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Graphene sheets and nanoribbons are graphene-based nanostructures with different 

dimensions. Here, we show that these two materials can be combined to form highly porous, 

ultra-low density, compressible yet elastic aerogels, which can be used as efficient adsorbents 

and supercapacitor electrodes. The pore walls consist of stacked graphene sheets embedded 

with uniformly distributed thick nanoribbons unzipped from multi-walled carbon nanotubes as 

effective reinforcing skeletons. Owing to the large pore-size, robust and stable structure, and 

the nanoribbon-adhered pore walls, these hybrid aerogels show very large adsorption capacity 

for a series of organic solvents and oils (100 to 350 times of aerogel weight), and a specific 

capacitance of 256 F/g tested in a three-electrode electrochemical configuration, which is 

further improved to 537 F/g by depositing controlled loading pseudo-polymers into the 

aerogels. Our multifunctional graphene sheet-nanoribbon hybrid aerogels may find potential 

applications in many fields such as environmental cleanup, and flexible electrodes for energy 

storage systems such as supercapacitors and batteries. 

 

Introduction 

Graphene is a typical two-dimensional (2D) carbon 

nanostructure with fascinating mechanical and electrical 

properties.[1,2] Liquid exfoliation is a widely studied method to 

produce graphene oxide (GO) sheets from graphite powders in 

large scale.[3] The as-produced uniform suspensions of GO 

sheets can be self-assembled into three-dimensional (3D) 

porous networks (hydrogels and aerogels) by simple methods 

such as thermal aggregation (cross-linking) or casting.[4,5] 

Graphene aerogels in the form of monolithic blocks or 

continuous fibers exhibit light-weight, high porosity, excellent 

mechanical strength and flexibility, and have attracted 

tremendous interest in the past years.[6-10] Extensive study in 

this area has demonstrated potential applications as adsorbents, 

sensors, electrodes, electrocatalysts of graphene and 

functionalized graphene aerogels.[11-14] One of the emerging 

research directions is to fabricate hybrid graphene-based 

materials, in which other nanostructures or functional materials 
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are introduced into the graphene framework to not only 

reinforce the network structure, but also enable new 

applications and improve performance.[15] For example, multi-

walled carbon nanotubes (CNTs) were grafted onto the 

graphene walls forming a CNT-coated graphene structure and  

the graphene-CNT hybrid aerogels became elastic under 

compression.[16] Amorphous porous carbon was grafted into 

graphene aerogels to increase surface area.[17] Aligned CNTs or 

mesoporous carbons were also synthesized within the graphene 

foam supported on a nickel framework to fabricate high 

specific surface area and conductive supercapacitor 

electodes.[18,19] In addition, hybrid aerogels by coating graphene 

with multi-walled nanotubes or partially unzipping a CNT 

sponge have been reported recently.[20,21]  

To date, most of hybrid aerogels are based on the graphene-

CNT system. In addition to CNTs, graphene nanoribbons 

(GNRs) are thin strips of graphene made by unzipping CNTs 

along the tube axis.[22] They have a similar aspect ratio to CNTs 

yet also a planar structure like graphene sheets, with unique 

chemical and physical properties.[23,24] GNRs also found many 

applications as fillers in nanocomposites, and as charge 

transport paths in solar cell and battery electrodes.[25-27] Despite 

of some methods such as patterned growth or etching,[28,29] the 

only scalable approach to yield GNRs is to unzip CNTs 

(usually more effective for multi-walled nanotubes) by 

chemical oxidation.[30,31] These GNRs have extensive defects 
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and non-uniform widths (and thickness), and are more suitable 

for mechanical (versus electrical) applications. 

Here, we introduce GNRs into GO sheets to make highly 

porous aerogels with a unique GO-GNR hybrid pore wall 

structure. We use relatively thick GNRs by chemically 

unzipping multi-walled CNTs to reinforce the graphene 

aerogels, leading to enlarged pore sizes and significantly 

enhanced elasticity after compression. Our GO-GNR aerogels 

show high adsorption capacity (100 to 350 times of own 

weight) to organic solvents and oils, and can be used 

repeatedly. The open porous structure also allows direct 

deposition of pseudo-materials to make high performance 

supercapacitor electrodes, with a specific capacitance of 256 

F/g for pristine aerogels and 537 F/g for pseudo-polymer 

loaded aerogels. 

