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ABSTRACT: Herein, we present a new series of Cul-based hybrid materials with
tunable structures and semiconducting properties. The Cul inorganic modules can
be tailored into a one-dimensional (1D) chain and two-dimensional (2D) layer and s

confined/stabilized in coordination frameworks of potassium isonicotinic acid ~ IX zgg NO2 sensor
(HINA) and its derivatives (HINA-R, R = OH, NO,, and COOH). The resulting ﬁ.g wol o

[l Metrics & More ’ Q Supporting Information

o
Bulk Cul

Cul-based hybrid materials exhibit interesting semiconducting behaviors associated Sa0] (D
with the dimensionality of the inorganic module; for instance, the structures 1D chapm® G 2%
containing the 2D-Cul module demonstrate significantly enhanced photo- A 10
conductivity with a maximum increase of five orders of magnitude compared to N
that of the structures containing the 1D-Cul module. They also represent the first
Cul-bearing hybrid chemiresistive gas sensors for NO, with boosted sensing
performance and sensitivity at multiple orders of magnitude over that of the pristine
Cul. Particularly, the sensing ability of Cul-K-INA containing both 1D- and 2D-Cul
modules is comparable to those of the best NO, chemiresistors reported thus far.
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B INTRODUCTION

As an important family of Cu(I)-based semiconductors, binary
copper halides (CuX, X = Cl, Br, I) have been extensively
investigated for their applications in photodetectors, piezo-
electrics, and transparent transistors to name a few." In recent
years, some pioneering research has been reported on the
exploration of bulk CuX as chemiresistive gas sensors. For
instance, CuBr has been used in sensing of NH;,” while Cul
was tested for detecting greenhouse gases.3 However, such
examples are quite limited and some challenges are yet to be
overcome. Taking Cul for example, the high operational
temperature, relatively low response, and selectivity compared
to conventional inorganic sensors have impeded its utility as
popular chemiresistors.” Therefore, developing new strategies
to tailor bulk CuX semiconductors to improve their
chemiresistive gas sensing performance is of vital importance.

The rapid development of coordination polymers (CPs) in
the past two decades has led to the discovery of numerous
hybrid structures where functional inorganic network modules
are confined in the ordered CP backbone, endowing them with
novel properties that are distinct from the pristine inorganic
phases.* Cul module-bearing CPs are the most reported
examples for CuX hybrids. Compared with the previously
reported Cul(L) hybrid materials where Cul modules only
coordinate to organic ligands (L),” the formation of hybrid
structures where these inorganic modules are assembled within
CP networks via various coordination modes between the
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metal and organic building units would result in much more
abundant structure types. The confinement of extended
inorganic Cul modules in CPs would offer a new strategy in
tuning and optimizing chemiresistive sensing properties, such
as increasing sensing selectivity and sensitivity and lower
operating temperature. Compared with the pristine Cul with a
wide band gap,lf’é the optical absorption of the resulting hybrid
compounds will be extended to longer wavelength (lower-
band-gap) region through energy transfer between inorganic
and organic modules, and the sensing parameters may be
further optimized under lower-energy light irradiation. Thus
far, CPs containing ordered higher-dimensional Cul arrays
such as 1D chain and especially 2D layer are very rare and all
of them are made of rare earth elements (REEs) with little
known about their physical properties.” To the best of our
knowledge, REE-free CPs containing 1D- or 2D-Cul inorganic
motifs have never been reported to this date.

