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ABSTRACT Hydrogen, a clean-burning fuel, is of key importance
to various industrial applications, including fuel cells and the
aerospace and automotive industries. However, hydrogen gas is
odorless, colorless, and highly flammable; thus, appropriate safety
protocol implementation and monitoring are essential. Highly
sensitive hydrogen-gas leak detection and surveillance systems
are needed; additionally, the ability to monitor large areas
(e.g., cities) via wireless networks is becoming increasingly important.
In this report, we introduce a radio frequency identification (RFID)- i
based wireless smart-sensor system, composed of a Pt-decorated

H, outlet
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RFID-reader antenna-connected network analyzer to detect hydrogen gas. The Pt_rGOs, produced using a simple chemical reduction process, were immobilized

on an antenna pattern in the sensor tag through spin coating. The resulting Pt_rG0-based RFID sensor tag exhibited a high sensitivity to hydrogen gas at

unprecedentedly low concentrations (1 ppm), with wireless communication between the sensor tag and RFID-reader antenna. The wireless sensor tag

demonstrated flexibility and a long lifetime due to the strong immobilization of Pt_rGOs on the substrate and battery-independent operation during hydrogen

sensing, respectively.
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he sensing ability of hazardous and

flammable substances in the environ-

ment has received much attention
due to the demands of various application
fields, such as disaster prevention, home
automation, healthcare, and advanced trace-
ability systems.' > Sensor devices based on
nanoscale materials offer unprecedented sen-
sing transducer opportunities owing to their
high sensitivity to targeted analytes originated
from their small size (ie, high surface-to-
volume ratio).>~'° Despite the incredible po-
tential of nanoscale sensors, mass production
has been limited by the difficulty in integrating
the sensor components into electronic circuits.
Several approaches have been investigated
in an attempt to improve integration."' ~'*
Among the various approaches, the integra-
tion of nanoscale sensors into wireless com-
munication networks is of particular interest
because of the nonobtrusive nature of the
installation, high nodal densities, and low
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installation costs (without the need for ex-
tensive wiring).'®~ '® These attractive features
of wireless sensors facilitate their use in mea-
surements over a wide range of applications,
including monitoring of analyte gases (carbon
dioxide, water vapor, oxygen, and flammables)
in relatively interference-free industrial and
indoor environments, in addition to wearable
sensors in the workplace, in urban environ-
ments, and for military personnel.'®~2'

One of wireless smart-sensing systems,
the radio frequency identification (RFID)-
based sensor has emerged as a promising
device on account of its simple architec-
ture and broad detection range of target
analytes.” 2% An RFID-based wireless sensor
system can be operated using only two com-
ponents, the sensor tag (i.e., signal transfer)
and interrogation reader (i.e,, signal receiver),
without the need for additional equipment. As
a signal transfer device, sensor tags can be
classified into two types: (1) battery-operated
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sensor tags (active) and (2) sensor tags that do not
require a battery (passive). Among the two types,
passive sensor tags show great potential due to their
longer lifetime, smaller size, and cost-effectiveness
compared with active tags.?’?® Additionally, passive
sensor tags transfer signals to the reader using a zero-
power backscatter communication process.”® How-
ever, passive sensor tags have a shorter detection
range than active sensor tags.>’>° Recently, a passive
ultrahigh frequency (UHF) RFID sensor tag has been
applied to wireless sensor systems to enhance the
sensing range distance and signal strength.3°~32

Hydrogen gas is widely used in industrial applications,
including fossil-fuel production, chemical compound
synthesis, power plant operation, fuel-cell applications,
and in the aerospace and automotive industries.3> 3¢ In
recent years, hydrogen energy has received a great deal
of attention for next-generation applications, such as
hydrogen-based zero-carbon emission vehicles3’~3°
However, because of the wide explosive range of hydro-
gen (4—75 vol %), safe storage is a critical issue when
working with gases containing hydrogen.***' Thus,
rapidly responsive sensors are necessary to monitor
hydrogen levels. Moreover, the demand also increases
for wireless hydrogen-sensing surveillance systems with
city-scale capabilities.

