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ABSTRACT: This paper reports the synthesis and study of doped
metal oxides as the shell in core—shell nanoparticle architectures.
Specifically, the paper describes the synthesis of gold nanoparticles
(Au NPs) and gold—silver nanoshells (GS-NSs) coated with
antimony- and zinc-doped tin oxide (SnO,) shells (i.e., Au@ATO,
Au@ZTO, GS-NS@ATO, and GS-NS@ZTO) with a comparison
to the undoped SnO,-coated analogues Au@SnO, and GS-NS@
SnO,. The doped tin oxide core—shell nanoparticles prepared here
were thoroughly characterized using scanning electron microscopy,
transmission electron microscopy, dynamic light scattering, energy-
dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy,
and X-ray diffraction. Separately, their optical properties were
evaluated by UV—vis and photoluminescence spectroscopy. The
results demonstrate that noble-metal nanoparticles such as Au NPs and GS-NSs, which exhibit strong surface plasmon resonances at
visible-to-near-IR wavelengths, can be activated across a broader region of the solar spectrum when used in conjunction with wide-
band-gap semiconductors. In particular, utilization of a GS-NS core induces near-complete suppression in the electron—hole
recombination processes in the tin oxide materials. Potential impacts on sensing and photonic applications are highlighted.
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B INTRODUCTION polymeric, or silica nanoparticle core). This report describes
the synthesis of uniformly doped tin oxide shells on plasmonic
metal cores.

Tin oxide (SnO,), an n-type semiconductor with a wide
band gap (E; = 3.6 eV at 300 K),'® has gained increasing
importance for applications such as gas sensors,'” solar cells,"”
and transistors."” In addition, tin oxide is widely used in the
fabrication of thin films for transparent conducting electro-
des.”® The photocatalytic activity of SnO,-based materials has
also attracted attention because of attractive carrier properties
and stability across a wide range of pH values.”’ The chemical
and physical properties of SnO,-based materials can be
markedly enhanced by introducing a wide range of dopants.
For example, ITO,” fluorine-doped tin oxide (FTO),”

Metal oxide nanoparticles are widely used for acoustic devices,
solar cells, gas sensors, piezoelectric devices, thin-film
transistors, textiles, rubber products, light-emitting diodes,
laser diodes, chemical sensors, biosensors, and as antibacterial
and antifungal agents.'~ While doping is an effective strategy
for enhancing the optical and electrical properties of metal
oxides,’ ™' it also enhances the reactivity of metal oxide
surfaces; consequently, the synthesis of stable and uniform
doped metal oxide nanoparticles is a challenge for most
researchers.' "> Nevertheless, a few groups have developed
effective methods for the preparation of uniform and
monodisperse doped metal oxide nanoparticles."*~"> However,
because of the difficulties caused by the surface reactivity upon
doping, the synthesis of doped metal oxides as the shell in

core—shell nanoparticle architectures is a largely understudied Received: June 21, 2020 R
field. Recently, Milliron and co-workers reported the synthesis Accepted: July 28, 2020
of tin-doped indium oxide (ITO) shells around indium oxide Published: July 28, 2020

cores.'> However, to the best of our knowledge, there are no
reports describing the growth of uniform doped metal oxide
shells on different types of material cores (e.g., a metallic,
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Scheme 1. Synthesis Routes Used to Prepare SnO,-, ATO-, and ZTO-Coated Au NPs and GS-NSs
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tungsten-doped tin oxide (WTO),”* antimony-doped tin oxide
(ATO),*® and zinc-doped tin oxide (ZTO)*° are widely used
as transparent conducting oxide materials. The most
commonly employed doped SnO, material is ITO, which
consists of 90% In,O; and 10% SnO,. ITO has found
widespread use in flat-panel display technologies because of its
excellent conductivity. However, the high cost associated with
indium oxide has led to a demand for cost-effective
replacements. ATO and ZTO have emerged as perhaps the
two most promising alternatives, demonstrating high con-
ductivities that are slightly lower than that of ITO but at only a
fraction of the cost. ATO and ZTO have high carrier mobilities
along with excellent optical transmittance; moreover, they are
also chemically and thermally more stable than undoped
$n0, 1025727

Despite these attractive characteristics, a major drawback of
SnO,-based materials is that, because of their large band gap,
their optical responses are limited to the UV region, which
limits their utilization to only 5% of the solar spectrum
reaching the surface of the earth.”® Doping and coupling with
plasmonic conjugates are two strategies that researchers have
used to broaden the optical absorption of metal oxide
nanoparticle systems. In particular, ATO nanoparticles exhibit
enhanced absorption of visible light compared to undoped tin
oxide nanoparticles;15 furthermore, the use of plasmonic metal
nanoparticles as cocatalysts has enabled photocatalytic activity
of metal oxide nanoparticles in the visible region of the solar
spectrum.”” A cost-effective strategy for the latter method
involves the use of hollow alloy nanoshell particles,”® which
afford broad localized surface plasmonic resonances (LSPRs)
and require only small amounts of noble metals.

The rapid recombination of photogenerated electrons and
holes is another major drawback associated with traditional
metal oxides because this process decreases the quantum
efficiency.”*” Plasmonic gold nanoparticles (Au NPs) have
been used to reduce electron—hole recombination in tin oxide
nanostructures, thus enhancing the photocatalytic activity of
SnO, materials.*>** In these instances, the excited electrons
transfer from the conduction band of the photocatalyst onto
the Au NPs, thereby trapping them and slowing their
recombination.”* We envision that plasmonic cores in the
form of Au NPs or gold—silver nanoshells (GS-NSs)
embedded within a semiconductor photocatalyst shell might
give rise to a similar quenching of electron—hole recombina-
tion. Thus, to expand the optical properties of tin oxide
nanomaterials to other regions of the solar spectrum and
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reduce the electron—hole recombination process in these metal
oxides, our current research seeks to prepare and study
plasmonic cores in the form of Au NPs and GS-NSs coated
with doped and undoped nanoscale tin oxide shells as reported
here.

