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ABSTRACT: A polymer membrane-coated palladium (Pd)
nanoparticle (NP)/single-layer graphene (SLG) hybrid sensor
was fabricated for highly sensitive hydrogen gas (H,) sensing
with gas selectivity. Pd NPs were deposited on SLG via the
galvanic displacement reaction between graphene-buffered
copper (Cu) and Pd ion. During the galvanic displacement
reaction, graphene was used as a buffer layer, which transports
electrons from Cu for Pd to nucleate on the SLG surface. The
deposited Pd NPs on the SLG surface were well-distributed
with high uniformity and low defects. The Pd NP/SLG hybrid
was then coated with polymer membrane layer for the selective
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filtration of H,. Because of the selective H, filtration effect of the polymer membrane layer, the sensor had no responses to
methane, carbon monoxide, or nitrogen dioxide gas. On the contrary, the PMMA/Pd NP/SLG hybrid sensor exhibited a good
response to exposure to 2% H,: on average, 66.37% response within 1.81 min and recovery within 5.52 min. In addition, reliable
and repeatable sensing behaviors were obtained when the sensor was exposed to different H, concentrations ranging from 0.025

to 2%.
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1. INTRODUCTION

Hydrogen gas (H,) is one of the cleanest and the muost
promising energy sources, and because of its energy density,
renewability, and ecofriendly nature, it has the potential to
serve as an emissions-free alternative fuel.'~* However, the use
of H, as an alternative energy source is associated with several
safety issues requiring accurate and fast leakage detection,
namely, the low spark ignition energy (0.02 mJ) and wide
flammable range (4—75%) of H,.*”® Several types of H,
sensors have been developed, including metal-oxide based
sensors, thin film metal based sensors, and acoustic wave based
sensors.” > Among these H, sensors, most commercially
available H, sensors are based on metal oxides (e.g, In,O;,
Sn0O,, ZnO, and TiO,) because of their simple structures and
decent gas sensing properties.'>~'® However, these metal oxide-
based H, sensors usually require high temperatures over 400 °C
to maintain operation with optimal sensitivity, which is a
significant drawback.'”'® To lower the optimal operation
temperature, metal oxide-based H, sensors have been decorated
with noble metal catalysts, such as gold (Au), platinum (Pt),
ruthenium (Ru), and palladium (Pd) because of their superior
hydrogen solubility at room temperature.”'®>* Although noble
metal-decorated metal oxide-based H, sensors are capable of
the low temperature operation with improved sensitivity upon
exposure to H,, they suffer from cross-sensitivity issues with
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carbon monoxide gas (CO) and hydrocarbon gases including
methane gas (CH,) arising from the presence of a noble metal
catalyst.*2¢

Recently, graphene has attracted significant interest as a
chemical sensing material because of its unique structural,
mechanical, and electrical properties.”” ° Because graphene
has a maximum surface area with respect to its volume that is
due to a perfect two-dimensional structure with just one layer
of carbon atoms, graphene-based sensors can provide a large
gas adsorptive capacity.”’ Moreover, graphene-based sensors
can effectively detect polar molecules, such as CO, nitrogen
dioxide (NO,), and ammonia gas because the electrical
conductivity of graphene changes drastically upon exposure
to these gases with low noise level due to its chemically inert
properties and high carrier mobility at room temperature.*”*®
However, in spite of the excellent gas-sensing properties of
graphene toward various polar molecules, it is insensitive to
most nonpolar molecules including H,.*® Therefore, graphene-
based H, sensors require noble metal catalysis to effectively
detect H,, similar to metal oxide-based H, sensors decorated
with noble metal catalysts such as Au, Pt and Pd. Importantly,
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Figure 1. Schematic illustration of the procedures used to fabricate the PMMA/Pd NP/SLG hybrid sensor. Illustration of (a) the growth of SLG on
Cu foil, (b) the Pd NPs deposited on SLG via galvanic displacement reaction, (c) the transfer of Pd NP/SLG hybrid onto the electrode-patterned
glass substrate, and (d) the fabrication of the PMMA/Pd NP/SLG hybrid sensor.

