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ABSTRACT: The control over the size and shape of
nanoMOFs is essential for their exploitation in integrated
devices such as sensors, membranes for gas separation,
photoelectrodes, etc. Here, we demonstrate the synthesis of
nanowires and three-dimensionally interconnected nanowire
networks of Cu-based metal−organic frameworks (MOFs) by
a combination of ion-track technology and electrochemical
methods. In particular, Cu nanowires and nanowire networks
were electrodeposited inside polymeric etched ion-track
membranes and subsequently converted by electrochemical
oxidation into different Cu-based MOFs such as the well-
known Cu3(BTC)2 (also known as HKUST-1) and the lesser-
known MOF Cu(INA)2. The MOFs are formed inside the
template, therefore adopting the shape of the host nanochannels. The synthesized MOF nanowires exhibit tunable diameters
between 80 and 260 nm. Characterization by X-ray diffraction, thermogravimetric analysis/differential scanning calorimetry,
scanning electron microscopy, and transmission electron microscopy indicates that the employed electrochemical conversion
includes the formation of Cu2O as an intermediate, as well as the initial formation of an amorphous MOF phase, which
crystallizes upon longer reaction times.
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■ INTRODUCTION

Metal−organic frameworks (MOFs) are a class of crystalline
materials that enjoyed a tremendous development mainly due
to their unique properties such as extremely high internal
surface area, permanent open porosity, high crystallinity, and
easy chemical functionalization.1−3 Due to their versatility,
MOFs are highly promising for a wide range of technologically
important applications, such as gas storage,4 gas separation,5

sensing,6 biomedical applications,7 thermoelectrics,8 and
heterogeneous (photo)catalysis.9−13

Recently, increasing efforts were devoted toward the
development of synthetic routes that enable downsizing
MOF crystals at the nanoscale regime.14 This is due to the
need to exploit the full potential of MOFs for specific
applications, in particular in heterogeneous (photo)catalysis,
since the activity of these microporous materials might be
limited by the slow diffusion of chemical species toward the
center of the MOF crystals. These so-called “nanoMOFs” are
synthesized using synthetic strategies such as microwave
synthesis,15 sonochemical synthesis,16 solvothermal synthe-
sis,17 microemulsions,18 and droplet-based microfluid syn-

thesis.19 Recently, an exhaustive review was published on this
topic by Farha et al.20 However, these methods rely on the
control over the nucleation and growth processes of MOF
crystals through variations of synthetic parameters such as the
concentration of modulating agents, temperature, reaction
volume, time, etc. Even though an extensive control over the
size of nanoMOFs has been achieved in some cases,15,21 the
control of the shape of MOF nanocrystals and their assembly
into more complex hierarchical structures are still challenging.
In the case of HKUST-1, a two-step approach involving the
formation of Cu(OH)2 nanotubes was developed to obtain
HKUST-1 nanoparticle coatings on copper metal plates and
three-dimensional architectures.22

MOFs have also been synthesized by employing electro-
chemical methods.23,24 In particular, the anodic dissolution of a
metallic substrate in an electrolyte containing the appropriate
organic linker is an established technique for the preparation of
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MOFs such as HKUST-1,25,26 MOF-5,27 MIL-100,28 ZIF-8,29

Zr-based UiO-66,30 etc. This method is mainly used for the
preparation of MOF thin films on conductive substrates31 and
has the advantage to produce highly crystalline MOFs using
mild synthetic conditions (low temperatures and ambient
pressures), nontoxic reaction media, and shorter reaction
times. MOFs have also been deposited under cathodic bias32

or via patterned metallization and galvanic displacement on
nonconductive substrates.33

