Chemical Engineering Journal 456 (2023) 140956

Chemical
Engineering
.. Journal

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

ELSEVIER

Check for

In situ laser-assisted synthesis and patterning of graphene foam composites [w&s
as a flexible gas sensing platform

Jiang Zhao ™', Ning Yi ™%, Xiaohong Ding? Shangbin Liu®, Jia Zhu >,

Alexander C. Castonguay ¢, Yuyan Gao®, Lauren D. Zarzar >““, Huanyu Cheng *>®
& Department of Engineering Science and Mechanics, The Pennsylvania State University, University Park, PA 16802, USA

Y Department of Materials Science and Engineering, The Pennsylvania State University, University Park, PA 16802, USA

¢ Department of Chemistry, The Pennsylvania State University, University Park, PA 16802, USA

d Materials Research Institute, The Pennsylvania State University, University Park, PA 16802, USA

€ School of Materials and Energy, University of Electronic Science and Technology of China, Chengdu 610054, China

ARTICLE INFO ABSTRACT

Keywords:

Laser-induced graphene foam composites
Metal oxides

Molybdenum disulfide

Stretchable gas sensing platform

Gas-sensitive semiconducting nanomaterials (e.g., metal oxides, graphene oxides, and transition metal dichal-
cogenides) and their heterojunctions hold great promise in chemiresistive gas sensors. However, they often
require a separate synthesis method (e.g., hydrothermal, so-gel, and co-precipitation) and their integration on
interdigitated electrodes (IDE) via casting is also associated with weak interfacial properties. This work dem-
onstrates in situ laser-assisted synthesis and patterning of various sensing nanomaterials and their hetero-
junctions on laser-induced graphene (LIG) foam to form LIG composites as a flexible and stretchable gas sensing
platform. The porous LIG line or pattern with nanomaterial precursors dispensed on top is scribed by laser to
allow for in situ growth of corresponding nanomaterials. The versatility of the proposed method is highlighted
through the creation of different types of gas-sensitive materials, including transition metal dichalcogenide (e.g.,
MoS5), metal oxide (e.g., CuO), noble metal-doped metal oxide (e.g., Ag/Zn0O) and composite metal oxides (e.g.,
Iny03/Cry03). By eliminating the IDE and separate heaters, the LIG gas sensing platform with self-heating also
decreases the device complexity. The limit of detection (LOD) of the LIG gas sensor with in situ synthesized MoS,
CuO, and Ag/ZnO to NOg, HsS, and trimethylamine (TMA) is 2.7, 9.8, and 5.6 ppb, respectively. Taken together
with the high sensitivity, good selectivity, rapid response/recovery, and tunable operating temperature, the
integrated LIG gas sensor array can identify multiple gas species in the environment or exhaled breath.

1. Introduction

The critical role of flexible and stretchable gas sensors in the revo-
lution of the smart internet of things provides unique application op-
portunities in industrial safety [1], pollution monitoring [2], and
personal healthcare [3]. The laser-induced graphene (LIG) foam with a
3D microporous structure can be simply fabricated by laser scribing of
commercial polyimide film (Kapton) or other carbon-containing mate-
rials in ambient conditions to create a stretchable gas sensing platform
[4-6]. The high specific surface area, excellent gas permeability, and
low-cost fabrication process of the LIG result in gas sensors with superior
performance parameters. Besides intrinsic LIG to detect O3, No, and CO»
with a parts-per-million (ppm) sensitivity [7], its integration with

semiconducting nanomaterials such as metal oxide, transition metal
dichalcogenides, and their noble metal doped composites can form
heterojunctions for improved performance. For instance, combining LIG
with MoS;@reduced graphene oxide (MoS2@rGO) [8], Pd nanoparticles
(Pd NPs) [9], and polyvinylidene fluoride / 1-ethyl-3-methylimidazo-
lium bis (trifluoromethylsulfonyl)-imide /Pd NPs (PVDF/ImTFSI/Pd
NPs) [10] allows the sensitive detection of NO,, Ho, and CHj, respec-
tively. Opportunities also exist to integrate LIG with other metal oxides,
including NiO, CuO, SnOj, TiO3, WOs3, ZnO, FeyOs, and Al,O3 for
detecting combustible, hazardous, or toxic gas species [11]. The po-
tential integration with transition metal dichalcogenides may include
MoS;y, MoSez, WSy, and WSey (especially their 2D forms) [12,13].
Doping semiconducting gas-sensitive nanomaterials with a catalytic
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Fig. 1. Schematic showing the process of in situ growth of MoS, on laser-induced graphene (LIG). (a) After laser scribing to form LIG on polyimide film, (b) drop-
casting and drying of precursor solution on LIG are (c) followed by another laser scribing for in situ growth of MoS, under an ambient environment.

noble metal such as Pd, Pt, Au, and Ag can further reduce their activa-
tion energy, increase the sensitivity, accelerate the redox reaction, and
improve the response/recovery time [14,15].

