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ABSTRACT: Metal—organic frameworks (MOFs) are an important class of ) InitiaPslands ™
crystalline porous materials with extensive chemical and structural merits. e : =~ s
However, the fabrication of MOF thin films oriented along all crystallo- :
graphic axes to achieve well-aligned nanopores and nanochannels with
uniform apertures remains a challenge. Here, we achieved highly crystalline
single-domain MOF thin films with the [111] out-of-plane orientation by
electrochemical conversion of cuprous oxide. Copper(II)-benzene-1,3,5-
tricarboxylate, Cuy(BTC), (referred to as Cu-BTC), is a well-known metal—
organic open framework material with a cubic crystal system. Epitaxial Cu-
BTC(111) thin films were manufactured by electrochemical oxidation of
Cu,O(111) films electrodeposited on single-crystal Au(111). The Cu-
BTC(111) shows an in-plane antiparallel relationship with the precursor Cu,O(111) with a —0.91% coincidence site lattice
mismatch. A plausible mechanism was proposed for the electrochemical conversion of Cu,O into Cu-BTC, indicating formation of
intermediate CuO, growth of Cu-BTC islands, and termination with coalesce into a dense film with a limiting thickness of about 740
nm. The Faradaic efficiency for the electrochemical conversion was 63%. In addition, epitaxial Cu-BTC(111) foils were fabricated by
epitaxial lift-off following the electrochemical etching of residual Cu,O underneath the Cu-BTC. It was also demonstrated that Cu-
BTC(111) films with two in-plane domains and textured Cu-BTC(111) films can be achieved on a large scale using electrodeposited
Au/Si and Au-coated glass as low-cost substrates.
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Bl INTRODUCTION

Epitaxy is the growth of crystals on a single-crystal substrate
that determines their orientation."” It can be used to produce
films with a level of perfection that approaches that of single
crystals. Epitaxy is particularly important for manufacturing
single-crystal-like metal and semiconductor films to reduce the
defect sites at interfaces and grain boundaries and thus
optimize their opto-electronic properties and device perform-
ance. Metal—organic frameworks (MOFs) built from metal
ions coordinated by organic ligands to form rigid topological

single out-of-plane and in-plane orientation. This limitation has
blocked the full exploitation of this material in sensing,
catalytic, and electrical applications.” >’

Electrochemical epitaxy including electrodeposition and
electro-conversion is a low-cost and scalable technique for
growing highly ordered thin films.”*™** The conventional
electrochemical method using Cu metal as the precursor can
only produce polycrystalline Cu-BTC films by anodic
dissolution—reprecipitation.”® Textured Cu-BTC films with
only out-of-plane order can be produced by layer-by-layer

networks’ ™ are compelling highly porous crystalline materials
for gas storage and separation,” catalysis,g’9 sensors,'°™** and
energy storage and conversion.” Epitaxial MOF thin films with
highly oriented nanopore openings and channels are desired
for selective adsorption/separation’*™' and enantioselectiv-
ity,'”'® as well as encapsulation of various guests such as
metallic catalysts,"” quantum dots,”>*" and dye molecules.””**
[Cuy(BTC),(H,0),], (Cu-BTC, HKUST-1)** is one of the
most well-studied MOF materials. It is constructed from
dimeric Cu(II) units bridged by benzene-1,3,5-tricarboxylate
(BTC) ligands with a face-centered cubic lattice (space group,
Fm3m). While many synthetic routes exist for the production
of bulk Cu-BTC powders, to our knowledge, there are no
examples of epitaxial Cu-BTC thin films which have both a

© 2023 American Chemical Society
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liquid phase epitaxy using a surface-functionalized Si or Au
substrate by functional groups (such as —COOH or —OH).
Although the appropriate nucleation sites were provided, they
failed to show in-plane order.’**® The Takahashi group
fabricated Cu-BTC thin films by chemical conversion of
aligned Cu(OH),(100) nanobelts. The Cu-BTC showed
preferential out-of-plane lattice planes of {111} with the
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Figure 1. Schematic for electrochemical manufacturing of epitaxial single-domain Cu-BTC thin films.