On the other hand, ion-track technology allows the
fabrication of porous polymer membranes. By swift heavy
ion irradiation, and subsequent chemical etching of the
generated ion tracks, membranes with tunable pore diameter
(∼20 nm to several micrometers) and pore density (1−1010
pores/cm2) are produced, exhibiting either parallel arrays of
pores or highly interconnected pore networks.34 Electro-
deposition inside these templates has been successfully used
for the synthesis of metal or metal oxide nanowires, nanowire
networks, and nanocones,35−38 whereby the nanowire length
(100 nm to 100 μm) can be adjusted by the electrodeposition
time. Regarding MOFs, the synthesis of one-dimensional
zeolitic imidazole framework (ZIF-8) nanorods, nanotubes,
and nanowires via interfacial synthesis using etched ion-track
membranes has been recently reported.39

In this study, we combine for the first time two of the
aforementioned techniques in a two-step synthetic approach
where Cu nanowires are first electrodeposited inside the pores
of etched ion-track membranes and subsequently electro-
chemically oxidized inside the same membrane in a solution of
the appropriate organic linker, leading to the synthesis of
nanowires and nanowire networks of the desired MOF. We
first focus on the synthesis and characterization of nanowires of
the well-known MOF Cu3(BTC)2, also known as HKUST-1,
which consists of Cu2+ ions organized in a paddle-wheel
secondary building unit linked by 1,3,5-benzenetricarboxylate
(BTC) molecules.40 In addition, we illustrate the versatility of
this process by synthesizing Cu3(BTC)2 nanowire networks in
more complex nanochannel templates and Cu(INA)2 nano-
wires using isonicotinic acid (INA) as the organic linker.41

This procedure provides the unique opportunity to independ-
ently tune the shape, size and geometrical arrangement of one-
dimensional MOF nanostructures.

■ RESULTS AND DISCUSSION

Two-Step Electrochemical Synthesis of HKUST-1
Nanowires. Figure 1 shows a schematic representation of
the two-step synthetic procedure used for the synthesis of Cu-
based MOF nanowires. Arrays of Cu nanowires were
potentiostatically deposited within etched ion-track mem-
branes with several different nanochannel diameters (Figure
1b). Subsequently, the Cu nanowire arrays embedded in the
polymer template were employed as anodes for the formation

of Cu3(BTC)2 nanowires by oxidation of Cu to Cu2+ and the
subsequent reaction of Cu2+ with BTC3− (Figure 1c).
Figure 2 shows the oxidation currents recorded during the

conversion of these Cu nanowires to Cu3(BTC)2. For all

curves, we observe an initial current of 0.2−0.4 mA. As
expected, the larger the nanochannel diameter, the larger the
initial current value for the same potentiostatic oxidation
conditions, indicating that the Cu wires were oxidized at
similar rates. Furthermore, we observe that for all samples, the
current stabilizes at a value of ∼150 μA. At this stage, we
expect that the Cu nanowires have been completely oxidized
and this steady-state current originates most likely from the
splitting of the water used as the solvent. As shown in Figure
S1, Supporting Information, similar steady-state currents were
also observed in control experiments using empty templates in
the same electrolyte. The curves in Figure 2 indicate that the
thicker the nanowire, the longer the time needed to reach this
steady-state current, i.e., to finish the conversion reaction.
Thus, the steady-state current had not been reached after 30
min for the nanowires with diameters of 210 and 260 nm
(solid green and blue lines in Figure 2). Therefore, arrays of
Cu nanowires with a diameter larger than 200 nm were also
oxidized for 2 h (dotted green and blue lines in Figure 2) to
guarantee their complete conversion. These results indicate
that the electrochemical conversion of Cu to MOF can be
monitored in real time by the chronoamperometric curves.
Figure 3a shows the X-ray diffraction (XRD) patterns of

Cu3(BTC)2 nanowire arrays with diameters of 260 and 210 nm
after 2 h of electrochemical conversion, still embedded in the
polycarbonate template, together with a reference XRD pattern
calculated from single-crystal XRD data published elsewhere.42

For clarity, the XRD patterns are shown in the 2θ range of

Figure 1. Schematic representation of the two-step synthesis process used for the formation of Cu3(BTC)2 MOF nanowires. (a) Polycarbonate
template with a conductive Au layer, (b) Cu nanowire growth via cathodic electrodeposition, and (c) anodic conversion of Cu nanowires to
Cu3(BTC)2 nanowires.

