GDCh
~~—~

Y e 5o (TS

Communications

W) Check for updates

Angewandte

intemationaldition’y) Chemie

How to cite: Angew. Chem. Int. Ed. 2021, 60, 2575825761
International Edition: doi.org/10.1002/anie.202111519
German Edition: doi.org/10.1002/ange.202111519

Layer-by-Layer Growth of Preferred-Oriented MOF Thin Film on
Nanowire Array for High-Performance Chemiresistive Sensing
Yuan Lin", Wen-Hua Li", Yingyi Wen, Guan-E Wang, Xiao-Liang Ye, and Gang Xu*

Abstract: High-quality MOF thin films with high orientation
and controlled thickness are extremely desired for applications.
However, they have been only successfully fabricated on flat
substrates. Those MOF 2D thin films are limited by low
exposed area and slow mass transport. To overcome these
issues, MOF 3D thin films with good crystallinity, preferred
orientation, and precisely controllable thickness in nanoscale
were successfully prepared in a controllable layer-by-layer
manner on nanowire array substrate for the first time. The as-
prepared Cu-HHTP 3D thin film is superior to corresponding
2D thin films and showed one of the highest sensitivity, lowest
LOD, and fastest response among all reported chemiresistive
NH; sensing materials at RT. This work provides a feasible
approach to grow preferred-oriented 3D MOF thin film,
offering new perspectives for constructing MOF-based hetero-
structures for advanced applications.

M etal-organic frameworks (MOFs) with well-designable
structures, high surface area and highly exposed active sites,
have become promising candidates in gas storage and
separation, catalysis, sensors, etc.l"¥! To facilitate their appli-
cation in advanced electrical devices, various thin film
preparation methods have been explored on MOFs, such as
layer-by-layer liquid phase epitaxy (LBL-LPE), Langmuir—
Blodgett LBL deposition, and post assembly of MOF nano-
crystals.” 2 At present, on flat substrates (such as Au film/Si
and quartz wafer), high-quality MOF thin films with high
orientation and controlled thickness in nanoscale (denoted as
oriented MOF 2D thin film, Scheme 1) have been successfully
prepared.’'! However, many applications including catal-
ysis, sensing, and electrochemical energy storage, require
MOF thin films to be grown on 3D nanostructured substrates
(e.g., porous substrates, nanowire array substrates).”*2° Such
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nanostructured MOF thin films (denote as oriented MOF 3D
thin film, Scheme 1) gain not only higher surface area but also
faster charge and mass transport, giving rise to better
performances. Nevertheless, the controllable preparation of
MOF 3D thin films remains a great challenge and the
reported direct growth methods can not realize preferred
orientation and controlled thickness.”’? Notably, LBL
deposition provides not only oriented growth but also precise
thickness control in nanoscale, which is an extremely desired
approach for preparing MOF 3D thin films and optimizing
performances.

In this work, LBL growth of 3D MOF thin film on
nanowire array (NWA) substrate was reported for the first
time. This was realized by repeatedly immersing TiO, nano-
wire array in the solution of Cu”*" ion and that of 2, 3, 6, 7, 10,
11-hexahydroxytriphenylene (HHTP) ligand at 45 °C, respec-
tively. The preferred orientation and controlled LBL growth
process of Cu-HHTP 3D thin film were studied by trans-
mission electron microscopy (TEM) and powder X-ray
diffraction (PXRD). Compared with 2D thin film, Cu-
HHTP 3D thin film offers much larger surface area and
shorter charge and mass transport pathway. As an exemplary
application, semiconducting Cu-HHTP 3D thin film was
fabricated as room-temperature chemiresistive NH; gas
sensor, which showed 2.5 times enhanced response (to
1 ppm NH;), more than 1000 times optimized limit of
detection (LOD), and 2.3 times improved response speed
than corresponding 2D thin film.

Cu-HHTP 3D thin films were prepared by a modified
LBL-LPE approach (details see Supporting Information).
Compared with reported LBL-LPE method for growing
MOF 2D thin films, the modified preparation strategy has
following features: 1) instead of flat substrates, nanowire
array was used; 2) the reaction temperature was finely tuned
from room temperature to 45°C to optimize the nucleation/
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Scheme 1. Difference between MOF 2D thin film and MOF 3D thin
film.
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growth process and enhance crystallinity. Firstly, single-crystal
TiO, nanowires with a diameter of 50-100 nm and a length of
~2 pum were grown on sapphire substrate with a hydrothermal
method (Figure S1). Secondly, the obtained TiO, NWAs were
immersed into Cu(OAc), and HHTP solutions, respectively,
to grow Cu-HHTP thin film in a LBL manner. Between each
immersion process, TiO, NWAs were washed by ethanol to
remove unreacted reagent. The concentration of the reagent
solutions, reaction temperature and immersion duration were
tuned to optimize the quality of Cu-HHTP 3D thin film (see
Supporting Information).

