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Abstract

ZnlnzS4 (Z1S) is a visible-light-driven photocatalyst with energy band gap of 2.4 eV. In our
previous work, we developed a microwave-assisted hydrothermal method to generate ZIS particles.
The gold-silver nanoshells (GS-NS) with tunable absorption were embedded in ZIS matrix for
plasmonic-enhanced photocatalytic hydrogen production. However, the coverage and thickness of
Z1S on GS-NS were not precisely controlled. If the crystallinity and coverage of ZIS can be
improved and the ZIS shell thickness can be tuned, we can find out the key factors that affect
hydrogen production efficiency. In this work, we specifically focused on improving the coverage
and crystallinity of ZIS shells synthesized using microwave-assisted hydrothermal method by pH
control in ethanol. The modification on SiO2 nanoparticle surfaces was also critical to generate a
homogeneous ZIS coverage. The results showed that SiO2@ZIS has the better coverage and
crystallinity synthesized in the ethanol solution under a lower pH condition with surface
modification. Thickness of ZIS shell could easily be controlled by adding different concentration
of ZIS precursor. SiO2@ZIS synthesized in ethanol at pH 1 showed the best coverage and
crystallinity, perhaps due to the faster decomposition rate of thioacetamide in ethanol. In a parallel
experiment, AgInS2-ZnS solid solutions (AIZS) were deposited onto the SiO2 surface. AIZS is
known for its controllable band gap (from 1.8 to 3.6 eV) by changing the chemical compositions.
The effects of different synthesis temperatures from 200 °C to 240 °C were investigated.
Oleylamine and 1-dodecanthiol were used as solvent and surfactants, respectively. The electrolyte
for hydrogen production experiments was the mixture of 220 mL de-ionized water containing 0.35
M Naz2S and 0.25 M K2SOs. It was found that homogeneous AIZS nanoparticles were generated
at a higher temperature, leading to a higher coverage on SiO2 surface. Hydrogen evolution rate can
reach 100 pmol/h*g when SiO2@AIZS was synthesized at 240 °C.
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Introduction

Energy has always been a key element for human civilization and development. It can be justified
by the different forms of energies in stages of human evolution. In the twenty-first century,
environmental problems are emerging and climate change issues are becoming more and more
important. Of the current alternative energy sources, hydrogen is the most important because it is
a clean source that converts sustainable solar energy to hydrogen, and only generates energy and
water after using.} In contrast to metal oxides, the metal sulfides are potential materials as
photocatalysts with suitable energy gap and visible-light activity.*’ For example, ternary sulfide
Znln2S4, (Z1S) which is synthesized by a facile microwave hydrothermal method, is treated as an
efficient visible-light-driven photocatalyst®1°,

Unfortunately, most photocatalyst materials suffer from fast recombination Kinetics, which
decreases hydrogen production. Core-shell structure with surface plasmon resonance (SPR)
properties can mitigate the problem. The SPR enhances the electric field close to the metal surface
and absorb light.?2* In our previous work, we developed a facile strategy to generate ZIS particles
on top of gold-silver nanoshells (GS-NS). The unique gold-silver nanoshells (GS-NS) with tunable
absorption that were embedded in ZIS matrix demonstrated that the coupling between the SPR of
the GS-NSs and the absorption of the ZIS photocatalyst were the key parameters to optimize solar
hydrogen production.'” However, the coverage and thickness of metal sulfide photocatalyst on GS-
NS were not precisely controlled. In this work, we focused on preparing SiO2 core-metal sulfide
shell nanoparticles with tunable thickness of photocatalyst. We also focused on better coverage
and crystallinity of SiO@metal sulfide nanoparticles for future SPR studies and hydrogen
production.

