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When immobilised on a suitable electrode surface, metal organic frameworks (MOFs) can effectively
promote the oxygen evolution reaction (OER) - the anode process of water electrolysis for the green
hydrogen synthesis — most commonly through the electrooxidative decomposition of the framework into
thermodynamically stable (oxy)hydroxides/oxides. In this study, the potential advantageous electrocatalytic
effect of the macrocyclic amine core coordinating to the cobalt ions in an interdigitating 2D sheet
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framework is investigated. Nickel foam electrodes modified with Co-TMBT-MOF at a low loading of 0.25
mg cm2 (0.004 mmolc, cm2) sustained the OER rate of 20 mA cm™ (80 A gmor 3 in 1 M KOH at ambient
DOI: 10.1039/d2me00259k temperature at a stabilised overpotential of only 0.294 * 0.005 V on a timescale of 20 h. Physical
characterisation of the electrode after the OER tests confirmed transformation of the MOF into the

rsc.li/molecular-engineering catalytically active cobalt oxyhydroxide.

Design, System, Application

The system reported in this manuscript incorporates the molecular design of a strongly chelating ligand used as part of the metal-organic framework. In
doing so, the stability of the material is greatly enhanced, preventing leaching of the metal and decomposition of the framework. This stability enables the
material to be used and processed as an aqueous suspension. In the current study we demonstrate that this allows effective deposition on nickel foam as a
pre-catalyst for the OER.

Introduction

reaction (OER) is a major contributor of the two to the energy

) ) ) efficiency losses.”” Hence, a great variety of OER electrocatalysts
As the demand for energy is rapidly exceeding the supply, the  .oninye o be developed using different combinations

renewable energy research sector has been pulling out all the ¢ transition metal (hydr)oxides/oxyhydroxides,**
stops to find cleaner alternatives to fossil fuels. chalcogenides,” " pnictides, and their composites.'>”

Electrochemical water splitting is one of the most widely Among different strategies to the design of OER catalysts,
studied routes to developing sustainable energy systems.'” the use of metal-organic frameworks (MOFs), or porous
Practical water electrolysis requires the use of either acidic or 4.0 0 polymers (PCPs), has recently attracted some
alkaline electrolytes. The latter presents an important  ,uention due to the very high internal surface area, tailorable

12-14

advantage of the improved stability of the device components
without the need for use of noble metals and other highly
expensive components, and is the focus herein.

While both cathode and anode half-reactions of the water
electrolysis process require catalysts to achieve practical rates at
economically feasible overpotentials, the oxygen evolution
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pore size, ability to embed different functionalities, and the
variety of metal nodes pertinent to MOFs."® > Hypothetically,
these characteristics give the potential for electrically
conductive MOFs to present a very high concentration of
catalytically active sites and rapid mass/charge transport rates
as compared to the conventional bulk metal oxide
derivatives.>® However, it is highly unlikely for any MOF to
maintain its structural integrity during the OER, even during
model ambient temperature tests, due to an obvious
thermodynamic instability of these materials under the very
harsh conditions of a water splitting anode.>* Indeed, it has
been expectedly demonstrated that electrochemical testing of
MOFs induces their transformation into corresponding

This journal is © The Royal Society of Chemistry and IChemE 2023
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transition metal (hydr)oxides, which present the genuine
catalytic species for the OER. Hence, the ability to produce a
high-performance MOF-derived electrocatalyst will strongly
depend on the initial stability of the MOF and its ability to
preserve the initial texture with very high accessibility of the
metal sites upon transformation into the oxide-based
catalyst. Formation of catalysts in this way can give enhanced
surface areas or different nanostructures than other
methods.

