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Nanocrystals of a zirconium-based metal-organic framework (MOF), UiO-66, and its derivatives
constructed from three distinct halogen-functionalized linkers, are synthesized. They are further subjected
to post-synthetic modification to immobilize redox-active iridium ions on their nodes, where missing-
linker defects are located. The crystallinity, morphology and porosity of all MOFs before and after
functionalizing iridium are characterized. The number of defects in each MOF and the loading of iridium in
each iridium-functionalized MOF are also quantified. Electrochemical behaviours of all iridium-
functionalized MOFs and their corresponding redox-based charge-hopping processes occurring between
immobilized iridium sites in the frameworks are investigated. All iridium-functionalized MOFs are employed
as electrocatalysts for the oxygen evolution reaction (OER) in an acidic aqueous electrolyte containing 0.1
M of HCIO4, where Zr-based MOFs are chemically robust. Impedance experiments and further distribution
of relaxation times (DRT) analysis suggest that all halogen-functionalized linkers can facilitate the OER
kinetics occurring on the neighbouring iridium sites immobilized in MOFs, while the MOF with heavy iodo
groups on its linkers strongly retards the mass transfer during the OER. With both facile mass transfer and
fast catalytic kinetics, both iridium-functionalized MOFs with chloro and bromo groups on their linkers thus

Received 25th May 2025, exhibit better electrocatalytic activity for the OER compared to their counterparts without halogen atoms

Accepted 17th July 2025 and with iodo groups. The iridium-functionalized MOF with chloro groups can achieve 1 mA cm™ for the
OER at an overpotential of 327 mV, outperforming that required by the iridium-functionalized UiO-66 (383
mV). Findings here highlight the importance of modulating the chemical functionality of linkers in stable

MOFs in order to boost the electrocatalytic activity of the frameworks.

DOI: 10.1039/d5ce00543d

rsc.li/crystengcomm

structures of MOFs render such intra-framework active sites
fully accessible for the mass transfer of guest molecules.

Introduction

As emerging crystalline materials over the past two decades,
metal-organic frameworks (MOFs) have been extensively
investigated,”* and their use in a range of applications has
been widely explored.>® The tunable chemical functionality
of MOFs enables the incorporation of active species within
these porous frameworks by either designing the building
blocks of MOFs or  performing  post-synthetic
modifications,””® and the regular and interconnected pore
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Owing to these appealing characteristics, MOFs have been
utilized in various heterogeneous -catalytic reactions.'’™?
Highly porous MOF thin films with immobilized catalytically
active sites are thus highly attractive for heterogeneous
electrocatalysis."*"” However, since most electrocatalytic
processes require aqueous electrolytes, while most MOFs are
not chemically stable in water,'®'® options of porous MOFs
that can preserve their structural integrity during their use in
electrocatalysis are relatively limited; most MOFs are in fact
precursors or precatalysts for electrocatalysis.”® Group (IV)
metal-based MOFs, such as zirconium-based MOFs (Zr-
MOFs),>* have thus become appealing materials for
electrocatalysis owing to their exceptional chemical stability
in neutral and acidic aqueous solutions.>**® Several recent
studies have employed Zr-MOFs in diverse electrocatalytic
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applications, including the hydrogen evolution reaction,*”®
the oxygen evolution reaction (OER),>**° carbon dioxide
reduction,’™** ammonia production®*** and catalysis-based
electrochemical sensors.*>°

To render spatially dispersed active sites immobilized
within the porous MOF electrochemically addressable,
electronic conduction between these active sites is required.
However, most Zr-MOFs are not intrinsically conductive for
electrons.’” Potential-dependent charge conduction driven by
the redox reaction of installed redox-active moieties, also
known as the redox-hopping process, has thus been
commonly studied in Zr-MOFs and employed in Zr-MOF-
based electrocatalysts.****%%° For example, in our recent
study, a self-limiting solvothermal deposition in a MOF
(SIM)**** method was used to immobilize redox-active
iridium ions in a Zr-MOF, UiO-66.** Iridium ions could be
coordinated on hexa-zirconium nodes of the MOF where
terminal ~-OH/-OH, pairs were initially present owing to the
missing-linker defects of Ui0-66.>"* As a result, the iridium-
functionalized defective UiO-66 was found to possess redox
conductivity during electrochemical operations and could be
applied for electrochemical nitrite sensors.**** In addition,
owing to the excellent stability of UiO-66 in acidic aqueous
solutions and the catalytic activity of iridium for the OER in
acidic media, this MOF could also electrocatalyze the OER
while preserving its structural integrity.*®

Halogen atoms are electron-withdrawing  with
electronegativity in the order of F > Cl > Br > I. Recently,
studies have shown that the presence of halogen atoms adjacent
to the catalytically active site for the OER could induce the
electron-withdrawing effect enhancing the electrocatalytic
activity.””*® A few recent studies have thus applied this strategy
to MOF-based electrocatalysts by introducing halogen-
functionalized linkers into cobalt, nickel or iron-based MOFs
that were reported to show the activity for the OER.**° But
electrocatalysts reported in all these studies require the use of
strongly alkaline electrolytes, where almost all carboxylate-based
MOFs should undergo partial or complete structural
degradation. In addition to these alkaline-based electrocatalysts
for the OER, computational studies also suggested that such a
halogen-driven effect could enhance the OER activity of iridium-
based electrocatalysts.””> We thus reasoned that the electron-
withdrawing halogen-functionalized linkers should be capable
of enhancing the OER activity of MOF-supported iridium sites
in acidic media. However, such a halogen-driven enhancement
in the OER activity of iridium-based electrocatalysts has not
been reported in any material experimentally.