Figure 2. Chronoamperograms of the conversion of embedded arrays
of Cu nanowires to Cu3(BTC)2. The arrays exhibit different average
nanowire diameters, namely, 80 nm (gray curve), 130 nm (red curve),
210 nm (blue curves), and 260 nm (green curves). The applied
potential was 2.5 V vs Cu, the temperature was 55 °C, and the
oxidation times were 30 min (solid curves) or 2 h (dashed curves).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b04449
ACS Appl. Mater. Interfaces 2019, 11, 25378−25387

25379

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04449/suppl_file/am9b04449_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04449/suppl_file/am9b04449_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b04449


5−35°, as the main reflections corresponding to the
Cu3(BTC)2 phase are present in this region. Since the MOF
nanowires were still embedded within the template, all XRD
patterns show the reflections corresponding to the Cu3(BTC)2
phase superimposed to a broad halo due to the amorphous
polycarbonate template (Figure S2). In both diffraction
patterns, we were able to unambiguously determine the
presence of the Cu3(BTC)2 phase. The origin of the additional
reflection found at 2θ ∼ 8° (marked by an asterisk) is still
unknown. However, such a reflection had been previously
reported by Liu et al. upon applying a dielectric-barrier
discharge plasma treatment on Cu3(BTC)2.

43

The complete XRD characterization of the Cu3(BTC)2
nanowires is reported in Figures S3−S5 (Supporting
Information). In the case of the nanowires synthesized by
electrochemical oxidation for 30 min (Figure S3), the
reflections corresponding to the Cu3(BTC)2 crystalline phase
appear only in the case of the nanowires with diameters of 210
and 260 nm, whereas due to the limited amount of material for

the nanowires with a smaller diameter, these reflections are
hidden by the contribution of the polycarbonate membrane. In
Figure S4, a comparison of the XRD patterns of the nanowires
with a diameter of 260 nm after electrochemical oxidation for
30 min and 2 h is presented. The XRD pattern of the
nanowires after 2 h of electrochemical oxidation shows that the
reflection at 2θ ∼ 8°, which is assigned to an unknown phase
of Cu3(BTC)2 in agreement with Liu et al.,43 decreases
substantially in intensity, whereas all of the reflections of
crystalline Cu3(BTC)2 are more intense and sharper. This
suggests that Cu3(BTC)2 nanocrystals grow at the expense of
the unknown phase upon longer reaction times. Moreover, the
XRD patterns in Figure S3 show the presence of Cu2O
together with unconverted Cu. As expected, the intensity of
these reflections significantly decreased after 2 h of electro-
chemical oxidation (Figure S5), suggesting the full conversion
of the Cu nanowires, which is in agreement with the
chronoamperograms in Figure 2. It is also worth mentioning
that the presence of Cu2O during the electrochemical

Figure 3. (a) XRD patterns of Cu3(BTC)2 nanowires with diameters of 260 nm (green curve) and 210 nm (blue curve) after 2 h of electrochemical
conversion and still embedded inside the polycarbonate template, and the calculated XRD pattern of Cu3(BTC)2 (black line).42 * indicates a
reflection identified as an amorphous phase of Cu3(BTC)2.

43 (b) Thermogravimetric analysis/differential scanning calorimetry (TGA/DSC) curves
of Cu3(BTC)2 nanowires with a diameter of 210 nm still embedded within the pores of the polycarbonate membrane; solid line: TG; dashed line:
DSC.

