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RCA exhibits a highly specific SE (SSE) value of 
461.95  dBcm3g−1 and an absolute SE (SSE/t) value 
of 2309.29  dBcm2g−1. These results show that the 
CNTs:GNPs; 7:7%wt. doped RCA can meet practi-
cal applications’ lightweight and high-efficiency EMI 
shielding requirements.

Keywords  Recycle cellulose · Aerogel · CNTs · 
GNPs · Sustainable materials · Ambient drying

Introduction

The extensive usage of electronic products leads to 
EM pollution, which can interfere with electronic 
devices and pose risks to human health (Ma et  al. 
2024; Zhang et al. 2024e). To control EM pollution, 
high-efficient and new-generation advanced EMI 
shielding materials are designed and implemented in 
daily life (Yang et  al. 2024). A promising advance-
ment in the development of EMI shielding is using 
conductive porous materials instead of traditional 
metal-based EMI shielding materials, which offer 
large spaces for multiple reflection and scattering EM 
waves (EMWs) with lightweight (Guo et al. 2020a).

Moreover, recent EMI shielding research is shift-
ing toward sustainable and renewable materials due 
to global concern while reducing carbon emissions 
(Gebrekrstos et  al. 2022). At the same, recycling 
processes provide an alternative way to diminish car-
bon emissions by consuming less energy and reusing 

Abstract  Developing lightweight, sustainable, 
high porosity, and high-performance electromag-
netic interference (EMI) shielding apparatus is 
essential to diminish electromagnetic contamination 
for protecting human health and electronic devices. 
Herein, 1D carbon nanotubes (CNTs) and 2D gra-
phene nanoplatelets (GNPs) functionalized recy-
cled cellulose aerogel (RCA) were fabricated via 
a facile method by freeze, solvent exchange, and 
ambient drying. The effect of nanofiller type and 
quantity on the structural, morphological, electri-
cal, thermal and EMI shielding performance of the 
RC-based aerogel were investigated. The as-prepared 
hybrid aerogel displays the maximum 40.2  dB elec-
tromagnetic interference shielding efficiency (SE) 
at 8.92  dB  GHz with absorption dominant charac-
teristic. CNTs:GNPs nanofillers in recycled cel-
lulose matrix provoked conductivity mismatching 
and increased interfacial polarization loss. At a den-
sity of 0.087  gcm−3, CNTs:GNPs; 7:7%wt. doped 
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materials rather than new materials obtained from 
natural sources. With the world moving toward sus-
tainable and renewable materials, cellulose, obtained 
from wastepaper pulp, is crucial. From a sustain-
ability perspective, wastepaper pulp, which contains 
an essential amount of cellulose fibers, is the most 
charming source of cellulose (Damnali and Eskizey-
bek 2019).

Recycled cellulose (RC) fiber owns consider-
able features like high surface area biodegradability, 
adjustable hydrogen bonds, and low cost (Gebrekrstos 
et  al. 2022). The plentiful hydroxyl groups on cel-
lulose chains can react with functional fillers dur-
ing the recycling, allowing the fillers to be evenly 
distributed throughout the cellulose matrix (Qi et al. 
2013). The addition of different types of nanofillers 
increased RC’s features for designing and producing 
multifunctional EMI shielding materials and differ-
ent types of sensors, offering a sustainable alternative 
to petroleum-based polymers (Jimenez-Saelices et al. 
2017; Li et al. 2022a). RC can be easily manufactured 
in film or 3D aerogel form (Dai et al. 2024; Liu et al. 
2024). Specifically, the use of RC-based 3D aerogel 
structures as EMI shielding materials have recently 
become a hot topic (Li et  al. 2022a). The high sur-
face area and network structure of RC-based aerogels 
increase multiple reflection efficiency and improve 
the EMI shielding performance (Song et al. 2021).

The production of cellulose aerogel is categorized 
into two main stages: i) preparation of cellulose gel 
and ii) removal of solvents from the aerogel skeleton 
(Liebner et al. 2008). In the first step, to construct a 
strong skeleton, a cellulose suspension should be 
obtained. N-methylmorpholine-N-oxide (Rosenaua 
et al. 2001), DMAc/LiCl (Potthast 2015) and NaOH/
urea (Huang et  al. 2022a) can be used to dissolve 
cellulose fiber. The NaOH/urea system dissolves the 
cellulose fibers by breaking the hydrogen bonding 
between the cellulose chains. Moreover, the urea pre-
vents the skeleton’s collapse by inhibiting cellulose’s 
agglomeration to form aerogel with enhanced poros-
ity (Wernersson et al. 2015; Xiong et al. 2014). In the 
second step, two techniques—freeze and supercriti-
cal drying—are commonly used to release cellulose 
aerogel solvents (Zhou et  al. 2018). Unfortunately, 
freeze-drying is not scalable since it needs special-
ized equipment, takes a long time to process, and 
uses much energy (Tchessalov et al. 2022). Likewise, 
supercritical drying’s harsh operational requirements, 

specialized tools, and many chemical processing 
stages restrict the commercialization of the method 
for cellulose aerogel production (Liu et  al. 2024). 
Alternatively, ambient drying is the simplest, most 
practical, and scalable process (Hou et  al. 2024). In 
ambient drying method as first step, cellulose hydro-
gel is introduced to a low surface tension solvent like 
ethanol to dissolve ice crystals in cellulose hydrogel 
(Xu et  al. 2023). Moreover, the low surface tension 
of ethanol ensures skeletal structure by increasing 
hydrogen force. Then, the cellulose hydrogel is sub-
ject to a drying process under ambient conditions. 
Ebrahimi et al. produced the cellulose aerogel with a 
low density of 0.053 gcm−3 using naphthalene crystal 
as a porous-making agent under ambient drying con-
ditions (Ebrahimi et  al. 2020). Françon et  al. devel-
oped an efficient and facile way to produce cellulose 
aerogel based on freezing, solvent exchange, and 
ambient drying steps. Also, the controlled addition 
of salts prevented the collapse of aerogel. (Françon 
et  al. 2020). In another study, cellulose aerogel was 
fabricated using freeze-linking technology and dried 
under atmospheric conditions. To strengthen the fiber 
skeleton, a cross-linking network was created by the 
self-crosslink reaction of Schiff base and 3-aminpro-
pyltriethoxysilane (Hu et al. 2023).

