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ABSTRACT: Efficient methods to deposit thin layers of metal-organics frameworks (MOFs) are needed to integrate these mi-
croporous materials into microelectronics, sensing devices, and membranes. Herein, we report for the first time the direct aerosol jet 
printing of a MOF material. The ultramicroporous MOF [Ca(C4O4)(H2O)] (UTSA-280) was deposited from an aqueous precursor 
solution. In addition to blanket coatings, aerosol jet printing provides direct access to patterned coatings with a resolution of 100 µm 
via a digital, maskless approach. Moreover, by enabling spatial control over the layer thickness via the number of passes of the nozzle, 
this direct-write approach presents a more accessible alternative to advanced patterning techniques such as grayscale lithography.  

Metal-organic frameworks (MOFs) are microporous crystalline 
coordination polymers with unique adsorption properties. They 
have shown tremendous potential in catalysis,1 gas storage,2 
separation,3 and microelectronics.4 As sensor coatings, they can 
concentrate the analyte on the sensor surface, in some cases se-
lectively.5,6 However, their integration is hindered by the lack 
of facile and versatile deposition and patterning techniques.7,8 
Solution-based techniques for MOF deposition, such as chemi-
cal solution growth or liquid-phase epitaxy, could cause corro-
sion or contamination.4 Chemical vapor deposition circumvents 
these risks,9 but is limited by the reactivity of the metal precur-
sor and the volatility of the linker. A plethora of patterning 
methods have been demonstrated for MOF coatings. Subtrac-
tive approaches such as lift-off patterning9,10 or resist-free direct 
lithography11 involve modifying the whole substrate, increasing 
the risk of contamination by residues. In contrast, additive pat-
terning techniques, such as selective growth,12 microcon-
tact,12,13 and inkjet printing14,15 deposit the target material only 
on a confined area of the substrate. Inkjet printing is particularly 

attractive thanks to its low cost, non-contact and mask-free na-
ture, digital control, and scalability.16 However, it requires care-
ful ink formulation within a narrow window of viscosity and 
surface tension.  

Aerosol jet printing (AJP) is an emerging contactless direct-
write technique based on a focused aerosol stream. While it 
shares most of the advantages of inkjet printing,17 the viscosity 
of the atomized liquid does not play an important role, and no 
ink optimization is needed. Unlike other patterning techniques, 
it can be used to directly produce a freeform pattern on virtually 
any type of substrate, including 3D objects. Typically, AJP is 
used to print electronic components consisting of inorganic ma-
terials, such as conductive silver lines,18 graphene intercon-
nects,19 and perovskite X-ray photodetectors.20 The resolution 
mainly depends on the jet shape and can reach down to 50 µm 
when efficient aerodynamic focusing is applied.21  

Figure 1. Schematic representation of the aerosol jet printing set-up used to deposit UTSA-280. [CaO6] polyhedra are shown in green, 
C and O atoms are shown in grey. 
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To the best of our knowledge, AJP has not been employed to 
deposit any MOF before. However, the feasibility of AJP of 
MOFs is hinted at by the previously reported spray deposition 
of blanket coatings of MOFs. Submicron coatings of terbium 
terephthalate were grown on heated substrates by atomizing the 
metal salt and linker solution separately and directing both aer-
osols simultaneously to the substrate.22 In addition, precursors 
have been sprayed on a substrate sequentially, with a washing 
step in-between, as demonstrated in the liquid-phase epitaxy 
growth of HKUST-1.23,24 Further, preformed MOF particles 
have been deposited through supersonic cold spraying25 and 
spray-drying of synthesis solutions is an established technique 
to synthesize various MOFs in powder form.26,27 Based on these 
reports, we expected that two requirements must be met to de-
posit a MOF coating from a precursor solution through AJP: (1) 
the solution must remain clear, without precipitation, and (2) 
ideally only volatile by-products form that can later be easily 
removed by mild heating. 

To demonstrate AJP of MOFs, we targeted calcium squarate 
[Ca(C4O4)(H2O)] (UTSA-280) because it can be synthesized 
from an aqueous solution in a manner satisfying both criteria 
indicated above. Moreover, the use of water as a solvent avoids 
the risk associated with flammable aerosols. As a rigid ultrami-
croporous MOF (i.e., with pores smaller than 7 Å),28 UTSA-280 
discriminates between small molecules of similar sizes. For in-
stance, it selectively adsorbs ethylene over ethane, even though 
both differ by only 0.28 Å in kinetic diameter.29 In a typical syn-
thesis, a saturated aqueous solution of sodium squarate (Na2Sq) 
is mixed with an aqueous solution of calcium nitrate, resulting 
in immediate precipitation of 100-500 µm needles.29 Recently, 
a room-temperature mechanochemical synthesis of UTSA-280 
was reported that uses CaO or Ca(OH)2 and squaric acid (H2Sq) 
as precursors and generates water as the only by-product. 30 We 
observed that mixing a 10 mM aqueous solution of Ca(OH)2 
and H2Sq results in a solution that does not produce a visible 
precipitate for at least several hours (Fig. S1). This solution 
does, however, produce UTSA-280 crystals upon evaporation. 
Evaporation-induced MOF growth has previously been used for 
patterned deposition of HKUST-1,13,31 including through inkjet 
printing.32  