Herein, we report the fabrication of a flexible RFID-
based wireless smart sensor to detect hydrogen gas
at room temperature. The wireless smart sensor is
composed of two components: an RFID antenna-
connected network analyzer as an interrogation reader
and a platinum (Pt)-decorated reduced graphene
oxide (Pt_rGO) immobilized passive UHF-RFID tag as
a sensing tag. Owing to the large surface area of the
two-dimensional (2-D) graphene sheet morphology,
the Pt_rGOs easily formed a hydrogen-sensing area
on the antenna pattern of the RFID sensor tag through
spin coating. During hydrogen detection, the deco-
rated Pt particles on the rGO surface created a strong
affinity between Pt and hydrogen gas, as indicated
by the change in resistivity of the antenna, resulting
in a shift in the reflectance of the RFID sensor tag.
The RFID-based wireless sensor displayed a significant
reflectance shift with varying hydrogen gas concentra-
tion and exhibited recognition at unprecedentedly
low concentrations (1 ppm). Additionally, this wireless
smart sensor showed flexibility under deformation
as well as a long lifetime on account of the strong
immobilization of Pt_rGOs on the substrate and the
battery-independent operation of the sensor tag.

RESULTS AND DISCUSSION

An overview of ultrahigh frequency (UHF) RFID-
based wireless sensing system for detect hydrogen
gas is suggested in Figure 1. The system consisted
of an RFID-reader antenna-connected interrogating
network analyzer and a sensing material immobilized
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Figure 1. Schematic diagram of the ultrahigh frequency (UHF)-
RFID-based wireless sensor system composed of an RFID sensor
tag and RFID-antenna-connected network analyzer.

UHF-RFID sensor tag that included the dipole tag
antenna, sensing area, and IC chip. The wireless
sensing system based passive RFID tag network is
described as follows. The network analyzer emitted
an interrogation signal at a power threshold of P1 to
activate the sensor tag when the sensor tag is in the
RFID-reader antenna's electromagnetic field. The sig-
nal was then reflected back to the RFID-reader antenna
at a power level of P2 (that is called backscattering)
based on its radar cross section.?>*° According to the
impedance matching between the dipole tag antenna
and the IC chip of sensor tag, the reflected signal
morphology (i.e., amplitude and phase) of sensor tag
changed with different surroundings, that is, detection
of target analyte at the sensing area. As a result, the
wireless hydrogen sensing occurred through this back-
scattering sequence between the RFID sensor tag and
the RFID-reader antenna.

As a sensing material, platinum-decorated reduced
graphene oxide (Pt_rGO) was fabricated as in the
following steps (Supporting Information Figure S1). In
the first step, a graphene oxide (GO) aqueous solution,
as the starting material, was synthesized using the
modified Hummers and Offman method. Different con-
centrations (0.1—10 mmol) of PtCl, aqueous solutions
were mixed with the GO solution to induce charge—
charge interaction between the partial negative charge
of the oxygen atom in the GO structure and the positive
charge of Pt cations.***> Once the Pt cations adsorbed to
the GO surface, a small amount of NaBH, was introduced
to reduce the Pt cations from Pt** to Pt°. Consequently, a
Pt-decorated GO sheet (Pt_GO) was created. Then, hydra-
zine (N,H, - H,0) was added to the Pt_GO solution under
vigorous stirring to convert the GO sheet to reduced-GO
(rGO). The resulting Pt-decorated rGO (Pt_rGO) exhibited
ca. 5 nm-diameter Pt particles on its surface. The amount
of Pt-particle decoration increased with the PtCl, solution
concentration, as shown in Figure 2a—c; Pt_rGO nano-
composites with different PtCl, concentrations of 0.1, 1,
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Figure 2. Transmission electron microscopy (TEM) images
of Pt-decorated reduced graphene oxide (Pt-rGO) for dif-
ferent concentrations of PtCl, aqueous solution (0.1, 1, and
10 mmol mixed with GO, denoted as Pt_rGO_0.1, Pt_rGO_1,
and Pt_rGO_10, respectively): (a) Pt_rGO_0.1, (b) Pt_rGO_1,
and (c) Pt_rGO_10. (d) High-resolution TEM (HR-TEM) image
of Pt_rGO_10.