several studies have reported that noble metal-decorated
graphene-based H, sensors exhibit high sensitivity as well as
fast response and recovery for H, sensing at room temper-
ature.>>*° Nevertheless, despite the high sensing performance
of noble metal-decorated graphene-based H, sensors at room
temperature, cross sensitivity with CO, CH,, and NO, remains
a critical issue. Because H, sensors should be able to survive
multiple exposures to H, without damage, a highly sensitive H,
sensor with good gas selectivity is desirable for sensor operation
in the context of contaminated environments.

In this report, we fabricated polymer membrane-coated Pd
nanoparticle (Pd NP)/single-layer graphene (SLG) hybrids for
highly sensitive H, sensing with gas selectivity. SLG was grown
on copper (Cu) foil via a chemical vapor deposition (CVD)
method and Pd NPs were deposited on SLG/Cu foil via a
graphene-buffered galvanic displacement reaction between Cu
and Pd ions. Poly(methyl methacrylate) (PMMA) was spin-
coated on Pd NP/SLG hybrids as a polymer membrane for
selective filtration of H,. The fabricated PMMA membrane-
coated Pd NP/SLG (PMMA/Pd NP/SLG) hybrid sensor
exhibited high gas response sensitivity of 66.67% within 1.81
min on average upon exposure to 2% H, at room temperature.
Sensor recovery to its initial state was achieved within 5.52 min
on overage after completely turning off the H, source and
purging the chamber with air at room temperature, which
indicates that our PMMA/Pd NP/SLG hybrid sensor had a
highly reliable performance toward H, detection. On the
contrary, the fabricated PMMA/Pd NP/SLG hybrid sensor did
not response upon exposure to other gases (CH,, CO, and
NO,), indicating a highly selective performance toward H,.
Specifically, the PMMA membrane layer on the top of the Pd
NP/SLG hybrid sensor acted as a selective filtration layer
because of the moderate free volume of the PMMA polymer
matrix that only allowed H, to penetrate. Taken together, the
results of the present study indicate that the PMMA/Pd NP/
SLG hybrid sensor was highly sensitive toward H, without
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interference from other gases in the presence of contaminated

backgrounds.

2. EXPERIMENTAL SECTION

2.1. Fabrication Procedures. Figure 1 schematically illustrates
the fabrication procedures of the PMMA/Pd NP/SLG hybrid sensor
on the glass substrate. The procedure involved four main steps: growth
of SLG on Cu foil, deposition of Pd NPs on SLG, transfer of Pd NP/
SLG hybrid onto the electrode-patterned glass substrate, and
fabrication of the PMMA/Pd NP/SLG hybrid sensor. The SLG was
grown using a CVD method on catalytic Cu foil.***” Next, the SLG
layer on the backside of the Cu foil was removed by oxygen plasma
etching to expose one side of Cu. This SLG/Cu backside etching
process was essential for the next step: deposition of Pd NPs on SLG
via a galvanic displacement reaction. In the absence of the etching
process of SLG on the backside of the Cu foil, a galvanic displacement
reaction between Cu and Pd ions cannot occur due to the remaining
SLG grown on the backside of Cu. Pd NP deposition on top of the
SLG layer was achieved by immersing the SLG/Cu sample in a
solution of PdCl, to facilitate a galvanic displacement reaction. The
density of Pd NPs on SLG could be tailored by controlling the
concentration of the PACl, solution as well as immersion time. After
Pd NP deposition, the Pd NP/SLG hybrid sample was spin-coated
with a polymer-supporting layer and floated on an etchant solution for
Cu etching process. After complete Cu etching, the polymer-
supporting layer-coated Pd NP/SLG hybrid stack was manually laid
onto the electrode-patterned glass substrate. Finally, the PMMA layer
was spin-coated once again to generate a gapless PMMA membrane
layer.

