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ABSTRACT: Two-dimensional conjugated metal−organic frameworks
(2D c-MOFs) have emerged as a new generation of conducting MOFs for
electronics. However, controlled synthesis of thin-ﬁlm samples with high
crystallinity and deﬁned layer orientation, which is beneﬁcial for
achieving high-performance devices and reliable structure−property
relationship, has remained a challenge. Here, we develop a surfactantdirected two-step synthesis of layered 2D c-MOF ﬁlms based on benzene
and triphenylene ligands linked by copper-bis(diimino) complexes (HIBCu and HITP-Cu, respectively). The achieved layered 2D c-MOF ﬁlms
are featured as free-standing, in-plane oriented, and polycrystalline ﬁlms
with domain size up to ∼8000 nm2 and a tunable thickness in the range of
8−340 nm. Beneﬁting from the intrinsic electrical conductivity and quasi-one-dimensional pore channels, a HIB-Cu ﬁlm based
chemiresistive sensor is constructed, displaying eﬀective humidity sensing with a response as fast as ∼21 s, superior to the
reported MOF-powder-based chemiresistive sensors (in the orders of minutes).

T

powder-based MOF samples (Table S1 in the Supporting
Information).8−12,14
Since the response of chemiresistive sensing is highly
dependent on the adsorption and surface diﬀusion of analytes,
in-plane (face-on) orientated 2D c-MOF ﬁlms will be beneﬁcial
to eﬃciently utilize not only the adsorption on 2D surface but
also in the quasi-one-dimensional (quasi-1D) nanopore
channels.20,21 To this end, various bottom-up methods to
synthesize the 2D c-MOF in thin-ﬁlm form have been recently
explored, such as vapor-assisted conversion,22 layer-by-layer
deposition,13 and liquid-interface-assisted synthesis (including
Langmuir−Blodgett-assisted synthesis, and synthesis at the

wo-dimensional conjugated metal−organic frameworks (2D c-MOFs) are known as a class of
crystalline, layer-stacked porous coordination polymers with high in-plane extended delocalization of πelectrons.1,2 Because of the intrinsic charge transport and
incorporation of compositional and structural diversity into
low dimensionality, 2D c-MOFs have exhibited great potential
for (opto-)electronics,3,4 spintronics,5−7 energy storage/conversion,15,16 and catalysis.17−19 In particular, the large surfacearea-to-volume ratio and abundant deﬁned active sites in 2D cMOFs have enabled them for chemiresistive gas sensing.8−14
However, the reported 2D c-MOF-based chemiresistors were
generally constructed by drop-casting their powder samples
onto the electrode patterns. The micrometer-to-millimeter
scale voids between particulates of 2D c-MOF powder restrict
the instant and reversible dynamics response of the 2D cMOFs to analytes,20,21 thus limiting the practical application,
in terms of response/recovery time, which commonly
presented in the orders of minutes for the thus-far reported
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Figure 1. (a) Schematic illustration of the synthesis of 2D c-MOF ﬁlm using surfactant mediation-growth directed interfacial synthesis. Inset
shows optical microscopy image of the resultant HIB-Cu 2D c-MOF ﬁlm on Si/SiO2 substrate. (b) Chemical structure of the employed
anionic surfactant. (c) Reaction scheme of HIB-Cu and HITP-Cu.