The setup used for AJP of UTSA-280 is shown in Figure 1. 
Schematic representation of the aerosol jet printing set-up used 
to deposit UTSA-280. [CaO6] polyhedra are shown in green, C 
and O atoms are shown in grey.. Two syringes with Ca(OH)2 
and H2Sq solutions are placed in a syringe pump. After mixing 
in a 3-way valve, the precursor solution is fed into a pneumatic 
atomizer containing a laser-cut ruby orifice. The pressurized 
carrier gas jet passes through the orifice at high velocity and 
breaks the liquid into micrometer-sized droplets. If a dry carrier 
gas is used, water evaporation from the droplets causes the un-
desired formation of an aerosol of UTSA-280 particles, which 
bounce off the substrate instead of sticking to it. To avoid this 
effect, the carrier gas was saturated with water vapor before in-
troducing it into the atomizer. When hitting the bottom of the 
atomizer reservoir, larger droplets coalesce, and smaller ones 
bounce off. The fine aerosol is carried by the gas stream to the 
deposition head. Finally, as the droplets pass through the depo-
sition nozzle, they are accelerated towards the substrate in an 
impinging jet. The deposition spot depends on the jet shape and 
velocity, as well as the droplet size distribution. While larger 

(roughly >3 µm) droplets deposit in a spot smaller than the noz-
zle orifice, smaller (roughly <2 µm) droplets hit the surface fur-
ther away from the jet centerline (overspray).33 A fraction of the 
submicron-sized droplets are unable to impact the substrate and 
is carried away by the deflecting gas flow, reducing the deposi-
tion efficiency. To deposit on a larger area, the deposition noz-
zle was fixed on a PRUSA i3 MK3 printhead. The movement 
of the printhead and printbed in the X and Y direction respec-
tively was programmed by GCode commands. To optimize the 
deposition process, the following key parameters were varied: 
substrate temperature, precursor concentration, and number of 
passes .The substrate temperature directly affects convection 
flow, solvent evaporation rate, surface tension of the droplets on 
the surface, and MOF crystallization. Consequently, the depo-
sition thickness, resolution, and crystal morphology will vary 
substantially for different substrate temperatures. To study 
these effects, rectangular areas (3x4 mm2) were printed by mov-
ing the nozzle in a zig-zag pattern (Fig. S2a) on silicon sub-
strates at 30, 60, and 90 °C. As seen in Fig. 2a, the coverage of 
the coating decreases drastically with increasing temperature. 
This deterioration can be attributed to faster drying of the aero-
sol droplets before they reach the substrate. Smaller solid parti-
cles bounce off the surface, decreasing the deposition efficiency 
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and surface coverage. At 30 °C, this effect is negligible, and the 
highest deposition rate is observed. The different morphology 
of MOF particles deposited at 90 °C and the absence of the 
round marks left by drying droplets around some of the larger 
particles suggests that they were formed already in the aerosol 
phase, before hitting the substrate. Considering both deposition 
efficiency and coverage, 30 °C was selected as the optimal sub-
strate temperature. 

The precursor concentration also affects the deposition thick-
ness, coverage, and morphology. The upper concentration limit 
is dictated by the onset of crystallization upon mixing the metal 
and linker precursor solutions, as premature crystallization may 
clog the nozzle orifice. We set the upper concentration limit of 
both precursors at 10  mM, as mixing these concentrations does 
not produce any visible precipitate for at least 5 h (Fig. S1). 
While there is no lower limit, the increasing printing time 

needed to deposit a film of a given thickness makes very dilute 
solutions impractical to work with. To investigate the impact of 
precursor concentration on the film quality, we printed rectan-
gular areas of UTSA-280 (3x4 mm2) in a single pass using 2.5, 
5, and10 mM solutions of Ca(OH)2 and H2Sq. The print speed 
was set at 200, 400, and 800 mm/min, respectively, to keep the 
deposited MOF per unit area roughly constant. As seen in Fig. 