Herein, a series of UiO-66 derivatives containing missing-
linker defects were synthesized by using various halogen-
functionalized terephthalic acids as their linkers. SIM was
thereafter employed to immobilize iridium ions on their
hexa-zirconium nodes where missing-linker defects are
present, as illustrated in Fig. 1. The redox-hopping charge
conduction between neighbouring iridium sites in these
MOFs and the corresponding electrocatalytic activity for the
OER were both investigated in acidic aqueous solutions. With
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Fig. 1 Schematic representation for the synthesis of iridium-
functionalized UiO-66 derivatives constructed from various halogen-
functionalized linkers. Structure of UiO-66-X was obtained from the
crystallographic data of the analog of halogen-functionalized UiO-66
(CCDC no. 2019892), with one halogen atom replacing one of the four
hydrogen atoms on the phenyl ring of each linker. Hydrogen atoms
are not shown for clarity.

the strongly electron-withdrawing chloro group on every
linker of the MOF, the electrocatalytic activity of adjacent
iridium sites for the OER can be largely improved.

Experimental

1. Chemicals

2-Bromoterephthalic acid (H,BDC-Br, 97%) was purchased
from Thermo Scientific. 2-Chloroterephthalic acid (H,BDC-
Cl, 97%) and 2-iodoterephthalic acid (H,BDC-I, 97%) were
purchased from Angene Chemical. IrCl;-H,O (>95%, Ir>54
wt%) was purchased from Uni-Region Bio-Tech (UR), Taiwan.
The purity and supplier of other chemicals for the synthesis
of MOFs, the SIM process and electrochemical tests, such as
precursors and common solvents, are the same as those
reported in our previous work.”> Carbon black (Super P,
>99%) and poly(vinylidene fluoride) powder supplied by Alfa
Aesar were used for fabricating MOF thin films. An aqueous
solution containing 0.1 M of sodium hydroxide (NaOH) from
Sigma-Aldrich was used for titration. Information regarding
chemicals used to prepare samples for inductively coupled
plasma-optical emission spectrometry (ICP-OES)
measurements can be found in our previous study.*°

2. Synthesis of materials

All powders of UiO-66 and its derivatives were synthesized by
employing a room-temperature process with the use of
zirconium(v) propoxide and acetic acid as the metal
precursor and modulator, respectively. The similar procedure
has been known to form UiO-66 nanocrystals with abundant
missing-linker ~ defects.** The detailed procedure for
synthesizing UiO-66 here is the same as that reported in our
previous study.** For synthesizing UiO-66-Cl, UiO-66-Br or
UiO-66-1, exactly the same procedure was used except for
replacing the terephthalic acid (H,BDC) with the same mole
of H,BDC-Cl, H,BDC-Br or H,BDC-I, respectively.

To immobilize iridium ions in UiO-66 and its derivatives,
a SIM process similar to that reported in our previous work
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was employed.*® First, 54.4 mg of IrCl;-H,O was dissolved in
6.2 mL of dimethylformamide in a 20 mL glass vial by
ultrasonication for 30 min, and the trace amount of insoluble
impurity was removed by centrifugation. A homogeneous
iridium solution was obtained, and it was confirmed that no
solid was formed after heating this solution at 80 °C for 24 h.
Then, 30 mg of UiO-66, UiO-66-Cl, UiO-66-Br or UiO-66-1 was
added into the freshly prepared solution mentioned above,
and the mixture was heated in an oven at 80 °C for 24 h.
After the reaction, the solid was washed to remove all
uncoordinated iridium precursors and subjected to solvent
exchange with acetone before activation; a detailed protocol
can be found in our previous study.** The obtained activated
powders were designated as “Ir-UiO-66”, “Ir-UiO-66-Cl”, “Ir-
UiO-66-Br” and “Ir-UiO-66-1", respectively.

3. Thin-film fabrication and electrochemical measurements

Carbon paper-based electrodes with an exposed area of 0.25
cm® were first prepared by following exactly the same
procedure reported in our previous study.*® Thereafter, a
suspension containing 80 wt% of MOF, 10 wt% of carbon black
and 10 wt% of poly(vinylidene fluoride) with a total
concentration of 12 mg mL™ in ethanol was prepared, and the
drop-casting process was performed to prepare MOF thin films
on carbon paper-based electrodes. Detailed procedures for the
drop-casting process can be found in our previous work.*®

All electrochemical experiments were conducted at room
temperature with the use of a CHI6273E potentiostat (CH
Instruments Inc.). A two-compartment electrochemical cell and
a three-electrode setup were used, with a platinum wire, Ag/
AgCl/NaCl (3 M) (BASI®) and the carbon paper-based electrode
as the counter electrode, reference electrode and working
electrode, respectively. A Nafion™ 117 membrane was employed
as the separator in the two-compartment cell. Electrochemical
impedance spectroscopy (EIS) experiments were conducted from
10° Hz to 0.01 Hz at an amplitude of 5 mV, with a constant
potential applied to the working electrode. Aqueous solutions
containing 0.1 M of perchloric acid (HClO,) were used for all
electrochemical experiments. All values of potential recorded in
electrochemical data were converted into those versus reversible
hydrogen electrode (RHE) by adding (0.210 + 0.059) V. The
overpotential for the OER was calculated by subtracting 1.23 V
from the potential (vs. RHE). The iR compensation was
performed on all linear sweep voltammetric (LSV) data by
employing after-the-scan compensation,” with the use of the
series resistance (Rs) measured at +1.669 V vs. RHE, where the
OER can occur.

