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ABSTRACT: Gold—silver nanoshells (GS-NSs) having a tunable surface H, @
plasmon resonance (SPR) were employed to facilitate charge separation of - ) D
photoexcited carriers in the photocalytic production of hydrogen from water. g 23 With SiO,
Zinc indium sulfide (ZnIn,S,; ZIS), a visible-light-active photocatalyst, where &
the band gap varies with the [Zn]/[In] ratio, was used as a model ZIS system £ * }
(E; = 2.25 eV) to investigate the mechanisms of plasmonic enhancement * M‘\'
associated with the nanoshells. Three types of GS-NS cores with intense ; Without Si0,
absorptions centered roughly at 500, 700, and 900 nm were used as seeds for N

900 o

preparing GS-NS@ZIS core—shell structures via a microwave-assisted H,0
hydrothermal reaction, yielding core—shell particles with composite diameters

of ~200 nm. Notably, an interlayer of dielectric silica (SiO,) between the GS-NSs and the ZIS photocatalyst provided another
parameter to enhance the production of hydrogen and to distinguish the charge-transfer mechanisms. In particular, the direct
transfer of hot electrons from the GS-NSs to the ZIS photocatalyst was blocked by this layer. Of the 10 particle samples
examined in this study, the greatest hydrogen gas evolution rate was observed for GS-NSs having a SiO, interlayer thickness of
~17 nm and an SPR absorption centered at ~700 nm, yielding a rate 2.6 times higher than that of the ZIS without GS-NSs. The
apparent quantum efficiencies for these core—shell particles were recorded and compared to the absorption spectra. Analyses of
the charge-transfer mechanisms were evaluated and are discussed based on the experimental findings.
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B INTRODUCTION using sunlight.” Splitting water to produce hydrogen and
oxygen is one example, and it is the most promising
replacement for fossil fuels without any pollutant.’~" The
efficient utilization of solar energy is critical to the overall
hydrogen production. In theory, the solar-to-hydrogen
efficiency reaches 10% when the energy band gap is less than

Of all known renewable energy sources, solar energy stands as
the most abundant and readily accessible. Consider, for
example, that the amount of solar energy striking the earth
every 40 min is approximately equal to the amount of energy
consumed globally on an annual basis." From this perspective, <
the United States is fortunate to have vast tracts of land that are or equal to 2.4 eV )

suitable for constructing solar power plants; in fact, in the Unfortunately, almost all known photocatalyst materials
desert Southwest alone there are an estimated 250,000 square suffer from fast recombinatiogn kinetics, which decreases the
miles of suitable land receiving more than 4500 quadrillion solar-to-hydrogen conversion.” Many approaches can be used

British thermal units (Btu) of solar radiation per year.' to mitigate this problem. Incorporating metal nanoparticles into
Converting only 2.5% of that radiation into electricity would the photocatalyst matrixes has received much attention in
equal the total national energy consumption during all of 2006. recent years because of the unique surface plasmon resonance
The abundance and availability of solar energy has sparked (SPR) properties associated with such nanostructures.””"” The
the exploration of a wide variety of solar conversion intense SPR light absorption also generates a strong electric
technologies, including those based on photovoltaic (direct field close to the metal surface owing to the collective
solar to electric), photothermal (solar to heat), and photosyn-
thesis (solar to fuel) conversion. In the latter technology, Received: January 28, 2016
artificial photosynthesis mimics natural photosynthesis by Accepted: March 14, 2016
converting water and/or carbon dioxide into fuels and oxygen Published: March 14, 2016
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oscillation of the conduction band electrons under irradiation.
Mechanisms for the plasmonic enhancement of electron—hole
formation in photocatalysts have been proposed''* but are not
yet fully understood. With spherical silver or gold nano-
particles,'~"® which exhibit SPR at wavelengths of ~390—460
nm for silver and ~520—640 nm for gold,"*" only limited
additional light absorption relative to that existing for the
photocatalyst occurs. Moreover, a UV-active TiO, photo-
catalyst usually serves as the model system to investigate
charge-transfer mechanisms. Although SPR generated from
simple metal nanoparticles can extend absorption of the
composite system to the visible region, the overall activity
under sunlight is still unsatisfactory.