coexistence of {110}, and both exhibited in-plane epitaxial
relationships with Cu(OH),(100).>**° However, it would be
challenging to produce wafer-scale Cu-BTC from manually
aligned Cu(OH), nanobelts, and Cu-BTC thin films with a
single out-of-plane orientation and in-plane order have not
been achieved. Here, we develop a novel strategy to fabricate
epitaxial Cu-BTC(111) thin films from Cu,O(111) films on
Au(111) by electrochemical conversion. Despite a consid-
erable lattice mismatch between Cu,O and Cu-BTC, there is
an epitaxial correlation between the orientation of Cu,O(111)
and Cu-BTC(111) after conversion. The epitaxial Cu-BTC
thin films show out-of-plane order with only {111} lattice
planes, providing well-aligned 3.5 A triangular windows along
the [111] direction.”” Remarkably, this Cu-BTC(111) film
exhibits in-plane order with a single in-plane domain that is in
an antiparalle] relation to the Cu,O. We also demonstrate a
pathway to produce epitaxial Cu-BTC foils from the Cu-BTC/
Cu,O system by electrochemical etching. The electrochemi-
cally manufactured epitaxial single-domain Cu-BTC thin films
exhibit a highly ordered arrangement of nanopores/nano-
channels in all three crystallographic dimensions (x—y plane
and z-axis) and should provide a new platform for fundamental
and technical studies of ordered MOF film materials.

B EXPERIMENTAL SECTION

Electrodeposition of the Cu,0 Film. Cu,0 was electro-
deposited from a stirred aqueous solution containing 0.2 M CuSO,,
0.2 M L (+)-tartaric acid, and 3 M NaOH.*® The working electrode
was a 1 cm diameter Au(111) single crystal purchased from Princeton
Scientific Co. The electrodeposition was conducted at a constant
cathodic current density of 1 mA/ cm? at 30 °C using an Ag/AgCl
reference electrode and an Au coil as the counter electrode.

Electrochemical Conversion of Cu,0 into Cu-BTC. Cu,0 was
electrochemically converted into Cu-BTC in an unstirred solution of
EtOH/H,0 (70:30 vol %) containing SO mM H;BTC (benzene-
1,3,5-tricarboxylic acid) and 100 mM LiClO,. The electrochemical
conversion was performed at 50 °C with a constant potential of +0.5
V versus Ag/AgCL

Fabrication of Cu-BTC Foil. A Cu-BTC foil was produced by
electrochemically oxidizing the as-prepared Cu-BTC/Cu,O/Au to
etch the Cu,O layer in an aqueous solution (pH 4 adjusted by
H,S0,) containing 100 mM Na,SO, with a constant potential of +0.2
V versus Ag/AgCl applied for 40—100 s at room temperature. The
Cu-BTC foil was then peeled from the Au substrate with a
commercial (3M) adhesive tape.

Cyclic Voltammetry Measurements. Cyclic voltammograms
were conducted on Cu and Cu,O deposited onto 1 cm X 1 cm Au-
coated glass in unstirred solutions at 50 °C with the scan rate of 10

18441

mV/s. Au-coated glass was out-of-plane ordered Au(111) (without in-
plane order) coated on a titanium adhesion layer on the glass and was
purchased from DRLi Deposition Research Lab, Inc.

XRD Measurements and Interface Models. All X-ray
diffraction (XRD) measurements were performed on a high-
resolution Philips X-Pert MRD diffractometer with Cu Kal radiation
source (1 = 1.54056 A). XRD patterns (20 scans) were acquired using
a 2-bounce Ge(220) hybrid monochromator with a Ni 0.125 mm
automatic beam attenuator as the primary optic module and a 0.18°
parallel plate collimator as the secondary optic module. Rocking
curves were performed using the same 2-bounce Ge(220) hybrid
monochromator with rocking curve diffracted beam optics. Pole
figures and azimuthal scans were done in point focus mode using a
crossed-slit collimator with a 2 mm divergence slit and a 2 mm mask
and a 0.27° parallel plate collimator. A -Ni filter was used for the Cu-
BTC pole figure and azimuthal scans, and a 0.1 mm Cu attenuator
was used for all others. Interface models were constructed by VESTA
3.4.0 software.

SEM Measurements. Plan-view and cross-sectional scanning
electron microscopy (SEM) images were acquired by a FEI Helios
Nanolab DualBeam scanning electron microscope with an accelerat-
ing voltage of S kV and beam current of 43 pA for all samples.