In the first part of this research, ZIS was used as the model photocatalyst. ZIS shells were
synthesized using different solvents. Some papers describ the synthesis of ZIS in different
solutions, such as water, methanol and ethanol, etc.?® The results showed that ZIS synthesized in
water exhibits a better crystallinity and a higher hydrogen production. But none of these papers
mentioned about the coverage of ZIS coating onto other materials. In our work, a better coverage
of ZIS onto SiO2 was obtained in ethanol. Unfortunately, the poor crystallinity limited the
hydrogen production. In water, ZIS synthesized at lower pH would promote the crystallinity and
hydrogen production.?6-2 pH control in ethanol is a facile and novel method to synthesize ZIS onto
SiO2. Separately, AgInSz-ZnS (AIZS) solid solution was investigated. Since AIZS solid solution
can easily tune the energy band gap, we attempt to prepare a series of photocatalyst shells with
different absorptions. Using the hot injection method, various synthesis temperatures were
employed in this research. We found that higher temperature could lead to more AIZS
nanoparticles synthesizing and cause better coverage. As the results, we found the highest
hydrogen generation efficiency was measured at 240 °C synthesis.

Experiments
Preparation of modified silicon dioxide (SiO2) nanoparticles.

The preparation of silica followed the Stéber’s method? *°, 200 mL ethanol and 18 mL ammonium
hydroxide were added to the round bottom flask under stirring for 5 min. 6.8 mL
tetraethylorthosilicate was then added in the stock and maintain at 30 °C. The mixture was further
stirred overnight. In order to modify the surface of SiO2 nanoparticles, 250 uL 3-mercaptopropyl
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trimethoxysilane (MPS) was added into the mixture and stirred at 30 °C for 6 hr. Finally, the
solution was refluxed at 88 °C for 1 hr. The mixture was then centrifuged at 2500 rpm for 1 hr to
remove excess MPS. The precipitates were collected and re-dispersed into 50 mL absolute ethanol.
The modified SiOz2 particles were dried in the oven, the weight of the particles was measured, and
ethanol was added to prepare SiO2 solution with fixed particle concentration (0.1 g SiO2@MPS in
5 mL ethanol solution).

Preparation of SIO.@MPS@ZIS composite structure.

In preparing bare ZIS particles, zinc nitrate hexahydrate (0.3 mmol), Indium (111) nitrate hydrate
(0.6 mmol), and thioacetamide (2.4 mmol) were dissolved in 15 mL de-ionized (DI) water or
absolute ethanol solution under vigorous stirring for 10 min.  The solution was then poured into
a 30 mL quartz vial. 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 10 min.  The resulting particles were rinsed thoroughly with DI water several times, and
they were then dried in an oven at 80 °C for 12 h. For the synthesis of SiO2@MPS@ZIS
nanoparticles, 5mL SiO2@MPS in ethanol was re-dispersed in 10 ml ethanol solution using
ultrasonic vibration. If synthesized in water is needed, dried 5 ml SiO2@MPS ethanol solution (0.1
g SiO2@MPS) was added 15 ml water. Zinc nitrate hexahydrate (0.3 mmol) and Indium (I11) nitrate
hydrate (0.6 mmol) were dissolved under a vigorous stirring for 10 min, which was then added
with thioacetamide (2.4 mmol) and stirred 2 min. Certain amount of HCI into solution was added
if pH control is needed. The reaction was carried out in a microwave oven at 120 °C for 10 min.
The as-prepared SiO2@MPS@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 hours
to remove excess water.

Preparation of SiO.@MPS@AIZS core-shell nanostructure.

0.03 g SiO2@MPS was added into a two-neck flask. Silver acetate (0.25 mmol), zinc acetate (0.5
mmol), indium acetate (0.25 mmol) and thiourea (1 mmol) were then pour into the flask.
Oleylamine (OLA) and 1-dodecanethiol (DDT) were added into the stock as the solvent and
surfactant, respectively. The solution was stirred until all precursors were dissolved. The solution
was heated from 200 °C to 240 °C for 10 min. The SiO2@MPS@AIZS nanoparticles were collected
by centrifugation and washed by toluene, isopropanol for one time and methanol for several times.
Finally, powders were placed into an oven at 80 °C for 12h to remove excess solvent.

