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Abstract The development of environmentally 
friendly, multifunctional conductive membranes is an 
ideal candidate for future new electronic components. 
Some cellulose-based electronic sensors have been 
studied, such as pressure sensors, hydrothermal sen-
sors, flexible sensors, optoelectronic devices, and elec-
trochemical energy storage, etc. However, there are very 
few studies on cellulose-based conductive materials in 
Joule heating. In this study, we adopted a simple and 

environmentally friendly silane crosslinking method to 
crosslink cellulose and graphene oxide (GO) together. 
The cellulose/GO hybrid membrane were characterized 
by FTIR, Raman, SEM, AFM, TGA, surface wettability, 
self-cleaning, surface resistance, Joule heating and other 
tests. Results showed that the covalent bond between 
cellulose and GO was formed by vinyltrimethoxysilane 
(VTMS), and GO was successfully cross-linked on the 
surface of the cellulose membrane. The cellulose/GO 
hybrid membrane has good thermal stability, strong 
hydrophobicity and self-cleaning properties. When the 
GO concentration was 3 w/w%, the Young’s modulus 
of the film reached the maximum (47.38% higher than 
that of the original sample). In addition, it also exhib-
ited extremely low surface resistivity (720.69 Ω), con-
trollable Joule heating capability, extremely fast thermal 
response (heating process and cooling process within 
5  s) and good electrothermal stability. It showed great 
potential in multi-functional electronic products such as 
electric heating electronic devices, electric heating sen-
sors, and smart clothing in the future.

Keywords Conductive · Membranes · 
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Introduction

Recent years, there has been great interest in devel-
oping small, multifunctional electronics, especially 
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in sensor, wearable electronics and monitor fields 
(Han et al. 2022; Zhang et al. 2022b). Conventional 
electronic devices involve a large amount of non-
renewable, refractory and low-durability polymers, 
which inevitably lead to waste of resources and pol-
lution (Liu et al. 2020). Therefore, environmentally 
friendly, renewable, stable, easily processable and 
multifunctional conductive composites becomes an 
ideal candidate for future electronic components 
(Karimah et al. 2021; Cenci et al. 2022).

As we all know, cellulose has a wide range of 
sources that can be extracted from trees, leaves and 
crops, etc. Also, it has many advantages like low 
cost, high strength, stability, and degradability. At 
the same time, cellulose has abundant hydroxyl 
groups, which endows the possibility of chemical 
modification. However, cellulose is an insulator 
material, and how to impart electrical conductivity 
to cellulose-based composites is a hot topic in the 
scientific community (Liu et al. 2020).

Conductive carbon material such as carbon nano-
tube, graphite, graphene and graphene oxide (GO) 
are lightweight material with various structures 
and properties, thus facilitating large-scale applica-
tions, and has been used as a substitute for metals 
(Krifa 2021). Despite the limited conductivity, GO 
as a derivative of graphene has abundant hydroxyl, 
carboxyl and epoxy groups, which is easy for 
crosslinking.

Physical blending (Valentini et al. 2013; Pan et al. 
2021), layer-by-layer stacking (Gao et  al. 2013; Li 
et al. 2020), vacuum filtration (Hou et al. 2018), etc. 
are popular method to prepare conductive hybrids of 
cellulose and graphene and its derivatives by many 
studies. But, due to the weak van der Waals forces 
such as π-π bond and hydrogen bond between such 
carbon material powders, it is difficult to disperse 
them uniformly. Many attempts have been done to 
solve those problems. Ghulam Yasin et al. used sur-
factants to enhance the electrostatic repulsion of gra-
phene and hinder the agglomeration. However, the 
introduction of new impurities led to a decrease in 
the interfacial bonding force between graphene and 
the polymer, which weakened the performance of the 
coating (Yasin et al. 2018). Gaojie Han et al. success-
fully developed cellulose-based Ni-decorated gra-
phene magnetic film (Han et  al. 2021). Firstly, they 
subjected Ni(OH)2 nanoribbon to hydrothermal reac-
tion under high pressure for 12 h, followed by in-situ 

thermal reduction with GO suspension for 12 h, and 
finally vacuum filtration. It takes advantage of good 
dispersion of GO, but this work is time-consuming 
and complex.