and 10 mmol are denoted as Pt_rGO_0.1, Pt_rGO_1, and
Pt_rGO_10, respectively. High-resolution transmission
electron microscopy (HR-TEM) indicated an interplanar
spacing between the metal particles of 0.23 and 0.20 nm
for the (111) and (200) planes, respectively, correspond-
ing to the face-centered cubic (fcc)-Pt lattice structure
(Figure 2d). Furthermore, Raman and X-ray diffraction
(XRD) spectra of each composite confirmed Pt-particle
decoration of the rGO surface during the chemical reduc-
tion process (Supporting Information Figure S2).

To characterize the electrical properties of the Pt_rGO,
an interdigitated microelectrode array (IDA)-based che-
mical-sensing configuration was fabricated via spin coat-
ing. Supporting Information Figure S3 displays uniformly
dispersed Pt_rGO on the IDA electrode composed of
2-um-width gold fingers, totaling 40 fingers. Current—
voltage (I—V) curves were used to evaluate the electrical
conductivity and contact type of the uniformly decorated
Pt_rGOs on the IDA substrate for various Pt nanoparticle
decoration amounts (Figure 3a). Each Pt_rGO sample
suggested linearity (i.e.,, ohmic contact) over the voltage
range from —0.1 to 0.1V, as opposed to the nonlinearity
presented by Schottky barriers with poor electrical con-
tact at the electrode. The di/dV values of the electrodes
increased with the amount of Pt nanoparticles on the
rGO surface; this was attributed to the enhanced con-
ductivity of the rGO sheets owing to the Pt particles.

The uniformly dispersed Pt_rGO on the sensor sub-
strate rapidly detected hydrogen gas at room tempera-
ture. The sensing mechanism of the Pt_rGO is described
below (Supporting Information Figure $4).383° Initially,
the hydrogen gas molecules adsorb to the Pt particles
on the rGO sheet. The hydrogen molecules then
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dissociate and form two H atoms through the catalytic
properties of the Pt particles. The two H atoms react
with the Pt particles to form the complex hybrid, PtH,.
The electrons generated move to the graphene sheets
due to the lower work function of PtH, compared with
that of rGO. The transferred electrons decrease the
number of holes in the rGO and increase its electrical
resistance (i.e,, rGO acts as a p-type transducer).*** Thus,
the Pt particles play a key role in hydrogen gas detection
in the sensing mechanism. In the sensing mechanism,
the Pt particles first bond to the hydrogen gas mole-
cules via a chemisorption interaction. The number of
hydrogen-sensing active sites increases with the con-
centration of Pt particles decorating on the rGO surface.

The real time response of various Pt_rGO com-
posites on the IDA electrode was measured for dif-
ferent concentrations of hydrogen gas (Figure 3b).
In the pristine rGO case, sensitivity to the hydrogen
gas was absent because no functional sites were
available to attract the hydrogen molecules. In con-
trast, when the Pt_rGO-based sensors were exposed to
hydrogen gas at room temperature, excellent sensitiv-
ity and rapid response/recovery times were observed
(Supporting Information Figure S5 and Table S1).
The sensitivity of Pt_rGO increased with the size and
density of Pt particles on the surface. Pt_rGO_10, in
particular, detected hydrogen concentrations as low
as 1 ppm at room temperature. Figure 3c shows the
electrical response of various Pt_rGOs upon periodic
exposure to 50 ppm of hydrogen gas at room tempera-
ture. With the exception of pristine rGO, these nano-
composites revealed similar response sensitivities with
enhanced sensing number, without retardation of the
response or recovery times. The sensitivity S, defined as
the normalized resistance change measured after a 15-s
gas exposure, was measured as a function of the gas con-
centration (Figure 3d). At low concentrations (<1 ppm),
the Pt_rGO sensors exhibited a nonlinear change in their
sensitivity. In contrast, linear behavior was observed over
a wide range of concentrations (1—100 ppm). Thus, the
Pt_rGO-based IDA electrode gas sensors demonstrated
reversible, reproducible responses to different hydrogen
concentrations, and their responses were more pro-
nounced as the gas concentration increased.

