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Organic—metal chalcogenides (OMCs) are proposed as a new family
of two-dimensional (2D) chemiresistive sensing materials. Few-
layer Ag(SPh-NH,), one of the OMC:s, fully and orderly covered with
predesigned —NH, groups as “receptors”, shows the highest sensi-
tivity, excellent selectivity and reversibility in response to NO,
among all the reported 2D chemiresistive sensing materials at room
temperature.

Chemiresistors have attracted intensive research interest due to
their fascinating features, such as high sensitivity, fast
response, low fabrication cost, and real-time detection. Metal
oxides are the dominant and key sensing materials for chemi-
resistive sensors. However, the applications of metal oxide
sensors are significantly hampered by their unsatisfying selec-
tivity and high operating temperature." Therefore, it is of
great importance to develop new sensing materials that possess
high sensitivity and selectivity toward target gases for room
temperature (RT) operation.

Two-dimensional (2D) materials, such as graphene and its
derivatives,*> transition metal dichalcogenides (TMDs),*®
black phosphorus (BP),”*° 2D metal-organic frameworks
(MOFs),""° 2D covalent-organic frameworks (COFs),*' etc.,
have obtained increasing attention as chemiresistive gas sen-
sing materials.>> Compared with their bulk counterparts, 2D
materials possess fascinating features for gas sensing, such as a
larger surface-to-volume ratio, more accessible active sites,
better charge transport, and good processability,”® which
endow the thin films made from them with good gas sensing
performance at RT."®?%%%2% We noticed that the sensitivity and
selectivity of these 2D materials were significantly enhanced by
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modifying their surfaces with organic functional groups due to
the enhanced interactions between 2D materials and target
gases.”®® For example, Shi’s group reported that sulfanilic acid
and ethylenediamine (S-G, EDA-G) treated reduced graphene
oxide (rGO) materials showed 16.4 and 4.3 times higher responses
to NO, than that of pristine rGO, respectively.”® Compared with
non-functionalized rGO, chemically fluorinated GO (CFGO) dis-
played enhanced selectivity between NH; and NO, by 3.65 times.>®
However, the known post-treated 2D materials normally have a
relatively low amount of modified surface and inhomogeneous
distribution of functional groups. This profoundly hinders us
from achieving higher sensing performances with the known 2D
materials and their derivatives.

Recently, a new type of semiconducting 2D materials,
organic-metal chalcogenides (OMCs), has emerged.>**° Com-
pared to other 2D materials, the surfaces of OMCs are fully and
orderly covered by organic functional groups. Our previous
work revealed that the conductivity of OMCs is very sensitive
to the electronic structure of these organic groups. A change of
10° times in their conductivity was observed when varying the
type of organic groups on them. Since the electronic structure
of these organic groups would be influenced after adsorbing
foreign gas molecules, we proposed that OMCs may possess
high sensitivity as a chemiresistive sensing material at RT.
More importantly, these organic functional groups of OMCs
can be designed with the required structure to enhance
their affinity to the target gas. Therefore, a “made to order”
selectivity that is desired for sensing materials may be realized
in OMCs.

Herein, we report the first study of OMCs that possess a very
high amount of organic functionalized surface as highly sensi-
tive and selective RT chemiresistive gas sensing materials. As a
proof-of-concept, a few-layer OMC, Ag(SPh-NH,), was prepared
for detecting NO,. The 2D {AgS}, layers of Ag(SPh-NH,) are fully
covered by ordered -NH, groups. This design remarkably
enhanced the sensitivity and selectivity of OMCs to NO, as
-NH, groups can be regarded as “receptors” that strongly
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Fig. 1 (aand c) Mono-layer structures of Ag(SPh-NH,) and Ag(SPh). (b) 2D
{AgS}, layer of Ag(SPh-NH,) and Ag(SPh). Hydrogen atoms of the benzene
ring have been omitted for clarity. (d) Experimental and simulated PXRD
patterns of Ag(SPh-NH,). (e) SEM image of few-layer Ag(SPh-NH,), inset is
its selected area electron diffraction pattern. (f) Typical AFM image of few-
layer Ag(SPh-NH,).

interact with NO, through hydrogen bonding, acid-base inter-
action, etc. As a result, at RT, the few-layer Ag(SPh-NH,) thin
film showed not only the highest sensitivity and fastest
response and recovery speed among all the reported 2D chemi-
resistive sensing materials and their modified derivatives, but
also very unique selectivity among 12 commonly existing
interference gases.