To date, numerous transition metal-based MOFs,
especially cobalt-based, have been used to produce electrodes
with highly promising catalytic activity for the OER.**?**7!
Some of the noteworthy results obtained at ambient
temperature using a 1 M KOH electrolyte solution are
surveyed here. Yu et al. used biphenyl-4,4"-dicarboxylic acid
(H,BPDC) to form Co-MOF nanosheets directly on a nickel
foam (NF) electrode substrate using a hydrothermal
method.*® The 3D macroporous structure of the NF paired
with the 2D Co-MOF nanosheets enabled the material to
achieve the OER rate of 20 mA cm ™ (4.6 A gyor ') at an
overpotential of ca. 0.29 V. Zhao et al. studied NiCo-MOF
nanosheets using benzene-1,4-dicarboxylate as the organic
ligand and suggested that the unsaturated metal surface
atoms served as the dominant catalytic active centres of the
OER.*> However, their X-ray absorption data suggest that the
NiCo-MOF was completely transformed into transition metal
oxyhydroxides, which effectively catalysed the OER with the
reaction rate of 10 mA cm™> (50 A guor ') achieved at an
overpotential of ca. 0.25 V. Zhuang et al. used FeCo-MOF
nanosheets with 1,3,5-benzenetricarboxylate as the ligand
and observed a similar synergistic effect between Co and
Fe.** Similarly, Tian et al also formed a FeCo-MOF with
nitrogen sites incorporated (as triazole) into the structure
using 2,5-bis(1,2,4-triazol-1-yl)terephthalate (BTTA>") as the
organic component. Their MOF-derived electrocatalyst
displayed an OER rate of 10 mA cm™ (20 A gyor ') at a very
low overpotential of ca. 0.23 V. Their study also demonstrated
the importance of using a highly conductive substrate like
NF and doping with other metals for enhanced activity.**

Further insight into the usage of the different ligand
components in MOF precatalysts should be explored to
effectively utilise these materials. In this study, a ligand
containing an amine-based macrocyclic core with biphenyl-
carboxylate arms was designed to explore the functional
advantage of having a metal chelating site in potentially
enhancing stability (Fig. 1, bottom). The new Co-TMBT-MOF
material was explored as a precursor for a cobalt-based
oxygen evolution catalyst operating in alkaline electrolyte
solutions.

Experimental
Materials

All starting materials were of ACS reagent grade and used as
received from commercial suppliers (Alfa Aesar, Merck,
Oakwood, and Sigma Aldrich) without further purification.

This journal is © The Royal Society of Chemistry and IChemE 2023

View Article Online

Paper
OH
o]
IN (o}
N R OH
HO LN
o]
Hi1

(e}
OH

Zn1

Fig. 1 Designed TACN-based tricarboxylic acid Hs2 with extended,
rigid arms compared to the previously reported Hsl (top), magnified
view of the dinuclear Zn cluster in poly-[Zn,(2)(OH,)ICl (middle), and
view of the pore channels along the crystallographic c-axis (bottom).

1,4,7-Triazacyclononane trihydrochloride (TACN-3HCI) was
synthesised using a previously reported literature
procedure.®® Ni foam (NF, >99.99%; thickness 1.6 mmy;
surface density 346 g m™>; porosity >95%, 80-110 pores per
inch) was obtained from Marketech International. Pt wire
was purchased from A&E Metals. All solutions were prepared
using ultrapure deionised water with resistivity of 18.2 MQ
cm at 23 °C derived from Sartorius Arium Comfort I
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Ultrapure water system H,O-I-1-UV-T; the same quality water
was used for all procedures requiring H,O.

Synthesis

Synthesis of 4'-methylbiphenyl-4-carboxylate. A Suzuki
coupling reaction was performed using 4-methylbromobenzoate
(4.000 g, 18.60 mmol), p-tolylboronic acid (2.530 g, 18.60 mmol),
potassium carbonate (7.710 g, 55.80 mmol) and Pd(dppf)Cl,
(455.7 mg, 558.0 umol) as a catalyst in a tetrahydrofuran : H,O
(2:1 vol.) mixture at 70 °C for 24 hours under N,. The reaction
mixture was filtered through Celite under vacuum to remove
the Pd catalyst. The filtrate was concentrated and the organic
product was extracted into ethyl acetate after washing with
distilled H,O and brine. Purification was conducted using
column chromatography with 10:90 to 20: 80 vol. ethyl acetate
in petroleum benzine (87% yield). "H NMR (400 MHz, CDCl;) §
8.09 (d, J = 8.4 Hz, 2H, ArH), 7.65 (d, J = 8.4 Hz, 2H, ArH), 7.53
(d, ] = 8.1 Hz, 2H, ArH), 7.28 (d, J = 7.6 Hz, 2H, ArH), 3.94 (s, 3H,
RCO,-CH3), 2.41 (s, 3H, ArCHj).

