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Abstract: Carbon aerogels based on regenerated silk proteins and graphene oxide (GO) were prepared by a flash

freezing/lyophilization process followed by carbonization. Hydrophilic blocks of ampiphilic silk proteins showed

strong interactions with the oxygen functional groups of GO through intermolecular hydrogen bonds, resulting in

silk-protein-coated GO nanoplates. The silk-protein-coated GO nanoplates were assembled into 3D cryogels by the

gelation of the silk proteins after a flash freezing/lyophilization process. The cryogels based on GO and silk proteins,

which contained numerous nitrogen heteroatoms, were successfully transformed to carbon aerogels after crystalli-

zation by a methanol treatment. Consequently, the nitrogen-enriched carbon aerogels exhibited a high capacitance

of 298 F/g because of significant contributions from the pseudocapacitive effects. A specific energy of 63 W h/kg,

specific power of 20 kW/kg, and stable cycle life of over 5,000 cycles were achieved.
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Introduction

Silk produced by the Bombyx mori silk worm is one of the

most abundant polymers in nature, with global production

amounting to more than 480,000 ton per year.1 Silk fibroin

has been extensively studied as a biomaterial.2 A growing

interest on silk fibroin toward fabricating optical and elec-

tronic devices has resulted in widespread investigations out-

side of the textile world.3-5 Silk fibroin has been dissolved

and subsequently reformulated into new materials with vari-

ous structures and morphological characteristics. In particular,

silk fibroin in the sol state can interact with both hydropho-

bic and hydrophilic materials owing to its amphiphilic prop-

erties,6,7 which make it possible to design new nanostructures

from silk fibroin by spontaneous interactions between the

heterocomponents.8 In addition, nanostructured carbon aero-

gels can be prepared by carbonization of the nanostructured

precursors.9-11 Many researchers have reported the carbonization

of silk fibroins.12-15 However, there are very few reports on car-

bon materials prepared from regenerated silk fibroin. The

paper is, to the best of our knowledge, the first report on the

synthesis of carbon materials from regenerated silk in which

the proteins are obtained exhibit high electrochemical per-

formance as supercapacitors.16 The results suggest that silk

proteins can be effective precursors for carbon materials that

can be used as supercapacitor electrodes.

Graphene, a new class of two-dimensional carbon nano-

structure, has attracted enormous interest for various appli-

cations owing to its unique physical properties such as high

electron mobility (15,000 cm2 V-1 s-1), high mechanical strength

(>1,060 GPa), high thermal conductivity (~3,000 W m-1 K-1),

and high specific surface area (2,600 m2 g-1).17-20 Ruoff et al.

have reported chemically modified graphene-based super-

capacitors with capacitances of 135 and 99 F g-1 in aqueous

and organic electrolytes, respectively.21 The capacitance values

can be increased with greater morphological control or by

applying various treatments on graphene.22-24 In addition, nitro-

gen-doped graphene has shown capacitance values of ~280

F g-1, contributed by both the conventional electrical double-

layer capacitance near the electrode surfaces and the pseudoca-

pacitance of the electroactive nitrogen atoms.25 In this con-

text, graphene-based nanostructured materials comprising

electroactive heteroatoms can be expected to act as excellent

electrode materials for supercapacitors. Recently, several papers

have described graphene-based aerogels.26-30 Müllen et al.

reported three-dimensional graphene-based frameworks

(3D-GFs) with hierarchical macroporous and mesoporous

structures for supercapacitors.28 The 3D-GFs exhibited a

capacitance value of 226 F/g and stability over 5,000 cycles.

They also reported the application of three-dimensional nitrogen

and boron co-doped graphene in supercapacitors. However,

only a few reports on electrode materials for supercapaci-

tors have been published.28,31 

In this study, carbon aerogels based on regenerated silk

proteins and graphene oxide (GO) (SF-GO carbon aerogel)

were prepared. The regenerated silk proteins were success-
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fully transformed into nanostructured carbon materials with

GO by a flash freezing/lyophilization process followed by

carbonization. Interestingly, the carbon materials from the

regenerated silk proteins possessed numerous heteroatoms

such as nitrogen and oxygen, which affected the electro-

chemical performances of the SF-GO carbon aerogels. The

enhanced electrochemical performances were caused by

various effects from silk protein-induced carbons such as

numerous nitrogen and oxygen contents, electroactive nitro-

gen configurations, rough surface morphology and topography

advantageous in wettability with electrolytes. As a result,

SF-GO carbon aerogels exhibiting good electrochemical

performances were achieved by a simple process based on

the regenerated silk proteins and GO.