The synthesis of these semiconductor gas-sensitive nanomaterials
can be broadly classified into physical or chemical methods. Common
physical methods include sputtering [16,17], electron-beam evapora-
tion [18], ball milling [19], laser-assisted synthesis [20], and electro-
spraying [21]. Common chemical methods are sol-gel [22],
hydrothermal [23], co-precipitation [24], chemical vapor deposition
[25], and microemulsion [26]. However, these methods are each asso-
ciated with limitations. Sputtering, electron-beam evaporation, and
chemical vapor deposition require a high vacuum environment and
expensive equipment. Ball-milling and hydrothermal/co-precipitation
methods need a prolonged synthesis time at high temperatures and
pressures. An additional calcination process at high temperature is also
required for sol-gel and electrospraying. In contrast, laser ablation in
liquid (LAL) and laser fragmentation in liquid (LFL) as the most widely
studied laser-assisted synthesis (LAS) methods are capable of producing
high-purity semiconducting nanomaterials in aqueous solution without
the use of surfactants at ambient environment [27]. Besides a rich li-
brary of various types of semiconducting materials (e.g., FeO3 [28],
Ago0 [29], CoO [30], Fe-Cu oxide [31], ZnO [32], Au/WOs3 [20], and
CuO|[33]), these nanomaterials also exhibit different morphologies such
as core-shell, dendrites, spindles, nanoflakes, and nanoflowers [34].
However, the nanomaterials dispersed in liquid require additional
integration steps (e.g., dip-coating or drop-casting) and annealing steps
(to increase binding stability). Various methods have also been reported
to prepare flexible LIG composites, including dip-coating or drop-casting
nanomaterial dispersions on LIG [8,10,35], physical or chemical vapor
deposited nanomaterials on LIG [9], and laser scribing of polyimide (PI)
pretreated with nanomaterial dispersants and surfactants [36] or metal-
complex-containing PI films [37]. However, in situ synthesis of gas-
sensitive LIG nanocomposites with robust interface from low-cost
manufacturing methods has yet to be reported.

Here we report a novel in situ laser-assisted synthesis and patterning
of LIG foam composites as a flexible and stretchable gas sensing platform
(Fig. S1), which are rapid, surfactant-free, and processable in the
ambient environment. The versatility of the method is demonstrated by
in situ growth, patterning, and integration of varying gas-sensitive
nanomaterials such as transition metal dihalogens (MoS;), metal

oxides (CuO), noble metal doped metal oxides (Ag/ZnO), and composite
metal oxides (Inp03/Cr203) on LIG in a single step. The LIG composites
with MoS,, CuO, and Ag/ZnO exhibit high selectivity and low limit of
detection (LOD) to detect NO, HyS, and trimethylamine (TMA),
respectively. The resulting gas sensing platform based on LIG composites
with self-heating capability also eliminates the need for interdigitated
electrodes and the separate heater to exhibit high sensitivity and rapid
response/recovery. The low-cost, scalable fabrication approach can
easily integrate multiple gas sensors in a large-density array as an
electronic nose to potentially deconvolute multiple gas species in a
mixture. Stretchable gas sensors were obtained by transferring the LIG
patterns onto a soft elastomeric substrate in our previously reported
work [16,17] and this paper focuses on laser-assisted synthesis of LIG
composites and their different sensing properties. Taken together with
other LIG-based sensing modalities (e.g., electrochemical sweat sensors
[38], electrophysiological sensors [39], among others), the gas sensing
platform based on the LIG composites can open up opportunities for the
next-generation soft, deformable devices for healthcare.

2. Experimental section
2.1. Materials

Zinc nitrate hexahydrate (Zn(NOg)2-6H20), silver nitrate (AgNOs3),
ammonium paramolybdate ((NH4)gMo07024), sodium molybdate dihy-
drate (NagMo0O4-2H50), thiourea (CH4N>S), copper(II) nitrate trihydrate
(Cu(NO3)2-3H20) were obtained from Sigma-Aldrich and used as
received without further purification. Silver nitrate saturated solution
was prepared by dissolving 55 g AgNO3 in 20 mL deionized (DI) water.
PI tape (Kapton 3 M, 170 pm thickness) was purchased from CS Hyde.

