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challenging but highly attractive for 
multitudinous applications, including 
molecular sieving technologies, drug 
delivery, and electronics.[1–3] Recently, 
noteworthy successes have been reported 
in the design and synthesis of porous 
organic cages[1,2] and metal–organic poly-
hedrons[4–6] with well-defined pore space 
and high solubility/dispersity in bulky sol-
vents. Metal–organic frameworks (MOFs), 
constructed by discrete inorganic sec-
ondary building units (SBUs) and organic 
linkers, have emerged as a novel class 
of crystalline porous materials featuring 
high degrees of designability in porosity, 
structural topology, and host–guest inter-
actions.[7–9] Typically, their pore size and 
shape, dimensionality, and active sites 
(e.g., appended functional groups, coordi-
natively unsaturated open metal sites) can 
be modulated judiciously via isoreticular 
chemistry. The past decade has witnessed 
significant advances in the synthesis 
of novel MOFs with adjustable phys-
icochemical properties and their appli-

cations in molecule storage/separation,[10] catalysis,[11] drug 
delivery,[12] and chemical sensing.[13] However, MOFs intrinsi-
cally lack fluidity and thus processability. This issue severely 
impedes the scale-up production of MOF-based devices such as 

Metal–organic frameworks (MOFs) intrinsically lack fluidity and thus solution 
processability. Direct synthesis of MOFs exhibiting solution processability 
like polymers remains challenging but highly sought-after for multitudinous 
applications. Herein, a one-pot, surfactant-free, and scalable synthesis of 
highly stable MOF suspensions composed of exceptionally large (average 
area > 15 000 µm2) NUS-8 nanosheets with variable functionalities and 
excellent solution processability is presented. This is achieved by adding cap-
ping molecules during the synthesis, and by judicious controls of precursor 
concentration and MOF nanosheet–solvent interactions. The resulting 2D 
NUS-8 nanosheets with variable functionalities exhibit excellent solution 
processability. As such, relevant monoliths, aero- and xerogels, and large-area 
textured films with a great homogeneity, controllable thickness, and appreci-
able mechanical properties can be facilely fabricated. Additionally, from both 
the molecular- and chip-level it is demonstrated that capacitive sensors inte-
grated with NUS-8 films functionalized with different terminal groups exhibit 
distinguishable sensing behaviors toward acetone due to their disparate 
host–guest interactions. It is envisioned that this simple approach will greatly 
facilitate the integration of MOFs in miniaturized electronic devices and ben-
efit their mass production.
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1. Introduction

The synthesis of porous materials that combine the solution 
processability like polymers with permanent porosity remains 
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membranes and electronic devices, thus restricting their indus-
trial applications.

The challenge associated with the poor solution process-
ability of MOFs arises from their insoluble nature due to the 
extended networks with crystallinity and somehow structural 
rigidity.[3] Precipitation and agglomeration of MOFs ubiq-
uitously happen once formed. Various strategies have been 
reported so far to alleviate the issue above. One straightforward 
method concerns the direct dispersion of limited choices of 
MOFs within hindered ionic liquids that are too bulky to enter 
the pores of MOFs.[14] Stable suspensions exhibiting high gas 
adsorption capabilities can thus be afforded. Alternatively, MOF 
particles decorated by alkyl or carbene chains as stabilizing 
groups can also be well dispersed and stabilized in bulky sol-
vents.[15,16] Therefore, the resultant so-called “porous liquids” 
combining characteristics of permanent porosity and fluidity 
could be utilized as liquid adsorbents or facilely processed as 
membranes with salient separation performance. Nevertheless, 
this strategy involves delicate functionalization toward MOF 
particles, and the installation of organic molecules undoubt-
edly introduces nonactive species, which may block the pores 
of MOFs and are detrimental to the physicochemical perfor-
mance of relevant MOFs. Dissimilarly, few MOFs with melting 
behavior can exceptionally form a glassy phase with certain flu-
idity under heating in an inert atmosphere.[17–19] Under this top-
down event, the molten MOFs inherit the primary coordinative 
network and porosity of the original MOFs while forfeiting 
their long-range ordering. Obviously, one-pot and bottom-up 
synthesis of MOFs with fluidic features resembling liquid-
crystalline materials is highly sought-after but remains rudi-
mentary. Despite a handful of studies reporting the sporadic 
synthesis of colloidal and metastable solutions containing ultra-
small 3D MOF nanoparticles (typically below 50  nm) under 
modulated conditions,[20–22] the solution processability of those 
MOFs into large-area films with a regular arrangement of nano-
channels/cavities has not been demonstrated yet. In addition, 
2D MOF nanosheets with high aspect ratio, precisely tunable 
thickness from single layer to multiple layers, and more readily 
accessible active sites frequently exhibit exotic physicochem-
ical properties conspicuously distinct from those of their bulk 
counterparts.[23–26] Methodologies in producing free-standing 
MOF nanosheets include top-down physical or chemical exfo-
liation from their layered 3D counterparts and direct bottom-
up synthesis.[27–32] However, there are only a few reports in the 
direct and scalable synthesis of large-area MOF nanosheets 
with uniform thickness.[28,30] Although the interfacial-medi-
ated and Langmuir–Blodgett methods allow the formation of 
large-area nanosheets, their scaling-up is problematic. This cer-
tainly limits the feasibility of MOF nanosheets in applications 
requiring large-area fabrication, such as electronics and mem-
brane-based separation.

