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Abstract: The utility of electronically conductive metal—
organic frameworks (EC-MOFs) in high-performance devices
has been limited to date by a lack of high-quality thin film. The
controllable thin-film fabrication of an EC-MOF, Cus-
(HHTP),, (HHTP =2,3,6,7,10,11-hexahydroxytriphenylene),
by a spray layer-by-layer liquid-phase epitaxial method is
reported. The Cu;(HHTP), thin film can not only be precisely
prepared with thickness increment of about 2 nm per growing
cycle, but also shows a smooth surface, good crystallinity, and
high orientation. The chemiresistor gas sensor based on this
high-quality thin film is one of the best room-temperature
sensors for NH; among all reported sensors based on various
materials.

Electronic conductive metal-organic frameworks (EC-
MOFs) are a newly emerging type of porous conductive
material.l'!' Compared with traditional porous conductive
materials, such as porous carbons and porous metals, EC-
MOFs possess a crystalline state, narrow size distribution and
regularly arranged pores, tunable band gap, and a designable
charge transport pathway” EC-MOFs have shown great
potential applications as field-effect transistors (FETs),
supercapacitors, thermoelectric devices, oxygen reduction
reaction electrocatalysts (ORRs), and chemiresistor gas
sensors.'*22*3 Up to now, the major EC-MOFs based devices
are fabricated with powders or thick films.”>**¢] Nevertheless,
a large grain size and bad grain contact inhibit the fast
transport of both electron and mass in above electrical
devices. To improve further the performances of these
devices, a high-quality EC-MOFs film with controllable
thickness on a nanometer (and less than 100 nm) scale is
required.’** Unfortunately, the fabrication of a EC-MOF
thin film with good control in nanometer scale over thickness,
grain size, roughness, and orientation, as far as we know, has
not been achieved yet.

Herein, we report the controllable thin film fabrication of
an EC-MOF, Cu;(HHTP),, by a spray layer-by-layer (LbL)
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liquid-phase epitaxial method for the first time. The thin film
not only can be precisely prepared with a thickness increment
of about 2 nm in each growing cycle, but also shows a smooth
surface, good crystallinity, and high orientation. These good
qualities of the EC-MOF thin film facilitate its application in
high-performance semiconductor devices. As a proof of
concept, high-performance chemiresistor gas sensors based
on Cu;(HHTP), thin films were fabricated and studied.

The crystal structure of Cuy(HHTP), is shown in Fig-
ure 1a. In the ab plane, Cu ions coordinate to HHTP ligands
to form a two-dimensional (2D) hexagonal layer. The
hexagonal layers pack along the c-axis in a slipped-parallel
AB stacking model with an interval distance of 3.3 A,
resulting in a honeycomb-like porous structure. The one-
dimensional channels have an open-window size of about
1.8 nm and a large amount of polar organic functional groups
on the wall. The strong charge delocalization between Cu ions
and ligands endows this MOF with good electronic conduc-
tivity. To prepare Cu;(HHTP), thin film, the substrates (for
example, sapphire, glass, Si/SiO,, quartz) were firstly treated
with Piranha solution to obtain —OH functionalized surface
(Supporting Information, Figure S1). After that, the function-
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Figure 1. lllustration of a) the crystal structure of Cu;(HHTP), and
b) the preparation of Cu;(HHTP), thin-film gas sensors.
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alized substrates were alternatively exposed to the ethanolic
solution of copper(II) acetate (0.1 mm) and the HHTP ligands
(0.01 mm) to epitaxially grow Cus;(HHTP), thin film in a LbLL
fashion by a spray method (Figure 1b; for details, see the
Supporting Information).”! In this work, it was found that —
OH groups can play the similar role of the organic self-
assembly-monolayer to orient the MOF thin film growth.
Between each spray steps, the substrate was rinsed with pure
ethanol to remove unreacted reactants, which makes the thin
film growth controllable in thickness. With various growing
cycles, the Cu;(HHTP), thin films with different thickness
were obtained, which were denoted as Cuy;(HHTP),-xC (x is
the growing cycles).

