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1. Introduction

The development of light-driven catalytic materials is a key enabling technology to
facilitate the synthesis of energy-dense hydrocarbons through the solar-driven
reduction of carbon dioxide (CO:2) and hydrogen (Hz).! Metal plasmonic
nanomaterials are ideal candidates to harness captured solar energy to power
catalytic reactions due to their exceptionally high extinction coefficient and
recently discovered plasmon-energy coupling capabilities. By synthesizing
catalytically active energy-tuned metal nanoparticles, solar energy can be used to
enhance select reactions.? In this report, the preliminary results on synthesis and
catalytic activity of a multishell material consisting of a gold nanorod (AuNR) core
with subsequent layers of reduced graphene oxide (rGO) and titanium dioxide
(Ti0O2), as well as cuprous oxide (Cu20) nanocompositions, will be introduced

To date, a photoelectrocatalytic approach has been proposed as a green and
moderate approach to efficient CO2 resource utilization. It combines the merits of
both electrocatalysis and photocatalysis, accelerates the photogenerated electrons
for directional migration, and eventually improves the reduction efficiency.
However, the CO: catalytic efficiency is still low due to the limited light absorption
of semiconductors and high CO: activation energy. Therefore, an outstanding
photoelectrocatalytic interface for CO: reduction must be a multifunctional
integrated system in which light harvesting, photoinduced charge separation, and
COz2 activation are synergistically combined. In this work, the photoinduced
charged separation is driven by a generated plasmonic field within the noble-metal
(NM) core. In NM nanostructures, nonradiative decay can occur through intraband
excitations within the conduction band or through interband excitations resulting
from transitions between other orbital bands (for example, d bands) and the
conduction band. In plasmonic energy conversion, electrons from occupied energy
levels are excited above the Fermi energy. Hot electrons can be injected into a
semiconductor by forming a Schottky barrier (®s) with the plasmonic
nanostructure. Hot electrons with energies high enough to overcome the Schottky
barrier are injected into the conduction band E. of the neighboring semiconductor.
In plasmonic reactions the two main interactions involve improved photoreaction
of the localized surface plasmon resonance (LSPR) and the activation of a lower
Schottky barrier. LSPR is described as the collective oscillation of free electrons
induced by incident light inside NMs. When the frequency of incident light matches
the natural frequency of free electrons oscillating against the restoring force of
positive nuclei, the oscillation amplitude reaches a maximum. The resonant photon
wavelength is called the LSPR wavelength, which is frequency selective for
different NMs and is tunable by varying the size and shape of NMs. The formation



of a Schottky barrier at the NM-to-molecular oxide (MO) interface is highly
dependent on the work function of the NM (®wm) and the electron affinity of MO
(Xsm). Normally, the value of NM (®w) is larger than that of Xsm (energy difference
between the minimum conduction band and vacuum [Vac] energy).

It is believed that a strong coupling by charge transfer and local electron fields are
possible between gold nanoparticles (AuNP) and graphene. The role of graphene is
to enhance electron transfer from AuNPs, driving its hydrogen evolution reaction
(HER) performance. Here, we applied Cu20 to rGO-AuNR to enhance HER
performance in the near infrared (NIR) frequency, where we can expect HER
performance enhancement to occur under direct exposure to sunlight. Additional
reports have noted that the photocatalytic efficiency is limited by the fast
recombination of the photogenerated charge carriers. To obtain long-lived charge
separation, one-dimensional heterostructures have emerged as one of the ideal
materials due to their quantum confinement in radial dimensions.? To harness these
phenomena, the structure schematically represented in Fig. 1 will be developed
through synthetic method and reported in this report. The enhancement over the
state of the art in this structure is the development of Au-based nanorods versus the
academically reported silver (Ag) molecular templates.

Photoanode
Visible light ‘~. 7O,

v

‘
s v
[

"~ Photocathode

AuNR-nGO-TiO, dumbbell
H,

Fig.1  Target construct for multifunctional synergistic plasmonic catalyst, where core is
AuNR and surface treatments include nano-sized graphene oxide (nGO) and TiO: localized
domains to form the site-selective dumbbell-shaped catalyst

In the case of previously reported Ag-rGO-TiO2, there remains uncertainty
regarding the photocatalytic reaction mechanism with suggestions that hot
electrons are generated at TiO2 and move to rGO and Ag.* However, Lang et al.’



reported hot electrons are generated at Ag that moved in reverse of the proposed
mechanism. In the change of nanorod to Au, a mechanism for AuNR-TiO: yolk-
shell is proposed, which aligns to Lang’s reaction pathway. Hot electrons induced
by light migrate from the AuNR to the TiO2 conduction band, leaving positive
charges on the AuNR core. This charge separation results in the simultaneous
occurrence of oxidation and reduction reactions at different sites. Substrates
(electron donor) are oxidized on the surface of AuNR cores by concentrated
positive charges while electrons are consumed by the reduction of Oz (electron
acceptor) on the semiconductor surfaces.?