Herein, we report a series of K-INA-R CPs (R = H, OH,
NO,, and COOH) incorporating 1D- and 2D-Cul inorganic
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Figure 1. Schematic illustration of the confinement of 1D chain and/or 2D layered Cul modules assembled in K-INA-R CPs.

modules with the formula [K,Cul(INA-COO)DMEF] (Cul-K-
INA-COOH, INA-COOH = 34-pyridinedicarboxylic acid),
[K,oCuoly(INA-OH),,] (Cul-K-INA-OH, INA-OH = 3-
hydroxy-4-pyridinecarboxylic acid), KCuI(INA-NO,) (Cul-
K-INA-NO,, INA-NO, = 3-nitro-4-pyridinecarboxylic acid),
and [K;,Cuyl,(INA),(H,0)] (Cul-K-INA, INA = isonico-
tinic acid), as well as a detailed study of their semiconducting
properties. The bulk Cul could be tailored into 1D- and 2D-
Cul modules by coordination assembly and periodically
confined in K-INA-R frameworks (Figure 1). The semi-
conducting properties of the resulting hybrid structures depend
largely on the dimensionality of the Cul modules. For instance,
the photoconductivity is increased by orders of magnitude
going from Cul-K-INA-COOH and Cul-K-INA-OH (with
Cul 1D chain) to Cul-K-INA-NO, (containing Cul 2D layer).
In particular, both 1D chain and 2D layered Cul inorganic
modules can be integrated into one structure as in the case of
Cul-K-INA and compared with the pristine Cul sensor that
only works under elevated temperature with low selectivity and
sensitivity; the chemiresistive sensing performance of Cul-K-
INA for NO, is increased by multiple orders of magnitude at
room temperature (RT). This work represents the first gas
sensing study of CuX-bearing CPs, which demonstrate
performances comparable to the best chemiresistors based
on metal oxides, metal dichalcogenides, nanocarbons, and
others. This work offers a new approach to designing novel
chemiresistive sensing materials by tailoring conventional
semiconductors in conductive hybrids via coordination
assembly.

