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In this paper, we prepared an iridium(i) complex modified MOF (cmrlr/Pt@UiO-66-NH,) to combine the
excellent light absorption properties of iridium(i) complexes and good photostability of metal-organic fra-
meworks (MOFs). Photocatalytic tests show that even with extremely low content of cmrlr, cmrlr/Pt@UiO-
66-NH, achieves enhanced hydrogen evolution performance while maintaining the inherent photostability
of the MOF. The hydrogen evolution amount of cmrlr/Pt@UiO-66-NH, (with only 0.2% of Ir content) is
446.4 pmol g‘l, which is about 2.5 times that of Pt@UiO-66-NH, (180.7 umol g‘l). Solid UV, photocurrent
response and electrochemical impedance tests indicate that the introduction of the iridium(n) complex
promotes the separation of electrons and holes, thus sensitizing the MOF and resulting in enhanced
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Introduction

Hydrogen energy is a clean, sustainable secondary energy
source and an ideal candidate to replace fossil fuels and solve
the energy crisis and environmental pollution.' ® Photocatalytic
water splitting harnesses nature’s abundant solar and water
resources and converts them into chemical energy, a promising
way of obtaining hydrogen energy cheaply.”**

Metal-organic framework (MOF) materials, especially the
classical UiO-66-NH,, are considered promising photocatalysts
due to their large specific surface area, tunable pore structure
and functionality.>'*">* The ordered structure and high crystal-
linity of MOFs give them a unique advantage in charge
transfer.>**> However, the wider energy bands and shorter
photogenerated carrier lifetimes have hindered their further
development and application; for example, the photocatalytic
activity of the classical UiO-66-NH, is extremely low (only
1.72 umol g h™).”° Currently, metal nanoparticle-loaded co-
catalysis and dye sensitization are two effective ways to improve
the photocatalytic performance of MOFs.””*® For example,
Jiang et al. reported UiO-66-NH, loaded with platinum nano-
particles, which achieved effective separation of electrons
and holes.>*?*® Wu et al. sensitized a MOF with eosin Y,
which increased the visible absorption of the material, thus
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photocatalytic activity. This study provides a new insight for the design of hybrid material photocatalysts.

enhancing its photocatalytic hydrogen production activity.*®
Combining photosensitizers (such as iridium(m) complexes)
with MOFs is also used for enhancing the photocatalytic
performance of the MOFs. Due to the good light-absorbing
ability of metallic iridium(i) complexes, they can be used as an
antenna to increase the adsorption of light by MOFs. For
instance, Zhang et al. synthesized the MOF UiO67-Ir-Cou 6 by
using an iridium(m) complex with a coumarin 6 moiety as an
organic ligand, achieving 109 times the hydrogen evolution
activity of the control MOF.*® Therefore, the design and synth-
esis of iridium(m)-based MOF hybrid materials are expected to
achieve stable and efficient photocatalytic hydrogen evolution.

In this paper, we designed and synthesized an iridium(m)-
modified MOF (cmrlr/Pt@UiO-66-NH,) by postsynthetic modifica-
tion. Cationic iridium(m) complex cmrlr, with a coumarin moiety
functionalized cyclometallic ligand and a carboxylate group func-
tionalized auxiliary ligand, was used to modify UiO-66-NH, loaded
with platinum nanoparticles. Coumarin was introduced to increase
the absorption of visible light by the iridium(mr) complexes, and the
carboxylate group was introduced to coordinate with the defects of
the MOF. Photocatalytic tests showed that even with an extremely
low content of cmrlr, the cmrlr/Pt@UiO-66-NH, had good hydro-
gen evolution activity and stability. This work enriches the variety of
iridium based-MOF photocatalysts, and will provide new insights
for the design of hybrid material photocatalysts.