2.2. Growth of Single-Layer Graphene. For the growth of
single-layer graphene (SLG), a 70-um-thick Cu foil (Wacopa, purity
99.9%) was cut into 2 X 2 cm?® pieces and loaded into a quartz tube
furnace. Cu foil samples were first annealed by heating to 1077 °C
under a H, flow (50 sccm) for 30 min at atmospheric pressure, and
then the SLG was formed by adjusting the chamber pressure to 2 Torr
under a continuous flow of H, and CH,, (10 sccm) at 1000 °C for 60
min.

2.3. Preparation of the Pd NP/Graphene Hybrid. The backside
graphene of the Cu foil was removed using O, plasma etching (100 W,
90 s) prior to Pd NP deposition. The as-obtained SLG/Cu foil sample
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was then immersed in an aqueous palladium chloride (PdCL,) solution
containing 0.01 g PdCl, and 0.1 g NaCl in 300 mL DI water for 1 to
120 min for Pd NP deposition. The deposition of Pd NP on graphene
was based on a galvanic displacement reaction between Pd ions and
Cu under graphene. After the galvanic displacement reaction, SLG/Cu
foil samples were rinsed with DI water, dried with N, blowing, and
baked on hot plate at 100 °C for 10 min to evaporate any remaining
water molecules.

2.4. Fabrication of PMMA Membrane-Coated a Pd NP/SLG
Hybrid Sensor. A 50/10 nm-thick Au/Ti electrode was deposited on
the glass substrate via a thermal evaporation system by using a shadow
mask with a line width of 1 mm. To transfer the as-prepared Pd NP/
SLG hybrid onto the electrode-patterned glass substrate, a 200 nm-
thick PMMA supporting layer (Sigma-Aldrich; average molar weight
~996,000, dissolved in anisole to a concentration of 40 mg mL™") was
spin-coated on the as-prepared Pd NP/SLG hybrid/Cu foil at 4000
rpm for 30 s. To etch the Cu foil, the polymer supporting layer-coated
Pd NP/SLG/Cu stack was floated on a 0.1 M ammonium persulfate
solution. After etching of the Cu foil, the floating polymer supporting
layer-coated Pd NP/SLG hybrid stack was moved to a 5:1:1 solution
of H,0—H,0,—HClI and kept for 15 min in a floating state to remove
any remaining etchant residue. Then, the polymer supporting layer-
coated Pd NP/SLG hybrid stack was floated on DI water and rinsed to
remove the remaining residue. The floating PMMA supporting layer-
coated Pd NP/SLG hybrid stack was then manually transferred to a
glass substrate with predefined electrodes, followed by baking on a hot
plate at 60 °C for 30 min. To make the 400-, 600-, and 800 nm-thick
PMMA membrane layers, the 200 nm-thick PMMA/Pd NP/SLG
hybrid sensor was successively spin-coated again with a PMMA
solution at 4000 rpm for 30 s. A 400 nm-thick PMMA membrane-
coated Pd NP/SLG hybrid sensor was expressed as a PMMA/Pd NP/
SLG hybrid sensor in this experiment. In the case of using other
PMMA layer thicknesses, we mentioned the thickness of PMMA. To
prepare a sensor without PMMA, the final sensor was immersed into
an acetone solution for 30 min to remove the PMMA supporting layer.

2.5. Gas Sensing Measurement. For gas sensing, the PMMA/Pd
NP/SLG hybrid sensor was first placed into a quartz tube furnace. The
sensor was then exposed to air (500 sccm) for S min to allow for
initialization, and then H, or other gases (CH,, CO, and NO,) diluted
in N, was introduced to measure the change in resistance response. To
evaluate recovery of the sensor, air was injected into the tube furnace.
The resistance changes were measured using a Keithley 2400 source
measurement unit connected to two electrical wires using a
feedthrough. The bias voltage was fixed at 10 mV.

