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A B S T R A C T   

In recent decades, research into biomaterials such as silk or cellulose has rapidly expanded due to their abun
dance, low cost, and tunable morphological as well as physicochemical properties. Cellulose is appealing due to 
its crystalline and amorphous polymorphs while silk is attractive due to its tunable secondary structure forma
tions which is made up of flexible protein fibers. When these two biomacromolecules are mixed, their properties 
can be modified by changing their material composition and fabrication methodology, e.g., solvent type, 
coagulation agent, and temperature. Reduced graphene oxide (rGO) can be used to increase molecular in
teractions and stabilization of natural polymers. In this study, we sought to determine how small amounts of rGO 
affect the carbohydrate crystallinity and protein secondary structure formation as well as physicochemical 
properties and how they affect overall ionic conductivity of cellulose-silk composites. Properties of fabricated silk 
and cellulose composites with and without rGO were investigated using Fourier Transform Infrared Spectros
copy, Scanning Electron Microscopy, X-Ray Scattering, Differential Scanning Calorimetry, Dielectric Relaxation 
Spectroscopy, and Thermogravimetric Analysis. Our results show that addition of rGO influenced morphological 
and thermal properties of cellulose-silk biocomposites, specifically through cellulose crystallinity and silk β-sheet 
content which further impacted ionic conductivity.   

1. Introduction 

Biocomposites made from proteins and polysaccharides have excel
lent biocompatibility as well as mechanical properties with applications 
not only in the biomedical field but also in the energy field [1]. One 
promising application for biomaterials is their use as bio-electrolyte 
membranes [2–5]. However, despite many promising aspects in 
different fields of interest, there remains a lack of understanding of 
natural polymer morphology in relation to its physicochemical 
properties. 

Protein-polysaccharide blended films interact via hydrogen bonds, 
hydrophobic-hydrophilic interactions, and electrostatic interactions. 
These interactions form a matrix where the material's properties will 
depend on the polymer composition, coagulation solutions, and type of 
solvent [2]. Cellulose is a natural polysaccharide widely used in research 

due to its abundance, biocompatibility, hydrophilicity, low toxicity, and 
biodegradability [6–10,32,35]. It is constructed of a linear homo- 
polysaccharide composed of repeating D-glucose units and is synthe
sized in the plant's cell wall via membrane-spanning synthase complexes 
[2,3,6,8,9,11,32,35]. Its structure contains glycosidic linkages between 
glucose units at the C1 and C4 positions [12,32,35]. Cellulose is stabi
lized via hydrogen bonds and van der Waals forces, thus, exhibiting 
strong intermolecular and intramolecular hydrogen bonding. These 
inter- and intramolecular forces can also facilitate the formation of films, 
fibers, or hydrogels through physical crosslinking [3,6–8,10,32,35]. 
Cellulose contains crystalline and amorphous regions, with the inter
chain hydrogen bonding being responsible for its crystalline properties 
[10,13,32,35]. As a biomaterial, cellulose has some disadvantages such 
as a poor mechanical performance, e.g., high stiffness, and is insoluble in 
many typical organic solvents due to his highly ordered structure 
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[3,8,12,13,17]. 
In an effort to modify some of the properties of cellulose, we 

generated composites of cellulose and a protein. The protein of choice 
for this investigation is silk fibroin due its versatility as a biomaterial and 
great solubility with polysaccharides [1]. Silk is obtained from a variety 
of organisms that include spiders and silkworms [14,15]. It is one of the 
most explored proteins due to its exceptional mechanical properties, 
controlled biodegradability, ease of processing, and excellent biocom
patibility [1,3–5,14,16]. Bombyx mori silk, a naturally occurring silk 
from the Bombyx mori silkworm, is made of repeating glycine, alanine, 
and serine amino acids in the sequence, (GAGAGS)n. Its strands are 
naturally coated with sericin which can be chemically removed 
[3–5,13,15,16]. Due to its repeating amino acid composition, silk can 
form highly specific anti-parallel β-sheet structures, providing it with 
crystalline regions and other secondary structures [13,16]. When silk is 
blended with cellulose, hydrogen bonds and electrostatics interactions 
add new properties and ameliorate existing undesired properties such as 
high stiffness [3]. 

