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Abstract: Large Co-MOF-74 crystals of a few hundred micrometers were prepared by solvothermal
synthesis, and their structure and morphology were characterized by scanning electron microscopy
(SEM), IR, and Raman spectroscopy. The hydrothermal stability of the material up to 60 ◦ C at 93%
relative humidity was verified by temperature-dependent XRD. Proton conductivity was studied
by impedance spectroscopy, using a single crystal. By varying the relative humidity (70–95%),
temperature (21–60 ◦ C), and orientation of the crystal relative to the electrical potential, it was found
that proton conduction occurs predominantly through the linear, unidirectional (1D) micropore
channels of Co-MOF-74, and that water molecules inside the channels are responsible for the proton
mobility by a Grotthuss-type mechanism.
Keywords: metal-organic framework; Co-MOF-74; single crystal; impedance spectroscopy; proton
conductivity; anisotropy; fuel cell

1. Introduction
The predicted increase of the world’s energy consumption until 2050 is expected to be almost
50%, due to a higher industrial output, e.g., in the food or metal production sector, which comes with
economic growth and an increasing world population [1]. Therefore, there is a rising demand for
more efficient and sustainable energy conversion approaches. In this context, fuel cells, which allow
the direct conversion of chemical energy into electrical energy, have been studied within the last
few decades [2–8]. The most frequent type of fuel cells is the proton-exchange membrane fuel cell
(PEMFC), in which protons are transported from the anode to the cathode through a proton-permeable
membrane. The latter is usually made of Nafion, a sulfonated fluoropolymer, or of ionic polymers,
which all suffer from high cost and only moderately efficient performance [9,10]. A promising approach
to improve fuel cells is the incorporation of proton-conducting crystalline porous materials, such as
metal-organic frameworks (MOFs) or coordination polymers, to replace amorphous polymers [11–15].
MOFs are hybrid inorganic–organic compounds, which have been vastly explored for more than two
decades. Due to their modular design at the molecular level, a large number of MOFs (close to 70,000
already in 2017 [16]) exist nowadays; they can be further tailored by post-synthetic modification [17].
Their structural characteristics, such as high porosity, large specific surface area, controllable pore size,
and well-defined channel systems, open doors to many potential fields of application [18–22].
Co-MOF-74, also known as CPO-27-Co, consist of Co(II) ions that are connected by 2,5dioxido-1,4-benzenedicarboxylate linkers (Co2 (dobdc)) [23,24]. The crystal structure (trigonal space
group 148, R-3) is marked by linear micropores (1.1 nm) with a hexagonal cross section that
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148, R-3) is marked by linear micropores (1.1 nm) with a hexagonal cross section that runs parallel to

runs parallel to the c axis of the crystals, as verified by sorption uptake studies with in-situ IR
the c axis of the crystals, as verified by sorption uptake studies with in-situ IR microscopy detection
microscopy detection [25] (see Figure 1). The Co(II) ion is penta-coordinated by the linkers, and its sixth
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2. Materials and Methods

