Generalized synthesis of highly-dispersed, ultrafine transition metal

nanoparticles on silica spheres for enhanced optical absorption

Qilin Wei, Siyu Wu, Xiaobing Zuo, Yugang Sun*

Dr. Q.Wei, Dr.S. Wu, Prof. Y.Sun
Department of Chemistry, Temple University
1901 N 13th St., Philadelphia, PA 19122 USA

E-mail: yosun@temple.edu

Dr. X. Zuo
X-Ray Science Division, Advanced Photon Source, Argonne National Laboratory
9700 South Cass Avenue, Lemont, IL 60439 USA

Keywords: ultrafine metal nanoparticle photocatalyst, light scattering resonance,
enhancement of optical absorption, preferred heterogeneous nucleation and growth, surface

acid-base reaction

Robust synthesis of ultrafine metal nanoparticles (ufMNPS) below 5 nm with clean surfaces
and strong optical absorption in the visible spectral range is challenging due to their large
surface-to-volume ratios. This work reports a general strategy involving two sequential steps:
i) loading metal precursor ions onto the surface of silica nanospheres (SiOx NSs) by forming a
uniform coating of metal oxyhydroxide [MOy(OH).] through preferred surface acid-base
reactions and ii) thermally reducing MOy(OH): in forming gas at elevated temperatures to form
ufMNPs evenly dispersed on the surface of SiOx NSs. The capability of this synthesis strategy
has been verified by loading ufMNPs of various transition metals and bimetallic combinations
onto the SiOx NSs. The ufMNPs exhibit strong optical absorption enhanced by the optical
scattering resonances in the SiOx NSs, which generate intense electric fields near the surface of
the SiOx NSs. The SiOx NSs also support stabilizing the ufMNPs, which do not need additional
organic capping reagents. The successful synthesis of SiOx-NS-supported ufMNPs with clean
surfaces and enhanced optical absorption is promising for exploring the photocatalytic
properties of ufMNPs.
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1. Introduction

Ultrafine metal nanoparticles (ufMNPs) with sizes below 5 nm represent a class of widely
used catalysts due to their high surface-to-volume ratios and profound electron dislocation upon
interaction with surface adsorbates. In addition to traditional thermal catalysis, ufMNPs can
absorb photoenergy to generate hot electrons that can transfer energy to surface adsorbates and
promote surface reactions.[**! Hot electron generation originates from the decay of excited
surface plasmons, and the efficiency of generating high-energy hot electrons becomes higher
with the decrease in nanoparticle size.[*®l Nevertheless, the light absorption power of ufMNPs
lowers as the nanoparticles become smaller, preventing the ufMNPs from being used as
efficient photocatalysts. Integrating ufMNPs with light antenna materials has been
demonstrated to be a promising solution to improve the optical absorption power of the ufMNPs.
Metal nanoparticles with strong localized surface plasmon resonances (LSPRs) (e.g., Au, Ag,
Cu, and Al nanoparticles)!® and dielectric spheres!*® with strong optical surface scattering
resonances represent two types of light antenna, which can concentrate the incident
photoenergy to enhance electric fields near the antenna’s surface locally. Using plasmonic
metal nanoparticle antennae usually requires delicate synthesis to create a dielectric separation
layer with a precise thickness of 1-5 nm between the antenna nanoparticles and catalyst ufMNPs.
A thick separation layer decays the electric field significantly for the ufMNPs, while a too thin
separation could cause a charge flow between the antenna nanoparticles and the ufMNPs. In
contrast, the catalyst ufMNPs can be directly dispersed on dielectric spheres without suffering
from weakened electric fields and interparticle charge flow, allowing the ufMNPs to benefit the
antenna effect fully. For example, nanoparticles made of noble metals and compounds loaded
on silica spheres with diameters in the range of 200-1200 nm have been shown to exhibit
enhanced optical absorption, particularly in the visible spectral range compared to the
freestanding nanoparticles, along with characteristic absorption peaks determined by the
surface scattering resonance bands of the silica spheres.[*%-1%1 It is necessary to develop a general
method to load ufMNPs of varying compositions on silica spheres to maximize the antenna
effect in boosting the photocatalytic performance of the ufMNPs.

Loading ufMNPs on silica spheres is currently realized through either electrostatic
assembly of negatively charged colloidal ufMNPs on silane-functionalized silica spheres*® or
in-situ reduction of metal ion precursors in the presence of colloidal silica spheres.[*? Despite
the success in loading ufMNPs of some noble metal elements, the quality and composition
scope of the ufMNPs are yet to improve significantly. For instance, the former electrostatic
assembly strategy is limited by the difficulty in synthesizing high-quality colloidal ufMNPs
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nanoparticles made of a wide range of compositions, particularly non-noble metals, in an
aqueous (and/or ethanolic) solution phase, which is necessary for dispersing the surface-
functionalized silica spheres. In addition, the organic silane reagents used for surface
functionalization of the silica spheres and the capping agents used for synthesizing ufMNPs
could adversely influence thermal stability and catalytic performance.[*® ¥l These surface
organic species may undergo thermal/photocatalytic decomposition, particularly in gas-phase
reactions, to pollute the catalytic reaction products.l*® 1% The latter in-situ reduction strategy
often suffers from the simultaneous homogeneous and heterogeneous nucleation that leads to
nonuniform loading, broad size distribution, and agglomeration of ufMNPs.[2% 211 Although
excluding surface species in the resulting composite particles favors thermal stability and
catalysis, uniformly controlled deposition of metal contents on silica spheres is still challenging.