Photocatalytic Hydrogen Evolution

The photocatalytic reaction of hydrogen production was carried out in a 300 mL custom-built two-
neck cylindrical glass cell with a quartz side window. The illumination area is 27.733 cm?. The
sacrificial agent was prepared by adding potassium sulfite (0.25 mol/L) and sodium sulfide (0.35
mol/L) in 220 mL DI water. 0.03 g of prepared ZIS or SiO2@MPS@ZIS particles were dispersed
in the sacrificial solution and 1 wt% dihydrogen hexachloroplatinate (IVV) hexahydrate was then
added. The reactor was then connected to cold traps to prevent steam from coming into the GC
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column. The system was operated at low pressure with gas circulation pump. Finally, the
photocatalytic reactor was irradiated by a 300 W Xe lamp. The intensity was set at 100 mW/cm?
(measured by an optical meter (Newport 1918-R)). The temperature was kept at 25 °C during
the reaction and hydrogen gas was collected with online GC system. The evolved gas was analyzed
using a China 8700F gas chromatography.

Characterizations.

Extinction spectra were obtained using a UV-visible Spectrophotometer (Jasco V-670) over the
wavelength from 400 to 700 nm. Nanoparticles were dispersed in DI water or ethanol and
measured using Dynamic Light Scattering (Malvern Nano-ZS9). Crystal structures were measured
using an X-Ray Diffractometer (Brucker KAAPA APEX II). Cu Ka light source was used, in
coupled with Ni filter. The scan rate was set at 3 °/min in the range of 10-80°. Transmission
Electron Microscope (TEM; JEOL-JEM2000) and high resolution Transmission Electron
Microscope (HRTEM; JEOL-JEM2100) were used to observe the morphologies of the
nanoparticles. The TEM was operated at an accelerating voltage of 200 kV. Inductively coupled
plasma-mass spectrometer (ICP-MS; Japan Agilent 7500ce) was used to detect the molar ratio of
elements, and Fourier Transform Infrared Spectroscopy (FTIR; Perkin-Elmer Instruments LLC,
Shelton, CT) to measure the complex compound of thioacetamide with metal ions.

Results and Discussion

SiO2 nanoparticles

The synthesized SiO2 nanoparticles were first analyzed by TEM to determine the size distribution
and morphology. As illustrated in Figure 1, the average particle size of the silica nanoparticles was
177 = 26 nm. In this work, silica nanoparticles were used as the model system to study the ZIS
coating. Note that the surface properties of GS-NS@SiO:z is the same as those of SiO2 nanoparticles.
Additionally, our previous work showed that the diameter of SiO2 core is nearly the same as GS-
NS@Si0..Y’

Figure 1. TEM images of silica
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To modify the surface of SiO2, 3-mercaptopropyl trimethoxysilane (MPS) was used.’*® The
morphology of silica without and with modification is shown in Figure 2(a) and (b), respectively.
Figure 3 shows the XPS spectra of two samples. For silica with modification, a weak S 2p peak at
binding energy = 162-163 eV appeared, belonging —SH function group of the SiO.@MPS.

[ Mag: 200000/ HV. 200

Figure 2. TEM images of (a) SiO2 (b) SiO.@MPS

(a)— SiO, with MPS
(b)—siO,
S2p

(a)

(b)

Intensity (a.u.)

158 160 162 164 166 168
Binding energy (eV)

Figure 3. XPS patterns of SiO; and SiO,@MPS.

The ZIS shells were deposited on SiO2 and SiO.@MPS in water using low ZIS precursor
concentration. Figure 4(a) shows that SiO2 without modification experiences ZIS aggregation and
rough morphology. Instead, SiO2@MPS with surface modification exhibits homogeneous
coverage, as shown in Figure 4(b). The results suggest that the ZIS precursors prefer to absorb on
the thiol group. However, if we increase the ZIS precursor concentration, ZIS cannot
homogeneously grow onto SiO2 core, as shown in Figure 5. Throughout this report, SiO2
nanoparticles with the surface modification were used for the photocatalyst coating. It is important
to control the coverage , as well as the crystallinity, for enhanced hydrogen production. In this
study, in order to obtain a more efficient photocatalytic catalyst, we use ethanol and HCI to adjust
the solution condition to synthesize core—shell SiO2@MPS@ZIS composites with a better
coverage and crystallinity 2628,
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Figure 4. TEM images of (2)SiO.@ZIS (b)SiO,@MPS@ZIS with low ZIS concentration synthesized in
water.