Synthesis of 4'-bromomethyl-1,1"-biphenyl-4-carboxylate.
Bromination of the pure 4-methylbiphenyl-4-methylcarboxylate
(3.659 g, 16.17 mmol) was conducted with N-bromosuccinimide
(3.170 g, 17.79 mmol) and benzoyl peroxide (195.9 mg, 808.6
umol) dissolved in dry acetonitrile (100 mL) under N, at 90 °C
for 24 hours. Column chromatography using 10:90 to 20:80
vol. ethyl acetate in petroleum benzine was performed to purify
the product (95% yield). "H NMR (400 MHz, CDCl;) ¢ 8.11 (d, J
= 8.7 Hz, 2H, ArH), 7.65 (d, J = 8.6 Hz, 2H, ArH), 7.60 (d, J = 8.3
Hz, 2H, ArH), 7.49 (d, J = 8.3 Hz, 2H, ArH), 4.55 (s, 2H, BrCH,),
3.94 (s, 3H, RCO,~CHj).

Synthesis of  1,4,7-tris(4"-methylbiphenyl-4-carboxylic)-
1,4,7-triazacyclononane  hydrochloride salt  dihydrate,
H;2-3HCI-2H,0. The pure brominated ester (4.691 g, 15.37
mmol) was mixed with TACN-3HCI (1.180 g, 4.960 mmol) and
K,CO;3 (6.170 g, 44.63 mmol) in acetonitrile (100 mL) at 90 °C
for 24 hours. The reaction mixture was filtered and the
resulting precipitate (3.338 g, 4.160 mmol) contained the
desired product which was subsequently demethylated with
potassium  hydroxide (1.400 g, 24.98 mmol) in
tetrahydrofuran: H,O (60 mL, 1:2 vol.) for 48 hours at 100 °C
and rendered acidic (pH 3) with concentrated HCIl. The
product precipitated out of the solution and was recovered by
filtration (2.068 g, 65% yield). "H NMR (600 MHz, DMSO-d) &
7.96 (m, 6H, ArH), 7.67 (m, 12H, ArH), 7.29 (d, J = 7.8 Hz, 6H,
ArH), 3.92 (s, 6H, R,N-CH,), 2.89 (s, 12H, TACN-CH,). **C
NMR (151 MHz, DMSO-dg): § 167.04, 143.48, 138.70, 130.56,
129.96, 127.09, 126.64, 118.93, 72.20, 57.03, 44.46, 39.94,
39.80, 39.66, 39.52, 39.38, 39.24, 39.10. m/z (ES+): 760.33 ([M +
H]") 53.0%, calculated for C45H N304, MW = 760.33. FTIR (v/
cm_l): 3405 m, 2954w, 2886w, 2814m, 2499w, 2113w, 1794w,
1702s, 1607s, 1396s, 1272s, 1107s, 1006m, 958m, 821m, 770s,
754s, 698s. Found: C, 63.60; H, 5.34; N, 4.68%; calculated for
C,sH,5N;04-3HCI-2H,0: C, 63.68; H, 5.79; N, 4.64%.

Synthesis of poly-[Co(H2)(OH,)]-2DMF-4H,0, Co-TMBT-
MOF. H;32-3HCI-2H,0 (0.0100 g, 13.2 umol) was mixed with four
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equivalents of Co(NOj3),-6H,O (0.0153 g, 52.6 umol) in a vial
containing N,N-dimethylformamide (2 mL), H,O (0.2 mL), and
acetic acid (0.1 mL). The mixture was sonicated and placed into
a dry incubator set at 90 °C. Purple crystals formed at the
bottom of the vial after 7 days. FTIR (v/em™'): 2907w, 2322w,
2112w, 1994w, 1905w, 1803w, 1707m, 1658m, 1591s, 1382s,
1238m, 1084s, 975m, 781s, 704s, 653s. TGA: 30-125 °C, mass
loss = 19% (calculated 20% for 2 DMF and 3 H,0). The sample
started to decompose at 300 °C. Found: C, 58.19; H, 6.12; N,
6.41%; calculated for poly-[Co(H2)(OH,)]-2DMF-7H,0: C, 58.58;
H, 6.65; N, 6.33%. Bulk purity of the crystalline material was
confirmed by PXRD (see Fig. S4at). TGA and elemental analysis
are in reasonable agreement with calculations from the Olex2
solvent mask routine on the single crystal data of poly-{Co(H2)
(OH,)]-DMF-H,0 which found an additional 72 e~ per formula
unit (DMF-3H,0 = 70 €”).

