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Modifiable one-dimensional materials are extremely desired in various applications, especially in room-

temperature (RT) chemiresistive gas sensing. New one-dimensional (1D) CdS-based metal chalcogenide

nanowires with a surface fully covered amino group (denoted as Cd-ATP) were prepared by the

coordination self-assembly method. Featuring densely covered organic functional motifs, Cd-ATP is able

to selectively recognize H2S through hydrogen bonding interaction between the amino group and H2S.

Cd-ATP exhibits high sensitivity, an ultra-low limit-of-detection (116.49 ppt) and fast response/recovery

among all reported room temperature H2S sensing non-composite materials. This work provides

inspiration for the design and preparation of novel surface fully functionalized 1D materials for various

chemical applications.
Introduction

Semiconductive nanowires, with a large aspect ratio and
specic surface area, are an important class of nanostructure
building blocks. The connement effect endows them with
unique properties different from traditional bulk materials and
displays potential applications in photochemistry, catalysis,
optoelectronics, supercapacitors, batteries, and chemical
sensors.1–6 Increasing the number of facial active sites could
further optimize the properties of the semiconductor nano-
wires. An effective method is to gra functional organic groups
onto the nanowires by post-modication through covalent or
coordination bonds.7–10 For example, amino functional groups
can be graed onto a In2O3 nanowire surface by soaking it in 3-
(trimethoxysilyl)propyl aldehyde for selective identication of
antibodies.11 Wang et al. used the aminosilane reagent ([1-(2-
amino-ethyl)-3-aminopropyl]trimethoxysilane (AAPTS)) to func-
tionalize a titanate nanowire and improve its Cr(VI) adsorption
properties.12,13 Chen et al. reported a CdS single-crystalline
nanowire sensor to detect 100 ppm H2S with a response value
of 20%,14 and this value can be increased to 75% whenmodied
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with polyaniline.15 However, the number of organic functional
groups graed by these post-modiedmethods is uncertain and
the distribution is disordered. Additionally, post-modied
methods may hinder the application of the materials.

Coordination self-assembly is an effective way to construct
ordered structures between metal ions and organic ligands
through coordination or covalent bonds. Ordered arrangement
of customized functional groups can embellish the surface of
inorganic nanowires or layers by this method. An emerging
class of nanomaterials with a fully functionalized surface, 2D
organic metal chalcogenides (OMCs), have been successfully
prepared by this method recently. Moreover, the band gap,
conductivity, catalytic and sensing properties can be greatly
regulated by adjusting the types of functional groups on the
surface of OMCs.16–20 Inspired by 2D OMCs, it is also possible for
nanowires to functionalize in this way. However, few examples
of such nanowires have been developed by this method, and
their application in devices is still rare.21,22

In this work, a novel amino homogeneously modied one-
dimensional metal chalcogenide nanowire, Cd-ATP (ATP = 4-
aminothiophenol), was fabricated by the coordination self-
assembly method. The amino group was covalently connected
to the para-C atom of the thiol ligand, thereby realizing a fully
and ordered covered organic group at the molecular level. In
order to expose more organic functional groups, nanowires with
a diameter of ∼25 nm were synthesized by the ultrasonic
method. Moreover, a nanowire mesh lm of Cd-ATP was
prepared by vacuum ltration for chemical resistance sensors,
which show a high sensitivity, fast response time, excellent
selectivity, and lowest limit of detection (LOD) under visible
light compared with other conventional RT H2S-sensing
materials.
J. Mater. Chem. A, 2023, 11, 7179–7183 | 7179
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Fig. 2 Basic characterization of Cd-ATP nanowires. (a) AFM image of
Cd-ATP nanowires. (b) TG curve of Cd-ATP nanowires (c) PXRD
patterns after immersion in different organic solvents for 7 days. (d)
Variable temperature conductivity of Cd-ATP nanowires. (e) Fitting of
conductivity–temperature data to the Arrhenius equation. (f) UV-vis
absorbance spectrum of Cd-ATP nanowires. (g) The secondary elec-
tron cut off of Cd-ATP nanowires measured with He I (hn = 21.22 eV).
(h) Valence band of Cd-ATP nanowires with respect to the Fermi level
(EF = 0). (i) Band structure diagram of Cd-ATP nanowires.
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Results and discussion