To enable wireless sensor application, the as-
prepared Pt_rGO nanocomposites were immobilized
on the antenna pattern of the passive UHF (ca. 900 MHz)-
RFID tag by spin coating (Figure 4a). The used passive
UHF-RFID tag consisting of a micropatterned dipole-tag
antenna on a plastic substrate, with an interdigitated
circuit (IC) chip located in the middle of the antenna.
To fabricate wireless sensor tag, the sensing area in the
RFID tag was fabricated by first covering the RFID tag
with plastic tape, with the exception of a 3 x 6 mm area
of the antenna pattern. The Pt_rGO solution was then
deposited onto the sensing area by drop casting. The
Pt_rGO-solution-deposited RFID tag was spin-coated at
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Figure 3. (a) Current—voltage (/—V) curves for the interdigitated array (IDA) electrodes based on different Pt particles on the
rGO surface (black, rGO; red, Pt_rGO_0.1; blue, Pt_rGO_1; green, Pt_rGO_10). Reversible and reproducible responses were
measured at constant current value (10°° A). Normalized resistance changes upon sequential exposure to (b) various
concentrations of hydrogen gas and (c) periodic exposure to 50-ppm hydrogen gas. (d) Calibration curves of Pt_rGOs as a
function of hydrogen gas concentration (black, rGO; red, Pt_rGO_0.1; blue, Pt_rGO_1; green, Pt_rGO_10).

1000 rpm for 45 s to uniformly immobilize the Pt_rGOs
on the sensing area, resulting in an RFID-based wireless
hydrogen sensor tag, as shown in the Supporting Infor-
mation Figure S6. Enlarged optical microscopy and field
effect scanning electron microscopy (FE-SEM) images of
the hydrogen-sensing area revealed that the Pt_rGOs
were well dispersed over the antenna pattern without
aggregation (Figure 4b—d). The highly uniform immobi-
lization was attributed to the strong adsorption to the
substrate resulting from the large surface area of the 2-D
graphene structures.*> Additionally, the Pt_rGO-immobi-
lized RFID sensor tag exhibited mechanical stability with
bending and twisting deformations owing to the flex-
ibility of the plastic sensor substrate and strong adsorp-
tion of Pt_rGOs on the metal substrate (Figure 4e).

The as prepared sensor tags were applied to UHF
(ca. 900 MHz) RFID-based wireless hydrogen gas
sensing system. Figure 5a—c displays the change in
the reflection amount radio frequency of the different
sensor tags (Pt_rGO_0.1, Pt_rGO_1, and Pt_rGO_10,
respectively) under a 2 min exposure to various con-
centrations of hydrogen gas at room temperature, at a
distance of 10 cm. The reflection signals were plotted
as power of the radio waves reflected (Re, in dB) versus
the frequency (MHz), as determined by the network
analyzer. The RFID sensor tags without hydrogen ex-
posing displayed larger reflection than others owing to
outstanding impedance matching between antenna
and IC chip. However, when the sensor tag is exposed
to hydrogen gas, the hydrogen gas adsorbs to the Pt
particles and then electrons transfer to the rGO, increasing
the resistivity of the antenna with an enhancement in the
hydrogen gas concentration (the resistance of the tags
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increased from 3.2 to 16.1 Q with an increase in the
hydrogen gas concentration (1—50 ppm)). The increasing
resistance of tag antenna leads to impedance mismatch-
ing of between antenna and IC chip compared to without
hydrogen exposure and then, the RFID sensor tag
decreases radar cross section resulting in a diminish
reflection.?” Furthermore, similar to the IDA-based sensing
system, the sensitivity of the wireless hydrogen sensor
increased with the Pt-particle concentration (1 ppm for
Pt_rGO_10; 10 ppm for Pt_rGO_1; 20 ppm for Pt_rGO_0.1).
Additionally, the measured reflection phase shifts of the
sensor tags are suggested as shown in the Figure 5d—f.
The phase shift amount of sensor tag also increases
with enhanced exposure of hydrogen concentration and
population Pt particles in the rGO surface as the same
mechanism in the reflection case.