2.2. Characterizations

XRD was conducted using a Rigaku Ultima IV with a Cu target.
Raman spectroscopy was performed by a HORIBA Scientific LabRAM HR
Evolution with a laser excitation wavelength of 532 nm for Mo-S-LIG-w,
633 nm for Cu-LIG-w, and 514 nm for Ag-Zn-LIG-w and In-Cr-LIG-w.
SEM images were obtained using a TESCAN VEGA3. All samples were
characterized on PI films.
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Fig. 2. Structure characterizations of Mo-S-LIG-w with w for the power percentage ratio of the second laser scribing power to the initially used. (a) XRD and (b)
Raman spectra of Mo-S-LIG-w (note: Mo-S-LIG-65' was scribed at an image density of 6 and the others were of 4). SEM of (c) bare LIG, (d) Mo-S-LIG-55, (e) Mo-S-

LIG-65.

2.3. Gas sensor testing

A sourcemeter (Keithley 2400) was used for all measurements and
data acquisition. Due to the Joule heating effect, the measurement
voltage applied by the sourcemeter simultaneously increased the tem-
perature of the LIG single line. The output voltage was set according to
the LIG line’s temperature measured by the thermal imaging camera
(FLIR ONE PRO). The gas sensor was placed in a sealed gas chamber
filled with target gas species of a specific concentration and the resis-
tance of the sensor was continuously measured during testing. The
sensor response was calculated using AR/Rg, where Ry is the resistance
in air and AR is the resistance change in target gas from the air.

3. Results and discussion

3.1. In situ growth of transition metal dichalcogenide and metal oxide on
LIG

The in situ growth of MoS; (or metal oxides) on LIG starts with
scribing a thin polyimide film (thickness of 170 pm) with a CO3 laser
(power of 18 %, speed of 7 %) to form LIG (Fig. 1la). The surface
wettability of LIG is related to the atmosphere during laser scribing[40].
Using ambient air rather than inert or reducing gas results in LIG with a
superhydrophilic top surface, which facilitates the dispersion of the
precursor solution. After rinsing the fabricated LIG with deionized water
and then ethanol, drop-casting and drying of the precursor solution on
the LIG (Fig. 1b) are followed by another laser scribing process at
different powers (Fig. 1c). Rinsing the final film with deionized water
and ethanol again removes residual reactants. The aqueous MoS; pre-
cursor solution consists of 0.07 M ammonium paramolybdate and 3 M

thiourea. Similarly, the aqueous CuO, Ag/ZnO, and Iny03/Cry03 pre-
cursor solutions are prepared with 0.5 M copper nitrate, a mixture of
0.03 M silver nitrate and 0.5 M zinc nitrate, and a mixture of 0.5 M
indium nitrate and 0.5 M chromium nitrate, respectively. The resulting
samples are denoted as M—LIG—w, where M represents the element of
the transition metal dichalcogenide or metal oxide (e.g., Mo-S, Cu, Ag-
Zn, In-Cr) and w represents the power percentage ratio of the second
laser scribing power to the initially used.

3.2. Structural and morphological studies

Characterization of the as-prepared LIG composites involves the use
of X-ray diffraction (XRD), Raman spectroscopy, and scanning electron
microscopy (SEM). The diffraction peaks at 26 of 14.9° and 25.8° in the
XRD correspond to (001) and (110) planes of orthorhombic graphite
(JCPDS No. 89-8489), respectively (Fig. 2a and S2a). Taken together
with large envelopes in all samples, these results indicate the formation
of low crystallinity graphite. For a proper laser power (i.e., 55 %~65 %
of the initial power for the second scribing), the locally heating on LIG
decomposite ammonium paramolybdate and react with thiourea to form
MoS,, as evidenced by characteristic peaks of the (002), (100), (103)
planes of hexahedral MoS; and (111), (-2 2 2) planes of monoclinic
MoO,. Further increasing the laser power (Mo-S-LIG-80) or the image
density (Mo-S-LIG-65') results in the formation of Mo,C (characteristic
peaks of the (100), (002), (102), and (1 03) planes of hexagonal Mo,C)
and MoC (characteristic peaks of the (111), (200), (220), and (311)
planes of cubic MoC). This result comes from the reaction of MoS, with
carbon in LIG under a stronger localized thermal effect. On the other
hand, the above characteristic peaks are not observed when the power
percentage ratio (w) of the second laser scribing power to the initially
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Fig. 3. Structural characterizations of Cu-LIG-w and Ag-Zn-LIG-w. (a) XRD and (b) Raman spectra of Cu-LIG-w. SEM images of (c) Cu-LIG-60 and (d) Cu-LIG-80. (e)
XRD spectra, (f) Raman spectra, and SEM of (g) Ag-Zn-LIG-60 and (h) Ag-Zn-LIG-80.

used is 45 %, indicating the unsuccessful growth of the Mo-based
compound. Therefore, laser power is a key parameter to modulate the
composition of the synthesized LIG composites.