Li et al.® conducted an experiment to verify the transfer of electrons from the AuNR
surface to the contiguous TiO: shell. Ag" (from AgNO3) was used as a probe ion
and sodium citrate as a positive charge scavenger. As suggested in Fig. 2, Ag
particles would form on the TiOz shell where electrons are accumulated, indicating
the flow direction of electrons. Positive charges were consumed by sodium citrate.
It is apparent that Ag particles indeed only form on the TiO2 shell and not upon the
AuNR core, which supports the proposed mechanistic theory.

Ag
o
In Visible light e eTio
QA @E' \ ze, g+
(QQ e X5
N o - f:—"l e’®
s T
(= - P,\)H =
RS .
TIOR &
Ag+ . oo
e 4Ny
cr
@ (7] e : hot electron

Fig.2  Plasmonic reaction mechanism proving concept that multiple functional synergistic
plasmonic catalyst excitation occurs with visible and ultraviolet light as stimuli



Si et al.® reported that in AuNR/TiO2 nano-dumbbells, the dominant electron
transfer direction was from TiO2 nanoparticles to AuNRs under sunlight irradiation,
and AuNR/TiO2 nano-dumbbell photocatalysts could act as an effective
photocatalyst for H> generation from water even without an electron donor due to
the efficient charge separation and spatial separation of reduction and oxidation
reaction sites.

In this report, a theoretically optimum, multifunctional, synergistic, photoelectron
catalyst has been proposed as shown in Fig. 1. In this optimum catalyst, graphene
(nGO) takes on the role of an efficient electron acceptor, enhances electron
mobility, and protects AuNR during the catalytic reaction (especially at high
temperature and in strong chemical environments). TiO: participates as an
inexpensive robust catalyst offering high stability with its high bandgap and when
it combines with graphene on an AuNR, synergistic plasmonic reactions can be
accomplished. Although AuNRs are well-known plasmonic catalysts in visible
light, they are unstable in the photocatalytic reaction. When we make AuNR a
component of a dumbbell structure, we can extract the best combination of the
components while minimizing drawbacks and increasing catalytic efficiency (by
separating oxidation and reduction). For comparison study, we created a model
complex with AuNR-nGO-TiOz core-shell as shown in Fig. 3. Here, the layered
structure of the assembled AuNR creates path restrictions for the electrochemistry
and the light-activated processes. The plasmonic particles are developed with a
strategic goal and system performance in mind.

Visible light

H,
e (?)

H,0

Fig.3  AuNR-nGO-TiO: core-shell



2. Experimental Procedure

2.1 Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, Missouri) and
solutions prepared were aqueous, unless otherwise noted:

« Cetyltrimethylammonium bromide (CTAB)

« Sodium hydroxide (NaOH)

« Methanol

« Ethanol

« Isopropanol

« Ammonium hydroxide

« Chloroauric acid (HAuCl4)

« Millipore (18 ohms) water

« Sodium oleate (NaOL)

« Nafion

« Dimethyl formamide (DMF)

« Distilled deionized water (DDI)

Sulfuric acid

« Hydrochloric acid

« Hexadecyltrimethylammonium bromide (CisTAB)
« Sodium borohydride (NaBHa4)

« Hydrogen tetrachloroaurate trihydrate (HAuCls*3H20)
« Sodium dodecyl sulfate (SDS)

 Titanium trichloride (TiCls) (15% with 5%—-10% excess HCI)
« Silver nitrate (AgNO3)

« L-ascorbic acid (AA)

« Sodium bicarbonate (NaHCO3)



« Hydrochloric acid (HCI)
« Cysteamine (CYS)