Herein, we report a one-pot, surfactant-free, and scalable syn-
thesis of highly stable MOF suspensions composed of excep-
tionally large (average area >  15  000 µm2) NUS-8 nanosheets 
with variable functionalities and excellent solution process-
ability. This is achieved by three main considerations. First, the 
chosen 2D MOF (named NUS-8) with kagome dual topology, 
built alternatively by 6-connected Zr6 SBUs and trigonal car-
boxylate linker 4,4′,4′′,-benzene-1,3,5-triyl-tris(benzoate) (BTB) 

moieties, can also form an interpenetrated 3D framework under 
similar synthetic conditions.[33–35] A selective coordination 
strategy was adopted to realize the scalable synthesis of large 
and multilayered NUS-8 nanosheets with various functional 
groups (–H, –CH3, –NH2). Formic acid as the capping agent 
was added during the synthesis to selectively occupy six coor-
dination sites of the clusters out of the 2D plane and to leave 
the rest six sites within the 2D plane unoccupied (Figure 1a). 
The selective coordination of formic acid with metal cluster 
sites out of the 2D plane probably stems from the energetically 
favorable adsorption of formic acid and thus coordination with 
those sites of metal clusters (refer to Figure S1 and Table S1, 
Supporting Information for more details). Further coordination 
between the unoccupied sites of the clusters and BTB linkers 
afforded NUS-8 nanosheets with less steric hindrance and more 
stability. Second, distinctive from the previous studies that typi-
cally rely on supersaturated precursor solutions for the progres-
sive formation of colloidal suspension composed of nanosized 
MOF crystallites,[20–22] we utilized a diluted reactant solution to 
limit the rapid and excessive nucleation of NUS-8 that will dra-
matically consume the reactant. As a result, a slow and equilib-
rium-based growth of large NUS-8 nanosheets can be reason-
ably envisioned. Third, interlayer interactions of MOFs need 
to be compensated to avoid agglomeration. Increasing MOF 
nanosheets–solvent interactions via judicious choices of solvent 
indeed stabilize the resulting nanosheets (Figure 1b), and good 
solution processability can thus be harvested. As proof-of-prin-
ciple demonstrations, NUS-8 monoliths, aero- and xerogels, 
and large-area homogeneous films with texture, controllable 
thickness, and appreciable mechanical properties can be fac-
ilely fabricated due to its good solution processability and 2D 
nature. Finally, we demonstrate from both the molecular- and 
chip-level that capacitive sensors integrated with NUS-8 films 
functionalized with different terminal groups exhibit distin-
guishable sensing behaviors toward acetone attributed to their 
disparate host–guest interactions.