4. Instrumentations

Nitrogen adsorption-desorption experiments were conducted
with the use of a 3Flex (Micromeritics). X-ray photoelectron
spectroscopic spectra (XPS) were collected using a PHI
VersaProbe 4. XPS data were corrected by referencing the C
1s peak to 284.8 eV. A transmission electron microscope
(TEM), JEM-1400 Flash (JEOL), was employed to collect TEM
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images. All instrumental details regarding powder X-ray
diffraction (PXRD), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS) and Fourier
transform infrared spectroscopy (FTIR) can be found in our
previous study.’® To quantify the iridium loading in each
MOF solid, MOF solids were digested for ICP-OES
measurements; instrumental information and the detailed
protocol for preparing ICP-OES samples can be found in our
previous work.”> Potentiometric acid-base titration was
utilized to quantify the degree of defects in each defective
Ui0-66.*>>* Accurately weighed 40.0 mg of the activated MOF
powder was used for each titration experiment; the
instrument used and the detailed procedure are the same as
those reported previously.*?

Results and discussion
1. Material characterization

Ui0-66 and its derivatives constructed from various halogen-
functionalized terephthalic acids were synthesized by using
room-temperature growth. It is worth mentioning that we
also attempted to use 2-fluoroterephthalic acid as the linker
to grow UiO-66-F under similar synthetic conditions, but no
crystalline products could be obtained. The single fluoro
group present on the aromatic ring has been known to
significantly increase the torsion angle of the carboxylate-
based linker,>® which should be the reason for not obtaining
the crystalline product of UiO-66-F under synthetic
conditions here. Thus, only UiO-66-Cl, UiO-66-Br and UiO-66-
I are included in this work.

PXRD patterns of all MOFs before and after the
functionalization of iridium ions are shown in Fig. 2. Main
characteristic peaks of UiO-66, located at 7.4, 8.5 and 12.0
degrees with lattice planes from the structure reported

(111) (200) (220)
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Fig. 2 PXRD patterns of MOFs before and after functionalizing iridium.
Simulated pattern of UiO-66 is plotted for comparison. Lattice planes
of UiO-66 corresponding to its major diffraction peaks are marked.
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previously,”® can be observed in experimental patterns of all
the eight materials, indicating that every material is
composed of crystalline UiO-66 or its derivatives. No obvious
differences in PXRD patterns can be observed after the
functionalization of iridium in each MOF, suggesting that the
crystallinity can be preserved after the immobilization of
iridium ions. Moreover, MOFs constructed from halogen-
functionalized linkers reveal much broader diffraction peaks
in their PXRD patterns compared to UiO-66 and Ir-UiO-66,
even though similar procedures were employed to synthesize
these MOFs. The Scherrer method was thereafter used to
evaluate the average grain size of each MOF.”” Based on the
(111) diffraction peak located at 7.4 degrees, grain sizes of
Ui0-66, UiO-66-Cl, UiO-66-Br and UiO-66-1 were calculated as
36.3 nm, 14.0 nm, 11.0 nm and 11.2 nm, respectively. Results
here imply that the wuse of halogen-functionalized
terephthalic acids as linkers could yield nanocrystalline UiO-
66 derivatives with smaller grain sizes. After the
functionalization of iridium, their grain sizes are 36.3 nm,
13.0 nm, 11.5 nm and 10.6 nm, respectively, which suggests
that grain sizes of all four MOFs barely changed during the
SIM process.

FTIR spectra of all MOFs before and after functionalizing
iridium are shown in Fig. 3. The main characteristic peaks of
Ui0-66, including those for the stretching vibration of C=0
at around 1660 cm ', asymmetric stretching vibration of
0=C-O at around 1590 cm', and symmetric stretching
vibration of O=C-O at around 1395 cm '**°® can be
observed in all spectra. The peak associated with the
vibration of C=C from the benzene ring of linkers is present
at 1507 cm™* in the spectra of both UiO-66 and Ir-UiO-66,
which is consistent with the previously reported spectrum of
Ui0-66.°° However, this peak shifts to around 1485 cm™ in
the spectra of all six MOFs with halogen-functionalized
linkers. A similar peak shift owing to the presence of
halogen-functionalized linkers was also observed in UiO-66-

Ir-UiO-66-1

Ir-UiO-66-Br
Ir-UiO-66-Cl

478

1488

S Ir-UiO-66

800 1700 1600 1500 1400 1300 1200

_. Normalized transmittance

Wavenumber (cm™)

Fig. 3 FTIR spectra of MOFs before and after functionalizing iridium.
Major characteristic peaks of MOFs are marked.
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Br reported in a previous study.’” In addition, the
characteristic peak of the uncoordinated carboxylic acid of
linkers, which is located at around 1710 cm™,*® only reveals
negligible intensities in all FTIR spectra. Results here clearly
indicate that the synthesis of UiO-66 and its three derivatives
with high degrees of coordination was successful, and the
post-synthetic functionalization of iridium ions did not alter
the organic moieties present in these MOFs.