Few-layer Ag(SPh-NH,) was directly synthesized by the
coordination reaction between Ag ions and HSPh-NH,
(4-aminobenzenethiol) under hydrothermal conditions at 85 °C.
For control experiments, Ag(SPh) (HSPh = benzenethiol), an
isostructure of Ag(SPh-NH,,), was prepared with a similar synthetic
method (for experimental details, see ESIt). The experimental
powder X-ray diffraction (PXRD) patterns of Ag(SPh-NH,) and
Ag(SPh) are in good agreement with their simulated or reported
ones, verifying their phase purity (Fig. 1d and Fig. S1, ESIt).*!
Fourier transform infrared spectroscopy (FT-IR) and elemental
analysis measurements further confirmed their structures and
purities (Fig. S2, S3 and Table S1, ESIt).

In the structure of mono-layer Ag(SPh-NH,) and Ag(SPh)
(Fig. 1a and c), each Ag" ion coordinates with three ps-bridging
S atoms in a trigonal planar configuration to form a distorted
honeycomb 2D {AgS}, layer (Fig. 1b). The organic functional
groups alternatively and covalently bond to S atoms on the top
and bottom surfaces of the {AgS}, layer. The thickness of mono-
layer Ag(SPh-NH,) and Ag(SPh) is ~1.7 nm and 1.4 nm, respec-
tively. These mono-layers parallelly pack with each other along
the ¢ axis to form few-layer Ag(SPh-NH,) and Ag(SPh) (Fig. S4
and S5, ESIt). The +1 valence of Ag was confirmed by high-
resolution X-ray photoelectron spectroscopy (XPS) spectra of
few-layer Ag(SPh-NH,) and Ag(SPh). Meanwhile, the binding
energy of N1s for Ag(SPh-NH,) was determined to be ~400 eV,
which is the same as that of phenylamine, suggesting that the
amine groups on the surface of few-layer Ag(SPh-NH,) are
accessible to target gas molecules (Fig. S6 and S7, ESIT).*?

Scanning electron microscopy (SEM) measurements
revealed the nanobelt morphology of the as-prepared few-
layer Ag(SPh-NH,) with a length of several micrometers and a
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width of ~500 nanometers (Fig. 1e). The selected area electron
diffraction pattern of TEM showed sharp and ordered spot arrays,
indicating the good crystallinity of few-layer Ag(SPh-NH,) (inset
of Fig. 1e). The plane distances were measured to be 7.25 A and
5.78 A along the a and b directions, respectively, which correlate
well with the simulated results.** Atomic force microscopy (AFM)
measurement showed that the average thickness of few-layer
Ag(SPh-NH,) is ~11 nm, indicating the stacking of ~6 molecule
layers (Fig. 1f). Likewise, the plate morphology of the as-prepared
few-layer Ag(SPh) was confirmed with an average thickness of
~20 nm (Fig. S8 and S9, ESIY).

The electrical and optical characterization results reveal that
Ag(SPh-NH,) is a p-type semiconductor with a conductivity of
6 x 1077 S cm™ " at RT and a band gap of 2.62 eV, respectively.*
The sensing performance of few-layer Ag(SPh-NH,) was evalu-
ated by preparing it into thin films on quartz substrates using a
conventional spin-coating method and then depositing pat-
terned gold on then as interdigital electrodes via thermal
evaporation (Fig. 2a, details see ESIt). These thin films have a
continuous and homogeneous morphology (Fig. 2b). They also
showed similar conductivity and ohmic contact with gold
electrodes, indicating their good reproducibility (Fig. 2c). The
sensing tests of few-layer Ag(SPh-NH,) thin films were con-
ducted by putting them into a sealed quartz chamber of a
home-made test instrument and recording the current of the
sensing material in different atmospheres (for details, please
refer to the ESIt).>* All tests were performed at RT.

