Gas identification with graphene plasmons
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Identification of gas molecules plays a key role a wide range of applications extending from
healthcare to security. However, the most widely used gas nano-sensors are based on
electrical approaches or refractive index sensing, which typically are unable to identify
molecular species. Here, we report label-free identification of gas molecules SO,, NO,, N,O,
and NO by detecting their rotational-vibrational modes using graphene plasmon. The
detected signal corresponds to a gas molecule layer adsorbed on the graphene surface with
a concentration of 800 zeptomole per pm?2, which is made possible by the strong field
confinement of graphene plasmons and high physisorption of gas molecules on the graphene
nanoribbons. We further demonstrate a fast response time (<1min) of our devices, which
enables real-time monitoring of gaseous chemical reactions. The demonstration and
understanding of gas molecule identification using graphene plasmonic nanostructures open
the door to various emerging applications, including in-breath diagnostics and monitoring of
volatile organic compounds.
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applications such as high-quality chip fabrication in semi-

conductor technology!, detection of explosives?, and medi-
cal diagnostics®#. For example, for diagnostics, the presence of
NO in the breath of patients is typically associated with chronic
obstructive pulmonary disease>®, while isopropanol’ and
ammonia®1? in the breath of patients are normally linked to lung
cancer and renal failure disease, respectively. Recently, the sen-
sitivity of electrical devices has been improved to the single-
molecule level using nanomaterials!!-17. In addition, refractive-
index sensing of gas molecules using plasmons are also
approaching very high sensitivity!8-21. However, the identifica-
tion of trace gases has been fundamentally hindered. This is
mainly due to the fact that the intrinsic detection variations (e.g.,
differences in electrical conductivity or resonance wavelength) in
these devices are not directly correlated with the components and
structures of the gas molecules?>~2, and therefore, these methods
are unable to identify molecular species without molecular labels
(Supplementary Table 1 and 2).

Recently, graphene-plasmon-based surface-enhanced infrared
absorption (SEIRA) spectroscopy?’ 33, relying on the coupling of
molecular vibrational modes with graphene plasmon resonances,
has been shown to provide a label-free method to identify trace
solid-state molecules, such as protein monolayers?® and nano-
sized polymer films2*30. In particular, ultrasensitive graphene
plasmons have been demostrated to be able to detect 0.6 nm
thickness of perylene-3,4,9,10-tetracarboxylic ~ dianhydride
(PTCDA) and a chemical bond vibration in acetone and hexane
vapor32. However, there is a technologically important challenge
to extend solid-sample sensing to gas sensing with
SEIRA:19:20.3435 the dielectric response of gases at ambient
pressure is >4 orders of magnitude weaker than that of solid
molecular layers due to the difference in density!®!°. For exam-
ple, a 500-um-thick NO, layer with a concentration of 1000 ppm
has the same optical density (~0.25%) as an ~10-nm-thick poly
(methyl methacrylate) layer?®30. Furthermore, the large spatial

Label—free identification of gas molecules is very desirable for

a b
IR beam
Gas input Piezometer
—a
—A — N "N d
> > L.
Gas output

Field
confinment (%)

To detector

Gas molecules

mismatch between the evanescent plasmon field (~tens of nan-
ometers) and dispersed gas molecules limits the detection region
to the immediate surroundings of the graphene layer, thus
imposing another serious constraint to the applicability of gra-
phene plasmons to gas sensing. However, if one could redistribute
these gas molecules closer to the graphene surface (e.g., through
adsorption, optical forces, or dielectrophoresis forces), it might be
possible that the additional enhancement due to plasmonic light
confinement can reveal the molecule vibrational modes.

In the present study, we identify gas molecules using graphene
plasmons. The rotational-vibrational modes of the gas molecules
NO,, N,O, NO, and SO,, which are generally important in
environmental and military monitoring applications, as well as in
medical diagnostics, are unambiguously detected and identified
using the designed graphene nanostructures. This result relies on
the adsorptive redistribution of the gas molecules on the graphene
surface (equivalent to amplifying the gas concentration), hence
facilitating the interaction between ultra-confined graphene
plasmons and gas molecules. Our theoretical analysis reveals that
the adsorbed gas-molecule layer (about 800 zeptomole per um?
for <1 nm thickness) on the graphene structure, in conjunction
with the strong field confinement associated with the plasmons, is
critical for effectively detecting and identifying gas molecules. In
addition, our graphene plasmonic sensors also successfully per-
form real-time monitoring of gas molecules during chemical
reactions with a fast response time (<1 min).