A colorless spindle Cd-ATP crystal was synthesized by coordi-
nation assembly of Cd2+ ions and 4-aminothiophenol through
the solvothermal method (Fig. 1a, more details shown in the
ESI†). The crystal structure was determined by X-ray diffraction
and revealed that Cd-ATP crystallizes in a triclinic space group,
P�1 (see Fig. S2, Tables S1 and S2†). As shown in Fig. 1b, all Cd is
coordinated by four S atoms to form a slightly distorted tetra-
hedral conguration. The tetrahedra are connected to each
other through edge-sharing to form a Cd4S9

− cluster. Such
a Cd4S9

− cluster is further connected by two K+ to form a 1D
nanowire. The amino group covered the surface of the nanowire
through covalent connection to the para-C atom of the thiol
ligand (Fig. 1c). And the nanowires are connected by van der
Waals forces to form a complete three-dimensional structure
(Fig. 1d).

The powder X-ray diffraction patterns of the synthesized Cd-
ATP nanowires (see the ESI†) are in good agreement with the
simulated pattern from single crystal X-ray diffraction (Fig. 1e),
indicating that Cd-ATP nanowires have ne crystallinity and
high purity. Besides, Cd-ATP nanowires were further charac-
terized by X-ray photoelectron spectroscopy (XPS) (Fig. S3†) and
Fourier-transform infrared (FT-IR). Concretely, the peaks for N–
H stretching vibration (3378 and 3306 cm−1) are observed in the
FT-IR spectrum (Fig. 1g), which show the existence of uncoor-
dinated amino groups of Cd-ATP. Moreover, the binding energy
of N 1s is conrmed to be 399.5 eV by XPS measurement
(Fig. 1f), which is the same as that of phenylamine,23 further
indicating the non-coordinated amino group. These uncoordi-
nated amino groups can provide the active sites for selectively
recognising foreign molecules.

Numerous efforts have been made to use both the size and
surface effects of the nanoscale materials to enhance the
performance of materials. Nanoscale materials with semi-
conductor characteristics and high stability may be conducive
to electrical devices.24–28 Cd-ATP nanowires with a diameter of
Fig. 1 Structure and characterization of Cd-ATP. (a) Schematic
diagram of synthesis of the Cd-ATP single crystal. (b) Asymmetric unit
of Cd-ATP (hydrogen atoms are omitted for clarity). (c) Inorganic chain
of Cd-ATP. (d) Packing structure of Cd-ATP. (e) Powder X-ray
diffraction (PXRD) pattern of Cd-ATP nanowires. (f) Fourier-transform
infrared (FT-IR) spectrum of Cd-ATP nanowires. (g) X-ray photoelec-
tron spectroscopy (XPS) of Cd-ATP nanowires.

7180 | J. Mater. Chem. A, 2023, 11, 7179–7183
about 25 nm (Fig. 2a) were synthesized by ultrasound methods.
Meanwhile, Cd-ATP nanowires maintain good thermal stability
up to 262 °C (Fig. 2b) and chemical stability by immersion in
different organic solvents for 7 days (Fig. 2c). To further explore
the semiconductor properties of the material, the conductivity
of Cd-ATP nanowires is 7.90 × 10−11 S cm−1 at RT obtained by
the standard two-contact probe method measurement, which
increased with the increase of temperature (Fig. 2d), indicating
its typical semiconductor characteristics with an activation
energy of 0.35 eV (Fig. 2e). According to the UV-vis absorption
spectrum, the band gap of Cd-ATP is 2.82 eV (Fig. 2f). UPS is
performed to determine the electronic structure of Cd-ATP
nanowires. The Fermi energy level is calculated to be −2.74 eV
from the work functions (4 = 21.22 − Ecutoff) (Fig. 2g). As shown
in Fig. 2h, the valence band is 2.06 eV below the Fermi level (EF)
with a value of−4.80 eV. Combining the valence band spectrum
with an optical band gap obtained from UV-vis spectroscopy
(Fig. 2f), the conduction band is derived to be −1.98 eV (Fig. 2i).
The Fermi level (EF) of Cd-ATP nanowires is closer to the
conduction band, suggesting that it is an N-type semiconductor.

