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ABSTRACT: Optical absorption of metal nanoparticles on dielectric supports that do not absorb light becomes complicated due to
the convolution of light scattering of the dielectric supports. Identifying the origin of optical absorption characteristics in metal/
dielectric composite materials is vital to designing materials with desirable optical absorption properties for interesting applications
such as photocatalysis. In this work, we systematically investigated the optical absorption of ultrafine metal nanoparticles (ufMNPs)
supported on silica spheres (SiOx-SPs) using absorption-sensitive diffuse reflectance spectroscopy (DRS) and theoretical modeling/
calculations. The comparisons between experimental measurements and theoretical predictions reveal that the SiOx-SPs in ufMNPs/
SiOx-SP composite powders exhibit three types of scattering to determine the optical absorption of the supported ufMNPs. First,
localized light-scattering resonances near the surface of individual SiOx-SPs with large sizes generate enhanced electric fields to
promote strong optical absorption in the ufMNPs with well-defined peaks. Second, nonunidirectional diffuse light scattered from
individual SiOx-SPs with relatively small sizes penetrates the composite powders to be absorbed by the ufMNPs, exhibiting uphill
and peakless absorption profiles. Third, the diffuse light can be modulated by the ordered packing of the composite particles that
exhibit photonic reflection at the stop band, resulting in a valley in the DRS spectrum of a composite powder. The deconvolution of
optical absorption in the ufMNPs/SiOx-SP composite particles opens an avenue to rationally design composite materials with
favorable light absorption properties, for example, nonlinearity of localized absorption versus linearity of diffuse absorption.

1. INTRODUCTION

Light absorption in metal nanoparticles originating from
surface plasmon resonances has been extensively studied for
photoenergy conversion, including photothermal effect1−6 and
hot-carrier chemistry.7−11 The conversion efficiency of the
photoenergy absorbed in metal nanoparticles usually increases
with the decrease of the size of the nanoparticles below 10 nm
due to surface damping and/or chemical interface damp-
ing.12−14 However, size reduction significantly weakens light
absorption power in individual metal nanoparticles, in
particular, metal nanoparticles lacking surface plasmon
resonances in the visible spectral region. The weak light
absorption power prevents efficient harvesting of the incident
light, deteriorating the overall energy conversion efficiency of
the incident light. Light antennae can spatially concentrate the
energy of incident light to increase the photoenergy absorbed
in individual small metal nanoparticles even when the incident

light is constant. Integrating small metal nanoparticles with
appropriate light antennae represents a powerful strategy to
amplify light absorption power in individual metal nano-
particles. For example, plasmonic nanostructures which exhibit
enhanced electric fields near their surfaces in light have been
evaluated as light antennae to improve light absorption in small
metal nanoparticles that are carefully placed near the
plasmonic nanostructures with desirable dielectric spac-
ings.15−19 Controlling the composition and thickness of the
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dielectric spacers is not trivial because the electric fields decay
exponentially with the distance from the plasmonic antenna
surface. When the dielectric spacers are too thick, the
enhancement of electric fields becomes too weak to support
strong light absorption in the small metal nanoparticles.20,21

Thin dielectric spacers may cause an electric crossover (i.e.,
charge transfer) between the plasmonic antennae and the small
metal nanoparticles, changing the properties of the metal
nanoparticles. The plasmonic antennae absorb light to support
the enhanced local electric fields, but the absorbed light
eventually decays to heat in the antennae and cannot be
absorbed by the small metal nanoparticles. On the other hand,
dielectric structures with appropriate geometries can also
generate enhanced electric fields near their surfaces due to
Fabry-Perot or Whispering Gallery resonances (Figure S1),
making them suitable for a class of light antennae.22−25

Because of the insulation nature of dielectric antennae, small
metal nanoparticles can be directly loaded onto the surfaces of
the antennae to benefit from the enhanced electric fields. We
have synthesized composite materials made of ultrafine metal
nanoparticles (with a size of <10 nm) dispersed on submicron
silica spheres (with sizes of 200−450 nm).26−29 The presence
of the ultrafine metal nanoparticles does not diminish the
strong surface scattering resonances on the silica spheres
(Figure S2), resulting in the observation of significantly
enhanced light absorption in the metal nanoparticles (Figure
S3).26