For this study, an ionic liquid, 1-ethyl-3-methylimidazolium acetate 
(EMIMAc), was employed to facilitate the blending process. Ionic liquids 
(ILs) have been used extensively for the dissolution of natural polymers 
due to their unique properties such as low toxicity, chemical/thermal 
stability, high ionic conductivity, reusability, non-flammability, and 
their ability to not produce unwanted byproducts [1,3,6,17,18,35]. ILs 
also provide enhancements to polymer dissolution which facilitates 
biocomposite formation [13]. ILs are molten salts that consist of bulky, 
unsymmetrical ions with a delocalized charge where the cation carries 
chemical characteristics and the anion provides solution stability 
[1,3,12,35]. EMIMAc was chosen for this study because of its inclusion 
of an imidazolium ring which offers low viscosity and stability [1,35]. 
The dissolution of cellulose in ionic liquids proceeds through a distur
bance of cellulose's hydrogen bonds caused by the IL's ions interactions 
of the IL with the hydroxyl groups of cellulose. Silk undergoes a similar 
dissolution process involving disturbance of hydrogen bonds among its 
amino acid groups [3–6,16]. Once the natural polymers have been 
added to the IL, they will begin to associate with the salt ions via 
hydrogen bonding, and hydrophobic, hydrophilic, and electrostatic in
teractions [5]. This process involves a diffusion of the IL molecules into 
the cellulose fibers, which then causes the cellulose fibers to swell and 
disentangle between the cations and anions [19]. A similar phenomenon 
occurs with silk. However, to allow for this dissolution process to begin, 
the hydrogen bond network of cellulose must first be eliminated so that 
the hydroxyl groups can disassociate from the cellulose backbone 
[12,19]. After successful dissolution, the blended polymer solution is 
submerged in a coagulation agent to diffuse the ions now embedded 
within the biopolymer matrix [4]. The introduction of a coagulation 
agent into the blended polymer matrix leads to phase separation, 
resulting in formation of the composite [4,5]. While the coagulation 
process aims to remove the IL from the final composite, a trace amount 
of IL remains entrapped in the blend and influences the ionic conduc
tivity of the overall biocomposite [4,5]. The remaining amount of ionic 
liquid trapped provides the required concentration of free ions, which 
are influenced by ion hopping and the segmental motion of the blended 
material to induce ion conduction [20,21] 

Graphene oxide is a modified graphene sheet that contains oxygen 
functional groups and exhibits strong mechanical strength, thermal/ 
electrical conductivity, and has a large surface area [6,7,22,23]. Gra
phene oxide can be thermally or chemically reduced to obtain rGO. In 
this investigation, vitamin C was utilized in the chemical reduction of 
graphene oxide to rGO. The augmented surface of rGO contains func
tional groups such as hydroxyls, epoxides, and carbonyls. Such func
tional groups provide solubility properties in polar solvents, exhibit 
moderate biocompatibility, and serve as an intermediary for sites to link 
other macromolecules and rGO [6,10,22]. In this study rGO was used as 
an additive to investigate morphological changes that in turn affect 
physicochemical properties and overall ionic conductivity of the 

blended films. The creation of new naturally conductive materials such 
as the films discussed in this study, can provide ‘green’ alternatives for 
use in various industries and applications [5]. It has been previously 
shown that the ionic conductivity of silk/cellulose is dependent on the 
protein β-sheet content, IL type, and coagulant bath type [4,5]. There 
have also been previous studies which showed successful formation of 
hydrogels by combining wood pulp dissolved in 1-butyl-3-methylimida
zolium chloride and rGO [7]. Here, a modified version of these bio
composites was used, in which silk and cellulose were blended with 
EMIMAc and regenerated with three different agents: water, a solution 
of 10 % ethanol, and a solution of 10 % hydrogen peroxide. The aim of 
this study was to understand the variations in morphological and 
physicochemical properties of silk/cellulose biocomposites, and how 
these variations affect the ionic conductivity of the polymer systems 
with the addition of rGO. 

2. Materials and methods 

2.1. Ionic liquid 

1-Ethyl-3-methylimidazolium acetate (95 %) was obtained from 
Sigma-Aldrich. As pretreatment, the IL was heated in a vacuum oven at a 
pressure of 30 inHg and a temperature of 50 ◦C for 24 h for the removal 
of water residues. 

2.2. Silk 

Bombyx mori silk cocoons were obtained from Treenway Silks in 
Lakewood, CO. To remove the sericin coating on the silk fibers, the 
cocoons were boiled for 15 min in a 0.02 NaHCO3 (Sigma-Aldrich) so
lution. This process was then followed by rinsing the fibers with 
deionized water three times to assure complete removal of the sericin 
coating. The fibers were left to dry overnight followed by placement in a 
vacuum oven at room temperature with a pressure of 30 inHg to ensure 
removal of moisture. 

2.3. Cellulose paper 

Cytiva Qualitative Grade Plain Filter Paper Circles and Sheets, grade 
P4 manufactured from cellulose fibers, were purchased from Fishersci 
(cat no. 09-803-6E). The filter paper was cut into small pieces to facil
itate dissolution. 

2.4. Reduced graphene oxide 

Graphene oxide dispersed in H2O was obtained from Sigma-Aldrich 
(SKU: 763705-25ML) and was reduced using 0.005 g vitamin C in 1 
mL of distilled water. The agitated solution was heated in an oil bath at 
50 ◦C for 24 h and was subsequently washed 5 times via centrifuge to 
assure removal of vitamin C residues. The solution was then filtered 
through a pre-measured cellulose filter paper and left to dry at room 
temperature for 72 h. Incorporated rGO accounted for 1 % of the total 
mass of the cellulose paper. 