Although cellulose’s insulating and nonmagnetic 
characteristics limit its application as a sole shield-
ing substance, it can be utilized in combination with 
conducting fillers, like CNTs (Schiele et  al. 2024), 
reduced graphene oxide (rGO) (Wang et  al. 2024a) 
metal nanowires (Dai et al. 2024), and MXene (Zhao 
et al. 2024). One-dimensional CNTs exhibit outstand-
ing mechanical features, low density, and an exten-
sive aspect ratio and can easily adapt to macroscopic 
structures like 1D fiber, 2D films, 3D foams, and aero-
gel (Damnalı and Eskizeybek 2019). Another unique 
carbon structure, graphene, attracts significant atten-
tion due to its remarkable mechanical, thermal, and 
electric properties (Yun et al. 2024). Lightweight cel-
lulose /CNT aerogels with porosity% were produced 
by Zu et  al. with freeze-drying, which presented a 
EMI SE above 39.8  dB (Zhu et  al. 2022). Li et  al. 
designed CNT/cellulose aerogel by adjusting struc-
ture by tertiary butanol content and freeze drying, 
exhibiting an EMI SE of 22  dB and a specific EMI 
SE of 716 dBcm3g−1 (Li et al. 2022b). The cellulose/
polyacrylamide/graphene nanosheets/silver nanowire 
aerogel was fabricated using direct freeze drying by 
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Wu et  al. (Wu et  al. 2023a). They profited from the 
synergistic effect between graphene nanosheets and 
silver nanowires. Hybrid aerogels exhibit an average 
EMI SE of 71.08 dB and 35.21 dB along the trans-
verse and longitudinal directions (Wu et  al. 2023a). 
Combining conductive nanofillers with cellulose 
aerogels construct can create immense effective inter-
faces and improve the EMI SE value by increases 
interfacial polarization (Han et  al. 2021; Zong et  al. 
2022b). Therefore, designing lightweight, porous, 
and conductive EMI shielding materials with superior 
absorption capabilities of EMWs, constructed via fac-
ile and scalable processes, is essential for promoting 
sustainable and efficient shielding technologies.

Herein, lightweight and highly porous CNTs:GNPs 
doped RCA (CxGy) were successfully manufactured 
utilizing a sustainable, scalable, and facile approach 
involving freeze casting, solvent exchange, and ambi-
ent drying. This approach underestimated energy 
consumption and eliminated the need for special-
ized equipment. The aerogels’ physical, structural, 
morphological, and electrical conductivity proper-
ties were thoroughly characterized. The EMI shield-
ing performance was investigated in detail within the 
X-band frequency range (8.2–12.4 GHz), particularly 
emphasizing the shielding mechanisms. To enhance 
EMWs absorption, the synergistic effect of CNT and 
GNP nanostructures was utilized to construct a con-
ductive network within the cellulose matrix. This net-
work induced interfacial polarization losses by creat-
ing a conductivity mismatch between the conductive 
network and the cellulose matrix. Furthermore, the 
conductive network facilitated the absorption of 
incident EMWs within the matrix, converting elec-
tromagnetic energy into thermal energy. This study 
confirms the development of lightweight, absorption-
dominant EMI shielding materials using carbon-
based conductive nanofillers through sustainable and 
scalable fabrication methods.

Experimental

Obtaining of RC

The office wastepaper (OWP) which used as cellulose 
source cut into small pieces using a paper shredder 
(Omega). The shredded OWP washed with distilled 
water, filtered and dried at 80 °C for 24 h (Yue et al. 

2018). The schematic representation of the obtaining 
of RC was given in Fig. 1 inset. To break the hydro-
gen bonds between different cellulose chains and 
remove hemicellulose (Akhlamadi and Goharshadi 
2021), OWP and 500  ml of 5% NaOH were trans-
ferred to a bar blender and vigorously disintegrated 
for 5  min (OAK:NaOH; 1:20 (wt/v)). The obtained 
mixture was transferred to a beaker and stirred at 
80  °C for 2 h at 500  rpm (Srasri et  al. 2018). After 
the light yellow mixture reached room temperature, 
2% (wt%) NaClO3 1/5 (v/v; according to the previous 
step) was added to whiten the color (Ghazitabar et al. 
2020). Then, the pH of the mixture was adjusted to 4 
with 1 M HNO3 and stirred at 80 °C for 2 h (Akhlam-
adi and Goharshadi 2021). The mixture was cooled to 
room temperature, filtered, washed with pure water 
until neutralized and dried at 80 °C for 24 h to obtain 
RC.

