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Two-dimensional (2D) graphene has been regarded as a promising gas sensing material operated in room tem-
perature. However, practical use of pure graphene as a gas sensor still faces problems owing to its insufficient
sensitivity, selectivity and stability. In the present study, 2D-molybdenum disulfide (2D-MoS5) were successfully
assembled with graphene oxide (GO) with the assistance of poly (diallyl dimethylammonium chloride) (PDDA).
The intercalation of PDDA and stacking of 2D-MoS; significantly expand the interlayer spacing of GO from 0.77
nm to 1.44 nm in the GO-PDDA-MoS; composite. The rGO-PDDA-MoS; sensing chip could be obtained by in-situ
reduction of GO-PDDA-MoS; pre-coated on an interdigital electrode in hydrazine vapor. The sensor exhibited
excellent sensitivity, selectivity and stability for HoS and NO detection with a limit detection as low as 3 ppb and
5 ppb, respectively. The enhanced sensing performance could be ascribed to the increased gas accessibility and
specific binding site resulted from the introduction of PDDA and 2D-MoS,. Furthermore, its potential application
in the diagnosis of respiratory disease was demonstrated. Exhaled breath (EB) spiked with 50 ppb NO and 15 ppb

H,S for simulating EB of asthma patients could be successfully discriminated from the normal EB.

1. Introduction

At present, the development of portable gas sensors with high
sensitivity, high selectivity, fast response, and low-power consumption
is still a challenge. Among many types of gas sensors, chemiresistive gas
sensors are most likely to be used in practice because of their simple
structure and excellent sensing performance [1,2]. However, most of
chemiresistive gas sensors are developed from semiconductor metal
oxides, which often need to operate at high temperatures [3,4], leading
to higher power consumption and limits its application in Internet of
Things (IoT) practice.

Graphene has unique advantages in gas-sensing field owing to its
high specific surface area as well as high carrier mobility at room-
temperature [5,6]. Among various formats of graphene nanomaterials
for gas sensing, reduced graphene oxide (rGO) has been extensively used
since it can be conveniently prepared by the reduction of graphene oxide
(GO), which can be produced on a large scale at a relatively low cost.
Unfortunately, pristine rGO has exhibited low sensitivity and selectivity
probably due to its narrow band gap and lack of binding sites for specific

gases. Meanwhile, the metastable oxygen containing functional groups
on its surface lead to spontaneous reduction and stacking of layers [7],
further resulting in low gas accessibility, decreased sensitivity and poor
stability in gas detection.

Among various technologies, surface modification and synthesis of
hybrid materials are the simplest ways to introduce specific binding sites
and harness the band gap of graphene [8-10], thereby improving its
stability and selectivity. For example, N-doped rGO was combined with
PANI by hydrothermal synthesis, and a sensitive and selective response
to 100 ppm NH3 was observed [11]. By modifying rGO with In0s, the
nanosensor could successfully detect 50 ppm HCHO [12]. In our previ-
ous work, an E-Nose was constructed using metal-ion induced assembly
of GO [13]. By introducing different metal ions, the composites dis-
played improved sensitivity and selectivity towards typical gases in
exhaled breath. However, the sensitivity, selectivity and stability of
current rGO-based chemiresistive sensors still need to be improved.

Transition metal dichalcogenides (TMDs), as a kind of metal-based
materials, have been considered as promising nanomaterial in gas-
sensing field due to their unique electrical, mechanical, and optical
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properties [14,15]. Compared with other metal-based materials such as
metal nanoparticles, metal oxides, and metal ions, TMDs have inherent
advantages of 2D materials such as large specific surface area and more
metal active sites [16,17]. Among TMDs, molybdenum disulfide (MoSy)
has aroused a great deal of interest in the past few years because of its
unique electronic structure and suitable band gap [18-20]. However,
the conductivity of pure MoS; is not enough to directly act as a chem-
iresistive sensor operated at room temperature. Combining MoS, with
room temperature conductive graphene might be a good way to intro-
duce sensitive and selective binding sites. Nevertheless, electrostatic
repulsion between the same negatively charged MoS; and GO will
hinder their binding and stacking [21]. Usually, the same charged
nanomaterials can be assembled by layer-by-layer (LBL) self-assembly
method with the assistance of polyelectrolytes. For example, poly
(sodium-4-styrene sulfonate) (PSS) and poly (allylamine hydrochloride)
(PAH) have been successfully employed to assemble negatively charged
GO films by electrostatic force [22,23]. The positively charged TiO5 was
also assembled between PSS films as high sensitivity sensing material
[24]. Typically, more than ten or even dozens of layers are generally
required for LBL method, which lead to a quite complicated process and
long operation time.