Experimental

Preparation of GO and Regenerated Silk Fibroin. GO

was prepared from natural graphite (Sigma-Aldrich) using

the Hummers method. Aqueous GO suspensions were frozen

in liquid nitrogen and then freeze-dried using a lyophilizer

(LP3, Jouan, France) at 50 oC and 0.045 mbar for 72 h. Con-

sequently, low-density, loosely packed GO powders were

obtained.32 Aqueous silk fibroin solution was prepared by

the following protocol. First, seven cocoons were boiled for

30 min in an aqueous solution of 0.02 M Na2CO3 (OCI Com-

pany Ltd., 99%, 0.02 M) and rinsed thoroughly with water

to extract the glue-like sericin proteins. The extracted silk

was then dissolved in a 9.3-M LiBr (Sigma-Aldrich, ≥99%)

solution at room temperature to yield a 20 wt% solution.

This solution was dialyzed in water using Slide-a-Lyzer dialysis

cassettes (Pierce, MWCO 3500) for 36 h. The final concen-

tration of the aqueous silk solution was 7.0-8.0 wt%.7

Preparation of SF-GO Carbon Aerogels. A sample com-

prising 60 mg GO powder was exfoliated by ultrasonication

in 40 mL of distilled water at pH 12. The pH was controlled

by adding a solution of dilute aqueous NaOH. Then, the GO

dispersions were mixed with 40 mg of the regenerated silk

fibroin in aqueous solution (10 mL) at pH 12. The mixture was

stirred for 1 h, frozen in liquid nitrogen, and freeze-dried

using the lyophilizer at -50 oC and 0.045 mbar for 72 h. The

obtained cryogel consisted of 60 wt% of GO and 40 wt% of

regenerated silk fibroin. Cryogels with different GO and

regenerated silk fibroin weight ratios such as 8:2, 4:6, and

2:8 were prepared by similar methods. The cryogels were

treated with methanol vapor at room temperature for 6 h and

then heated from room temperature to 800 oC at a heating rate

of 10 oC/min under a N2 flow rate of 200 mL/min. Then, the

samples were held at 800 oC for 2 h. The cryogels with GO

and regenerated silk fibroin weight ratios of 8:2, 6:4, 4:6,

and 2:8 were designated as cryogel-8:2, cyrogel-6:4, cryo-

gel-4:6, and cryogel-2:8, respectively. This notation is used

throughout the paper.

Characterization. The morphologies of samples were charac-

terized by field emission scanning electron microscopy (FESEM,

S-4300, Hitachi, Japan). The surface elemental composition

of the samples was analyzed by X-ray photoelectron spec-

troscopy (XPS, AXIS-HIS, Kratos Analytical, Japan) with a

dual-chromatic MgK
α
 X-ray source at 1500 eV. X-ray dif-

fraction (XRD, Rigaku, DMAX-2500, Japan) was used to

characterize the samples. For Raman spectroscopy, a con-

tinuous-wave linearly polarized laser with a wavelength of

514 nm (2.62 eV), pinhole of 50 μm, and 600 grooves mm-1

grating were used. To ensure nondestructive measurements,

low laser power was used (<300 μW) on the sample. The

porous properties of samples were analyzed using nitrogen

adsorption and desorption isotherms, which were obtained

using a porosimetry analyzer (ASAP 2020, Micromeritics, USA)

at -196 oC. The surface areas (SBET) were calculated according

to Brunauer-Emmett-Teller (BET) theory. The mesopore surface

area (Smeso) was calculated according to the Barrett-Joyner-

Halenda (BJH) theory. 

The electrodes for the electrochemical tests were prepared

as follows: the samples and polytetrafluoroethylene (a binder)

were mixed with a mass ratio of 9:1, coated onto a nickel

mesh substrate (1×1 cm2), and dried at 110 oC for several

hours. Each electrode contained approximately 3-4 mg of

the electroactive materials. Electrochemical measurements

were performed in a three-electrode system and a two-electrode

cell configuration. For the three-electrode system, samples

containing nickel mesh, platinum plate, and saturated KCl

were used as the working, counter, and reference electrodes,

respectively. For the two-electrode cell, each electrode had a

diameter of 1 cm and a thickness of approximately 100 µm.