Experimental 

Synthesis of Graphene Oxide and Graphene Nanoribbons 

Graphene oxide was synthesized from graphite according to a 

modified Hummers’ method.[32] Typically, natural graphite 

powders were annealed at 1000 °C for 2 h to get expanded 

graphite, and then the as-prepared black powders (7.7 g) were 

put into an solution of concentrated H2SO4 (900 mL), H3PO4 

(100 mL), and KMnO4 (50 g). After being stirred with a 

magnetic bar for 5 h at 50 °C, the mixture was poured into an 

ice bath containing a small amount of hydrogen peroxide 

(H2O2, 30%). The golden solution was filtered and the resulting 

slurry was washed with 10% HCl and water by centrifugation at 

9500 rpm (in order to remove the SO4
2- and unoxidized graphite 

impurities), until the pH of the supernatant was adjusted to 5. 

The brown residues were carefully collected and then diluted to 

a desired concentration. Graphene nanoribbons were 

synthesized by lengthwise cutting of multi-walled CNTs, as 

reported by James Tour and co-workers.[22] 1 g multi-walled 

CNTs were added to 180 mL concentrated H2SO4 and stirred at 

room temperature for 2 h (to fully exfoliate the nanotube). 

H3PO4 (85%, 20 mL) was then added to the dispersion, and the 

mixture was stirred for another 15 min followed by addition of 

8 g KMnO4 (slowly added within 1 h). The reaction mixture 

was heated to 65 °C for 2 h until the color of the solution 

became reddish brown, and then cooled to room temperature. 

Subsequently, the reaction mixture was poured into 500 mL ice 

containing of 10 mL H2O2 (30%), and placed overnight. The 

supernatant was filtered and the products were washed with 

10% HCl (2 × 200 mL), ethanol (2 × 50 mL), and water (2 × 

100 mL) by centrifugation. 

Preparation of GO-GNR Aerogels and GO-GNR@Polypyrrole 

GO-GNR aerogels synthesis was performed using a freeze-

drying method. Typically, GO and GNR aqueous dispersions 

were mixed together and the ratio of GO to GNR by weight was 

kept at 1:1, the mixture was stirred for 1 h followed by pouring 

into a mold. Subsequently, the solution was frozen for 2 h 

followed by freeze-drying for 24 h. The as-prepared foam was 

chemically reduced by hydrazine vapor at 90 °C for 24 h. 

Aerogels with different shape can be obtained according to this 

method by adjusting the mold. GO-GNR aerogels with a range 

of densities (from 1.0 to 13 mg cm-3) were prepared under the 

same conditions except using different concentrations of GO 

and GNR mixture. For the preparation of polypyrrole (PPy)-

coated composite aerogels, GO-GNR aerogels were immersed 

in 0.3 M NaClO4 aqueous solution containing 5 % (V: V) 

pyrrole. The aerogels were directly used as the working 

electrode under a potential of 0.8 V. The electro-deposition 

process of PPy was performed in a three-electrode 

electrochemical workstation (CHI660D instruments, shanghai, 

China) for 50 s (resulting in a PPy loading of 16.4 wt%), 200 s 

(37.2 wt%), 300 s (49.1 wt%). A Pt wire and Ag/AgCl were 

used as the counter and reference electrodes, respectively. After 

the electropolymerization process, the as-prepared aerogels 

were rinsed with distilled water and then subjected to freeze-

drying. 

Adsorption Experiment  

The initial weight of a monolithic aerogel was recorded as M0. 