2.6. Characterization. The thickness of PMMA layer was
confirmed by an alpha-step 500 surface profiler (Tencor Instruments).
The morphology and elemental composition of Pd NP on SLG was
examined using a JEOL JSM-7001F field emission scanning electron
microscope (FE-SEM). The elemental confirmation of Pd NPs on
SLG after the galvanic displacement reaction was investigated with the
FE-SEM-EDS link system (JEOL, 3000F). As-grown SLG and Pd NP/
SLG hybrid were confirmed using a Jobin-Yvon micro-Raman system
(LabRam HR, 532 nm wavelength, S mW power, and 1-um spot size).

3. RESULTS AND DISCUSSION

Figure 2a shows a schematic illustration of the Pd deposition
process on CVD-grown SLG via the galvanic displacement
reaction process using Cu as the reducing agent. Since the
standard electrochemical potential of Cu (0.34 V) is lower than
that of Pd (0.915 V), the metal exchange process between Cu
and Pd ions could be successfully performed by simply
immersing Cu in a Pd-ion-containing salt solution. Specifically,
as Cu was immersed in the Pd-ion-containing salt solution, Cu
was oxidized by Pd and provide electrons for Pd ions to be
simultaneously reduced and nucleated on the Cu surface.”®*” In
this metal exchange process, a direct galvanic replacement
occurred between Cu and Pd** on bare Cu surfaces, and thus
the resulting Pd NPs formed irregular shapes as they filled out
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Figure 2. (a) Schematic of the Pd NP deposition process on CVD-
grown graphene via galvanic displacement reaction. (b—d) FE-SEM
micrographs of Pd NPs/SLG/Cu samples after galvanic displacement
reaction for (b) 15, (c) 30, and (d) 120 min. Scale bars indicate 2 ym.
(e) Changes in the surface coverage, ¢,a of Pd on graphene for various
galvanic displacement reaction times. (f) Micro-Raman spectra before
Pd deposition (black solid line) and after Pd deposition (red solid
line).

the empty space on Cu. In the presence of the graphene layer
above Cu, graphene acted as a buffer layer to transport
electrons from Cu onto the graphene surface due to its high
carrier mobility and conductivity. In this case, Pd NPs
nucleated on the graphene surface by obtaining electrons
from graphene. Since the galvanic displacement reaction was
buffered with the graphene layer, the Pd nucleation on
graphene was not limited to a specific region of the graphene
surface and the resulting Pd NPs were well-distributed spatially
on the SLG surface, unlike galvanic displacement on a bare Cu
surface. Figure 2b—d are representative of the top-view FE-
SEM images of the Pd NPs deposited on graphene layers as a
function of immersion time in the same concentration of PdCl,
solution (0.18 mM). Specifically, the Pd NPs on the graphene
surface were uniformly distributed with spherical shapes along
the graphene. The Pd NPs on the graphene surface were
confirmed by conducting the FE-SEM-EDS mapping analysis as
shown in Figure S1 in the Supporting Information. When
immersion time was less than 15 min, Pd NPs were distributed
separately on the SLG surface with an average diameter of 20
nm (Figure 2b), while Pd NPs began to form islands after being
immersed for more than 15 min in the PdCl, solution (Figure
2c). At an immersion time of 120 min, the surface coverage
(de) of Pd on SLG nearly reached 1, resulting in a Pd film-like
structure on the SLG surface (Figure 2d). Figure 2e shows the
changes in c,q with varying immersion time from 1 to 120 min:
increasing immersion time led to a gradual increase in ¢ 4 from
0.28 to 0.97. To more closely examine the damage on graphene
that could be generated during the galvanic displacement
reaction between graphene-buffered Cu and Pd ions, wer took
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Figure 3. (a) Relative resistance response (shown as a percent) of PMMA/Pd NP/SLG hybrid sensors with different value of ¢pa on SLG as a
function of time when exposed to 2% H,. The inset shows a plot of sensitivity versus ¢,q on SLG layer. (b, c) Schematic representation of the

conduction path through (b) graphene and (c) Pd.

