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1. Introduction

Metal–organic frameworks (MOFs) are 
a diverse class of materials formed by 
reacting organic ligands with metal-
ions to form crystalline co-ordination 
compounds consisting of porous net-
works. The high internal surface areas 
and readily tuneable chemistry of MOFs 
mean they have found use in a wide 
variety of applications,[1] including: gas-
storage and separation,[2] catalysis,[3] 
sensing,[4] water-purification,[5] drug 
release,[6] and electronics.[7] However, 
the insolubility of MOFs makes it chal-
lenging to process them into the often 
complex shapes and patterns required 
for real world applications which limits 
their use in sophisticated devices.[8] 
As such, a diverse range of approaches 
have been explored for growing,  
depositing and patterning MOFs 
onto surfaces.[9] These include: 
spray coating,[10] spin coating,[11] dip-
coating,[11,12] soft lithography,[13] micro-

fluidic[14] and 3D printing,[15] electrospinning,[16] and gel 
monolith approaches.[15c,17]

Inkjet printing is a widely used approach for depositing 
complex patterns onto surfaces and offers a variety of advan-
tages including minimal wastage, large-area depositions and 
integration with computer-aided design (CAD) information.[18] 
Flexible displays,[19] solar cells,[20] catalysts,[21] explosive sen-
sors,[22] transistors,[23] data[24] and energy storage devices[25] as 
well as, biological materials[26] and medical devices [27] have all 
been produced through inkjet printing of a variety of different 
organic and inorganic functional materials. In particular, sev-
eral examples of inkjet printed MOFs have been reported and 
employed for sensing,[28] anti-counterfeiting,[29] security,[30] and 
electrocatalysis[31] applications.

Two distinct approaches have so far been developed to 
enable the inkjet printing of MOFs. The first, pioneered by 
Zhuang et  al.[32] used a single MOF precursor solution con-
taining both ligands and metal-ions as an ink which they were 
able to print using a commercial inkjet printer onto a variety 
of substrates. Similar approaches have been used to synthesize 
several other MOFs,[28,30] however samples required repeated 
drying and washing cycles to build up layers and remove high 
boiling point solvents. The second approach was developed by 
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Luz et al.[29] who printed aqueous inks consisting of a suspen-
sion of pre-formed nanoparticles of three different lanthanide 
MOFs along with ethanol as an anti-solvent to accelerate pre-
cipitation. A similar approach has been used by Su et al.[31] to 
print porphyrinic MOFs. Both sets of authors discuss the chal-
lenges associated with this approach in creating stable suspen-
sions which can otherwise clog print-heads. A possible third 
approach was pioneered by Hou et  al.[33] by directly synthe-
sizing an enzyme-MOF composite. MOF precursors and pro-
teins were loaded into different cartridges of a desktop color 
printer and the composites were generated in pre-determined 
patterns on the surface of various substrates such as paper and 
polymeric films.

Reactive inkjet printing (RIJ) is an additive manufacturing 
technique which generates materials on the substrate, at the 
point of interest. RIJ can avoid some of the challenges associ-
ated with creating suspensions/inks such as stability, life-time 
and nozzle-clogging, and so broaden the pallet of materials 
that can be printed.[18,26a,b,34] In RIJ, separate stable solutions 
of two or more reactants are printed in the same location and 
react on the surface to produce the desired material in situ. 
RIJ enables precise control of picolitre size droplets which 
improves mixing and heat transfer making the reaction more 
efficient and the overall process consume less material. RIJ 
can also improve process safety in some applications, as dem-
onstrated by Lennon et al. [34] who created patterned layers of 
SiO2 by direct etching of hydrofluoric acid, which was synthe-
sized in situ, and at point of use, via RIJ. Additionally, the use 
of an inkjet printer allows for the reactant stoichiometry, syn-
thesis conditions and composition to be readily varied during 
printing which is not possible with pre-mixed solutions.[18a] 
One of the first examples of RIJ being used to produce gra-
dients was demonstrated by Jabbour et al. who were able to 
vary the sheet resistance of a conducting polymer by selectively 
printing an oxidant.[18b]