Figure 4. SEM images of Cu3(BTC)2 MOF nanowires with diameters of (a) 80 nm, (b) 130 nm, (c) 210 nm, and (d) 260 nm.
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conversion is in agreement with previous reports. In particular,
Schaf̈er et al.44 showed that the availability of a native Cu2O
layer and/or an oxidizing atmosphere is essential for the
electrochemical conversion of Cu to Cu3(BTC)2. These results
therefore suggest that Cu2O is likely to be the intermediate of
the conversion of Cu to Cu3(BTC)2. Additional Fourier
Transform Infrared (FT-IR) characterization on the HKUST-1
nanowires with a diameter of 260 nm can be found in Figure
S6, in the Supporting Information. The FT-IR spectrum of the
nanowires was compared with that of a bulk sample of the
same MOF, and the peaks were assigned according to previous
reports.22,45

Thermogravimetric analysis/differential scanning calorime-
try (TGA/DSC) curves of the Cu3(BTC)2 nanowires with a
diameter of 210 nm converted for 2 h and still embedded
within the polycarbonate membrane are reported in Figure 3b.
The TGA/DSC curves of the same sample after dissolution of
the polycarbonate membrane can be found in Figure S7a. The
main difference between those measurements is the absence of
the small DSC peak observed at approximately 145 °C, which
is due to the glass transition of the polycarbonate template, and
the large weight loss between 345 and 481 °C (and the
accompanying DSC peak observed at ∼442 °C), which is due
to combustion of the polycarbonate template. The TGA/DSC
measurement without the template (Figure S7a) reveals a small
weight increase (1 wt %) between 352 and 527 °C, which we
interpret as the oxidation of unconverted Cu, which is in

accordance with the presented XRD patterns (Figures S3 and
S5). These curves are compared with the TGA/DSC curves of
a bulk sample of the same MOF and of an empty
polycarbonate membrane without nanowires, as shown in
Figure S7b,c, respectively (Supporting Information). The first
exothermic DSC peak, centered at 329 °C (red arrow), is
assigned to the decomposition of the Cu3(BTC)2 nanowires,
whereas two exothermic peaks centered at 441 and 523 °C are
due to the decomposition of the polycarbonate membrane.
After XRD analysis, the polymer templates were dissolved in

dichloromethane, and the Cu3(BTC)2 nanowires that
remained on the Au back electrode were investigated by
scanning electron microscopy (SEM). Figure 4 shows the SEM
images of the formed Cu3(BTC)2 MOF nanowires with
different diameters. All nanowires exhibit a smooth surface as
they adopted the shape and diameter of the hosting template
channels.46

Figure 5a−c displays the transmission electron microscopy
(TEM) images of Cu3(BTC)2 nanowires with a diameter of
210 nm oxidized for 90 min, which we assigned to complete
MOF conversion according to the chronoamperograms
presented in Figure S8. These TEM images visualize two
different segments along the nanowires: a closer look into
these segments shows that the lighter segment is amorphous
(Figure 5d) and that the darker segment is crystalline with
measured lattice fringe spacings of 3.6 or 2.5 Å (Figure 5e−f).
The lattice fringe spacing of 2.5 Å can be associated either with

Figure 5. (a−c, g−i) TEM images, (d−f) high-resolution TEM (HR-TEM) images, and (insets in d, e, h, i) diffraction patterns of Cu3(BTC)2
nanowires with diameters of (a−f) 210 nm and (g−i) 130 nm, which were both oxidized for 90 min. The HR-TEM image in (d) was taken in the
light-gray area of the nanowire shown in (b) and shows an amorphous structure as confirmed by its diffraction pattern (the inset in d). The HR-
TEM images in (e) and (f) were taken in the dark-gray area of the nanowire shown in (b) and show a crystalline structure as confirmed by the
diffraction pattern shown as an inset in (e). The diffraction pattern in the inset in (h) was taken in the dark area of the nanowire shown in (h),
whereas the diffraction pattern in the inset in (i) was taken in the lighter area.
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the (111) direction of Cu2O, whose reflection was also shown
by XRD (Figures S3 and S5), or to Cu3(BTC)2.

