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Elaboration of metal organic framework hybrid
materials with hierarchical porosity by
electrochemical deposition-dissolution

Chompunuch Warakulwit, Sudarat Yadnum,? Chaiyan Boonyuen,?
Chularat Wattanakit,” Aleksandar Karajic,© Patrick Garrigue,© Nicolas Mano,?
Darren Bradshaw,® Jumras Limtrakul® and Alexander Kuhn*©

Rationally designed hierarchical macro-/microporous HKUST-1 electrodes were prepared via an electro-
chemical deposition-dissolution technique with the motivation to overcome diffusion limitations that typi-
cally occur for conventional microporous MOFs. A colloidal crystal of silica spheres was prepared by the
Langmuir-Blodgett (LB) technique. Using this crystal as a template, macroporous copper electrodes with a
controlled number of pore layers were prepared via electrodeposition. After the removal of the template,
the synthesis of HKUST-1 was performed via partial anodic dissolution of the copper surface in the pres-
ence of an organic linker, leading to the deposition of HKUST-1 on the electrode surface with the designed
macroporous structure. The macroporous Cu electrodes do not only behave as structural templates but
are also the Cu source for the formation of MOFs. The applied potential and deposition time allow the
characteristics of the porous layer to be fine-tuned. The developed synthesis is rapid, occurs under mild
conditions and therefore opens up various potential applications including catalysis, separation and sensing

based on these hierarchical materials.

Introduction

Metal-organic frameworks (MOFs) are crystalline and porous
solid materials with a framework composed of metal ions and
organic linkers." Owing to their unique properties such as well-
defined structures, uniform and stable pores, large pore vol-
ume, high surface area, and tunable surface chemistry,1 MOFs
have been considered as interesting candidate materials for
various applications including adsorption,” separation,”™ cap-
ture,®” storage,® biomedical imaging,” drug delivery,® catalysis,’
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recognition,' sensing,"" and electronic devices.'> MOFs have
also been found to be of great importance in a large variety of
electrochemical applications,"® and have been applied as mate-
rials for electrocatalysis,"*"® electrochemical sensing'®'” and
in supercapacitors.'® Recently, it has been reported that the
method of synthesizing MOFs has an effect on their electro-
chemical behavior due to varying amounts of impurities and
molecular guests in the final products.” This illustrates that
the choice of the synthetic route is of primary importance for
the performance of the obtained material.

As conventional MOFs have sole micropores and large
crystal sizes, many molecules with relatively large dimensions
compared to the pore size of MOFs can experience severe dif-
fusion limitations when penetrating the framework. In order
to improve their performance, various synthetic strategies
have been employed to create MOFs with pores of increased
size such as mesopores (2-50 nm) and macropores (>50
nm),>*?* thus allowing shorter diffusion path lengths when
they are wused as thin films, nanoaggregates or
nanoparticles.’>>>® It also has been pointed out recently
that structuring of MOFs in a hierarchical order opens up
new opportunities to improve the material performance via
the design of their physical form rather than altering the
chemical components.*> However, to the best of our knowl-
edge, there are so far no reports on the electrochemical syn-
thesis of MOFs with the goal of obtaining a well-defined



higher order porosity, which can be crucial for their integra-
tion into practical devices.**™** Such well-organized hierarchi-
cal pore architectures would allow a straightforward access to
thin films of MOFs with a high microstructural homogeneity.
HKUST-1 is a MOF with a cubic framework structure and
an open 3D pore system obtained by linking copper(u) (Cu**)
paddlewheel dimers and 1,3,5-benzenetricarboxylic acid (BTC)
ligands.** HKUST-1 (Cu-BTC or Cu,(BTC),) has Lewis acid Cu
sites that are accessible for molecules, thus offering various
applications ranging from gas adsorption and separation,*
to gas storage,®®*’ gas sensing,**?° catalysis,>****' and
electrocatalysis."> Recently, HKUST-1 was synthesized via
electrochemical routes,"**? and compared to other prepara-
tion methods, electrochemistry has several advantages in-
cluding shorter operation times, milder conditions** and bet-
ter control over the synthesis in a continuous manner.** In
addition, it allows the direct formation of thin films, which
are of particular interest for adsorption, catalysis, separation
and sensing,*” using a rather simple elaboration strategy.*
We present in this work a direct method for the fabrica-
tion of a three-dimensional (3D) hierarchically structured
macro-/microporous HKUST-1 composite material via an
electrochemical deposition/dissolution technique (Scheme 1).
It is based on the use of a colloidal template composed of 1
pme-silica spheres of narrow size distribution prepared via the
Langmuir-Blodgett (LB) technique, followed by electrodeposi-
tion of a precursor metal. Subsequently, a thin film of
HKUST-1 (thickness ~1.5 um) with a well-defined inverse
opal structure and a direct contact to the structured underly-
ing metal phase was successfully prepared by controlled an-
odization. The obtained highly controllable structures open
up new perspectives for MOFs in various applications due to
improved transport properties in the supported MOF matrix.