Herein, we report a general synthesis protocol involving two steps, i.e., uniform deposition
of metal hydroxide on silica nanospheres (SiOx NSs) with a controlled manner at appropriate
solution pH values followed by a thermal reduction in forming gas (5% H2 + 95% N2) at
elevated temperatures (Figure S1). Because metal precursor ions tend to hydrolyze or
precipitate with hydroxide anions, the solution pH value should be carefully controlled to avoid
homogeneous nucleation of metal hydroxide in the solution. On the other hand, the surface of
SiOx NSs should exhibit stronger basicity that favors reaction with metal cations (i.e., a type of
Lewis acid) to selectively deposit metal hydroxide on the SiOx NSs through heterogeneous
nucleation. Figure 1 summarizes the major steps of the “surface acid-base reaction” strategy
that can uniformly load precursor metal cations to the SiOx NSs in the form of metal hydroxide.
The SiOx NSs with the dehydrated surface (i.e., -Si-O-Si- termination group) or partially
hydrated surface are incubated in hot (or warm) water to generate a highly hydrated surface that
is terminated with a high density of —Si-OH group (Module I, blue box, Figure 1). This process
converts the nonuniform surface from the Lewis acid-dominated characteristics to the uniform
Bronsted acid characteristics. Dispersing the SiOx NSs in a solution at an appropriate pH leads
to the surface acid-base reaction between the surface —Si-OH group (Bronsted acid) and
freestanding OH™ ions (Bronsted base), transforming the surface to —Si-O~ groups with Lewis
base characteristics. A high pH value with a high concentration of freestanding OH™ ions in the
solution is usually required to fully convert the SiOx NS’s surface to the uniform Lewis base
surface (Module 11, red box, Figure 1). In the presence of low-concentration metal cations (M™)
exhibiting Lewis acid characteristics, the surface acid-base reaction between M™" and —Si-O~
loads the metal cations onto the SiOx NSs (Module 11). Such heterogeneous loading of M™ on
the SiOx surface may compete with the homogeneous acid-base reaction between M™ and
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freestanding OH~ (both Bronsted and Lewis base characteristics) that possibly occurs to form
metal hydroxide particles in solution when the concentration of M™" is high in a high-pH
solution. Therefore, it is critical to control an appropriately high pH of the solution and an
appropriately low concentration of M™* that enables only the acid-base reaction on the surface
of the SiOx NSs but prevents the homogeneous acid-base reaction in the solution. In general,
the local concentration of —Si-O~ on the surface of SiOx NSs can be many orders higher than
the concentration of freestanding OH~ in the solution. The locally concentrated —Si-O~ group
makes the SiOx NS’s surface exhibit much stronger basicity than the solution containing OH~
ions. The difference in basicity between the SiOx NS’s surface and the solution favors the
surface acid-base reaction on the SiOx NSs to load metal cations onto the SiOx NSs. The loading
of metal cations changes the NS’s surface to the Lewis acid characteristics, which will then
react with freestanding OH™ ions. This reaction switches the NS’s surface to the Lewis base
characteristics. The alternating switch of surface property between the Lewis base and Lewis
acid drives the continuous loading of M™" cations and OH™ anions to the surface of the SiOx
NSs (Module 11, green box, Figure 1). As a result, both M™" and OH- ions are loaded to the
SiOx NS’s surface, which is equivalent to metal hydroxide [M(OH)m] or metal oxyhydroxide
[MOy(OH),] for the thin deposition. The more general formula MOy(OH) will be used in the
following content without specific notification. For example, Ru(l1l) ions have been deposited
on SiOx NSs at an appropriate pH to form RuOOH nanoparticles (NPs) of 1-2 nm in size that
uniformly disperse on the SiOx NS’s surface.[*®l Although the alternating deposition of M™* and
OH- ions through “surface acid-base reaction” is similar to the result of an “electrochemical
double layer” around a charged surface, the surface acid-base reaction forms a layer of ions
with a much higher density due to the significantly lowered solubility of MOy(OH)z, ensuring
the appropriate loading of precursor metal cations. Note: Describing the continuous acid-base
reaction in a layer-by-layer fashion is to enhance the clarity, but the actual surface reaction
could be instantaneous due to the fast reaction kinetics.
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Figure 1. Schematic illustration of the “surface acid-base reaction” strategy responsible for loading
metal cations to SiOx NS’s surface. The processes highlighted with the colored boxes represent three

different modules that result in different changes on the SiOx NS’s surface.

2. Results and Discussions

The modified Stober method produces highly monodisperse SiOx NSs with an average
diameter of 346.8 nm (Figure S2a). Transmission electron microscopy (TEM) images of
individual SiOx NSs show their smooth surfaces (Figure S2b). Previous work has demonstrated
that the smooth surfaces of the as-synthesized SiOx NSs cannot stabilize metal hydroxide or
metal oxyhydroxide due to the lack of hydroxyl groups on the SiOx NS’s surface. A controlled
surface treatment is employed to generate high-density surface —Si-O~ groups through the
hydrolysis reaction shown in Figure 1 (module I) and surface acid-base reaction with NHsOH
aqueous solution (module 11).22 21 Figure S2c presents the SiOx NSs with rich —Si-O~ groups
prepared in a solution with a pH value of 11.10, indicating that their high spherical symmetry
and size uniformity are maintained. As expected, the surface treatment results in slight surface
roughness (Figure S2d) and variation of zeta potential. The as-synthesized SiOx NSs usually
present zeta potentials of —38 ~ —45 mV in deionized water (DI H20).1?*1 Suspending the SiOx

NSs in an aqueous solution containing different concentrations of NH4OH or nitric acid results



in different zeta potentials over a wide range (Figure S3). When the solution is acidified, the
zeta potential decreases and converges to near zero at a low enough pH. As the pH value of the
solution increases, the zeta potential of the SiOx NSs becomes more negative, indicating the

increased coverage of surface —Si-O™ groups.
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Figure 2. TEM images of the MOy(OH), /SiOx composite particles highlighting the deposited

MOy (OH), coating with evenly spatial distribution on the SiOx NSs. Scale bars represent 20 nm.