Results

Graphene nanoribbon devices for gas identification. Figure 1a
illustrates the experimental setup. A home-made IR-transparent
gas chamber was designed for measuring transmittance and
performing IR spectroscopy. The chamber was equipped with a
high-precision piezometer and a flowmeter to precisely control
the gas input. The graphene sensors were composed of connected
nanoribbon arrays on a transparent IR substrate and were
mounted inside the gas chamber (Supplementary Figure 1 &
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Fig. 1 The graphene plasmon device for gas identification. a Experimental scheme of our device. A metal chamber with a piezometer was used for precise
control of gas parameters. Plasmons in a graphene ribbon array were excited using an incident infrared beam and tuned in situ by electrostatic doping
through a gate voltage (V). The plasmon resonances were coupled with molecular excitations, thus probing the rotational-vibrational spectral fingerprints
of gas molecules. b Raman spectrum of the graphene nanoribbons (GNRs) compared with one of an unpatterned graphene sheet. ¢ Plasmonic field
confinement of a typical GNR with ribbon width of 70 nm. d Experimental (black curve) and simulated (red curve) extinction spectra of GNRs for SO, gas
identification. The molecular responses on the plasmonic peaks are marked with solid green areas. The vertical gray lines indicate the rotational-vibrational
modes (P, R) of SO,. The schematic of the vibrational mode is indicated with arrows in the central inset. The graphene ribbon width is 100 nm with a filling
factor of 80%, AVcnp of 30V, and SO, of 4000 ppm at 1atm. The simulation adopts an effective ribbon width of 70 nm and Fermi energy of 0.3 eV to best
fit the experimental spectra. Upper inset: oscillator strength vs concentration for the P and R modes of SO,. The differences between experimental and
simulated spectra may originate in a narrower ribbon width and lower E¢ of the fabricated nanoribbons
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Methods)30. The graphene nanoribbon arrays were designed to
have widths (W) in the 25-100 nm range with a high filling
fraction of up to 90% to achieve strong plasmon-field enhance-
ment over a broad mid-IR spectral range (Supplementary Fig-
ure 2). Raman characterization of the graphene nanoribbons
(Fig. 1b) reveals large increases in the D peak compared to an
unpatterned graphene sheet due to the vast amount of edges in
the nanoribbon structure (Supplementary Figure 3).

Graphene plasmons are characterized by ultrahigh mode
confinement, which can enhance the interaction between their
associated evanescent field and adjacent gas molecules. In
addition, this effect alleviates the need for a large volume of gas
molecules for detection. Our simulation results shown in Fig. 1c
suggest that the evanescent plasmon field extends ~\,/4m outside
of the graphene (for 1/e intensity decay), where A, is the plasmon
wavelength in extended graphene. And for ribbons we have
approximately A, = ~2xwidth (i.e., the ribbons spans ~half the
plasmon wavelength), so the plasmon intensity extends a distance
~0.2xwidth, and ~60% of the plasmon energy is confined to a
~5-nm distance from the graphene surface (see Supplementary
Note 4 for details). Therefore, in principle, a thin layer of gas
molecules close to the graphene nanoribbons is sufficient for
detection.

Gas identification with high detection efficiency. Gas detection
and identification measurements with our graphene nanos-
tructures were performed by recording their IR transmission
spectra using Fourier transform infrared spectroscopy (FTIR).
The obtained extinction spectra # can be described as
1-Tyg/Tenps where Ty, and Tenp represent the transmittance
measured with an applied gate voltage V, and at the charge
neutrality point (CNP) of the graphene nanoribbons, respectively
(Supplementary Note 4 and Note 2). The corresponding Fermi
energies at different V; are calculated and presented in the Sup-
plementary Information (Supplementary Figure 5 and Note 3).
We note that we employed a gas chamber that had a width of 7
mm, so that the signal coming from gas molecules, far from the
graphene, was significant if we did not normalize to the neutrality
point. By using this in situ electrical tuning method, the back-
ground signals, including the substrate and gas molecules, were
removed. The measured extinction spectra are only the con-
tribution which arises from the evanescent plasmonic field and its
influence on molecules within a few nanometers from the gra-
phene. This provides evidence in this work that the dominant
sensing role resides in the graphene plasmons. We remark that
similar results should be obtained with a thinner gas chamber, as
the density of the molecule layer near graphene should only
depend on molecule concentration in the gas phase, and not on
the actual size of the chamber. Hence, we envision an future
realistic implementation of practical devices using a sub-micron-
thick gas chamber, with a total gas volume in the picolitre range.