Herein, 2D-MoS,, was successfully stacked with GO layer with the
assistance of PDDA. As a positive charged long chain polymer, PDDA
could insert between the negatively charged GO layers and assemble the
2D-MoS; with GO through electrostatic force, thereby promoting the
formation of GO-PDDA-MoS; composite, as shown in Scheme 1(a). After
deposition of GO-PDDA-MoS; on interdigital ITO-PET flexible electrode,
the composite was in-situ reduced in hydrazine vapor, forming the rGO-
PDDA-MoS; sensing chip. The rGO-PDDA-MoS; sensing chip exhibited
excellent sensitivity, selectivity, and stability towards H»S and NO at
room temperature. The improved sensing performance may ascribe to
the intercalation of PDDA and stacking of MoS,, that may expand the
interlayer spacing of GO/rGO and introduce abundant metal active sites.
As the results, the gas accessibility and selective binding sites signifi-
cantly increased. In the meanwhile, the stability of composite also
greatly improved since the intercalated PDDA prevented rGO layers
from re-stacking. To demonstrate its potential application in disease
diagnosis, trace amount of HyS and NO spiked in human exhaled breath
(EB) was detected. The results indicated that the rGO-PDDA-MoS; gas
sensor displayed a good quantitation ability. The present work will have
promising application in the personal healthcare monitoring, especially
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Scheme 1. (a) Schematic illustration for synthesis of GO-PDDA-MoS, com-
posite; (b) Schematic diagram of the entire process for preparing sensing chip.
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in the preliminary screening of airway inflammation.
2. Materials and methods
2.1. Reagents and materials

PET film coated with ITO conductive layer (ITO-PET) was purchased
from South China Science & Technology Co., Ltd (China). Photoresist
S1805 (Shipley) for lithography was purchased from Anzhi lithography
Electronic Materials Co., Ltd (Germany). Chemical reagents including
HCI (36-38 %), HNO3 (65-68 %), Acetone (>99.5 %) and hydrazine
hydrate (85 %) were purchased from Sinopharm Chemical Reagent Co.,
Ltd (China). Graphene Oxide (GO) sol was purchased from Chengdu
Institute of Organic Chemistry, Chinese Academy of Science (CAS). Poly
(diallyl dimethylammonium chloride) (PDDA, MW <10 kDa; MW
=10-20 kDa; MW =20-35 kDa), poly (allylamine hydrochloride) (PAH,
MW=30 kDa), Polyethyleneimine (PEI, MW =70KDa) and molybdenum
disulfide (MoS3) were purchased from Shanghai Macklin Biochemical
Co., Ltd (China). Standard gases including H»S (10 ppm in air), acetone
(102 ppm in Air), NH3 (202 ppm in Nj3), NO (10.5 ppm in Nj), NO,
(10 ppm in Air), isoprene (504 ppm in Ny), high purity CO», high purity
air, and Ny were purchased from Hangzhou Jingong Special Gas Co., Ltd,
China.

2.2. Preparation of GO-PDDA and GO-PDDA-MoS;

2D-MoS,; was obtained by ultrasonic peeling method [21,25].
Briefly, 15 mg MoS; was added into 4 ml of 45 % ethanol aqueous so-
lution and sonicated at 150 w for 2 h. The mixture was then centrifuged
at 5000 rpm for 20 min. Finally, the supernatant was taken for later
usage. The GO solution with a concentration of 0.5 mg/ml was also
sonicated for 30 min before use.

GO-PDDA-MoS; composite was prepared by polymer mediated self-
assembly method. Briefly, 15 pL (0.015vol%) of PDDA (Mw. <
10 kDa, 1 %Wt) was added to the mixture of 0.5 ml GO and 0.5 ml MoS,,
and then the suspension was vibrated at room temperature on an
oscillator for 5 h at 1000 rpm shaking rate. Then, the suspension was
washed with deionized water 3 times to remove the free ions, excess GO,
and MoS;. Finally, the precipitation was redispersed in 1 ml deionized
water. The GO-PDDA composite was prepared by the same method as
mentioned above except that MoS; was not added. For comparison, GO-
PAH and GO-PEI composites were also prepared by replacing PDDA with
PAH and PEI respectively.

2.3. Preparation of sensing chip

The IDEs of ITO-PET was fabricated by photolithographic methods as
described in our previous work [26]. The entire process for preparing
sensing chip is illustrated in Scheme 1(b). Firstly, a poly-
dimethylsiloxane (PDMS) membrane with a hole was employed as a
mask to restrict the sensing area. A droplet of 10 pL suspension con-
taining the composite was loaded on the exposed area of ITO-PET IDEs.
Then, the droplet was purged with N stream and allowed to dry at room
temperature. Finally, the chip was put into a chamber where hydrazine
hydrate was heated to vapor at 70 °C and then the GO in the composite
was reduced to rGO gradually. After 15 min, the sensing chip was taken
out for later usage.