B RESULTS AND DISCUSSION

Structure Analysis. The title compounds were obtained
by solvothermal reactions of Cul, KI, INA, and its derivatives
(INA-R, R = OH, NO,, and COOH) in mixed solvents of
DMF, CH;CN, and ethanol (Figures S1—S4). The crystal
structures were analyzed by the single-crystal X-ray diffraction
(SCXRD) method. By varying the functional group (R) of
—OH, —COOH, and —NO, in the meta-position of the
pyridine ring of INA, different 1D and 2D inorganic Cul
modules can be incorporated into the K-INA-R networks
(Figure 1). In Cul-K-INA-COOH, each K(1)* ion is seven-
coordinated by two oxygen atoms from two DMF and five
oxygen atoms from four carboxylate groups of INA-COOT,
while each K(2)* ion is six-coordinated by six carboxylate
groups from INA-COO™. The K' cations are interconnected
by sharing the COO™ groups to generate a 2D K—O layer, and
the pyridines in INA-COO™ suspended on the K—O layer
coordinate to 1D-(Cul), chains via N-Cu dative bonds
(Figures SS and S6).7C"¥ In Cul-K-INA-OH, due to the
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different coordinate modes of the carboxyl and —OH groups,
the K atoms are seven-coordinated by four different carboxyl
groups to form 1D K—O double chain, and the —OH groups
of INA-OH further bridge the neighboring K—O double chains
to generate 2D K-carboxyl and —OH coordination layers. The
pyridines in INA-OH are suspended on both sides of the layers
(Figures S7 and S8). To cope with the configuration of K—O
chains, the distorted 1D staircase-like (Cul), chains were
formed and confined in the 3D structure of Cul-K-INA-OH
(Figure $8).% As for Cul-K-INA-NO,, each K* cation is nine-
coordinated by oxygen atoms from four carboxyl groups and
one nitro group, and the nitro and carboxyl groups in INA-
NO, adopt a chelating coordination mode bonding to K*
cations to form a 2D K—O layer, while the INA-NO, ligands
are stacked in a staggered mode (Figures 2a and S9). The two
neighboring pyridines hanging on the K—O planes adopt a
head-to-head configuration and bridge two Cul modules to
form a {Cu,1,} rthombohedron. Each {Cu,1,} is further bridged
to the four adjacent {Cu,l,} dimers through the Cu—I-Cu
linkage to form a 2D inorganic (Cul), layer (Figure 2a,
highlighted in a dotted line) and confined in the 3D Cul-K-
INA-NO, (Figures S9f and S10). Use of the pristine INA
ligand yields Cul-K-INA where K* ions are linked through the
carboxyl groups to form a K-COO layer (Figure 2b). However,
the stacking arrangements of the INA ligands above and below
the K—O layer adopt a variety of coordination modes (named
L1-L6 for clarity), very different from the other three
compounds (Figure S11). On one side of the K-carboxyl
layer, L1 and L3 are parallel but not overlapping and stack in a
similar fashion as those in Cul-K-INA-COOH to Cul-K-INA-
NO,, resulting in the same 1D-Cul chains as in Cul-K-INA-
COOH (Figure S6¢c). However, the neighboring terminal
DMEF molecules in Cul-K-INA-COOH are replaced by INA
(type L2) in Cul-K-INA, and L2 with a pyridine ring
perpendicular to L1 and L3 adopts a head-to-head fashion to
bridge Cu atoms with the neighboring L2 and further connects
the 1D-Cul chains through the Cu—I coordination (Cu-I
bond value is 2.81 A) to form a 2D-Cul layer viewed along the
bc plane in Cul-K-INA (Figure 2b, highlighted in blue line).
On the other hand, the L4, LS, and L6 show a face-to-face
manner and overlap each other to bridge the Cul to form 1D-
Cul chains that are similar to the Cul chain module in Cul-K-
INA-NO, (Figures S9f and S11c).” This is an unprecedented
example of confined Cul modules with both 1D chains and 2D
layers of Cul within one structure (Figure S12). Compared
with the previously reported Cul hybrid compounds assembled
with only organic ligands,” the coordination of a CP network
and various Cul modules in a crystal lattice offers many more
possible coordination modes between the two counterparts
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Figure 2. Coordination of metals and crystal structures of (a) Cul-K-INA-NO, and (b) Cul-K-INA with K-INA-R and 2D-Cul modules
highlighted in dotted lines. (c) The Tauc plots of Cul-K-INA-NO, and Cul-K-INA. Insets are the photographs of the as-made crystal samples. (d)
The density of states (DOS) plots of Cul-K-INA-NO,. (e) The plot of the highest occupied crystal orbital of VB (top) and lowest unoccupied
crystal orbital of CB (bottom) of Cul-K-INA-NO,. (f) The light responding conductivity plots for Cul-K-INA-NO, and Cul-K-INA under visible
light.
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Figure 3. (a) Photograph of the single crystal of Cul-K-INA for anisotropic conductivity measurements by using a direct current two-terminal
method. Scale bar, 100 ym (top right) and 200 ym (bottom right). Panels (b) and (c) are the temperature-dependent I-V curves for Cul-K-INA
along the long and short sides, respectively. (d) Temperature-dependent conductivity for Cul-K-INA along the long and short sides.

(eg, via K', INA, and its derivatives in this work) and
consequently a much richer structural database with unique
and new features.

Physical Characterizations. Compared with the wide
band gap of Cul (E, = 3.1 eV for y-Cul, for instance), the
blending of the K-INA-R and Cul offers a strong tunability to
the electronic structures of the resulting hybrids, bringing their
optical absorption edges well within the visible light region,
ranging from ~1.6 to ~3.0 eV estimated from Tauc plots
(Figures 2c and S17). To better understand their electronic
structures, density functional theory (DFT) calculations were
performed on all four title compounds. As depicted in Figures
2d,e and S18—S21, the valence band maximum (VBM) is
composed primarily of the atomic orbitals of the inorganic
motif (ie, Cu 3d and I Sp atomic orbitals), while the
conduction band minimum (CBM) is contributed predom-
inately from the organic ligands, specifically C, N, and O 2p
orbitals for all of these compounds. Therefore, the organic
ligands bearing different function groups play an important
role not only in tailoring the dimensionality of Cul but also in
tuning the band-gap, electronic, and optical properties of these
hybrid compounds.” A comparative study of Cul-K-INA-NO,
and Cul-K-INA (both with 2D-Cul layered modules) shows
that the —NO, group with a strong electron-withdrawing
ability in Cul-K-INA-NO, has lower CBM energies (Figure
2d,e); thus, its band gap (from both the experimental data and
DFT result) is smaller than that of Cul-K-INA. The calculated
band gaps of all four compounds are well in trend with the
optical band gaps estimated from absorption experiments
(Figures 2d,e and S18—S21) but with smaller values. Such
underestimation is well documented and is caused mainly by
the delocalization error of GGA functionals and the neglect of
electron correlation effects.'® For Cul-based hybrid materials,
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large deviations at a similar extent have been reported for a
number of compounds.”'" In addition, the Mott—Schottky
test was performed on K-Cul-INA at 1000, 2000, and 3000 Hz
(Figure S22). As shown in the Mott—Schottky plot, the C™>
value has a negative slope to the potential, while the
intersection with the x-axis is independent of frequency. This
result suggests that K-Cul-INA is a p-type semiconductor,” as
previously found in a number of other Cul hybrid
materials." ">