2.5. Dissolution of the cellulose paper and the silk 

The pretreated ionic liquid was measured to account for 90 % of 
sample total mass, with silk and the cellulose paper accounting for 10 % 
of the total mass, of which cellulose paper accounted for 40 % and silk 
accounted for 60 %. The measured ionic liquid was pipetted into a vial 
and heated in a silica oil bath at a temperature of 85 ◦C. The silk was cut 
and frayed into smaller pieces prior to dissolution. After all silk was 
dissolved, cellulose paper was added piecewise to the solution. This 
mixture was left to agitate for 24 h at 85 ◦C. 
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2.6. Preparation of the biofilm 

A 1 mL pipette tip was placed in an oven at 75 ◦C for 10–15 min. With 
the pre-heated pipette tips, the silk/cellulose solution was pipetted into 
12 mm × 12 mm × 1 mm polylactic acid 3D printed molds. The molds 
were subsequently placed in a beaker containing 100 mL of the selected 
coagulation agent and sealed with parafilm. This coagulation phase 
lasted for 48 h at room temperature for optimal IL removal. Afterwards, 
the molds were removed from their baths and rinsed with distilled water 
3 times to remove IL residues. The molds were then placed in a Teflon 
Petri dish and stored in a low-pressure desiccator. Prior to analysis the 
samples were placed in a vacuum oven for 24 h to remove any atmo
spheric moisture. Digital images of final films that contain rGO can be 
seen in Fig. S-1. 

2.7. Fourier transform infrared spectroscopy (FTIR) 

A Bruker (Billerica, MA, ISA) ALPHA-Platinum ATR-FTIR Spec
trometer with a Platinum-Diamond sample module was used to obtain 
spectroscopy data of the films. Before each sample measurement, 
background was collected consisting of 128 scans. For the analysis of the 
samples 32 sample scans were carried out at 6 different sample locations 
with a resolution of 4 cm−1 per each scan. Spectra were reported be
tween 4000 cm−1 to 400 cm−1. Opus 7.2 software was used for data 
manipulation and analysis. A Fourier self-deconvolution was utilized to 
study the amide I regions located between 1595 cm−1 and 1705 cm−1, 
and a Lorentzian line shape was used with parameters of a 25.614 cm−1 

half-band width along with a noise reduction factor of 0.3. Gaussian 
profiles were employed for fitting results and in the integration in order 
to find the area that corresponded to a specific wavelength. The data 
were normalized for visualization purposes. 

2.8. Thermogravimetric analysis 

Thermogravimetric measurements were obtained using the TA In
strument (New Castle, DE, USA) Discovery TGA system. 5 mg samples 
were purged in a nitrogen gas chamber with a flow rate of 25 mL/min. 
Each run started at 30 ◦C and underwent an isothermal period of 1 min. 
Then the system was ramped up to 600 ◦C at a constant rate of 10 ◦C/ 
min. Subsequent to data acquisition, a step transition analysis was used 
to calculate the temperature onset (To) and temperature end (Tf) of 
decomposition as well as the percent of total weight loss. For each 
sample the fastest rate of change in weight loss as a function of tem
perature (ΔTp) was calculated and reported. For visualization purposes, 
the thermograms are shown as negative derivatives. 

2.9. Differential scanning calorimetry 

Differential Scanning Calorimetry data were obtained utilizing a TA 
Instrument differential scanning calorimeter which is furnished with a 
refrigerated cooling system. A nitrogen flow of 50 mL/ min was applied 
to the chamber during data acquisition. Each sample weighed 5 mg and 
was placed in an aluminum Tzero pan. The procedure for each sample 
was as follows: equilibration at −40 ◦C, modulate 0.318 ◦C every 60 s, an 
isothermal period of 3 min, end of cycle, a ramp of 2.00 ◦C/min to 
400 ◦C, end of cycle. 

2.10. Scanning electron microscopy 

Topographical analysis of samples was obtained utilizing a JEOL 
JCM-6000 Scanning Electron Microscope. Each sample was coated by a 
Denton Desk II sputter coater with Au–Pt to mitigate surface charge 
buildup. Samples were allowed to dry after coating for best image res
olution. Each image was obtained at a magnification of 500×; scale-bar 
length is 100 μm. 

2.11. X-ray scattering 

Morphology of films was assessed with the help of a Xeuss 2.0 Dual 
Source Environmental X-ray Scattering system located at the University 
of Pennsylvania. CuKα, λ = 0.154 nm, was used for incident radiation, 
and a slit size at high flux, 1.2 mm × 1.2 mm, was used for data 
acquisition with a time-run of 600 s per sample. The films were taped to 
a general sample holder and placed inside the chamber under vacuum. 
Although both SAXS and WAXS were obtained, only WAXS is presented 
in this report. With the use of Foxtrot 3.4.9 to evaluate the x-ray profiles, 
azimuthal integration was used to obtain intensity versus scattering 
vector q profiles. 

2.12. Dielectric relaxation spectroscopy 

Dielectric Relaxation Spectroscopy (DRS) was used to determine the 
ionic conductivity of the biocomposites. Ionic conductivity of the films 
was measured using a Solartron Analytical Materials Lab XM and a Janis 
ST-100 Optical Cryostat. The films were placed between two copper 
electrodes with a diameter of 5 mm and were heated under vacuum 
within a temperature range of 450–300 K. The measurements consisted 
of sweeping the frequency from 0.1 Hz to 1 MHz at 10 K intervals 
starting at 450 K. 

