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Flexible gas sensing is attracting more attention with the development of machine learning and Internet of Things
(IoT). Herein, we report flexible and foldable high-performance hydrogen (H2) sensor on all textiles substratefabricated by inkjet–printing of reduced graphene oxide (rGO) and its application to wearable environmental
sensing. The inkjet-printing process provides the advantages of the compatibility with various substrates, the
capability of non-contact patterning and cost-effectiveness. The sensing mechanism is based on the catalytic
effect of palladium (Pd) nanoparticles (NPs) on the wide bandgap rGO, which allows facile adsorption and
desorption of the nonpolar H2 molecules. The graphene textile gas sensor (GT-GS) demonstrates about six times
higher sensing response than the graphene polyimide membrane gas sensor due to the large surface area of the
textile substrate. An analysis of the temperature influence on the GT-GS shows better H2 gas response at room
temperature than at high temperature (e.g., 120 ◦ C). In addition, with the machine learning-enabled technology
and triboelectric-textile to power IoT (temperature and humidity for gas calibration), H2 is well identified for
wearable applications with a robust mechanical performance (e.g., flexibility and foldability).

1. Introduction
Hydrogen (H2) is used widely in the area including the metal pro
duction, semiconductor manufacturing, hydrogen-based energy gener
ation systems, etc. Unfortunately, high concentration H2 gas can cause
serious explosion in case of leakage due to its high flammability. How
ever, it is impossible for ordinary human senses to detect H2 because of
its colorless and odorless nature, and therefore developing a high
response H2 sensor is essential for the improved safety of the hydrogen
industry [1–3]. Over the past several decades, researchers have devel
oped various kinds of H2 sensing principles based on electrochemical
sensing, chemoresistive sensing, catalytic combustion sensing, optical
sensing, etc [4–9]. Chemoresistive sensor is the most traditional one,
which is measuring the change of electrical resistance in response to the
nearby chemical environment. Among typical chemoresistive materials
including metal oxides, conductive polymers, carbon nanotubes, gra
phene, etc., graphene has mechanically flexible 2D structures, large

surface area, and high electron mobility [10–15]. In particular, the
graphene/palladium (Pd) composite has been demonstrated to be a
sensitive functional material due to its strong chemical reaction to
hydrogen atoms, which makes it a promising material for H2 gas sensors
[16–22]. Additionally, the 3D graphene composite microstructure pro
vides much larger surface area for the gas sensing than a 1D graphene
quantum point or a 2D graphene film, which can dramatically improve
the gas sensing performance [16,17,19,20].
Researchers have carried out many studies on the graphene/Pd
composite for gas sensing applications [8,23–43]. Wolfbeis, et al. first
reported a graphene/Pd composite for an H2 sensor in 2011 with a 4%
response (graphene) and 35% response (graphene/Pd) for 1% H2,
respectively [34]. However, the seven or ten layers graphene by hum
mer method is complicated and expensive for the production. Mean
while, many other research groups have tried to increase the response by
implementing larger surface area in the microstructure with cheap price
[32,33]. For example, Lupan et al. introduced an ultra-light 3D
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micro-tube network of aerographite for H2 detection [32]. The response
of H2 sensors has been improved over that of a flat graphite film due to
the large surface area of the 3D micro-tube network. Raston, et al.
introduced an rGO/Pd sheet composite for H2 sensing; however, their
device obtained about 8% response with a 1% H2 exposure, and their
complicated MEMS-based manufacturing process constrained their
commercial applications [42]. Printing techniques, such as
inkjet-printing, are competitive alternatives to conventional micro
fabrication processes for the gas sensor fabrication [44–57]. Compared
to other printing techniques (e.g., screen printing and microcontact
printing), inkjet-printing has attracted more attention due to its signif
icant advantages such as compatibility with various substrates and
cost-effectiveness.
As a fast technology development of the fifth-generation cellular
network technology (5 G), everything is connecting in a much easier
way by the Internet of Things (IoT), especially the power source from
triboelectric effect [1–4,58–67]. In addition, the artificial intelligence
(AI) enabled data analytics at the cloud server realize new artificial

