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high-performance electrothermal graphene-
AgNPs/lignocellulose composites†

Furong Liu, Cuiping Yu, * Xinyi Guo, Hui Peng and Shengqiang Qiu*

Graphene-based (Gr-based) electrothermal heaters, due to their light weight, low electrical resistance, high

thermal conductivity, and easy accessibility, have attracted widespread attention in the field of

electrothermal heating. To achieve a high steady-state temperature in electrothermal heaters under low

voltage, here we constructed a Gr-based film with low electrical resistance. Firstly, we employed non-

toxic vitamin C to reduce silver nitrate for the in situ chemical deposition of silver nanoparticles (AgNPs)

on the Gr surface. The SEM results confirmed that the AgNPs were uniformly deposited on the Gr

surface. The synergistic interaction between AgNPs and Gr provided high-speed electrons transport

paths for the film. On the other hand, we employed biodegradable lignocellulose fiber (LCF) as

a dispersant and film-forming agent. The aromatic ring structure of LCF interacts with Gr via p–p

interactions, aiding the dispersion of Gr in aqueous solutions. SEM results revealed that LCF permeated

through the surfaces and interstices of the two-dimensional Gr sheets, providing mechanical support for

the composite film. This approach enables the creation of freestanding Gr-AgNPs/LCF electrothermal

composites. The resistivity and electrothermal results demonstrated that the obtained 20 wt% Gr-based

composite film possessed low electrical resistance (5.4 U sq−1) and exhibited an outstanding saturated

temperature of 214 °C under a very low input voltage of 7 V. The preparation method of this Gr-based

composite film is simple, easy to operate, and environmentally friendly, providing a new reference for

the preparation of eco-friendly and high-performance resistance heating electronics.
Introduction

Electrothermal composites are a class of functional resistors
that utilize the Joule heating effect to convert the electrical
energy into Joule heat. They are used in de-icers, defrosters,
oor heating, and smart textiles, etc.1–7 According to Joule's law:

Q ¼ U2

R
t, where Q is the heat creation, U is the applied voltage, t

is the time, and R is the electrical resistance. To meet the safety
requirements of low-voltage input for electric heaters, while
ensuring high heating efficiency and saturation temperature,1 it
was necessary to maximally reduce the electrical resistance of
the electrothermal composites. Additionally, to achieve rapid
temperature response and uniform temperature distribution of
the resistor, achieving high thermal conductivity in electric
heaters can ensure their rapid heat dissipation and thermal
transfer.8 Traditional metallic electrothermal materials such as
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Ni–Cr composite metals,9 copper,10 and indium tin oxide11 have
been widely used due to their excellent electrical conductivity.
However, their application is limited due to large weight, poor
mechanical properties, slower response rates, and susceptibility
to acid and alkali corrosion.

Compared with traditional metal electrothermal materials,
carbon-based heaters are considered potential substitutes due
to their lighter weight, higher thermal conductivity, lower
resistivity, enhanced energy conversion efficiency, resistance to
acid and alkali corrosion, and accessibility.1,12–14 Particularly,
graphene (Gr) exhibits theoretical electrical conductivity as high
as 6000 S cm−1 and thermal conductivity reaching up to 5300 W
m−1 K−1.15–17 The monolayer sp2 hybridized nanostructure
provides high-speed transmission channels for electrons and
phonons, endowing Gr lms with exceptional electrothermal
properties.18 For example, Cheng et al.17 fabricated electro-
thermal composites using functionalized Gr and carbon black.
Their study revealed that functionalized Gr signicantly
enhanced the electrothermal performance of the composite
lms. The highest heating rate achieved was 5.6 °C s−1, with the
maximum steady-state temperature reaching up to 83 °C, both
markedly surpassing the performance of the composite lms in
the control group without functionalized Gr. Ma et al.19

produced Gr/carbon paper electrothermal composites with
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
rapid electrothermal heating rate (215 °C s−1 V−1). At an input
voltage of 1.75 V, the highest steady-state temperature reached
235 °C, surpassing the performance of commercial Gr heater.
Although Gr lms exhibited exceptional electrothermal prop-
erties, their fabrication process was complex, required sophis-
ticated equipment, and was energy-intensive. To achieve higher
saturation temperatures and faster heating efficiency at lower
voltages for Gr-based electric heaters, utilizing the synergistic
effect of nano-llers and employing green and simple process
conditions to reduce the electrical resistance of Gr lms is an
effective method for enhancing their electrothermal perfor-
mance. Liang et al.18 utilized multi-walled carbon nanotubes
(MWCNT) and reduced graphene oxide (RGO) as composite
llers, which were mixed and dispersed with cationic cellulose,
followed by vacuum ltration to form a lm. The ller content
was xed at 40 wt%, and the effect of the synergistic interaction
on the electrothermal performance was investigated by varying
the mass ratio of MWCNT to RGO. The study found that the
composite lm exhibited optimal electrothermal heating
performance when the MWCNT to RGOmass ratio was 35 : 5. At
an applied voltage of 18 V, the steady-state temperature excee-
ded 102.15 °C, indicating a signicant synergistic effect of the
two llers.