47 More
convincingly, the lattice fringe spacing of 3.6 Å cannot
originate from Cu or any of its oxides (CuO, Cu2O, or
Cu4O3), whereas it was recorded as one of the many d-spacings
available in Cu3(BTC)2,

47 confirming the formation of
crystalline Cu3(BTC)2 MOF nanowires. We also observed
that the crystalline MOF segment exhibits a diameter of ∼210
nm, which corresponds to the diameter of the template
channels, whereas the diameter of the amorphous MOF
segment is ∼160−190 nm, thus smaller than that of the
template channels (Figure 5a,c).
Figure 5g−h shows the connection between the two

adjacent segments of a Cu3(BTC)2 nanowire with a diameter
of 130 nm oxidized for 90 min; also in this case, a steady-state
current was reached during MOF conversion. In this case, the
diffraction pattern measured at the darker segment reveals a
combination of crystalline and amorphous material (the inset
in Figure 5h), whereas the diffraction pattern of the lighter
segment, which in turn reveals a darker rim along the wire
surface and a lighter core, exhibits only crystalline features (the
inset in Figure 5i). Therefore, it seems that the darker segment
represents a MOF wire where the amorphous part is
surrounded by a layer of crystalline MOF, whereas the lighter
segment could be a nanotube composed of crystalline MOF
without an amorphous MOF core. Since also Figure 5b hints
toward a core−shell structure with an amorphous core
surrounded by a crystalline shell, this suggests that
crystallization of the MOF nanowires might start from the
interface between the MOF nanowire and the polymeric
template.
Figure 6 shows a schematic representation of a hypothetic

mechanism of the conversion of Cu nanowires into the
observed core−shell HKUST-1 nanowires and nanotubes. A
section of a Cu nanowire inside a template pore is represented
in Figure 6a. During the conversion, Cu2O is formed as an
intermediate, Figure 6b, which is in agreement with the XRD
diffractograms in Figure S3 and previous studies found in the
literature.44 It should also be highlighted that the conversion of
Cu to Cu3(BTC)2 determines a substantial volume expansion.

However, in our system, the crystallization is confined within
the walls of the template’s pores; therefore, the oxidation of the
Cu wires generates an excess of Cu2+ ions. We imagine that
these excess Cu2+ ions diffuse into the electrolyte outside the
pores and react with the BTC away from the template; see
Figure 6b. During the electrochemical oxidation, an
amorphous phase of HKUST-1 is formed (Figure 6c), which
then crystallizes at the interface of the pore walls (Figure 6d),
forming a core−shell nanowire with a nanotube region upon
further crystal growth, as shown in Figure 6e.
Further research will be needed to confirm this hypothesis. It

must also be highlighted that it was not possible to determine
the porosity of the obtained Cu3(BTC)2 nanowires due to the
very low sample throughput (less than 0.1 mg per sample) of
the presented synthetic procedure. Additionally, our attempt to
perform elemental analysis of the synthesized nanowires
proved unsuccessful, possibly due to the incomplete removal
of the polycarbonate template (using additional plasma etching
would have damaged the MOF nanostructures) and to the
presence of the Au supporting layer.
Furthermore, it can be observed in Figure 5b,c that the

crystalline MOF phase did not develop completely homoge-
neous. To enhance the homogeneous formation of a crystalline
MOF by templated electrodeposition as introduced here, the
potential applied for the oxidation of the Cu nanowires and the
electrolyte temperature should be optimized in further research
so that the oxidation rate slows down, providing more time for
the reaction between the as-formed Cu2+ ions and the BTC3−.
Moreover, it is expected that a longer heat treatment of the
MOF nanowires, either inside the electrolyte used for the
conversion reaction or in a drying oven, could enhance the
crystallization of the amorphous core of the Cu3(BTC)2
nanowires, whose presence was assessed by TEM character-
ization, and which is also in agreement with a previous
report.43 Furthermore, it should be mentioned that the
difference of ∼30 μA between the steady-state currents as
observed in the chronoamperograms of the conversion
reaction with Cu nanowires (Figure 2) and the empty Au-
coated templates (Figure S1) could be the result of a

