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ABSTRACT: Rapid development of wearable electronics creates
demands to fulﬁll requirements such as shielding electromagnetic
radiation to reduce its harmful side eﬀects on humans and
electronic equipment. Here, wearable substrates/electrodes were
fabricated through simple and cost-eﬀective fabrication procedures
showing high-performance electromagnetic interference shielding
and excellent antibacterial activities. Silver nanoparticles were
sputtered on one side and graphene oxide (GO) was sprayed on
the other side of a nylon/polyester fabric, followed by chemical
reduction. The durability of the modiﬁed fabric was investigated
under mechanical deformation. A high electrical conductivity of the fabric causes great microwave attenuation in the X-band and part
of the S-band. Electrochemical performances of the composites as electrodes in wearable electronics were investigated. The
antibacterial activities of the modiﬁed fabrics were excellent against Escherichia coli and Staphylococcus aureus, and the modiﬁed
fabrics showed great durability even after 50 washing cycles. Having high-performance microwave shielding and biocidal properties
makes an Ag/reduced GO fabric a potential candidate to be used as wearable electronics.

1. INTRODUCTION
Wearable electronics including ﬂexible sensors, actuators,
energy storage devices, power generators, health-monitoring
systems, and transistors have attracted considerable attention
as the next generation of electronic devices.1−5 Textile-based
wearable electronics generally have better ﬂexibility, comfort,
and lighter weight compared to conventional electronic
devices.6 Metals, carbon-based materials, and intrinsically
conductive polymers are used as the main components of
these wearable electronics to achieve better performance.7
However, they do not have considerable ﬂexibility, stretchability, physical comfort, and safety as conventional textile
substrates. Using conventional textiles such as cotton or nylon
(ﬁber, yarn, fabric, and nonwoven) as the substrate and coating
them with conductive nanomaterials is a good alternative for
intrinsically conductive substrates to have a breathable and
skin-friendly e-textile with similar conductivity.8 Conventional
textiles with porous structures provide a higher surface area to
absorb chemical species compared to electrically conducting
metals and polymers.
Metals including Ag, Ni, Cu, Al, and so forth are generally
deposited on textile substrates as electrically conductive
agents.9,10 Silver-plated textiles are the most frequently
explored conductive textiles because of their high electrical
conductivity and strong antibacterial and antioxidant properties.11,12 Conducting Ag-textiles are generally prepared using
electroless plating, which is an environmentally unfriendly
method to coat substrates. Physical vapor deposition has been
developed in recent years as an alternative for chemical
© XXXX American Chemical Society

deposition methods. Magnetron sputtering as a physical
method has been commercially utilized to deposit Ag thin
ﬁlm on textiles. Sputtering on textiles is more facile, scalable,
and clean than chemical methods of deposition.13
The role of electrically conductive textiles as substrates or
electrodes in wearable electronics with integrated circuits
which generates a huge amount of electromagnetic radiation is
so important. According to the harmful inﬂuence of electromagnetic radiation on sensitive precision electronic equipment
and living environments, high-performance electromagnetic
interference (EMI) shielding is necessary for wearable
electronics.14 Silver-plated textiles with a high electrical
conductivity are so eﬀective to provide Faraday’s cage shielding
and induced eddy current. On the other hand, the method of
coating and the amount of silver metal on the fabric surface
aﬀect the ﬂexibility and also durability of the composite.
Silver nanoparticles have a signiﬁcant antimicrobial eﬀect on
a wide range of bacteria, viruses, and fungi.15−17 It is signiﬁcant
for wearable electronics with textile substrates to have
antibacterial and antifungal properties because of the nature
of textiles (especially natural textiles) as nutrient media for
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oxide on the fabric. A solution of NaBH4 (0.5 g/L) was
prepared and the modiﬁed fabric was soaked in the solution.
Sodium borohydride was gradually added during 1 h to avoid
complete hydrolysis of NaBH4 in water. The fabric was washed
with deionized water 2 times and dried at room temperature.
2.2. Characterization and Measurements. X-ray
diﬀraction (XRD) analysis was performed using a Cu Kα
radiation source (λ = 1.5418 Å) by a Siemens D500 X-ray
diﬀractometer operating at 40 kV to detect crystal synthesis
and crystal size calculation on the fabric surface. Fourier
transform infrared (FTIR) spectroscopy (Nicolet 6700) was
utilized on both sides of the fabric in attenuated total reﬂection
(ATR) mode to characterize the changes and chemical bonds
on the fabric surface. Field emission scanning electron
microscopy (FESEM) and energy-dispersive spectroscopy
(EDS) (MIRA 3 TESCAN-XMU) were used to study the
morphology, size, and elemental composition of the substrate
surface, respectively. The electrical conductivity of both sides
of the fabric was measured by a four-probe method and the
average values were reported.
Electrochemical tests including CV and EIS were carried out
on a CHI760E electrochemical workstation with a threeelectrode system, where platinum and Ag/AgCl electrodes
were used as counter and reference electrodes, respectively. CV
measurements were performed in a 1 M NaOH solution with a
potential window of −0.2 to 0.8 V at various scan rates from 10
to 100 mV s−1. 1 M aqueous NaOH solution was used for
impedance measurements.
Electromagnetic radiation attenuations of the Ag fabric, rGO
fabric, and Ag/rGO fabric were measured using an AMB8057
measurement system over 1.4−2.2 and 8−12 GHz (X-band)
according to ASTM D4935 standard. The fabrics were set in
the waveguide crater between two adaptors. The samples were
placed in the waveguide. The waveguides connected to each
other and the measurements were accomplished. Two
converters were used in a given frequency for each band.
Shielding eﬀectiveness (SE) was determined by the data
process. SE is the ratio of power received with the pristine and
modiﬁed fabrics for the same incident power. It is expressed in
decibels by eq 1.25

