
Gas Sensors Hot Paper

A Covalent Organic–Inorganic Hybrid Superlattice Covered with
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Abstract: Organic–inorganic hybrid superlattices (OIHSLs)
hold attractive physical and chemical properties, while the
construction of single-crystal covalent OIHSLs has not been
achieved. Herein a coordination assembly strategy was pro-
posed to create a single-crystal covalent OIHSL PbBDT
(BDT= 1,4-benzenedithiolate), where layered [PbS2] sublat-
tice covalently connects with benzene sublattice. The covalent
bonding offers better thermo-/chemi-stability, inter-sublattice
electron transport, and unique organic-group-functionalized
surface, which may enable better performances in chemical
applications than non-covalent OIHSL. These features endow
PbBDT with the highest sensitivity, the lowest detection limit
and excellent selectivity towards NO2 at room temperature
among all chemiresistive gas-sensing materials with reported
response time less than 2 min without the need of light
assistance.

Periodically stacking of two different semiconductor sub-
lattices forms superlattice. The inter-sublattice overlap of
electron wavefunctions endows superlattices with exceptional
and tunable electronic structures, facilitating their applica-
tions in electronics and optoelectronics represented by type-II
superlattice photodetectors and quantum cascade lasers.[1] In
recent years, organic–inorganic hybrid superlattices
(OIHSLs) composed of alternatively overlaid inorganic and
organic sublattices have emerged and received enormous
attention.[2] Most OIHSLs are easy to fabricate with cheap
solution-based methods instead of inefficient and expensive
vapor-phase deposition techniques, such as molecular beam
epitaxy and metalorganic vapor-phase epitaxy for inorganic
superlattices.[3] The incorporation of organic sublattices
largely expands the structural diversity of superlattices.

Meanwhile, the organic-inorganic synergic effect gives
OIHSLs more versatile properties, especially those required
for chemistry-involved applications, such as electrocatalysis,[4]

energy storage,[5] thermoelectrics,[3a] photocatalysis,[6] and
most recently chemical sensing.[7]

To construct semiconductive OIHSLs, a series of synthetic
methods have been developed involving either the bottom-up
construction of single-crystal superlattice, the intercalation of
bulk layered materials, or the reassembly of delaminated
layered materials.[2a,c,8] The first strategy produces orderly
arranged heterostructures such as IIB-VI and VIIB-VI group
hybrid semiconductors [MQ(L)x] (M = Zn, Cd, Mn, et al; Q =

S, Se, Te, et al. ; L = amines)[9] and layered perovskite
(RNH3)BX4 (B = Pb, Sn; X = Cl, Br, I).[10] However, in most
single-crystal OIHSLs, the connections between organic and
inorganic sublattices are weak non-covalent interactions, such
as coordination bond, hydrogen bond and electrostatic
interactions, which lead to not only inferior thermo-/chemi-
stability but also weak inter-sublattice electron coupling.[7b,11]

Recently, a series of covalent OIHSLs, metalcone alloys, have
emerged with metal oxide nanoslabs interconnected by
benzene via covalent bond.[12] Zncone alloy shows good
stability and strong electron wavefunction overlap between p-
conjugated organic and inorganic sublattices.[13] These fea-
tures are favorable for chemical applications. However,
single-crystal covalent OIHSLs have not been achieved yet.
Additionally, metalcone alloys were prepared by inefficient
and expensive vapor-phase deposition techniques. Synthetic
strategies for the facile preparation of covalent OIHSLs are
lacking.

Coordination assembly has been demonstrated an effec-
tive way to construct various ordered structures such as metal
organic frameworks[14] and coordination polymers.[15] Inspired
by that, in this work, a new single-crystal covalent OIHSL,
PbBDT (BDT= 1,4-benzenedithiolate), was successfully pre-
pared by high-yield and low-cost solution synthesis. Pb2+ and
organic thiol were selected as building units to obtain
a semiconductive and relatively stable inorganic sublattice.
PbBDT has a superlattice structure at atomic precision where
the [PbS2] and benzene sublattices are alternatively con-
nected by S�C covalent bond. Interestingly, a large number of
intact benzenethiol groups cover the surface of PbBDT
nanosheets. This unique architecture may enhance the
electronic change of materials caused by interaction with
specific foreign molecules and thus promote their perform-
ances in chemical applications. The hypothesis was verified by
employing PbBDT nanosheets as NO2 sensing material,
which exhibits the highest sensitivity, the lowest detection
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limit, and excellent selectivity among all reported fast-
response gas-sensing materials without light assistance.