Figure 5g shows the wireless sensor response cali-
bration (normalized reflection change) as a func-
tion of the hydrogen gas concentration; the normal-
ized reflection change is expressed as (Re — Rep)/Req
(= ARe/Rey), where Re is the reflection after 2 min
of hydrogen exposure and Re, is the reflectance at
the beginning of the experiment. The normalized reflec-
tion of the radio waves increased with the hydrogen gas
concentration for all sensor tag samples. Additionally,
the reflection difference (%) increased with the concen-
tration of Pt particles on rGO (21.4% for Pt_rGO_10; 8.4%
for Pt_rGO_1; 52% for Pt_rGO_0.1 at 20 ppm of
hydrogen). However, the change amount of reflection
decreased with increasing concentrations more than a
50 ppm level, indicating a trend toward saturation of the
sensor tag with hydrogen gas. In addition, calibrated
reflection phases also suggest decreasing frequency
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Figure 4. (a) Schematic diagram of a Pt_rGO-immobilized radio frequency identification (RFID) sensor tag. Field effect
scanning electron microscopy (FE-SEM) (b) low-, (c) middle-, and (d) high-resolution images of the Pt_rGO immobilized
sensing area. (e) Photographs of the RFID sensor tag under different deformations (bending and twisting).

with increasing hydrogen gas concentration and exhibit
saturation over 50 ppm at room temperature (Figure 5h).

Furthermore, reflection changes of wireless sensors
with different remote distance (from 5 to 25 cm) are
shown in the Supporting Information Figure S7. Due
to reducing backscattering effect with enhancement
remote distance, the reflection change decreased as
the distance between sensor electrode and RFID read-
er antenna increased. In addition, there is no significant
reflection peak above 25 cm because of absence of
backscattering effect. Additionally, Figure 5i presents
the average change in reflection of the Pt_rGO_10
UHF-RFID-based sensor tag through various fold-
ing angles. The folding angle is bending degree of
substrate with compressive force as shown in Supporting
Information Figure S8. It also related with folding angles
that smaller bending radius caused greater folding angle
as the radius of curvature decreases. Therefore, fold-
ing angles of RFID sensor tag was controlled through
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manipulating bending radius as shown in Supporting
Information Figure S9. No significant difference was
observed during the application of repetitive bending
deformations owing to the uniformity of the sensor tag
components on the substrate. Thus, the proposed
Pt_rGO-based RFID sensor is applicable to real life use
as a wearable or implantable wireless-sensing system.
Therefore, there are several superb characteristics
of this RFID-based wireless sensing systems over
other nanoscale palladium-based resistive hydrogen
sensors.***” Most of all, this sensing system conducted
through wireless communication system with radio
frequency wave between signal transfer (RFID sensor
tag) and receiver (RFID antenna) and exhibited distinct
characteristics such as nonobtrusive nature of installa-
tion, high nodal densities, and low installation costs
(without the need for extensive wiring). In addition,
passive type RFID-tag based sensor electrodes, with-
out energy generating device in the tag, operated
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Figure 5. Change in the reflectance properties and measured reflection phase of different Pt_rGOs-based wireless sensors as
afunction of the hydrogen gas concentration for a 2 min exposure (distance, 10 cm): (a and d) Pt_rGO_0.1; (b and e) Pt_rGO_1;
(c and f) Pt_rGO_10 (black, without hydrogen gas; red, 1 ppm; blue, 5 ppm; green, 10 ppm; pink, 20 ppm; yellow, 50 ppm).
(g) Reflection calibration curves of the three wireless sensor tags as a function of hydrogen concentration (ARe/Re, =
(Re — Reg)/Req, where Rey is the initial reflectance and Re is the reflectance after a 2 min exposure). (h) Phase shift calibration
curves of the three wireless sensor tags as a function of hydrogen concentration. Red, blue, and green represent wireless
sensor tags originating from Pt_rGO_0.1, Pt_rGO_1, and Pt_rGO_10, respectively. (i) Average reflectance curves of a
Pt_rGO_10-based wireless sensor tag as a function of the sensor tag folding angles at 10 cm with different hydrogen gas
concentrations (red, 1 ppm; blue, 5 ppm; green, 10 ppm; pink, 20 ppm; yellow, 50 ppm).

