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ABSTRACT: The increasing demand for lightweight electromagnetic interference (EMI) shielding materials has made
single-walled carbon nanotubes (SWCNTs) attractive candidates due to their intrinsically high electrical conductivity.
In this study, we investigate the effect of acid doping on the EMI shielding (EMI SH) performance of SWCNT films.
The films were fabricated via a simple vacuum filtration process and doped using camphor sulfonic acid (CaSA) and
chlorosulfonic acid (CSA). A systematic investigation of CaSA concentration revealed only minimal changes in the
overall EMI shielding effectiveness. In contrast, increasing the maceration time during CSA post-treatment resulted in
a modest enhancement in shielding effectiveness (≈2–3 dB). However, prolonged maceration led to noticeable
structural degradation of the SWCNT films. These results indicate that acid doping primarily influences the shielding
behavior rather than significantly improving the total shielding effectiveness, highlighting the importance of
optimizing acid strength and processing conditions for SWCNT-based EMI shielding materials.
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1. INTRODUCTION

In recent decades, the rapid proliferation of electronic and
wireless devices, such as smartphones and laptops, has sig-
nificantly reshaped modern lifestyles. However, this techno-
logical advancement has also introduced unintended
challenges, particularly electromagnetic (EM) radiation emit-
ted from electronic devices [1,2]. Excessive EM radiation can
disrupt signal transmission and cause malfunction or reduced
accuracy of electronic equipment, ultimately affecting device
reliability and operational lifetime [3].

Traditionally, high-conductivity metallic materials, such as
silver or copper meshes, have been employed to mitigate EMI
through reflection or absorption mechanisms [4]. Neverthe-
less, with the continued advancement of electronic technol-
ogies, there is an increasing demand for lightweight, flexible,
and highly efficient EMI shielding materials. This demand has
driven growing interest in alternative conductive materials,
including carbon nanotubes (CNTs), which offer high elec-

trical conductivity, low density, and structural versatility [5,6].
SWCNTs are considered promising materials due to their

exceptional electrical and mechanical properties. Molecular-
level studies have reported that SWCNTs can exhibit electrical
conductivities as high as ~4 × 107 S m-1 and tensile strengths
exceeding 100 GPa [6-8]. These outstanding properties orig-
inate from the unique one-dimensional tubular structure of
SWCNTs, which gives rise to either metallic (m-SWCNT) or
semiconducting (s-SWCNT) behavior depending on their chi-
rality [4,9-11]. Although the experimentally measured elec-
trical and mechanical properties of macroscopic SWCNT
assemblies have not yet reached their intrinsic molecular-level
limits, the superior performance observed in existing studies
nonetheless highlights SWCNTs as desirable candidates for
next-generation EMI shielding materials [12].

To enhance the EMI shielding performance of SWCNTs,
various dopants have been introduced to increase electrical
conductivity, impart magnetic loss, or improve SWCNT dis-
persion and network formation. For example, Anilkumar et al.
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[13] reported the incorporation of polyaniline (PANI), a con-
ductive polymer, to enhance the electrical conductivity of
SWCNT composites. Furthermore, CaSA was employed as a
secondary dopant to increase conductivity further, resulting in
an overall EMI shielding effectiveness of approximately 46 dB
in the Ku-band and 28 dB in the X-band. In contrast, Wan et
al. [7] demonstrated the use of CSA to densify SWCNT
assemblies, significantly improving intertube contacts and
achieving an exceptionally high EMI shielding effectiveness of
~101 dB at a thickness of 14.7 μm.

Here, SWCNT films were prepared via a simple vacuum fil-
tration method and subsequently doped with acids to further
enhance their EMI shielding performance. Two distinct dop-
ing strategies were employed depending on the acid strength:
in-situ doping and post-treatment. Moreover, we study the
effect of concentration and time on the EMI shielding effec-
tiveness. The result demonstrates how the acid could affect the
SWCNT in terms of EMI shielding.

2. EXPERIMENTAL SECTION

2.1 Material
A single-walled carbon nanotube was purchased from Tub-

all. Sodium dodecyl sulfate (SDS) was purchased from TCl,
Camphor sulfonic acid was provided by Alfa Aesar, and chlo-
rosulfonic acid was purchased from Sigma. All reagents were
applied exactly as they were given. For all filtration processes, a
mixed cellulose ester membrane filter (pore size 0.45 μm,
diameter 47 mm) and a PTFE filter membrane (pore size
0.2 μm, diameter 47 mm) were purchased from Advantec,
Japan, and a 250 mL glass funnel, a clamp, and a fritted glass
support.