In recent years, the detection of toxic and hazardous gases at
room temperature has attracted considerable attention due to
human health problems and increasing environmental
pollution.29–31 Metal chalcogenides have been widely used in the
eld of gas sensors due to their unique electronic properties
and excellent physicochemical properties.32–35 The semi-
conducting properties, high specic surface area and high
stability of Cd-ATP have attracted much attention as conductive
gas sensors. To further better apply Cd-ATP nanowires to
chemiresistive gas sensing, a Cd-ATP nanowire mesh lm
(Fig. 3b) was fabricated by vacuum ltration as shown in Fig. 3a.
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Gas sensing performances of the devices at RT. (a) Process
diagram of preparing Cd-ATP nanowire mesh films. (b) SEM of Cd-ATP
nanowire mesh films. (c) Response of Cd-ATP to different H2S
concentrations under visible light. (d) Cycling stability to 10 ppm H2S.
(e) Linear double logarithmic curve of the response and concentration
of Cd-ATP. (f) Response–recovery time curve of the Cd-ATPmesh film
under 100 ppm H2S. (g) Comparison with other pure materials at RT.37

Data displayed in the graph were obtained or estimated from the
corresponding cited reports. (h) Column chart of responses toward
different gases of Cd-ATP nanowire mesh films.

Fig. 4 (a) Time-resolved DRIFTS difference spectra of Cd-ATP. (b)
Electron paramagnetic resonance (EPR) spectra of Cd-ATP nanowires
in the dark and under light conditions. (c) The proposed sensing
mechanism of Cd-ATP to H S.
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The Cd-ATP mesh lm shows a slight response (8.69%) when
exposed to 100 ppm H2S under dark conditions (Fig. S4†). It is
worth mentioning that traditional cadmium chalcogenide-
based nanowires have attracted wide attention due to their
excellent visible-light-driven activity.36 Cd-ATP mesh lms also
exhibit photoelectric response in visible light (420–760 nm) (Fig.
S5†). The gas sensing properties of Cd-ATP have been greatly
improved with the assistance of visible light (Fig. S6†). Under
visible light conditions, Cd-ATP showed good response–
recovery ability to a broad range of H2S concentrations (1–100
ppm) with a light intensity of 360 K lx as shown in Fig. 3c. The
current of the Cd-ATP mesh lm distinctly increased when
exposed to H2S and recovered to the initial value aer purging
with air. The response of Cd-ATPmesh lms toward 10 ppmH2S
was 965.68%, and the response coefficient of variation (CV) was
only 6.97% over ve continuous cycles (Fig. 3d), which indicated
excellent repeatability. For 100 ppmH2S, the response was up to
2296.42%, which is 264 times higher than that under dark
conditions and 30 times higher than that of materials modied
with polyaniline. The response–concentration log–log plots of
Cd-ATP derived from Fig. 3e showed a good linear relationship
This journal is © The Royal Society of Chemistry 2023
in the range of 1–100 ppm. The theoretical limit of detection
(LOD) of Cd-ATP nanowire mesh lms was 116.49 ppt by setting
R = 10% (Fig. 3e). According to the response–recovery curve to
10 ppm H2S, the response and recovery times of Cd-ATP
nanowire mesh lms can be estimated to be 37.8 and 423.7 s,
respectively (Fig. 3f). Notably, the LOD value is lowest in all
reported RT H2S sensing non-composite materials (Fig. 3g and
Table S3†). The fully covered –NH2 group on the surface of Cd-
ATP nanowires not only enhanced the sensitivity but also
provided excellent selectivity to H2S. As shown in Fig. 3h, Cd-
ATP nanowire mesh lms showed excellent selectivity to H2S
compared with other typical 12 interference gases, including
acetone, NH3, methylbenzene, CO2, and SO2, indicating that the
Cd-ATP nanowire mesh lm is capable of selectively dis-
tinguishing H2S from its interference gases. Furthermore, the
response value of Cd-ATP nanowire mesh lm devices to
10 ppmH2S does not decay obviously aer storage for 15 days as
illustrated in Fig. S7.† Furthermore, PXRD of Cd-ATP nanowire
mesh lm devices maintains good crystallinity and long-term
stability aer being exposed to H2S. To verify the interference
of water vapor in the environment, the response of Cd-ATP
nanowire lm devices to 10 ppm H2S was tested at different
humidity levels. The results show that for 10 ppm H2S the
response value of Cd-ATP nanowire lms is 497% at 10% RH,
and the response values do not change greatly at different
humidity levels (Fig. S8†). The reduced response under different
humidity may be due to partial dissolution of hydrogen sulde
in water. Although the response value is reduced, it still shows
a certain response under humidity, so H2S can be detected
under the condition of different humidity.