PbBDT nanosheets were synthesized by one-step coordi-
nation assembly of Pb2+ ions and 1,4-benzenedithiol under
ultrasonic condition (see Supporting Information (SI)).
PbBDT single crystal with a suitable size for single-crystal
X-ray diffraction was grown by solvothermal method (see SI).
PbBDT crystallizes in the monoclinic space group P21/c
(Table S2), where each Pb atom coordinates with six sulfur
atoms from six BDT ligands to constitute a distorted octahe-
dron (Figure 1b). Each [PbS6] octahedron shares edges with

six neighboring octahedra to form a layered [PbS2] sublattice
which resembles metastable 1T’-phase MoS2.

[16] [PbS2] layers
are further interconnected by benzene molecules via S�C
covalent bond, which produces a clear superlattice alignment
with periodically stacked inorganic and organic sublattices.
Atomic force microscope (AFM) shows PbBDT nanosheets
with a lateral dimension of 80 to 200 nm and a thickness of
about 11 nm (Figure 2a). Cross-section high-resolution trans-

mission electron microscope (HRTEM) image (Figure 1b)
shows clear superlattice fringe with a space of 8.91 �, which is
close to the lattice distance (8.70 �) of (002) plane. Interest-
ingly, the surface of PbBDT nanosheets is covered with
uncoordinated benzenethiol groups confirmed by Fourier
transform infrared spectrum (Figure S8) and X-ray photo-
electron spectroscopy (XPS) spectrum (Figure S9).[17] The
phase purity of PbBDT nanosheets was verified by powder X-
ray diffraction (PXRD) (Figure 2 e) and elemental analysis
(Table S1).

Density functional theory (DFT) calculation reveals
a band gap of 1.21 eV, which is close to the estimated value
(1.54 eV) from UV/Vis diffuse reflectance spectra (Fig-
ure 2b). Good linearity of lns to 1000/T (Figure 2c) con-
firmed the semiconductive nature of PbBDT. The conduction
band minimum (CBM) (Figure 1 c) exhibits a small dispersion
of 0.03 eV along the inter-sublattice direction (G-Z), suggest-
ing that electrons are mobile across layers (high symmetric
points are defined in Figure S4). As shown in Figure 1d to f,
the CBM of PbBDT arises predominately from the [PbS2]
sublattice with a decent contribution from the benzene
sublattice while the valance band maximum (VBM) is
mainly composed of S and C orbitals with a small contribution
from Pb atoms. These results suggest better inter-sublattice
electron transport compared with non-covalent OIHSLs.[11b,c]

Moreover, covalent inter-sublattice connection endows
PbBDT with higher thermal and chemical stability compared
with non-covalent OIHSLs. PbBDT nanosheets are thermally
stable up to 353 8C in air and 374 8C in N2, respectively
(Figure 2d) and remain intact after immersion in eight
common solvents for 24 h (Figure 2e).

Surface functional groups and inter-sublattice electron
coupling may endow PbBDTwith fascinating performances in
chemical applications. To verify this speculation, PbBDT
nanosheet was employed as a chemiresistive gas-sensing
material whose performance was evaluated using NO2 as the
molecule probe.

As shown in Figure 3d, the conductance of PbBDT
showed a fast increase upon exposure to NO2 and also
a quick recovery after purging with air. PbBDT exhibited
pronounced responses to a wide concentration range (40–
4000 ppb) of NO2 (Figure 3b). For comparison, we summar-
ized the performances of reported NO2 sensing materials with
a response time < 2 min and without light assistance (Fig-
ure 3 f). Notably, PbBDT exhibited a very fast response
(16.2 s for response, 47.4 s for recovery) to 400 ppb NO2