Silver nanoparticles (AgNPs) exhibit high electrical conduc-
tivity (6.3 × 107 S m−1) and can form micro-nano synergistic
conductive networks in conjunction with two-dimensional
Gr.20,21 The stacking and contact of these two materials on
and within a polymer matrix can create more continuous and
compact paths for heat conduction and electrical conduction,
leading to enhanced electrothermal effects. For example, Nie
et al.22 constructed micro-channels on a transparent PET
surface, and then lled these channels with commercially
available Gr and AgNPs using the blade coating method to form
a transparent electrothermal lm. The AgNPs bridged the Gr
sheets, facilitating the enhancement of electrothermal perfor-
mance. This composite lm achieved a steady-state temperature
exceeding 70 °C under a 3 V voltage, and exhibited good exi-
bility. However, the fabrication process involved in this work
was complex, and the organic plastic matrix was difficult to
degrade. The contact between AgNPs and Gr sheets was ach-
ieved through physical dispersion rather than in situ chemical
deposition, resulting in high contact resistance. Hydrazine
hydrate,23 NaBH4,24–26 N,N0-dimethylformamide,27 and sodium
citrate28 have been used for the chemical deposition of AgNPs
on the Gr surface.

Based on the above analysis, this work employed a simple
stirring and mixing method to in situ chemically deposit AgNPs
on the surface of Gr using non-toxic vitamin C (VC). Addition-
ally, lignocellulosic ber (LCF) was selected as the matrix for the
electrothermal composites. The primary reason for choosing
LCF was: LCF predominantly found in the byproducts of the
papermaking industry, offer sustainable and biodegradable
sources, rendering them an eco-friendly material. Furthermore,
LCF is characterized by its aromatic ring structures and quinone
groups, contributing to its hydrophobic nature. This property
facilitated the dispersion of Gr in aqueous solutions. Addi-
tionally, the one-dimensional linear architecture of LCF allowed
© 2024 The Author(s). Published by the Royal Society of Chemistry
it to interpenetrate with two-dimensional Gr sheets, thereby
providing mechanical support structures. The loading of AgNPs
onto the Gr surface enriched the conductive network between
the Gr layers. Under the synergistic effect of the AgNPs and Gr,
the electrical conductivity of the electrothermal composite lm
was further enhanced. The entire preparation process was
environmentally friendly, green, and straightforward, providing
a novel reference for the fabrication of eco-friendly, high-
performance, Gr-based electric-thermal lms.

Experimental
Materials

Graphene (purity > 99%) was supplied by Suzhou Carbonfeng
Graphene Technology Co., Ltd (China). Lignocellulosic ber
utilized in the experiment, with 1–2 mm in length and 5–20 mm
in diameter, were supplied by Jinzhou Baoyi Building Materials
Technology Co., Ltd (China). Silver nitrate (AgNO3) and L-
ascorbic acid were purchased from Sinopharm Chemical
Reagent Co., Ltd (China). All chemicals were analytical grade
and were used as received without further treatment.

Preparation of Gr-AgNPs/LCF composites

To assess the inuence of Gr-AgNPs content on the electro-
thermal behavior of composite lms, the mass ratio of Gr to
AgNPs was xed at 4 : 1.28,29 Under this condition, the impact on
electrothermal properties was explored by altering the weight
ratio of Gr-AgNPs to LCF. To prepare 7.5 wt% Gr-AgNPs/LCF
composite, 0.03 g of Gr was added into 15 mL of deionized
(DI) water at 25 °C followed by ultrasonication for 30 min
(200W output power). Then, 0.4625 g of LCF was mixed with the
Gr dispersion through sonication for 20 min. The uniform Gr/
LCF dispersion was acquired. Subsequently, 12 mg AgNO3 was
added to the above Gr/LCF dispersion, and ultrasonic-mixing
was performed for 20 min. To reduce AgNO3 to form AgNPs,
12 mg of VC was introduced to the above dispersion and soni-
cated for 10 min, followed by mechanical stirring for 12 h. The
Gr-AgNPs/LCF dispersion was ltered to obtain Gr-AgNPs/LCF
cake. Finally, the composite cake was dried at 80 °C for 5 h
and called Gr-AgNPs/LCF. Samples of other concentrations
(10 wt%, 15 wt%, 20 wt%) were prepared using the same
procedure.