After immersed in the oil, the aerogel became saturated by oil 

adsorption. Then the aeogel was taken out for weighing again 

with the weight recorded as Mt after adsorption. The oil 

adsorption capacity (Q) of the aerogel was calculated and 

estimated using the following equation (1): 

Q (g/g) = (Mt-M0)/M0    (1) 

Electrochemical Characterization 

All electrochemical measurements were carried out in a three-

electrode system using an electrochemical workstation 

(CHI660D, Chenhua Instruments, China) with 2 M KCl 

solution as the electrolyte. The as prepared porous materials 

were directly used as the electrode. Typically, a thin slice of the 

aerogel was split from the monoliths and clamped by two 

polymeric blocks. Platinum wires twisted around the polymeric 

clamps and connected to the aerogel electrode were used as 

current collectors while Pt wire and Ag/AgCl as the counter and 

reference electrodes. The electrochemical performances of the 

prepared electrodes were characterized by cyclic voltammetry, 

galvanostatic charge-discharge tests. The specific capacitance 

was obtained from the CV curves according to the following 

equation (2): 

Ccell = ∫
I

m
 dV/ν△V    (2) 

where I is the response current (A), m is the total mass of 

aerogel electrodes (g), △V is the potential range (V), ν is the 

potential scan rate (mV/s).  

Results and Discussions 

Our hybrid GO-GNR aerogels were fabricated through the 

following process, as illustrated in Figure 1. GO sheets were 

obtained by liquid exfoliation of expanded graphite by the 
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modified Hummers’ method.[32] GNRs were prepared through 

solution-based chemical unzipping of multi-walled CNTs 

(diameters of 30-80 nm),[22] resulting in nanoribbons with 

thicknesses of 0.5-4.5 nm and widths of 50-200 nm. Separated 

suspensions of GO sheets and GNRs with controlled 

concentrations were mixed together by magnetic stirring (The 

ratio of GO to GNRs by weight was kept consistent at 1:1). The 

resulting homogeneous mixture in a glass container was 

subjected to freezing and freeze-drying to form a porous 

aerogel (see Experimental for details). When necessary, 

chemical reduction by hydrazine was performed on the aerogel 

to render it elastic. During the self-assembly (aggregation) of 

GO sheets and the formation of a 3D network, GNRs mixed 

among the GO sheets were also included into the pore walls, 

forming the hybrid aerogel (Fig. 1a). 

 
Figure 1. Illustration of the fabrication process of the GO-GNR aerogel. a) GO 

sheets and GNRs were mixed together by stirring, the mixture was subjected to 

freezing and freeze-drying, followed by chemical reduction if necessary. b) 

Photos of GNRs, GO suspensions and GO-GNR aerogel before and after 

reduction. 

By adjusting the initial concentrations of GO and GNR 

suspensions (1.2 to 13.6 mg mL-1), hybrid aerogels with 

densities ranging from 1.0 to 13 mg cm-3 (after chemically 

reduced) were fabricated correspondingly. The lowest density 

aerogels still allow careful manipulation without collapse. A 

cylindrical aerogel with a volume of 6.0 cm-3 and density of 2.2 

mg cm-3 has a weight of 13.2 mg, which is lighter compared to 

a red bean with diameter of 0.5 cm (Fig. 2a). In addition to 

cylinders, heart-shaped monolith and large size discs (23.5 cm 

in diameter and 1.5 cm in thickness) were also produced, 

indicating that our process is scalable (Fig. 2b, 2c). The porous 

structure which appears on the aerogel surface can even be 

distinguished by naked eyes. 

We have characterized the microstructure of these hybrid 

aerogels by scanning electron microscopy (SEM). The as-

prepared aerogels are constructed by interconnected graphene 

sheets via partial overlapping by π-π interactions in a 3D 

configuration, resulting in a highly porous network (Fig. 2d).  

To further characterize the physical properties of GO-GNR 

aerogels, N2 adsorption/desorption analysis was performed and 

the results indicating the porous structure of our aerogels, the 

pores of our aerogels are larger than 2.5 nm and have a wide 

size distribution from 2.5 nm to 35 nm. (Supporting 

Information, Fig. S1). This porous structure looks similar to 

previously reported graphene aerogels, however, we find that 

some micro-pore sizes are more than 100 µm (Fig. 2e), which 

are larger than conventional graphene counterparts (usually 

with pore size of 5-70 µm).[6-8]  The porous structure lead to 

very low density of our aerogels, and also enable direct 

polymer deposition as well as liquid infiltration as described 

later. 