Here we demonstrate the use of RIJ as a precise approach 
for the synthesis and patterning of MOFs onto substrates and 
for creating gradients where the structure of one MOF control-
lably and gradually transforms into a second MOF. Separate 
inks consisting of either ligands, or metal-ions, dissolved in 
DMF are deposited simultaneously onto a substrate, where 
they react resulting in MOF formation. Wagner, Richardson 
et. al.[35] recently reported reactive extrusion printing as a 
related approach in which syringes full of different reagents 
are combined through touching needles to print HKUST-1. In 
this work we use a custom-built printhead and system to print 
picolitre droplet size allows efficient mixing and rapid evapora-
tion of the solvent results in well-defined patterns. We dem-
onstrate the synthesis of a range of MOF architectures which 
have found applications in adsorption and separation, catal-
ysis, sensing, as well as optical and electronic applications.[36] 
Furthermore, by not using pre-formed MOF crystallites the 
RIJ technique allows for the patterning of surfaces with gra-
dients of MOFs with different ratios of building blocks. As a 
step toward these type of lab-on-a-chip applications, we dem-
onstrate that printed MOFs retain their well-defined pores and 
can therefore be used to selectively encapsulate specific dyes 
whilst rejecting others.

2. Results and Discussion

2.1. RIJ of Cu3(BTC)2

Inks were formed by separately dissolving the respective metal 
acetate salt and ligand in dimethylformamide (DMF) as 0.25 
molar solutions of each. Acetate salts, rather than the more 
commonly used nitrate salts, were chosen as they are known 
to accelerate the synthesis of paddlewheel-based MOFs by pre-
forming the desired secondary building unit. DMF was selected 
as its high boiling point and the ability to dissolve both the 
organic ligands and metal salts in the same solvent made it 
attractive for this first study. The rheological properties of the 
solutions were measured in order to investigate the “jet-ability” 
of the inks (ESI Table 1), with both being observed to jet stably 
(Figure 1).

RIJ of the MOFs was achieved using a custom-built inkjet 
printer, based on the JetLab system (MicroFab, Plano, and TX) 
fitted with an angled jetting device assembly as depicted in 
Figure  1. The set-up was designed to allow the simultaneous 
printing of two inks onto the same location of the substrate.

The sample stage was adjusted to ensure that the droplets 
touched the surface at exactly the intercept point leading to the 
formation of clearly defined droplets. Initial studies focused 
on the formation of the archetypal MOF popularly known as 
HKUST-1,[37] which has the structure Cu3(BTC)2(DMF)3, where 
BTC is 1,3,5-benzenetricarboxylate. Strobe time lapse images 
were taken (Figure  1) of the ligand, H3BTC, and metal salt, 
Cu(OAc)2 during the printing of the Cu3(BTC2) lines. The 
copper acetate ink was observed to result in slightly smaller 
droplets than the H3BTC ink (Figure 1). The small ink volume 
(2−10 pL) allows for fast drying of the ink solvent and samples 
appeared dry after ≈10–30 s, the exact duration being dependent 
on the deposited droplet amount.

Based on the stoichiometry of Cu3(BTC)2(DMF)3, a 2:3 ratio 
of ligand:metal solutions was expected to be optimal. However, 
it is worth noting that Terfort and co-workers used an excess 
of metal-ions (1:2 ratio) to print Cu3(BTC)2.[32] In our work, we 
used RIJ to deposit both components, H3BTC and Cu(OAc)2, 
at different ratios (1:1, 1:2, 1:3, 2:3, 3:2, 3:1, and 2:1) to optimize 
stoichiometry. Successive droplets were jetted at a frequency 
of 25  Hz. As an example, a dot array with a ratio of 1:3 was 
achieved by simultaneously jetting one drop of H3BTC and one 
of Cu(OAc)2 followed by two additional drops of Cu(OAc)2 at 
25 Hz. In order to improve signal to noise ratios for the various 
analysis techniques this process was repeated five times at each 
location (to increase the amount of deposited material) before 
moving to the next.

