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sensing, [ 13 ]  batteries, [ 14 ]  supercapacitors [ 15 ]  and electrochromic 
devices—a more desirable form may be thin fi lms. [ 16–18 ]  Sev-
eral approaches to MOF thin-fi lm formation have now been 
explored, at least in preliminary fashion. The approaches 
include:surface-initiated solvothermal growth, [ 19–21 ]  layer-by-
layer assembly (also termed liquid-phase epitaxy), [ 22–24 ]  sub-
strate corrosion and/or reactive electrodeposition, [ 25–28 ]  micro-
wave-induced thermal deposition [ 29 ]  and dip coating from 
colloidal solutions. [ 30 ]  While each has its virtues, none has yet 
proven universally applicable or nearly so. Thus, there is a need 
for additional deposition methods—especially ones that are 
simple and broadly applicable, or at least applicable to MOFs 
that appear poorly suited to the methods noted above. 

 Electrophoretic deposition (EPD) is a well-established tech-
nique for fabricating thin fi lms, especially from nanoparticu-
late building blocks. The application of a DC electric fi eld to 
a suspension of charged particles in a nonpolar solvent can 
result in particle transport and deposition onto a conduc-
tive substrate. EPD has previously been employed to deposit 
semiconducting, [ 31–35 ]  metallic [ 36–38 ]  and insulating [ 39,40 ]  nano-
particles on conductive platforms. 

 Here we report the electrophoresis-driven formation and 
growth of MOF thin fi lms. The potential generality of the EPD 
method was demonstrated by the successful deposition of four 
representative MOFs: the Zr-based materials, NU-1000 [ 41 ]  and 
UiO-66 [ 42 ]  (see  Figure    1  a and b); the iconic Cu-based MOF, 
HKUST-1; [ 43 ]  and the aluminum-based form of MIL-53 [ 44 ]  (see 
Figures S1 and S2). Notably, the deposited materials are char-
acterized by distinctly different topologies, porosities, mor-
phologies, sizes of crystallites, and degrees of chemical sta-
bility. During the material synthesis, all 4 types of MOFs pre-
sent some surface defects (possibly due to missing linkers or 
missing metal nodes) that will give rise to some partial charges 
on the surface of the MOFs. During EPD process, those par-
tial charges drive the particles toward the oppositely charged 
electrode. In practice, all of the examined MOFs display net 
negative charges and were deposited on the positively charged 
electrode. When the polarity of the electrodes was switched, as 
expected, the MOF particles were deposited on the opposite 
electrode, supporting the fact that the charged surfaces of the 
MOF materials drive their deposition. Finally, to further test the 
usefulness of EPD,we examined the feasibility of: a) depositing 
micropatterned fi lms, and b) depositing two types of MOFs on 
a single conductive support.  

 Figure  1 c illustrates a typical EPD procedure. First, two iden-
tical fl uorine-doped tin oxide (FTO) transparent conductive elec-
trodes are immersed in a colloidal MOF deposition suspension 

  Electrophoretic deposition (EPD) is used for the patterned 
growth of metal-organic framework (MOF) thin fi lms on 
conductive surfaces. We fi nd that deposition of pre-syn-
thesized particles (microcrystallites) of the representative 
MOF materials,HKUST-1, Al-MIL-53, UiO-66 and NU-1000, 
from toluene suspensions and onto conductive glass can be 
readily accomplished without altering particle composition 
or degrading particle integrity. For NU-1000, which contains 
a redox-active linker, we fi nd that with proper attention to 
fi lm density all linkers within a fi lm can be electrochemically 
addressed. These fi ndings, especially if extended to other MOFs 
or to modifi ed versions of the current MOFs, suggest that elec-
trophoretic deposition will prove broadly useful for imparting 
to MOFs electrocatalytic and/or photoelectrochemical activity. 

 Metal organic frameworks (MOF) have engendered enor-
mous scientifi c interest due to their routinely high porosi-
ties and surface areas, and due to their extraordinarily broad 
chemical and structural diversity. [ 1–3 ]  Indeed, one of the 
most compelling features of MOFs as materials class is 
that their structures and compositions, and hence chemical 
properties,canbe broadly engineered via careful selection of: 
a)synthesis conditions/methodology, and b) molecular and 
ionic building blocks. [ 4 ]  These features have motivated investi-
gations of MOFs, typically in microcrystalline powder form,for 
a wide variety of applications, including gas storage, [ 5–8 ]  
chemical separations, [ 9 ]  and chemical catalysis. [ 10,11 ]  For 
other applications—for example, electrocatalysis, [ 12 ]  chemical 

Adv. Mater. 2014, 26, 6295–6300

www.advmat.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adma.201401940


6296 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

approximately 1 cm apart from one another. Second, taking 
advantage of the fact that the suspended MOF particles pos-
sess a surface charge, a fi xed voltage is applied between the two 
electrodes. In a low polarity, non ionizing solvent the applied 
voltage creates an electric fi eld that drives the particles toward 
the oppositely charged electrode and ultimately deposits them. 