2.2 Synthesis

There are four primary methods for precisely tailored AuNR synthesis. These
include the template, electrochemical, seed mediation (with silver particles, Ag),
and photochemical synthesis methodologies. The amount of Ag ions present during
the electrochemical method of synthesizing AuNR controls the aspect ratio of
AuNR. Silver ions under-potential deposition on the side [110] facets slows the
growth in that direction and promotes the elongation of rods on their tips. Symmetry
breaking is induced by the preferential adsorption of CTA'-[Br-Ag-Br] ionic
complex on the [100] facet of the Au crystal. Silver ions were combined with CTAB
and undergo under-potential deposition on either [100] or [110] facets and thus
promote anisotropic growth. The presence of Ag also slows the growth process with
the aforementioned benefit of a higher AuNR yield and enhances monodispersity.
The reduction of the seeds was undertaken exclusively by NaBHa4 to ensure quick
and complete reduction of HAuCls to Au’, although they can be capped by sodium
citrate or CTAB to produce penta-twinned or single-crystal rods, respectively.

2.2.1 AuNR with CTAB

The synthesis of AuNRs via the CTAB approach has been widely published.”® The
initial step in preparing AuNRs was to synthesize the Au seed material. First, 0.01
M NaBH4 prepared in 0.01-M NaOH, which after vortexing was cooled to near
0 °C prior to use. A volume of 100 pL of 50 mM HAuCls was mixed with 9.9 mL
of 0.1-M CTAB and held at 29 °C to keep the CTAB solubilized. With rapid stirring
an addition of 0.46 mL of ice cold 0.01-M NaBH4 was inserted dropwise until the
solution color changed from light yellow to light brown. The solution was stirred
for approximately 30 to 60 s then aged approximately 1 to 4 h to allow the sodium
borohydride to completely react.

The AuNR growth step requires the preparation of 0.1 mL of 50-mM HAuCl4
solution added to 9.9 mL 0.1-M CTAB, followed by brief vortexing. To this
solution, a total of 40 uL of 0.1-M AgNO3 was added, followed by the addition of
1.0 mL of 0.1-M hydroquinone (HQ). The solution was gently agitated by hand
until it became transparent. Finally, a select amount of the prepared Au seed (i.e.,
160 uL) was added to solution followed by 10 s of vortexing. The solution was
stored at 29 °C in a water bath for 24 h to complete material growth.



2.2.2 AuNR with NaOL

Utilizing the same procedure to prepare Au seeds as outlined in Section 2.2.1, this
method deviates at the AuNR growth stage.” Stock solution of surfactant was
prepared by adding 9.0 g of CisTAB and 1.234 g NaOL into 250 mL DDI at 90 °C
with vigorous stirring. The solution was cooled to room temperature before use. A
volume of 20 mL of surfactant solution is mixed with 20 mL of DDI and 0.4 mL of
50 mM HAuClas. After thorough mixing, the solution was kept in a 30 °C water bath
for 90 min. Concentrated 156-uL HCl solution (36.5%—38%) was then added to the
solution to adjust the solution to an acidic pH level. After 15 min, 0.064 mL of
0.1 M ascorbic acid was injected into the solution, followed by vortexing for 30 s.
Then a volume of 0.0768 mL of 0.1-M AgNOs3 solution and a select amount of Au
seed (i.e., 16 uL) was added to the growth solution. The solution was shaken for 30
s and then left undisturbed in the 30 °C water bath for 12 h. The final product was
separated by centrifuging at 8000 rpm for 20 min followed by dispersion and the
second centrifuge with 5500 rpm for 20 min. Finally, the AuNRs were dispersed
into 10 mL of H20 as the stock solution.

2.2.3 Massive Synthesis of AUNR with CTAB

This section describes the synthesis of AuNR with CTAB by Lark et al.'® The
scaled up synthesis protocol again requires the same Au seed preparation as
described in Section 2.2.1. Scaling of the nanorod growth step was achieved by
adding CTAB (364 mg) and HQ (110 mg) to DDI according to the growth ratio as
shown in Table 1.

Table 1 Scale-up amount of each reactant for massive AuNR synthesis

0.1M 01M 0.1 M 0.1M  Auseed Auseed DI water
Sample AA HQ HAuCls  AgNOs; to AA to HQ volume

(ph) — (ub) (pL) (pL) (pL) (pL) (mL)

181G

I 265 ... 25 8 10 9.93
25825G

b 663 ... . 200 250 . 8.262
100S100G — ¢5p 2,500 800 1,000 . 3.05

AA

181G

o 50 25 8 . 10 9.907
25825G 1250 625 200 . 250 7.675

HQ
100;3)0(} 5000 2,500 800 . 1,000 0.7




2.2.4 Nano-Sized Graphene Oxide (nGO)

To synthesis nGO, four distinct methodologies were employed. The four
methodologies are distinguished by the starting carbon material, which include
1) graphite flakes, 2) micron-sized graphene oxide, 3) nGO, and 4) graphene
quantum dots (GQDs).