Production of CxGy aerogels

In order to obtain dispersions of nanofillers and sol-
vents, CNTs (Nanografi, Türkiye) and GNPs (Nano-
grafi, Türkiye) were dispersed in 300  ml of a solu-
tion containing NaOH (Merck), urea (Merck), and 
water (in a ratio of 7:12:81, wt:wt:wt). The specified 
amount of CNTs and GNPs (as outlined in Table 1) 
were added to the solution. In the sample coding, ‘C’ 
and ‘G’ denote CNT and GNP, respectively, which 
are added to the production medium, while ‘x’ and 
‘y’ indicate their corresponding weight percent-
ages. The colloids were sonicated sequentially via a 
tip sonicator (Bandelin UW3400) in an ice bath for 
15 min to prevent any structural damage to the carbon 
nanostructures. The sonication was carried out at 20% 
of the maximum amplitude (Damnalı and Eskizey-
bek 2019). The mixture was poured out into a high-
speed bar blender (Vortex Pro, Kitchen), and 0.99 g 
of RC was added. The mixture was mixed for 5 min at 
24,000 rpm and immediately transferred to the mold-
ing process. In this step, 30  ml of the mixture was 
poured into the molds. The molds were then kept in 
a deep freezer at  − 18 °C for 24 h. The frozen mix-
ture was carefully removed from the mold and placed 
in ethanol solution for 24 h in ethanol. The hydrogel 
was dried in an oven at 40 °C for 24 h. Additionally, 
the neat RC was prepared as the control group sample 
using the same procedure, but without the nanofiller.
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Characterization

The apparent density of the produced aerogels was 
examined by measuring their mass and volume. The 
mass of the aerogels was weighted by an analytical 
balance (Mettler Toledo) and the volume was cal-
culated by measuring their diameters and heights 
using a digital caliper (Fujisan) at three different 
positions. In calculation of porosity of the aero-
gels, P, only cellulose, CNTs and GNPs are based. 
The porosity, P, was computed according to Eq. (1) 
(Prasad et al. 2024):

where, ρ and ρs stand for the density of aerogel and 
solid materials, respectively. ρs was calculated based 
on the solid density of cellulose, CNTs and GNPs 
according to Eq. 2 (Zhang et al. 2021).

(1)P =

(
1 −

�

�
s

)

Fig. 1   The schematic representation of production of RC, RCA and CxGy

Table 1   Nanofiller ratios and sample codes of produced CxGy 
samples

RC amount (g) MWCNT% 
(wt.)

GNP% (wt.) Sample code

0.99 3 0 C3G0
0.99 3 3 C3G3
0.99 3 7 C3G7
0.99 3 10 C3G10
0.99 7 0 C7G0
0.99 7 3 C7G3
0.99 7 7 C7G7
0.99 7 10 C7G10
0.99 10 0 C10G0
0.99 10 3 C10G3
0.99 10 7 C10G7
0.99 10 10 C10G10
0.99 0 3 C0G3
0.99 0 7 C0G7
0.99 0 10 C0G10
0.99 0 0 RCA​
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where, mcell, mCNTs and mGNP are the mass frac-
tions of cellulose, CNT and GNP, respectively. ρcell is 
the density of the cellulose (1.59  gcm−3), ρMWCNT is 
the density of CNT (2.4 gcm−3) and ρGNP is the den-
sity of GNP (2.3 gcm−3).

To investigate structural properties and determinate 
the variation functional groups of samples were char-
acterized by Raman spectroscopy (Raman, WITEC 
ALPHA, 3100R in the range of 800–2000  cm−1) and 
by Fourier transform infrared spectroscopy analyzer 
(FT-IR, Perkin- Elmer 1725 at scan resolution of 
4 cm−1 in the range of 500–4000 cm−1). The crystalline 
structure of the samples was illuminated using X-ray 
diffractometer (XRD, Malvern Panalytical Empyrean) 
with Cu-K � radiation, 1.5418 A ◦ at 45 kV and 40 mA, 
in the range of 5–60°. The XRD peaks were fitted using 
Gaussian function using Origin(Pro), Version 2018. 
OriginLab Corporation, Northampton, MA, USA to 
acquire peak position, peak height and the full width at 
half-maximum (FWHM) for samples. The microstruc-
ture morphology of samples was investigated using 
a scanning electron microscope (SEM) (JEOL SEM 
7100 EDX) at 20 kV. The electrical conductivity of was 
obtained at room temperature according to ASTM F43-
99 by a four-point probe unit (Four Point Probe-Entek 
Electronics).

The EMI SE of the samples was examined via an 
Anritsu MS2028C VNA master vector network ana-
lyzer was operated to survey EMI SE with a WR-90 
waveguide for X-band measurements (8.2–12.4 GHz). 
The rectangular samples (22.86 mm × 10.16 mm) were 
mounted inside a sample holder, which was central-
ized between the wave-guide’s flanges. The scattering 
parameters (S11, S12, S21, and S22) of the samples were 
evaluated in the X-band frequency (8–12  GHz). The 
power coefficients were calculated according to the fol-
lowing Eq. 3–5 (Ma et al. 2023):

(2)�
s
=

1

mcell

�cell
+

mCNTs

�CNT
+

mGNP

�GNP

(3)R =
|||S

2
11

|||

(4)T =
|||S

2
21

|||

(5)1 = A + R + T

where A, R and T show absorption, reflection and 
transmission coefficient, respectively. The EMI 
shielding ability is used to assess with total EMI 
shielding SET, absorption SE (SEA), reflectance SE 
(SER), and microwave multiple internal reflection SE 
(SEM, which can be negligible when SET ≥ 15  dB), 
which are computed from power coefficients accord-
ing to the following Eqs. (6)–(8) (Guo et  al. 2020b; 
Zong et al. 2022a):