micro-Raman spectra from graphene samples before and after
the 15 min galvanic displacement reaction, as shown in Figure
2f. The ratio of the intensities of the G peak to the 2D peak
(I¢/Lp) of our CVD-grown graphene was 0.49, whereas a
minor D peak intensity (Ip) was observed near 1350 cm™;
these results indicated that our CVD-grown graphene was
indeed a SLG with few structural defects.*” Importantly, the I/
Lp ratio and the I in micro-Raman spectra were nearly
identical after the galvanic displacement reaction, indicating
that there was almost no damage to the intrinsic graphene
structure. If there are intrinsically destroyed regions on
graphene surface, such as cracks, voids, and ripped parts, the
galvanic displacement reaction will take place preferentially on
those sites due to the presence of the exposed Cu. In such
cases, neighboring graphene could be damaged during the
galvanic displacement reaction because of rapid and concen-
trative deposition of Pd on the destroyed regions. Because the
fabricated SLG had almost no intrinsic cracks, voids, and ripped
parts, damages on SLG were not found after the galvanic
displacement reaction. The result in Figure 2f indicates that the
graphene layer effectively acted as a buffer layer, retaining its
structure even after undergoing a galvanic displacement
reaction in Pd-ion containing salt solution.

To examine the gas response of PMMA/Pd NP/SLG hybrid
sensors with respect to Pd NP coverage on the SLG layer, we
plotted the percent change in relative resistance as a function of
time after exposure of PMMA/Pd NP/SLG hybrid sensors to
2% H,. The relative resistance value change was defined as AR/
R = (Rexposure - Rinitial)/ Rinitial'loor where Rinitial and Rexposure
were the resistances of the sensors before and after exposure to
H,, respectively. For measuring AR/R, a fixed bias of 10 mV
was applied. Figure 3a shows the changes in resistance across
the electrodes of the PMMA/Pd NP/SLG hybrid sensors with
different degrees of Pd NP coverage. The inset of Figure 3a
shows a plot of the gas response sensitivity versus Pd NP
coverage on the SLG layer. As the Pd NP coverage on the SLG
layer increased, the value of AR/R gradually increased upon H,
exposure, exhibiting the highest sensitivity (65%) with c,q =
0.66. The gradual increase of the gas response sensitivity was
attributed to the increased coverage of Pd NPs on the SLG
surface.** However, the gas response sensitivity of the PMMA/
Pd NP/SLG hybrid sensor with ¢,q = 0.72 was measured to be
589%, which was slightly lower than that of the PMMA/Pd NP/
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SLG hybrid sensor with ¢, = 0.66. In addition, the PMMA/Pd
NP/SLG hybrid sensor with ¢4 = 0.97 went so far as to exhibit
adverse behavior in resistance changes, showing a huge
decrease in AR/R upon H, exposure with a percent change
in gas response sensitivity of —82%. All sensors in Figure 3a
showed complete recovery to the initial baseline within a few
minutes after H, was shut off. The two different behaviors,
which were determined as positive and negative signs of AR/R
depending on Pd NP coverage on SLG, were attributed to
different electrical conduction paths of the sensors, namely, a
graphene-dominant conduction path for low Pd NP coverage
on SLG and Pd film-dominant conduction path for high Pd NP
coverage on SLG. When Pd NPs were distributed separately on
the SLG surface with a low ¢4 below 0.66, the graphene served
as the major conduction path, as shown in Figure 3b. In this
case, AR/R was a positive value because resistance increased
upon H, exposure. On the other hand, a negative AR/R was
observed when Pd NPs formed a uniform Pd film-like structure
on the SLG surface with a high c,q over 0.72 as shown in Figure
3¢, indicating that Pd filmlike structure was the major
conduction path upon H, exposure. The mechanism of H,
detection of sensors with a graphene-dominant conduction
path can be explained by the well-known dissolution and
dissociation of H, molecules into atomic hydrogen in Pd NPs.**
When H, molecules are adsorbed on Pd NP surfaces and
dissolved into atomic hydrogen, Pd-hydride (PdH,) is formed
as the work function of Pd is lowered. The lower work function
associated with PdH,, results in increased electron transfer to
graphene from PdH,, which in turn increases sensor resistance.
As the density of Pd NPs increases on the SLG surface, the
probability of forming PdH,, also increases due to the increased
high surface area of Pd. However, the gas response sensitivity
decreases when the Pd NPs begin to form islands on the SLG
surface, because the major conduction path starts to change
from graphene to a Pd film-like structure. When the coverage of
Pd NPs approaches ~1 on an SLG, the Pd film-like structure
becomes the main conduction path of the sensor. In this case,
the sensing mechanism is based on the hydrogen-induced
lattice expansion in Pd. When Pd becomes PdH, upon
exposure to H,, the Pd layer is expanded because of the filling
of octahedral sites of the Pd system by H atoms.*"* The
volumetric expansion of the Pd NPs on SLG can narrow the
gaps between Pd NPs in Pd film-like structure on SLG.
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Therefore, Pd filmlike structures become continuous, more
conductive pathways are formed,>** and resistance decreases
upon H, exposure. We confirmed that the absolute value of the
sensitivity of the PMMA/Pd NP/SLG hybrid sensor with Cpd =
0.97 was 82%, which was the highest gas response sensitivity
among our fabricated sensors. However, in spite of this high gas
response sensitivity, maintaining sensor reliability was problem-
atic. The PMMA/Pd NP/SLG hybrid sensor with ¢,q = 0.97
exhibited unstable gas response properties due to hydrogen-
induced expansion-contraction and associated crack propaga-
tion during a repeated sensing process (data not shown). The
PMMA/Pd NP/SLG hybrid sensor with a low Cpd under 0.72
showed a stable gas response with high sensitivity after repeated
tests.