The SiOx NSs with rich —Si-O groups are utilized to anchor metal ions through surface
acid-base reaction between metal cations and hydroxide anions (Figure 1, module I11). Different
metal cations exist as different metal aquo complexes [M(H20)"*] in aqueous solution and
exhibit different acidities due to the electronic effect and thus the reactivity/affinity to the
surface —Si-O~ groups,?®! influencing the nucleation step. The acidity of surface-fixed metal
cations determines the reactivity with OH-, which supports the continuous deposition of metal
cations. Therefore, successful loading of different types of metal ions should be conducted by
controlling solution pH at appropriate values and reaction temperatures. Harsh conditions,
including high pH and temperature, will result in rapid reactions with a loose control over the

deposition kinetics of MOy(OH)., leading to the formation of a nonuniform coating on the



surfaces of SiOx NSs. Therefore, optimizing the reaction conditions requires screening the pH
value of the reaction solution and reaction temperature. The optimized conditions of various
metal ions explored in this work are summarized in Table S1. Under these conditions, precious
metal ions [Ru(lll), Rh(lll), Pd(Il), Pt(Il), Au(ll)], 3d block transition metal ions [Mn(ll),
Fe(l11), Co(l1), Ni(I1), Cu(ll), Zn(11)], 3p block metal ions [Al(111)], 3s block metal ions [Mg(11)],
and their combinations are successfully loaded onto the surface of SiOx NSs, confirmed by
inductively coupled plasma-optical emission spectrometry (ICP-OES). The resulting composite
particles of SiOx NSs with thin MOy(OH). coverage are characterized with TEM imaging
(Figure 2, Figure S4, and Figure S5), showing the uniform distribution of MOy(OH): with
different morphologies for different metal ions. The morphological difference originates from
the different wettability of MOy(OH): towards the SiOx NS surface and the different formation
enthalpy of MOy(OH).. Strong wettability to the silica surface results in the formation of the
film-like coating, including FeOy(OH)z, CoOy(OH)z, NiOy(OH)z, AlIOy(OH)z, MgOy(OH)., and
ZnOy(OH); shown in Figure S4b-d, Figure 2b-d, and Figure S5a-c, S5e-g. Weak wettability and
high formation enthalpy result in the formation of ultrafine particles, for example, MnOy(OH):
NPs with a size of ~5 nm (Figure 2a, Figure S4a); and CuOy(OH)z, RuOy(OH)z, RhOy(OH).,
PdOy(OH),, PtOy(OH)z, AuOy(OH): NPs with sizes of 1 ~ 2 nm (Figure 2e-j, Figure S4e-j). The
metal ions loaded on the SiOx NSs can further react with other chemicals to transform them
into different chemical forms. For example, dropwise adding H20: solution to the dispersion of
Mn(11)Oy(OH): NPs on SiOx NSs changes the light yellowish color to a dark brown color,
indicating the oxidation of Mn(ll) to Mn(lV). This chemical transformation does not
significantly change the dispersity and size of the MOy(OH)z NPs on the SiOx NS’s surface
(Figure S5d and S5h).



Figure 3. TEM images of ufMNPs/SiOx composite particles highlighting the ultrasmall sizes and good
dispersity of the metal nanoparticles on the SiOx NSs. Since the ufMNPs containing Mn, Fe, and Co are
easily oxidized upon exposure to air, they are intentionally labeled as MnOy, FeOy, and CoOy in the
imaged samples to reflect their chemical instability in air. Scale bars represent 20 nm.

The loaded MOy(OH): can also react with Hz to be reduced at elevated temperatures, i.e.,
250 or 550 °C, producing ufMNPs. The latter group of MOy(OH): are deposited as individual
NPs, even with spatial distribution on the SiOx NSs, and small in size, ensuring that the
following reduction of MOy(OH). NPs transforms them into uniformly distributed ufMNPs.
Reducing the thin layers of MOy(OH): of the former group with appropriate reaction kinetics
removes O and OH to shatter the film into evenly dispersed ufMNPs on the SiOx NSs.
Depending on the chemical property of a metal element, its corresponding MOy(OH); may not
be reduced or completely reduced at a mild temperature. The composite particles of SiOx NSs
with ufMNPs is denoted as ufMNPs/SiOx in the following contents. Typical TEM images of
the uFMNPs/SiOx composite particles are shown in Figure 3 and Figure S6, confirming the
uniform distribution and small sizes (<5 nm) of the ufMNPs. The reduction temperature (or
operation temperature in applications) influences the size of the ufMNPs because of the
sintering effect at higher temperatures. For example, the Ni ufMNPs produced from reduction
at 550 °C exhibit sizes of 4.3 £ 0.6 nm (Figure 3d), and annealing them in the forming gas at
750 °C increases their sizes to 17.5 £ 2.7 nm (Figure S7a-b). The sintering can be alleviated by
coating the metal surfaces with a skinny layer of silica to prevent (or slow) the diffusion of

metal atoms at high temperatures. When the as-synthesized Ni ufMNPs/SiOx composite
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particles present in Figure 3d are coated with a 5-nm silica layer (Figure S7c), the size of the
Ni ufMNPs remains unchanged upon thermal annealing at 750 °C (Figure S7d).
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Figure 4. Synchrotron WAXS patterns of the ultrafine nanoparticles formed on the SiOx NSs through
loading metal ions in the MOy (OH), form and thermal reduction of MO(OH); in the forming gas. The
patterns were derived by subtracting the WAXS signal of the SiOx NSs from the composite samples.