Results and discussion

As suggested by cyclic voltammetry (CV) measurements, the
suitable potential for Cu deposition is in the potential range
from 0.00 V to -0.47 V. Before generating macroporous cop-
per, we first optimized the deposition conditions for a non-
templated growth in order to identify which potential within
this range leads to the smoothest copper deposit. Cu surfaces
were generated with varying potentials ranging from -0.35 to
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Scheme 1 Schematic illustration showing the experimental steps
performed in this work for the synthesis of the hierarchical macro-/
microporous HKUST-1.

-0.006 V (-0.35, —0.30, —0.25, —0.20, —0.05, —0.025, —0.012,
and -0.006 V). Some SEM images of the corresponding sam-
ples are shown in Fig. 1. At relatively high negative potential
values (-0.35 to -0.20 V), the Cu surfaces are not smooth
(Fig. 1a and b), suggesting that the nucleation and growth of
Cu is too fast. However, when the potential is increased to
-0.05 V, a smooth Cu surface could be obtained (Fig. 1c),
which is further confirmed by the cross section image of the
film (Fig. 1d). An additional increase of the applied potential
to —0.025, —0.012 and —0.006 V does not result in a significant
change of the smoothness of the surface. The SEM images of
these samples (not shown) are comparable; only the thick-
nesses of the Cu layer are different. Therefore, we selected a
potential of -0.05 V to generate the macroporous Cu
electrodes required in the next step.

For the formation of the macrostructured electrode, cop-
per has been grown to a thickness corresponding to 3/2 silica
bead layers. This should allow an ordered macroporous hy-
brid Cu/MOF film with a well-defined and open pore struc-
ture to be provided. The deposition time needed to reach
such a thickness was estimated by performing Cu deposition
on a smooth surface at a constant potential of -0.05 V.

Fig. 2 shows the SEM images of the deposited macro-
porous Cu obtained after the removal of the silica template
with hydrofluoric acid. As expected, the layer thickness of Cu
was found to increase with increasing deposition time. For a
relatively short deposition time of 300 s, although the porous
character is visible, it is not possible to create well-ordered
pores under these conditions (data not shown). Increasing
the deposition time to 700 s allows ordered macropores to be
observed in the top view, but the cross sectional SEM image
shows that the thickness of the Cu deposit is less than 1/2 of
a silica bead layer. With a deposition time of 900 s, a
complete 1/2 layer of Cu pores is obtained (Fig. 2a and b).
The macropores were found to have a highly-organized hex-
agonal arrangement corresponding to a well-defined inverse
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Fig. 1 Typical SEM images showing (a-c) the top surface and (d)
cross-section of the Cu deposit using a Cu plating bath (CUBRAC 660)
at various potentials: (a) —0.35, (b) -0.25 and (c-d) -0.05 V. The deposi-
tion time was 300 s.



1/2 layer

Fig. 2 Low and high (inset) magnification SEM images showing the
top surface of the ordered macroporous Cu electrodes (a, c) after the
removal of the colloidal crystal template, obtained for an applied
potential of -0.05 V but with various deposition times of (a) 900 and
(c) 2300 s. Cross section images of deposits with a thickness of 1/2
and 3/2 layers of pores are shown in (b) and (d) for deposition times of
900 and 2300 s, respectively.

opal structure. The pore diameter corresponds to the diame-
ter of the silica template particles, analogous to what has
been reported for other macroporous metal electrodes.*®*’
For a deposition time of 2300 s, the desired ordered Cu
macropores with a 3/2 layer thickness are obtained
(Fig. 2c and d). For this reason, we used a deposition time of
2300 s and a potential of -0.05 V for the synthesis of all the
Cu electrodes employed as starting materials for the prepara-
tion of the structured MOF.