2. Results and Discussion

To justify the judicious choices of dimethylformamide (DMF) 
and H2O as the solvents during synthesis, we first conducted 
molecular dynamics (MD) simulations toward various sol-
vents-nanosheet interactions, as well as interlayer interactions 
between NUS-8 or NUS-8-NH2 nanosheets. As exemplified in 
Figures  1 and Figure S2, Supporting Information, the interac-
tions between DMF/H2O/acetone and NUS-8 nanosheets far 
surpass that of NUS-8 interlayer interactions, with respective 
adsorption energies of −158.24, −215.22, and −140.16 kJ mol–1 
in comparison with −84.39 kJ mol–1 for NUS-8 interlayer inter-
action under geometrically optimized configurations. Stronger 
interactions between the solvent and NUS-8 nanosheets will 
undoubtedly limit the stacking of the formed nanosheets and 
thus well stabilize them.[28] Facile solvothermal incubation 
of DMF and H2O solutions containing ZrCl4, H3BTB, and 
formic acid (as capping molecule) resulted in the formation of 
opalescent viscous suspensions that show Tyndall scattering 
(Figure 2a,b). Substitutions of H2O in precursor solutions by 
equivalent other solvents like acetone or absolute ethanol also 



witnessed the formation of viscous suspensions (Figure S3, 
Supporting Information). However, obvious agglomerations 
could be noticed in these cases, probably due to the relatively 
weaker interactions between the solvent and nanosheets 
(Figure S2, Supporting Information). “Non-flowing” gels can 
be observed upon removal of the excess solvent via centrifuga-
tion. The gels can remain redispersible within varied periods 
depending on the storage/treatment conditions (Figure S4c–f, 
Supporting Information). Rapid phase transformation from 
non-dried gel to sol happened once adding fresh solvent 
like DMF, H2O, or tetrahydrofuran (THF), and vice versa 
(Figure 2c and Figure S5, Supporting Information). Moreover, 
the resultant sols were stable over 2 years without precipita-
tion. Scanning electron microscopy (SEM) imaging (Figure 2d) 

confirms the formation of large-area (>17  877.6 µm2, meas-
ured by Software Image J) and monodispersed nanosheets 
obtained via drop-casting of a rather diluted sol onto atomi-
cally flat silicon (Si) surfaces. Additional checking of 9 more 
areas gave similar results (Figure S6, Supporting Informa-
tion). The average area of the ten fields of view captured 
is 19  204.4 ± 1832.0 µm2. This is distinctive from literature 
reporting the formation of metal–organic nanosheets (MONs) 
with areas commonly less than hundreds of µm2. Although 
the interface-mediated and Langmuir–Blodgett approaches can 
also allow the formation of large-area MONs, our approach 
presented here outstands in scale-up production.[28,30] Atomic 
force microscopy (AFM, Figure  2e and Figure S7, Supporting 
Information) and low-magnification transmission electron 

Figure 1. Schematic representation for the direct and scalable synthesis of homogeneous and stable suspensions composed of ultralarge metal–
organic nanosheets (MONs) with excellent solution processability. a) Synthesis strategy. b) Thermodynamic control on the synthesis based on mole-
cular dynamics (MD) simulations. The dotted rectangle compares the interaction between dimethylformamide molecules and NUS-8 nanosheet with 
that of NUS-8 interlayers. c) Growth kinetics control on the formation of MONs. d) Demonstrations on the solution processability of the obtained 
suspensions.



microscopy (TEM) images (Figure  2f) manifest the 2D crys-
tallographic nature of NUS-8 nanosheets, whose thicknesses 
are all around 13  nm from their height profiles obtained by 
AFM. High-angle annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) images of the nanosheet 
further affirm its lattice fringes with one representative inter-
planar spacing of 1.6  nm (Figure  2g,h),  corresponding  to the 
(010)/(100) crystallographic facet of NUS-8.[33–35] Interestingly, 
unambiguous kagome dual nets with bright spots representing 
the Zr6 clusters can be observed (Figure  2h). The ordering of 
Zr6 clusters with two adjacent ones separated by a distance of 
2 nm matches well with the theoretical atomic model as indi-
cated in the inset of Figure  2h. Simultaneously, the X-ray dif-
fraction pattern of the obtained powder keeps consistent with 
that of the calculated one, suggesting the formation of NUS-8 

