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ABSTRACT

Effective light energyconversioninto other forms of energin metal and metal
compoundnanoparticledias beerof greatinterestin past decade Being illuminated by
incident light, electrons in the nanoparticles can be excited to higher energy states followed
by deposibn of energy ino other molecules around their surfaoed the lattices in the
following relaxation procesdJltrafine nanoparticles are thus preferred in these processes
due to their high specific surface areas. Moreover, the portion of excited electrons with
higher energies is higher in smaller nanopatrticles itharger onesHowever the overall
light power absorbelly nanoparticles is proportional to thguare oparticle sizewhich
causes taultrafine nanoparticles nato efficiently absorb the incident lighbr to drive
further chemical or physical processes.

Light antennae materials are usually employed t@aeoe the light absorption of these
ultrafine nanoparticles. Plasmonic nanoparticéeg,,Ag, Au, Cu and Al nanopatrticles,
enhance the light absorption of loaded nanoparticles mainly through strong
electromagnetic fields generated near teaifacesand have beeprovento be effective
light antennae to benefit the light energy conversion of ultrafine nanopar@ci¢ise other
hand, spherical dielectric particlesg.,silicon dioxide nanospheres, represamtifferent
type of light antenme with the advantages of low cost, simple synthesigl negligible
Ohmic loss when being illuminateéd/hen the sizes of high geometric symmetiglectric
nanosphereare comparable with the wavelength of the incident lighe, scatteringcan
happen based on the difference in refractive index between the sphere and the surrounding

medium,generang sizedependent scattering resonances at various wavelengths. At these



wavelengths, strong eleidrfields can be createon the surface of dielectric spheres to
enhance the light absorption of the nanopartitdesled on the surfac®revious work
have shown that silica nanosphength adiameter of several hundreds of nareters can
effectively enhance the light absorption of ultrafine Pt nanoparticles and benefit
photocatalytic reactionse.g., selective oxidation of benzyl alcoh@Glver the past few
years, this concept has been broadened to other ultrafine nanoptuttie their novel
phototo-chemical/physicalproperties However, the availability and comprehensive
understanding athe optical properties of thislass ofcomposite partickestill needto be
improved These challenges limit the further developmerihe§e compositmaterias in
new light energy conversion processdsis dissertation aims at studying thukass of
novel ultrafine nanoparticles/dielectric sphere composite particles synémasogptical
properties

In Chapter 2, a synthesmsotocolof ultrafine ruthenium oxyhydroxide nanoparticles
on the surface of sil i c aUnlketharadpidna symheds s ur f
of nanoparticles in solution followed by a loading process, the method developed in this
chapter only requireshe injection of aqueouguthenium salt solution into a silica
nanosphere dispersioiihe obtained ultrafine nanoparticles with sizd 2-3 nm are
characterized to be ruthenium oxyhydroxide (RuOOH) nanoparticlee silica
nanospheres are crucial in gtaing these ultrafine RUOOH nanopatrticles and enhancing
their light absorptionDue to the presence of ruthenioxygen bonds in the nanoparticles,
the absorbed photons are converted to aedtransferred to the surrounding mediah
a photeto-thermal conversion efficiency close the unity. Experimental results have

shown tlat heat can be effectively used acceleratingthe reaction rate of selective



oxidation of benzyl alcohol by moleculaxygen Kinetics data also have shown that these
ultrafine RUOOH nanoparticles are able to activatdecular oxygen adsorbed on their
surfaces, which represents a novel property of these ultrafine RUOOH nanoparticles that is
not observed in other tradihal ruthenium catalysts.

In Chapter 3,a more general synthesis method of ultrafine metal and metal
oxyhydroxide nanoparticles on silica nanospheres is developed, inspired by the synthetic
route in Chapter Anstead of functionalizing silica surfaces with silane agents with amino
groups, the silica surfaces are selectively etchexhbgueous base to creatkigh density
of surface hydroxyl groups. These hydroxyl groups can provide basic sites to stabilize
metal ions in aqueous dispersion, which are nucleiffiefurther growth of larger metal
oxyhydroxide nanoparticlefn this chapter, more than ten kinds of metal ions are loaded
onto silica spheres, forming oxyhydroxide nanoparticles with average siltas 5 nm
Some oxyhydroxide nanopatrticles can be reduced by 8M kb form metal nanoparticles
with theirultrafinesizes maintained:he synthesis protocol is promising in pregigm of
bimetallic samplesThe composition and optical absorption of all obtained composite
particles are analyzedemonstratinghe practicability of utilizing the reported method to
prepare higkguality light-absorbingcomposite particles

In Chapter 4the optical absorption pperty of the composite particle is systematically
studied. Using ultrafine Pt nanoparticles as the light absorbing material, the light
absorptions of composite particles consgsbf silica spheres with diamesgfrom 100 to
1100 nm loaded with these Pt nanoparticles are studi@ecugh the combination of
theoretical calculation based on Mie theory and the measured optical absorption spectra,

the scattering resonance peaks are successfully located in each gasalso found that



the photonic crystal effect and the general absorption of Pt nanoparticles can contribute to
the light absorption spectra, especially at higher wavelerfjlesielationship between the
general absorption of Pt nanoparticles andpheking density of the powder isrther
studied.The successful deconvolution of several components in the absorption spectra can
guide the furtherationaldesign of composite particles in opticalated applications.

In Chapter 5,the composite particle system is further broadened to using high
refractive indexzinc sulfidenanosphergasalight antennaThe use of higher refractive
index light antenna is promisinigr obtaining higher light absorption enhancement in
loaded ultréine nanopatrticles, even though the sample is dispersed in organic media with
a high refractive index as wellfter the successful loading of Pt nanoparticles to the
surface of silicecoatedzinc sulfide nanospheres, a protoctdr analyzing their light
absorption spectra in organic media is propos®dedependent scattering resonance
peaks are observed in bare zinc sulfide nanospheres and can be utilized to enhance the light
absorption of Pt nanoparticlesven when the sample is sealed in high refradtidex
polymeric matices.The composite particles are further employed in photothermal tests,
the results prove that the better light absorption enhancement using zinc sulfide than silica
nanospheres.

The results introduced in this dissertation represent the first systematic and
comprehensive study of ultrafine metal and metgthydioxide nanoparticles loaded on
the surface of dielectrioght antenngarticles.The conclusions open an avenue to further
rational design ohigh-performancelight-absorbing composite particles to bsed in

phototo-thermal/chemical processes.
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surface of HRSIOx NSs, and (d) ultrafine Mn&8iOx obtained by treating
ultrafine MnG,(OH)./SiOx composite particle with 0.6 ¢ é é € . ... . 79

3.7 TEMpictures of HRSIOx NSs loaded with Ag(l) ion at pH values of (a) 1.6,
(b) 6.35 and (c) 7.35. The scale bars are 6Q,a88@ 20 nm, respectivaly. 79

3.8 TEM images of ufMNPs/Sizomposite particles. Scale bars represent the
lengthof 50ne é é é ¢ é e ééeéeééeéecéecééeééeéeée... 81

Figure 3.8. Scale bars represent the lengthof 20 nné € € € € é & 82

3.10 TEM images of ¢a) Ni ufMNPs/SIQ NSs reduced at 750 °C. (c) Ni
ufMNPs/SiQ compositeparticles thatireprereduced at 550 °C followed
by silica coating. (d) Silicprotected Ni ufMNPs/Si©Ocomposite particles
heated at 750 °C. The scalesiar(a), (c) and (d) are 50 npand the one in
(b)is20nmé ¢ éeééeéeéeeéeéeéeéeéeéeée. . .83

3.11 Synchrotron XRD patterns of thesthesized ultrafine metal and metal
oxyhydroxide NPs loaded on HROx NSs. The data shown in-( are the
raw data obtained from the reduction tbe 2D scattering pattern with
average. The XRD pattern of HROx NSs is then used as the background
and is subtracted from other sample data, which are showsfin (d € é84.

3.12 (a) DRS of pristine SIONSs (dash line) and HRiIOx NSs (solid line). (b
k) DRS of ultrafine MQ(OH), NPs/SiQ composite particles (dash lines)
and ufMNPs/SIQ composite particles (solid lines). (I) DRS of loaded
Al(I), Mg(ll), Zn(ll) ,and MNQ@s amp |l es . .é.&...viininnnn. . 87.

3.13 TEM images of (&) CuNiGQ,(OH)./SiOx composite particles with different
Cu/Ni ratios; (df) The corresponding ufMNPs/SiGcomposite particles
after reduction. The feeding ratios between Cu(ll) and Ni(ll) are 1:4,,1:2.5
and 1:1 in (a), (h)and (c), respectively, and the total metal loadings are 2



wt.%. The insets arblown-up images of the individual sphere. The scale
bar i s 50 nm and 20..nm.f.or..l.ns.et®.

3.14 TEM images of (b) RuPdQ(OH)./SiOx composite particles and-()
RuPd ufMNPs/SiQc o mposi t e par t..cl.es.... e.£.91 .

3.15 Synchrotron XRD result of the CuNi ufMNPs/gi@Gnd RuPd
ufMNPs/SiQ composite particles. (a) Raw data obtained from the reduction
of the 2D scattering pattern with average. (b) Backgresubitracted data
using the XRD pattern of HSIOKN S 'S . ... 92

3.16 DRS of (ec) CuNi samples and (d) RuPd samples before and after
reduction.... < S 94

4.1. Neaffield intensity maps in (a) they plane located outside of a dielectric
sphere ar=0 and (b) thexz plane near the positivepole. The sphere does

not absorb I|Iight, and it has a diameter

The wavelength of incident light was 781.91084 nm. Adapteth w
permission from Ref. 22. Copyright 2008 American Institute of Physics103

4.2. Theoretical calculation results using Mie theory showing the scattering and
absorption spectra of RfMNPs loaded on SiaSPs withadiameter of 255
nm. The composite particle was modeled using the multilayer sphere
geometry withan effective medium layer. Adapted with permission from
Ref. 26. Copyright 2016 Macmillan Publishers Limitéde . .................. 106

4.3. (a) Photo ofhe setup configuration for DRS measurement in awsVv
spectrophotometer. The inset shows the powder sample cell, in which thick
enough sample powders were loaded to ensure no light passing through the
powders. The powders were sealed in the sample dblwguartz window.

(b) Schematic diagram dahe working principle of the integrating sphere.
The powder sample is placed facing the incident light. If {eg¥gorption
constituentsast in the sample, a portion of incident light is absorbed, and
therest is diffusty reflected in the sphere and collected by the detector.
Comparing the signal with the reference signal collected from the white
reference sample that does not absorb light provides the actual optical
absorption in the powder sampEeé . .ooeceeiiiiiiiin 112

4.4. SEM images of SiEEPs with different diameters: (a) 1089 £ 32 nm, (b)
864 + 46 nm, (c) 680 + 25 nm, (d) 561 + 19 nm, (e) 441 £ 10 nm, (f) 353
12 nm, (g) 262 £ 10 nm, (h) 173 = 8 nm, andL@ + 7 nm. The synthesis
conditions are summarized in Table £1& . . . e 115

4.5. (a) TEM image of the aynthesized Pt ufMNPs with an average diameter
of 3.9 nm and a statistic size deviation of 0.6 nm.TBM image of the
composite containing 2.5 wt% Pt ufMNPs on mesoporous silica
nanoparticles. ¢) TEM image of the RufMNPs/SIQ-SP composite
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particles containing 2.5 wt.% Pt ufMNPs on the ,38Ps with different
diameters: (c) 112 nm, (d) 173 nm, (eRd€n, (f) 353 nm, (g) 441 nm, (h)
561 nm, (i) 680 nm. (j, k) TEM image of BEIMNPs/SiQ-SP composite
particles containing 1.0 wt.% Pt ufMNPs on the ,S8Ps with different
diameters: (j) 864 nm and (k) 1089 BTE . . . i 116

4.6. TEM images of (a) freestanding Pt ufMNPs with an average diameter of 3.9
(x0.6) nm, and (&) individual PtufMNPs/SiQ-SP composite particles
composed of 2.5 wt.% Pt ufMNPs on &ISPs with diameters of (b) 112
and (c) 441 nm. (dBlown-up image of a partial composite particle shown
in (c), highlighting the good dispersion of Pt ufMNPs on the$80 surface
and the absence of agglomeration of the Pt ufMMRS.. . . ..o 117 .

4.7. (a) Optical absorption spectrum of the aqueous dispersion of Pt ufMNPs
shown in Figure 4.6a. The valueyséxis represents the averaged absorption
crosssection of a single freestanding Pt ufMNP dispersed in water. (b)
Typical DRS spectra of the SiGPs before and after surface
functionalization with APTES. The SicbPs withan average diameter of
262 nm vere used as the example to highlight the negligible optical
absorption inthe SIBSPSE € . . . i 118

4.8. (a) DRS spectrum of the powder composed of 2.5 wt.% Pt ufMNPs on
mesoporous silica nanopatés with irregular morphologies. The inset is a
photo of the powder showing a dark gray colofcDRS spectra of the Pt
ufMNPs/SiQ-SP composite powders containing $i€Ps with different
sizes ranging from 112 to 1089 nm. The Pt ufMNPs loading2amsvt.%
for the powders containing Si€SPs with sizes from 112 nm to 680 nm. The
powders containing 86Am and 1089 m SiQ-SPs had 1.0 wt.% loading of
Pt ufMNPs because of the lower magecific surface area of the large giO
SPs. (d) Schematic diagrdnghlighting various optical scattering processes
in PEUfMNPs/SiQ-SP composite particles under light illumination. Due to
the surface roughness of the powder, diffteféectance (pink arrows)
happens on the powder surfaces and has minor interactidn tiagt
composite particles. Scattered lights into the powder are divided into three
portions. Strong localized surface scattering resonances (portion |) occur
near the surfaces of individual SKSPs in the few top layers of composite
particles, which is idicated 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 1l) penetrating theygler due to forward
Mie scattering of Si@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 11l) happens due to the-ssembly of uniforasized
SiO-SPs into ordered superlattices (or photonic crystals). The presence of
portion Il indicated by the light blue arrows weakens the portiof 8.... 120



4.9. Calculated scattering spectra of individual ,S8Ps with different
diameters (i.e., the values higghted in the legends witheunit of nm). (a)
The scattering spectra plotted by normalizing the spectra against the highest
scattering intensity of each spectrum in the spectral range eIZ0Dnm.
The maxima of the spectra for small $iSPs arén the spectral range below
300 nm and are not shown in the figure. The intensity normalization makes
it easy to compare the characteristic peaks of differestlyd particles. (b)
The scattering spectra plotted as scattering €esson of the differety
sized SiQ-SPs, highlighting the significant dependence of scattering
intensity on the particle size. The calculated absorption spectrum of a Pt
ufMNP with 4 nm in size is also plotted for easy comparison (see the righty
axes). The calculations werenformed using the Mie theory. Scattering or
absorption efficiency can be converted to cresstion according to
611 0 “Q7¥r, where dis the diameter of the partideé¢ é é . . 123

4.10. Comparison of the measured (single line curves) thadretically
calculated (double line curves) extinction spectra of&Bs with diameters
of 353 nm (red curves) and 1089 nm (blue curves). The dispersionsyef SiO
SPs in isopropanol were dragpsted onto a glass slide and fully dried in a
fume hood to drm films. We applied the sample configuration of the
transmission mode to record the scattering spectra of-S#S. In this
configuration, a thin layer of SiIE5Ps was deposited on a glass slide, which
was placed at the sample holder between the lightteand detector. The
scattering of the SiESPs modulated the incident light transmitted through
the sample film. The stronger scattering at a wavelength leads to weaker
transmission at this wavelength, corresponding to a higher extinction signal.
Therebre, we used the spectrometer to record the extinction spectra of the
SiO-SP films, which could be approximately consistent with the scattering
spectral profiles of the SiEBPs. The film thickness (corresponding to the
number of Si@-SPs) on the glassidgé was carefully controlled to be thick
enough to provide decent sigttatnoise ratios and thin enough to allow the
appropriate light transmission to the detector. The measured extinction
spectra of ensembled S¢éSPs (single line curves) agree with taéculated
scattering spectra of single SISPs (double line curves) at high levels in
terms of resonance peaks. The slight differences in peak positions might be
ascribed to the dielectric constant of silica used in calculations different from
that of the real SiQ-SPs. The peaking broadening in the measured extinction
spectra is due to the size distributions of thexS88s in the film samples. 125

4.11 (a) Comparison of the calculated scattering spectra (solid curves) of
individual SiQ-SPs and the @erimental DRS spectra (dashed curves) of
PtufMNPs/SiQ-SP composite powders containing the same sizegd- SiO
SPs. The samples containing the ,.88Ps with diameters of 173 nm (red
curves) and 1089 nm (blue curves) were chosen to highlight the
characterist features of small and large SiOPs, respectively. The DRS
spectrum of the RIfMNPs/SiIQ-SP composite powder containing large
SiO«-SPs matches well with the calculated scattering spectrum of the single
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SiO«-SP, indicating that the opticabsorption in the supported Pt ufMNPs

is dominated by the localized scattering resonances of the large&SBgO

The significant difference between the DRS spectrum of the Pt
ufMNPs/SiIQ-SP composite powder containing small S&Ps and the
calculated sc#ring spectrum of the single S¥SP indicates that the optical
absorption in the supported Pt ufMNPs is dominated by the collective
scattering of the particle ensembles (including penetrated diffuse light and
photonic reflection). The comparissior sanples containing Si@SPs with
different sizes are summarized in Table 4.2. (b) Comparison of positions of
the measured DRS spectral peaks for thefNPs/SIQ-SP composite
powder with 108chm SiQ-SPs and the calculated scattering peak of a
single 1089hm SiQ-SP. The diagonal orange line represents the same x and
y values, providing a guide to easily visualize the consistency between the
experimental DRS peak positions and the calculated scattering resonance
Peak POSILIONSE € . . . oo ————— 127

4.12. SEM images of the-BtMNPs/SiQ-SP composite powders dried in oven.
The composite powders contain $i8Ps with different average diameters:
(a) 1089 nm, (b) 864 nm, (c) 680 nm, &H1 nm, (e) 441 nm, (f) 353 nm,
(9) 262 nm, (h) 173 nm, and (i) 112 nm. The shange ordered hexagonal
packing in 2D space and facentered cubic packing in 3D space highlight
that the composite particles sasembled into ordered superlattices (or
photonic cryst.al.s.).... LI SR 129

4.13. Piair effective medium model for calculating the effective refractive index
of the PtufMNPs/SIQ-SP composite particles based on the Maxwell
Garnett approximation. In the first step (a), SEPs are embedded into an
effective Ptair shell and its dielectric functionshell can be calculated. In
the second step (b), all composite particles are assumed to be packed as face
centered cubic stoture to form photonic crystals. The effective-mietal
shell is mixed with air gaps between &iEGPs to form a uniform effective
medium. SiQ-SPs are assumed to be immersed in this effective medium to
give an overall effective refractive indexmef. € € . . . e 130

4.14. (a) An enlarged SEM image of owvenied PtufMNPs/SiQ-SP composite
powders containing SKEEPs with an average diameter of 262 nm. (b)
Comparison of positions of the measured DRS spectral valley of the Pt
ufMNPs/SIQ-SP composite powders and the calculated -Grder
reflection peak of orderly packed composite particles. The diagonal orange
line represents the same x and y values, providing a guide to easily visualize
the consistency between the experimeatald cal cul at ed 1al ues.