Figure 2. Characterization of UTSA-280 coatings deposited via AJP. SEM micrographs of coatings deposited (a) on silicon substrates 
kept at 30, 60, and 90 °C (1 pass, 5 mM precursor solutions), (b) from 2.5, 5, and 10 mM Ca(OH)2 and H2Sq precursor solutions (1 
pass, substrate at 30 °C), and (c) in 1, 2, and 10 passes (5 mM precursor solutions, substrate at 30 °C). (d) AFM images of UTSA-
280 deposited in 1, 2, and 10 passes (5 mM precursor solutions, substrate at 30 °C). (e) GIXRD of UTSA-280 films deposited in 1, 
2, and 10 passes along with the simulated diffractograms. (f) CO2 and (g) H2O physisorption isotherms at 20 °C on bulk UTSA-280 
powder and a QCM sensor coated via AJP. The shaded area represents the 95% confidence interval based on the uncertainty in the 
mass determination of the MOF layer. 
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2b, higher precursor concentrations lead to a decrease of cover-
age accompanied by an increase in the crystallite size. The sam-
ple deposited from the 10 mM solutions shows needles reaching 
several microns in length on top of smaller crystallites. For 2.5 
and 5 mM precursors, more of the smaller crystallites are 
formed, although large needles appear as well when printing the 
same area multiple times (Fig. S3). Considering the trade-off 
between better surface coverage and printing speed, we chose 
5 mM as the optimal precursor concentration.  

For the selected substrate temperature and precursor concentra-
tion, we considered the following strategies to improve the cov-
erage: (1) increasing the liquid flow rate, (2) decreasing the lin-
ear speed of the nozzle, and (3) printing in multiple passes. The 
former led to accelerated aerosol coalescence on tube walls 
causing the nozzle to sputter. Decreasing the print speed below 
a certain point led to excessive fluid and spreading on the sur-
face. Nevertheless, additional passes of the nozzle result in im-
proved coverage (Fig. 2c, d). However, the surface is not en-
tirely covered even after 10 passes (Fig. S4). We speculate that 
because the initially formed MOF layer is less hydrophilic than 
the bare substrate, the aerosol droplets deposited on top do not 
wet the surface and thus start growing a second layer before 
sealing the first one. That second layer consists of loosely 
packed 1-5 µm long needles. These observations are confirmed 
by AFM topography images (Fig 2f) and the sharp increase of 
the root mean square (RMS) roughness from 31 nm for 1 pass 
to 87 nm for 10 passes. In all cases, the crystallinity of the 
UTSA-280 was confirmed by X-ray diffraction (XRD, Fig 2e). 
As expected, the intensities of the peaks roughly scale with the 
number of passes, indicating progressively thicker crystalline 
coatings. Only the Bragg peaks corresponding to (h00) planes 

are visible, indicating that the crystallites have a preferential 
(100) out-of-plane orientation. Therefore, the 1D UTSA-280 
pores are laying parallel to the substrate (Fig 1). To showcase  
the versatility of AJP for deposition of MOFs, we applied the 
same conditions to deposit ZIF-8 from [Zn(NH3)4](OH)2 and 2-
methylimidazole. The formation of ZIF-8 was confirmed by 
XRD (Fig. S13). 

To assess the deposition efficiency and the adsorption behavior 
of UTSA-280 deposited via AJP, a layer was grown in 10 passes 
on a SiO2-coated quartz crystal microbalance (QCM) sensor. 
Mass determination of QCM coatings can require sophisticated 
modeling based on the resonant frequencies (fn) and bandwidths 
(Γn) for different overtones (n). However, in the specific case of 
a rigid coating, the energy dissipation in the film is low  and the 
resonant frequency shift (Δfn) of a QCM sensor is linearly pro-
portional to the mass change according to the Sauerbrey equa-
tion.34 Whether or not a coating can be considered rigid can be 
assessed by comparing fn and Γn before and after deposition. If 
the resonance bandwidth shift (ΔΓn), which is proportional to 
the energy dissipation increase, is much smaller than Δf, the 
coating can be considered rigid.35 Typically, the Sauerbrey 
equation is not valid when the coating consists of loosely 
packed particles with poor adhesion to the surface.34 However, 
the deposited MOF coating can be regarded as rigid as the ratio 
ΔΓn/Δfn is < 0.1 for all measured overtones (Fig. S6). The mass 
of the MOF layer calculated from the Sauerbrey equation was 
found to be only 0.8% of the theoretically expected mass based 
on the precursor consumption. As we measured the atomization 
efficiency to be 10%, based on the difference between the liquid 
volume injected and accumulated in the atomizer, the deposi-
tion efficiency (i.e., the sticking coefficient) was about 8%.  