phase.[33,34] Time-dependent investigations on its formation 
mechanism clearly show that thinner NUS-8 MONs can form 
under shorter growth periods (Figure S8–10, Supporting Infor-
mation). The generated NUS-8 nanosheets gradually formed 
a sol state through a weakly, non-covalently bonded colloidal 
network structure throughout the liquid volume, which adopts 
the shape of the container.[22] The non-covalent interactions 
between discrete nanosheets, as well as between nanosheets 
and the solvent are mainly van der Waals forces, reflected by 
extended X-ray absorption fine structure (EXAFS) characteriza-
tions toward the NUS-8 powder (dry form) and NUS-8 sol (wet 
form), and ex situ attenuated total reflection–Fourier transform 
infrared measurements conducted on the “non-flowing” NUS-8 
gels under intermittent heating (Figure S11,12, Supporting 
Information). The resulting opalescent suspensions display 

Figure 2. a,b) Optical photographs of the as-synthesized NUS-8 sols composed of unexceptionally large nanosheets and after shaking indicative of 
the Tyndall effect. c) Reversible NUS-8 sol–gel transformation upon adding or removing solvents such as DMF, THF, or H2O. d) SEM image of one-
piece NUS-8 nanosheet deposited on the Si surface. e) AFM image of NUS-8 nanosheet with height profile. f) Low-magnification TEM image of NUS-8 
nanosheet. g,h) HAADF-STEM images of NUS-8 nanosheet. The inset in (g) presents the intensity line profile of the lattice as indicated by the dotted 
pink line. The inset in (h) depicts the schematic illustration of the NUS-8 framework viewed from the c-direction. i,j) XRD patterns and N2 sorption 
isotherms under 77 K of NUS-8 powder with different functional groups. The theoretical XRD pattern of NUS-8 powder is also given for comparison.



similar property as shown previously. Such observation justifies 
the strategy mentioned above, and the successful synthesis of 
NUS-8 suspension in large volume (Figure S4a,b, Supporting 
Information) further highlights the advantages of this bottom-
up approach in the scalable synthesis of ultrathin MONs.

Alternatively, the same phase can also be obtained using 
hafnium (Hf) salt as the metal source (Figure S13, Supporting 
Information). The SBUs of the synthesized NUS-8(Hf) were 
further verified by X-ray absorption spectroscopy (Figure S14, 
Supporting Information). Fitting of the EXAFS profile of the 
NUS-8(Hf) nanosheets implies that Hf4+ ions are coordinated 
with eight oxygen atoms in the SBUs, with Hf-O (carboxy-
late) and Hf-(µ3-O) distances of 2.11 ± 0.01 and 2.27 ± 0.02 Å, 
respectively. The 1H nuclear magnetic resonance spectrum 
of the digested NUS-8 nanosheets in D2O (Figure S15, Sup-
porting Information) also corroborates the existence of formate, 
likely coordinated with Hf. The molar ratio of formate to BTB 
is deduced to be 1, justifying the above hypothesis that the 
coordination of capping molecules with SBUs out of 2D plane 
endows the formation of large-area MONs. Likewise, viscous 
suspensions composed of large-area NUS-8 nanosheets with 
variable terminated functional groups like –CH3 and –NH2  
in comparable thickness and area have also been success-
fully synthesized based on the strategies as mentioned earlier 
(Figures 2i and Figure S16–S22, Supporting Information). The 
Brunauer–Emmett–Teller surface areas were computed to be 
404.99, 321.62, and 274.12 m2 g−1 for NUS-8, NUS-8-CH3, and 
NUS-8-NH2, respectively, on account of nitrogen (N2) sorp-
tion measurements conducted at 77 K (Figure 2j). Those values 
are lower than the reported ones of their 3D counterparts 
(613 m2 g−1)[33] and 2D Zr-BTB MONs (570 m2 g−1) with smaller 
nanosheet sizes.[34]