4.15. (a, b) DRS spectra of-BtMNP/SiO-SP composite powders containing
(a) 262nm and (b) 108%m SiQ-SPs and different Pt loadings. (c, d) DRS
intensity as a function of Pt loading for (c) the peak at 312mndnan uphill
point at 900 nm presented in (a), and (d) average of all peaks presented in
(b). The dependences are plotted inlleg function, and the insets represent
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the normalnormal plots. The linear Ielpg plots show a linear dependence
of DRS intersity on Pt loading (slope = 1) or superlinear dependence (slope
b T < S - XU PPRRTSRPTPRRR 133

4.16. SEM images of (a) ovatried and (b) freezdried PtufMNPs/SiQ-SP
composite particles composed of 2.5 wt.% Pt ufMNPs andn265SiQ-
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
ovendried powders (dotted curves) anggsed pellets (solid curves) of Pt
ufMNPs/SiQ-SP composite particles composed of 2.5 wt.% Pt ufMNPs on
112nm (red curves) and 3538n (green curves) SiEBPsé € é . ........... 136

4.17. SEM image of the pressurized pellet cLMNPs/SiIQ-SP composite
powder containing 2.5 wt.% Pt ufMNPs on i@ SiQ-SPs. The insets
show photos of the ovediried powder (left) and the pellet (right). The color
of the sample became darkened after the compression. The DRS spectrum

of the pellet is presented asthesolié@ d cur ve i n Figu8/e 4. 164d.

5.1 SEM images of synthesized ZnS NSs with various diameters. Thai1l0
ZnS NSs are used as the seed for further growth reactions to obtain larger
ZnS NSs. The statistical average sizes of ZnS NSshanen in each figure,
indicating the good size .uni.f.or.m8ty of

5.2 TEM images of ZnS NSs with average sizes of (a) 341, (haadl(c) 532
nm. Theblown-up images of each sphere at higher magnificatianslawwn
IN(OFF ) 0 € € e 155

5.3 XRD pattern of 532m ZnS NSs. The observed diffraction peaks are marked
by star si g.n.s.... < P PPPPUPOURPPN 156

5.4 TEM images of ZnS@ SiSs synthesized by using ZnS NSs with average
sizes of (a) 341, (b) 44&nd (c) 532 nm. Thelownup images of each
sphere at higher magnificans are shownin¢l ) . é é.......ccoveee. 157 . .

5.5 TEM images of 3 Wi PtufMNPs/ZnS@Si®@ NS composite particles
synthesized by using ZnS NSs with average sizes of (a) 341, (Brth(c)
532 nm. Theéblown-up images of each sphere at higher magnifications are
ShOWN iN (Bf ) . € € 158

5.6 (a) Digital camera picture of Si®ISs with/without Pt loading dispersed in
isopropanol. The dispersion concentraticare 1  mg'L ifb) UV-vis
extinction spectrum of ing  rhisopropanol dispersion of 3 wt % Pt/SiO
synthesized using 560m SiQ: NSs. The spectrum exhibits broadband
absorption in the tested wavelength. The intensity changes at wavelengths of
430 and 620 nm are artifacts origingtfrom the detector. (c) Digital camera
picture of ZnS NSs with/without Pt loading dispersed in ispanol. The
dispersion concentratiorsel mg'! (M)LUV-vis extinction spectra of
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0. 05 'rhigoproplanol dispersion of\8t.% PtufMNPs/ZnS@Si@NS
composite particles. The spectra exhibit several peaks in the tested
wavelengths that are directly ridd to the Mie scattering of ZnS N®s. . 159

5.7 Sketch of light pathways in the WUNs extinction measurement of (a) real
solution, (b) ZnS NSsand (c) PUfMNPs/ZnS@SiQ NS composite
particles, where 10 is the intensity of the incident light, 11, I1' and 11" are the
intensity of light reaching the detector, A and A’ represent the absorption of
the solution/dispersion, S and S' are the scattering intensity of the dispersio
The equations on the right side are the theoretical light intensity observed by
theUV-vi s detect o.l.... L = PPN 162

5.8 UV-vis extinction spectra of ZnS NSs, ZnS@SiKSs and 3wt.% Pt
ufMNPs/ZnS@SiIQNS composite particles. Samples with ZnS NS diameter
of 532 nm are used. Isopropanol dispersions with the concentration of 0.2
mg 'thare employed for all..meas.ur eéents. ¢éé

5.9 Digital cameraipture of SiQ NSs and ZnS NSs with/without Pt loading
sealed in PDMS matrices. SiIBS samples are almost transpayarttereas
those of ZnS NSs ar.e..a.p.ag.ue....e.£.166.

5.10 DRS spectra of ZnS NSs anduMINPs/ZnS@Si®@ NS composite
particles inthe air and encapsulated in PDMS matrices. The extinction
spectra of ZnS NSs dispersed in isopropanol (black &neprovided for
comparison. For PDMS samples, the amount of powder loaded inside the
matrix is enough to exclude the loss of incident light through
tFANSIMISSIOB € . oo e e e e e e e e e e e e e e e e e e e e s e e eeeeees 167

5.11 Digital camera picture showing the measurement setup for the
photothermal test. The tested samples were placed on a quartz slide and were
illuminated with white Ight. A camera was focused on the upper surface of
the samplewhere the temperature was recorded. The emissivities of the
background were set to be 0.99 for PDMS and 0.88 for powders deposited
directly on the gwar.t.z..s.l.i.de...&470.

5.12 IR camera pictures of PDMS matrices shown in Figure 5.9 after being
illuminated at 1.5 W for 10 min. The powder sample sealed in the matrices
are (a) SIQNSs, (b) PUfMNPS/SiOx NS composite particles, (c) ZnS NSs,
(d-f) PtUfMNPS/ZNS@SIQNS composite particles with
diameters of 341, 441 and 532 nm. The room temperature is recorded as 22.4
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5.13 Digital camera pictures of (a) 1 mfSiOc and ZnS NSs with or without
loading of Pt ufMNPs deposited on cover slips, and (b) 1 mg of Pt
ufMNPs/ZnS@SIQNS composite particles made of 341, 441 andru®2
ZnS NSs deposited on cover slips:hjcIR camera pictures of powder
samples depositezh cover slips shown in (a) and (b) after being illuminated
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at 1.5 W for 10 min. The powder sample herein are (c) 8iSs, (b) Pt

ufMNPS/SIOx NS composite particles, (e) 2ZnS NSs,-h{f Pt
UfMNPS/ZNS@SIOQNS composite particleof with the
341, 441 and 532 nm. The room temperature is recorded as 22.4 °C.

<= TSP T 173.

5.14 Temperature change profiles of different sample povddgrssited on the
cover slip (samples shown in Figure 5.489aunder the illumination of light
with the power of 1.5 W. The total illumination time is 10 min for all
samples. The temperature values are recorded at certain time points in the
recorded VIAEOSE € . . . oot e e e e e e e 175
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CHAPTER 1

INTRODUCTION

( Not e: Part content of this chapter is ada
Yugang Sun*. Quantwsized Metal Catalysts for Hatectrordriven Chemical
Transformation. Advanced Materials, 2018, 1802082.,

doi .org/10.1002/ adma. 201802&/8R)Y with the p

1.1 LightMatterInteraction

The study of théehavior of light can be traced back to ancient Gxé& Empedocles
is credited with proposing the first theory of lighhd Euclid created geometric optics.
Over the past 2500 years, scientists have established a relatively mature optical research
system based on large numbef observations and experiments. On the other hand, the
behavior of matteis also continuously studied. In 1869, Dmitri Mendeleev unified the list
of elements into a rational order, which is known as the periodic4alhie.deelopment
of these two fields enables more scientists to study the interaction between light and matter.
A breakthrough was madethe beginning ofhe 20" century when light and mattarere

quantitatively connected by Einstein and a group of great gibigsi

In the modern study of lightnatter interactiona substantial numbef efforts have
been devoted to research on condensed matter. Generally, materials are categorized into
conductos, semiconduct® and insulat®s;, depending on the energy gapivibeen the
valence band and the conduction band (Figure 1.1). These materials behave differently
under the illumination of light. With the assiahce of thermal energy at certain

temperature, the electrons in conductors can be excited to regleegy levels, the



electrons in semiconductors can be excited only when the light energy is higher than their
band gap, while those in insulators cannot be eXifBuae excited electrons carrying the
energy from the photons can deliver these energieshty atatters to drive physical or
chemical processes. Since the past few decades, studies -whéitibt interactions have
been of great interes@and academic products have benefited electronics, medical sgiences

andchemical industrie$!!

Conduction band

|

Overlap f-—-—-—--—-——= Fermienergy Band gap

Energy

Valence band

Conductor Semiconductor Insulator

Figure 11 Sketch of band structures of conductor, semicondwatdrinsulator.

1.2 UltrafineMetal andMetal Oxyhydrokide Nanoparticles

One of the most weknown examples oén artificial nanoparticle produstin the
early stage is the Lycurgus cup, whichwkdistinct colorsdepending on whether there is
light illumination on it. The color change is originated from the gold and silver
nanoparticles dispersed in the glass métfi4. The first scientific description of

nanoparticles was reported in the middlenaf19" century by Michael Faraddy The fast



development of modern synthetic chemistry and characterizations facilitates the study of

nanoparticles, and this field has bedmyreat interessincethe 1980s.

Generally, particles with size below 100 nm can be defined as nanoparticles.
Nanoparticles present plenty of unique properties in thermodynamics, surface structures,
optical responsesind so ort® Their large surface energies and unique optical absorption
properties are especially crucial to applications of metal and nostdtydroxide
nanoparticles. As the size of the particle decredtsanassspecific surface area increases
tremendously. Thidigher surface area allows more active sites to interact with other
substrates for the following physical or chemical processes. The high surface energy is also
originated from their noiperfect surface structures. The high curvature of small
nanoparticlescreates plenty of surface defects and higlex facets. These highly
unsaturated sites hawaehigher potential to adsorb other chemical species and may lower

the actiationenergy of chemical reactions.

Nanoparticles also present some attractive opticaderties.’ One of the wetknown
phenomena in some small noble metal nanoparticles is the localized surface plasmon
resonances (LSPR). LSPRs result in strong absorption of a certain frequency of light in
ultravioletto-visible light (UV-vis) region in Ay, Au, Cu, and Al nanoparticles. This
excitation can generate a great amount ofdeiglérgy electrons at the excitation frequency,
and these electrons can be injected into other adsorbed substrates to drivdripeoto
processes. The utilization of ubitpuils solar energy and conveg it into other forms of
energy with high efficiency is highly favorable in accordance with the goal of overcoming

theenergy crisis and lowgarbon production strategies.



1.2.1 Chemical synthesis of supportethoparticles

Figure 1.2 TEM pictures of (a) Pt on Si€/nthesized usintdpewet impregnation method.
Adapted with permission from Reff8 Copyright 2017 Royal Society of Chemist(ly) Pd
nanocubes loaded on zeolite. Adapted with permission from IRefCopyright 208,
Wiley-VCH. (c) Pt nanoparticles synthesized on sudfweetionalized SiQ@ supports.

Adapted with permission from R&f0. Copyright 2014 Royal Society of Chemistry.

Even though the synthesis of fre@nding nanopartickhas been weldeveloped, the
nanoparticles dispersed in liquid media are usually hard toypanfl suffer from
aggregation. Loading metal or metadyhydioxide nanoparticles onto support materials
can not only increase their stability but also benefitapplication through interaction
between the nanoparticle and the support materials chemically or optitadymost
common method used in the chemical industry is the impregnation method, which is based
on the loading of metal precursors onto the suppoaterial followed by treatments to
obtain final product$*?® The loading can be conducted in both dndwet conditions.

For example, to load Pt precursors onto porous silica supports, one can mix a certain
amount of Pt precursor solution with silicavpder with thorough mixing or disperse silica
powder ina larger amount of precursor solution followed by solvent evaporation. The

4



obtained metaloaded powders are fully dried ithe oven, and metal or metal
oxyhydroxide can be obtained by treating thenpée with hydrogen gas or air (Figure
1.2a)*® Since this method relies on the adsorption of metal precursors in the pores in
support materials, the obtained nanoparticle morphology is hard to be controlled. If the
study is related to the effect of nandpde sizes, morphologies and crystallinity,
nanoparticles can be synthesized seplyratehe solution phaséollowed by loading onto

the surface of support materials through adsorption (Figure 1.2b) or other surface
interactions (e.gelectrostatic iteractions):> 2* 2°Furthermore, in order to obtastronger
interaction between the loaded metal species and the support, the metal ions can be loaded
first to the support followed bg separate reduction process. The support materials are
usually fung¢ionalized by organic linkers, on which one side is grafted to the suppolrt

the other side can interact with frending metal ion€ 2?2 The interaction between the
metal ion and the support prepared using this method is more direct since n@suigact

involved andcan result in higher thermal stabilities during the application, Figure®.2c.
1.2.2 LightAbsorptionProperties

When a light wave propagates in media and reaches metal or meghydroxide
surfaces, absorption, reflection, and scattering can happen. In a bulk metal material, the
electric field generated by the oscillation of free electrons in the metal cancels thé field o

the incident light when the angular frequengy 6f the light is smaller than the plasma

frequency( — with a value 08.55eV for Au and 9%0eV for Ag?2® 3°wheren is

the number density of electrorss the electron charg) is thepermittivity of free space

andmis the effective mass of the electron), resulting in a strong reflectivity of the light in



the UV-vis spectral region. However, reducing the size of metal objects to the nanometer
scale such as nanoparticldeads to efficient coupling of light into the metal nanoparticles

by transferring the photon energy to the spatially confined coherent oscillation of electrons,
which is termed LSPRL Excitation of the LSPRs results in strong optical absorption in
metal nanoparticles of Ad? Ag,>® Cu2* and AI2® and the intensity and position of the
corresponding absorption peaks are tunable by controlling the size and shape of the
nanoparticles®*° For examplethe El-Sayed group synthesized Au nanoparticles with
various sizes and aspect ratios. With the increasgarticle size and aspect ratio, the
obtained LSPR peaks were fghifted, which is essentially the resultioésizedependent
damping constant of the excited electrdhi contrast, platinuagroup mets (PGMSs)

and early transition metals are widely used catalysts, yet are generally considered poor
plasmonic metals because they suffer from large nonradiative damping, which leads to
broad spectral features and weak absorption across the visible regfienspectruni48

The calculated absorption maximum of Ru, Rh, Pd, and Pt nanopatrticles are above 3.5 eV

(below 350 nm}?

Metal oxide and oxyhydroxide nanoparticles more commonhbehave as
semiconductors in the UVis region®® 5! Dependng on their bad gap values, the
electrons in the valence band can be excited only when the incident light has higher energy
than the band gap energy. For example, CuO and fa@e band gap energies of ~2 and
3.2 eV Thus, studies on the phetesponse of CuO can bdene using visible lightvhile
those of TiQ are usually conducted in the UV region. Dececa$ the size of the
semiconducting metal oxide nanoparticles leads to the increase of band gap energy. The

change is related thequantum confinement effect. Fexample, NiO nanoparticles with



various sizes can be synthesized by hydrolyzing s in basic conditions at various
temperatures. The optical absorption spectra of NiO nanopatrticles with sizes from 4 to 22
nm were measured, and it was shown thab#rel gap increased from ~4.3 eV forr2h

sample to ~5.1 eV for-Am samplé?

As for the discussion of works in this dissertation, nanoparticles with smaller sizes
(e.g., <10 nm) are preferred since the high surface areas can greatly benefit their
performances. It should be noted that the light absorptivity of nanoparticles decreases in
smaller particles® >3In metal nanoparticles, according to the Dr&Enmerfeld mode
the energy distribution of free electrons in a metal follows the FBIrac statistics,
showing that most of the electrons occupy the energy states below the Ferrt level.
However, in nanoparticles with small rad®) (much less than the electron médae path,
the Drude model is no longer accurate to describe the elgatiamon coupling since
electron scattering from the nanoparticle surface barrier becomes dominant. The surface
electron scattering can be both elastic and inelastic. Only the ioglastion of surface
scattering is responsible for injection into surface adsorbate molecules and the
consequential chemical transformations. Meanwhile, the inelastic portion of surface
scattering also represents the major process responsible for phsetwptan, which can
be estimated by solving the Schrodinger equatiditne optical powerW) absorbed in one

nanoparticle is described by

© —= —-© 1§ — 7 FOYA s, (L)

o}

wher e ¥, ¢, andV represent the reduced plank constant, speed of light, angular

frequency of light, Fermi energy of the corresponding metal, and the volume of the



nanoparticle, respectively. With a given light and a given material of the nanopaeticles,

(1.1) can be simplified to

w®Y I 7 s, (1.2)

suggesting that the absorbed optical power is proportional to the square of the radius of the

nanoparticlesind the square of the local electric field in which the nanopatrticle locates.

1.3 AbsorptiorEnhancememf Metal Nanoparticles bjNanoantenndlaterials

The weak optical absorption in metal or metayhydioxide nanoparticles makes it
challenging to efficiently drive surface physical or chemical processes with péxtdad
hot electrons. Since the absorption coefficient of metal nanoparticles is proportional to their
volume, it becomes even weaker when the particle size is reduegplase more surfaces
to benefit their performances. On the other hand, metal nanoparticles with small sizes favor
the generation of hot electrons with a quantum efficiency inversely proportional to the size
of the nanoparticles. Such contradictory influemicf the nanoparticle size on light
absorption and hotelectron generation represents another challengeing ufirafine
nanoparticles, which exhibit large surfacevolume ratios, as highfficiency optical
materials. Amplifying light absorption powén ultrafine metal or metabxyhydoxide
nanoparticles is crucial to increase their optical performances since the optical power
absorbed by individual nanoparticles determines how hot the excited electrons can reach
upon a static illumination (e.g., tlsinlight). According teeg. (1.2), an enhancement of
optical absorption power can be achieved by increasing either the size of the nanopatrticles

or the local electric field. For the interesting ultrafine metal or mexghydoxide



nanoparticles that exit small sizes, spatially increasing the local electric field represents

the only way to enhance their absorption power of light. Nanoscale optical antenna (or
nanoantenna) has been explored to generate local electrirfialth stronger than the

field of the incident light by taking advantage of the unique figdmioantenna interaction.

As shown in Figure 1.3a, a nanoantenna that is usually a nanoparticle responds to the
incident electric field Ein), resulting in a stronger electric field locally on (or near) the
surface of the metal or metatyhydioxide nanoparticle (i.eEjoca). The nanoparticles with

sizes much smaller than the nanoantenna are placed on the surface of the antenna to interact
with the locally enhanced electric field, leading to an amplified absorption power in the

loaded nanopatrticles accordingemp (1.2).
1.3.1 Plasmoni®lanoantenna

Plasmonic metal nanoparticles with wetintrolled dimensions and shapegresent
the mostlystudied nanoantenna for amplifying the optical absorption power in metal and
metaloxyhydioxide nanoparticle®%° The enhancement dfelocal electric field near the
surface of plasmonic metal nanoparticles relies on the excitation of LSPRs in the
nanoparticles under photoillumination. The LS@khanced local electric fields have been
extensively applied to amplify light scattering (e.g., sudaekanced Raman
spectroscopy)l ©2 photoluminescenc®; % and absorption (e.g., surfaeehanced
infrared absorptiorf> The enhanced local electric field near the surface of plasmonic metal
nanoparticles can reach a magnitude df(d® even higher) times of that of the incident
light.®® Accordingly, the optical absorption power in individual metal ortahe
oxyhydioxide nanoparticles can be improved by more thdnit@s whertheyare placed

at the appropriate surface positions of the nanoantennae to benefit from the enhanced
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Figure 1.3 (a) A schematic illustration highlighting a nanoantenna (i.e., the large particle)
can produce stronger electric field near its surface to enhance optical absorption power of
the small particles sitting on the surface of the nanoantenna. (ley Papelasketch of a

hybrid structure containing a Ag nanodisk (gray, acting as a nanoantenna) and many Pd
nanoparticles (blue dots) that are separated by a thin layesNof (Bink). Lower panel:
Intensity maps of electric field near the surface oAgmanodisk with a diameter of 60

nm and a thickness of 20 nm unttezillumination of light with varying wavelengths (450,

500, 550, and 600 nm, from left to right). The red color and yellow color correspond to the
low and high electric fields, respeatly. The results were obtained from FDTD calculation.