Results and discussion

Density and porosity properties of RCA aerogel and 
CxGy aerogels

RCA and composite aerogel produced via ambient 
drying which is the low cost, facile and effective route 
to manufacture aerogels. In this study, cellulose and 
nanofiller disperse in NaOH/urea system and colloid 
molded at a freezing temperature of − 18 °C. Then 
obtained hydrogels solvent exchanged in ethanol bath 
and drying under the ambient (Mai et al. 2024). Cel-
lulose was dissolved in the NaOH/urea solution to 
break hydrogen bond between cellulose chains (Liu 
et  al. 2016). Moreover, urea inhibited the accumu-
lation of cellulose chains at a freezing temperature 
of − 18 °C forming aerogels with improved poros-
ity (Sankhla and Neogi 2024). After the incorporat-
ing of oxygen group containing GNP and carboxylic 
functionalize MWCNT (Damnalı and Eskizeybek 
2019), hydrogen bonds could be created between 
carbon nanofiller’s oxygen-containing groups and 
hydroxyl groups of cellulose (Liu et al. 2016). Also, 
hydrogen bond formation accelerated the cellulose 
solution’s gelatinization. (Long et  al. 2019). During 
the freezing of aqueous colloids, water molecules 
repulsed each other, increasing their volume and 
forming low-density and loose crystals. Meanwhile, 

(6)SE
R(dB) = 10 ∗ log

(
1

1 − R

)

(7)SE
A(dB) = 10 ∗ log

(
1 − R

T

)

(8)SE
T (dB) = 10 ∗ log

(
1

T

)
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cellulose and MWCNT: GNP were trapped in the 
gaps of the irregularly growing ice crystals, resulting 
in the formation of cellulose carbon hybrid structures 
(Wu et  al. 2023b). Subsequently, frozen hydrogels 
were immersed in ethanol, which has a lower freez-
ing point than water; water and ethanol were rapidly 
displaced. Moreover, the low surface tension ethanol 
further increased the hydrogen bonding force, result-
ing in a robust aerogel structure and ensuring that 
the aerogel skeletal structure did not collapse dur-
ing ambient drying (Wu et al. 2023b; Xu et al. 2023) 
(Fig. 2a, Fig. S1a). In contrast, when frozen hydrogels 
were immersed in water, the high surface tension of 
water-soluble cellulose and water disrupted the cel-
lulose structure, causing the hydrogel to disintegrate 
and the aerogel structure to collapse. (Fig.  S1b). In 
addition, the robust hydrogen bonding interactions 
between matrix and nanofiller increased the micro-
structural stability of aerogels (Yang et  al. 2022) 
(Fig. 2b, Fig. S1c). Also, these aerogels could sustain 
a load 3500 times its own weight without deformation 
(Fig. 2c).

The lightweight properties of aerogels were given 
in Fig.  2d and Table  2. Depending on production 
methods, the density of cellulose aerogels ranges 

from 0.005 to 0.2  gcm−3 (Prasad et  al. 2024). Gen-
erally, ultra-low-density cellulose aerogels are manu-
factured with supercritical or freeze-drying meth-
ods (Al Abdallah et  al. 2024; Wang et  al. 2024b). 
Unfortunately, these techniques are not scalable as 
they require special requirements and consume high 
energy. The density of RCA produced with scalable 
ambient drying is 0.064 gcm−3 with 95.78% poros-
ity. As the carbon nanofiller was added to the cellu-
lose aerogel skeleton, the density of hybrid aerogels 
increased to 0.088, 0.094, and 0.087 gcm−3 for C7G0, 
C0G7, and C7G7, respectively. The lightweight C7G7 
aerogel stand on taraxacum officinale without bend-
ing (inset Fig. 2d). According to Fig. 2 and Table 2, 
the samples can fulfill the lightweight advantages of 
aerogels with low density and high porosity.

Structural analyses

Both bacteria and plants can produce cellulose, a 
linear polymer made up of repeating glucose resi-
due units joined by β-glycoside bonds at carbons 
one and four (Salem et al. 2023). Figure S2 depicts 
the chemical structure of cellulose (French 2017). 
Different polymorphic forms can be found in cel-
lulose, a semi-crystalline biopolymer with ordered 
crystalline and disordered amorphous areas (Nishi-
yama et al. 2002; Rodríguez‑Fabià et al. 2022). The 

Fig. 2   The photographs of a RCA and b C7G7 composite 
aerogels in square shape c) C7G7 sustaining an item 500  g 
weighing d density and porosity% of RCA, C7, G7 and C7G7 
samples (inset C7G7 on taraxacum officinale)

Table 2   Density and porosity properties of samples

Sample code Density (gcm−3) Porosity %

C3G0 0.072 95.36
C3G3 0.079 94.87
C3G7 0.082 94.53
C3G10 0.085 94.17
C7G0 0.088 94.22
C7G3 0.081 94.60
C7G7 0.087 94.06
C7G10 0.086 93.99
C10G0 0.078 94.78
C10G3 0.078 94.68
C10G7 0.079 94.48
C10G10 0.102 92.73
C0G3 0.085 94.54
C0G7 0.094 93.82
C0G10 0.093 93.78
RCA​ 0.064 95.78
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most common crystal structure in nature is cellulose 
I, which is mostly found in plants and can change 
into different polymorphs through a variety of pro-
cesses. Another crystal structure created by cel-
lulose I’s regeneration under alkaline conditions 
is cellulose II (Langan et  al. 2001). The efficiency 
assessment of recycling process was examined 
according to Eq. (S1)–(S3). The efficiency of recy-
cling processes of OWP was given in Table S1. The 
elimination of impurities led to an elevated degree 
of hydrolysis efficiency. The elevated percentage of 
hydrolysis efficiency evidences the effective execu-
tion of the acid hydrolysis process. The hydrolysis 
process has succeeded (Najafabadipoor et al. 2025) 
with a hydrolysis efficiency of 71.68% in the current 
study. Process efficiency is known as the amount of 

material generated from the entire raw sample. The 
efficiency of the process in this study was deter-
mined to be 42.83%. The elimination of impurities, 
hemicellulose, lignin, and even minimal cellulose 
content leads to a reduction in process efficiency.

