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Exploring the atomic or molecular transport properties of two-
dimensional materials is vital to understand their inherent func-
tions and, thus, to expedite their use in various applications.
Herein, a surface-enhanced Raman spectroscopy (SERS)-based
in situ analytical tool for the sensitive and rapid monitoring of
hydrogen transport through graphene is reported. In this method,
a reducing agent, which can provide hydrogen species, and a
Raman dye self-assembled on a SERS platform are separated by a
graphene membrane, and the reduction of the Raman dye by
hydrogen species transferred through graphene is monitored with
SERS. For validating the efficacy of our method, the catalytic
reduction of surface-bound 4-nitrothiophenol by sodium boro-
hydride was chosen in this study. The experimental results dis-
tinctly demonstrate that the high sensitivity and rapid detection
ability of SERS can allow the effective analysis of the hydrogen
transport properties of graphene.

Atomic or molecular transport through two-dimensional
materials has been of immense interest as it can be applied to
various separation technologies.'™® Indeed, various two-dimen-
sional materials, such as graphene and its derivatives,®”°
covalent organic frameworks,'""* zeolites,">™*®> Mxenes,'® and
metal dichalcogenides,'” have been investigated as promising
platforms for water desalination,”'”™*® ion or molecular
sieving,'”"?%*! and gas separation.®*'>'>'® Among two-
dimensional materials, graphene has been extensively studied
because of its chemical stability, affordability, and light
weight. Since defect-free monolayer graphene has been con-
sidered to be impermeable to most atoms and molecules
under ambient conditions,"? perforated graphene or small-
sized graphene aggregates have been used as separation
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membranes.'®'%?° Regarding the transport properties of gra-
phene, it is noteworthy that the Geim group revealed that
protons can pass through defect-free monolayer graphene by
using an electrical method." This work implies that monolayer
graphene can be employed as a proton membrane. Recently,
the same group further demonstrated the discernible per-
meability of defect-free monolayer graphene toward hydrogen
by showing the bulging up of a graphene membrane under
exposure to hydrogen gas.”> The hydrogen permeation was
attributed to the dissociative adsorption of molecular hydro-
gen on the graphene surface, followed by the flipping of hydro-
gen atoms through the graphene. These works indicate that
the development of an efficient analytical tool is crucial to
unveil the transport properties of graphene and, hence, to
expedite its use in separation technologies.

As an ultra-sensitive real-time analytical method, surface-
enhanced Raman spectroscopy (SERS) has been of enormous
attention in numerous research fields.?>** For instance,
chemical events in the course of catalytic reactions have been
monitored in real time by using in situ SERS techniques.**™>°
This prompted us to explore the possibility of using SERS in
the examination of the transport properties of graphene.
Although the transfer of hot electrons at Au/graphene inter-
faces has been studied with an in situ SERS technique,”” ana-
lyzing the atomic or molecular transport properties of two-
dimensional materials with SERS has rarely been reported.

Here, we introduce a SERS-based in situ analytical method
that allows the sensitive and rapid detection of the transport
of hydrogen species through defect-free monolayer graphene.
The SERS-based method has been designed based on our
proposition that the analysis of hydrogen species transport
through graphene will be possible by separating a Raman dye
and a reducing agent, which can provide hydrogen species,
with a graphene membrane and then monitoring the
reduction of the Raman dye induced by transferred hydrogen
species with SERS. For this study, the catalytic reduction of
surface-bound 4-nitrothiophenol (4-NTP) to 4-aminothiophe-
nol (4-ATP) by sodium borohydride (NaBH,) was chosen,
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which has been intensively explored by in situ SERS.***%*° The
reduction reaction of 4-NTP molecules adsorbed on a metal
substrate proceeds upon the treatment of NaBH, as BH,~ ions
transfer hydrogen species to the metal surface and then the
surface hydrogen species provide protons and electrons to
4-NTP molecules, resulting in the reduction of 4-NTP to 4-ATP
through the 6H'/6e” process. The metal substrate can indeed
catalyze the reduction reaction by providing binding sites for
the hydrogen species from BH,  ions and relaying electrons to
4-NTP molecules. For SERS detection, an analytical device was
built by covering an Au substrate, on which 4-NTP molecules
were self-assembled, with defect-free monolayer graphene.
Then, the transfer of hydrogen species through graphene was
tracked by SERS monitoring of the reduction reaction of 4-NTP
upon the treatment of NaBH, on the surface of graphene. The
Au substrate can act as both a SERS substrate and a catalyst for
the 4-NTP reduction. Thanks to the high sensitivity and rapid
detection capability of SERS, the transport properties of gra-
phene could be effectively analyzed with the present method.
Fig. 1a shows how a SERS device for monitoring hydrogen
species transport through graphene was fabricated (see the
Experimental details and Fig. S1t). The colloidal clusters of Au
nanoparticles (Au NPCs), which showed stable and remarkable
SERS performance in our previous works,*** were chosen as
a SERS substrate. Au NPCs consisting of ~30 nm Au nano-
particles were synthesized based on our reported method (see
the Experimental details and Fig. S2at).*' The prepared Au
NPCs were spin-coated on a polymethyl methacrylate (PMMA)-
coated Si wafer, which was pre-patterned by electron-beam
lithography to form an array of 5 pm X 5 pm square-shaped
holes. PMMA was then removed through a lift-off process,
leaving Au NPCs patterns on the Si wafer (Fig. S2b¥). The pro-
duced Au NPCs-patterned Si wafer was immersed in a 107" M
ethanol solution of 4-NTP to form the self-assembled mono-
layers of 4-NTP on the surface of the Au NPCs. Defect-free
monolayer graphene was prepared by a mechanical exfoliation
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Fig. 1 Schematic illustrations of (a) device fabrication and (b) in situ
SERS monitoring of the reduction reaction of 4-NTP. The color repre-
sentation of atoms: white, hydrogen; gray, carbon; blue, nitrogen; red,
oxygen; yellow, sulfur.
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method and transferred onto the Au NPCs pattern. Then, a
metal mask, Au/Ti, with a thickness of 20 nm/2 nm and a
width of 3 pm was deposited around the transferred graphene.
The metal mask was deposited to prevent the scrolling of gra-
phene and to exclude any other atomic or molecular per-
meation through the gap between the Si wafer and the edge of
the graphene. Onto the prepared device, an aqueous NaBH,
solution was dropped to fully cover the device, and in situ
SERS monitoring for the reduction reaction of 4-NTP was per-
formed with a micro-Raman spectrometer (Fig. 1b).

