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Abstract:  Heterostructured —metal—organic  framework
(MOF)-on-MOF thin films have the potential to cascade the
various properties of different MOF layers in a sequence to
produce functions that cannot be achieved by single MOF
layers. An integration method that relies on van der Waals
interactions, and which overcomes the lattice-matching limits
of reported methods, has been developed. The method deposits
molecular sieving Cu-TCPP (TCPP=5,10,15,20-tetrakis-
(4-carboxyphenyl)porphyrin) layers onto semiconductive
Cu-HHTP  (HHTP=2,3,6,7,10,11-hexahydrotriphenylene)
layers to obtain highly oriented MOF-on-MOF thin films.
For the first time, the properties in different MOF layers were
cascaded in sequence to synergistically produce an enhanced
device function. Cu-TCPP-on-Cu-HHTP demonstrated excel-
lent selectivity and the highest response to benzene of the
reported recoverable chemiresistive sensing materials that are
active at room temperature. This method allows integration of
MOFs with cascading properties into advanced functional
materials.

M etal-organic frameworks (MOFs) or porous coordination
polymers (PCPs) are a kind of crystalline microporous
materials constructed by periodic connection of inorganic
and organic units.! Such materials have shown great potential
in fields such as gas storage/separation, luminescence, mag-
netism, catalysis, and electronic/ionic conduction.” MOFs are
typically prepared as crystalline powders. However, MOF
thin films are favored for integration of such materials into
diverse research fields.”! In recent years, researchers have
focused on the design and preparation of heterostructured
multilayer MOF thin films."! The final target in this research
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field is to build a cascade of MOF layers with different
properties for advanced applications and, in so doing, to
produce a complex function that cannot be achieved by
a single MOF layer. Heterostructured MOF-on-MOF thin
films have been prepared by stepwise liquid-phase epitaxial
(LPE) growth of one MOF layer on another, which involves
one-to-one coordination bonding at the interface.t! Typically,
the second MOF layer is required to match the structure or at
least the lattice in the specific crystal surface of the first MOF
layer. Unfortunately, MOFs with different properties gener-
ally possess distinct crystal unit cell parameters and even
topological structure. Consequently, a method that can
integrate different functional MOF layers independently of
the lattice matching issue is extremely desirable but challeng-
ing. Numerous multilayer MOF thin films have been success-
fully prepared and structurally characterized, and their
applications have been reported numerously.”! Cascading
the properties of different MOF layers, such as gas adsorp-
tion/separation and chemiresistive sensing properties, to
realize an advanced device function has, however, not been
reported to date.

Van der Waals (vdW) forces give access to a bond-free
assembly method that can physically integrate different
materials with weak vdW interactions.”” Since it does not
involve chemical bonding at the interface of two materials,
vdW interactions are not limited to structurally matched
materials. This method of integration has enjoyed great
success in the preparation of the heterojunction of two-
dimensional (2D) atomic crystals.”! Herein, we report a con-
venient vdW integration method that enables assembly of two
lattice-mismatched MOF layers, Cu-HHTP and Cu-TCPP
(HHTP =2,3,6,7,10,11-hexahydrotriphenylene and TCPP =
5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin). With this
method, MOF layers with rationally designed properties
were assembled in sequence, as shown schematically in
Figure 1, to produce an enhanced device function for the
first time.

A complex device function was realized with a MOF-on-
MOF thin film chemiresistive sensing material. MOFs have
attracted growing interest as a new type of chemiresistive
sensing material because of their tunable composition, ultra-
high porosity, and the large amount of active sensing sites
offered.! Interestingly, our research found that a semicon-
ductive Cu-HHTP thin film has an obvious response to
benzene at room temperature but it has an even higher
response to polar gas molecule, such as NH;. To demonstrate
the advantages of MOF-on-MOF thin films, Cu-TCPP layers
that can selectively suppress the penetration of NH; were
integrated with Cu-HHTP using vdW forces. The molecular

Wiley Online Library

dte

Chemie

14915


http://dx.doi.org/10.1002/ange.201907772
http://dx.doi.org/10.1002/anie.201907772
http://orcid.org/0000-0001-8562-0724
https://doi.org/10.1002/anie.201907772
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.201907772&domain=pdf&date_stamp=2019-08-22