 As mentioned earlier, we have demonstrated the fl exibility of 
the EPD technique by depositing four types of MOFs thin fi lms, 
HKUST-1, Al-MIL-53, UiO-66 and NU-1000. For the remaining 
part of this work, we have concentrated our attention on the 
two Zr-based MOFs with different particle sizes to act as model 
systems since Zr-MOFs recently attracted a great deal of atten-
tion in several potential applications. [ 45–50 ]  Moreover, we wanted 
to assess the suitability of EPD for depositing MOFs with par-
ticle sizes ranging from a few micrometers down to several 
hundreds of nanometers. To do so, we were able to fabricate 
thin fi lms made of two kinds of Zr-based MOFs, micron sized 
crystals of Zr 6 (µ 3 –OH) 8 (OH) 8 (TBAPy) 2 (NU-1000)(H 4 TBAPy = 
1,3,6,8-tetrakis(p-benzoic acid)pyrene) and nano sized crystal-
line particles of Zr 6 O 4 (OH) 4 (BDC) 2 UiO-66 (H 2 BDC = 1,4-ben-
zenedicarboxylic acid), as illustrated in Figure  1 a and b. UiO-66 
was synthesized solvothermally according to a previously 
published procedure while NU-1000 was synthesized using 
a slightly modifi ed version of literature procedures, in which 
the ZrOCl 2 ×8H 2 O was used as a Zr precursor instead of ZrCl 4  
(see Supporting Information for experimental details). [ 41,42 ]  For 
each MOF, thin fi lm deposition suspensions were prepared by 
weighing 10 mg of the as-prepared MOF powder into a 20 ml 
toluene solution which was then sonicated for 30 s in order to 
form a homogenous colloidal dispersion of MOF particles. In 
 Figure    2  a, optical images of both UiO-66 and NU-1000 fi lms 
deposited on FTO glass are presented (after 3 h of EPD), 
showing the characteristic yellow and white-colored fi lms of 
NU-1000 and UiO-66 respectively. Upon UV excitation, we 
observe the emission from the fl uorescent TBAPy pyrene-based 
ligand of NU-1000, while no emission is seen from the BDC 

ligand of the UiO-66 (Figure  2 b). SEM images of both thin fi lms 
were obtained displaying the rod-shaped hexagons and low 
aspect ratio crystal habits, which are characteristic for NU-1000 
and UiO-66, respectively (Figure  2 c and d include SEM images 
of the MOF thin fi lms while Figure S3 includes SEM images of 
the bulk MOF crystals). Furthermore, in order to verify that the 
material deposited on the FTO electrodes retains its structural 
integrity, PXRD measurements of the fi lms were collected. The 
deposited fi lms retained the same crystal structure as the bulk 
NU-1000, UiO-66, Al-MIL-53, and HKUST-1 starting materials 
(Figure  2 e, f, and S1).  

 To gain more insight into the effect of electrophoresis time 
on the characteristics of the deposited fi lms, such as thick-
ness and extent of surface coverage, we prepared a series of 
NU-1000 EPD fi lms with different deposition times: a) 20 min 
b) 40 min c) 60 min d) 120 min and e) 180 min. Representative 
SEM images (top view) of the different fi lms are presented in 
Figure S4 of the Supporting Information. It is clear that after 
20 min of deposition, the surface coverage by the NU-1000 
MOF crystals is low and a signifi cant portion of the FTO is still 
exposed. As the deposition time increases, the fraction of FTO 
remaining exposed decreases, and after 180 min, the surface 
is essentially covered with MOF microcrystallites, as can be 
seen in  Figure    3  e. Additional data indicating that the deposi-
tion time determines the amount of material assembled on the 
surface was provided by measuring the PXRD patterns of fi lms 
deposited at different times (Figure  3 a). Qualitatively, we see 
that the relative diffraction peak intensities increase as a func-
tion of time, implying that more material had been deposited 
on the FTO substrate. Furthermore, cross sectional SEM image 
of the NU-1000 fi lms grown for 3 h (Figure  3 f) shows the 
random orientation of MOF particles on the electrode surface, 
with an approximate fi lm thickness of 4–5 µm.The mechanical 
stability of the resulting NU-1000 EPD thin fi lms was assessed 
using a scratching test utilizing a Micro Materials nanoscratch/
nanoindentor. We have calculated the elastic modulus, as well 
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 Figure 1.    a) Components of UiO-66 and NU-1000: Zr-containing nodes (blue for UiO-66 and red for NU-1000) and organic linkers, b) illustration of 
the crystal structures of UiO-66 and NU-1000 MOFs c) a scheme illustrating the principal of MOFs EPD fi lm growth, showing the attraction of charged 
MOF particles toward an oppositely charged electrode using an applied electric fi eld d) illustration of the patterning of MOF EPD fi lm procedure: 
I) spin coating a layer of photoresist on a bare FTO substrate, II) using photolithography to create patterned squares of photoresist, III) deposition of 
MOF particles on the conductive exposed FTO areas using EPD, and IV) removal of the remaining photoresist squares to obtain the desired pattern
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as the maximum shear and tensile stresses at delamination of 
the fi lm. The shear and tensile stresses are 1.4% and 0.6% of 
the elastic modulus respectively, suggesting that the EPD fi lms 
have respectable adhesion on conducting glass substrates see 
Supporting Information for experimental details and results).  