The promise of submicron silica spheres as light antennae to
enhance light absorption in small metal nanoparticles has
motivated us to explore metal/silica composites in photo-
catalysis.27,28,30,31 The light scattering resonances near the
surface of silica spheres (SiOx-SPs) under light irradiation
depend on their sizes. The size-dependent resonant spectra can
directly translate to enhanced light absorption in ultrafine
metal nanoparticles (ufMNPs) loaded on SiOx-SPs. The light
scattering resonances represent localized phenomena near the
surface of individual SiOx-SPs, and the correspondingly
enhanced optical absorption in the ufMNPs is independent
of the number and packing condition of the ufMNPs/SiOx-SP
composite particles. On the other hand, the light scattering by
the submicron SiOx-SPs influences light propagation in powder
samples of packed ufMNPs/SiOx-SP composite particles (e.g.,
fixed-bed catalysts), affecting light absorption in the buried
particles. Herein, we systematically study the optical
absorption of ufMNPs/SiOx-SP composite powders at varying
packing densities to distinguish the contributions of localized
light scattering resonances near the SiOx-SP’s surfaces and the
diffuse light penetrated the packed powder ensembles. The
former contribution locally intensifies the electric fields near
the SiOx-SP’s surfaces compared to the electric field of the
incident light, enhancing light absorption in ufMNPs with
characteristic peaks determined by the scattering resonance
bands of SiOx-SPs. This portion is referred to as localized
absorption (with enhancement). The latter light contribution
with random propagation directions diffuses in the powder
samples to be absorbed in the supported ufMNPs without
localized enhancement. This portion is referred to as
(globalized) diffuse absorption.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Ultrafine Pt Nanoparticles. Pt
nanoparticles were synthesized to evaluate their optical
absorption upon being loaded on SiOx-SPs because the

freestanding Pt nanoparticles with ultrafine sizes exhibited
only broadband and peakless absorption spectra. At room
temperature, 26 mL of aqueous solution of 2.8 mM sodium
citrate (Alfa Aesar) was added to 50 mL of aqueous solution of
0.4 mM hexachloroplatinic(IV) acid (Sigma−Aldrich) under
vigorous stirring. After 1 min, to this solution was added 5 mL
of freshly prepared 12 mM sodium boron hydride (Alfa Aesar)
aqueous solution dropwise at a rate of 1 mL min−1. The
solution became dark brown in 5 min and continued aging for
2 h. The resulting colloidal Pt ufMNPs were stored and used
without further purification.
2.2. Synthesis and Surface Functionalization of SiOx-

SPs. Monodisperse SiOx-SPs were synthesized through a
modified Stöber method based on controlled hydrolysis of
tetraethyl orthosilicate (TEOS, Sigma−Aldrich). In a typical
synthesis of SiOx-SPs with an average diameter of 353 nm,
10.88 mL of TEOS was added to a solution containing 120 mL
of isopropyl alcohol (Fisher Scientific), 45.60 mL of deionized
water, and 24.60 mL of ammonia hydroxide (28−30 wt % in
water, Fisher Scientific) under magnetic stirring at 40 °C. The
solution turned to milky-white in 1 min due to the hydrolysis
of TEOS and condensation of hydrolysates into silica
nanoparticles. The hydrolysis reaction continued for 2 h,
completing the growth of SiOx-SPs. The resulting SiOx-SPs
were collected from centrifugation and washed with ethanol,
which was repeated two times. The collected SiOx-SPs were
then dried overnight in an oven at 60 °C. SiOx-SPs with
different diameters ranging from 100 to 1100 nm were
synthesized by slightly adjusting the reaction conditions,
including the volume of solvent, the volume of TEOS, and
temperature. The reaction conditions and the average
diameters of the synthesized SiOx-SPs are summarized in
Table S1 (Supporting Information). The as-synthesized SiOx-
SPs exhibited negatively charged surfaces. Surface modification
with (3−aminopropyl) triethoxysilane (APTES, Acros Organ-
ics) was performed to change their surfaces to be positively
charged. In a typical modification process, 400 mg of dried
SiOx-SPs was dispersed in 200 mL of ethanol (190 proof,
Pharmco−Aaper) with the assistance of ultrasonication. To
this dispersion was added dropwise 2 mL of APTES at 60 °C.
The reaction continuously proceeded for 8 h to conjugate
APTES to the surface of the SiOx-SPs. The powders were
washed with ethanol twice and collected via centrifugation.
The APTES-modified SiOx-SPs were dried in an oven at 60 °C
for 2 h.
2.3. Loading of Pt ufMNPs onto SiOx-SPs. In a typical