EQCM Measurements. Electrochemical quartz crystal micro-
balance (EQCM) (Stanford Research Systems QCM200) was utilized
to simultaneously monitor the frequency change and current density
during deposition and conversion experiments. Au-sputtered quartz
crystals served as the working electrode for the EQCM measurements.

XPS and FTIR Measurements. Samples were prepared for X-ray
photoelectron spectroscopy (XPS) and Fourier-transform infrared
spectroscopy (FTIR) measurements. Cu,O/Au/glass was made by
electrodepositing Cu,O on Au-coated glass. Oxidized-Cu,0/Au/glass
was prepared by oxidizing Cu,0/Au/glass in the solution of EtOH/
H,0 (70:30 vol %) containing 100 mM LiClO, with a constant
potential of +0.5 V versus Ag/AgCl at 50 °C. CuO/Au/glass was
obtained by depositing CuO on Au-coated glass using our previously
reported method.>” Cu(OH),/Au/glass was prepared by oxidizing Cu
on Au-coated glass following the reported methods.** XPS
investigations were run on a Thermo Scientific Nexsa X-ray
photoelectron spectrometer using monochromatic Al Ka radiation
(1486.6 eV). The XPS spectra were resolved by using Gaussian peaks
after a Shirley background subtraction. FTIR measurements were
done in a Nicolet iS50 FTIR using the ATR attachment.

Bl RESULTS AND DISCUSSION

The scheme used to produce epitaxial single-domain Cu-BTC
films is shown in Figure 1. The epitaxial Cu,O films were
electrodeposited onto single-crystal Au, and these Cu,O films
with out-of-plane and in-plane order served as the precursor to
produce Cu-BTC films by electrochemical oxidation in
electrolytes containing H;BTC. Although Cu-BTC has a

https://doi.org/10.1021/acsami.2c22983
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Figure 2. XRD analysis of the epitaxial Cu-BTC/Cu,O/Au film. (A) XRD patterns of Cu-BTC/Cu,0/Au(111) and Cu,0/Au(111). (B) (222)
pole figure of Cu-BTC, (111) pole figure of Cu,O, and (222) pole figure of Au.
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Figure 3. Epitaxial relationship and interface models of Cu-BTC(111) on Cu,O/Au(111) substrate. (A) Azimuthal scans of Cu-BTC(222),
Cu,0(111), and Au(222) at tilt angle y = 70.53°. (B) X-ray rocking curves of the (222) plane of Cu-BTC and (111) plane of Cu,O and Au. (C)
In-plane interface model of Cu (blue) atoms of Cu-BTC(111) with Cu (red) atoms of Cu,O(111) with the Cu-BTC lattice rotated 180° in-plane
with respect to the Cu,O lattice. 17 Cu atoms of Cu,O coincide with 6 Cu atoms of Cu-BTC with a CSL mismatch of —0.91%.

large unit cell compared to that of Cu,O, and the volume per The out-of-plane orientation of the Cu,O films and Cu-BTC
Cu atom in Cu-BTC is 20-fold of that in Cu,O (Figure S1 and films electrochemically converted from the Cu,O was
Table S1), the epitaxial electrochemical conversion occurred determined by X-ray 26 scans. Figure 2A shows the XRD
from Cu,O to Cu-BTC. patterns of the precursor Cu,O film deposited on single-crystal
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Figure 4. Plan-view SEM images of (A) as-deposited Cu,O(111) film on Au(111), (B) Cu-BTC(111) film after conversion of Cu,O(111)/
Au(111) for 10 s, and (C) Cu-BTC(111) film after conversion of Cu,0(111)/Au(111) for SO s.

Au(111) and the resulting Cu-BTC film after electrochemical
conversion. The Cu,O films grow with a [111] out-of-plane
orientation on the Au(111) surface. The Cu-BTC films follow
the out-of-plane orientation of Cu,O and only show peaks of
the {111} family with no other crystallographic orientations,
unlike earlier reports.*® The precursor Cu,O can be completely
converted into Cu-BTC if the Cu,O is thin enough (about 60
nm thick) as shown in Figures S2 and S3. However, when
producing Cu-BTC films that are to be lifted off to produce
Cu-BTC foils, a greater thickness (greater than 60 nm) is
required for post-fabrication etching.