2.4. Materials characterization

The morphologies of GO, GO-PDDA, and GO-PDDA-MoS, were
observed by scanning electron microscope (SEM) (Hitachi, SU8010,
Japan). The elemental analysis was measured by X-ray photoelectron
spectroscopy (XPS, VG ESCALAB MKII, UK) equipped with an Mg QR X-
ray radiation source, and the interlayer spacing of composites was
measured by diffraction of x-ray (XRD) (Bruker D8 Advance, USA).
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Raman spectra were acquired by a Microscopic Raman spectrometer
(Renishaw, 109907hk, UK) with a laser wavelength of 532 nm. Bru-
nauer-Emmett-Teller (BET) surface area were performed on an gas
adsorption analyzer (Micromeritics, Tristarll II 3020, USA). The sizes
and thickness of 2D materials were investigated by atomic force mi-
croscope (AFM) (Bruker, Multi Mode 8, USA).

2.5. Measurement of gas sensor response

The concentration of gas sample was adjusted by mixing the standard
gas and the carrier gas with an automatic gas distribution system (Well-
Healthcare Technology Co., China), and then the gas was passed into a
self-made chamber containing the gas sensing chip, which was operated
at room temperature (25 °C). The bias voltage (typically 1.0 V) was
applied by a power supply (KeySight E36103A, Keysight Technologies,
Inc., USA). The current of the sensor was read out by a picoammeter
(Keithley 6487, Keithley Instruments, Inc., USA) and the real-time cur-
rent was recorded by LabVIEW 8.6 software. The measured current was
then converted into resistance and the relative response signal (Re%) of
the gas sensor is defined as follow equation:

R—-Ry

0

Re% =

x 100 (€)]

Here, Ry is the resistance in carrier gas stream, and R is the resistance
measured in analytes exposure. The response/recovery time (tgg) is
defined as the time to reach 90 % of the total resistance change.

2.6. Detection of HsS and NO in exhale breath

In the EB analysis, a fluorinated ethylene propylene (FEP) bag was
filled with 2 L healthy EB sample, which was collected in a room with
good ventilation. Meanwhile, the atmospheric air was collected simul-
taneously in the same way as the carrier gas for EB analysis. Humidity
influence in EB analysis can be avoided or alleviated by condensation
method. Briefly, a Teflon tube was immersed in an ice-water bath to let
sample gases flow through the tube. After such a treatment, the humidity
of collected gases will decrease and keep the same (approximate to the
saturated vapor pressure of HyO at 0 °C).

The simulated EB samples of asthmatic patients were prepared by
spiking standard NO and HjS gas in EB samples collected from healthy
persons. Briefly, 10 ml of 10.5 ppm NO and 3 ml of 10 ppm H,S were
injected into the FEP bag filled with healthy EB sample to reach final
concentrations of 50 ppb and 15 ppb for NO and HjS, respectively. As a
control, an equal volume of N5 was injected into another FEP bag filled
with the same EB sample, and then the bags were rested at room tem-
perature for 2 h to stabilize. During the testing process, the EB in the
control bag and sample bag were sequentially pumped into the chamber
installed with the gas sensor by a micro-pump with a flow rate of 200
scem.

3. Results and discussion

3.1. Characterization of composite sensing materials coated on PET-ITO
IDEs

To compare the homogeneity of films coated on ITO-PET IDEs,
different types of sensing materials including GO, GO-PDDA, and GO-
PDDA-MoS; were coated on the IDEs by dropping methods, respectively.
After drying, the three types of sensing chips were exposed to hydrazine
vapor, turning GO component to rGO. Each type of sensing film coated
on the IDEs was observed with a reflectance microscopy. As we can see
from Fig. S1a, the sensing film formed from GO solution was transparent
but coffee-ring effect was observed. For the GO-PDDA film, aggregated
particles were observed on the ITO-PET IDEs (Fig. S1b). In contrast, the
film of GO-PDDA-MoS; appeared more homogeneous (Fig. S1c).

