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Multidentate polyoxometalate modification of
metal nanoparticles with tunable electronic
statest

Kang Xia, "= Takafumi Yatabe, & Kazuya Yamaguchi® and Kosuke Suzuki ‘= *

To respond to the increasing demands for practical applications, stabilization and property modulation of
metal nanoparticles have emerged as a key research subject. Herein, we present a viable protocol for pre-
paring small metal nanoparticles (<5 nm; Ag, Pd, Pt, and Ru) via multidentate polyoxometalate (POM,
[SiWs034]'°7) modification. In addition to enhancing stability, the POMs can modulate the electronic
states of metal nanoparticles. Moreover, immobilization of the POM-modified metal nanoparticles on
solid supports enables further tuning of the electronic states via a cooperative effect between the POMs
and the supports without altering the particle size. Notably, POM-modified Pd nanoparticles on carbon

support exhibited superior catalytic activity and selectivity in hydrogenation reactions in comparison with

rsc.li/dalton

Introduction

Metal nanoparticles have emerged as attractive materials in
various research fields ranging from fundamental science to
industrial applications.” Their large surface area and abundant
surface sites endow small metal nanoparticles with superior
reactivity; however, their stability is still insufficient.”> To
address this issue, intense research efforts have been devoted
to stabilize small metal nanoparticles by employing organic
molecules, surfactants, halides, and polymers.® Unfortunately,
the negative effect of such approaches on the reactivity of
metal nanoparticles and the vulnerability of conventional
organic ligands have limited the application scope.* Moreover,
toward the realization of practical applications, protecting
ligands have recently been proposed to contribute to the
modulation of the properties of metal nanoparticles, e.g.,
structures, morphologies, and electronic states, rather than
simply providing stability.>*>

Polyoxometalates (POMs), a series of metal oxide clusters,®
have been used to stabilize metal nanoparticles in recent
decades.””® Apart from offering stronger protecting effects than
halides, phosphates, citrate, and surfactants,”* POMs exhibit
adaptable structures and properties, enabling synergistic
effects with metal nanoparticles in diverse fields, such as
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the catalyst without the POM modification.

energy conversion, catalysis, materials science, and
biochemistry.””® We recently confirmed that multidentate
POMs, a specific series of POMs with high negative charges
and multiple coordination sites, can be employed to prepare
Au nanoparticles exhibiting exceptional stability under practi-
cal catalytic conditions and superior performance in several
catalytic aerobic oxidation reactions compared with Au nano-
particles without this modification.” Experimental characteriz-
ations and theoretical calculations have revealed the presence
of robust electronic interactions between multidentate POMs
and Au nanoparticles, enabling the activation of molecular
oxygen by anionic Au species for an enhanced catalytic activi-
ty.” This method essentially approached the trade-off between
reactivity and stability for Au nanoparticles. In recent years,
numerous metal(—oxo) clusters templated by multidentate
POMs have been reported,’ which has prompted us to further
explore the modification of a wide range of metal nano-
particles with multidentate POMs. Moreover, immobilization
of POM-modified metal nanoparticles on solid supports has
proven conducive to stability.””"" However, this research field
remains largely unexplored, although exploring additional
functions of supports is essential to further tailor the pro-
perties of metal nanoparticles. Thus, addressing these issues
represents an important step toward the precise design of
metal nanoparticles with desired functions.

Herein, we report the preparation of various metal nano-
particles of Ag, Pd, Pt, and Ru modified with a multidentate
POM ([SiW503,4]"°", SiW9) simply by mixing the corresponding
metal precursors, sodium borohydride (NaBH,), and Siw9 in
aqueous media (Fig. 1). These metal nanoparticles exhibited

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic of the preparation of metal nanoparticles via modifi-
cation with the multidentate POM SiW9 and their immobilization on
carbon supports.

small sizes of less than five nanometers. Remarkably, stable
small Ag nanoparticles were obtained using this method, in
contrast with the agglomeration observed when using other
protecting ligands and fully occupied POMs. The as-obtained
metal nanoparticles retained their small particle size even
after immobilization on solid supports, and SiW9-modified
palladium nanoparticles on carbon support (Pd-Siw9/C)
exhibited superior catalytic activity and selectivity in hydrogen-
ation reactions in comparison with the catalyst without this
modification. Moreover, SiW9 can tune the electronic states of
the metal nanoparticles and cooperate with the carbon sup-
ports to achieve further property modulation.

