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In this report, we demonstrate that utilizing multi-walled carbon nanotubes (MWCNTSs) coated with a
microporous metal—organic framework (UiO-66-NH;) that was doped with electrocatalytically active
Ni(i) ions can produce a highly efficient heterogeneous electrocatalyst for the water oxidation reaction.
The electrode material demonstrated an onset potential for the OER of 1.51 V vs. RHE (overpotential
n = 0.28 V) and an outstanding overpotential at a current density of 10 mA cm™2 (50 = 0.33 V),
ultimately reaching a considerably high current density of 600 mA cm~2 at 2.05 V vs. RHE. The prepared
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electrocatalyst demonstrated maintained catalytic activity in a highly caustic 1 M KOH solution for at
least 7 hours of continuous controlled current electrolysis. This approach is synthetically appealing due
DOI: 10.1039/d2ma00361a to its applicability to several other systems through combining functional microporous MOF deposition

on a conductive carbon support with minimal modifications, opening the door for cheap and efficient
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Introduction

Tapping the abundant, but otherwise intermittent, solar energy
in a non-polluting manner has triggered active research into
energy conversion technologies, in order to store and subse-
quently utilize the surplus of electrical energy produced
through photovoltaic cells."™ The water splitting process,
through which solar-generated electrical energy could be stored
in H, and O, is a viable option to consider.” The water oxidation
reaction, known also as the oxygen evolution reaction (OER), is
the most thermodynamically demanding reaction in water
splitting, and thus catalysts that can facilitate this reaction at
moderate energy expenses, and preferably demonstrate high
efficiency in terms of catalyst cost and durability, are actively
being pursued.’ Although molecular catalysts, carefully
designed after a specific reaction, can demonstrate high activ-
ity, their utilization in real world working conditions necessi-
tates efficient immobilization within solid matrices.® In this
regard, microporous solids, including metal-organic frame-
works (MOFs), continue to demonstrate great potential in the
area of heterogeneous catalysis.®”® MOFs possess several attrac-
tive attributes as solid matrices for establishing heterogeneous
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heterogeneous electrocatalysts for energy storage and conversion technologies.

catalysis, including demonstrated reticular synthesis to fine-
tune their structure.”'® The crystalline nature of MOFs facil-
itates studying their structure-function relationships,'* which
can further guide the design of specific MOFs for targeted
applications. Moreover, MOFs are, in general, amenable for
facile post-synthesis treatment processes, through which a
certain MOF’s activity can be further enhanced or even
tailored.'® Essential attributes of a porous solid support for
utilization in heterogeneous catalysis include demonstrated
chemical and thermal stability, as well as enhanced support-
catalyst interactions necessary to prevent catalyst leaching and
thus ensure durability."® Although MOFs have recently been
successfully employed in a myriad of thermally-promoted catalytic
reactions,"* them being electrical insulators has precluded their
utilization in electrochemical heterogeneous catalysis.'>'® Depart-
ing from O- or N-based organic linkers to S-based ones in the
construction of MOFs appeared to provide a pathway to enhance
the electrical conductivity in certain MOFs."” Alternatively, MOFs
constructed from redox-active building blocks or containing
certain guest molecules have also demonstrated enhanced elec-
trical properties.’®'? Previously, we demonstrated that Ni(u) ions
immobilized on an amine-functionalized Zr-carboxylate MOF/
graphene composite (UiO-66-NH,@G) can be used as a precursor
for generating a highly active Ni(OH),-Zr(OH), catalyst on gra-
phene for the OER.*® This catalyst is formed in situ during
MOF degradation in a highly alkaline environment leading to
the formation of dispersed metal hydroxide nanoparticles on
graphene sheets.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Herein, we describe a much more active electrocatalyst as
compared to UiO-66-NH,-Ni@G employing a 1D conductive
support (multi-walled carbon nanotubes (MWCNTs)) with an
exceedingly higher aspect ratio as compared to G.>"?*

Experimental

All reagents were used as received without further purification,
purchased from Sigma-Aldrich or Fisher Scientific-UK. Nitrogen
gas for sorption was purchased from Airliquide (N, AlphaGaz2
(99.999%). Carbon nanotubes (Alfa Aesar Fullerene, nanotube,
multi-walled, 20 nm OD, 5-20 micron long 50 mg, Stock #:
43839, Lot # J30L17) were used as received without further
purification. Solution pH was measured using a HANNA instru-
ments HI-5522 pH meter calibrated as per the recommendations
of the manufacturer.

Gas sorption analysis

Gas sorption analysis was performed on a Micromeretics
ASAP2020. The apparent surface areas were determined from
the nitrogen adsorption isotherms collected at 77 K by applying
the Brunauer-Emmett-Teller (BET) and Langmuir models. Pore
size analyses were performed using an NLDFT for the cylinder
pore model system, assuming an oxide surface.