Shaping MOFs into macro- or mesoscopically structured 
objects with hierarchical pore architectures is highly desir-
able to expand their applicability in industrial scenarios. The 
direct usage of micro/nanometered MOF powders is con-
fronted with several technical challenges, for example, poor 
handling, limited mass transfer, dust formation, and unwanted 
pressure drops in packed beds.[21,22] In this regard, the syn-
thesized suspensions composed of large-area NUS-8 MONs 
with tunable functionalities exhibit excellent solution process-
ability. Thus, they can be facilely processed into monoliths, 
xerogels, or aerogels without binders, and even homogeneous 
and textured films with adjustable thickness. Figure 3a pre-
sents the optical photograph of NUS-8 monolith fabricated 
from the non-flowing gel upon slow solvent removal under 
ambient conditions. The primary gel experienced significant 
shrinkage in volume because of the capillary forces exerted 
during ethanol evaporation. Wrinkled sheet-like architectures 
can be observed (Figure S23, Supporting Information). Alter-
natively, NUS-8 xerogels or aerogels with modulable sorption 
behaviors can also be achieved simply by controlling the drying 
process (Figure S24–S29, Supporting Information). Obviously, 
differentiated mesoporosity can be feasibly introduced within 
NUS-8 xerogels/aerogels while preserving the original micr-
oporosity. This fabrication method outperforms the conven-
tional approaches concerning the macroscale and architectural 
shaping of MOF objects that commonly rely on either struc-
tural templating of an exotic phase or pelletizing MOF powder 

via extrusion or mechanical compression under a fine-tuned 
pressure.[36,37] Besides, a crucial step to fulfill the full potentials 
of MOFs in electronics, optoelectronics, and membrane-based 
separations lies in the easy fabrication of MOF films onto rel-
evant surfaces with excellent homogeneity, compactness, and 
preferential orientation.[38,39] Because of the excellent solution 
processability of the resultant suspensions and the large area 
of NUS-8 nanosheets, a series of compact and homogeneous 
NUS-8 films can be easily fabricated onto Si surfaces via simple 
drop-casting (Figure  3b–h and Figure S30, Supporting Infor-
mation). Films with variable thicknesses ranging from 80 to 
850  nm can be achieved by varying the concentration of the 
suspension, drop volume, and hydrophobicity/hydrophilicity 
of substrates. The fluidic feature of the resultant stable NUS-8 
suspensions with variable functionalities can also be harnessed 
to produce large-area (27 × 15 cm2 and 8-inch wafer) and tex-
tured MOF films. Films fabricated onto various substrates like 
polystyrene (PS) and Si wafer using shear force as in doctor-
blading show great homogeneity (Figure 3i-k,4a). Folding tests 
toward the NUS-8 film fabricated on the flexible PS substrate 
affirm its robustness and processability even after 200 times’ 
folding (Figure S31, Supporting Information), holding tremen-
dous potentials in practical applications.

Furthermore, 2D grazing-incidence wide-angle X-ray scat-
tering (GIWAXS) measurements were also conducted to fur-
ther check the crystallinity and orientation of relevant films 
(Figure 4b,c). Noticeably, the obtained NUS-8 film only shows 
a broad out-of-plane peak, manifesting its preferential orienta-
tion with the [00l] direction perpendicular to the substrate. This 
complies with the arrangement of NUS-8 nanosheets that are 
parallel to the surface.[35] The interlayer spacing is 0.7 nm, and 
the apparent broadening of the peak is attributed to the weak 
stacking interactions between adjacent layers. Comparatively, 
in-plane measurement toward the film shows nearly all the 
peaks identical to that of the bulk NUS-8 powder, indicating 
no in-plane orientation. The observed out-of-plane orientation 
of NUS-8 nanosheets endows their fragmented 1D pore chan-
nels perpendicular to the substrate surface and is therefore 
beneficial to gas uptake.[40,41] Moreover, understanding the fun-
damental MOF mechanical structure-property relationship is 
a prerequisite for device-based technological applications. To 
gain more insights into the mechanical properties, including 
Young’s modulus and adhesion energy, we performed AFM-
based nanoindentation tests. Figure  4d depicts the representa-
tive force–displacement curves collected between a diamond 
AFM tip and the NUS-8 film. Fitting the force–displacement 
curves with Hertzian models of contact using the XEI image 
processing software gives estimates of Young’s modulus and 
adhesion energy of the film.[42,43] The averaged Young’s mod-
ulus and adhesion energy of 16 points collected within the (00l) 
plane of the NUS-8 film are 1.6 ± 0.05 GPa and 4.32 ± 1.06 J m–2, 
respectively. The resultant value of Young’s modulus is compa-
rable with those of other MOFs from the literature (Table S2, 
Supporting Information).[44] The slightly larger adhesion energy 
value than that of ZIF-8 film[45] and additional Scotch tape tests 
(Figure S32, Supporting Information) on the film clearly indi-
cate that the film well adheres to the underneath substrate.

