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Close integration of metal nanoparticles (NPs) into a metal—organic
framework (MOF) can be leveraged to achieve tailored functionality
of the resulting composite structure. Here, we demonstrate a “ship-
in-a-bottle” approach to produce ~4.0 nm bismuth (Bi) NPs within a
thiol-rich zirconium-based MOF of Zr-DMBD (DMBD = 2,5-dimer-
capto-1,4-benzenedicarboxylate). We found that the incorporation of
Bi NPs into the Zr-DMBD framework relies on the free-standing thiol
groups. These thiols have two roles — (i) aid in binding precursor Bi**
preventing to form the insoluble bismuthyl unit (BiO*) and (ii) control-
ling the growth of Bi NPs. The resulting composite, denoted as
BiNP@Zr-DMBD-1, displayed enhanced catalytic activity due to strong
interactions between Bi NPs and organic linkers mediated by sulfur,
promoting charge transfer from the Bi NP to the MOF matrix. BINP@Zr-
DMBD-1 remained stable after CO, electroreduction to formate in a flow
setting, with >88% faradaic efficiency at 25 mA cm~2 current density.
Additionally, BINP@Zr-DMBD-1 composite was shown to exhibit photo-
activity beyond the typical near-UV absorption range of Bi NPs, where it
completely degraded methylene blue dye within 1 h of blue LED irradia-
tion. This work therefore underlines the potential of thiol-rich MOFs in
developing new nanomaterials for diverse catalytic applications.

1. Introduction

The integration of metal nanoparticles (NPs) into metal-organic
frameworks (MOFs) has yielded noteworthy breakthroughs in
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Nanoparticles (NPs) of bismuth (Bi) are important for catalysis, magnetic,
and biomedical application. However, ultrasmall Bi-NPs (~10 nm or
below) is very unstable due to tendency to oxidise and agglomerate.
Metal-organic frameworks (MOFs) provide a platform for incorporating
NPs within their structures. Surprisingly, examples of Bi-NPs MOFs are
scarce. To address these issues, we introduce a ‘“ship-in-a-bottle” strategy
to synthesize ultrasmall Bi NPs within Zr-DMBD, a thiol-rich zirconium-
based MOF. Unlike previous studies where Bi NPs were merely adsorbed
onto MOF surfaces, our approach utilizes Hard-Soft Acid-Base (HSAB)
concept to directly integrate Bi-NPs into the Zr-DMBD framework. The
soft thiol groups bind to Bi*" ions, preventing the formation of insoluble
bismuthyl units (BiO*) and controlling nanoparticle growth. The resulting
BiNP@Zr-DMBD-1 shows strong chemical bonding between Bi NPs and
the MOF, that also enhances charge transfer. As a result, our BINP@Zr-
DMBD-1 excels over common Bi and Bi-chalcogenides in both
electrocatalysis, selectively reducing CO, to formate, and photocatalysis,
with excellent visible light photoactivity. This work significantly advances
MOF-based nanomaterials by demonstrating a method to achieve stable,
chemically bonded NPs that can be extended to other soft metals within
thiol-rich MOFs.

diverse applications such as catalysis, sensing, and energy
storage.'™ There are two predominant methodologies to incorpo-
rate NPs into MOFs. The first is a ‘ship-in-a-bottle’ approach,
where the MOF is impregnated with a metal salt solution followed
by its treatment with reducing agents to reduce the metallic
cations to the elemental state.'° The second method is known as
the ‘bottle-around-the-ship’ approach where the MOF is assembled
around a pre-synthesized metal NP seed.>''™*® While both processes
have their respective advantages, they face common challenges:
including agglomeration of NPs, phase separation between NPs and
MOFs, as well as degradation of the MOFs’ crystallinity, surface
areas, and porosity. Additionally, direct carbonization of a MOF
under inert atmosphere is another bottom-up approach to obtain
nanoparticles encapsulated in carbonized material where high-
cost MOF acts as the precursor/template.” Arguably, keeping the
NPs within the MOF channels is more favorable, as the unique

