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Pore-confined cobalt sulphide nanoparticles in a
metal—-organic framework as a catalyst for the
colorimetric detection of hydrogen peroxidefy

You-Liang Chen, Yi-Ching Wang, Yu-Hsiu Chen, Tzu-En Chang, Cheng-Hui Shen,
Chi-Wei Huang and Chung-Wei Kung ‘2 *

In this study, nanoparticles of cobalt sulphide solely confined within the nanopores of a water-stable
zirconium-based metal-organic framework (MOF), MOF-808, are synthesized by a two-step approach,
with the first step being installing spatially dispersed cobalt ions within the entire framework of MOF-808
and the second step being solution-phase sulphurisation. The crystallinity, morphology, porosity, and
loading of cobalt sulphide in the obtained nanocomposite are investigated. As a demonstration, the
obtained nanocomposite is used as a heterogeneous catalyst for the redox reaction between 3,3',5,5'-
tetramethylbenzidine (TMB) and H,O, in aqueous acetate buffer solutions. The pore-confined cobalt
sulphide nanoparticles show remarkable catalytic activity, and the catalysis has typical Michaelis—Menten
kinetics. Relying on the optical change that originated from the generation of oxidized TMB, as a demon-
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1. Introduction

Metal-organic frameworks (MOFs) are a relatively new category
of nanoporous materials with the characteristics of ultrahigh
specific surface area, periodic and interconnected porosity,
structural diversity, and tuneable chemical functionality.”
These intriguing advantages enable the use of MOF-based
materials in numerous potential applications including gas
adsorption,”® separation,”® energy storage,”'® solar fuel
catalysis,""™*® electronic devices,'*'*> and sensors.'®™*® Notably,
MOFs are considered as attractive platforms for heterogeneous
catalysis owing to their highly porous nature and intra-
framework functionality."® By the judicious design of the MOF
structure and post-synthetic strategies, immobilized cataly-
tically active sites spatially dispersed through the whole frame-
work can be achieved, which should efficiently increase the
number of accessible active species to participate in the
catalysis.”*>* However, the poor chemical stability of most MOFs
in water strongly restricts their applications in aqueous
catalysis."**?® Fortunately, the discovery of MOFs constructed from
group 4 metal-based nodes, eg, zirconium-based MOFs (Zr-
MOFs),”” which possess remarkable chemical stability in water,
has expanded the use of MOFs in various applications in aqueous
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stration, the nanocomposite can be utilized in the colorimetric quantification of H,O,.

media and opened up the opportunity for a variety of material
designs.'®?%?82% Therefore, incorporating catalytically active spe-
cies into water-stable and highly porous Zr-MOFs has been con-
sidered as an appealing strategy to design the heterogeneous
catalysts utilized in aqueous environments.***

Transition metal sulphides have garnered great attention as
heterogeneous catalysts among various materials.*® However,
the in situ synthesis of metal sulphides within the nanopores of
MOFs is relatively challenging because most MOFs cannot
preserve their structural integrity in environments containing
S>~ ions, HS™ ions, or H,S vapor. Since Zr-MOFs belong to one
unique category of MOFs that are chemically stable in H,S
vapor,”® we reasoned that Zr-MOFs should be viable scaffolds
for the synthesis of pore-confined metal sulphides. In an early
study published in 2015, Hupp, Farha and co-workers reported
the use of atomic layer deposition (ALD) to deposit spatially
separated clusters of cobalt sulphide into a Zr-MOF, with the
use of H,S vapor as the precursor;*® similar approaches were
also used to synthesize few-atom clusters of metal sulphides
installed in Zr-MOFs.>**® Compared to the few-atom clusters
immobilized on the nodes of Zr-MOFs, we reasoned that the
nanoparticles of metal sulphide that are physically confined
within the MOF pore should possess more similar properties to
the bulk metal sulphide, and the particle size could be highly
tuneable by simply adjusting the pore size of the selected MOF.
The rigid framework of Zr-MOFs is expected to effectively
prevent further agglomeration of nanoparticles, which should
result in a high external surface area of the metal sulphide that

© 2022 The Author(s). Published by the Royal Society of Chemistry
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is beneficial for heterogeneous catalysis. However, published
examples of metal sulphide nanoparticles confined in the MOF
pores are fairly rare. In most reported examples regarding
the in situ synthesis of metal sulphides in Zr-MOFs, a one-step
method was usually used by mixing the metal precursor, sulphur
source, and Zr-MOF crystals together in the solution under sol-
vothermal conditions, which would generate the metal sulphide
mainly distributed between the Zr-MOF crystals rather than within
the MOF pore.*>*° The only published example to date attempting
to synthesize the pore-confined nanoparticles of metal sulphide in
Zr-MOFs was demonstrated by Hou, Wu and co-workers in a very
recent study; the Zr-MOF crystals were incubated in a solution
containing cadmium(u) ions before the addition of the sulphur
source during one-pot synthesis, which could result in the coex-
istence of cadmium sulphide confined within the pore of Zr-MOFs
and that located on the external surface of Zr-MOF crystals.*