Characterization

The chemical features of Gr, LCF, and Gr-AgNPs/LCF compos-
ites were characterized via Fourier transform infrared (FTIR;
Nicolet iS5, Thermo Fisher Scientic) analyses performed
within the range of 4000 to 500 cm−1. X-ray diffraction (XRD;
DX-2700) patterns were conducted with the scan rate of 0.2° s−1

from 10° to 80° (2q) (Cu Ka radiation, l = 1.5408 Å). The cross-
sectional morphologies of Gr-AgNPs/LCF composites were
acquired using a scanning electron microscope (SEM; Regulus
8100, Hitachi) operating at an acceleration voltage of 3 kV. The
elemental mappings of the Gr-AgNPs/LCF composites were
assessed using energy-dispersive X-ray spectroscopy (EDS),
coupled with SEM, operating at an acceleration voltage of 20 kV.
RSC Adv., 2024, 14, 10538–10545 | 10539
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Fig. 2 FTIR spectrums of LCF and Gr-AgNPs/LCF composites.
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X-ray photoelectron spectroscopy (XPS) analysis of 20 wt% Gr-
AgNPs/LCF was conducted using a Thermo Scientic K-Alpha
spectrometer, equipped with Al Ka source. The measurements
were performed at a lament current of 6 mA and an acceler-
ating voltage of 12 kV. To obtain the square resistance values of
the samples, a M-3 Mini type four-probe tester was used. The
average value was calculated from ve distinct regions on each
composite lm to ensure accuracy. The external power supply
used to record the voltage–power–temperature values of the
samples was an A-BF adjustable direct current (DC) power
supply (SP-305). A digital thermometer with range of −50–200 °
C (LCD-281S) was used to record the temperature. Electro-
thermal lms with an effective heating area of approximately 4
cm2 (2 cm × 2 cm) were fabricated by precision cutting. Copper
strips were adhered to the designated area of the electrothermal
lms to serve as electrodes for testing purposes. The sample test
setup was illustrated in Fig. S1.†
Results and discussion

Gr-AgNPs/LCF composite lms with excellent electrothermal
properties were prepared using the method shown in Fig. 1.
AgNO3 was reduced by VC to form AgNPs and coated on the
surface of Gr,30,31 two-dimensional Gr sheets were constructed
to overlap and form conductive paths, the zero-dimensional
AgNPs acted as a bridge between the sheets, and the one-
dimensional LCF acted as a dispersion agent and provided
mechanical support for the composite lms. Through the
synergistic effect of Gr and AgNPs, the resistance of the
composite lms was further reduced, and the electrothermal
performance of the composite lms were signicantly
improved. 20 wt% Gr-AgNPs/LCF composite lm still exhibited
excellent exibility.

FTIR was performed on the samples to obtain information
on the functional groups and structural compositions of LCF
Fig. 1 Preparation of Gr-AgNPs/LCF composites.

10540 | RSC Adv., 2024, 14, 10538–10545
and Gr-AgNPs/LCF composite lms. As shown in Fig. 2, the
broad absorption peak at 3410 cm−1 was caused by the phenolic
and aliphatic hydroxyl groups of the LCF side chain,32 the
absorption peak at 2920 cm−1 was attributed to the absorption
vibration peaks of methyl and methylene groups in LCF,33,34 the
absorption peak at 1636 cm−1 was due to the C]C stretching
vibrations of the typical aromatic rings of LCF,35,36 the absorp-
tion peak at 1018 cm−1 was assigned to the C–O stretching
vibrations of methoxy, aliphatic secondary alcohols and ethers
in LCF,37 and the absorption peaks at 1636 cm−1 and 1018 cm−1

were typical characteristic infrared absorption peaks of LCF.
These peaks were clearly observed in the composite lms with
the four ller contents. The peak position did not move
signicantly compared with that of LCF, and essentially no new
absorption peaks were observed, indicating that no new
chemical bond was formed between Gr-AgNPs and LCF.

As shown in Fig. 3, the XRD pattern of the Gr-AgNPs/LCF
composites showed obvious sharp peaks at 38.2°, 44.2°, 64.3°,
and 77.3°, corresponding to the characteristic absorption peaks
at the (111), (200), (220), and (311) planes of the face centred
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD curves of LCF and Gr-AgNPs/LCF composites.