Figure 5. TEM images of SiO.@MPS@ZIS with normal ZIS concentration synthesized in water.

Core—shell photocatalysts synthesized in water and ethanol.

XRD and TEM were used to detect the crystallinity and coverage of SiO2@MPS@ZIS
synthesized in water and ethanol. 15H denotes SiO2@MPS@ZIS synthesized in 15 mL water, and
15E denotes particles synthesized in 15 mL ethanol. A better crystalline ZIS core-shell particles
synthesized in water were obtained, as judged by the XRD peak intensities, shown in Figure 6.
Note that ZIS shell shows the hexagonal phase (JCPDS: 65-2023). On the other hand, Figure 7
indicates that SIO2@MPS@ZIS synthesized in water appeared aggregate, as compared to the ones
synthesized in ethanol. Our goal in this study is to enhance the coverage of ZIS coating onto SiO2
core. Although SiO2@ZIS synthesized in ethanol exhibits a good coverage, lower crystallinity
would limit the hydrogen production. As a consequence, the pH value was adjusted by adding HCI
in ethanol.
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(a) si0,@MPS@2!s 15H|
(b)—— Si0,@MPS@ZIS 15E
I scPos:65-2023

Intensity (a.u.)
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10 20 30 40 50 60 70 80
20 (degree)

Figure 6. XRD patterns of SiO.@MPS@ZIS (a)15H (b)15E sample.

iy
Mag: 100000x / HV: 200 kV| % 7 Mag: 100000x / HV: 200 kV/

Figure 7. TEM images of SiO.@MPS@ZIS (a) 15H (b)15E sample.

Core—Shell Photocatalysts synthesized in ethanol with pH control

As mentioned in the previous section, SiO2@MPS@ZIS core-shell particles exhibits a better
surface coverage. In this section, the effects of pH control were investigated. First, HR-TEM and
XRD were used to observe the crystal structure, surface morphology, and composition of the core-
shell particles synthesized in ethanol with pH = 1. Figure 8(a) shows the TEM image of individual
core-shell particle, HR-TEM of lattice analysis, and XRD patterns. Along with Figure 8(b), the
line scan and compositional analysis, these data all demonstrated that the materials grown onto
SiO2@MPSis indeed ZIS.
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The pH of the precursors cannot be precisely controlled by adding HCI in ethanol. Several amounts
of HCI were added to study the properties of core-shell particles synthesized in the presence of
HCI. The samples were denoted as the following: 15E pH=1.4 is 20 uL HCI; 15E pH=1.2 is 50 uL
HCI, and 15E pH=1 is 100uL. HCI. When the pH value is lower than 1 in ethanol, ZIS cannot be
successfully synthesized. Figure 9 is the XRD patterns of the samples prepared in water and
various ethanol solutions. The patterns indicate that the ZIS crystallinity increases with the amount
of HCI. The crystal size can be estimated using Scherrer equation. The crystal sizes of these
samples was listed in Table 1. It can be found that that SiO.@MPS@ZIS synthesized in ethanol
with lower pH value has a larger crystal size.

Table 1. The mean size of SiO,@MPS@ZIS d(102) crystalline size (a)15H (b)15E (c)15E pH=1.4 (d)15E pH=1.2

(e)15E pH=1
Si0,@MPS@ZIS 15H 15E 15E pH=1.4 15E pH=1.2 15E pH=1
The mean size of d(102) 5.05 2.89 3.85 4.63 5.51
crystalline (nm)
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—Si0,@MPS@ZIS 15E pH=1
JCPDS: 65-2023
d(ooe) 9(102) d(110)

d(108)  d(116)

d(022)

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)

Electron Image 1

Figure 8. (a)lattice analysis and XRD pattern (b)line scan of SiO,@MPS@ZIS synthesized in ethanol solution.
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(a) Si0,@MPS@ZIS 15H

(b) —— Si0,@MPS@ZIS 15E

(c) Si0,@MPS@2ZIS 15E pH=1.4
(d) ——sio,@MPS@2zIS 15E pH=1.2
(e) Si0,@MPS@2ZIS 14E pH=1.0