3. Results and discussion 

3.1. Infrared spectroscopy 

Fourier Transform Infrared Spectroscopy was utilized to ensure that 
the films were blended properly. Normalized data in Fig. 1a show 
absorbance peaks representative of cellulose at 1180–930 cm−1 (C-O-C 
stretch), 3000–2750 cm−1 (C–H stretch), 3600–3000 cm−1 (O–H 
stretch) [31,35]. Absorption peaks for silk appear at 1720–1600 cm−1 

and 1590–1500 cm−1 which represent the amide I and amide II regions 
of silk, respectively. Appearance of these peaks reveals that the bio
composites are well blended and the final product is a composition of 
both silk and cellulose. Data are analyzed to understand if morphology 
changes as a function of coagulation type and/or as a function of the 
presence or absence of rGO. As a function of coagulation baths, the 
amide I and II regions start to shift for biofilms regenerated in hydrogen 
peroxide, which can be confirmed by examining the data shown in 
Fig. 1b. There are no significant differences in the spectrograms of films 
regenerated in ethanol or water. In the presence of rGO, we see an 
appearance of the amide III region at 1250 cm−1. Unlike the amide I 
band, a water peak does not interfere with the protein's amide III band 
and also shows resolved individual bands allowing for a better and more 
reliable secondary structure analysis [24]. There is also an appearance of 
a =C-H bending mode at 760 cm−1. This peak could be an aromatic, 
specifically ortho substitute, as rGO is a polycyclic aromatic 
hydrocarbon. 

Analysis of the protein's secondary structure was performed by 
manipulating the data with Fourier Transform Deconvolution at the 
amide regions shown in Fig. 1b to calculate the percentages of side 
chains, β-sheets, random coils, alpha helices, and turns. Table 1 show 
values for the effects of both the composition and coagulation type on 
secondary structure of the biocomposites. Previous work has demon
strated that the addition of GO changes the protein β-sheets structure of 
proteins [30]. In this study the presence of rGO increases the β-sheet 
content, which is correlated with the crystalline regions of the protein, 
when compared to films without rGO. Also, there is an increase in 
β-sheet content for the films coagulated in hydrogen peroxide. Specif
ically, the films that contain rGO have the highest percentage of 
β-sheets. This can be attributed to silk chains forming more β-sheet in the 
presence of rGO and hydrogen peroxide. 
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3.2. Thermogravimetric analysis 

Fig. 2 shows thermograms for films with and without rGO as well as 
the derivatives that were utilized to obtain the maximum temperatures 
of decomposition. It has been previously found that the thermograms for 
pure cellulose and silk samples, are more stable than blended films and 
exhibit a unimolecular derivative peak [31]. Beginning with the films 
that did not contain rGO, films coagulated in hydrogen peroxide 
demonstrated overall greater thermal stability, while the films coagu
lated in water demonstrated the weakest thermal stability (Table 2). The 
non-rGO films coagulated in hydrogen peroxide obtained the lowest 
weight loss percentage which means that these films were able to 
maintain more weight during thermal decomposition. In contrast, the 
non-rGO films coagulated in water had the highest weight loss per
centage. The maximum temperature (TΔmax) denotes the largest change 
of the samples weight as a function of temperature (Fig. 2b). The films 
coagulated in hydrogen peroxide were the most thermally stable, having 
the greatest increase in temperature and were thus better able to with
stand thermal decomposition longer. All of the non-rGO film thermo
grams demonstrated a bimodal feature. The bimodal decomposition 
arises from the different morphological regions within the films. In
terfaces of amorphous regions degrade first followed by the crystalline 
regions [25]. This can be seen in Fig. 2b, for example the higher de
rivative peak in the bimodal thermograms is correlated to the amor
phous regions in the non-rGO films degrading more quickly than the 
crystalline regions. The fast degradation of the amorphous regions plays 
a key role in the thermal stability of the film. When relating thermal 
stability of the films to their protein secondary structure content, non- 
rGO films coagulated with hydrogen peroxide had the highest β-sheet 

content and thus had the highest thermal stabilities. This indicated that 
the crystalline regions within a film provide enhanced structural and 
thermal stability. The films coagulated with water were shown to be the 
least thermally stable relative to all samples. Analysis of secondary 
structures showed that films coagulated with water were mainly 
composed of turns and random coils. Therefore, films coagulated in 
water are more amorphous, resulting in lower thermal stability. The 
films coagulated in ethanol follow a similar trend to the films coagulated 
in water. This means that ethanol did not have substantive effects on the 
thermal stability of non-rGO films. The peak that is located at 100 ◦C is 
due to water retention of the samples. We further confirmed that the 
peak located at 100 ◦C was not due to IL decomposition since EMIMAc 
has a decomposition temperature that is greater than 200 ◦C (Fig. S-2). It 
is important to note that it has been previously shown in separate 
thermal data of the individual polymers that silk and cellulose do not 
contain similar water retention peaks [31]. Blessing et al. reported the 
appearance of a similar evaporation peak appears at 100 ◦C. In that 
study, they correlated water absorbance to semi-crystallinity in which 
polymer blends with higher cellulose content retained less water; 
however, polymers blended with higher silk content had higher water 
retention [5]. In another study from Blessing et al., films coagulated in 
hydrogen peroxide had greater water retention peaks than films coag
ulated in other solvents. These findings by Blessing et al. correspond 
with our observations in Fig. 2b and d [4]. Therefore, we denote these 
peaks at 100 ◦C as water retention peaks which form due to the silk 
content within the films and/or type of coagulation agent used. 