In order to optimize the conditions for the transformation
of metallic Cu into HKUST-1, Au-coated slides modified with
a flat Cu layer having a thickness equal to that of the desired
porous electrodes (~1.5 um) were first used. The electrodes
were pretreated in 10% H,SO, for 15 min before their use as
working electrode. A silver wire and a platinum mesh were
employed as the pseudo reference and counter electrodes, re-
spectively. A solution of 0.05 M BTC in ethanol with 0.2 M
tributylmethylammonium methylsulfate (MTBS) as a
supporting salt was used as the electrolyte.

The transformation of Cu into HKUST-1 was carried out
for a constant time (300 s) but with varying potentials of
0.125, 0.25 and 0.5 V. By using a potential of 0.125 or 0.25 V,
the obtained products exhibited a microcrystalline character
(Fig. 3a). When the applied potential is increased to 0.5 V,
the size of the crystals with an octahedral block-like shape in-
creases (Fig. 3b). This finding corresponds well to previous
literature reports for electrochemically deposited HKUST-
1.%%8 For this reason, we used 0.5 V for the further transfor-
mation of Cu into HKUST-1.

In the next optimization step, we tried to understand the
influence of the deposition time on the product characteris-
tics. Fig. 4a—-c show the SEM images of HKUST-1 formed on
the Cu surface at a constant potential of 0.5 V, but for various
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Fig. 3 SEM images showing the MOF products formed on flat Cu
surfaces via electrochemical dissolution for different potentials, (a)
0.125 and (b) 0.5 V, but using the same reaction time (300 s) in a
solution of 0.05 M BTC in ethanol containing 0.2 M MTBS as the
supporting electrolyte.

times. The products look more crystalline, the octahedral
crystal structure becomes better defined, and the size of the
crystals increases from one hundred nanometers to a few
micrometers when the deposition time increases from 60 s to
1800 s.

The HKUST-1 deposits obtained after a reaction time of
1800s were subsequently characterized by FTIR and XRD. For
IR (Fig. 4d), the band in the range of 1560-1440 cm" is
assigned to the asymmetric stretching vibrations of the BTC
carboxylate groups. The symmetric vibrations centered at
1370 cm ™" and the peaks at 730 and 760 cm ™" are assigned to
the phenyl group in the HKUST-1 structure. Most impor-
tantly, the band at 1690-1730 cm™, which is assigned to the
acidic C=O stretching vibration, characteristic of the free
BTC linker, was not found, thus suggesting the complete de-
protonation during the complexation of the linker molecules
with the Cu®>" ions.” For XRD (Fig. 4e), the diffraction peak
positions and the relative diffraction intensities in the XRD
pattern of the 1800s sample correspond well to what has
been reported for HKUST-1 in the literature,® thus
confirming the successful preparation of HKUST-1 under
these conditions.

2000 1800 1600 1400 1200 1000 200 600 400
wavenumber [em)

Fig. 4 (a-c) SEM images showing the MOF products formed on flat Cu
surfaces via its electrochemical dissolution at 0.5 V for various times:
(a) 60, (b) 600 and (c) 1800 s in a solution of 0.05 M BTC in ethanol
containing 0.2 M MTBS as the supporting electrolyte. (d) FTIR and (e)
XRD patterns recorded with the 1800 s sample confirming the HKUST-
1 structure.