To evaluate the sensing performance of the PMMA/Pd NP/
SLG hybrid sensor upon exposure to H,, 10 sensors were
fabricated by using the optimized condition (c,q = 0.66). Figure
S2 in the Supporting Information represents the percent
changes in relative resistance as a function of time after
exposure of the 10 sensors to 2% H,. The average values of gas
response sensitivity, response time, and recovery time was
measured as 66.37%, 1.81 min, and 5.52 min, respectively. The
sample-to-sample variation between individual sensors in
Figure S2 would be inevitably caused during the sensor
fabrication process, which includes solution-based galvanic
reaction, polymer layer coating, and transfer process. Among
these sensors, a PMMA/Pd NP/SLG hybrid sensor, which had
near average sensitivity, response time, and recovery time, was
selected for the evaluation of sensing performance. Figure 4a
shows the reproducible resistance change of the selected
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Figure 4. Evaluation of sensing performance of the PMMA/Pd NP/
SLG hybrid sensor with ¢4 = 0.66 as a function of time (a)
Reproducible resistance changes upon exposure to 2% H,. (b) In situ
measurement of percent change in resistance upon exposure to
different concentrations of H, ranging from 0.025 to 2%. The inset
shows a plot of gas response sensitivity with respect to H,
concentration on a log scale.
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PMMA/Pd NP/SLG hybrid sensor with c,q = 0.66. To evaluate
repeatability, ~5 min on-state and ~20 min off-state were
performed with 2% H,. The gas response sensitivity was as high
as 66.38% for each cycle. The response time, defined as the rise
time needed to reach a AR of 90%, was about 1.07 min and the
resistance recovered to its original value within 11.28 min
without any significant drift when H, was removed and the test
chamber was purged with air. The PMMA/Pd NP/SLG hybrid
sensor had good repeatability and reversibility, demonstrating
relatively fast and stable on/off switching in each cycle. Figure
4b shows the in situ measurement of the resistance change in
percent when exposed to different concentration of H, ranging
from 0.025 to 2% (the specific concentrations are labeled above
each peak in Figure 4b). Prior to exposure to H,, only air
flowed in test chamber, followed by exposure to H, for $ min.
Then, H, was shut off and only air flowed into the test chamber
for 10 min to allow the sensor to recover. The gas response
sensitivity as a function of H, concentration was roughly linear
on a logarithmic scale as shown in the inset of Figure 4b. As the
concentration of H, increased, the gas response sensitivity also
increased, and the sensor exhibited an observable resistance
change (an approximately 4.014% change in gas response
sensitivity) with a low noise level at concentrations as low as
250 ppm. On the basis of these results, we concluded that the
sensing performance of the PMMA/Pd NP/SLG hybrid sensor
was comparable or superior to other reported hydrogen sensors
based on graphene-Pd hybrids.>*~*