Interestingly, these compounds show structure-dependent
photoconductivity under visible light irradiation, with
magnitude ranging from 107> A to 1077 A. Cul-K-INA-
COOH and Cul-K-INA-OH with 1D-Cul chains exhibit
comparatively low photoconduction with conductivity at a
magnitude of 107> and 107° A, respectively (Figures S23 and
S24). While for Cul-K-INA-NO, and Cul-K-INA with the
extended 2D layered Cul modules, high photoconductivity at a
magnitude of 107® and 1077 A was achieved (Figure 2f). As p-
type (primarily hole-conducting) semiconductors, their photo-
conductivity hinges largely on the valence bands, which are
composed primarily of the orbitals of the inorganic modules.
Therefore, the increase in the dimensionality of the Cul
module from the 1D chain in Cul-K-INA-COOH and Cul-K-
INA-OH to the 2D layer in K-INA-NO, and Cul-K-INA
facilitates more delocalized conduction pathways and con-
sequently enhances photoconductivity."* While K-INA-NO,
has a narrower band gap, the bands are much more delocalized
for Cul-K-INA, providing a more efficient conduction pathway
and higher photoconductivity. However, one should realize
that the influence of structural features, such as differences in
the K-INA-R frameworks and coordination mode and strength
between the atoms, cannot be ruled out."®
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Figure 4. (a) Responses of Cul-K-INA as a sensor to 10 ppm NO, with other different 100 ppm gases. (b) Response and recovery curve of Cul-K-
INA toward NO, with varied concentrations at RT under visible light irradiation. (c) Log—log linear fitting of the response—concentration plot. (d)
Response time and LOD values of Cul-K-INA in comparison with the reported NO, sensors under visible light illumination.*’