After this initial screening of the experimental conditions,
we prepared HKUST-1 directly on the surface of macroporous
Cu electrodes with 3/2 pore layers. A relatively short deposi-
tion time of 60 s was chosen in order to ensure that the
macroporous copper will transform only partly into HKUST-1,
thus preserving the underlying macroporous architecture. Ap-
plication of a potential of 0.5 V triggers the electrochemical
oxidation of Cu® to Cu** via several intermediate steps which
have been recently investigated in detail.”’ The produced
Cu** species interact with the BTC molecules in the solution
leading to an observable precipitation of the solid material
with its characteristic blue color, similar to what has been ob-
served previously.”® Although the SEM images reveal the uni-
form distribution of HKUST-1 on the surface of the macro-
porous electrode with a morphology similar to what has been
obtained in the case of flat Cu-coated electrodes, Fig. 5 never-
theless indicates an important alteration of the macropores
due to the extensive formation of HKUST-1. In order to pre-
vent this too rapid erosion and better preserve the originally
designed macropores, the applied potential was decreased to
0.125 V for subsequent experiments.

The SEM images of Fig. 6a-f show the top surface of the
electrode after the anodic dissolution process at this lower
potential of 0.125 V for various experimental times ranging
from 30 s to 120 s. In this case, the originally designed
macroporous structure could be entirely preserved. As
expected, the amount of MOF and its morphology vary when
the deposition time changes, analogous to experimental ob-
servations on flat electrodes. The amount of the MOF product
increases and the crystal facets are better defined with in-
creasing deposition time. The obtained results indicate the
successful preparation of a hierarchical macroporous
HKUST-1 composite electrode via the currently employed
technique. It should be noted that the desired hierarchically
structured Cu/HKUST-1 composite electrode can be obtained
in a relatively short reaction time (<120 s), thus the
employed approach is straightforward and rapid. The cross
sectional image of the 60 s sample (Fig. 6g) also confirms the
preservation of the originally designed macroporous struc-
ture. AFM images further indicate the presence of MOF
(white deposit in Fig. S471), although it is difficult to resolve
its microstructure due to the high aspect ratio of the pores
and the crystallites.

it -+ 3 e 8
Fig. 5 (a, b) Low and high-magnification SEM images showing the top
view of the macroporous Cu electrodes with 3/2 layers of pores after
the MOF formation at a constant oxidation potential of 0.5 V and a re-
action time of 60 s in a solution of 0.05 M BTC in ethanol containing
0.2 M MTBS as the supporting electrolyte.

Fig. 6 (a-f) Top view SEM images at low and high magnifications
showing the MOF products formed on the walls of the ordered
macroporous Cu electrodes (3/2 layers of pores), via the oxidation at
0.125 V for various reaction times (a-b) 30 s, (c-d) 60 s and (e-f) 120 s
in a solution of 0.05 M BTC in ethanol containing 0.2 M MTBS as the
supporting electrolyte. (g) Typical cross sectional image obtained for
the 60 s sample.

Conclusions

Rationally designed hierarchical macro-/microporous HKUST-
1 composite electrodes were prepared via an electrochemical
deposition-dissolution technique. Silica spheres were first
used to prepare a colloidal crystal template by the Langmuir-
Blodgett technique. Macroporous copper electrodes with a
controlled thickness were obtained via electrodeposition. Af-
ter removal of the template, the synthesis of HKUST-1 was
performed via partial anodic dissolution of the copper sur-
face in the presence of an organic linker, leading to the for-
mation of the MOF on the electrode surface. The macro-
porous Cu electrodes do not only behave as a structural
template, but also as a metal source for the formation of the
MOF. The applied potential and deposition time play impor-
tant roles in the structural characteristics of the final prod-
uct. Therefore, these parameters were optimized in order to
transform only partially the well-organized macroporous Cu
electrodes into a macroporous MOF architecture. We found



that the desired hierarchically structured Cu/HKUST-1 com-
posite electrode can be obtained in a relatively short reaction
time (<120 s) at an optimized potential of 0.125 V. Thus, the
employed technique is not time-consuming, uses only very
mild electrochemical conditions and is easy to implement. It
therefore represents an interesting enrichment of the already
existing tool box employed to generate structured high per-
formance MOF layers.>>* Even though we exemplified the
approach in the present work with only one type of MOF, the
method should be easily transposed to all other MOFs that
can be electrochemically generated by anodic dissolution.**
The obtained composite structures should allow these mate-
rials to be used advantageously when diffusional transport
problems would otherwise be a limiting factor, as it might be
the case for several applications including catalysis, sensing
or separation and storage of gases.>”
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