Nitrogen adsorption-desorption experiments were then
conducted at 77 K in order to evaluate the porosity of each
MOF, and the obtained isotherms of MOFs before and after
functionalizing iridium ions are plotted in Fig. 4(a) and (b),
respectively. Brunauer-Emmett-Teller (BET) specific surface
areas were thereafter calculated from these isotherms, and
the resulting values are listed in Fig. 4. The isotherm of UiO-
66 possesses an obvious low-pressure uptake reflecting the
nature of micropores, and the BET surface area is 1466
m? g'. These characteristics agree well with those of
defective UiO-66 nanocrystals reported previously.*>** For
halogen-functionalized UiO-66 derivatives, low-pressure
uptakes in their isotherms become smaller. In addition, the
gradual increase in gas uptake with increasing relative
pressure can be observed from all the three isotherms,
implying that these MOFs should be composed of aggregated
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Fig. 4 Nitrogen adsorption-desorption isotherms of MOFs (a) before
and (b) after functionalizing iridium, measured at 77 K. BET surface
areas are listed.
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small crystals with irregular interparticle spaces possessing
mesoporous sizes. BET surface areas of UiO-66-Cl, UiO-66-Br
and UiO-66-1 are 928 m> g ', 719 m*> g and 634 m”> g*,
respectively. These values are in general consistent with the
reported BET surface areas of these three MOFs,*®!
suggesting that the synthesis of these UiO-66 derivatives
constructed from halogen-functionalized linkers was
successful. After the functionalization of iridium sites, all the
four MOFs maintain similar characteristics in their
isotherms, and around 70-80% of their BET surface areas
can be preserved (Fig. 4(b)). Similar to our previous
observation for UiO-66,**** findings here indicate that for all
the four UiO-66 and its derivatives, their major porosity can
be preserved after the immobilization of iridium sites
through SIM. It should be noted that even though the BET
surface areas of iridium-functionalized UiO-66 derivatives are
obviously lower than that of Ir-UiO-66, the surface area here
was probed by the adsorption of nitrogen gas molecules at 77
K, which is not much related to the electrochemically active
surface area of the MOF. To render more immobilized
iridium sites electrochemically addressable, charge-hopping
rates in these MOFs need to be considered, which will be
discussed later.

500 nm
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Fig. 5 SEM images of (a) UiO-66, (b) UiO-66-Cl, (c) UiO-66-Br, (d) UiO-
66-1, (e) Ir-UiO-66, (f) Ir-UiO-66-Cl, (g) Ir-UiO-66-Br and (h) Ir-UiO-66-I.
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SEM images were collected to examine the morphology of
each MOF. As shown in Fig. 5(a), UiO-66 is composed of
nanocrystals with sizes ranging from 50 to 200 nm; this
feature is similar to that of defective UiO-66 reported
previously.***>*® On the other hand, all UiO-66 derivatives
constructed from halogen-functionalized linkers consist of
aggregates of tiny nanoparticles with sizes much smaller than
50 nm (Fig. 5(b-d)). Results here agree well with the
observations of PXRD and nitrogen adsorption-desorption
data. After the functionalization of iridium sites, as revealed
in Fig. 5(e-h), no morphological change can be observed for
each MOF under SEM. To further investigate the morphology
of each material, TEM images were collected, and the data
are shown in Fig. S1.f It can be observed that UiO-66-Cl, UiO-
66-Br and UiO-66-1 are composed of agglomerated particles
with sizes of around 10-20 nm. After the incorporation of
iridium, no additional particles or impurities can be seen in
TEM images of all four materials, which implies that spatially
dispersed iridium ions were coordinated within the
crystalline structures of MOFs. EDS elemental mapping
measurements were then performed on aggregated MOF
crystals with the use of a SEM, and the obtained data are
displayed in Fig. S2-S5.f Uniform distributions of both
zirconium and iridium can be seen on MOF crystals of all the
four iridium-functionalized materials, and these spatial
distributions are also consistent with those of halogen atoms
in Ir-UiO-66-Cl, Ir-UiO-66-Br and Ir-UiO-66-1. Results here
confirm that spatially dispersed iridium sites can be
uniformly immobilized in UiO-66 and its three derivatives
constructed from halogen-functionalized linkers.

It should be noted that, since iridium ions were
coordinated on hexa-zirconium nodes of the MOF through
the initially presented terminal -OH/-OH, pairs during the
SIM process,*® the presence of missing-linker defects in UiO-
66 and all its derivatives is necessary to allow the successful
immobilization of iridium ions. The degree of defects should
effectively alter the resulting iridium loading after SIM.
Room-temperature growth of MOFs with acetic acid as the
modulator was thus employed to synthesize all UiO-66 and
its derivatives in this work in order to create sufficient
missing-linker defects.** Acid-base titration was performed
to quantify the number of missing-linker defects in each
MOF by following the reported procedure,****** and the
obtained titration curves are plotted in Fig. S6;F From the
amounts of NaOH consumed between the three equivalence
points appearing in each titration curve, moles of
coordinated acetate and moles of ~-OH/-OH,, pairs present in
40 mg of the activated MOF were quantified, respectively.***
By assuming that one missing linker in the MOF is replaced
by either two capping acetate ligands or two pairs of
-OH/-OH,, the molecular formula of each defective MOF
could be determined by performing trial and error.**%
Detailed procedures can be found in our previous work,*
and the calculation details in this work are listed in
Table S1.f From Table S1,f the molecular formulas of
Ui0-66, UiO-66-Cl, UiO-66-Br and UiO-66-1 were determined as