The structural characterization of the Mo-S-LIG-w with Raman re-
veals the D Peak at ~ 1,350 cm ™!, G Peak at ~ 1,585 cm ™!, and 2D peak
at ~ 2,700 cm ™! in all 5 samples to confirm the generation of the LIG
(Fig. 2b and S2b). In the Raman of the Mo-S-LIG-55, Exg and Ajg vi-
bration modes of strong MoS; peaks appear at 380 cm ™! and 407 cm ™%,
respectively as in previously reported studies [41,42] (with weak peaks
at 225 cm ! and 286 cm ™! from MoQy) [43,44]. Meanwhile, the Mo-S-
LIG-55 has the weakest graphene peaks of all the samples, which is
attributed to the formation and covering of amorphous MoS; on the
porous surface of LIG (Fig. 2c-d) to decrease Raman scattering of gra-
phene. The reduced coverage of amorphous MoS; on the LIG in Mo-S-
LIG-65 (Fig. 2e) shows strong peaks of graphene. Furthermore, the
decreased MoS; peaks in Mo-S-LIG-65’ scribed at a larger image density
verifies the decomposition of MoS; caused by the higher degree of laser
spot overlapping. Only the weak peak at 407 em ™! among the peaks
attributed to MoS, can be seen in Mo-S-LIG-80 verifies the reaction of
MoS; with carbon at high temperature. The results of Raman and SEM
are consistent with XRD analysis. The EDS images also confirm the
uniform distribution of MoS; in the LIG region (Fig. S3a).

The XRD of the Cu-LIG-w in all 5 samples (scribed at image density 6)
shows envelopes and the (001) and (110) planes of graphite (JCPDS
No. 89-8489) (Fig. 3a). The Cu-LIG-60 exhibits the characteristic (11 1),
(200), (220), (311) planes of cubic CuO (JCPDS No. 78-0428) and the
characteristic (—=111), (111), (—202), (202) planes of monoclinic CuO
(JCPDS No. 89-5896). As the power percentage ratio is increased from

60 to 70 % in the Cu-LIG-70, the (11 1) plane of cubic CuO can be seen to
show up with the characteristic (111), (200), and (220) planes of Cu
(JCPDS card number 70-3039). The presence of Cu is because part of
CuO is reduced by carbon with an increased laser thermal effect. How-
ever, a further increase in the power percentage ratio to 80 and 100 %
shows decreased sharp Cu peaks in Cu-LIG-80 and Cu-LIG-100 due to
simultaneous oxidation of Cu. The above analysis is confirmed by the
Raman spectroscopy (Fig. 3b). As the power percentage ratio is
increased from 60 to 70 %, the Ag mode of CuO with a weak peak at 290
em™! in Cu-LIG-60 disappears in Cu-LIG-70 due to the reduction of CuO.
It should be noted that Cu cannot be observed either because the metal
has no Raman activity. Cu-LIG-80 shows two strong peaks at 290 cm ™!
and 347 cm ™! and one weak peak at 618 em ™}, corresponding to Ag, Byg,
and By modes of CuO, respectively [45,46]. Besides these three peaks of
CuO, peaks at 209 cm’l, 419 cm ! and 518 cm ™! can also be seen in Cu-
LIG-100, which are from the second-order Raman-allowed mode (2I'15),
fourth-phonon mode (4I'12) and the Raman-allowed mode (I'y5) of Cu0,
respectively [47,48]. These additional peaks from CuyO confirm partial
decomposition of CuO to CuyO under a stronger thermal effect. Taken
together with the fact of no other diffraction peaks from CuO and Cuy0
(but only the weak and broadened (11 1) plane) in the XRD patterns of
Cu-LIG-80 and Cu-LIG-100, the generated CuO and CupO are mostly
amorphous. The SEM image of Cu-LIG-60 shows thin walls of LIG with
spherules in the holes of the porous structure (Fig. 3c) to indicate an
incomplete reaction from lower laser power. In contrast, a large number
of CuO particles are generated and aggregated on the walls of the porous
LIG in Cu-LIG-80 (Fig. 3d).

The XRD of Ag-Zn-LIG-60 and Ag-Zn-LIG-80 exhibits characteristic
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Fig. 4. The gas-sensing performance of LIG/MoS; to NO.. (a) The response of LIG/MoS gas sensor fabricated with precursor solutions of various concentrations to 1
ppm NO; at 120 °C (the bare LIG sensor used as a reference). (b) The effect of operating temperature on the response of LIG/Mo0S,-6:1 to 1 ppm NO,. (c) The
sensitivity of LIG/MoS,-6:1 to various NO;, concentrations at 120 °C. (d) The cycling test of LIG/M0Sz-6:1 to 1 ppm NO,.