liquid−liquid interface).23−26 Notably, liquid-interface-assisted
synthesis is advantageous in producing large-area ﬁlms that can
be readily transferred onto other substrates for device
integrations.27 Nevertheless, the reported 2D c-MOF ﬁlms
via the liquid-interface-assisted synthesis were highly inhomogeneous with random crystallite orientation and limited crystal
sizes (less than ∼300 nm2), as well as with the presence of
certain amorphous regions.25 In our recent research, we have
developed a surfactant-monolayer-assisted interfacial synthesis
(SMAIS), which enabled a preorganization of precursors on
the water surface and a subsequent space-conﬁned 2D
polymerization, thus leading to the construction of highly
crystalline 2D polymer ﬁlms.28−31
Here, we demonstrated an eﬃcient surfactant-directed twostep synthetic strategy, which allowed the preorganization of
intermediate coordination complexes with surfactant in water
to form layered coassembly, and the subsequent oxidation
reaction to achieve free-standing, polycrystalline, and in-plane
oriented 2D c-MOF ﬁlms on the water surface (Figure 1a).
The 2D c-MOFs were synthesized based on hexaaminobenzene (HAB) and 2,3,6,7,10,11-hexaaminotriphenylene
(HATP) as ligands. First, anionic surfactant, sodium dodecyl
sulfate (SDS), was employed for the co-assembly of SDS and
coordination intermediate compounds (HAB-Cu or HATPCu), via electrostatic interaction in an oxygen-free aqueous
solution. This co-assembly step aﬀorded amphiphilic hybrids of
HAB-Cu/SDS or HATP-Cu/SDS with ordered lamellar
structure in an aqueous solution. Second, subsequent
deprotonation of the intermediate compounds by oxidation
at the air/water interface led to the formation of crystalline
HIB-Cu or HITP-Cu layered 2D c-MOF thin ﬁlms on the
water surface. The resultant layered 2D c-MOF thin ﬁlms are
polycrystalline with domain sizes up to ∼8000 nm2, and feature

a tunable thickness from 8 nm to 340 nm and an in-plane faceon orientation with quasi-one-dimensional hexagonal pore
channels. The molecular-level structures and the crystallite
orientation were clearly resolved by aberration-correction highresolution transmission electron microscopy (AC-HRTEM)
and grazing-incident wide-angle X-ray scattering (GIWAXS).
Proﬁting from free-standing layered 2D c-MOFs ﬁlms on the
water surface, we further constructed HIB-Cu-based chemiresistive humidity sensors and demonstrated an instant and
reversible dynamics response to the water vapor exposure. The
fabricated chemiresistive sensors allow water detection in low
concentrations (200 ppm) with a fast response-recovery time
(21 and 40 s, respectively), superior to the reported MOFbased sensors8−14 (Table S1) and well comparable with other
framework materials32 and carbon-based sensing materials
such as carbon nanotube and graphene oxide (Table S2 in the
Supporting Information). Our work highlights the synthesis of
layered 2D c-MOF ﬁlms with excellent crystallinity and welldeﬁned face-on layer-orientation, providing a pathway toward
high-performance sensing devices.
Figures 1a−c illustrate the surfactant-directed preorganization in solution and subsequent formation of targeted layered
2D c-MOF ﬁlms on the water surface. In the ﬁrst step,
Cu(OAc)2, SDS, Na2CO3, and HAB were dissolved in
deoxygenated deionized water under the nitrogen atmosphere
to prepare the HAB-Cu/SDS, as preorganized intermediate
compounds, in which anionic SDS molecules locate on the
cationic surface of coordination compound between HAB and
Cu(II) via electrostatic interaction. In the second step, the
mixture of HAB-Cu/SDS was annealed at 50 °C in the air to
trigger the deprotonation by oxidation reaction at the air/water
interface. After 12 h, a free-standing HIB-Cu ﬁlm was achieved
on the water surface (Figure 2a). The resultant HIB-Cu ﬁlm
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Information). Energy-dispersive X-ray (EDX) mapping demonstrated a homogeneous distribution of C, N, and Cu
elements in the achieved the HIB-Cu ﬁlm. The obtained
C:N:Cu atomic ratio was 46:43:11, close to the calculated
value for HIB-Cu structure (4:4:1) (Figure S2 in the
Supporting Information). Solid-state ultraviolet− visible spectroscopy (UV-vis) of isolated HIB-Cu ﬁlm evidenced the
conjugation in HIB-Cu by broad absorption extending to the
near-infrared region (Figure S3 in the Supporting Information). The morphological features of HIB-Cu ﬁlms were
studied by scanning electron microscopy (SEM). The surface
of the HIB-Cu ﬁlm was highly uniform, smooth, and
continuous. (See Figure S4 in the Supporting Information.)
The thickness of the ﬁlm could be tuned from 50 nm to 340
nm by varying the concentration of HAB from 1.25 mM to
3.75 mM (see Figure 2c).
Next, the crystalline structure and layer orientation in the
HIB-Cu ﬁlm were investigated utilizing GIWAXS and ACHRTEM operated at an electron accelerating voltage of 300
kV. The GIWAXS image shows distinct in-plane diﬀraction
peaks at Qxy = 0.54, 1.08, 1.43, and 1.63 Å−1 (Figures 3a and
3b, in-plane, with Qz ≈ 0) and a characteristic out-of-plane
peak at Qz = 1.95 Å−1 (Figure 3a and c, out-of-plane, with Qxy
≈ 0). These reﬂections correspond to a lattice spacing with
d100 = 11.63 Å and d001 = 3.22 Å, respectively.33,34 The
prominent (001) out-of-plane diﬀraction peak centered at Qz =
1.95 Å−1, which corresponds to a typical π−π stacking distance
was much less intense in the substrate plane, evidencing that
the orientation of crystallites in the ﬁlm is primarily face-on.
The selected area electron diﬀraction (SAED) pattern presents
the ﬁrst-order reﬂections at 0.86 nm−1 (Figure S5 in the
Supporting Information), assigned as d100 = 11.63 Å, which is
consistent with the GIWAXS measurement. AC-HRTEM in
Figure 3d presents the crystalline domains, revealing a longrange ordered in-plane hexagonal network coexisting with
grain boundaries. Color-coded Fourier ﬁltering of the AC-