Figure 2 a and b show the scan electron microscope (SEM)
and atomic force microscopy (AFM) images of the typical top
and cross-sectional view of the Cu;(HHTP),-40C thin film.
The observed thin film is dense and continuous. Similar
results can be found for the thin films with different growing
cycles (Supporting Information, Figure S2). Owing to its
higher resolution at vertical dimension, AFM was employed
to further confirm the thickness of the thin films with growing
cycles less than 40 (Supporting Information, Figure S3).
Figure 2c shows the linear relationship between the growing
cycle and the thickness of the thin film, which reveals the
precisely controlled growth of Cu;(HHTP),-xC with average
2 nm increment in thickness for each growing cycle. AFM
measurements further confirm the smooth and continuous
surfaces for all Cuy(HHTP),-xC (Figure 2b; Supporting
Information, Figure S4). The calculated root mean square
(RMS) surface roughness increases depending on the thick-
ness of Cu;(HHTP),-xC, but the highest value is less than
5 nm for the thin film with 100 nm thickness (Figure 2d). The
smooth growing process can be further confirmed by mon-
itoring Cu;(HHTP),-xC on quartz substrate with a UV/Vis

15.5 nm|

4 i 10Y
e 200/nm

20 30 40 50
Cycles

— Cu,(HHTP),-50C
™ — simulated

Intensity / a. u. sty
a0

Communications

300 400 500 600 700 800 5 10
Wavelength / nm

25 3

40 50

15
20/ degree
800

A A e ™
25004 ——
! o\-«m@

[001]

randomly
accumulated

c axis oriented

Figure 2. Top views of Cu;(HHTP),—40C: a) SEM image (inset: cross-
sectional view) and b) AFM image; c)—e) growing-cycle-dependent

c) thickness, d) roughness, and e) UV/Vis spectra of Cu;(HHTP),xC
(inset: cycle-dependent intensity of absorbance at 366 nm); f) PXRD
patterns of as prepared Cu;(HHTP),-50C (blue) and simulation
(black); g),h) TEM images and corresponding SAED patterns of frag-
ments of g) Cu;(HHTP),-10C and h) Cu;(HHTP),-50C; i) simulated
SAED patterns of c-axis oriented and randomly accumulated particles.
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spectrum. As shown in Figure 2e, the absorbance of the thin
film increases with increasing the growing cycles. The
intensity of the maximum absorption peak (366 nm) is
linearly proportional to the growing cycles, which is consistent
with these observed by SEM and AFM measurements. The
powder X-ray diffraction (PXRD) spectrum shows the
pattern of the prepared Cu;(HHTP),-50C matches well with
that simulated from the crystal structure of Cu;(HHTP),
(Figure 2 f), demonstrating the successful preparation of
Cu(HHTP),-xC.

The orientation nature of Cu;(HHTP),-xC was revealed
by using transmission electron microscope (TEM) measure-
ments. Selected area electron diffractions (SAED) of the thin
film fragments peeled off from Cu;(HHTP),-10C and Cus-
(HHTP),-50C match the hexagonal crystal structure of Cus-
(HHTP), (a=b=21.75 A, ¢ =6.66 A),**® further confirm-
ing the crystalline phase and purity of Cu;(HHTP),-xC
(Figure 2g and h). Since the thickness of Cu;(HHTP),-10C
is about 20 nm and that of Cu;(HHTP),-50C is about 100 nm,
which are much smaller than the observed lateral sizes of the
thin film fragments for TEM measurement (Cuy(HHTP),-
10C > 300 nm, Cuy(HHTP),-50C > 5000 nm), the fragments
should be peeled off parallel to the substrate. So the
orientation of these fragments should be the same as that of
Cu;(HHTP),-xC. The SAED patterns exhibit oriented-poly-
crystal-like dots arrays and the diameter of the electron beam
used for SAED measurement is around 500 nm, which
indicates the single crystal domain size in the thin film is up
to hundreds nm. The rings of (kk0) can be clearly observed,
while the rings of (001) are missing from the pattern. Similar
results could be found on randomly selected other fragments
(Supporting Information, Figure S5). These results strongly
imply the c-axis orientation structure feature of Cu;(HHTP),-
xC (Figure 2i). Determining the orientation by SAED
method has been demonstrated feasible on textured ZnO
seeds thin film™® and layered salts thin film."”!