Combining the intriguing features of MOFs with conven-
tional electronic devices has been proven effective in chemical 



sensing with enhanced sensitivity and selectivity.[39–41] Here, we 
integrated the synthesized NUS-8 MONs possessing different 
functionalities with interdigitated electrodes (IDEs) to accom-
plish the capacitive gas sensing, whose working principle relies 
on the dielectric MOF layer between IDEs (Figure 5a). Its per-
mittivity varies upon exposure to different gases in variable 
concentrations. In such a manner, the capacitance can be cor-
related with the gas species and concentrations of the gas.[46,47] 
Figures 5b,c depict the optical images of the sensor before and 
after NUS-8-NH2 coating. Explicitly, homogeneous layers can be 
formed onto the sensors to completely suffuse the gaps between 
IDEs (Figure 5c–e and Figure S33,S34). Zoomed-in SEM images 
verify the layered and wrinkled MONs, in accordance with the 
results mentioned above. Sensors integrated with NUS-8 of dif-
ferent functional terminated groups and similar film thickness 
have been successfully obtained (Figure 5f and Figure S33,34, 
Supporting Information), which allows us to further study the 
impact of host–guest interactions on gas sensing performance. 

Acetone is widely used in industry and laboratory, and can 
serve as an important breath biomarker for the diagnosis of dia-
betes mellitus.[41] The detection of acetone holds great impor-
tance for environmental monitoring and clinic application.[41] 
Sensing characteristics of the above sensors after thorough acti-
vation were assessed by monitoring the variation of capacitance 
upon exposure to various gaseous analytes, including acetone. 
Figure  5g  depicts the dynamic response of the NUS-8-NH2-
coated capacitive sensor upon exposure to variable concentra-
tions of acetone vapor. ΔC·Co−1 represents the sensor response, 
whereas ΔC and Co denote capacitance change upon exposure 
to gas and the original capacitance, respectively. The NUS-8-
NH2-coated sensor displays a positive response toward acetone 
vapor in the range of 75–1200 ppm (Figure 5g), ascribed to the 
variation in the dielectric constant of NUS-8-NH2 film after 
uptake of acetone molecules. Differentiated sensing responses 
of sensors functionalized with different functional groups 
toward acetone were noticeably observed (Figure  5h), where 

Figure 3. a) Optical photograph of NUS-8 monolith. b) Schematic representation of the formation of NUS-8 films by drop-casting. c) Representa-
tive top-view SEM image of NUS-8 films. d–h) Cross-sectional SEM images of a series of NUS-8 films on Si substrates with tunable thickness. Solid 
concentration and solution volume used for films: d) CNUS-8 = 0.17 gL–1, 10 µL; e) CNUS-8 = 0.5 gL–1, 10 µL; f) CNUS-8 = 1 gL–1, 10 µL; g) CNUS-8 = 1 gL–1, 
20 µL; h) CNUS-8 = 1 gL–1, 30 µL. i) Optical photograph of the large-area NUS-8 film on PS substrate fabricated by doctor-blading. CNUS-8 = 3.2 gL–1, 
volume = 8 mL. j,k) Cross-sectional SEM images of the film as shown in (i).