Fig. 4 SEM images of (a and e) 7.5 wt%, (b) 10 wt%, (c) 15 wt%, and (d and
of 20 wt% Gr-AgNPs/LCF composite, (h) Schematic diagram of Gr-AgN

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cubic Ag phase (JCPDS No. 87-0720), respectively,18,38,39 which
strongly conrmed that AgNO3 was successfully reduced to Ag
in the composite lms. A high-resolution spectrum of Ag 3d, as
depicted in Fig. S2,† exhibited peaks at 368.1 eV and 374.1 eV,
corresponding to the Ag 3d5/2 and Ag 3d7/2 levels, respectively.
This conclusively conrmed the complete reduction of Ag+ to
Ag0. The diffraction peak at 26.3° was the (002) characteristic
diffraction peak of Gr. With increasing ller content, both the
area and intensity of this diffraction peak were markedly
enhanced.40,41 The interlayer spacing of Gr calculated using the
Bragg formula was approximately 0.34 nm, which was accor-
dance with the previous study.42–44 LCF is primarily composed of
lignin, cellulose, and hemicellulose. Considering that lignin
and hemicellulose are primarily amorphous in nature, the
diffraction peak about 22.5° was ascribed to lignin and hemi-
cellulose. Other diffraction peaks evident in Fig. 3 for the LCF
were predominantly ascribed to cellulose. Specically, the
diffraction peak observed around 26.8° corresponded to the
f) 20 wt% of Gr-AgNPs/LCF composites, (g, g1, g2 and g3) EDSmapping
Ps/LCF architectures.

RSC Adv., 2024, 14, 10538–10545 | 10541
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(002) crystal plane, signifying the interchain stacking in cellu-
lose. The peaks detected at 32.7° and 43.0° could be attributed
to the (040) and (004) crystal planes, respectively.45,46 Compared
to the original LCF, the peak intensities at 32.7° and 43.0° of the
Gr-AgNPs/LCF composites were signicantly reduced, which
could be attributed to the rearrangement of hydrogen bonds
between cellulose molecular chains due to the presence of VC
and water.47–49 Simultaneously, an increase in the peak intensity
at 22.5° was observed, indicating an augmentation in the
amorphous regions within the composite lms. This phenom-
enon could be attributed to a decrease in the degree of order-
liness of the cellulose, accompanied by an increase in the
relative peak intensities of lignin and hemicellulose. The
comparison of the characteristic peak positions of the
composites with four ller contents showed no obvious shis,
indicating that the structure of Gr-AgNPs/LCF has not changed.
Fig. 5 Voltage–power density-saturated temperature histogram of (a) 7.
(e) Saturated temperature of Gr-AgNPs/LCF composites with various fi

AgNPs/LCF composites.

10542 | RSC Adv., 2024, 14, 10538–10545
As shown in Fig. 4a–d, most of LCF extended in an in-plane
horizontal orientation, forming the foundational skeleton of
the composite lms. This structure offered robust mechanical
support. The Gr sheet was wrinkled, indicating that the Gr used
in this experiment was thin. And the sheet was complete and
undamaged, reecting its high quality.50 Gr sheets adhered
closely to the surface of LCF, forming a tight interface (Fig. 4e).
This adherence could be attributed to the p–p interactions
between Gr and LCF,51–53 as well as the hydrophobic effects of
both Gr and LCF, facilitating the dispersion of Gr in aqueous
solutions with the assistance of LCF. In the fabricated
composites, obvious AgNPs were detected on the surface of the
Gr sheet with a uniform distribution (Fig. 4f and g), further
conrming that the AgNPs were successfully synthesized in the
composites, which was consistent with the XRD and XPS char-
acterization results. The diameters of the AgNPs were
5 wt%, (b) 10 wt%, (c) 15 wt%, (d) 20 wt% of Gr-AgNPs/LCF composites.
ller loadings under different input voltage. (f) Sheet resistance of Gr-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of electrothermal performance of 20 wt% Gr-AgNPs/LCF and other Gr-contained electrothermal materialsa

Material Gr content Driving voltage (V) Steady-state temperature (°C) Ref.