This journal is © The Royal Society of Chemistry 2025
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Table 1 Results from titration data and the corresponding calculation
shown in Fig. S6 and Table S1f

MOF Missing linkers/node -OH/-OH, pair/node Acetate/node
Uio-66 1.47 2.22 0.72
Ui0-66-Cl 1.80 2.29 1.31
UiO-66-Br 1.80 2.28 1.32
UiOo-66-1 1.81 1.63 1.99

Z160,(OH),(BDC), 53[(OH,)(OH)]5.55(CH5C00)q, 72, Zrs04(OH),(BDC-
Cl)4.20[(OH,)(OH)],.26(CH;CO0), 31, Zrs04(OH),(BDC-
Br).0[(OH,)(OH)],25(CH;CO0), 5, and  ZrgO,(OH),(BDC-
1)4.10[(OH,)(OH)];.63(CH3COO0); o9, respectively. These results are
also summarized in Table 1 for clarity. It can be observed that
all the three MOFs constructed from halogen-functionalized
linkers possess slightly higher degrees of defects compared to
UiO-66. UiO-66-Cl and UiO-66-Br have almost the same
amounts of terminal -OH/-OH, pairs per node compared to
UiO-66, while a lower loading of -OH/-OH, and a higher
loading of acetate are present in UiO-66-1. All the four MOFs
have approximately two pairs of terminal -OH/-OH, groups on
each hexa-zirconium node, thus enabling the successful
coordination of iridium ions during the SIM process.

All iridium-functionalized MOFs were thereafter subjected
to digestion for ICP-OES measurements in order to quantify
their iridium loadings. Results suggest that there are on
average 0.59, 0.54, 0.63 and 0.77 iridium atoms on each hexa-
zirconium node of Ir-UiO-66, Ir-UiO-66-Cl, Ir-UiO-66-Br and
Ir-UiO-66-1, respectively. XPS spectra of these MOFs in the Ir
4f region are shown in Fig. S7.f Similar to our previous
finding for Ir-UiO-66,"* only Ir(iv) species are present in all
the four iridium-functionalized MOFs, according to their
characteristic Ir 4f peaks at around 62.2 eV and 65.1 eV.**%°
No obvious signals from metallic iridium or other iridium-
based compounds can be found in all XPS spectra, implying
that the presence of iridium-based impurities is negligible.
All the aforementioned characterizations confirm that
spatially dispersed iridium ions can be immobilized in all
the four defective UiO-66 and its derivatives with comparable
iridium loadings per node.

2. Electrochemical properties

In our previous studies, it was found that the ion-coupled
charge-hopping process could occur between adjacent iridium
sites immobilized in Ir-UiO-66, rendering this MOF
electrochemically addressable in an acidic aqueous electrolyte
containing 0.1 M of HCIO, while preserving its structural
integrity.*>*> Thus, before examining the electrocatalytic
activity, electrochemical properties of thin films consisting of
Ir-UiO-66, Ir-UiO-66-Cl, Ir-UiO-66-Br and Ir-UiO-66-1 were first
investigated in the same electrolyte in order to probe the effect
of halogen-functionalized linkers on the redox-based
electrochemistry. The obtained cyclic voltammetric (CV) curves
collected at various scan rates (v) are shown in Fig. 6(a-d). For
all the four materials, broad peaks can be observed in their CV

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper
1.2 100 mV/ 10 mV/ Ir-UiO-66 28
S 1.2——100mVis—— 10 mV/s r-Ui .
e 10— T75mVis —7.5mVis 26} Ir-UiO-66
o 0gl——50mVis ——5mVis =,4
< 08 o5myis —25mVis L
E o6} 5 55| Slope=0.892
> 04r (a) — < R2=0.999 (e)
= 3 20
g 0.2} : =
©
g 0o 2?13
P R — S 1.6
& -04f S
E-os} 14
O -0s8} X ) . 12
0.6 0.7 0.8 0.9 10 04 08 12 16 20
E (V) vs. Ag/AgCl/NaCl (3 M) Log(v (mV/s))
T 1.2——100mVis——10mVis  |r-UiO-66-Cl 28 . R
NE 10l 75mVis ——7.5mVis Ir-Ui0-66-Cl
—50mVi/s 5mVis —~26
< 08 o5mvis —25muis <
\E/ 06 b 5 24 Slope=0.846 f
2 04 ( ) < 22| Re=0.998 ( )
G 02} = A
® 2.
% 0.0 £
= =02 -\/ 5 18
S-04l S}
g 0.4 916
5 -06
O -o08} 14
0.6 0.7 0.8 0.9 1.0 04 08 12 16 20
E (V) vs. Ag/AgCl/NaCl (3 M) 46 Log(v (mV/s))
< 1.2f—100mvis—10mVis  |r-UiO-66-Br ' ]
NE 10k 75mVis ——7.5mVis 2.8}Ir-UiO-66-Br
S gf—50mvis —smvis e
< O8r—2smus —a5mvs % 2.
£ os} G 24| Slope=0.856
> 04 (C) < R2=0.999 (g)
b =22
2 0.2} =
2 ©
g O.OL\J’/ 3QZ.O
= -0.2F 18
o ~04p . =16
S -0}
O -o08f ) ) ) 1.4
0.6 0.7 0.8 0.9 1.0 04 08 12 16 20
E (V) vs. Ag/AgCI/NaCl (3 M) S0 Log(v (mV/s))
T 1.2f——100mVis—10mVis  |r-UiO-66-1 ’ ]
E 4ol 75mvis — 75mvis 28| IrUI066-1
54 ——50mV/s 5mVis =
< 08F  25mvis —25mVis E G
£ os} | S 24 Slope=0.883
> 04 (d) < 22 R?=0.999 (h)
B 02} =
c 1 %20
o 00 ¥ =
ad® =18
= -02 =
@ -04 S1s
506 1.4
O -08 i5
0.6 0.7 0.8 0.9 10 04 08 12 16 20