Silane crosslinking by grafting of vinyl-silane 
to polymer chains and thermal curing, to cre-
ate C–Si–O–Si–C bonds is also described (Goeth-
als 2021; Salwa et  al. 2022). Silane modification of 
GO perfectly solves its dispersion problem, and has 
a good layered structure to form a dense coating 
(Hou et  al. 2010; Chen et  al. 2022). Hemant Mittal 
successfully prepared GO/chitosan (CS)/carboxym-
ethyl cellulose cross-linked nanocomposite hydrogels 
using vinyltriethoxysilane (VTES) for dye adsorp-
tion (Mittal et al. 2021). Y.Chen et al. utilized silane-
modified GO to prepare a dense hydrophobic layer 
and explored its anti-corrosion properties (Chen et al. 
2022). Kingshuk Dhali et  al. modified cellulose by 
VTES and explored its surface properties (Dhali et al. 
2022). Mandana Dilamian et al. prepared superhydro-
phobic and lipophilic cellulose aerogels with methyl-
trimethoxysilane for oil–water separation (Dilamian 
and Noroozi 2021).

However, these works mainly focus on explor-
ing environmental remediation, physical and surface 
properties, etc. There are few studies on the crosslink-
ing of cellulose composites in electronics.

In this work, we use an eco-friendly, simple and 
time-saving process for cellulose/GO crosslinking 
without high temperature, pressure and any toxic 
reagents. The results showed that cellulose was suc-
cessfully cross-linked of cellulose and GO, with 
excellent thermal stability, good mechanical property, 
hydrophobicity, self-cleaning ability, low resistivity, 
great joule heating performance and quick response 
time. This method provides a new idea for peroxide 
crosslinking. The prepared samples have potential 
applications in various fields.

Experimental

Materials

Cellulose membrane (pore size 0.22  μm, weight 
0.95 g), ethanol, acetone, hydrochloric acid (HCl) and 
vinyltrimethoxysilane (VTMS, 98%) were supplied 
by Sigma Aldrich (ST. Louis, USA). GO was pro-
vided by the Technical University of Liberec. All the 
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solutions used distilled water with 18 MΩ cm electri-
cal resistivity.

Preparation of silane-crosslinked cellulose/GO hbrid 
membrane

At first, 5 w/w% VTMS was added into 30 ml 80% 
ethanol solution at pH 4, which was adjusted by HCl, 
for 30 min for the hydrolysis of VTMS. Then, differ-
ent concentration of GO (1 w/w %, 2 w/w %, 3 w/w 
%, 4 w/w %, 5 w/w %) and cellulose membrane were 
added into the above VTMS solution for crosslink-
ing and stirred at low speed for 5 h at 80  °C. After 
the silane reaction, the membrane was taken out and 
dried in a vacuum oven at 120 °C for 10 min to pro-
mote cross-linking. Finally, samples were washed in 
ethanol and acetone solutions to remove unreacted 
GO and silane.

FTIR and Raman

The changes in functional group of samples was 
chemically investigated by FTIR spectrometer (Nico-
let IZ10). Spectrum was obtained in the spectral 
region between 400  cm−1 and 4000  cm−1 with 2  cm−1 
resolution.

Morphology

The surface morphology of the cellulose/GO hybrid 
membrane was observed by Scanning electron 

microscope (SEM) (VEGA TESCAN Inc., USA) and 
atomic force microscope (AFM).

Grafting density of cellulose/GO hybrid membrane

The grafting density (D %) was calculated by the 
increase of weight of cellulose/GO hybrid membrane 
after silane reaction following the equation (Anirud-
han et al. 2018):

where W
a
 is the dry weight of the composite after 

silane crosslinking and W
b
 is the dry weight of the 

cellulose membrane before silane crosslinking. With 
the increase of GO concentration, the D % changes as 
shown in Fig. 1.