The thermograms of films with rGO and coagulated in hydrogen 
peroxide have overall greater thermal stability while films coagulated in 
ethanol have the weakest thermal stability. The thermal stability of our 
films is determined from the onset temperature in Table 2. We note that, 
previously, thermal data has shown that the addition of IL decreases the 
onset temperature of the cellulose-IL films [35]. From onset tempera
tures in Table 2, we conclude that the films coagulated in ethanol have a 
comparatively low thermally stability. Furthermore, plots of all films 
with rGO in Fig. 2d show a bimodal derivative. However, two of the 
films (ethanol and hydrogen peroxide) contain a smaller initial deriva
tive peak. This peak can be attributed to a small portion of the films 
degrading at that temperature. Higher temperatures were needed to 
fully degrade the films coagulated in ethanol and hydrogen peroxide. In 
terms of secondary structures, ethanol and hydrogen peroxide reduce 
creation of amorphous regions resulting in higher crystallinity of the 
films. In the films coagulated in ethanol the largest derivative peak is 
located at the same position as the initial derivative peak of the films 
coagulated in water. This can be due to amorphous regions in the 
ethanol-coagulated films degrading first followed by the crystalline 

Fig. 1. (a) Combined FTIR data for 60 % silk and 40 % cellulose biofilms with and without the addition of reduced graphene oxide. (b) The combined data for the 
amide regions. 

Table 1 
Secondary structure percentages for 60 % silk and 40 % cellulose biofilms with 
and without the addition of rGO.  

Composition Coagulant Side 
chains 

Beta 
sheets 

Random coils and 
alpha helices 

Turns 

Non-rGO 100 % 
H2O  

0.42  21.1  44.6  33.9 

Non-rGO 10 % H2O2  2.49  24.4  38.7  34.4 
Non-rGO 10 % 

EtOH  
0.23  19.7  47.3  32.7 

rGO 100 % 
H2O  

0.36  28.7  40.7  30.2 

rGO 10 % H2O2  5.19  30.4  58.3  6.10 
rGO 10 % 

EtOH  
0.22  23.7  35.8  40.3  
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regions. The X-ray scattering data provides additional insight into the 
effects of coagulation agent and rGO content on film crystallinity and 
morphology. 

3.3. Differential scanning calorimetry 

Differential scanning calorimetry (DSC) scans were collected in a 
continuation of the thermal analysis (Fig. 3a-b). Glass transition 

temperatures were obtained from the reversing heat capacity scans and 
the exothermic (crystallization) peaks. Endothermic peaks were ob
tained from the total heat flow scans. All values are shown in Table 3. 
Among non-rGO films, those coagulated in ethanol exhibited the lowest 
glass transition temperature at 111.2 ◦C (384.35 K), and the films 
coagulated in hydrogen peroxide had the highest glass transition tem
perature, 140.0 ◦C. Similar to TGA data, the films coagulated in ethanol 
and water were not significantly different from each other; their 
respective glass transition temperatures were only separated by 4.5 ◦C. 
Films coagulated in hydrogen peroxide did not have an endothermic 
peak, however, they showed an exothermic peak at 106.4 ◦C (379.55 K). 
This peak corresponds to crystallization occurring at that specific tem
perature. The films coagulated in water and ethanol show two 
exothermic peaks starting at 210.2 ◦C (483.35 K) and 204.4 ◦C (477.55 
K) respectively. As demonstrated in the TGA data in Table 2, onset 
temperatures of degradation begin at approximately 200 ◦C. Compara
tively, in Fig. 3, there are exothermic peaks that are present at 229.7 ◦C 
and 295.9 ◦C, 300.6 ◦C and 261.1 ◦C, and 291.4 ◦C, respectively, for 
water, hydrogen peroxide, and ethanol films with rGO (Table 3). These 
peaks appear after the start of degradation denoted by the TGA ther
mograms. Therefore, these exothermic peaks are due to film degrada
tion. We note is that the exothermic peaks for water and ethanol film are 
very similar to one another, however, the films coagulated with 
hydrogen peroxide differ in their degradation data. This points to dif
ferences in morphology between the biocomposites associated withtheir 
solvents used for coagulation. 

Among films not containing rGO (non-rGO), coagulation in hydrogen 

Fig. 2. (a) Thermal analysis data obtained from TGA of 60 % silk and 40 % cellulose biofilms that did not contain reduced graphene oxide. (b) The derivative of the 
thermogram as a function of coagulation agent. (c) Thermal analysis data of films that did contain reduced graphene oxide, and (d) the corresponding derivative as a 
function of coagulation agent. 

Table 2 
Results obtained from thermal data which depict the onset temperature of 
degradation (Tonset), the end temperature of degradation (Tend), percent loss of 
the film (Wt. Loss %), and the rate of change as a function of temperature 
(TΔmax).  