Because of the small sizes of the ultrafine NPs formed from the thermal reduction of
MOy(OH): on SiOx NSs, the mass percentages of the ultrafine NPs in the composite particles
are low (i.e., 1 to 2 wt.%). A synchrotron x-ray beam with a high flux has been used to examine
these composite particles in order to record signals from the low-loading ultrafine NPs with
decent signal-to-noise ratios. Wide-angle x-ray scattering (WAXS) patterns are collected to
analyze the crystalline structures and compositions of the ultrafine NPs. Figure 4 plots the
WAXS patterns of the ultrafine NPs derived from the reduction of MOy(OH): containing

9



different metal cations. These WAXS patterns are generated by subtracting the WAXS signal
of the SiOx NSs from the WAXS patterns of the composite particles (Figure S8). The WAXS
pattern of SiOx NSs in the measured range exhibits three broad peaks corresponding to their
amorphous phase. The strong SiOx signals may not be completely subtracted, particularly for
the ultrafine NPs with amorphous phases showing weak WAXS. For example, the ultrafine NPs
containing Mn, Fe, and Co do not present any sharp (or narrow) WAXS peaks but only broad
peaks similar to SiOx NSs, indicating that the ultrafine NPs are in the format of amorphous
phase and made of oxides. Even though the reduction temperatures applied are perceived to be
able to reduce the metal to the metallic state, the presence of oxides rather than metals in these
ultrafine NPs could be ascribed to the diffusion of oxygen atoms into the lattice of metal
nanoparticles during transportation of the samples to the beamline, resulting in the loss of long-
range ordering of metal atoms. Therefore, these three samples are labeled as MOy/SiOx
composite particles in Figure 4 to match the corresponding WAXS patterns, avoiding the
possible confusion. In fact, the thermal reduction of MOy(OH): containing Mn, Fe, or Co in the
forming gas does result in the formation of the corresponding metallic ufMNPs, which can be
reflected in the spectroscopic study shown in Figure 5. The WAXS patterns of the ultrafine NPs
containing Ni, Ru, Rh, Pd, Pt, and Au exhibit well-defined peaks corresponding to the face-
centered cubic (fcc) lattices with different lattice constants, which are consistent with crystalline
metals (Table S2), indicating that MOy(OH) deposited on the SiOx NSs are completely reduced
to ufMNPs. The ultrafine NPs derived from the MOy(OH); containing Cu exhibit a WAXS
pattern showing a set of fcc peaks, but the lattice constant matches that of Cu20 rather than Cu.
The result indicates that the temperature of 250 °C is not high enough to reduce Cu(ll) in the
MOy(OH): NPs to zero-valence Cu. The Cu20 ultrafine NPs (Figure 3e) are stable in the
ambient environment. The MOy(OH)2/SiOx composite particles containing Al(111), Mg(ll), and
Zn(1l) are not thermally treated in 5% H2/N2 gas because their reduction temperatures are
beyond the limit of our furnace. In principle, these MOy(OH): could be reduced to ufMNPs at
high enough temperatures. The AIOy(OH); and ZnOy(OH) films on the SiOx NSs (Figure Sba,
S5c¢) exhibit broad WAXS peaks, indicating their amorphous nature. In contrast, the MOy(OH);
film containing Mg(ll) (Figure S5b) shows well-defined narrow WAXS peaks corresponding
to those of Mg(OH)2. The MOy(OH): NPs containing Mn(ll) (Figure 2a) react with H20g,
leading to the formation e-MnO2 NPs that are identified by fitting the series of WAXS peaks
(bottom curve, Figure 4). The different reduction potentials of different metal cations require
different temperatures to reduce the corresponding MOy(OH): into zero-valence metals in the
forming gas. The metal cations with a lower reduction potential need a higher temperature to
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be transformed into the metal. Although not all MOy(OH): deposited on SiOx NSs presented in
Figure 2 and Figure S5 could be reduced to their corresponding ufMNPs in our available
furnace, the successful production of ufMNPs of some metals (e.g., Ni, Ru, Rh, Pd, Pt, and Au)
sheds a light on the feasibility of loading ufMNPs on SiOx NSs through the controlled loading
of MOy(OH): and the following thermal reduction in the forming gas.
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Figure 5. DRS spectra of particle powders made of different compositions. (a) DRS spectra of the as-
synthesized SiOx NSs (dashed curve) and the treated SiOx NSs with the rich surface —Si-O~ groups (solid
curve). (b-k) DRS spectra of the MOy(OH),/SiOx composite particles (dashed curves) and the composite
particles containing ultrafine nanoparticles after thermal reduction (solid curves). (I) DRS spectra of the
composite samples containing ultrafine nanoparticles of AlOy(OH),;, MgOy(OH),, ZnOy(OH),, and
MnO:..