 
Figure 2. a) The weight of a cylindrical aerogel (13.2 mg, ρ = 2.2 mg cm

-3
) is 

lighter than a red bean (0.1 g, with diameter of 0.5 cm). b) A heart shaped 

aerogel (ρ = 5.8 mg cm
-3

). c) A~650 cm
3
 GO-GNR aerogel cylinder with a diameter 

of 23.5 cm and 1.5 cm in thickness (ρ = 3.5 mg cm
-3

). d) Porous structure of the 

GO-GNR aerogel. e) Morphology of a typical pore of the GO-GNR aerogel. The 

diameter of the pore is larger than 100 μm. f) Morphology of GNRs coated on 

graphene sheets (white arrows show GNRs attached or embedded within the 

graphene wall). g) High-magnification SEM images of the as-prepared aerogel, 

showing GNRs coated graphene sheet pore-walls (white arrows point to the 

GNRs attached to the GO sheets). 

 Close view on the pore walls reveals many nanoribbon 

features uniformly attached or embedded within the graphene 

wall (Fig. 2f, 2g). These GNRs maintain the original flat and 

ribbon-like morphology (with lengths of tens to hundreds of 

nm), and most of them are distributed individually without 

forming aggregations, indicating that they have been mixed 

with GO sheets homogeneously in the suspension for freeze-

drying. The presence of GNRs can be clearly distinguished, as 

they also make the pore walls rough. Given the flat morphology 

of both GO sheets and GNRs as well as their π-π interaction, 

here we obtain a coherent hybrid porous structure consisting of 

large-size 2D sheets and smaller size nanoribbons, which is 

different from previous GO-CNT hybrid aerogels.[16] The 

strong adhesion of GNRs to the GO sheets has also been 

confirmed by transmission electron microscopy (TEM) images 

where the GO-GNR hybrid structure is maintained after 

dispersing the aerogel by vigorous sonication (Fig. S2). 

To analyze the evolution of oxygen-containing groups during 

the preparation procession, FT-IR was adopted (Fig. S2). The 
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GO-GNR hybrid aerogels before reduction has two 

characteristic peaks: C=O stretching vibrations from carbonyl 

and carboxyl groups (approximately 1720 cm-1), C-O stretching 

vibration from epoxyl (approximately 1220 cm-1). These mainly 

attribute to the oxidation groups of GONR and GO. After being 

reduced by hydrazine, the oxidation peaks vanished, leaving 

only C=C stretching peak (approximately 1620 cm-1), reflecting 

that the oxygen-containing groups is removed. X-ray diffraction 

(XRD) spectra provide further evidence for the reduction (Fig. 

S2), the typical diffraction peak for graphene oxide at around 

11° has disappeared, leaving a broad diffraction peak at 

2θ=24.8° corresponding to the graphitic structure in the reduced 

GO-GNR aerogels.[9] Also, X-ray photoelectron spectroscopy 

(XPS) analysis were conducted to investigate the evolution of 

oxygen-containing species (Fig. S3). The C1s spectrum of GO-

GNR aerogels before reduction can be deconvoluted in four 

peaks at 284.5, 286.7, 287.8 and 289 eV, corresponding to C-C 

and C=C of aromatic rings, C-O of epoxyl, C=O and O-C=O of 

carboxyl groups. After being chemically reduced, the peak 

intensity of C=C rises dramatically while C-O, C=O and O-

C=O decrease sharply indicating the removal of oxygen-

containing groups. After the reduction, the color of the aerogels 

turns from brown to black with about 25 wt% loss while the 3D 

network is maintained indicative of strong interconnection 

between GO-GNR building blocks (Fig. 1b).  