(100), (002), (101), (102), (110), (103), and (200) planes of ZnO
(JCPDS No. 89-7102) in both samples (Fig. 3e). Because Ag" is more
oxidizing than Zn?t, Ag" is reduced to Ag by carbon to show the (111)
and (200) planes of Ag (JCPDS No. 87-0720). Stronger localized ther-
mal effect leads to the higher amount of generated ZnO in Ag-Zn-LIG-80,
with peaks at 340 cm ™}, 437 em ™!, and 570 em ! corresponding to 2E2
(M), E2 (high) and Al (LO) modes [49,50] (Fig. 3f). The peak at 500
cm! corresponds to the local vibrational mode (LVM) induced by the
Ag dopant [51]. Due to the low yield of ZnO at the lower power, no
obvious particles can be seen in the SEM image of the Ag-Zn-LIG-60
(Fig. 3g). In contrast, more amorphous materials can be seen to aggre-
gate on the wall of the porous LIG structure in Ag-Zn-LIG-80 due to
increased power (Fig. 3h), which agrees well with the results of XRD
( lower peak intensity due to the coverage of amorphous ZnO) and
Raman. Additionally, the successful growth of In,O3 and CryO3 on the
LIG can be confirmed by the XRD, Raman, and SEM images of In-Cr-LIG-
80 (Fig. S4). The uniform distributions of CuO, ZnO, Iny03, and Cr,03 in
the LIG region are confirmed by EDS mapping (Fig. S3b-d).

Most of the metal nitrates are soluble in water and decompose into
metal oxides, oxygen and nitrogen dioxides when heated, making them
an excellent choice as precursors in this work. While it is possible to
explore the other precursors such as metal chlorides, it is much more
complicated. For instance, replacing zinc nitrate with zinc chloride so-
lution and processing with the same laser parameters do not give zinc
oxide crystals (Fig.S5). The methods using other kinds of salts as pre-
cursors will be explored in future studies.

3.3. Fabrication of gas sensors

After elucidating the relationship between the laser processing pa-
rameters and structures of the LIG composites, their further relationship
with the gas sensing performance is investigated. The LIG pattern
designed in a dumbbell shape with a single line as the sensing region
allows the modulation of the temperature upon an externally applied
voltage (and two contact pads for connecting to the sourcemeter) due to
the Joule heating effect [7]. The simple fabrication process can easily

yield a gas sensor array based on LIG composites (with MoS,, CuO, or
Ag/Zn0) for the deconvolution of multiple species in a mixture (Fig. S6).
In brief, after creating the single line with a line width of 240 pm and a
length of 2.5 mm in the bare LIG patterns with laser scribing (Fig. S6a),
drop-casting the precursor solution (4 pL) on the single line region is
followed by another lased scribing (Fig. S6b-c). The MoSy precursor
solution (denoted as MoSy-m) with varying $%~/Mo®* molar ratios m (i.
e, m = 2:1, 41, 6:1, and 8:1, respectively) is prepared by dissolving
thiourea (76 mg, 152 mg, 228 mg, and 304 mg) and ammonium para-
molybdate (88 mg) in deionized (DI) water (10 mL). Similarly, the CuO
precursor solution (CuO-c) with different copper nitrate concentrations
c(i.e,c=0.1M,0.2M, 0.4 M, and 0.6 M, respectively) is obtained by
dissolving copper nitrate (187.56 mg, 375.12 mg, 750.24 mg, and
1125.36 mg) in DI water (10 mL). The ZnO precursor solution (ZnO-0.1
M) with a zinc nitrate concentration of 0.1 M is produced by dissolving
zinc nitrate hexahydrate (297.5 mg) in DI water (10 mL). Lastly, the Ag/
ZnO precursor solution (Ag/ZnO-m) with an AgNO3/Zn(NOg)2 y ratio m
of 3:100, 6:100, and 9:100 is prepared by adding standard silver nitrate
solution with various volumes (2.3 pL, 4.7 pL, and 7 pL) into the 0.1 M
zinc nitrate solution. The laser with a power percentage ratio of 65 % (or
80 %) and an image density of 4 (or 6) is used for creating the LIG/MoSy
(or LIG/CuO and LIG/Ag/Zn0O) composite. The LIG patterns are rinsed
with deionized water and ethanol, followed by drying. Applying Ag
nanoparticles (Ag NPs) ink (AJ-191, Novacentrix) on the contact pads
and drying at 80 °C (Fig. S6d) lower the contact resistance and ensure a
good connection between the contact pads and copper ribbons through
Ag epoxy adhesives (Fig. S6e).