Thermal

5–10 mg sample was put into the aluminum film box 
and was measured by TGA/SDTA851 from 25 to 
600  °C at a heating rate of 10  °C/min. The experi-
ment was carried out under N2 gas at a flow rate of 
10 mL/min.

Mechanical properties

Cellulose/GO Membrane was cut into 40  mm 
length and 3  mm width pieces, and their thickness 
(0.11  mm) was measured with a micrometer. Stress 

D% =
(W

a
−W

b
)

W
a

⋅ 100%

Fig. 1  Grafting Density 
of Cellulose/GO Hybrid 
Membrane
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and strain tests were carried out by LaborTech TCM 
151 at a speed of 50 mm/min.

Water contact angle (WCA)

The WCA measurements were carried out by optical 
contact angle meter, which was equipped with a spe-
cial purpose software following ISO 27448:2009 test 
method. The measurements were performed at room 
temperature (25  °C) and 50–60% relative humidity. 
The sample was placed horizontally on the observa-
tion platform with double-sided tape, and the obser-
vation camera was observed perpendicular to the hor-
izontal plane. Deionized water was dropped onto the 
surface of the samples from the tip of a micro-pipette 
(5 µL) and the image of the droplet was captured at 
each observation time point, the shape of the droplet 
was analyzed to determine the static contact angle. 
Generally, five drops were measured of each sample, 
and then the average value was calculated.

Resistivity of cellulose/GO hybrid membrane

The surface resistance of cellulose/GO hybrid mem-
branes were tested by a4339B High Resistance Meter 
(Hewlett Packard Ohmmeter) according to the stand-
ard ASTM D257–07. During the test, a 0.1  V DC 
power supply and concentric electrodes were used at 
the pressure of 2.3 kPa, temperature T = 25.5 °C, and 
the relative humidity RH = 52%. Surface resistance 
was measured by putting a voltage potential between 

two electrodes that are in contract with the same side 
of the tested material. The surface resistance ρs was 
calculated from equation:

where �
s
 is the surface resistivity (Ω); R

s
 is surface 

resistance (Ω); o is the middle perimeter of electrodes 
(m) and l is the distance of electrode (m).

Joule heating property

Both sides of the cellulose/GO conductive hybrid 
membrane was fixed by electrode clips, and the dis-
tance between the electrodes at both ends is 3  cm. 
Then, DC power was connected and output different 
voltages (3 V, 6 V, 9 V, 12 V, 15 V). Changes of tem-
perature were monitored by thermal camera.

Results

Characterization of cellulose/GO structure

To study the chemical interaction between cellulose 
and GO after silane crosslinking, original cellulose 
membrane and cellulose/GO hybrid membrane were 
selected for comparison. Figure  2 shows the com-
parison of FTIR spectra of cellulose membranes and 
cellulose/GO hybrid membranes. It can be clearly 
found that many new characteristic peaks appear in 
the cellulose/GO hybrid film after silane crosslinking. 

�
s
= R

s
⋅

o

l

Fig. 2  FTIR spectra of cel-
lulose membrane and cellu-
lose/GO hybrid membrane
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The new characteristic peaks around 1645  cm−1 cor-
respond to the C=C and C=O stretching vibrations 
of GO (Chen et  al. 2021). The characteristic peak 
observed at 1411   cm−1 is attributed to the stretch-
ing vibration of  CH2 on VTMS. Also, the peak at 
1276  cm−1 is due to the vibration of  CH3 (Wu et al. 
2017). The unique characteristic peak of cellulose 
can be observed around 1050   cm−1, which is attrib-
uted to the C–O–C stretching vibration of the glyco-
sidic ring (Rafieian et al. 2018). However, a shoulder 
peak at 1008   cm−1 can be observed in the cellulose/
GO spectra, confirming the presence of Si–O (Golova 
et al. 2020). The peaks appearing from 700   cm−1 to 
850   cm−1 are attributed to Si–C bonds. The appear-
ance of these peaks confirms that complete hydroly-
sis of VTMS achieving cellulose/GO cross-linking 
(Cruz-Aguilar et  al. 2018). Interestingly, the OH 
stretching vibration of the cellulose/GO films weak-
ened after silanization, which may be due to the 
complete hydrolysis of VTMS and the formation of 
condensation with the hydroxyl groups of GO and 
cellulose forming (Si–O)n chains (Wilamowska-Zaw-
locka et al. 2016).