Figure 2. (a) Digital photograph of HIB-Cu ﬁlm forming at the
air/water interface. (b) SEM image of HIB-Cu ﬁlm suspended over
a copper grid. The black arrow points to a crack in the ﬁlm. Scale
bar = 40 μm. (c) Thickness of HIB-Cu ﬁlm, with respect to the
concentration of HAB (left), and SEM images of the cross-side
view. Scale bar = 200 nm.

was mechanically robust enough to be transferred from the
water surface onto Si/SiO2 substrate, gold plate, quartz
substrate, or TEM grid without tears or damage for
morphological and structural characterizations. For instance,
the HIB-Cu ﬁlm could be suspended over ∼400 μm2 holes on
a metal grid, which revealed its excellent mechanical stability
(Figure 2b).
The chemical environments of the square-planar copper
cations and anilinic N atoms in HIB-Cu were conﬁrmed by Xray photoelectron spectroscopy (XPS). The strong satellite
peak at 943 eV and the Cu2p3/2 peak at 935 eV indicates that
Cu(II) is dominating in HIB-Cu. We could not detect chargebalancing cations (Na+) or anions (Cl−), which reveals a
neutral state of HIB-Cu (Figure S1 in the Supporting

Figure 3. (a) GIWAXS pattern of a HIB-Cu ﬁlm on a Si substrate. (b) In-plane and (c) out-of-plane GIWAXS intensity proﬁles. (d) 300 kV
AC-HRTEM image of HIB-Cu. Scale bar = 40 nm. Inset shows a fast Fourier transform (FFT) of panel (d). The color-coded Fourier mask is
overlaid. Scale bar = 1 nm−1. (e) Color-coded grain orientation map of panel (d). Scale bar = 40 nm. (f) Grain boundaries of HIB-Cu.
Wiener ﬁltering has been applied to reduce image noise. Scale bar = 10 nm. (g) Enlarged AC-HRTEM image of HIB-Cu. Wiener ﬁltering has
been applied to reduce image noise. Scale bar = 5 nm. Inset shows an FFT of panel (g). Scale bar = 1 nm−1.
1148
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Figure 4. (a) High-resolution Cu 2p3/2 XPS spectra of HAB-Cu. (b) High-resolution N1s XPS spectra of HAB-Cu. (c) PXRD patterns of
HAB-Cu/SDS assembly and HAB-Cu. (d) SEM image of columnar HAB-Cu structure without SDS (left) and platelike HAB-Cu structure by
applying SDS (right). Scale bars = 100 nm. (e) Schematic illustration of the formation of the platelike structure of HAB-Cu/SDS assembly
with surfactant mediation.