The anisotropic structural features in semiconductors make
them attractive for optoelectronic applications.'® As an
example, Cul-K-INA, having a rodlike crystal morphology
with millimeter (mm) sizes (Figure 3a), was selected to
investigate the anisotropic semiconductive behavior. Single-
crystal analysis indicates that the 2D inorganic Cul layer is
parallel to the bc plane, and the ¢ axis corresponds to the long
direction of the rodlike crystal, while one short side of the
crystal corresponds to the inorganic layered structure viewed
along the a axis (Figures 2a and S25). The conductance of
Cul-K-INA was measured using a direct current two-terminal
method on a carefully selected single-crystal sample (Figure
3a). As shown in Figure 3b—d, the single crystal of Cul-K-INA
exhibits a highly anisotropic charge transport behavior. At RT,
the conductivity along the long side of the single crystal
(within the 2D-Cul layer based on crystal structure analysis) is
about two orders of magnitude higher than that measured
along the short side (perpendicular to the 2D-Cul layer; Figure
S26). Such a difference is understandable since the
conductivity within the extended 2D inorganic network is
significantly higher than that out of the 2D layer. Moreover, we
carried out two-probe and four-probe measurements on a
pressed pellet of Cul-K-INA. Conductivities at the same
magnitude were obtained from the two experiments, indicating
that the contact resistance had negligible influence on the
anisotropic conductivity (Figure S27). The compound also
shows a significant anisotropic temperature effect (Figure
3b,c). From RT to 413 K (140 °C), the conductivity of Cul-K-
INA along the long side exhibits an increase of approximately
three orders of magnitude, from 2.70 X 107° S/cm to 1.21 X
1079 S/cm. The conductivity of Cul-K-INA crystal at 140 °C is
lower than that of Cuyl,(bse), bearing a selenium-bearing
ligand (6=2 + 1 x 107 S/cm) """ but is comparable to that of
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Cu,l4(bttmp), with ¢ = 2.8 X 107° S/cm."*" Furthermore, the
conductivity of Cul-K-INA is 1—2 orders of magnitude higher
than the reported values for hybrid perovskite single crystals,
such as MAPbL, (6 = 1 X 107® S/cm), a-FAPbL, (6 = 1.1 X
1077 S/cm), and MAPbBr; (6 = 2 X 107® S/cm),"” measured
using the same method. While along the short side, the
conductivity also increases from 1.17 X 107! to 7.06 X 107°
S/cm in the same temperature range (Figure 3d). The
conductivity measured at lower temperatures (253—293 K)
also exhibits a temperature-dependent increase (Figure S27).
The results indicate a typical Arrhenius-type behavior and can
be explained by charge transport arising from thermal
activation conduction processes.18

In addition to the band-gap tunability due to tailored
structures, these Cul-based hybrid structures also exhibit
metal-to-ligand charge transfer (MLCT) and iodide-to-ligand
charge transfer (XLCT) under photoexcitation, very similar to
the previously reported Cul-bearing CPs and many Cul(L) (L
= organic linker) hybrid structures;'” except Cul-K-INA-NO,,
they all exhibit interestingly thermally activated delayed
fluorescence (TADF) (Figures S28—S30). Taking Cul-K-
INA for an example, it shows an orange emission maximized at
600 nm, with a decrease in fluorescence intensity and a blue
shift when the temperature increases from 77 to 298 K (Figure
$30). This result indicates that the optical characters observed
in Cul(L) hybrid structures are inherited when Cul modules
are confined in K-INA-R CPs. TG analysis of these compounds
confirms their good thermal stabilities (stable up to 250—300
°C), which are comparable to those of the reported Cul-based
hybrids modified with organic ligands (Figures $31-534).%%"7

Gas Sensing Measurements. As depicted in Figures 4a
and S37, different from the pristine Cul-based sensors that
have low selectivity for NO,, both Cul-K-INA-NO, and Cul-
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Figure S. Time-resolved DRIFTS difference spectra of Cul-K-INA during NO, sensing. The inset is the XPS spectra of N 1s in Cul-K-INA before

and after NO, exposure.

K-INA show high sensing selectivity toward NO, against other
interference gas analytes at 100 ppm. As shown in Figures S38
and S39, Cul-K-INA-COOH and Cul-K-INA-OH, on the
other hand, exhibit almost no chemiresistive sensing abilities
toward NO, even at a high concentration of 100 ppm under
the same experimental condition. The results are in accordance
with their weak conductivity with low on/off ratios (Figures
S23 and S24). As depicted in Figures S40 and S41, both Cul-
K-INA-NO, and Cul-K-INA show a typical dynamic response-
recovery behavior to a broad concentration range of NO, (1—
100 ppm) at RT. Particularly, the conductance of Cul-K-INA
shows an obvious increase upon exposure to NO, and then
recovers back to the initial value when purged with dry air. The
average response (Ravg) of five individually as-made devices
toward 10 ppm NO, is up to 1434% for Cul-K-INA (Figure
S40a). This value is ~1.5 X 10* times higher than that of the
pristine Cul (—0.0098% ppm™') toward per ppm NO,
operated at an elevated temperature of 240 °C.*" The high
response value and excellent selectivity indicate that confining
Cul by the coordinating assembly is an efficient way to
improve the gas sensing performances of the pristine CuX. The
linear fitting of the plot deduces the limit of detection (LOD)
of Cul-K-INA and Cul-K-INA-NO, to be 14.12 and 44.47
ppb, respectively, by setting the response to 10% (Figures S40b
and S41c). The response and recovery times of Cul-K-INA
toward 10 ppm NO, are 121.8 and 312.6 s, respectively
(Figure S40c). The response value and LOD of Cul-K-INA
measuring at the dark condition are comparable to those of the
best sensor materials even working at high temperature (Table
S2). As far as we are aware, both Cul-K-INA-NO, and Cul-K-
INA represent the first Cul containing CP hybrid materials
with a chemiresistive gas sensing ability. The cycling tests of
Cul-K-INA and Cul-K-INA-NO, toward 10 ppm NO, reveal a
comparably large coefficient of variation, indicating that the
sensing repeatability can be improved.