process of loading 2 wt % Pt ufMNPs onto SiOx-SPs, 41.52 mL
of dispersion of the Pt ufMNPs synthesized in Section 2.1 was
slowly added to 100 mL of aqueous dispersion containing 100
mg of APTES-functionalized SiOx-SPs under vigorous stirring.
The mixture was continuously stirred for 1 h to fully load the
Pt ufMNPs to the SiOx surface through electrostatic attraction.
The resulting ufMNPs/SiOx-SP composite particles were
collected through centrifugation. The collected composite
particles were washed with water/ethanol 2 times, followed by
drying at 60 °C in an oven. The colorless and transparent
supernatant indicated that the ufMNPs were completely
attached onto the surface of SiOx-SPs.
2.4. Characterization. Scanning electron microscopy

(SEM) images were recorded with a microscope (FEI Quanta
FEG 450) operated at a high-vacuum mode with an
acceleration voltage of 10 kV. A transmission electron
microscope (TEM, JEOL JEM−1400) was used to image the
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synthesized samples. The diffuse reflectance spectroscopy
(DRS) study was performed with a commercial ultraviolet−
visible (UV−vis) spectrophotometer (Thermo Scientific,
Evolution 220) equipped with an integrating sphere. The
light source in the spectrophotometer is a built-in xenon flash
lamp. The setup configuration of sample placement is
highlighted in Figure S4. The extinction spectra were measured
with the traditional transmission mode by placing samples
between the light source and the traditional photodetector.

3. RESULTS AND DISCUSSION

Optical absorption of powder samples can be characterized by
DRS that can exclude the size-dependent scattering to provide
accurate light absorption in samples containing light-absorbing
constituents. DRS becomes suitable for evaluating the light
absorption of ufMNPs loaded on SiOx-SPs of different sizes
that do not absorb light but exhibit different scattering
behaviors. Highly uniform SiOx-SPs with different diameters
(112−1089 nm) have been synthesized (Figure S5), and Pt
ufMNPs have been attached to the surfaces of the SiOx-SPs at
controlled loadings (i.e., 1.0 and 2.5 wt %) (Figure S6). The
narrow size distributions (i.e., <5% except for the 112 nm
sample) of the SiOx-SPs confirm that the differences in optical
absorption spectra of the ufMNPs/SiOx-SP composite particles
originate from the size difference of the SiOx-SPs rather than
size distributions. Figure 1a presents the Pt ufMNPs

synthesized through the reduction of hexachloroplatinic acid
in the presence of citrate that stabilizes the Pt ufMNPs with
negatively charged surfaces. The Pt ufMNPs exhibit an average
size of 3.9 nm and a standard deviation of 0.6 nm, and their
aqueous dispersion exhibits weak broadband absorption
without characteristic peaks in the visible spectral region
(Figure S7a). The powder SiOx-SPs exhibit almost no optical
absorption in the UV−vis spectral region regardless of the
surface modification (Figure S7b). The SiOx-SPs modified