Ammonia (NH;) is a toxic, flammable, and explosive gas
but utilized extensively in chemical industries, fertilizer
factories, and so on.®! It is also a typical biomarker for the
detection of kidney and liver diseases!”’ for breath analysis.!'"!
At present, realizing high sensitive and selective detection of
NHj; at room temperature (RT) is still a big challenge. In view
of its high RT conductivity of 0.02Scm™' (Supporting
Information, Figure S6), Cu;(HHTP),-xC were utilized to
fabricate chemiresistor sensors for the NH; detection of high
sensitivity and selectivity. Cu(HHTP),-xC based chemiresis-
tor sensors (Supporting Information, Figure Sla) were tested
in a home-made sensing system reported in our previous
works (for details, see the Supporting Information).""! Fig-
ure 3a shows the typical response-recovery curve of Cus-
(HHTP),-10C to NH; with different concentrations. Upon
exposure to NHj, the sensor resistance exhibited a pro-
nounced increment, which is the typical behavior of a p-type
semiconductor. The current curve presents good response-
recovery to a broad range of the NH; concentrations (1 to
100 ppm). Good repeatability of response to 100 ppm NH;
with low coefficient of variation (1.54%) can be observed.
The average resistance change of Cu;(HHTP),-10C toward
100 ppm NHj; was estimated to be 129 %. It is about 12 times
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Figure 3. RT gas-sensing performances of Cu;(HHTP),-xC: a) the
response—recovery curve toward NH; with different concentrations,

b) response—concentration log—log plots, c) response—recovery time
curves to 100 ppm NHs, and d) column chart of responses toward
different reducing gases of Cu;(HHTP),-10C, e),f) growing-cycle-depen-
dent e) response-recovery time comparison to 100 ppm NH; and

f) responses comparison to NH; with different concentrations.

higher than that of the reported sensors based on Cus-
(HHTP), powders®™! or nanorods,” and about 5 times higher
than the Cu;(HHTP), thick-film gas sensor (Supporting
Information, Figures S7, S8). Notably, this response value is
among the highest ones of the reported RT sensors (Support-
ing Information, Table S1).

Figure 3b shows the log-log plots of response (Rg,/R.i
—1) vs. concentration of Cu;(HHTP),-10C sensor toward
NH;. The good linearity in the range of 1 to 100 ppm is in
accordance with typical chemiresistor gas sensor.''! A 8 value
of 0.472 is close to 0.5, which is generally indicative of a fully
regular microstructure of the nanograins (5 > 0.5, disordered
microstructure; 8 < 0.5, local agglomeration or zones)."? The
theoretical limit of detection (LOD) can be calculated to be
about 0.5 ppm from the simulated linear equation by setting
the response to be 10%." Figure 3¢ illustrates the response
time (the time required increasing the resistance to 90% of
the saturation value) and recovery time (the time required
decreasing the saturated resistance to its 10%) of Cus-
(HHTP),-10C when exposed to 100 ppm NH; and dry
synthetic air, respectively. Fast response and recovery times
with the values of 1.36 and 9.11 min can be estimated,
respectively. Compared with a Cu;(HHTP), powder-based
sensor, the response and recovery of Cuy;(HHTP),-10C are
speeded up by 54% and 10%, respectively (Supporting
Information, Figure S7). Notably, the response speed of
Cu;(HHTP),-10C is among one of the fastest value for
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various reported NH; RT gas sensors (Supporting Informa-
tion, Table S1), which might be further improved by intro-
ducing proper foreign metal ions or organic ligand that have
relatively weaker interactions with NH3 into Cuy;(HHTP),
and by further improving the quality of the thin film.

The cross-sensitivities of Cuy(HHTP),-10C toward
100 ppm of typical reducing gases were shown in Figure 3d.
The sensor showed responses lower than 20 % toward most of
these gases. Even for RT highly active gas molecules, such as
acetone and ethanol, they can only induce responses between
30% and 40 %. The value of selectivity (S = Response (NH;)/
Response (gas)) of NH; toward different reducing gas varied
from 4.55 to 8.25, which is good enough for precise detection
of NH; among these interfering gases.