A typical pair of electrodes had a weight of 2.5-3.0 mg after

drying overnight at 100 oC, and 1 M H2SO4 (OCI Company Ltd.,

95%) was used as an aqueous electrolyte. The electrodes

and a porous polypropylene separator (Whatman GF/D) were

sandwiched in a stainless steel cell for the fully assembled

two-electrode cell device. Electrochemical data were obtained

using cyclic voltammetry and chronopotentiometry (PGSTAT302N,

Autolab). Cyclic voltammetry tests were performed between

0 and 1 V at different scan rates. The capacitance, energy den-

sity, and power density were all characterized by galvano-

static measurements. A current ranging from 0.5 to 20 A g-1

was applied. For the cycling test, a current density of 3 A g-1

was applied. Specific capacitances were obtained from cyclic

voltammetry plots as follows. Specific capacitances were

obtained from galvanostatic charge/discharge curves as fol-

lows Cs=IΔt/mΔV. Where, Cs is specific capacitance (F g-1),

m is mass of the electroactive materials (g), I is the dis-

charge current (mA), t is the discharge time (t) and ΔV is

potential window (V).

Results and Discussion

Silk fibroin exhibits amphiphilic block copolymer-like

properties because it is composed of relatively large hydro-
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philic chain end blocks with smaller hydrophilic internal blocks

and large internal hydrophobic blocks, where the repeats

listed above are encoded.7 The hydrophilic blocks of the silk

fibroin molecules interact strongly with the oxygen functional

groups of GO through intermolecular hydrogen bonds. Fig-

ure 1 shows the schematic of the process used for preparing

the SF-GO carbon aerogels. The regenerated silk fibroin solution

is metastable and gelates easily. However, high pH condi-

tions allow the regenerated silk fibroin solution to become

stable. Therefore, the solution was mixed with the GO dis-

persion at pH 12. The SF-GO cryogels were obtained after

freeze-drying. In this process, silk fibroins acted as binders

assisting the assembly of the GO-based network. Then, the

SF-GO carbon aerogels were successfully prepared from

the SF-GO cryogels by thermal treatments. Figure 2 shows

typical repeating protein amino acid sequences of the silkworm

cocoon silk, schematics of the adsorption of the regenerated

silk fibroin molecules onto the basal plane of GO and the

cryogel structure formed from the silk-fibroin-coated GO after

the freeze-drying process. However, during the carboniza-

tion process, the amorphous silk fibroin molecules adsorbed

on the GO surface were thermally decomposed because of

the presence of water molecules between the regenerated

silk fibroin chains and their amorphous structures. There-

fore, the cryogels were treated with methanol vapor and this

dehydration method using methanol led to the formation of

a β-sheet crystal-dominant structure via the intersheet stack-

ing of the hydrophobic silk molecules. This structural tran-

sition provided thermo-stabilization to the regenerated silk

fibroin, which can be transformed to carbon materials. Fig-

ure 3 shows the morphologies of the cryogels with different

GO and silk fibroin weight ratios. With increased silk fibroin

content, the morphologies of the cryogels dramatically changed

and were similar to silk fibroin-based cryogels without GO.8

Silk-fibroin-dominant samples (i.e., cryogel-4:6 (Figure 3(c))

and cryogel-2:8 (Figure 3(d)) exhibited more dense mor-

phologies than others. In contrast, the cryogel 8:2 sample, a

GO-dominant sample (Figure 3(a)), exhibited loosely assem-

bled structures of separate nanoplates. This result suggested

the importance of the GO and silk fibroin weight ratio in

terms of affecting the morphological and pore characteris-

tics of the cryogels. Figure 4 shows the morphologies of the

Figure 1. Schematic process for preparing SF-GO carbon aerogels.

Figure 2. Schematic image depicting interaction between regen-

erated silk fibroin and GO and crystallization of regenerated silk

fibroin molecules.

Figure 3. SEM images of (a) cryogel-8:2, (b) cryogel-6:4, (c)

cryogel-4:6, and (d) cryogel-2:8.

Figure 4. SEM images of (a, b) cryogel-6:4 under different mag-

nifications and (c, d) that of SF-GO carbon aerogels under differ-

ent magnifications.
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cryogel-6:4 sample and the carbonized cryogel-6:4 sample

(SF-GO carbon aerogels). The cryogel-6:4 samples exhibited

porous interconnected network structures composed of numer-

ous nanoplates (Figure 4(a),(b)). After carbonization, the porous

structure was maintained and indeed the structure was ren-

dered even more porous by the loosely assembled carbon

nanoplates. In addition, additional winkles on the surface of the

carbonized nanoplates were also observed (Figure 4(c),(d)).