I JcPDs:65-2023

(c
(d)
(e)

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)

Figure 9. XRD patterns of SiO.@MPS@ZIS (a)15H (b)15E (c)15E pH=1.4 (d)15E pH=1.2 (e)15E pH=1

Figure 10 shows the TEM images of SiO2@MPS@ZIS of the samples 15E, 15E pH=1.4, 15E
pH=1.2 and 15E pH=1. From these images, ZIS grew homogeneously onto the SiO2 surfaces. If
we closely examine the particles, particles synthesized at lower pH show plate-like surface
morphology. Nevertheless, particles synthesized in ethanol with pH control have better coverage
than those synthesized in water solution, as shown in Figure 5 and Figure 7 (a). DLS and TEM
images were also used to determine the thickness of ZIS shell onto SiO2. It was found that the
thickness varied from 17 nm (pH 1.4) to 27 nm (pH 1). Lower pH precursor solutions lead to
thicker ZIS coverage.

Higher nH Lower nH

15E 15E pH=1.4 15E pH=1.2 15E pH=1

SiO_@MPS@ZIS synthesized in ethanol solution with pH control

Figure 10. TEM images of SiO.@MPS@ZIS 15E, 15E pH=1.4, 15E pH=1.2, 15E pH=1
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FTIR was employed to study the solution chemistry during the ZIS reaction process. Here,
ZIS precursors in water and ethanol with SiO2@MPS were detected by FTIR. The spectra were
recorded before precipitation, i.e. the properties of the precursors in these two solvents can be
examined. It is observed that, shown in Figure 11, two additional peaks, located at 1320 cm™ -
1645 cm, appeared for the ethanol solution. It was reported in the literature that zinc generates
complex compound with thioacetamide with the FTIR peak at 1645 cm™.3® The peak at 1320
cm could be attributed to the complex between indium and thioacetamide. However, the evidence
cannot be found in the literature. Nevertheless, the FTIR spectra supports our assertion that in
ethanol, the complex can be generated before microwave-assisted hydrothermal process. During
hydrothermal process, ZIS grows slowly onto the SiO2 surface, due to higher viscosity of ethanol.

(a) —— 15H SIiO,@MPS with ZIS precursor

(b) — 15E SiO,@MPS$S with ZIS precursor

Transmittance (a.u.)

1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Figure 11. FTIR spectrum of SiO.@MPS with ZIS precursor in (a) water (b) ethanol solution

Energy band gap is also an important factor for photocatalytic hydrogen production. Figure
12 reveals energy band gap of Si0.@MPS@ZIS synthesized in water and ethanol with pH control.
The absorption of all the samples lie in the visible light region. The values of energy band gap
among all samples are quite different, however. 15H is estimated to be 2.14 eV and 15E is 2.48 eV.
The energy band gap decreases slowly with a decrease in pH. 15E pH=1.4is 2.61 eV, 15E pH=1.2
is 2.32 eV and 15E pH=1 is 2.3 eV. ICP-MS was used to determine the compositions, or the
molar ratio of zinc, indium and sulfide. As shown in Table 2, the molar ratio of zinc, indium and
sulfide for all the samples are different. More importantly, the ratios between ZIS and SiO: are
different. Note that ZIS grows faster in water. The result again supports our assertion that the higher
viscosity of ethanol and complex formed between Zn, In, and thioacetamide reduce the ZIS
reaction rate.

11
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(a) Si0,@MPS@ZIS 15H

— (b) —— Si0,@MPS@ZIS 15E

S (©) Si0,@MPS@ZIS 15E pH=1.4

8 (d) —— Si0,@MPS@2ZIS 15E pH=1.2

- (e) — Si0,@MPS@ZIS 15E pH=1
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=

]
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400 ) 5('10 ) 6('10 ) 7(.10
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Figure 12. UV spectrums of SiO.@MPS@ZIS (a)15H (b)15E (c)15E pH=1.4 (d)15E pH=1.2 (e)15E
pH=1

Table 2. the ICP-MS measurement data of SiO.@MPS@ZI1S with 50 mg sample.