The effect of the thickness to the sensor performances was
systemically evaluated via conducting growing cycle-depen-
dent gas-sensing measurements. As shown in Figure 3e and
the Supporting Information, Figure S9, faster response and
recovery of thinner film can be clearly observed due to the
easier contact of guest molecules with the active sites with
minimal diffusion barriers in these films. For sensors with
growing cycles of 30 or higher, their response-recovery speed
were even lower than these of powder based sensor (Support-
ing Information, Figure S7), because the powder one pos-
sesses a significant amount of macro/meso-pores owing to
loose accumulation of crystallites for relatively better gas
diffusion. It is also observed that the thinner films have the
higher responses to NH;.

Cu;(HHTP),-xC sensors have excellent long-term stabil-
ity and reproducibility. After 3 months, Cu;(HHTP),-10C
remains 88.4% of its original response towards NH; (Sup-
porting Information, Figure S10). The log-log plots of
response vs. concentration collected from four sensors for
each thickness (10, 30 and 50 growing cycles; Supporting
Information, Figure S11) have good linearity and narrow
error bars during the sensing measurements of NH; with
different concentrations (Figure 3 f).

Although the exact mechanism for the sensing perform-
ances of Cu;(HHTP),-xC is still under revealing, we found
that 1)the crystal structure of Cu;(HHTP), remains
unchanged before and after exposed to saturated NH; gas,
as observed from PXRD spectra (Supporting Information,
Figure S7b); and 2) FTIR spectra (Figure 4a) show typical
peaks for NH;-Cu at 3170, 877, and 856 cm ™! as well as a red-
shift of ¥(C=0) and »(C—0).""! These results suggest strong
interactions between NH; and the framework of Cus-
(HHTP),, which might be the origin for the high selectivity
of Cu;(HHTP), to NH;. Similar results has also been reported
by Dinci® and Mirica’s groups. Ultraviolet photoelectron
spectroscopy (UPS) measurements show the Fermi level of
Cu;(HHTP),-10C increased by 1.13 eV after adsorption of
NH; (Figure 4b). This is a typical phenomenon when a n-type
doping happen to a p-type semiconductor.™ Cu;(HHTP), is
a p-type sensor material and holes dominate its charge
transport. The recombination between the hole in Cus-
(HHTP), and the doped electron from analytes decreases
carrier concentration and increases the resistance of the
sensor.*1>11 Cu,(HHTP),-xC is very thin (< 100 nm), which
provides short gas diffusion length and high ratio of accessible

Angew. Chem. Int. Ed. 2017, 56, 1651016514
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Figure 4. Cu;(HHTP),-xC gas sensing mechanism: a) FTIR spectra;
b) UPS results (the inset is the calculated band alignment); c) the gas
sensor and possible gas-sensing mechanism.

surface area. Moreover, Cu;(HHTP),-xC has a high crystal-
linity and a large single-crystal domain size, which can
facilitate effective charge transport. All of these contribute
to the high performances of our sensors.

In summary, the controlled preparation of the high-quality
thin film based on an electronically conductive MOF, Cus-
(HHTP),, was reported for the first time. With a spray LbL.
assembly method, the thin films prepared not only possess
good crystallinity and high orientation, but also large crystal
domain size, dense packing, smooth surface, and well-
controlled thickness. The Cu;(HHTP), thin film with a thick-
ness of 20nm has excellent room-temperature sensing
performances: selective detection of NH; toward 10 typical
interference gases; highest response with the average resist-
ance change toward 100 ppm NH; as high as 129 %; very short
response time with the value of 1.36 min; and an excellent
long-term stability and reproducibility with 88.4% response
retention after 3 months. These results indicate the potential
application of a RT MOF sensor for real-time monitoring and
a timely alarm of toxic, explosive, and flammable NHj. Since
MOF materials can be flexibly designed to obtain high affinity
and unique selectivity to target gas, MOF based chemiresistor
sensors offer a high possibility to detect a single gas at RT,
providing an exciting and powerful platform for the develop-
ment of new electrical devices.
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