Figure 5 shows more specific morphologies under different

magnifications of the wrinkled carbon nanoplates obtained

by ultrasound treatment of the SF-GO carbon aerogels in

N,N-dimethylformamide. Disordered carbon structures were

observed on the surface of the sample (Figure 5(c)). This result

suggests that carbon materials from regenerated silk fibroins

were well-developed on the surface of the samples.

Figure 6 shows the results of characterizing the cryogel

6:4 and SF-GO carbon aerogels by X-ray photoelectron spec-

troscopy (XPS). The cryogel 6:4 shows numerous nitrogen

functional groups such as O=C-N and C-N centered at 400.2

and 400.1 eV, respectively, indicating the presence of silk

fibroin on the surface of the cryogel 6:4 (Figure 6(a) and

(b)). Also, a large amount of oxygen functional groups were

found (Figure 6(a) and (c)). The oxygen groups could be

originated from both silk fibroin and G-O. In the C 1s XPS pro-

file of the carbon aerogel, several distinct peaks (C-O and C-

N centered at 285.5 eV and C(O)O centered at 288.7 eV)

were observed in addition to a main C-C peak at 284.5 eV

(Figure 6(d)). The nitrogen atoms in the SF-GO carbon aerogels

were observed to belong to two groups and were in the form

of pyridinic and pyrrolic/pyridone moieties, as indicated by

the N 1s peak centered at 397.7 and 400.0 eV, respectively

(Figure 6(e)). The presence of nitrogen groups in the SF-GO car-

bon aerogels suggests that the regenerated silk fibroins were

successfully transformed to carbonaceous materials. Also,

the two distinct peaks in the O 1s profile indicated that the

oxygen atoms were present in the form of carbonyl groups

(531.4 eV) and various other oxygen groups (533.7 eV) (Figure

6(f)). These surface functional groups can be expected to

affect the electrochemical performances of the carbon mate-

rials through pseudocapacitive effects.16,25,33-37 The Raman

spectrum of the SF-GO carbon aerogels is exhibited in Fig-

ure 7(a). The peak positions of the D, G, and 2D bands were

measured as ~1363, ~1600, and ~2744 cm-1, respectively.

The values were similar to that indicated in a previous report.16

Further, the ratio of the D peak intensity to the G peak inten-

sity (IG ID
-1) was calculated as ~0.83. The size of the crystal

domain could be measured from the IG ID
-1 using the equa-

tion ID IG
-1=C(λ)L-1, where L is the size of the graphene

nanoflakes and C=4.4 nm for λ=514.5 nm.38 From these values,

the size of the graphene nanoflakes was measured as 5.3 nm.

The X-ray diffraction (XRD) data showed a (002) diffraction

peak (26.1o), corresponding to the degree of stacking order

of the carbon layer structure. Another diffraction peak was

observed at 42.8o, corresponding to the presence of an (100)

ordered hexagonal structure (Figure 7(b)). Also, a broad peak

was observed at approximately 18o, which could be attributed

to an amorphous carbon structure formed from the regener-

ated silk fibroin. The pore characteristics of the SF-GO carbon

Figure 5. TEM images of different magnifications of carbon

nanoplates obtained by ultrasound treatment of SF-GO carbon

aerogels in N,N-dimethylformamide.

Figure 6. XPS profiles of (a) C 1s, (b) N 1s, and (c) O 1s acquired

from cryogel-6:4, and (d) C 1s, (e) N 1s and (f) O 1s of SF-GO car-

bon aerogels.

Figure 7. (a) Raman spectrum and (b) XRD pattern acquired

from SF-GO carbon aerogels.
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aerogels are shown in Figure 8. The nitrogen adsorption-

desorption isotherm curve of the sample showed an IUPAC

type-IV mesoporous structure, which exhibited a type of H2

hysteresis loop, indicating a poorly defined pore structure

(Figure 8(a)). The specific surface area of the carbon aerogel

was calculated as 180.7 m2 g-1 with most of the surface area

originating from the mesopores. In addition, the Barrett-

Joyner-Halenda (BJH) adsorption average pore diameter was

measured as 11.3 nm. The mesopores are thought to origi-

nate from the interconnected and crumpled structures of the

carbon nanoplate components. The broad pore size distribu-

tion of the SF-GO carbon aerogels supports this assumption

(Figure 8(b)).

The electrochemical performances of the SF-GO carbon

aerogels were analyzed in an aqueous electrolyte (1 M H2SO4).