Results and discussion

The preparation of cmrlr/Pt@UiO-66-NH, is shown in Fig. 1.
First, the coumarin-based ligand cmrlr and Pt nanoparticles

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0001-9714-4024
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ya00184b&domain=pdf&date_stamp=2024-05-15
https://doi.org/10.1039/d4ya00184b
https://doi.org/10.1039/d4ya00184b
https://rsc.li/energy-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00184b
https://pubs.rsc.org/en/journals/journal/YA
https://pubs.rsc.org/en/journals/journal/YA?issueid=YA003006

Open Access Article. Published on 06 maj 2024. Downloaded on 01-02-2026 13:58:16.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Paper
o .
9
@ zc, () BDC-NH, Pt NP O cmrir

Fig. 1 Scheme for the preparation of cmrlr/Pt@UiO-66-NH,.

were synthesized. Then, Pt@UiO-66-NH, (W1) was synthesized
by a hydrothermal method and Pt nanoparticles were encapsu-
lated into the cage of UiO-66-NH,. Finally, cmrIr/Pt@UiO-66-
NH, (W2) was obtained by modifying cmrlr onto the surface of
W1 (details in the Experimental section). The structure and
purity of all synthesized ligands were analyzed using nuclear
magnetic resonance hydrogen spectroscopy (‘H-NMR) and
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) (Fig. S1-S9, ESIf).

The morphology of the Pt nanoparticles, W1 and W2, were
characterized using TEM and SEM. As shown in Fig. 2a, the
distribution of nanoparticles in the TEM images is relatively
uniform. The particle size analysis shows that the particle size
of the nanoparticles is distributed in the range of 2-3.5 nm
(Fig. 2b). The TEM image of W1 shows a clear octahedral
profile, while Pt nanoparticles encapsulated in the MOF can
be observed, which proves that Pt nanoparticles are successfully
loaded into the MOF (Fig. 2c). The SEM image of W1 shows
multiple octahedral units with good homogeneity, and the size

.

Fig. 2 (a) TEM images of Pt nanoparticles. (b) Particle size distribution of
Pt nanoparticles. TEM (c) and SEM (d) images of W1. (e) SEM images of W2.
(f) EDS image of W2.
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of each octahedron is around 200 nm (Fig. 2d). The EDS image
shows a uniform distribution of C, H, O, and Zr, which is
consistent with the distribution of the MOF units (Fig. S10,
ESIt). As shown in Fig. 2e, the SEM image of W2 is basically
the same as W1, still showing independent octahedral config-
urations with good morphology. TEM images of W2 also show
the octahedral structure of W2 and the encapsulation of Pt
nanoparticles inside W2 (Fig. S11, ESIY), proving that the
modification of the MOF by iridium(u) complexes does not
affect their morphology. Meanwhile, iridium can be observed in
the elemental distribution map (Fig. 2f), and its distribution is
consistent with that of W2, which proves that iridium is
anchored on the surface of the MOF. The platinum element
is not detected in the EDS images of either W1 or W2, because
EDS detects the elemental distribution on the surface of the
samples, whereas the platinum nanoparticles are encapsulated
interiorly, and thus cannot be detected. The Ir and Pt contents
of W1 and W2 are shown in Table S1 (ESIT), the Ir content on
W2 is only 0.24% and the Pt content is 1.41%.

Powder X-ray diffraction (PXRD) was used to investigate the
crystal structure of W1 and W2. The PXRD curves of W1 and W2
are almost identical (Fig. 3a). Compared with the XRD curves of
standard UiO-66, the diffraction peaks of W1 and W2 at 7.36°,
8.48°, and 12.04° correspond to the (111), (002), and (022)
crystal planes of UiO-66, respectively. The XRD results show
that both the encapsulation of Pt nanoparticles and the mod-
ification of cmrlIr do not significantly affect the crystal structure
of UiO-66. The specific surface areas of W1 and W2 were also
determined. As shown in Fig. 3b, the nitrogen adsorption
isotherms for both W1 and W2 are type I-type microporous
adsorption isotherms, and the BET-specific surface areas were
calculated to be 861.2 and 831.5 m”> g ', respectively. The
slightly decreased specific surface area of W2 may be due to
the loading of cmrlr on the surface of the MOF. Fourier trans-
form infrared spectroscopy (FT-IR) characterization was per-
formed to determine the functional groups of W1 and W2
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Fig. 3 (a) XRD curves of W1, W2, and standard UiO-66-NH,. (b) Nitrogen
adsorption desorption curves for W1 and W2 at 77 K. Infrared (c) and
Raman (d) spectra of W1 and W2.
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(Fig. 3c). The absorption peaks at 3462 cm™ ', 3358 cm™ ', and
1622 cm ™! for W1 correspond to the asymmetric and symmetric
stretching vibrations of the amino group in the MOF ligand,
while the absorption peaks at 1383 ecm™ ' and 1254 cm !
correspond to the C-N stretching vibrations in the aryl ring.
The infrared curves of W2 are almost identical to those of W1.
Due to the small grafting amount, cmrlr was not detected.
Therefore, Raman tests were further performed (Fig. 3d). Com-
pared to the Raman spectra of W1, the three peaks at 1600,
1361 and 1045 cm ' showed slight shifts after grafting the
cmrlr, which corresponded to 1596, 1376, and 1039 cm ™" in the
curves of W2, respectively. This result proved that the carbox-
ylate of cmrlr coordinates with the unsaturated site of W1,
which leads to a change in its geometrical configuration.