In order to clarify the excellent gas-sensing performance of
the gas sensors, in situ diffuse reectance infrared Fourier
transform spectroscopy (DRIFTS) (Fig. 4a) and electron para-
magnetic resonance (EPR) (Fig. 4b) were performed to disclose
the possible mechanism. When the Cd-ATP nanowire was in
contact with H2S, the H2S molecules adsorbed on the surface of
the nanowire through hydrogen bonding, which was conrmed
2

J. Mater. Chem. A, 2023, 11, 7179–7183 | 7181
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by DRIFTS. The amino group stretching resonances of Cd-ATP
nanowires are observed at 3378 and 3306 cm−1 under air
conditions. And these peaks red shi to 3376 and 3304 cm−1

with increasing exposure time to the H2S atmosphere, indi-
cating the formation of a N–H/S hydrogen bond between the
amino functional group and H2S.38–43 Furthermore, the
adsorption energy of hydrogen bonding was calculated based
on the adsorption isotherms, and the adsorption energy of Cd-
ATP nanowires for H2S was 66.87 kJ mol−1 in the range of
hydrogen bonding adsorption44,45 (Fig. S9†). Meanwhile, oxygen
adsorbed on the surface of the nanowire is activated to super-
oxide radicals under visible light (Fig. 4b). Then, the superoxide
radicals react with H2S to produce SO2 and release electrons
into the material at the same time. Due to the N-type properties
of Cd-ATP, the resistance of the material decreases and the
current increases aer receiving the extra electrons. The reac-
tion of a superoxide radical with H2S to produce SO2 was
conrmed by in situ DRIFTS (Fig. 4a). The strength of the out-of-
plane stretching resonance band of the amino group was
observed at 1624 cm−1 which decreased with increasing upon
H2S exposure time, indicating increasing interaction between –

NH2 and H2S. Additionally, ve new peaks, belonging to –SH
(2591 cm−1), –S–O– (1240 cm−1), –SO2– (1162 cm

−1), and –S]O–
(1083 cm−1), were observed, indicating the formation of
SO2.46–50 Moreover, none of the peaks related to nitrates
(1350 cm−1) was detected, indicating that the amino group is
not oxidized. The current of the Cd-ATP nanowire mesh lm
device gradually recovered to the baseline when re-purging with
dry air. Following the principles of semiconductor sensors, it is
speculated that surface amino functional groups and photo-
induced superoxide radicals play an important role in trans-
forming the surface disturbance into an electrical signal in the
framework.51–53 In brief, the amino functional group on the
surface selectively captures H2S through hydrogen bonding
interactions, making the material exhibit high selectivity. The
superoxide radicals generated by light react with the captured
H2S to produce SO2 and release electrons via to Cd-ATP, causing
an enhanced current and achieving highly sensitive detection.

Conclusions

In conclusion, a novel surface fully functionalized one-
dimensional material was synthesized by a coordination self-
assembly method. The Cd-ATP nanowire with a fully and
orderly arranged amino group exhibits specic recognition of
H2S. A chemiresistive gas sensor based on Cd-ATP nanowire
mesh lms was demonstrated as a kind of designable high
performance RT chemiresistive gas sensing material for the rst
time. This lm exhibits the lowest LOD, very fast response and
recovery, and excellent selectivity towards H2S at RT under
visible light among all reported H2S sensing non-composite
materials. The gas sensing mechanism showed that the
photo-generated superoxide radical made the material highly
sensitive to H2S. This preparation strategy provides new
avenues for designing multifunctional one-dimensional mate-
rials with rich surface chemistry and new electrical
applications.
7182 | J. Mater. Chem. A, 2023, 11, 7179–7183
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4 A. Mach́ın, K. Fontánez, J. C. Arango, D. Ortiz, J. De León,
S. Pinilla, V. Nicolosi, F. I. Petrescu, C. Morant and
F. Márquez, Materials, 2021, 14, 2609.

5 Z. Xiao, X. Wang, J. Meng, H. Wang, Y. Zhao and L. Mai,
Mater. Today, 2022, 56, 114–134.

6 Q. Lin, Y. Ye, L. Liu, Z. Yao, Z. Li, L. Wang, C. Liu, Z. Zhang
and S. Xiang, Nano Res., 2020, 14, 387–391.

7 C. A. Huerta-Aguilar, S. N. Valdivieso, P. Thangarasu,
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