Composition Coagulant Tonset 

(◦C) 
Tend 

(◦C) 
Wt. loss 
(%) 

TΔMax (◦C) 

Non-rGO 100 % H2O  193.2  293.4  71.4 219.2, 
284.7 

Non-rGO 10 % H2O2  258.6  355.5  78.8 266.4, 
324.4 

Non-rGO 10 % EtOH  214.2  298.3  68.1 233.9, 
283.4 

rGO 100 % H2O  229.9  344.8  71.6 277.4, 
325.6 

rGO 10 % H2O2  258.3  350.9  78.7 261.1, 
318.6 

rGO 10 % EtOH  215.0  308.5  74.2 237.4, 
280.1  
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peroxide resulted in the highest glass transition temperature (138.7 ◦C), 
while the film coagulated in water had the lowest glass transition tem
perature (131.6 ◦C, 404.75 K). In regards to the exothermic peaks that 
appear at 232.4 and 288.5, 302.9, 229.7 and 278.6 for the water, 
hydrogen peroxide, and ethanol films without rGO, respectively, these 
occur after the start of degradation according to the TGA onset tem
peratures in Table 2. In both rGO and non-rGO films, the exothermic 
peaks present for the water and ethanol films are similar to each other, 
while the profile of the hydrogen peroxide films differ from the water 
and ethanol's profiles. The films coagulated in water and ethanol exhibit 
similar trends, as their glass transition temperatures differ only by 1 ◦C, 
thus, indicating that water and ethanol did not significantly affect their 
glass transition temperatures. In contrast, the film coagulated in 
hydrogen peroxide without rGO had greater thermal stability. In terms 
of DSC, the non-rGO film coagulated in hydrogen peroxide also had a 
higher glass transition temperature. This indicates that hydrogen 
peroxide affects at least one of the natural polymers considering that in 
the β-sheet content analysis, the films coagulated in hydrogen peroxide 

Fig. 3. Data obtained from DSC of 60 % silk and 40 % cellulose biofilms with and without the addition of reduced graphene oxide. (a) The total heat flow vs 
temperature and (b) reversing heat capacity vs modulated temperatures as a function of coagulation agent. 

Table 3 
The glass transition temperatures, degradation temperatures, and crystallinity 
temperatures of all films.  

Composition Coagulant Tg 

(◦C) 
Tg 

(K) 
Endothermic 
peak 

Exothermic 
peaks 

Non-rGO 100 % 
H2O  

115.7  388.8 78.1 210.2, 232.4, 
288.5 

Non-rGO 10 % 
H2O2  

140.0  413.2 – 106.4, 302.9 

Non-rGO 10 % 
EtOH  

111.2  384.3 56.4 204.4, 229.7, 
278.6 

rGO 100 % 
H2O  

131.6  404.7 70.3 257.3, 295.9 

rGO 10 % 
H2O2  

138.7  411.8 – 104.8, 300.6 

rGO 10 % 
EtOH  

132.6  405.7 75.8 217.6, 261.1, 
291.4  

Fig. 4. Scanning electron images of 60 % silk and 40 % cellulose films. The first row is the films that contain rGO: a. 10 % ethanol, b. 10 % hydrogen peroxide, and c. 
100 % water. The second row does not contain rGO: d. 10 % ethanol, e. 10 % hydrogen peroxide, and f. 100 % water. 
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also had greater β-sheet content. Nonetheless, both rGO and non-rGO 
films coagulated in hydrogen peroxide showed similar trends, only 
differing by a few degrees. Furthermore, the addition of rGO seemed to 
modify the thermal properties of the films, specifically, increasing the 
glass transition temperature for most composites. 

3.4. Scanning electron microscopy 

Scanning Electron microscopy (SEM) was used to study the topo
graphical properties of the rGO and non-rGO films (Fig. 4). Overall, 
images of films show uniformity and homogeneity. For both rGO and 
non-rGO films, those coagulated in ethanol look mostly smooth. How
ever, images of rGO films have small specks on the surface, and when 
coagulated in ethanol, show more topographical folding in the upper 
right corner. Furthermore, the image of the film coagulated with 
hydrogen peroxide and containing rGO showed greater “roughness” 
than other films. However, when coagulated in hydrogen peroxide, films 
without rGO exhibit the most visually smooth surfaces (Fig. 4e). The film 
coagulated in water with rGO exhibited many spheres and bumps that 
appeared to be underneath the surface of the sample, and for the film 
coagulated in water without rGO appeared smooth but with “specks” on 
its surface. Overall comparison of the rGO and non-rGO samples 
revealed that the non-rGO films were topographically smoother with 
further contrast resulting from the effects of the coagulation methods. In 
the supplemental information, we have included images of the fabri
cated rGO-based biocomposites (Fig. S-1). 