In this study, we aimed to demonstrate the controlled
synthesis of cobalt sulphide nanoparticles that are solely confined
within the nanopore of a Zr-MOF, by utilizing a two-step synthetic
strategy (see Fig. 1). A self-limiting solution phase process, the
solvothermal deposition in MOFs (SIM) technique,’>** was first
used to immobilize the spatially dispersed Co(u) ions on the hexa-
zirconium nodes of a six-connected Zr-MOF, MOF-808.° There-
after, the cobalt-functionalized MOF-808 (Co-MOF-808) powder
was immersed into a solution containing thioacetamide (TAA) as
the sulphur source, where the chemical bonds between the cobalt
ions and hexa-zirconium nodes were dissociated; the formation of
cobalt sulphide nanoparticles that are selectively confined within
the pore of MOF-808 could thus occur. Since cobalt sulphide has
been reported as a catalyst to catalyse the oxidation of chromo-
genic substrates, e.g., 3,3',5,5'-tetramethylbenzidine (TMB), in the
presence of H,0,,"*™" as a demonstration here, the obtained
pore-confined cobalt sulphide nanoparticles in MOF-808 served as
the catalyst for the colorimetric detection of H,O,.

2. Experimental section
2.1. Chemicals

All chemicals including zirconium(iv) oxychloride octahydrate
(zrOCl,-8H,0, Sigma-Aldrich, 98%), trimesic acid (H3;BTC,
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Sigma-Aldrich, 95%), formic acid (Honeywell Fluka, >98%),
N,N-dimethylformamide (DMF, ECHO Chemical Co, Ltd, Taiwan,
>99.8%), hydrochloric acid (HCI, J. T. Baker, 36.5-38.0%), acet-
one (ECHO Chemical Co, Ltd, Taiwan, 98%), cobalt(u) acetate
tetrahydrate (Sigma-Aldrich, reagent grade), thioacetamide (TAA,
Alfa Aesar, 99%), acetic acid (Honeywell Fluka, >99.8%), sodium
acetate trihydrate (Honeywell Fluka, >99%), sodium hydroxide
(NaOH, Sigma-Aldrich, 99%), dimethyl sulfoxide (DMSO, Duksan
Pure Chemicals, 99%), 3,3',5,5'-tetramethylbenzidine (TMB, Acros
Organics, >99%), hydrogen peroxide solution (H,0,, Honeywell
Fluka, 30-31%), sulfuric acid (H,SO,, Honeywell Fluka, 95.0-
98.0%), and nitric acid (HNO;z;, Honeywell Fluka, >65%) were
used as received without any further purification. Deionized (DI)
water was used in the whole work as the water source.

2.2. Synthesis of Co-MOF-808

MOF-808 was synthesized according to the protocol from our
previously reported work.*® Thereafter, the self-limiting
solvothermal deposition in MOFs (SIM) method was utilized
for the installation of cobalt on the hexa-zirconium nodes of
MOF-808.*> Initially, 99.0 mg of cobalt(n) acetate tetrahydrate
was dissolved in 12 mL of DMF by sonication. Then, 30.0 mg of
activated MOF-808 powder was added into the obtained
solution, and the mixture was kept at room temperature for
24 h. The resulting solid was washed with 12 mL of fresh DMF
three times by centrifugation to completely remove excess
cobalt precursor in the MOF crystals. The solid was then
washed with 12 mL of fresh acetone three times by centrifugation,
with immersing periods of 2 h, overnight, and 2 h in between,
respectively. Co(u) decorated MOF-808 was obtained after activat-
ing the solid product under vacuum at 80 °C overnight and was
named “Co-MOF-808".

2.3. Sulphurisation of Co-MOF-808

For the sulphurisation of Co-MOF-808, 32.4 mg of thioaceta-
mide (TAA) was dissolved in 6 mL of DMF in a microwave vial
(2-5 mL, Biotage) by sonication. After adding 30.0 mg of Co-
MOF-808 powder into the solution and dispersing the solid by
sonication, the vial was crimped and heated at 130 °C for 24 h
in an oven. The precipitation of black solid could be observed
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Fig. 1 Schematic illustration of the two-step synthetic route for the preparation of CoS-MOF-808. Green, Zr; red, O; and grey, C. For clarity, hydrogen

atoms in the structures are not shown.
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during the synthetic process. The obtained solid was washed
with 6 mL of fresh DMF three times by centrifugation to remove
excess reagent, and thereafter washed with 6 mL of fresh
acetone three times with immersing periods of 2 h, overnight,
and 2 h in between, respectively. A black powder was obtained
after drying the solid in a vacuum oven at 80 °C overnight and
was designated as “CoS-MOF-808".

