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Abstract: 2D conjugated metal–organic frameworks (2D c-
MOFs) are emerging as electroactive materials for chemiresis-
tive sensors, but selective sensing with fast response/recovery is
a challenge. Phthalocyanine-based Ni2[MPc(NH)8] 2D c-
MOF films are presented as active layers for polarity-selective
chemiresisitors toward water and volatile organic compounds
(VOCs). Surface-hydrophobic modification by grafting ali-
phatic alkyl chains on 2D c-MOF films decreases diffused
analytes into the MOF backbone, resulting in a considerably
accelerated recovery progress (from ca. 50 to ca. 10 s) during
humidity sensing. Toward VOCs, the sensors deliver a polarity-
selective response among alcohols but no signal for low-
polarity aprotic hydrocarbons. The octadecyltrimethoxysilane-
modified Ni2[MPc(NH)8] based sensor displays high-perfor-
mance methanol sensing with fast response (36 s)/recovery
(13 s) and a detection limit as low as 10 ppm, surpassing
reported room-temperature chemiresistors.

Introduction

Two-dimensional conjugated metal–organic frameworks
(2D c-MOFs),[1] which are van der Waals layer-stacked MOFs
with high in-plane p-d conjugation,[2] have emerged as new-
generation electroactive materials for multifunctional devi-
ces, such as field-effect transistors,[3] photodetectors,[4] ther-
moelectrics,[5] spintronics,[6] superconductors,[7] and energy
storage[8] and conversion.[9] Particularly, 2D c-MOFs have
been demonstrated to exhibit high performance for chemir-
esistive sensors due to their abundant active sites and intrinsic

conductivity.[10] For instance, chemiresistors based on Cu3-
(HHTP)2

[11] (HHTP = 2,3,6,7,10,11-hexaoxytriphenylene[12])
and M3(HITP)2 (HITP = 2,3,6,7,10,11-hexaiminotripheny-
lene, M = Cu or Ni)[13] were capable of detecting ammonia
and volatile organic compounds (VOCs) at the parts per
million (ppm) level. In addition, linking phthalocyanine (Pc)
units with square-planar metal complex endows the resultant
2D c-MOF with additional active sites due to potential
intermolecular interactions between Pc and analytes.[14] The
reported chemiresistors via drop-casting Pc-based 2D c-MOF
powder samples have exhibited effective sensing toward NH3,
H2S, and NO with the response/recovery in the order of
minutes,[15] which represents the state-of-art performance for
these analytes among 2D c-MOF based chemiresis-
tors.[10,11, 13b, 16]

Despite the preliminary success, the sensors integrated via
mechanical compression or drop-casting of the 2D c-MOF
powders, were often associated with sacrificed pore volume
and suppressed charge transport,[17] thus resulting in sluggish
response and recovery as well as poor detection limit. To
address the above challenges, 2D c-MOF thin films have been
recently developed via wet-interface-assisted gas-liquid,[1c,18]

liquid-liquid,[7, 19] and liquid-solid[20] approaches, allowing
long-range charge transport and facile circuit integration with
good contacts.[20a,b, 21] Nevertheless, a fast recovery after the
detection has not been realized (the reported recovery times
were generally longer than 2 min),[11, 13,15, 20a] due to the lack of
synthetic control over the morphology, thickness, and the
surface property (e.g., functional groups) of MOF film that
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plays an important role to the interaction of analyte and
MOF. In addition, the low selectivity has remained another
challenge for MOF-based sensors.[22] Surface-modification
has been widely employed to modify the surface wettability of
2D materials (such as graphene and graphene oxide)[10,23] and
three-dimensional MOF[24] for sensing, thus improving the
sensitivity, selectivity and recovery speed. However, related
modification on 2D c-MOFs with the aim of improving the
sensing performance remains unexplored.

