduction in specific surface area (SSA), the 

compressed carbon electrodes always have a limited volumetric 

performance. For example, a conventional KOH activation method 

was recently used to prepare porous graphene sheets with an 

ultrahigh SSA (up to 3100 m2 g-1) with a gravimetric capacitance of 

149 F g-1 in an ionic liquid (IL) electrolyte. However, it has a low 

volumetric capacitance of 54 F cm-3 due to the low electrode density 

(~0.34 g cm-3).8 After intense compression of such an electrode, the 

volumetric capacitance is improved to some extent due to the 

increased electrode density, however, the gravimetric capacitance 

sharply decreases to 110 F g-1.11 Hence, there is usually a trade-off 

between compressed density and gravimetric capacitance for most 

manufactured electrodes. In other words, compression of such a 

material may not cause an increase in volumetric capacitance. 

Consequently, it remains a considerable challenge to design 

electrode materials with a high compressibility that show little 

gravimetric capacitance loss after compression and thus maximizing 

volumetric performance. 

Assembly of nanomaterials into a compact structure is another 

effective method to increase electrode density and further increase 

volumetric performance.13-16 We have reported a very dense but 

porous graphene monolith with a density of up to 1.58 g cm-3, which 

can deliver 376 F cm-3 as a supercapacitor electrode in an aqueous 

electrolyte.16 However, because of the greater demand for porosity in 

electrode materials used in an IL electrolyte considering its larger 

electrolyte ions, it is very difficult to achieve both an increase in 

material density and volumetric capacitance.17 Our results show that 

this very dense carbon possesses a very limited volumetric 

capacitance of 22 F cm-3 in a BMIMBF4 IL electrolyte (Fig. S1†). 

The IL is a critically important electrolyte for achieving high safety 

and a remarkably increased energy density for supercapacitors. This 

is because it has many merits including a high ionic conductivity, it 

is solvent free and environmentally friendly, it has a negligible 

vapour pressure and excellent thermal stability and especially the 

fact that it has a wide electrochemical window for achieving a high 

energy density (E∝U2).18, 19 Apparently, more porosity needs to be 

introduced into electrode materials for use in an IL electrolyte, but 

this inevitably decreases the material density.20 To overcome this 

problem there is an urgent need to develop a new way to balance 

porosity and density to achieve a high volumetric performance, 

especially for an IL system. 
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Here we present a particle-like form of porous graphene, which 

we name “porous graphene particles” (PGPs). PGPs are 

characterized by a particle size of tens of microns and a densely 

packed structure. They exhibit an ultrahigh specific surface area, up 

to 2590 m2 g-1 with a three-dimensional (3D) network consisting of 

activated graphene sheets. PGPs are prepared by KOH activation of 

a graphene monolith (GM).16 They can be imagined as the debris 

from a GM after chemical etching during activation. They inherit the 

3D network of the graphene sheets in the parent GM but these are 

broken into pieces, tens of microns in size, and have large amounts 

of porosity. Their unique structure gives them a high 

compressibility, and compressed PGP electrodes can deliver a high 

volumetric capacitance of 170 F cm-3 in 4 V BMIMBF4. The 

corresponding supercapacitors can supply a volumetric energy 

density as high as 94.6 Wh L-1, which is much higher than for most 

of the symmetric supercapacitors ever reported.8, 11, 12, 15, 16, 21-23 

2. Results and Discussion 

2.1 Structure and morphology 

As shown in Fig. S2, the preparation of PGPs can be briefly 

described as follows. A GM hydrogel was prepared by the 180 oC 6h 

hydrothermal reduction of a homogeneous graphene oxide 

suspension. Then such hydrogel was soaked in a 20 mL KOH 

solution with different KOH concentration for 12 h static adsorption. 

Subsequently, a GM hydrogel saturated with a KOH solution was 

dried under vacuum and the dried sample was heated at 800 oC for 1 

h under an Ar atmosphere to achieve the chemical activation. Finally 

bulky GM has broken into PGPs by thoroughly repeated 5 % HCl 

and diluted water washing to remove residues and drying overnight. 

A control sample, denoted GM-HT, was prepared by the same 

process (800 oC heat treatment) but in the absence of KOH, which 

retains the original shape and morphology of the GM and shows a 

compact bulk structure (Fig. 1a). The mass ratio of KOH to GM is 

the key factor that determines the porosity of the activated products. 

N2 adsorption/desorption isotherms and the relationship between 

specific surface area (SSA) and the mass ratio of KOH to GM are 

given in Fig. S3†. With a KOH to GM mass ratio of 14, the SSA and 

total pore volume of PGPs can reach 2590 m2 g-1 and 2.15 cm3 g-1 

respectively, which is a large increase over that of GM-HT (720 m2 

g-1 and 0.46 cm3 g-1). Scanning electron microscope (SEM) images 

show that, compared to bulk GM-HT with a very dense structure 

(Fig. 1a), PGPs (Fig. 1b) have an etched surface but are not broken 

into isolated graphene sheets after the intense KOH etching involved 

in activation. They inherit the 3D compact structure of GM-HT and 

consist of microscopic particles tens of microns in size. 