When the chamber did not contain gases (i.e., vacuum), there
was only one prominent plasmonic peak in each extinction
spectrum of our plasmonic devices. The resonance peaks could be
tuned within the 900-2000 cm™! spectral range by varying the
ribbon width or V, (Supplementary Figure 6). When gas was
pumped into the chamber, typical gas molecular signatures
showed up as sharp dips in the broad plasmonic resonance peaks.
A full extinction spectrum for detection of SO, is presented in
Supplementary Figure 7 as an example, whereas the experimental
results within the frequency range of 1200-1500 cm~! are shown
in Fig. 1d (black curve). Clear dips are highlighted with green
solid filling and appear in pairs at 1347 and 1374 cm~!, which
can be confidently assigned to rotational-vibrational absorption
features of SO, molecules. A pair of molecular modes are a typical

feature of gas molecules due to coupling of their rotational and
vibrational modes, which results in a high-energy branch
(R, 1374cm~! for SO, molecules) and a low-energy branch
(P, 1347 cm™~! for SO, molecules)36:37,

We performed numerical simulations for a comprehensive
understanding of the experimental results. A combination of the
transfer-matrix method and COMSOL simulations was utilized to
compute the electromagnetic response of our device (see Methods
and Supplementary Note 4 for details). The graphene response is
described using the Drude model333%, and an optical-effective
ribbon width (W) is introduced to account for pressumably
inactive edges?. The dielectric permittivities of gases were
retrieved from the experiments and fitted to a good approxima-
tion as the sum of Lorentzian P and R modes3” contributions,
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where the sum index i runs over the P and R pairs of spectral
positions Qpgy ;» widths yp g, ;> and oscillator strengths Aep g, ;.
The values of these parameters were obtained by performing a
series of FTIR measurements (Supplementary Figure 8) for
varying gas concentrations, C. This yielded absorption spectra
that can be well described by A = 1 — exp(—23{k}d), where d =
7mm is the gas chamber height, k = (271/1,), /&, and A, is the
free-space wavelength. The extracted values of Aepy),(C)
exhibited a linear dependence with the measured concentration
(inset of Fig. 1d). We first assume that the SO, gas molecules are
distributed uniformly in the chamber. However, there are no
noticeable dips in the calculated extinction spectra if this is the
case, which indicates negligible electromagnetic interaction
between the SO, gas molecules and graphene plasmons due to
the extremely small gas dielectric function for the tested
concentrations. To achieve the dip strength observed in the
experimental spectrum (black curve, Fig. 1d), the SO, molecule
concentration within the plasmonic near-field is expected to be
much higher.

We thus attribute the experimentally observed molecular
features in the spectrum to the accumulation of gas molecules
on the graphene surface through physisorption, which is reason-
able for graphene, especially for patterned graphene
nanostructures'41. We then considered an adsorbed molecular
layer thickness d;=1nm (ie., within the effective plasmonic
near-field, Fig. 1c) and an effective gas concentration C;. To fit
our experimental data, we used a C;/C ratio of 5000. The fit results
are shown in Fig. 1d (red curve) and further details are provided
in Supplementary Figure 7. Note that this simulation is also
supported by an analytical model (details in Supplementary
Note 5). We stress that although our estimated value of the
adsorbed gas concentration C; was much larger than C, it was still
a very small value, roughly corresponding to 800 zeptomole gas
molecules adsorbed per every 1pum? graphene area (i.e., ~0.5
molecules per nm?) (see Supplementary Note 6 for details). This
adsorption density is similar to what is found in water on clean
surfaces, and we presume that it is related to the polar nature of
the molecules under consideration (the permanent dipoles of CO,
NO, NO,, N,0, and SO, molecules are 0.110 D, 0.159 D, 0.316 D,
0.161 D, and 1.633 D, respectively), which produces an increase
in image attraction comparable to that of water (permanent
dipole 1.85 D), thus permitting nearly full monolayer coverage of
the surface. Furthermore, besides the above-mentioned adsorp-
tion mechanism related to polar molecules, the large amount of
edge defects and dangling bonds in the graphene nanoribbons
could also help to trap gas molecules, as the adsorption energy of
graphene with divacancy defects is about one order of magnitude
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Fig. 2 Real-time gas identification. a Real-time plasmon-enhanced
rotational-vibrational mode response of SO, during a full gas enter-exit
cycle (data extracted from the extinction measurements reported in
Supplementary Figure 10). Spectra were recorded at the times indicated on
the right. b Kinetic plot of plasmon-enhanced SO, signal intensity, defined
as the integrated peak area in a as the SO, gas enters and exits the
chamber

higher than that of unpatterned graphene*!-#4. Through the
mapping of the Raman D peaks, we estimated a defect density of
10°um~2 (see Supplementary Figure 3 and Note 1)%°. In
principle, these defects could also adsorb a gas layer of
concentration up to 0.2 molecules per nm? if each defect adsorbs
two molecules?®.