Figure S1, 1b and S2 show the cross-sectional and top-
view SEM images of TiO,-NWAs and Cu-HHTP 3D thin film
with a thickness of 20 nm (denoted as Cu-HHTP-20 nm).
TiO, nanowires interlace with each other at the middle of the
length, which was unchanged after thin-film growth. Cu-
HHTP thin film on the interlaced TiO, nanowires forms
a continuous 3D nanostructure, which was detailly studied by
TEM. Figure 1c, S3 and S4 show a homogeneous Cu-HHTP
thin film of 20 nm coating on a TiO, nanowire to form a core-
sheath nanostructure. A clear interface between TiO, and Cu-
HHTP could be observed by different contrast. The lattice
fringes of MOF sheath showed a pitch of ~1.8 nm, corre-
sponding to the (100) facets of Cu-HHTP (Figure 1d). This
demonstrates that the growth of Cu-HHTP film is along the
[001] direction. Statistical analysis showed the angles between
1D channels of Cu-HHTP and TiO, surface mainly range
from 60 to 80° (Figure 1e). Element mapping by high-angle

Cu-HHTP 3D thin film

301 Cu-HHTP-20 nm

50 nm

Figure 1. (a) Crystal structure of Cu-HHTP.
microscopy (SEM) image of Cu-HHTP 3D thm film grown on TiO,-
NWAs substrate. (c) FETEM image and (d) lattice fringes of Cu-HHTP
thin film on a TiO, nanowire. (e) Statistical analysis of the preferred-
oriented angle of crystal domains in Cu-HHTP 3D thin film.

(f) HAADF EDS elemental mapping.
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annular dark field (HAADF) energy-dispersive X-ray spec-
troscopy (EDS) further confirmed this TiO,/Cu-HHTP core-
sheath structure (Figure 1 f and S5), suggesting the preferred-
oriented growth of the Cu-HHTP crystal domains. Notably,
orientation is crucial for the exposure of pores and active sites
in Cu-HHTP to facilitate applications.

It has been reported that Cu-HHTP 2D thin film can be
epitaxially grown on a -OH group functionalized quartz plate
by a LBL spray method.”®! In this work, TiO, nanowires have
a small amount of -OH groups ununiformly distributed on
their surfaces (Figure S6, S7). At the initial stage of thin film
growth, an island-type nucleation process rather than uniform
epitaxy dominated (Figure2a). In the following growth
cycles, Cu-HHTP nano-islands extended slowly and then
merged. A continuous thin film with a thickness of ~6 nm
could be obtained at the 8th cycle (Figure 2b). After that, the
growth of Cu-HHTP thin film accelerated and the thickness
increased linearly at a rate of ~2 nm per cycle (Figure 2 b-f).
Figure 2b—e and S8 show typical 6, 12, 20 and 36 nm Cu-
HHTP thin films obtained by 8, 12, 16 and 24 growing cycles,
respectively.

The schematic diagram and the optical photograph of
a Cu-HHTP 3D thin-film device were shown in Figure 3a.

Cu-HHTP-6 nm

a Cu-HHTP-nucleation b

Cu-HHTP-20nm =

A Experimental data
— Fitting line

6 12 18 24 30 36
Growth cycles

Figure 2. TEM images of Cu-HHTP 3D thin film: (a) nucleation layer,
(b) 6 nm, (c) 12 nm, (d) 20 nm and (e) 36 nm, respectively. (f) Growth
cycles-dependent thickness of Cu-HHTP 3D thin film.
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Figure 3. (a) Schematic drawing and optical photograph of a MOF 3D thin-film device. (b) PXRD patterns
of as-prepared Cu-HHTP 3D thin film, TiO,-NWAs/sapphire substrate and simulation of Cu-HHTP. (c) I-V
curve of 20 nm Cu-HHTP 3D thin film and TiO, NWA substrate. (d) Thickness-dependent response of
Cu-HHTP 3D thin film towards 10 ppm NHj. Sensing performance of Cu-HHTP-20 nm 3D thin film:

(e) Concentration-dependent response-recovery curves, (f) response-concentration log-log plots,

(g) response towards 5 ppb NHj, (h) comparison of response (1 ppm), LOD (ppm) and response time
(min) of Cu-HHTP powder, 2D thin film and 3D thin film-based RT NH; sensors. (i) Response toward

NH; and interfering gases of 100 ppm.