Fig. 2a shows the representative optical microscopy image
of a prepared device. The presence of 4-NTP and graphene in
the device was revealed by Raman spectra taken at the center
of the device with the excitations of 633 and 532 nm, respect-
ively, which distinctly exhibit the characteristic peaks of 4-NTP
(Fig. 2b) and graphene (Fig. 2c). Notably, the 2D Raman band
of graphene is well fitted by a single Lorentzian function with
a full-width at half-maximum of 34 ecm™, indicating that the
device is covered with monolayer graphene.** Considering the
monolayer coverage of 4-NTP on the Au NPCs, the observed
Raman spectrum of 4-NTP is indeed a SERS spectrum. The
two-dimensional Raman mapping images of the NO, stretch-
ing peak (¢(NO,)) of 4-NTP and the 2D band of graphene
measured inside the device further confirm the existence of
4-NTP molecules throughout the Au NPCs pattern and the full
coverage of graphene inside the device, respectively (Fig. 2d
and e). The different Raman mapping signal intensities of gra-
phene between inside and outside the Au NPCs pattern can be
attributed to the change in the relative height of the graphene
layer owing to the pattern as well as to the electric field
enhancement around the Au NPCs.*°

Fig. 3a and b show, respectively, the time-dependent SERS
spectra of 4-NTP and the corresponding color-coded intensity
map of the SERS spectra obtained after the treatment of an
aqueous solution of NaBH, (10 mM, 0.2 mL) onto the fabri-
cated device. The amount of NaBH, used in the experiments
was optimal for the stable SERS measurements. The SERS
spectra were taken every 10 s with an acquisition time of 1 s.
For convenience, representative SERS spectra obtained at six
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Fig. 2 (a) Optical micrograph of a fabricated device. Raman spectra of
(b) 4-NTP and (c) graphene taken at the center of the device. The red
dashed curve in ¢ shows the single Lorentzian fitting of the 2D band.
Two-dimensional Raman mapping images of (d) the v(NO,) peak of

4-NTP and (e) the 2D band of graphene measured inside the device.
Scale bars indicate 1 pm.
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Fig. 3 (a) Time-dependent SERS spectra of 4-NTP and (b) corres-
ponding color-coded intensity map of the SERS spectra obtained after
the treatment of an aqueous solution of NaBH,4 onto the device. (c) Plot
of the logarithm of the intensity of v(NO,) peak relative to that of the
initial stage versus the reaction time.

different reaction times are displayed in Fig. 3a. The tempera-
ture of the device was maintained at 15 °C to avoid the
thermal decomposition of BH,™ ions. In fact, when a 10 mM
NaBH, aqueous solution was placed at 15 °C for 10 min, its
pH was maintained at 8. Given that the pH of an aqueous
NaBH, solution increases as NaBH, thermally decomposes,*?
this result indicates that the thermal decomposition of NaBH,
was insignificant under our experimental conditions. Notably,
the peak intensities at 1323 and 1566 cm ™', which are associ-
ated with the y(NO,) and C-C stretching (v(C-C)) modes of
4-NTP, respectively, decreased with time, while the intensity of
a peak at 1587 cm™ ', which can be assigned to the v(C-C)
mode of 4-ATP,*® increased. SERS measurements on the device
for 10 min without the treatment of NaBH, showed no notice-
able changes in the SERS spectrum of 4-NTP (Fig. S37).
Furthermore, the formation of 4,4-dimercaptoazobenzene,
which can be generated through the photocatalysis of 4-NTP,*”
was not detected. Taken together, the spectral changes of
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4-NTP during the measurements can be attributed to the pro-
gress of 4-NTP reduction induced by hydrogen species, which
could be formed from BH,™ ions on the graphene surface and
then transferred to the underlying 4-NTP-adsorbed substrate
through the graphene layer. The identity of produced hydrogen
species will be discussed later. The rapid progress of the 4-NTP
reduction distinctly demonstrates that the monolayer graphene
can indeed effectively transport hydrogen species.