An dte

= Communications Chemie

Washing ' / in ethanol to form a translucent

’-‘* ﬁ) ot - l suspension that was coated drop-

Ligands tﬁo Metal ions * ﬁ e wise onto the surface of water in

Washing 3 ‘l ﬁ a beaker, forming a continuous

“Spray ©~="-"TTTmmmmmmos ) il layer (Figure 1). The Cu-TCPP

LPE” S “Stamping” layer was then transferred onto

H — TR the surface of a Cu-HHTP layer
MOF-on-MOF

14916

(@} . Cuions

Figure 1. lllustration of the preparation of MOF-on-MOF thin films by vdW integration and
application of the films as highly selective benzene-sensing materials.

sieving layer and chemical sensing layer were -easily
integrated and the prepared Cu-TCPP-on-Cu-HHTP thin
film demonstrated, to the best of our knowledge, the highest
sensitivity and tunable selectivity to benzene at room temper-
ature among all the reported recoverable chemiresistive

materials.

Cu-HHTP has a honeycomb-like porous structure which
is constructed by an AB stacking of extended hexagonal 2D

m-conjugation layers to form honeycomb (hcb)
topology (Figure 1; Supporting Information, Fig-
ure S1, Scheme Sla). Cu-HHTP thin films were
prepared by a layer-by-layer spray LPE method
on -OH functionalized substrates with pre-pre-
pared Au interdigitated electrodes (Figure 1;
Supporting Information).® The thickness of
Cu-HHTP was carefully controlled to an average
of approximately 1.5 nm per cycle (Supporting
Information, Figure S2). Subsequently, Cu-
HHTP thin films were activated by successive
immersions in N,N-dimethylformamide (DMF)
and ethanol at room temperature (Supporting
Information).

Cu-TCPP has square lattice (sql) topology,
which differs from that of Cu-HHTP (Supporting
Information, Figure S3). To solve the lattice
mismatching issue, a “modular assembly” stamp-
ing method, which assembles MOF nanosheets
into a highly oriented thin film, was employed to
integrate Cu-TCPP and Cu-HHTP using vdW
forces (Figure 1; Supporting Information, Sche-
me S1b).”! Crystalline Cu-TCPP nanosheets of
only a few-molecular layers thickness were pre-
pared by a one-pot reaction of metal ions and
H,TCPP (Supporting Information, Figures S4 and
S5). Subsequently, the nanosheets were dispersed
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by stamping. Upon repetition of
these steps, the thickness of the
Cu-TCPP layer increased with the
number of cycles.
Cu-TCPP-xC-on-Cu-HHTP-yC
thin films, where x (0-10) and y
(10-50) are the growing cycles,

Cu-TCPP have been successfully prepared

(Figure 2; Supporting Information,

Reversal Figures S2 and S6-S8). The scan-
selectivity . .

e ning electrc.)n microscopy (SEM)

and atomic force microscopy

(AFM) images of the plane view
of Cu-TCPP-xC-on-Cu-HHTP-20C
(x=0, 5, 10) are displayed in Fig-
ures 2a—f. Notably, Cu-TCPP-0C-
on-Cu-HHTP-20C (that is, Cu-
HHTP-20C) has a smooth and crack-free surface with
a thickness of about 30 nm (Supporting Information, Fig-
ure S2) and roughness less than 2.5 nm. Transmission electron
microscope (TEM) and selected area electron diffraction
(SAED) images (Figure 2g; Supporting Information, Fig-
ure S9) of the Cu-HHTP thin film peeled away from the
substrate demonstrate its pure crystal phase. The oriented
growth of the Cu-HHTP thin film along the c axis is revealed
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Figure 2. SEM and AFM images of a,d) Cu-TCPP-0C-on-Cu-HHTP-20C,

b,e) Cu-TCPP-5C-on-Cu-HHTP-20C, and c,f) Cu-TCPP-10C-on-Cu-HHTP-20C.