E (V) vs. Ag/AgCI/NaCl (3 M) Log(v (mV/s))

Fig. 6 CV curves of thin films composed of (a) Ir-UiO-66, (b) Ir-UiO-
66-Cl, (c) Ir-UiO-66-Br and (d) Ir-UiO-66-1, measured in aqueous
solutions containing 0.1 M of HCIO,4 at various scan rates. (e-h) Plots
of log(Jpa) vs. log(v) extracted from data shown in (a-d).

curves, and such faradaic responses are in general composed
of two sets of broad and overlapping redox peaks. Consistent
with our previous observation for Ir-UiO-66, these peaks are
associated with the reversible electrochemical reactions
between Ir(u), Ir(m) and Ir(iv).***® It is worth mentioning that
the enclosed area of the CV curve at the same scan rate slightly
increases with the order from Ir-UiO-66, Ir-UiO-66-Cl, Ir-UiO-66-
Br to Ir-UiO-66-1, which indicates that UiO-66 derivatives with
heavier halogen atoms can render more iridium sites
electrochemically active. Such minor differences should be
attributed to the higher degrees of defects of all halogen-
functionalized MOFs compared to that of the pristine UiO-66
(Table 1) as well as the slightly higher loadings of iridium in Ir-
UiO-66-Br and Ir-UiO-66-1 compared to others. Another
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observation to be noted is that compared to others, CV curves
of the Ir-UiO-66-1 thin film shown in Fig. 6(d) reveal a more
inclined shape. This resistor-like characteristic should be
attributed to the smaller aperture of Ir-UiO-66-1 partially
blocked by large iodine atoms, which retards the mass transfer
of counter ions in the MOF thin film during the redox-hopping
process. In addition to these relatively minor differences, CV
features of all iridium-functionalized MOFs are similar. Values
of anodic peak current density (J,,) were then extracted from
relatively well-defined anodic peaks located at around
+0.8-+0.9 V in all CV curves, and values of log(/,.) were
plotted with log(v) to obtain Fig. 6(e-h). It can be observed that
all slopes in Fig. 6(e-h) are between 0.8 and 0.9. When the
faradaic reaction behaves like a surface-mounted monolayer of
redox-active sites, the slope in such a plot should be equal to
1.0,%3%%%7 while a diffusion-controlled faradaic process should
result in a slope of 0.5.***” With slopes deviating from 1.0,
results here clearly indicate that some MOF-immobilized
iridium sites away from the surface are electrochemically
addressable by means of the redox-hopping process.
Chronoamperometric experiments were conducted with
these iridium-containing MOF thin films by holding the thin
film at +1.0 V vs. Ag/AgCl/NaCl (3 M) for 120 s in the electrolyte
containing 0.1 M of HCIO,, followed by switching the applied
potential to +0.6 V for another 120 s. Data collected after
switching the applied potential are shown in Fig. S8 The
Cottrell equation was thus utilized to estimate the apparent
diffusivity (D.pp) representing the redox-hopping process
occurring between neighbouring iridium sites in the MOF,**%”

nFD%> C
_ app t—O.S (1)

TCO‘S
where n represents the number of electrons transferred,
which is 2 here between Ir(iv) and Ir(u).** F is the Faraday
constant, J represents the current density in the
chronoamperometric data, ¢ is time, and C 1is the
concentration of redox-active sites within the redox-active
MOF thin film.*>°” According to the crystallographic data of
UiO-66, the concentration of hexa-zirconium nodes in the
MOF is 744 mol m™>. Values of C in various MOFs here were
then calculated based on ICP-OES results, as listed in
Table 2. By further plotting J versus t /> as shown in Fig. S9,}
values of D,p, were calculated from the obtained slopes. As
revealed in Table 2, all materials have almost the same Dy,
which indicates that the charge-hopping rates between
adjacent immobilized iridium sites in these four MOFs are
almost the same. All CV and chronoamperometric results
here suggest that with heavier halogen atoms on the linkers

Table 2 Values of C and D, for all iridium-functionalized MOFs

MOF Concentration of iridium (mol m™) Dy, (em?® s7)
Ir-UiO-66 436 2.8x10 ™
Ir-Ui0-66-Cl 405 3.8x10 ™
Ir-UiO-66-Br 467 2.5x10 ™
Ir-UiO-66-1 570 2.8x10 ™
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of MOFs, the electrochemically addressable amount of
iridium sites becomes gradually higher, while the redox-
hopping process between iridium sites in the framework is
barely affected by the halogen-functionalized linkers.

