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ABSTRACT: The surge in air pollution and respiratory diseases
across the globe has spurred significant interest in the development
of flexible gas sensors prepared by low-cost and scalable fabrication
methods. However, the limited breathability in the commonly used
substrate materials reduces the exchange of air and moisture to
result in irritation and a low level of comfort. This study presents
the design and demonstration of a breathable, flexible, and highly
sensitive NO2 gas sensor based on the silver (Ag)-decorated laser-
induced graphene (LIG) foam. The scalable laser direct writing
transforms the self-assembled block copolymer and resin mixture
with different mass ratios into highly porous LIG with varying pore
sizes. Decoration of Ag nanoparticles on the porous LIG further
increases the specific surface area and conductivity to result in a
highly sensitive and selective composite to detect nitrogen oxides. The as-fabricated Ag/LIG gas sensor on a flexible polyethylene
substrate exhibits a large response of −12‰, a fast response/recovery of 40/291 s, and a low detection limit of a few parts per billion
at room temperature. Integrating the Ag/LIG composite on diverse fabric substrates further results in breathable gas sensors and
intelligent clothing, which allows permeation of air and moisture to provide long-term practical use with an improved level of
comfort.

KEYWORDS: scalable laser direct writing, self-assembled BCP/resin, Ag/LIG composites, intrinsically breathable and flexible gas sensors,
intelligent clothing for gas sensing

1. INTRODUCTION

Graphene-based nanomaterials have been widely used in
flexible sensors and electronic devices due to their extremely
high charge mobility, mechanical strength, and thermal
conductivity.1−3 However, the difficulty in large-area synthesis
and integration presents challenges in device applications.
Transient laser heating of various carbon-containing materials
with a commercial laser is a cost-effective and scalable
approach to generate functional porous materials such as
laser-induced graphene (LIG).4−7 However, it is challenging to
achieve control of the pore size and the connectivity.
Meanwhile, block copolymer (BCP) self-assembly has been
explored to construct hierarchically porous nanoscale struc-
tures,8 which find extensive applications in electrochemical
sensors,9−12 energy storage,13−15 and electrothermal con-
version.16,17 As a result, coupling bottom-up BCP self-assembly
with top-down laser direct writing has garnered high interest to
rapidly produce the hierarchically porous materials.18 The
porous 3D structures with pore sizes easily modulated by the
mass ratio of BCP to resins have been explored for
microfluidics,19 micro-batteries,20,21 and supercapacitors.22

However, their applications in gas sensing for biomarker

detection from the human body or in the exposed environment
are yet to be investigated.
As one representative example of the toxic air pollutants

from the combustion of fossil fuel, nitrogen dioxide (NO2)
often causes adverse respiratory health problems such as
irritation, chronic bronchitis, and emphysema.23−25 While
exposure to 10−20 ppm NO2 is irritating, exposure to 150
ppm or higher may result in pulmonary edema or
bronchospasm death.26 There is also a possible link between
long-term NO2 exposure and mortality from heart failure and
dysrhythmia.27,28 Despite there being numerous gas sensors for
detecting NO2, their inflexibility and high operating temper-
ature limit their future development.29,30 Therefore, it is of
increasing interest to develop wearable gas sensors for accurate
and continuous recording of NO2.

31−33 However, the limited
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breathability of the commonly explored substrate materials on
exposure to air and moisture often results in irritation and a
reduced level of comfort during long-term use. The use of
breathable textiles as the substrate in gas sensors allows them
to detect NO2,

34−36 ammonia,37 hydrogen sulfide,38 and
volatile organic compounds.39 Although simple dip-coating
has been extensively explored,40−42 the integration on wearable
clothing requires sewing or an additional adhesive. The process
is also incompatible with some commonly used textiles such as
nylon and non-woven fabrics. Therefore, it is still challenging
to fabricate breathable gas sensors on diverse fabric substrates.
Here, this work reports the design, fabrication, and

demonstration of a breathable and flexible gas sensor on
diverse substrates (e.g., polyethylene film, papers, and fabrics)
by combining scalable laser direct writing with BCP/resin self-
assembly. The self-assembled BCP/resin with varying mass
ratios can be transformed into 3D porous LIG foam structures
with tunable pore sizes and distributions by transient laser
heating. The dependence of the pore size of the 3D porous

graphene on the gas-sensing performance is systematically
investigated. Decorating Ag nanoparticles (Ag NPs) on the
porous LIG results in Ag/LIG composites with a high specific
surface area for an enhanced gas-sensing response. The as-
prepared Ag/LIG-based gas sensors on a flexible PET substrate
exhibit a large response of −12‰, a fast response/recovery of
40/291 s, and a low detection limit of a few parts per billion at
room temperature. Furthermore, replacing PET with the textile
substrate provides breathable gas sensors and intelligent
clothing for long-term practical gas-sensing.