with APTES exhibit positively charged surfaces, which attract
the negatively charged Pt ufMNPs coated with citrate through
electrostatic attractions upon mixing. The spontaneous self-
assembly results in uniform dispersion of Pt ufMNPs on the
SiOx-SPs (Figure 1b−d). The high dispersion of the Pt
ufMNPs on the SiOx surfaces excludes the possible influence of
interparticle coupling on the optical absorption in the
supported Pt ufMNPs. The difference in optical absorption
between the Pt-ufMNPs/SiOx-SP composite particles and
freestanding Pt ufMNPs is therefore ascribed to the unique
scattering properties of packed SiOx-SPs.
Rayleigh scattering dominates the scattering of particles with

sizes below ∼100 nm, exhibiting peakless spectra with an
inverse proportionality of light wavelength (λ) to the 4th
power (i.e., ∝ λ

−4) and proportionality of the particle size to
the 6th power.32 The monotonic decrease of Rayleigh
scattering intensity as a function of light wavelength can be
translated to a monotonic increase of diffuse light in the
packed particle powders, resulting in an uphill spectral curve in
the visible region. Figure 2a presents the DRS spectrum of the
Pt ufMNPs supported on mesoporous silica nanoparticles with
irregular morphologies and sizes smaller than 40 nm (Figure
S6b), showing the increase of absorbance with wavelength.
The absence of peaks and high absorbance make the powder to
have a dark gray appearance (inset, Figure 2a). Weak Rayleigh
scattering of small silica nanoparticles allows a large portion of
incident light to penetrate the powder samples, resulting in a
large number of Pt ufMNPs interacting with the penetrated
light to absorb the optical energy. Increasing the size of silica
particles intensifies Rayleigh scattering, lowering the percent-
age of incident light penetrating the powder samples. For
example, when SiOx-SPs are larger than 100 nm, the
dominating scattering will transit from the peakless Rayleigh
scattering to Mie scattering with the increased particle size in
the studied spectral range. Since Mie scattering is not strongly
wavelength dependent, the corresponding absorption of the Pt
ufMNPs supported on the SiOx-SPs exhibits weak wavelength
dependence for large SiOx-SPs (Figure 2b,c). The broadband
uphill absorption exists for the SiOx-SPs with sizes up to 353
nm (Figure 2b), and the uphill profile disappears for the larger
SiOx-SPs (Figure 2c). It is worth pointing out that absorption
peaks can be observed in these samples except for the SiOx-SPs
with a size of 112 nm. The number of absorption peaks
increases with the size of the SiOx-SPs. The direct incident
light interacts with the top layers of SiOx-SPs to generate
strong surface scattering resonances (portion I, Figure 2d)
because of the highly symmetric geometry of the SiOx-SPs and
the coherent phase of the direct incident light near the
individual SiOx-SPs, resulting in enhanced electric fields at
resonant wavelengths near the surfaces of individual top-layer
SiOx-SPs. It is worth pointing out that the total output of the
xenon lamp is not entirely coherent in phase. However, the
incident light near an individual SiOx-SP could be considered
to exhibit the same phase because its size is comparable to the
light wavelength and much smaller than the xenon lamp. The
SiOx-SPs behave as light antennae to concentrate the incident
light at specific resonant bands and thus enhance optical
absorption in the supported Pt ufMNPs. Therefore, the Pt
ufMNPs attached to the surface of the top layers of SiOx-SPs
exhibit optical absorption with peaks consistent with the
scattering resonance bands.26 These absorption peaks are
localized absorption with enhancement. The light scattered off
the incident direction behaves differently from the direct

Figure 1. TEM images of (a) freestanding Pt ufMNPs with an average
diameter of 3.9 (±0.6) nm and (b, c) individual Pt-ufMNPs/SiOx-SP
composite particles composed of 2.5 wt % Pt ufMNPs on SiOx-SPs
with diameters of (b) 112 and (c) 441 nm. (d) Blowup image of a
partial composite particle shown in (c), highlighting the good
dispersion of Pt ufMNPs on the SiOx-SP surface and the absence of
agglomeration of the Pt ufMNPs.
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incident light to interact with the Pt-ufMNPs/SiOx-SP
composite particles, showing the diffuse absorption with uphill
profiles.
According to Mie theory,33 extinction spectra of the