X-ray photoelectron spectroscopy (XPS) characterization of
cmrlr, W1 and W2 were performed and the results are shown in
Fig. 4a. The peaks at 65.5 eV and 62.5 eV can be clearly seen in
the high-resolution Ir 4f spectrum of the cmrIr powder, which
corresponds to Ir 4f5, and Ir 4f;/,, respectively. Similarly, the
peaks at 65.4 eV and 62.4 eV can be seen in the high-resolution
Ir 4f spectrum of W3, demonstrating the presence of Ir on the
surface of W2. The slight shift of the double peak results from
the change in the electronic environment of the Ir center.*'™**
In addition, according to the high-resolution Zr 3d spectrum of
W1 (Fig. 4b), the peaks at 185.4 eV and 183.0 eV can be
attributed to Zr 3dj, and Zr 3ds,,, respectively. Compared to
W1, the Zr 3d peak of W2 is slightly shifted to 185.2 eV and
182.8 eV, which is attributed to the coordination of cmrIr to the
Zr clusters that affect the electronic environment around
Zr.”>*%* The coordination bonds between cmrlr and Zr clus-
ters provide a channel for electrons transferring from cmrlr to
UiO-66-NH, and Pt, which facilitates electron migration.
According to the ICP-MS results, the percentage of Ir element
on the surfaces of W2 is only 0.2% (Table S2, ESIt), which
corresponds to the result of EDS.

The photocatalytic hydrogen evolution performance of W2
was studied. UiO-66-NH, and W1 were used as references. The
photocatalytic performance was tested throughout 5 h using the
synthesized MOF-based materials as catalysts, triethanolamine
(5 mL) as a sacrificial agent, and DMF and H,O (v/v = 54/1 mL) as
solvents. Control experiments showed that hydrogen could not
be detected in the system without the addition of a catalyst (W1
or W2). As shown in Fig. 5a, UiO-66-NH, cannot achieve
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Fig. 4 (a) Ir 4f high-resolution XPS spectra of cmrlr and W2; (b) Zr 3d
high-resolution XPS spectra of W1 and W2.
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Fig. 5 Hydrogen evolution curves for UiO-66-NH,, W1, W2, and cmrlr +
W1 (a), and the average rate of evolution for 5 h (b). (c) Cyclic stability test
curves for W2.

hydrogen evolution under the test conditions, and the hydrogen
evolution amount of W1 is 180.7 pmol g '. Surprisingly,
after surface modification of cmrlr, W2 evolved hydrogen at
446.4 pmol g%, which is about 2.5 times that of W1. Meanwhile,
as a control, we also put in cmrIr and W1 with equal iridium and
platinum contents as those in W2 according to the test results of
ICP-MS. And the amount of hydrogen evolution in 5 h is only
153.48 umol g~ ', which indicates that hybridizing iridium(m)
complexes with MOFs could sensitize the MOF catalyst, and
significantly enhance the activity of the MOF catalyst. It is deduced
that there is a strong interaction between the iridium(m) complexes
and the MOF. In addition, the average hydrogen evolution rate of
the different samples is calculated over 5 h. As shown in Fig. 5b, the
hydrogen evolution rate of W1 is 36 pumol ¢ " h™", and the
hydrogen evolution rate of W2 is enhanced to 89 pmol g~ * h™™.
The above photocatalytic test results indicate that the modification
of iridium(m) complexes on the MOF surface contributes to the
enhancement of photocatalytic hydrogen production.