3. Electrocatalytic performance for the OER

Owing to the chemical stability of UiO-66 in acidic solutions
as well as the electrocatalytic activity of iridium sites for the
OER in acidic media,*® all MOF-modified electrodes were
subjected to LSV measurements in aqueous solutions
containing 0.1 M of HCIO, in order to probe their activity for
the OER. As revealed in Fig. 7(a), all the four MOFs without
iridium cannot electrocatalyze the OER, and obvious catalytic
current responses can be observed for all the four iridium-
functionalized MOFs. Among them, the Ir-UiO-66-Cl thin film
exhibits the best electrocatalytic performance; it can achieve
a current density of 1 mA cm™ for the OER at an
overpotential of 327 mV, which is better than those required
for Ir-UiO-66 (383 mV) and Ir-UiO-66-Br (334 mV). On the
other hand, although the Ir-UiO-66-I thin film possesses the
highest amount of electrochemically addressable iridium
sites among all thin films as revealed in Fig. 6, it shows an
electrocatalytic activity for the OER that is even worse than
that of the Ir-UiO-66 thin film. It is worth mentioning that
the OER performances achieved here are in general poor,
owing to the low electrical conductivity and sluggish redox-
hopping process of these UiO-66-based pristine MOFs, and
performance could be further boosted by designing
composites with another conducting material such as carbon
as demonstrated in our previous work.”® Findings here reveal
that although heavier halogen atoms in these MOFs can
render slightly more iridium sites electrochemically active,
the corresponding trend in the activity for the OER is
opposite, making Ir-UiO-66-Cl the best electrocatalyst among
materials investigated here. Both Ir-UiO-66-Cl and Ir-UiO-66-
Br can significantly outperform Ir-UiO-66, which confirms
the effect of electron-withdrawing halogen atoms on
enhancing the OER activity of neighboring iridium sites; this
observation is in line with the computational findings
reported recently.’">* Tafel plots in the linear region were
also extracted from the LSV data and are shown in Fig. 7(b).
According to the listed Tafel slopes, both Ir-UiO-66-Cl and Ir-
UiO-66-Br exhibit better electrocatalytic kinetics for the OER
compared to Ir-UiO-66. On the other hand, Ir-UiO-66-1 shows
the worst electrocatalytic activity for the OER according to its
large Tafel slope. Chronoamperometric electrolysis at an
overpotential of 350 mV for the OER was performed with Ir-
UiO-66-Cl, and as shown in Fig. S10,i the OER could stably
occur for 1 h. Electrocatalytic performances achieved here
were also compared with those achieved by some reported
electrocatalysts for the OER, including a few Zr-MOF-based
materials; see Table S2.f

To investigate the reason for causing such a difference
shown in Fig. 7(a and b), EIS was performed with these
iridium-containing modified electrodes at various applied

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) LSV curves of modified electrodes measured in aqueous solutions containing 0.1 M of HClO, at a scan rate of 5 mV s %, (b) Tafel plots of
iridium-containing modified electrodes obtained from data shown in (a), with Tafel slopes listed. Nyquist plots of all iridium-containing modified
electrodes measured at the applied potentials of (c) +1.269 V, (d) +1.469 V, (e) +1.569 V and (f) +1.669 V vs. RHE. Fitting curves are displayed in (e)
and (f), and the equivalent circuit employed to fit all the full-range data plotted in (e) and (f) is also shown.

potentials. The full-scale data are plotted in Fig. 7(c-f), and
the zoom-in plots focusing on the high-frequency region are
supplied in Fig. S11.f At +1.269 V vs. RHE, where the OER
does not occur, only one small semicircle can be observed in
Nyquist plots of all electrodes (see Fig. 7(c) and Si11(a)t).
Values of series resistance (R;) and charge-transfer resistance
(Ret1) were then obtained by fitting such semicircles. A
constant phase element (CPE) was used to represent the non-
ideal non-faradaic process occurring on the rough electrode
surface.®® As listed in Table S3; all electrodes have similar
values of Rs and R, respectively. Since no OER occurs at this
applied potential, R.,; may be associated with the reversible
redox reaction between the immobilized Ir(iv) and Ir(v)
species or its corresponding adsorption/desorption of counter
ions.*® 1t should be noted that such Ir(v)/Ir(v) sites are the
active species to electrocatalyze the OER at more positive
potentials.’®®® With an applied potential of +1.469 V, the
OER with slow reaction rates can occur, leading to a large arc
in the low-frequency region of each Nyquist plot shown in
Fig. 7(d). But fitting such arcs into semicircles is not feasible.
Values of Ry and R.y at +1.469 V are almost unchanged
compared to those at +1.269 V (Table S47). Further moving
the applied potential to +1.569 V initiates remarkable OER on
all electrodes, which results in more well-defined semicircles
in the low-frequency region (Fig. 7(e)). The second charge-
transfer resistance (Res), which should correspond to the
OER occurring on each modified electrode, was thus
obtained by fitting the second semicircle in each Nyquist
plot. As listed in Table S5,f values of R, follow the same