This journal is © The Royal Society of Chemistry 2025
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nano-reticular chemistry of the MOF as well as the NP-MOF
interactions can be leveraged to enable precise control over the
size, distribution and functionality of the embedded NPs.'?
However, achieving both seamless NP-MOF integration and
desirable composite properties is challenging. Thus, innovative
strategies and a clearer understanding of the metal-MOF incor-
poration mechanisms are needed. Up to now, various mono- or
bi-metallic nanoparticles, including Au, Pt, Pd, Co, Ni, etc. have
been incorporated into various MOF matrices.'*> On the other
hand, bismuth (Bi) has recently garnered attention in the
electrochemical reduction of CO, (CO,RR) to formate due to
its high efficiency, low toxicity, abundance, stability, and cost-
effectiveness.'® To date, various Bi-based catalysts with diverse
morphologies and compositions have been developed, including
single atomic Bi,'® Bi nanoparticles,>*>* Bi nanobelts,'® Bi nano-
wires,?* Bi,O; nanotubes,?® and bismuthene.?® However, these
Bi electrocatalysts often require large overpotentials or exhibit
low current densities, limiting their practical applications in
CO,RR. To tackle these challenges, several Bi-MOF-based elec-
trocatalysts with designed Bi nanostructures featuring abun-
dant corners and edges have been developed.'®*” " It’s worth
noting that these Bi-MOFs often need to be pyrolyzed to form
BiNP/carbon composites, which destroys the precious organic
building blocks, diminishes the crystallinity and total surface
area/porosity, and leads to uncontrolled aggregation of BiNP,
possibly also causing undesirable evaporation of Bi during the
pyrolysis process.'®?%?" Not surprisingly, examples of MOF-
incarcerated Bi NPs are scarce due to inherent challenges such
as high instability of Bi NPs, tendency for Bi NP agglomeration,
and susceptibility of Bi to be oxidized to its ionic state.
Furthermore, the “ship-in-a-bottle” method requires the host
MOF must exhibit several essential properties: (i) the frame-
work should provide sites that enable uniform uptake of metal
ion precursors, (ii) it should permit precise control over nano-
particle formation, and (iii) it must maintain stability through-
out post-synthetic processing. Recently, Wu et al. overcame
these challenges by introducing Bi NPs into a zirconium-
based porphyrin MOF, PCN-222, employing a ‘ship-in-a-bottle’
approach.*” The resulting Bi-PCN-222 composite exhibited
excellent self-bacteria-killing and wound-healing properties.
Despite the strong interaction observed between the MOF and
Bi NPs, there was no distinct chemical bonding between the
organic linker and the Bi NPs. As a result, Bi NPs were absorbed
on the surface of nanocubes of PCN-222. The establishment of
strong interactions between the metal nanoparticles (NPs) and
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organic linkers is crucial not only to enhance electron transfer
within the host network but also to stabilized metal NPs inside
the MOF matrix. In this study, we present a ‘ship-in-a-bottle’
approach to incarcerate Bi NPs into Zr-DMBD (DMBD =
2,5-dimercapto-1,4-benzenedicarboxylate), a thiol(-SH)-rich Zr-
based UiO-66 type MOF, with strong electronic interactions
between NPs and MOF matrix primarily via metal-thiolate bonds
(Fig. 1).** The linker molecule, H,DMBD (2,5-dimercapto-
benzenedicarboxylic acid), combines hard and soft properties
based on the hard and soft acids and bases theory, with carboxyl
groups (hard) and thiol groups (soft). The chemically hard Zr** ion
preferentially binds with the ‘hard’ carboxyl groups, resulting in
an open MOF (Zr-DMBD) with densely arranged free-standing -SH
groups that offer unique advantages. For instance, thiols as strong
soft donors readily take up various metal ions,**® (e.g., mimick-
ing the iron-sulfur, copper-sulfur proteins) within the MOF
matrices. Our strategy based on the strong affinity of soft thiol
groups for Bi*" ions, leading to homogeneously distributed Bi-
thiolate units within the porous Zr-DMBD framework (Fig. 1).
Furthermore, the Bi-thiol interaction is pivotal in controlling the
growth of Bi NPs within the crystalline nanoporous MOF during
subsequent reduction steps. Additionally, Zr-DMBD stands out for
its exceptional stability in water and common organic solvents,
even under acid/mild base conditions.***”3%*° The unique
synergy between hard-and-soft design and stability of Zr-DMBD
was thus instrumental in enabling the encapsulation of these
challenging Bi NPs within MOF particles through a straight-
forward “ship-in-a-bottle” approach. Recent evaluations of a
Bi(m) ion-loaded Zr-DMBD for CO,RR to formic acid (FA) revealed
that metallic Bi generated in situ was the active catalyst.*' There-
fore, we envisaged the potential of our novel BINP@Zr-DMBD as
an efficient electrocatalyst for CO,RR to FA. As anticipated,
BiNP@Zr-DMBD demonstrated excellent electrocatalytic efficacy
with high Faradic efficiency (FE) and high selectivity towards
formate.

Just like noble metals, Bi nanoparticles have plasmonic
properties that are highly influenced by their particle sizes
and the dielectric environment.*>** For example, small Bi
NPs (with diameters <20 nm) exhibit absorbance in the (near)
UV region, especially around 400 nm.** Since only about 4% of
sunlight consists of UV light, there has been ongoing research
to create bismuth-based photocatalysts that can perform under
visible light, which makes up 42% of the solar irradiance
spectrum, such that solar energy can be effectively harnessed
for photocatalytic applications. This research includes exploring
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Fig. 1 Schematic presentation of chemical transformation of Zr-DMBD to
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materials like bismuth tungstate,*>*® bismuth oxyhalides,*”°
bismuth ferrite,”" and composites with graphene oxides,”> among
others. Many scientists have been interested in enhancing the
performance of MOFs (e.g., HKUST, UiO-66 etc.) by combining
them with substances like Bi,O; or BiVO,, aiming to improve their
ability to use visible light for photocatalysis.>® In this context, we
showcase the utilization of BiNP@Zr-DMBD as a photocatalyst
and assess its effectiveness in the degradation of model organic
compounds such as methylene blue under visible light.