(c) The absorption enhancement spectra in the Pd nanoparticles measured on Ag nanodisks
with different diameters of 64 nm (blue), 123 nm (red), and 167 nm (green). The thickness
of the Ag nanodisks w0 nm. (b), (c) Adapted with permission from R&8. Copyright

2015, WileyVCH.
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local electric field. For example, Antosiewicz et al. designed a hybrid structure consisting
of sub5 nm Pd nanopatrticles anchored on Ag nanodisks with a thickness of 2@dnan
diameter of 60 nm, which are separated with a thiNSayer of 5 nm in thickness (top,
Figure 1.3b¥® The Ag nanodisks behave as the optical antennae to geastaiag local

electric field that is wavelengttbependent with an average maximuwmeeding 100 times

of that of the incident light (bottom, Figure 1.3b). However, the enhancement of the local
electric field is not uniform on the entire surface of each Ag nanodisk because the
enhancement is strongly dependent on the surface curvatakdielectric environment,

and polarization of the incident light. The average enhancement factor of optical absorption
in the Pd nanoparticles shown in the structure of Figure 1.3b cannot re0fxlibat
corresponds to the maximum enhancement of rdefield (i.e., 100). Figure 1.3c
compares the absorption enhancement spectra (i.e., the averaged enhancement factor of
optical absorption as a function of wavelength) of the Pd nanopatrticles on the Ag nanodisks
with various diameters (64, 123, 167 nnfjpwing that the average enhancement factors
are lower than 1,00x. The maximum absorption enhancement factor is always observed
at the wavelength of the LSPR peak of the Ag nanodisks. For instance, the Ag nanodisks
with a diameter of 64 nm enable ~30 teraronger in light absorption at ~485 nm in the

Pd nanoparticles (blue curve, Figure 1.3c). As an alternative to the expensive coinage metal
nanoparticles traditionally with strong LSPRs, nanoparticles made of Al can also serve as
plasmonic nanoantennae amplify the optical absorption in the Pd nanoparticle®.
However, the design of the hybrid structures consisting of metal or metiaydroxide
nanoparticles supported on plasmonic nanoantennae has some obvious downsides to fully

benefit photedriven physical or chemical transformations. First, the distance and
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separation layer between the loaded nanoparticles and the plasmonic antennae have to be
carefully controlled not only to avoid the direct charge transfer from the loaded
nanoparticles to thenéennae but also to place the loaded nanoparticles in the maximum
local electric field generated near the surface of the plasmonic antennae. Second, the
amplification of optical absorption in the loaded nanopatrticles relies on the excitation of
LSPRs of tle plasmonic antennae at its LSPR frequency, which cannot cover the majority

of the solar spectrum for a single type of plasmonic nanoparticles. Thirdly, the light
absorbed by the plasmonic antennae for creating strong local electric field eventually
decaygo heatand this portion of light cannot be absorbed by the loaded nanopatrticles to

generate hot electrons.
1.3.2 DielectricNanoantenna

These above challenges can be eased by using dielectric optical antennae, on which
the nanoparticles can be directyaded without suffering the electron transfer to the
antennae. Transparent dielectric silica spheres are also capable of generating enhanced
electric fields near their surfaces because FaBgrot or Whispering Gallery resonances in
the silica spheres coantrate scattered light near their surféé@epending on the size of
silica spheres and resonance wavelength, the enhancenjEfftrafar the silica surfaces
can reach 1010°, which enables the amplification of optical absorption in the
nanoparticles attached to the silica surface. Zhang ameébdcers have demonstrated the
enhanced optical absorption in Pt nanoparticles (Figure 1.4a) when they are anchored on
the surface of silica spherical nanoparticles through electrostatic attré€igome 1.4b).

An aqueous dispersion of the freestanding Pt nanoparticles exhibits broadband optical

absorption from the UV to visible light region, but no distinct absorption peak in the range

12



.0
( A) Pt colloids

=}
e

200 300 400 500 600 700 800
Wavelength (nm)

(C) 290 nm Asdgnm

1.54240nm

0.0

——— 510, spheres &

200 300 400 500 600 700 800
Wavelength (nm)

Figure 1.4 (a) The UWis absorption spectrum of an aquedispersion of Pt nanopatrticles
with an average size of 5 nm. The inset shows a typicaltngsson electron microscopy
(TEM) image and selecteatea electron diffraction pattern. The photograph was taken
from the aqueous dispersion in a vial. (b) TEMgmaf the Pt nanoparticles loaded on the
surface of silica nanospheres with a diameter of 255 nm. The inset highlights the geometry
of the Pt/silica hybrid structure. (c) W¥s diffuse reflectance spectroscopy profiles of
silica spheres, APTEB\odified slica spheres, and Pt/silica with varying weight contents
of Pt (e.g., 1%, 2%, and 5%). The spectra were plotted as the KiNetdafunction of

the reflectance. The use of absorptgsamsitive DRS eliminated the influence of strong
light scattering causdul the silica spheres, enabling the accuracy of the measured optical
absorption in the Pt nanoparticles attached to the silica surface. (dsN&are electric

field intensity map of a silica particle (with a diameter of 255 nm) decorated with 48
equidigant Pt nanoparticles (with a diameter of 4 nm). The scale of amplitlaigEg?)

and the wavelength of incident light is 450 nm. Adapted with permission fron6Ref.
Copyright 2016 Macmillan Publishers Limited.
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of 200800 nm can be clearigentified (Figure 1.4a)° The transparent dielectric silica
spheres exhibit essentially zero optical absorption in the spectral range8d20@n, as
presented in the absorptisensitive diffuse reflectance spectroscopy (DRS) spectrum
(Figure 1.4c).m contrast, the DRS spectra of Pt/silica hybrid particles exhibit three distinct
absorption peaks located at ~240, 290, and 450 nm. The appearance of such distinct
absorption peaks is remarkably different from the peakless absorption spectrum of the
monodspersed colloidal Pt nanoparticles, highlighting the important role of the silica
spheres in influencing the wavelengtbpendent absorption cressctions in the Pt
nanoparticles. The rigorous finithfference timedomain (FDTD) method has been used

to model and calculate the scattering and absorption spectra of the Pt/silica hybrid structure,
leading to the similar spectral profiles shown in Figure 1.4c. The FDTD calculations also
provide the electric field distributions for the Pt/silica structure (ditmeters oflsiica =

255 nmdet= 4 nm) at wavelengths corresponding to the scattering and absorption maxima
in the visible region, revealing a distinct modal structure characteristic of Mie scattering
resonances in a dielectric partié®eWhen the Hsilica structure is illuminated at a
wavelength close to the scattering resonance frequency of the silica spheres, the field
maxima stay close to the composite boundary of the particle (Figure 1.4d). This enhanced
local electric field intensity near theobndaries is responsible for the enhanced optical
absorption in the Pt nanoparticles. Using the dielectric silica spheres as optical antennae
can be extended to enhance optical absorption power in semiconductor nandérgsthls,

metal/semiconductor composite particlés.

Both plasmonic metal nanoparticles and dielectric spherical nanoparticles can serve as

nanoscale antennae to modulate the incident electromagnetic waves through LSPRs and
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scattering resonances (e.g., FaBgot or Whispering Gallery mode), respectively. These

two types of antennae can produce spatially confined stronger electricresd their
surfaces, on which the nanopatrticles can be placed to achieve enhanced optical absorption
power according teq. (1.2). The possible complex interactions between the antennae and
the loaded metal or metakyhydmoxide nanoparticles as well as the chemical/physical
stability have to be carefully considered to choose the appropriate antennae for particular

applications.

1.4 Generation and &ention ofHot Electrons inMetalNanoparticles anBhotocatalysis

As discussed in the previous section, light absorption in ultrafine metal nanoparticles
primarily originates fronthesurface scattering of electrons, in which theited electrons
have the energy high enough to scatter off
el ectronso, and they have the potenti al t
chemical transformations. Hot electrons suffer two major engeggpy processes in the
metal nanopatrticles before they undergo a transfer process to molecules adsorbed on their
surfaces. First, similar to the excited electrons in bulk nféthle hot electrons on the
metal nanoparticle surface can lose energy due to eleslgotron scattering. The hot
electrons on the surface may collide with each other and/or electrons below the Fermi level,
leading to a redistribution of energy among theesmble of electrons. The consequence is
the generation of more leenergy Drude electrons (or lukewarm electrons) at the expense
of the consumption of hot electrons (Figure 18&3econd, the hot electrons could be
cooled down by exchanging energy witile nanoparticle surface lattice normally at the

temperature of the environment. This process is termed as elpbivoon scattering,
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Figure 1.5 Excited carrier distributions of metal nanoparticles with various sizes. (a) The
overview oftheenergy digtibution of electrons, demonstrating most of the excited carriers
have lower energies (Drude electrons). (b) A small population of electrons exhibits a
plateau in the regiol< E F + whereas the excited hole population display an inverted
plateau fot’>E F 1. Adapted with permission from R&R.Copyright 2016, American

Chemical Society.

which finally converts the kinetic energy of hot electrons to heat. Under a static
illumination of light, the energy distribution of hot electrons depends onaimgetition
between the generation and energy decay processes (Figure 1.5b). In ultrafine metal
nanoparticles with a high surfagelume ratio, the generation rate of hot electrons is
dominated by the surfaeeattering process, which determines the lighsogption
efficiency proportional to the surface area of the metal nanoparticlé&®)(dFhe energy

decay processes are dominated by eleatfeatron collision and electrdattice collision,

the frequency of which is proportional to the volume of théatmeanoparticles (aR®).”

16



Therefore, the retention yield of hot electrons is approximately inversely proportional to
the size of the metal nanoparticlesiragain highlighting the necessity of utilizing metal
nanoparticles with small sizes to efficiently produce hot electroi$ie quantum
efficiencyin convertingthe absorbed photons to hot electrons that are ready to scatter off

the surface of metal nanoparticles becomes higher as the size of the nanoparticles decreases.

Ultrafine metal nanoparticles have bestownto be oustanding photocatalysts driven
by hot electrons. Mukherjee et al. studied the dissociatiornn ¢f bond on the surface of
Au nanoparticle$® The bond dissociation enthalpy with 436 kJ/mol @fHHbond is too
large to be induced by thermal processes. Howeisrprocess is possible with the assist
of light illumination. Large amounts of hot electrons can be excited at the plasmonic
wavelength of Au nanoparticles and can be injected into thid Bond to deposit their
energies in the bond. The overall eneofjyhe system is raised up to a high enough state
followed by spontaneous dissociation af H bond. Platinum group metal nanopatrticles,
i.e.,Ru, Rh, PdandPt nanopatrticles, have bestudiedrecently as photocatalysts, thanks
to the development of nanoantenna materidiseHalas group has developed the synthesis
of Al nanoparticles as a kind of plasmonic nanoantenna material, on which noble metal
nanoparticles can be loaded. When using Pdopeanticles as the photocatalyst, hot
electrors can induce lower hydrogen coverage on the Pd surfaces, favoring the partial
hydrogenation of acetylene @) to ethylene (€Ha) that is an important precursor for
producing polyethylenbased materiaf®. Increasing the illumination power density
significantly increases the selectivity of forming ethylene comparing with dark condition.
As discussed previously, the absorption of noble metal nanoparticles can atd@heed

by loading them onto the surface ditlectric materials. Based on the result of PtSiO
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composite particles as the photocatalyst, Dai et al. have synthesized ultrafine Rh
nanoparticles loaded on Si€pheres. Similar to the result of reported Pt nanoparticles, hot
electrors generated on thRh surface can be injected into oxygen molecules to produce
superoxide radical anions, which can improve the reaction’&#&etthermore, in the
reduction of nitrobenzene to azoxybenzene on Rh nanoparticle surface, the electrons can
be injected into th&li O bond to produce nitrosobenzene as the reaction intermediate and

improve the reaction rate and selectivity toward azoxybenZene.

1.5 Researclbjectives

The purpose of this dissertation is to (a) improve the synthesis of ultrafine metal or
metal oxyhydoxide loaded on spherical dielectric nanoantenna; (b) obtain more
comprehensive understanding of the optical behavior of the composite particles on both
the aspect of single sphere and ensembles of spheres; (c) utilize optimized composite
particle materiad to conduct photto-thermal or photdo-chemical transformations. This
dissertation will guide how to achieve thagealsby rationally designing the synthesis
process and the characterizatmoathodologies andill inspire further synthesis of state

of-art composite particles for higgfficient optical energy conversions.
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CHAPTER 2
HIGHLY -DISPERSED RUIOOH NANOPARTICLES ON SILICA SP HERES: AN
EFFICIENT PHOTOTHERMAL CATALYST FOR SELECTIVE AEROBIC

OXIDATION OF BENZYL ALCOHOL

(Note: Part content of this chapter is adaj
Guzman, Xinyan Dai, Nuwan Attanayake, Daniel R. Strongin, Yugang Sigifly H

Dispersed RuOOH Nanopatrticles on Silica Spheres: An Efficient Photothermal Catalyst

for Selective Aerobic Oxidation of Benzyl Alcohol. Namoro Letter, 2020, 12, 41.

doi.org/10.1007/s4082020037590 wi t h p e rSpingefNatare) f r om

2.1Background

The comprehensive study of metal/metayhydioxide nanoparticles deposited on the
surface of dielectric spheres requires a simple and repeatable loading of metal species onto
the spherical supports. As for using the loaded nanoparticlestalysts, the general
principle of designing a catalyst is to reduce the size of catalyst nanoparticles to maximize
their surface area, simultaneously increasing their catalytic activity and lowering the usage
of catalyst materials (in particular precionetals):? Thus, efforts have to be mad®e
synthesizailtrafine metal/metabxyhydoxide nanopatrticles onto the surface of dielectric

spheres.

Selective aerobic oxidation of primary alcohols to corresponding aldehydes is of great
interest in the chemical synthesis industry becausts ehvironmentfriendly and cost
effective feature$® The hi gh bond di sGhHand webk axidimge ner gy

power of molecular oxygen ¢Dlead to challenges for successful reactions under mild
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ambient condition$!° The promising solution relies on the use of appropriate catalysts

and elevated temperatures {BP0 °C, if necessary)!*

In this work, weintroduce highly dispersdduOOHnanoparticles (NPs) with sizes of
2-3 nm that are synthesized through the simple hydrolysis of Ru(lll) salt as a unique
catalyst for selective aerobic oxidation of benzyl alcohol (BzOHetwaldehydéBzAD).
The correspoding oxidation reaction highly depends on the partial pressure,of O
significantly different from the hydrated Re@nd Ru(OHj NP catalysts reported the
literature, on which the oxidation reactions are independent of the partial pressuré of O
15 The change in reaction mechanism enables the aerobic oxidation of BzOH at mild
temperatures and an additional strategy for tuning reaction rate by varying the partial
pressure of @ The lowered reaction temperature makes it appropriate t@ usere
energyefficientapproachsuch as photothermal effé€to heat the reaction solution since
the RUOOHNPs can absorb light of a broad spectral region, including visible!figtte
extremely large surfaem-volume of the ultrafindRuOOH catalyst NPs can sigficantly
lower the usage of totfuOOHmaterial compared to the reactions catalyzed with farge
sized NPs. However, the small size of BReOOHNPs with 23 nm in diameters limits
their light absorption power. This challenge is tackled by loadinRti®@CH catalyst NPs
onto silica nanospheres (SHSs) with an average diameter of 443 nm, resulting in a
significant increase in colloidal stability of tHRUOOH NPs. The Si@ NSs with the
maximum geometric symmetry also represent a novel class of dielexteimae that can
produce enhanced electric field near the particle surface upon light illumination due to the
surface light scattering resonané@sSuch antenna effect benefits the light absorption

efficiency of small nanopatrticles loaded on the surfat¢se SiQ NSs to promote light
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harvesting and the following energy conversion processes, such-akedttobndriven
chemical transformatidf?! and photothermahduced phenomerfd. The RUOOHSIOk
composite particles behave as a new class of photothermal catalysts for selective aerobic
oxidation of primary alcoholsusing molecular oxygerwith an energy conversion

efficiency of as high as 92.5%.

2.2 Materials an#lethods

2.2.1 MaterialSynthesis

Synthesis of SiONSs: The synthesis relied on the controlled hydrolysis of tetraethyl
orthosilicate (TEOS, 98%, Sign#ddrich) and condensation of the hydrolyzatg$n a
typical synthesis, 19.6 mL of ammonia hydroxide solutior3@8vt.% in water, Fiduer
Scientific) was added to a mixture of 32 mL of deionized (DXptnd 260 mL of 190
proof ethanol. To this solution was then injected 17 mL of TEOS. The magnetic stirring at
a rate of 600 rpm (revolutions per minute) and room temperature were maintaine
throughout the entire synthesis for 2 h. The resultingx :Ss were collected by
centrifugation and washed with ethanol to remove the unreacted species. The collected

SiOx NSs were dried overnight in an oven set at®0

Surface modification of the SIONSs: Dispersing 400 mg of the dried $iRSs in
200 mL of ethanol was carried out with the assistance of ultrasonication. The dispersion
was heated up to 60C followed by a dropwise addition of 2 mL of {3

aminopropyl)triethoxysilane (APTES, 98%, Acros Organics) at a rate of 1 mL/min. The

30



dispersion was continuously incubated at°@0for 8 h while a magnetic stirring was
maintained. This process linked APTES to the surfaddbe SiQ NSs. The APTES
modified SiQ NSs were then collected by centrifugation and washed with ethanol. The

powder was dried in the air at ambient conditions.

Deposition ofRUOOHNPs on the SiI©ONSs: 100 mg of APTE®odified SiQ NSs
were first dispesed in 50 mL of DI HO. To this dispersion was injected 1 mL of an
aqueous solution containing 3.09 mg (11. 38
(RuCk-xH20, Alfa Aesar). Hydrolysis of Rugin water deposited Ru(lll) hydrolyzate on
the surfaces of #h SiQc NSs that provided sufficient nucleation sites for forming
nanoparticles. After 1 h, the resulting composite particles were collected by centrifugation
and washed with DI ¥D. Inductively coupled plasma atomic emission spectroscopy (ICP
OES) was usetb analyze the loading of Ru(lll) species on thex$Ss, showing 1.1 wt.%
loading of Ru (lIl) that corresponded to 92 % of the feeding precursor. The composite
particles were then dried in an oven set diG€or 1 h, followed by mild thermal annealing
in a tube furnace set at 150 for 1 h. The thermal annealing was performed in the ambient
air atmosphere. The resulting supported RuOOH NPs exhibit very small sizes in the range

of 2-3 nm.

Direct synthesis oRUOOH powders: An aqueous solution of APTE@s prepared
by adding 200 €L of0Ander\BgSrous magrietic stimihg. TofthisD 1  H
solution was injected 20 mL of an aqueous solution containing 100 mg of-Rid£0.
After the reaction lasted 1 h, the powder was collected by centribogatid washed by DI
H20 twice. The aprepared freestandii@uOOHpowder was dried in oven and annealed

in furnace same as tHRUOOHSIOx composite powders. When the concentration of
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APTES was significantly increased to 3 mL and the mass of R+ was decreased

to 30 mg, the basicity of the reaction solution enhanced to promote the rapid hydrolysis of
Ru(lll) and the higkhconcentration APTES also promoted its $sifirolysis to form SiQ

NSs. As a result, the simultaneous hydrolysis of Ru(lll) aR@TRS formed RuOOH/SiO

composite particles with agglomerated RuOOH NPs of large sizes.