This journal is © The Royal Society of Chemistry 2025

trend of catalytic current shown in Fig. 7(a), suggesting that
the Ir-UiO-66-Cl thin film with the highest current density for
the OER possesses the smallest R.,. At an even more positive
applied potential, ie., +1.669 V (Fig. 7(f)), where the OER
kinetics are much faster, electrodes of Ir-UiO-66, Ir-UiO-66-Cl
and Ir-UiO-66-Br reveal significantly reduced R, all around
20% of their R., measured at +1.569 V, respectively (Tables
S5 and S6t). However, such a decrease in Ry, is less
significant for Ir-UiO-66-1. Although the single semicircle
corresponding to R, cannot decouple resistances of various
processes occurring during the OER, observations here imply
that the Ir-UiO-66-1 thin film may provide slow mass transfer
during the OER, causing its R, to remain large at +1.669 V.
To further decouple different processes in the OER
occurring on these MOF-modified electrodes, including various
steps of reactions as well as mass transfer of water molecules
and oxygen bubbles near the electrode, distribution of
relaxation times (DRT) analysis was utilized to analyse the EIS
data collected at +1.669 V vs. RHE, where significant OER
occurs. DRT analysis on collected EIS data can decouple
different processes occurring in the electrochemical system
into a set of peaks, providing the distribution of various
resistances as a function of time.”® A regularization parameter
(1) of 0.01 and the Gaussian function as the radial basis
function were used for DRT analysis; similar DRT analyses have
been performed for other OER catalysts in previous
studies.”’”* The obtained DRT results are shown in Fig. 8. In
addition to the well-defined high-frequency peak located at
around 10° Hz, which should be associated with R.., four
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Fig. 8 Results of DRT analysis performed with EIS data collected at
+1.669 V vs. RHE, with the distribution gamma function y(z) plotted
with the frequency of EIS measurements. Inset shows the zoom-in plot
focusing on the region between around 102 and 10* Hz.

peaks related to the OER can be observed in all DRT data; this
observation is similar to previous findings for other
electrocatalysts.”'”* The area under each peak represents the
impedance for a certain process or step, and the peak located
in the frequence range smaller than 1 Hz is usually associated
with the mass transfer during the OER.”*”* From the inset of
Fig. 8, two peaks can be seen between 10" and 10” Hz in each
curve, which correspond to the steps during the OER that are
not rate-determining. A larger peak centred at around 10 Hz
represents the rate-determining step in the OER Kkinetics
occurring on iridium sites. It can be observed that the Ir-UiO-
66-modified electrode has the largest area for this peak among
all electrodes, indicating that all types of halogen atoms on
the linkers, including iodine atoms, can indeed accelerate the
OER kinetics occurring on neighbouring iridium sites.
However, the large iodine atoms should effectively block the
apertures between adjacent MOF pores and thus retard the
mass transfer during the OER, resulting in a huge low-
frequency peak in the DRT result of the Ir-UiO-66-I-modified
electrode. This thus makes Ir-UiO-66-Br and Ir-UiO-66-Cl the
best electrocatalysts for the OER here with comparable overall
performances in the OER.

Conclusions

Nanocrystals of UiO-66 and its three derivatives constructed
from halogen-functionalized linkers, all with missing-linker
defects, were successfully synthesized. Thereafter, SIM was
used to post-synthetically immobilize iridium ions within
these MOFs. The crystallinity, morphology and major porosity
of each MOF can be preserved after the functionalization of
iridium. From titration data, UiO-66-Cl, UiO-66-Br and UiO-
66-1 possess around 1.8 missing linkers per node, slightly
higher than UiO-66 (1.47). All the four MOFs have
approximately two pairs of terminal -OH/-OH, groups on
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each hexa-zirconium node, enabling the coordination of
iridium ions through SIM. The resulting loadings are 0.59,
0.54, 0.63 and 0.77 iridium atoms per node for Ir-UiO-66, Ir-
Ui0-66-Cl, Ir-UiO-66-Br and Ir-UiO-66-1, respectively.

All  iridium-functionalized MOFs exhibit reversible
electrochemical responses of iridium sites in the aqueous
electrolyte containing 0.1 M of HCIO,, and the redox-hopping
process between adjacent iridium sites can be observed in all
the four MOFs. The amount of electrochemically active iridium
sites slightly increases from Ir-Ui0-66, Ir-UiO-66-Cl, Ir-UiO-66-
Br to Ir-UiO-66-1, but their apparent diffusivities, representing
the rates of the ion-coupled charge-hopping process between
adjacent iridium sites, are almost the same. Although these
MOFs have similar electrochemical activities of their
immobilized iridium sites, they show significantly different
activities in electrocatalyzing the OER. EIS experiments and
further DRT analysis reveal that all the three halogen-
functionalized linkers can reduce the resistance for the rate-
determining step of OER kinetics occurring on neighbouring
iridium sites, while Ir-UiO-66-1 has a huge resistance for mass
transfer during the OER. As a result, Ir-UiO-66-Br and Ir-UiO-
66-Cl can achieve much better electrocatalytic activities
compared to Ir-UiO-66 and Ir-UiO-66-1.

Findings here suggest the importance of halogen-
containing functional groups in MOFs in affecting both the
catalytic activity of neighbouring active sites for the OER as
well as the mass transfer in the framework during the OER.
Such modulations of chemical functionalities on linkers
should also be generalizable to other MOFs that are
electrocatalytically active for the OER. Although the current
density achieved here is still quite limited, presumably owing
to the sluggish charge-hopping rate between neighbouring
iridium sites immobilized in the MOF, further designing
composites with such electrocatalytic MOFs and other
conductive  materials can enhance electrochemical
performance.”® These MOF-based materials thus have high
potential for practical electrocatalytic applications.
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