To investigate the structural properties of sam-
ples, Raman spectroscopy, which is a useful way 
to examine the existence of carbon nanofillers and 
their possible interactions in a matrix. Figure  3a 
shows the Raman spectrum of the RCA, C7G0, 
C0G7 and C7G7 in the range of 250–2000  cm−1. 
The proportion of cellulose II can be calculated 
using Eq. (9) (Agarwal et al. 2021), which compares 
the intensity of the 577 cm−1 peak (I577), specific to 
the cellulose II polymorph, with the intensity of the 
peaks at 1096 cm−1 (I1096) found in both cellulose I 
and cellulose II.

Fig. 3   a Raman spectra, b FTIR spectra, XRD pattern in the range of c 5–40 2θ (degree), d 11–25 2θ (degree) and e 25.5–28 2θ 
(degree) of the RCA, C7G0, C0G7 and C7G7 aerogel
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The Raman spectra revealed that the intensity of 
I577 was measured at 19.08, whereas the intensity of 
I1096 was measured at 199.74. According to Eq.  (9), 
Cellulose II % conversion was calculated as 50.89%. 
The Raman spectrum of C7G0, C0G7 and C7G7 
depicted two characteristic peak of GNPs and CNTs 
at around 1300  cm−1 and 1500  cm−1. The D band 
which is located at 1248–1352  cm−1 is related the 
defects in graphitic structure and disordered carbon, 
the G band (1572–1580  cm−1) arises from the crys-
talline graphitic and vibrations of sp2 carbon. The 
ratio of ID and IG is a value for evaluating the defects 
of graphitic structure. The low ID/IG ratio reflects 
the high order degree of graphitic structure (Pandit 
et  al. 2023). Damnalı and Eskizeybek reported the 
ID/IG ratio as 0.4 and 1.01 for GNPs and CNTs from 
the same manufacturer, respectively (Damnalı and 
Eskizeybek 2019). Two peaks were found for com-
posite aerogels compared to those of supplied GNPs 
and CNTs which indicated that there is no obvious 
destruction of carbon structures during the disso-
lution-regeneration process (Ma et  al. 2021). The 
extremely low ID/IG ratio of C7G0, C0G7 and C7G7 
composite aerogels, calculated as 0.16, 0.04, and 
0.03, respectively, indicate the CNTs/GNPS was pre-
served upon their incorporation the cellulose matrix 
(Choi et al. 2024). Furthermore, C7G7 show low ID/
IG ratio which may be related due to the hydrogen 
bonding between carbon nanostructures and cellulose 
matrix (Saini et al. 2009).

To complete structural characterization and reveal 
the functional groups, the FTIR spectra of samples 
were recorded, and the results were given in Fig. 3b. 
The 3336  cm−1 and 1638  cm−1 peaks correspond to 
the –OH group stretching in cellulose and adsorbed 
water. The peak at 2879  cm−1 was assigned to the 
C–H group in glucose in polysaccharide ring cellu-
lose. The shoulder shape peak at 1421 cm−1 and the 
sharp peak at 1020  cm−1 are due to the symmetric 
bending of -CH2 and –C–O–C vibration of the pyra-
nose ring, respectively (Chen et  al. 2018). Also, the 
peak at 895  cm−1 arose from the β- glycosidic link-
ages (C–H and O–H bending). As shown in Fig. 3b, 
the characteristic peaks of cellulose are completely 

(9)Cellulose II% =

⎡
⎢⎢⎣

I577

I1096

− 0, 009

0, 0017

⎤
⎥⎥⎦

retained after nanofiller modification. However, the 
peaks shifted in high wavenumbers, and the peak 
intensities decreased due to the interaction of cellu-
lose and carbon-based nanofiller (Haspulat Taymaz 
2023; Jyothibasu et al. 2019; Wulandari et al. 2016).

The crystalline structure of the samples was exam-
ined via the XRD method, and the XRD patterns are 
given in Fig. 3c–e. The diffraction peaks at 2θ = 12.1, 
20.5, and 22.4° with Miller indices of 1–10, 110 and 
020, respectively, result in the cellulose II crystal-
line allomorph (Fig. 3c, d) (French 2014). Moreover, 
these diffraction peaks prove the transformation from 
cellulose I to cellulose II during regeneration (Zhou 
et al. 2024). In Fig. 2d, the diffraction peak intensity 
at around 2θ = 12.4 and 22.4° declined with decreas-
ing cellulose amount in the composite aerogel matrix 
due to the addition of the carbon-based nanofiller. 
Moreover, a slight shift occurred in the 22.4° peak 
towards a smaller diffraction angle with the addi-
tion of a carbon-based nanofiller. This shift could 
be attributed to residual tensile stress from forming 
hydrogen bond cross-linking between the cellulose 
and the carbon nanofiller (Damnalı and Eskizeybek 
2019) (Fig.  3c, e). Furthermore, a new additional 
sharp peak was observed at around 2θ = 26.8°. In the 
XRD pattern of C7G0 composite aerogel, the peak 
centered at 2θ = 26.82° with Miller indices of 002 
strongly confirms CNT crystal structure (Atchudan 
et al. 2015; He et al. 2020). Similarly, the diffraction 
peak centered at 2θ = 26.84 with Miller indices of 002 
addresses the GNP crystal structure (Batakliev et al. 
2021; Liu et al. 2019; Rashad et al. 2017). The XRD 
pattern of C7G7 is similar C7G0 and C0G7, but the 
diffraction peak regarding the carbon structure was 
expanded due to increasing the crystalline size. These 
results show an interaction between carbon nanofiller 
and cellulose structures (Wang et al. 2017). Also, the 
slight shifting in the peak positions may be ascribed 
to charge transfer interactions between cellulose and 
CNT/GNP (Saini et al. 2009).