microorganisms’ growth and skin exposure. Graphene has also
attracted great attention because of its light weight, ﬂexibility,
high electrical conductivity, and EMI shielding behavior,
especially in the X-band (8−12 GHz).18−20 Graphene provides
EMI-absorbing properties for the fabric by changing the
dielectric behavior. Additionally, considerable antibacterial
activity of reduced graphene oxide (rGO) has been reported
recently.21,22 Membrane stress by the sharp edge of graphene
nanosheets causing cell membrane physical damage and
leakage of RNA has been found to be the main reason for
bactericidal activity of graphene-based compounds.23
Therefore, we report a wearable and ﬂexible electrode and/
or substrate for wearable electronic applications with excellent
EMI shielding properties and great antibacterial activity. A thin
ﬁlm of Ag nanoparticles was sputtered on one side of a nylon/
polyester (PET) fabric and GO was chemically deposited on
the other side of the fabric followed by chemical reduction
with sodium borohydride to form electrically conductive rGO.
Characterization analysis was performed and discussed in the
rest of the paper. The electrical conductivities were determined
on both sides of the fabric, and the durability of the modiﬁed
fabrics was investigated under bending, strain, and washing.
The electrochemical behavior of two ﬂexible electrodes was
investigated by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) analysis with a three-electrode
system. EMI shielding eﬀectiveness was measured in the Xband and part of the S-band and reﬂection and absorption loss
contribution was determined. The antibacterial behavior of the
composites was also conducted against both Gram-negative
and Gram-positive bacteria. The Ag/rGO fabric exhibits high
antibacterial and EMI attenuation properties, which make it a
promising substrate/electrode for e-textiles.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. A nylon/PET fabric (side A
consists of nylon and side B PET yarns) (180 g/m2, Tehran)
was washed in an aqueous bath containing 2 g/L nonionic
detergent with liquor to goods ratio of 40:1 at 60 °C for 30
min. The fabric (20 cm × 20 cm) was dried in a 60 °C oven for
1 h. Silver (supplied from jewelry in Tehran) was sputtered
with a vacuum chamber pressure of 5 × 10−3 Pa (sputtering
system: Denton Vacuum: Discovery 635) for 30 min. The
distance was ﬁxed at 160 mm between the substrate and the
target. The argon ﬂow rate was 10 mL/min and the vacuum
chamber gas pressure was 0.6 Pa. A silver thin ﬁlm was
deposited on one side of the fabric. The Ag-coated fabric was
then washed with deionized water and dried in an oven at 60
°C for 30 min.
GO was prepared by the modiﬁed Hummers’ method.24
Graphite powder (1 g, Sigma-Aldrich) was introduced into 45
mL of H2SO4 and stirred for 15 min. KMnO4 (3.5 g) was
slowly added to the dispersion in an ice bath in order to
control the temperature under 5 °C. After 2 h, an excess
amount of deionized water and 35% H2O2 were inserted into
the mixture. The obtained dispersion was ﬁltered and washed
with 1 M HCl and deionized water. GO dispersion was then
centrifuged 3 times and puriﬁed again.
Dried GO powder (0.1 g) was introduced into 50 mL of
deionized water and stirred for 1 h at 50 °C. GO suspension
was sprayed on another side of the fabric (the side without
silver) and it was dried at 130 °C for 15 min. The modiﬁed
fabric was washed with deionized water and dried. This was
repeated 5 times to deposit an acceptable amount of graphene