Figure 6. Schematic representation of a hypothetic mechanism of the electrochemical conversion of Cu nanowires into core−shell Cu3(BTC)2
nanowires and nanotubes. (a) Template pore filled with a Cu nanowire; (b) first seconds of the electrochemical oxidation with the formation of
Cu2O as an intermediate and diffusion of the excess of Cu2+ outside the pores; (c) formation of an amorphous phase of Cu3(BTC)2; (d) formation
of crystalline Cu3(BTC)2 at the interface with the pore wall; and (e) Cu3(BTC)2 crystal growth with the formation of core−shell and tubular
regions.
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crystallization reaction that continues after the Cu nanowires
were converted into (amorphous) MOF nanowires.
Three-Dimensionally Interconnected HKUST-1 Nano-

wire Networks. The application of MOF nanostructures in,
e.g., gas sensors and photocatalysis, requires their assembly
into three-dimensional macroscopic systems that can be
implemented into devices. One way to integrate MOF
nanowires into planar devices is to align them in between
two electrodes by dielectrophoresis.48 On the other hand,
three-dimensional assembly requires free-standing nanowires.
In the case of the most common parallel nanowire arrays, the
length of the wire is limited to an aspect ratio (length over
diameter) of approximately 10. Above this, nanowires become
fragile and break from the supporting electrode upon template
removal. This limitation can be overcome using templates
consisting of three-dimensionally interconnected nanochan-
nels.35,36,49 This resulted in the synthesis of mechanically stable

and three-dimensionally ordered MOF nanowire networks.
These nanowire networks provide nanowires with high aspect
ratio that are self-standing and do not break upon template
removal. The XRD pattern in Figure 7a shows that the
electrochemical conversion reaction took place inside these
three-dimensionally interconnected nanochannel templates;
the main reflection corresponding to the Cu3(BTC)2 phase
(2θ = 11.5) can be clearly identified, whereas the highest
reflection (signed with an asterisk) corresponds to the Teflon
tape used to attach the sample to the XRD sample holder (see
Figure S9). Figure 7b,c shows the SEM images of a Cu
nanowire network obtained by electrodeposition and a
Cu3(BTC)2 nanowire network formed by subsequent electro-
chemical oxidation inside the nanochannel template for 2 h,
respectively, after which the steady-state current was almost
reached (Figure S10).

Figure 7. (a) XRD pattern of the Cu3(BTC)2 MOF nanowire network (blue curve) and the calculated XRD pattern for Cu3(BTC)2;
42 the

reflection with an asterisk corresponds to the Teflon tape used to attach the sample on the XRD sample holder. (b) SEM images of a Cu nanowire
network and (c) a Cu3(BTC)2 nanowire network with a nanowire diameter of 170 nm.

Figure 8. (a) XRD pattern of Cu(INA)2 nanowires with a diameter of 210 nm embedded in the polycarbonate template (blue curve) and the
calculated XRD pattern for Cu(INA)2 (black curve).

41 The large amorphous halo ranging from 2θ = 10 to 25° stems from the amorphous nature of
the polycarbonate template, and the very intense reflection at 2θ ∼ 15.9, indicated with an asterisk, originates from an intermediate phase.41 (b)
SEM image of Cu(INA)2 nanowires with a diameter of ∼260 nm, after electrochemical conversion for 90 min.
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Cu(INA)2 Nanowires. The excellent versatility of the
synthetic strategy developed here is demonstrated by
fabricating a different type of technologically relevant MOF
nanowires inside the same kind of templates: Cu(INA)2.
Cu(INA)2 is shown to be promising for the removal of
hazardous materials from the environment by adsorption.41

Figure 8a shows the XRD pattern of the as-obtained
Cu(INA)2 nanowires, still embedded in the porous poly-
carbonate membrane, together with the reference XRD pattern
calculated from single-crystal XRD data published elsewhere.50