The crystalline size (D) of RCA, C7G0, C0G7 
and C7G7 aerogel was calculated by using Scherrer 
equation (Scherrer 1918):

where λ, θ and β were symbolized by X-ray wave-
length, Bragg angle, and the full width of the 

(10)D =
0.94.�

�.cos(�)
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diffraction line at half the maximum intensity. 
According to Eq. 10, the values of D for RCA, C7G0, 
C0G7, and C7G7 perpendicular to their (020) lattice 
planes is about 3.69, 2.41, 2.57 and 5.05  nm. The 
peak positions and corresponding FWHM values for 
lattice planes are given in Table 3.

Also, the crystallinity properties of samples were 
identified via crystallinity index (CrI%) with the 
Segal et. al. (1959) peak height method by using 
Eq. (11):

where I020 and Iam are the intensity of the 020 lattice 
peak and amorphous (2� = 16◦ ) (Nomura et al. 2020), 
respectively. Fig S3 shows the determination of peak 
heights of the 020 lattice peak and amorphous for 
RCA sample. The CrI% values of samples are given 
in Table 3.

Morphological analysis

The microstructure of the RCA and CxGy aerogels 
are shown in Fig. 4. RCA has a porous 3D network 
matrix, and individual cellulose fibers are circular 
rodlike structure with the diameter of approximately 
7 µm. This 3D network structures are observed in also 
C7G0, G0C7 and C7G7 aerogel. In the SEM images 
of C7G0 and C0G7 aerogels, CNTs and GNPs were 
grafted on the individual cellulose fiber, respectively. 
The SEM images of C7G7 aerogel indicates grafted 
cellulose fibers with CNTs and GNPs nanofillers and 
the conductive network is visible in between the cel-
lulose fibers.

(11)CrI% =
I020 − I

am

I020

× 100

Electrical conductivity

Electrical conductivity experiments were performed 
using the four-point electrical conductivity method 
to investigate the impact of nanofiller type, quantity, 
and synergistic effect on the conductivity properties. 
Figure  5a shows the electrical conductivity values 
versus nanofiller type and amount. As can be seen 
from the figure, as the ratio of MWCNT and GNP 
in the network increases, the electrical conductivity 
increases. The electrical conductivity was calculated 
to be 0.0021  S/cm when CNTs (7%wt.) was intro-
duced to the cellulose aerogel network structure, and 
it was measured to be 0.0028 when 7% (wt.) GNPs 
was added to the medium. The increased electrical 
conductivity indicates that the carbon structures are 
homogeneously distributed in the cellulose matrix, 
forming conduction pathways. Moreover, when CNTs 
and GNPs (7:7; %wt.) were combined, the electrical 
conductivity was calculated as 0.04326 S/cm, almost 
200 times higher than when added individually. 
The synergistic effect of combining 1D and 2D car-
bon structures to provide more electrical conduction 
routes may cause a further increase in electrical con-
ductivity (Huang et al. 2022b). The conductivity val-
ues of all samples are given in Table S2. The electric 
conductivity of was tested using a circuit constructed 
with the RCA (Fig.  5b) and C7G7 (Fig.  5c) aerogel 
samples. When the electrically nonconductive RCA 
sample is connected to the circuit, the LED lamp does 
not light. However, when the circuit is completed 
with the electrically conductive C7G7, the LED lamp 
illuminates.

Thermal properties

The thermal properties of RCA and C7G7 hybrid 
aerogel were investigated via DSC method. The DSC 
curves of RCA and C7G7 are given in Fig.  6a. The 

Table 3   The peak 
positions, FWHM values 
and crystallinity (%) of 
samples

Sample Peak posi-
tions (2 �◦)

FWHM ( ◦) CrI%

1–10 110 020 002 1–10 110 020 002

RCA​ 12.11 20.58 22.40 – 1.790 3.005 2.291 – 70.8
C7G0 12.10 18.85 21.39 26.82 1.892 5.393 3.502 0.568 57.4
C0G7 12.10 20.00 21.51 26.84 2.162 4.517 3.290 0.569 60.9
C7G7 12.02 20.97 22.41 26.84 2.124 3.465 1.675 0.563 64.0
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observed first broad peak at 51 °C and 79 °C display 
the dehydration of the samples. The peaks appearing 
at 377 and 382  °C indicate the melting temperature 
(Tm) of RCA and C7G7, respectively. Introducing 
MWCNT: GNP carbon hybrid structures into the cel-
lulose skeleton leads to a notable increase in Tm. The 
carbon hybrid structures promoted the strengthening 
of hydrogen bonds and increased crosslinking, which 
enhanced the thermal stability of the hybrid aerogel. 
Moreover, DSC results, in line with the XRD data, 
suggest that a rise in crystallinity necessitates more 
heat for the melting process, thereby increasing Tm 
(Zhang et al. 2024a; Zheng et al. 2002). The thermal 
conductivity increases with the addition of thermally 
conductive carbon structures in 3D network struc-
tures (Lee and Kim 2022; Zhang et al. 2023). In this 
regard, to get an idea about the thermal conductivity 

performance of the produced aerogel samples, a labo-
ratory scale method was used (Zhou et al. 2019). As 
shown in Fig. 6b, the 5 mm thick sample was placed 
on a hot surface at 100 ℃. The change in surface 
temperature during the heating process was recorded 
instantaneously with an infrared thermometer, and 
the temperature data obtained is given in Fig.  6b as 
a function of time. RCA reaches a maximum of 70℃ 
in 10  min, while the C7G7 sample reaches 90℃ in 
1 min, suggesting that the C7G7 sample has relatively 
higher thermal conductivity than RCA.