RIJ of samples with the 2:3 ratio, which was expected to 
result in the ideal stoichiometry, produced a blue micro-
crystalline powder with a color matching that of bulk 
Cu3(BTC)2. Samples with an excess of metal ions present 
(1:2, 1:3) produced similarly blue powders although a greater 
degree of cracking was observed after drying. SEM images (ESI 
Figure S3, Supporting Information) further illustrate the cracks 
in the printed MOF. For ratios where an excess of the H3BTC  
ligand was present (1:1, 2:1, 3:1, and 3:2), large needle-like crys-
tals matching those obtained by printing H3BTC alone were 
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observed. This was attributed to the relatively low solubility of 
H3BTC in DMF, compared to Cu(OAc)2, which would result in 
the nucleation of H3BTC crystals before the H3BTC could react 
with Cu(OAc)2 to form Cu3(BTC)2.

Raman spectroscopy was used to screen the droplets for 
Cu3(BTC)2 formation. Two new peaks were observed at 500 and 
820  cm−1, corresponding to bulk MOF produced via conven-
tional synthesis, which confirmed the successful formation 
of the target MOF (Figure  2A).[37] The presence of these two 
peaks were observed most strongly in the 2:3 and 1:3 (shown in 
Figure 2A) ratio samples, as well as the 1:2 sample; they were 
also observed to a lesser extent in the 3:2 and 3:1 ratio sam-
ples, when an excess of ligand was present. The formation of 
Cu3(BTC)2 was confirmed by printing dot arrays onto zero back-
ground silicon wafers (Si100) in the 2:3 and 1:3 ratios and ana-
lyzing them using X-ray powder diffraction (XRPD) (Figure 2B). 
The diffraction patterns for the printed materials closely match 
with those of the calculated patterns for Cu3(BTC)2 and that of 
bulk material synthesized by repeating a previously reported 
hydrothermal synthesis.[37]

2.2. RIJ of a Multivariate MOF Gradient

A key advantage of MOFs is that they have a modular struc-
ture which allows for mixing and matching of different com-
binations of ligands and metal ions without changing the 

underlying structure of the MOFs. This concept of “isoreticular 
substitution” has been used to create diverse libraries of dif-
ferent frameworks with different functionalities.[38] It has also 
enabled the creation of “multivariate” frameworks (MTV-MOFs) 
which blend two or more different ligands or metal ions within 
a single framework with the same structure.[39] Applying these 
principles to RIJ opens up the possibility of using the same 
precursor inks to print different MOFs and using spatial con-
trol to enable the printing of gradients that transition from one 
structure to another via a multivariate phase. To our knowledge, 
no previous examples of such MTV-MOF gradients have been 
printed.

Six inks were prepared as DMF solutions of acetate salts of 
Cu, Zn and Co as well as ligands H2BDC (1,4-benzene dicar-
boxylic acid), H2ABDC (2-amino-1,4-benzene dicarboxylic 
acid) and HBIM (benzimidazole). The relevant inks were then 
combined through RIJ at ratios of 1:1 droplets, where the ink 
concentrations were 0.25 m for all inks except BIM which was 
0.5 m to preserve the correct stoichiometry. These were used to 
print (Figure  2C) four well-known previously reported MOFs: 
Cu(BDC),[40] Cu(ABDC),[41] Zn(BIM)2 and Co(BIM)2.[42] The 
structure of each printed MOF was then analyzed by XRPD 
(Figure  2D; Figure  S8, Supporting Information) and Raman 
analysis (ESI Figure S7,S9, Supporting Information) and com-
pared to patterns generated from known crystal structures and 
material made via previously reported bulk synthesis, con-
firming the formation of the expected structures.