Due to the reduced amount of material and the presence of the
polycarbonate membrane, not all of the reflections correspond-
ing to the Cu(INA)2 crystalline phase can be found. However,
the three most intense reflections (at 2θ ∼ 10.7, 21.6, and
22.9) are present. A very intense reflection at 2θ ∼ 15.9,
indicated with an asterisk, did not match with any of the
reflections expected for Cu(INA)2. However, Tella et al.41

showed that this reflection originates from an intermediate
phase during a solvent-free synthetic procedure to produce
Cu(INA)2. Interestingly, during our electrochemical con-
version, we see the formation of the same intermediate,
despite the very different synthetic conditions. Moreover, we
also noticed the presence of a reflection at 2θ = 8.9° with very
low intensity, corresponding to an unidentified impurity, which
is present in small amounts.
Cu and Cu2O reflections were also found for this sample

(see Figure S11), originating from the incomplete conversion
of Cu to Cu(INA)2 and Cu2O as an intermediate phase,
respectively. Furthermore, it should be noted that the
chronoamperograms measured during electrochemical con-
version of the Cu nanowires into Cu(INA)2, Figure S12,
looked similar to the ones shown in Figure 2 for Cu3(BTC)2.
These results therefore suggest that also in this case longer
conversion times might be needed to achieve the complete
conversion and crystallization of Cu nanowires into Cu(INA)2.
Figure 8b shows an SEM image of the Cu(INA)2 nanowires
obtained after dissolving the polycarbonate membrane in
dichloromethane. The nanowires show a diameter of ∼260
nm. With the preparation of Cu-MOFs with two different
organic linkers, we demonstrate the versatility of the presented
method for the formation of various MOF nanowires. Cu
nanowires were used as the starting material for the synthesis
of Cu-MOF nanowires via electrochemical oxidation. Cu2O
nanowires can also be used in the same oxidation reaction to
form an MOF since Cu+ ions can be electrochemically oxidized
to Cu2+, which then reacts with the organic linker. By applying
this principle of electrochemical conversion to other metal or
metal oxide nanowires (e.g., Cu2O, Zn, or Al), an avenue for
the design of many more MOF nanowires is opened.24,51 By
varying the morphology of the initial structures, MOFs with
various geometries can also be produced, such as MOF
nanocones from Cu nanocones.52 Furthermore, segmented
and/or core−shell MOF nanostructures can be potentially
synthesized since the electrochemical conversion conditions
can be fine-tuned in such a way that the nanostructures will
only be partly converted into the respective MOFs.

■ CONCLUSIONS
In this work, we successfully synthesized Cu3(BTC)2 and
Cu(INA)2 nanowires via a two-step electrochemical process:
(1) Cu nanowires were electrodeposited within etched ion-
track templates, which were (2) sequentially converted to the
respective MOFs via electrochemical oxidation in a solution

containing the required organic linkers. We demonstrate
excellent control over the size and chemical nature of the
deposited MOF nanowires, as shown by depositing MOF
nanowires with different diameters (80, 130, 210, and 260 nm)
and various organic linker molecules (BTC and INA),
respectively. Furthermore, we showed that this method also
allows the direct synthesis of three-dimensionally intercon-
nected MOF nanowire networks, which can be further applied
as, e.g., gas sensors or photoelectrodes.

■ EXPERIMENTAL DETAILS
All chemicals used were purchased from commercial sources and used
without further purification. Sodium hydroxide (NaOH, ≥99%),
ethanol (EtOH, ≥99.8% p.a.), and dichloromethane (CH2Cl2,
>99.5%) were purchased from Carl Roth; copper sulfate pentahydrate
(CuSO4·5H2O, p.a. quality), 1,3,5-benzenetricarboxylic acid (BTC,
95%), isonicotinic acid (INA, 99%), and tributylmethylammonium
methyl sulfate (MTBS, ≥95%) were purchased from Sigma-Aldrich;
sulfuric acid (H2SO4, 98%) was purchased from Merck; and a
commercial gold plating solution (Gold bath SF) was purchased from
METAKEM. Milli-Q water with a resistivity of 18.2 MΩ·cm was used
in all experiments.