of the HAB-Cu indicated that C:N:Cu atomic ratio was
43:46:11 which is close to the atomic ratio of HIB-Cu (Figure
S9). These results can be attributed to the coordination
complex containing Cu-bis(diamino) linkages. Taking the
observed chemical composition into consideration, we
proposed the preorganized intermediate as a coordination
complex between HAB and Cu(II)/Cu(I) with two diﬀerent
linkages consisting of C-NH2 and C-NH+ (Figure 4b and
Figure 1c), respectively. The layered structure of HAB-Cu with
an interlayer distance of ∼9.2 Å was observed in HRTEM
analysis (Figure S10 in the Supporting Information), which
was further supported by PXRD peak at 2θ = 9.32°,
corresponding to d-spacing of 9.45 Å (Figure 4c black line
and Figure S10). Subsequently, we investigated the inﬂuence
of SDS on the structure and morphology of the intermediate
HAB-Cu. With the addition of SDS, we prepared the
preorganized intermediate compound in a powder form
(HAB-Cu/SDS, cSDS = 0.85 mM). Notably, PXRD patterns
of HAB-Cu/SDS exhibit an intense Bragg peak at 2θ = 4.41°,
corresponding to the interlayer distance of 20.08 Å with the
identical basal plane spacing of HAB-Cu (Figure 4c, blue line).
As the molecular chain length of the SDS is ∼18.5 Å, the
appeared peak at 4.41° suggests that the coassembly of SDS
and HAB-Cu results in a lamellar structure (HAB-Cu/SDS,
illustrated in Figure 4e).37−39 When the concentration of SDS
was increased to be 8.5 mM, which is higher than the critical
micelle concentration (8.2 mM at 25 °C), basal plane PXRD
peak signiﬁcantly diminished, which could be attributed to the
low ordering of intermediate with dominant SDS micelle
formation (see Figure S11 in the Supporting Information).
Moreover, we could not achieve any crystalline HIB-Cu ﬁlm
after the oxidation reaction at the air/water interface. Indeed,
the SEM images reveal platelike structures in the presence of
SDS (Figure 4d, right), which can be attributed to an
anisotropic growth of HAB-Cu along the in-plane direction. In