2. Experimental section

2.1. Synthesis of Zr-DMBD

Typically, a 250-mL Schlenk tube loaded with 2,5-dimercapto-
1,4-benzenedicarboxylic acid (H,DMBD 198.6 mg, 0.87 mmol)
was evacuated and refilled with N, for 3 times. The DMF
(dimethylformamide, 32 mL) solution of ZrCl, (204.0 mg,
0.87 mmol) and acetic acid (7872.0 mg, 131.20 mmol) was
bubbled with N, gas for 5 min and then transferred into the
Schlenk tube under N, protection. The Schlenk tube was
capped tightly and placed into a 120 °C oil-bath for 24 h. After
the solution was cooled down slowly to room temperature, the
resultant precipitate was collected by centrifugation, washed
by DMF (15 mL, three times), DCM (dichloromethane, 15 mL,
three times), and solvent exchange with acetone for one day.
Finally, sample was dried under N, flow to obtain as-synthe-
sized Zr-DMBD as a slightly yellow colored powder.

2.2. Synthesis of Bi@Zr-DMBD

In a typical synthesis, 10 mL of aqueous Bi(NOs);-5H,0 was
prepared at a concentration of 10 mM, and the solution
was maintained at pH 2 using HNO;. To this acidic solution,
100 mg of Zr-DMBD was added. The resultant mixture was
stirred overnight at room temperature. Afterward, the solid was
isolated by centrifugation, washed with H,O (10 mL, pH 2,
three times), then soaked in DI water for a day and centrifuged
to replace the water three times. This solid sample was washed
with ethanol (10 mL, three times) before immersing in acetone
(replaced solvent three times in random intervals) for one day
for solvent exchange. Finally, sample was dried under vacuum
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for 24 h to obtain as-synthesized Bi@Zr-DMBD as orange solid
powder.

2.3. Synthesis of BINP@Zr-DMBD

In a typical synthesis, 60 mg of Bi@Zr-DMBD was dispersed in
10 mL of ice-cold DI water and the mixture was stirred in an ice
bath for 30 min. To this, 2 mL of ice-cold aqueous NaBH, (1 M)
was added dropwise and the reaction mixture was stirred at
room temperature for 15 min. Afterward, the solid was isolated
by centrifugation, washed with H,O (10 mL, three times), and
then with ethanol (10 mL, three times). The sample was
immersed in acetone (replaced solvent three times in random
intervals) for one day for solvent exchange. Finally, the solids
were dried under vacuum for 24 h at room temperature to
obtain as-synthesized BiNP@Zr-DMBD-1 as dark green solid
powder. Following the same protocol, black colored BiNP@
Zr-DMBD-2 was synthesized using 4 ml of aqueous NaBH, (1 M).

3. Results and discussions

3.1. Metalation of Zr-DMBD: synthesis and characterization

To start with, a light yellow colored solid of Zr-DMBD was
synthesized following the previously reported procedure.’” The
structure of as-synthesized Zr-DMBD was confirmed by com-
paring the powder X-ray diffraction (PXRD) pattern and Fourier-
transform infrared spectroscopy (FT-IR) spectrum with pre-
viously reported results (pattern (i) in Fig. 2a, b and ¢).**?”
The distinct PXRD peaks of Zr-DMBD revealed that it is
isostructural with the reported UiO-66, which contains linear
1,4-benzenedicarboxylate struts and ZrsO,(OH), clusters as
12-connected nodes.>* Furthermore, quantitative refinements
of the Zr-DMBD PXRD matches well with the closest Zr-DMBD
structure based on UiO-66(SH), (Fig. S2b, ESIT).”> The solid
Zr-DMBD sample was subjected to elemental and inductively
coupled plasma (ICP) elemental analyses; leading to a composi-
tion of ZrgO4(OH)4-(CsH,04S,)6:(DMF)-(H,0)14 (Table S1, ESIT).
Based on this composition, the ligand accounts for 70% of
the total weight, which is consistent with the TGA analysis
(Fig. S11, ESIt). In aqueous environments, Bi** ions can rapidly
transform into insoluble bismuth hydroxide or bismuth oxides
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(a) X-ray powder patterns of (i) Zr-DMBD, (ii) Bi@Zr-DMBD, and (iii) BINP@Zr-DMBD-1; (b) enlarged version of PXRD of (i) Zr-DMBD, (i) Bi@Zr-