EMI shielding performance

The average EMI SET values of CxGy aerogel sam-
ples with different MWCNT: GNP loading in the 
X-band frequency (8.2–12.4  Ghz) were given in 

Fig. 4   SEM images of RCA, C7G0, C0G7 and C7G7 aerogels
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Fig.  7a. With rising carbon nanostructures in the 
cellulose matrix, the average EMI SET is increased 
due to the increasing of electrical conductivity (Han 
et  al. 2021; Li et  al. 2022b; Zhang et  al. 2024c) 
The C7G7 aerogels with 14% (CNTs:GNPs, 7:7 
(wt.,wt.) nanofillers have the highest average EMI 
SET of 32  dB. Similarly, the EMI SEA values of 
the sample increased with the rising carbon nano-
filler loading. Moreover, the synergetic interaction 
between CNTs and GNPs in the cellulose matrix is 
important in increasing the EMI SEA values. The 
EMI SEA values of C7G7 and C10G10 are 28.84 

and 29.90 dB, respectively. The average EMI SEA, 
SER and SET values are given in Table S3.

Figure  7c shows the variation of EMI SE versus 
frequency of C7G7 aerogel with 14% (wt.) nanofiller 
at the thickness of 2 mm and density of 0.087 gcm−3 
at the X band. The EMI SET values of C7G7 aerogel 
far exceed the desired SET value of 20 dB for busi-
ness applications at whole X-band frequency (Yang 
et al. 2025). Moreover, the maximum EMI SET value 
of 40.2 dB was obtained at 8.92 GHz. Also, the EMI 
SET and SEA curves of C7G7 aerogel are relatively 
close. The EMI SEA was measured as 33.4  dB at 

Fig. 5   a Electrical conduc-
tivities of aerogel samples 
and a circuit constructed 
with the b RCA and c 
C7G7 aerogel
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8.92  GHz. Also, the EMI SER values are less than 
10 dB whole X-band frequency. The EMI SER curves 
of the C7G7 samples exhibit a zigzag pattern between 
negative and positive values, indicating a diminished 
response capability related to the reflectance mecha-
nism as frequency varies (Yıldırım 2023).

Dielectric loss increases when nonconductive 
materials and conductive fillers possess distinct elec-
trical conductivities. This mismatch between electri-
cal conductivity causes polarization and/or charge 
accumulation at the interfaces. Because of their many 
interfaces resulting from the matrix–nanofillers and 
nanofillers–nanofillers, the hybrid aerogels are caused 
mainly by the absorption of EMWs (Lee et al. 2022; 
Wang et  al. 2021). This study used sustainable cel-
lulose as a matrix by adding the CNTs/GNPs hybrid 
nanofillers to shield EMI waves. Cellulose matrix can 
suppress EM radiation through adsorption, reflection, 
or multiple reflections. The conductivity mismatch at 
the interfaces between CNTs/GNPs nanofillers and 
cellulose matrix increase interfacial polarization loss. 
The conductive CNTs/GNPs network functions as a 
dissipative medium for mobile charge carriers and the 
partial transformation of electromagnetic energy into 
thermal energy (Vendange and Flavin 1996; Zhang 
et  al. 2024d). The increase of conductive networks 
may result in enhanced EMI dissipation through 
absorption (Kruzelak et al. 2021). In addition, thanks 
to the porous structure provided by the cellulose 
matrix the transmission path of EMWs is extended by 
multiple scattering (Wang et al. 2021).

To deeply analyze the EMI shielding mechanism 
of C7G0, C0G7, and C7G7 aerogels, the A, R, and 
T coefficients were calculated from Eq.  3–5, and 
the results were given in Fig. 7d. The A and R coef-
ficients of C7G0 are 0.89 and 0.09. C7G0 with low 
electrical conductivity (Fig.  5a and Table  S2) dem-
onstrates a reflectance-dominated EMI character. 
However, the A coefficient increased acutely with the 
addition of GNP nanostructures to the aerogel matrix 
and the direct opposite sight for the R coefficient. 
The conduction pathways and electron percolation 
are formed by adding GNP to the aerogel matrix (Lee 
et  al. 2022). As expected, the CNTs/GNPs hybrid 
carbon nanostructures promote a rise in multiple 
interfaces due to their hierarchical structure. Conse-
quently, C7G7 aerogel exhibits absorption-dominant 
EMI shielding characteristics with an A coefficient of 
0.510.

Figure  7e schematizes the EMI shielding mecha-
nism of CNTs/GNPs doped recycled cellulose aero-
gel. The EMI shielding material attenuates the inci-
dent EMWs by reflection and absorption. Due to a 
large number of free electrons on the surface of the 
CNTs and GNPs, some incident waves are immedi-
ately reflected (Guo et al. 2020a). The shielding prop-
erty of composite aerogel is due to its high electrical 
conductivity owing to the conductive nanofillers. In 
addition, another possible EMI shielding mechanism 
is that when EMWs enter the composite aerogel, they 
are attenuated by dielectric loss due to the mismatch 
between the electrical conductivity of the cellulose 