The strong absorption of visible light of both compounds
(Figure 2c) prompted us to investigate their sensing properties
under light illumination. As seen in Figures 4b, S42, and 543,
both Cul-K-INA-NO, and Cul-K-INA show an optimized
NO, sensing performance compared with that without light
irradiation. For Cul-K-INA-NO,, the sensing coefficient of
variation (CV) reduces to 5.8% under light irradiation toward
high concentrations of 100 ppm NO,, and the recovery time
also decreases to 312.5 s (Figure S42), while for Cul-K-INA,

the negligible CV value of 0.67% (decreased to 1/16 of that
without light resistance; see Figure 4b) indicates its excellent
sensing repeatability under light illumination. The LOD is
decreased to 1.12 ppb, 12 times lower than that under dark
operating conditions, which is superior to all previously
reported NO, sensing materials working at RT and far below
the NO, limit required by WHO (Figure 4c).”® The recovery
time is further shortened to 212.3 s (Figure S43). The
enhancement in sensitivity and reduced recovery time under
light illumination are similar to those observed in graphene-
based NO, sensors, such as graphene with monodisperse
polymer beads and g-C;N,/graphene.”’ However, it surpasses
the performance of transition-metal dichalcogenides (e.g,
MoS,, SnS,) and their complex materials (e.g, SnS,/
graphene).”*“"®** Taking into consideration the recovery
capability, response time, and LOD value, Cul-K-INA stands
out as one of the best chemiresistive NO, sensors (Figure 4d),
comparable to the best inorganic sensors including semi-
conductors and hybrids operating at RT under light
illumination (Table S3).

Mechanism Studies. Generally, the as-made Cul-K-INA
sample was ground into a fine powder, which was then
suspended in a solvent and drip-coated onto the interdigital
electrode to fabricate a sensing device for performance
investigation (Figure $35). Initially, the BET surface area of
the powdered Cul-K-INA sample was measured and showed
no N, adsorption, consistent with its nonporous structure
(Figure S44). This further confirms that the chemiresistive
response to NO, does not arise from bulk absorption into the
crystalline structure. Time-resolved diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) measurement of
Cul-K-INA has been conducted to understand the NO,
sensing mechanism. As shown in Figure 5, compared with
DRIFTS for the pristine Cul-K-INA (Figure S45), a series of
new bands have been observed after the sample exposing to
NO, and the intensities of the new peaks show continuous
increase along with the accumulation of exposure time. Gas-
phase NO, can be seen around 1620 and 1260 cm™, which are
assigned to its asymmetric and symmetric stretching modes
(Vass):”> Molecularly adsorbed NO, was also detected by
observing its v,, band at 1710 cm™', which shifted upward
(blue-) with respect to the value of gas phase due to partial
electron donation to the surface that stiffens the N=0 bond.**
Three new features labeled as 1, 2, and 3 in Figure S are the

https://doi.org/10.1021/jacs.3c05095
J. Am. Chem. Soc. 2023, 145, 19293—-19302


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05095/suppl_file/ja3c05095_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05095?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05095?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05095?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05095?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c05095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