Figure 9(a) shows the cyclic voltammograms of the carbon

aerogels at scan rates of 5, 10, 20, and 50 mV s-1. The cyclic

voltammogram curve at a scan rate of 50 mV s-1 exhibited a

typical capacitive behavior with rectangular voltammetry

characteristics. When the scan rates were decreased, the cyclic

voltammogram curves exhibited humps as well as a rectangu-

lar shape, indicating that the capacitive response was induced

from a combination of the electrical double-layer formation

and redox reactions related to the heteroatom functionalities

present in the materials. The galvanostatic charge-discharge

curves of the carbon aerogels at a current density of 1 A g-1

are shown in Figure 9(b). The discharge curve displayed an

IR drop owing to the insufficient electrical conductivity of

68×10 S m-1 of the SF-GO carbon aerogels. The SF-GO carbon

aerogels consist of numerous heteroatoms, which induce

unfavorable effects toward electrical conductivity; however,

the heteroatoms could also contribute to the specific capacitance.

The slope of the discharge curve was altered at approxi-

mately 0.6 V, indicating the existence of pseudocapacitive

effects. This result coincides with the results observed by

cyclic voltammetry. The SF-GO carbon aerogels were found to

possess a relatively low specific surface area of 180.7 m2 g-1;

nevertheless, their specific capacitance at a current density

of 1 A g-1 was approximately 260 F g-1. This indicates that the

pseudocapacitive effects significantly contributed to the specific

capacitance of the SF-GO carbon aerogels. A high specific

capacitance of 298 F g-1 was achieved on the discharge curve

with a constant current of 0.75 A g-1 (Figure 9(c)). The value

was approximately three times higher than that shown by

the reduced GO (94 F g-1), which is fabricated by a similar

thermal annealing process used for preparing the SF-GO

carbon aerogels. In addition, at a current density of 10 A g-1,

the capacitance value of the SF-GO carbon aerogels increased

to a value above 100 F g-1. Cycle stabilities of the SF-GO carbon

aerogels were characterized during 5000 constant current

charge-discharge cycles at a current density of 3 A g-1. After

5000 cycles, the capacitance values decreased to only 7.9%

of the initial capacitance, demonstrating the good cyclic stabil-

ity of the SF-GO carbon aerogels (inset of Figure 9(c)). The

energy density and power density reached values of 63 W h kg-1

and 20 kW kg-1, respectively (Figure 9(d)). The energy density

of the SF-GO carbon aerogels was found to be two times

higher than that of the reduced GO (29 W h kg-1).

Conclusions

SF-GO carbon aerogels based on regenerated silk proteins

and GO were successfully prepared by a flash-freezing/lyo-

philization process followed by carbonization. The regener-

ated silk fibroins were transformed to carbon materials using

a methanol vapor treatment. SF-GO carbon aerogels with

optimal porous characteristics were obtained by using GO/

regenerated silk protein hybrids at a weight ratio of 6:4. The

SF-GO carbon aerogels contained numerous heteroatoms

with 5.7 at% of nitrogen and 12.1 at% of oxygen. The mate-

rial exhibited a specific surface area of 180.7 m2 g-1. The SF-

Figure 8. (a) Nitrogen adsorption and desorption isotherm curves

and (b) pore size distribution of SF-GO carbon aerogels.

Figure 9. (a) Cyclic voltammograms of SF-GO carbon aerogels

at scan rates of 5, 10, 20, and 50 mV s-1 over a potential range 0-1

V in 1 M H2SO4 electrolyte. (b) Galvanostatic charge/discharge

curves of SF-GO carbon aerogels at a current density of 1 A g-1 over

potential range 0-1 V in 1 M H2SO4. (c) Variation of specific capaci-

tance of SF-GO carbon aerogels (black, square) and reduced GO

(red, circle) with current density over potential range 0-1 V in 1 M

H2SO4. Inset indicates capacitance retention during repetitive

5000 charge/discharge cycles. (d) Ragone plot of all SF-GO carbon

aerogels and reduced GO-based supercapacitors in 1 M H2SO4.
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GO carbon aerogels exhibited a high capacitance of 298 F g-1

at a current density of 0.75 A g-1 because of the pseudoca-

pacitive effects originating from the electroactive heteroat-

oms. The SF-GO carbon aerogels showed energy and power

densities values of 63 W h kg-1 and 20 kW kg-1, respectively.

The energy density was two times higher than that shown by

reduced GO (29 W h kg-1). In addition, the SF-GO aerogels

exhibited stability during 5000 constant current charge-dis-

charge cycles.
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