2.4. Catalyst tests

To investigate the catalytic activity of each material for the
oxidation of TMB in the presence of H,0,, the following
experiment was conducted.” 4.0 mg of CoS-MOF-808,
Co-MOF-808, or MOF-808 was weighed accurately and first
dispersed in 7 mL of acetate buffer solution (0.1 M, pH = 4.03)
by sonication. Thereafter, 800 uL of TMB solution (5 mM in
DMSO) and 200 pL of H,0, (40 mM in water) were added into the
above-mentioned mixture successively under stirring. It should
be noted that the concentrations of TMB and H,O, in the tested
samples here are 0.5 mM and 1.0 mM, respectively. After
vigorously stirring at 300 rpm for 10 min, the mixture was
immediately filtered by a hydrophilic 200 nm syringe filter to
remove the solid, and the resulting solution was subjected to
UV-visible (UV-vis) measurement to estimate the content of
the oxidized TMB (0xXTMB), according to the absorbance change
at 652 nm in the UV-vis spectra. Controlled experiments in
the absence of a catalyst or H,O, were also conducted for
comparison.

2.5. Kinetic measurements

For a catalytic reaction that follows Michaelis-Menten kinetics,
the apparent kinetic data could be collected by performing
catalyst tests in the presence of various concentrations of H,0,
or TMB while keeping another one constant.**° 4.0 mg of CoS-
MOF-808 was weighed accurately and used here as a catalyst for
every sample, and the experimental conditions are as follows.
For H,0, as the substrate (S), the catalyst tests were performed
with samples containing 0.5 mM of TMB and various concen-
trations of H,0,. For TMB as the substrate, the concentration of
H,0, was kept as 35 mM with various concentrations of TMB in
the tested samples. By terminating the catalytic reaction
through filtration at various reaction times and monitoring
the absorbance of each sample at 652 nm, the initial reaction
rate (V) for one certain concentration of the substrate can be
obtained according to Lambert-Beer’s law. For each substrate,
the relationship between the initial reaction rate and substrate
concentration ([S]) can be used to gauge the apparent kinetic
constants by applying the following equation with Lineweaver—
Burk plots,**!

1)

where V.« and K, represent the maximum reaction rate and
Michaelis-Menten constant, respectively.
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2.6. Turnover number (TON) measurements

The TON is defined as the number of oxXTMB produced per
active site in this system.>* In order to quantify the TON that
can be achieved by the CoS-MOF-808 material here and verify
that this material consists of a catalyst for this reaction, the
following large-scale experiment was implemented. 2.0 mg of
CoS-MOF-808 was weighed accurately and first dispersed in
175 mL of acetate buffer solution (0.1 M, pH = 4.03) by
sonication. Thereafter, 20 mL of TMB solution (5 mM in DMSO)
and 5 mL of H,0, (9.8 M) were added into the above-mentioned
mixture successively under rapid stirring at 600 rpm. After
continuous stirring for 15 min, the catalyst was immediately
removed from the mixture using a hydrophilic 200 nm syringe
filter. The amount of oxXTMB in the resulting solution was
quantified by UV-vis spectroscopy.

2.7. Detection of H,O,

The chemical sensing experiments for H,O, were conducted
according to the following procedure. 4.0 mg of CoS-MOF-808
was weighed accurately and dispersed in a solution containing
7 mL of acetate buffer solution (0.1 M, pH = 4.03) and 800 pL of
TMB solution (5 mM in DMSO). Thereafter, 200 uL of the
aqueous solution containing a certain concentration of H,0,
was added into the above-mentioned mixture under vigorous
stirring at 300 rpm. After stirring for 10 min, the mixture was
immediately filtered using a hydrophilic 200 nm syringe filter
to remove the catalyst, and the resulting solution was subjected
to UV-vis spectroscopic measurements in order to evaluate the
content of oxXTMB in the solution.