SE = 10 log

P1
(dB)
P2

(1)

where P1 = received power with the modiﬁed shielding sample
present and P2 = received power with no shielding sample.
The quantitative antibacterial activities of the modiﬁed
fabrics were investigated against Gram (+) Staphylococcus
aureus and Gram (−) Escherichia coli bacteria according to the
AATCC-100 test method. A suspension of 108 cfu/mL of
microbes was prepared, and the bacteria were placed in contact
with the sample surface for 5, 10, and 30 min; 100 mL of
neutralizing solution (1% w/w thiosulfate, 0.1% w/w Tween
80, and 100 mL distilled water) was inserted into each of the
plates containing untreated fabrics, inoculated treated fabrics,
and uninoculated treated fabrics; 1 mL of the neutralizer and
the microbial suspension available on the sample surface at
100, 10, and 1 dilution concentrations were dropped on the
agar culture medium plates (34 g/L). The reduction in the
percentage shows the antibacterial activity of the fabrics. The
modiﬁed fabrics were washed, and the stability of the Ag/rGO
fabric was investigated by an antibacterial test after 10, 20, 30,
40, and 50 washings with a nonionic detergent at 60 °C
according to the AATCC 61(2A)-1996 test method.
B
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Figure 1. (a) Schematic of fabrication of the Ag/rGO fabric. (b) Possible chemical interaction before and after introduction of GO.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization. Figure 1a shows
the fabricating schematic of the Ag/rGO fabric. The sputtering
of silver nanoparticles on side A of the fabric and spraying,
heating, and reducing graphene oxide to deposit rGO
nanosheets on side B of the fabric are exhibited in detail.
Some chemical interactions between PET chain structures and
graphene oxide such as π−π stacking and hydrogen bonding
possibly occurred during coating the fabric with GO. The
chemical interactions cause better absorption of graphene
oxide on the fabric according to Figure 1b. During reduction, a
lot of hydroxyl and carboxyl groups are reduced. However,
some oxygen-containing groups such as carboxyl are present to
form hydrogen bonds. However, π−π stacking in addition to
physical bonds is responsible for the strong adhesion of
graphene to the ﬁbers. On the other hand, small amounts of
stable and durable graphene sheets, which have weak
interactions with ﬁbers, were removed from the fabric surface
and graphene nanosheets with strong adhesion remain on the
surface. Therefore, higher durability and washing fastness is
achieved for the modiﬁed fabric.
FESEM was used to investigate the surface topography of
both sides of the fabric containing Ag nanoparticles (Figure 2)
and rGO (Figure 3). Figure 2 demonstrates the amount of
deposition of Ag nanoparticles on the fabric surface. The
particles are agglomerated and merged to form a thin uniform
layer on the fabric. The boundary regions between nanoparticles are obvious in Figure 2d. The cohesion between
particles leads to uniform layer formation on the surface, which
results in a higher electrical conductivity and attenuation for
electromagnetic radiation.

Figure 2. FESEM images and EDS analysis of side A of the Ag/rGO
fabric.