2.2 Method
A pristine SWCNT dispersion was prepared by dispersing

SWCNT powder in deionized (DI) water containing 2 wt%
SDS as a surfactant. The dispersion process consisted of bath
sonication for 30 min followed by probe (tip) sonication for
2 h. The resulting dispersion was then centrifuged at 4000 rpm
for 40 min to remove agglomerates, and the supernatant was
collected for subsequent processing. Two distinct doping strat-
egies were employed depending on the acid strength: (i) in-
situ doping, in which 10 mg/mL CaSA was directly added to
the SWCNT dispersion. The mixture was sonicated for 30 min
to ensure homogeneity, allowed to rest for 2–3 h, and then vac-
uum-filtered through a cellulose acetate membrane to form
SWCNT thin films; and (ii) post-treatment doping, in which
pristine SWCNT films were first prepared by vacuum filtra-
tion of the dispersion using a polytetrafluoroethylene (PTFE)
membrane. The as-prepared films were subsequently immersed
in a pure CSA solution for a controlled duration, followed by
thorough washing with acetone to remove residual acid. All
prepared SWCNT films were evaluated for EMI shielding per-
formance using a WR-90 rectangular waveguide connected to
a vector network analyzer (VNA) (Agilent Keysight 8720C).
Measurements were conducted with a sample size of 30 mm ×
30 mm in the X-band frequency range of 8.19–12.41 GHz.
Sample thickness is measured using a surface profiler (Surf-
corder ET200, Kosaka Laboratory, Ltd.).

3. RESULT AND DISCUSSION

In this study, SWCNT films were fabricated using a simple
vacuum filtration assembly, as illustrated in Fig. 1a. However,
SWCNTs inherently tend to form bundles and agglomerates
due to strong van der Waals and π–π interactions between

Fig. 1. (a) Schematic illustration of the SWCNT film fabrication and acid-doping processes. Chemical structures of (b) camphor sulfonic
acid (CaSA) and (c) chlorosulfonic acid (CSA). Photographs of (d) pristine SWCNT film, (e) CaSA-doped SWCNT film, and (f ) CSA-
doped SWCNT film
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individual nanotubes [11,14]. Therefore, the fabrication pro-
cess was initiated with the dispersion of SWCNTs in an aque-
ous medium, assisted by SDS as a surfactant to promote
uniform dispersion. Following dispersion, centrifugation was
employed to remove impurities and poorly dispersed particles.
Agglomerates, and the well-dispersed supernatant was col-
lected for further processing.

Two distinct doping strategies were then applied depending
on the acid strength. For the weak acid CaSA, in-situ doping
was performed by directly mixing CaSA with the SWCNT dis-
persion before film formation (Fig. 1b). In contrast, for the
strong acid CSA, a post-treatment approach was adopted, in
which pristine SWCNT films were first prepared by vacuum
filtration and subsequently immersed in CSA to achieve effec-
tive doping (Fig. 1c). The resulting doped SWCNT films (Fig.
1d–f) were then evaluated for their EMI shielding perfor-
mance.

In general, EMI shielding functions by reducing the inten-
sity of incident electromagnetic waves as they propagate
through a shielding material. This attenuation occurs primar-
ily through two mechanisms (Fig. 2a): reflection loss (R) and
absorption loss (A). The shielding behavior is governed by the

electrical and magnetic properties of the material, which
enable free or excess charge carriers to oscillate in response to
the incident electromagnetic field. Such oscillations result in
the reflection of electromagnetic waves at the material surface
or their attenuation within the material through absorption,
thereby minimizing electromagnetic transmission [15,16].

These shielding mechanisms are experimentally evaluated
using a VNA through the measurement of scattering param-
eters (S-parameters). Based on the measured S-parameters, the
EMI shielding effectiveness is calculated in terms of reflection
loss (SER), absorption loss (SEA), and total shielding effec-
tiveness (SET) using the following equations [17,18]:

R S11=
2

T S21=
2

SER 10log10 1 R– –=

SEA 10log10
T

1 R–
---------- 
 

–=

SET SER SEA+=

Fig. 2. (a) Schematic illustration of the EMI SH mechanism. (b) EMI shielding effectiveness (SET) of SWCNT, SWCNT-CaSA, and SWCNT-
CSA at frequencies ranging from 8.2-12.4 GHz.(c) Comparison of average reflection (SER), absorption (SEA), and total EMI shield-
ing effectiveness (SET). (d) Average R and A coefficient value of SWCNT, SWCNT-CaSA, and SWCNT-CSA  
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Using the above equations, the EMI shielding effectiveness
of pristine and acid-doped SWCNT films was evaluated across
the X-band frequency range (Fig. 2b). The results indicate that
CaSA and CSA doping lead to only a marginal increase in the
SET. Specifically, 2 different pristine SWCNT films (CNT-1
and CNT-2) are prepared, with CNT-1 used as the reference
sample for CaSA post-treatment and CNT-2 as the reference
for CSA post-treatment. However, the SET values remain sim-
ilar to those of the pristine films even after doping. SET values
of approximately 55 dB are obtained for both pristine CNT-1
and CNT-1-CaSA, while both CNT-2 and CNT-2-CSA exhibit
SET values of approximately 56 dB (Fig. 2c). 