Real-time gas identification. We next investigated the real-time
responses of our devices in detail. A series of extinction spectra
were recorded while SO, gas was dosed in and then washed out
from the chamber. The plasmon-enhanced response dynamics
shown in Fig. 2a are extracted from the original extinction spectra
(Supplementary Figure 9) following the method described in
Supplementary Figure 10 and Note 6. As shown, the prominent
peaks of the P and R modes started to be discernable in the
extinction spectra recorded 1.5 min after SO, gas was introduced
into the chamber. This suggests that the SO, molecules entered
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the chamber and redistributed within 1.5min to a detectable
amount of physisorption of gas molecules on the graphene layer.
Subsequently, the detected signal continued to increase and
reached a maximum after 15 min. This indicates that the con-
centration of physisorption of gas molecules on the graphene
device is peaked after 15 min. Next, pure N, gas was introduced
instead of SO,, which caused a gradual decrease in the plasmon-
enhanced IR response of SO,, indicating desorption of SO,
molecules. Specifically, the signal intensity decreased by half in
~5min, and no SO, molecular signal was detected after 20 min.
These two processes are clearly visualized in the dynamic plot
(Fig. 2b) of the signal intensity (i.e., the peak area). The signal
intensity increased sharply as the gas was pumped in, revealing
fast physisorption kinetics. The rate of increase then decreased,
pointing to the diffusion of gas molecules in the chamber and
physisorption of the gas molecules on the graphene surface,
slowing down to reach a dynamical equilibrium between physi-
sorption and desorption. Fast desorption was also observed in
Fig. 2b. Because performing a measurement for each spectrum
required ~0.5min, the real physisorption and desorption
dynamics may be faster than the signal changes in the spectra.
Nevertheless, the results clearly demonstrate that our devices can
perform real-time monitoring of gas molecules and are reusable
with N, flow, which removes physically adsorbed molecules.

We also measured the extinction spectra of SO, gas at different
concentrations (2000, 4000, and 6000 ppm). The integrated areas
of these plasmon response signals are recorded as a function of
SO, concentration. The devices had a near-linear response when
monitoring the gas concentration, as shown in Supplementary
Figure 11 and Note 8. The near-linear fit implies that the
adsorption of SO, molecules on the graphene surface at these gas
concentrations was below the saturation threshold for graphene
gas adsorption as previously discussed.

Identification of gas molecules. Nitrogen oxides (i.e., NO, NO,,
and N,O) were employed to show the key advantage of using
graphene plasmons for identification of similar gas molecules,
which still remains a challenge for sensors based on electrical
methods, as the adsorption of these molecules results in similar
changes in resistance (see details in Supplementary Figure 12).
Figure 3a—c displays the plasmonic responses of NO, NO,, and
N,O gases, respectively. The full extinction spectra are shown in
Supplementary Figure 13. In each extinction spectrum, the
molecular responses appear as a pair of dips, which can be
assigned to the rotational-vibrational modes of the gases, as
indicated with vertical gray lines. Therefore, we can clearly
identify these nitrogen oxides from their rotational-vibrational
fingerprint peaks. Moreover, these gases can also be distinguished
in mixtures using our devices. This is demonstrated in Fig. 3d,
which shows the extinction spectra of two gas mixtures, one
containing SO, and N,O, another one consisting of SO,, N,O,
and NO,. The original extinction spectra are presented in Sup-
plementary Figure 14. These results confirmed that the
rotational-vibrational fingerprint peaks of each molecular species
in the gas mixtures could be clearly identified using our graphene
nanoribbons devices.

Monitoring of gaseous components during chemical reactions.
Real-time and accurate identification of gas molecules is extre-
mely useful in a range of applications, such as monitoring of gas-
phase chemical reactions. We successfully demonstrate this
concept for an NO oxidation reaction. The measured plasmon-
enhanced response in this reaction is shown in Fig. 4 (extracted
from the extinction spectra in Supplementary Figure 15). First,
the chamber was filled with NO gas, which was clearly identifiable
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Fig. 4 |dentification of gas molecules during chemical reactions. From
bottom to top: plasmon-enhanced molecular signals in a chamber filled
with no gas (i.e. vacuum), 1min and 1.5 min after O, input. We
corroborated the direct observation of the oxidation of NO to NO,

based on the rotational-vibrational peak positions at 1838 and
1906 cm~! (see green curve). Then O, was injected into the
chamber. As shown in the extinction spectrum recorded after 1
min, the signal intensity of NO decreased to ~60%, while a

new pair of peaks appeared at 1590 and 1610 cm~! (blue curve
in Fig. 4). These new peaks, which coincide with the
rotational-vibrational modes of NO, (Fig. 3b), clearly confirm the
production of NO, due to chemical reactions between NO and
O,. As input of O, gas continued, the NO, response increased
and the signal intensity of NO decreased, as shown in the spec-
trum recorded 30 s later (burgundy curve in Fig. 4). These real-
time measurements are highly selective, enabling direct observa-
tion of chemical reactions that holds great potential for use in
applications requiring analysis of in situ chemical reactions.