Figure 1. (Top) Schematic representation of the printing process of a 5 × 5 dot array: Green droplets and the left jetting nozzle (60 µm nozzle dia meter) 
represent Ligand Ink A (H3BTC 0.25 m in DMF) chemical structure shown above (right); blue droplets and the right jetting nozzle (60 µm nozzle 
diameter) depict metal ink B (Cu(OAc)2 0.25 m in DMF), chemical structure shown above (left). (Right top inset) Ball and stick representation of the 
synthesized Cu3(BTC)2 MOF structure schematically depicted by the turquoise dot array. (Bottom) Strobe time lapse images of droplet formation of 
DMF solutions of H3BTC (green) and Cu(OAc)2 (blue) 60 µm nozzle diameters microFab jetting devices during printing of MOF lines (red arrow) on 
coverglass substrates with a custom built printer platform.
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As shown in Figure 3A, by keeping the amount of Cu ink 
constant but varying the ratio of BDC to ABDC linker, a gra-
dient from 100% Cu(BDC) to 100% Cu(ABDC) was achieved. 
This gradient was observed visually; the line changes from blue 
to green. XRPD of samples prepared at different ratios confirm 
the formation of MTV MOFs, with samples up to 50% loading 
of BDC showing only peaks matching the Cu(ABDC)(DMF) 
structure (Figure S6, Supporting Information). At 50% loading 
of BDC and above, additional peaks are observed which cor-
respond to blends which correspond to the desolvated form of 
Cu(BDC).[40,43] Raman microscopy was used to record spectra 
along the printed line (indicated by 1 to 5 Figure  3A) which 
showed the gradual loss of bands associated with the BDC 
MOF along with the gradual growth of broader bands charac-
teristic of the ABDC MOF. The broadness of the Cu(ABDC) 
Raman bands were attributed to the smaller size of the crys-
tallites obtained due to rapid crystal growth by the more basic 
ABDC linker.

A gradient of metal ions was produced in a similar way by 
varying the ratio of Zn and Co inks added to the BIM ink as 
shown in ESI Figure S5 (Supporting Information). Raman anal-
ysis shows no significant changes along the printed gradient 
line consistent with Raman inactive metal ions forming a con-
sistent structure (ESI Figure  S8,S9, Supporting Information). 
However, a clear change in color from purple to white can be 
observed. Some breaking of the printed lines is observed as the 

system was less well optimized to the different growth kinetics 
of these systems (ESI Figure S5, Supporting Information).

As detailed in the experimental section, in these examples 
gradient printing was achieved by pre-mixing components 
within the inks as limitations of the equipment available meant 
only two inks could be printed at a time. However, an upgraded 
system with three nozzles could achieve a more refined effect 
by altering the number of droplets of each ink added through a 
similar process used to optimize the ratio of Cu3(BTC)2.

2.3. Selective Adsorption of Dyes by Printed Framework

As a step toward lab-on-a-chip type applications, we investigated 
whether printed MOFs could be used to selectively encapsulate 
dyes. Two dyes, Methylene Blue (λex 662–666 nm, λem 686 nm) 
and Rhodamine B (λex 542–554  nm, λem 567  nm) were inves-
tigated as these have sizes greater, and less than, the aperture 
sizes of Cu3(BTC)2 (10 and 14 Å). We hypothesized that meth-
ylene blue would be encapsulated inside the MOF whilst Rho-
damine B would not. This size selectivity has been previously 
demonstrated for Cu3(BTC)2 grown in nano-confined fluidic 
channels.[44]

Lines of Cu3(BTC)2 (10  mm long) were printed onto glass 
substrates at 1:3 and 2:3 ratios (Figure 3; ESI Figure S11, Sup-
porting Information). They were then immersed for 24  h in 

Figure 2. A) Raman spectroscopy of the ligand (H3BTC) and metal (Cu(OAc)2) reagents, the bulk synthesized MOF (for comparison) and the two RIJ 
samples at ratios of 2:3 and 1:3. The two RIJ samples exhibit peaks at 500 and 820 cm−1, which confirms successful synthesis. B) XRPD patterns for 
the calculated MOF, bulk MOF and the two RIJ samples, showing that the target peaks for the MOF are present in the two RIJ samples. C) Optical 
micrographs of printed lines of the other MOFs produced by RIJ exhibiting the different colors that are due to the different synthesized MOF species. 
D) XRPD patterns comparing phase of printed MOFs to bulk and literature examples, which demonstrate successful synthesis of the MOFs.
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solutions of ethanol saturated with either Methylene Blue or 
Rhodamine B. The samples were removed from the dye solu-
tion and carefully rinsed with fresh ethanol. With a 2:3 ratio 
rhodamine B was found to stick to needle-like crystals which 
was attributed to electrostatic interactions between the posi-
tively charged dye and excess BTC ligands. However, for the 1:3 
ratio, lines of MOF immersed in methylene blue (Figure  3E) 
show a deep blue color under bright-field illumination and blue 
fluorescence in the dark field images. In contrast, no distinctive 
red stains and no visible fluorescence was observed following 
immersion in the Rhodamine B dye solution (Figure  3D). 
These observations indicate that as expected, the smaller Meth-
ylene blue dye molecules are absorbed within the pores of the 
framework whilst the larger Rhodamine B dye molecules are 
washed off.