Figure 3 indicates a continuous network of rGO nanosheets
on the fabric surface. Restacking of graphene layers on the
surface in some regions is obvious. That is because of repeated
deposition of rGO on the fabric in order to increase the
electrical conductivity, which depends on better connection
and uniformity of carbon on the surface. These wrinkled
structures of rGO nanosheets in some parts possibly increase
EMI attenuation because of their thickness on the surface.
C
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ascribed to graphene, which appeared at 25.6° with a d-spacing
value of 3.48 Å.
Figure 4b demonstrates ATR−FTIR spectra of both sides of
the fabric. There is no signiﬁcant diﬀerence between the Agcoated fabric with pristine nylon fabric (side A). However,
there is a weak peak at 2400 cm−1 in the Ag fabric that is
possibly ascribed to the stretching vibration of OCO.26
Ag ions bond with nitrogen and oxygen present in the nylon
backbone structure through formation of a coordination
complex. This chemical interaction makes no tangible
alteration in the FTIR spectra compared with raw nylon
fabric. ATR spectra of side B are also exhibited in Figure 4b.
The IR spectra of the PET fabric side coated with rGO show
little diﬀerence from the pristine PET fabric. The intensity and
the width of the peak that appeared at 3430 cm−1 for the rGO
fabric are diﬀerent from the raw one. It is possibly attributed to
the hydroxyl groups of the PET fabric that interacted with
graphene. rGO deposited on the fabric may have a negative
eﬀect on the detection of a peak at 2855 cm−1, which is
ascribed to the stretching vibration of C−H in the PET
structure.26
3.2. Electrical Conductivity. The electrical conductivity
of the fabric containing silver nanoparticles was measured to be
more than 40−50 S/cm. Uniform deposition of nanoparticles
on the surface and connectivity of silver particles lead to high
electrical conductivity. On the other hand, the rGO-coated
side of the fabric shows a higher electrical resistivity (>1000 Ω
cm). The conductivity of side B can be improved by increasing
the amount of GO spraying, although increasing repeated steps
of GO coating is not economical and scalable results in more
stacked graphene on the fabric surface.
In order to evaluate the fabric stability under mechanical
deformation, the electrical conductivities of the Ag fabric and
Ag/rGO fabric were tested before and after 1000 bending. The
conductivity of both composites did not show tangible
changes. On the other hand, the electrical resistance of the
Ag/rGO fabric underwent 10, 20, 30, and 40% tensile strain to
test the stability of the fabric exhibited in Figure S1a. A
stretching of 40% causes an increase of 3% in the electrical
resistivity of the fabric. To test the stability of nanomaterials on
the fabric, the Ag/rGO-fabric was washed 10, 20, 30, 40, and
50 times with a nonionic detergent at 60 °C, exhibiting
acceptable washing fastness according to Figure S1b. The
modiﬁed fabric displays a 13% increase in electrical resistivity
after 50 washings. The desirable fabric fastness was attributed
to the stability of Ag on the fabric surface because of the
considerable chemical bonding between the nanomaterials and
the fabric. Nylon yarn has some active functional groups

Figure 3. FESEM images and EDS analysis of side B of the Ag/rGO
fabric.

EDS analysis shows an elemental amount within a speciﬁed
place on both sides of the fabric surface (Figures 2 and 3). On
side A, there is more than 62 wt % of silver element (Figure
2b). This huge amount of metal on the surface is an important
factor to make the fabric highly conductive and enhance EMI
attenuation in consequence. Carbon, oxygen, and nitrogen are
attributed to the nylon fabric. On another side of the fabric,
which was coated with reduced graphene oxide (Figure 3b),
carbon has the most contribution to the surface belonging to
both the PET fabric and rGO. Additionally, most part of the
oxygen on the surface is related to the PET fabric.
XRD analysis was conducted on both surfaces of the fabric
(Figure 4a). In the XRD pattern of side A, two characteristic
peaks at 20.44 and 22.84° are clearly observed for the Ag fabric
corresponding to the nylon. Four sharp peaks that appeared at
2θ = 38.48° (d-spacing = 2.3397 Å), 44.64° (d-spacing =
2.0300 Å), 64.69° (d-spacing = 1.4410 Å), and 77.69° (dspacing = 1.2291 Å) are attributed to (1 1 1), (2 0 0), (2 2 0),
and (3 1 1) lattice planes of the crystalline silver metal,
respectively. All observed peaks are matched with the standard
XRD pattern (JCPDS no. 04-0783). The average crystallite
sizes of Ag nanoparticles on the fabric were calculated to be
17.09, 19.39, 23.88, and 20.73 nm, respectively, corresponding
to (1 1 1), (2 0 0), (2 2 0), and (3 1 1) planes using the
Debye−Scherrer equation. PET fabric characteristic peaks at
17.51 and 22.5° can be observed in the XRD pattern of side B
exhibited in Figure 4a. The peak is attributed to rGO at 2θ =
24.9° corresponding to the (0 0 2) plane and a peak of the
PET fabric at 26.01°, which was merged into a new peak