freestanding single Pt nanoparticle and SiOx-SPs of different
sizes can be calculated (Figure S8). The optical extinction of Pt
ufMNPs with a size of 4.0 nm originates only from absorption,
while the extinction of SiOx-SPs is solely ascribed to scattering
in the UV−vis−NIR spectral region (300−1100 nm) that we
have experimentally studied. The absorption spectrum of a Pt
ufMNP exhibits a downhill-tailed profile without any
characteristic peaks (dashed curve, Figure S8a). The scattering
spectra of small SiOx-SPs (e.g., 112 and 173 nm in diameter)
exhibit similar long-tail profiles without apparent peaks,
indicating the lack of scattering resonances near the surfaces
of small SiOx-SPs. When the SiOx-SPs are large enough (e.g.,
262 nm in diameter), localized light scattering resonances
become strong enough to exhibit apparent scattering peaks.
The scattering resonance peak for the 262 nm SiOx-SP is

embedded in the predominant diffuse profile and displays as a
shoulder peak at ∼400 nm (green curve, Figure S8a). Further
increasing the size of the SiOx-SPs increases the strength of
scattering resonances and the number of resonance peaks,
which agrees with the measured scattering spectra of the SiOx-
SP powders (Figure S9). Comparing the theoretically
calculated scattering spectra of the SiOx-SPs with the measured
absorption spectra of Pt-ufMNPs/SiOx-SP composite particles
reveals two aspects: (i) the absorption peaks of the composite
particles with large SiOx-SPs agree well with the theoretically
calculated scattering spectra of the corresponding SiOx-SPs
(Figure 2c versus Figures S10, S8, and Table S2), highlighting
that the localized scattering resonances near individual SiOx-
SPs of large sizes dominate the light absorption in the
supported Pt ufMNPs; and (ii) an additional strong and broad
absorption peak at longer wavelength is observed for each
composite sample with SiOx-SPs of 561 nm in diameter and
smaller ones compared to the calculated scattering spectra of
the corresponding SiOx-SPs (Figure 2b versus Figures S10a

Figure 2. (a) DRS spectrum of the powder composed of 2.5 wt % Pt ufMNPs on mesoporous silica nanoparticles with irregular morphologies. The
inset shows a photo of the powder showing a dark gray color. (b, c) DRS spectra of the Pt-ufMNPs/SiOx-SP composite powders containing SiOx-
SPs with different sizes ranging from 112 to 1089 nm. The Pt ufMNP loading was 2.5 wt % for the powders containing SiOx-SPs with sizes from
112 to 680 nm. The powders containing 864 and 1089 nm SiOx-SPs had 1.0 wt % loading of Pt ufMNPs because of the lower mass-specific surface
area of the large SiOx-SPs. (d) Schematic diagram highlighting various optical scattering processes in Pt-ufMNPs/SiOx-SP composite particles
under light illumination. Due to the surface roughness of the powder, diffuse reflectance (pink arrows) happens on the powder surfaces and has
minor interaction with the composite particles. Scattered lights into the powder are divided into three portions. Strong localized surface scattering
resonances (portion I) occur near the surfaces of individual SiOx-SPs in the few top layers of composite particles, which is indicated by the glowing
orange color. The strength of localized surface scattering resonance decreases for the buried particles, which is indicated by the diluted glowing
intensity. The green arrows indicate the diffuse light (portion II) penetrating the powder due to forward Mie scattering of SiOx-SPs. The diffuse
light can reach the buried particles to be absorbed in the Pt ufMNPs. The photonic reflection of light of specific wavelengths (portion III) happens
due to the self-assembly of uniform-sized SiOx-SPs into ordered superlattices (or photonic crystals). The presence of portion III indicated by the
light blue arrows weakens portion II.
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and S8, and Table S2), indicating that the diffuse absorption in
the supported Pt ufMNPs is influenced by the packing of
ensembled Pt-ufMNPs/SiOx-SP composite particles.
Light scattering by the top layers of SiOx-SPs attenuates the