Herein, we synthesize polycrystalline Pc-based nickel-
bis(diimine) (Ni(NH)4)-linked 2D c-MOF thin films (Ni2-
[MPc(NH)8], M = Cu or Ni) with large area (several cm2) and
tunable thickness (70 to ca. 500 nm) at a liquid (dimethyl
sulfoxide, DMSO)/solid (SiO2) interface. The resultant films
exhibited high electrical conductivity (0.3–0.6 S cm) and
intrinsic porous structure with square lattice. Then, we
demonstrate the first example of surface-modification on
2D c-MOFs by various surface functional groups, thus
enabling the surface wettability tailored from hydrophilic to
hydrophobic. Grafting alkylamine on Ni2[MPc(NH)8] (with
minor change of surface wettability) has a negligible effect on
the humidity sensing. However, grafted hydrophobic aliphatic
alkyl chains reduce the diffusing amount of water molecules
into the MOF backbone, hence significantly improving the
recovery progress (time of ca. 10 s, 600 ppm H2O) compared
with the pristine film sample (ca. 50 s). This modification
strategy by aliphatic alkyl chains also works for methanol
sensing, evidenced by improved response and recovery

performance of 36 and 13 s, respectively (recovery of > 50 s
for the original sample). Remarkably, the modified 2D c-
MOF based sensors are capable of methanol-sensing at
a 10 ppm level which surpasses the state-of-art reported
chemiresistors at room-temperature based on MOFs, con-
ducting polymers, black phosphorus, Mxenes, metal disul-
fides, and most of the metal oxides (Supporting Information,
Tables S1,S2). Notably, the resultant sensors deliver a polar-
ity-selective response toward VOCs. For instance, methanol
molecules, which have higher polarity and higher dielectric
constant than other alcohol molecules, can be detected the
most efficiently among alcohols, due to their strongest affinity
to the Ni(NH)4-linkage of Ni2[MPc(NH)8]. Our work high-
lights surface modification of semiconducting 2D c-MOF
films toward polarity-selective chemiresistive sensing with
fast response/recovery and low detection limit, thus further
pushing the development of conductive MOFs for applica-
tions in electronics.

Results and Discussion

Large-area (cm2) Ni2[MPc(NH)8] (M = Cu or Ni) 2D c-
MOF films (Figure 1a) were synthesized at a liquid-solid
interface by placing a SiO2/Si substrate in the solution of
metal (II) 2,3,9,10,16,17,23,24-octaaminophthalocyanine, Ni-
(NO3)2, NH3·H2O and DMSO in air (see details in the
Supporting Information). Field-emission scanning electron

Figure 1. Ni2[MPc(NH)8] 2D c-MOF films (M =Cu or Ni). a) Chemical structure and the optical image of the as-synthesized film (ca. 70 nm thick)
on SiO2/Si wafer. The Ni(NH)4-linkage of Ni2[MPc(NH)8] 2D c-MOF is highlighted yellow. b),c) Top- and side-view SEM images and side-view EDX
images of Ni2[CuPc(NH)8] film. d) HR-TEM image of Ni2[CuPc(NH)8] . The inset is the SAED pattern. e) GIWAXS pattern of the Ni2[CuPc(NH)8]
film. f) X-ray diffraction (XRD) patterns derived from the GIWAXS data of Ni2[CuPc(NH)8] (blue) and Ni2[NiPc(NH)8] (red) as well as the
simulated XRD pattern referring to the AA-serrated stacking (black).[8b]
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microscopy (FE-SEM) images indicate that the films are
composed of continuously aggregated sheet-like crystallites,
and the thickness of the films could be tuned from ca. 500 to
ca. 70 nm by increasing reaction temperature from 50 to 60 88C
(Figure 1b and Figures S1,S2). Energy-dispersive X-ray
(EDX) and X-ray photoelectron spectroscopy (XPS) meas-
urements reveal a homogeneous distribution of C, N, and
metal elements throughout the film (Figure 1 c and Figur-
es S3–S6). High-resolution transmission electron microscopy
(HR-TEM) and selected-area electron diffraction (SAED)
measurements resolve crystalline 2D c-MOF with square unit
cells of a = b& 1.7 nm (Figure 1 d). Grazing incidence wide
angle X-ray scattering (GIWAXS) pattern suggests ordered
structure with intensive peaks at 0.35, 0.71, and 1.95 c@1 for
both Ni2[CuPc(NH)8] and Ni2[NiPc(NH)8] samples (Fig-
ure 1e and Figure S7). Compared with the calculated diffrac-
tion pattern, we assigned the observed peaks to (100), (200),
and (002) lattice planes, respectively, which correspond to
a AA-serrated stacking model (Figure 1 f).[8b] To modulate
the surface property of the as-synthesized MOF films, we
performed the surface-modification by the modification with
various insulating silanes, which comprise different functional
groups (e.g., alkylamine, aromatic or aliphatic hydrocarbon,
termed as (3-aminopropyl)trimethoxysilane (APTMS), phe-
nyltrichlorosilane (PTCS) and octadecyltrimethoxysilane
(OTMS) in Figure 2a and Figure S8). The solutions of silanes
were spin-coated on Ni2[MPc(NH)8] film surface, followed by
ammonia treatment (details are shown in Supporting Infor-
mation). To understand the interaction between silane and 2D
c-MOFs, we selected OTMS-modified Ni2[MPc(NH)8]
(named as Ni2[MPc(NH)8]-OTMS, M = Cu or Ni) as typical
examples (Figure S9). Fourier-transform infrared (FTIR)
spectra reveal the presence of aliphatic C@H stretching
(CH2 : 2842, 2911 cm@1 and CH3 : 2957 cm@1) vibrational bands