The first method involves adding H2SO4/H3PO4 (360:40 mL) (9:1) directly to a
mixture of graphite flakes (3.0 g, 1 wt% equiv.). KMnOs (18.0 g, 6 wt% equiv.)
was then slowly added into the reaction mixture with stirring and cooling in an ice
water bath.!"!? The sample was then heated to 50 °C and stirred for 12 h. Finally,
the reaction mixture was cooled to room temperature and poured onto ice water
(400 mL) containing 3 mL 30% H20:. The final solution was then filtered through
a metal US standard testing sieve (W.S. Tyler, 300 um) to remove larger aggregates
and then further purified by centrifugation at 8000 rpm for 30 min, with the pellet
collected and the supernatant decanted off. The remaining material was then
washed in succession with 200 mL of water, 200 mL of 30% HCL, 200 mL of
ethanol and water again until solution pH reached approximately 5.0-6.0. The
resulting suspension was filtered with polytetrafluoroethylene membrane with a
0.45-pum pore size and then lyophilized to produce a graphene oxide powder. The
graphene oxide powder (5.0 mg) was dissolved in triple distilled water (>18 MQ,
10 mL) and then exfoliated by prolong sonication (35% amplitude, 500 W, 2 h)
until the entire size distribution was below 150 nm, then centrifuged (18,000 rpm,
20 min) to remove precipitates (un-exfoliated large graphene oxide sheets).

The second method, an oxidation method, starts with 20-um flake-size graphene
oxide powder.!® The prepared graphene oxide (0.05 g) was put into a concentrated
H2S04 solution (50 mL), followed by a select amount of KMnO4 (0.05-0.15 g)
being slowly added to the prepared solution with vigorous stirring to produce nGO.
The resulting mixture was cooled down in an ice bath and 100 mL of H202 solution
(95 mL of water + 5 mL of 30 wt% H20:2) was then added very slowly and stirred
over 1 h. The resultant mixture solution was ultrasonicated for 30 min to obtain
exfoliated final single-layer graphene oxide (SLGO) product.

Combined with the oxidation method, the third method adds an additional
sonication step to mechanically reduce the nGO lateral dimensions to the submicron
scale. Utilizing SLGO solutions prepared in DDI at 0.5 mg/mL, the materials were
probe sonicated at an amplitude of 70% for 1 h in an ice-cooled bath. The treated
samples were centrifuged at 10,000 rpm for 1 h, with the supernatant collected for
further use. The probe sonication step was explored at multiple sonication power
levels and durations, ranging from 50 to 90 W for 3 to 12 h, respectively.



The fourth method utilizes a version of nGO more specifically identified as GQD,
where the oxidized graphene oxide was dissolved in DMF to a concentration of
10 mg/mL. The solution was dispersed via ultrasonication for 10 min and then
transferred to a Teflon-lined autoclave vessel for hydrothermal treatment at 200 °C
for 7 h.'* The treated samples were centrifuged at 10,000 rpm for 1 h, with the
supernatant collected for further use.

2.2.5 Hollow Porous Cu;0 Microsphere

To create the Cu20 microspheres, 180 mg of SDS is dissolved in 45 mL of DDI
and stirred for 20 min. Once fully dissolved, 1 mL of 0.1-M copper(II) chloride
(CuCl2) was added, followed by 0.04 mL of 29.5% ammonia. The solution is mixed
via vortexing and 0.15 mL of 5-M NaOH was added. After fully stirring, 0.18 mL
of NoH4H20 (50 wt%) was added dropwise under constant stirring at 20 °C,
followed by continued stirring for 40 min. The solution was purified by
centrifugation at 10,000 rpm for 20 min and rinsed with DDI three times with the
final pellet resuspended with ethanol.