3.5. X-ray scattering 

Morphological analysis was conducted on silk and cellulose biofilms 
to observe and compare the structural changes caused by different 
fabrication methods, such as the inclusion of rGO and varying the 
coagulation agents. Wide-angle scattering data of the biofilms were 
analyzed between 5◦ and 35◦ in the 2θ range (Fig. 5). Analysis of the 
results demonstrated no major morphological differences between the 
films with or without rGO although the film coagulated in ethanol 
showed an additional scattering peak. Throughout the dissolution pro
cess, IL will transform the morphology of cellulose from cellulose Iβ to 
cellulose II or cellulose III [32,34,35]. Cellulose II, it is more structurally 
stable than cellulose due to its anti-parallel arrangement [28,34]. Cel
lulose III, which is derived from either cellulose I or cellulose II, has 
intra-chain hydrogen bonding that is similar to cellulose II but has 
parallel cellulosic chains [28,32,34]. Prior investigations have shown 
that cellulose filter papers exhibit diffraction peaks at 2θ = 14.7 ◦ , 

16.8 ◦ , and 22.7◦ in which corresponds to the crystalline planes (101), 
(10-1) and (002) respectively [29,33–35]. These values are character
istic of monoclinic cellulose I [29,33–35]. Pure silk fibers exhibit 
diffraction peaks at 2θ = 20.5 ◦ , 17.8 ◦ , 9.3 ◦ , and 3.7 [4,31]. Differ
ences in the silk and cellulose blended films coagulated in hydrogen 
peroxide in this study showed characteristics of a semi-crystalline 
morphology representative of cellulose II [32]. This observation indi
cated a selective interaction of hydrogen peroxide molecules interacting 
with cellulose within the biofilm matrix during fabrication [2,26]. Films 
coagulated in ethanol and water had an overall amorphous morphology 
and changes in morphology corresponded to an increase in the contrast 
between silk and modified cellulose [4,31,32]. 

The interplanar spacing, or d-spacing, was calculated using the 
following equation, d = 2π

q (Table 4). The crystal sizes of biofilms were 
also calculated in order to obtain a deeper understanding of the biofilm 
crystallization trends. The Scherrer equation, τ = Kλ

βcosθ, was utilized to 
obtain values where τ is the average size of the crystallites, K is the 
Scherrer constant (0.94), λ is the wavelength of the x-ray beam (with a 
value of 0.154 nm), β is the full width half maximum (FWHM), and cosθ 
is the Bragg angle also known as the angle located between the primary 
beam and the family of lattice planes. All values are noted in Fig. 6. The 
films coagulated in hydrogen peroxide have the highest calculated 
crystal size at 3.82 nm for rGO and 3.68 nm for non-rGO films. As 
mentioned earlier, this is a result of the selective interaction between 
cellulose and hydrogen peroxide where the crystal morphology of the 
cellulose is influenced within the biofilm matrix [2,26]. Among the 
biocomposites containing rGO, the crystal size decreased by 0.40 (when 
coagulated in 10 % ethanol), and by 0.50 (when coagulated in water) at 
~20.00◦. However, in films coagulated with hydrogen peroxide the 
crystal size increase by 0.14 in the presence of rGO. A similar trend was 
observed for the peak at ~22.00◦. For films coagulated in water and 
ethanol, inclusion of rGO in the biofilm matrix correlated with a reduced 
crystal size. For films coagulated in hydrogen peroxide, the crystal size 
was unaffected by the presence of rGO, and these crystals remained the 
largest at 4.96 nm. Overall, however, the addition of rGO reduced the 
crystal size. This is expected as rGO incorporates anchor points for 
hydrogen bonds throughout the cellulose backbone. From these findings 
we conclude that the presence of rGO influences the morphology of the 
biocomposite system; however, as seen in the films coagulated in 
hydrogen peroxide, the main driver of film morphology is the interac
tion between coagulation agent and cellulose. 

3.6. Ionic conductivity 

Ionic conductivity of the films is shown in Fig. 7a-b. The relationship 
σ = L/AR was utilized to calculate the conductivity where L is the dis
tance between the two electrodes, A is the cross-sectional area of the 
electrodes, and R is taken as the low frequency x-intercept of the Nyquist 
plot [27]. The dominant mechanism observed in these polymer systems 
is believed to be ion hopping. The ionic conductivity of similar polymer 
systems containing silk, cellulose, and IL have been previously studied. 
In that study, it was found that the interaction of the IL with the polymer 
chains, along with changes in morphology including β-sheet formation, 
can hinder or enhance the overall ionic conductivity of the films [4,5]. 

In this study, the glass transition temperatures obtained from DSC 
analysis influenced the overall ionic conductivity of the biofilms. The 
ionic conductivity data were normalized to remove the influence of the 
glass transition temperature observed in Fig. 8b. The films coagulated in 
ethanol and water displayed an Arrhenius behavior such that the con
ductivity trends were linear in the log-log plot. The ionic conductivity of 
films that did not contain rGO decreased by two orders of magnitude 
with respect to their non-rGO counterparts as a function of coagulation 
agent (Fig. 7a). The films coagulated in hydrogen peroxide showed 
lower conductivity in comparison to the films coagulated in ethanol. 
With the addition of rGO, films coagulated in ethanol and water 