2.8. Instrumentations

The morphologies and energy-dispersive X-ray spectroscopy
(EDS) data of MOF-808, Co-MOF-808, and CoS-MOF-808 were
investigated using a scanning electron microscope (SEM, Hitachi
HR-FESEM SU8010). Pt was sputtered on the samples prior to
SEM and EDS measurements. Powder X-ray diffraction (PXRD)
patterns were recorded using a RIGAKU Ultima IV. The nitrogen
adsorption-desorption isotherms of the samples were obtained
using an ASAP 2020 (Micromeritics). All transmission electron
microscopy (TEM) images and EDS elemental mapping data
were collected using a JEM-2100F (JEOL) at an operating voltage
of 200 kV. X-ray photoelectron spectroscopy (XPS) was performed
on a Theta Probe (Thermo Scientific) equipped with a micro-
focused electron gun, a multi-position aluminium anode, and a
monochromated X-ray source. All XPS spectra were corrected by
referencing the C 1s peak to 284.8 eV. Inductively coupled
plasma-optical emission spectrometry (ICP-OES) and inductively
coupled plasma-mass spectrometry (ICP-MS) measurements
were performed using a JY 2000-2 ICP-OES spectrometer (Horiba
Scientific) and a Thermo-element XR (Thermo Scientific™),
respectively. The sample for ICP-OES or ICP-MS was prepared
by mixing 0.75 mL of sulfuric acid, 0.25 mL of 30% H,O,
solution, and around 1 mg of MOF-based material in a micro-
wave vial (2-5 mL, Biotage). The vial was crimped and heated at
100 °C in an oil bath for 24 h. The resulting solution was then

© 2022 The Author(s). Published by the Royal Society of Chemistry
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diluted with 35 mL of 3 wt% HNO; aqueous solution prior to
ICP-OES or ICP-MS measurements. It should be noticed that for
ICP-MS samples to quantify the loading of sulphur, the sulfuric
acid used for sample preparation was replaced by concentrated
nitric acid. Fourier-transform infrared (FTIR) spectroscopy was
performed using a Nicolet 6700 (Thermo Fisher Scientific).
UV-vis spectra were recorded using a UV-2600 (Shimadzu). The
acetate buffer solution was prepared by titrating 0.1 M acetic
acid aqueous solution with 0.1 M sodium acetate aqueous
solution to reach a pH value of 4.03. A Mettler Toledo T5
autotitrator was used to monitor the pH value. All the washing
and solvent-exchange steps throughout the study were con-
ducted using a Heraeus™ Megafuge™ 16 centrifuge (Thermo
Fisher Scientific) along with a TX-400 rotor at a rotating speed
of 5000 rpm.

3. Results and discussion

3.1. Materials characterization

The experimental PXRD patterns of MOF-808, Co-MOF-808, and
CoS-MOF-808 with the simulated PXRD pattern of MOF-808 are
shown in Fig. 2(a). The diffraction peaks observed in all the
PXRD patterns of MOF-808, Co-MOF-808, and CoS-MOF-808
agree well with those in the simulated pattern of MOF-808,
indicating that the phase-pure MOF-808 was successfully
synthesized and the crystallinity of MOF-808 can remain intact
during both the SIM and sulphurisation processes. The simu-
lated PXRD pattern of one commonly seen crystalline phase of
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cobalt sulphides, CoqSs, is also shown in Fig. 2(a). It should be
noticed that no observable diffraction peaks of any cobalt
sulphide-based compound, e.g., CosSg, can be observed in the
high-angle region of the PXRD pattern of CoS-MOF-808, which
suggests that the cobalt sulphide present in CoS-MOF-808 is
amorphous.

The surface morphologies of all the materials were exam-
ined by SEM, and the SEM images of MOF-808, Co-MOF-808,
and CoS-MOF-808 are shown in Fig. S1 (ESIf). It can be
observed that the pristine MOF-808 is composed of octahedral
crystals with a size of around 1 pm; this morphology is
consistent with that of MOF-808 reported previously.*® Both
Co-MOF-808 and CoS-MOF-808 reveal the same morphology as
that of pristine MOF-808, indicating that there is no obvious
change in the surface morphology after both the SIM process
and sulphurisation. The high-magnification SEM images of
MOF-808 and CoS-MOF-808 are shown in Fig. 2(b) and (c),
respectively, which also reveal that the surface morphology of
the octahedral MOF crystals is unchanged after the incorpora-
tion of cobalt sulphide. The EDS spectra of Co-MOF-808 and
CoS-MOF-808 are shown in Fig. S2(a) and (b) (ESIt), respectively,
which show that the signal for cobalt can be observed in both
spectra and sulphur is present in CoS-MOF-808. This result
clearly indicates that the installation of cobalt in MOF-808 by
SIM was successful, and both cobalt and sulphur are present in
CoS-MOF-808 after sulphurisation. ICP-OES and ICP-MS mea-
surements were further conducted to quantify the loadings of
cobalt and sulphur in each material. The ICP-OES result suggests
that for Co-MOF-808 and CoS-MOF-808, the average loadings of
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distributions of MOF-808, Co-MOF-808, and CoS-MOF-808. BET surface areas are listed in (d).
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cobalt are 2.96 Co and 1.32 Co on each hexa-zirconium node,
respectively. This finding also implies that there is a partial loss
of cobalt during sulphurisation. Furthermore, from the ICP-MS
result for CoS-MOF-808, the atomic ratio between cobalt and
sulphur was determined as 0.59, which suggests that the amor-
phous cobalt sulphide present in CoS-MOF-808 has an overall
chemical composition of CoS; go.