In addition to their high electron—hole recombination rates
under irradiation, most photocatalysts suffer a low solar-to-fuel
conversion efficiency because of the limited range of wave-
lengths at which they are active. To address these short-
comings, we explore in this study a visible-light-active
photocatalyst, ZnIn,S, (ZIS),’*™>® that encapsulates unique
metal—metal nanoshells*””* to investigate the effects of tuning
(and broadening) the SPR absorption band on the efficiency of
hydrogen production. In contrast to metal alloy nanoparticles,
the absorption of light by our recently developed gold—silver
nanoshells (herein denoted as GS-NSs) can be tuned to
selected wavelengths by altering the size, shell thickness, and
composition of the bimetallic shell, allowing unencumbered
enhancements in the photocatalytic activity by tuning the
extinctions to wavelengths beyond those at which ZIS
absorbs.”’"*° Additionally, because of the presence of two
metals with different intrinsic light-absorption properties, the
extinction spectra of these GS-NSs exhibit a broad absorption
of light that can range from the visible into the near-IR.** In
this study, GS-NSs with three different absorption profiles were
employed: namely, nanoshells with broad extinction spectra
that peak at ~500, 700, and 900 nm, as determined by the gold-
to-silver ratio for the nanoshells and the degree to which the
initial solid nanoparticle structure has been etched to form the
nanoshell structure. For each of these GS-NSs, three different
types were tested within the ZIS matrix: (1) the bare nanoshells
without a silica (SiO,) coating, (2) nanoshells with a thin (~17
nm) SiO, coating, and (3) nanoshells with a thick (~42 nm)
SiO, coating. This unique set of nine photoactive combinations
offers a systematic investigation of not only the role of the
dielectric layer in mitigating electron—hole recombination
within the photocatalyst matrix but also (and more
importantly) the parameters that dictate the optimal coupling
between the SPR of the nanoshells and the activity of the
photocatalysts. The preparation of the “undoped” ZIS (i.e., ZIS
without nanoshells) and composite core—shell particles was
accomplished using a microwave-assisted hydrothermal syn-
thesis. This low-temperature synthetic process is desirable
because the structure and absorption of the GS-NSs remain
intact. Further, all composite nanoshell-ZIS photocatalysts
were prepared under the same experimental conditions to allow
a meaningful comparison between samples based on hydrogen
production from water, as contrasted with the undoped ZIS
particles.

B EXPERIMENTAL SECTION

Materials. Silver nitrate (AgNO;; Aldrich), trisodium citrate
dihydrate (NayCsH;O,-2H,O; EM Science), potassium carbonate
(K,CO4; Aldrich), hydrogen tetrachloroaurate(IIl) hydrate (HAuCl,-
xH,0; Strem), nitric acid (HNO;; EM Science), hydrochloric acid
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(HCI; EM Science), ammonium hydroxide (NH,OH; EM Science),
tetraethylorthosilicate (TEOS; Aldrich), indium(III) nitrate hydrate
[In(NO,);xH,0; Alfa Aesar], zinc nitrate hexahydrate [Zn(NO;),:
6H,0; J.T. Baker], thioacetamide (TAA; C,HNS; Sigma-Aldrich),
dihydrogen hexachloroplatinate(IV) hexahydrate (H,PtCly-6H,O; Alfa
Aesar), potassium sulfite (K,SO5; Sigma-Aldrich), and sodium sulfide
hydrate (Na,S-xH,0; Sigma-Aldrich) were purchased from the
indicated suppliers and used without modification. Water was purified
to a resistivity of 18 MQ-cm (Academic Milli-Q Water System;
Millipore Corp.) and filtered using a 0.22 um filter. All glassware used
in the experiments were cleaned in an aqua regia solution (3:1 HCl/
HNO;) and dried in an oven prior to use.

Preparation of Silver Nanoparticle Cores. Silver nanoparticles
were prepared by the method of Lee and Meisel,” which involves the
reduction of AgNOj; by sodium citrate. An aliquot of AgNO; (0.0167
g, 0.100 mmol) was dissolved in 100 mL of water. The solution was
brought to reflux, and then 2 mL of a 1% trisodium citrate solution was
added under vigorous stirring. The reflux was maintained for 25 min.
The solution turned yellow green, indicating the presence of silver
nanoparticles. The solution was allowed to cool to room temperature
(rt) and then centrifuged at 6000 rpm for 15 min. The nanoparticles
were then redispersed in 12.5 mL of water. This procedure generated
silver nanoparticles, where the size could be adjusted from 40 to 100
nm, depending on the concentration of the reactants.

Preparation of Hollow Gold—Silver Nanoshells (GS-NSs). The
synthesis procedures for the hollow GS-NSs followed those reported
previously,” with the basic solution of gold salt (K-gold solution)
prepared using the method reported by Oldenburg et al.*” Following
this method, 0.025 g of K,CO; was added to 100 mL of purified water,
which was then injected with 2 mL of a 1% HAuCl,-H,O solution.
The mixture, initially yellow in color, became colorless 30 min after the
reaction was initiated. The flask was then covered with aluminum foil
to shield it from light, and the solution was stored in a refrigerator
overnight. Various amounts of gold solution were added to the silver
nanoparticles, depending on the desired level of the displacement of
silver by gold and the associated shift in the peak SPR light absorption.
Typical procedures for the nanoshells prepared for this report are as
follows: for an SPR band at 500 nm, 10 mL of silver nanoparticles was
mixed with 15 mL of K-gold solution and stirred for 5 h; for an SPR
band at 700 nm, 10 mL of silver nanoparticles was mixed with 90 mL
of K-gold solution and stirred for 5 h; for an SPR band at 900 nm, 10
mL of silver nanoparticles was mixed with 180 mL of K-gold solution
and stirred for S h. The SPR band of each solution was tracked by
UV—vis spectroscopy. The nanoshells were isolated by centrifugation
at 6000 rpm for 15 min, and the supernatant was then decanted. The
GS-NSs were redispersed in water prior to characterization and
coating with SiO,.

Preparation of SiO,-Coated Hollow GS-NSs. The SiO,-coated
hollow GS-NSs were generated using a modified Stéber method.”® In
this procedure, 10 mL of a nanoshell solution was diluted to 20 mL
and then mixed with ammonium hydroxide (2 mL) and ethanol (4
mL). Under vigorous stirring, 25—100 L of TEOS was added to the
solution, depending on the desired thickness of the SiO, shells. The
mixture was then further stirred overnight at rt to allow the hollow GS-
NSs to be encapsulated fully by the SiO, shells. The resulting solution
was centrifuged at 6000 rpm for 20 min and the supernatant decanted,
and the nanoshells were redispersed in ethanol. This procedure was
repeated four times. Finally, the isolated composite nanoparticles were
redispersed into 10 mL of ethanol for characterization and application.