permanently by external energy source stimulus. More-
over, Pt_rGO also displayed superb characteristics to
apply sensing material of RFID tag-based sensor elec-
trode. First, Pt_rGO easily formed sensing area on the
antenna pattern of RFID tag and showed structure stabi-
lity during deformations on account of strong physisorp-
tion originated from large surface area of 2-dimensional
graphene sheet morphology. Second, the Pt_rGO re-
vealed high sensitivity to hydrogen gas and stable cycle
stability owing to enlarged surface area came from uni-
formly decorated Pt particles on the rGO surface.

CONCLUSION

In summary, we fabricated an RFID-based wireless
smart-sensor system consisting of a Pt_rGO-immobilized

MATERIALS AND METHODS

Fabrication of Pt_rGO Nanocomposites. Graphene oxide (GO) was
obtained from graphite flake (99%, Aldrich) using the modified
Hummers and Offman method. The as-prepared GO was dis-
persed in an aqueous solution at 0.25 wt %. PtCl, (99%, Kojima
Chemical), in the amount of 0.1, 1.0, and 10 mmol, was added to
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RFID sensor tag and an RFID-reader antenna-connected
network analyzer. Pt_rGOs were immobilized on the
antenna micropattern in the sensor tag via spin coating,
taking advantage of the physisorption between the
Pt_rGO and the antenna. The Pt_rGO RFID sensor tag
exhibited high sensitivity (1 ppm) to hydrogen gas and
uniform sensing ability under bending deformations be-
cause of strong bonding between Pt_rGO and the sub-
strate. Additionally, the Pt-rGO sensor tag operated
without a battery during backscattering communication,
promoting a long lifetime for the sensor tag. Thus, this
study demonstrated a highly sensitive, flexible, wireless
smart sensor for hydrogen detection via immobilization of
noble-metal-decorated graphene composites in the RFID
sensor tag.

the GO aqueous solution. The mixed solution was introduced to
1 mmol of NaBH, as a reducing agent and then stirred for 1 h at
25 °C. The Pt-decorated GO (Pt_GO) solution was then reduced
by adding N,H4-H,O (1/1000 v/v vs distilled water) under
vigorous stirring at 95 °C for 1 h. The prepared Pt-particle-
decorated reduced GO (Pt_rGO) solution was filtered using
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VOL.9 = NO.8 = 7783-7790 = 2015 @L%N {\)

WWwWW.acsnano.org

7788



excess distilled water and ethanol. Powders of Pt_rGO were
obtained through drying in a vacuum oven at 25 °C for 24 h.