The in-plane orientation and the epitaxial relationship of Cu-
BTC/Cu,0/Au were determined by X-ray pole figures. All
pole figures require a fixed 26 angle while rotating the sample
along azimuthal angles (¢) from 0 to 360° at a succession of
tilt angles (y) from 0 to 90°. For a given sample, the in-plane
orientations are determined by selecting the appropriate 260
angle for each material that is probed. The 20 angle was set
equal to the (222) reflection for Au, the (111) reflection for
Cu,0, and the (222) reflection for Cu-BTC. Figure 2B shows
the (222) pole figure of Au, (111) pole figure of Cu,O and
(222) pole figure of Cu-BTC. Each pole figure had a center
intense spot at y = 0° and three sharp spots separated
azimuthally by 120° at y = 70.53° consistent with a single
domain of threefold symmetry in a cubic system. The intense
center spot is attributed to the probed crystal plane (111)
aligned with the surface (111) plane of the films when the tilt
angle is 0°. The tilt angle of 70.53° corresponds to the angle
between the surface (111) plane and the probed crystal planes
(111), (111), and (111). Note that it is also significant that
epitaxial single-domain Cu,O thin films were realized in our
work because the material plays an important role in water
splitting and photovoltaics.""** The pole figure of Cu,O
maintained the same in-plane rotation with respect to the Au
substrate indicating a parallel relationship. The Cu,O and Cu-
BTC pole figures showed that Cu-BTC was rotated 180° in-
plane in relation to the precursor Cu,0O, demonstrating that
antiparallel lattice planes were produced after conversion. The
epitaxial relationship for single domain Cu-BTC on Cu,0/Au
is given by Cu-BTC(111)[101]//Cu,O(111)[101]//Au-
(111)[101].

The epitaxial perfection and crystal quality of Cu-BTC(111)
films of Cu,0/Au were further investigated by azimuthal scans
and X-ray rocking curves. Figure 3A shows azimuthal scans
which were acquired by setting 20 equal to the (222) reflection
for Au, the (111) reflection for Cu,O and the (222) reflection
for Cu-BTC at y = 70.53°. In each azimuthal scan, three peaks
were observed consistent with the pole figures, illustrating the
single domain in-plane ordering. The coincident peak positions
correspond to the parallel relationship between Au and Cu,0O,
and the peak shifts for Cu-BTC with respect to Cu,O

correspond to the antiparallel relationship between Cu,O and
Cu-BTC. Rocking curves were acquired to measure the mosaic
spread because the full width at half maximum (FWHM) of
the rocking curve is a measure of the standard deviation in the
mosaic spread. Figure 3B shows the rocking curves recorded by
rocking the sample at the diffraction angle of Au(111),
Cu,0O(111), and Cu-BTC(222). The FWHM is about 0.48°
for Au(111), 0.95° for Cu,O(111), and 1.74° for Cu-BTC.

Considering the evident lattice difference between Cu-
BTC(111) and the substrate Cu,O(111), it is necessary to
address the lattice mismatch for a better understanding of their
epitaxial relationship. The lattice mismatch can be defined as
[(@gim — Asubstrate)/ Fsubstrate), Where a is the lattice parameter.
The Cu-BTC/Cu,O system has a very large lattice mismatch
of ~520%, which appears inconsistent with epitaxial growth.
Figure 3C shows the plan view of the Cu-BTC(111) plane
rotated 180° in relation to the Cu,O(111) plane with an
interface model constructed by Cu atoms (blue) in the Cu-
BTC(111) plane and Cu atoms (red) in the Cu,O(111) plane.
Six Cu atoms of Cu-BTC align with 17 Cu atoms of Cu,O,
producing a coincidence site lattice (CSL) with a mismatch of
—0.91%. This low CSL mismatch is consistent with the
formation of epitaxial Cu-BTC(111) on Cu,O(111).