Figure 3. (a) Optical photographs of images printed with an UTSA-280 aerosol jet, including a reproduction of the “Great Wave off Kana-
gawa” by Hokusai. The images contain five shades of grey corresponding to 0, 1, 2, 5, and 10 print passes. (b) Optical photograph of an 
uncoated (left) and an UTSA-280-coated IDE capacitive sensor (right). Response curve of the UTSA-280-coated IDE capacitive sensor to 
(c) CO2 and (d) H2O at 100 kHz. The response is expressed as ΔС/C0, where C0 = 98.3 pF is the capacitance of the sensor in the absence of 
an analyte. 
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The coated sensor was activated inside the QCM measurement 
cell overnight at 100 °C under a nitrogen flow to remove excess 
linker and physisorbed water. A CO2 adsorption isotherm was 
measured by exposing the sensor to different concentrations of 
CO2 diluted in N2 (Fig. 2f). In comparison with bulk UTSA-
280, the uptake on the QCM is only slightly lower across the 
measured pressure range. Both isotherms have the characteristic 
shape of micropore filling (IUPAC type I).36 Similarly, a water 
adsorption isotherm was measured on the same sensor (Fig. 2g). 
At low vapor pressures (p/p0 < 0.2), the isotherm measured for 
the coating overlaps with the one obtained through volumetric 
measurements on UTSA-280 powder, both displaying the type 
I shape.36 In comparison to the powder, the coating consists of 
smaller crystallites with a higher external surface area. As a re-
sult, the specific water uptake is higher for the coating at higher 
vapor pressures. To demonstrate the stability of the coating, we 
stored the sensor for 6 weeks in ambient air and repeated the 
water adsorption experiment (Fig. S7). The minimal reduction 
in adsorption capacity confirms UTSA-280 as an attractive 
sensing material.  

To assess the printing resolution, we deposited a series of par-
allel lines with the interline distance varying from 25 to 250 µm. 
Although overspray causes line broadening (Fig. S8), the lines 
are still discernable for a 150 µm pitch, which we define as the 
resolution (i.e., the minimum interline distance at which indi-
vidual lines can still be resolved). Interestingly, the addition of 
0.5 wt% hexanol brings the resolution down to 100 µm. To elu-
cidate this effect, we measured the contact angle of the precur-
sor solution on the substrate, which drops from 24 to 15° upon 
the addition of hexanol (Fig. S9). A droplet with a lower contact 
angle is less susceptible to movement by the impinging jet37 and 
dries faster because of its higher surface area. Furthermore, the 
addition of hexanol does not adversely affect the crystallinity or 
the porosity of the deposited coatings (Fig. S10). Therefore, it 
was adopted as part of the standard printing protocol for pat-
terned MOF layers. The resolution can likely be further im-
proved by using a nozzle with aerodynamic focusing.38 

As demonstrated above, the thickness of the deposited layer can 
be controlled via the number of passes of the nozzle. This capa-
bility enables AJP to spatially control the layer thickness within 
the same coating, making the method an alternative to grayscale 
lithography.39 To demonstrate this ability, three images contain-
ing five shades of gray were printed. The greyscale levels were 
translated into different thicknesses by printing 0, 1, 2, 5, and 
10 passes (Fig. 3a). Even though UTSA-280 itself is colorless, 
areas with a different coating thickness are visually distinct, 
with thicker layers scattering more light. The horizontal stripes 
in the reproduction of the "Great Wave off Kanagawa" are an 
artifact caused by partial clogging of the atomizer. Such clog-
ging issues could be avoided by switching to an ultrasonic at-
omizer.22,24,25 

To showcase AJP as a facile direct-write, resist-free patterning 
technique, we fabricated a capacitive sensor in a single deposi-
tion step. A UTSA-280 coating (10 passes) was deposited on 
top of a set of platinum interdigitated electrodes (IDE) with a 
5 µm finger width and spacing (Fig 3b and S11). The sensor 
was activated as for the QCM substrates and subsequently ex-
posed to different concentrations of CO2 and H2O while moni-
toring the capacitance (Fig 3c, d). As the adsorbate molecules 
fill the pores and adsorb on the outer surface of the MOF, the 

dielectric constant of the layer increases. The much higher sen-
sitivity to water arises from its higher dielectric constant (80 
versus 1.5 for liquid CO2 at 20°C)40. Both response curves fol-
low the shape of the corresponding adsorption isotherms.  

In conclusion, we demonstrated for the first time AJP of MOFs, 
with UTSA-280 as a showcase. In contrast to AJP of other ma-
terials, in this process, the MOF is formed on the substrate from 
drying precursor droplets. The coatings are crystalline and po-
rous as-deposited, as proven by XRD and QCM adsorption ex-
periments. Additionally, we explored the potential of AJP as a 
direct-write patterning technique by depositing complex pat-
terns of UTSA-280 with variable thicknesses. Furthermore, we 
showed that AJP offers a facile route for fabricating MOF-based 
sensors by depositing a layer of UTSA-280 on an IDE capaci-
tive sensor and testing it with two analytes. The versatility of 
the method was proven by deposition of ZIF-8 under similar 
conditions.  These results illustrate the potential of AJP as a fac-
ile deposition method to integrate MOFs in various applica-
tions. 
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