In addition to photovoltaic and photocatalytic applications,
tin oxide materials are important components of gas sensors
along with other metal oxides such as ZnO, TiO,, In,0;, WO;,
CuO, and Fe,0,.> Tin oxide materials have demonstrated the
capacity to sense CO, CO,, NO,, combustible gases (H, and
methane), hydrocarbons (methane), volatile organic com-
pounds (such as benzene, toluene, chloroform, and octane),
and toxic gases (ammonia).”> ™" The key structural factors
that determine the sensitivity of tin oxide sensors are the
porosity and grain size.”>*” The sensing activity increases with
decreasing grain size until ~6 nm, which is double the
thickness of the space-charge layer in tin oxide.””*" Typically,
the fabrication of tin oxide and doped tin oxide thin films
involves annealing, which leads to grain growth and decreasing
porosity, both of which limit sensitivity, especially at ambient
temperatures. 7

Recently, household gas sensors have become important for
monitoring the air quality in homes and office buildings. In
contrast to industrial gas sensors, which operate at high
temperatures, household gas sensors should be designed to
function at room temperature. There have been a few reports
that have utilized noble-metal nanoparticles in combination
with metal oxides to enhance the sensing efficiency.’**”*" Au
NPs can act as a catalyst to absorb th gases and activate
sensing in nearby tin oxide nanoparticles;*>** however, having
the noble-metal nanoparticles seeded on the surface of the
metal oxide makes them unstable to sintering, limits molecular
access to the metal oxide surface, and makes them vulnerable
to contamination, all of which lead to diminished catalytic
activity.”” Yu and Dutta first noted the ability of an Au@SnO,
core—shell nanostructure to lower the operating temperature
of SnO, gas sensors.”” Complementary research conducted by
Wu and co-workers found that both silver nanoparticle (Ag
NP) and Au NP cores can enable tin oxide shells to sense gases
such as formaldehyde, ethanol, and carbon monoxide (CO) at
room temperature.”®*' While exploiting the strong LSPR
properties of noble-metal nanoparticles can also enhance the
light-activated gas sensing in metal oxides,”’ doping can add
additional enhancements to the sensing properties of tin
oxides.”** Notably, antimony doping in tin oxide sensors
creates a material resistant to hydroxyl poisoning induced by

e
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Figure 1. SEM images of (a) Au NPs, (b) Ag NPs, and (c) GS-NSs, respectively.

humidity;45 moreover, ATO has been used to sense CO,
ethanol, ammonia, and chlorine.™

When analyzed broadly, previous studies indicate multiple
advantages of combining doped tin oxide shells with plasmonic
gold and gold—silver alloy cores for both photocatalytic and
sensing applications. However, in spite of these indicators,
plasmonic cores coated with doped metal oxide shells are, to
the best of our knowledge, yet to be studied, primarily because
of the difficulties associated with the synthesis of such
nanomaterials. In this report, we describe reproducible
synthetic routes to these promising nanoarchitectures, which
should offer substantial functional advantages over existing
hybrids of metal oxides and Au NPs.

B EXPERIMENTAL SECTION

The materials, characterization methods, and synthetic procedures
and parameters used to synthesize the gold nanoparticles (Au NPs),
gold—silver nanoshells (GS-NSs), antimony- or zinc-doped tin oxide
shell-coated plasmonic cores (Au@ATO, Au@ZTO, GS-NS@ATO,
and GS-NS@ZTO), and bare SnO,-coated analogues (Au@SnO, and
GS-NS@SnO,) are detailed in the Supporting Information (Table S1
and Figures S1—S18).

B RESULTS AND DISCUSSION

Synthesis and Morphological Characterization of the
Nanoparticles. Au NPs and GS-NSs. The strategy used to
prepare Au NPs and hollow GS-NSs is outlined in Scheme 1
and detailed in the Supporting Information. Au NPs are the
most widely used plasmonic nanoparticle across multiple
research groups as well as in industry; consequently, it was
important to develop a methodology for coating Au NPs with
doped tin oxide shells. Strategies for preparing stable and well-
defined Au NPs are many, affording discrete nanomaterials
that are plasmonically active in the visible region.*® Au NPs
with dimensions of around 10—15 nm can be readily prepared
using chloroauric acid as the gold source and sodium citrate as
the reducing agent. We used two slight variations of this
method to prepare Au NPs for (a) coating with SnO, shells
and (b) coating with ATO and ZTO shells, described in the
Supporting Information as Route A and Route B, respectively.
Minor variations were used to optimize the concentrations in
the tin oxide coating step, described in the next section. The
Au NPs were uniform and spherical, as is evident from Figure
la. As determined by dynamic light scattering (DLS; see
below), the average hydrodynamic diameter of the Au NPs was
1S £ 5§ nm.
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GS-NSs were prepared in two steps, as described in Scheme
1.%° First, Ag NPs having diameters of ~60—80 nm were
prepared from a silver nitrate solution [see the scanning
electron microscopy (SEM) images in Figure 1b].3%* To
circumvent the coformation of silver nanorods, it is important
to add potassium iodide and ascorbic acid to the reaction
mixture, with careful control of the concentration and
temperature throughout the course of the reaction. In the
present study, the concentration of potassium iodide was
judiciously adjusted from the previous recipes in an effort to
yield consistently and exclusively spherical Ag NPs. We note
also that the round-bottomed flask and stir bar used for the
synthesis of Ag NPs were washed twice with aqua regia before
every reaction. Furthermore, the condenser was thoroughly
cleaned and rinsed with Milli-Q water, and the stirring speed
was maintained at 600 rpm. Using these protocols, we
obtained uniform spherical Ag NPs with no rods, as
demonstrated in Figure 1b. With regard to the reproducibility,
the methodology reported here yields uniform spherical silver
particles at least 8 out of every 10 times, with little or no
contamination by silver nanorods.

Once the Ag NPs were obtained, we treated them with a K-
gold solution for galvanic replacement, which reduces gold
onto the surface of the Ag NPs and etches the interior to
produce hollow GS-NSs.*” Our previous studies have
demonstrated two strategies for tuning the position of the
extinction maximum in the resultant GS-NS:*>*"*7 (1) varying
the amount of K-gold solution added to a suspension of Ag
NPs or (2) varying the amount of HAuCl, added to the K-gold
solution. We employed the latter strategy in the current study.
The SEM and transmission electron microscopy (TEM)
images in Figures I1c and S1 confirm the successful formation
of hollow spherical nanoshells. As determined from DLS
measurements using Malvern NanoSight instrumentation and
software, the average hydrodynamic diameter of the GS-NSs
was 80 £+ 20 nm.