Discussion

In the present study, we successfully demonstrated label-free
identification of the gases NO,, N,O, NO, and SO, using gra-
phene plasmons. The large physisorption of gas molecules on
graphene nanoribbons combined with the ultra-confined plas-
monic near-fields were critical for overcoming the extremely
weak dielectric response of gas molecules and achieving high
sensitivity of 800 zeptomole molecule per um2.

The sensitivity of our plasmonic devices was closely correlated
with gas adsorption on graphene. Various adsorption mechan-
isms such as physisorption!>4247, optical trapping*$-30, and
static dielectrophoretic forces®1>> have been previously demon-
strated to support increasing gas concentrations on graphene
structures. Moreover, the ultra-strong optical-field confinement
of graphene plasmons could potentially lead to large gradient
optical forces*®53 and serve as resonant optical tweezers that drag
gas molecules onto the graphene surface. However, given the
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power density of the infrared beam, the optical force calculated
in this experiment was too weak to modify the gas distribution
(see details in Supplementary Figure 16 and Note 9). Moreover,
for the CaF2 thickness used here and the applied bias range, the
electrostatic force is also expected to be weak to initiate trap-
ping. Physisorption was thus possibly the primary mechanism
responsible for gas molecule accumulation on the graphene layer
through image attraction force and defect adsorption as discussed
above. Clear evidence in support of physical adsorption rather
than chemical adsorption was provided by the fact that the
detected rotational-vibrational modes were identical to those in
pristine gases. This is typically not observed for chemical
adsorption because chemical bonding to graphene modifies these
rotational-vibrational modes. Additional evidence was provided
by relatively fast molecular desorption observed with N, flow
through the chamber (see Fig. 2).

It is worth noting that further improvements of the sensor can
effectively enhance its sensitivity potentially for broader appli-
cations. For example, higher crystal quality and higher mobility
graphene can effectively increase the quality factor and field
enhancement effect of graphene plasmons as shown in Supple-
mentary Figure 17, thus resulting in a dramatic increase in
extinction intensity, which further facilitates larger enhancement
of the signal for molecular detection. Moreover, multi-layer gra-
phene can generate higher field strengths and additionally
produce adsorption more molecules. Indeed, we present further
experiments in Supplementary Figure 18 in which bilayer gra-
phene is shown to increase the detection limit to 800 ppm of SO,
molecules. A suitably designed resonant microcavity for perfect
light absorption in graphene should also enable further increase
in the detection limit>*°>, Further enhancement in graphene
confinement can also be achieved by placing graphene in proxi-
mity to a metallic surface, hence inducing acoustic plasmons
with enhanced sensitivity of vibrational modes of adsorbed
layers®.

In conclusion, we performed real-time and label-free gas
identification by using graphene plasmons, which can unambi-
gously distinguish between different types of gases even when the
gas molecules have similar compositions. This advanced feature
opens exciting prospects for gas sensing and identification in
diverse applications, including the detection of dilute con-
taminants and monitoring of trace chemical reactions. The sen-
sitivity and time resolution of our devices could be further
improved in the future by designing sensors that exploit optical
gradients®® and dielectrophoretic forces®!*2, as well as large
variations in physisorption with changes in temperature.

Methods

Nanofabrication of graphene plasmon devices. Chemical vapor deposition
graphene was first transferred onto a 300-nm SiO,/500-um SiO, substrate using a
common wet method®’. A 120-nm poly(methyl methacrylate) (950 K) film was
spin-coated onto the sample. The nanoribbon arrays were patterned in graphene
using electron-beam lithography (Vistec 5000+ES, Germany) and oxygen plasma-
etching at 5Pa and 80 W for 10 s (SENTECH, Germany). Two Cr (5 nm)/Au (60
nm) electrode patterns were fabricated using a second electron-beam lithography
cycle combined with electron beam evaporation (OHMIKER-50B, Taiwan). The
growth rate of CaF, film was 0.5 A/s at 100 °C in the a high vacuum of ~1076 Torr.
The graphene device on SiO, was transferred onto the CaF,/Si substrate and then
annealed at 200 °C for 5h.