2. EXPERIMENTAL SECTION
2.1. Materials. Phenol−formaldehyde resins (resols) purchased

from Henan Boren Casting Material Co., Ltd. and Pluronic F127
copolymer [poly(ethylene oxide)-block-poly(propylene oxide)-block-
poly(ethylene oxide)] purchased from Sigma-Aldrich were used as
received. Ethanol was purchased from Suzhou Chenze Chemical Co.,
Ltd. Ag NPs (0.1 mg/mL) were purchased from XFNANO Materials
Tech Co., Ltd.

Figure 1. Schematic illustration showing the (a) fabrication process of the Ag/LIG-based breathable gas sensor that relies on the (b)
transformation of F127/resols into porous LIG with transient heating by a CO2 laser.
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2.2. Preparation of Self-Assembled BCP/Resol Hybrid Thin
Films. The hybrid solution of BCP/resols was prepared by mixing the
Pluronic F127 copolymer with resols in ethanol in a 40 °C water bath
for 4 h. The F127/resol mass ratios were varied (i.e., 1:2, 2:2, and
3:2) to prepare three different samples. After vacuum degassing for 15
min, a two-step spin-coating with a low speed of 850 rpm for 15 s and
a high-speed of 1500 rpm for 45 s was carried out to form a uniform
hybrid thin film on the PET substrate, which was followed by curing
in a vacuum oven at 150 °C for 2 h. When PET was replaced by the
fabric substrates, the curing was performed at 100 °C for 12 h.
2.3. Fabrication and Testing of Breathable Gas Sensors. The

gas sensor consisting of a straight sensing region (width of 300 μm,
length of 5 mm) and two square electrode regions (Figure S1) was
fabricated by transiently heating the hybrid BCP/resol thin films with
a commercial CO2 laser (Universal Laser, 10.6 μm) (Figure 1a). Fixed
laser processing parameters were used unless specified otherwise:
power of 2.4%, speed of 1%, and PPI of 500. After forming the 3D
porous graphene with a programmed pattern in the hybrid film spin-
coated on the diverse substrates (e.g., PET, paper, and fabric, Figure
S2), drop-casting the Ag NPs on the LIG in the sensing region
prepared the Ag/LIG composites for NO2 detection. The connection
between two square electrodes in the gas sensor and the data
acquisition system was achieved by copper tapes with silver paste. The
simple yet highly facile fabrication method directly and conveniently
resulted in breathable gas sensors.
The sensing performance of the breathable gas sensors was

characterized in a static gas testing system with a computer-controlled
SourceMeter (Keithley 2400, Keithley Instruments, USA). Different
concentrations of NO2 in the sealed chamber with a volume of 10 L

were prepared by diluting and mixing well the 100 ppm NO2
calibration gas with air. The reading from the gas sensor was
stabilized in static air for 60 s before testing. Testing of breathable gas
sensors was performed under ambient conditions at room temper-
ature.

2.4. Characterization. Scanning electron microscopy (SEM)
images were collected using a field emission scanning electron
microscope (JEOL, JSM 7100F). X-ray photoelectron spectroscopy
(XPS) was performed using an ESCALAB 250 photoelectron
spectrometer (Thermo Fisher Scientific, USA). Raman spectra were
recorded using a laser micro Raman spectrometer (Renishaw, inVia
Reflex). The electromechanical measurement of the breathable gas
sensor was performed with the universal materials testing machine
(JSV-H1000, Japan), whereas the sheet resistance was measured using
a four-point probe.