HRTEM image presents the single-crystalline grains with inplane rotations (Figure 3e).
Remarkably, under the mediation of SDS, the grains coalesce
during the interfacial reaction (Figure 3f), giving rise to a fully
covered crystalline ﬁlm without any amorphous regions
(Figure S6 in the Supporting Information). Morever, the
crystallites size reaches up to ∼3000 nm2 (average size =
1691.3 ± 802.3 nm2). The hexagonal framework with a pore
size of ∼1 nm was clearly resolved at the molecular level by
magniﬁed AC-HRTEM imaging of single-crystal domain
(Figure 3g). The above multiscale structural analysis
successfully demonstrated the successful synthesis of in-plane
oriented and polycrystalline HIB-Cu ﬁlm. We further
performed the contrast experiment to synthesize HIB-Cu
without employing SDS, which provided thin ﬁlms with the
large amorphous regions (∼36% of areal fraction) and rather
small crystallites (average size = 204.3 ± 96.8 nm2, as shown in
Figures S6 and S7 in the Supporting Information). We failed to
achieve HIB-Cu ﬁlm at the air/water interface with employing
cationic surfactant, cetrimonium bromide.
To gain insights into the role of surfactant during the
synthesis of layer-orientated crystalline ﬁlm, we ﬁrst investigated the preorganized intermediate compound (HAB-Cu)
without SDS. This intermediate compound was spontaneously
formed by coordination between HAB and Cu2+ prior to the
oxidation reaction. XPS analysis of HAB-Cu revealed the
presence of Cl anions, balancing the cationic charges in the
intermediate HAB-Cu (Figure S8 in the Supporting
Information). The high-resolution XPS spectrum of Cu 2p
and N 1s shows the chemical composition of HAB-Cu. As
shown in Figure 4a, two peaks appear at 935 and 932 eV,
respectively, which suggests a mixture of Cu(II) and Cu(I)
centers (the atomic ratio of Cu(II):Cu(I) is 1:1). Additionally,
the peaks assigned to C-NH+ and C-NH2 were observed at 402
and 399 eV, respectively, with a ratio of 1:5.35,36 EDX analysis
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Figure 5. (a) Schematics of the HIB-Cu chemiresistive humidity sensor. (b) Relative responses of a HIB-Cu sensor device in conductance
upon the increasing concentration of H2O. (c) Device response as a function of H2O concentration. (d) Time-resolved analysis of the
response-recovery curves. (e) Ex-situ Raman spectroscopy under the gas stream dynamics by modulating N2 and H2O/N2 mixture.

period (60 s) and duty cycle (60 s) upon gradient
concentration of H2O from 200 ppm to 1000 ppm (see
Figures 5a and 5b). Substantial reversible change in the
conductance G, manifesting the adsorption and desorption of
H2O into HIB-Cu ﬁlm, was reproducible over more than 9
cycles (Figure 5c). The change in response showed good
linearity, with respect to the H2O level from 0 to 1000 ppm,
indicating that the device displays quantitative sensing. The
sensor device presents a rapid response and recovery of the
conductivity, as fast as ∼21 and 40 s for the 90% of saturation
rise time and the 10% decay time, respectively, which is much
faster than those of thus-far-reported 2D c-MOF-based
chemiresistive sensors (on the order of several minutes; see
Figure 5d and Table S1 in the Supporting Information).8−14
Moreover, these devices exhibit comparable response and
recovery times, as recently reported inorganic material-based
chemiresistive humidity sensors (in the order of seconds to
hundreds of seconds; see Table S2 in the Supporting
Information). The devices fabricated from the bulk powder
form of HIB-Cu could not reproduce any similar response
under identical experimental conditions and only reached to a
similar saturation value when the exposure time of H2O was
extended to 300 s (response and recovery time of powder; 180
and 200 s, respectively; see Figure S16 in the Supporting
Information).
Compared with the powder sample, the in-plane oriented
(face-on) crystalline ﬁlm comprises quasi-1D pore channel
with much shorted gas path length, which enables higher gas
ﬂow rate in the pores for quick gas adsorption saturation and
desorption with minimized pressure drop, thus shortening the
response/recovery time. These results strongly suggest that a
rational synthetic approach to control the orientation of 2D cMOFs in thin ﬁlms can exert a critical impact on the functions
of the chemiresistive sensor.