Chemically reduced GO 100 wt% 3.2 42 55
Electrochemically exfoliated Gr 100 wt% 30 139 56
Gr/microsphere/bamboo ber 27 wt% 7 80 57
GO/CNT/AlN 23.6 wt% 4.5 131 58
Gr/MWCNT/CB 22 wt% 10 165 59
Gr/f-MWCNT/CB 26 wt% 3 175 60
POSS-Gr/MWCNT 38 vol% 15 188 61
Gr/PPy/Juncus effusus 17 wt% 10 147 62
Thermally reduced GO/PU 20 wt% 22 75 63
Thermally reduced GO/epoxy 15 wt% 10 120 64
Gr-AgNPs/LCF 16 wt% 7 214 This work

a GO represents graphene oxide; CNT represents carbon nanotube; AlN represents aluminium nitride; CB represents carbon black; f-MWCNT
represent acid treated MWCNTs; POSS-Gr represents POSS functionalized graphene; PPy represents polypyrrole; PU represents polyurethane.
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approximately 550 nm (Fig. S3†). The synergistic interaction
between Gr and AgNPs further enhanced the electrical and
thermal conductivity of the composite lms, thereby improving
the electrothermal properties of the material. The schematic
diagram of the Gr-AgNPs/LCF architectures was presented in
Fig. 4h. LCF comprises lignin, which is abundant in aromatic
rings, thereby facilitating p–p interactions with Gr.51,52,54 This
attribute promoted a close contact between LCF and Gr,
enhancing their interfacial adhesion.

At room temperature, the electrothermal behavior of the Gr-
AgNPs/LCF composite lms was investigated by varying the
constant voltage. Fig. 5a–d illustrated the variation in steady-
state temperature and power density of the composite lms
with different Gr-AgNPs contents (7.5 wt%, 10 wt%, 15 wt%,
20 wt%) in response to the changes in input voltage. The
heating power density could be calculated using the equation

Ps ¼ U2

R� S
, where R and S denoted the resistance and area of

the composite lms, respectively. For a given composite lm,
the power density increased with an increase in voltage, indi-
cating that the electric heating performance could be controlled
by adjusting the voltage. Under the same voltage, composite
lms with a higher Gr-AgNPs content exhibited a higher power
density due to their relatively lower resistance. Fig. 5e illustrated
the trend of steady-state temperature variation with input
voltage for Gr-AgNPs/LCF composite lms at different ller
contents. The steady-state temperature of each composite lm
monotonically increased with the increment of voltage. At
a specic voltage, as the Gr-AgNPs content increased, the
steady-state temperature of the composite lm rose. This could
be attributed to the lower resistance of the composite lm,
allowing for a higher power density and consequently a higher
steady-state temperature. Additionally, the increased Gr-AgNPs
content enhanced the electrical and thermal conductivity of
the composite lm, aligning with the results of electrical
conductivity tests. As depicted in Table 1, compared to previ-
ously reported Gr electrothermal heaters, the composite lms
prepared in this study demonstrated a higher steady-state
temperature at a lower voltage. At a low driving voltage of 7 V,
© 2024 The Author(s). Published by the Royal Society of Chemistry
with an input power density of 1.55 W cm−2, the highest steady-
state temperature achieved was 214 °C. At a temperature of
214 °C, the 20 wt% Gr-AgNPs/LCF electrothermal lm was
exposed to a room-temperature air environment with a contin-
uous input voltage of 7 V for 1 h. The steady-state temperature of
the electrothermal lm consistently remained at approximately
214 °C, indicating its stability at high temperatures (Fig. S4†).

The sheet resistance of the samples was tested to understand
the electrical conductivity of the samples, and the results were
shown in Fig. 5f. The sheet resistances of Gr-AgNPs/LCF
composites with Gr-AgNPs contents of 7.5 wt%, 10 wt%,
15 wt%, and 20 wt% were 102.1 U sq−1, 69.3U sq−1, 12.9U sq−1,
and 5.4 U sq−1, respectively, indicating that the sheet resistance
of the composite material decreased sharply with increasing Gr-
AgNPs content. This phenomenon potentially occurred because
an increased Gr-AgNPs content increased the number of elec-
tron transport paths. In addition, the bridging effect of AgNPs
between Gr sheets further increased the electron transport
paths of the composite lms, ensuring the continuous
conduction of electrons.65 The lower sheet resistance was
benecial for improving the electrothermal performance of the
composite lms.
Conclusions

In this study, AgNPs were in situ chemically deposited onto the
surface of Gr via the reduction of silver nitrate using VC,
achieving uniform coverage of the AgNPs. Utilizing LCF, which
are widely sourced and easily degradable, as a dispersant and
lm-forming agent, we have developed a self-supporting and
exible Gr-AgNPs/LCF composite lm. When the content of Gr-
AgNPs was 20 wt%, at a low driving voltage of 7 V and an input
power density of 1.55 W cm−2, the composite lm reached
a maximum steady-state temperature of 214 °C. This was
attributed to the ultra-low sheet resistance of 5.4 U sq−1,
allowing for higher steady-state temperatures due to the higher
power density. This study provided a new reference for the
preparation of novel, environmentally friendly, high-
performance Gr-based electrothermal heaters.
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