intelligence of things (AIoT) technology, where low-cost and flexible
sensors collect sensory information and send to the cloud wirelessly.
Machine learning approaches help the remote data analysis to be exer
cised in cloud. Leveraging the future 5 G and AIoT technologies, the H2
sensor is strongly demanded because the personal healthcare applica
tions look for real-time monitoring. Thus, to visualize the big data from
sensor, principal component analysis (PCA) is a useful tool for the sci
entific study of algorithms and statistical models enable hydrogen
detection for extreme deformed environment applications. This paper
introduces a foldable reduced graphene oxide (rGO) based H2 sensor on
a textile substrate using inkjet printing and its wearable device appli
cations. The inkjet-printing enables facile and flexible pattern genera
tion on a textile substrate. Also, due to the porous and rough surface of
the textile substrate, the rGO gas sensor on a textile substrate exhibits
about six time’s higher sensing response than the rGO sensor on a PI
film. The textile substrate demonstrated better mechanical robustness
compared to the paper microfiber based substrate. Furthermore, with
the machine learning-enabled principal component analysis (PCA)

Fig. 1. (a) The machine learning-PCA method for all textile-based system by both triboelectric-textile to power sensor nodes (humidity and temperature) and textile
graphene gas sensor in extreme deformed environment. (b) The principle of triboelectric effect of triboelectric-textile. (c) The manufacturing process of the gas
sensor; (d) optical image of graphene on PI membrane gas sensor (GPM-GS), scale bar= 1 cm; (e) optical image of graphene on the paper gas sensor (GP-GS), (scale
bar=1 cm); (f) optical image of GT-GS, scale bar= 1 cm; (g) a GT-GS with a foldable state, scale bar= 1 cm.
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technology and triboelectric-textile as power source to power IoT
(temperature and humidity for gas calibration), this study provides new
insight into the superior flexibility and robust mechanical performance
of rGO textile gas sensor, and the applications to wearable smart clothes
for the internet of things (IoT).

The charge transfer between the two electrodes is prohibited by the
high-voltage diode. The environment temperature was measured by a
temperature sensor which was integrated into a bluetooth module on the
cloth. The temperature fluctuation (body/clothes surface) unavoidably
affects the device performance. However, the average value of the
temperature was chosen for further machine learning based calibration.
As shown in Fig. S1, the triboelectric-textile provided power to charge
capacitor until it was full. With switch on, the charges from capacitor
drove the bluetooth module to send the temperature data to the cell
phone. The triboelectric-textile was used to power bluetooth wireless
network for temperature and humidity, where the initial resistance from
the graphene gas sensor was calibrated by the temperature and humidity
from the environment. Notably, the humidity effect is less than 4% for
graphene based resistive-type sensor, whereas the graphene’s resistance
would change a lot with different temperatures (4–5 times from room
temperature to 150 0C). Accordingly, the change of resistance of our
device to different humidity can be assumed to be negligible as
compared to the temperature effect [69,70]. Fig. 1c depicts the fabri
cation process of the rGO gas sensor on three different substrates; a
graphene-on-PI membrane gas sensor (GPM-GS), a graphene-on-paper
gas sensor (GP-GS) and a graphene-on-textile gas sensor (GT-GS). The
rGO pattern was created using the inkjet-printing process, which pro
vided the advantages of the compatibility with various substrates, the
capability of non-contact patterning and cost-effectiveness. The
inkjet-printing process allows facile patterning of rGO based H2 sensors

2. Results and discussion
2.1. Schematic of machine learning-enabled and IoTs of gas sensor
Fig. 1a depicts the schematic of all textile-based system by both
triboelectric-textile to power sensor nodes (humidity and temperature)
and textile graphene gas sensor in extreme deformed environment. The
triboelectric-textile to power IoT by human taping or normal walking,
the working mechanism is based on triboelectric effect for environ
mental humidity and temperature sensing as a self-sustainable system
[68]. The working principle of the triboelectric-textile is illustrated in
Fig. 1b. The high-voltage diode is used for charge accumulation, and the
switch is only closed for a short period after releasing from the
triboelectric-textile. The triboelectric-textile and switch are individually
controlled. As the triboelectric-textile is pressed, the negative and pos
itive charges are generated on the contact surfaces. While releasing,
negative charges tend to accumulate on the bottom electrode to
compensate the negative charges on the nitrile, and, at the same time,
the positive inductive charges likewise accumulate on the top electrode.