Results and discussion
Preparation of POM-modified colloidal metal nanoparticles

Colloidal metal nanoparticles modified with the multidentate
POM SiWw9 (M-SiWw9) were prepared following our recently
reported aqueous-based synthesis method for Au nanoparti-
cles®® with slight modifications (Fig. 1). For example, Siw9-
modified Ag nanoparticles (Ag-SiW9) were prepared as follows:
AgNO; was mixed with a sodium salt of SiW9 (Na;(SiWeO3y,
NaSiW9) in water in an ice bath, and the resulting solution
was stirred for 30 min. Then, an aqueous solution of NaBH,
(0.1 M) was added dropwise as a reducing agent, resulting in
the formation of Ag-SiWw9. In a similar manner, Pd-SiWw9, Pt-
Siw9, and Ru-SiW9 were prepared using Na,PdCl,, K,PtClg,
and K,RuCls, respectively, as metal sources instead of AgNO;.
The characteristic pale yellow solution and the appearance
of a surface plasmon resonance (SPR) band at 405 nm in the
ultraviolet-visible (UV-vis) spectrum indicated the formation
of small Ag nanoparticles (Fig. 2a). Conversely, for other metal
nanoparticles, the absence of a SPR band hindered the esti-
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Fig. 2 UV-vis spectra and photos of the solutions of SiW9-modified
metal nanoparticles: (a) Ag-SiW9, (b) Pd-SiW9, (c) Pt-SiW9, and (d) Ru-
Siwo9.

mation of the particle size from the UV-vis spectra of the solu-
tions (Fig. 2b-d). Consequently, transmission electron
microscopy (TEM) and dynamic light scattering (DLS) analyses
were performed to confirm the formation of metal nano-
particles and determine their particle sizes. The TEM images
revealed the presence of metal nanoparticles with average dia-
meter (d,,) of several nanometers, ie., d,, = 3.4 nm for Ag-
Siw9, d,, = 2.4 nm for Pd-SiW9, d,, = 2.0 nm for Pt-SiW9, and
d.y = 3.8 nm for Ru-Siw9 (Fig. 3). Meanwhile, relatively larger
hydrodynamic sizes by ca. 2 nm were observed in the DLS ana-
lysis, indicating the presence of 1 nm-sized POM ligands sur-
rounding the metal nanoparticles (Fig. $11).5%¢

Next, zeta potential measurements were performed to inves-
tigate the surface states of the anionic POM-modified metal
nanoparticles (Table 1). Notably, highly negative zeta poten-
tials were observed for M-SiW9 (Ag-Siw9, —50.2 mV; Pd-Siw9,
—41.6 mV; Pt-SiW9, —46.3 mV; Ru-Siw9, —47.0 mV) compared
with those for metal nanoparticles protected with polyvinylpyr-
rolidone (PVP) or citrate as ligands (Ag-PVP, —12.1 mV; Pt-PVP,
+1.7 mV; Ru-PVP, —10.3 mV; Ru-citrate, —33.9 mV). These
results suggested that M-SiW9 possessed anionic POM layers
surrounding the metal nanoparticles.®"°

The structure of the multidentate POM was examined via
Raman and infrared (IR) spectroscopy using solid samples of
M-SiW9 prepared by freeze-drying their synthesis solutions.
The IR spectra of M-SiW9 and NaSiW9 showed similar absorp-
tion bands in the range of 400-1200 cm ™" (Fig. S21). Moreover,
the Raman spectra of M-SiW9 exhibited the characteristic
W=0, band at 940 cm™" similar to that of NaSiW?9 (Fig. S31).
These results suggested that the structure of SiW9 was main-
tained in M-SiW9.

Typically, Ag nanoparticles tend to agglomerate into
large-sized ones during their synthesis.'”> Despite their good
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Fig. 3 TEM images and the corresponding size distribution histograms
of colloidal SiW9-modified Ag, Pd, Pt, and Ru nanoparticles (a, Ag-SiW9;
b, Pd-SiW9; c, Pt-SiW9; d, Ru-SiW9).

Table 1 Zeta potentials of metal nanoparticles modified with SiW9 and
organic protecting ligands in aqueous solution

Entry Metal nanoparticles Zeta potential (mV)
1 Ag-SiwW9 —50.2

2 Pd-Siw9 —41.6

3 Pt-Siw9 —46.3

4 Ru-Siw9 —47.0

5 Ag-PVP* -12.1

6 Pt-PVP* +1.7

7 Ru-citrate —-33.9

8 Ru-PVP -10.3

% Commercial samples of PVP-protected metal nanoparticles.