The stability of W2 was investigated by photocatalytic cycling
tests, and the experimental results are shown in Fig. 5c. Four
cycles of the photocatalytic test were carried out, and the hydrogen
evolution activities of the second, third, and fourth cycles
remained the same, but slightly lower than the first cycle. It is
speculated that a part of cmrlIr was physically adsorbed on the
surface of W2, which detached from the surface of W2 and
dissolved into the photocatalytic solution after the first cycle of
photocatalysis, so the photocatalytic activity slightly decreased in
the subsequent cycle. To prove this, W2 after photocatalysis was
characterized and the results are shown in Fig. S12 (ESIt). After
photocatalysis, the morphology of W2 remained unchanged,
which was individual octahedrons with sharp angles. The XRD
curves were also the same as those before photocatalysis, which
indicates that its crystallinity was unchanged, and W2 had good
stability. Nevertheless, XPS results show that the proportion of
iridium elements on the surface of W2 decreased from 0.2% to
0.14%, which could explain the slight decrease in hydrogen
evolution activity after the first cycle.

To further investigate the origin of the high photocatalytic
performance of W2, the photocurrent response and electroche-
mical impedance of W1 and W2 were tested. As shown in
Fig. 6a, W1 and W2 exhibit periodic and stable photocurrent
under the on and off of the lamp, with a photocurrent intensity
of about 0.006 pA for W3 and only about 0.0025 pA for W1. The
photocurrent intensity of W2 is about 2.5 times that of W1,
indicating that W2 has better electron-hole separation ability.
As shown in Fig. 6b, W2 shows a smaller radius of the Nyquist

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Photocurrent response (a) and electrochemical impedance (b)
curves for W1 and W2. (c) Solid-state UV-visible diffuse reflectance spectra
of UiO-66-NH,, W1, cmrlr, and W2. (d) Potentiometric maps of cmrlr and
UiO-66-NH,. (e) Photocatalytic mechanism diagram of W2.

circle than W1, indicating that W2 has a smaller interface
transfer resistance when transferring electrons with other
components. Solid-state UV diffuse reflectance characterization
of the samples was performed to determine the light absorp-
tion capacity and the energy gap of the samples (Fig. 6¢). CmrIr
absorbs visible light well and its energy gap is only 2.14 eV,
which is in general agreement with the data from the liquid
absorption spectra described above (Fig. S13, ESIf). UiO-66-
NH, and W1 have almost no absorption in the visible region,
and their energy gaps are 2.87 and 2.80 eV, respectively. In
contrast to W1, W2 has a new absorption peak at 450-500 nm
and a significantly narrower energy gap of 2.24 eV. This result
indicates that the introduction of cmrlr can significantly
improve and broaden the visible light absorption of the MOF
materials. Therefore, the enhanced photocatalytic performance
of W2 compared to W1 can be attributed to its more visible
light absorption and more efficient separation of electrons and
holes as well as smaller interfacial transfer resistance, which
makes it easier to trigger the photocatalytic reaction and
facilitate the subsequent transfer of electrons.>”*

The photocatalytic mechanism of W2 was explored by per-
forming electrochemical tests on the samples, and the Mott-
Schottky curve of UiO-66-NH, is shown in Fig. S14 (ESIf).
According to the calculation, the conduction band of UiO-66-

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Energy Advances

NH, was —0.59 V vs. NHE. The valence band value of UiO-66-
NH, was calculated from the band gap value obtained from the
solid-state UV test, which is 2.28 V vs. NHE. Unlike the MOFs,
the electron gaining and losing ability of metallic iridium(ur)
complexes upon photoexcitation needs to be measured in
terms of the excited-state redox potential. The excited state
redox potential of emrIr was determined and calculated using
cyclic voltammetry (Fig. S15 and Table S3, ESIT). As shown in
Fig. 6d, the excited state oxidation potential (E7,) and excited
state reduction potential (E7,;) of cmrlr are —1.28 V and 1.40 V
vs. NHE, respectively. After photoexcitation, the excited state
oxidation potential of cmrlIr is more negative than the conduc-
tion band of UiO-66-NH,, which makes it easy to achieve
electron transfer from the complex to MOF. Therefore, the
photocatalytic process of W2 is deduced as follows (Fig. 6e):
under light illumination, both cmrlr and UiO-66-NH, absorb
light energy to form the separation of electrons and holes, and
UiO-66-NH,, achieves hydrogen evolution only by transferring
the electrons to the Pt nanoparticles. In contrast, W2 has two
electron transfer paths, one of which can directly transfer to Pt
nanoparticles to achieve hydrogen evolution, and the other one
is transferred to UiO-66-NH, and then to Pt nanoparticles to
achieve hydrogen evolution, and this path promotes the separa-
tion of electrons and holes.