Synthesis of poly-[Zn,(2)(OH,)]CI-2.5DMF-6.5H,0, Zn-
TMBT-MOF. 4.5 equivalents of Zn(NOj3),-6H,0 (0.0176 g, 73.8
umol) was added to Hz2-3HCI-2H,O (0.0100 g, 13.2 pmol) in
a vial containing a mixture of N,N-dimethylformamide (2
mL), H,O (0.2 mL), and acetic acid (0.1 mL). The vial was
sonicated and placed into a dry bath incubator set at 90 °C.
Tiny faint yellow cubic crystals formed on the vial wall after a
day. FTIR (v/em™'): 2863w, 2300w, 1995w, 1655m, 1605m,
1529w, 1492w, 1389s, 1209m, 1088s, 978m, 821m, 784s,
706m, 655m. TGA: 30-96 °C, mass loss = 6% (calculated 26%
for 2.5 DMF and 7.5 H,0; 6% for 3 H,0). The sample started
to decompose at 380 °C. Found: C, 53.91; H, 5.52; N, 5.47%;
calculated for poly-[Zn,(2)(OH,)]Cl-1.5DMF-6.5H,0: C, 54.00;
H, 5.83; N, 5.40%. Some solvent loss is assumed to have
occurred prior to analysis by both TGA and elemental
analysis. Bulk purity of the crystalline material was confirmed
by PXRD (see Fig. S4bt). The Olex2 solvent mask routine
suggests electron density equating to 180 e~ per formula unit
(calc. for Cl-2.5DMF-6.5H,0 = 182 ¢').

Materials characterisation

'H and *C NMR spectroscopy. 'H and *C NMR spectra
were recorded at 298 K using either a Bruker Avance III nanobay
NMR spectrometer equipped with a 9.4 T magnet and 5 mm
BBFO probe, operating at 400.20 MHz (*H) and 100.64 MHz
(**C), or a Bruker Avance III spectrometer equipped with a 14.1
T magnet and 5 mm TCI cryoprobe, operating at 600.27 MHz
(*H) and 150.95 MHz (**C). High resolution mass spectrometry
was performed using a Micromass Platform II QMS Electrospray
Mass Spectrometer. Elemental microanalyses for C, H, and N
were obtained from a 2400 Series II CHNS/O Analyser.
Thermogravimetric analyses (TGA) were conducted using a
Mettler Toledo TGA/DSC1 STARe system with a temperature
ramping rate of 3 °C min from 25-500 °C under a N,
atmosphere. IR spectra were taken using an Agilent Cary 630
Fourier transform infrared (FTIR) spectrometer with the
diamond attenuated total reflection (ATR) setup.

Single crystal X-ray diffraction (SC-XRD). SC-XRD data
were collected using either the Rigaku SynergyS

This journal is © The Royal Society of Chemistry and IChemE 2023
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diffractometer (Cu-Ko. source, 1.54184 A, 123 K), or the MX2
beamline at the Australian Synchrotron (17.4 keV, 0.7108 A,
100 K).***” Data collection at the Australian Synchrotron was
performed using the in-house control systems while data
reduction and integration were completed using the XDS
software suite.*® Control and processing for Rigaku data used
the CrysAlisPro software package. Both crystal structures were
solved using SHELXT>® and refined against F> by full matrix
least-squares  procedures using SHELXL-2018*° within
Olex2.*" Anisotropic displacement parameters were used to
refine non-hydrogen atoms. Hydrogen atoms were assigned
to calculated positions with isotropic displacement
parameters 1.2 or 1.5 times their carrier atoms. The Solvent
Mask routine in Olex2 was used to account for the electron
density within voids that could not be sensibly modelled (see
ESIt for crystallographic and refinement parameters and
special refinement details).*” Data are deposited with the
CCDC.

Powder X-ray diffraction (PXRD). PXRD analysis was
conducted using a Bruker D8 Advance Eco diffractometer
with a Cu-Ko radiation source. Samples were mounted on a
zero-background silicon single crystal stage and scanned at
2-theta angles of 5 to 55° with a step size of 0.02 using the
Bragg-Brentano parafocusing geometry. All PXRD data were
collected at 298 K and were compared against calculated
patterns from the low temperature SC-XRD data.