Preparation of GS-NS@SiO,@ZIS Composite Structures. In
preparing undoped ZIS particles, zinc nitrate hexahydrate (0.3 mmol),
indium(III) nitrate hydrate (0.6 mmol), and thioacetamide (2.4
mmol) were dissolved in 15 mL of deionized (DI) water under
vigorous stirring for 20 min. The solution was then poured into a 30
mL quartz vessel. The hydrothermal reaction took place in a
microwave reactor (Monowave 300, Anton Paar) at 120 °C for 10
min. The precipitates were collected and centrifuged at 8000 rpm for S
min. The resulting particles were rinsed thoroughly with DI water
several times and then dried in an oven at 80 °C for 12 h. For the
synthesis of GS-NS@SiO,@ZIS particles, a 250 uL aliquot of a
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nanoshell solution was first dried, and the particles were then
redispersed in 15 mL of DI water using ultrasonic vibration. Zinc
nitrate hexahydrate (0.3 mmol), indium(III) nitrate hydrate (0.6
mmol), and thioacetamide (2.4 mmol) were dissolved under vigorous
stirring. The reaction was then carried out in a microwave oven at 120
°C for 10 min. The as-prepared GS-NS@SiO,@ZIS particles were
collected by centrifugation and washed with DI water several times.
Finally, the composite particles were placed in an oven at 80 °C for 12
h to remove excess water.

Characterization of Nanoparticles and Nanoshells. The size
and morphology of the silver nanoparticles, GS-NSs, and SiO,-coated
GS-NSs were evaluated using a LEO-1525 scanning electron
microscope operating at an accelerating voltage of 15 kV. To obtain
high-resolution scanning electron microscopy (SEM) images, all
samples were deposited on silicon wafers. Similarly, the size and
morphology of the nanoshells were evaluated by employing a JEM-
2000 FX transmission electron microscope operating at an accelerating
voltage of 200 kV. Energy-dispersive X-ray (EDX) elemental mapping
data were collected using a JEOL 2100F instrument. All transmission
electron microscopy (TEM) samples were deposited on 300-mesh
holey carbon-coated copper grids and dried overnight before analysis.
UV—vis spectra were obtained using a Cary 50 Scan UV—vis
spectrometer from 200 to 1000 nm, with all nanoshell samples
suspended in water for the measurements.

Characterization of GS-NS@SiO,@ZIS Composite Particles.
To identify the collected samples in shorthand fashion, the composite
particles are denoted as GS-NS(n) @SiO,(m)@ZIS, where n indicates
the wavelength of the peak SPR absorption and m is the thickness of
the SiO, interlayer. For example, GS-NS(500)@SiO,(17)@ZIS is the
core—shell structure of the GS-NSs with an SPR absorption maxima of
500 nm, an interlayer SiO, thickness of ~17 nm, and an encapsulating
coating of ZIS. Extinction spectra were obtained using a UV—vis
spectrophotometer (Jasco V-670) over the wavelength range from 300
to 900 nm. Crystal structures were determined using an X-ray
diffractometer (Bruker Kappa Apex II) with a Cu Ka light source
coupled with a nickel filter. The scan rate was set at 3°/min in the
range of 20—80°. A JEOL JEM-2100 transmission electron microscope
was used to image the structures of the particles. The samples without
any SiO, interlayer are denoted as GS-NS(n)@ZIS. Steady-state
photoluminescence (PL) spectra were obtained using a PL
spectrometer (PerkinElmer LS-55). The GS-NS@SiO,@ZIS samples
with various SiO, thicknesses were suspended in ethanol for data
collection. The concentrations of the particles were adjusted to exhibit
the same absorption at 350 nm, corresponding to the maximum
absorption of ZIS. This process was used to calibrate the level of ZIS
content in each batch of core—shell particles. For collection of the PL
spectra, the excitation wavelength was set at 375 nm.

Photocatalytic Hydrogen Production Reaction and Quan-
tum Efficiency Measurements. The photocatalytic reaction for
hydrogen production was conducted in a 225 mL custom-built
cylindrical glass cell with a quartz side window and an illumination area
of 23 cm® The sacrificial agent needed to drive the reaction was
prepared by adding potassium sulfite (S5 mmol) and sodium sulfide
(77 mmol) to DI water (220 mL). An aliquot of 0.06 g of unmodified
ZIS or GS-NS@SiO,@ZIS particles was dispersed in the sacrificial
solution, and 1 wt % dihydrogen hexachloroplatinate(IV) hexahydrate
(334 pL) was added. The system was first irradiated with high-
intensity light (400 mW/cm?) for 1 h at 25 °C to photodeposit
platinum nanoparticles on top of the ZIS surfaces. Finally, the
photocatalytic reactor was irradiated with a 300 W xenon lamp. The
intensity was set at 100 mW/cm? and monitored by an optical meter
(Newport 1918-R). The temperature was maintained at 25 °C during
the reaction, and hydrogen gas was collected for at least 5 h using a
water displacement method.” The evolved gas was analyzed using a
Shimadzu GC-14 gas chromatograph. Apparent quantum yields were
determined using a compact monochromator (Sciencetech 9030) for
the wavelength-dependent photocatalytic activity. The intensity of the
transmitted light from the 300 W xenon lamp was ~1000 mW/ cm?,
which was reduced to ~25—50 mW/cm? once the monochromator
was included in the setup.