To evaluate the selective gas permeation property of PMMA
in our fabricated sensors, the gas response of Pd NP/SLG
hybrid sensor both with and without the PMMA membrane
layer was investigated for different types of gases (CH,, CO,
NO,, and H,). These four different gases were chosen because
they are known to react with either Pd, graphene, or in some
cases both. Indeed, graphene exhibits cross-sensitivity toward
both CO and NO,*® whereas Pd reacts with CO and
hydrocarbon gases including CH,>%**** Figure Sa depicts
schematic illustrations of possible routes of selective perme-
ation of H, in the presence of a PMMA membrane layer as well
as cross sensitivity toward various gases in the absence of the
PMMA membrane layer. Prior to the evaluation of the H,
selective permeation property of the PMMA membrane-coated
sensors, the optimal thickness of the PMMA layer was
investigated by comparing the values of the gas response
sensitivities depending on the PMMA membrane thicknesses
(200, 400, 600, and 800 nm). To avoid the sample-to-sample
variation, the gas response sensitivity of the same Pd NP/SLG
hybrid sensor was successively evaluated after additional
repeating of the PMMA spin-coating on top of the sensor. A
200 nm thick PMMA layer, which was initially coated as a
supporting layer for the transfer of the Pd NP/SLG hybrid
sensor, did not function as a selectively H,-permeable
membrane due to imperfect sealing of the sensor because the
200 nm thick PMMA layer only holds the Pd NP/SLG hybrid
region without covering the whole sensor. The 200 nm-thick
PMMA/Pd NP/SLG hybrid sensor reacted with 2% CO
(~10% in gas response sensitivity) as well as 2% H,
(approximately 100% in gas response sensitivity) as shown in
Figure S3 in the Supporting Information. When the PMMA
thickness increased from 400 to 800 nm, the gas response
sensitivity upon exposure to 2% H, decreased from ~65% to
26% as shown in Figure S3a in the Supporting Information.
This results is coincident with the fact that the permeability
decreases with increased polymer membrane thickness due to a
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Figure S. (a) Schematic illustration showing the selective permeation of H, through the PMMA membrane layer and reaction with all gases without
the PMMA layer. (b) Relative resistance changes of the Pd NP/SLG hybrid sensor for different gases: 10% CH, (red solid line), 0.5% CO (green
solid line), 0.05% NO, (black solid line), and 0.025% H, (blue solid line) (c) Relative resistance changes of the PMMA/Pd NP/SLG hybrid sensor
when exposed to10% CH, (red solid line), 0.5% CO (green solid line), 0.05% NO, (black solid line), 0.025% H, (blue solid line), and mixture gases

of 0.025% H, and 0.05% NO, (purple solid line), respectively.

decrease in polymer free volume.*® The 400, 600, and 800 nm
thick PMMA/Pd NP/SLG hybrid sensors upon exposure to 2%
CO showed no gas response owing to successful sealing with
PMMA layers as shown in Figure S3b in the Supporting
Information. On the basis of this result, a 400 nm thick PMMA
membrane was chosen as an optimal thickness for the PMMA
layer to effectively act as a selectively H, permeable membrane.