(Figure 2b and Figure S10), that suggests the successful
modification by OTMS. XRD patterns indicate that the
crystal structures and the interlayer distances of Ni2[MPc-
(NH)8] retain, while an additional peak with 2q at 21.488 is
assignable to the crystallized OTMS (Figure 2 c and Fig-
ure S11).[25] The porosity of Ni2[CuPc(NH)8]-OTMS was
investigated by the N2 adsorption/desorption, which reveals
that the presence of self-assembled OTMS in this modified
sample leads to a slightly declined surface-area in contrast to
pristine Ni2[CuPc(NH)8] (Figure S12). The pore size distribu-
tion via density functional theory method shows a retained
pore size as ca. 12.3 c after the OTMS-modification (Fig-
ure S12, inset), excluding potential penetration of OTMS into
the Ni2[CuPc(NH)8] backbone. Next, we synthesized Ni-
(NH)4-linkage (named as Ni[C6H4(NH)2]2) and Pc building
block (named as tBu4NiPc) as model compounds to under-
stand the above silane-modification (structures are shown in
Figures 4c,d). 1H nuclear magnetic resonance (NMR) spectra
indicate no structural change for both Ni(NH)4 and the Pc
units after OTMS-treatment, which reveals the absence of
chemical bond formation between 2D c-MOF and OTMS
(Figures S13–S15). Based on the above multiple analysis we
confirmed that the crystalline silane layer adsorbed physically
on the macroscopic 2D c-MOF films. To evaluate the surface
wettability of these films, water contact angle (WCA)
measurements were conducted before and after surface-
modification. For instance, pristine Ni2[CuPc(NH)8] was
hydrophilic with WCA value of ca. 5588 (Figure 2d), due to
the presence of abundant hydrophilic imine groups in the
Ni(NH)4 linkages (Figures S16,S17). The WCA value was
increased to 8588 after APTMS-modification, and further
increased to 11388 after grafting benzene ring (PTCS). Upon
grafting the aliphatic alkyl chains (OTMS), the surface
became highly hydrophobic with WCA of 13888.

The surface potential of the Ni2[CuPc(NH)8] films was
estimated by Kelvin probe force microscopy (KPFM), which
revealed that the pristine film possessed a work function of
0.30 eV and the surface-modification showed a negligible
effect on the work function (Figures S18,S19). Subsequently,
the electrical conductivity was measured via 2-probe method
at ambient conditions. The linear current–voltage curves
confirm an ohmic contact (Figure S20a) and provide a con-
ductivity of ca. 0.6 S cm for Ni2[CuPc(NH)8] (ca. 0.3 Scm for
Ni2[NiPc(NH)8], Table S3). Variable-temperature (T) con-
ductivity measurement of Ni2[CuPc(NH)8] in the van der
Pauw configuration indicated a drop of conductivity upon
cooling and suggested a conductivity of ca. 0.7 S cm at 300 K
(Figure S20b,c). The plot of conductivity versus T@1/4 can be
well fitted to the Mott-law variable range hopping model
(Figure S20c, inset), which illustrates a hopping conductivity
in this polycrystalline film sample. After surface-modification
by various silanes, the MOF film showed declined conductiv-
ity with the values of 0.2–0.4 Scm (2-probe, Table S4).