Infrared absorption spectra were recorded on a Thermo-
Scientific Nicolet is-10. Thermogravimetric analyses were con-
ducted on a Thermal Analysis-Q50. SEM images were acquired
on a NOVA NanoSEM 450, operating at 30 kV.

Electrochemical measurements

In a typical run, 1.22 mg of the UiO-66-NH,-Ni@MWCNTSs was
dispersed in 0.5 mL of isopropanol and sonicated briefly to
prepare the ink, of which 40 pL was drop cast on a freshly
polished GCE of 3 mm diameter. The electrochemical measure-
ments were conducted on a biologic SP-50 potentiostat/galva-
nostat in a three electrode configuration. The working electrode
was a GCE cast with the prepared ink, Pt wire as a counter
electrode and a saturated sodium chloride calomel electrode
(SSCE) as a reference electrode; the measured potential values
were then converted to RHE using a standard potential of
0.236 V for the SSCE vs. NHE. The electrolyte was aqueous
KOH (1 M, pH = 13.8). Electrocatalytic response was measured
using the linear sweep voltammetry (LSV) technique, the cyclic
voltammetry technique (CV), or the controlled current chron-
opotentiometry technique (CP). The working electrode
potential was swept at a scan rate of 10 mV s~ ' for the LSV,
while the cyclic voltammetry was measured with a scan rate of
100 mV s~ " or 50 mV s~ ' as indicated.

Synthesis of UiO-66-NH,@MWCNTs and Ni metallation

Into two separate vials, solution A was made by dissolving
2-aminoterephthalic acid (45 mg, 0.248 mmol) and suspending
50 mg of MWCNTs in 10 mL DMEF. Solution B was made by
dissolving ZrCl, (42 mg, 0.18 mmol) in 5 ml DMF and 1 mL HCI
(37 wt%). Both solutions were sonicated for 20 min and then
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the ZrCl, solution was dropped into solution A while stirring;
the vial was sealed and kept stirring at 400 rpm with a stirring
bar in a sand bath at 80 °C for 18 h. The contents were then
filtered when cooled and washed many times with acetonitrile
and soaked in ACN for 2 h in a sealed vial at 80 °C under
autogenous pressure. The solid was then filtered and dried in
an oven for 1 h at 80 °C to produce a black solid (100 mg). For
Ni loading, 40 mg of the product was incubated in 0.1 M
Ni(NOs),-6H,0 in 15 mL ACN for 1 h at 80 °C in a sealed vial
under autogenous pressure, cooled, then filtered and washed
with ACN and soaked in ACN for 1 h at room temp, then
filtered, washed again with ACN and dried at 80 °C.

Results and discussion

The high aspect ratio of the MWCNTs and G provided good
electrical conductivity within the composites containing
MWCNTs or G fillers, with favorably low filler wt% due to an
early onset of the conductivity percolation threshold.>® The
strategy adopted here is to utilize solvothermal synthesis of
UiO-66-NH, in the presence of dispersed MWCNTs resulting in
homogenous nucleation and thus coverage of the MWCNTSs
with MOF nanoparticles, aided by mechanical stirring of the
reaction mixture. The MWCNTs were selected as a support
upon which the MOF was constructed in order to overcome the
poor electrical conductivity of the MOF, acting as a nanowire
mesh imbedded within the composite. The subsequent impreg-
nation with Ni(u) ions was straightforwardly attained through
the wetness impregnation method, in a solution of Ni(NO;),
salt in acetonitrile. Ni(i) ion metallation was attempted to load
the microporous matrix with cheap, abundant, and yet cataly-
tically active metal ions towards the electrocatalytic OER.**

The composite can then be regarded as MWCNTs sensitized/
functionalized by the active microporous, Ni-doped MOF. An
essential aspect of this design is the retained electrocatalytic
activity of the composite even after the MOF’s degradation in a
basic solution. Indeed, the effective compounding of the two
materials was evidenced through Fourier-transform infrared
spectroscopy (FTIR, Fig. 1), which demonstrated close similar-
ity between the spectra of UiO-66-NH, and the UiO-66-NH,-
Ni@MWCNTs composite. The FTIR spectra of UiO-66-NH, and
its composite demonstrated the characteristic peaks at around
1553 and 1378 cm™" related to the asymmetric and symmetric
vibrations of the Zr-bonded carboxylate groups, respectively.
The disappearance of the peak at 1649 cm™ after Ni immobi-
lization might be ascribed to N-H bending vibration that is
affected with Ni coordination or the removal of trace DMF left
within the MOF pores.