The crystal growth process of Cu-BTC films on Cu,O was
investigated by plan-view SEM. Figure 4 shows the surface
morphology of electrodeposited Cu,O films before conversion
and Cu-BTC thin films after electrochemical conversion with
differing conversion times. Cu,O films as deposited on single-
crystal Au(111) showed a featureless and smooth surface
(Figure 4A). After a conversion for 10 s, Cu-BTC grew as
islands with well-aligned triangular crystals, consistent with the
three-fold symmetry of a single in-plane domain (Figure 4B).
Also observed in the SEM micrograph are small triangular etch
pits in the Cu,O precursor film between the Cu-BTC islands.
When the conversion reached to 50 s, Cu-BTC formed a
featureless dense film and fully covered the surface of Cu,O
(Figure 4C). The dense, single-domain film is essentially a
single crystal. For thinner Cu,O films, the Cu-BTC grows as
islands, with no Cu,O remaining. This is shown in the SEM
micrograph and X-ray results in Figure S3 for the complete
conversion of a 40 nm thick film of Cu,O, in which triangular
islands of Cu-BTC are formed on Au(111). The thickness of
Cu-BTC films was probed by cross-sectional SEM (Figure S4).
The Cu-BTC islands formed by complete conversion of 40 nm
thick Cu,O reach a thickness of 710 + 20 nm (Figure S4A).
The Cu-BTC film converted from 250 nm thick Cu,O with
remanent Cu,O underneath has a thickness of 690 + 30 nm
(Figure S4B).

To gain insights into the mechanism of electrochemical
conversion of Cu,O into Cu-BTC, the known method of
electrochemical oxidization of Cu metal to produce Cu-BTC

https://doi.org/10.1021/acsami.2c22983
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was also investigated to represent the dissolution—redeposition BTC films can be produced by this method even when single-
mechanism.” It is worth noting that only polycrystalline Cu- crystal Cu was used as the precursor and substrate (Figure SS).
18444 https://doi.org/10.1021/acsami.2c22983
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Cyclic voltammograms (CVs) were conducted to study the
electrochemistry of both processes. Figure SA shows the CVs
conducted on the Cu film in electrolytes containing SO mM
H;BTC and 100 mM LiClO,. Both the first and second anodic
scans indicated a dissolution process. Figure SB shows the CVs
conducted on a Cu,O film in a solution containing 50 mM
H;BTC and 100 mM LiClO,. An oxidation peak was observed
in the first anodic scan at +0.50 V versus Ag/AgCl
corresponding to the formation of Cu-BTC. The significant
decay of the oxidation peak in the second anodic scan is due to
blocking by the Cu-BTC produced in the first scan. The CV in
blank solution on Cu also showed dissolving behavior in the
first and second scan with high current density (Figure SC).
However, on Cu,O there is a low current density oxidation
peak observed at +0.70 V in the first scan but no peak in the
second scan (Figure SD), which suggests an oxidized layer
formed on the surface which hindered any further oxidation of
Cu,0. The Cu,O consumed to form the oxidized layer was
calculated using Faraday’s law to be 2 nm thick. This oxidized
layer suggests a possible intermediate in the conversion of
Cu,O into Cu-BTC.

The mechanism was further investigated using the EQCM.
In the EQCM experiment, an increase in frequency indicates a
mass loss, and a decrease in frequency indicates a mass gain.
Figure 6A shows the electrochemical oxidation of Cu metal to
Cu-BTC. The frequency increased from the beginning due to
the dissolution of Cu metal and then started to slowly decrease
corresponding to the precipitation of Cu-BTC. Figure 6B
shows the electrochemical oxidation of Cu,O to Cu-BTC. The
frequency and current density decreased sharply from the start,
corresponding to the growth of Cu-BTC on the surface (as can
be seen in Figure 4B). The frequency then came to a plateau
with a residual current density of about 0.25 mA/cm’® after
about 50 s, corresponding to the termination of the conversion
because the surface was fully covered by Cu-BTC (as can be
seen in Figure 4C). The conversion of the Cu,O with different
thicknesses (200 and 800 nm) terminated at the same
frequency change. The amount of Cu,O consumed can be
calculated from Faraday’s law using the charge that is passed,
and this can be compared with the thickness of Cu-BTC that is
produced based on the Sauerbrey equation. For the 200 nm

thick Cu,O film, the anodic charge passed was 0.05 C/ cm?,
corresponding to a depletion of 37 ug/cm” and a thickness loss
of 63 nm. The mass change of Cu-BTC was 94 ﬂg/cmz,
corresponding to a thickness of 770 nm, and a current
efficiency of 62%. For the 800 nm thick Cu,O film, the anodic
charge passed was 0.046 C/cm? corresponding to a depletion
of 33 ug/cm” and a thickness loss of 56 nm. The mass change
of Cu-BTC was 87 pug/cm?, corresponding to a thickness of
713 nm, and a current efficiency of 64.5%. Hence, the average
decrease of thickness of Cu,O was 60 nm, the average
thickness of Cu-BTC produced was 742 nm, and the average
current efficiency was 63%. The thickness of Cu-BTC that is
calculated from the frequency change in the EQCM experi-
ment agrees well with the thickness that was measured by
cross-sectional SEM in Figure S4. In the conversion of Cu,O
into Cu-BTC, the mass increased from the beginning without a
typical dissolution phase, which indicates the Cu-BTC was
probably formed on the interface of the substrate/solution as
the H;BTC molecule reached the surface and reacted with the
oxidized layer of Cu,O. The EQCM in the blank solution
(Figure 6C,D) further demonstrated that Cu significantly
dissolved in the blank solution, whereas Cu,O was passivated
by the oxidized layer.