the NUS-8-NH2 coated sensor records the highest response, 
and the NUS-8-CH3- and NUS-8-coated sensors show com-
parable response (Figure S35,S36, Supporting Information). 
Their distinctive responses toward acetone can be justified 
by MD simulations. As presented in Figure  5i, the optimized 
NUS-8-NH2 and acetone (host–guest) interaction pair exhibits 
higher adsorption energy of −28.83  kJ mol–1, in comparison 
with −5.48 and −6.53  kJ mol–1 for that between NUS-8/NUS-
8-CH3 and acetone molecules, respectively. A stronger interac-
tion likely contributes to a higher adsorptivity of acetone and 
thus an enhanced response.[46] Intriguingly, the NUS-8-NH2-
coated sensor also shows distinguishing responses (Figure 5j) 
toward different analytes, including CO2, methane, and pro-
pane attributed to their differentiated permittivity[48,49] (acetone: 
20.7; CO2: 1.6; methane: 1.7; propane: 1.6) and interactions with 
the tested molecules (Table S3, Supporting Information). Addi-
tionally, the sensitivity of the NUS-8-NH2 based sensor remains 
nearly unvaried after 3 weeks (Figure S37, Supporting Infor-
mation), indicating its good stability and repeatability. Overall, 

the NUS-8-NH2 based capacitive sensor exhibits low sensitivity 
compared with the widely used chemiresistive gas sensors 
based on metal oxide semiconductors (MOS), but outstands in 
selectivity and power consumption.[50] Clearly, the successful 
integration of those MONs on electronic devices with patterned 
IDEs strongly demonstrates the excellent solution process-
ability of resulting MONs and opens up novel perspectives in 
fabricating miniaturized functional devices.

3. Conclusion

We have demonstrated for the first time, to the best of our 
knowledge, the direct, scalable, and surfactant-free synthesis 
of stable MOF suspensions encompassing exceptionally large 
NUS-8 nanosheets with variable functionalities and excellent 
solution processability, simply via adding capping molecules, 
as well as judicious controls of precursor concentration and 
MOF nanosheets–solvent interactions. The excellent solution 

Figure 4. a) Optical photograph of the 8-inch wafer-scale fabrication of high-quality NUS-8 thin film by doctor-blading. CNUS-8 = 3.3 gL–1. The red 
arrows indicate the edge of the film. b) GIWAXS out-of-plane and in-plane scattering profiles of NUS-8 thin film in comparison with its powder form. 
c) 2D-GIWAXS image of the as-fabricated NUS-8 thin film. d) Representative force–displacement curves collected between a diamond tip and the 
NUS-8 film. The inset highlights the approach and retraction of the tip during the nanomechanical measurement. Note that the films used for GIWAXS 
and nanoindentation measurements all have a thickness of 390 nm; the thickness of the film, as shown in (a), is 400 nm (see Figure S39, Supporting 
Information).



Figure 5. a) Simplified schematic representation of the MOF-based capacitive sensing device. b,c) Optical photographs of the sensor before and after 
NUS-8-NH2 coating. d,e) SEM images of the as-fabricated NUS-8-NH2-film-coated sensor. f) Cross-sectional focused ion beam (FIB)-TEM image of 
the NUS-8-NH2 film. g) Real-time response of the NUS-8-NH2-coated capacitive sensor upon exposure to variable concentrations of acetone vapor at 
room temperature. h) Comparison in sensing performance of NUS-8-coated sensors functionalized with different terminated groups. i) Geometrically 
optimized NUS-8 analogues-acetone (host–guest) configurations based on MD calculations. The acetone molecules are marked disparately from the 
MOF host. Color code: C, gray; N, blue; O, red; H, white; Zr, cyan. j) Selectivity of the NUS-8-NH2-coated capacitive sensor toward different analytes. 
The concentration of acetone is 1200 ppm, whereas those of the rest are 1000 ppm.