The scanning electron microscopy (SEM) images for the
UiO-66-NH,-Ni@MWCNTs are shown in Fig. 2. As displayed
in the lower magnification image, solid particles of apparently
homogenous composition are visible. Upon magnification, a
network of MWCNTs imbedded within a large number of MOF
nanoparticles became apparent, evidencing the tight entangle-
ment of the MOF and the MWCNTs.

Mater. Adv., 2022, 3, 7212-7218 | 7213
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Fig.1 FTIR spectra of the UiO-66-NH,, UiO-66-NH,@MWCNTs, and
UiO-66-NH,-Ni@MWCNTs in comparison with Ni-soaked MWCNTSs.

Fig. 2 SEM images at different magnifications of the UiO-66-NH,-
Ni@MWCNTs.

The energy-dispersive X-ray photoelectron spectroscopy
(EDX), Fig. 3, of the Ni-loaded composite demonstrated the
homogeneous distribution of Ni within the composite, where
the Ni map essentially traced the elemental maps of the C, O,
and Zr in the sample. Furthermore, the EDX analysis indicated
a Ni loading of 1.8 wt% within the composite.

Fig. 3 EDX maps for UiO-66-NH,-Ni@MWCNTs showing the homoge-
nous distribution of the elements (labeled images) throughout the sample.
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Fig. 4 XRD diffraction patterns for the UiO-66-NH,@ MWCNTs,
UiO-66-NH, and simulated UiO-66. The asterisk indicates the (002)
diffraction peak related to MWCNTSs.

The successful construction of the MOF within MWCNTSs
was further supported through X-ray powder diffraction (XRD),
Fig. 4. The XRD pattern recorded for the MOF@MWCNTs
matched that of the pristine MOF, with an additional broad
peak at 20 = 25.7° characteristic of the MWCNTs.>® No addi-
tional peaks were observed that can be ascribed to other
crystalline Ni(OH), phases, further supporting the assumption
of atomistic/ionic Ni(u) species anchored within the MOF, vide
infra. The thermal stability of the composite was assessed using
thermogravimetric analysis (TGA, Fig. 5) and demonstrated
comparable thermal stability to UiO-66-NH, up to ca. 400 °C.>"

A noticeable weight loss step commenced at 300 °C for the
composite metallated with Ni(n) and could potentially be
ascribed to Ni-catalyzed thermal decomposition of the amine
functional groups, and/or decomposition of the nitrate
counter ions.

o= Ui0-66-NH2-NIi@QMWCNTs
e Ji0-66-NH2

100

40 |-

" 1 " 1 " 1 " 1 " 1 " 1 L 1
100 200 300 400 500 600 700
Temperature (°C)

the UiO-66-NH;

Fig.5 TGA analysis for and

Ni@MWCNTs.

the UiO-66-NH;-
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Fig. 6 N, sorption isotherms for UiO-66-NH,, MWCNTs and UiO-66-
NH,-Ni@MWCNTs.

To assess the microporosity of the composite, N, sorption
isotherms were measured, Fig. 6, for the UiO-66-NH, and the Ni-
loaded composite. The two compounds demonstrated type-I like
isotherms indicating microporosity with calculated Brunauer—
Emmett-Teller (BET) surface area (SA) values of 1256 m> g "
and 504 m” g, respectively. The MWCNTs when tested demon-
strated a SA of 78.7 m* g~ ', indicating a major contribution of the
MOF to the observed microporosity of the composite. The pore
size distribution (PSD, Fig. 7) histograms indicated close similar-
ity between the composite and the pristine MOF. Considering the
mass of MWCNTs utilized in the synthesis of the UiO-66-
NH,@MWCNTs, and the isolated yield of the composite, a MOF
contribution of 50 wt% to the composite was calculated. As the
MWCNTSs used in this study demonstrated a SA of 78.7 m®> g™, a
weighted average SA of 667 m”> g~ was expected for the compo-
site. The observed SA of 504 m* g ' is thus well within the
expected range, taking into consideration the expected further
reduction in SA due to Ni(NOs), loading within the composite. It

8
h —&—MWCNTs
7 H —@—uio-66-NH2
—.—UiO-GG-NHZ-Ni@MWCNTS

Differential pore volume (cc/g)

5 10 15 20 25
Pore width (Angstrom)

Fig. 7 Pore size distribution (PSD) histograms for the UiO-66-NH,,
MWCNTSs, and UiO-66-NH,-Ni@MWCNTs.
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Fig. 8 (a) CV measurements for UiO-66-NH,-Ni@MWCNTs (colored

traces) with the inset showing the Ni(ll/lll) redox couple, and the
Ni@MWCNTs control (black trace), (b) LSV scan showing the OER activity
of the composite with the Tafel plot and linear fit in the inset, and
(c) controlled current electrolysis for 7 h. Measurements were conducted
in aerated 1 M KOH solution, with a scan rate of 100 mV s~ for the CVs and
10 mV s7* for the LSV.