The morphologies of reduced composites were further investigated
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by SEM and TEM (Fig. 1a). As shown in the SEM images, the composites
retained a layered structure of rGO (insert in Figs. 1a-1), but the layers
were folded as viewed in a macroscopic structure. Compared with rGO,
the rGO-PDDA and rGO-PDDA-MoS; films became more porous and
wrinkled (Fig. la-1, a-2). The TEM image of rGO-PDDA showed
randomly aggregated thin sheets with many wrinkles (Figs. 1a-3),
whereas in rGO-PDDA-MoS; nanostructure, small MoS sheets stacked
on the rGO layer (1-2 ym) was found (Figs. 1a-4). XRD patterns of GO,
GO-PDDA and GO-PDDA-MoS; before reduction in hydrazine vapor
were shown in Fig. 1b-1. The GO presented a diffraction peak at 11.51°,
which was consistent with the results previously reported [27-29]. For
the GO-PDDA, the diffraction peak shifted toward a lower diffraction
angle to 8.07°, indicating interlayer spacing of GO increased [30]. From
the XRD pattern of GO-PDDA-MoS;, the peak further shifted to 6.15°,
reflecting that the interlayer spacing of GO further increased. According
to the Bragg equation 2dsiné = n), the calculated interlayer spacing of
GO, GO-PDDA, and GO-PDDA-MoS, were 0.77 nm, 1.09 nm, and
1.44 nm, respectively. In addition, a very weak diffraction peak
appeared around 23° (Figs. 1b-1) owing to incomplete peeling of GO
sheet that leads to the presence of graphite oxide residue. Besides, a
weak diffraction peak appeared at 12.02° was observed in GO-PDDA--
MoS; sample. The result had a slight difference compared with the
previous reported peak value assigning to MoS, [31,32] due to the in-
crease of MoS; interlayer spacing in the present work. The survey XPS
spectra of GO indicated the existence of C, O element. However, the N1s
peak was not observed in the survey spectra of GO-PDDA (Fig. 1b-2),
probably owing to the low amount of PDDA in the composite (0.015 vol
%). From the XPS spectra of GO-PDDA-MoS,, a weak S2s peak and S2p
peak were observed, while the Mo3d peak was not observed. Hence, it
could be speculated that only a small amount MoS; stacked on GO due to
the fact that MoS; is less negatively charged compared with GO [21]. For
the high-resolution Cls spectrum, four fitted peaks located at 284.5
(C=C¢, C-C, C-H), 285.5(C-0-C), 287.5(C=0) and 288.4(0—C-0) [33,
34] could be observed in GO sample (Fig. 1c-1). In GO-PDDA-MoS,, the
characteristic peaks of GO could still be observed (Fig. 1¢c-2), confirming
that GO retained in the composite. Compared with pure GO, the peaks
for GO-PDDA-MoS; shifted to higher binding energy, reflecting a
stronger interaction among PDDA, MoS; and GO in the composite.
High-resolution XPS scans for GO-PDDA and GO-PDDA-MoS; showed
the existence of N peak and Mo peak (Fig. 1c-3-c-4) [32,35], further
suggesting that PDDA and MoS; were successfully combined with GO.

The AFM images of as-prepared rGO and MoS, nanosheets indicated
that the lateral dimensions of rGO and MoS; were in the range of 1-2 ym
and 200-400 nm with thickness of ~1-1.5nm [36] and ~1.5-2 nm,
respectively (Fig. 1d). According to the thickness of single layer rGO and
2D-MoSy, the as-prepared rGO and MoS; nanosheets had a number of ~
4 and 3 layers [36,37]. The structure of 2D materials were further
characterized by Raman spectroscopy. For the GO and rGO, both D-band
at ~1345 cm™! and G-band at ~1590 cm™ were observed (Fig. le-1).
The D-band was ascribed to defects and disordered carbon, while the
G-band represented the vibration of ordered sp>-C in a 2D hexagonal
lattice. Generally, the intensity ratio of the D and G could be employed to
evaluate the degree of disorder and defect. The increased Ip/I value of
rGO (1.128) compared to that of GO (0.916) indicated the higher degree
of disordering and defects in the rGO structure. Furthermore, the sizes of
crystalline domains in GO and rGO flakes can be estimated by Ip/Ig ratio
and excitation wavelength of Raman spectrum as expressed by following
equation [38,39]:

7\ !
La(nm) = (2.4x107'°) A}, (1—’)) 2
G

where La is the size of the crystalline domains in materials, Ajaser is the
excitation wavelength of the Raman spectra. In the present work, the
excitation wavelength was 532 nm, whereas the Ip/I values of GO and
rGO were 0.916 and 1.128, respectively. Accordingly, crystalline



X. Liu et al. Sensors and Actuators: B. Chemical 367 (2022) 132185

b-1 11.49° —co |b-2
23180
Z
—_ - —_
S 8.09° —GO-PDDA | =
= s
- =
z =
z 24.56° =
= - z
£ o
£ g
= 6as° —GO-PDDA-MoS, | =
—

A

—GO PDDA-MeS,

L‘.\K“ o :

10 20 30 40 50 0 200 400 600 800 1000
2 Theta(®) Binding Energy (eV)
c_l . . —:(:’: Intensity c_z :(:'v:. Intensity