DMBD, and (iii) BINP@Zr-DMBD-1; (c) FT-IR spectra of (i) Zr-DMBD, (ii) Bi@Zr-DMBD, and (iii) BINP@Zr-DMBD-1.
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at neutral or high pH levels.’® To circumvent this intrinsic
problem, the orange solids of Bi@Zr-DMBD was synthesized
by treating Zr-DMBD with a 10 mM aqueous solution of
Bi(NO;);-H,O at pH 2 in an overnight reaction at room tem-
perature (see Fig. 1).”” The PXRD pattern of Bi@Zr-DMBD
showed all the crystalline planes of Zr-DMBD along with several
new planes attributed to thiolate-anchored crystalline Big sub-
units similar to [Big(NO3)s(OH)3(0)s]-3H,O (PDF 04-012-8486)
(Fig. S26 in the ESIf). On the other hand, the FT-IR spectrum of
Bi@Zr-DMBD demonstrated that the distinct stretching vibra-
tion of S-H at 2573 cm™ " disappeared after metalation indicat-
ing the formation of S-Bi bond via S-H bond cleavage (Fig. 2¢c
and Fig. S1a, ESIf).”” The sulfur-bismuth bond exhibits
high thermal and hydrolytic stability and can control high
coordination capacity of the bismuth center.*® Consequently,
bismuth-thiolate interaction in Bi@Zr-DMBD prevented the
intermolecular interactions and polymerization of Bi** to form
the bismuthyl unit (BiO"), which essentially precipitates quan-
titatively. The energy-dispersive X-ray spectroscopy (EDX) ele-
mental mapping of Bi@Zr-DMBD revealed the homogeneous
distribution of Bi in the crystals Zr-DMBD together with other
key constituent elements such as of S, O, and Zr (Fig. S4, ESIY).
We also employed XPS to confirm the compositions of
MOF materials, showing the existence of C, O, S, Zr, and Bi
elements in Bi@Zr-DMBD which is consistent with the EDX
mapping (Fig. S25(ii), ESIT). Since these studies didn’t provide
the evidence of elemental N from nitrate, we believe that
amount of Big subunit is significantly low and primarily pre-
sents inside the MOF matrix. Additionally, the PXRD pattern of
Bi@Zr-DMBD showed appearance of small broad and right-
shifted satellite peaks of (111) and (200) planes centered at
20 = 7.6° and 8.8° respectively attributed to cell contraction
by partial structural change by the small quantity of thiol
anchored crystalline Bis subunits inside the porous MOF matrix
(Fig. 2b). The ICP analysis showed a Zr/Bi ratio of 6.0:4.1. The
N, adsorption isotherm of Bi@Zr-DMBD at 77 K exhibited a
typical type-I isotherm with a Brunauer-Emmett-Teller (BET)
surface area of 263 m”> g~ ', which is smaller than the that
of Zr-DMBD (413 m> g~ '). The BJH desorption pore size
distribution indicated that the pore size of Zr-DMBD was
distributed at around 1.3, and 2.5 nm, especially predominately
distributed around 1.3 nm, which was reduced drastically in
Bi@Zr-DMBD indicating the occupancy of Bi inside the pores of
MOF matrix (Fig. S7, ESIf). However, the scanning electron
microscopy (SEM) images showed that the morphology of
Zr-DMBD retained in Bi@Zr-DMBD after metalation, although
the average size of the particles was reduced slightly (Fig. S9,
ESIt). The FT-IR spectra of Bi@Zr-DMBD showed the pre-
sence of two strong signals at 1580 and 1399 cm ™' due to the
asymmetric and symmetric stretching of carboxylic (O-C=0)
group respectively and three characteristic bands at 565 cm ™,
470 cm™ ', and 667 cm ! attributed to the Zr-O(C) and Zr-O
stretching frequencies respectively (Fig. 2c and Fig. Sib,
ESIt).>®*° These results thus corroborate that the connection
between organic linker and Zr-O cluster remained intact after
metalation by Bi in Bi@Zr-DMBD.

This journal is © The Royal Society of Chemistry 2025
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3.2. MOF-incarcerated Bi NPs: synthesis and characterization

Bi NPs inside the MOF matrix was synthesized by reducing
orange colored Bi@Zr-DMBD using two different amounts of
aqueous solution of NaBH, as described in the experimental
section to obtain BINP@Zr-DMBD-1, and BiNP@Zr-DMBD-2 as
dark green and black colored solids respectively. The PXRD
patterns of both samples showed characteristic diffraction
peaks of metallic Bi indicating effective reduction of Bi** to
Bi® (Fig. $10, ESI). Dark green BiNP@Zr-DMBD-1 also exhib-
ited two characteristic signals originating from Zr-DMBD (111)
and (200) planes, indicating that the crystalline order of the
cubic net was maintained (Fig. 2a and Fig. $10, ESI{).>* On the
other hand, the crystallinity of the MOF completely vanished in
the black solids of BiINP@Zr-DMBD-2 (Fig. S10, ESIt). Trans-
mission electron microscope (TEM) micrographs of BiNP@
Zr-DMBD-1 showed that Bi NPs with average size of ~4 nm
was successfully formed inside the MOF crystals (Fig. 3). These
Bi NPs had a lattice spacing of about 0.33 nm that corre-
sponded to the (012) plane of the Bi NPs (Fig. 3c).”> Further-
more, no Bi NPs were detected outside of the MOF crystals,
indicating that all Bi NPs had been incarcerated into the
Zr-DMBD framework. EDS element mapping showed that the
Bi NPs obtained by reduction were evenly distributed within the
MOF (Fig. S5, ESIT). It is important to mention that the PXRD
pattern of BiNP@Zr-DMBD-1 showed peak broadening and
shifting towards higher 26 that could have arisen from a partial
change of the structure and cell contraction, respectively,
due to the confinement of Bi NPs inside the porous MOF
matrix (Fig. 2).

BINP@Zr-DMBD-1 was subjected to further CHNS, ICP,
and gas absorption analyses to probe the formation and

20 25 30 35 40 45 50 55 60
Particle size (nm)