Diffuse reflectance spectroscopy (DRS) of the composite particles of SiOx NSs loaded with
MOy(OH); and derived ufMNPs is studied in the ultraviolet-visible (UV-vis) spectral range
using a spectrometer equipped with an integrating sphere. The DRS spectrum of a sample can
accurately represent its optical absorption property by eliminating the interferences of light

scattering. For example, the as-synthesized SiOx NSs and those with rich —Si-O~ surface groups
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show the DRS spectra with essential no signal in the examined spectral range (300-800 nm)
(Figure 5a), indicating that the SiOx NSs exhibit negligible optical absorption even though they
have strong optical scattering. Because of the highest geometrical symmetry of the SiOx NSs,
optical scattering of the SiOx NSs with a diameter of 346.8 nm can generate strong scattering
resonances around 380 nm and 600 nm, producing significantly enhanced electric fields near
the SiOx NS’s surface. The locally enhanced electric fields increase the optical absorption in
the ultrafine NPs on the SiOx NSs to show two strong absorption peaks at the scattering
resonance bands regardless of whether the absorption spectra of the freestanding ultrafine NPs
exhibit peaks or not (Figure 5b-1). If the ultrafine NPs or films loaded on the SiOx NSs do not
absorb light at all in the studied spectral range, the optical scattering resonances of the SiOx
NSs do not induce optical absorption in the supported materials, for example, MOy(OH):
containing Al, Mg, and Zn (Figure 5I). The apparent optical absorption spectrum of a composite
particle sample is the product of the intrinsic optical absorption spectrum of the supported NPs
or films and the scattering spectrum of the SiOx NSs. Although two peaks are always observed
in the DRS spectrum for each sample with broadband absorption, the relative intensities of these
two peaks (or the ratio of peak intensity for these two peaks) are not always similar for all
samples because different supported NPs or films (i.e., light absorber) exhibit different intrinsic
DRS spectra. For example, the composite particles containing the freshly deposited MnOy(OH):
NPs exhibit a more intense DRS peak at the short wavelength (Figure 5b, dash curve), which is
ascribed to the partial oxidation of Mn(l1) to Mn(l11) in air. The presence of Mn(l11) results in
0> —Mn®* charge transfer that generates a strong optical absorption band around 367 nm in
freestanding particles.?®! The overlap of this charge transfer absorption band with the scattering
resonance band of the SiOx NSs leads to observation of only one intense DRS peak around 380
nm. Once the freshly deposited MnOy(OH). NPs are thermally reduced at 550 °C in the forming
gas, the contribution of the O>—Mn3" charge transfer to optical absorption decreases,
significantly lowering the corresponding DRS peak intensity. As a result, the DRS peak at the
longer wavelength becomes more pronounced than that at the shorter wavelength in the reduced
sample (Figure 5D, solid curve). The DRS spectrum of the reduced sample containing Mn has
a similar profile to those of the reduced samples containing other metal elements shown in
Figure 5c-k. The spectral similarity indicates that MnOy(OH): is reduced to Mn ufMNPs as
other ufMNPs. The retention of the metallic characteristics for the Mn ufMNPs benefits from
the minimum time of exposing the as-synthesized sample to air during the DRS measurement.
The DRS measurement can be done with the in-house spectrometer, avoiding long time
transportation and exposure to air. Each spectrum can be collected within a short time (< 2
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minutes), further minimizing the possible oxidation. The ufMNPs of transition metals (except
Au) usually exhibit peakless broadband optical absorption in the UV-vis range, which can be
enhanced by the scattering resonances of SiOx NSs to exhibit two DRS peaks. The sample
containing the freshly deposited FeOy(OH): film shows only one DRS peak at the shorter
wavelength, while two DRS peaks at both the shorter and longer wavelengths are observed after
the sample is reduced at 550 °C (Figure 5c), indicating that the reduction converts FeOy(OH);
film to Fe ufMNPs. The DRS spectra of the sample containing CoOy(OH)z and RuOy(OH); do
not change significantly in profile except for lowered intensity and slight redshift of both peaks
after thermal reduction into ufMNPs (Figure 5d and 5g), indicating that the intrinsic optical
absorption of both the thin CoOy(OH); film and ultrafine RuOy(OH): NPs also exhibit
broadband profile with possible peaks at long wavelengths originated from charge transfer
between metal ions and oxygen anions or hydroxide anions.l?”-281 The DRS spectra of SiOx NS-
supported ufMNPs made of other metals (e.g., Ni, Rh, Pd, Pt, Au) exhibit much stronger signals
than the corresponding MOy(OH): NPs, particularly at the long wavelengths (Figure 5e, 5h, 5i,
5], 5k), indicating that the charge transfer between metal ions and oxygen is weak. Since the
localized surface plasmon resonance (LSPR) in Au ufMNPs exhibits an intrinsic optical
absorption peak around 530 nm,?®! the DRS peak of the Au-ufMNPs/SiOx composite sample
at the longer wavelength is much stronger than the peak at the shorter wavelength (Figure 5k).
The MOy(OH): NPs are transformed to Cu20 ultrafine NPs after thermal reduction at 250 °C,
which is not high enough to fully reduce Cu(ll) to metallic Cu. The Cu20/SiOx composite
particles also exhibit two DRS peaks similar to the composites containing ufMNPs, but the peak
intensity at the longer wavelength is much stronger than the peak at the shorter wavelength
(Figure 5f). The intense peak at ~600 nm is unrelated to the plasmonic property of Cu20 NPs
because the LSPR band of the Cu20 NPs smaller than 10 nm is located at the wavelengths
below 500 nm.% On the other hand, the DRS peak position (i.e., ~600 nm) is close to the
bandgap of Cu20 (i.e., ~2.01 eV), indicating that the ultrafine Cu20 NPs undergo a strong direct
bandgap absorption upon exposure to light. In contrast, the DRS spectrum of the MnO2/SiOx
composite sample containing ultrafine MnO2 NPs exhibits a much stronger peak at the shorter
wavelength at ~380 nm (Figure 5I, pink curve), which benefits from the intrinsic absorption
peak at 355 nm of the freestanding MnO2 NPs.®Y The DRS spectra presented in Figure 5 clearly
show that the weak optical absorption of ufMNPs is significantly enhanced, particularly in the
visible region showing a strong peak around 600 nm (i.e., the scattering resonance band of the