3. RESULTS AND DISCUSSION

3.1. Characterization of 3D Porous Ag/LIG Compo-
sites. The design of breathable gas sensors relies on the simple
and convenient creation of highly porous Ag/LIG composites
on the textile substrate (Figure 1). In brief, the mixture of
Pluronic F127 copolymer and resols spin-coated on the flexible
substrate can be transiently heated using a CO2 laser under
ambient conditions to result in porous LIG with tunable pore
sizes and distributions (Figure 1b). During laser scribing along
the programmed pathway, the resols with a negative tone
thermopolymerize into a continuous resin framework, whereas

Figure 2. Characterization of the porous Ag/LIG composites. (a−c) SEM images of porous LIG structures prepared with varying mass ratios of
Pluronic F127 to resols: (a) 1:2, (b) 2:2, and (c) 3:2. (d) Raman spectra in (a−c) and (e) XPS spectra of the LIG structure in (c). (f) SEM image
of the LIG structure in (c) further coated with Ag nanoparticles. (g) Elemental mapping analyses of (f) for C, O, N, and Ag. (h) Optical image of
Ag/LIG gas sensors on a flexible PET substrate, with (i) SEM images showing the cross section of the porous Ag/LIG composites.
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the BCP with a positive tone decomposes into a porous
network, providing well-defined porous resin structures. The
decoupled BCP breakdown from cross-linking of resols allows
facile tuning of the porous structure by varying the mass ratio
of Pluronic F127 to resols. As the mass ratio increases from 1:2
to 2:2 and then to 3:2, the average pore size in the 3D LIG
increases from 100−150 to 200−300 nm (Figure 2a−c). The
presence of few-layered porous graphene is confirmed by the
three prominent peaks in the Raman spectrum: D peak
(∼1350 cm−1), G peak (∼1572 cm−1), and 2D peak (∼2697
cm−1) (Figure 2d).43 The chemical compositions of LIG
revealed using XPS (Figure 2e) also show the deconvoluted C
1s into C−C (284.9 eV), C−O (285.8 eV), and CO (288.3
eV) (Figure S3) to indicate the successful formation of
graphene. Drop-casting Ag NPs on the 3D porous LIG (Figure
2f) further enhances the specific surface area and selective
binding to the target gas molecules. The uniform distribution
of Ag NPs on LIG is confirmed by the energy-dispersive
spectroscopy (EDS) spectrum (Figures 2g and S4). The
prepared Ag/LIG composites on diverse substrates (Figures 2h
and S2) exhibit excellent flexibility (Figure 2i) and breath-
ability. As the increase in the mass ratio of Pluronic F127 to
resols from 1:2 to 2:2 and 3:2 results in 3D structures with a
higher porosity and fewer conductive pathways, the resulting
sample exhibits an increased sheet resistance from 28 to 32 and
41 sq−1 (size of 1 × 1 cm2, Figure S5). The linear I−V curves
also indicate ohmic characteristics in the as-prepared samples
(Figure S6).

3.2. Gas-Sensing Performance Characterization of
Ag/LIG Composites. The performance of the Ag/LIG-based
gas-sensing platform on diverse substrates (e.g., PET film,
textile, and paper) is evaluated by exposing the sensor to NO2
with a given concentration at room temperature for 120 s.
After denoting R0 and Rt as the resistance reading from the
sensor in air and in the target gas, the gas sensor response
defined as S = (Rt − R0)/R0 can be obtained for the porous
LIG structure prepared by varying the F127/resol mass ratios
on a flexible PET substrate (Figure 3a). The resistance reading
from the sensor first decreases upon exposure to 1 ppm NO2
and then recovers after returning the sensor back to the static
air. The response time (τresp) and recovery time (τrecov) are
calculated as the time to reach 90% of total resistance change
for NO2 exposure and air re-exposure, respectively (Figure S7).
The decreased resistance results from the increased hole
density and electrical conductivity of the P-type LIG upon
exposure to the oxidizing NO2 (electron acceptor)44,45 (Figure
S8). As the F127/resol mass ratio increases from 1:2 to 3:2,
the response in the absolute value increases from −2.3 to
−5.1‰, which is likely attributed to the increased defects and
adsorption sites as evidenced by the increased ID/IG ratio
(Figure S9).46,47 The larger pore size in LIG prepared by the
higher F127/resol mass ratio may also expedite the adsorption
rate of NO2 molecules during the same exposure time for a
larger gas response. The decoration of the Ag NPs, as
confirmed by the binding energies of Ag 3d5/2 (368.3 eV) and
Ag 3d3/2 (374.3 eV) in the XPS analysis