Fig. 3 (a)-(c) Transmission electron micrographs of BiNP@Zr-DMBD-1 at
different scales and (d) the respective particle size histogram of 60
particles.
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incarceration of BiNP. ICP determined the bulk Zr/Bi ratio to be
6.0:4.4 (Table S1, ESIY), coupled with CHNS results, an empirical
composition of ZrgO4(OH), (CsH20455)s.5:(DMF)g03'(H20)16'Bis.a
is proposed. Based on this composition, the ligand constitutes
35% of the total weight that shows an approximate 25% loss
of linker molecules from the original Zr-DMBD aligning with
TGA analysis (Fig. S11, ESI{). A decrease in BET surface area to
199 m> g~ " (Fig. S6, ESIT) was also observed compared to pristine
Zr-DMBD, alongside a notable reduction in micropores and the
appearance of a broad distribution of mesopores (>4 nm) in
the BJH pore size distribution profile of BiNP@Zr-DMBD-1
(Fig. S7, ESIt). Taken together these data, our findings suggest
that nucleus of Bi NPs initially formed within the micropores of
Zr-DMBD. As the Bi NPs grew, we posit that partial framework
collapse may occur, creating larger voids (mesopores) within the
MOF matrix to accommodate the NPs causing significant pore
blockages that is also manifested in the low-pressure hysteresis in
the N, desorption isotherm of BINP@Zr-DMBD-1 (Fig. S6, ESIt).
Such partial framework collapse has been demonstrated pre-
viously on AuNPs/MIL-101 via controlled thermal treatment.®
There, the authors detected partial de-ligandation that afforded
stronger interaction between the metal NPs to the inorganic
nodes, while retaining some framework structure of the original
MIL-101. On the other hand, when the amount of reducing agent
used was too much, such as in the case for BINP@Zr-DMBD-2,
further separation of metallic Bi from the porous network of
Zr-DMBD occurred, leading to a bulk formation of metallic Bi
structure. This process led to significant structural collapse of the
Zr-DMBD framework, leaving behind a hollow MOF residue and a
high degree of phase separation between the metallic Bi and the
MOF, as observed in the TEM images (Fig. S12, ESI{).

The FT-IR spectrum of BiNP@Zr-DMBD-1 demonstrated
distinct bands in the wavenumber range of 1600 cm ' to
1300 cm " corresponding to carboxylate vibration, signifying
the presence of the DMBD linker (Fig. 2 and Fig. S1, ESI}).
Although EDX element mapping revealed sulfur as one of the
key constituents of BiNP@Zr-DMBD-1 (Fig. S5, ESIf), the
stretching vibration of S-H remained absent (Fig. S1, ESIT),
suggesting that the sulfur was likely coordinated with Bi.
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Concurrently, we synthesized BINP@UiO-66, aiming to inte-
grate Bi NPs within the sulfur-free UiO-66 framework using a
similar approach employed for BINP@Zr-DMBD-1. XRD analy-
sis revealed the presence of metallic Bi(0) phase alongside the
crystalline cubic network of UiO-66 (Fig. S10, ESIt). However,
TEM analysis indicated the formation of Bi NPs with an average
diameter exceeding 100 nm on the surface of UiO-66 (Fig. S13,
ESIT). This phase segregation can be attributed to the lack of
free thiols within UiO-66 to serve as anchors and to regulate the
controlled growth of ultra-small Bi NPs, as observed in the case
of BiINP@Zr-DMBD-1. Furthermore, in the case of UiO-66, Bi**
precursors that are physically absorbed can readily migrate and
aggregate into larger Bi nanoparticles on the surface following
NaBH, reduction.

X-ray photoelectron spectroscopy (XPS) was employed to
examine the oxidation states of Bi in both Bi@Zr-DMBD and
BiNP@Zr-DMBD-1 (Fig. 4). In the Bi@Zr-DMBD sample, the Bi
4f spectrum revealed two distinct peaks at 164.8 and 159.5 eV,
which correspond to Bi*" 4f;, and Bi** 4f,,, respectively
(Fig. 4a).°" In the case of BiNP@Zr-DMBD-1, the binding
energies of the constituent peaks of Bi 4f were found to be
slightly lower at 163.1 and 157.7 eV, which are closer to the
binding energies of the Bi’ 4f;,, and Bi® 4f,, states, respec-
tively, which suggests the presence of metallic Bi (Bi®) in
BiNP@Zr-DMBD-1 (pattern (iii) in Fig. 4a).°>%

It is worth noting that the S 2p signal was obscured by the Bi
4f spectrum in both Bi@Zr-DMBD and BiNP@Zr-DMBD-1,
despite being distinctly present at a binding energy of 163 eV
in Zr-DMBD (pattern (i) in Fig. 4a). These results revealed a
reduction of the Zr 3d binding energy upon the addition of Bi
(Fig. 4b). This observation suggests that the inclusion of Bi NPs
into Zr-DMBD enhances the electron density of Zr clusters, thus
initiating a charge transfer from Bi NPs to the MOF. Conse-
quently, the binding energy of Bi 4f in BINP@Zr-DMBD-1
appeared higher than that of typical metallic Bi®.®* Moreover,
the FTIR analysis of BINP@Zr-DMBD-1 displayed broadened
Zr-O(C) and Zr-O bands, along with a decrease in these stretching
frequencies, indicating that the coordination environment of the
Zr-oxo clusters had been altered (Fig. S1b, ESIt). Additionally, the

—_
1Y
~

(iii)

(ii)

Intensity (a.u.)

—
o
~

Intensity (a.u.)