Conclusions

In this work, the iridium(m) complex with excellent light-
absorbing properties was immobilized onto the MOF via coor-
dination. Photocatalytic tests show that the hydrogen evolution
activity of the MOFs was enhanced after modification of the
iridium(m) complex, and the inherent photostability of the
MOF was retained. This is due to the fact that the introduction
of an iridium(ur) complex to the MOFs can improve the visible
light absorption ability of the material and promote electron-hole
separation and transfer. This work is a preliminary exploration,
demonstrating that even introducing extremely low content of
iridium(m) complex on the MOF surface can significantly improve
the hydrogen evolution activity. While taking into account the
stability of the material, it can be a potential candidate for
efficient and stable photocatalysts.

Experimental section
The synthesis of cmrlr

Cmrlr was synthesized by the following process

Synthesis of iridium dichloro bridged compound [Ir(cmr),Cl],.
1,5-Cyclooctadiene iridium dichloride (1 g, 1.49 mmol) and
coumarin 6 (2.09 g, 5.97 mmol) were added to a 100 mL single-
neck round bottom flask with ethylene glycol ethyl ether
(40 mL) as the solvent under argon protection, and the reac-
tants were stirred at 150 °C for 6 h. As the reaction proceeded,
the reactants in the system were dissolved and an orange solid
was formed. After the reaction, the system was cooled to room
temperature and filtered, and the filter cake was rinsed with

Energy Adv, 2024, 3,1414-1421 | 1417
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ethanol and petroleum ether in sequence. Without further
purification, it was dried under a vacuum at 80 °C to obtain
orange solid powder [Ir(cmr),Cl],.

The synthesis of the auxiliary ligand L1. The auxiliary ligand
L1 was synthesized according to the method in the literature
using a classic Suzuki coupling reaction. The specific process is
as follows: 5,5’-dibromo-2,2’-bipyridine (2.0004 g, 6.375 mmol),
4-methoxycarbonylphenylboronic acid (3.4425 g, 19.125 mmol),
and tetrakis(triphenylphosphine)palladium (0.75 g, 0.65 mmol)
were added to a 120 mL thick-walled pressure tube. Subse-
quently, tetrahydrofuran (54 mL) and a pre-prepared potassium
carbonate aqueous solution (2.5 M, 12 mL) were added. Under
argon protection, the mixture was stirred at 80 °C for 72 hours.
As the reaction progressed, a white solid gradually appeared in
the reaction system. After the reaction was completed, it was
cooled to room temperature, and filtered, and the filter cake
was washed with tetrahydrofuran, water, and ethanol succes-
sively. It was dried under vacuum at 80 °C and a total of 2.3 g
of white solid was obtained with a yield of 85%. '"H NMR
(400 MHz, CF;COOD): 6 9.52 (d, J = 1.7 Hz, 1H), 9.14 (dd, J =
8.5, 2.0 Hz, 1H), 8.93 (d, J = 8.5 Hz, 1H), 8.54 (d, J = 8.3 Hz, 2H),
8.10 (d, J = 8.4 Hz, 2H), 4.31 (s, 3H). MS: m/z = 425.1.

The synthesis of the auxiliary ligand L2. The auxiliary ligand
L2 was obtained by hydrolysis of L1 as follows. L1 (0.3 g,
0.71 mmol) was added to a 100 mL single-necked round-
bottomed flask with tetrahydrofuran (10 mL) and ethanol
(10 mL) as solvents, followed by the addition of an aqueous
solution of sodium hydroxide (3 M, 10 mL) to the system and
the reaction was carried out at 70 °C overnight. At the end of the
reaction, it was cooled to room temperature, the pH was
adjusted to 1 with concentrated hydrochloric acid, extracted
with ethyl acetate/water, and the organic phases were combined
and dried with anhydrous sodium sulfate overnight. The filtrate
was filtered and spun-dried, and the target product was dried
under vacuum at 80 °C to give 0.24 g of white solid in 86% yield.
'H NMR (400 MHz, CF;COOD): 6 9.44 (d, J = 1.6 Hz, 1H), 9.06
(dd, J = 8.4, 1.9 Hz, 1H), 8.85 (d, J = 8.5 Hz, 1H), 8.51 (d, J =
8.3 Hz, 2H), 8.02 (d, J = 8.3 Hz, 2H). MS: m/z = 396.1.