9154

Bl RESULTS AND DISCUSSION

SiO,-Coated GS-NSs. The starting silver nanoparticles
were analyzed by SEM to determine if the size and morphology
were suitable for preparation of the targeted GS-NSs (see
Figure S1 in the Supporting Information). All of the GS-NSs
used in this project were prepared from the same initial silver
nanoparticle sample based on the knowledge gained from our
prior work to obtain targeted nanoshell sizes/exctinctions using
optimal synthetic methods.”**° Upon completion of the gold
salt galvanic replacement reaction on the silver nanoparticles to
form the three types of GS-NSs, the morphologies of each of
the samples were determined from images collected using
TEM. Parts a—c of Figure 1 show the bare GS-NSs prepared

(b)

(a) /.

100 nm

Figure 1. TEM images of hollow GS-NSs with peak intensities for the
absorption bands at (a) ~500, (b) ~700, and (c) ~900 nm.

from the three different levels of K-gold solution. As illustrated
in these images, the average particle size for the bare GS-NSs
was 80 = 14 nm, and the associated particle size histograms are
provided in Figure S2 in the Supporting Information. Due to
the galvanic replacement reaction, where 3Ag + Au** — 3Ag" +
Au, the shell of the resulting GS-NS becomes thinner with
increasing exposure to K-gold solution.”* This process gives rise
to an increase in the gold content, in conjunction with a loss of
silver and a reduction in the shell thickness, which leads to both
a broadening of the SPR band of the extinction spectrum and a
red shift in the absorption of light, as detailed below.*® This
shift in the relative content of the two metals is apparent in the
EDX elemental mapping data and Ag/Au molar ratios for the
GS-NS(500), GS-NS(700), and GS-NS(900) particles, which
are provided in Figure S3 and Table S1 in the Supporting
Information.

The three types of GS-NSs in Figure 1 were coated with two
different thicknesses of the SiO, shell, and the data collected for
these composite particles were compared with those of the GS-
NSs prepared without SiO, shells. Our targeted shell
thicknesses were 20 and 50 nm. The average thickness of the
thinner SiO, coating was 17 + 2 nm, as can be seen in the
example TEM image in Figure 2a and the SEM images in
Figure S4a,ce in the Supporting Information. The average

DOI: 10.1021/acsami.6b01197
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Figure 2. TEM images of the SiO,-coated GS-NSs. The thicknesses of
the SiO, coating are (a) ~17 and (b) ~42 nm.

thickness of the thicker SiO, coating was 42 + 8 nm, as shown
in the TEM image in Figure 2b and the SEM images in Figure
S4b,d,f in the Supporting Information. Figure 3a shows the
extinction spectra for the hollow GS-NSs having three different
absorption wavelengths (~500, 700, and 900 nm). The SPR
band position of the nanoshells depends on the nanoparticle
dimensions and, in particular, the shell thickness.>! For our
particles, the synthesis of each type of nanoshell started from
the same volume of the silver nanoparticle solution, followed by
the addition of different amounts of K-gold solution. As the
volume of added K-gold solution increased, the extinction peak
shifted to longer wavelengths, reflecting both a change in the
core—shell structure and an increase in the presence of gold in
the GS-NS.

Figure 3b shows the extinction spectra for the three samples
of GS-NSs that were prepared with a peak position for the SPR
band at ~700 nm: the uncoated nanoshell designated as GS-
NS(700), the nanoshell with a thin layer of SiO, designated as
GS-NS(700)@Si0,(17), and the nanoshell with a thick layer of
SiO, designated as GS-NS(700)@SiO,(42). The red shift in
the peak position of the SPR bands for the SiO,-coated
nanoshells, compared to the bare GS-NSs, can be attributed to
the higher refractive index of SiO, (1.46)* compared to that of
water (1.33).” Similarly, when the spectra of the two SiO,-
coated GS-NSs are compared, the peak position of the SPR
band shows a slight red shift (744—747 nm) with increasing
thickness of the SiO, layer. The optical properties of the SiO,-
coated GS-NSs appear to demonstrate that the thickness of the
dielectric layer between the photocatalyst and GS-NS has only
a minimal effect on the absorption wavelength of the GS-NSs.