2.2.2 Characterizations

Scanning electron microscopy (SEM) images were obtained using seffiesdion
microscope (FEI Quanta FEG 450) operated at an accelerationevoftd® kV in high
vacuum mode. Transmission electron microscopy (TEM) images were taken using JEOL
JEM-1400 microscope operated at 120 kV-ray photoelectron spectra (XPS) were
recorded using a VG Scientific 100 mm hemispherical analyzer equipped Riiysecal
Electronics Mg K X-ray source operating at 300 W. Raman spectroscopy was analyzed
with a Horiba Jobin Yvon Labram HR800 Evolution confocal Raman spectrometer using
a 532nm laser. The Olympus MPlan N 100x microscope objective was used to fecus th
excitation laser down to a spot size ofmfi. A 1800 g mrt grating was used to provide
a spectral resolution of 0.5 &l Diffuse reflectance spectroscopy (DRS) was analyzed
with an ultravioletvisible (UV-vis) spectrophotometer (Thermo Scientific, Eximn 220)

equipped with an integrating sphere detector.

2.2.3 Selectiv®xidation ofBenzyl AlcoholDriven byPhotothermakEffect

The photothermal conversion was evaluated by continuously recording the
temperature variation of dispersion of colloidal nanoparticles under4dhotonation. In

a typical measurement, 3 mL of nanoparticle dispersion was filled tmha glass vial.
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The vial was then wrapped with a layer of glass wool to minimize heat dissipation.
llluminating the nanoparticle dispersion with an LED light (Fb#e Mi-LED series
llluminator, DolarJenner) of 965 mW in power increased the temperature of the dispersion.
Once the LED light was turned off, the temperature of the dispersion started to drop. The
variation of temperature was continuously recorded with a ThermoWorks USB Reference

Thermometer connected to a computer.

The selective oxidation of BzOH (Acros Orges) was performed in the presence of
the assynthesized RUOOHSIOx composite particles. Typically, 20 mg of the
RuOOHSIOx particles were dispersed in 3 mL of benzotrifluoride (BTF, Alfa Aesar) filled
in a 4mL glass vial that was sealed with a rubber s@ptBTF was chosen as the solvent
because of the good dispersity of Bi@OOHSIOx particles and the reasonable solubility
of BzOH and Q. In a typical reaction, the dispersion was first purged with/@Ngas
containing varying concentrations og @ Nz at 1 atm for 15 min. The atmosphere was
then maintained above the dispersion, and the dispersion was illuminated with the LED
light until the temperature became stable. To the philatainated dispersion was injected
46 €L (0.444 mmo gihe seléctivd axi@dtign oftBzOHgTheereactions
in the dark were conducted by immersing the dispersion in a water bath that was used to
tune the reaction temperature. The concentrations of BzZOH and BzAD in a reaction
dispersion were analyzed by samplingj@ots of 0.2 mL dispersion. The aliquots were
filtered with a 0.2 &em poRuBGOHSIOzarticlesidnd er (S
the filtrates were analyzed with a gas chromatography (GC) instrument (Agilent 7820A)

equipped with a HB column and adme ionization detector (FID).
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2.3 Results anBiscussions

The SiQ NSs synthesized through the controlled-gall process exhibit a uniform
spherical geometry and uniform size with an average diameter of 443 nm (Figure 2.1).
Surface modification with APTES does not change their geometrical and dimensional

uniformity. TheAPTESmodified SiQ NSs expose amino groups (i.e., a type of Lewis

b

d,,, =443+24nm

390 410 430 450 470 490
Diameter (nm)
- -

Figure 2.1 (a) SEM image and (inset) dimensional statistic histogram pNSK) showing
monodispersity and variation of 5.5 %. (b) TEM image of paRi&DOHSIOx composite

particle, hghlighting themondalispersity of ultrasmalRuOOHNPSs on the Si@surface.

base), which caextractprotons from water (KD) molecules to produce hydroxide ions
(OH). In other words, concentrated hydroxide ions locally accumulate ngaoshely
charged NHs" groups through electrostatic interacgoAs a result, adding Ruglo the

aqueous dispersion of APTESodified SiQ NSs triggers the hydrolysis of Ruprimarily
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near thei NHs" groups, leading to the formation and condensation of Ru{@Hl)the
surfaces of the SiONSs. The heterogeneous nucleation and growth of Ru(®P3 on
the SiQ NSs and the localized high concentration of Qidar the SiIQNSs accelerates

the hydrolysis bRU3* to completaesswithin 5 seconds.

Figure 2.2 Digital photograph of the product formed from the slow hydrolysis of:RuCl
the presence of SiIONSs without surface modification. Although the giISs are well
dispersed, the hydrolysis product of Ru(lll) precipitates to the bottom of the reaction vial

as black powders.

By contrast, without surface modification of APTHEBe hydrolysis of Rd* cannot

rapidly and preferably occur on the surfacethefSiQ NSs due to the low concentration
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of OH throughout the reaction solution. Instead, homogeneous hydrolysis slowly proceeds
in solution resulting in the precipitation of black powders at the bottom of the reactor

(Figure 2.2).
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Figure 2.3 (a) SEM image dRuOOHSIOx composite particles. (b) TEM image of an
individual RUOOHSIO, composite particle, showing good dispersion ofRi®©OHNPs
uniformly distributed on the surface of the $i0S. The inset of Alown-up TEM image
highlights the wekldefined and separat®®UOOHNPs with diameters in the range 682
nm. (c) Experimentally measured (black) and fitted (red) XPS spectrum of Bgdeaks
for theRuOOHSIO composite particlegd) Typical Raman spectruof theRuOOHSIO

composite particles.
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Annealing the Ru(OHJSiOx composite particles at elevated temperatures (e.g., 150
°C) in air dehydrates the Ru(O4t)anoparticles, forming RUOOH ones by the following

reaction

y
Ru(OH}© RUOOH + HO. (2.1)

The dehydration treatment significantly increases the stability and wettadfikitye
nanoparticles towards organic solvents of useful reactions. Figure 2.3a presents a typical
SEM image of the RUOOH/Si@omposite particles, showing their intact monodispersity
and overall spherical geometry. The TEM images of individual compasitielps (Figure
2.1b and Figure 2.3b) reveal that the RUOOH NPs with sizes3ohra are uniformly
anchored to the surface of the $i6s. Ru3p XPS exhibits3p12 and3ps. features with
binding energies of 485.3 eV and 463.5 eV (Figure 2.3c), respbgtoonfirming that the
oxidation state of Ru is 32 The consistent oxidation state of Ru in the precursor salt
(RuCk) and the synthesizéRluOOHSIO composite particles indicates the importance of
mild thermal annealing that can stabilize the hydrolyzed nanoparticles but noixaliee

the metal species.

In Figure 2.4b, the absence of Zj1 signal indicates that the synthesized particles are
free d CI-. In Figure 2.4c, two Qspeaks centering at 530.3 and 529.0 eV are assigned to
oxygen in RuOH and RuOi Ru, indicating the c@xistence of RUOH and RaOi Ru
in the synthesized particles with a ratio of peak areas close to 1:1. Therefore, the reasonable
stoichiometric formula of the synthesized-Bontaining NPs is RUOOH. Also, in Figure
2.4d, the Ru3d signals of any specific chemical bonds were fitted d§owing the

theoretical spirorbit splitting of 4.2 eV and the area ratio ak3to 3ds» of 2:3. Due to
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the inevitable organic contaminations, theJisignals are interfered by the more intense

C 1ssignals. In contrast, the XPS signals of organitaminations do not overlap with

the Ru3p peaks, which are presented in Figure 2-Bwe stoichiometric ratio of O in

Ruil OTr Ru and Rui OH i s det er neXP8digndl (Fgure p e ak
2.4c¢), which shows the ratio close to Iftherefore, tk reasonable stoichiometric formula

of the synthesized Reontaining NPs is RUOOF.
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Figure 2.4 XPS characterization of the synthesized RUOOK(RiMposite particles: (a)
survey spectrum, (b) higlesolution spectrum in the energy range o2$ignal, (c) high
resolution spectrum in the energy range dfsignal, and (d) higiesolution spectrum in

the energy range of bothI3both Ru3d signds.
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The Raman spectrum of tReIOOHSIOx composite particlesxhibits multiple peaks
at 482 crht, 602 cmi* and 790 crit, corresponding to thg, Aig, andB,g modes of RUO
stretch vibrations, respectively?’ The strong RUO stretcling vibrations indicate the
formation of strong covalent bond between Ru and O in the small NPs (inset, Figure 2.3b)
loaded on the SIENSs, which is consistent with the transformation of iggijme RF*:OH
bond in Ru(OHI NPs toa morecovalent Ru(l11}O band inRuOOHnNanoparticles through
dehydrogenation reaction of e@.X). The absence of XPS signal near th&binding
energy (Figure 2.4b) confirms the complete removal of possibly adsorbéoh€Ilfrom

the synthesized composite particles during #@rifuge/washing cycles.

RUOOH/SIO,
&
L
RUOOH
SiO,

400 500 600 700 800
Wavelength (nm)
Figure 2.5 DRS spectra of the synthesiredDOHSIOx composite particles (red curve),

RuOOHpowder (blue curve), and Si®ISs (black curve).

The absorptiorsensitive DRS spectrum of thesgthesizedRuOOHpowder in the

absence of SIONSs exhibits a broad absorption peak around 430 nm that is attributed to
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thep Y dnterband transitions (blue curve, Figure Z5Jhe two minor sharp peaks at 686
and 825 nm correspond to the BygDrudelike intraband transitions. The pristine SIiO

NSs exhibit essentially no light absorption in the studied spectral region (black curve,
Figure 2.5). TheRUOOHSIO« composite parties shown in Figure 2.3a, which are
composed of ultrafinRUOOHNPSs uniformly dispersed on the surfaces of the8ISs,
exhibit a DRS spectrum (red curve, Figure 2.5) significantly different from the sum of the
spectra of botiRUOOH powder and the SIONSs The light absorption intensity of the
RuOOHSIO« composite particles becomes much higher than that of the counterpart pure
particles, indicating the role of the SI®Ss in enhancing light absorption in tReOOH

NPs. Such enhancement intensifies therattaristic absorption peaks of tRuOOH
nanoparticlesalthough their appearance may be concealed due to the overlap with other
newly formed peaks. For example, the ®Rintraband transition peaks are embedded in
the new wide/intense peak around 724 fiftmis additional strong peak is ascribed to the
antenna effect of the S{ONSs on which strong surface light scattering resonances can
occur to create significantly enhanced electric fields near the surfaces of thd i3

The ultrasmalRuOOHNPs dipersed on the SKINSs benefit from the locally intensified
electric fields to enhance their light absorption power, showing strong absorption peaks

correspondingly.

As discussed in the Introduction, the weak light absorption in the highly dispersed
small RUOOHNPs limits their use as an efficient photothermal catalyst for the selective

aerobic oxidation of BzOH. This challenge is overcome by loadinBti@OHNPSs to he
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Figure 2.6 Emission spectrum of the LED lamp used in the experiments.

SiO« NSs because of the antenna effect of the i€k as highlighted in Figure. 2. A white
LED lamp with emission spectrum in the range of-Z00 nm (Figure 2.6) has been used
to evaluate the photothermal efficiency of ReOOHSIO, composite particles of Figure

2.3a.

The typical heating and cooling profile of a BTF dispersion of Ru®OHSIO
composite particles is presented in Figure 2.7a (red curve) when the LEDfla@(pmwW
(i.e., power intensity of light passing through the test v&blternatively turned oand

off. At the test condition, the dispersion of ReOOHSIO, composite particles shows a
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Figure 2.7 Photothermal effect of RUOOH/gt@mposite particles, RUOOH powdeaad
SiO« NSs. Test conditions: 3 mL of BTF containing 20 mgRefOOHSIOx composite
particles (red dots), or same mass of freestanding RUOOH powders (blue dots), or same
mass of freestanding SIONSs (black dots); effective light power of 520 mW. The
temperature &ws measured using a thermocouple immersed in the particle dispersions. (a)
Time-dependent variation of temperature when the LED lamp was turned on and turned
off. (b) Linear fitting of time () and Ing (g defined in the following content) according to

theequation:o t 1 Jusing the data of RUOOH/Si@omposite particles during the

cooling period. The slope determines the valug.of

temperaturancrease of 23.1 °C aquilibrium under the continuous light illumination,
whereas the dispersion of the same amount of priRir@OHpowder (in the absence of
SiOx NSs) shows a temperature increase of only 9 °C (Figure 2.7a, red dots versus blue

dots). The SiQNSs do not she observable photothermal effect (Figure 2.7a, black dots).
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The comparison confirms that both the small size of nanoparticles of aakigbtbing

material and the antenna effect of the ,SKIBs are beneficial to high photothermal

efficiency.
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Figure 2.8 PhotothermaHlyduced increase in (triangles) temperature of the reaction
solution and (solid red dots) reaction rate in the presence &u®OHSIOx composite
particles as a photothermal catalyst. Blue triangles indicate the temperatutegetidns

the thermocouple probe under the illumination of different effect light powess, (
showing a linear dependence. Violet triangles correspond to the reaction temperatures
calculated from the measured reaction rates (solid red dots) accordimg Asrhenius

equation.
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Because of the importance of aerobic selective oxidation of BzOH to BzAD and the
catalytic activity of the smalRuOOH nanoparticles, the selective oxidation of BzOH to
BzAD has been chosen to evaluate the efficiency oRt@OHSIOx composite particles
as a new class of photothermal catalyst. In a reaction solution containing a given amount
of RUOOHSIO particles, the equilibrium temperature reached under the illumination of
an LED lamp can be tuned by varying the light power density. The solution temperature
(T) exhibits a linear dependendéK = 294.35 + 45.79P/W, on the effective light power

density(Pes) in therange of 1635520 mW(Figure 2.8, blue triangles).
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Figure 2.9 Reflectance spectrum of the dispersidRuEOHSIOx composite particles in

BTF, same as the dispersion used in Figure 2.7.
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The photeto-thermal conversion efficiency of the absorbed light is calculated

according to the protocol described in the previous répdtie efficiency is expressed as

_ , (2.2)

whereh is the heat transfer coefficient from the heated reaction solution and reactor (e.g.,
glass vial in this work)Sis the surface area of the reactbviax is the maximum steady
temperature enabled by photothermal effect, which was 44.3 °C under the experimental
condition of Figure 2.8. The surrounding environment temperafsie,was 21.2 °CQpis
represents thheat generated by the light absorption and photothermal conversion of the
reactor (i.e., glass vial) and solvent, which was trivial in this work since illuminating the
blank solvent in the glass vial onlgisedthe temperature by 0.5 °C even wdtlight power
density of 965 mW (Figure 2.7a, black curve). The light power absorbed by the solution
was measured by using a power meter. A dimensionless parameierdefined and

calculated using eq2):
— (2.3)

in which T represents the temperature of the solution at a given f)mEhg system time

constantsis calculated from eq2@4):
o ti i (24)

Fitting experimental data shown in Figure 2.7b resulted that the valyevas 154.9

s. Thevalue ofhSwas determined according to eg.5):

v —, (2.5)
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wherem s the mass of the solution (3.57 §)is the heat capacity of BTF with the value
of 0.89 J-¢~-K 1.3 The contribution oRUOOHSIO, composite particles toSis ignored
due to the negligible mass. ThereforeS is calculated as 20.5 mw-¥X and

QY'Y Y becomes 473.55 mW.

When a particle dispersion is illuminated with a light, the effective incident light
powder Per) is distributed into various fractions, including diffuse reflectiBea)( both

Rayleigh scattering and Mie scatterifiy)( absorptionRans), and transmissior):
0 0 O 0 0. (2.6)

In the typical experiment, the power of the LED lamp was measured by Thorlabs
PM100D equipped with a S305C thermal sensor, showing the valBe ©f965 mW.
However, the curvesurface of the glass vial reactor reflected a significant amount of light,
reducing the light reaching to tROOHSIO« composite particles dispersed in BTF. By
measuring the light reflections on the wall of the glass vial reactor, the effective incident
light power interacting with th®QuOOHSIOx composite particles was determingedbe
Peff= 520 mW. The diffusion reflection spectrum of the dispeR@@OHSIO, composite
particles is presented in Figure 2.9. Because the diffuse reflection coefficient of the
RUuOOHSIO« composite particles is dependent on wavelength and the emission spectrum
of the LED lamp also depends on the wavelength, the corresponding podiéuse

reflections is calculated from:

0 v - : (2.7)
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whereL E D (aad)R ( are the intensity of LED light (Figure 2.6) and the diffuse
reflectance at the wavelength,respectively. The calculatiomsturnedPq: = 27.82 mW.
The power of the transmitted light was= 16 mW.By blocking the specular reflected and
transmitted lignt with a black tape attaetdto the reactor, the scattering light coming out
from both sides of the reactor was measured, sholRgrg8 mW. Plugging these values
to eq. £.6) led toPaps = 468.18 mW. According to eg2.@), the photothermal energy
conversion efficiency of the absorbed light in the 3NS-supportedRUOOHNPS, /1aps, IS

determinedo be~100%.

The apparent photothermal energy conversion efficiency normalized against the total

light reaching the RUOOH/Si&omposite particles is calculated from

- pnnbPwe kb (2.8)

The calculatedrotas Was crosschecked withamother method. It is well knowthat the

relationship between temperature charigb @nd thermal power inpu@j into a reactor

follows:3!
0 O8Y (2.9)

Therefore, the maximum equilibrium temperature achieved by photothermal heating

can be expressed with a slight modification of ®)( following
Y Y - — (2.10)

Linear fitting in Figure 2.8Tvax ~ Pef) Shows a slope valus 45.79. Thefiotal is then

calculated using the measured data{=294.35 KhS= 20.5mW-K'?), giving the value
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of 93.9%. The high consistence fafia determined from fitting two different sets of data

highlights the fidelity of estimation processes. Averaging the two valuks.pfesults in

92.5%.

The corresponding photothermal energy @msion efficiency of the absorbed light,
habs is close to the unity (or ~100 %@nd the apparent total phetimthermal efficiency

with respect to the power of incident lightkda) is 92.47%.

S 124 = Light, 965 mW
S m Dark, 24 °C

S 0.8-

©

b=

3

c 0.4'

o

[&]

0 r/l/'/-
3 0.0

200 400 600 800
Time (s)
Figure 2.10 Timedependent yield of BzAD generated from the catalytic oxidation of
BzOH in the presence of tiRuOOH/SiQ composite particles as catalyst under different
reaction conditions: (blue) dark and room temperaturé@24nd (red) photdlumination

of visible light witha power of 965 mW. The slopes of the fitted linear lines represent the

reaction rates, highlighting that phatlumination indeed accelerates the selective

oxidation of BzOH to BzAD.
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The reaction rate of BzOkb-BzAD in the presence of tHRUOOHSIO, composite
particles is 0.361M s ! (Figure 2.10, blue dots), corresponding to a turnover frequency
(TOF) of 0.52 103 s normalized against the number of Ru atoms, &iQ#h the dark
under the atmosphere of 1 atmp.Olluminating the reaction solution accelerates the
oxidation reaction along with the increasetemperature (Figure 2.8, red dots). For
instance, the reaction rate increases to i@0s ! (or TOF of 1.8910° s 1) underthe
illumination of an effective power of 520 mW (Figure 2.10, red dots), highligthiaighe
photothermally induced temperature increase is indeed capable of accelerating the
oxidation of BzOH. To further confirm that the reaction rate is satajyroved by the
photothermal effect, the oxidation of BzZOH reaction is performed at a constant temperature
of 35 °C by immersing the reaction vial in a largelume water bath, while light

illumination is alternatively turned on and off.