Fig. 6   a DSC thermograms of RCA and C7G7 samples, b time-dependent temperature profile of the top surface of RCA and C7G7 
after placing on a 100 °C hot plate. The inset shows a photograph of the measurement apparatus
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Fig. 7   The comparison of average EMI a SET and b SEA val-
ues of produced CxGy aerogel samples, c Variation in EMI 
SET, SEA and SER as a function of frequency for the C7G7, 
d EMI-shielding coefficient of the composites, e Schematic 

illustrations of the EMI-shielding mechanisms for the C7G7 f 
Radar chart for comparison of density, porosity, SET, SEA, skin 
depth, SSE, SSE/t
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matrix and the hybrid carbon structures (Guo et  al. 
2023a; Wang et al. 2022) and the partial transforma-
tion of electromagnetic energy into thermal energy 
(Vendange and Flavin 1996; Zhang et  al. 2024d). 
Meanwhile, the hierarchical structures of CNTs/
GNPs carbon structures facilitate multiple scattering 
and provide additional interfaces (Zheng et al. 2024). 
At the same time, the irregular pores provided by the 
cellulose matrix ensure effective aerogel dispersion 
of incident EMWs. Thus, the EMWs are secondar-
ily attenuated at the interfaces provided by the CNTs/
GNPs hybrid carbon structures and the pores pro-
vided by the cellulose matrix. In this way, the con-
ductive aerogel structure exhibits an absorption-dom-
inated EMI character (Guo et al. 2023b).

Both the enhancement of thickness and conductiv-
ity of materials make favorable contribution of the 
overall EMI shielding performance by the following 
Eq. (12):

where σ, f and t represent the electrical conductivity, 
frequency and the thickness of the EMI shielding of 
material, respectively. So, to eliminate the effect of 
the dimension of the materials on the EMI shielding 
effectiveness, specific (SSE in dBcm3g−1) and abso-
lute (SSE/t in dBcm2g−1) shielding efficiencies should 
be calculated. The SSE and SSE/t values are given 
critical information about the relationship between 
shielding efficiency and density or thickness.

Also, the skin depth of the materials is another 
important parameter which affects the shielding per-
formance. It can be defined as the distance required 
for the EMWs to attenuate to 1/e of the incident 
power. The skin depth of the materials can be cal-
culated as Eq. 13 (Chung and Ozturk 2022; Oliveira 
et al. 2023).

where t and δ represent the EMI shielding material’s 
thickness and skin depth. Therefore, EMI SET can be 
expressed as (Li et al. 2018):

Thus, the SET of C7G7 was estimated using 
Eq.  (14) to compare with the experiment results. In 

(12)SET = 50 + 10.log(s∕f) + 1.7t((s.f)0.5

(13)SEA = 20loget∕� = 20log(e) = 8.69
(
t

�

)

(14)SE = 50 + 10.log(s∕f) + 8.69
(
t

�

)

Fig. S3, the predicted EMI SE displays a similar trend 
to the experiment results. However, the difference 
between the predicted and experimental results exhib-
its differences in some frequencies. It may be related 
the due to neglecting the term of SEM in Eq. (14) (Li 
et al. 2018).

To identify the relationship between density, con-
ductivity, SET, SEA, SSE, SSE/t and skin depth val-
ues, radar chart is given in Fig. 7e. As expected, as the 
conductivity of aerogel samples is increased, the SET 
and SEA increase. The skin depth of C7G0 and C0G7 
are calculated as 1.96 and 0.81  mm which are less 
than the thickness of testing sample (2 mm). Moreo-
ver, as CNTs and GNPs loading simultaneously, the 
skin depth decreases to 0.51  mm, which is mainly 
attributed to the enhanced electrical conductivity due 
to the higher conductive nanofiller weight and syn-
ergetic effect (Zong et al. 2022a). Table 4 show that 
compared to most porous materials (Fu et  al. 2022; 
Huang et al. 2022b; Li et al. 2022c; Liang et al. 2019; 
Park et al. 2021; Tan et al. 2018; Yang et al. 2020), 
the C7G7 aerogel possesses notably low density and 
high SSE and SSE/t values. As CNTs and GNPs load 
simultaneously to the cellulose aerogel skeleton, its 
SSE and SSE/t values significantly increase. At a den-
sity of 0.087  gcm−3, C7G7 shows an exceptionally 
high SSE value of 461.95  dBcm3g−1 and an SSE/t 
value of 2309.29 dBcm2g−1. These results imply that 
the C7G7 aerogel can meet the lightweight and high-
efficiency EMI shielding requirement.

Conclusion

Cellulose aerogels were produced using cel-
lulose from wastepaper pulp using sustainable, 
scalable and facile method without the need for 
special equipment. Lightweight and porous aero-
gel with electrical conductivity were developed 
by adding CNTs and GNPs nanostructures to the 
cellulose aerogel matrix. Due to the synergistic 
effect between CNTs and GNPs and the interac-
tion between hybrid carbon nanofiller and cellu-
lose matrix, the capability of absorption EMWs has 
increased and shows superior EMI SE at the X band. 
The effect of nanofiller amount and type on physical 
properties, electrical conductivity and EMI shield-
ing effectiveness were investigated. The mismatch 
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between the electrical conductivity of the cellulose 
matrix and the hybrid carbon structures increases 
the dielectric loss when EMWs enter the composite 
aerogel. CNTs/GNPs carbon structures simplified 
multiple scattering by ensuring extra interfaces. The 
pores provided by the cellulose matrix ensure effec-
tive dispersion of incident EMWs in aerogel. The 
lightweight C7G7 shows an exceptionally high SSE 
value of 461.95  dBcm3g−1 and an SSE/t value of 
2309.29  dBcm2g−1. These findings suggest that the 
C7G7 aerogel can meet the lightweight and high-
efficiency EMI shielding requirement.
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