Next, pristine Ni2[CuPc(NH)8] film on SiO2/Si (ca. 70 nm)
was integrated into a chemiresistive device by depositing gold
electrodes with channel length of 100 mm between the gold
electrodes (Figure 3a). Upon an exposure to 600 ppm H2O,
a sharp decrease in current was recorded within seconds
(Figure S21). After 120 s, a response intensity (response =-

Figure 2. a) Illustration of the surface-modification of Ni2[CuPc(NH)8]
2D c-MOF film with APTMS, PTCS, and OTMS. b) FTIR spectra of
Ni2[CuPc(NH)8] (black) and Ni2[CuPc(NH)8]-OTMS (blue). c) XRD
patterns of pristine Ni2[CuPc(NH)8] (black) and Ni2[CuPc(NH)8]-OTMS
(blue). The insets are the enlarged patterns at around 2288. d) Water
contact angle measurements of pristine Ni2[CuPc(NH)8] (WCA =5588)
and the surface-modified films.
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DG/G0 =@(I@I0)/I0 X 100%, I is current whilst I0 represents
the initial current) was calculated as 4.7% (Figure 3b, top).
As contrast, the sensors based on the ca. 500 nm-thick film
and the pelletized bulk sample (ca. 0.3 mm-thick) displayed
much inferior humidity sensing with @DG/G0< 0.3 % (Figur-
es S22). This can be attributed to the numerous grain
boundaries[20a] or randomly orientated crystallites in the thick
samples[1d] that slow the gas diffusion and hamper the charge
transport in these samples, thus resulting in slow signal-
transduction. The above contrast experiments suggest that
highly crystalline MOF thin films are critical for a high-
performance sensing device.

We then investigated the influence of surface modification
on the sensing performance. Grafting alkylamine (APTMS)
on the 70 nm-thick Ni2[CuPc(NH)8] film showed a negligible
effect on the response/recovery under the above experimental
conditions (Figure 3b). On the contrary, lower @DG/G0 value
for Ni2[CuPc(NH)8]-OTMS sample was determined as 1.7%
(@ 120 s) compared with the pristine sample (Figure 3c); the
response rate remained almost unaffected, while the recovery
was significantly accelerated from ca. 50 to ca. 10 s (Figure 3b,
bottom and Figure S23). The hydrophobic alkyl chains on
Ni2[CuPc(NH)8] reduced the amount of diffused H2O mole-
cules into the 2D c-MOF backbone during the same exposure
time, thus inducing an easier and faster elimination of the
adsorbed H2O molecules in the recovery step. The resolved
fast recovery within ca. 10 s at such a low humidity level
(600 ppm = 3.8% relative humidity (RH)) is superior to the
thus-far reported room-temperature humidity chemiresistors
based on MOFs,[10,26] covalent organic frameworks,[27] and

conducting polymers,[28] and even comparable to graphene
oxide,[29] metal oxides,[30] metal disulfides[31] at high humidity
level of 43–100% RH (details seen in Table S5). As the water
concentration decreased from 600 to 50 ppm (ca. 0.3% RH),
a reproducible concentration-dependent-response was re-
corded (Figure 3d). By contrast, the PTCS- modified samples
exhibited inferior performance with slow response (Fig-
ure 3b). In addition, the OTMS-modification on the isostruc-
tural Ni2[NiPc(NH)8] film resulted in similar surface hydro-
phobic behavior (Figure S24) and an enhancement in the
recovery process in humidity sensing as well (Figure S25).
However, Ni2[NiPc(NH)8]-OTMS displayed inferior perfor-
mance compared with Ni2[CuPc(NH)8]-OTMS, that could be
ascribed to the lower conductivity of the former thus resulting
in relatively sluggish signal-transduction.