Table 21 Results of control experiments

Experiment conditions BzAD yield (mmol)

In the absence olRu OQ@HKs, i ©o mp o0
p ar t,with light dlumination

In the presence of APTESodified SiQ NSs,| 0
withoutR u O ONHPs, with light illumination

In the presence dR u O Opdwder only, with O
light illumination

In the presence ofRu OOH pow(O
composite particles
il lTuminati on
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Figure 2.11 Timalependent yield of BzZAD generated from the oxidation of BzOH by
maintaining the temperature thfe reaction solution at a constant value, i.e.2G5while
light illumination was alternatively turned on and off. The constant temperatase w
achieved by immersing the reaction vial in a lavglume water bath set at 35 °C. The
light power was 965 mW. Regardless of the phlbtonination condition, the constant
slope in the course of the oxidation reaction indicates thagleotron chemisy is absent

in the aerobic oxidation of BzOH to BzAD.
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Regardless of the phettbumination condition, the reaction exhibits a constant
reaction rate that is determined from the constant slope of thedépendent yield of
BzAD (Figure. 2.11). The unemged reaction rate in the course of the entire oxidation
reaction excludes the involvement of fab¢ctron chemistry that usually significantly
boosts reaction kinetics. In contrast, the control experiments in the absence of
RuOOHSIO« composite particle®r in the presence of only SIONSs do not show

detectable formation of BzAD (Tabkl).

Figure 2.12 SEM images of freestandRgOOHpowders synthesized in the absence of
SiOx NSs and b RUOOH/SiGcomposite particles synthesized through the simultaneous

hydrolysis of Ru(lll) and higitoncentration of APTES.

Moreover, both the pristineRuOOHpowder of large particles (Figure 2.12a) and the
agglomerated RUOOH NPs of large sizes ony8ISs (Figure 2L.2b) cannot catalyze the
oxidation of BzOH even though the temperature of the reaction solution elevates under

photaillumination. Comparison with the control experiments indicates that the small size
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of the RUOOH NPs is crucial to achieving high catatytctivity, which can be further
enhanced by the photothermal efféidie longtime stability has been evaluated using the

RuOOH/SiQ hybrid particles of Figure 2.3 as the photothermal catalyst.

BzAD vyield

0 10 20 30
Time (h)

Figure 2.13 Longerm stability of theRuOOH/SIQ composite particles under reaction
conditiors. Reaction condition: 3 mL of BTF containing 3 mg of RuOOH/Si@mposite
particles; 138 €L of BzOH; effective | ight
BzOH was chosen to maintain the pseadooth reactn order. The higiguality linear

fitting indicates that the reaction rate was maintameztthe period of 24 hours. The inset

shows the TEM image of a RuOOH/Si@omposite particle aftea 24-h reaction,

highlighting the intactness of the ultrafine RUB®IPs.

No obvious decrease reaction rate is observed even after the reaction lasts 24 h under

photcillumination (Figure 2.11). The TEM images of the RuOOH/Sidmposite
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particles after the 2l reaction indicate that the composite particles, inq@adr, the small
RUuOOH NPs are intact (inset, Figure 2.13). Both ietentionof the photothermal
catalytic activity and the structural geometry/integrity of the RuOOH/S@nposite

particles after long reactidimeshighlight the stability of th&uOOH/SiQ catalyst.

-13.31 Inv =-5022.18/T + 2.06

-14.0-

Inv
]

14.7-

0.0030  0.0032  0.0034
11T (1/K)

Figure 2.14 Dependence of reaction ratedetermined by the production rate of BzAD)
and the reaction temperatufg {(n the dark condition. The reaction rate was deterdéte

the very early stage of the reaction (i.e., the conversion of BzZOH was below 1%). The
concentrations of reactants, i.e., BzOH and W@re considered as constants. Therefore,
the reaction rate is proportional to the reaction rate condtarith{e appeent activation

energy Ea) of the reaction wsdetermined by fitting the experimental data according to
the Arrhenius equation: 78 1 T 1 & —in which A isthe preexponential factor,

andRis the universal gas constant with a value of 8.3143*K 1. The fitting line (red)

gives the value oEa as 41.75 kJ-mot.
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The activation energy of the selective oxidation of BzZOH onRbo®OH NPs is
determinedo be41.75 kJ-mdl* from the dependence of reaction rate in the dark on the
solution temperature according to the Arrhenius equation (Figure 2.14). Inserting these
reaction rates measured under light illumination of varying power densities into the
Arrhenius equation, we casstimate the reaction temperatures (Figure 2.8, open violet
triangles) necessary to support the observed reaction rates. The good agreement between
the estimated temperatures and the solution temperatures directly measured with the
thermocouple (open trgles versus solid triangles, Figure 2.8) indicates the acceleration
of the oxidation reaction in the presenc&alOOHSIOx composite particles under pheto

illumination is primarily ascribed to the photothermal effect.

The selective oxidation of BzOH taBD in the presence ®uOOHSIO, composite
particles strongly depends on the partial pressure,aféd the reaction rate increases with
the partial pressure of XOThe observation is significantly different from the previously
reported hydrated Ru@nd Ru(OH} catalystdor which the ratedetermining step (RDS)
of oxidation react i on-HofBzaDiH and is mdependers of theé i mi n
partial pressure of £321° The difference indicates a different reaction mechanism on the
ultrasmall RUOOH NPs, where oxygen involves in the RDS of oxidizing BzOH. The
freestanding molecular oxygen;,@s inert at mild temperatuséowards the elimination
o f -H é6f BzOH to drive BzOMo-BzAD conversior’?33 The coordination number of Ru
in theRUOOHSsolids is 3 and most likely to decrease % The low coordination number
of surface Ru(lll) in the smaRuOOHNPs leads to the easy adsorption eh§ forming
coordination bonds betweerr @nd Ru. Ru(lll) possesses the ability to partially donate

oneelectron to the antibonding orbital of the ftat/endon adsorbed §) weakening the
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Figure 2.15 The dependence of reaction rate wipartial pressure of £(po,) in the
atmosphere, tested under phdtemination of an effective light power of 520 mW (red
dots) and dark condition (blue dots). The results are plotted according to the linear form of
the LangmuirHinshelwoodmodel in which oxygen molecules are assivédy adsorbed

on the catalyst surface.represents the reaction rates normalized against the corresponding

reaction rate under 0.8 atm.

oxygentoxygen double bonds to increase the reactivity of adsorbe@h@ activated ©
react s-H of iBtOiH tobbrm BzAD. Sucha reaction mechanism involving the

activation of adsorbed Qs supported by fitting the reaction kinetics using the Langmuir
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Hinshelwood (l-H) mechanism where both BzOH angda®e adsorbed dRUOOHNPs2"

38

! (2.11)

whereais the rate coefficienK; andK: are the adsorption equilibrium constants defined
by the ratio of rates of surface adgarp and desorption for BzZOH anc,@espectively,
which depend on temperature and the surface chemistry of catalysts. The vetae be
taken as 1 and 0.5 for associative and dissociative adsorptiop, oé<pectively. The
concentration of @dissolved in the reaction solution is proportional to its partial pressure,

po, foll owing the Henryods | aw
/ —n . (2.12)
Knis atemperatureT)-dependent constant determined by

0 UV'A@ba- (2.13)

v o

where0Y andTPar e the Henryodés constant and temper

ais a constant.

When molecular oxygen is associatively adsorbed oRt#@@OHNPs, eq. (2.11) can

be simplified to

— = =7 , (2.14)

wherea = gKiK2[BzOH], b = 1 +K[BzOH], andc = Ko/KH. At a given temperature and a
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Figure 2.16 Dependence of reaction rate versus partial pressure(pd.ounder light
condition (red dots)and dark condition(blue dots)’ represents the reaction rate

normalized to the corresponding reaction rafaatf 0.8 atm.

high concentration of BzOHy, b, andc are considered as constants at the early reaction
stage when the conversion of BzOH is low (e.g., <5%). Similarly, for a reaction involving

the dissociative adsorption ob(eq. .11) becomes

T (2.15)
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Figure 2.17 Dependence of reaction rate versus partial pressure(pd.Qunder light

condition (red dots)and dark condition(blue dots)’ represents the reaction rate
normalized to the corresponding reaction ratgpa@tof 0.8 atm. The data is plotted
according to the linear form @ieLangmuirHinshelwoodnodel where oxygen molecules
are dissociatively adsorbed. The Aorear dependencghown in the plots indicates that
adsorbed oxygen on the surfaces of e€OOH NPs does not follow the dissociative

activation mechanism.

The fitting results shown in Figure 2.15 and Figure 2.17 indicate that oxygen is

associatively adsorbed on the ultrasRalDOHNPs. The consistent linear dependence of

— on the partial pressure ok@ the dark and under pheitumination (Figure 215
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red dots versus blue dots) indicates that pleaitation of theRUOOH NPs does not
change the reaction mechanism. The variation of slope and intercept of the linear fitting
for the reaction in the dark and under light is ascribed to the increaspdrétare under
light-illumination, which influences the constardsh, andcin eq. .14). The dependence

of the reaction rate on the partial pressurea§ff@rs a new strategy to control the selective
oxidation of BzOH by simply tuning the reaction atmosphere in the presence of the

supported ultrasmaRuOOHNPs.

2.4 Summary an@dutlook

Ultrafine RUOOHNPs with sizes of-3 nm have been successfully dyggized on the
surfaces of APTESnodified SiQ NSs through controlled hydrolysis of Rions followed
by mild thermal annealing at elevated temperatures. The ultr&u@OH NPs are
uniformly dispersed on the surfaces of the,q\3s, exhibiting a high dpersion to expose
the large surface area and minimize the usage of BRieeatalyst. The ultrasmaRuOOH
NPs become capable of activating molecular oxygen adsorbed on their surfaces to drive
the selective aerobic oxidation of BzOH under ambient camdifin contrast to Ru
containing nanoparticles with larger sizes. ThexSs in theRuOOHSIO« composite
particles play two essential functions to benefit the composite particles to be an efficient
photothermal catalyst. First, the SINSs serve as spprt to maintain the high dispersion
of the ultrasmalRuOOHNPs and good colloidal stability even under reaction conditions
as shown in this work. Second, the intense surface light scattering resonances or the SiO

NSs significantly increase the lightsasption power of th@uUOOHNPSs, and thus their
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photothermal conversion efficiency even with the reduced amount of Ru. Forming the
RuOOHSIO« composite particles, for the first time, enables photothermal catalysis of
selective aerobic oxidation of BzOH BxAD with high energy efficiency. The materials
design and synthesis described in this work open a promising avenue to explore the unique

properties of functional NPs enabled by the ultrasmall sizes.

Based on the reported results in this chapter, furdsarclcan be focused on the
hydrolysis dynamics of the Ruion heterogeneously and guide the loading of more metal
ions onto the surface of SiIMISs.Also, the outstanding behavior of ultrasmallGRDH
NPs on SiQ NSs is worth to be studied in terms of the adsorption and activation
mechanism of molecular oxygen, which can be utilized to facilitate more oxidation

reactions.
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CHAPTER 3
A GENERALIZED SYNTHESIS OF ULTRAFINE METAL

NANOPARTICLE/SPHERICAL SILICA COMPOSITE PARTICLES

3.1Background

In Chapter 2, a simple and repeatable synthesis method of ultrafine RuOOH
nanoparticles is reporte@he successful loading is based on the controlled hydrolysis of
Ru** ionsdirectly onthesilica surfaceThis observation inspires us to further develop the
method of loading more metal species onto the surface of silica spheres based on the

controlled hydrolysis of metal ions anaqueous solution.

Ultrafine metal nanoparticles (utMNPs) with sszgelow 10 nm present outstanding
photocatalytic performance, v originates from their high surfate-volume ratio and
the presence of hot electrons under the illumination of tighThe efficiency of hot
electron generation is higher in smaller nanopartitteowever, the light absorption
powerof metal nanparticles diminishes as the size of the particle decreases, which limits
the use of ufMNPs as higfficient photocatalyst Thus, light antenna materials are
usually utilized to improve the absorption power of ufMNPs. Plasmonic nanoparticles and
dielectrc spheres represent two main categories of light anténBéglectric silica
nanospheres (SISs) possessing Mie scattering properties cambatstanding support
material to improve the light absorption of ufMNPs. Usingx3\Ss with the diameter of
200500 nm, strong localized electromagnetic fields can be created at the Mie scattering
peak wavelength®For example, when Pt nanoparticles véttiameter of 4 nm are loaded

onto the surface of 258m SiQ NSs, the composite particles present lightogbtson
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spectra in accordanceith the scattering resonance peak of the xSNBs and the

photocatalytic performance of the loaded Pt nanoparticles are imgroved.

Currently, the fabrication of this composite structure is generally realized by either the
electrostatic assembly between organic sitaumectionalized SiQNSs and colloidal metal
nanoparticles or the isitu reduction of metal ion precursdrs. However, theformer
method is limited by the difficult synthesis of highality colloidal metal nargarticles in
the water phaseand thelater oneoften suffers from aggregation of metal nanopatrticles
during the reduction proce$sl® More importantly in these methods the surface
functionalization of SIQNSsby organic silane agenésd the utilization of surfactants as
the capping agents for metal nanoparticles are necessary. These molecoidggreatly
limit interactionsof metal nanoparticlesith supportor with reactionsubstrateleading to
poor themal stability of catalysts aridw catalytic reactiournover frequencies; 12but
also pollute the catalytic reaction product through thermal/photocatalytic decomposition of
these molecules, especially in gasase reaction's' 14These challengesaite obstacles to
the applicationof ufMNPs/SiQ composite particles as higdfficiency photocatalysts.
Therefore, it is of great necessito develop a facile synthetic methakat can be
compatiblewith various metaléo produce ufMNPs/SiOcomposite paitles with clean

metal surfaces arfuigh thermaktabilities.

In the previous work, we have shown that Ru(lll) ion can be effectively hydrolyzed
with the assistance tifcalized hydroxyl groupgenerated in the presence dfHsz* groups
on the surface aiminefunctionalizedSiOx NSs, forming RuOOH NPs with the size of 1
2 nmZ*® This phenomenon inspses to further study the hydrolysis of metal ions directly

on the surface of SIONSSs. In contrast with amirfeinctionalized SiIQNSs, the bare SiO
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NSs cannot stabilize the nuclei of metal oxyhydroxides {{@®l),) due to the lack of
actvesur f ace hydr oxy®®Assuwh i 8 netessary o Orekte. more
surface hydroxyl groups on SiONSs, which can be realized by antwlled surface
etching process of si | o xed toeHF bnol rcahsentrdtad Si1 1 O1
NaOH1"2% hot water has proveto be a milder etching ageaf silica to produce well

defined porousr hollow SiO« NSs through a controlled dissolution of Si€ructureg

24 However, it is still challenging to find suitable reaction conditions to prepare hydroxyl

rich SiO« NSs (HRSiIOx NSs) with both high surface hydroxyl group densities and solid

internal structurg anduse thento anchowarious kinds ofiltrafine MQ,(OH), NPs.

In this work, a general synthetic protocol is provided to prepare-duglty
ufMNPs/SiG composite particles, as is showrFigure3.1a. The surface of SIONSs is
etched by hot water in the presenceanfmonium hydroxideproducing HRSiOx NSs.
Transition metaions aresuccessfulljhydrolyzedlocally andcondensean the surface of
HR-SiOx NSs undessuitablereaction conditions, forming ultrafine M(DH), NPs. The
MOy(OH), NPs are reduced byjorming gas %% H/No) to prepare ufMNPs/SiO
composite particles. The ufMNPs possessing sizes in the rangel@fnin and are
uniformly distributed on the surface of HROx NSs. Various metals and their hydroxides
preentenhancedptical absorption propertiglsie to the antenna effect®iOx NSs, which
are recorded by diffuseeflectance spectra (DRS). Such synthesfsiither extended to
the synthesis dfimetallic alloynanoparticleSiOx composite particles, inditing a broad
application scope of this method producing high-quality ufMNPS/SIOx composite

particles.
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Figure3.1 (a) The synthetic rout® ufMNPs/SiQ. composite particles consisting thfe
synthesis of SIQNSs, controlled etching of SiONSs, anchoring of metal ionand the
reduction of metal oxyhydroxides. (b) Schematic diagram showing the etching mechanism
of SiO« NSs in the presence of base and hot water. The hydrolysis process produces

surfaces containg great amounts of silanol groups.

3.2 Materials antlethods

3.2.1Synthesis oSilica Spheres

The synthesis radson the controlled hydrolysis of tetraethyl orthosilicate (TEOS,
98%, SigmaAldrich) and condensation of the hydrolyzatem a typical synthesis, 24.60
mL of ammonum hydroxide solution (280 wt.% in water, Fischer Scientific) was added
to a mixture of45.45 mL of deionized (DI) 0 and 120 mL of isopropanol (Fisher
Scientific) under room temperature. Under magnetic stirring at a rate of 400 rpm, the

solution was then heated to 40 °C by a hegteget equipped with atype thermocouple.
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To this soluion was then injected 10.88 mL of TEOS. The temperature of 40 °C and the
magnetic stirring were maintained throughout the entire synthesis for 6 h. The resulting
SiO«x NSs were collected by centrifugation and washed with ethanol to remove the

unreacted spées. The collected SKOINSs were dried overnight in an oven set at®0

3.2.2Synthesis oHydroxyl RichSiOx NSs

Dispersing 1 g of the dried Si®ISs in 200 mL of DI HO was carried out with the
assistance of ultrasonication in a 500 mL thmeek rounebottom flask. Monitored by a
pH meter (Apera Instruments PH70® the dispersion was dropwise added3ZBwt.%
agueous ammonia hydroxide or 0.1 M nitric acid solutiati 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 refluxng for 24 h. After the dispersion was cooled down to room temperature,
the resulting HRSIOx NSs were collected by ceiftigation and washed one time with

ethanol. The collected HBIOx NSs were dried at room temperature.

3.2.3 Anchoring an&Reduction of MGQ(OH), on HR SiOx NSs

40 mg of HRSIiO« NSs were dispersed into 20 mL of D}®iwith the assistance of
ultrasonication.To this dispersion was added 10 mdflaqueous ammonium hydroxide
solution dropwise followed by heating to the desired temperature. The optimized reaction
conditions for each metal precursor are provided in Talile0.1 mL of aqueous metal
precursor soltion containing 1 wt.% of metal was injected into the dispersion (2 wt.% for
Au samples). The hydrolysis of metal istartedn 15 sindicatedby the change of color.
After 1 h of aging, the M@OH),/SiOx composite particles were collected by

centrifugaion, followed by washing with DI KO and ethanol to remove the unreacted
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metal precursors. The sample was drigdroom temperature. The reduction of
MOy(OH),/SiO«x composite particles was completed in a tube furnace. Under continuous

flowing of 5% H/N: at a rate of 30 mL/min, the tube containing the sample power was

Table3.1 Reaction condition of preparing ufMNPs/g@mposite particles

El emPrecursorHydrollHydr ol ygReducti on
pH valltemperat/temperatu
Mn Mn( N@ 0H|10.15 [25 550
Fe Fecgl 8.90 25 550
Co Co( D68 [9. 63 25 550
N i Ni ( IlO6.8 10.15 |25 550
Cu Cu( D38 [10.17 |25 250
R @& Ru ekl x.@ 8.90 25 250
Pd N aP d Ix8 8.90 25 250
Rh N aR h ekl x-@ 6. 35 60 250
Au HA u 4 136 10.20 |60 250
Pt NaPt £ k6 12.90 |60 250
Mg Mg G| 11.85 |25
Al Al (096 8.90 25
Zn Zn ( HHO6.6 10.15 |25
CuNi|Cu( D38 [10.15 |25 550
Ni ( lO6.8
Ru P d|Ru e:lx@ 8.90 25 250
N aP d Ix-@

a. 1 mL of DIH20O was used to better dissolve Ru&H-O

71



heated to a specific temperatuae a ramping rate of 10 °C/min. The reaction was
maintained at this temperature for 2 h followed by cooling to room temperatuee

resulting powdewas obtained as ufMNFSiIO, composite particles.