The FTIR spectra of MOF-808, Co-MOF-808 and cobalt
acetate tetrahydrate, ie., the precursor used for installing
cobalt in MOF-808 during SIM, are shown in Fig. S3(a) (ESIT).
Two characteristic peaks originated from the CHj; rocking
vibration of acetate ions located at 1059 and 1027 cm ' can
be found in the FTIR spectrum of Co-MOF-808,>® which
indicates that some acetate ions were coordinated on either
the hexa-zirconium nodes or the installed cobalt ions during
the SIM process. In addition, as revealed in Fig. S3(b) (ESIY),
one characteristic peak of Co-S stretching located at 610 cm™"
can be found in the FTIR spectrum of CoS-MOF-808,>* which
further verifies the presence of cobalt sulphide in CoS-MOF-808.

To investigate the porosity of the materials, the nitrogen
adsorption-desorption isotherms of MOF-808, Co-MOF-808,
and CoS-MOF-808 were measured, and the results are shown in
Fig. 2(d). The pristine MOF-808 shows a Brunauer—Emmett—Tel-
ler (BET) surface area of 2030 m> g™ *, which is in good agreement
with the reported values for MOF-808.*%°> After the installation
of cobalt by SIM, the BET surface area decreases to 1180 m* g~ ',
but the microporous characteristic of MOF-808 is still present in
the isotherm of Co-MOF-808, implying that the major porosity of
the MOF is not clogged by the installed cobalt; this observation is
quite similar to that of MOF-808 installed with other spatially
dispersed metal ions reported in our previous studies.”>>° After
sulphurisation, the obtained CoS-MOF-808 reveals almost the
same BET surface area (1200 m> g~ ') and porosity as those of
Co-MOF-808, which may be attributed to both the increased
weight of the material owing to the formation of cobalt sulphide
and the decreased weight due to the partial loss of cobalt during
sulphurisation; this finding is also in part supported by the ICP-
OES data. The DFT pore size distributions of all materials were
extracted from their isotherms and are shown in Fig. 2(e). The
pristine MOF-808 has the main pore size centred at around
1.6 nm, which is, in general, consistent with the pore size of
MOF-808 present in its crystal structure.® After both the SIM
process and sulphurisation, the main pore size of MOF-808
obviously decreases to 1.3 nm with reduced pore volumes,
implying that both the installation of cobalt on the nodes during
SIM and the formation of cobalt sulphide during sulphurisation
uniformly occurred within the micropore of MOF-808. Findings
here suggest that after the two-step incorporation of cobalt
sulphide, the major microporosity of MOF-808 can still be
preserved.

Owing to the amorphous character of the synthesized cobalt
sulphide here, XPS analysis was used to further explore the
surface chemical state of cobalt sulphide in CoS-MOF-808. The
obtained XPS spectra in the regions of Co 2p and S 2p along
with the corresponding fitting curves are shown in Fig. S4
(ESIt). One sharp peak located at 778.75 eV along with another
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broad peak centred at 781.30 eV can be observed in the Co 2p;/,
XPS spectrum of CoS-MOF-808. In addition, another set of dual
peaks located at 793.85 and 797.10 eV can also be observed in
the corresponding Co 2p,, XPS spectrum, as shown in Fig.
S4(a) (ESIt). The presence of such four XPS peaks indicates the
coexistence of Co®" and Co®" in CoS-MOF-808, and the fitting
results here agree well with the typical XPS characteristics of
CooSg reported in previous studies.>’*° In addition, as shown
in Fig. S4(b) (ESIT), two XPS peaks located at 162.5 €V and 168.7 eV
in the XPS spectrum of CoS-MOF-808 in the S 2p region corre-
spond to the S 2p,,, peak and satellite peak of the sulphur present
in CooSg, respectively.’®®" The findings from XPS, ICP-OES, ICP-
MS and PXRD suggest that the amorphous cobalt sulphide
present in CoS-MOF-808 has an overall chemical composition of
CoS; 69, and its surface possesses a chemical state similar to that
of CoSg with the coexistence of Co** and Co®".