Electrical Measurement of the Pt_rGO on the IDA Electrode. The
electrical measurements of the Pt_rGOs were measured using
an interdigitated array (IDA) electrode. The Pt_rGOs (0.1 wt % in
ethanol solution) were prepared by sonication for deposition
on the as-prepared IDA. The samples were introduced by the
drop-casting method to the IDA surface to reduce the contact
resistance between the particles. In the droplet process, a spin-
coating method (1000 rpm, 45 s) was used to produce a uniform
array. The physical adsorption of Pt_rGOs on the substrate was
followed by drying at 25 °C in an inert atmosphere for 1 h to
obtain good electrical ohmic contact between the Pt_rGO and
electrode. Resistance changes in the Pt_rGO were monitored
with a source meter connected to a computer. The Pt_rGO IDA
electrodes were placed in a vacuum chamber having a vapor
inlet/outlet pressure of 10° Torr. Various H, gas concentrations
(1—100 ppm) were introduced into the chamber by a mass flow
controller (MFC, KNH Instruments). The real-time resistance was
monitored at a constant applied current of 107 A (defined
as AR/Ry = (R — Ro)/Ro, where R and Ry are the real-time and
initial resistances, respectively). After the Pt_rGO interacted
with different concentrations of H, gas for several minutes,
each vapor was replaced by compressed air to remove the
molecules attached to the backbone of the Pt_rGOs; this
process was repeated several times. Vapor/air was supplied at
various flow rates of 2—8 slm and 1—5 sccm using the MFC.

Fabrication of the Pt_rGO-Based Wireless Smart-Sensor System. To
fabricate the RFID sensor tag, one component of the RFID-based
wireless sensor system, the passive UHF-RFID tag (nominal
frequency: ca. 904 MHz (EMPO Corp.)) was covered with plastic
tape, with the exception of a 3 x 6 mm? area on the antenna
pattern. The passive UHF-RFID tag consisted of an antenna and
microcontroller integrated circuit (IC) chip (EPC Global Class-1
Generation-2 (Gen2) protocol) on a flexible plastic substrate.
Additionally, the UHF-RFID tags are $2 U.S. dollars by the piece.
A total of 50 uL of the prepared Pt_rGO solutions (0.1 wt % in
ethanol) was deposited through drop casting onto the exposed
antenna pattern area. The Pt_rGO solution-deposited RFID tag
was then spin-coated at 1000 rpm for 45 s to create uniform
coverage of the immobilized Pt_rGOs over the controlled area.

The RFID reader apparatus was constructed from the RFID
reader antenna (ThingMagic Corp., cost: $1500 U.S. dollars). The
frequency range of the reader antenna was 865—956 MHz. The
antenna was connected to a network analyzer (E5071B, Agilent
Technologies, cost: $40 000 U.S. dollars).

Electrical Measurement of the Pt_rGO-Based Wireless Smart Sensor.
The as-prepared wireless sensor tag was placed in a vacuum
chamber for exposure to various concentrations of hydrogen
gas (H,) (range: 1—100 ppm) by the MFC (KNH Instruments). The
wireless sensor response corresponded to backscattering mea-
surements between the sensor tag and the RFID reader antenna
connected to the network analyzer. The network analyzer
scanned the frequencies over the range of interest and col-
lected the complex impedance response from the sensor tag.
The RFID reader antenna was positioned at different distances
from the chamber, and each tag was read individually.
The collected complex impedance data were analyzed using
KaleidaGraph (Synergy Software, Reading, PA) and PLS_Toolbox
(Eigenvector Research Co.) operated with Matlab (The Math-
works, Inc.). The resistance of the RFID tags was measured with a
digital multimeter (Mastercraft, Inc.).

Instruments. Transmission electron microscopy (TEM) and
high-resolution TEM (HR-TEM) images were obtained with JEOL
JEM-200CX and JEOL JEM-3010 microscopes, respectively.
A JEOL 6700 instrument was used to obtain field-effect scan-
ning electron microscopy (FE-SEM) images. X-ray diffraction
(XRD) and Raman spectra were recorded using M18XHF SRA
(MAC Science Co.) and T64000 (HORIABA Jobin Yvon) systems,
respectively.
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