3. Conclusions

Here, we demonstrate RIJ as a new approach to the pat-
terning of surfaces with MOFs which allows control over 
the composition as well as position of the printed material. 
We used a custom built inkjet printer fitted with an angled 
jetting device to simultaneously print picolitre quantities of 
separate solutions of metal ions and ligands onto a surface 
which reacted at room temperature to form a MOF. The use 
of separate solutions of metal-ions and organic ligands avoids 
issues associated with the use of conventional inkjet printing 
approaches where pre-formed particles can lead to clogging 
of print-heads and extensive washing/drying procedures are 
needed to remove stabilizing agents. As with other inkjet 
printing methods, the MOFs could be printed into a variety 
of different complex shapes demonstrating spatial control. 
The versatility of the approach was shown by printing five  

different MOFs: Cu3(BTC)2, Cu(BDC), Cu(ABDC), Zn(BIM)2, 
and Co(BIM)2. The porosity of the printed Cu3(BTC)2 was 
confirmed and utilized through size-selective absorption of a 
fluorescent dye demonstrating one potential application of RIJ 
MOFs.

A key advantage of the RIJ approach over other printing 
techniques is that the composition of the printed material 
can readily be varied. MOFs are a uniquely interesting system 
to investigate in this regard because their modular structure 
means different solutions of ligands and metal-ions can be 
brought together in a “mix-and-match” way to tune the com-
position of the MOFs. We demonstrate this by showing how 
printing different ratios of components allowed the stoichi-
ometry of Cu3(BTC)2 to be optimized removing the need for 
washing steps. A slight excess of metal-ions was found to be 
optimal for the printing of Cu3(BTC)2 MOF formation and 
prevent the formation of needle-like ligand crystals during the 
printing of Cu3(BTC)2. Uniquely, this approach also enabled 
the printing of a MOF gradient in which the composition of 
components within an isoreticular series of MOFs gradually 
varies. Lines were printed in which the percentage of ligand 
gradually varied from 100% BDC to 100% ABDC and metal 
ions changed from Zn to Co without changing the underlying 
MOF structure. To our knowledge, this type of gradient has 
not been achieved using any other patterning approaches and 
offers exciting opportunities for creating advanced coatings and 
devices where properties change gradually across a surface.

The ability to process MOFs into complex shapes and pat-
terns is key to harnessing their diverse properties for use in 
real world devices. The ability to mix-and-match stable solu-
tions of components to print different structures, optimize 
their composition and print gradients are key advantages of  
RIJ over other patterning techniques. We anticipate that this 
approach will be broadly applicable to a wide range of other 

Figure 3. A) Raman spectra and optical micrographs showing gradient printing of multivariate Cu(ABDC):Cu(BDC) MOFs taken at different positions. 
Optical microscope brightfield and fluorescence images of representative printed MOF lines on coverglass substrates with five times material printed 
at 1:3 B–D) and 2:3 E) (H3BTC : Cu(OAc)2 0.25 m in DMF): B) Before and after 24 h incubation in a solution of Methylene Blue in ethanol C) and 
Rhodamine B solution in Ethanol) D and E), which shows incorporation of the smaller methylene blue dye, but not the larger rhodamine dye within 
the pores of the MOF.
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MOFs and related materials enabling them to be blended 
together in increasingly sophisticated ways to create advanced 
coatings and devices.
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