processability of the resulting suspensions enables facile fab-
rications of MOF monoliths, aerogel- and xerogels, large-area 
textured and homogeneous films with adjustable thicknesses 
and functionalities irrespective of the substrate. This approach 
highlights the importance of solution processability in the syn-
thesis of extended porous functional solids, and opens up novel 
perspectives for their easy integrations in miniaturized elec-
tronic devices with realistic mass production targeted for chem-
ical sensing and low-k dielectrics/optoelectronics. Concurrently, 
we believe that the resulting suspensions can be either used 
as liquid adsorbents or processed as mixed matrix membranes 
with relatively high loading or just as pure MOF membranes 
with good mechanical properties and salient separation perfor-
mance. We also anticipate that this strategy can be extended to 
other porous frameworks to address some technical challenges 
existing in porous materials, electronics, and optoelectronics.

4. Experimental Section
Synthesis of NUS-8 Suspensions with Variable Functionalities: 

The synthesis of NUS-8 suspensions with variable functionalities 
was conducted at 120 °C for 24 h in mixture solutions containing 
zirconium(IV) chloride (ZrCl4, 30  mg) and 4,4′,4′′,-benzene-1,3,5-triyl-
tris(benzoic acid) (H3BTB, 30 mg) with different functional groups. The 
solution was composed of DMF (15  mL), ultrapure water (2  mL), and 
formic acid (2  mL). The resulting viscous suspensions were rinsed by 
fresh DMF five times using a centrifuge at a speed of 3500 rpm and then 
soaked in fresh DMF overnight. Afterward, the suspensions were soaked 
in fresh ultrapure water and absolute ethanol for another 2 days while 
renewing the solvent frequently.

Fabrication of NUS-8 Monoliths: Alcoholic NUS-8 suspension with a 
concentration of 8 g L–1 and a volume of 30 mL was pre-dried at 80 °C 
for 10 min to remove most of the solvent, and then the non-flowing gel 
was left in a fumehood (≈20 °C, 60% relative humidity) for slow drying. 
NUS-8 monoliths with variable shapes can be feasibly obtained resting 
with the shape of the container used.

Fabrication of NUS-8 Aero- and Xerogels: Aqueous NUS-8 suspension 
with a concentration of 4 g L–1 and a volume of 20 mL was first frozen 
at ≈−70 to −80 °C by freezing-drier. Then the solution was primarily 
dried under reduced pressure (0.013 mbar) by sublimation. Finally, in 
the secondary drying process, the residual solvent was fully extracted, 
resulting in the formation of NUS-8 aerogels. NUS-8 xerogel was 
fabricated by drying 15  mL of NUS-8 alcoholic suspension with a 
concentration of 4 g L–1 at 25 °C under vacuum. The procedure used 
for the fabrication of NUS-8 monolith can also induce the formation of 
xerogels.

Fabrication of NUS-8 Films: NUS-8 films on small substrates were 
fabricated just via drop-casting. Typically, substrates were thoroughly 
rinsed by absolute ethanol twice under fierce stirring with each circle 
for 10 min, afterward dried at 80 °C under ambient pressure. A certain 
volume of NUS-8 aqueous suspension was then captured by pipette 
and vertically dropped onto Si surfaces. NUS-8 films can thus be 
formed along with the vaporization of water. Large-area NUS-8 films 
on PS and Si wafer were fabricated by doctor-blading in the same way. 
Drying for all kinds of films was conducted at an ambient condition to 
fully vaporize the solvent, affording flat films. Further activations were 
done at 120 °C under vacuum. Detailed information is available in the 
Supporting Information.

Capacitive Gas Sensing: The gas-sensing performance of sensors 
integrated with NUS-8 films possessing variable functionalities was 
assessed by monitoring the capacitance via a multidigit inductance, 
capacitance, and resistance (LCR) meter. Chips were placed in a 
customized chamber with stretchable metallic contacts during 
measurement. The chamber was purged by nitrogen (N2) for 15 min to 

stabilize the capacitor before data acquisition. N2 was also used as the 
diluent to achieve the targeted concentrations and also to regenerate 
the sensor. The flow rate of all gases was kept constant at 200 sccm. A 
simplified scheme of the experimental set-up is available in the previous 
work.[46]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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