3.2.4 Characterizations

Scanning electron microscopy (SEM) images were obtained using aeffinesdion
microscope (FEI Quanta FEG 450) operated at an acceleration voltage of 10 kV in high
vacuum mode. Transmission electron microscopy (TEM) images were taken using JEOL
JEM-1400mcr oscope operated at 120 kV. Zeta pot
measured with a zeta potential analyzer (Malvern Instruments Ltd., ZetasizeZNano
The synthesized ufMNP/Si@omposite particles were examined with Regrergy xray
diffraction (HEXRD), which was carried out at higimergy beamline 1D-B at
Advanced Photon Source (APS), Argonne National Laboratory (ANL). The wavelength of
the x-ray was 0.9322 A, corresponding dgphoton energy of 13.3 keV. The composite
powders were p&ed and sealeth a Kapton® tube and measured at the héglergy
beamline. The scattering signals were collected by an imaging plate detector with a
resolution of 2048x2048 pixels. The samfuealetector distance (180 mm) was calibrated
by fitting the HEXRD pattern of a standard Ce@ample. The recorded 2D scattering
patterns were reduced to 1D XRD curves using Fit2D soffaboeg with the background
subtraction and intensity normalization. Ultravielitible absorption spectra were
analyzed with an UWis spectrophotometer (Thermo ScieigtiEvolution 220)and DRS
spectrawere obtained with the samnstrument equipped with an integrating sphere

detector.
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3.3 Results and Discussions

rean = 356.82 £ 9.35 nm l \

|

330 340 350 360 370 380
Diamter (nm)

doyean = 354.66 + 10.82 nm

330 340 350 380 370 380
Diamter (nm)

Figure 32 SEM and TEM images of {B) SiO: NSs and (al) HR-SiOx NSs. The similar
average diameter of the NSs from the statistical result indicates that the etching process
happens only on the NS surfaces. The individual particles in (b) and (d) display its high
geometric symmetry. The insets in the (b) and (d) reptakerlown-up TEM image,
highlighting the rough surface morphology due to the controlled etching process that is not

present in pristine SKONSSs.
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The modified Stober method produces highlgnodispers&iOx NSs with an average
diameter of 356 nm (Figuf@2a). The TEM picture odsingle SiQ NS as shown in Figure
3.2b shows its smooth surface. Previous experimental results have shown such surface is
unable to stabilize ultrafine Ry@@H), NPs due to the lack of localized hydroxyl grodps.
A controlled surfacestching process is thus employed to genesalbéie surface roughness
containing greater amounts of surface silanol groups through the regtudvnin Figure
3.1b. Silicaas an acidic oxide can partially dissolved in weak basiokitions to produce
surface silanol species and Si(QKBq) until the reaction reaches chemiequilibrium
Since the solubility of Si@in hot water increases as an exponettitial function when the
pH value is larger than 7, the diluted MPH aqueousolution is chosen to provide a mild
etching environmerf 2’ As is shown in Figure 3c, the HRSiOx NSs prepared under the
pH value of 11.10 can maintain their high spherical symmetry and size uniformity. The
similar average diameter of the FBRO« NSs indicates that the etching process only
happens on thahallow surface of Si@ NSs. The rough/porous surface structure as

predicted previously can be observed in the TEM pictures presented in Fglure 3.

The surface chemistry of SiI®ISs can be understddy measuring the zefaotential.
The SiQ NSs synthesized hihe Stéber method usually present a zetéential value of
i38 toi45 mV in DI HO.28 As can be seen in Figure 3.3, IO« NSs also present a
zetapotential value of 40 mV in DI HO. Suspenitig the sample imnaqueous solution
containing different amounts of ammonium hydroxide or nitric acid results in different
zetapotentials. When the solution is acidified, the zmtéential is decreased and

converges to zero at very low pke(, pH = 1). When more base is added to the solution,
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Figure 33 Zetapotential of the HRSIOx NSs suspended in aqueous soluasra function

of pH values adjusted by ammonium hydroxide.

the HRSIO« NSs present more negative charges, which means a part of surface hydroxyl
group is further dissociated and exposirgji O'. However, further increasy the pH to
above 10 will lead to a more drastic increaseetapotential. It is reported that the SIiO

NSs synthesized lihe Stéber method usually shagradual decrease of zgpatential at

pH above 138 2°Suchadrastic drop of zetpotential indicates that there could be a second

etching process happening on the-BRy surface, creating more suctahydroxyl groups.
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Inspired by the anchoring mechanism of(lRy ions on the surface of amine
functionalized Si®@ NSs in the previous work, HBIOx NSs are also promising in
anchoring metal ions in a similar process sial@@geamount of surface silahgroups are
present, favoring the heterogeneous nucleation and growth of ultrafigOM® NPs.
This process can be triggered by injectangaqueous solution of metal ions into the
aqueous dispersion of HROx NSs, but a challenge lies in the fact thatious metal aquo
complexes (M(HO).™") have differentaciditiesdue to the electronic effett.By also
considering the distinct interaction between M(@Hpecies and the surface of ROk
NSs of each metal, the successful loading of each metal spgmald be conducted in
differenthydrolysis conditions where the hydrolysis reaction is mainly influenced by pH
values and temperatureslowever, a harsh anchoring condition will result in a rapid
hydrolysis and cause aggregation of MiGH), NPs. As such, the identification of the
optimized reaction conditions requires the screening of pH values and temperatures, as is

listed in Table 3.1.

Under these conditions, various Rprecious (Mill), Fglll), Call), Ni(ll), Cull))
and precious meltaions (Rylll), Rh(Il), Pdl), Pt(ll), Au(lll)) are successfully
immobilized on the surface of HBIO« NSs as the TEM pictures shown in Figure 3.4 and
Figure 3.5. Ultrafine MQYOH), NPsare uniformly distributed on the whole surface of-HR
SiOx NSs Ultrafine MnOy(OH), NPs havea diameter of ~5 nm, CulOH),, RuG,(OH),,
RhQ,(OH),, PdQ(OH),, PtGQ(OH),, and AuQ(OH), NPs present a size between 1 to 2
nm. By contrast, a different preference growing mechanism results in the fact that-no well
defined spherical NPs are observed for {&®l),, CoQ,(OH);, and NiG,(OH),, and

instead these species show filike morphology, a can be clearly seen in Figure 3¢
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Figure 34 TEM images of ultrafine MEOH), NPs/SiQ composite particles. Scale bars

represent the length of 50 nm.

Using the same synthesis protocol, we further broadened the metal species to Al(lll),
Mg(ll), and Zn(ll). As can be seen in Figure 3&ainiform oxyhydroxide layers can be
formed on the surface of HRIOx NSs with no aggregation. The successful loading is
confirmed by InductivelyCoupled PlasmaOptical Emission Spectrometry (ICPOES).
Furthermore, the loaded M@DH), NPs can be processed with other reagents. For example,
the assynthesized ultrafine MnOH)./SiOx composite particles presealight yellowish
to darker yellowish color due to the partial oxidation of Mn(ll) to Mn(lll). Bppalvise

addition of H-O> into the reaction solution, the ultrafine oxyhydroxide can be further
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oxidized to MnQ. As can be seen in Figure 3.6d, the obtained dark brown pomdsists
of MnO; sheet layers covering the HROx NSs without aggregation. Theetihodology
described above further broadened the scope of this method to various kinds of metal

compounds.

CoO,(OH) 4

(I) PO, OH ‘

Figure 35 Blown-up TEM images of ultrafine M@OH), NPs/SiQ composite particles

shown in Figure 3. Scale bars represent the length of 20 nm.

Even though the loading of transition metal species is successful based on the

controlled hydrolysis method, the loading of Ag(l) ion on the surface 65HIR NSs is
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difficult. As can be seen in Figure 3tighydrolysis of Ag(l) ion is not weltontrolled in

the tested condition. The-abtained hydrolyzed nanoparticles present agglomerations

Figure 36 TEM images of the hydrolyzed (a) Al(lll), (b) Mg(Jiand (c) Zn(ll) on the
surface of HRSIOx NSs, and (d) ultrafine Mn&BiOx obtained by treating ultrafine

MnOy(OH)./SiO« composite particle with $D-.

Figure 37 TEM pictures of HRSiIOx NSs loaded with Ag(l) ion at pH values of (a) 1.6,

(b) 6.35 and (c) 7.35. The scale bars are 6Q,e8@ 20 nm, respectively.

79



on the surfacef HR-SiOx NSs. The aggregation of the hydrolyzed nanoparticles is usually
caused by fast hydrolysis reaction before the metal ions can be stabilized on the support
surface and usinga lower reaction pH can avoid this problem. However, decreasing the
solution pH to below 2 still cannot alleviate the agglomeration. Also, at low pH values, the
hydrolysis of the metal ion cannot be completed due to the lack of required dissociated
hydroxyl groups in the solution. The poor stability of Ag(l) ions on th@stisurface can

be related to the poor complexation between Ag(l) dnedsurface silanol group. The
complexation between the surface silanol and meta nosy be more stable when the
coordination number of the metal ions is higher. However, Ag(Bweth the coordination
number of only 2 may not forra stable complex on the surface. Thus, the successful

loading of Ag(l) ion is limited.

The obtained ultrafine ME@OH), NPs can be simply reduced by using 5%Nd gas at
elevated temperaturés.,550 °Cor 250 °C, producing ufMNPs/Si@omposite particles.
According to the TEM pictures shown in Figure 3.8 and Figure 3.9, the distribution
uniformity of the ufMNPs is maintained after the reduction reaction under elevated
temperatures. Various ufMNPs exmarce different changén sizes after reductior.g.,

with similar average diameteof RuQ,(OH), and AuGQ(OH), NPs of 1 to 2 nm, metallic

Ru ufMNPs maintain the size whereas that of Au ufMNPs is increased to ~5 nm, which is
originates from their distinct metasupport interactions. It can also be clearly observed
from Figure 3.9k that the 2Bdimensional structess of Fe@OH),;, CoQ,(OH),, and
NiOy(OH), have disappeared after reductiand their metallic counterparts present

spherical morphologies.
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Figure 38 TEM images of ufMNPs/SiOcomposite particles. Scale bars represent the

length of 50 nm.

The thermaktability of the asynthesized ufMNPs/Si@omposite particles is tested
by heating the sample in 5%/M at 750 °C using Ni ufMNPs/SiGcomposite particles
as a representatiexample It can be seen in Figure 3.1Bdhat the Ni ufMNPs are grown
to lamger sizes compared to the one treated at 550 °C. Detailed measurement of the
nanoparticle sizes reveals that the diameter of Ni ufMNPs changed from 4.3 = 0.6 nm at
550 °Cto 17.5 £ 2.7 nm at 750 °C, which is the result of sintering at elevated temperatures
This sintering problem can be alleviated by coating the metal surfaces with a thin layer of
silica based on the Stober method. The TEM picture of the composite particles with silica

protection is shown in Figure 3.10c. By controlling the amouME®S njected into the
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Figure 39 Blown-up TEM images of ufMNPs/Sitomposite particles shown in Figure

3.8. Scale bars represent the length of 20 nm.

reaction solutionandthe thickness of the silica coating is controlled to ~5 nm. Heating the
sample with silica protection at elevated temperature yields Ni ufMNPsawiiverage
diameter of 4.5 + 0.9 nm. The slight changthe average diameter indicates that the silica

protection is effectiven preventinghe sintering of ufMNPs at high temperatures.

The assynthesized ultrafine metal or metal oxyhydroxide NPs are then examined by
synchrotron XRD to illustrate their compositions and crystallinities. The high sensitivity

ard low signaito-noise ratio allow the detailed analysis of samples with relatively lower
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Figure 310 TEM images of (eb) Ni ufMNPs/SIQ NSs reduced at 750 °C. (c) Ni
ufMNPs/SiQ composite particles thatepre-reduced at 550 °C followed by silica coatin
(d) Silicaprotected Ni ufMNPs/SiOcomposite particles heated at 750 °C. The scake bar

in (a), (c) and (d) are 50 npand the one in (b) is 20 nm.

metal loadingsi.e., 1 to 2 wt.%. The obtained XRD of the composite particles are shown
in Figure 3.11The HRSIO« NSs present several broad peaks in the range=df.4 to 7.
According totheliterature, the broageaks shown in the synchrotron XRD of ggpheres

are depedent on the synthesis method and the-postessing methotf.For example, the

XRD of an opal contains weak and broad peaks ardwadues of 1.21, 1.45, 2.00, 2.44
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Figure 3.1 Synchrotron XRD patterns of the-agnthesized ultrafine metal and metal
oxyhydroxide NPs loaded on H&Ox NSs. The data shown in-@ are the raw data
obtained from the reduction tfe 2D scattering pattern with average. The XRD pattern of
HR-SiO« NSsis then used as the background and is subtracted from other sample data,

which are shown in ¢d).

A, corresponding tq values of 5.19, 4.33, 3.14, 2.58>Avhen the beam energy is 13.3
keV. In accordance with the reported data, these peaks are atsbiricihe XRD ofHR-
SiO« NSs. As is shown in Figure 3.11a (top panel), peaks are foundaties of 3.17,
4.42 and 5.18 Al. The peaks at 5.18 and 4.42'/re originated from the pseudo
hexagonal symmetnyf the shorrange Si@structure and the onat 3.17 Alis associated
with the (004) reflection of orthorhombic tridymite and the (222) reflectidnaistobalite.

It is reported that treating the amorphous,SM@h solutions with different pH values can
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lead to the change of relative intensitidghese peaks. It should be noted that during the
metal loading process, the HROx NSs have been further treated with aqueous solutions
of various pH values followed by heat treatmantdifferent temperatures. Thus, the
relative intensities of the peaks origimat from the SiQ support are expected to be
changed between samples. As can be seen in Figure&,.flighveraged and background
subtracted data of different reduced metal dampontain various peaks. Even though the
background is subtracted, sotm®ad residug@eaks are still present in the XRD pattern,
which is due to the subtle structural changes of$iB NSs during the sample preparation
process. Mn, Feand Co samplesodnot present any observable peaks due to the high
affinity of the zerevalence surface to oxygen, forming amorphous oxides, and thus these
samples are labeled as MBiIOx composite particles. The data of Ni, Cu, Ru, Rh, Pd, Pt
and Au present distinct pesiover the range of 2.4 to 7*AThe summary of peaks is
provided in Table 3.2. By carefully comparing the observed peaks and the standard XRD
patterns of zer@alence metals, it can be found that all above samples except for Cu are in
the metallic statéThe Cu sample is in accordance with the patieCuwO, which indicates

that the reduction temperature of 250 °C is not enough to fully reducg@d{ NPs to

Cu NPs but its crystallinity is maintained when stored in air, in contrast to Man&e€o
samples. The Al(lll), Mg(ll) and Zn(ll) samples are not treated with hydrogen gas. The
assynthesized samples are tested with XRD. As is shown in Figure 3.11{O%(Q and
ZnOy(OH), do not have weltlefined crystal structures. The broad peaks coveheg t
tested region indicate the amorphous nature of tleegbydroxide nanoparticles. In

contrast, Mg(ll) sample shovetear XRD peaks, whicborrespond to those of Mg(OH)

85



Table 3.2 Summary of crystal facets information of ultrafine metal or metal oxyhydroxide
nanoparticles oHR-SiO¢ NSs

q( 1Y [Facet q( 1Y [Facet
N i C uO
3.08 (111) 2.58 (111)
3.59 (200) 2. 98 (200)
5. 03 (220) 4., 20 (220)
5. 92 (311) 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 (2 03
5. 18 103
5. 38 (2 00
5.51 ayn2
Rh P d
2. 84 1Dn1 2.81 1Dl
3.31 (2 00 3.24 (2 00
4. 69 (2 20 4. 59 (2 20
5. 49 311 5. 39 311
5. 74 222 5.61 222
6. 48 (4 00
Pt Au
2. 78 11n1 2. 68 1Dl
3.20 (2 00 3.10 (200
4 . 57 (2 20 4 . 38 (2 20
5. 35 311 5. 15 311
5. 38 222
6. 76 331
6. 90 420
Mg ¢ OH) Mn @
2. 33 (200 2.57 (200
2. 68 101 2. 93 101
3.53 102 3.84 102
4., 03 110 4, 45 110
4 . 24 an1
4,61 103
4 . 83 201
5. 34 (202




The MnQ sample obtained by treating the oxyhydroxide sample wi®r ldresents weak

XRD peaks that can be assigned#dnOs..

The pristine SiQ NSs and HRSiO« NSs exhibit negligible light absorption in the
studied range of wavelength (3800 nm). Previous studies of ufMNPs/Si€@mposite
particles have shown that the DRS of the composite particle powders sarfdise

absorption profile of the loaded lighbsorber superimposed with the Mie scattering
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Figure 3.2 (a) DRS of pristine SiONSs (dash line) and HRiOx NSs (solid line). (k)
DRS of ultrafine MQ(OH), NPs/SiQ composite particles (dash lines) and ufMNPs{SIiO
composite particles (solid lines)) ORS of loaded Al(lll), Mg(ll), Zn(Il) and MnQ

samples.
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resonance peaks of Si@Ss. The obtained DRS usually exhstseveral peaks from the

UV to visible to neaiinfraredregion The position of each peak is highly dependent on the
size of the SiIQNSs. Furthermore, the Si®ISs with uniform sizes can be assembled into
photonic crystalsand this effect is also present in the composite particles. The photonic
crystal effect creates a peak valley at ~760 nm of composite particles iognsishiOx
NSswith a size of ~350 nm?3 Herein, since each MQDH), species possessdistinct
optical absorption profiles, the ultrafine M@H), NPs/SiQ composite particles also
exhibit superimposed DRS profiles composed of the enhanced original absorption peaks
of MOy(OH), NPs and the scattering resonance peaks eSHIRNSs, as shown in Figure
3.12 (dash lines). For example, Mp@H)./SiOx composite particles exhibit peaks
centered aB81and580nm. According ta previous study, the peak at 381 nm is assigned
to the scattering resonance of the SN3s. The peak at 580 nm is associated with the first
order scattering resonance pe#k~540 nmand the photonic crystal reflectiat ~740
nm.23 As specifically for laded MnQ(OH), NPs, Mn(ll) are quickly oxidized to a mixture

of Mn(ll) and Mn(lll) when being exposed to air, showing © - T charge transfer
peak at 367 nrift and is enhanced by the antenna effect of, 8ISs. Hence, the relative
intensities between ligrabsorption peaks are highly dependent on the optical absorption
properties of the metal species loaded on the surface 3iBRNSs. After the ultrafine

MOy (OH), NPs are reduced by hydrogen gas, the overall DRS profiles are maintained, as
shown by thedid lines in Figure 3.2b-k. Freestanding nosplasmonic ufMNPs (Mn, Fe,

Co, Ni, Ru, Pd) generally exhibit broad and plain optical absorptitiThe DRS of these
ufMNPs/SiQ. composite particles are mainly composed of peaks with high intensities

originaing from the antenna effect of the HRO« NSs and the photonic crystal effect.
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Ultrafine Au NPs/SiQ composite particles exhibit a hightensity peak at 598 and 575
nm, respectively. This higimtensity peak is directly related to the plasmonic featfifeu
NPs and the band gap absorption o@.urhe highintensity peak in the DRS spectrum
of C,eO sample is not related to its plasmonic property since the plasmonic excitation
wavelength for CO NPs witha diameter lower than 10 nm is below 500 ffhThe
redshift of Au plasmonic peak from ~530 nm in the fs&nding particles to ~575 nm is
due to the change of refractive index of the environptegether withthe interparticular
plasmonic coupling effect when the nanoparticles are closely anchotéé sarface of
HR-SiOx NSs# % The absorption peak at ~598 nm inoOwsample is the excitation of its
band gap with the value of ~2.01 eV, which is in accordance with repaed®
Furthermore, as can be seen in Figure2l3.the lack of absorptiofand of ultrafine
AlOy(OH);, MgOy(OH),;, and ZnQ(OH), NPs resul in almost zero absorption of the
composite particles. Oxidation of the ultrafine MOH), NPs to MnQ NPs also results
in the appearance of a hightensity peak at ~380 nm and is closdhe reported free
standing MnGNPs withanabsorption peak at 355 rfthThis observation clearly indicates

the formation of Mn@with a welldefined band gap structure.