Since no obvious difference in the surface morphologies of
MOF-808, Co-MOF-808, and CoS-MOF-808 can be observed
under SEM, the TEM images of all materials were further
obtained in order to probe the morphology within the materi-
als. Fig. S5 (ESIt) shows the TEM images of MOF-808 and Co-
MOF-808, which reveal that both materials are composed of
octahedral MOF crystals with a smooth surface without any
particles formed inside. The EDS elemental mapping data of
Co-MOF-808 also show the uniform distributions of Zr and Co
within the entire MOF crystal (Fig. S6, ESIT). These findings
indicate that after the SIM process, spatially dispersed cobalt
sites can be installed on the nodes of the entire MOF structure
without generating aggregated cobalt particles; this is consistent
with the typical feature of Zr-MOFs after such a self-limiting SIM
process.*>**%? The TEM images of CoS-MOF-808 are shown in
Fig. 3(a and b), which reveal a completely distinct morphology
compared to those of MOF-808 and Co-MOF-808; several sphe-
rical nanoparticles embedded within the MOF crystals can be
clearly observed. The EDS elemental mapping data of CoS-MOF-
808 are shown in Fig. 3(c—f), which also indicate that both the
cobalt and sulphur are uniformly distributed within the entire
Zr-MOF crystal. The particle size distribution of these nano-
particles embedded in the MOF estimated from the TEM image
of CoS-MOF-808 is shown in Fig. S7 (ESIt). The result indicates
that the major particle sizes of these cobalt sulphide nano-
particles range from around 2 nm to 3 nm, which are quite
similar to the main cage size present in the crystal structure of
MOF-808, ca., 2.2 nm. It should be noted that a considerable
number of nanoparticles larger than 3 nm but still less than
7 nm can also be observed in the TEM image, which should be
attributed to multiple nanoparticles stacked in the projected
direction of the TEM image and some large nanoparticles
present on the external surface of the MOF crystal. Findings
here suggest that the nanoparticles of cobalt sulphide confined
within the nanopore of MOF-808 and uniformly distributed in
the MOF crystals can be successfully synthesized.

3.2. Catalysis for TMB/H,0,

In previous studies, a range of inorganic metal oxides and
metal sulphides were reported to exhibit enzyme-mimicking

© 2022 The Author(s). Published by the Royal Society of Chemistry
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200 nm

Fig. 3 TEM images of CoS-MOF-808 at (a) low and (b) high magnifica-
tions. EDS elemental mapping signals of (d) zirconium, (e) cobalt, and (f)
sulphur, recorded in the rectangular region indicated in the TEM image of
CoS-MOF-808 shown in (c).

activity capable of oxidation of TMB in the presence of H,0,,
which can be applied to the colorimetric detection of H,0,
relying on the absorbance change caused by the produced
oXTMB.%**** Since cobalt sulphide was also reported to show
such activity,"**® we reasoned that the pore-confined cobalt
sulphide nanoparticles here should be an attractive catalyst for
such a reaction. Because such catalytic processes are usually
operated in weakly acidic acetate buffer solutions,*® the struc-
tural integrities of MOF-808 and CoS-MOF-808 were first tested
in such an environment. As shown in Fig. S8 (ESI}), the
crystallinity of both MOF-808 and CoS-MOF-808 are well pre-
served after exposure to the 0.1 M acetate buffer solution with a
pH value of 4.03 for 1 h. CoS-MOF-808 was then used as the
catalyst to test its catalytic activity for oxidizing TMB in the
presence of H,0,. UV-vis absorbance spectra were recorded to
examine the formation of oxTMB, which shows strong absor-
bance at 652 nm. The UV-vis spectra of the solution samples
after the catalytic process are shown in Fig. 4. It was observed
that the solution containing TMB, H,0,, and the dispersed
CoS-MOF-808 catalyst displayed an obvious colour change from
colourless to blue after 10 min of reaction (see Fig. 4(b)), and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UV-vis spectra of the solution samples after 10 min of reaction
under stirring at 300 rpm. Each solution is composed of 0.1 M acetate
buffer solution (pH = 4.03) and DMSO (viv = 9:1). Concentrations of
other species: [H,O,] = 1 mM; [TMB] = 0.5 mM; [MOF-based solid] =
0.5 mg mL™% It should be noted that “Blank” represents the solution
sample containing 0.1 M of acetate buffer solution and DMSO (viv = 9:1).
The inset shows the photograph of the solutions after 10 min of reaction:
(@) H205 + TMB; (b) CoS-MOF-808 + H,O, + TMB.

strong absorbance at 652 nm can be found in its UV-vis
spectrum. However, when dispersed Co-MOF-808 or MOF-808
was used, only a fairly low absorbance at 652 nm can be
observed in the resulting UV-vis spectrum (also see the magni-
fied version of spectra in Fig. S9, ESIt), and this absorbance is
almost the same as that of the sample without adding MOF
(Fig. 4(a)); this observation indicates that both MOF-808 and
cobalt-installed MOF-808 are not active catalysts for the redox
reaction between TMB and H,0,. A control experiment with the
addition of the CoS-MOF-808 catalyst and TMB without adding
H,0, was also conducted, which also resulted in negligible
absorbance at 652 nm after 10 min of reaction (see Fig. 4 and
Fig. S9, ESIT). Findings here clearly indicate that pore-confined
cobalt sulphide nanoparticles can effectively accelerate the rate
of the redox reaction between TMB and H,O, to generate oxTMB.