NO, is one of the major global gas pollutants and very toxic
even at low concentrations. The performances of NO, sensing
materials were reported to be significantly enhanced by decorating
the surface of them with -NH,, containing molecules.**> Inspired
by this, the few-layer Ag(SPh-NH,) thin film is expected to show
high RT sensing performances, because its surfaces are fully and
orderly covered by -NH,, groups, which are effective “receptors”
for NO,. As shown in Fig. 3a, when exposed to 10 ppm NO,, the
current of the few-layer Ag(SPh-NH,) thin film dramatically
increased and reached saturation. After refilling the chamber with
dry air, few-layer Ag(SPh-NH,) recovered to its initial resistance.
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Fig. 2 (a) Fabrication of Ag(SPh-NH;) thin film for gas sensing test.
(b) Typical HR-SEM of the prepared Ag(SPh-NH) thin films. (c) /-V curves
of Ag(SPh-NH,) thin films.
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Fig. 3 (a) Response-recovery curve of the Ag(SPh-NH,) thin film to NO,
with different concentrations at RT. (b) Linear log-log plot of response vs.
concentration of the Ag(SPh-NH,) thin film to NO, and a comparison with
reported 2D chemiresistive sensing materials working at RT (for details, see
Table S3, ESIt). (c) Response-recovery curve to 10 ppm NO,. (d) Cross-
sensitivities of the Ag(SPh-NH,) thin film to 13 types of gases, inset is the
real-time measurement (for details, see Table S4, ESIT).

The response coefficient of variation (CV) is only 6.92% over
five continuous cycles, which indicates excellent repeatability
(for response values, see Table S2, ESIt). Few-layer Ag(SPh-NH,)
also showed good response-recovery ability in a broad concen-
tration range of NO, (0.1-100 ppm) (Fig. 3a and Fig. S13, ESIt).
In addition, the Ag(SPh-NH,) thin film before and after NO,
sensing tests showed almost the same PXRD patterns (Fig. S14,
ESIt), indicating that it is stable in the NO, atmosphere.
Notably, compared with the reported 2D chemiresistive sensing
materials, few-layer Ag(SPh-NH,) exhibits the highest response
to NO, throughout the above-mentioned concentration range
(Fig. 3b and Table S3, ESIY).

The response-concentration log-log plot of few-layer
Ag(SPh-NH,) is shown in Fig. 3b. The good linearity (R*> = 0.987)
in the range of 0.1-100 ppm is consistent with those of typical
chemiresistive sensing materials.>* Accordingly, the theoretical
limit of detection (LOD) was calculated to be 0.9 ppb by setting
R = 10%, which is the lowest value among all the reported 2D
chemiresistive sensing materials and is good enough to achieve
the detection of trace NO,.*® Few-layer Ag(SPh-NH,) also showed a
fast response and recovery speed (Fig. 3c). The response and
recovery times were calculated to be 1.0 and 2.3 minutes, respec-
tively. These values suggest that few-layer Ag(SPh-NH,) is the
fastest 2D chemiresistive sensing material to NO, at RT reported
so far (Table S3, ESI).