X-ray photoelectron spectroscopy (XPS). XPS data were
recorded using a Thermo Scientific Nexsa Surface Analysis
System equipped with a hemispherical analyser and a
monochromatic radiation source, Al-Ka X-rays (1486.6 eV) at
72 W (6 mA and 12 kV, 400 x 800 um?® spot). Charge
neutralisation via a low-energy dual-beam (ion and electron)
flood source was used. The pass energy, voltage step size and
dwell time were 200 eV, 1 eV and 10 ms for the survey scans,
respectively, whereas for the high-resolution scans these
parameters were 50 eV, 0.1 eV and 50 ms. This produced a
full-width at half of the maximum of 0.86-0.87 eV for the Ag
3ds, peak and <1.0 eV for the ester peak in PET during
performance tests. Sampling depth may range from 0 to ca.
10 nm as the actual emission angle is ill-defined due to the
rough surfaces present (ranging from 0° to 90°). Data were
processed using Thermo Avantage v5.9902 with the energy
calibration referenced to the aliphatic C 1s peak at 284.8 eV.
Two different spots per sample were surveyed to ensure the
consistency of the results.

Inductively coupled plasma mass-spectrometry (ICP-MS).
ICP-MS analysis was performed using a Perkin Elmer NexION
2000 instrument on the wused electrolyte solutions.
Calibration curves were constructed using systematic
dilutions of commercial stock solutions to concentrations of
0.01-50 pug mL™" in 2 wt% HNO,;. The background was
measured for each analysis using blank solutions prepared
with 2 wt% HNO;.

Scanning electron microscopic (SEM) and energy
dispersive X-ray spectroscopy (EDS). SEM and EDS analysis
was undertaken with a FEI Magellan-FEG instrument

This journal is © The Royal Society of Chemistry and IChemE 2023
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equipped with a Bruker Quantax silicon drift X-ray detector.
Samples were dispersed in isopropanol and drop-cast onto a
silicon slide, which was attached using a carbon tape and
electrically connected with a copper tape to the aluminium
SEM stub.

Electrochemical measurements

Electrochemical analysis was undertaken in a three-electrode
configuration using an H-cell with the working and auxiliary
compartments separated by a low-porosity (P4) ceramic frit
and a Bio-Logic VSP electrochemical workstation at ambient
temperature (23 + 2 °C). Aqueous 1 M KOH electrolyte
solution was saturated with O, in the working electrode
compartment.

Working electrodes were prepared using Ni foam
substrates with an active geometric area of 0.5 cm % 0.5 cm,
which were cleaned by sonicating in concentrated HCI (ca. 32
wt%), rinsed and sonicated again in water and then in
ethanol for 10 min each media. The working electrodes were
dried overnight in a desiccator prior to use. The MOFs were
deposited by drop-casting a suspension onto the NF working
electrode substrates. The suspension was prepared using 5
mg of Co-TMBT-MOF, 50 pL of 5 wt% Nafion (ethanol
solution), 250 puL of isopropanol, and 700 pL of water. The
mixture was uniformly dispersed by sonication (Elmasonic
E-60H 6-Quart bath) for 30 min before it was drop-cast onto
the substrates. Loading levels were varied from 0.10 to 1.00
mg cm > (Fig. S57).

A high surface area Pt wire was used as an auxiliary
electrode. The Hg|HgO|1 M KOH reference electrode was
confined in a glass tube with a P4 ceramic frit. All the
potentials reported were converted to the reversible hydrogen
electrode (RHE) scale using the experimentally measured
potential of the reference electrode against the custom-made
RHE® filled with 1 M KOH. Uncompensated resistance (R,)
was calculated from the electrochemical impedance spectra,
which were collected at potentials where negligible faradaic
processes were present, before and after experiments in a
frequency range 200 kHz to 0.1 Hz at an amplitude 0.010 V.
Typical R, values were 0.3-0.4 Q. Correction for the ohmic
losses was done manually post-analysis by subtracting the IR,
product. All current densities are reported normalised to the
geometric surface area of the electrodes or the amount of the
catalytically relevant material.