Transmission electron microscope (TEM) images show that the 

PGPs have a porous structure with smaller number of stacked 

graphene sheets than GM-HT and have a highly wrinkled and 

interlinked surface (Fig. 1c, d). Pore structure characterization of 

GM-HT and PGPs was performed by N2 adsorption/desorption at 77 

K. After KOH activation, PGPs show a large increase of SSA and 

larger volumes of micro- and meso-pores (Fig. 1e, f). Pore size 

distribution analysis of PGPs determined by the N2 

adsorption/desorption isotherms (Fig. 1f, inset) reveals the presence 

of 1~2 nm micropores with small mesopores around 2~4 nm. To 

further demonstrate the microporous structure of PGPs, CO2 

adsorption/desorption data at 273 K was obtained to give insight into 

its ultra-micro porosity (Fig. 2a). The pore size distribution obtained 

from CO2 isotherms confirms the presence of ultramicropores 

around 0.4~0.8 nm in such compact graphene particles (Fig. 2b), 

which are rarely identified in GM-HT. 

Fig. 1 Comparison between the microstructures of GM-HT and PGPs. SEM 

images of (a) GM-HT and (b) PGPs; TEM images of (c) GM-HT and (d) PGPs; 

N2 adsorption-desorption isotherms and pore size distributions (inset) of 

(e) GM-HT and (f) PGPs. 

Fig. 2 Structural characterizations. (a) CO2 adsorption desorption isotherm

of PGPs at 273 K; (b) Pore size distribution determined by CO2 isotherm; (c) 

XRD patterns of graphite, GM-HT and PGPs; (d) Raman spectra of GM-HT 

and PGPs. 
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Characterization of PGPs by X-ray diffraction (XRD) and Raman 

spectroscopy is shown in Fig. 2c and 2d. In the XRD patterns, the 

(002) peak of PGPs at around 26° has a much reduced intensity and 

is dramatically broadened, indicating a decrease in the stacking order 

of the graphene sheets, which is consistent with TEM observations 

(Fig. 1d). The arrangement of graphene sheets in PGPs is totally 

different from that in graphite. It is likely that the activated graphene 

sheets in PGPs interlink to form a porous network structure. Raman 

spectra of PGPs showed two bands at around 1346 cm-1 and 1585 

cm-1 that are respectively assigned to the D mode corresponding to 

structural defects and the G mode related to the first-disorder 

scattering of the E2g mode observed for sp2-carbon domains. The 

intensity ratio of the D to G bands (ID/IG) which is indicative of the 

degree of disorder of the graphene-based materials, is 1.59 for PGPs 

compared to 1.15 for GM-HT, demonstrating a much more 

disordered structure in PGPs. The increased ID/IG value confirms the 

pore evolution after KOH activation. 

2.2 Electrochemical performance 

As discussed above, PGPs exist as the particles of tens of 

micrometers and possess ultrahigh surface area with decent amounts 

of porosity. More importantly, they are not broken into isolated 

graphene sheets, but exhibit a microscopic compact framework, 

which fixes their interlinked network and hence contributes to their 

high compressibility. A compressed PGP electrode is considered to 

retain its accessible porosity without obvious structural collapse. To 

evaluate the electrochemical performance of PGPs as supercapacitor 

electrodes, cyclic voltammetry (CV), galvanostatic charge/discharge 

and electrochemical impedance spectroscopy (EIS) were carried out 

using a symmetrical two-electrode system in a BMIMBF4 

electrolyte. Note that the interlinked graphene network transfers an 

acceptable conductivity to PGPs. Free of conductive additives, PGPs 

were mixed with polytetrafluoroethylene as a binding component 

using a mass ratio of 97:3 for the manufacture of electrodes. After 

10, 25 and 40 MPa compression, the electrodes reached densities of 

0.55 g cm-3 (91 µm in thickness), 0.75 g cm-3 (67 µm) and 0.92 g cm-

3 (55 µm) respectively, while the electrode density without 

compression was only 0.42 g cm-3 (120 µm). Depending on the 

compressive pressure, the electrodes are designated PGPs-0 MPa, 

PGPs-10 MPa, PGPs-25 MPa and PGPs-40 MPa. It should be noted 

that when increasing compressing pressure over 40 MPa 

continuously, the electrode density and porosity remain unchanged. 