The oxidized layer as a possible intermediate was
investigated by high-resolution XPS by comparing the surface
of as-deposited Cu,O, Cu,O oxidized in the blank solution
(oxidized Cu,0), CuO, and Cu(OH), films (Figure 7). In the
Cu 2p spectrum (Figure 7A), oxidized Cu,O shows broadened
Cu 2p,/, and Cu 2p;, peaks with shake-up satellites of Cu(1II),
which confirmed the formation of Cu(II) on the surface.*’ In
the O 1s spectra (Figure 7B), there are two kinds of
deconvolved peaks for each sample: one belongs to oxygen
in the lattice (Cu—0O) and the other one is due to adsorbed
oxygen from surface hydroxyl and carbonyl species. The peaks
of lattice oxygen of Cu,O, CuO, and Cu(OH), are 530.3,
529.5, and 530.9 eV, respectively. The deconvolved peaks of
lattice oxygen of oxidized Cu,O are a major peak at 529.7 eV
and a minor peak at 530.3 eV. The major peak at 529.7 eV is
attributed to CuO that forms upon oxidation of Cu,O. The
minor peak at 530.3 eV is attributed to the underlying Cu,O
substrate. The calculated thickness based on Faraday’s law of
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Figure 9. (A) Epitaxial lift-off of single-domain Cu-BTC foils: Cu,O was electrochemically etched and Cu-BTC foils were detached by commercial
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foil. (C) Azimuthal scan of the Cu-BTC(222) foil at a tilt angle ¥ = 70.53°. The XRD results show that the single domain Cu-BTC foils are

essentially single crystals.

the CuO layer is only 2.2 nm due to the 2.0 nm of Cu,O that
was consumed in the electrochemical oxidation, so the
underlying Cu,O will contribute to the signal. The oxidized
layer was also verified by FTIR (Figure S6), and it was
demonstrated that the CuO powder can react with H;BTC to
produce Cu-BTC (Figure S7).

Here, we propose a plausible mechanism for the electro-
chemical conversion of Cu,O into Cu-BTC, as shown in the
scheme in Figure 8. Cu,O is electro-oxidized to form several
molecular layers of CuO on the surface followed by the
reaction of H;BTC molecules with the surface CuO to form
Cu-BTC that follows the orientation of the Cu,O. The Cu-
BTC crystals first form islands, and these islands grow as
H;BTC molecules continue to react with exposed CuO on the
surface of Cu,O. The conversion terminates once the surface is
fully covered by Cu-BTC. We assume that the conversion

terminates after the islands coalesce into a dense film, and the
H;BTC molecule is unable to diffuse along the 3.5 A diameter
channels of the [111]-oriented film. The mechanism may be
more complex than the simple scheme shown in Figure 8. For
example, small triangular etch pits that are observed in Cu,O in
Figure 4B suggest that the reaction of H;BTC with CuO may
not be uniform across the Cu,O surface. There may be
preferential etching, for instance, at defect sites.

At this point, we can compare our work on the electro-
chemical formation of Cu-BTC from Cu,O to earlier work in
which the MOF was produced from elemental Cu. Campagnol
et al. showed that the Cu BTC growth occurred at the Cu-
BTC/solution interface.”” They attributed the growth to the
diffusion of Cu(aq) ions along the pores of Cu-BTC to react
with the H;BTC molecule. In our case, we showed by EQCM
(Figure 6D) that Cu,O will not oxidize in the absence of
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Figure 10. XRD patterns of (A) Cu-BTC/Cu,0/Au/Si and Cu,0/Au/Si, and (B) Cu-BTC/Cu,O/Au/ glass and Cu,0/Au/glass. (222) pole of
Cu-BTC of (C) Cu-BTC/Cu,0/Au/Si, and (D) Cu-BTC/Cu,0/Au/glass. Plan-view SEM images of (E) Cu-BTC/Cu,0/Au/Si and (F) Cu-

BTC/Cu,O/Au/glass.