SiOx NS) regardless of the type of element. Such enhancement in optical absorption also applies
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to ultrafine NPs and ultrathin films of other compositions, which have intrinsic optical
absorption.

The success of the strategy of Figure 1 in evenly loading metal ions onto the surface of
SiOx NSs in a controlled manner can be extended to simultaneously loading multiple types of
metal ions when the required deposition pH values are similar. Thermally reducing the
deposited MOy(OH); containing multiple types of metal ions could form alloyed ufMNPs on
the SiOx NS’s surface. For example, mixing the SiOx NSs with an aqueous solution of pH=10.15
containing both Cu(ll) and Ni(ll) precursor ions at molar ratios of 1:4 to 1:2.5 to 1:1 loads
CuNiOy(OH): thin films on the SiOx NSs (Figure S9a-c). Reducing the composite particles in
the forming gas at 550 °C transforms the CuNiOy(OH): thin films to CuNi alloy ufMNPs with
sizes of 2-5 nm (Figure S9d-f). The bimetallic RuPd ufMNPs are also formed on the SiOx NSs
by simultaneously depositing both Ru(lll) and Pd(ll) ions from a solution with pH=8.9,
followed by thermal reduction at 250 °C (Figure S10). Because of the scattering resonances in
the SiOx NSs, the enhancement of optical absorption in the supported bimetallic ufMNPs is also
observed with two strong DRS peaks around 380 nm and 600 nm (Figure S11). It is worth
pointing out that the ratio of the DRS peak intensity at the longer wavelength to that at the
shorter wavelength for the composite particles containing CuNi ufMNPs is lower than the ratio
for the composite particles containing Cu20 NPs shown in Figure 5f. This difference indicates
that Cu(ll) ions in the CuNiOy(OH): thin films are fully reduced to metallic Cu at a higher
temperature of 550 °C. The DRS intensity increases with the increase of Cu content in the CuNi

ufMNPs due to the plasmonic properties of metallic Cu.[?

3. Conclusion

The strategy depicted in Figure 1 has been demonstrated for successfully loading evenly
dispersed MOy(OH): thin coating on the SiOx NSs with rich —Si-O~ groups through promoted
surface acid-base reaction between metal cations and hydroxide anions, which prevents the
precipitation of freestanding metal hydroxides through homogeneous nucleation. The uniform
spatial distribution of MOy(OH); and controlled loading enables their transformation into
ufMNPs through thermal reduction in the forming gas at an appropriate temperature. The
resulting ufMNPs have sizes smaller than 5 nm to exhibit large surface-to-volume ratios, while
the SiOx NSs support maintaining the uniform distribution and stability of the ufMNPs. The
scattering resonances in the SiOx NSs locally generate strong electric fields near their surfaces
to enhance the optical absorption in the ufMNPs dispersed on the SiOx surface. The large

surface area and enhanced optical absorption of the ufMNPs on the SiOx NSs could be a class
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of promising photocatalysts relying on hot carrier chemistry.l®3 The generality of the strategy
of Figure 1 in synthesizing ufMNPs expands the composition space of the ufMNPs, proving a

materials platform for studying versatile photocatalytic reactions.

4. Experimental Section/Methods

Synthesis of Silica Spheres: The synthesis relied on the controlled hydrolysis of tetraethyl
orthosilicate (TEOS) and condensation of the hydrolyzates.*¥ In a typical synthesis, 24.60 mL
of ammonium hydroxide solution (28-30 wt.% in water, Fischer Scientific) was added to a
mixture of 45.45 mL of deionized (DI) H20 and 120 mL of isopropanol (Fisher Scientific) at
room temperature. Under magnetic stirring at a rate of 400 rpm, the solution was then heated to
40 °C by a heating jacket equipped with a J-type thermocouple. To this solution, 10.88 mL of
TEOS (98%, Sigma-Aldrich) was then injected. The temperature of 40 °C and magnetic stirring
were maintained throughout the synthesis for 6 h. The resulting SiOx NSs were collected by
centrifugation and washed with ethanol. The collected SiOx NSs were dried overnight in an
oven at 60 °C.

Enrichment of Surface —Si-O~ Group on SiOx NSs: One gram of the dried SiOx NSs was
dispersed in 200 mL of DI H20 with the assistance of ultrasonication in a 500 mL three-neck
round-bottom flask. Monitored by a pH meter (Apera Instruments PH700), to the dispersion
was dropwise added 28-30 wt.% aqueous ammonia hydroxide or 0.1 M nitric acid solution until
the pH value reached 11.10. Under magnetic stirring at a rate of 400 rpm, the dispersion was
heated up to 100 °C followed by refluxing for 24 h. After the dispersion was cooled down to
room temperature, the resulting SiOx NSs were collected by centrifugation and washed once
with ethanol. The collected SiOx NSs were dried at room temperature.