Figure 4. (a) XRD patterns and (b) ATR spectra of the Ag/rGO fabric.
D
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Figure 5. CVs of the (a) Ag fabric and (b) Ag/rGO fabric electrodes at scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100. The corresponding
plots of anodic and cathodic peak currents vs the square root of potential scan rate of the (c) Ag fabric and (d) Ag/rGO fabric electrodes.

Figure 6. (a) Nyquist plots for the Ag fabric and Ag/rGO fabric electrodes and electrochemical equivalent circuits. (b) Enlarged scale of Nyquist
plots for the Ag fabric and Ag/rGO fabric electrodes.

including amide and ester to adsorb Ag+ species on the ﬁber
surface. These functional groups are actually the nucleation
sites for Ag nanoparticles formation besides to defects and
pores to grow silver layer on the fabric surface.25 Acceptable
adhesion between metallic nanomaterials and the fabric is
possibly due to electrostatic and coordination interactions.
Additionally, the fabric structure as a ﬂexible and functional
substrate plays an important role in the durability and
ﬂexibility of the composite.
3.3. Electrochemical Properties. The electrochemical
performances of two wearable electrodes were investigated
using CV. Figure 5a,b shows CV curves of the Ag fabric and
Ag/rGO fabric electrodes in 3 M NaOH aqueous electrolyte
within −0.2 to 0.8 V at various scan rates of 10, 20, 30, 40, 50,
60, 70, 80, 90, and 100 mV s−1. The nonrectangular shapes of
CV curves displayed redox reactions because of silver particles
and functional groups on the fabrics’ surfaces. There are two
pairs of redox peaks for two electrodes because of the oxidation
and reduction of Ag/Ag+ at anodic and cathodic peaks,
respectively. According to Figure 5, the oxidation peak for the
Ag/rGO fabric occurred in higher oxidation currents according

to the CV curves, presenting a better electrochemical
performance compared to the Ag fabric. The area under the
CV loop of the Ag/rGO fabric is larger than that of the Ag
fabric, indicating its higher capacitance because of characteristics of an rGO as an electric double-layer capacitor.
The eﬀects of scan rates on both electrodes were
investigated and the anodic and cathodic peaks moved to
more positive and more negative potentials, respectively, by
increasing the scan rates. The oxidation and reduction peak
currents are proportional to the square roots of the scan rates
within 10−100 mV s−1 (Figure 5c,d). The correlation
coeﬃcient (R2) of oxidation peak currents is obtained as
0.958 and 0.9792 for the Ag fabric and the Ag/rGO fabric,
while 0.9943 and 0.994 are the reduction peak currents for the
two electrodes, respectively. Therefore, redox reactions of the
electrodes are diﬀusion-controlled processes and can be used
as practical electrodes in sensing applications.
EIS was examined to study the ion-transport behavior of
electrical resistance of the Ag fabric and the Ag/rGO fabric as
illustrated in Figure 6a. The EIS study was carried out in the
frequency range of 0.01 to 105 Hz at open-circuit potential.
E
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Figure 7. EMI shielding eﬀectiveness of the modiﬁed fabrics in (a) 1.4−2.2 and (b) 8.4−12.4 GHz frequency ranges. The portion of two major
EMI shielding mechanism, absorption, and reﬂection in (c) 1.4−2.2 and (d) 8.4−12.4 GHz frequency ranges.