——— Backgound Backgound

280 %> 3%a N6 2%s 250 PR TR TR TR TR TR 5
Raw Intensity P Raw Intensity
c-3 Sum c-4 —— Sum
— Backgound — Backgound
/ E ~— \tora,,
£
z
=
=

398 400 408 410 226 228 230 232 234 236 238 240 242
Binding Encrgy (eV) Binding Energy (eV)
- D band Gband__ - Alg —MoS,
e-1 -~ - Go e-2 2
GO
£ =
= =
£ ‘é E2g
= =
100nm
—_— - - - -
500 1000 1500 2000 2500 200 400 600
Raman shiftcem?) Raman shift(cm™)

Fig. 1. SEM images of reduced composites. (a-1) rGO (insert in (a-1)) and rGO-PDDA; (a-2) rGO-PDDA-MoS,; TEM images of reduced composites. (a-3) rGO-PDDA;
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domains with the sizes at ca. 20.99 nm and 17.04 nm were formed in GO
and rGO nanosheets, respectively. In the Raman spectrum of MoSj, two
characteristic peaks at 375.8 cm™ and 401.1 cm™! ascribing to the Ey g
and A; g mode of the MoS; were observed (Figs. 1e-2). Also, the number
of MoS; layers was estimated to be ~3-4 according to the peak distance
(25.3 cm’! in this work) between the E; g and A; ¢ vibration mode [40].
The results were consistent with the AFM results described above. Sur-
face area and pore diameter of the materials were further investigated by
BET analysis. The Ny adsorption-desorption isotherm curves of rGO and
rGO-PDDA-MoS; exhibited a type-IV isotherm (Fig. S2). The BET spe-
cific surface area of rGO-PDDA-MoS, nanocomposite was calculated to
be 391.65m?/ g, which was about the twice of rGO nanosheets
(258.67 mz/g). The pore size distribution plots (inset of Fig. S2) illus-
trated that the main pore diameter of rGO-PDDA-MoS; (37 nm) was
slightly smaller than that of rGO film (43 nm). The higher surface area
and porous structure of nanocomposite could provide more binding sites
for gas adsorption, making it an ideal candidate for gas sensing.

The device characteristics of sensing chips prepared from the three
types of nanomaterials were measured by current-voltage (I-V) curves
(Fig. 2a). As shown in Fig. 2b, stable and repeatable linear I-V curves
were found in all types sensing chips, displaying an ohmic contact
characteristics between the nanomaterials and ITO-PET IDEs. Mean-
while, electrical noises of rGO-PDDA and rGO-PDDA-MoS; sensing chips
were lower than that of rGO chip (Fig. 2¢), indicating that rGO-PDDA
and rGO-PDDA-MoS- have a better electrode contact with ITO-PET IDEs.

3.2. Evaluating gas sensing performance of rGO-PDDA-MoS prepared in
different conditions

The negative charged GO could be assembled by positive charge
polymers. Hence, the type of polymer was screened among PDDA, PAH,
and PEI by measuring the response of rGO-PDDA, rGO-PAH, and rGO-
PEI to 1 ppm HyS. Among the three types of composites, the rGO-
PDDA achieved the maximum response (Fig. 3a), probably owing to
the existence of n-n stacking force between PDDA and GO. Meanwhile,
sensing performance of composites derived from three types of 2D ma-
terials including MoSy, WS, and hBN were evaluated. The result indi-
cated that rGO-PDDA-MoS; displayed the highest response (Fig. 3b),
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showing the significant advantage of 2D-MoS, over WSy and hBN. In
addition, the amount and molecular weight of PDDA were also opti-
mized. The composite with PDDA content of 0.015 vol% and molecular
weight < 10KDa achieved the best performance. Accordingly, it was
selected as the sensing material for later usage (Fig. 3c-d).