5n0y, ATO-, and ZTO-Coated Au NPs. The strategy used
to prepare tin-oxide-coated (Au@SnO,) and doped tin-oxide-
coated (Au@ATO and Au@ZTO) Au NPs is outlined in
Scheme 1 and detailed in the Supporting Information. The Au
NPs were coated with a tin oxide shell using an aqueous
sodium stannate solution as the precursor, slightly modifying
the method used by Oldfield et al.** SnO, can be easily formed
from an aqueous solution of sodium stannate at pH <
11;'>%%°9 notably, crystalline SnO, is the most stable phase at
pH values under 11.7.°° The pH can be controlled by adjusting

https://dx.doi.org/10.1021/acsanm.0c01702
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Figure 2. (a—c) SEM images, (d—f) TEM images, and (g—i) hydrodynamic diameter distribution plots for Au@SnO,, Au@ATO, and Au@ZTO

nanoparticles, respectively.

the reagent concentration and temperature of the solution.*’

Notably, the pH of the solution decreases with an increase in
temperature; consequently, we utilized this principle to form
crystallites of SnO, decorating the Au NP cores. The pH of the
sodium stannate solution drops from ~12.5 to ~10.5 upon the
addition to an Au NP solution at 75 °C. Thus, temperatures
above 75 °C were used for 20 min to afford Au NPs coated
with undoped tin oxide shells, as demonstrated in Figure 2.
We recently reported the use of a sodium stannate trihydrate
precursor coupled with sodium antimonate and sodium zincate
precursors, respectively, to generate uniform ATO and ZTO
nanoparticles.'”” Recognizing the effectiveness of these
precursors in generating doped tin oxide nanoparticles
synthesized from sodium stannate, we used in the present
study a modification of the original recipe by Oldfield et al.**
to prepare ATO and ZTO shells on plasmonic nanoparticles.
Our methodology started with an aqueous dispersion of Au
NPs and separately used sodium antimonate and sodium
zincate solutions, respectively, in addition to the sodium
stannate solution. After several preliminary trials involving
systematic adjustments of the concentrations, we were able to
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successfully grow ATO and ZTO shells around the Au NPs
with uniformities and thicknesses similar to those found with
the undoped SnO, shells. Sodium antimonate is sparingly
soluble in water; consequently, a temperature of ~90 °C was
required to dissolve this precursor and form an aqueous
solution, which was then added to the sodium stannate
solution maintained at 75 °C in a pressure vessel. The eventual
temperature of 150 °C utilized in the recipe ensured complete
dissolution of sodium antimonate and subsequent doping of
antimony in the tin oxide shell. The zinc precursor was
prepared using zinc nitrate and sodium hydroxide, which
plausibly led to the formation of an aqueous sodium zincate
solution. This solution was then combined with the sodium
stannate solution as described above. Doping was confirmed
using X-ray diffraction (XRD), X-ray photoelectron spectros-
copy (XPS), and TEM—energy-dispersive X-ray spectroscopy
(EDX) measurements and is discussed in detail in later
sections.

SEM and TEM were used to determine the size and
morphology of the nanoparticles. The SEM and TEM images
in Figures 2a and 2d, respectively, of the Au@SnO,

https://dx.doi.org/10.1021/acsanm.0c01702
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Figure 3. (a—c) SEM images, (d—f) TEM images, and (g—i) hydrodynamic diameter distribution plots of GS-NS@SnO,, GS-NS@ATO, and GS-

NS@ZTO nanoparticles, respectively.

nanoparticles show that they are all covered with a uniform tin
oxide shell of ~10 nm thickness. The ATO- and ZTO-coated
Au NPs exhibited a similar uniform morphology albeit with
slightly thicker shells (Figure 2b,c,e,f), making these the first
examples of doped metal oxide shells on plasmonic cores.
Dynamic light scattering (DLS) measurements were con-
ducted to quantify the size of the particles and the thickness of
the tin oxide shells. The DLS data (Figure 2g—i) show that the
undoped Au@SnO, nanoparticles had an average diameter of
32 + 8 nm. Given that the average hydrodynamic diameter of
the Au NPs was 15 + 5 nm, these measurements indicate that
the SnO, shells have an average thickness of 9 & 2 nm. The
Au@ATO nanoparticles have an average diameter of 42 + 10
nm, while the Au@ZTO nanoparticles have an average
diameter of 48 + 15 nm; correspondingly, the ATO shells
have an average thickness of 14 + 3 nm, and the ZTO shells
have an average thickness of 17 & 5 nm. The DLS results are
consistent with our observations by SEM and TEM.

5n0,-, ATO-, and ZTO-Coated GS-NSs. The synthesis
procedure used to coat the SnO,, ATO, and ZTO shells on the
GS-NSs was similar to that for the Au NPs with only slight
variations as detailed in the Supporting Information. The SEM
and TEM images in Figure 3a and 3d, respectively, of the

8962

SnO,-coated GS-NSs show that they are all covered with a thin
uniform tin oxide shell having a thickness of ~10—15 nm. This
SnO, coating recipe is highly reproducible. The particles
coated with ATO and ZTO also exhibited similar morphol-
ogies along with smaller free tin oxide particles, as illustrated in
Figure 3b,ce,f. The number of free tin oxide particles formed
can be reduced by lowering the amount of the sodium stannate
solution used and/or by judiciously adjusting the concen-
tration of the Au NP and GS-NS solutions used. Provided that
all procedures are followed as detailed in the Supporting
Information, the formation of free tin oxide nanoparticles can
be minimized during the synthesis of GS-NS@ATO and GS-
NS@ZTO nanoparticles.