Raman spectroscopy is widely used as an effective 
method to study the structure of graphene and its 
derivatives. Figure 3a shows the Raman spectroscopy 
results of cellulose/GO hybrid membrane and pristine 
GO powders. From the figure, we can clearly find the 
unique D, G and 2D characteristic bands of GO, indi-
cating the successful grafting of GO to the surface of 
the cellulose membrane (Zhang et  al. 2022a). The 
broad and symmetrical 2D peaks indicate the good 
dispersion of GO during the cross-linking process 
with the cellulose membrane surface (Chen et  al. 
2022). The D band is usually associated with the in-
plane  sp3 hybrid carbon irregularity, and the G band 
is ascribed to the in-plane vibrations of the  sp2 hybrid 
carbon in the hexagonal lattice (Chen et al. 2021). At 
the same time, we noticed that after the silane reac-
tion, the G band of the sample shifted to the lower 
wavelength, which verified the multilayer deposition 
of GO on the surface of the cellulose film. In addi-
tion, the D* band appears around 1100   cm−1, which 
may be related to the disordered graphite lattice 
according to the relevant literature (López-Díaz et al. 
2020). The ratio of D peak to G peak intensities 
(

I
D

/

I
G

)

 was used as an effective means to evaluate 
defects in GO composites. From Fig.  3b, compared 

with pristine GO powder, ID
/

I
G

 value first decreased 
and then increased with increasing GO concentration. 
This may be due to the successful covalent reaction of 
GO with the silanol groups in VTMS at low GO con-
centrations without causing damage to the carbon lat-
tice during the condensation process. There is also a 
possibility that, after the silane reaction, silane covers 
the surface defects present in the GO coating (Ahmadi 
et  al. 2016; Raza et  al. 2018). But this conclusion 
needs further confirmation. However, as the GO con-
centration increases, it can be observed that 2D band 
increase and broaden, indicating the multilayer coat-
ing of GO. At the same time, the increase of ID

/

I
G

 
value indicates that too many GO powders were 
deposited on the surface of the cellulose film. Due to 
insufficient silanization and randomness of deposi-
tion, GO grown in different regions, which cannot 
guarantee a uniform crystal extension orientation, 
forming a larger defect.

Surface morphology of cellulose/GO hybrid 
membranes

Figure 4 shows the surface morphological character-
istics of pristine cellulose membrane and cellulose/
GO hybrid membrane. From the figure, it can be seen 
that with the increase of GO concentration, the sur-
face of cellulose film is gradually coated by GO to 
form a dense network and coarse surface. However, 
when the concentration further increased, it can be 
clearly seen from the image that excessive accumula-
tion of GO forms multilayers, and a hole-like struc-
ture, which may have an impact on the surface rough-
ness and electrical properties. The EDS image on the 
right demonstrates the presence of Si in the silane-
crosslinked cellulose/GO hybrid film. Table 1 shows 
the content of C, O and Si element on cellulose/GO 
membrane surface. With the addition of more GO, 
the content of C and Si elements on the film surface 
increased, while the O element decreased indicating 
that GO powders were successfully cross-linked on 
cellulose surface by the condensation between VTMS 
and oxygen-containing groups. In addition, we inves-
tigated membrane surface roughness using AFM. 
From Fig. 5, as the GO concentration increased, more 
and more GO powders were cross-linked or deposited 
on the film, forming a rough surface, which Ra value 
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increased from 126.4  nm to 244.4  nm. This result 
verifies that when the GO concentration is gradually 
increased, a rougher and irregular multilayer structure 
is formed on the film surface.