Fig. 2. Surface morphology of rGO material and materials characrization; (a) an optical microscope view of rGO on PI, scale bar= 500 µm; (b) an optical microscope
view of rGO on paper, scale bar= 500 µm; (c) an optical microscope view of rGO on textile, scale bar= 500 µm; (d) SEM of rGO on PI, scale bar= 2 µm; (e) SEM of
rGO on paper, scale bar= 5 µm; (f) SEM of the cross-section of rGO on a textile substrate, scale bar= 500 µm. (g) a wide-angle XRD of GO and rGO; (h) Raman spectra;
(i) a wide XPS scan of graphene with Pd NPs.
3
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with arbitrary patterns as shown in Fig. S2. Inkjet printing patterns for
GP-GS is shown in Video S1 in Supporting information. The optical
images of the fabricated sensors are presented in Fig. 1d-f, and the
foldable state of the GT-GS is depicted in Fig. 1g. Fig. 1c illustrates the
schematic of Pd NPs coated on the rGO/polyester microfibers in the
GT-GS. Detailed information on the Pd NPs on rGO/polyester micro
fibers can be found in Fig. S3. The gas sensor can be sewn on or attached
to a commercial cloth to form a wearable device on textiles for IoT ap
plications in extreme deformed environment.
Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106035.

concentrations. To evaluate the gas sensing performance, we described
the response (S) of the sensor as follows:
S=

R − R0
× 100%
R0

(1)

where R0 and R represent the initial resistance and the resistance
recorded after the gas sensor was exposed to H2, respectively.
To investigate the electronic properties of rGO/Pd textile and rGO/
Pd PI devices, their current-voltage (I-V) characteristics were obtained
as shown in Figs. S9a-b. The conductance of the rGO/Pd device dis
played a linear ohmic characteristic. Furthermore, we investigated the
consistency of sensor responses of fabricated GPM-GS, GP-GS and GT-GS
under different sets of input voltages. Fig. 3a-c depict the sensor
response to different concentrations of H2, and Fig. S10 show reasonable
consistency in the sensor response regardless of the input voltage for the
concentration range of 0.06%− 1.3%. The working lifetime of the gas
sensor could be very long because of no mechanical damage. We set the
different hydrogen concentrations with different time segments with/
without hydrogen by a computer controller. Hydrogen sensing using GTGS is shown in Video S2 in Supporting information. When the H2 con
centration increased or decreased, it caused the current changes due to
the structural changes in atoms in the graphene/Pd during the process of
adsorption or desorption of H2. During H2 detection, the nonpolar H2
molecules interacted with Pd NPs on the surface of the rGO coated on the
3D microstructure of microfibers. Fig. 3d shows the comparison of
sensor performance to H2 exposure. We found that GP-GS and GT-GS
had around six times higher sensor response than GPM-GS due to the
3D porous microstructures of the microfibers. Because of more wrinkled
3D microstructures of microfibers on the porous paper than on the
textile substrate, we obtained relatively larger sensor responses for GPGS than for GT-GS. However, the fragility of the paper substrate con
strained the practical applications of GP-GS as compared to GT-GS with
good mechanical flexibility and foldability as shown in Video S3 and
Video S4 in Supporting information. In addition, Fig. 3e shows the
repeated H2 exposure experiments of GT-GS to demonstrate the good
repeatability of our device. In determining the gas response with/
without Pd on rGO of the three devices, the flat curves in Fig. 3f and
Fig. S11 represent that the rGO without Pd decoration had no response
to the H2 exposure during the entire gas sensing experiments. This result
reflects that the response of rGO to H2 is activated by Pd decoration on
its surface. It confirms that the gas response is only from the change of
hydrogen concentrations by our observation (the comparison between
the flat curve and gas response curve). Fig. 3g–i and Figs. S12–S13 show
the temperature influence analysis of the GT-GS. We observed that high
temperature resulted in higher current flow through our device, mean
ing that the high temperatures resulted in a resistance decrease in our
gas sensor device. Thus, the initial resistance from graphene textile gas
sensor is strongly related with temperature, which means the textiletriboelectric to power IoT for temperature is a key for initial resistance
calibration of graphene textile gas sensor during the H2 sensing. By
investigating the gas responses of the GT-GS under different sets of
temperatures, we found that high temperature dramatically reduced the
H2 response of our gas sensor device as shown in Fig. 3h and 3i and
Fig. S14. Notably, the measurement conditions were the same except the
change of the temperature for each test set. For example, when the
temperature increased from room temperature (RT) to 120 ◦ C, the
response of GT-GS decreased from about 15% to about 6% for 4000 ppm
of H2 gas. Moreover, we observed that the response time was about 1.5
times shorter than its recovery time, but interestingly the temperature
did not affect the time too much (about 20% difference) as shown in
Fig. S14. The response time and the recovery time in our case were
calculated as 80% of the resistance changes during the H2 gas
measurement.
Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106035.