(Figure 3d), while most room-temperature gas-sensing mate-
rials take more than 1 min to respond.[18c,i, 19] PbBDT nano-
sheets showed an excellent sensitivity of 137.8 ppm�1 to
40 ppb NO2, which is the highest value among the materials in
Figure 3 f. Theoretical limit of detection (LOD) was extrapo-
lated from Figure 3c to be 0.51 ppb by setting the response as
0.1. This is the lowest record among all fast-response
chemiresistive NO2 sensing materials without light assistance.
Owing to the selective interaction between thiol group and
different molecules (details see DFT calculation in SI),
PbBDT showed excellent selectivity to 13 typical interfering
gases (Figure 3e). Besides, PbBDT also exhibited good long-

Figure 1. PbBDT OIHSL nanosheet: a) Fabrication of PbBDT nano-
sheets. b) Cross-section HRTEM image and crystal structure.[21] c) Cal-
culated band structure and d) projected density of states (PDOS).
e),f) Frontier electron density of CBM (e) and VBM (f).

Figure 2. Basic characterizations of PbBDT OIHSL nanosheets:
a) AFM image. b) Tauc plot. c) Fitting of conductivity–temperature
data to Arrhenius equation. d) TG curve. e) PXRD patterns after
immersion in different solvents for 24 h.
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term stability with 91.8% response retained after storage for
27 days (Figure S5).

The sensing response of PbBDT could be explained by its
semiconductive nature and the strong interaction between
NO2 molecules and covalently anchored surface benzenethiol
groups. NO2 can easily adsorb onto PbBDT nanosheets
through Lewis acid-base interaction and hydrogen bond with
benzenethiol groups, wherein electrons can be extracted from
PbBDT and transferred to NO2 causing a resistivity change.
To understand the role of the surface functional groups in gas
sensing, we evaluated the performances of PbBDT nano-
sheets with different amounts of intact benzenethiol groups,
which was controlled by in situ oxidation at 140 8C for
different time (see SI). Time-resolved in situ diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS)
revealed the gradual oxidation of benzenethiol groups (Fig-
ure 4a). As oxidation time increased, -SH peaks (2559 and
916 cm�1) were weakened while several new peaks ascribed to
the oxidized products of benzenethiol groups (Table S4)
appeared and were gradually enhanced. Meanwhile, the
sensing performance of PbBDT was found to degenerate
with oxidation time (Figure S6). These results suggest the
sensing performance is directly correlated to the intact
benzenethiol groups on PbBDT surface. Notably, no peak
was found in the N 1s XPS spectra of PbBDT nanosheets after
exposure to 100 ppm NO2 for 12 h, suggesting reversible
adsorption of NO2 on the surface. Importantly, it is speculated
that the inter-sublattice charge transport in PbBDT plays
a fundamental role in transforming the surface disturbance
into an electrical signal. When NO2 adsorbs on the surface of

PbBDT, owing to the covalent inter-sublattice connection,
electrons across several layers may be extracted to create
a relatively thick hole-accumulation layer (HAL), and a large
change in carrier concentration can be observed (Fig-
ure 4b).[20] However, for OIHSLs with weak inter-sublattice
interactions, the adsorption of analytes can only create a thin
HAL, thereby leading to a limited conductance change.[18a]

In conclusion, aiming to overcome the challenge of
preparing covalent single-crystal OIHSLs, a coordination
assembly strategy was proposed. Accordingly, a single-crystal
covalent OIHSL, PbBDT, was designed and prepared by
a low-cost solution method. Different from the reported
OIHSLs, organic and inorganic sublattices of PbBDT were
covalently bonded along with electron coupling between
them. Thanks to surface-decorated organic functional groups,
such a covalent OIHSL with excellent thermo-/chemi-stabil-
ity and inter-sublattice charge transport can enable superior
chemistry applications. As a demonstration, the chemiresis-
tive gas sensor based on PbBDT nanosheets shows the highest
sensitivity, lowest LOD, very fast response and recovery, and
excellent selectivity towards NO2 at room temperature among
all fast-response gas-sensing materials without light assis-
tance. This work not only provides a feasible and general
strategy for the preparation of single-crystal covalent OIHSLs
but also demonstrates the potential of covalent OIHSLs in
advanced chemical applications.
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