Results and discussion
MOF synthesis and structure

A previously reported tris-benzylcarboxylic acid TACN ligand,
H;1 (Fig. 1), forms a Zn-MOF, poly-[Zn,(1)(H,0)]Cl, which
was used for CO, adsorption due to its porosity and rigidity.**
Building on this design strategy, in which a central TACN
pocket is able to tightly bind a transition metal and yet the
structure still provides accessible pore space, a longer
derivative using 4'-methylbiphenyl-4-carboxylic acid arms,

Mol Syst. Des. Eng., 2023, 8, 1004-1012 | 1007
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H3;2, was synthesised in order to increase the pore space to
provide easier access to the metal sites.

Initially, we were able to obtain faint yellow crystals of
poly-[Zn,(2)(OH,)]CI-1.5DMF-6.5H,0, Zn-TMBT-MOF, directly
from the heated reaction (see Experimental). The MOF is a
3D framework based on a dinuclear cluster (Fig. 1). Zn1 is
coordinated to the three nitrogen atoms of the TACN core
and to three carboxylate oxygen atoms. Zn2 is disordered over
two sites and tetracoordinated to three carboxylate oxygen
atoms as well as an aqua ligand. Each 2 ligand is coordinated
to four Zn, clusters (one via the TACN ring and three via the
carboxylates), and in turn each Zn, cluster is coordinated to
four 2 ligands - three by carboxylate groups which generate a
Zn,(u,-CO,); motif, and one by the TACN group. This
generates two interpenetrating 3D nets; if the nodes are
defined as the 2 ligand and the Zn, clusters then a uninodal
4-connected (6>-8) net of unusual topology is generated.
Alternatively, if the Zn,(CO,);(TACN) moiety is considered as
a node, then it can be described as a 6-connected
3%.4%.5°.6%.7 net.

The structure contains solvent-filled 1D channels
equivalent to 48% of the crystal volume. A pore diameter of
approximately 6 A measured between the shortest C---C
distance (including van der Waals radii) exists along the
crystallographic c-axis (Fig. 1). The degree of solvation was
assigned through chemical analysis, and the presence of the
chloride counter-anion inferred from microanalysis and the
analogous nature of the framework to those previously
reported. Although this 3D Zn framework displays
remarkable unrestricted pore channel accessibility, this
study will focus on the Co-TMBT-MOF material, below, as
cobalt-based compounds are well known to be good OER
catalysts.

The 2D Co-TMBT-MOF adopts a very different structure
to the zinc material, surprisingly considering the nature of
the metals involved, with a purple crystalline material
isolated directly from the reaction (see Experimental). SC-
XRD shows the formation of poly-[Co(H2)(OH,)]-2DMF-4H,0
as parallel interdigitated 2D sheets (Fig. 2). Each ligand
coordinates to three metal ions, one through the TACN
ring, and two others through the carboxylate arms. The
third arm of each ligand remains protonated and
uncoordinated; these arms project outwards on either side
of the plane of the sheet. Each metal ion, which exists as
a single ion node rather than the binuclear node in the
Zn-MOF, coordinates to three ligands, one through the
TACN ring, and two others through the carboxylate arms
(there is also an additional water ligand). Thus, if one
considers the metal and the ligand as 3-connecting nodes,
the sheet has (6,3) topology (with both nodes topologically
identical). However, it is perhaps better to consider a
Co(H2)(OH,) moiety as the node, where the Co is bound to
the TACN ring of the ligand, in which case each node is
connected to four others and the topology is (4,4)
(Fig. 2 middle). As expected from the design strategy, the
secondary amines of the core group holding the metal in
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Fig. 2 Magnified view of the hexacoordinated Co node in the structure
of poly-[Co,(H2)(OH,)]-2DMF-4H,0 (top), simplified view of the
framework viewed along the crystallographic a-axis (middle), and an
expanded view to highlight how the sheets stack with interdigitation in
the x direction (bottom).

place providing extra stability for the framework, as
evidenced by its stability in air after filtering and leaving
exposed to the atmosphere for 24 h before determining its
PXRD pattern (Fig. S4af).