Core—Shell Structures of Photocatalysts. The undoped
ZIS particles were synthesized using a higher precursor
concentration (S-fold of the concentration described for the

GS-NS@ZIS particles in the Experimental Section). As shown
in Figure 4a, the as-prepared ZIS particle aggregates consist of 1

Figure 4. (a) SEM image of an undoped ZIS particle and (b) TEM
image of a GS-NS@SiO,@ZIS composite aggregate prepared using

the higher concentration of a ZIS precursor solution.

um spheres with nanosheet structures covering the surfaces.
When the GS-NS@SiO, nanoshells were added as seeds under
these conditions, the resulting products were also particulate
aggregates with somewhat smaller diameters (300—400 nm).
From the contrast in the TEM image in Figure 4b, it appears
that each aggregate contains more than one nanoshell. Thus,
we determined that it was essential to understand better the
reaction mechanism to further refine the reaction conditions.
Figure S5 shows the morphological changes of the GS-NS@
SiO,@ZIS particles at different reaction times through a series

() (b)

/

3 fx/‘ S
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L
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Figure 5. Series of TEM images illustrating the growth process of ZIS
on the GS-NS@SiO, core at (a) 1, (b) 3, (c) 5, and (d) 10 min.
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Figure 3. (a) UV—vis spectra of the nanoshells prepared without a SiO, coating: GS-NS(500), GS-NS(700), and GS-NS(900). (b) UV—vis spectra

of GS-NS(700), GS-NS(700)@Si0O,(17), and GS-NS(700)@Si0,(42).
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of TEM images taken during the reaction. Figure Sa shows ZIS
nucleation just after the start of the microwave-assisted
hydrothermal process. The nanosheet structures began to
grow within a few minutes (Figures Sb,c), while aggregates
were generated toward the end of the reaction (Figure 5d). On
the basis of these results, the precursor concentration was
lowered during subsequent syntheses. The morphology of the
resulting core—shell particles is shown in Figure 6a. After the

(a)

200 nm
—

)

—— GS-NS@Si0,@2IS
——Bare ZIS

5736 37 38 39 40 41 42
20 (degree)

20

Intensity (a.u.)

Intensity (a.u.)

40 50 60
20 (degree)

Figure 6. (a) TEM image of a GS-NS@SiO,@ZIS core—shell particle
prepared using a lower ZIS precursor concentration. (b) TEM image
of an undoped ZIS particle prepared using a lower ZIS precursor
concentration. (c) XRD patterns for the undoped ZIS and GS-
NS(500)@SiO,(17)@ZIS particles. The inset shows the enlarged
diffraction pattern of the GS-NS(500)@SiO,(17)@ZIS particle in the
20 range between 35 and 42°, indicating the presence of the gold
nanoshells.

adjustment, the TEM data show that the probability of finding
composite particles that contain only one GS-NS is much
higher. Therefore, we used this reduced precursor concen-
tration exclusively for the balance of this study. For comparison,
a TEM image of the undoped ZIS particles prepared from the
lower ZIS precursor concentration is also shown in Figure 6b.
The ZIS samples exhibit particlelike morphology with a lesser
degree of aggregation and a particle size of around 200 nm. In
addition, the ZIS coating on the GS-NS cores was dissolved
using aqua regia to confirm that the SiO, interlayer is still
present after the hydrothermal process. As illustrated in Figure
SS in the Supporting Information, it is evident that the SiO,
coating remained intact.

We also investigated the crystal structures of the undoped
ZIS and GS-NS@ZIS core—shell composite particles. For this
purpose, we focused on the GS-NS(500)@SiO,(17)@ZIS
particles. Figure 6¢ shows the X-ray diffraction patterns of the
two samples. The 26 values at 27.8, 33.7, and 48.4° correspond
to the cubic phase of ZIS. For GS-NS-containing particles, a
weak diffraction peak at 20 = 38—39° appeared, belonging to
the (111) crystallographic plane of the bimetallic GS-NSs (see
the enlarged XRD pattern in the inset of Figure 6¢).”* This
result is consistent with the presence of hollow GS-NSs.

Parts a—d of Figure 7 plot the extinction spectra of four
different samples: undoped ZIS particles and ZIS particles
comprising GS-NSs with SPR absorption at ~500, 700, and 900
nm. The thickness of the SiO, interlayer for the displayed data
is ~17 nm. The apparent quantum yield as a function of the
wavelength was also plotted for each of the samples in the same
figure, which will be discussed in detail in the following
paragraph and examined further in the next section. As seen in
Figure 7a, the absorption edge of the undoped ZIS can be
extrapolated from the trajectory of the descending curve and is
located at ~550 nm, which corresponds to a band gap of ~2.25
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Figure 7. UV—vis spectra and apparent quantum yield data for (a) undoped ZIS particles along with that for (b) GS-NS(500)@Si0,(17)@ZIS, (c)
GS-NS(700)@Si0,(17)@ZIS, and (d) GS-NS(900)@SiO,(17)@ZIS composite particles. Quantum yield data points indicated by Bl were obtained
with a monochromator, revealing wavelength-dependent photocatalytic activity.
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absorption properties and SiO, interlayers (M, no SiO,; ®, ~17 nm; A, ~42 nm).

interband transitions of GS-NSs, which is consistent with
modeling of these particles using Mie theory.”* Additionally, for
the GS-NS-containing ZIS samples (Figure 7b—d), a broader
resonance at longer wavelength appears on each of the
extinction spectra. The wavelength of this resonance correlates
to that of the SPR from the designed GS-NSs. Accordingly, we
conclude from the collective morphological, crystallographical,
and optical analyses that the core—shell structure of the GS-
NS@SiO,@ZIS particles remains intact after microwave-
assisted hydrothermal synthesis.