As shown in Fig. 3a, the SEM images of such electrodes show a 

denser structure with increasing compressive pressure. More 

importantly, a compressed PGP electrode still shows a 3D porous 

structure without obvious collapse (Fig. 3a), and retains sufficient 

accessible micro- and meso-porosity for electrolyte ion adsorption 

and transport (Fig. S4†). According to Fig. 3b, CV curves of PGPs-

40 MPa at a scan rate of 20 mV s-1 from 0~4 V shows a quasi-

rectangular shape without any redox peaks, demonstrating efficient 

electron transport and ion diffusion within such highly compressed 

electrodes. Galvanostatic charge/discharge curves (Fig. 3c) are 

nearly linear and symmetrical with small IR drops, demonstrating 

excellent reversibility, high Coulumbic efficiency and small 

equivalent series resistance (ESR). The excellent capacitive 

Figure 3 Electrochemical tests of compressed PGPs electrodes. (a) 

Relationship between compressed electrode density and compression 

pressure on PGPs electrodes; (b) CV and (c) Galvanostatic charge/discharge 

curves of PGPs-40 MPa; (d) Rate performance of compressed PGPs 

electrodes. 

Figure 4 Compression investigations and device performance. (a) The 

relationship between compressibility (Cv increasing) and particle size (inset);

(b) Ragone plots of compressed PGPs (PGPs-40 MPa) based supercapacitor. 

The data for Li thin-film battery, Commercial 5.5 V/100 mF SC, Ti3C2 paper, 

a-MEGO, dense graphene, compressed a-MEGO, Holey graphene and EM-

CCG are reproduced from ref 23, ref 22, ref 21, ref 8, ref 16, ref 11, ref 12

and ref 15, respectively; (c) Cyclic performance of PGPs-40 MPa based 

supercapacitors by repeating galvanostatic charge/discharge at 1.5 A g
-1

(inset). 

Page 3 of 5 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

performance of such electrodes is also confirmed by the small ESR 

and charge-transfer resistance in Nyquist plots (Fig. S5†). It is thus 

not surprising that a highly compressed PGPs-40 MPa electrode has 

a high volumetric capacitance with excellent rate performance. It has 

a high Cv value of 170 F cm
-3 at 0.2 A g-1 and 71 % is retained even 

at a high current density of 2.5 A g-1 (Fig. 3d, Fig. S6†). Volumetric 

capacitance based on compressed electrode density is more 

evaluable because of the inevitable electrode compression while 

processing electrode for supercapacitors. But as an important 

reference, volumetric capacitance based on material density was 

further studied in Fig. S7†. The compressibility of PGPs can be 

attributed to their 3D interlinked network on the microscale resulting 

from the self-assembly process and the extra porosity introduced by 

activation. After compression, the particles maintain their shape 

without collapsing and the porosity available inside the particles 

facilitates charge storage and ion diffusion.  

By controlling the KOH mass loading, PGPs with different 

particle sizes were prepared (Fig. S4†). The particle sizes can be 

concluded by the statistical results based on several low-

magnification SEM images. It was found that the compressed 

electrode density is largely relevant to the particle size, which can be 

mainly attributed to the domination of space volumes (Fig. S8†). 

The relationship between compressibility and particle size of PGPs 

was further studied to demonstrate their intrinsic compressibility. In 

Fig. 4a, PGPs-40 MPa with irregular particle sizes together with a 

higher SSA shows a larger increasing volumetric capacitance (Its 

detailed electrochemical performance was shown in Fig. 3). While 

higher SSA contributes to the gravimetric capacitance, the irregular 

particle size will simultaneously enhance the compressed electrode 

density and therefore the volumetric capacitance. Moreover, 

carbonanotubes (CNTs), hierarchical porous graphene, activated 

graphene sheets and commercial AC (Fig. S9†) were further 

compared with PGPs. As shown in Fig. S10†, the compressed PGPs-

40 MPa electrode shows only a 10 % gravimetric capacitance (Cs) 

loss while most of carbon electrodes show a much greater decrease 

on such high compression (Table S1). Due to the high 

compressibility of PGPs, a symmetric supercapacitor based on 

PGPs-40 MPa shows an excellent volumetric performance, which 

gives a volumetric energy density up to 94.6 Wh L-1 and delivers a 

high power density of 1840 W L-1. The volumetric energy density is 

much higher than those of most supercapacitors reported previously 

(Fig. 4b, Table S2). A long cycle life is another critical criterion for 

supercapacitors in practical applications, and this was evaluated by 

repeated charge/discharge tests at 1.5 A g-1 (Fig. 4c). The 

capacitance still retained 92 % of its initial value after 5000 cycles, 

indicating superb electrochemical stability and outstanding 

reversibility (Fig. S11†). 

3. Conclusions 

We have introduced a novel class of graphene materials named 

porous graphene particles (PGPs) produced by the KOH activation 

of a graphene monolith that can be used for the formation of a 

compressed electrode. Due to its microscopic particle structure and 

compact framework of interlinked graphene sheets as well as large 

amounts of accessible porosity, it shows less capacitance loss after 

intense compression and hence demonstrates outstanding volumetric 

performance. All these features make such porous graphene particles 

a promising candidate for use in high performance supercapacitors. 

Our results open up a new avenue for the construction of compressed 

electrode materials for high volumetric energy storage devices. 
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