Binding energy (eV)
Fig. 4
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(a) High-resolution XPS spectra in the region of Bi 4f for (i) Zr-DMBD, (i) Bi@Zr-DMBD, and (iii) BINP@Zr-DMBD-1. (b) High-resolution XPS spectra
in the region of Zr 3d for (i) Zr-DMBD, (ii) Bi@Zr-DMBD, and (iii) BINP@Zr-

DMBD-1.
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O 1s spectrum of BiNP@Zr-DMBD-1 displayed constituent peaks
related to O-C=O, C-O-Zr, and Zr-O-Zr bonding, but
with lower binding energies compared to Zr-DMBD (Fig. S14,
ESIt), likely due to enhanced electron transfer between Bi and Zr.
This could have resulted from the strong interactions between the
Bi NPs and the Zr-O clusters of the MOF, where the O atoms
play the role of facilitating the electron transfer between Bi
and Zr. Data from repeated synthesis and characterization con-
sistently demonstrated comparable atomic compositions and
structural properties, further confirming the reproducibility
of BINP@Zr-DMBD-1. References from the literature also support
the feasibility of achieving stable and reproducible outcomes
in similar systems, addressing concerns about practical
applications.**®>

3.3. Electrochemical CO, reduction

The CO,RR performances of BINP@Zr-DMBD-1 and BiNP@
Zr-DMBD-2 were first examined using conventional H-Cell with
static electrolyte and flowing CO, gas. Cathodic voltage was
varied from —0.8 V to —1.4 V (vs. RHE), and the gas and liquid
products were quantified. Both BINP@Zr-DMBD-1 (Fig. 5a) and
BiNP@Zr-DMBD-2 (Fig. 5b) demonstrate the expected affinity
towards formate CO,RR product, with H, being the main side
product alongside small amounts of CO, methane, ethylene,
and ethane. BiNP@Zr-DMBD-1 displayed superior formate
selectivity and turnover at more cathodic potential. Specifically,
at —1.4 V, the faradaic efficiency of formate (FEpormate) and
JFormate Were steady above 60% and —2.2 mA cm™” respectively.
In comparison, the FEgomate at —1.4 V for BINP@Zr-DMBD-2
dropped below 48%, with a concurrent elevation in H, produc-
tion to around 20%. Electrochemically active surface area
(ECSA) measurements revealed a slightly larger double layer
capacitance on BiNP-Zr-DMBD-1 (2.3 x 10~ > mF cm™ %) com-
pared to BiNP-Zr-DMBD-2 (1.9 x 10~° mF cm 2, Fig. S16b,
ESIT), which could not account for the activity differences.
We posit that the superior CO,RR to formate in BiNP@
Zr-DMBD-1 is linked to the smaller and more evenly distributed
Bi NPs within the Zr-DMBD framework (Fig. 3) in contrast to
BiNP@Zr-DMBD-2 where large Bi agglomerates were formed
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outside the MOF (Fig. S12, ESIf). As further comparison,
CO,RR were also performed using Bi@Zr-DMBD (unreduced
Bi** state) and BiNP@UiO-66 (BiNP was on the surface of
a sulfur free MOF). Both of these additional samples were
inferior to BINP@Zr-DMBD-1, in particular at more cathodic
potential of —1.4 V due sudden increase in H, and CO evolution
(Fig. S29, ESIT). These results indicated that the presence of
ultra small BiNP stabilized by thiol groups is important to
achieve high FEgormate and to suppress HER.

The better performing catalyst BINP@Zr-DMBD-1 was then
applied to flow cell configuration to demonstrate its applic-
ability to larger scale CO,RR. At —25 mA cm™ > applied current,
BiNP@Zr-DMBD-1 produces formate with over 88.1% selectivity
(Fig. 5c), equivalent to >22 MA ¢m 2 jrormate turnover. The
higher FE can be attributed to the higher availability of CO,
near the catalyst and a more stable bulk pH in the cathode
compartment due to the larger electrolyte reservoir volume.

Further investigation using electrochemical impedance
spectroscopy (EIS) at varying DC bias from 0 V to —1.6 V were
then performed to probe the charge transfer kinetics at CO,RR
relevant potentials (Fig. S17, ESIT). Closer inspection of indivi-
dual Nyquist plots reveals three time-constant components.
The component at higher frequency (100 kHz to 1 kHz) is
attributed to external parasitic effect as it does not change with
external DC bias (Fig. S17b, ESI). Fitting of the EIS data was
then done using modified Armstrong equivalent circuit for
multi-step reaction of one adsorbed intermediate,’®®” with an
additional R/C pair to represent external parasitic component
at high frequency (Fig. S17c, ESIT). The fitting revealed con-
sistently smaller charge transfer resistances (R, and Ry, Fig. 6a
and b) and higher admittance (Y,s and Yy, Fig. 6¢ and d) for
BiINP@Zr-DMBD-1 compared to BiNP@Zr-DMBD-2 at CO,RR
relevant cathodic potentials in both low and high frequency
ranges. It should be noted that R values in general reflect the
electrode kinetics, while Y is correlated with charges around the
electrode.®® The higher frequency R, and Y,; components are
commonly attributed to the double layer while the lower
frequency R, and Yy, (<1 Hz) to surface adsorption/reaction.®”
The fact that BINP@Zr-DMBD-1 shows lower R and higher Y at
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Fig. 5 Faradaic efficiencies (FE) of CO,RR products along with formate partial current density (cyan lines) for (a) BiINP@Zr-DMBD-1 and (b) BiNP@
Zr-DMBD-2 electrocatalyst in static H-cell configuration at fixed applied voltage as marked. (c) FE of CO,RR products of BiINP@Zr-DMBD-1 in flow cell