Photocatalytic Activity of GS-NS@ZIS Core—Shell
Particles. Hydrogen production experiments were carried
out under irradiation of a 300 W xenon light of intensity 100
mW/cm?, with the resulting gas collected using a water
displacement method. The amount of hydrogen gas collected
for the three samples [undoped ZIS, GS-NS(900)@Si0,(17)@
ZIS particles, and GS-NS(900)@SiO,(17) particles] is shown
in Figure 8a, plotted as a function of time. The hydrogen
evolution rate for these samples remained steady for a period of
at least 7 h. The rate for the undoped ZIS particles produced an
average of 0.05 + 0.01 L/m*h, a value close to that reported in
the literature.”’ In addition, the hydrogen production for the
GS-NSs without a ZIS shell is negligible. Furthermore, our
initial data set showed that all of the ZIS particles containing
GS-NSs produced more hydrogen than the undoped ZIS
particles, namely, the ZIS particles containing GS-NSs with
three different SPR absorptions (~500, 700, and 1000 nm) and
three different SiO, interlayer thicknesses (no SiO,, ~17 nm,
and ~42 nm). The data from these experiments are shown
Figures S6—S8 in the Supporting Information. To assist in
comparisons between samples, we defined a parameter, the
“enhancement factor”, as the ratio of the average hydrogen
evolution rate between the sample of interest and the undoped
Z1IS sample. The resulting data are shown in Figure 8b.

The data in Figure 8 show that the photocatalytic activity for
the ZIS particles containing GS-NSs is noticeably higher than
that without GS-NSs. This figure also shows that the samples
that incorporate the GS-NSs with the thinner SiO, interlayer
(~17 nm) exhibit the highest photocatalytic activity. However,
for the GS-NS-containing particles with no SiO, interlayer, the
activity lies between that of the thin (~17 nm) and thick (~42
nm) SiO, interlayers. The reduced enhancement compared to
the GS-NS(n)@Si0,(17)@ZIS particles can be attributed to
the absence of a dielectric interlayer whose blocking ability
prevents the photoexcited electrons from transferring back to
the GS-NS. Separately, the thicker shell reduces the
contribution from the electric field effect upon the surrounding
ZIS matrix. Moreover, all of the GS-NSs that have an SPR
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absorption at 700 nm generated better hydrogen production
rates than the samples with SPR absorptions at 500 and 900
nm. Among all of the samples, the GS-NS(700)@SiO,(17)@
ZIS particles exhibited the highest enhancement factor (2.6),
corresponding to a hydrogen evolution rate of 0.131 + 0.03 L/
m*h. Considering these results, an explanation is needed to
clarify the role of the interlayer within the GS-NS@ZIS matrix.
Therefore, we will discuss charge-transfer mechanisms in the
next section.

To understand how the GS-NSs are able to enhance the
photocatalytic activity of the ZIS particles, we collected
apparent quantum yield data as a function of the wavelength,
and we constructed “action spectra” for the hydrogen evolution.
Figure 7a plots the extinction spectrum of the undoped ZIS
particles and includes the action spectrum (square symbols) for
comparison. For the samples that were prepared without
nanoshells, the onset of the action spectrum agrees well with
that of the extinction spectrum (~S5S0 nm). No hydrogen
production was observed in the longer-wavelength region
(700—900 nm), and the apparent quantum yield increased with
photon energy. It is evident that the ZIS photocatalyst
responded to the visible light, and the activity correlates with
the band-gap transition between the valence and conduction
bands.”* The action spectra of each of the GS-NS(n)@
SiO,(17)@ZIS particles (Figure 7b—d) also followed the
trends of the individual extinction spectra, indicating an
enhancement of hydrogen evolution for the GS-NS-containing
ZIS particles at wavelengths from 400 to 700 nm, compared to
the pure ZIS photocatalyst. The absorption wavelengths of the
SPR bands for the GS-NSs used in this figure were ~500, 700,
and 900 nm. For the particles where the SiO, interlayers were
kept at ~17 nm, at the wavelength of 400 nm, the apparent
quantum yields of the ZIS particles containing GS-NS(500)
and GS-NS(700) are both notably higher than that of the
undoped ZIS, with GS-NS(700) producing the largest apparent
quantum yield measurement for these data. However, the ZIS
containing GS-NS(900) fails to provide a similarly substantial
increase. At the longer wavelength of 700 nm, the GS-NS(700)-
containing particles again exhibit the highest efficiency. Note
that, although the absorption of the GS-NS(900)@SiO,(17)@
ZIS particles extends to longer wavelengths, the apparent
quantum efficiencies at all wavelengths are smaller than that of
the GS-NS(700)@SiO,(17)@ZIS particles, perhaps due a
reduction in coupling between the gold nanoshells and the
photocatalyst matrix. The apparent quantum yield of the GS-
NS(700)@ZIS particles, without the SiO, interlayer, was also
measured and is shown in Figure S9 in the Supporting
Information. Once again the action spectrum follows the
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extinction spectrum, and the apparent quantum yield is higher
than that of the undoped ZIS particles. However, compared to
the GS-NS(700)@Si0,(17)@ZIS particles, with the thin SiO,
interlayer, the former exhibits lower apparent quantum yields
than the latter. Because of the lower work function of gold, it is
likely that the photoexcited electrons, in the absence of the
SiO, interlayer, rapidly transfer back to the gold from the ZIS
photocatalyst, leading to a suppressed hydrogen production.
In addition to the quantum efficiency measurements, the
luminescence of the core—shell particles can be used to probe
the electron—hole recombination probabilities. As demonstra-
ted in the hydrogen evolution rate shown in Figure 8a for the
GS-NS@SiO,@ZIS structure, ZIS is the major component that
possesses photocatalytic activity. Thus, to investigate the
blocking ability of the SiO, interlayer, we sought to generate
photoelectrons within the ZIS and measure the luminescence
intensities of samples with different SiO, thicknesses. Here, GS-
NS(700)@SiO,@ZIS particles were used as the model system
because absorption of SPR (700 nm) is sufficiently separated
from the excitation light source (375 nm), and the GS-NS(700)
series exhibited the largest enhancement factors (Figure 8b). In
these measurements, we assume that the cocatalyst and SPR
effects are decoupled. Figure 9 shows the PL intensities of the

—— GS-NS(700)@2IS
—— GS-NS(700)@Si0,(17)@2IS
—— GS-NS(700)@Si0,(42)@2IS

Intensity(a.u.)