1090 | Dalton Trans., 2024, 53, 1088-11093

View Article Online

Dalton Transactions

electrical conductivity, antimicrobial properties, and optical
reflectivity, this stability issue limits the applications of Ag
nanoparticles.’'* Previous reports on POM modification have
described Ag nanoparticles with relatively large sizes
(>10 nm).®»*/¢/ In contrast, our method enabled the prepa-
ration of small Ag nanoparticles protected by SiW9 (d,, =
3.4 nm, Fig. 2a). Therefore, we studied the stability of small-
sized Ag-SiW9 compared with that of Ag nanoparticles pre-
pared using conventional protecting ligands, i.e., citrate, PVP,
and a fully occupied POM (K,SiW,;,0, as a potassium salt of
Siw12) with a similar structure to that of Siw9 but without
coordination sites.?**'* These Ag nanoparticles were prepared
by mixing AgNO; and the corresponding protecting ligands in
water, followed by addition of an aqueous solution of NaBH,.
In the case of Ag-SiW12, a redshifted broad SPR band to
411 nm in the UV-vis spectrum indicated the occurrence of
nanoparticle agglomeration (Fig. S47). When using citrate and
PVP as protecting ligands, partial and complete precipitation
of Ag was observed, respectively (Fig. S4t). Precipitation was
also observed for Pd and Pt nanoparticles when using citrate
as a protecting ligand (Fig. S5t). These findings confirm that
multidentate POM modification can provide comparable and
even superior protection effects compared with conventional
protecting ligands for preparing metal nanoparticles.

Immobilization of M-SiW9 on carbon supports

Toward practical applications, immobilization of metal nano-
particles on solid supports is typically important, where main-
taining a small particle size is a pivotal concern."? Thus, consid-
ering the potential of supported Pd and Ag nanoparticle-based
materials,"**> we immobilized the Siw9-modified Ag and Pd
nanoparticles on carbon supports. The corresponding M-Siw9/
C materials were prepared via an impregnation method invol-
ving the addition of carbon supports to the synthesis solution of
M-Siw9, followed by removing the solvent (water) using a rotary
evaporator (Fig. 1). TEM images revealed that the Ag and Pd
nanoparticles in Ag-Siw9/C (d,, = 3.2 nm) and Pd-SiW9/C (d,, =
2.7 nm) maintained their particle size (Fig. 4a and S6t). In con-
trast, when using fully occupied SiW12, considerable agglomera-
tion of Ag nanoparticles was observed (Ag-SiW12/C, d,, =
5.7 nm), confirming the importance of using multidentate
POMs to stabilize small nanoparticles during their synthesis
and immobilization (Fig. S4 and S7aft).

Next, we investigated the catalysis of Pd-Siw9/C in hydro-
genation reactions based on our recent engagement in the cat-
alysis of POM-modified metal nanoclusters.'® Pd-Siw9/C
exhibited superior catalytic activity for the hydrogenation of
ethynylbenzene (1a) using H, (1 atm) in comparison with Pd/C
without the SiW9 modification (Table 2). We further validated
that, for the hydrogenation of cinnamaldehyde, Pd-Siw9/C
afforded 3-phenylpropanal in higher selectivity in comparison
with Pd/C (Table S1f). These findings revealed that besides
providing stabilizing effect in synthesis and catalysis, multi-
dentate POM modification can contribute to catalytic perform-
ance of metal nanoparticle catalysts as well.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) TEM images of carbon-supported SiW9-modified Ag and Pd
nanoparticles (Ag-SiW9/C and Pd-SiW9/C, respectively). (b and c) XPS
spectra of SiW9-modified Ag and Pd nanoparticles: (b) before immobil-
ization (Ag-SiW9 and Pd-SiW9) and (c) after immobilization on carbon
supports (Ag-SiW9/C and Pd-Siw9/C).

Table 2 Hydrogenation of ethynylbenzene (1a) using Pd nanoparticle

catalysts?
=
©/ Pd catalyst (Pd: 0.5 mol%) ©/§ ©/\
> +
Diglyme, H; (1 atm)
1a Room temperature (~25 °C) 2a 3a
Yield (%)
Catalyst Time (h) Conversion of 1a (%) 2a 3a
Pd-Siw9/C 1 >99 32 65
3 >99 n.d. 99
18 >99 n.d. 99
Pd/C 1 68 66 n.d.
3 89 84 2
18 >99 n.d. 99

“Reaction conditions: 1a (0.5 mmol), catalyst (Pd: 0.5 mol %), diglyme
(2 mL), room temperature (~25 °C), H, (1 atm). Conversions and yields
were determined by GC using biphenyl as an internal standard (n.d. =
not detected).