Measurements of the hydrodynamic diameter using Malvern
NanoSight (Figure 3g—i) found that, for the coated GS-NSs,
the undoped SnO, shells were about 8 + 3 nm thick on
average, with a total average diameter of 95 + 25 nm for the
coated GS-NS@SnO, nanoparticles. As in the case of the Au
NP cores, vide supra, the ATO and ZTO shells were slightly
thicker in comparison to the undoped SnO, shell. The average
diameter of the GS-NS@ATO nanoparticles was 115 + 28 nm,
while the average diameter for the GS-NS@ZTO nanoparticles
was found to be 112 =+ 25 nm. According to these
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measurements, the ATO shells had an average thickness of 18
+ 4 nm in the GS-NS@ATO nanoparticles, and the ZTO
shells in the GS-NS@ZTO nanoparticles had an average
thickness of 16 + 3 nm. The DLS measurements from Malvern
NanoSight are consistent with the thicknesses observed in the
SEM and TEM images.

During the course of the nanoparticle syntheses, we
discovered that elevated reaction temperatures led to greater
crystallinity of the tin oxide shells. For example, XRD studies
on the particles synthesized at 75 °C failed to show observable
peaks for SnO, and ATO in the XRD patterns; however, upon
increasing the temperature to 150 °C, we could readily confirm
the presence of SnO, and ATO phases by XRD. These studies
are discussed in greater detail in the next section. Importantly,
we also discovered that the use of metal autoclaves and
inadequately cleaned glass pressure vessels led to the
coformation of free tin oxide nanoparticle contaminants. In
contrast, glass pressure vessels capable of withstanding
temperatures of ~150 °C with Teflon caps gave few or no
free tin oxide nanoparticle contaminants when the glassware
was thoroughly cleaned twice with aqua regia prior to each
nanoparticle synthesis. As reported above, the formation of free
tin oxide nanoparticles could also be minimized by decreasing
the amount of sodium stannate precursor. Interestingly, we
also found that decreasing the amount of sodium stannate
solution led to slightly decreased shell thicknesses. Overall, the
analyses by SEM and TEM showed that the doped tin-oxide-
coated core—shell nanoparticles were spherical with mono-
disperse size distributions (Figures 2 and 3).

{-potential measurements were carried out to determine the
surface charge and colloidal stability of the nanoparticles. The
{-potential data in Table S2 reveals that the tin oxide shell
increases the surface charge of the nanoparticles and stabilizes
them.”' We have found that the nanoparticles are stable in
solution for at least 1 year even in the absence of any
surfactant, which opens the door for further surface
functionalization and possible applications. This colloidal
stability can be attributed to the negative charge on the
surface of the tin oxide shells, which is maintained and in some
cases increased after doping with antimony and zinc (Table
S2). For photoluminescence (PL) measurements, stand-alone
SnO,, ATO, and ZTO nanoparticles were also synthesized
according to a previously reported method, where we used
water instead of a plasmonic core as the starting solution.” As
determined by SEM and TEM image analysis, the average
diameters of the stand-alone SnO,, ATO, and ZTO nano-
particles were 31 + 4, 31 + 4, and 31 + 5 nm, respectively
(Figure S2).

Crystal Structure of the Nanoparticles. Powder XRD
patterns were recorded to identify the crystalline phases
present in the nanoparticles (Figure 4). The XRD patterns of
the Au@SnO, nanoparticles confirm the presence of face-
centered-cubic (fcc) gold**>* (JCPDS 04-0784), with peaks at
260 = 38.12°, 44.26°, 64.80°, 77.55°, and 81.60° corresponding
to the (111), (200), (220), (311), and (222) crystalline planes,
respectively. The XRD patterns for Au@SnO, also demon-
strate the presence of the tin oxide rutile phase (JCPDS 77-
0451),°” with strong peaks for the (110), (101), and (211)
crystalline planes observed at 26 = 26.52°, 33.89°, and 51.74°,
respectively. This tetragonal phase of tin oxide with space
group P4,/mnm (commonly referred to as cassiterite) is the
typical structure adopted by tin oxides synthesized from
sodium stannate.’”*® Gold and silver both crystallize into fcc
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Figure 4. Powder XRD patterns for (a) SnO, nanoparticles, Au@
SnO, and GS-NS@Sn0O,, (b) ATO nanoparticles, Au@ATO and GS-
NS@ATO, and (c) ZTO nanoparticles, Au@ZTO and GS-NS@
ZTO, with their respective reference line patterns. The XRD patterns
for the stand-alone SnO,, ATO, and ZTO nanoparticles were adapted
from ref 15. Copyright 2019 American Chemical Society.

structures with similar lattice constants (4.087 and 4.086 A for
Au and Ag, respectively); consequently, it is straightforward to
; - ; : 54
perform a galvanic replacement reaction to obtain their alloy.
This phenomenon was consistently observed in all of our
samples, where the XRD patterns for the GS-NSs (and their
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composite particles) exhibited peaks corresponding to an alloy
of gold and silver (JCPDS 04-0784 and 04-0783).>° For
example, the GS-NS@SnO, nanoparticles contain fcc cubic
phase peaks at 26 = 38.11°, 44.29°, 64.75°, 77.64°, and 81.60°,
which closely resemble the peaks obtained for gold in the Au@
SnO, nanoparticles. For the GS-NS@SnO, nanoparticles, the
(110), (101), and (211) crystalline planes of rutile tin oxide
were also observed at 260 = 26.28° 33.68°, and 51.58°,
respectively.

Figure 4 also shows that the XRD peak patterns for the
ATO-coated particles are similar to the patterns for the
undoped SnO,-coated particles, which is consistent with the
literature for ATO phases (JCPDS 21-1251)."**” The (110),
(101), and (211) crystalline planes of rutile tin oxide are
observed for both Au@ATO and GS-NS@ATO nanoparticles.
The peaks corresponding to the (111), (200), (220), and
(311) crystalline planes of fcc gold and gold—silver alloy are
also observed in the Au@ATO and GS-NS@ATO XRD
patterns, respectively.