3.4. Sensing performance characterizations

The cross-interference of different gas molecules in the mixture for
practical applications facilitates the development of a gas sensor array
with different sensing materials responding to different gas molecules
and high selectivity in each sensing material. As a statistical method, the
principal component analysis can also be used for the gas sensor array to
identify the gas species [52]. To showcase the characteristic signature of
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the sensing material to specific gas species [53], the gas-sensitive
nanomaterials of MoSy, CuO, and Ag/ZnO are selected as representa-
tive examples in this study to target NOy, HyS, and TMA due to their
reported selectivity [54-56]. By leveraging the Joule heating effect
[57,58], the gas sensors are self-heated up to the working temperature to
evaluate their sensing performance to the target gas of varying con-
centrations. The raised working temperature can enhance the response/

recovery rate by facilitating the gas adsorption/desorption[59], and
minimize the effect of humidity in the ambient environment [8]. The
temperature (referring to the highest value at the center) (Fig. S7) in the
non-uniformly self-heated LIG is maintained to be below 150 °C to avoid
damage.

Compared with the bare LIG gas sensor (response of 1.5 %o to 1 ppm
NO; at 120 °C), the LIG/MoS; shows a significantly higher response

Fig. 6. The gas-sensing performance of
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(Fig. 4a). The improved response is possibly attributed to the formation
of the heterojunction between LIG and MoS; [8]. Due to the small
amount and weak conductivity of doped N-type MoS; in the intrinsic P-
type LIG, the LIG/MoS; composite has an overall P-type semiconductor
characteristic. When exposed to oxidizing gas NO,, the hole concen-
tration on the material surface increases due to continuous electron
transfer from LIG and MoS; to the adsorbed NO,, which increases the
conductivity and decreases the resistance. The combination of electrons
and holes at the LIG/MoS; interface forms a charge depletion region to
give a higher initial resistance. Although both the hole accumulation
region on the LIG side and the charge depletion region on the MoS; side
extend upon exposure to NOo, the increase of holes has a larger impact to
result in the decreased resistance as with the bare LIG sensor [60].
Additionally, the sensor fabricated with the precursor solution MoS-6:1
exhibits the highest response to NOy (>12 %o after 400 s exposure to
NO3) possibly due to the largest amount of the generated MOS.

The choice of the working temperature at 120 °C is justified by
comparing the response of LIG/MoSy-6:1 to 1 ppm NO, at different
operating temperatures (Fig. 4b). Although the response gradually in-
creases as the temperature is increased from 60 to 110 °C, further
increasing the temperature to 120 °C does not give an increased
response (despite the improved recovery of 91 % within 800 s in the air).
The response of LIG/MoS»-6:1 also rapidly increases from 2.3 to 12.2 %o
as the NO; concentration increases from 0.1 to 1 ppm at 120 °C (Fig. 4c).
However, a continued increase in the concentration from 1 to 10 ppm
only gives a slow response increase from 12.2 to 17.6 %o, possibly due to
the saturation of NOy absorption at higher concentrations. Different
from the IDE-based gas sensors, the LIG-based gas sensor eliminates the
contact resistance between IDE and sensitive materials as LIG itself is
used for both the electrode and sensitive material. Furthermore, the LIG
composite with in situ synthesized MoS; can enhance both the physical
and chemical interaction between MoS; and LIG when compared with
dispensing MoS; on LIG. As a result, low noise and a high signal-to-noise
ratio (SNR) can be obtained to result in increased sensitivity of 12.2 %o to
1 ppm NO; compared with that of 6.6 %o from dispensing hydrothermal-
synthesized MoS; [6]. For example, the average noise (calculated from
the standard deviation of 180 consecutive resistance values recorded
before NO5 exposure) of LIG/MoS5-6:1 in the five tests is only 0.016 %o
(Fig. $8). Although LIG/Mo0S5-6:1 only has a response of 2.67 %o to 100
ppb NOy, it showcases an SNR of 166.9 due to the extremely low noise
level. According to the theoretical equation to calculate the Limit of
Detection (LOD) for a linear sensor: LOD = 3 x noise/slope, the LOD is
obtained as 2.7 ppb by using the slope from the linear fitting of the
measurements between 100 and 300 ppb. Since the calibration curve of
LIG/MoS;,-6:1 exhibits a much larger slope in the lower NO3 concen-
tration ranges, the actual LOD is postulated to be much lower than the
above estimate. Good repeatability is also observed in the LIG/Mo0S2-6:1
sensor during the cycling test (between 1 ppm NO, for 400 s and air for
800 s at 120 °C) (Fig. 4d). The slight baseline shift comes from the short
recovery time for rapid testing, which leads to incomplete recovery. The
sensors only exhibit a slight decrease in the response after three months,
demonstrating good stability over time (Fig. S9).