The facile synthetic method described in this work exhibits a broad application scope
of singlecomponent ufMNPs. It is thus necessary to explore the possibility of loading
multi-component ufMNPs on the HRIOx NSs. CuNi and RuPd alloy ufMNPs are
employed to further evaluate the feasibility of synthesizing bimetallic ufMNPs/SIiO

composite particles using this protocol. As for CuNi samples, a mixture’6a6d Nf*
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Figure 3.B TEM images of (ec) CuNiQ,(OH)./SiOx composite particles with different
Cu/Ni ratios; (df) The corresponding ufMNPs/Si@omposite particles after rection.
The feeding ratios between Cu(ll) and Ni(ll) are 1:4, 1:ard 1:1 in (a), (h)and (c),
respectively, and the total metal loadings are 2 wt.%. The inseltdoave-up images of

the individual sphere. The scale bar is 50 nm and 20 nm for insets.

aqueous solution is injected into the dispersion of$Bc NSs to synthesize MQOH),

NPs containing both Cu(ll) and Ni(ll). The feeding weight ratio between Cu(ll) and Ni(ll)
variesfrom 1:4 to 1:2.5 to 1:1, yielding CuNj@DH), NPs/SiQ composite parties with
different Cu/Ni ratios. It can be seen from Figure 3&& that twedimensional
morphologies are observed for CUN{OH), NPs. The 2D nanostructures fully cover all
HR-SIO« NSs, leading to good distribution uniformity of CuNi bimetallic ufMNP®aft

being reduced by hydrogen gas (Figure3a-f).
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Ru(lll) and Pd(ll) are also loaded together on the surface 6EKR NSs using the
same protocol. The successful loading is confirmed byQES test. As can be seen from
Figure 3.14&b, the loaded oxyhydxide nanoparticles present particle morphologies with
similar size to the single metal Ru and Pd oxyhydroxide samples. After reduction, the

ultrafine RuPd ufMNPs also possess ultrasmall siz&sr().

Figure 3.4 TEM images of (éb) RuPdQ(OH)./SiOx composite particles and-() RuPd

ufMNPs/SiQ composite particles.
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Figure 3.5 Synchrotron XRD result of the CuNi ufMNPs/Si@nd RuPd ufMNPs/Si©O
composite particles. (a) Raw data obtained from the reductitthve @D scattering pattern

with average. (b) Backgrourglibtracted data using the XRD pattern of-Bi®x NSs.

The composition of these bimetallic NPs can be evaluated by the XRD pattesms sho
in Figure 3.5. In all CuNi ufMNPs/SiQ composite particles, no @0 peak is observed
while the metallic fcc pattern is observed. The main patk3.03 to 3.08'! areassigned
to the (111) facet of the fcc structure. The position of the peak biftslow q values to
highq valuesas a functiorf the amount of Ni in the sample, which indicates the formation
of CuNi alloy ufMNPs. Such result also indicates that the addition of Ni into the Cu sample
facilitates the formation of metallic CuNi alloy$he composition of the CuNi alloy
uf MNPs can be obtained based on the Vegar.
similar atomic sizes and crystal structuf€Ehe ratio between Cu and Ni can be calculated
based on the position of the (111) peak, whiebults in CuliNio.ss C.eNio.ss and
Cuw.sNio.13 when the feeding ratio is controlled at 1:4, 1:2.5 and 1:1, respectively. The

XRD pattern of RuPd alloy ufMNPs/Si@omposite particles exhibits several peaks, in
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which the ones ajvalues of 2.722.93 and 3.08 A are assigned to the (100), (002)d

(101) facets of metallic Ru, and the weak and broad peaks at 2.83 and &€ dssociated

with (111) and (200) facets of Pd. Since Ru and Pd metal are only partially miscible in the
bulk state, the new peak appearing at 2.89s%associated with the RuPd alloy structtfre.

The formation of alloy structure in the nanoscaleeiated to the ultrasmall size of the

nanoparticles.

The bimetallic samples are then evaluated by DRS to reveal their optical properties.
The presence of both Cu and Ni elements in a single ufMNP gives different DRS profiles
compared with the single metallic samples. The synchrotron XRD data have shown that
the Cu atomsrepresent in metallic state in the CuNi sample instead of Cu(l) in the Cu
only sample. This change is also embodied in the DRS of CuNi alloy samples. It can be
seenfrom Figure 3.16a& that the absorption intensities at 600 ane clearly lover
compared with the GO sample due to the lack of &u band gap absorption. With
increasing Cu/Ni ratios over three samples, the alloy ufMNPs contariiggner amount
of Cu exhibits higher absorption values at 600 nm. This origirfeden the plasmomi
properties of metallic Cu ufMNPs. This phenomenon is consistentagitbvious study
showingthat Ni atoms can cause the disappearance of the plasmonic peak of Cffatoms.
“ The presence of Ru and RuPd alloy structures in the RuPd bimetallic sampésuaia
in a mixed DRS profile. In the spectra shown in Figure 3.16d, RuPd bimetallic
ufMNPs/SiQ composite particles also exhibit similar DRS profiles with the single metal
samples, while the absorption intensities in the visible light region lie betleeme of
Ruonly and Pebnly sample, which is due to the modified electronic structure by

introducing Pd into Ru ufMNPs.
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Figure 3.5 DRS of (ac) CuNi samples and (d) RuPd samples before and after reduction.

3.4 Summary an@utlook

HR-SiO« NSs contaiing great amounts of surface silanol groups are prepared through
a mild etching of spherical S{ONSs by NHOH and hot water. Various ultrafine
MOy(OH), NPs are successfully synthesized on the surface eSIIRNSs through the

hydrolysis reaction of their aqueous ions, which can be simply reduced by/Bbgds
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at elevated temperatures to produce ufMNPs/{8@nposite particles with average sizes
below10 nm. Assynthesized MXOH), NPs and their metallic counterparts exhibit good
size distributions and spatial distribution uniformity on-8Rx NSs. Highly geometric
and compositional symmetric HRIOx NSs as the support not only stabilize ultrafine meta
species but also enhanceithaptical absorption through the light scattering resonances.
The further successful synthesis of CuNi and RuPd bimetallic ufMNRst®i@posite
particles indicates the feasibility of using this protdogirepare various niti-component
ufMNPs/SiQ composite particles. This facile and surfactant and sile@esynthesis of
ufMNPs/SiQ composite particles opens a door for further studies of this group of neterial

as highefficiency photocatalysts.

Continung from the resuk in this chapter, further studies can be focused on the
illustration of the heterogeneous nucleation of metal ions on the surfacexdS$and
monitoring the growth of MEOH), NPs.Extra effort is expected to be devotedoading

Ag(l) on the SiQ NSs by utilizing other silver precursors or by using other stabilization

agentsBeyond reported bimetallic samples, one can employ the same synthesis protocol

for preparing other bimetallic or trimetallic metal samples, especially those supposed to be

loada at different pH values. The strategy of msliép loading is suggestddore focus

is also suggested to be made on the determination of the particle composition using

synchrotron XRDTheinfluence of the signal from SiONSs is preferred to be removed

to reveal the signals from ufMNPSIince all composite particle samples exhibit absorption

peaks in the visible light region, it is expected that various photocatalytic reactions can be

studied by using synthesized metal catalysts to obtain higher reacgels and

selectivities.
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CHAPTER 4
DECIPHERING THE OPTICAL ABSORPTION SPECTRA OF ULTRAFINE

METAL NANOPARTICLES DISPERSED ON SUBMICRON S ILICA SPHERES

( Not e: Part content of this chapter i s ad.
Simukaitis, Siyu Wu, Jonathan Foley IV, Yugang Sun*. Deciphering the Optical Absorption
Spectra of Ultrafine Metal Nanoparticles Dispersed on SphericaleSitiowders. Journal

of Physical Chemistry C 2022, 126, 179928005.d oi . or g/ 10. 1021/ acs. j

with the permission from thAmerican Chemical Society.)
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Figure 4.1.Nearfield intensity maps in (a) they plane located outside of a dielectric

sphere ar=0 and (b) thexzplane near the positiapole. The sphere does not absorb light,
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and it has a di ameter of 10 em andideat refr a

light was 781.91084 nm. Adapted with permission from RefC2pyright 2008 American

Institute of Physics.

In Chaptes 2 and 3, we have introduced the synthesis of ultrafine metal or metal
oxyhydroxide nanoparticles on the surface of silica sphdites improved synthesis allows
us to study the optical behavior of the composite particles using more kinds of light
absorbers. Howevea,detailed analysis of the optical absorption spectra of the composite

particles is necessary to better design theerratfor optical energy conversions.

Light absorption in metal nanoparticles originating from surface plasmon resonances
has been extensively studied for photoenergy conversion, including photothermé&f effect
and hotcarrier chemistry:!* The conversion efficiency of the photoenergy absorbed in
metal nanoparticles usually increases with the decrease of the size of the nanopatrticles
below 10 nm due to surface damping and/or chemical interface dafpirigowever,
size reduction significantly weakens light absorption power in individual metal
nanoparticles, in particular, metal nanopatrticles lacking surface plasmon resonances in the
visible spectral region. The weak light absorption power prevents efficiergdtiag 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 nanoparesles 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

nanoparticles. For example, plasmonic nanostructuresulméer exhibit enhanced electric

104



fields 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 spacing3® Controlling the composition and thickness of the
dielectric spacers is not trivial because the electric fields decay exponentially with the
distance from the plasmonic antennae surface. When the dielectric spacers are too thick,
the enhancement of electric fields bems too weak to support strong light absorption in

the small metal nanoparticlé& 2 Thin dielectric spacers may cause an electric crossover
(i.e., charge transfer) between the plasmonic antennae and the small metal nanopatrticles,
changing the propertieof the metal nanoparticléBhe plasmonic antennae absorb light to
support the enhanced local electric fielogt the absorbed light eventually decays to heat

in the antennae and cannot be absorbed by the small metal nanop@nictesother hand,
dielectric structures with appropriate geometries can also generate enhanced electric fields
near their surfaces due to Faiitgrot or Whispering Gallery resonances (Figure 4.1),
making them suitable for a class of light antenff&&Because of the insulag 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 siz@ rm) dispersed on submicron

silica spheres (with sizes of 2880 nm)?%?° The presence of the ultrafine metal
nanoparticles does not diminish the strong surface scattering resonances on the silica
spheres, resulting in the observation of significantlyaaced light absorption in the metal

nanoparticles (Figure 4.2§.
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Figure 4.2.Theoretical calculation results using Mie theory showing the scattering and

absorption spectra of fMNPs loaded on SiASPs with the diameter of 255 nm. The

composite particle was modeled using the multilayer sphere geometramatifective

medium layer. Adapted with permission from Ref. ZBopyright 2016 Macmillan

Publishers Limited.

The promise of submicron silicatsgres as light antennae to enhance light absorption
in small metal nanoparticles has motivated us to explore metal/silica composites in
photocatalysig’?8 393! The light scattering resonances near the surface of silica spheres
(SiO«-SPs) under light radiation depend on their sizes. The siependent resonant
spectra can directly translate to enhanced light absorption in ultrafine metal nanoparticles
(ufMNPs) loaded on the S}iEBPs. The light scattering resonances represent localized

phenomena near ¢hsurface of individual SiSPs, and the correspondingly enhanced
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optical absorption in the ufMNPs is independent of the number and packing condition of

the ufMNPs/SIQ-SP composite particles. On the other hand, the light scattering by the
submicron Si@-SPs influences light propagation in powder samples of packed
ufMNPs/SiQ-SP composite particles (e.g., fixbdd catalysts), affecting light absorption

in the buried particles. Herein, we systematically study the optical absorption of
ufMNPs/SiQ-SP compose powders at varying packing densities to distinguish the
contributions of localized light scattering resonances neartheS®6 s sur f aces a
diffuse light penetrated the packed powder ensembles. The former contribution locally
intensifies the eldric fields nearthe SGSP6s sur faces compared to
the incident light, enhancing light absorption in ufMNPs with characteristic peaks
determined by the scattering resonance bands gfSR3. 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

absorpion.

4.2 Materials andVethods

4.2.1 Synthesis dfiitrafine PtNanoparticles

Pt nanoparticles were synthesized to evaluate their optical absorption upon being
loaded on SiQ@SPs because the freestanding Pt nanoparticles with ultrafinesbiged
only broadband and peakless spectra. At room temperature, 26 mL aqueous solution of 2.8

mM sodium citrate (Alfa Aesar) was added to 50 mL aqueous solution of 0.4 mM
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hexachloroplatinic(IV) acid (SigmAldrich) under vigorous stirring. After one mite, to

this solution was added 5 mL of freshly prepared 12 mM sodium boron hydride (Alfa Aesar)
aqueous solution dr op.Whesdautiombecambadarkbrasnsm5o0f 1
minutes and continued aging for 2 hours. The resulting colloidaiMiiRs were stored

and used without further purification.
4.2.2 Synthesis ardurfaceFunctionalization of SiI@SPs

Table 4.1. Reaction conditions for synthesizing&s

TEOS

Solvent .
H2O | NH3 Temper » Diameter
Solvent | volume mL) | H.0 TEOS ature addition (nm)
(mL) (mL) °C) rate
(mL/min)

Ethanol | 50 4 9 12.77 mL| 25 0.15 1089 + 32

in 28 mL

EtOH
Ethanol | 65 6.75 |9 4.20mLin| 25 0.15 864 + 46

33.3 mL

EtOH
Isoprop | 80 15.2 [ 16.4 | 10.88 mL | 25 Single 680 = 25
anol injection
Isoprop | 80 304 |16.4 | 10.88 mL | 25 Single 561 + 19
anol injection
Isoprop | 120 45.6 | 24.6 | 10.88 mL | 25 Single 441 + 10
anol injection
Isoprop | 120 45.6 | 24.6 | 10.88 mL | 32.5 Single 353+12
anol injection
Isoprop | 120 45.6 | 24.6 | 10.88 mL | 50.8 Single 262 + 10
anol injection
Isoprop | 120 45.6 | 24.6 | 10.88 mL | 73 Single 173+ 8
anol injection
Isoprop | 146 102 | 36.9 |10.88mL | 73 Single 112+7
anol injection

108



Monodisperse SiE@SPs were synthesized through a modified Stéber method based on
controlled hydrolysis of tetraethyl orthosilicate (TEC&gmaAldrich). In a typical
synthesis of Si@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 (DI) water, and 24.60 mL of ammonia hydroXg#&30 wt.% in water, Fisher
Scientific) under magnetic stirring at 40 °C. The solution turned navilkite in one minute
due to the hydrolysis of TEOS and condensation of hydrolysates into silica hanopatrticles.
The hydrolysis reaction continued for 2 hqurempleting the growth of SiEBPs. The
resulting SiQ-SPs were collected from centrifugation and washing with ethanol, which
was repeated two times. The collected ,S8P’s were then dried overnight in an oven at
60 °C. SiQ-SPs with differentliameters 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 Si@SPs are sumarized in Table 4.1 (Supporting Information). The as
synthesized SiIQSPs exhibited negatively charged surfaces. Surface modification with (3
aminopropyl) triethoxysilane (APTES, Acros Organics) was performed to change their
surfaces to be positively atlgged. In a typical modification process, 400 mg of driedSiO
SPs were dispersed in 200 mL of ethanol (190 proof, Phafaper) with the assistance
of ultrasonication. To this dispersion was added dropwise 2 mL of APTES at 60 °C. The
reaction continuouslgroceeded for 8 hours to conjugate APTES to the surface of the SiO
SPs. The powders were washed with ethanol twice and collected via centrifugation. The
APTESmodified SiQ-SPs were dried in an oven at 60 °C for 2 holilse obtained

powder is stored itheair for further use.
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4.2.3 Loading of Pt ufMNPs onto Si$SPs

In a typical process of loading 2 wt.% Pt ufMNPs onto,S$Bs, 41.52 mL dispersion
of the synthesized Pt ufMNPs was slowly added to 100 mL aqueous dispersion containing
100 mg APTESfunctionalized Si@SPs under vigorous stirring. The mixture was
continuously stirred for 1 hour to fully load the Pt ufMNP<ghe SiOx surface through
electrostatic attraction. The resulting ufMNPs/S&Ps composite particles were collected
throudh centrifugation. The collected composite particles were washed with water/ethanol
2 times, followed by drying at 60 °C in the oven. The colorless and transparent supernatant

indicated that the ufMNPs were completely attached to the surface 0681

4.2.4Synthesis o€ompositeParticlesComposed of Pt ufMNPs dvlesoporousilica

Nanoparticles

Mesoporous silica nanoparticles were synthesized by following the procéuware
typical synthesis, 43.5 mmol NaOH (Alfa Aesar), 75 mmol potassium phosphate
monobasic (Fisher Scientific), and 1.5 L of Di®Hwere mixed well to form an aqueous
solution. To this solution was added 51 mmol cetyltrimethylammonium bromide (CTAB,
ChemlImpex). The mixture was stirred for one hour until CTAB was dissolved completely.
The liquid TEOS of an appropriate volume (i.e., 9.25 mL) was swiftly added to the mixture,
followed by continuous stirring for 12 hours at room temperature. The obtaineacprod
was collected by ethanol and then redispersed in 1 vol.% HCl/ethanol solution under
stirring for 12 hours at 60 °C. Several cycles of centrifuge by water and ethanol were used
to remove the surfactant from the product. The regplpowders were furthre
functionalized by APTES. 140 mg of mesoporous silica nanoparticles were dispersed in

270 mL of ethanol by sonicatipfollowed by adding 0.7 mL of APTES dropwise. The
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reaction lasted three days at 30 °C. The APTiEftionalized mesoporous silica
nanopaticles were washed twice via the cycle of centrifugation and formation of ethanol
dispersion. Adding an appropriate amount of the ARTlEBtionalized mesoporous silica
nanoparticles to the aqueous dispersion of Pt ufMNPs I¢itetioad of the Pt ufMNPs

onto the silica nanopatrticles after slow evaporation of water. Theingsptiwders were

dried inthe oven without further purification.

4.2.5 Characterization

Scanning electron microscopy (SEM) images were recorded with a microscope (FEI
Quanta FEG 450)peratedn high-vacuum mode with an acceleration voltage of 10 kV.
A transmission electron microscope (TEM, JEOL JEA00) was used to image the
synthesized samples. The diffuse reflectance spectroscopy (DRS) study was performed
with a commercial ultravietvisible (UV-vis) spectrophotometer (Thermo Scientific,
Evolution 220) equipped with an integrating sphere. The light source in the
spectrophotometer is a buiit xenon flash lamp. The setup configuration of sample
placement is highlighted in Figure 4.Bhe extinction spectra were measured with the
traditional transmission mode by placing samples between the light source and the

traditional photodetector.

4.2.6 Calculation of thAbsorptionCrossSection ofFreestanding Pt ufMNPs

Due to the ultresmallsize of assynthesized Pt ufMNPs (3.9 nm in average diameter)
and low concentration of Pt ufMNPs in the agueous dispersion (0.04817 mg/mL), light
scattering was negligible. The extinction spectrum was essentially ascribed to the

absorption of the Pt utMNP3J he absorption crossection of individual Pt ufMNPs was
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calculated from the measured absorption spectAgn The absorption crossectionCabs

is given by:

6 como— Al , (4.1)

Detector

Incident

light
—

Figure 4.3.(a) Photo of the setup configuration for DRS measurement in a8}V
spectrophotometer. The inset shows the powder sample cell, in which thick eaoyié s
powders were loaded to ensure no light passing through the powders. The powders were
sealed in the sample cell with a quartz window. (b) Schematic diagrane wiorking
principle of the integrating sphere. The powder sample is placed facing thennlght.