To define the material as a catalyst for the TMB/H,0,
reaction, it is important to verify the turnover number (TON),
which is defined as the number of oxTMB produced per active
site of the catalyst, can at least exceed 1. It should be noticed
that concerns have been raised in recent studies regarding the
TON of the materials for this reaction, and it has been found
that some previously reported materials that are capable of
accelerating the rate of redox reaction between TMB and H,O,
are in fact the self-limited reagents instead of catalysts.’*>°
Thus, to confirm that the pore-confined cobalt sulphide nano-
particles here are the catalyst for a TMB/H,0, reaction, a
200 mL large-scale catalytic experiment was conducted (also
see details in the Experimental Section). As shown in Fig. 5, the
amount of oXTMB generated after 15 min of reaction can be
calculated from the obtained absorbance value at 652 nm
by using Lambert-Beer’s law (epms = 39000 M~ em™').>?
Thereafter, from the difference in the absorbance of samples
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Fig. 5 UV-vis spectra of the solution samples after 15 min of reaction
under stirring at 600 rpm. Each solution during the reaction is composed
of 200 mL of 0.1 M acetate buffer solution (pH = 4.03) and DMSO (v:v =
9:1). Concentrations of other species: [H,O,] = 245 mM; [TMB] = 0.5 mM;
[CoS-MOF-808] = 0.01 mg mL™.

after the reaction with and without adding 2.0 mg of CoS-MOF-
808, the amount of oxTMB generated owing to the presence of
CoS-MOF-808 was determined as 4.96 pmol. Since it is not
viable to estimate the amount of exposed active sites present in
the cobalt sulphide nanoparticles confined in MOF-808 which
participate in the reaction, we considered all the atomic cobalt
sites present in the material as the active sites in order to obtain
the “underestimated” TON (see Section S2 in the ESILt for
details in the calculation). As a result, the obtained TON already
achieved 2.83 after 15 min of reaction, which clearly confirms
that the pore-confined cobalt sulphide nanoparticles belong to
the catalyst for the reaction between TMB and H,O0,.

It has been widely reported that the materials such as cobalt
sulphide and other transition metal oxides that can exhibit the
enzyme-mimicking activity to catalyse the reaction between
TMB and H,O, follow the Michaelis-Menten reaction
kinetics.’>®*°® Thus, a series of experiments were carried out
to probe the reaction kinetics of this catalytic process occurring
on CoS-MOF-808. It should be noticed that since two sub-
strates, i.e., TMB and H,0,, are present here, apparent kinetic
parameters of each substrate need to be acquired separately by
conducting the experiments with various concentrations of one
substrate while keeping another substrate at a fixed
concentration.*®° The experimental details can be found in
the Experimental section, and the obtained initial reaction rate
(Vo) at each concentration of the substrate with H,O, as the
substrate and TMB as the substrate are listed in Tables S1 and
S2 (ESIT), respectively. By utilizing the Lineweaver-Burk plot
shown in Fig. S10(a) (ESIt), the K,,, and maximum reaction rate
(Vimax) of the CoS-MOF-808 catalyst with H,0, as the substrate
were determined as 35.39 mM and 42.73 x 10°° M s,
respectively. On the other hand, according to Fig. S10(b) (ESIY),
the K, and V.« values with TMB as the substrate are 0.24 mM
and 37.31 x 107 % M s, respectively (see details in Tables S1
and S2 in the ESIT). According to these kinetic parameters, the
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Michaelis-Menten models for H,O, and TMB were further
constructed, respectively. As shown in Fig. S10(c) and (d) (ESIY),
the experimental data are well consistent with the corres-
ponding model for both TMB and H,0,, which indicates that
the reaction between H,0, and TMB catalysed by CoS-MOF-808
follows the Michaelis—-Menten kinetics. It is worth mentioning
that ideally, the concentration range used for such kinetic
studies should be located between 0.5 K,, and 5 K, of the
targeted substrate;*® previous studies reporting the use of
cobalt sulphide-based materials for the TMB/H,0, reaction
also utilized similar concentration ranges for Kkinetic
studies.”®*” Herein, the use of a H,0, concentration higher
than 45 mM would reduce the reliability of the collected UV-vis
data owing to the fast initial reaction rate, and the use of a TMB
concentration higher than 0.6 mM exceeds the solubility limit
for TMB. Therefore, data of initial reaction rates collected
within 25-45 mM and 0.4-0.6 mM were used for the kinetic
studies of H,0, and TMB, respectively. These concentration
ranges are well located between 0.5 K, and 5 K, of the