3.3. Gas sensing performance of the optimized rGO-PDDA-MoS2

The gas sensing performance of the rGO, rGO-PDDA, and optimized
rGO-PDDA-MoS; sensing chips at room temperature were measured,
respectively. (Fig. 4a~d). It was found that the rGO-PDDA-MoS; sensing
chip has the largest resistance response when it was exposed to HaS
(Fig. 4a-c). The sensitivity of rGO-PDDA-MoS, to HjS significantly
increased and the value of Re% of rGO-PDDA-MoS; sensing chip to
1 ppm HyS was nearly 14.5 times compared with that of pure rGO
(Fig. 4d). As mentioned in Section 3.1, after adding PDDA and MoS,, the
interlayer spacing of GO increased from 0.77 nm to 1.44 nm, so that the
gas accessibility in the nanostructured composites greatly improved.
Meanwhile, the introduction of MoS; enhances the binding ability be-
tween H,S and sensing material by producing more selective adsorption
sites. All these factors contribute to the increase of sensitivity. The Re%
of the three types of sensors towards five types of gases including HsS,
NO, NHs, Acetone, and Isoprene were compared (Fig. 4e). The results
showed that the resistance response to NO was second only to HyS. The
real-time relative response curves of the three types of sensing chips
toward NO also indicated that the rGO-PDDA-MoS; sensing chip ach-
ieved the highest sensitivity towards NO (Fig. 4f). The improved sensi-
tivity of rGO-PDDA-MoS; chip compared with that of rGO could be
mainly ascribed to the increased gas accessibility. In order to prove the
selectivity of rGO-PDDA-MoS; to H,S, isoprene was selected as a refer-
ence and the ratio of response, Re (H2S)/Re (Isoprene), obtained on the
three types of sensors was calculated. The results indicated that the ratio
of response at rGO-PDDA-MoS; significantly increased (Fig. 4g), indi-
cating that the rGO-PDDA-MoS; sensing chip had good selectivity to
H,S. Furthermore, the rGO-PDDA-MoS; sensing chip also displayed a
good repeatability to 200 ppb H,S (Fig. 4h) with a response/recovery
time (tgg) of 34 s and 50 s, respectively (Fig. 4i). The initial response
within 10s could also indicated the response kinetics of different
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sensors. According to the sensing curves shown in Fig. 4d, the initial
responses of rGO, rGO-PDDA and rGO-PDDA-MoS, were 0.004, 0.024
and 0.233, respectively. The remarkable quicker response on rGO-
PDDA-MoS; compared to that on other types of sensors could be also
ascribed to the expanded interlayer spacing, which facilitate gas diffu-
sion and circulation. Besides, the response signal toward HaS and NO at
sub-ppm concentration was further analyzed, and the Re% could be
fitted with the Langmuir model well (Fig. S3). At low concentrations, a
good linear relationship was found between the Re% and concentration
(Fig. S4). The linear regression equations of rGO-PDDA-MoS sensor for
H3S and NO were Re%= 31.7¢-0.14 and Re%= 20.6¢-0.65, where c is the
concentration of HyS or NO, respectively. The theoretical LOD of rGO-
PDDA-MoS; sensing chip for HyS and NO can reach as low as 3 ppb and 5
ppb, respectively (65/S), suggesting huge advantages compared with
other H5S sensors reported previously (Table S1).

The resistance response of rGO-PDDA-MoS; sensing chip towards
another nitric oxide, NOo, was also measured. The sensing chip dis-
played an upward resistance signal and the Re (%) to 1 ppm NO;, was
~6.33 % (Fig.S5a), which was slightly lower than that of NO (8.14 %).
In the range of 0.1-1.0 ppm, the relationship between Re% and gas
concentrations could be also fitted well with the Langmuir model
(Fig. S5b). Even though, the sensor displays sensitive response to NOo,
the interference can be negligible in the analysis of human exhaled
breath (EB) gas, since the concentration of NO; is far less than that of NO
in EB sample. Concerning the high amount of CO2 in human EB, the
response of rGO-PDDA-MoS; sensing chip towards CO5 was also evalu-
ated. As we can see from the sensor diagram, the response value to 0.25
% (2500 ppm) CO, was only 0.24 % (Fig. S6a), showing much low
response to CO, compared with other target gases. PDDA polymer in the
sensing materials contains abundant NHy groups, which should have
affinity to CO2 owing to the acid-base interaction. The low sensitivity
toward CO3 gas might be ascribed to the inert chemical property of CO»,
such as non-polarity and low capability of electron transfer. In the
concentration range from 0.25 % to 3.0 %, linear relationship was found
between the Re% and CO; concentration (Fig. S6b). As observed in the
linear curve, high concentration of COy will also produce significant
response. For the human EB detection, the response caused by CO5 could
be regarded as a background signal, which could be subtracted in data

100
t(S)

pretreatment. The detail method will be discussed in Section 3.6. In
order to further study whether exposure to COy will deteriorate the
sensing performance, we measured the response dynamic curves of the
sensing chip to HyS and NO after being exposure to pure CO for 30 min.
The results showed that the sensing chip still had high sensitivity and
good response/recovery ability to HoS and NO (Figs. S6¢-d), indicating
that the exposure of CO, would not deteriorate the sensing performance
of rGO-PDDA-MoS; sensing chip.