Modulation of the electronic states of metal nanoparticles

In addition to enhancing the nanoparticle stability and cata-
lytic activity, we envisioned that multidentate POM modifi-

This journal is © The Royal Society of Chemistry 2024
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cation could help modulate the properties of metal nano-
particles, such as the electronic states, because the presence of
negatively charged active sites on metal nanoparticles can
promote the activation of absorbed molecules."” Accordingly,
Weinstock and our group focused on the electronic inter-
actions between POMs and Au nanoparticles to obtain anionic
Au nanoparticles as superior catalysts for aerobic oxidation of
CO®" and various organic molecules.® Notably, using various
POM ligands, we demonstrated that the electronic states of Au
nanoparticles can be modulated within a range of 0.4 eV in
terms of the X-ray photoelectron spectroscopy (XPS) binding
energies, enabling the activity control in the catalytic oxidative
dehydrogenation of piperidone derivatives.”® Therefore, we
were interested in confirming the generality of such effects.

To this aim, we studied the electronic interactions between
SiW9 and the Ag and Pd nanoparticles via XPS. The binding
energy of the main Ag 3ds, peak of Ag-SiW9 (367.3 eV) was
lower than that of bulk Ag (368 eV) (Fig. 4b). A similar differ-
ence was observed between the Pd 3ds, peaks of Pd-Siw9
(334.9 eV) and bulk Pd (335.5 eV). These results indicated that
multidentate POM modification induced the modulation of
the electronic states. The presence of minor Pd 3ds,, peaks of
Pd-Siw9 (336.3 eV) and Pd-Siw9/C (336.74 eV) can be ascribed
to the formation of Pd oxide stemming from the oxidation of
Pd(0) in air.

The effect of the immobilization on carbon supports on the
electronic states of the metal nanoparticles was notable. Thus,
immobilization of Ag-SiW9 on carbon supports resulted in a
substantial shift of the main Ag 3ds/,, peak to higher binding
energies, i.e., from 367.3 eV for Ag-SiW9 to 368.4 eV for Ag-
Siw9/C (Fig. 4b and c). Moreover, a minor peak was observed
for Ag-Siw9/C (367.4 eV), which could be attributed to Ag>
species, whereas such a peak was not observed for Ag-Siw12/C
(Fig. S7bt). Similarly, an obvious shift of the main Pd 3ds),
peak from 334.9 eV (Pd-SiW9) to 335.5 eV (Pd-Siw9/C)
occurred upon immobilization on carbon supports (Fig. 4b
and c). A similar shift of the Au 4f;,, peak from 82.9 eV (Au-
Siw9) to 84.0 eV (Au-SiW9/C) was observed for our previously
reported Au-Siw9/C material with similar particle sizes
(Fig. $81).°* In contrast, bulk Au and unmodified Au nano-
particles on carbon supports (Au/C) exhibited similar binding
energies (84.3 €V).** In addition to validating the electronic
effects of multidentate POM modification, these results
revealed the occurrence of a synergistic effect between multi-
dentate POM modification and immobilization on the modu-
lation of the electronic states of metal nanoparticles.

Conclusions

We have demonstrated that multidentate POMs can be used to
fabricate small Ag, Pd, Pt, and Ru nanoparticles with dia-
meters of several nanometers in colloidal and supported
forms. The superior protection effects of multidentate POMs
in the synthesis of metal nanoparticles compared with tra-
ditional organic protecting compounds and fully occupied
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POMs were confirmed. This modification method can be
extended to the immobilization of metal nanoparticles while
maintaining the particle size, among which POM-modified Pd
nanoparticles on carbon supports were proved as efficient cata-
lysts for several hydrogenation reactions in comparison with a
commonly utilized Pd/C catalyst. Additionally, multidentate
POMs can modulate the electronic states of metal nano-
particles and potentially cooperate with solid supports to
achieve a systematic modulation. This work provides not only
a versatile approach for producing small metal nanoparticles
with high stability but also an efficient tool to tune the elec-
tronic states and properties of metal nanoparticles, paving the
way for the design of novel metal nanoparticle-based materials
with application in the fields of nanoscience, surface chem-
istry, and material chemistry.
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