Deposition and Reduction of MOy(OH); on SiOx NSs: Forty milligrams of the treated SiOx
NSs were dispersed in 20 mL of DI H20 with the assistance of ultrasonication. To this
dispersion, 10 mM of aqueous ammonium hydroxide solution was added dropwise, followed
by heating to the desired temperature. The optimized reaction conditions for each metal
precursor are listed in Table S1. A 0.1-mL aqueous metal precursor solution containing 1 wt.%
of metal was injected into the dispersion (2 wt.% for Au). The color change started in 15 s,
indicating the deposition of metal ions on the SiOx NSs. After 1 h of continuous aging, the
MOy(OH)2/SiOx composite particles were collected by centrifugation and washed with DI H20
and ethanol. The sample was then dried at room temperature in the ambient environment.
Thermal reduction of MOy(OH); was carried out in a tube furnace. In a continuous flow of 5%
H2/N2 gas (i.e., forming gas) at a rate of 30 mL/min the sample powder was heated to an
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appropriate temperature at a ramping rate of 10 °C/min. The reaction was maintained at the set
temperature for 2 h followed by cooling to room temperature while the forming gas
continuously flowed in the tube.

Characterization: Scanning electron microscopy (SEM) images were obtained using a
field-emission microscope (FEI Quanta FEG 450) operated with an acceleration voltage of 10
KV at a high vacuum mode. Transmission electron microscopy (TEM) images were taken using
JEOL JEM-1400 microscope operated at 120 kV. Zeta-potential ({) of colloidal nanoparticles
was measured with a zeta potential analyzer (Malvern Instruments Ltd., Zetasizer Nano-ZS).
The synthesized ufMNP/SiOx composite particles were examined with synchrotron wide-angle
x-ray scattering (WAXS), which was carried out at the beamline 12-1D-B of Advanced Photon
Source (APS), Argonne National Laboratory (ANL). The wavelength of the x-ray was 0.9322
A, corresponding to a photon energy of 13.3 keV. The composite powders were packed and
sealed in Kapton® tubes, which were shipped to and measured at the beamline. The scattering
signals were collected using an imaging plate detector with a resolution of 2048%2048 pixels.
The sample-to-detector distance (180 mm) was calibrated by fitting the WAXS pattern of a
standard CeO2 sample. The recorded two-dimensional (2D) scattering patterns were reduced to
one-dimensional (1D) curves using the Fit2D software, along with the background subtraction
and intensity normalization. Ultraviolet-visible absorption spectra were analyzed with a UV-
vis spectrophotometer (Thermo Scientific, Evolution 220), and DRS spectra were obtained with

the same instrument equipped with an integrating sphere detector.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure S1. Schematic illustration of the two sequential steps involved in synthesizing ufMNPs

on SiOx NSs.
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Figure S2. SEM and TEM images of (a-b) the as-synthesized SiOx NSs and (c-d) the treated
SiOx NSs with rich surface —Si-O~ groups. The TEM images of the single particles in (b) and
(d) clearly show their high geometric symmetry, i.e., sphere. The insets in (b) and (d) represent

the blown-up TEM image, highlighting subtle surface roughness after the etching treatment.

S2



220 - n

40 - |

-80 -

Zeta-potential (mV)

-100 + ]

Figure S3. Zeta potential of the treated SiOx NSs suspended in aqueous solution as a function

of the pH value of the solution.
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Table S1. Optimized conditions for synthesizing ufMNPs/SiOx composite particles.

Deposition pH Deposition Reduction
Element Precursor value temperature | temperature
G O
Mn Mn(NO3)2-xH20 10.15 25 550
Fe FeCl2 8.90 25 550
Co Co(NO3).-6H20 9.63 25 550
Ni Ni(NOs3)2-6H20 10.15 25 550
Cu Cu(NOs3)2-3H20 10.17 25 250
Ru? RuClz-xH20 8.90 25 250
Pd Na2PdCls-xH20 8.90 25 250
Rh NasRhCls-xH20 6.35 60 250
Au HAuCl;-3H.0 10.20 60 250
Pt Na2PtCls-xH20 12.90 60 250
Mg MqgCl> 11.85 25
Al AI(NO3)2-9H.0 8.90 25
Zn Zn(NO3)2-6H20 10.15 25
CuNi Cu(NOs3)2-3H20 10.15 25 550
Ni(NOs)2-6H20
RuPd RuCls-xH20 8.90 25 250

NazPdCls-xH20

(a1 1 mL of DI H,O was used to better dissolve RuCls-xH-O.
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Figure S4. TEM images of individual composite particles containing a thin coating of
MOy (OH), evenly distributed on the SiOx NSs. Scale bars in (a-1) represent 50 nm. (k) Blow-
up image of RuOy(OH),/SiOx shown in (f), highlighting the even distribution of individual

RuOy(OH), nanoparticles on silica surface.
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Figure S5. TEM images of individual composite particles containing a thin coating of
MOy (OH); uniformly on the SiOx NSs. The MOy(OH), coating contains (a,e) Al(lI), (b,f)
Mg(Il), and (c,g) Zn(l1). (d,h) TEM images of composite particles containing ultrafine MnO>
NPs on the SiOx NSs, which were obtained by treating the MnOy(OH)./SiOx composite
particles shown in Figure S4a with H2O.. Scale bars in (a-d) and (e-h) represent 50 and 20 nm,

respectively.
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Figure S6. TEM images of the composite particles containing ufMNPs of different elements.