The organic “receptor” fully covering the structure of few-
layer Ag(SPh-NH,) not only enhanced the sensitivity but also
provided excellent selectivity to NO, (Fig. 3d). It showed very
weak responses (<20%) toward 12 commonly existing inter-
ference gases including SO,, a typical interference gas for NO,
detection (for response values, see Table S4, ESIt), indicating
that few-layer Ag(SPh-NH,) is capable of selectively distinguish-
ing NO, from its interference gases. To shed more light on the
relationships between crystal structure and sensing perfor-
mance, Ag(SPh), a p-type semiconducting isostructure of
Ag(SPh-NH,), was investigated (Fig. 1c and Fig. S15-S17, ESIt).
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However, different from Ag(SPh-NH,), Ag(SPh) did not display
any observable response to 10 ppm NO, (Fig. 4a). This result
suggests that -NH, groups are crucial for detecting NO,. To
uncover more details, in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) measurements were per-
formed by exposing Ag(SPh-NH,) to a NO, atmosphere to study
the interactions (Fig. 4b and Fig. S18, ESIf). With increasing
exposure time, the intensity of the peaks for -NH, vibrations
(3380 and 3301 cm ™ ') and C-N (1251 cm ') stretching vibration
decreased dramatically.’” The peak at 3190 cm ™' decreased
obviously, which can be assigned to the overtone of N-H
bending vibration. Meanwhile, four new peaks belonging to
NO, (1505 and 1318 cm™') and N,O, (1496, 1319 cm™ ' and
1287, 1224 cm™ ', the dimer of NO,) were observed with
increasing intensities upon extending the exposure time.*®3°

Compared with their gaseous state, the adsorbed NO,
and N,O, showed a slight shift. Meanwhile, O-H bending
vibration at 1591 cm ™" was also observed (Fig. 4b).*° These
observations revealed the formation of a hydrogen bond
through O atoms of N,0,/NO, and H atoms of -NH, groups.
During the above process, none of the peaks related to diazo-
nium salt (2280 cm ™) or nitrates (1350 cm ') was detected,*”®
indicating a strong adsorption of NO, on Ag(SPh-NH,). Notably,
the intensity change of -NH, and N,O, related peaks was
synchronous, which revealed a strong interaction between
-NH, and adsorbed N,O,. The above results demonstrated
the critical role played by -NH, groups as a functional motif
in the Ag(SPh-NH,) sensing material.*""*>

A possible mechanism of NO, detection with Ag(SPh-NH,) is
proposed as follows (Fig. 4c): when NO, approaches the surface
of Ag(SPh-NH,), it firstly contacts with the -NH, groups
through strong interactions (e.g., acid-base interaction, hydro-
gen bond)*’ in the form of NO,/N,0,4; simultaneously, charge
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Fig. 4 (a) Response-recovery curves of Ag(SPh-NH,) (blue) and Ag(SPh)
(black) to 10 ppm NO.. (b) In situ DRIFT Spectra for Ag(SPh-NH,) exposed
to NO, as a function of time. (c) Possible NO, sensing mechanism for
Ag(SPh-NH>).
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transfer from Ag(SPh-NH,) to NO, and N,0, would happen,
which increases the concentration of hole carriers for p-type
Ag(SPh-NH,); finally, Ag(SPh-NH,) shows a positive response by
increasing its current; once NO, and N,0, molecules are swept
away by purging gases from the surface of Ag(SPh-NH,), the
current recovers to its initial value.

In conclusion, OMCs, a family of newly emerging inorganic
2D materials, were demonstrated as a kind of designable high-
performance RT chemiresitive gas sensing material for the first
time. This was realized by preparing few-layer Ag(SPh-NH,), a
member of the OMCs, and applying it for NO, detection.
Ag(SPh-NH,) possesses a semi-conducting {AgS}, layer and -NH,
groups fully and orderly covered on its surface. The comparison of
the sensing performances between Ag(SPh-NH,) and its isostruc-
ture, Ag(SPh), and in situ DRIFTS measurements of Ag(SPh-NH,)
in a NO, atmosphere revealed that the -NH, groups are
effective “receptors’ to interact with NO, and play the critical
role in dramatically enhancing its sensing sensitivity and
selectivity. As a result, it shows the highest response value,
lowest LOD, and fastest response and recovery speed to NO,
among all the reported 2D chemiresistive sensing materials at
RT. Moreover, it also shows excellent selectivity in the
presence of 12 commonly existing interference gases for NO,
detection. Given that the organic functional groups on OMCs
can be flexibly designed for different gas detection purposes,
our work should provide great inspiration in designing and
producing the next generation of highly selective and sensitive
sensing materials for RT operation.
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