The area at higher frequencies shows the electrolyte properties
and electrode/electrolyte interface process. As shown in Figure
6b, the Ag fabric has a small faradic charge-transfer resistance
(Rct = 0.71 Ω) corresponding to the semicircle at high
frequencies with a solution resistance of Re = 4.46 Ω. An even
smaller charge-transfer resistance of the Ag/rGO fabric
electrode (Rct = 0.26 Ω) compared to the Ag fabric electrode
is due to increased diﬀusion and ion transfer during charge/
discharge processes for the fabric with two conductive sides. It
is clear that coating rGO in addition to silver nanoparticles
provides more active sites for electrochemical reactions as well
as electrochemical performance.
3.4. EMI Shielding Performance. EMI shielding performances of the composites were examined using a coaxial adapter
measurement setup in the frequency ranges of 1.45−2.2 and
8−12 GHz (X-band). Figure 7a shows the EMI shielding
eﬀectiveness of the fabrics coated with Ag and Ag/rGO in
1.45−2.2 GHz, which is in the range of a mobile phone
(GSM), wireless LAN, bluetooth, GPS, communication
satellite, and radar radiation. We expect a higher total shielding
eﬀectiveness (SE) of the Ag/rGO fabric across all frequencies.
However, the Ag fabric shows a higher EMI shielding
performance in part of the frequencies, especially in
frequencies higher than 1.8 GHz. On the other hand, the
Ag/rGO fabric demonstrates a much higher shielding
eﬃciency compared to the Ag fabric in the X-band (Figure
7b). Side B was exposed to radiation in front of a waveguide. In
other words, radiation entered the rGO-coated side of the
fabric, ﬁrst. A part of the incident radiation was reﬂected from
the rGO surface. A part was absorbed within the fabric and a
part was transmitted to the rear silver-coated side. The silvercoated side reﬂected a part of microwave to side B. A part of
them was reﬂected back to the rear silver-coated side again and
then was reﬂected, absorbed, or transmitted from the fabric. A
part of the transmitted waves could be reﬂected or absorbed if

the Ag-coated side (side A) was in front. Therefore, reﬂected
waves from the fabric rear surface (side A) to front (side B)
can enhance or decrease the eﬀectiveness of the shield
depending on its phase relationship with the incident
radiation.27 Total shielding eﬀectiveness is the sum of
reﬂection, absorption, and multiple reﬂections in the shield.
It is obvious that the Ag/rGO fabric shows the best
performance in EMI attenuation in the X-band according to
Figure 7b. The presence of rGO as a conductive material with
a carbon structure intensively increases SE.
To study the reﬂection and absorption loss of the shield and
the dominant shielding mechanism of the fabric, SER and SEA
in parts of the S-band and the X-band were measured and are
plotted in Figure 7c,d. For the Ag fabric, both reﬂection and
absorption are the dominant shielding mechanisms below and
above 1.7 GHz, respectively, in the S-band. In contrast,
absorption has a small contribution in shielding for the Ag/
rGO fabric. In this frequency range, the Ag fabric shows the
best EMI absorption in 2 GHz. Also, 1.6 GHz is the best
frequency for the Ag/rGO fabric to reﬂect microwaves. It is
concluded that deposition of rGO on the fabric due to its low
conductivity, which is because of the lack of connectivity
between graphene sheets, decreases EMI absorption and
improves the reﬂection.
According to Figure 7d, reﬂection of incident radiation is the
main reason for EMI attenuation in the X-band. The Ag/rGO
fabric has an obviously better shielding performance through
reﬂection of radiation compared to the Ag fabric. However, the
Ag fabric still absorbs a higher amount of radiation compared
to the Ag/rGO fabric. It should be noted that the shield’s
thickness as well as electrical conductivity and permeability
have important roles in absorption loss. Thus, deposition of a
higher amount of conductive materials certainly will improve
the radiation absorption and SE, consequently.
F
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Coating more silver or rGO aﬀects the ﬂexibility and
comfort of the fabric while it is important to determine a
balance for coating so that it does not change the hand feeling
of common textile fabric. The reﬂection loss, on the other
hand, is attributed to the relative mismatch between the wave
and the impedance of the shielding material.27 It is worth
mentioning that discontinuity of rGO on the fabric surface
could be one of the important reasons for low microwave
absorption. By the way, increasing the electrical conductivity of
side B by extending the chemical reduction duration possibly
decreases the absorption because of the reduction of dipoles
and hydroxyl groups in the GO structure. Functional groups
and defects of graphene improve polarization loss where the
reduced thickness increases the conduction loss.
The complex permittivity and complex permeability (which
is attributed to magnetic materials) are crucial factors that
determine and adjust the reﬂection and absorption characteristics of the materials.28 The real part of permittivity (ε′) is the
ability to store electric energy within, and the imaginary part of
permittivity (ε″) relates to the dissipation or loss of electric
energy. Therefore, a higher ε″ indicates a stronger dielectric
loss to electromagnetic energy.29 To evaluate the electromagnetic absorption of the material, impedance matching and
tangential dielectric loss are necessary. Impedance matching
determines the transmission behavior of electromagnetic wave
at the interface between the material and air.30 Figure 8
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they are related to the common medical infections.31 The
antibacterial properties of the Ag fabric, rGO fabric, and Ag/
rGO fabric were investigated by calculation of antibacterial
ratios based on colonies of bacteria incubated on pristine and
the two modiﬁed fabrics. The number of viable bacteria
colonies on the agar plate was counted for modiﬁed and
pristine fabrics and the percentage of bacteria reduction was
reported according to eq 2.32
R = (A − B)/A × 100