480 500 520
Wavelength(nm)

Figure 9. PL intensities for the series of GS-NS(700)@SiO,@ZIS
samples upon excitation at 375 nm.

series of GS-NS(700)@SiO,@ZIS particles, where lower PL
intensity corresponds to lower recombination probability. The
GS-NS(700)@ZIS exhibited the lowest PL, indicating that the
GS-NS with no SiO, coating acts as a sink for the
photogenerated electrons. The spectra for the two samples
with SiO, interlayers indicate that the thickest SiO, interlayer
offers the best blocking ability.

Mechanistic Studies. The incorporation of SPR-active
metal nanoparticles into semiconductor systems offers a new
opportunity to enhance the photocatalytic water splitting, or
solar hydrogen production. Most reports utilize small metal
nanoparticles (<50 nm) for plasmonic enhancement in
photocatalytic reaction studies. However, we used somewhat
larger GS-NSs (80 = 14 nm) for our studies, which might offer
an increase in light scattering and an increase of the efliciency.
The SPR from metal nanoparticles can facilitate charge
separation in the semiconductor through the transfer of
plasmonic energy, but it also enhances the complexity of the
factors involved in hydrogen evolution.
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Although a detailed SPR-mediated charge-separation mech-
anism remains unclear, a number of mechanisms have been
proposed by various research groups.'* Direct electron transfer
(DET) from metal nanoparticles is one means by which
enhanced charge and hole generation in the semiconductor has
been explained, as has been shown by the plasmonic
enhancement for TiO, systems.”'”"> Mubeen et al. reported
on their studies of the plasmonic properties for embedded gold
nanoparticles in a TiO, matrix. Their work revealed a dramatic
reduction in the dielectric constant for the TiO, matrix with
embedded gold nanoparticles, shifting from 82 (in the dark) to
59 (under visible-light irradiation). These results indicate that
the SPR-excited electrons in the gold nanoparticles move into
TiO,, thereby reducing the polarizability of the TiO, matrix as a
whole.®® In these instances, the semiconductor and metal
nanoparticles are in direct contact; therefore, hot electrons
generated in the metal nanoparticle are able to overcome the
Schottky barrier and directly transfer to the semiconductor.
Using ejection of the electrons from gold nanoparticles into a
sulfide semiconductor as an example; the work function of bulk
gold is 5.20 eV, corresponding to 0.7 V vs NHE,*® and the flat
band potential of an n-type metal sulfide semiconductor lies
between 0 and —1.0 V vs NHE.”’~*’ Assuming an SPR peak
absorption of around 700 nm, many of the conduction-band
electrons in the gold nanoparticles absorb this photon energy
(1.77 eV), but the distribution of energy that occurs because of
SPR might lead to individual electrons exceeding the energy
associated with the Fermi level (hot electrons). Furube et al.
describe a scenario where the plasmon band of the excited
electrons in gold overlaps with an interband transition, which
would allow filled d-band electrons to be excited to higher
electronic states.” For our system (see the text above regarding
Figure 7),** such electrons would be capable of overcoming at
least a 1 eV barrier, directly injecting into the semiconductor.’
However, the probability, or the likelihood, that hot electrons
can pass through this barrier is still under investigation.*'~*
White et al. demonstrated that when the photon energy is
similar to the barrier height, only a small portion of the
electrons can pass through the barrier, but when the photon
energy is about twice the barrier height, about 54% of the
electrons can pass through the barrier.** Therefore, an
appropriate matching of the electronic energy levels between
the metal particle and the semiconductor enables the DET
process to contribute to hydrogen gas evolution. However, the
work function of gold is more positive than the conduction-
band edge; as a consequence, gold nanoparticles have the
capacity to act as cocatalysts and trap photogenerated electrons
from the semiconductor.'* This electron pathway is opposite to
that of DET, leading to a competition between DET and the
cocatalyst effect.