Scale bars represent 50 nm.
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Figure S7. (a,b) TEM images of Ni ufMNPs on SiOx NSs derived from reducing

NiOy(OH)./SiOx composite particles at 750 °C. (c) TEM image of Ni-ufMNPs/SiOx composite
particles derived from the reduction of NiOy(OH)./SiOx composite particles at 550 °C followed
by coating a thin silica layer. (d) TEM image of the composite particles of (c) annealed at 750
°C in the forming gas (i.e., 5% H> _+ 95% N>). The scale bars in (a, c, d) are 50 nm, and the

scale bar in (b) is 20 nm.
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Figure S8. WAXS patterns of the composite particles of various thin coatings on SiOx NSs.
The WAXS signals of the thin coatings were calculated by subtracting the WAXS pattern of

the SiOx NSs (top curve). The WAXS pattern of the SiOx NSs exhibits several broad peaks in
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the range of q = 2.4 to 7. The appearance of these broad peaks depends on the synthesis method
and the post-treatment process [see reference: S. Lee, H. Xu, H. Xu, 4m. Mineral. 2022, 107,
1353.] For example, the x-ray diffraction (XRD) pattern of an opal has weak and broad peaks
around d values of 1.21, 1.45, 2.00, 2.44 A, corresponding to q values of 5.19, 4.33, 3.14, 2.58
A1 with the x-ray beam energy of 13.3 keV. In accordance with the reported data, these peaks
are also found in the WAXS pattern of the SiOx NSs, located at q = 3.17, 4.42, and 5.18 A2,
The peaks at 5.18 and 4.42 A™* originate from the pseudo-hexagonal symmetry of the short-
range SiO, structure, and the one at 3.17 A is associated with the (004) reflection of
orthorhombic tridymite and the (222) reflection of S-cristobalite. It is reported that treating the
amorphous SiOx with solutions of different pH values could change these peaks' relative
intensities. It should be noted that during the metal loading process, the SiOx NSs would be
further influenced by aqueous solutions of various pH values followed by thermal reduction at
different temperatures. Therefore, the relative intensities of the peaks originating from the SiOx

NS support could possibly vary among different samples.
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Table S2. Summary of the crystalline plane reflection peak positions of the ultrafine
nanoparticles in their WAXS patterns.

g (A Crystal plane g (A Crystal plane
Ni Cu20
3.08 (111 2.58 (111
3.59 (200) 2.98 (200)
5.03 (220) 4.20 (220)
5.92 G11) 4.93 311)
6.16 (222)
Ru
2.69 (100) 5.60 201)
2.95 (002) 5.88 (004)
3.07 (101) 6.14 (202)
4.00 (102) 6.48 (104)
4.66 (110) 6.99 (203)
5.18 (103)
538 (200)
551 (112)
Rh Pd
2.84 (111) 2.81 11)
331 (200) 3.24 (200)
4.69 (220) 459 (220)
5.49 311) 5.39 311)
5.74 222) 5.61 (222)
6.48 (400)
Pt Au
2.78 ) 2.68 an)
3.20 (200) 3.10 (200)
457 (220) 438 (220)
5.35 311) 5.15 311)
5.38 (222)
6.76 (331)
6.90 (420)

Note: The values were calculated from the WAXS patterns in Figure 4 and Figure S8.
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Figure S9. TEM images of the SiOx NSs loaded with (a-c) CuNiOy(OH), with different Cu/Ni

ratios and (d-f) the corresponding bimetallic CuNi ufMNPs after thermal reduction in forming
gas at 550 °C. The ratios between Cu(Il) and Ni(ll) in the synthesis solutions were 1:4, 1:2.5,
and 1:1 for the samples in (a), (b), and (c), respectively. The insets are blown-up images. The
scale bar in (a) is 50 nm and that in the inset is 20 nm, which also apply to (b-f). Regardless of
the Cu/Ni ratios, the deposited CuNiOy(OH), exhibits a thin film morphology that uniformly
wraps the SiOx NSs. The uniform films are transformed to CuNi ufMNPs that are evenly

distributed on the SiOx NSs.
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Figure S10. TEM images of the SiOx NSs loaded with (a,b) RuPdOy(OH), with Ru/Pd = 1 and
(c,d) the corresponding bimetallic RuPd ufMNPs after thermal reduction in forming gas at 250
°C. The loaded RuPdOy(OH); exhibits the morphology of ultrafine nanoparticles, similar to the

RuPd ufMNPs after thermal reduction in the forming gas at 250 °C.

S13



12 1.2
- — CuNiO,(OH),/SiO, b - — CuNiIO,(OH),/Si0,
d — CuNi/Sio, —CuNi/SiO,

op]  CuINiD = 1:4 0p]  CuODNiN =125

0.4+

F(R)
F(R)

0 B — - == = [0 R
400 600 800 400 600 800
Wavelength (nm) Wavelength (nm)
(C) ~ = CuNiO,(OH),/SiO, (d) RuPdO,(OH),/Si0,
— CuNi/SiO, RuPd/SiO,
Cu(I1):Ni(Il) = 1:1 081 Ruin:Pd(Il) = 1:1
0.8-
v —
£ e
0.4- 0.4
0- N e e e e e e - - = =
: - 0.2 : :
400 600 800 400 600 800

Figure S11. DRS spectra of the composite particles containing bimetallic MOy(OH), and
bimetallic ufMNPs as shown in Figure S9 and Figure S10: (a-c) CuNi samples with different

Cu/Ni ratios (d) RuPd samples with Ru/Pd = 1.
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