ICP-MS measurement with 50 mg of sample

Si0,@MPS@ZIS
15H
Si0,[@MPS@ZIS 1 1.49 3.31 0.54 0.46
I5E
Si0, @MPS@ZIS 1 3.44 5.90 0.24 0.34
15E pH=1

Properties of Photocatalytic H2 Evolution.

Figure 13 shows the photocatalytic hydrogen evolution rates of the samples synthesized in
water and ethanol. The H2 evolution rate of bare ZIS was also plotted on the same figure. Two
major findings can be observed from this figure. 1. ZIS coated onto SiO2@MPS in water offers
larger surface area, leading to a higher hydrogen production rate. 2. Although core-shell particles
synthesized in absolute ethanol possess lower hydrogen evolution rate, as compared to those
synthesized in water, particles synthesized at lower pH in ethanol exhibit a higher rate. Note also

12
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that the hydrogen evolution rate of 15E pH=1 is higher than the sample synthesized in water. Shell
thickness of ZIS in ethanol is also shown in Figure 13.

[=2]
o

700

Si0,@MPS@2ZIS
600 +

L}
(21
o

499

500 +

L]
F-N
o

400 4

300 4

v
N
o

200 4

ZIS shell thickness (nm)

100 4

o
[
)

o

Only 154 15E 15E 15E  15E
zIs pH=1.4 pH=1.2 pH=1

Hydrogen Evolution Rate pmol/hr*g

Figure 13. Photocatalytic hydrogen evolution rate of pure ZIS synthesized in water solution and
Si0O,@MPS@ZIS 15H, 15E, 15E pH=1.4, 15E pH=1.2, 15E pH=1 with ZIS shell thickness.

We speculate that the hydrogen evolution rate of SiO.@MPS@ZIS is associated with the
crystallinity. To confirm this assertion, the hydrogen production rate was first normalized by the
weight of ZIS, as opposed to the total weight of photocatalyst (including SiO2@MPS). The ratio
of ZIS/SiO2 was estimated using the data in Table 2, and the H2 evolution rates were calculated
accordingly. We could see that SiO.@MPS@ZIS 15E pH=1 have the least amount of ZIS.
Additionally, ZIS/Si02 for15H and 15E are nearly the same. The recalculated Hz production rate
per g of ZIS are 1000, 165, and 1467 umol/h gzis, for 15H, 15E, and 15E pH=1, respectively.
According to XRD pattern of Figure 9 and hydrogen evolution rate of Figure 13, we could
conclude that a better crystalline ZIS shows a better photocatalytic activity.

Next, we explored the possibility to change the thickness of ZIS shell. Here, the concentration
of the precursor was changed to control the shell thickness. 2xZIS means double the concentration
of ZIS precursor adding to the solution before hydrothermal process, and 3xZIS means three times.
Figure 14 shows TEM images of Si0:@MPS@ZIS 15E pH=1 synthesized in different precursors.
It is observed that the thickness of ZIS increases with the concentration of ZIS precursor, while
maintaining the crystallinity (Figure 15) and absorption (Figure 16) the same. Hydrogen evolution
rate experiment was also carried out, as shown in Figure 17. SiO2@MPS@ZIS 15E pH=1 has the
best hydrogen evolution rate. When the concentration of ZIS precursor increased to three times,

13
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the hydrogen evolution rate decreased. It might be due to the over coating of ZIS onto SiO2@MPS,
which might decrease the surface area and absorption of ZIS.