Characterization of graphene plasmon devices. The morphologies and thick-
nesses of the fabricated graphene nanoribbons were characterized by scanning
electron microscopy (Hitachi S-4800) and atomic force microscopy (Neaspec s-
SNOM). The quality of the graphene and defect density of the nanoribbons were
measured by Raman spectroscopy (Horiba Jobin Yvon LabRAM HR800) with a
laser excitation at 514 nm. Electrical properties were determined using a semi-
conductor parameter analyser (Agilent 4294 A).

FTIR microscopy measurements. A home-made gas chamber was designed to
meet the requirements for electrical measurements and transmission spectrum
detection simultaneously. A high-precision piezometer and mass-flow controller
with a 50-400 sccm flow at different times (in minutes) were used to control the
partial pressure of the analyte gases. For the transmission measurements (Thermo
Fisher Nicolet iN10), the excitation light was broadband. For all the extinction
spectra in this work, we first recorded the transmission spectrum Tcnp of the
graphene array at the CNP, and then the extinction spectra # for in situ nanoribbon
doping at Ep were calculated as 1-Tyy/Tenp.

Electromagnetic simulations and theory. Electromagnetic simulations were
conducted using the commercial field solver, COMSOL Multiphysics, RF module.
The graphene optical response is described via the Drude model. The gas para-
meters including oscillator strength and broadening corresponding to each FTIR
peak for the gas molecules were extracted from fitting to the measured data.

Data Availability
The data that support the findings of this study are available from the corresponding
author upon request.

References

1. Nishi, Y., Doering, R. Handbook of semiconductor manufacturing technology.
(CRC Press, Florida, 2000).

2. Bunte, G, Hiirttlen, J., Pontius, H., Hartlieb, K. & Krause, H. Gas phase
detection of explosives such as 2, 4, 6-trinitrotoluene by molecularly imprinted
polymers. Anal. Chim. Acta 591, 49-56 (2007).

3. Kehe, K. & Szinicz, L. Medical aspects of sulphur mustard poisoning.
Toxicology 214, 198-209 (2005).

4. Blumenthal, I. Carbon monoxide poisoning. J. R. Soc. Med. 94, 270-272
(2001).

5.  Bogustaw, B., Martyna, K., Tomasz, L. & Anton, A. Human exhaled air
analytics: biomarkers of diseases. Biomed. Chromatogr. 21, 553-566 (2007).

6. Paredi, P. et al. Exhaled ethane, a marker of lipid peroxidation, is elevated in
chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 162,
369-373 (2000).

7. Kischkel, S. et al. Breath biomarkers for lung cancer detection and assessment
of smoking related effects — confounding variables, influence of
normalization and statistical algorithms. Clin. Chim. Acta 411, 1637-1644
(2010).

8. Wehinger, A. et al. Lung cancer detection by proton transfer reaction mass-
spectrometric analysis of human breath gas. Int. J. Mass Spectrom. 265, 49-59
(2007).

9. Popa, C. et al. Ethylene and ammonia traces measurements from the patients’
breath with renal failure via LPAS method. Appl. Phys. B 105, 669-674 (2011).

10. Narasimhan, L. R,, Goodman, W. & Patel, C. K. N. Correlation of breath
ammonia with blood urea nitrogen and creatinine during hemodialysis. Proc.
Natl Acad. Sci. USA 98, 4617-4621 (2001).

11. Wang, C, Yin, L, Zhang, L., Xiang, D. & Gao, R. Metal oxide gas sensors:
sensitivity and influencing factors. Sensors 10, 2088-2106 (2010).

12. Kong, J. et al. Nanotube molecular wires as chemical sensors. Science 287,
622-625 (2000).

13. Boyd, A,, Dube, I, Fedorov, G., Paranjape, M. & Barbara, P. Gas sensing
mechanism of carbon nanotubes: from single tubes to high-density networks.
Carbon 69, 417-423 (2014).

14. Schedin, F. et al. Detection of individual gas molecules adsorbed on graphene.
Nat. Mater. 6, 652-655 (2007).

15. Kulkarni, G. S., Reddy, K., Zhong, Z. & Fan, X. Graphene nanoelectronic
heterodyne sensor for rapid and sensitive vapour detection. Nat. Commun. 5,
4376 (2014).

16. Yasaei, P. et al. Chemical sensing with switchable transport channels in
graphene grain boundaries. Nat. Commun. 5, 4911 (2014).

17. Yuan, W. & Shi, G. Graphene-based gas sensors. J. Mater. Chem. A 1,
10078-10091 (2013).

18. Tittl, A., Giessen, H. & Liu, N. Plasmonic gas and chemical sensing.
Nanophotonics 3, 157-180 (2014).

19. Liu, N, Tang, M. L., Hentschel, M., Giessen, H. & Alivisatos, A. P.
Nanoantenna-enhanced gas sensing in a single tailored nanofocus. Nat.
Mater. 10, 631-636 (2011).