Figure Sb shows the relative resistance changes of the Pd
NP/SLG hybrid sensor without the PMMA membrane layer
that was operated in an on—off mode for all gases: 1.4% gas
response sensitivity for 10% CH,, —2.08% gas response
sensitivity for 0.5% CO, —5.17% gas response sensitivity for
0.05% NO,, and 4.11% gas response sensitivity for 0.025% H,.
On the basis of these results, we concluded that the Pd NP/
SLG hybrid sensor exhibited cross-sensitivity to all of the gases
in the absence of the PMMA membrane layer, which could
degrade the reliability and sensitivity of the sensor in gas
mixtures. On the contrary, the PMMA membrane-coated Pd
NP/SLG hybrid sensor did not exhibit a response upon
exposure to 10% CH,, 0.5% CO, and 0.05% NO, as shown in
Figure Sc. To investigate the effect of other gases to the H,
sensitivity, the PMMA membrane-coated Pd NP/SLG hybrid
sensor was tested with flowing mixture gas of 0.025% H, and
0.05% NO, concurrently. First, the sensor was exposed to
0.025% H, and showed good operation in an on—off manner
with a gas response sensitivity of ~4% (blue solid line in Figure
5c), which is the similar value shown in Figure 4b and Figure
Sb. When the sensor was then exposed to the mixture gas of
0.025% H, and 0.05% NO,, the gas response sensitivity
exhibited ~49%, the value of which was attained upon exposure
to 0.025% H, in previous experiment. This result implies that
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H, sensing is not affected in the presence of other gases
because the PMMA membrane layer effectively blocks the other
gases and selectively penetrate H,. The selective filtration
ability of the PMMA membrane layer was related to the free
volume present in the PMMA polymer matrix.”>~** Because
the kinetic diameter of the H, molecules (0.289 nm) is smaller
than that of NO, (0.4 nm), CO (0.33 nm), and CH, (0.38
nm), H, is more likely to penetrate the PMMA membrane layer
than other gases. In fact, a higher permeability of H, in PMMA
has been reported in numerous applications.”* Our results
showed that the PMMA membrane layer effectively functioned
as a H, selective barrier without detriment to H, sensing
property, which is significant in terms of safety, reliability, and
sensitivity in dealing with H, sensors.

4. CONCLUSIONS

In summary, we demonstrated a PMMA/Pd NP/SLG hybrid
sensor using a galvanic displacement reaction between
graphene-buffered Cu and Pd ions, followed by spin-coating
with a PMMA membrane layer to achieve high sensitivity and
selectivity toward H,. The fabricated sensor was tested with
0.025% H, as well as 10% CH,, 0.5% CO, and 0.05% NO, with
and without the PMMA membrane layer in order to investigate
cross-sensitivity toward several gases. The PMMA/Pd NP/SLG
hybrid sensor exhibited comparable and superior sensing
performance upon exposure to H, compared to conventional
graphene-Pd NP hybrid sensors. In addition, we observed that
the PMMA/Pd NP/SLG hybrid sensor had good selectivity for
H,, showing no response upon exposure to CH,, CO, or NO,.
The selective sensing of H, was attributed to the PMMA
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membrane layer, which was able to separate one or more gases
from the gas mixture to facilitate a H,-rich permeate. The
highly sensitive sensor with gas selectivity toward H, reported
herein meets the requirements of a good gas sensor, namely, no
cross-sensitivity issues and excellent sensing performance for
safety and reliable operation in gas mixtures.
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