configuration at fixed —25 mA cm™2

respectively from 3 independent measurements.
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input current. Vertical orange and cyan bars represent standard deviations of FE and partial current density
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Fig. 6 Charge transfer resistance comparison between BiNP-Zr-DMBD-1 and BiNP-Zr-DMBD-2 at (a) intermediate frequency of 10 Hz to 1 kHz (R,,) and
(b) low frequency of <1 Hz (R,4). Admittance comparison of the representative pseudocapacitance element at (c) intermediate frequency of 10 Hz to
1kHz (Yos) and (d) low frequency of <1 Hz (Yy7). EIS fitting was done using modified Armstrong equivalent circuit for multi-step reaction of one adsorbed

intermediate. More details are available in ESI.{

both frequencies indicate that the superior CO,RR activity is 3.4. Post-catalysis characterization

not only caused by higher availability of active surface area, but

The short-range crystalline environments of the MOFs pre- and

also more facile intermediate adsorption over BINP@Zr-DMBD-2. post-electrochemical reduction were assessed using Raman
At frequency similar to catalysis turnover (<1 Hz), R, and Yo7 are  gpectroscopy to determine any in situ transformations of the
relevant metrics to reflect the intrinsic adsorption behavior and crystalline bismuth phase. As-prepared BiNP@Zr-DMBD-1

electrocatalytic activity.®® However, precise measurements of these  shows the expected Raman bands around 67.5 and 93.7 cm™

1

metrics at catalytically relevant potentials are challenging due to  belonging to the A, and E;, modes of Bi° (Fig. 7a). Post CO,RR
the vigorous product evolution leading to turbulent EIS data and  characterization shows the similar bands of Bi® alongside two

higher numerical fitting uncertainty (Fig. S17e, ESIT).
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Fig. 7 Comparison of as-prepared and post CO,RR characterization of BiNP-Zr-DMBD-1 (a) Raman spectra and (b) high resolution Bi 4f XPS. Broad
peak around 168 eV on Post CO,RR XPS spectra (black line) can be attributed to S 2s originating from the Nafion binder.
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to a B-Bi,O; phase that could have formed due to surface
oxidation. The surface oxidation effect was much more pro-
nounced in BiNP@Zr-DMBD-2, as seen from the more intense
B-Bi,O; peaks (Fig. S18, ESIf). XPS analysis performed on
BiNP@Zr-DMBD-1 post-CO,RR also revealed a 1.2 eV reduction
in the BE of Bi’ as shown in the Bi 4f spectra of BiNP@
Zr-DMBD-1 before and after CO,RR (Fig. 7b), indicating a
reduction in the charge transfer from the Bi NPs to the MOF
(Fig. 4a) after catalysis. This could likely be due to partial
decomposition of the MOF matrix.

To further probe this observation, we conducted additional
XPS elemental analysis of BINP@Zr-DMBD-1 after a simulated
CO,RR process but without any interfering ionomer (Nafion).
We found that while surface Bi to Zr ratio remained consistent
post-CO,RR condition (Table S2, ESIT), surface sulfur content
in BINP@Zr-DMBD-1 was significantly reduced following
CO,RR (Fig. S20, ESIf). While XPS finding suggests partial
decomposition of the organic linkers from the MOF, we posit
that the decomposition may be limited to the surface, as the
sampling depth of XPS is very shallow and no notable morpho-
logical degradation was observed in recovered catalysts TEM
post CO,RR (Fig. S19, ESIt). This implies that the Bi nano-
particles can still be protected within the MOF structure,
making the composite a more suitable catalyst for CO,RR to
formate compared to plain transition metal chalcogenides-
based catalysts.®®”° Our position is supported by the ICP result
of post-CO,RR bulk BINP@Zr-DMBD-1, showing that the bulk
Zr/Bi ratio was found to be practically the same at 1.4, indicating
that Bi NPs can still be stabilized in the bulk (Table S2, ESIY).

3.5. Photocatalytic degradation of methylene blue

UV-visible diffuse reflectance spectroscopy (DRS) was employed
to analyze the photo-absorption of the samples under investi-
gation. In the UV/Vis DRS of Zr-DMBD (spectrum in red,
Fig. 8a), absorption was observed within the range of 250 to
400 nm, with an absorption edge extending to 500 nm. Contrary
to the typical behavior of Bi nanoparticles (NPs) with small
diameters (<20 nm), which often exhibit absorption in the
near-UV region,* the UV/Vis DRS of BiNP@Zr-DMBD-1

View Article Online
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demonstrated a broad photo-absorption extending well into
the visible light region (spectrum in blue, Fig. 8a) indicating
improved efficiency in harnessing visible light. The presence of
surface plasmonic resonance (SPR) attributed to the Bi
NPs likely facilitated enhanced photo-absorption and energy
transfer in the BINP@Zr-DMBD-1 system, thereby benefiting
the photocatalytic process.’® The bandgap energy (E,) value of
BiNP@Zr-DMBD-1 was determined from the DRS data using
the Kubelka-Munk function F(R..),”" as represented by the
following equation:

(F(R..) )" = A(hv — E,)

1)

where R, is the reflectance of an infinitely thick specimen, Av
is discrete photon energy, and A is the proportionality constant.
The factor n depends on the nature of the electron transition
and is equal to 1/2 or 2 for direct and indirect transition band
gaps, respectively. Our analysis revealed that Zr-DMBD has an
indirect optical band gap energy of 2.8 eV which decreased to
2.5 eV following the incorporation of Bi NPs in BiNP@Zr-
DMBD-1 (Fig. 8b). The lowering of the band gap energy thus
suggests the potential for enhanced photocatalytic activity.