20. Bingham, J. M., Anker, J. N,, Kreno, L. E. & Van Duyne, R. P. Gas sensing
with high-resolution localized surface plasmon resonance spectroscopy. J. Am.
Chem. Soc. 132, 17358-17359 (2010).



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kreno, L. E,, Hupp, J. T. & Van Duyne, R. P. Metal—organic framework thin
film for enhanced localized surface plasmon resonance gas sensing. Anal.
Chem. 82, 8042-8046 (2010).

Comini, E. Metal oxide nano-crystals for gas sensing. Anal. Chim. Acta 568,
28-40 (2006).

Rumyantsev, S., Liu, G, Shur, M. S., Potyrailo, R. A. & Balandin, A. A.
Selective gas sensing with a single pristine graphene transistor. Nano Lett. 12,
2294-2298 (2012).

Varghese, S. S., Lonkar, S., Singh, K. K., Swaminathan, S. & Abdala, A. Recent
advances in graphene based gas sensors. Sens. Actuat. B Chem. 218, 160-183
(2015).

Chen, G., Paronyan, T. M. & Harutyunyan, A. R. Sub-ppt gas detection with
pristine graphene. Appl. Phys. Lett. 101, 053119 (2012).

Neubrech, F., Huck, C., Weber, K., Pucci, A. & Giessen, H. Surface-enhanced
infrared spectroscopy using resonant nanoantennas. Chem. Rev. 117,
5110-5145 (2017).

Yang, X,, et al. Nanomaterials-based plasmon-enhanced infrared
spectroscopy. Adv. Mater. 30, 1704896 (2018).

Rodrigo, D. et al. Mid-infrared plasmonic biosensing with graphene. Science
349, 165-168 (2015).

Li, Y. et al. Graphene plasmon enhanced vibrational sensing of surface-
adsorbed layers. Nano Lett. 14, 1573-1577 (2014).

Hu, H. et al. Far-field nanoscale infrared spectroscopy of vibrational fingerprints
of molecules with graphene plasmons. Nat. Commun. 7, 12334 (2016).
Marini, A., Silveiro, I. & Garcia de Abajo, F. J. Molecular sensing with tunable
graphene plasmons. ACS Photon 2, 876-882 (2015).

Farmer, D. B., Avouris, P., Li, Y., Heinz, T. F. & Han, S.-J. Ultrasensitive
plasmonic detection of molecules with graphene. ACS Photon 3, 553-557 (2016).
Anton, A,, et al. Nonlinear optics with 2D layered materials. Adv. Mater.
https://doi.org/10.1002/adma.201705963 (2018).

Liedberg, B., Nylander, C. & Lunstrom, I. Surface plasmon resonance for gas
detection and biosensing. Sens. Actuators 4, 299-304 (1983).

Dahlin, A. B., Tegenfeldt, J. O. & H66k, F. Improving the instrumental
resolution of sensors based on localized surface plasmon resonance. Anal.
Chem. 78, 4416-4423 (2006).

Atkins P. W., Friedman R. S. Molecular quantum mechanics, 3rd edn. (Oxford
University Press, Oxford, UK, 1997).

Shelton, R. D., Nielsen, A. & Fletcher, W. The infrared spectrum and
molecular constants of sulfur dioxide. J. Chem. Phys. 21, 2178-2183 (1953).
Grigorenko, A. N., Polini, M. & Novoselov, K. S. Graphene plasmonics. Nat.
Photon 6, 749-758 (2012).

Abedinpour, S. H. et al. Drude weight, plasmon dispersion, and ac
conductivity in doped graphene sheets. Phys. Rev. B 84, 045429 (2011).
Yan, H. G. et al. Damping pathways of mid-infrared plasmons in graphene
nanostructures. Nat. Photon 7, 394-399 (2013).

Paul, R. K., Badhulika, S., Saucedo, N. M. & Mulchandani, A. Graphene
nanomesh as highly sensitive chemiresistor gas sensor. Anal. Chem. 84,
8171-8178 (2012).

Leenaerts, O., Partoens, B. & Peeters, F. M. Adsorption of H20, NH3, CO, NO2,
and NO on graphene: a first-principles study. Phys. Rev. B 77, 125416 (2008).
Zhang, Y.-H. et al. Understanding dopant and defect effect on H2S sensing
performances of graphene: a first-principles study. Comp. Mater. Sci. 69,
222-228 (2013).

Yong-Hui, Z. et al. Improving gas sensing properties of graphene by
introducing dopants and defects: a first-principles study. Nanotechnology 20,
185504 (2009).