2.2. Material characterization and analysis
Microstructures of fabricated rGO sensors were investigated by
observing optical and SEM images. Fig. 2a-c depict the surface
morphology of the coated rGO on three different substrates using an
optical microscope, and the clearer surface morphologies using a scan
ning electron microscope (SEM) are shown in Fig. 2d and Fig. S4b. The
figures confirm that both the porous paper microfiber substrate and the
textile microfiber substrate have much larger surface areas than the PI
flat membrane substrate due to the 3D porous microstructure of the
microfibers. The analysis also confirmed that the porous paper micro
fiber contributed more 3D microstructure wrinkles than the textile mi
crofiber. Meanwhile, GT-GS with textile was observed a good mechanic
robust than the GP-GS with porous paper. Fig. 2f and Fig. S4a clearly
show the cross-section of the coated rGO on a textile substrate with a
thickness of 50–100 µm using the inkjet printing. Fig. S4c is a magnified
top view of the graphene textile. Fig. 2g describes the X-ray diffraction
(XRD) of the graphene with an intense peak centered at 2θ= 9.6◦ , which
is in agreement with heavily oxidized rGO materials. Fig. 2h depicts the
Raman spectroscopy of rGO on textiles with three prominent peaks: the
D peak 1368 cm− 1 is called the “defect-related” peak, the G peak
1592 cm− 1 is related to the E2g phonon of graphene, and the 2D peak
originates in the second-order phonon. The value of ID/IG increased from
0.91 to 0.97, which demonstrated deoxidation from GO to rGO. The Xray photoelectron spectroscopy (XPS) measurements of the sensing
materials were performed to investigate further findings as shown in
Fig. 2i and Fig. S5. The high-resolution spectra of the C1s peaks are
shown with four components, namely, C–C (283.5 eV), C–O (285.3 eV),
C˭O (286.7 eV) and O-C˭O (291.2 eV) as shown in Fig. S5b. The XPS
spectra of the Pd3d regions of Pd on the rGO on the textile are shown in
Fig. S5c. The Pd3d5/2 states with 334.6 eV and Pd3d3/2 states with
340.2 eV indicate a small positive value relative to pure polycrystalline
Pd interaction upon the formation of an intermetallic compound. The
O1s spectra and N1s spectra of XPS are shown in Fig. S6a and Fig. S6b,
respectively. The characterizations of the energy-dispersive X-ray
spectroscopy (EDS) of the rGO with and without Pd nanoparticles (NPs)
on a textile substrate are shown in Fig. S7. These results revealed the
wrinkled microstructure pattern of the rGO coated on the textile.
2.3. Working mechanism and environment measurement
Fig. S8a gives a schematic of the rGO on the surface of 3D textile
microfibers, and Fig. S8b shows an SEM image of the rGO/Pd textile
microfiber. The rGO defects (e.g., the O atoms) were due to the
adsorption of gas molecules, which significantly altered the electrical
conduction characteristics of graphene/Pd during the process of H2
exposure [1]. The schematic of the atoms of the GO, rGO and rGO with
Pd are shown in Figs. S8c–e. When the H2 gas reacted with the Pd NPs,
the resistance of the rGO with Pd changed due to the adsorption and
desorption of the nonpolar H2 molecules. H2 was incorporated into the
Pd lattice in the form of PdHx, which lowered the work function of Pd
and created a transfer of electrons from the NP to the graphene under
neath [3]. The response and recovery of the gas sensor were determined
by recording the resistance change by the exposure to different H2
4
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Fig. 3. The gas response under different sets of input voltages for (a) GPM-GS, (b) GP-GS, and (c) GT-GS. (d) response vs. H2 concentrations for different gas sensors
under bias of 1 V. (e) gas response of GT-GS to the repeated 4000 ppm H2 exposure. (f) H2 gas response of the GPM-GS, GP-GS, and GT-GS, the device initial
resistance R0i in the diagram was used for a better gas response observation with/without Pd NPs. (g) Temperature influence analysis of the GT-GS. (h) H2 gas
response at different sets of temperatures. (i) Response vs. H2 concentrations at different sets of temperatures. It was observed almost 60% better response at room
temperature than 120 0C.