3.4. Stability and humidity influence of the rGO-PDDA-MoS; sensing chip

Short-term and long-term stabilities of the sensing chip were
explored, respectively. Compared with rGO, the rGO-PDDA-MoS sensor
chip displayed better stability within 7 days at room temperature
(Fig. 5a). In addition, the long-term stability of the sensor was investi-
gated with high temperature accelerated experiment. The rGO-PDDA-
MoS; sensing chip was placed in an oven at 55 °C. The response signal to
1 ppm H,S during 8 days was measured and the response decay (Re/Rep)
could be calculated (Fig. S7). According to the Arrhenius equation, the
activation energy (Ea) for aging process on rGO-PDDA-MoS; is around
1.09ev. Therefore, we could estimate that the life time of the sensor will
up to 1.5 years at room temperature. Meanwhile, the response repeat-
ability and response/recovery time of the aged sensing chip to 200 ppb
H)S were tested. The results showed that the aged sensing chip still
retained high sensing performance (Fig. S8). It is well known that the
metastable oxygen containing functional groups on the surface of rGO
will lead to spontaneous reduction and re-stacking of 2D material [7],
which causes a loss of the sensitivity of gas detection and further results
in poor stability. In the present study, the introduction of PDDA and
MoS; to the interlayer of rGO may prevent rGO from re-stacking.
Therefore, its stability was significantly improved.

Furthermore, the humidity influence of the rGO-PDDA-MoS; sensing
chip at room temperature was studied. As we can see from Fig. 5b, with
the increase of relative humidity, the relative response of rGO-PDDA-
MoS; sensing chip toward HjS decreased. However, the decrease of the
response value can be calibrated by relative humidity as shown in
Fig. 5¢. Thus, we can equip the device with a moisture sensor and correct
the response value if divided the measured response value by the
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Fig. 5. (a) Response decay of rGO and rGO-PDDA-MoS; sensing chips to 1 ppm H,S within 7 days at room temperature. Re is the relative response of sensor at
different time, whereas Reg is the initial relative response of the sensor. (b) Re% of the rGO-PDDA-MoS, sensing chip at different relative humidity. (¢) Humidity
calibration factor for the rGO-PDDA-MoS, sensing chip, (Humidity calibration factor = Re% (H%)/Re% (0%)). The relative humidity was adjusted by different

saturated salt solutions.

humidity calibration factor.

3.5. Mechanism study

rGO has been regarded as a p-type semiconductor owing to the ox-
ygen functional groups located on its surface. The introduction of
reduced gases will lead to a decrease of the majority carrier (holes) and
thereby increasing resistance of sensing element, further resulting in an
upward response (Fig. 4a-d). After adding PDDA, the rGO-PDDA com-
posite showed much higher sensitivity to each gas (Fig. 4e) than that of
rGO. We attribute the enhanced sensing property of rGO-PDDA to the
following three aspects.

First, GO is a negatively charged 2D material due to oxygen-
containing functional groups located on the surface, while PDDA is a
typical positively charged polycation electrolyte. Consequently, the
PDDA will insert between the GO nanosheets through electrostatic
attracting force, leading to the expansion of interlayer spacing (increase
from 0.77 to 1.09 nm as mentioned in Section 3.1), which is crucial in
contributing to the high sensitivity. The wider interlayer spacing offers a
much larger exposed surface to target analytes and significantly im-
proves gas accessibility, as illustrated in Fig. 6a-b. Second, the swollen
effect can also influence the sensitivity toward gases. The mechanism
proposed by Neugebauer and Webb could be expressed as following

GOQ)

PDDA(+)

formulas [41-43].
e 2B EC/KT 3)
Eczezl(4nereor) (€))

where ¢ is the conductivity of the composite, representing the ability
of electrons crossing; & is the interlayer spacing; § is the quantum me-
chanical tunneling factor; Ec is the activation energy; ¢; and ¢y are the
permittivities, and r is the radius of a nanocluster. When the sensing
material was exposed to different gases, the analytes will adsorb on the
active sites, forming z-complex or o-complex [13], leading to an in-
crease of & and decrease of ¢. The intercalation of PDDA makes the
swollen effect more significant, thus further resulting in improved
sensing sensitivity. Third, the porous structure and morphology can also
contribute to the improved sensitivity. As we can see in Fig. 1la,
compared with rGO, rGO-PDDA film has porous and wrinkled nano-
structures, which facilitate the gas diffusion and adsorption.

After the stacking of MoS, on rGO nanosheets with the assistance of
PDDA as illustrated in Fig. 6¢, the layer spacing increase to 1.44 nm (as
mentioned in Section 3.1), thereby further enhancing the gas accessi-
bility and improving sensitivity (Fig. 4d). Meanwhile, the introduction
of MoS, produces more selective adsorption sites and enhance the
binding ability between H,S and the sensing material, resulting in the

Fig. 6. Schematic diagram of the mechanism of (a) rGO; (b) rGO-PDDA; (c) rGO-PDDA-MoS,.
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largest sensing selective to HyS as we can see in Fig. 4e.