Despite the minimal change in SET, a pronounced variation
in the R and A coefficients was observed (Fig. 2d). Pristine
SWCNT films exhibited reflection-dominated shielding
behavior, with R ≈ 0.85 and A ≈ 0.15. In contrast, acid-doped
SWCNT films showed a transition toward absorption-dom-
inated shielding, characterized by a reduced R ≈ 0.45 and an
increased A ≈ 0.55. This shift indicates a change in the EMI
shielding mechanism, from predominantly reflecting incident
electromagnetic waves to effectively absorbing a larger fraction

of the incident radiation within the material.
Subsequently, the effect of CaSA concentration on the EMI

shielding effectiveness was investigated by increasing the
CaSA concentration to 50, 75, and 100 mg mL-1 (Fig. 3a). The
results show that, despite a several-fold increase in CaSA con-
centration, the total EMI shielding effectiveness remains
essentially unchanged across all samples. Meanwhile, extend-
ing the maceration duration does not result in a monotonic
increase in shielding effectiveness; the comparison between
untreated and CSA-treated SWCNT films reveals an overall
enhancement of approximately 2–3 dB after CSA macera-
tion(Fig. 3b). However, the use of a strong acid such as CSA
presents inherent challenges due to its high reactivity. CSA
readily reacts with ambient moisture to generate HCl and
H2SO4, and prolonged maceration times were observed to
induce structural damage to the SWCNT films. These results
indicate that while CSA post-treatment can modestly enhance
EMI shielding, careful optimization of the maceration dura-
tion is required to balance performance improvement and
structural integrity. 

To investigate chemical modifications induced by acid dop-

Fig. 3. (a) EMI shielding effectiveness of CNT in different CaSA concentration. (b) EMI shielding effectiveness of CNT in different CSA
macerate time

Fig. 4. (a) FTIR results of pristine SWCNT and doped SWCNT, (b)Raman spectroscopy results of pristine SWCNT and doped SWCNT 



High-Performance Electromagnetic Interference Shielding of Acid-Doped Single-Walled Carbon Nanotubes 25
ing in SWCNT films, FTIR and Raman spectroscopy were
employed to assess changes in the physicochemical properties
of the carbon surface. The FTIR results indicate that acid dop-
ing leads to functionalization of the SWCNT surface. Specif-
ically, CaSA introduces carbonyl-related functional groups,
while CSA introduces sulfonate groups onto the SWCNT
framework (Fig. 4a).

Raman spectroscopy further supports these findings by
evaluating The defect density was evaluated using the intensity
ratio of the D band to the G band (ID/IG), calculated from the
respective peak intensities, yielding ID/IG ratios of 0.027,
0.035, and 0.034 for pristine SWCNT, SWCNT-CaSA, and
SWCNT-CSA, respectively. Compared to pristine SWCNTs,
the acid-doped samples exhibit a higher ID/IG ratio, indicating
an increase in defect density after the doping treatment, sug-
gesting partial disruption of the sp² carbon network. These
Raman features are consistent with chemical functionalization
of SWCNTs, in agreement with the FTIR results.

In addition, sheet resistance measurements of CSA-doped
SWCNT films show a clear reduction in sheet resistance after
doping (Fig. 5), indicating enhanced electrical conductivity

consistent with increased carrier concentration induced by
acid doping. Collectively, these chemical and electrical mod-
ifications are consistent with reduced reflection and enhanced
absorption-dominated EMI shielding behavior.

Next, we compare the EMI SH performance of our work
with the reported material that was doped using acid (Fig. 6)
[19-25]. Importantly, compared to other material our material
exhibits exceptional EMI SH performance with a thinner film

4. CONCLUSIONS

In this work, the effects of camphor sulfonic acid (CaSA)
and chlorosulfonic acid (CSA) doping on the EMI shielding
performance of SWCNT films were systematically investi-
gated. The results reveal that increasing the CaSA concen-
tration induces only a negligible change in the total EMI
shielding effectiveness. Nevertheless, a pronounced transition
in the shielding mechanism was observed, with the dominant
contribution shifting from reflection-dominated to absorp-
tion-dominated behavior. Furthermore, a modest enhance-
ment in EMI shielding effectiveness of approximately 2–3 dB
was achieved by increasing the CSA maceration duration.
These findings demonstrate that acid doping primarily mod-
ulates the EMI shielding mechanism rather than significantly
increasing the overall shielding effectiveness, highlighting the
importance of dopant selection and processing conditions in
tailoring SWCNT-based EMI shielding materials.
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