g) ATEM image of the Cu-HHTP-20C fragment (inset: SAED pattern). h) Cu-TCPP
cycle-dependent roughness and thickness of Cu-TCPP-xC-on-Cu-HHTP-20C (x=0, 2,
5, 7, and 10). i) In-plane and out-of-plane XRD patterns of Cu-TCPP-10C-on-Cu-
HHTP-20C.
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Cu-HHTP layer. Figure 21
presents the in- and out-of-
plane patterns of Cu-
TCPP-10C-on-Cu-HHTP-
20C, which were measured
using grazing-incidence
X-ray diffraction (XRD;
Supporting Information).
In the crystal structure of
Cu-TCPP, the in-plane and
out-of-plane peaks can be
indexed as (hk0) and (00/), respectively, which indicates the
oriented growth of a Cu-TCPP layer along the [001] direction
(Supporting Information, Figure S3). As a consequence of the
weak diffraction of Cu-HHTP in the bottom layer, an
associated peak was not observed. TEM measurement of
Cu-HHTP and XRD measurement of Cu-TCPP reveal that
Cu-TCPP-10C-on-Cu-HHTP-20C is highly oriented and the
one-dimensional channels in both MOFs are perpendicular to
the substrate. After removal of part of the Cu-TCPP layer
with scotch tape and manual removal of part of the Cu-HHTP
layer with a pair of tweezers, the stage-like structure of Cu-
TCPP-10C-on-Cu-HHTP-20C was clearly visible in an AFM
image (Supporting Information, Figure S8).

Cu-TCPP, an electronic insulator, was selected as the gas
molecular sieving layer because its 2D structure possesses
abundant coordination-unsaturated Cu ions, which establish
stronger interactions with NH; than with benzene (Figure 1).
Cu-HHTP is a p-type semiconductive MOF material with
a conductivity of 0.2 Sem ™! at room temperature.**'”! Tt was
introduced as a gas-sensing signal-transducing layer. There-
fore, cascading the properties of Cu-TCPP and Cu-HHTP in
this way may result in a highly sensitive and selective gas-
sensing material. The sensing performances of thin films with
Cu-TCPP-xC-on-Cu-HHTP-yC were evaluated at room tem-
perature by depositing them on a sapphire substrate that
contains pre-prepared gold electrodes (Supporting Informa-
tion).[8¢11]

Figure 3a presents the response of Cu-TCPP-0C-on-Cu-
HHTP-yC (that is, Cu-HHTP-yC with different growing
cycles) to 100 ppm NH; and benzene. It was found that,
among all tested thin films, Cu-HHTP-20C has the required
high response to both gases; thus, it was selected for further
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Figure 3. Room temperature (RT) chemiresistive gas sensing properties. a) A response comparison of
Cu-TCPP-0C-on-Cu-HHTP-yC (x=10, 20, 30, 40, and 50). b) A comparison of responses and c) selectivity
improvements for Cu-TCPP-xC-on-Cu-HHTP-20C (x=0, 5, 10, 15, and 20). d) Concentration-dependent
response—recovery curves. €) Normalized response-recovery time curves for Cu-TCPP-10C-on-Cu-HHTP-20C
toward benzene gas. f) Linear log—log plots of response vs. concentration for Cu-TCPP-10C-on-Cu-HHTP-20C
with respect to benzene gas and in comparison with reported benzene chemiresistive gas sensors working at
RT. Key: multiwalled carbon nanotube (MWCNTs), 2,3,4,5,6-pentafluorophenylacetyl cellulose acetates
(F5Ph-CA), polypyrrole (ppy), polyaniline (PANI), single-walled carbon nanotubes (SWCNTs), iron tetraphenyl
porphyrin (FeTPP), tin oxide on graphene (SnO,-G).