(2)

where A and B are the number of bacteria colonies of pristine
and modiﬁed fabrics, respectively. R is the reduction
percentage of bacteria. The bacterial reduction percents
against E. coli and S. aureus were higher than 99% for the Ag
fabric and Ag/rGO-fabric and 83, 87, and 97% for the rGO
fabric after 5, 10, and 30 min, whereas the pristine fabric did
not exhibit any reduction in bacteria count during this time
(Figure S2). These results are in agreement with previous
reported results.33−35
Aggregation, dissolution, RedOx reactions, release of
adsorbed silver species, ions’ adsorption or desorption, or
interaction with other particles can all make a contribution to
the antibacterial behavior of silver nanoparticles.36 However,
Ag+ species on the fabric surface seem to be the dominant
mechanism of the antibacterial behavior of modiﬁed Ag-coated
fabrics. The capability to disrupt a large variety of pathways is
the main reason of the biocidal action of silver nanoparticles
against a broad spectrum of microorganisms.36
The antibacterial properties of rGO in a coated fabric were
also considerable and 99% bacteria reduction was obtained
after 40 min of contact. However, graphene-based nanostructures depending on their size, shape, and chemical composition
have diﬀerent antibacterial properties against both Grampositive and Gram-negative bacteria.37 Diﬀerent studies
conﬁrm graphene-based nanomaterials’ bactericidal properties
against E. coli and S. aureus.21,38,39 Mechanisms such as reactive
oxygen species production, oxidation stress, or extraction of a
large amount of phospholipids from the bacteria membrane
have been suggested for antibacterial activity of graphenebased materials.40−42
Washing fastness of two composites (Ag fabric and Ag/rGO
fabric) is important because of the wearable applications of the
fabrics. The laundering durability was investigated carrying out
the antibacterial test against E. coli and S. aureus through a
certain number of washing cycles. The bacterial reduction is
shown in Figure S3a,b for the Ag fabric and the Ag/rGO fabric,
respectively. The Ag fabric exhibited less than 5% antibacterial
reduction after 50 washings against both E. coli and S. aureus.
The Ag/rGO fabric has better bactericidal performance against
both bacteria. It could be attributed to the antibacterial
properties of rGO. It should be mentioned that both Ag and
Ag/rGO compounds show greater antibacterial performance
against E. coli than S. aureus according to the diagrams (Figure
S3). This result is in agreement with previous reports in the
literature.31,43 The results exhibit the great durability of the
modiﬁed fabrics as was conﬁrmed earlier through the electrical
conductivity test.
Cytotoxicity of nanomaterials for humans and environments
is an open discussion. Many factors such as shape, size,
composition, solubility, surface properties, and functionalization of nanoparticles aﬀect the toxicity and unsafety of
nanoparticles.44−46 Some researchers reported the toxicity
and safety of silver nanoparticles.47 However, many wearable

Figure 8. EMI shielding mechanism of the Ag fabric and the Ag/rGO
fabric.