PXRD patterns (Figure 3b) verified that 3D thin films on
TiO,-NWAs are well-crystallized Cu-HHTP. To further
demonstrate the continuity of Cu-HHTP thin film on TiO,
NWASs, the resistance of 3D thin film was measured with
a pair of parallel electrodes attached to both edges of Cu-
HHTP-20 nm where there are no TiO, nanowires (Figure 3a
and S9). As shown in Figure 3¢, Cu-HHTP 3D thin film
exhibited 10 times lower resistance than pristine TiO,-NWAs
substrate, indicating Cu-HHTP-20 nm was the main conduc-
tive path.

Cu-HHTP and its isostructural MOFs are known as
candidates for room-temperature gas sensing materi-
als.*#3031 Specifically, Cu-HHTP shows a highly selective
response to NH;. Preparing Cu-HHTP into 2D thin film has
been reported to significantly enhance gas sensing perform-
ances. Herein, to demonstrate the strong advantages of MOF
3D thin film, Cu-HHTP 3D thin film was studied as
a chemiresistive gas sensing material. The performance of
the Cu-HHTP—x nm (x =0, 6, 12, 20, 36) 3D thin films were
evaluated. Pristine TiO,-NWAs substrate showed negligible
sensing response to NH; at room temperature (Figure S10).
Comparatively, significant increments in resistance appeared
when exposing Cu-HHTP—x nm to NH; (Figure 3d,e and
S11). Similar to Cu-HHTP 2D thin film, thickness-dependent
sensitivity was observed in Cu-HHTP 3D thin film. With
increasing thickness, the response of Cu-HHTP 3D thin film
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lated to be ~87 ppt from the
fitted linear equation by setting
the response to be 10%. Com-
pared with Cu-HHTP powder
and 20nm 2D thin film, Cu-
HHTP-20 nm exhibited
16100% and 250% higher
response (to 1 ppm NHj;), 5000
and 1000 times lower LOD
(Figure 3h), which may be ascribed to the better gas enrich-
ment ability of this unique 3D structure. Experimentally, Cu-
HHTP-20 nm 3D thin film can detect NH; with a concen-
tration down to 5 ppb (Figure 3g). Notably, this is one of the
lowest LOD among all the reported room-temperature NH;
chemiresistive sensing materials (Table S1).

The response and recovery time of Cu-HHTP-20 nm
toward 100 ppm NH; were estimated to be 35 s and 15 min,
respectively (Figure S12). Compared to reported Cu-HHTP
powder (T, =240s) and 20 nm 2D thin film (7, =81.6s),
the response speed of 3D thin film is improved by 600 % and
130 % (Table S2), respectively. As far as we know, Cu-HHTP-
20 nm ranks among the fastest reported room-temperature
NH; chemiresistive sensing materials (Table S1). Its excellent
response speed may result from the enhanced mass and
charge transport in the preferred-oriented Cu-HHTP 3D thin
films. Meanwhile, Cu-HHTP-20 nm also showed a selectivity
of >3 towards interference gases (Figure 3i), indicating its
excellent selectivity.

In conclusion, aiming to increase the active surface area
and optimize the mass and charge transport in MOF thin
films, 3D MOF thin film was successfully prepared in
a controllable LBL manner for the first time. The prepared
semiconducting Cu-HHTP 3D thin films possess good
crystallinity, preferred orientation, as well as precisely
controllable thickness in nanoscale. The chemiresistive
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sensor based on 3D thin film showed 1000 times optimized
LOD, 250 % enhanced response (to 1 ppm NH;), and 130 %
improved response speed compared with Cu-HHTP 2D thin
film. Notably, Cu-HHTP 3D thin film also exhibited one of
the highest sensitivity, lowest LOD and fastest response speed
among all the reported chemiresistive NH; sensing materials
at room temperature. The outstanding sensing performances
can be attributed to the efficient mass and charge transport,
increased active surface area and highly exposed active sites
of the orientedly grown high-quality thin film. This work
provides a new method for the precise control of MOF thin
film growth on nanostructured substrates, giving rise to MOF
3D thin film and MOF-based heterostructures, which may
facilitate MOFs’ advanced applications such as electronic
devices, catalysis, and energy storage devices.
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