light that can diffuse into the Pt-ufMNPs/SiOx-SP composite
powders. The diffuse light (portion II, Figure 2d) lacks phase
coherence near the surface of individual SiOx-SPs due to the
nonunidirectional feature of light scattering. The diffuse light
weakens surface scattering resonances near the buried SiOx-
SPs in the composite powders. Therefore, the diffuse light is
expected to give peakless absorption spectra with uphill tails in
the supported Pt ufMNPs similar to the absorption spectrum
of the Pt ufMNPs supported on mesopore silica nanoparticles
shown in Figure 2a. The contribution of diffuse light to the
absorption in the supported Pt ufMNPs decreases with the size
of SiOx-SPs. In addition, the high size uniformity of the SiOx-
SPs favors the Pt-ufMNPs/SiOx-SP composite particles to self-
assemble into ordered superlattices (or photonic crystals,
Figure S11), which exhibit size-dependent characteristic stop
bands in the reflection spectra (portion III, Figure 2a). The
photonic reflection of a sample reduces the overall intensity of
diffuse light, and the photonic reflection peak determined by
the stop band is translated to a valley in the spectrum of diffuse
light and the absorption spectrum of the corresponding Pt-
ufMNPs/SiOx-SP composite powder. The valley in an uphill-
tailed absorption spectrum creates a peak right before the
valley. Therefore, the broad peak at the long wavelength in the
DRS spectrum of a Pt-ufMNPs/SiOx-SP composite sample is

ascribed to the photonic effect. For example, the photonic
crystal formed from the Pt-ufMNPs/SiOx-SP composite
particles containing 262 nm SiOx-SPs is predicted to exhibit
the first-order reflection peak at 578 nm by using the averaged
medium model (Figure S12). The details of modeling and
calculations are described in Supporting Information (Proce-
dure 3). The DRS spectrum of the corresponding composite
powder shows a broad peak at 488 nm accompanied by a valley
at 585 nm, which agrees well with the predicted position (578
nm) of the photonic reflection peak. A similar broader peak is
also observed in the DRS spectrum of composite powder
containing SiOx-SPs with a diameter of up to 441 nm. The
peak position shifts to red as the size of SiOx-SPs increases
because the photonic reflection peak redshifts with the size of
SiOx-SPs. The valley positions of the DRS spectra also agree
well with the calculated peak positions of first-order photonic
reflection (Table S3 and Figure S13). The absorption peak
originated from the diffuse light with attenuation of photonic
effect is asymmetric with a fronting profile. Careful comparison
of the calculated scattering resonance peaks and the measured
DRS peaks reveals that the absorption of the supported Pt
ufMNPs originating from the first-order scattering resonance
peak of the SiOx-SPs (green numbers in Table S2) is
embedded in the left side of the asymmetric peak with a
fronting profile.
In the studied spectral region of 300−1100 nm, optical

absorption in Pt-ufMNPs/SiOx-SP composite powders origi-
nates from absorption by the Pt ufMNPs but is significantly