has been well reported that the UiO-66 MOF family decompose
under highly basic conditions.>® This could be regarded as a
drawback limiting their use in applications that necessitate such
harsh working conditions. However, this aspect can be well-
utilized to generate usable catalysts from the MOF degradation
products. When the UiO-66-NH,-Ni@MWCNTs electrode is
soaked in electrolyte solution at pH ~ 14, it is expected that the
MOF will rapidly degrade. Due to the presence of Ni(u) in the
MOF, most likely anchored at the amine groups or at the hydroxyl
ions of the Zr, clusters, a mixed metal hydroxide is expected to be
formed under this highly caustic environment to deposit Ni and/
or Ni-Zr hydroxide coated on the MWCNTS, as previously observed
on graphene platelets.”® The cyclic voltammograms (CVs) of the
Ni-loaded composite in 1 M KOH solution demonstrated a
remarkable catalytic activity towards the OER, Fig. 8a. As a control,
MWCNTs were soaked in Ni(NOj3), solution under similar condi-
tions utilized for doping the composite, and demonstrated little
activity towards the OER, which rapidly decays due to Ni ion
leaching. This poor performance is expected for weakly bound Ni
ions on the surface of the MWCNTs. The 100 CV scans recorded

Mater. Adv,, 2022, 3, 7212-7218 | 7215
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Table 1 Comparison of OER activity for some Ni-based catalysts

Catalyst Eonset (V) vs. RHE 110 (V) Tafel Slope (mV dec ™) Electrolyte Ref.
UiO-66-NH,-Ni@MWCNTSs 1.51 0.33 46 1 M KOH This work
Ni@NiO/N-C nanowires — 0.39 100 1 M KOH 28
NiCo,0,/graphene 1.50 0.383 137 1 M KOH 29
Zn-doped NiCo,0, 1.65 0.56 62 0.1 M KOH 30

NiO, 1.59 0.427 117 0.1 M KOH 31

Iro, 1.48 0.32 42 1 M NaOH 4

on the composite demonstrated a nearly stable performance, and
showed the characteristic Ni(i/m) redox pair indicative of the
formation of the Ni(OOH) species at 1.4 V vs. RHE.>” The linear
sweep voltammogram (LSV), Fig. 8b, demonstrated the early onset
potential for the OER (1.51 V vs. RHE, n = 280 mV) and a
considerably low overpotential at 10 mA cm™> current density
(110 = 330 mV), ultimately reaching a considerably high current
density of 600 mA cm * at 2.05 V vs. RHE. Such observed
electrocatalytic current and overpotentials are among the best
reported values for OER catalysts,” even exceeding the range of
0.4 V overpotential predicted to be the thermodynamic over-
potential for the OER at metal-oxide flat surfaces,” indicating
the high activity of the composite. The Tafel slope for the OER,
inset in Fig. 8b, was found to be 46 mV dec™ ", among the lowest
reported for Ni-based catalysts for the OER, Table 1.>*** Such
value of the Tafel slope can be taken to indicate facilitated kinetics
of the OER within the composite,””*> which can tentatively be
ascribed to efficient anchorage of the catalytic Ni(u) centers within
the MOF degradation products and MWCNTs, acting primarily as
the electron collector element.

It is reasonable to assume a crucial role of the MOF, as a
highly porous sacrificial scaffold supplying anchoring sites
for Ni(u) ions on the pendant amine functionality. After MOF
degradation, the generated Zr(OH), coprecipitated with
Ni(OH), plays an important role in the enhanced catalytic
activity through the interplay between both components and
MWCNTSs. The catalytic performance of the composite under
working conditions was probed through controlled current
electrolysis, Fig. 8c. The maintained overpotential to support
aworking current density of 10 mA cm ™ for a period of 7 hours
clearly demonstrated the durability of the composite in the
highly alkaline solution.

Conclusion

Herein, we describe a one-pot synthesis and post synthetic
metallation with Ni(u) ions to construct a catalytically active
composite through solvothermal synthesis of UiO-66-NH, in
the presence of suspended MWCNTSs, aided by mechanical
stirring. The Ni-loaded composite demonstrated high catalytic
activity and durability towards the OER, as compared to a
control experiment of Ni-treated MWCNTs, signifying the role
of the MOF in providing a highly microporous scaffold to
immobilize the solvent-accessible Ni(u) species. As the UiO-
66-NH,-Ni did not show significant catalytic activity under
similar conditions, the observed activity of the composite can

7216 | Mater. Adv.,, 2022, 3, 7212-7218

be ascribed to the efficient compounding of its major three
components. The reported approach can potentially be applied to
several other MOFs, targeting platform materials for efficient
energy conversion and storage applications with minimal modifi-
cations of the pristine MOF.
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