characteristic bands of nitrate species (NO;~) that are ascribed
to the N=O stretching and the asymmetric and symmetric
stretching vibrations of —NO, within NO;~ ions.”* The large
separation between 1 and 2 over 180 cm™ indicates the
formation of bridging or chelating nitrate complex on the
particle surface through bidentate bonding configuration.”*
Besides, NO and N,O species were also generated during the
sensing process as indicated by the DRIFTS. NO is
characterized by the broad band around 1800—1900 cm™,
which corresponds to its stretching vibration of nitrosyl species
formed on the cationic sites,”** and N,O is characterized by
N=N and N-O stretching modes around 2400—2300 and
1300—1200 cm™, respectively. The determination of the exact
positions for these bands is obscured by the perturbation of CP
phonon modes, ie., the derivative-like features, occurring in
these regions (see Figure $45). Nevertheless, they grow in a
proportional manner with NO;™ bands, indicating that they are
the reaction products of NO, with Cul-K-INA.

To further investigate the sensing mechanism, EPR and XPS
measurements were also performed. As seen in Figure S46, the
EPR spectrum of Cul-K-INA exposing to NO, shows an
obvious signal at g = 2.06, corresponding to the characteristic
signal of the metal center Cu®* compared with that of the
pristine sample.”® This result further indicates that the 2D-Cul
modules confined in Cul-K-INA are the sensing sites. The XPS
measurements were further performed on the NO,-exposed
Cul-K-INA sample, and both the characteristic peaks of Cu-2p
and I-3d remained unchanged (Figure S47), suggesting that
the interaction between NO, and Cul-K-INA might be a
reversible charge-transfer interactions that was in accordance
with the former reports.”® However, the N 1s shows a small
shoulder peak at 406.0 eV after exposing to NO,, which is the
typical position of NO,” ions on material surfaces" and is
consistent with the DRIFTS result (inset in Figure S). The
NO, sensing process would be viewed as a Lewis acid—base
interaction between the Cu(I) and NO,, which catalyzes the
disproportionation reaction for NO,

2NO,(ads) — NO; (ads) + NO(gas) + N,O(gas)

The highly acidic NO, extracts electrons from Cu(I) by
forming a comparatively strong interaction with Cu(I)-N-
nitro””"*” and then results in the resistance change. It is widely
acknowledged that the sensing response is a complex process
that involves a synergistic effect between the sensing material
and the target gas species, in addition to efficient light
absorption.”® Based on UV—vis spectroscopy and electronic
structure analysis, electron—hole pairs in K-Cul-INA can be
effectively separated under visible light illumination. Excited
electrons in K-Cul-INA transit from the valence band to the
conduction band, resulting in an increase in electron
concentration. As a strong oxidizer, the adsorbed NO, is
able to extract electrons from the surface of the hybrid
compound under light illumination, thereby enhancing the
sensing sensitivity. Furthermore, the additional excited holes
accelerate the physical desorption of NO, by decomposing the
negatively charged NO, &- species.”’*” As a result, the
desorption rate exceeds the adsorption rate, leading to a
shortened recovery time under light activation.

B CONCLUSIONS

In summary, we have demonstrated that the extended 1D and
2D structures of Cul modules can be confined into K-INA-R
CPs by the coordination assembly to form a series of
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semiconducting hybrid compounds. The dimensionality and
structure of the inorganic module can be tailored by tuning the
coordination modes between metals and ligands with varied
coordination sites. Remarkably, these compounds represent
the first Cul-bearing hybrid-based gas sensors toward NO,,
and the sensing performances are comparable to the best
present chemiresistors. Many characterizations coupled with
theoretical calculations are applied to reveal their structure—
property relationship. This work provides a new approach to
designing custom-tailored functional hybrids, not only with
novel structure features but also with tunable properties by
confining functional (magnetic, ferroelectric, catalytic, etc.)
inorganic modules into coordination polymers.
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