3.6. Measurements of HzS and NO on EB simulating asthma patients

Asthma, a chronic inflammatory disease of the airway, is charac-
terized by paroxysmal and reversible airflow obstruction [44]. It is the
most common chronic disease of childhood and affects 1 %— 18 % of the
population in different countries [45]. However, the ability to diagnose
children at high risk for persistent asthma remains limited [46]. It has
been reported that HoS and NO are two typical EB markers in asthmatic
patients. The levels of H,S in EB of asthmatic patients can reach 15.7 ppb
[47]. Another study reported an average of 44 ppb NO in the EB of
asthmatic patients [48]. As a proof-of-concept work, the potential of the
rGO-PDDA-MoS; sensing chip for the primary asthma diagnosis was
evaluated. The experimental setup and procedure were illustrated in
Fig. 7a-b. The response signal of rGO-PDDA-MoS; sensor to simulated EB
of asthma patients and EB of healthy people were measured, respec-
tively. After 10 cases of study, it can be seen from the box chart that the
relative resistance response (Re%) of simulated EB of asthma patients
was much higher than that of healthy people (Fig. 7c). As we mentioned
in Section 3.3, compared with other target gases, the sensing chip had
low sensitivity to CO5, nevertheless, the concentration of CO; in EB is
~4 %, which will still produce a significant response in EB detection.
However, the response signal caused by CO; will not affect the EB
classification between healthy and asthma patients, as the concentra-
tions of CO, are almost the same among individuals. In disease classi-
fication, the signal caused by CO2 could be regarded as a part of
background signal, and the increments of signal in asthma patients
compared to healthy could be act as the disease indicator. To further
confirm that the difference in response signals of healthy and asthma
patients were generated by the added standard gases, the response of
simulated EB of asthma patients was measured when the EB of healthy
people was used as the blank gas. In this detection, the signal caused by
CO5 and other background gas components in human EB could be

Ice water bath

e ¢ e

\"‘:

-8 p
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D e
A b Gas tank B
& 74
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subtracted. As illustrated in Fig. 7d, a remarkable response signal could
still be observed on the rGO-PDDA-MoS; sensor. According to the linear
regression equation of rGO-PDDA-MoS; sensor, the sum of theoretical
response value produced by spiked 15 ppb HsS and 50 ppb NO is about
0.75, which is almost consistent with the measured Re% of 0.72 4 0.03
(n=10, P =0.95) (Fig. 7d), indicating that the sensor has a good
quantitative ability.

4. Conclusion

In summary, we demonstrated that the sensing chip prepared by
stacking 2D-MoS; on rGO nanosheets with the assistance of PDDA could
act as a promising active material to enhance the gas sensing sensitivity
at room temperature. The sensing chip displayed higher sensitivity and
selectivity towards HoS and NO, which are two important biomarkers for
airway inflammation. The theoretical LOD for H2S and NO can reach as
low as 3 ppb and 5 ppb, respectively. Compared with rGO, the rGO-
PDDA-MoS; sensing chip shows good repeatability and fast response/
recovery speed, as well as better short-term and long-term stability.
Furthermore, the mechanism for explaining the high sensitivity, selec-
tivity and stability of rGO-PDDA-MoS; sensing chip was investigated.
Owing to the insertion of PDDA, the interlayer spacing of GO increased.
After introducing MoSy, it stacks on GO with the assistance of PDDA, and
the interlayer spacing of GO further expands. The larger interlayer
spacing offers higher exposed surface area and improved gas accessi-
bility, which is crucial in contributing to the high sensitivity. Mean-
while, the existence of PDDA prevents the re-stacking of rGO and
enhances the swollen effect between the rGO layer, leading to improved
stability and sensitivity for gas detection. Besides, MoS, produces more
selective adsorption sites and enhances the binding ability between HoS
and sensing material, causing the selective response towards HyS. As a
proof-of-concept application in disease diagnosis, simulated EB of
asthma patients was prepared and tested. The response signal was
almost consistent with the theoretical response corresponding to the
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Fig. 7. Experimental setup and senor response for EB detection. (a) EB sampling method; (b) Experimental setup for EB detection, in which the ambient air was used
as the blank gas; (c) Box chart of sensor response generated by healthy EB and simulated asthma EB; (d) Real-time sensor response towards simulated asthma EB

when the healthy EB act as the blank gas.
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spiked concentration of NO and HsS, showing a good quantitation
ability of the sensor. The present work will find promising applications
in the field of personal healthcare monitoring, especially in the pre-
liminary screening of airway inflammation.
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