H;BTC molecules to produce Cu®* ions. The production of
Cu-BTC only occurs at the exposed Cu,O surface. Hence,
once the material coalesces into a dense film, the reaction
terminates (as shown in the EQCM results in Figure 6B).

Following the fabrication of Cu-BTC thin films, single-
domain Cu-BTC(111) foils were also fabricated in our work
from the Cu-BTC/Cu,O system, as shown in Figure 9A. After
highly ordered Cu-BTC(111) thin films were synthesized on
Cu,0/Auy, the Cu,O layer was removed by electrochemical
etching. The Cu-BTC foils were then peeled off from the Au
substrate by commercial tape. The out-of-plane orientation of
the Cu-BTC foils was determined by XRD, with only the
(222) peak observed (Figure 9B). The in-plane orientation was
probed by azimuthal scans of the Cu-BTC(222) foil at a tilt
angle y = 70.53° with three peaks observed, demonstrating that
the foil is still ordered with a single domain (Figure 9C).

To present more possibilities of ordered Cu-BTC thin films,
epitaxial Cu-BTC with two in-plane domains and textured Cu-
BTC with no in-plane order were also produced using low-cost
and wafer-scalable commercial substrates Si and Au-coated
glass. Cu-BTC films on Cu,O/Au/Si and Cu-BTC films on
Cu,0/Au/glass both showed an out-of-plane [111] orienta-
tion (Figure 10A,B). Figure 10C shows the (222) pole figure
of Cu-BTC on Cu,0O/Au/Si with six spots separated
azimuthally by 60° at y = 70.53° consistent with the two

domains of threefold symmetry of the (111) plane; the second
domain comes from the second in-plane domain of Cu,O on
Au/Si(111) as previously reported.”® Figure 10D shows the
(222) pole figure of Cu-BTC on Cu,O/Au/glass with an
intense center spot as well as a diffuse ring at y = 70.53°, which
confirmed the out-of-plane order but no in-plane order. The
surface morphology of epitaxial and textured Cu-BTC films
was determined by plan-view SEM. The Cu-BTC on Cu,0/
Au/Si exhibited in-plane order with well-aligned triangular
crystals corresponding to the three-fold symmetry of the (111)
plane with two in-plane domains (Figure 10E). The Cu-BTC
on Cu,0/Au/glass showed triangular crystals which were not
aligned in-plane, demonstrating out-of-plane order only
(Figure 10F).

B CONCLUSIONS

In this work, we have demonstrated that epitaxial Cu-
BTC(111) films can be electrochemically manufactured from
epitaxial Cu,O(111) with a single in-plane domain that is
antiparalle] with respect to the Cu,O precursor. The
electrodeposited ordered Cu,O films could prove to be a
low-cost and easily prepared precursor for the fabrication of
ordered MOF films on a large scale. Cu-BTC films with a
thickness about 740 nm can be produced on Cu,O/Au or on
Au by a complete conversion without the detachment problem
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that usually occurs in the electrochemical oxidation of Cu
metal to Cu-BTC.”’ We also demonstrated a pathway for
epitaxial lift-off of Cu-BTC foils that may provide a path to
produce membranes for gas separation and selective sensing.
The facile electrochemical strategy exhibits feasibility of
epitaxial electro-conversion from oxides to MOFs by
oxidation/reduction and should be a general way to fabricate
ordered MOF films. For example, by using different linker
molecules, it should be possible to attain a wide variety of
epitaxial Cu-based MOFs from Cu,O by electrochemical
oxidation. It is also intriguing to use other epitaxial metallic
oxides such as Fe;O, and Co;0, to manufacture the
corresponding MOFs by electrochemical reduction. As this
epitaxial Cu-BTC achieves perfectly oriented pore openings in
the [111] direction with in-plane ordering, it is expected to
present desirable performance for the selective separation of
small-sized gas molecules such as H,, He, and CO,. Another
interest is that as Cu-BTC can be endowed with conductivity
by encapsulating and conjugating with organic guests, the
epitaxial Cu-BTC is promising for realizing optimization of
electrical properties in electronic devices.
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