The sheets stack in the x direction and are highly
interdigitated (Fig. 2 bottom), with the uncoordinated
carboxylic acid arm of each ligand penetrating a window in
each of two adjoining sheets and forming a hydrogen bond
with the non-coordinated atom of a monodentate carboxylate
of the sheet that is three removed. Each window in a sheet is in
turn penetrated by two of these uncoordinated ligand arms,
one from each of two adjoining sheets which lie on the same
side of the original sheet. The interdigitation is such that all
the windows in one row are penetrated by sheets from one side,
while all the windows in the next row are penetrated by sheets
from the other side. Even with this interdigitation, 1D channels
exist parallel to the crystallographic a axis in which solvent

This journal is © The Royal Society of Chemistry and IChemE 2023
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molecules reside which could not be resolved from the single
crystal X-ray diffraction data.

Electrocatalytic activity

Electrocatalytic oxygen evolution activity of the nickel foam
electrodes modified with as synthesised Co-TMBT-MOF was
investigated in 1 M KOH electrolyte solution at ambient
temperature. During the cyclic voltammetry measurements
(Fig. Seat), the performance of Co-TMBT-MOF/NF improved
with cycling suggesting an in situ chemical and structural
transformation until stabilisation after ca. 10 cycles at 0.005 V
s'. This transformation is most likely associated with the
electrochemical oxidation of the metal organic species, which
eventually leads to the formation of more catalytically active
cobalt oxyhydroxide species. The highest performance was
achieved at the initial MOF loading of 0.25 mg cm >, suggesting
that higher amounts of the material limit the charge transport.
Importantly, the background performance of the Ni foam
substrate was negligibly low as compared to the MOF-modified
electrodes in the investigated potential range (Fig. 3a).

Upon stabilisation of the voltammetric response, the
electrocatalytic activity of the Co-TMBT-MOF/NF electrodes
was investigated by short-term galvanostatic measurements
(Fig. S6bt), which were used to construct an OER polarisation
plot (Fig. 3b). The potential dependence of the current
density was close to linear within the 20-80 mA cm™ range
indicating insignificant charge-transport limitations within
the catalyst (Fig. S6bf). The corresponding Tafel slope was
0.053 + 0.005 V dec™".

When tested in galvanostatic mode on a longer timescale,
the Co-TMBT-MOF/NF electrodes exhibited even further
improvements in the catalytic performance (Fig. 3c).
Eventually, the quasi-steady state was achieved after ca. 5 h
of operation at 20 mA c¢cm >, which required only 0.294 +
0.005 V overpotential, and the performance did not change
further indicating that chemical transformations of Co-
TMBT-MOF are complete at this stage. The electrocatalytic
performance of these electrodes was highly reproducible, as
confirmed through tests of three independent MOF samples
(Fig. 3b and c and Séb and ct).

Comparisons of the OER performance reported herein to
those of the recently reported Co-MOF-derived catalysts
indicates that Co-TMBT-MOF/NF is among the top-
performing electrodes of this class (Table S1f). The only
material outperforming Co-TMBT-MOF/NF was derived from
the FeCo-BTTA-MOF,>* confirming the well-known promoting
effect of iron on the OER activity. It should be also noted
though that no measures were taken herein to purify the
electrolyte solutions from the Fe impurities, meaning that the
Co-TMBT-MOF/NF electrodes were likely modified with very
low amounts of iron-based species, although they could not
be detected by XPS (vide infra). Overall, the Co-TMBT-MOF/NF
electrode with the MOF loading of 0.25 mg cm™ (0.004
mmolg, cm_z) maintained an OER rate of 20 mA cm™? (80 A
gMOF"1 or 4.5 A gc, ') at a low overpotential of 0.294 + 0.005 V.
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Fig. 3 Electrocatalytic OER performance of Ni foam electrodes
modified with Co-TMBT-MOF (0.25 mg cm2) in 1 M KOH at 23 + 2 °C:
(a) quasi-stabilised cyclic voltammetry (scan rate 0.005 V s™%; 10th
scans) with black curve showing background data for the unmodified
Ni foam electrode, (b) OER polarisation plots derived from
potentiometric measurements (Fig. S6bf), and (c) longer-term
galvanostatic OER at 20 mA cm™2. Data in panels b and c are shown as
mean (symbols and solid line) + standard deviation (error bars and
shading) derived from tests of three independent samples.