Figure 14. TEM images of SiO.@MPS@(2)ZIS (b)2xZIS (c)3xZIS 15E pH=1

(@ SI0,@MPS@2IS 15E pH=1

(b) —— SI0,@MPS@2xZIS 15E pH=1
(©) Si0,@MPS@3xZIS 15E pH=1
JCPDS:65-2023

(c)

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)

Figure 15. XRD patterns of SiO,@MPS@Z1S/2xZ1S/3xZIS 15E pH=1
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Figure 16. UV spectrums of SiO,@MPS@ZI1S/2xZ1S/3xZIS 15E pH=1
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Figure 17. Photocatalytic hydrogen evolution rate and ZIS shell thickness of SiO.@MPS@ZIS /2xZ1S/3xZIS 15E
pH=1

The stability of our SiO2@MPS@ZIS core-shell particles was also evaluated. Figure 18
shows the photocatalytic hydrogen evolution measurements of SiO.@MPS@ZIS 15E pH=1,
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repeated for 4 times. It indicates that after four cycles, the SiO2.@MPS@ZIS 15E pH=1 sample still

retained its photocatalytic activity.
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Figure 18. Stability of SiO,@MPS@ZIS 15E pH=1 with four cycle of hydrogen evolution measurement.

MPS modification on SiO; for AIZS coating

In our previous research, MPS modification can increase the coverage of ZIS coating on SiO2
surface. Here, the same strategy was applied for AIZS synthesis. Figure 19 shows TEM images of
the morphologies of SiO2@AIZS core-shell nanoparticles with (Figure 19(a)) and without (Figure
19(b)) the MPS surface modification. From these figures, AIZS nanoparticles can attach on silica
surface more tightly with MPS modification. In contrast, without MPS modification, AIZS
nanoparticles just dispersed near silica and generated aggregates (Figure 19(b)).

200nm

500nm

Figure 19. TEM images of AIZS on the silica (a)with (b)without modification
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Various synthesis temperatures

Figure 20 shows TEM images of SiO2@MPS@AIZS core-shell particles synthesized at various
temperatures, from 200-240 °C. Our previous research on ZnIn2Sa indicates that the coverage and
crystallinity are critical to the hydrogen generation. Thus, homogeneous AIZS coating on SiO2
with better crystallinity was sought. From TEM images (Figure 20), AIZS coverage is obviously
different at various synthesis temperatures. Based on the TEM images, particles synthesized at 240
°C is the best.

Figure 20. TEM images of different SiO.@AIZS synthesis temperature (a) 240 °C (b) 230 °C (c) 220 °C (d) 210 °C
(e) 200 °C

XRD patterns were recorded and shown in Figure 21. It is evident that the peak intensities
increased with synthesis temperature. Nevertheless, two sets of three characteristic peaks between
25-30 degree and 45-55 degree were observed. These six peaks represented the existence of the
solid solutions containing AgInS2 and ZnS.
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Figure 21. XRD patterns of SiO,@AIZS synthesized at 200-240 °C

Hydrogen production using SiO2@AIZS core-shell particles

Figure 22 shows the photocatalytic hydrogen evolution rate of SiO2@AIZS synthesized at 200-240
°C. The highest hydrogen evolution rate, 103 umol/h*g, was obtained for the sample synthesized
at 240 °C. The hydrogen generation rate of SiO2@AIZS synthesized at 210-230 °C was similar.
We suspected that the coverage did not differ much in this temperature interval. The lowest rate
occurred for the particles synthesized at 200 °C, perhaps due to the worst coverage. These results
coincide with the TEM images.

100 <

111,

240 °C 230 *C 220 °C 210 °C 00 °C

Hydroegen Evolution Rate (umolih*g)

20 <

Figure 22. Photocatalytic hydrogen evolution rate of SiO,@AIZS synthesized at 200-240 °C

18

DISTRIBUTION A: Approved for public release, distribution unlimited



Professor T. Randall Lee Professor Tai-Chou Lee
University of Houston National Central University

List of Publications and Significant Collaborations

Publications

Lin, P.-C.; Wang, P.-Y.; Li, Y.-Y.; Hua, C. C.; Lee, T.-C., Enhanced Photocatalytic Hydrogen
Production over In-rich (Ag-In-Zn)S Particles. Int. J. Hydrogen Energy 2013, 38, 8254-8262.
(AFOSR/AOARD: FA2386-11-1-4081)

Lee, F.-Y.; Yang, K.-Y.; Wang, Y.-C.; Li, C.-H.; Lee, T. R.; Lee, T.-C., Electrochemical
Properties of an AgInS2 Photoanode Prepared Using Ultrasonic-assisted Chemical Bath
Deposition. RSC Adv. 2014, 4, 35215-35223. (AFOSR/AOARD: FA2386-13-1-4032)