The polymer templates were prepared by ion-track nanotechnol-
ogy, for which polycarbonate foils (Makrofol N, Bayer AG) with a
thickness of 30 μm were irradiated with Au ions with a total energy of
∼2 GeV and a fluence of ∼108 ions/cm2 at the UNILAC linear
accelerator of the GSI Helmholtz Centre for Heavy Ion Research.
After irradiation, the ion tracks were selectively dissolved and enlarged
by etching in an aqueous solution of 6 M NaOH at 50 °C. Etching
times of 2.5, 5, 7.5, and 10 min resulted in polycarbonate membranes
with pore diameters of approximately 80, 130, 210, and 260 nm,
respectively. Foils irradiated under normal incidence with ∼108 ions/
cm2 were used to fabricate templates with parallel-oriented nano-
channels. Foils irradiated in four consecutive steps under an angle of
45° with respect to the surface normal with a total fluence of
4× (5 × 108) ions/cm2 were etched to form interconnected
nanochannel networks.36,49,53

After etching, one side of the polycarbonate membranes was coated
with ∼125 nm of Au using an Edwards S150B sputter coater. Next,
the mechanical stability of this Au layer was enhanced by
electrodeposition of a thicker Au layer using a commercial gold
plating solution (AuSF, METAKEM) at room temperature by
applying a potential of −0.7 V versus a Au counter electrode in a
two-electrode setup for 2 h.

In all cases, Cu nanowires were electrodeposited inside the
polycarbonate membranes from an aqueous solution containing 1.0 M
CuSO4 and 0.2 M H2SO4 at 60 °C by applying a potential of −0.1 V
in a two-electrode setup versus a Cu counter electrode for 8 min. For
this, the electrodeposition conditions were adapted from a previous
report.34 In the next step, Cu3(BTC)2 was formed inside the
nanochannels by electrochemical oxidation of the as-deposited Cu
nanowires inside a 50/50 vol % ethanol/water solution containing 5.8
mM BTC and 6.42 mM MTBS at 55 °C by applying 2.5 V versus a
Cu counter electrode. For this, the conditions for electrochemical
conversion were adapted from a previous study.54 During the
oxidative dissolution of the Cu nanowires, the MOF is built up as
soon as the as-formed Cu2+ ions bind to the BTC3− ligands in the
electrolyte solution.

For the deposition of Cu nanowire networks, surfactant (Dowfax
2A1, 0.5 vol ‰) was added to the Cu electrolyte to enhance the
wetting capabilities of the electrolyte inside the template channels,53

and the Cu nanowire network was electrodeposited for 7 min using
the same parameters as for the parallel Cu nanowires. Then, the Cu
nanowire networks were converted to MOF nanowire networks in the
same way as for the case of parallel MOF nanowires.

For the formation of Cu(INA)2 nanowires inside the template
channels, the same conditions were used as for the Cu3(BTC)2
nanowires, replacing BTC in the electrolyte by INA.
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X-ray diffraction (XRD) measurements of the nanostructures
embedded in the polymer membrane were performed using a Bruker
D2 powder diffractometer (equipped with a Cu Kα source). TGA/
DSC measurements were done with a Netzsch (TGA) STA 449 C
Jupiter with an integrated calorimeter (DSC). The measurements
were performed in air with a gas flow of 500 mL/min and a
temperature range up to 800 °C with a heating rate of 10 °C/min.
After releasing the nanowires from the template by dissolving the PC
membrane in dichloromethane (CH2Cl2), the nanowires were
visualized using a JEOL JSM-7401F scanning electron microscope
(SEM). For transmission electron microscopy (TEM), the MOF
nanowires were transferred to a carbon-coated Au TEM grid by drop-
casting a nanowire-containing CH2Cl2 solution. TEM measurements
were performed using a JEOL ARM200CF with image Cs corrector at
a voltage of 80 kV and a temperature of −175 °C to avoid degradation
of the MOF, following the method from Wiktor et al.55 The IR
measurements were done with a Bruker Tensor 27 FT-IR-
spectrometer with a diamond-ATR unit.
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