contrast, columnar particles were observed without the
addition of SDS (Figure 4d, left). This columnar-to-lamellar
structural change by the addition of SDS conﬁrms the key role
of surfactant as a surface-active growth inhibitor. The growth
along the c-axis was suppressed when the surface was occupied
with SDS. Preferably, SDS molecules directed the growth into
the in-plane direction, thus resulting in the platelike
morphology of HAB-Cu/SDS (Figure 4e).
To prove the generality of this surfactant-directed two-step
synthesis strategy, we further extended this protocol to the
construction of HITP-Cu ﬁlm using HATP as the linkage
monomer. The HITP-Cu ﬁlm was synthesized by the
coordination polymerization between HATP and Cu(II)
salts, as shown in Figure 1c. The achieved HITP-Cu ﬁlm
exhibited a thickness of ∼8 nm and was also mechanically
stable to cover the copper grid (see Figures S12a and S13 in
the Supporting Information). The SAED of HITP-Cu in
Figure S12b demonstrated the nearest reﬂections at 0.54 nm−1,
i.e., d100 = 18.51 Å.8 AC-HRTEM imaging further revealed an
in-plane-ordered, 2D extended hexagonal pattern with the
spacing of 18.50 Å (see Figures S12c and S12d). The ﬁlm is
also polycrystalline with domain sizes up to ∼8000 nm2 (see
Figure S14 in the Supporting Information).
Beneﬁting from the intrinsic electrical conductivity (∼0.1 S/
m, Figure S15 in the Supporting Information) and the quasi1D pore channels (diameter of ∼1 nm), the crystalline HIB-Cu
ﬁlm can act as an excellent active layer for chemiresistive
sensors. In this context, a 50 nm-thick HIB-Cu ﬁlm was
transferred onto the Si/SiO2 substrate via the vertical
deposition method. Subsequently, the gold electrodes were
deposited on the ﬁlm by thermal evaporation with a channel
length of 100 μm between the two electrodes. A constant
potential of 1 V was applied to the device, and the current
change was monitored under the gas stream dynamics by
modulating N2 and H2O/N2 mixture pulses with the same
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To gain insights into the speciﬁcity of the interaction of H2O
and HIB-Cu, we performed identical sensing using cyclohexane
and ethanol instead of H2O. With cyclohexane, no current/
conductivity change was observed, while with ethanol, the
sensing behavior resembled that of the humidity sensor (see
Figures S17 and S18 in the Supporting Information). This
result suggests that the HIB-Cu-based sensor exhibits
selectivity toward molecules containing hydroxyl groups. We
further monitored the chemical environmental change of HIBCu with H2O/N2 mixture gas stream via ex-situ Raman
spectroscopy. As shown in Figure 5e, Raman spectra in Cu−N
chelate ring stretch region40,41 (∼450 cm−1) did not feature
observable changes under the modulation of N2 and H2O/N2
mixture, indicating that the metal is not the adsorption site for
analytes. In contrast, bands at 1510 and 1550 cm−1, typically
assigned to extended ν(CC)/δ(N−H) vibrations42,43 from
the linker molecules, were found to shift to higher frequencies
by ∼15 cm−1 after applying the H2O/N2 mixture. This
observation suggests that the addition of H2O is associated
with an altering of the binding situation in the organic linkers.
In summary, we have demonstrated the general and eﬃcient
synthesis of in-plane oriented, polycrystalline, and freestanding layered 2D c-MOF ﬁlms with large crystal domain
sizes (up to ∼8000 nm2 for HITP-Cu and ∼3000 nm2 for HIBCu) and tunable thickness from 8 nm to 340 nm via a
surfactant-directed two-step synthetic strategy. The achieved
layered 2D c-MOF ﬁlms possessed uniform quasi-1D nanopore
channels over the entire surface of the ﬁlm. Because of the
facile ﬁlm processability, the high crystallinity, as well as the
electrical conductivity, the resultant HIB-Cu ﬁlm was
integrated into a chemiresistive humidity sensor to explore
the reversible switching dynamics. This humidity sensor
displayed an on−oﬀ modulation with a fast response time of
∼21 s, which is superior to the previously reported 2D c-MOF
based sensors. Our work highlights the surfactant-directed twostep strategy for the synthesis of highly crystalline 2D c-MOF
ﬁlms and the structural control for achieving a high sensing
performance. Furthermore, 2D c-MOF ﬁlms enable the
nanoscale patterned structure, high stability, magnetic ordering, and conducting path, which make them appealing unique
electronic materials for broad electronic devices.
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