 With an eye toward possible electrochemical applica-
tions, [ 51–53 ]  we wanted to obtain insights regarding the conduc-
tivity and charge transfer properties of the prepared EPD fi lms. 
Recently, we have shown that solvothermally grown NU-901 
MOF fi lms containing redox active pyrene moieties exhibit 
reversible electrochromism when the underlying FTO electrode 
is stepped to an electrochemical potential positive enough for 
the one electron oxidation of the pyrene linkers. [ 16 ]  Taking into 
account that the building blocks for the synthesis of NU-1000 
and NU-901 are identical (Zr node with the H 4 TBAPy ligand), 
we wanted to explore the electroactivity of EPD fi lms through 

the reversible redox reaction of the pyrene-based ligands. Cyclic 
voltammetry (CV) measurements of NU-1000 fi lms, prepared 
over EPD times ranging from 20 min to 180 min, are shown on 
Figure  3 b. The voltammograms were acquired using a standard 
three-electrode confi guration featuring a Ag/AgCl reference 
electrode, a Pt-mesh counter electrode, and in a 0.1 M TEAPF 6  
solution in CH 2 Cl 2  as a supporting electrolyte. For all studied 
fi lms, a chemically reversible redox reaction could be observed, 
with an anodic peak for the pyrene linker oxidation to a rad-
ical cation state at applied potentials of 1.2–1.4 V, followed by a 
reductive (cathodic) peak at potentials of 0.8–1.0 V that returns 
the pyrene to neutral form. Increases in current for both oxida-
tion and reduction peaks were observed as the deposition time 
increased. For a given deposition time, the amount of linker 
displaying electroactivity was determined by integrating the oxi-
dative voltammetry peak to obtain the charge passed and then 
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 Figure 2.    a) an optical micrograph of NU-1000 and UiO-66 fi lms grown using EPD b) optical micrograph of NU-1000 and UiO-66 fi lms under UV exci-
tation, showing the emission of the pyrene based ligand of NU-1000 c-d) SEM images of UiO-66 and NU-1000 EPD fi lms showing their typical crystal 
morphologies e-f) XRD patterns of UiO-66 and NU-1000 fi lms, both matching the simulated and bulk crystal structures of each MOF.

 Figure 3.    a) XRD plots for thin fi lms of NU-1000 grown with different duration of EPD. b) CVs of NU-1000 fi lm grown with different EPD duration, 
showing the reversible redox behaviour of the pyrene-containing linker. c) Absorption spectra of fi lms of NU-1000, showing the increase in the total 
amount of surface-immobilized pyrene with deposition time.d) Plot of the precentage of electroactive pyrenes on the surface in relation to deposi-
tion duration, demonstrating the fact that upon reaching a complete surface coverage, practically all the pyrene could be electroactivated e) Top view 
SEM images of an NU-1000 fi lm grown using 180 min of EPD. f) Cross sectional SEM image of an NU-1000 fi lm obtained based on 180 min of EPD.



6298 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N converting the charge to moles by assuming removal of one 

electron from each pyrene molecule displaying electroactivity. 
Total numbers of pyrene units present were determined by 
recording electronic absorption spectra of solutions of digested 
fi lms in aq. 1 M NaOH, as shown in Figure  3 c. The required 
molecular extinction coeffi cient of TBAPy 4−  in 1 M NaOH solu-
tion was determined from the slope of an absorption calibra-
tion curve (at 391 nm), as shown in Figure S5. For each of the 
MOF EPD fi lms, the total amount of pyrene present and the 
amount exhibiting electroactivy were determined (Figure S6). 
The overall fi ndings are summarized in Figure  3 d which pre-
sents a plot of the percentage of material exhibiting electroac-
tivity versus the deposition time, where time is proxy for the 
amount of MOF deposited. Strikingly, it can be seen that the 
percentage of electroactive pyrene increases with the deposi-
tion time, reaching a value of greater than 95% after 180 min. 
We interpret the fi ndings to mean that not all deposited parti-
cles achieve good electrochemical contact with the conductive-
glass electrode, but that particle-particle redox communication 
is effective. Thus, at loadings where most particles physically 
contact other particles, only a modest fraction needs to achieve 
direct electrochemical communication with the electrode itself 
in order for the overwhelming majority of particles to be effec-
tively electrochemically addressable. 