Thermal analysis of cellulose/GO hybrid membrane

Thermal analysis was used to investigate the stabil-
ity of the samples at higher temperatures and the 
degradation behavior at extreme temperatures. As 
shown in Fig.  6, the cellulose membrane and the 

cellulose/GO hybrid membrane exhibited differ-
ent patterns between 0 and 180  °C. Pure cellulose 
membranes lose weight slowly at this temperature 
due to the removal of moisture, hydroxyl or carboxyl 
groups from the cellulose. However, the cellulose/
GO hybrid membrane showed nothing change. The 
possible reason is that after being cross-linked by 
silane, it turned into a hydrophobic film with no 
moisture present. The hydrophobicity of cellulose/
GO hybrid membranes will be introduced in later 
section. Between 200 and 240  °C, both films lost 

Fig. 3  a Raman spectra 
of cellulose/GO hybrid 
membrane; b ID

/

I
G

 of GO 
powder and different con-
centration of GO
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Fig. 4  SEM and EDS of 
cellulose and cellulose/GO 
membrane



4568 Cellulose (2023) 30:4561–4574

1 3
Vol:. (1234567890)

weight rapidly, which may be related to the depo-
lymerization, dehydration, and decomposition of 
cellulose sugar-based units (Tan et  al. 2022). From 
the DTG curve on the right, it can be found that the 
maximum degradation temperature of the cellulose/
GO film is higher than that of the cellulose film, 
indicating that the thermal stability of the hybrid 
film is improved after silane crosslinking.

Mechanical analysis

The mechanical properties of the hybrid films were 
also investigated. As shown in Fig.  7, with the 
increase of GO concentration, the tensile strength 
and Young’s modulus of the hybrid films first 
increased and then decreased. Compared with the 
unmodified cellulose membrane, the Young’s mod-
ulus of the cellulose/GO hybrid membrane reaches 
the maximum value (113.49  MPa) when the GO 
concentration is 3 w/w%, which is increased by 
47.38%. On the one hand, this may be due to the 
existence of Si–O–Si and Si–C bonds in the com-
posite after silane crosslinking, which strengthens 
the interfacial interaction between cellulose and 
GO, and improves the Young’s modulus and tensile 
strength. On the other hand, as the GO concentra-
tion increased, more GO particles formed cross-
links with the surface of the cellulose membrane, 
synergistically enhancing its mechanical property. 
But, when adding excessive GO, the strength of 
the hybrid films significantly reduced, which may 
be related to insufficient cross-linking or uneven 

dispersion of GO. When the hybrid film is affected 

Table 1  EDS result of C, O and Si elements on membrane 
surface

Wt. % C O Si Total

Cellulose 45.41 54.59 100.00
5 w/w% GO 66.08 17.99 15.92 100.00
4 w/w% GO 62.69 21.35 15.96 100.00
3 w/w% GO 61.02 25.14 13.85 100.00
2 w/w% GO 65.05 20.45 14.49 100.00
1 w/w% GO 53.75 33.44 12.82 100.00

Fig. 5  Surface Morphology of cellulose/GO hybrid films under AFM
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by external force, the stress cannot be well and uni-
formly transferred to the reinforcing phase, result-
ing in the reduction of the stress. Results show that 
the silane-crosslinked cellulose/GO hybrid film 
improves the mechanical strength.