Li, C.-H.; Jamison, A. C.; Rittikulsittichal, S.; Lee, T.-C.; Lee, T. R., In Situ Growth of Hollow
Gold-Silver Nanoshells within Porous Silica Offers Tunable Plasmonic Extinctions and
Enhanced Colloidal Stability. ACS Appl. Mater. Interfaces 2014, 6, 19943-19950.
(AFOSR/AOARD: FA2386-13-1-4032)

Zhao, F.; Zeng, J; Arnob, M. M. P.; Sun, P.; Qi, J.; Motwani, P.; Gheewala, M.; Li; Paterson,
A.; Strych, U.; Raja, B.; Willson, R. C.; Wolfe, J. C.; Lee, T. R.; Shih, W.-C., Monolithic NPG
Nanoparticles with Large Surface Area, Tunable Plasmonics, and High-Density Internal Hot-
Spots. Nanoscale 2014, 6, 8199-8207. (AFOSR/AOARD: FA2386-13-1-4032)

Li, C.-H.; Li, M.-C.; Jamison, A. C,; Liu, S.-P.; Lee, T. R.; Lee, T.-C., Plasmonically Enhanced
Photocatalytic Hydrogen Production from Water: The Critical Role of Tunable Surface
Plasmon Resonance from Gold-Silver Nanoshells. ACS Appl. Mater. Interfaces 2016, 8, 9152-
9161. (AFOSR/AOARD: FA2386-14-1-4074 and FA2386-15-1-4101)

Bryan, W. W.; Jamison, A. C.; Chinwangso, P.; Rittikulsittichai, S.;Lee, T—C.; Lee, T. R,,
Preparation of THPC-Generated Silver, Platinum, and Palladium Nanoparticles and Their Use
in the Synthesis of Ag, Pt, Pd, and Pt/Ag Nanoshells. RSC Adv. 2016, 6, 68150-68159.
(AFOSR/AOARD: FA2386-15-1-4101)

Shakiba, A.; Shah, S.; Jamison, A. C.; Rusakova, I.; Lee, T. -C.; Lee. T. R., Silver-Free Gold
Nanocages with Near Infrared Extinctions. ACS Omega, 2016, 1, 456-463. (AFOSR/AOARD
FA2386-15-1-4101 and DURIP FA9550-15-1-0374)

Park, H. H.; Srisombat, L.-o0.; Jamison, A. C.; Liu, T.; Marquez, M. D.; Park, H.; Lee, S.; Lee,
T.-C.; Lee, T. R., Temperature-Responsive Hydrogel-Coated Gold Nanoshells. Gels 2018, 4,
28. (AFOSR/AOARD FA2386-16-1-4067 and FA2386-17-1-4028)

Khantamat, O.; Li, C.-H.; Liu, S.-P.; Liu, T.; Lee, H. J.; Zenasni, O.; Lee, T.-C.; Cai, C.;
Lee, T. R., Broadening the Photoresponsive Activity of Anatase TiO2 Particles via
Decoration with Partial Gold Shells. J. Colloid Interface Sci. 2018, 513, 715-725.
(AFOSR/AOARD FA2386-16-1-4067)

Presentations

T.-C. Lee (2011, Sep). 14th Asian Chemical Congress 2011, Bangkok, Thailand.

19
DISTRIBUTION A: Approved for public release, distribution unlimited



Professor T. Randall Lee Professor Tai-Chou Lee
University of Houston National Central University

T.-C. Lee (2012, May). Invited talk: National Chiao Tung University, Hsinchu, Taiwan.
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T.R. Lee (Oct. 17, 2015). Hosted Dr. Christopher Bunker and Mr. Donald Minus at the
Houston Energy Day Festival http://energydayfestival.org/, Houston, TX. T. R. Lee (Apr. 15,
2016).

T. R. Lee (Apr. 15, 2016). Held preliminary discussions with Dr. Dennis Butcher about
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Student exchange, Po-Chang Lin (Jul. 2013) visited UH
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