High-resolution transmission electron microscopy
(HRTEM) images were also collected to provide comple-
mentary information regarding the various phases and to
determine their spatial distribution within the nanoparticles
(Figure S3). In the Au@SnO, and GS-NS@SnO, nano-
particles, the (111) crystalline planes are consistent with fcc
gold, with corresponding d spacing of 0.23 and 0.22 nm for
each sample, respectively. Lattice planes with d spacing of 0.34
nm are also observed in the HRTEM images, which indicates
the presence of the (110) crystalline plane of rutile tin oxide
surrounding the Au NP core. This result provides further
confirmation of the core—shell morphology of the nano-
particles. The HRTEM images for the GS-NS@SnO, nano-
particles also demonstrate this core—shell morphology, with
the crystalline planes of gold—silver alloy and rutile tin oxide
observed in the core and shell, respectively.

In Figure S4, the HRTEM image of the Au@ATO sample
confirms retention of the rutile tin oxide structure after doping
with antimony, as indicated by the d spacing along the [110]
zone axis. The HRTEM image shows the characteristic d
spacing of 0.31 and 0.37 nm in the surrounding shell
correspondin§ to the (110) and (001) planes of ATO,
respectively.”® This cassiterite structure is commonly observed
for antimony-doped tin oxides with <30% doping, as in our
case. In the HRTEM image of the GS-NS@ATO nanoparticles
in Figure SS, one can observe the characteristic d spacing of
0.22 and 0.30 nm along the [010] zone axis, corresponding to
the (111) and (110) planes of ATO, respectively.

The HRTEM images in Figures S3—S5 also confirm the
polycrystalline nature of the SnO, and ATO shells grown on
both the Au NP and GS-NS cores, consistent with the XRD
measurements. For gas-sensing applications, the sensitivity
increases with decreasing grain size until 6 nm, which is double
the thickness of the space-charge layer in tin oxide.”** A
common challenge with gas;sensor device fabrication is
controlling the grain growth.”®*” The advantage of the sodium
stannate method is that it yields tin oxide with grain sizes of
~6—7 nm." As calculated in Table S3, the SnO, shells in our
case have a grain size of 6 and 10 nm in the Au@SnO, and GS-
NS@SnO, nanoparticles, respectively. Even upon doping with
antimony, small grain sizes are retained at 9 and 6 nm for the
Au@ATO and GS-NS@ATO nanoparticles, respectively.
Importantly, the grain-dependent conduction and porosity of
the doped tin oxide core—shell materials prepared here make
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them promising nanomaterials for gas sensing at ambient
temperatures.

In contrast to the ATO-coated nanoparticles, the XRD
patterns in Figure 4 of the ZTO-coated nanoparticles showed
the presence of a ZnSnO; phase (JCPDS 11-0274),”
indicating that the crystal structure of tin oxide changes
upon doping with zinc, in accordance with previous
literature.”” Specifically for the Au@ZTO nanoparticles,
peaks arising from a ZnSnO; phase at 26 = 22.80°, 32.52°,
38.11°, 46.64°, 52.59°, 58.09° and 72.93° corresponding to
the (102), (104), (204), (116), (018), and (220) planes,
respectively, are observed in addition to rutile tin oxide peaks
at 20 = 26.38°, 33.87°, and 51.45° corresponding to the (110),
(101), and (211) planes, respectively.”® Separately for the GS-
NS@ZTO nanoparticles, the XRD pattern in Figure 4 shows
exclusively the ZnSnOj; phase, with no observable rutile tin
oxide peaks. This observation is consistent with the HRTEM
images in Figures S6 and S7 for the ZTO-coated nanoparticles
(vide infra).

In complementary studies, the HRTEM images in Figures
S6 and S7 confirm the presence of a ZnSnOj; phase in the ZTO
shells. The HRTEM image in Figure S6 for the Au@ZTO
nanoparticles shows characteristic d spacing of 0.29, 0.38, and
0.58 nm along the [010] zone axis, corresponding to the (104),
(102), and (100) planes of the ZnSnO; phase, respectively.
Similarly, the HRTEM image in Figure S7 for the GS-NS@
ZTO nanoparticles along the [010] zone axis reveals
characteristic d spacing of 0.23, 0.24, and 0.38 nm in the
surrounding shell corresponding to the (213), (006), and
(102) planes of the ZnSnO; phase, respectively. Interestingly,
HRTEM imaging also reveals larger crystallites in the ZTO
shells compared to those in the ATO shells, which
corroborates the XRD observations. A more crystalline
ZnSnO; phase in ZTO compared to both the SnO, and
ATO phases obtained using the sodium stannate method is
consistent with the crystallinities of the stand-alone single-
component nanoparticles.'> As calculated from the XRD data
(Table S3), the ZTO phases have an average grain size of 40
and 56 nm in the Au@ZTO and GS-NS@ZTO nanoparticles,
respectively. These values are higher than those expected from
the measured shell thicknesses; it is possible, however, that the
calculated values were skewed because of the presence of small
amounts of highly crystalline stand-alone ZnSnOj; impurities.
The (110), (101), and (011) planes, corresponding to d
spacing of 0.29, 0.28, and 0.28 nm, respectively (characteristic
of fcc gold), are also observed within the core of the Au@ZTO
nanoparticles as expected (Figure $8).>” The HRTEM images
in Figures S6 and S8 indicate that larger crystallites
corresponding to ZnSnOj; appear to occupy the outer half of
the shell, while the area immediately surrounding the gold core
is occupied by smaller crystallites of rutile tin oxide.
Interestingly, the rutile tin oxide peaks in Au@ZTO have a
corresponding crystallite size of 14 nm, which is the largest
observed for the rutile phase among all of the samples.