If light-absorption constituents exist in the sample, a portion of incident light is absorbed,
and the rest is diffude reflected in the sphere and collected by the detector. Comparing
the signal with the reference signal collected from thitewbference sample that does not

absorb light provides the actual optical absorption in the powder sample.
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where 3 (M c'%h and Na are wavelengtidependent extinction coefficient and

Avogadrods number .-L Anlteomrtdd :ngl dw: t he Beer

~

0 - 4w (4.2)

where| (cm) is the length ofthe light path in the cuvette and (M) is the molar

concentration of Pt ufMNPs in the aqueous disper€iasnis transformed into:

o) COMO—— COTG como—— Al

7

¢wnopm — 11, (4.3)

whereViis is the volume of tested dispersion (1 X210 andl is 1 cm.Nptis the number

of Pt ufMNPs in the solution, which can beadhted by:

0 ——— X&71 pm, (4.4)
Then, the above equation can be simplified into:

6 T op Y o, (4.5)

4.2.7 Calculation oPhotonicCrystal Stop Bands

The PtufMNPs/SiQ-SP composite particle was modeled as a sphericaistelée
structure, where the core was a SEP (with sizes determined from SEM) and the shell
was an effective uniform layer averaged from the permittivity of both Pt ufMNPs and air
(the background medium). The-&t effective medium was modeled using the Maxwell
Garnett theory. A similar approaetes successful in reproducing the experimental and

theoretical spectra of spherical Si€ructures decorated with Pt ufMNPSThe schematic
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diagram of this model is shown in kig4.3. Within MaxwellGarnett theory, the effective

dielectric function igjiven by:

oo f : (4.6)

where] ois the dielectric constant of the background medium, i.e., airthtdielectric
constant of 11 «( ) is the complex dielectric function of the metal inclusions (data by
Palik®), and"Qis the volume fraction of the metal inclusions. T@ealue is calculated
based on assuming the diameter of each Pt ufMNP is 4 nns degéndent on the size of
SiO«-SPs forthe same Pt loading. In a typical calculation for 2.5 wt.%ufRNPs/SiQ-

SP composite particles withcore size of 680 nm, the number of 4 nm Pt ufMNPs loaded

on each SiQ@SP is calculated by:

0 0 70

¥ - PUPX O (4.7)

The volume fraction of Pt ufMNPs in the shell can be then calculated by:

Q o fo 0O =i F-" i Ci 1 1t 1 URORY,

Inserting"®:7 a( ), and o(for airis 1) intd 1 gives the wavelengtependent

dielectric functiorf shel, representing the medium in which the SEPs are immersed.
Assuming all compositparticles are packed in facentercubic (fcc) lattice, the volume

fraction of the SiQ SPs in the powder is:

Q ™T i Fi Ci ™ p;T (4.8)

Inserting"Qia, T siox (herein is 1.49 andf shen intoT 1 gives the wavelength

dependent effective refractive index of the composite pariigldhe value ohest has only
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minor variations in the third decimal placethre spectral range of interest in this ko

(300-1100 nm). It is reasonable to use tiagvalue at 500 nm for later calculations.

4.3 Results and Discussion

Figure 4.4SEM images of SiQSPs with different diameters: (a) 1089 + 32 nm, (b) 864
+ 46 nm, (c) 680 + 25 nm, (d) 561 + 19 nfm) 441 + 10 nm, (f) 353 + 12 nm, (g) 262 +
10 nm, (h) 173 £ 8 nm, and (i) 112 £ 7 nm. The synthesis conditions are summarized in

Table 4.1.

Optical absorption of powder samples can be characterized by diffuse reflectance

spectroscopy (DRS) that can exdfithe sizelependent scattering to provide accurate light
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absorption in samples containing ligitisorbing constituents. DRS becomes suitable for

evaluating the light absorption of ufMNPs loaded onS3Bs of different sizes that do

(i). [ (k).

— 200 NM =— 200 Nm = 300 nm

Figure 4.5(a) TEM image of the asynthesized Pt ufMNPs with an average diameter of
3.9 nm and a statistic size deviation of 0.6 nm. (b) TEM image of the composite containing
2.5 wt.% Pt ufMNPs on mesoporous silica nanoparticleg. {EM image of the Rt
ufMNPs/SiQ-SP composite particles containing 2.5 wt.% Pt ufMNPs on the-SiEs

with different diameters: (c) 112 nm, (d) 173 nm, (e) 262 nm, (f) 353 nm, (g) 441 nm, (h)
561 nm, (i) 680 nm. (j, k) TEM image of BIMNPs/SiQ-SP composite particles
containing 1.0 wt.% PUfMNPs on the Si@SPs with different diameters: (j) 864 nm and

(k) 1089 nm.
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not absorb light but exhibit different scattering behaviors. Highly uniform-Sis with
different diameters (122089 nm) have been synthesized (Figure 4.4), and Pt ufMNPs
have been attached to the surfaces of the-&Bs at controlled loadings (i.e., 1.0 and 2.5
wt.%) (Figure 4.5). The narrow size distributions (i.e., < 5% except for the 112 nm sample)
of the SiQ-SPs confirm that the differences in opticabsorption spectra of the
ufMNPs/SiQ-SP composite particles originate from the size difference of the SO

rather than size distributions.

TR SRS
S

105 hy

\}ﬁ\gf« G5

Figure 4.6. TEM images of (a) freestanding Pt ufMNPs with an average diameter of 3.9
(x0.6) nm, and (k) indvidual PtufMNPs/SiQ-SP composite particles composed of 2.5

wt.% Pt ufMNPs on Si@SPs with diameters of (b) 112 and (c) 441 nm.Bldwn-up
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image of a partial composite particle shown in (c), highlighting the good dispersion of Pt

ufMNPs on the Si@QSPsurface and the absence of agglomeration of the Pt ufMNPs.

300 450 6L:)0 750 900
Wavelength (nm)

2
(b) 262-nm bare SiO,-SPs

——— 262-nm APTES functionalized SiO,-SPs

F(R)

0.5

300 450 600 750 900 1050

Wavelength (nm)

Figure 4.7(a) Optical absorption spectrum of the aqueous dispersion of Pt utMNPs shown
in Figure 4.6a. The value gfaxis represents the averaged absorption €esson of a
single freestading Pt ufMNP dispersed in water. (b) Typical DRS spectra of the 3
before and after surface functionalization with APTES. The-SBs withan average
diameter of 262 nm areused asnexample to highlight the negligible optical absorption

in the SiQ-SPs.
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Figure 4.6 presents the Pt ufMNPs synthesized through the reduction of
hexachloroplatinic acid in the presence of citrate that stabilizes the Pt ufMNPs with
negatively charged surfas. 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 4.7a). The
powder SiQ-SPs exhibit Bnost no optical absorption in the Ws spectral region
regardless of the surface modification (Figure 4.7b). The-SE» modified with APTES
exhibit positively charged surfaces, which attract the negatively charged Pt ufMNPs coated
with citrate througlelectrostatic attractions upon mixing. The spontaneousassémbly
results in uniform dispersion of Pt ufMNPs on the ,88Ps (Figure 4.6W). The high
dispersion of the Pt ufMNPs on the $i6urfaces excludes the possible influence of
interparticle copling on the optical absorption in the supported Pt ufMNPs. The difference
in optical absorption between the -HMNPs/SIQ-SP composite particles and
freestanding Pt ufMNPs is therefore ascribed to the unique scattering properties of packed

SiOk-SPs.

Rayleigh scattering dominates the scattering of particles with sizes below ~100 nm,
exhibiting peakless spectra with an inverse proportionality of light wavelehgtb {he
4™ power (i.e.,” /-4 and proportionality of the particle size to th& Bower3* 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. F@gd.8a presents the DRS
spectrum of the Pt ufMNPs supported on mesoporous silica nanoparticles with irregular

morphologies and sizes smaller than 40 nm (Figure 4.5b), showing the increase of
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Figure 4.8.(a) DRS spectrum of the powder composed of 2.3owRt ufMNPs on
mesoporous silica nanoparticles with irregular morphologies. The inset is a photo of the
powder showing a dark gray color-¢bDRS spectra of the I MNPs/SiQ-SP composite
powders containing SiEEPs with different sizes ranging from 1421089 nm. The Pt
ufMNPs loading was 2.5 wt.% for the powders containings&s with sizes from 112

nm to 680 nm. The powders containing 864 and 1089 m SiQ-SPs had 1.0 wt.%
loading of Pt ufMNPs because of the lower mggscific surface area ofdéHarge SiQ-

SPs. (d) Schematic diagram highlighting various optical scattering processes in Pt
ufMNPs/SiQ-SP composite particles under light illumination. Due to the surface
roughness of the powder, diffuseflectance (pink arrows) happens onploevder 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 SKSPs in the fewdp 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 ti€use light (portion Il) penetrating the powder

due to forward Mie scattering of Si&3Ps. The diffuse light can reach the buried particles

to be absorbed in the Pt ufMNPs. The photonic reflection of light of specific wavelengths
(portion IIl) happens deito the selassembly of uniforasized SiQ-SPs into ordered
superlattices (or photonic crystals). The presence of portion Ill indicated by the light blue

arrows weakens the portion II.

absorbance with wavelength. The absence of peaks and high absonladeedabe powder

a dark gray appearance (inset, Figure 4.8a). 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 theefrated light to absorb

the optical energy. Increasing the size of silica particles intensifies Rayleigh scattering,
lowering the percentage of incident light penetrating the powder samples. For example,
when SiQ-SPs are larger than 100 nm, the dominasogttering will transit from the
peakless Rayleigh scattering to Mie scattering with the increased patrticle size in the studied
spectral range. Since Mie scattering is not strongly wavelength dependent, the
corresponding absorption of the Pt ufMNPs sufgmbron the Si@SPs exhibit weak
wavelength dependence for large SEPs (Figure 4.8b and 4.8c). The broadband uphill
absorption exists for the Si€sPs with sizes up to 353 nm (Figure 4.8b), and the uphill

profile disappears for the larger S#SPs (Figue 4.8c). It is worth pointing out that
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absorption peaks can be observed in these samples except for #&PSi@ith a size of

112 nm. The number of absorption peaks increases with the size of {H8FOT he direct
incident light interacts with the pdayers of SiQ-SPs to generate strong surface scattering
resonances (portidn Figure 4.8d) because of the highly symmetric geometry of the SiO
SPs and the coherent phase of the direct incident light near the individyabRs0O
resulting in enhanceelectric fields at resonant wavelengths near the surfaces of individual
top-layer SiQ-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 individugiSit@ould

be considered to exhibit the same phase because its size is comparable to the light
wavelength and much smaller than the xenon lamp. The SR 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 SiESPs exhibit optical absorption with peaks consistent with the
scattering resonance barfisThese absorption peaks are localized absorption with
enhancement. The light scattered off the incident direction behaves differently from the
direct incident light to interact with the-BIMNPs/SiQ-SP composite particles, showing

diffuse absorption with uphill profiles.

According to Mie theory? extinction spectra of the freestanding single Pt nanoparticle
and SiQ-SPs of different sizes can be calculated (Figure 4.9). The optical extinction of Pt
ufMNPs with a size of 4.0 nm originates only from absorption, while the extinction of
SiO«-SPs is skely ascribed to scattering in the UXs-NIR spectral region (3602100 nm)
that we have experimentally studied. The absorption spectrum of a Pt ufMNP exhibits a

downbhill-tailed profile without any characteristic peaks (dashed curve, Figure Ti@a).

122



0.8

6
(a) 1089 864 680 — — PtufMNPs
—— 561 441 — 353
\ 262 —— 173 —— 112

300 450 600 750 900 1050
b Wavelength (nm)
G
( ) Sx10 1089 864 680 — — PtuiMNPs
— 561 441 —— 353
—~ ag1oth —— 262 — 173 — 112

600 750 900
Wavelength (nm)

450

Figure 4.9. Calculated scattering spectra of individuak-8Ps with different diameters

(i.e., the values highlighted in the legends with unit of nm). (a) The scattering spectra

plotted by normalizing the spectra against the highest scattering intersagto$pectrum

in the spectral range of 2a200 nm. The maxima of the spectra for small,S3Ps are in

the spectral range below 300 nm and are not shown in the figure. The intensity

normalization makes it easy to compare the characteristic peaks akimliffesized

particles. (b) The scattering spectra plotted as scattering-sosen of the differently
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sized SiQ-SPs, highlighting the significant dependence of scattering intensity on the
particle size. The calculated absorption spectrum of a Pt ufivildP4 nm in size is also
plotted for easy comparison (see the righkes). The calculations were performed using
the Mie theory.Scattering or absorption efficiency can be converted to -G®ssN

according tad T | 0 “'QTt, wheredis the diameter of the particle.

scattering spectra of small SiSPs (e.g., 112 nm and 173 nm in diameter) exhibit similar
long-tail profiles without apparent peaks, indicating the lack of scattering resonances near
the surfaces of small SEBPs. Wherthe SiQ-SPs are large enough (e.g., 262 nm in
diameter), localized light scattering resonances become strong enough to exhibit apparent

scattering peaks.

Table 4.2Peak positions of the calculated scattering resonance peaks of singif&=s0
and the masured DRS spectral peaks ofBMNPs/SiQ-SP composite powders

Diameter of| cajculated scattering peaks (n| DRS spectral peaks (nm)

SiO-SPs

1089 nm 411; 455; 508; 572; 659; 76] 426; 471; 530; 584; 678; 802; 934
921

864 nm 362; 404; 456; 521608; 719;| 381; 420; 466; 543; 645; 746; 977
932

680 nm 288; 321; 362; 412; 479; 57| 288; 322; 351; 408; 483; 562; 754
728

561 nm 266; 301; 343; 397; 471; 614 271; 316; 366; 433; 499; 66@51;
823 1062

441 nm 273; 315; 371; 467; 665 283; 333; 377; 50364:791

353 nm 257; 302 375; 539 269; 311; 399531:626

262 nm 289:; 403 312;421:488

173 nm N.A. 335

112 nm N.A. N.A.

Note:Red numbersepresent the peak positions in DRS spectra that do not match with the
peaks of the calculated scattering speciieeen numbersepresenthe positions of the
first-order scattering resonance peaks that are embedded in the left sides of asymmetric
peaks.
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Figure 4.10. Comparison of the measured (single line curves) and theoretically calculated
(double line curves) extinction spectra of $i&Ps with diameters of 353 nm (red curves)
and 1089 nm (blue curves). The dispersions of-8Ps in isopropanol wedrop-casted
onto a glass slide and fully dried in a fume hood to form fild'e applied the sample
configuration of the transmission mode to record the scattering spectrae®BsOIn this
configuration, a thin layer of SI&EPs was deposited omkass slide, which was placed at
the sample holder between the light source and detector. The scattering of HEPSIO
modulated the incident light transmitted through the sample film. The stronger scattering
at a wavelength leads to weaker transmisatdhis wavelength, corresponding to a higher
extinction signal. Therefore, we used the spectrometer to record the extinction spectra of

the SiQ-SP films, which could be approximately consistent with the scattering spectral
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profiles of the SiQ-SPs. Theifm thickness (corresponding to the number of,S8P’s) on

the glass slide was carefully controlled to be thick enough to provide decenitsigoae

ratios and thin enough to allow the appropriate light transmission to the detector. The
measured extinon spectra of ensembled SiSPs (single line curves) agree with the
calculated scattering spectra of single ,S8Ps (double line curves) at high levels in terms

of resonance peaks. The slight differences in peak positions might be ascribed to the
dielectric constant of silica used in calculations different from that of the realS#o.

The peaking broadening in the measured extinction spectra is due to the size distributions

of the SiQ-SPs in the film samples.

The scattering resonance peak for th&2-8m SiQ-SP is embedded in the
predominant diffuse profile and displays as a shoulder peak at ~400 nm (green curve,
Figure 4.9a). Further increasing the size of the-&Bs increases the strength of scattering
resonances and the number of resonancespedich agrees with the measured scattering
spectra of the SIQSP powders (Figure 4.10). Comparing the theoretically calculated
scattering spectra of the SiSPs with the measured absorption spectra of Pt
ufMNPs/SiIQ-SP composite particles reveals twspects: (i) the absorption peaks of the
composite particles with large SKSPs agree well with the theoretically calculated
scattering spectra of the correspondingxS8P's (Figure 4.8 versus Figure 4.11, Figure 4.9,
Table 4.2), highlighting that the ldeeed scattering resonances near individualyS$®s
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 SiEBPs é 561 nm in diameter and smaller ones compared to the
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calculated scattering spectra of the corresponding-SR3 (Figure 4.8b versus Figure
4.11a and Figure 4.9, Table 4.2), indicating that the diffuse absorption in the supported Pt
ufMNPs is influenced ¥ the packing of ensembled -BtMINPs/SiQ-SP composite

particles.
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Figure 4.11(a) Comparison of the calculated scattering spectra (solid curves) of individual
SiO-SPs and the experimental DRS spectra (dashed curves)ubMRPs/SiQ-SP
composite powders containing the same sized-Sigs. The samples containing the 8iO

SPs with diameters of 173 nm (red curves) and 1089 nm (blue curves) were chosen to

highlight the characteristic features of small and large-SiRs, respectively. The R
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spectrum of the RUfMNPs/SiQ-SP composite powder containing large SiBRs
matches well with the calculated scattering spectrum of the singleSFiQndicating that

the optical absorption in the supported Pt ufMNPs is dominated by the localizediisgatt
resonances of the large SiSPs. The significant difference between the DRS spectrum of
the PtufMNPs/SiQ-SP composite powder containing small SEPs and the calculated
scattering spectrum of the single &8P indicates that the optical absawptiin the
supported Pt ufMNPs is dominated by the collective scattering of the particle ensembles
(including penetrated diffuse light and photonic reflection). The comparison for samples
containing SiQ-SPs with different sizels summarized in Table 4.2b) Comparison of
positions of the measured DRS spectral peaks for théMNPs/SiQ-SP composite
powder with 108hm SiQ-SPs and the calculated scattering peak of a single-i®89
SiO«-SP. The diagonal orange line represents the sandy values, proiding a guide to

easily visualize the consistency between the experimental DRS peak positions and the

calculated scattering resonance peak positions.

Light scattering by the top layers of SiSPs attenuates the light that can diffuse into
the PEUfMNPs/SIQ-SP composite powders. The diffuse light (portlbonFigure 4.8d)
lacks phase coherence near the surface of individuglQ due to the nemidirectional
feature of light scattering. The diffuse light weakens surface scattering resonaacé¢he
buried SiQ-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 mesoporersilcgarticles shown
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in Figure 4.8a. The contribution of diffuse light to the absorption in the supported Pt

ufMNPs decreases with the size of Si€Ps.

Figure 4.12.SEM images of the RifMNPs/SiQ-SP composite powders dried in oven.
The composite powds contain Si@SPs with different average diameters: (a) 1089 nm,
(b) 864 nm, (c) 680 nm, (d) 561 nm, (e) 441 nm, (f) 353 nm, (g) 262 nm, (h) 173 nm, and
() 112 nm. The shomange ordered hexagonal packing in 2D space andctdered
cubic packing in3D space highlight that the composite particles-astembled into

ordered superlattices (or photonic crystals).

In addition, the high size uniformity of the SiSPs favors the RIfMNPs/SiQ-SP
composite particles to sedissemble into ordered supetitads (or photonic crystals, Figure

4.12), which exhibit sizelependent characteristic stop bands in the reflection spectra
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