2.4. Extremely deformable test and its robust mechanical performance

2.5. IoT for environment parameters and machine learning-enabled gas
sensing

To demonstrate the mechanical flexibility of GT-GS, we conducted
gas tests in different sets of bending deformed states as shown in Fig. 4a,
and the normalized resistance changed for different sets of bending
states as shown in Fig. 4b. The test confirmed that the devices worked
well under those bending deformations. The coefficient of variance
(CoV) of the developed Pd/graphene-based device was calculated for the
different H2 concentrations as shown in Table S1. CoV was calculated by
taking the ratio of the standard deviation to the average response
magnitudes of the sensor toward each hydrogen concentration [71].
Fig. 4c-d show the feasibility of the GT-GS H2 detection on a flat mem
brane, a glove and a piece of clothing. Furthermore, the foldable mea
surement of GT-GS and its bending conditions are shown in Fig. 4e,
which demonstrates its H2 sensing capability in folding situations. The
graphene textile H2 sensor was placed in the gas chamber with foldable
status for the H2 measurement. Fig. S15 shows the reliability of GT-GS
because there was no evident degradation after a long-term observa
tion (a month). The mechanical durability of the H2 sensor is demon
strated in Fig. S16, which shows before and after 10,000 times bending.
Thus, we confirmed that GT-GS has sufficient mechanical robustness.
Table S2 in Supplementary Information shows the comparison of the
advantages of the graphene textile H2 sensor presented in our study and
other existing state-of-the-art H2 sensors. Compared to the current
existing graphene H2 sensors in references [8,26,29,32,34,42], our H2
sensors show much higher response. In addition, we confirmed that
GT-GS possesses much better flexibility and foldability than other de
vices introduced in the literature.

The charging and discharging curve by triboelectric-textile to power
IoT were as shown in Fig. 5a [65], where each voltage drops from ~8 V
to ~2.7 V representing a discharging to the bluetooth module. Here, the
charging and discharging curves with bluetooth module was driven by
triboelectric-textile to power IoT for temperature and humidity, the
temperature was used to calibrate the initial resistance from graphene
textile H2. To meet the extreme deformed environment for H2 detection,
machine learning is a useful tool for a better and clear identification of
the gas sensing based on raw data. PCA is mostly used as a tool in
exploratory data analysis and for making predictive models as shown in
Fig. 5b. It noted that the raw data by the PCA was obtained from Fig. 3b
(flat under 3 V) and Fig. 4a (three bending conditions under 1 V)
However, the curves in these two figures are not easy for human beings
to identify the real concentration of the exposure gas. To visualize the
results by the machine learning tool of PCA, the obtained raw data from
these two figures can be well handled to identify the H2 concentrations.
Each concentration was decoupled to be a data point in 2 dimensions
space or 3 dimensions space. The 2D cluster data based on PCA was
shown in Fig. 5c. Thus, the concentrations can be well identified based
on the PCA using the cluster dots. To increase the accuracy using the
PCA, the modified method based on the 3D was demonstrated as shown
in Fig. 5d. The result shows that the concentrations of H2 concentrations
can be well demonstrated.
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Fig. 4. (a) Response of the GT-GS to H2 gas, without bending, with a bending radius of 3 cm, and with a bending radius of ~2 cm. (b) Response vs. H2 concentration
with different sets of bending states. (c) GT-GS with random gas concentration measurements in a flat state or on a glove, bending radius ~3 cm. (d) GT-GS was
measured on a cloth substrate with random H2 concentration exposure, bending radius + ∞. (e) Another GT-GS measurement with a foldable state, bending
radius ~0 cm.