Surface wettability and self-cleaning of cellulose/GO 
hybrid membrane

Surface wettability of cellulose/GO hybrid mem-
brane was investigated by WCA. As is shown in 
Fig.  8, The unmodified cellulose film quickly 
absorbed water droplets with no measurable WCA. 
In contrast, the silane-crosslinked cellulose/GO 

Fig. 6  TG and DTG curve

Fig. 7  Mechanical proper-
ties of cellulose/GO hybrid 
membranes
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films exhibited high WCAs of 112.5°–126.7°, 
revealing their hydrophobicity and could be clas-
sified as a hydrophobic material. This may be 
related to the condensation of oxygen-containing 
functional groups on cellulose and GO with hydro-
phobic VTMS forming covalent bonds and the 
hydrophobic silane forms a protective layer on the 
surface, making the sample hydrophobic. In addi-
tion, the rough membrane surface also promotes its 
hydrophobicity. We used soot to smear the mem-
brane surface to test its self-cleaning properties. 
As can be seen in Fig. 9b, compared with the pris-
tine cellulose membrane, the soot on the cellulose/

GO hybrid membrane is easily carried away by 
water droplets leaving a clean surface. This may 
be due to a hydrophobic layer on the membrane 
surface after silane crosslinking. The low surface 
energy makes it extremely difficult for impurities 
to adhere on the membrane surface, where they 
can be easily encapsulated and removed by water.

Electrical and Joule heating properties

Herein, we examine the electrical conductivity and 
Joule heating capability of cellulose/GO hybrid films. 
As shown in Fig. 9a, the cellulose/GO hybrid mem-
brane had the lowest surface resistivity (720.69  Ω) 
when the GO content was 3 w/w%, revealing the great 

Fig. 8  a Surface hydrophobicity of cellulose/GO membrane; b 
Self-cleaning performance of cellulose/GO membrane

◂

Fig. 9  a Surface resistivity of cellulose/GO membrane; b Joule heating curve of different GO concentration; c Joule heating curve in 
different voltage; d Repeat the switching thermal response at 15 V; e Thermal imaging at different voltages
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conductivity. At low GO loadings, discontinuous and 
isolated GO distributions coated on the membrane 
surface, implying a poor conductive network. When 
the GO loading is gradually increased, a continuous 
conductive network is formed, which is favorable for 
electron transport.

The good electrical conductivity endows the 
hybrid film with excellent Joule heating capability. 
Figure  9b shows the Joule heating capacity of the 
hybrid films at different GO concentrations. Accord-
ing to Joule’s law ( Q =

U2

R
t , Q, U, R, and t are heat 

generated, applied voltage, sample resistance, and 
operating time, respectively), samples with lower 
surface resistivity have extremely high Joule heat-
ing performance. The hybrid membrane exhibits 
a controllable heating temperature with changes of 
applied voltage. As shown in Fig.  9c, as the volt-
age increases, the heating temperature is higher. 
Under the safe voltage of 15 V, it can reach 182 °C. 
In addition, we can find that the heating process 
reaches a very high level within 5 s, indicating that 
its thermal response time is very fast. Likewise, the 
membrane surface temperature decreased rapidly 
within 5  s after the power was turned off, exhibit-
ing excellent controllability. To test the stability of 
its Joule heating performance, we switched the volt-
age every 10 s and recorded its heating and cooling 
temperatures. As shown in Fig. 9d, in the switching 
power with repeated cycles, the heating temperature 
of the membrane fluctuates very little, revealing its 
stable electrical heating performance. The above 
results indicate that the good electrical conductivity 
and excellent Joule heating performance show great 
potential in various electronic fields such as elec-
trothermal clothing, wearable devices, and sensor 
systems.

Conclusion

In this study, cellulose/GO multifunctional hybrid 
membranes were successfully prepared by silane 
crosslinking. The oxygen-containing groups on the 
surface of cellulose and GO condense with VTMS 
to form covalent bonds. Silane modification can 
improve their mechanical and electrical proper-
ties. The prepared hybrid membranes have good 
thermal stability, improved mechanical properties, 
excellent hydrophobicity, self-cleaning properties 

and low surface resistivity (720.69  Ω). Further-
more, it has excellent performance in Joule heat-
ing with controllable electric heating temperature 
under different voltages, extremely fast thermal 
response speed (within 5  s), and stable electrical 
performance by repeatedly switching the power 
supply. To sum up, this multifunctional membrane 
with hydrophobicity, self-cleaning and excellent 
electrical properties is a strong candidate for a new 
generation of electronic components.
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