Fig. 5. Normalized wide-angle X-ray scattering data for 60 % silk and 40 % 
cellulose samples with and without the addition of reduced graphene oxide. 
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displayed reduced conductivity, which indicates that the presence of 
rGO disrupts ion mobility. However, in the case of films coagulated with 
hydrogen peroxide, the addition of rGO aids in increasing ionic con
ductivity of the overall polymer system. In the morphology studies, we 
reported that cellulose tends to interact with hydrogen peroxide, which 
influences the crystallinity of the overall film [2,26]. Since the interac
tion between cellulose and hydrogen peroxide is preferred due to their 
strong hydrogen bonding interactions, ions prefer to interact with the 
amorphous or less crystalline regions of the matrix. This is due to the 
tightly packed cellulose‑hydrogen peroxide matrix that inhibits the 

ability of ions to move swiftly through its matrix. This interaction de
creases the ionic conductivity of the hydrogen peroxide films. The 
samples coagulated with hydrogen peroxide also showed high β-sheet 
content and enhanced crystallite size, which further leads to low ionic 
conductivity. Normalized conductivity plots for films coagulated in 
either water or ethanol did not differ substantively. 

The schematic in Fig. 8 illustrates the morphological and physico
chemical effects on the biomaterials of regeneration with hydrogen 
peroxide. With the addition of hydrogen peroxide, there is an increase in 
the cellulose crystallites, demonstrated in Figs. 5 and 6. Addition of rGO 
increases the percentage of β-sheets structure as demonstrated in 
Table 1. These effects influence the ionic conductivity. There is an 
apparent correlation between β-sheet content and enhanced ionic con
duction. Blessing et al. showed that there is a relationship between ionic 
conductivity and β-sheet content wherein the ionic conductivity corre
lates positively correlated with β-sheet content in a silk and cellulose 
system [4,5]. 

4. Conclusion 

We successfully integrated reduced graphene oxide into silk- 
cellulose films and observed key morphological and physicochemical 
changes. The characterization tests conducted produced intriguing in
formation on the morphology, structure, and ionic conductivity of these 
biofilms. From FTIR, we were able to determine that all polymeric 
components were successfully blended. FTIR was also vital in calcu
lating the secondary structural content of the films, where it was 
observed that the presence of rGO enhanced β-sheet content. These 
findings indicate that rGO influences the structural integrity of the 
composites. Furthermore, the resulting films obtained a homogeneous 
topography. This finding is linked to the thermal analysis (TGA) data 
which showed that the films with rGO had higher onset temperatures 
than the composites without rGO. Furthermore, DSC studies indicated 

Table 4 
Values of the wide-angle X-ray scattering peaks for the 60 % silk and 40 % cellulose samples with and without the addition of reduced graphene oxide.  

Sample α β γ δ 

q (nm−1) d (nm) q (nm−1) d (nm) q (nm−1) d (nm) q (nm−1) d (nm) 

10 % EtOH rGO – – 8.93 0.70  14.33  0.44  15.54  0.40 
10 % EtOH non-rGO – – – –  14.20  0.44  15.36  0.41 
10 % H2O2 rGO 4.27 1.47 8.70 0.72  14.12  0.44  15.44  0.41 
10 % H2O2 non-rGO – – 8.85 0.71  14.18  0.44  15.48  0.41 
100 % H2O rGO – – 8.70 0.72  14.60  0.43  15.49  0.40 
100 % H2O non-rGO – – 8.76 0.72  14.25  0.44  15.45  0.41  

Fig. 6. Crystal size calculation results demonstrating the difference between 
the two peaks of the 60 % silk and 40 % cellulose biofilms with and without the 
addition of reduced graphene oxide. 

Fig. 7. (a) Data obtained using a cryostat to measure the conductivity of 60 % silk and 40 % cellulose films with and without reduced graphene oxide. (b) Glass 
transition temperature divided by the temperature of conductivity measurement. 
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that films without rGO are reported had a lower glass transition tem
perature than films with rGO. Thus the addition of rGO increased the 
glass transition temperature of the films and changed film morphology. 
In contrast, the presence of rGO negatively affected the overall ionic 
conductivity of the film, which resulted in a less conductive biofilms due 
to changes in the biocomposite morphology. However, rGO did improve 
ionic conductivity of films coagulated in hydrogen peroxide. To explain 
why conductive trends were different for films coagulated in hydrogen 
peroxide, X-ray scattering data showed that inclusion of hydrogen 
peroxide produced a semi-crystalline morphology, whereas inclusion of 
ethanol or use of water alone resulted in an overall amorphous 
morphology. The semi-crystalline morphology of films coagulated with 
hydrogen peroxide is related to the hydrogen bonding interaction be
tween cellulose and hydrogen peroxide during the coagulation stage, 
which leads to a tightly bonded matrix. Ions present in the hydrogen 
peroxide and cellulose matrix thus favor interaction with the silk poly
mer chains rather than the cellulose, resulting in higher ionic conduc
tion. As shown by our data from the hydrogen peroxide coagulated 
films, this study adds further evidence supporting the notion that 
increasing β-sheet content enhances ionic conductivity. The results of 
this investigation provides insights into how small amounts of rGO 
coupled with different coagulation agents can change the morpholog
ical, thermal, and conductive properties of cellulose and silk composites. 
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