 Desiring to challenge the EPD method and assess its ability 
for directing the deposition of MOF particles to predefi ned 
locations, we set out to construct patterned fi lms. Fabrication 

of such patterned, surface-supported MOF structures could be 
useful for applications ranging from chemical sensing to elec-
trical signaling. By combining photolithography with EPD, we 
were able to fabricate a micropatterned MOF thin fi lm (see 
Figure  1 d). Briefl y, a layer of an insulating photoresist mate-
rial was prepared on a bare FTO platform by spin coating 
(Figure  1 d, process I). Photolithography was then used to create 
a patterned photoresist surface exhibiting a 25 µm diameter 
squares with 25 µm spacing (Figure  1 D, process II). The next 
step involved EPD of MOF particles on the conductive exposed 
sections of FTO between the photoresist squares (Figure  1 D, 
process III). Finally, removal of the remaining photoresist was 
done by immersing the fi lm in acetone for 1 hour, leaving 
behind a patterned grid of MOF particles (Figure  1 D, process 
 IV ). Representative SEM images of the resulting patterned 
MOF grid fi lms are shown in  Figures    4  a and c and Figure S7 
(Supporting Information). The images show the deposition 
of hexagonal NU-1000 MOF rods in grid-like fashion around 
square FTO areas. The features of the grid are in good size- and 
shape-agreement with the original pattern, i.e., lines approxi-
mately 25 µm wide, with ca. 25 µm spacing between them, 
with the pattern resolution limited by the MOF particle size. 
Upon irradiation with light from a 405 nm laser, strong pyrene 
luminescence from the patterned MOF material can be clearly 
observed as shown in the fl uorescence microscopy image in 
Figure  4 b. Additionally, the grids were observed to function 
as diffraction gratings for transmitted visible light (diffraction 
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 Figure 4.    a) SEM image of a patterned MOF fi lm showing grid lines of MOF particles and bare FTO squares. Scale bar is 500 µm; b) fl uorescence 
microscopy image of the same patterned fi lm upon excitation with a 405 nm laser irradiation, showing the blue color resulting from the emission 
of the pyrene ligands; c) an higher magnifi cation SEM image of the patterned MOF fi lm, scale bar is 100 µm; d) XRD of patterned NU-1000 covered 
with UiO-66 fi lm (black), exhibiting diffraction peaks matching both simulated patterns of NU-1000 (red) and UiO-66 (blue); e) SEM image of UiO-66 
deposited on top of the patterned NU-1000 thin fi lm, creating a mix structure of NU-1000/UiO-66 fi lm.
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pattern not shown). Finally, EPD was tested and shown to be 
capable of producing more complex MOF fi lm designs, as 
shown in the Table of Contents illustration.  

 The versatility of the EPD method was further demonstrated 
through the fabrication of a patterned thin fi lm containing two 
types of MOF. Briefl y, an EPD grid-patterned fi lm of NU-1000 
on conductive glass was immersed in a toluene suspension of 
UiO-66 and subjected to a DC potential as described above. 
The result was electrophoretic deposition of UiO-66 particles 
over both the exposed FTO areas and the pre-existing grid 
of NU-1000 particles; see Figures  4 e and  S8 . The PXRD pat-
tern of the mixed-MOF fi lm, shown in Figure  4 c, exhibits dif-
fraction peaks for both NU-1000 (2θ = 2.4, 5.1) and UiO-66 
(2θ = 7.3, 8.4). 

 In summary, we fi nd that electrophoretic deposition is a 
simple and compelling method for assembling nanoparticu-
late thin-fi lms of MOFs on conductive surfaces, including the 
assembly of fi lms in micropatterned form. Successful deposi-
tion of four nominally neutral MOFs strongly suggests that 
EPD will prove applicable to a very broad range of MOF com-
positions. At high surface coverage, fi lms of the redox-active 
MOF, NU-1000, proved to be fully electrochemically address-
able—clearly an advantageous property for applications such as 
electrocatalysis for alternative fuel generation (water oxidation, 
hydrogen evolution reaction and CO 2  reduction) and chemical/
electrochemical sensing. Going forward, we believe that EPD 
will open up a path for constructing more complex and multi-
functional surface architectures comprising of multiple MOF 
materials. This multiplexing may prove useful in mechanistic 
investigation of important fundamental MOF properties such 
as charge transport and electrical conductivity.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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