3. Conclusions

H2, Pd NPs were coated onto the surface of the device using e-beam
evaporation with a thickness of about 2 nm. Finally, a silver paste was
applied to two terminals of the rGO film as metal electrodes.

This study demonstrated a flexible and foldable H2 sensing using
inkjet-printed reduced graphene oxide (rGO) on textile substrate for
applications in wearable smart clothes. Inkjet printing allowed facile
and fast patterning of rGO materials on various flexible substrates. We
found that the GT-GS had about six times higher H2 sensing response
than the GPM-GS in a concentration range of 1000 ppm to 1%. The
temperature factor analysis of the GT-GS demonstrated a 60% higher H2
response at RT than at 120 ◦ C. With the machine learning-enabled PCA
technology and triboelectric-textile as power source to power IoT
(temperature and humidity for gas calibration), the random H2 con
centration tests and wearable applications in smart clothes not only
demonstrated a robust mechanical performance for the GT-GS but also
good flexibility and foldability. Furthermore, this study of H2 sensors
provides a deep understanding of the 3D foldable inkjet-printed gra
phene textile, and it demonstrates the applications in wearable appli
cation with the machine learning-enabled for the IoT.

4.2. Material characterization
The surface morphologies of the GO and rGO were characterized by
scanning electron microscope (SEM, SIRON-100, FEI Corp.,
Netherlands). The X-ray photoelectron spectroscopy and X-ray diffrac
tion of the fabricated materials were performed by K-alpha XPS System
(Thermo VG Scientific, USA) and D/MAX-2500 XRD System (RIGAKU
Company, Japan), respectively. The Raman spectroscopy was measured
using equipment LabRAM HR Evolution (HORIBA France SAS company,
France).
4.3. Gas sensing equipment and measurement
Fig. S17 (Supporting Information) depicts the setup for H2 gas
sensing measurements. Three mass flow controllers (MFCs) were con
nected to the gas measurement chamber to provide the inlet gases. The
ratio and flow rate of gases including H2, N2, and O2 were accurately
controlled using MFCs. H2 in the carrier gases were injected into the gas
measurement chamber through a mixer joint. Two signal wires in the
chamber were used to connect the rGO based gas sensors on a homemade probe station. The probe station was made from two copper
probes and a substrate holder to connect the sensor with a source meter
Keithley 2400B (Tektronix, USA) and Keithley 2635B (Tektronix, USA).
The H2 sensing characteristics of the gas sensor were measured using
this two-probe system with the source meter to record the resistance
change. A computer was used to control the MFCs and collect the
measurement data automatically.

4. Experimental section
4.1. Fabrication of graphene gas sensor
The printing system is the Dimatix 2831 Materials Printer from
Fujifilm Company. As shown in Figs. S2a, Fig. 1e–f, GO solution
(dispersion in H2O 4 mg/mL) from Sigma-Aldrich can be printed onto
various substrates (such as porous paper microfiber) with any patterns.
The patterned GO device was placed into an oven at 220 ◦ C for 5 h to
produce rGO with the air pressure. GO was then reduced (rGO) via
chemical or thermal treatments to recover the desired properties of
graphene such as electrical conductivity. The morphological difference
between the GO and the rGO can be identified as shown in Figs. S2b and
S2c in Supporting Information. To make the produced rGO sensitive to
6
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Fig. 5. (a) Charging and discharging curves with bluetooth module driven triboelectric textile to power IoT for temperature and humidity, the temperature was used
to calibrate the initial resistance from graphene textile for H2. (b) Machine learning-PCA method for extreme deformed environment in 2D and 3D for better
visualization identification. (c) Extreme deformed environment in 2D for visualization, and (d) in 3D.
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