Elemental Composition of the Nanoparticles. We
subjected the samples to analysis by XPS to determine the
doping percentage in the tin oxide shells (Figure S and Table
1). The XPS spectrum in Figure S shows the Sn 3d;/, and Sn
3d;), peaks at 486.0 and 494.5 eV, respectively, indicating the
presence of tin oxide in all of the samples (Figure Sa,b). The
oxygen peaks around 530.0 eV observed in Figure S9 are
consistent with the presence of a metal oxide, which would be
tin oxide in the present study. For the ATO-coated
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Table 1. XPS-Derived Relative Atomic Concentrations of
Silver, Gold, Tin, Oxygen, Zinc, and Antimony in the
Various Tin-Oxide-Coated Samples

relative atomic concentration (%)

sample Ag3d Au4f Sn3ds;, O1s Zn2psy, Sb3ds,
Au@SnO, 2 14 84
Au@ATO 1 16 82 1
Au@ZTO 1 17 78 S
GS-NS@$nO, 2 1 17 80
GS-NS@ATO 1 23 73 3
GS-NS@ZTO 3 1 15 79 2

nanoparticles, the Sb 3ds,, peak overlaps with the O 1s peak.
However, the Sb 3d;,, peak is prominent, which conclusively
demonstrates the presence of antimony in the outer-shell
structure (Figure Sc). Direct quantitative analysis of the Sb
3ds), peak was complicated because of its overlap with the O
1s peak. However, using the Sb 3d;,,/Sb 3d;,, peak ratio as
~1.5 for antimony,”’ we focused on the Sb 3d;, peak and
calculated the intensity of the Sb 3ds,, peak according to this
ratio. Quantitative analysis revealed that antimony doping with
respect to tin in the tin oxide lattice was 8% and 12% for the
Au@ATO and GS-NS@ATO particles, respectively (Table 1),
which is a doping percentage similar to those for commercially
available ATO nanomaterials.®’

For the ZTO-coated nanoparticles, the XPS spectrum
showed a Zn 2p;,, peak at 1021.0 eV, consistent with the
presence of Zn>" in the structure (Figure Sd). As reported
previously,”” ZTO structures with a zinc doping percentage of
~10—12% exhibit the lowest resistivity and highest carrier
concentration; consequently, our goal was to generate ZTO-
coated nanoparticles with this doping percentage. Notably, in
our Au@ZTO and GS-NS@ZTO nanoparticles, the ZTO
shells had zinc doping percentages of 23% and 9%, respectively
(see Table 1). For the Au@ZTO nanoparticles, the zinc
doping percentage as measured by XPS is higher than targeted,
which is plausibly due to the concentration of zinc in the outer-
phase ZnSnOj regions of the shell, as noted above regarding

the HRTEM studies (see also Figure S6). In our hands, these
doping percentages tend to vary from batch to batch by about
+2% for the various ATO- and ZTO-coated nanoparticles. We
note also that the intensities of the gold (Au 4f) and silver (Ag
3d) signals were weak in the XPS spectra, and the
corresponding atomic concentrations for Au and Ag were
low for the coated particles, indicating that these elements
were encapsulated within the tin oxide shells. Compared to the
nanoparticles having undoped shells, the XPS-derived atomic
percentages of gold and silver appear to be marginally lower for
the nanoparticles having ATO and ZTO shells on both the Au
NP and GS-NS cores. This observation is consistent with
SEM/TEM imaging and size measurements, wherein the ATO
and ZTO shells are thicker than the undoped SnO, shells.
Importantly, the percentages of antimony and zinc can be
tuned by varying the amounts of sodium antimonate and
sodium zincate, respectively, used during the syntheses.

To provide complementary elemental composition data as
well as information regarding the distribution of the various
elements within the nanoparticles, we subjected the samples to
analysis by TEM—EDX and scanning TEM (STEM) elemental
mapping. The semiquantitative atomic concentrations ob-
tained from TEM—EDX measurements are listed in Table 2.

Table 2. EDX-Derived Relative Atomic Concentrations of
Silver, Gold, Tin, Oxygen, Zinc, and Antimony in the
Various Tin-Oxide-Coated Samples

relative atomic concentration (%)

sample Ag Au Sn (¢) Zn Sb
Au@SnO, 6 25 69
Au@ATO 3 20 77 2
Au@ZTO 7 19 71 3
GS-NS@SnO, 6 6 14 75
GS-NS@ATO 8 4 13 73 2
GS-NS@ZTO 8 6 10 75 1

Compared to the XPS
interfacial regions of the

analyses, which probe only the
nanoparticles, the atomic concen-
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Figure S. XPS spectra for the (a) Sn 3d region for all coated Au nanoparticles, (b) Sn 3d region spectra for all coated GS-NSs, (c) Sb 3d region for

ATO-coated samples, and (d) Zn 2p region for ZTO-coated samples.
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trations of gold and silver are much higher in the EDX
measurements, which probe the bulk nanoparticle composi-
tion. This comparison provides further support that the Au NP
and GS-NS cores lie within the tin oxide shells. We also
conducted STEM—EDX line spectra of the respective elements
to provide additional confirmation of the core—shell
morphology (Figures S10 and S11). Because the oxygen signal
is significantly stronger than most of the other elements, the
distribution of oxygen is omitted from all of the STEM line
spectra for the purpose of clarity. The distribution of tin in the
Au@SnO, and GS-NS@SnO, nanoparticles extends well
beyond the distribution of gold and silver in their respective
nanoparticles, confirming the presence of tin in the nano-
particle shells.

TEM—-EDX measurements and STEM mapping were
further conducted on the antimony- and zinc-doped samples.
As calculated in Table 2, the antimony doping percentage was
found to be 7% and 13% in the Au@ATO and GS-NS@ATO
nanoparticles, respectively. Given that the XRD patterns for
the undoped and antimony-doped tin oxide were quite similar
(vide supra), we performed STEM mapping to determine the
antimony distribution throughout the tin oxide lattice. As
illustrated in Figures 6a and S15, gold and silver were confined
only to the inner regions of the nanoparticle. Tin and oxygen
distributions extend out wider to cover more of the
nanoparticle volume, consistent with encapsulation of the
inner gold and gold—silver cores within a tin oxide shell in the
respective nanoparticles. The STEM mapping images of the
Au@ATO and GS-NS@ATO nanoparticles in Figures 6a and

Figure 6. STEM images and elemental mapping of the (a) Au@ATO
and (b) Au@ZTO nanoparticles, showing the distribution of
constituent elements in the nanoparticles.
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S15 further show that the antimony distribution closely
resembles the distribution of tin and oxygen. The STEM line
spectra of Au@ATO and GS-NS@ATO in Figures S12 and
S13 also show that the tin and antimony distributions extend
wider than the gold and silver distributions in their respective
nanoparticles, which is consistent with an antimony-doped tin
oxide shell. In combination with the XRD pattern, HRTEM
imaging, and STEM line spectra and mapping, we can
conclude that antimony is doped into the tin oxide lattice
because only the tin oxide, gold, and silver phases are present
and no other antimony species are observed.