The investigation of the LIG/CuO composite to H,S (1 ppm at 120 °C)
reveals two fundamental yet competing mechanisms (Fig. 5a). The bare
P-type LIG absorbs oxygen in the air and forms the hole accumulation
layer. When exposing the bare LIG sensor to reducing gas H»S, oxygen
ions on the LIG surface oxidize H5S to release free electrons to the LIG for
reduced carrier concentration and increased resistance. In the LIG/CuO
composite, a homotypic heterojunction forms between LIG and CuO due
to the different work functions of the two, with a hole accumulation
layer formed on the surface of CuO as electrons flow from CuO to LIG
[61]. The adsorption of oxygen in the air increases the thickness of the
hole accumulation layer. Exposing the LIG/CuO composite to HS re-
sults in 1) the charge transfer between H,S and LIG/CuO, and 2) the
chemical reaction between HyS and CuO. These two competing mech-
anisms lead to a two-stage response. The surface adsorbed oxygen on
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LIG and CuO first interacts with H,S to withdraw electrons to reduce the
thickness of the hole accumulation layer. Therefore, the resistance of the
LIG/CuO composite is observed to increase to different degrees at the
beginning. As the HyS molecules start to react with CuO to form metallic
conductor CuS in the second stage, the reduced resistance from the
generated CuS would compete with the increased resistance through
charge transfer between H,S and LIG/CuO [62] (Fig. 5b). Because the
amount of generated CuS is proportional to the concentration of the Cu
(NOg3), precursor solution, the LIG/Cu0O-0.1 M with the least amount of
CuO shows a negligible effect of resistance reduction from CuS. The
slightly higher amount of CuO in LIG/Cu0-0.2 M forms CuS to reduce
the resistance for a short period of time. The dominant role of LIG in the
composite still allows the resistance to continue to increase as the hole
accumulation layer decreases. However, the generated CuS from the
relatively higher CuO content in LIG/Cu0-0.4 M and LIG/Cu0O-0.6 M
gradually dominates to result in the overall decrease in the sensor
resistance. The largest resistance decrease in LIG/Cu0-0.6 M reaches
9.8 %o with an SNR of 239 after 500 s exposure to HsS.

The first increased and then decreased sensor resistance response
that corresponds to the two competing mechanisms is observed when
LIG/Cu0-0.6 M is operated at 30, 60, and 90 °C (Fig. 5c). The more
intense reaction between CuO and H»S to form CuS at further increased
temperatures to 120 and 140 °C dominates over the charge transfer
between H,S and sensing material resulting in the decreased resistance.
Compared with that operated at 120 °C, the sensor at 140 °C shows a
smaller response due to an enhanced inverse reaction that converts CuS
back into CuO at a higher temperature. However, it is worth noting that
the significantly improved recovery allows the sensor to fully recover
within 800 s in air at 140 °C.

The response magnitude of LIG/Cu0O-0.6 M increases as the con-
centration of HyS increases from 0.2 to 3 ppm at 120 °C (Fig. 5d and
$10). Although the dominant mechanism from CuS usually occurs for a
high H5S concentration (>100 ppm) [63], the successful sensing of HyS
at ppb level through the chemical reaction is demonstrated in this study,
possibly due to the highly porous structure of the LIG/CuO composite as
in the flower-like nanostructure CuO [64]. The LOD is calculated to be
9.8 ppb by using the slope obtained from the linear fitting of the data
between 200 and 500 ppb. The LIG/Cu0O-0.6 M sensor also shows very
good repeatability in the cycling test (repeated exposure to 1 ppm HsS
and air) even at 135 °C (Fig. 5Se).

The response (2.3 %o) of LIG/ZnO is slightly higher than that (2.1 %o)
of the bare LIG to 200 ppb TMA at 100 °C (Fig. 6a), which is attributed to
the enhanced charge transfer and formation of the heterojunction be-
tween p-type LIG and n-type ZnO [65-67]. Because of the overflow ef-
fect from the Ag catalytic property to create additional active sites on the
sensor surface for more TMA absorption [68], Ag doping significantly
improves the sensor response, with the largest response of 4.2 %o from
LIG/Ag/Zn0-6:100. Although LIG/Ag/Zn0-9:100 has more Ag loading
than LIG/Ag/Zn0-6:100, the sensor response is smaller, likely due to the
imbalanced oxygen distribution on the sensing material surface [69].