We then examined the photocatalytic efficacy of BINP@Zr-
DMBD-1 in the degradation of methylene blue (MB) dye when
exposed to visible light (specifically, blue light). In the experi-
mental setup, 5 mg of BINP@Zr-DMBD-1 was dispersed in a 10 ml
aqueous solution containing 25 ppm of MB dye, and the mixture
was continuously stirred while being subjected to blue LED light
exposure over a time interval of up to 60 min. Subsequently, the
photodegraded samples were centrifuged to separate the super-
natant for UV-vis absorption analysis. The UV-vis spectra (Fig. 9a)
show a gradual reduction in MB concentration over a span of
60 min under these conditions, whereas negligible degradation of
MB occurred without light exposure (Fig. S21, ESIT).

Next, the Langmuir-Hinshelwood (L-H) kinetic model
(eqn (2)) was employed to study the pseudo first-order photo-
catalysis kinetics of the photocatalytic degradation of MB using
BiINP@Zr-DMBD-1 as photocatalyst.

In(Co/C) = kt @)

40
(a) g9 J—zr-DMBD (b) **T—ZzomeD
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Fig. 8
DMBD (red line) and BiNP@Zr-DMBD-1 (blue line).
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(a) UV-Vis DRS of Zr-DMBD (red line) and BiNP@Zr-DMBD-1 (blue line). (b) Tauc plot of Kubelka—Munk function for bandgap determination of Zr-
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Fig. 9 Photodegradation of methylene blue using BINP@Zr-DMBD-1 under visible light irradiation. (a) Raw UV-Vis adsorption analysis spectra and (b) the
corresponding pseudo first-order rate constants according to the Langmuir—Hinshelwood kinetic model.

where C, and C are the initial concentration and concentration
after time ¢ respectively, and k is the rate constant of MB
decomposition. The concentration of MB varies proportionally
with the absorption value of its characteristic absorption peak at
Amax = 661 nm. Thus, in this study, the absorption value of 661 nm
of the solution was used for the calculation of Cy/C. By plotting
In(C,/C) versus t, we found the k of MB decomposition to be 7.6 x
10> min~" for BINP@Zr-DMBD-1 (Fig. 9b). This rate is 8.4 times
faster than that of Zr-DMBD alone (Fig. S22, ESIt). This result
indicates that Bi NPs significantly enhance the photocatalytic
efficiency of BINP@Zr-DMBD-1 under visible light. Furthermore,
Fig. S23 (ESI}) illustrates the recovery and reusability of BINP@
Zr-DMDB-1 for up to three cycles, with no discernible decline in its
photodegradation efficacy. The structural integrity of the recovered
catalyst after three catalytic cycles were confirmed by powder XRD
and BET surface area analyses (Fig. S27 and S28, ESIt). Radical
trapping experiments were carried out to investigate the radical
species involved in the photocatalytic degradation of MB. In these
trials, isopropyl alcohol (IPA) was utilized as a scavenger for hydroxyl
radicals (*OH), while benzoquinone (BQ) and formic acid (FA) were
employed as scavengers for superoxide radicals (*O, ) and holes
(h"), respectively.”” Results from these trials showed a significant
contrast in the photocatalytic efficacy of BINP@Zr-DMBD-1 in the
presence and absence of various scavengers (Fig. S24, ESIT). The
addition of FA had negligible impact on the photocatalytic decom-
position of MB, suggesting that h" played a minor role in the
oxidation process. Conversely, the presence of BQ significantly
hindered the photocatalytic activity, indicating the involvement of
*O,  in MB degradation. Moreover, the introduction of IPA slightly
impeded dye degradation due to the generation of a small quantity
of *OH through the reaction of *O,~ with proton. Hence, this study
demonstrated that near UV light-absorbing BiNP can be useful for
various photocatalytic applications, such as water treatment under
visible light, by incorporating them inside Zr-DMBD.

4. Conclusion

In summary, we present a ‘‘ship-in-a-bottle” strategy for embed-
ding highly unstable ultrasmall bismuth nanoparticles (Bi NPs)

1298 | Mater. Horiz., 2025, 12, 1290-1302

within the network of Zr-DMBD, a thiol-rich MOF. The incor-
poration process crucially relies on the presence of free-
standing sulfur, which plays a pivotal role in facilitating the
binding of Bi(u) precursor and to regulate the growth of Bi NPs
inside MOF particles. The strong interactions between the Bi
NPs and organic linkers mediated by sulfur, promote electron
transfer within the MOF matrix, enhancing the catalytic activity
of resultant composite. BINP@Zr-DMBD-1 exhibits excellent
performance in CO, electroreduction to formate with over 88%
FE at 25 mA cm > current density in a flow setting. Addition-
ally, BINP@Zr-DMBD-1 showcases efficient photocatalytic activity
under visible light, extending the utility of Bi NPs beyond their
typical near-UV absorption range. Notably, the composite main-
tains stability even after complete degradation of methylene
blue dye under blue LED irradiation within 1 hour. This work
opens new avenues for developing functional thiol-rich MOFs
into new nanomaterials with diverse catalytic and photocataly-
tic applications.
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