This activity is notably higher than that reported for CoOOH
on NF, which required an overpotential of 0.37 + 0.01 V at 10
mA cm? in 1 M KOH.***

Electrode characterisation

The Co-TMBT-MOF/NF electrodes were characterised before
and after 20 h long OER tests at 20 mA cm > to ascertain the
origin of the high electrocatalytic activity. The X-ray
diffraction peaks for Co-TMBT-MOF and products of its
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transformations cannot be unambiguously detected from the
assembled electrode due to the low mass loading (Fig. S4b¥).
SEM images before the electrochemical measurements
showed deposition of well-defined Co-TMBT-MOF grains with
approximately 10 um length and 2 um width onto the NF
substrate (Fig. 4a). After the OER tests, these small grains
were transformed into larger sheet-like microstructures with
the size of ca. 20-30 um (Fig. 4b), as well as smaller grain-
like nanostructures with the dimensions of a few hundred
nanometres (Fig. 4c). The EDS mapping of the electrodes
after the OER tests confirmed the presence of Co, as well as,
quite unexpectedly, of N (Fig. S61). Apparently, the duration
of the tests used herein was insufficient for a complete
elimination of the ligand from the electrode surface.

Fig. 4 SEM images of Co-TMBT-MOF/NF before (top) and after the 20 h
(centre and bottom) OER tests in 1 M KOH at 20 mA cm™ and 23 + 2 °C.
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Fig. 5 High-resolution Co 2p XP spectra of the Co-TMBT-MOF/NF

electrodes before and after the 20 h OER tests in 1 M KOH at 20 mA
cm?and 23 + 2 °C

XPS analysis was used to establish the chemical nature of
the observed morphological changes. The C 1s and N 1s spectra
suggest decomposition and possible dissolution of the organic
ligand from the metal centre, as concluded from the significant
decrease of the O-C=0 (288.6 eV) C 1s peak (Fig. S9bt) and the
disappearance of the C-N (402.5 eV) and M-N (399.6 eV) N 1s
signals (Fig. S9ct) after the OER tests. The presence of aliphatic
C-OH on the surface of the as-prepared Co-TMBT-MOF/NF
electrode is corroborated by a broad peak at 532.7 eV in the O
1s spectra, whereas much narrower O 1s signals shifted towards
the lower binding energies typical of metal hydroxides>**®*”
were recorded for the tested electrode. Notable changes were
also induced to the Co 2p spectra. Notwithstanding the low
signal-to-noise ratio associated with the low concentration of Co
on the electrode surface, the change of the initial spectra, likely
dominated by the Co** species,*®* to a set of signals typical of
cobalt oxyhydroxide was detected (Fig. 5).>*°*°' These have
been referenced against existing literature of characterised
standards of Co materials.”® FTIR spectra of the electrode after
the OER also showed a significant decrease in the intensity of
the characteristic peaks of Co-TMBT-MOF confirming its
electrochemically induced decomposition (Fig. S97).

ICP-MS of the electrolyte solution after 20 h of the OER
(20 mA cm™) catalysed by Co-TMBT-MOF/NF electrodes
detected the presence 0.01 pM of Co which is equivalent to
0.07 mol% of the amount of cobalt initially deposited onto
the electrode in the form of the MOF. The low amount of Co
ions released after the activation is indicative of the
electrochemical stability of the MOF-derived catalyst.

Conclusions

Crystal engineering plays an important role in ensuring that
MOFs are rationally designed towards their targeted
applications. The synthesised two-fold 2D sheet framework of
poly-[Co,(H2)(OH,)]-2DMF-4H,0, Co-TMBT-MOF, provides a
strong chelating TACN core for Co. The assembled Co-TMBT-

This journal is © The Royal Society of Chemistry and IChemE 2023
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MOF/NF electrode demonstrated a lower OER overpotential
of 0.294 + 0.005 V at a lower mass loading (0.25 mg cm™>)
than most of the reported Co-MOF derived -catalysts.
Durability tests show promising electrochemical stability with
no decay for at least 20 h. Further investigation into the
origin of the OER activity of the assembled electrode has
shown that the chemical and structural transformation of the
MOF into metal hydroxides and oxyhydroxides gives the
primary active species for the OER.”> This study helps
confirm the usability of Co-MOFs as pre-catalysts regardless
of them undergoing certain transformations as the
electrochemical stability proves to be far more important for
this application.
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