We also investigated the chemiresistive sensing toward
methanol, a typical VOC with human toxicity,[10] before and
after OTMS-surface-modification (Figure S26). Toward
400 ppm methanol, the Ni2[CuPc(NH)8]-OTMS based sensor
displayed significantly faster response/recovery process (Fig-
ure 4a) than those based on the pristine sample (Figure S27).
Further extending the exposure time from 120 to 600 s results
in no obvious change (Figure S28). Based on an equilibrium
response of Ni2[CuPc(NH)8]-OTMS, a response time (90% of
the saturation value[10]) and a recovery time (10% of the
saturation value[10]) were obtained as 36 and 13 s, respectively
(Figure S28b), which surpass the thus-far reported 2D c-
MOFs and traditional MOFs for chemiresistive methanol
sensing at room temperature (Table S1).[13a, 32] As the meth-
anol concentration decreased to 10 ppm, @DG/G0 decreased
to 0.23% (3.22 % at 400 ppm) and the characteristic times
increased (Figure 4 a). To be noted, the device retained its

Figure 3. a) Microscope image and illustration of the fabricated chem-
iresistor device. b) Humidity sensing of Ni2[CuPc(NH)8] film before
and after surface-modification under 600 ppm H2O. The response
curves from top to bottom refer to pristine, APTMS-, PTCS-, and
OTMS-modified films (ca. 70 nm thick), respectively. c) @DG/G0

values of pristine and OTMS-modified Ni2[CuPc(NH)8] to 600 ppm
H2O. d) Concentration-dependent response curves of Ni2[CuPc(NH)8]-
OTMS to H2O vapor.

Figure 4. a),b) Response curves of Ni2[CuPc(NH)8]-OTMS toward
methanol and ethanol, respectively. c) 1H NMR spectrum of Ni[C6H4-
(NH)2]2 in [D6]DMSO (top) and the spectra with the presence of 1/60
(in volume) methanol, ethanol, or acetone. d) 1H NMR spectrum of
tBu4NiPc in CD2CCl2 (top) and the spectra with the presence of 1/60
(in volume) methanol, ethanol, or acetone.
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high efficiency after storing at ambient conditions over one
year (Figure S29), indicative of the high stability of the
modified sample that holds great potential for practical
application. The detection limit reached as low as 10 ppm (ca.
50 ppm for pristine sample, Figure S30), superior to the state-
of-art chemiresistors at room temperature based on the other
MOFs, conducting polymers, black phosphorus, Mxenes,
metal disulfides, and most of the metal oxides (in the order
of hundred ppm normally, Table S1,2).[13a, 32, 33] Notably, at high
temperature (e.g.,> 100 88C)[34] or upon additional modulation
(e.g., application of ultraviolet light),[35] some metal oxides
based chemiresistors were reported to be capable of detecting
methanol in the sub-ppm level. This surface-modification
strategy holds great promise in effectively improving the
sensing performance of Ni2[MPc(NH)8] .

With the aim of exploring the selectivity of these sensors,
we conducted sensing measurements toward VOCs with
different polarity properties (polarity: methanol > ethanol >
isopropanol).[36] Compared with methanol, Ni2[CuPc(NH)8]-
OTMS exhibited rather slow response and recovery to
400 ppm ethanol (Figure 4b and Figure S31,S32). While for
isopropanol, the sensing remained largely unsaturated after
even an exposure of 600 s that failed to efficiently detect
isopropanol (Figure S33). A similar sensing phenomenon was
also observed for both the pristine and the OTMS-modified
Ni2[NiPc(NH)8] film (Figures S34,S35), and these results were
repeatable with different batches of samples (Fig-
ure S36,S37). Given that both Ni2[CuPc(NH)8]-OTMS and
Ni2[NiPc(NH)8]-OTMS were capable of distinguishing the
alcohol vapors via diverse response curves (Figure S38),
a polarity-dependent sensing selectivity was thus established.
Methanol molecules possess higher polarity and higher
dielectric constant than the other alcohols, and display
stronger affinity to the linkage of Ni2[MPc(NH)8] that was
revealed by the observed shift and proton-exchange in the
1H NMR spectra (Figure 4c, details seen in Figures S39–S41).
Thus, methanol analyte is able to diffuse fast into the
Ni2[MPc(NH)8] porous backbone, leading to a faster response
than the other alcohols. Further analysis suggested that the Pc
building blocks had no interaction with above alcohols
(Figure 4d and Figure S42). The different intensity of the
signals (@DG/G0 values) could be related to their distinct
dielectric constants (e, methanol (32.70) > ethanol (24.55) >
isopropanol (19.92)).[36] We note that, other common organic
compounds possessing similar dielectric constant to methanol
or ethanol (e> 24) are non-volatile, such as dimethylforma-
mide and DMSO.[36] Compared with the protic VOCs
(alcohols), aprotic VOCs possess significantly lower dielectric
constants (e.g., eacetone = 20.70, echloroform = 4.81, etoluene = 2.38,
ecyclohexane = 2.02).[36] Toward these analytes, the MOF-based
devices also presented polarity-dependent sensing (polarity:
acetone > chloroform > toluene > cyclohexane),[36] however,
with much weaker intensity of the signals (Figure 5a and
Figures S43–S46). Interestingly, though acetone molecules
showed no affinity to the Ni(NH)4-linkages, they interacted
with the Pc building blocks, as shown in the 1H NMR spectra
(Figures 4 c,d, bottom and Figures S47,S48). This result high-
lights the advantage of the Pc-based 2D c-MOFs that is able
to immobilize bi-active-sites for selective sensing. However,