Figure 3. (a, b) DRS spectra of Pt-ufMNP/SiOx-SP composite powders containing (a) 262 nm and (b) 1089 nm SiOx-SPs and different Pt
loadings. (c, d) DRS intensity as a function of Pt loading for (c) peak at 312 nm and an uphill point at 900 nm presented in (a), and (d) average of
all peaks presented in (b). The dependences are plotted in the log−log function, and the insets represent the normal−normal plots. The linear log−
log plots show a linear dependence of DRS intensity on Pt loading (slope = 1) or superlinear dependence (slope > 1).
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modulated by the scattering of SiOx-SPs. The scattered light by
the SiOx-SPs is classified into two categories: localized
scattering resonances near the surface of individual SiOx-SPs
(portion I, Figure 2d) and diffuse light into the composite
powders (portion II, Figure 2d) attenuated by photonic
reflections (portion III, Figure 2d). The localized surface
scattering resonances mainly occur near the SiOx-SPs of the
few top layers that can interact with the direct incident light or
slightly tuned incident light, resulting in enhanced optical
absorption in the supported Pt ufMNPs with the appearance of
narrow peaks determined by the scattering resonance bands.
The contribution of localized absorption increases with the size
of SiOx-SPs. The attenuated diffuse light leads to optical
absorption with an uphill-tailed profile and a broad asymmetric
peak overlapping a localized absorption peak on the fronting
side. The contribution of diffuse light to optical absorption
becomes weak as the size of SiOx-SPs increases. The Pt-
ufMNPs/SiOx-SP composite powders with SiOx-SPs smaller
than 500 nm exhibit both localized absorption peaks and
diffuse absorption, whereas those with larger SiOx-SPs exhibit
localized absorption peaks only (Figure 2b versus Figure 2c;
Figure 3a versus b). The diffuse absorption shows a linear
dependence on the loading of Pt ufMNPs (Figure 3c, open
circles and dashed line), indicating the uniform electric fields

of the diffuse light around individual SiOx-SPs. In contrast, the
localized absorption peaks show a superlinear dependence on
the loading of Pt ufMNPs regardless of the size of SiOx-SPs
(Figure 3c,d, diamond symbols and solid lines), confirming
that the scattering resonances generate enhanced electric fields
with nonuniform distributions near the surface of individual
SiOx-SPs (see the example shown in Figure S2). With
increased coverage of Pt ufMNPs on the SiOx-SPs, more
local “hot spots” of enhanced electric fields near the SiOx

surface are occupied with the Pt ufMNPs to contribute to the
overall optical absorption of the composite powders. The
power exponent of the superlinear dependence increases with
the size of SiOx-SPs. For instance, the power exponent is 1.41
for the localized absorption peak (at 312 nm) of the composite
powder with 262 nm SiOx-SPs, and it increases to 1.62 for the
averaged absorbance of all peaks of the sample with 1089 nm
SiOx-SPs.
The scattering behavior of SiOx-SPs in the composite

powders is also influenced by the packing density of composite
particles, thus affecting the optical absorption of the Pt-
ufMNPs/SiOx-NS composite powders (Figure 4). For
example, when 2.5 wt % Pt ufMNPs are loaded on the SiOx-
SPs with a diameter of 262 nm and dried in an oven (Figure
4a), the powder exhibits absorption peaks originating from

Figure 4. SEM images of (a) oven-dried and (b) freeze-dried Pt-ufMNPs/SiOx-SP composite particles composed of 2.5 wt % Pt ufMNPs and 262
nm SiOx-SPs. (c) DRS spectra of the composite particles presented in (a) and (b), displayed by the dotted and dashed curves, respectively. (d)
DRS spectra of oven-dried powders (dotted curves) and pressed pellets (solid curves) of Pt-ufMNPs/SiOx-SP composite particles composed of 2.5
wt % Pt ufMNPs on 112 nm (red curves) and 353 nm (green curves) SiOx-SPs.
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both localized absorption (at 312 nm) and photonic-reflection-
attenuated diffuse absorption (at 488 nm) and the uphill tail at
longer wavelengths (Figure 4c, dotted curve). When an
aqueous dispersion of the composite particles is freeze-dried,
more and large voids are left in the dried sample with a much
lower packing density (Figure 4b). The presence of a larger
void volume does not change the number and positions of the
absorption peaks determined by the localized scattering
resonances of individual SiOx-SPs and the photonic stop
band of the self-assembled superlattices (Figure 4c, dashed
curve). The large voids in the freeze-dried powder sample only
reduce the sizes of individual domains of photonic super-
lattices, whereas the periodicity of the superlattices is still the
same to maintain the photonic stop band. The reduced
packing density lowers the diffuse absorbance but not the
localized absorption, indicating that the larger voids generated
from freeze-drying are mainly located within the powders
rather than on the sample surface compared to the sample
dried in an oven. On the other hand, compressing the powders
dried in an oven to form pellets can squeeze out voids to
increase the packing density and darken the appearance
(Figure S14). Forming the condensed pellets increases both
the localized absorption peaks and the diffuse absorption
(Figure 4d). The exclusion of voids in the pellets restricts the
diffusion of gas (or liquid) to access the Pt ufMNPs buried in
the pellets, deteriorating their performance in applications such
as photocatalysis.
The electric fields of the diffuse light interacting with the