The synthesis of the complex [Tr(cmr),(L2)]" (cmrlr). Auxiliary
ligand L2 (0.2376 g, 0.6 mmol), triethylamine (2 mL), and
ethylene glycol ethyl ether (12 mL) were added to a 120 mL
thick-walled pressure-resistant tube, and the reactants were
stirred at 100 °C under the protection of argon gas for 1 h.
After being cooled down to room temperature, ethylene glycol
was added to [Ir(cmr),Cl], (0.5553 g, 0.3 mmol)-ethyl ether
(30 mL) suspension in the argon environment, and the suspen-
sion was stirred at 150 °C for 5 days. At the end of the reaction,
the suspension was cooled to room temperature, the pH was
adjusted to 1 with 60% hexafluorophosphoric acid, and then
the product was extracted with dichloromethane/water and
dried with anhydrous sodium sulfate overnight. The suspen-
sion was filtrated, and the filtrate was then collected and dried
by spin-drying. The obtained solid was finally dissolved with
dichloromethane and purified by column chromatography
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using methanol as eluent. After spin-drying the solvent, an
orange target product was obtained. The product was dried
under vacuum at 80 °C, and a total of 0.14 g of solid was
obtained in 18% yield. '"H NMR (400 MHz, DMSO-d6):  8.90
(s, 1H), 8.67 (d, J = 8.6 Hz, 1H), 8.59 (d, J = 8.4 Hz, 1H), 8.08
(d, = 7.8 Hz, 1H), 8.00 (d, J = 8.2 Hz, 2H), 7.55 (d, J = 8.2 Hz,
2H), 7.55 (d, J = 8.2 Hz, 2H), 8.00 (d, J = 8.2 Hz, 2H). 7.55 (d, J =
8.3 Hz, 2H), 7.23 (t,J = 7.8 Hz, 1H), 7.00 (t, ] = 8.4 Hz, 1H), 6.51
(s, 1H), 6.27 (d, J = 8.5 Hz, 1H), 6.21-6.08 (m, 2H), 3.27 (d, J =
7.6 Hz, 4H), 0.95 (s, 4H), 0.95 (m, 2H), 0.05 (s, 1H), 0.05 (s, 1H),
0.05 (s, 1H), 0.05 (s, 1H), 0.05 (m, 1H) 4H, 0.95 (t, ] = 7.0 Hz, 6H).
BC NMR (101 MHz, DMSO-d6): J 181.89, 177.32, 168.05,
157.62, 155.24, 153.68, 153.00, 147.75, 147.08, 140.82, 139.30,
134.25, 132.36, 131.13, 130.44, 128.26, 126.56, 125.21, 125.02,
124.69, 121.80, 119.09, 116.64, 110.28, 44.47, 12.84. MS: m/z =
1287.3 (M").

Preparation of Pt nanoparticles

Pt nanoparticles were prepared by referring to the literature
method. Chloroplatinic acid hexahydrate (0.0508 g) and
poly(vinylpyrrolidone) with an average molecular weight of
55000 (0.222 g) were quickly added to a 120 mL thick-walled
pressure-resistant tube, and the system was subjected to ultra-
sonic stirring for 30 min until the solution exhibits a clarified
orange color. Then the solution was heated at 180 °C with rapid
stirring for 10 min, during which the solution was gradually
changed from transparent to black. At the end of the reaction,
the solution was cooled to room temperature with stirring, and
100 mL of acetone was added to the reaction solution to wash out
the excess polyvinylpyrrolidone. The black oily platinum nano-
particles were obtained by precipitation and centrifugation of the
solution for 5 minutes (8000 rpm), which were ultrasonically
dispersed in DMF solvent (10 mL) and stored under refrigeration.