Our hybrid aerogels exhibit excellent flexibility and elasticity 

after the chemical reduction. The aerogels can recover to 

original morphology after being compressed to 60% and 

 

 
Figure 3. a, b) The stress-strain curves of GO-GNR aerogel (8 cm

-3
 in volume, 

containing 27.2 mg GO and 27.2 mg GNR, with density of 6.8 mg cm
-3

 before 

reduction) and GO aerogel (8 cm
-3

 in volume, containing 27.2 mg GO without 

adding GNRs, with a density of 3.4 mg cm
-3

 before reduction) at different 

maximum strain of 40%, 60% and 80%, respectively. Insets are digital images 

showing compressibility of GO-GNR aerogel and GO aerogel, respectively. All the 

samples were chemically reduced before test. c) The maximum stresses of 

sample (a) and (b) at maximum strain of 40%, 60% and 80%. f) The stress-strain 

curves of sample (a) at the maximum strain of 50% for 1000 cycles. 

removing the external load (inset of Fig. 3a). Compressive 

stress-strain (σ-ε) curves with set strains up to 40%, 60%, and 

80% show three distinct stages (Fig. 3a), including a linear-

elastic regime during which the stress increases linearly at ε < 

20%, a plateau region at 20% < ε < 70% and a steep slope 

region at ε > 70% with rapidly stress rising because of the 

densification of aerogels. Even at the strain of ε = 80%, our 

GO-GNR aerogels can recover elastically with a small residual 

strain (<3%). We also fabricated neat graphene aerogels (GO 

aerogels) control samples consisting of only GO sheets without 

adding GNRs. After reduction, the GO aerogels recover only 

partially with a plastic deformation of 15% and 50% at the 

strain of 60% and 80%, respectively, upon removal of the 

external load (Fig. 3b). This result indicates that the 

introduction of GNRs could enhance the elasticity, and we 

attribute the enhanced mechanical properties to the GNR-

coated graphene structure which combine the advantages of 

GNRs with graphene sheets. The flat GNRs adhered strongly 

with GO sheets due to the π-π interaction and the reinforcement 

makes these GO-GNR composite sheets are more robust than 

neat graphene sheets (Fig. 3c). Cyclic tests were also conducted 

(Fig. 3d), the hysteresis loop for the 1000th cycle curve shrinks 

compared to the first one, but the maximum stress remains 

unchanged, indicating that our hybrid aerogels can retain the 

compressive strength after repeated compression for 1000 

cycles at the strain of 50%.  

Our aerogels having large-size pores and robust porous 

structure are suitable candidate for adsorption. To this end, we 

investigated their adsorption capacity for oils and organic 

liquids. When an aerogel was placed on a floating diesel oil 

membrane on water, the GO-GNR aerogel selectively adsorbed 

the diesel oil and was remain floated on water (Fig. 4a).  

 

 
Figure 4. a) GO-GNR aerogel adsorbing diesel oil dyed with Oracet blue B. b) 

Adsorption capacity of GO-GNR aerogel for various organic liquids. c) 

Recyclability of the GO-GNR aerogel tested with hexane. The adsorption capacity 

after 10 cycles is normalized by the initial weight gain. 

The high porosity and robust GO-GNR skeleton of our aerogels 

provide an ideal platform for high-efficiency adsorption of oil 

and it takes a few seconds to reach saturation. To further 

investigate the adsorption capacities of our aerogels, several 

other organic solvents were tested (Fig. 4b). The adsorption 
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capacity (Q) values for GO-GNR aerogels for all the organic 

solvents tested were over 100 g g-1 and among those the highest 

capacity was 350 g g-1 for chloroform. This is a quite high 

value compared with other graphene-based aerogels reported 

(22-160 g g-1).[11,33,34] Additionally, we tested the recyclability 

of our aerogels with hexane by burning the solvents adsorbed. 

After ten cycles, GO-GNR aerogels retain 90% of the 

absorption capacity and maintain the 3D structure without 

structural collapse (Fig. 4c). 

The rich open-pore structure of our aerogels is favorable for 

electrolyte infiltration, making them an effective electrode 

material for double-layer supercapacitors. To investigate the 

electrochemical property, we tested the chemically reduced 

GO-GNR aerogels as electrodes for supercapacitors in a three-

electrode system. Fig. 5a shows the cyclic voltammograms 

(CVs) of the GO-GNR electrode at different scan rates from 2 

to 100 mV s-1. The CV curves exhibit typical quasi-rectangular 

shape, especially at 2 mV s-1, indicating good charge 

transportation at the electrode interface according to the 

mechanism of the double-layer capacitor. The highest specific 

capacitance reaches 256 F g-1 at a scan rate of 2 mV s-1 (Fig. 