0.5
izmM—o4mm_—oosmu (3)
0.4 [—— 1.0 mM — 0.3 mM — background
8 —0.8mM—0.2mM
c 0.3t
©
=
- //’\
< 0.1 A
fm\
0.0 1 L L -
600 620 640 660 680 700
0.35 Wavelength (nm)
£ 0.30[ (b) .
N ®
s 0.25}
© 0.20}
S
5 0.15}
£010r 7y =0.299*x + 0.046
20" R=0.990
< 0.00 L r—— . . . . .
0.0 0.2 04 06 08 1.0 1.2 14 1.6
Concentration of H,0, (mM)
Fig. 6 (a) UV-vis spectra of the solution samples after 10 min of reaction

under stirring at 300 rpm. Each solution is composed of 0.1 M acetate
buffer solution (pH = 4.03) and DMSO (v:v = 9:1) containing a certain
concentration of H,O,. Concentrations of other species: [TMB] = 0.5 mM;
[CoS-MOF-808] = 0.5 mg mL™. (b) Absorbance at 652 nm recorded at
various concentrations of H,O, from the data shown in (a), with the
corresponding linear calibration line.
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corresponding substrates. Table S3 (ESIT) presents the kinetic
parameters of some reported materials, including metal oxides,
metal sulphides and some MOF-based materials, for the H,O,/
TMB reaction. Compared to these reported active materials,
Co0S-MOF-808 can achieve a medium K, for H,0,, but its V.,
for H,0, is among the highest in comparison with other
reported values. Besides, CoS-MOF-808 also possesses a rela-
tively lower K, value and a significantly higher V;,ax value for
TMB compared to other materials. This finding indicates that
CoS-MOF-808 has strong affinity toward TMB with a high
maximum initial rate.

CoS-MOF-808 was further applied for the colorimetric detec-
tion of H,O, by recording the absorbance of the sample at
652 nm after 10 min of reaction between 0.5 mM TMB and a
certain concentration of H,0,. As shown in Fig. 6, the absor-
bance increases obviously with an increase in the concentration
of H,0,, and a linear range from 0.05 mM to 0.6 mM can be
obtained from the calibration curve. The limit of detection
(LOD) was estimated as 7.51 pM based on the signal-to-noise
ratio of 3. Table S4 (ESIY) lists the comparison between the
sensing performances of the CoS-MOF-808-based H,0, sensor
and those of other reported colorimetric sensors. It is worth
mentioning that compared to the nanostructural cobalt sul-
phide reported previously,** CoS-MOF-808 can exhibit a similar
linear range and a significantly smaller LOD, which implies
that the pore-confined cobalt sulphide nanoparticles in MOF-
808 can significantly improve the catalytic activity and sensing
performance.

4. Conclusions

The controlled synthesis of cobalt sulphide nanoparticles that
are confined within the nanopore of a water-stable Zr-MOF,
MOF-808, can be successfully achieved by a two-step synthetic
strategy, with the self-limiting SIM process to install spatially
isolated Co(u) ions on MOF nodes followed by a solution-phase
sulphurisation process. The crystallinity, major porosity, and
surface morphology of the MOF-808 crystals can still be pre-
served after the incorporation of pore-confined cobalt sulphide
nanoparticles. The obtained cobalt sulphide nanoparticles dis-
tribute uniformly within the entire MOF crystal and are mainly
composed of amorphous CoS; o With a surface chemical state
similar to that of CosSg. The TEM images show that the major
particle size of these cobalt sulphide nanoparticles confined in
MOF crystals is around 2-3 nm, which is, in general, consistent
with the main pore size of MOF-808. The obtained CoS-MOF-
808 has been verified as a heterogeneous catalyst for the
reaction between H,O, and TMB. As a result, the CoS-MOF-
808 catalyst can be further utilized in the colorimetric detection
of H,0,, and a linear range of 0.05 mM to 0.6 mM and a LOD of
7.51 pM can be achieved. Aiming for a range of catalytic
applications, ongoing work is focusing on the selective
formation of pore-confined metal sulphide nanoparticles in
various Zr-MOFs with distinct pore sizes in order to modulate
the resulting particle size.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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