Preparation of Pt@UiO-66-NH, (W1)

Pt@UiO-66-NH, (W1) was prepared by referring to the literature
method. ZrCl, (0.102 g, 0.43 mmol) and acetic acid (6 mL) and 25
mL DMF were added to a 100 mL beaker and sonicated for 30 min
until the solids were completely dissolved, which was designated
as solution A. 2-Aminoterephthalic acid (0.0725 g, 0.4 mmol) and
25 mL DMF were added to a 100 mL beaker, and sonicated for 30
min until the solids were completely dissolved, which was desig-
nated as solution B. After mixing solutions A and B and continu-
ing to sonicate for 30 min, the pre-made platinum nanoparticles
(2 mL) were added to the mixed solution, and the solution was
heated at 12 °C for 24 h. At the end of the reaction, the reaction
solution was cooled to room temperature, and centrifuged. The
clear liquid was discarded, and the solid obtained was washed
with DMF and methanol, and dried under vacuum at 80 °C to
obtain Pt@UiO-66-NH, (W1). The preparation method of UiO-66-
NH, was the same as that of W1, but only without the addition of
platinum nanoparticles during the process of preparation.

Preparation of cmrIr/Pt@UiO-66-NH, (W2)

Cmrlr (0.2574 g, 0.2 mmol), trifluoroacetic acid (300 pL) and
DMF (25 mL) were added to a 100 mL beaker, and ultrasonically

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dissolved. Then W1 (0.3 g) was added to the system, and
ultrasonically dispersed for 30 minutes. The system was heated
at 120 °C for 60 hours. At the end of the reaction, the system
was cooled to room temperature, and centrifuged. The result-
ing solid was washed with DMF and methanol in turn, and
dried under vacuum at 80 °C to obtain iridium(m)-based MOF
hybrid material cmrIr/Pt@UiO-66-NH, (W2).

Photocatalytic hydrogen evolution experiment

Photocatalytic hydrogen evolution experiments were carried out
in a vacuum-tight glass pipeline. In this case, the MOF and its
hybrid material were the catalyst (20 mg), triethanolamine (5
mL) was the sacrificial agent, and the solvent system included
DMF (54 mL) and water (1 mL). The photocatalytic pretreat-
ment included the following operations. An appropriate
amount of catalyst was weighed and added to the mixed
solution, and after sonication for 5 min to disperse uniformly,
nitrogen was passed into the solution under stirring for 30 min.
Subsequently, the reaction tank was connected to a glass line
and evacuated (40 min). A xenon lamp was used for continuous
irradiation, the solution was continuously stirred and the
temperature was precisely controlled at 6 °C by water cooling.
The gas is automatically fed into a gas chromatograph, which is
connected to the vacuum-tight glass line for online analysis.

Cycling experiments. The same feeding volume as above was
tested, and four rounds of cycling experiments were carried out;
at the end of each round the system is emptied and re-
vacuumed (30 min).

Photoelectrochemical tests

The redox potential of the iridium(ur) complexes was tested by
cyclic voltammetry under the following conditions. A three-
electrode system was used, with a glassy carbon electrode as the
working electrode (5 mm in diameter), which was polished with
alumina polishing powder, a saturated mercuric glycol elec-
trode as the reference electrode, and a platinum wire electrode
as the counter electrode, and a 0.1 M tetrabutylammonium
hexafluorophosphate acetonitrile solution as the electrolyte
(ready-to-use). Tetrabutylammonium hexafluorophosphate
needs to be recrystallized before preparation and the solvent
used is ethanol. The system needs to be deoxidized before
testing each sample.

The photocurrent response, electrochemical impedance,
and Mott-Schottky tests were also performed using a three-
electrode system, ie., working electrode, reference electrode
and counter electrode. Commercially available silver/silver
chloride electrodes and platinum sheet electrodes were chosen
as the reference electrode and counter electrode, respectively.
The working electrode was prepared as follows: MOF material
(2 mg) was added to an ethanol solution (1 mL) containing
Nafion (10 pL), dispersed homogeneously. 200 pL of the sus-
pension was dripped on an FTO conductive glass (1 x 1 cm?)
and then dried under an infrared lamp. 0.2 M aqueous sodium
sulfate solution was used as the electrolyte. For photocurrent
response testing, the working electrode was exposed to inter-
mittent light from a 300 W xenon lamp. The electrochemical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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impedance test is performed in the dark and under nitrogen.
For the Mott Schottky test, the frequency of the reference
electrode was varied and the three frequencies selected were
500 Hz, 1000 Hz and 1500 Hz.
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