a comprehensive fundamental understanding of the sensing
mechanism remains challenging, which relies on the future
development of single-layer or single-crystalline 2D c-MOF
film sample together with the application of molecule-level
characterization technologies to address.

Finally, we made a further understanding about the
influence of analyte molecular diffusion on the selectivity
and the sensing performance. Figure 5b shows the plots of
@DG/G0 (at 120 s) of Ni2[CuPc(NH)8]-OTMS versus concen-
trations (100–500 ppm), which reveals linearities (R2 = 0.99)
for the probed analytes, e.g., H2O, methanol, ethanol (for
Ni2[NiPc(NH)8]-OTMS seen in Figure S46). Fitting the curves
provide the sensitivities (S0, slope of the linear fitting) of
Ni2[CuPc(NH)8]-OTMS based sensor, which are 0.0029,
0.0053 and 0.0046% ppm@1, respectively. We further represent
the above response curves in Figure 3 and 4 with stretched
exponential function:

@DG=Go ¼ cS0 1@ e@
t
t

0 /
ð1Þ

(c is concentration, t is exposure time).[37] The related fitting
provided a relaxation time (t), which corresponds to the
inflexion point in the response curve at each concentration
level. To be noted, t represents no actual parameter, but an
index to compare the response rate quantitatively for differ-
ent analytes. As shown in Table S6, t was estimated as 3.8, 4.0,
and 18.6 s for Ni2[CuPc(NH)8]-OTMS toward 400 ppm H2O,
methanol, and ethanol, respectively. The fitting for Ni2[NiPc-
(NH)8]-OTMS exhibited similar values (Table S7). These
results, in accordance with the above determined response
times, reveal a significant contribution of the strong affinity
between the polar guest molecule (e.g., H2O, methanol) and
the MOF backbones to the high polarity-selectivity.

Conclusion

Polycrystalline Pc-based 2D c-MOF thin films with large
area (cm2) were synthesized at the liquid-solid interface and
displayed high charge transport. Benefiting from the intrinsic
electrical conductivity (0.3–0.6 Scm), porous backbone, and
abundant Ni(NH)4/Pc units as well as film processability, the
resultant 2D c-MOF films were taken as active layers and

Figure 5. a) @DG/G0 (column) values of Ni2[CuPc(NH)8]-OTMS to-
ward 200 ppm protic and aprotic analytes and their dielectric constants
(red spot). b) Plots of @DG/G0 to various analytes as a function of
concentrations for Ni2[CuPc(NH)8]-OTMS. The R2 values are shown in
the parentheses.
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integrated into chemiresistive sensors for probing water and
VOCs detection. Upon further surface-hydrophobic-modifi-
cation, the surface wettability of the 2D c-MOF films could be
tailored from hydrophilic to hydrophobic, which resulted in
the reduction of diffused H2O molecules into the sample
during the humidity sensing. Thus, a fast recovery progress
was successfully achieved at an ultralow humidity level,
superior to those of the pristine film samples and the thus-far
reported MOFs. Furthermore, the chemiresistors delivered
a selective response toward VOCs, due to the strong affinity
of the polar analytes to the 2D c-MOF backbones. Notably,
toward methanol sensing, the devices exhibited an excellent
response/recovery (36/13 s) performance at room temper-
ature, which surpassed the currently reported chemiresistors
based on the other electroactive materials at room temper-
ature, including MOFs, conducting polymers, metal disulfides
and black phosphorus. Our work opens the opportunities to
develop surface-modified 2D c-MOF films for selective
chemiresistive sensing devices with high performance.
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