Apparently, a good linear relationship was found between
the logarithm of the intensity of ¥(NO,) peak relative to that of
the initial stage and the reaction time (Fig. 3c). Considering
the largely excess amount of NaBH, compared to the adsorbed
4-NTP molecules (~10° times, see the Experimental detailst),
the linear correlation indicates that the 4-NTP reduction reac-
tion in our system follows the pseudo-first-order kinetics. This
is in line with previous reports on the metal-catalyzed
reduction of aromatic nitro compounds by NaBH,.***® From
the slopes of linear fits obtained from multiple measurements,
the average rate constant of the 4-NTP reduction was estimated
to be 9.47 x 107 s,

Although exfoliated graphene is known to be defect-free,”*°
we conducted control experiments to definitely exclude the
possibility that BH,~ ions or hydrogen species formed from
them were infiltrated through defects that may exist in the gra-
phene membrane during the reaction. Based on the fact that
CN~ ions can effectively etch Au,*® the device was treated with
a 20 mM KCN methanol solution. Notably, after 15 min, all Au
NPCs patterns that were not covered with graphene were
etched severely, while the Au NPCs pattern covered with gra-
phene was intact (Fig. 4a and b). Indeed, the graphene-covered
Au NPCs pattern showed no considerable change in its SERS
spectrum after the KCN treatment (Fig. S41). Furthermore,
when the device was left under the reaction conditions for 3 h,
the graphene membrane swelled like a balloon, which is pre-
sumably due to hydrogen gas formed from the transported

200 A
0
4 6 8 10
Position (um)

Fig. 4 Optical micrographs of Au NPCs patterns (a) before and (b) after
the KCN treatment. Scale bars indicate 10 pm. (c) Atomic force
microscopy image and (d) corresponding height profile of the device
left under the reaction conditions for 3 h.
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hydrogen species (Fig. 4c and d). In fact, the graphene mem-
brane did not swell at all before the NaBH, treatment
(Fig. S57). The results of the control experiments collectively
confirm that the graphene membrane in the device is defect-
free, and the 4-NTP reduction is indeed proceeded by hydro-
gen species transported through the graphene.

As abovementioned, the reaction temperature was set to
15 °C to avoid the thermal decomposition of BH,  ions.
Accordingly, the hydrogen species passing through the gra-
phene membrane could only be derived from BH,” ions
adsorbed on the graphene surface. Molecular hydrogen could
be formed through the hydrolysis of adsorbed BH,~ ions.*°
However, given that it takes several days for hydrogen gas to
pass through graphene,” molecular hydrogen cannot be the
hydrogen species transported through the graphene layer in
our system, where 4-NTP can be reduced in a few minutes. In
this regard, we infer that atomic hydrogen or hydride ion that
can be produced through the dissociative adsorption of BH,~
ions on the surface of graphene might be responsible for the
reduction of 4-NTP.** To identify the hydrogen species formed
from BH,~ ions, we performed density functional theory (DFT)
calculations for the products of the dissociative adsorption of
a BH,™ ion on a model graphene surface. The details of com-
putational methods are described in the Experimental
details.f Through the Lowdin charge analysis, we found that a
very little positive charge is allocated to hydrogen dissociated
from the BH,™ ion (Fig. S6). Based on the DFT result, we can
assume that the hydrogen species passing through the gra-
phene layer is atomic hydrogen. Even if hydride ions are gener-
ated from the dissociative adsorption of BH,  ions on the
surface of graphene, their charges will readily be dissipated by
the conductive sp®-conjugated carbon atoms of the gra-
phene.*” Based on the calculated number of 4-NTP molecules
present in the device (see the Experimental detailst) and the
experimental finding that half of the 4-NTP molecules were
reduced in 30 s, the lower-bound flux of hydrogen atoms trans-
ported through the graphene membrane could be estimated to
be 7.2 x 10° s™* pm™2. This value is comparable to that of
protons passing through graphene, ~10” s~! pm™2."

Conclusions

We devised a SERS-based analytical tool for monitoring hydro-
gen transport through defect-free monolayer graphene.
Separating a Raman dye (4-NTP) and a reducing agent (NaBH,)
with a graphene membrane and then tracking the reduction of
4-NTP by hydrogen atoms transferred through graphene with
SERS could allow the rapid and in situ analysis of hydrogen
transport through monolayer graphene. Since the present
SERS-based method can be applied to a wide range of trans-
ported species (ions, atoms, or molecules), if a suitable Raman
dye that can react with a transported species is chosen, it is
expected that this method can readily be utilized to study the
transport properties of various two-dimensional materials. We
also foresee that the further enhancement of the precision and
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detection capability of this method in conjunction with the
development of efficient SERS platforms will make it possible
to reveal the unprecedented transport function of two-dimen-
sional materials.
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