48 (Figure S10), on the
porous LIG further enhances the sensor response by an

Figure 3. Evaluation of the gas-sensing performance of the as-prepared breathable sensor. The effects of the (a) F127/resol mass ratio and (b)
decorated Ag NPs on a sensing response to 1 ppm NO2. (c) Dynamic response of a Ag/LIG-based gas sensor upon exposure to NO2 ranging from
0.5 to 2.5 ppm. (d) Repeatability test of the sensor to 1 ppm NO2 over six cycles. (e) Stability demonstration of the gas sensor to 1 ppm NO2 over
15 days. (f) Sensing response of the Ag/LIG-based gas sensor to parts per billion-level NO2 with (g) its linear fitting. (h) Experimental
demonstration of the gas sensor to detect 30 ppb NO2. (i) Selectivity of the Ag/LIG-based gas sensor to NO2 over ammonia, acetone, ethanol,
CO2, SO2, and NO.
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approximately 2.4-fold increase (−12 vs −5.1‰, Figure 3b).
The enhancement is likely attributed to the higher specific
surface area and increased active sensing sites in the Ag/LIG
composites.49 Therefore, the Ag/LIG composite with the
largest pore size prepared by the mass ratio of 3:2 is chosen in
the following studies unless otherwise specified.
The Ag/LIG-based gas sensor is capable of detecting NO2

from 0.5 to 2.5 ppm with a step size of 0.5 ppm to result in a
response of −7.3, −12.5, −19.4, −24.7, and −27.6‰ (Figure
3c), demonstrating a relatively wide detection range. The
sensor is also highly repeatable and stable over time, as
evidenced by the almost unchanged response to 1 ppm NO2
over six consecutive cycles (Figure 3d) and for 15 days (Figure
3e), demonstrating a high potential for practical applications.
To calculate the theoretical limit of detection (LOD), the
response of the Ag/LIG gas sensor to NO2 with a progressively
increasing concentration from 300 to 600 ppb is recorded
(Figure 3f). The resulting linear fit of the response as a
function of concentration provides a slope of 17.63 ppm−1 with
a correlation coefficient (R2) of 0.990 (Figure 3g). With
RMSnoise as the standard deviation in the baseline response
curve, the LOD = 3 × RMSnoise/slope

50 provides an estimation
of the LOD to NO2 as 6.5 ppb. In practical applications, the
actual LOD often approximately corresponds to the signal with
a signal-to-noise ratio (SNR) of 3 (SNR = ΔR/RMSnoise).
Although the sensor response to NO2 is relatively small (e.g.,
−12‰ to 1 ppm NO2), the SNR value of 691 from the
ultralow noise level is still significantly higher than that of the
other 2D nanomaterial-based gas sensors.51 While it is

challenging to directly validate the actual LOD with the static
gas testing setup used in this work, the sensor to 30 ppb NO2
still exhibits a steady response of −0.9‰ with an SNR of 61
(Figure 3h), implying the actual LOD to be close to sub-ppb
level. The rapid response/recovery of 95/395 s is also observed
at this ultralow concentration of NO2. The excellent selectivity
of the Ag/LIG-based gas sensor to NO2 and NO is confirmed
by its significantly larger response over a variety of other
interfering gases, including ammonia (NH3), acetone, ethanol,
CO2, and SO2 (Figure 3i).

3.3. Demonstration of the Breathable Gas Sensor
with Ag/LIG Composites on Fabrics. Preparing the Ag/
LIG composites on diverse fabrics (e.g., knitted fabric, Kevlar
fiber, non-woven fabric, and commercial clothes) results in an
intrinsically breathable gas sensor (Figures 4a and S11). The
breathable gas sensors on knitted fabric, Kevlar fabric, and non-
woven fabric still exhibit large responses of −6.0, −5.5, and
−5.1‰, respectively, with a fast response/recovery (65/405,
64/403, and 68/399 s) and high SNR values (351, 305, and
299) (Figure 4b, 1 ppm NO2). The large detection range from
0.5 to 2.5 ppm is also confirmed in the dynamic response
curves of the sensors on these three fabric substrates (Figure
S12). The highest response for the sensor on the knitted fabric
possibly comes from the largest adsorption surface area and
most uniform coating on this natural fibrous structure (Figure
4c). The uniformly coated porous Ag/LIG composite on the
knitted fabric surface (Figure 4d) maintains the inherent
breathability of fabric (Figure 4e) to provide breathability in
the resulting gas sensor. Per the ASTM E96-95 test,52 the