investigation as part of a composite with a Cu-TCPP coating.
As shown in Figure 3 b, after coating with a Cu-TCPP layer (5
cycles), Cu-HHTP-20C showed a remarkably decreased
response to NHj, from 230 % to 94 %, and a slightly enhanced
response to benzene, from 134% to 153%. The selectivity
(S = Ryenzene/ Ran,) of Cu-HHTP-20C toward benzene and
NH; was reversed by depositing Cu-TCPP onto the
Cu-HHTP-20C. The thicker Cu-TCPP layer further enhanced
this reversed selectivity, which approaches saturation after 10
cycles (Figure 3c; Supporting Information, Figures S10
and S11). An improvement in S of up to about 250 % was
obtained by Cu-TCPP-10C-on-Cu-HHTP-20C compared
with Cu-HHTP-20C. Cu-TCPP-10C-on-Cu-HHTP-20C also
showed good response-recovery properties with respect to
benzene at room temperature and its response increased with
increments in the benzene concentration from 1 to 100 ppm
(Figure 3d); its response and recovery times were estimated
to be 1.53 and 10.72 min, respectively (Figure 3e). The
theoretical limit of detection (LOD) to benzene was calcu-
lated to be 0.12 ppm from the linear log—log plots of responses
vs. concentration by setting the response to 10 % (Figure 3¢).
Notably, Cu-TCPP-10C-on-Cu-HHTP-20C exhibited the
highest response toward benzene among the reported recov-
erable room temperature chemiresistors (Figure 3 f).['%!

To investigate the sensing process in detail, Zn-TCPP (the
isostructure of Cu-TCPP) was coated on the surface of
Cu-HHTP using the same procedures (Supporting Informa-
tion, Figure S12). Compared with the Cu-TCPP-10C layer,
the Zn-TCPP-xC (x =5, 10) layer caused little change to the
sensitivity and selectivity of Cu-HHTP-20C toward to NH;
and benzene (Figure4a; Supporting Information, Fig-
ure S13). These results demonstrate the critical role of the
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Figure 4. a) Response—concentration plots for Zn-TCPP-xC-on-Cu-HHTP-20C (y=0,
5, 10) and Cu-TCPP-10C-on-Cu-HHTP-20C toward NH; gas. b) Linear log—log plots
of NHj; response vs. concentration and estimated permeating concentrations.
c) Principal component analysis of the MOF and MOF-on-MOF sensor array’s
responses to five typical biomarkers. d) The long-term stability of Cu-TCPP-10C-on-

Cu-HHTP-20C toward 100 ppm benzene gas.

Cu-TCPP molecule sieving layer in reversing the selectivity of
Cu-HHTP. Compared with Zn*", Cu*" has a stronger inter-
action with NH; at the axial positions of its octahedral
coordination environment because of Jahn-Teller distortion,
which blocks the permeation pathway of NH,.*!3l Conse-
quently, Cu-TCPP is better at suppressing the permeation of
NH; over Zn-TCPP. Further data analysis revealed that
Cu-TCPP-5C and Cu-TCPP-10C layers reduced permeation
of 100 ppm NH; by approximately 78 % and 90 %, respec-
tively (Figure 4b). After diffusing through the Cu-TCPP
layer, analyte gases interact with Cu-HHTP. The subsequent
charge transfers from gas molecules to p-type Cu-HHTP lead
to a change in current.® I Under flowing dry air, the
analyte gas is desorbed from Cu-HHTP, resulting in current
recovery.

The selectivity of Cu-TCPP-on-Cu-HHTP was further
investigated through discrimination of typical human breath
biomarkers, such as NH;, benzene, hexane, carbon monoxide,
and acetone.!' The responses of Cu-TCPP-0C-on-Cu-HHTP-
20C and Cu-TCPP-20C-on-Cu-HHTP-yC (y = 10, 20) to these
biomarkers were collected as sensors 1-3 and further
analyzed by principal component analysis (Supporting Infor-
mation, Tables S1 and S2). The principal components 1 and 2
(PC1 and PC2 account for 98 % variance) for each subject are
depicted in Figure 4c, which shows nearly non-overlapping
and highly differentiated patterns for the five biomarkers.
Cu-TCPP-10C-on-Cu-HHTP-20C also showed good long-
term stability. After 5 months, about 80% of the original
response value toward 100 ppm benzene was retained
together with excellent selectivity (Figure 4d).

In summary, for the first time the different properties of
MOF layers in heterostructured MOF-on-MOF thin films
were cascaded to synergistically provide an enhanced device
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human breath biomarkers were clearly detected
and distinguished. This work enriches the prepa-
rative chemistry for heterostructure MOF-on-
MOF thin films. The ordered integration of
various MOF properties achieved in this work
introduces a new strategy by which the made-to-
order functions of MOF materials may be realized
in advanced device applications.
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