Two other proposed charge-transfer mechanisms are local
electromagnetic field enhancement (LEMF) and resonant
energy transfer (RET). The former involves the enhanced
electron—hole separation in the semiconductor due to the
strong electrical field created in the vicinity of the nanoparticles.
This mechanism can facilitate charge separation only for
energies above the band gap of the semiconductor.* The SPR
of metal nanoparticles can also transfer its energy to
semiconductor materials through RET, promoting the gen-
eration of electron—hole pairs. It is believed that RET is a
nonradiative process of the SPR-induced charge-transfer
mechanism. Additionally, direct contact between metal nano-
particles and semiconductor is not required, although this near-
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field RET effect is restricted by the distance between them.'""*

To optimize the SPR-mediated energy transfer, the SPR
wavelength from the metal nanoparticles must match the
energy levels of the semiconductor. In this study, the ability to
tune the absorptions of GS-NSs offers an opportunity to
optimize the coupling between the SPR of the nanoshells and
the band gap of the ZIS photocatalyst. In addition, the optical
scattering from our GS-NSs might also contribute to the
enhancement of the photocatalytic activity by increasing the
path length of light in the ZIS matrix.'"*

As shown in Figure 7a, the onset of the absorption of
undoped ZIS is ~550 nm, with negligible photocatalytic
hydrogen production below the band edge. The apparent
quantum yields of the three samples containing GS-NSs coated
with a 17 nm SiO, shell—GS-NS(500)@Si0,(17)@ZIS, GS-
NS(700)@Si0,(17) @ZIS, and GS-NS(900)@Si0,(17)@
ZIS—are all higher than that of the undoped ZIS at all
wavelengths measured (Figure 7b—d). The higher quantum
yields at wavelengths below 550 nm might be attributed to both
LEMF and RET. Note also that, at wavelengths above 550 nm
(ie, at energies below the band gap), enhancements at SPR
wavelengths were also observed. This increased photocatalytic
activity can happen only if the excited plasmonic resonant
energy was transferred to the ZIS semiconductor to drive the
water reduction for hydrogen evolution. As mentioned in the
previous paragraph, for energies below the band gap of ZIS, it is
most likely that RET mediates the energy transfer. For our
experiments, the absorption of the GS-NSs was systematically
varied from 500 to 900 nm; experimental parameters were
established with consideration of the overlap between the SPR
and ZIS band positions. With these experiments, we found that,
independent of the thickness of the SiO, interlayer, the GS-NSs
with SPR at 700 nm exhibited the highest photocatalytic
activity (see Figure 8b). This result suggests that better
coupling might exist between the GS-NS(700) core and the
surrounding ZIS. In addition, we also observed bending of the
ZIS band gap (Figure 7b—d) after incorporating GS-NSs within
the ZIS matrix, a phenomenon that might be attributed to the
SPR’s electric field inducing changes in the photocatalyst.*’
However, the influence upon the photocatalytic activity is still
obscure.

In parallel experimental work, we also varied the thickness of
the SiO, interlayers to provide a means of determining the
contributions of the charge-transfer mechanisms, as well as the
distance dependence of the RET. A comparison of the
composite particles with an ~17 nm SiO, interlayer to those
with an ~42 nm SiO, interlayer shows enhanced hydrogen
production for the particles with the thinner interlayer, as
shown in Figure 8b. It has been reported in the literature that
the range of the intensity of the SPR-generated electromagnetic
field is tens of nanometers from the metal core."* Our results
suggest that the threshold value of the SiO, thickness for our
particular metal nanostructures lies in the vicinity of ~40 nm
(ie., the limiting distance for the effectiveness of our SPR-
generated electromagnetic field). In the case of the samples
with no SiO, interlayer, the enhancement factors for three GS-
NS absorptions are between 1.3 and 1.8, lower than those of
the samples with a thinner SiO, interlayer (~17 nm) but higher
than those with the thicker SiO, interlayer (~42 nm). These
data indicate that a higher coupling is associated with a shorter
distance between the ZIS matrix and the GS-NSs. However, a
direct contact between ZIS and the GS-NSs suppresses the
electron—hole generation and separation, perhaps because of
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the cocatalyst effect (i.e., electron transfer from the semi-
conductor to the metal nanoparticles). Scheme 1 shows various

Scheme 1. Diagram of the Possible Transfer Mechanisms
within the GS-NS@SiO,@ZIS System

Photon
Conductlon band

=

\+) Valence band

Photon

B

Sio,

GS-NS

Photocatalyst

transfer mechanisms that can occur in our GS-NS@SiO,@ZIS
system. The SiO, interlayer blocks charge transfer associated
with both DET and the cocatalyst effect, whereas LEMF and
RET are the two primary charge-transfer mechanisms that can
contribute to an enhanced hydrogen production rate at energies
above and below the band gap of ZIS, respectively, even with a
SiO, interlayer present.

Bl CONCLUSIONS

Composite structures based on SiO,-coated GS-NS cores and
ZIS semiconductor shells were fabricated. The photocatalytic
activity for hydrogen production from water splitting for these
ZIS particles was shown to be adjustable by tuning the SPR
absorptions of the GS-NSs in the visible and near-IR region and
by introducing and modulating the thickness of the SiO,
interlayer between the embedded GS-NSs and the ZIS matrix.
The GS-NS(700)@Si0,(17)@ZIS particles exhibited the
highest hydrogen production rate of 0.131 + 0.03 L/m*h, an
amount that represented an enhancement of 2.6 times the rate
of the ZIS matrix alone. The presence of GS-NSs in the ZIS
matrix extended the absorption/scattering of the system to
longer wavelengths and increased the apparent quantum yields
to energies lower than the band gap of ZIS. Our experimental
findings demonstrate that (1) the coupling between the SPR of
the GS-NSs and the absorption of the ZIS photocatalyst and
(2) the presence and thickness of the SiO, interlayer separating
these two materials are two key parameters necessary to
optimize solar hydrogen production. As a consequence, this
study provides important information for the design of the next
generation of composite materials for hydrogen production
from water splitting.
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