The response of LIG/Ag/Zn0-6:100 to 1 ppm TMA increases as the
temperature drops from 120 to 80 °C, which further saturates at 60 °C
(Fig. 6b). Meanwhile, the decreased temperature deteriorates the re-
covery performance. Therefore, the temperature of 100 °C is chosen for
the balanced response and recovery in the following studies unless
specifies otherwise. The response of LIG/Ag/Zn0-6:100 to TMA also first
rapidly increases with the concentration from 50 ppb to 1 ppm, and then
slowly increases with the increasing concentration from 1 to 5 ppm,
partly due to the saturation of TMA absorption (Fig. 6¢c and S11). At a
low concentration of 50 ppb, LIG/Ag/Zn0-6:100 still exhibits a large
SNR of 157 due to the extremely low noise level (0.0175 %o) despite the
small response of 2.75 %o. By using the slope from the linear fitting of the
data between 50 and 200 ppb, the estimated LOD is calculated to be 5.6
ppb, with the actual LOD expected to be much lower. Good repeatability
is also observed in the LIG/Ag/Zn0-6:100 sensor during the cycling test
(between 200 ppb TMA for 400 s and air for 1100 s at 100 °C) (Fig. 6d).
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Fig. 7. The gas-sensing performance and application of the sensor array. (a) The response patterns of the sensor array to 1 ppm NO,, H,S, and TMA. The responses
and corresponding fitting lines of each sensor within the array to various concentrations of (b) NO,, (¢) H,S, and (d) TMA. (e) PCA results of the array responses to the
three gases. (f) Exhaled breath analysis is one of the future application of the sensor array.

The slight baseline shift can be avoided by either increasing the working
temperature or the recovery time during the test.

Finally, the notable selectivity of LIG/Mo0S»-6:1 (at 120 °C), LIG/
Cu0-0.6 M (at 120 °C), and LIG/Ag/Zn0-6:100 (at 100 °C) (Fig. S12)
provides the route to integrate them into a single sensor array to
potentially deconvolute multiple gas species in the mixture. The hu-
midity effect on the sensor performance can be further reduced by
exploring a breathable hydrophobic coating [70]. The proof-of-concept
demonstration focused on sensing device for the detection of NOx, HsS,
and TMA, which are not only common industrial toxicants and air pol-
lutants in the environment, but also biomarkers in human exhaled
breath for noninvasive diagnosis of respiratory inflammation and dis-
eases in the lung, kidney, and liver [71,72]. In the proof-of-concept
demonstration, the gas sensor array is sequentially exposed to three
different gases with a concentration of 1 ppm. The exposure to NOy
results in the highest response (12.2 %o) from LIG/MoS5-6:1, followed by
7.3 %o from LIG/Ag/Zn0-6:100 and 4.5 %o from LIG/Cu0-0.6 M
(Fig. S13a). When exposed to HsS, the resistance of LIG/Mo0S»-6:1 and
LIG/Ag/Zn0-6:100 increases by 2.5 %o and 5.9 %o, respectively, whereas
that of LIG/Cu0-0.6 M decreases by 9.8 %o (Fig. S13b). The detection of
TMA is captured by the highest response of 7.7 %o from LIG/Ag/ZnO-
6:100, followed by 3.0 %o from LIG/Mo0S»-6:1 and 1.3 %o from LIG/
Cu0-0.6 M (Fig. S13c). Each gas produced a unique response pattern
across the sensor array by which precise identification of cross-sensitive
gases is possible (Fig. 7a). When exposed to more concentrations of the
three gases, the response pattern of the sensor array to each gas (the
direction of the response of the three sensors and the amplitude contrast
among them) is generally maintained (Fig. 7b-d). Principal component
analysis (PCA) study is performed on these responses to reduce the di-
mensions of the data, and the results show clear separations among the
gas clusters (Fig. 7e). When further combined machine learning methods
[73,74], the reported sensor array can deconvolute multiple gas species
in the mixture and pave the way for wearable ambient gases detection or
exhaled breath analysis (Fig. 7f).

4. Conclusion

In summary, this work reported a rapid and lost-cost method to
simultaneously pattern, synthesize, and integrate varying semi-
conducting materials (e.g., MoSy, CuO, Ag/Zn0O, and Iny03/Cry03) on
LIG to form functional LIG composites via laser scribing of LIG with
different precursor solutions. Compared with traditional methods to
fabricate composite nanomaterials, the demonstrated method easily
created gas sensors based on the LIG composites within a few minutes in
the ambient environment without the use of surfactant. Different from
the pure LIG, the gas sensor based on the LIG composite nanomaterials
exhibited programmable selectivity, including LIG/MoS; to NO,, LIG/
CuO to HjS, and LIG/Ag/ZnO to TMA. The in situ growth of varying
functional nanomaterials eliminated the contact resistance in the
traditional IDE-based sensors to give low noise and high SNR, leading to
(sub) ppb level detection of NO,, HaS, and TMA. More importantly, the
rich library of LIG composites based on the integration of LIG with
varying semiconducting materials could potentially provide a high-
density sensor array to deconvolute multiple gas species in the
mixture. Additionally, the in situ synthesis of graphene foam composites
and the rich material library can be applied to optimize the design of
LIG-based materials for biochemical sensing, physical physiological
sensing, electrocatalysis, and energy storage.
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