Ferrari, A. C. & Basko, D. M. Raman spectroscopy as a versatile tool for
studying the properties of graphene. Nat. Nanotechnol. 8, 235-246 (2013).
Aguila, J. E. C., Cocoletzi, H. H. & Cocoletzi, G. H. A theoretical analysis of
the role of defects in the adsorption of hydrogen sulfide on graphene. AIP Adyv.
3, 032118 (2013).

Kulkarni, G. S. et al. Electrical probing and tuning of molecular physisorption
on graphene. Nano Lett. 16, 695-700 (2016).

Juan, M. L., Righini, M. & Quidant, R. Plasmon nano-optical tweezers. Nat.
Photon. 5, 349 (2011).

Marago, O. M., Jones, P. H., Gucciardi, P. G., Volpe, G. & Ferrari, A. C.
Optical trapping and manipulation of nanostructures. Nat. Nanotechnol. 8,
807 (2013).

Kim, J.-D. & Lee, Y.-G. Graphene-based plasmonic tweezers. Carbon 103,
281-290 (2016).

Barik, A. et al. Dielectrophoresis-enhanced plasmonic sensing with gold
nanohole arrays. Nano Lett. 14, 2006-2012 (2014).

52. Freedman, K. J. et al. Nanopore sensing at ultra-low concentrations using
single-molecule dielectrophoretic trapping. Nat. Commun. 7, 10217
(2016).

53. Xu, H. & Kaill, M. Surface-plasmon-enhanced optical forces in silver
nanoaggregates. Phys. Rev. Lett. 89, 246802 (2002).

54. Thongrattanasiri, S., Koppens, F. H. L., Garcia & de Abajo, F. J. Complete
optical absorption in periodically patterned graphene. Phys. Rev. Lett. 108,
047401 (2012).

55. Guo, X. et al. Perfect-absorption graphene metamaterials for surface-enhanced
molecular fingerprint spectroscopy. Nanotechnology 29, 184004 (2018).

56. Lee, I.H., Yoo, D., Avouris, P., Low, T. & Oh, S.H. Graphene acoustic plasmon
resonator for ultrasensitive infrared spectroscopy. Nat. Nanotechnol. https://
doi.org/10.1038/541565-019-0363-8 (2019).

57. Bae, S. et al. Roll-to-roll production of 30-inch graphene films for transparent
electrodes. Nat. Nanotechnol. 5, 574-578 (2010).

Acknowledgements

This work was supported by the National Basic Key Research Program of China (Grant
No. 2015CB932400), the National Key Research and Development Program of China
(Grant No. 2016YFA0201600), the National Natural Science Foundation of China (Grant
Nos. 51372045, 11504063, and 11674073), the key program of the bureau of Frontier
Sciences and Education Chinese Academy of Sciences (Grant No. QYZDBSSW-SLH021),
Youth Innovation Promotion Association CAS and Academy of Finland (Grant Nos.
276376, 284548, 295777, 304666, 312297, 312551, and 314810), Business Finland (OPEC,
A-Photonics), the European Union’s Seventh Framework Programme (REA grant
agreement No. 631610) and the European Union’s Horizon 2020 research and innova-
tion program (Grant agreement No. 820423, S2QUIP). T.L. acknowledges support from
the National Science Foundation under Grant No. NSF/EFRI-1741660. F.J.G.A.
acknowledges the ERC (Advanced Grant No. 789104-eNANO), the Spanish MINECO
(Grant Nos. MAT2017-88492-R and SEV2015-0522), the Catalan CERCA and AGAUR
(2014-SGR-1400) programs, and Fundacié Privada Cellex.

Author contributions

Q.D., HH, and X.Y. conceived the experiment. H-H. performed the device fabrication,
characterization, and FTIR measurements; X.G., KK,, SR.B., and T.L. provided the
COMSOL modeling; F.J.G.A provided the analytical model and the permanent-molecule-
dipole mechanism for high-density adsorption; Q.D. and X.Y. supervised the project;
HH, XY, KK, FJ.GA, TL, ZS, and Q.D. analysed the data and co-wrote the
manuscript.


https://doi.org/10.1002/adma.201705963
https://doi.org/10.1038/s41565-019-0363-8
https://doi.org/10.1038/s41565-019-0363-8
www.nature.com/naturecommunications

	Gas identification with graphene plasmons
	Results
	Graphene nanoribbon devices for gas identification
	Gas identification with high detection efficiency
	Real-time gas identification
	Identification of gas molecules
	Monitoring of gaseous components during chemical reactions

	Discussion
	Methods
	Nanofabrication of graphene plasmon devices
	Characterization of graphene plasmon devices
	FTIR microscopy measurements
	Electromagnetic simulations and theory

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