represents the EMI shielding mechanisms of the Ag fabric and
the Ag/rGO fabric. As electromagnetic radiation reaches the
surface of the prepared composites, reﬂection, transmission,
absorption, and internal reﬂection occurred. The domination
of absorption or reﬂection shielding properties depends on
whether the incident wave can enter the fabric.
A comparison is reported on electrical conductivity and EMI
SE of some various conductive ﬂexible materials in the
literature in Table S1. The reported Ag/rGO fabric shows
excellent EMI shielding with low thickness (lower than 3 mm)
compared to most ﬂexible composites and ﬁlms in the
literature.
3.5. Antibacterial Activity. The antibacterial activity of a
wearable textile-based electronics is important because of the
skin contact of the fabric and also the bacteria tendency to
settle and nourish in textiles. In this regard, two Gram-negative
E. coli and Gram-positive S. aureus bacteria were selected as
G

https://dx.doi.org/10.1021/acs.iecr.0c02141
Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXX

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

electronic devices have utilized silver nanoparticles as their
active components.48,49 It is noteworthy that the strong
interactions between nanoparticles and polymer substrates
limited the release of nanoparticles. The stability experiments
demonstrated the durability and release of low nanoparticles
from the modiﬁed fabrics. The Ag-fabric displayed a 13%
increase in electrical resistivity after 50 washings. Similarly, the
fabric exhibited less than 5% antibacterial reduction after 50
washings against both E. coli and S. aureus. Additionally,
according to the FESEM images (Figure 2), silver was
deposited on the ﬁber surface uniformly with a merged thin
layer because of the sputtering technique that was utilized and
separation from the surface in the form of nanoparticles is
unlikely, consequently.
According to the FESEM images (Figure 3), there is little
chance for rGO nanosheets to penetrate into the skin because
of the shape and size of rGO on the fabric surface. rGO also
formed strong chemical bonds with the fabric surface
according to Section 3.1 and Figure 1. The stability of rGO
nanosheets on the fabric was also conﬁrmed by washing
fastness tests after mechanical deformation and antibacterial
analyses. There are huge amounts of graphene-based wearable
electronics that are in contact with the skin through tattoos or
wearable clothes.50−53

■

Resistance change of the Ag/rGO fabric under various
strain conditions and numerous washing cycles; number
of bacterial colonies on agar plates brought in contact
with raw fabric and Ag/rGO fabric for 5, 10, and 30 min
in the presence of E. coli and S. aureus; antibacterial
activity of the Ag fabric and Ag/rGO fabric during
numerous washing cycles; and comparison of electrical
conductivity and EMI SE of some conductive ﬂexible
materials in the literature (PDF)
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4. CONCLUSIONS
A wearable electrode/substrate was fabricated with multifunctional properties for wearable electronics. Silver nanoparticles
were sputtered magnetically on one side of a nylon/PET fabric,
where on the other side, synthesized graphene oxide was
sprayed on the fabric and reduced chemically. The electrical
conductivity of the fabric is more than 40 S/cm due to the high
amount and uniformity of Ag nanoparticles deposited on the
fabric surface. The fabric stability under mechanical
deformation, bending, and strain was promising and 50 times
washing increased only 13% of the electrical resistivity. The
electrochemical activity of ﬂexible electrodes was appropriate
for energy storage and sensing properties, presenting a faradic
capacitance behavior with good ion-transfer properties. EMI
shielding eﬀectiveness of the Ag/rGO fabric is as high as 49
and 46 dB in 1.4−2.2 and 8.4−12.4 GHz frequency ranges,
respectively. Reﬂection loss is detected as the dominant
shielding mechanism of the fabric in both X-band and S-band.
The fabric also showed 99.9% bacterial reduction against most
Gram-negative and Gram-positive bacteria, and no obvious
performance degradation was observed even after 50 repeated
washing cycles. The antibacterial activity of the Ag/rGO fabric
was greater than that of the Ag fabric and it was attributed to
the rGO biocidal behavior in addition to silver nanoparticles’
antibacterial properties. It should be noted that the modiﬁed
fabric exhibited a better antibacterial performance against E.
coli than S. aureus. The easy-fabricated Ag/rGO fabric as a
ﬂexible, compatible, and light-weight electrode/substrate with
high-performance shielding and antibacterial properties opens
up the possibility for utilizing the common textile fabrics in
ﬂexible electronics with integrated circuits and wearable
characteristics.
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