Figure 4. Characterizations of the Ag/LIG composites on the fabric substrate. (a) Optical images of Ag/LIG composites on knitted fabric, Kevlar
fiber, non-woven fabric. (b) Response curves of the Ag/LIG-based gas sensors on different fabric substrates. SEM images of the knitted fabric (c)
before and (d) after coating of Ag/LIG composites, with (e) the cross-sectional view of the Ag/LIG on the knitted fabric. (f) Experimental setup to
measure the vapor transmission according to ASTM E96-95 and the (g) results on the change of weight with elapsed time.
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breathability is evaluated by measuring the weight change of
the bottle covered by varying films with 20 g of silica gel
desiccant inside (Figure 4f). With limited breathability when
exposed to air and moisture, the bottles covered by
conventional flexible elastomers such as PET, PI, PDMS, and
Ecoflex films exhibit negligibly small weight changes. In
contrast, the bottle covered by the Ag/LIG on the knitted
fabric shows very close weight changes with that covered by
the pristine knitted fabric, demonstrating an excellent vapor
transmission rate (Figure 4g). Furthermore, the breathability
of Ag/LIG composites on the knitted fabric can be easily
controlled by tuning the pore size in the composite (Figure
S13). The excellent breathability of Ag/LIG on the knitted
fabric allows a rapid exchange of air and moisture between the
human skin and the environment, which is highly desirable in
wearable devices with an improved level of comfort for long-
term use.
The excellent breathability of Ag/LIG on fabric provides a

simple yet effective route to integrate the gas sensor on
clothing such as lab coats to result in intelligent clothing
(Figure 5a). The gas sensor on the intelligent coat lab shows
large responses of −4.2, −5.8, −6.3, −7.1, and −7.6‰ to NO2
as its concentration progressively increases from 0.5 to 2.5 ppm
with a step size of 0.5 ppm (Figure 5b). The large response of
−6‰ to 1 ppm NO2 with a high SNR of 335 is also stable,
with a small standard deviation of 1.4% over five consecutive
cycles (Figure 5c). When the flexible sensor is subject to
bending deformation with a radius of curvature (r) decreasing
from 40 to 5 mm, the stable sensing response is also confirmed
by the small standard deviation of 4.8% (Figure 5d). Taken
together with the highly repeatable gas-sensing performance
over 1500 bending cycles (Figure 5e), the breathable and
flexible Ag/LIG on a fabric gas sensor opens up practical
opportunities for long-term gas sensing with a significantly
improved level of comfort. As a result, the Ag/LIG-based gas
sensor with an ultralow LOD, a fast response/recovery, and an
excellent vapor transmission rate from a tunable pore size
compares favorably with other NO2 gas sensors based on
varying nanomaterials (Table S1).

4. CONCLUSIONS
In summary, we have reported the design, fabrication, and
demonstration of a breathable, flexible, and highly sensitive
NO2 gas sensor based on Ag/LIG composites prepared by the
simple yet scalable laser fabrication approach. The photo-
thermal transformation of the self-assembled BCP/resols into
highly porous 3D LIG foams with various pore sizes can be
facilely achieved by laser direct writing with a tunable mass
ratio of Pluronic F127 to resols. Drop-casting of Ag NPs onto
the porous LIG surface further results in Ag/LIG composites
with improved conductivity and specific surface area. The Ag/
LIG-based gas sensor on the flexible PET substrate exhibits a
large response of −12‰, a fast response/recovery of 40/291 s,
and a low LOD of few parts per billion at room temperature.
Replacing PET with the textile substrate results in intrinsically
breathable and flexible gas sensors with a high sensitivity, a low
LOD, and an excellent stability, which can allow the
permeation of air and moisture for long-term sensing
applications with an improved level of comfort.
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Figure 5. Intelligent lab coat based on the Ag/LIG composite gas sensor. (a) Optical images of the Ag/LIG composite on a lab coat with the
university logo and the “I”-shaped Ag/LIG gas sensor shown in the insets. (b) Dynamic response of the Ag/LIG gas sensor on the knitted fabric to
NO2 with a concentration from 0.5 to 2.5 ppm. (c) Repeatability of the gas sensor to 1 ppm NO2 over five consecutive cycles. (d) Stability of the
gas sensor upon bending with varying bending radii of curvature (i.e., flat, 40, 20, 10, and 5 mm). (e) Comparison of the response of the gas sensor
before and after 1500 bending cycles for a bending radius of curvature of 10 mm.
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