STEM mapping of the Au@ZTO and GS-NS@ZTO
nanoparticles was also conducted to determine the distribution
of zinc with respect to tin in the surrounding shells (Figures 6b
and S17). The distribution of zinc was found to be largely
uniform throughout the structure, as is evident from the EDX
map. Both the tin and zinc distributions mimic each other and
extend beyond the gold and silver regions, confirming that the
shell is comprised of these two species. This trend was also
observed in the line spectra for these nanoparticles (Figures
S14 and S1S, respectively). As per the EDX results in Table 2,
the zinc doping percentages were found to be 14% and 9% for
the Au@ZTO and GS-NS@ZTO nanoparticles, respectively.
The relative concentrations of the antimony and zinc dopants
with respect to tin remain roughly the same in both XPS and
EDX measurements, while the relative concentrations of gold
and silver with respect to tin are much higher in EDX
measurements compared to XPS, which provides further
confirmation that the dopants are incorporated within the tin
oxide shells surrounding the metal cores.

Optical and Electrical Properties. We previously
described the optical properties of the SnO,, ATO, and
ZTO nanoparticles synthesized using a sodium stannate
method."> Diffuse-reflectance spectroscopy measurements
recorded the optical band gap of the SnO, nanoparticles at
3.89 eV. The band gap was reduced upon doping with both
antimony and zinc. The ATO nanoparticles had a reduced
band gap of 3.66 eV, while the ZTO nanoparticles had a more
modest reduced band gap of 3.85 eV." The ATO nano-
particles showed much stronger absorption in the visible
region, with the absorption extending to ~700 nm. However,
greater utilization of the visible and near-IR (NIR) regions of
the solar spectrum is needed to render these doped tin oxide
materials more broadly effective for photocatalytic and
optoelectronic applications.

We used UV—vis spectroscopy to measure the optical
extinctions of the core—shell nanoparticles (Figure 7). Au NPs
and GS-NSs exhibit strong activity in the visible and NIR
regions because of their LSPRs.”” LSPR is a unique property
exhibited by metal nanoparticles and nanoshells wherein the
collective oscillation of surface electrons couples with incident
light of the same frequency, leading to extinctions that extend
to visible and even NIR wavelengths.47 As shown in Figure 7,
the Au NPs exhibited an LSPR extinction maximum at ~520
nm, which is appropriate for their measured size.”"*” When
coated with tin oxide (both doped and undoped), the LSPR
peak red-shifted by ~20—40 nm. This red shift is consistent
with previous observations of high-refractive-index coating
materials on metal nanoparticles; notably, the refractive index
of SnO, (~2.006) is greater than that of water (~1.333)."

The extinction spectra of GS-NSs are presented in Figure 8
before and after coating with the three types of tin oxide shells.
The advantage of using GS-NSs, as we demonstrate herein, is

https://dx.doi.org/10.1021/acsanm.0c01702
ACS Appl. Nano Mater. 2020, 3, 8958—8971


http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01702/suppl_file/an0c01702_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01702/suppl_file/an0c01702_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01702/suppl_file/an0c01702_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01702/suppl_file/an0c01702_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01702/suppl_file/an0c01702_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01702/suppl_file/an0c01702_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01702/suppl_file/an0c01702_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c01702/suppl_file/an0c01702_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c01702?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c01702?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c01702?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c01702?fig=fig6&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c01702?ref=pdf

ACS Applied Nano Materials

www.acsanm.org

1.2 Au NPs
Au@Sno,
1.0 Au@ATO
_ Au@ZTO
3 081 sno,
g 0.6 TATO
% ’ ——2ZT0
£
£
>
w

S

T T T T T T T T T T T T T
300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 7. Extinction spectra of Au NPs before and after coating with
SnO,, ATO, and ZTO shells. The extinction spectra of stand-alone
SnO,, ATO, and ZTO nanoparticles are included for comparison.

that the surface plasmon resonance bands can be tuned. We
synthesized three different types of GS-NSs with LSPR
extinction bands centered at ~680, ~750, and ~840 nm.
The SPR wavelength was adjusted by varying the amount of
HAuCl, in the K-gold solution and also by adjusting the
reaction time for the galvanic replacement step.”’ Higher
concentrations of gold precursor and longer reaction times
during the galvanic replacement led to thinner nanoshells, with
a higher Au/Ag compositional ratio resulting in higher LSPR
extinction wavelengths. Specifically, for the typical concen-
trations of Ag NPs reported in this paper, ~1, ~1.5, and ~2
mL of a 1% HAuCl, solution were added to 100 mL of a
K,COj solution, and then 10 mL of Ag NPs was added to
obtain GS-NSs with extinction maxima at ~680, ~750, and
~840 nm, respectively. The broad extinction of GS-NSs in the
visible and NIR regions coupled with the tunability of the
extinction is an advantageous feature that renders their
utilization attractive. Effectively, we can shift the extinction
maximum from ~500 nm to near and perhaps beyond the
1000 nm mark, enabling wider utilization of the solar spectrum
by the various tin oxide materials. Similar to the Au NPs, a red
shift upon coating with tin oxide was also apparent in the GS-
NSs, which can be attributed to the surrounding dielectric as
described above. Thus, for gas-sensing applications, the
presence of the Au NP and GS-NS cores can enhance the
sensing properties of doped tin oxide nanomaterials.*’

Many applications that utilize metal oxide nanoparticles
suffer from limitations due to electron—hole recombination.”**
In these cases, electron and hole pairs generated from the
absorption of light readily recombine, rendering them
unavailable for utilization in the targeted photocatalytic
application.”” Many strategies, including doping and the use
of plasmonic nanostructures, have been pursued in an effort to
minimize the rate of electron—hole recombination in semi-
conductor catalysts.*** For nanoparticle catalysts, as discussed
earlier, the metal oxides are most commonly used as core
nanoparticles in conjunction with adjacent and/or coated
plasmonic materials. For example, Au NPs have been used to
decorate the outside of a metal oxide photocatalytic core to
quench its rate of electron—hole recombination, especially in
the case of photocatalysts based on TiO, and SnO,
nanoparticles.””**®® Furthermore, previous studies conducted
by our group using gold-decorated TiO, nanoparticles
demonstrated the effective suppression of electron—hole
recombination, leading to enhanced photocatalytic activity.”’
Studies conducted by Khan et al. found that photoelectrodes
comprised of tin oxide nanoparticles exhibited higher anodic
and cathodic currents under visible-light irradiation when
decorated with gold.33 Also, the gold-decorated tin oxide
nanoparticles showed an approximately 4-fold increase in the
photocatalytic activity. These enhancements can plausibly be
correlated with their observation that gold decoration
significantly suppressed electron—hole recombination in the
tin oxide nanoparticles.