2. Materials and Methods

Co-MOF-74 crystals were prepared according to a slightly modified procedure previously
Co-MOF-74 crystals were prepared according to a slightly modified procedure previously
published by one of our labs [29]. A total of 750 mg cobalt nitrate hexahydrate (Co(NO3 )2 ·6H2 O,
published by one of our labs [29]. A total of 750 mg cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 99%
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Scanning electron microscopy (SEM) images were obtained with a JEOL JSM-6700F NT
Scanning electron microscopy (SEM) images were obtained with a JEOL JSM-6700F NT microscope
microscope at 2 kV acceleration voltage and an emission current of 10 µ A. IR spectra of a powder
at 2 kV acceleration voltage and an emission current of 10 µA. IR spectra of a powder sample were
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transmittance Bragg–Brentano geometry, employing Cu-radiation. The patterns were recorded in a
temperature range of 20–60 ◦ C in 5 ◦ C steps (each followed by a 15 min isothermal step), in the 5–50◦
2θ range.
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The patterns were recorded in a temperature range of 20–60 °C in 5 °C steps (each followed by a 15
min isothermal step), in the 5–50° 2θ range.
Impedance measurements were carried out with a Solartron SI 1260 Impedance/Gain-Phase
Impedance measurements were carried out with a Solartron SI 1260 Impedance/Gain-Phase
Analyzer and a Novocontrol Alpha-A Analyzer. An experimental setup, as described previously by
Analyzer and a Novocontrol Alpha-A Analyzer. An experimental setup, as described previously by
one of our labs, was used [32]. In short, one individual single Co-MOF-74 crystal was placed on
one of our labs, was used [32]. In short, one individual single Co-MOF-74 crystal was placed on an
an array of interdigitated Pt electrodes (20 µm electrode width and spacing; UST GmbH, Geratal,
array of interdigitated Pt electrodes (20 μm electrode width and spacing; UST GmbH, Geratal,
Germany) inside a custom-built Faraday cage that was placed in an Espec SH-242 climate chamber.
Germany) inside a custom-built Faraday cage that was placed in an Espec SH-242 climate chamber.
The contact area between the crystal and the electrodes was estimated by confocal laser microscopy
The contact area between the crystal and the electrodes was estimated by confocal laser microscopy
(Olympus LEXT OLS 3100, Hamburg, Germany), as shown in the Supplementary Materials section
(Olympus LEXT OLS 3100, Hamburg, Germany), as shown in the Supplementary Materials section
(Figure S1). The humidity was controlled by streaming dry N2 through a washing bottle containing
(Figure S1). The humidity was controlled by streaming dry N2 through a washing bottle containing
deionized water using mass flow controllers. Temperature and humidity of the gas stream were verified
deionized water using mass flow controllers. Temperature and humidity of the gas stream were
by a Sensirion SHT2x sensor. The system was allowed to equilibrate for 12 h after each change in
verified by a Sensirion SHT2x sensor. The system was allowed to equilibrate for 12 h after each change
temperature and/or humidity.
in temperature and/or humidity.
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Figure 2. (a) Scanning electron microscopic (SEM) image of a Co-MOF-74 crystal (ca. 0.6 mm length);
Figure 2. (a) Scanning electron microscopic (SEM) image of a Co-MOF-74 crystal (ca. 0.6 mm length);
(b) Raman spectrum; (c) IR spectrum.
(b) Raman spectrum; (c) IR spectrum.

Hydrothermal stability is one of basic prerequisites regarding potential application of Co-MOF-74
Hydrothermal stability is one of basic prerequisites regarding potential application of Co-MOFas a proton-conducting material at elevated temperature and under humid conditions. Therefore,
74 as a proton-conducting material at elevated temperature and under humid conditions. Therefore,
we carried out a temperature-resolved powder XRD analysis at a relative humidity of 93%. Figure 3
we carried out a temperature-resolved powder XRD analysis at a relative humidity of 93%. Figure 3
shows that the material is stable under the tested conditions. We did not observe any changes in the
shows that the material is stable under the tested conditions. We did not observe any changes in the
peak positions over the studied temperature range of 20–60 ◦ C. The diffraction patterns are consistent
peak positions over the studied temperature range of 20–60 °C. The diffraction patterns are consistent
with literature data [25,35]. Some minor changes in the intensity of the first diffraction peak at 6.7◦ can
with literature data [25,35]. Some minor changes in the intensity of the first diffraction peak at 6.7°
be attributed to the different solvent content (here water) occupancy inside the pores, as also reported
can be attributed to the different solvent content (here water) occupancy inside the pores, as also
for other MOFs [36,37].
reported for other MOFs [36,37].
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4. Conclusions
In summary, we have measured the proton conductivity in Co-MOF-74 single crystals and found
a strong anisotropy. High conductivity (123 µ S cm−1 at 25 °C) with a low activation energy (0.32 eV)
is observed along the direction of the micropore axis (crystallographic c axis). In the orthogonal
direction, lower conductivity (11.7 µ S cm−1) and a high activation energy (0.87 eV) are measured. The
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4. Conclusions
In summary, we have measured the proton conductivity in Co-MOF-74 single crystals and found
a strong anisotropy. High conductivity (123 µS cm−1 at 25 ◦ C) with a low activation energy (0.32 eV) is
observed along the direction of the micropore axis (crystallographic c axis). In the orthogonal direction,
lower conductivity (11.7 µS cm−1 ) and a high activation energy (0.87 eV) are measured. The proton
conductivity is strongly humidity-dependent. These findings suggest that proton conduction occurs
predominantly through the micropore channels and that water molecules in the channels provide a
proton-conducting path by a Grotthuss-type mechanism.
Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/7/1263/s1,
Figure S1: Microscopic images; Figure S2: Powder XRD diagram; Figure S3: Data vs. frequency: Table S1:
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proton conductivity
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