5b), which is comparable with the best performance of 

supercapacitors made by other graphene aerogels in recent 

reports (Summarized in Table S1).[S1-S5]  

 
Figure 5. a) CVs of a GO-GNR electrode in 2 M KCl aqueous solution. b) 

Calculated specific capacitances of the GO-GNR electrode. c) The galvanostatic 

charge-discharge curves at a current density of 1, 2, 5, and 10 A/g. d) Cycling 

tests showing a capacitance retention of > 80% after 10000 charging and 

discharging cycles at 100 mV/s. Inset shows the CV curves for cycle 1 and cycle 

10000, repectively. e) CVs of a PPy-coated GO-GNR electrode in 2 M KCl aqueous 

solution. f) CVs of different PPy loaded GO-GNR aerogels and pristine aerogels at 

a scan rate of 100 mV/s in 2 M KCl. 

With increasing scan rate, the current response increased 

accordingly and the specific capacitance of our electrode 

maintains 47.5% specific capacitances with a value of 122 F g-1 

as the scan rate increased to 100 mV s-1. The galvanostatic 

charge-discharge (GCD) curves of our electrode at four 

different current densities (1, 2, 5, 10 A/g) are shown in Fig. 5c. 

The linear and symmetric triangular shape of the GCD curve is 

also the feature of double layer capacitance which demonstrates 

that our electrodes possess excellent electrochemical 

reversibility and charge-discharge properties. The specific 

capacitance calculated from GCD curve is 200 F g-1 at a current 

density of 1 A g-1. We have tested the CV cycling stability of 

our electrode for 10000 cycles at a scan rate of 100 mV s-1 (Fig. 

5d). It is found that the capacitance retention of our electrode 

maintains 80.4% after 10000 charging and discharging cycles, 

suggesting a good cycling stability for our material. Also, we 

fabricated a GO-GNR@Polypyrrole (PPy) composite electrode 

by introducing conductive polymer PPy onto GO-GNR sheets. 

Owing to the large-size pores, our PPy-coated aerogels can be 

fabricated easily by directly electrochemical deposition in 

pyrrole solution (see Experimental for details). The robust GO-

GNR sheets make the composite aerogels maintain their 

original highly porous structure after coating controlled PPy 

loading (Fig. S2). By adjusting the depositing time, we can 

obtain different PPy loaded composite electrodes (Fig. S4). We 

find that when the GO-GNR aerogels were loaded with 37.2 

wt% PPy, the specific capacitance reaches a maximum value of 

537 F g-1 at the scan rate of 2 mV s-1, which is almost two-fold 

that of the aerogels without PPy (Fig. 5e, f). Even at a fast scan 

rate of 100 mV s-1, it can still maintain a high specific 

capacitance of 218 F g-1 (Fig. S4), these results demonstrate 

that our GO-GNR aerogel can be an excellent material for 

supercapacitor. 

Conclusions 

In summary, we have fabricated multifunctional hybrid 

aerogels by introducing GNRs into GO sheets. The unique GO-

GNR hybrid pore wall structure makes the aerogels highly 

porous, ultra-low density and compressible. The synergistic 

effect of the nanoribbons and graphene sheets makes the hybrid 

aerogels elastic after compression and our GO-GNR aerogels 

can recover with small residual strain (<3%) at the strain of ε = 

80%. Owing to the large pore-size, robust and stable structure, 

our aerogels show high adsorption capacity to organic solvents 

and oils (100 to 350 times of aerogel weight), and a specific 

capacitance of 256 F g-1 for pristine arogels and 537 F g-1 for 

pseudo-polymer loaded aerogels. Our multifunctional hybrid 

aerogels may find potential applications in many fields such as 

environmental cleanup, and flexible electrodes for energy 

storage systems. 
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