In contrast to previous studies, we employ in the present
study a core—shell nanoparticle architecture in which the
plasmonic component is the core, while the tin oxide material
is the shell. We conducted PL studies to examine the
possibility of plasmonic quenching of electron—hole recombi-
nation in our tin-oxide-based nanomaterials. The PL intensity
in metal oxides arises from the energy emitted by electrons that
relax and recombine with holes; consequently, a decrease in
the PL intensity corresponds to a decrease in the rate of
electron—hole recombination.”> We used an excitation wave-
length of 315 nm to perform the PL measurements for all
samples (Figure 9). For a meaningful comparison, the PL
intensities were normalized with respect to the particle
concentration and volume of the tin oxide material per
particle. Importantly, Figure 9b shows that when the PL
intensities were normalized with respect to the volume of the
tin oxide material per particle, nearly complete suppression of
electron—hole recombination occurred. This remarkably
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Figure 8. Extinction spectra of GS-NSs with changes in the absorption maximum (4,,,,) before and after coating with SnO,, ATO, and ZTO shells.
The tin oxide shells were coated onto GS-NSs with initial 4,,,, values at (a) ~680, (b) ~750, and (c) ~840 nm, respectively.
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excitation wavelength of 315 nm was used to generate the spectra. The PL spectra for the stand-alone SnO,, ATO, and ZTO nanoparticles were

adapted from ref 15. Copyright 2019 American Chemical Society.

effective suppression demonstrates a strikingly important
advantage of having a plasmonic particle as the core and a
metal oxide as the shell.

We conducted additional PL measurements using an
excitation wavelength of 200 nm, which is well above the
band gap;"> notably, a similar quenching of electron—hole
recombination was observed (Figure S18). Furthermore,
Figures 9b and S18b indicate that the suppression of
electron—hole recombination per volume of tin oxide appears
to be more effective with a GS-NS core than with a Au NP
core. Hollow nanostructures hold charges better than solid
nanoparticles, which is perhaps the reason why recombination
is more strongly suppressed by the GS-NS core.®* Notably, the
same trends are observed at both excitation wavelengths.
Overall, the plasmonic nanoparticle core—tin oxide shell
nanoparticle architectures reported here provide an extraordi-
narily effective suppression of electron—hole recombination,
further emphasizing the potential importance of this design,
with the tunable plasmonic GS-NS cores offering perhaps the
greatest utility.

Photocurrent generation stands as an another important
application for solar-activated metal oxides, and many
researchers have explored various doping strategies to enhance
the efficiency of such systems.””®” Doping can extend the
range of light absorption of metal oxides to the visible region
via band-gap narrowing and/or via additional absorption peaks
in the 400—800 nm range. In addition, doping can increase the
conductivity of metal oxides by injecting additional electrons
into the conduction band. Both of these strategies can enhance
the photocurrent generation of metal oxides such as TiO,,
Zn0O, and perovskites.és_67 Even though plasmonic enhance-
ment using light at the visible and NIR regions is an import
field of investigation, few previous photocurrent generation
studies have explored the use of plasmonic activation
combined with metal oxide doping. As demonstrated herein,
the near-complete suppression of electron—hole recombina-
tion by the plasmonic core offers enhanced utility for the
generated charge carriers. Widely used TiO, and ZnO have
multiple close-lying levels in the conduction band, which can
lead to intraband transitions and diminished electron
mobilities.”**” For high conductivities upon heavy doping, a
single dispersive level in the conduction band, like that in
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SnO,, is preferred because of the small carrier mass at the
conduction band and, consequently, more effective transport
of the photogenerated electrons.”® In the present report, we
combine the two phenomena of doping for conductivity and
LSPR for light absorption in the same nanoparticle design,
along with the careful choice of the metal oxide. As discussed
earlier, ~10% antimony doping in tin oxide can remarkably
enhance the conductivity of tin oxide, quite similar to how tin
doping increases the conductivity of indium oxide as ITO.**”°
When this high conductivity is coupled with the strong LSPR-
induced absorption of light in the visible and NIR regions from
the plasmonic Au NP and GS-NS cores, these composite
doped tin oxide core—shell nanoparticles stand as promising
materials for photocurrent generation.

B CONCLUSIONS

We synthesized Au NPs and GS-NSs as core plasmonic
particles and coated them with uniform tin oxide and
antimony- and zinc-doped tin oxide shells. The uniformity of
the metal oxide shells was maintained after doping, even in the
absence of surfactant. Furthermore, the absence of surfactant
molecules or plasmonic seeds covering the metal oxide surface
offers an increase in the effective surface area and thus
enhanced capacity for sensing and photocatalytic applications
compared to alternative plasmonic—metal oxide nanoarchitec-
tures. Measurements of the optical properties showed that the
SnO,-coated plasmonic nanoparticles exhibited strong ex-
tinctions in the visible and NIR regions; moreover, the position
of the extinction maximum was selectively tuned within this
region. Importantly, the incorporation of Au NP and GS-NS
cores completely suppressed electron—hole recombination in
various tin oxide shell materials, demonstrating a major
advantage of the metal oxide-coated plasmonic core
architecture. Overall, the combination of tunable doping,
strong light absorption across a broad range of wavelengths,
and suppression of charge recombination offers a new class of
nanomaterials for gas-sensing, optoelectronic, photovoltaic,
and photocatalytic applications.
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