ufMNPs are usually weaker than the incident light, whereas the
electric fields contributing to the localized absorption are much
stronger than the incident light because of light scattering
resonances near the SiOx-SP’s surfaces. Such differences in
electric fields originating from different scattering mechanisms
can influence the processes sensitive to electric fields. The
absorbance of a sample is usually linearly dependent on the
number of Pt ufMNPs that interact with and absorb light.
When a Pt-ufMNPs/SiOx-SP composite powder sample
containing small SiOx-SPs exhibits the same absorbance as a
sample containing large SiOx-SPs, more Pt ufMNPs are
involved in the former sample to absorb the diffuse light,
while fewer Pt ufMNPs are involved in the latter sample to
absorb the locally enhanced light. Under this condition, the
light−matter interactions in single Pt ufMNPs supported on
differently sized SiOx-SPs may behave differently. For example,
hot-electron photocatalysis may exhibit a superlinear depend-
ence of reaction kinetics on high illumination power density
(or square of the electric field),9,19,34,35 implying that, at high
enough power density to generate superlinear dependence, the
Pt-ufMNPs/SiOx-SP composite particles with dominating
localized absorption may favor hot-electron photocatalysis
under intense illumination.

4. CONCLUSIONS

Optical absorption of ufMNPs dispersed on dielectric SiOx-SPs
of different sizes has been systematically studied with the
absorption-sensitive DRS and theoretical calculations, reveal-
ing that the SiOx-SPs in the composite powder samples exhibit
three types of scattering to determine optical absorption of the
ufMNPs in the UV−vis−NIR spectral range (i.e., 300−1100
nm). The localized scattering resonances near the surface of
SiOx-SPs support the observation of well-defined (sharp) peaks
in the DRS spectra, and the number and position of the
absorption peaks depend on the size of the SiOx-SPs. The

intensity shows a superlinear dependence on the loading of
ufMNPs, highlighting the nonuniform distribution of “hot
spots”, i.e., strong electric fields enhanced by the localized
scattering resonances. The nonunidirectional diffuse scattering
allows a portion of the light to penetrate the composite powder
to be absorbed by the supported ufMNPs. The corresponding
optical absorbance is linearly proportional to the loading of
ufMNPs, indicating that electric fields of the diffuse light are
uniform near the surface of individual ufMNPs. Diffuse light is
dominant in the sample containing small SiOx-SPs because of
the primary contribution from Rayleigh scattering that exhibits
strong wavelength dependence. Light of a longer wavelength
penetrates deeper than the light of a shorter wavelength,
resulting in a peakless uphill absorption profile as a function of
wavelength. Such a wavelength-dependent uphill profile
becomes less profound for the samples containing large
SiOx-SPs because scattering transits to less-wavelength-
dependent Mie scattering with the increase of particle size.
Moreover, the high dimensional uniformity of SiOx-SPs makes
a ufMNPs/SiOx-SP composite sample to self-assemble into
ordered superlattices (or small photonic crystals) to modulate
the diffuse light, exhibiting a reflection peak at the stop band
where the diffuse light is reduced to show a valley in the DRS
spectrum of the composite powder. The appearance of the
valley in the DRS spectrum results in an asymmetric and broad
peak, which is different from the narrow and symmetric peaks
originating from the localized scattering resonances. Differ-
entiating the origins of different optical absorption peaks is
important to understanding and rationally controlling the
optical absorption of ufMNPs/SiOx-SP composite powders,
which will benefit the exploration of their applications
requiring different electric fields. For example, the applications
relying on the nonlinearity of electric fields could benefit from
the composite particles with large SiOx-SPs that are dominated
by localized (enhanced) optical absorption.
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