2.2.6 AuNR-Cu;0 Dumbbells

Cu20 dumbbell structures, as shown in Fig. 4, were created on AuNRs by first
diluting 1 mL of AuNR stock solution with 1.8 mL of H20. The solution was then
purified of excess CTAB by centrifuging at 12,000 rpm for 10 min. The 2.75 mL
of supernatant was extracted and the sedimentary AuNR was redispersed into H20
to 1 mL for subsequent use. A 1-mL volume of 0.1-M CuCl: was added to 45 mL
of DDI with stirring, followed by the addition of 0.75 mL 0.1-M NaOH with
continued stirring. Then 0.18 mL of N2H4H20, (50 wt%) was added dropwise to
the prepared solution under stirring and the AuNR solution was immediately
injected. The solution was stirred at room temperature for 40 min and purified by
centrifugations at 10,000 rpm for 20 min and rinsed with DDI three times. The final
pellet was resuspended in ethanol.



Phot_oanode

Visible light

Fig.4  AuNR-Cu:0 dumbbell

2.2.7 AuNR-TiO; Dumbbells (Yuelei Si’s Method?)

Titanium dioxide dumbbells, as shown in Fig. 5 were created on AuNR cores. A
volume of 200 pL of AuNR stock solution was diluted with 1.8 mL of H20 and
separated by centrifuging at 12,000 rpm for 10 min. The AuNR pellet was
redispersed into H20 to 1 mL for subsequent use. The reaction solution was created
with 100 pL of 15%-20% TiCl3 added to 4 mL of H20. Subsequently, 500 puL of
NaHCOs3 solution (1 M) was added into the TiCl3 solution dropwise under stirring
and the AuNR solution was immediately injected. The mixture solution was then
stirred for 30 min at room temperature. The prepared Au/TiO2 nano-dumbbells
were washed twice in ethanol and redispersed in ethanol for later use.
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Fig.5  Growth mechanism of Au/TiO2 dumbbell

2.2.8 AuNR-TiO; Dumbbells (Binghui Wu’s Method?)

A separate methodology to grow TiO2 dumbbell coating on AuNR cores, as shown
in Fig. 6, was achieved by diluting 0.2 mL of (>12%) TiCl3 with 4 mL degassed
H20 in a 10-mL centrifuge tube. A volume of 0.72 mL of 1-M NaHCO3 was added
to the solution dropwise under stirring (before the addition of the last two or three
drops of bicarbonate, the solution turns into a dark blue solution with a pH of about
2.5).

H,
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Ti(OH), > TiO, + H, + 0.5H, H, Schematic of AuNR-TIO,
. . dumbbell structure and concept
Schematic showing of for photocatalytic reaction
origin of anisotropic TiO,
coating

Fig. 6  Schematics showing the origin of anisotropic TiO: coating to synthesis of AuNR-
TiO2 dumbbell

A mixture (0.5 mL of AuNR stock solution + 0.5 mL 0.1-M Ci6TAB solution +
1.3 mL DDI) was added into the prepared solution and was then gently kept
stirring/shaking for 60 min. In this step, five different CTAB concentrations of
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samples have been prepared: 6.93,12.95,27.11,49.17, and 83.76 mM. The solution
is centrifuged at 6,000 rpm for 10 min and washed with ethanol twice
(most the surfactant CTAB and unreacted Ti*" precursors can be washed away in
this step).

2.2.9 AuNR-TiO; Core-Shells

To create core-shell structures, as shown in Fig. 7, a volume of 0.2 mL of 15%
TiCls was diluted with 4 mL of degassed H2O in a 10-mL centrifuge tube.
Following this, 0.72 mL of 1-M NaHCO3 was added to the solution dropwise under
stirring (before the addition of last two or three drops of bicarbonate, the solution
turns into a dark blue solution, with a pH of about 2.5). The amorphous TiO2 sample
was prepared by reacting the TiCl3-NaHCO3 solution without metal nanoparticles
at room temperature for 2 h. When fully reacted, 0.5 mL of AuNR went through an
SDS exchange and was then dispersed into the solution for TiO2 coating and stirred
for 60 min. The final solution was centrifuged at 6,000 rpm for 10 min and washed
with ethanol twice to remove excess CTAB and unreacted Ti** precursors.

1:.CTAB

¢ : Ti(OH), Ti0,
gg\:'\ﬂHHHHIHHHIHHHHHT/E;;{-_. d
K 5 AuNR % P

2SS

Ti(OH), > TiO, + H, + 0.5H,

Schematic showing of origin
of anisotropic TiO, coating

AuNR-TIiO, core-shell
Structure

Fig. 7  Origin of anisotropic TiO: coating to synthesis of AuNR-TiO: core-shell

2.2.10 AuNP-rGO-Cuz0 with CTAB

The integration of a graphene spacer layer in these structures, as shown in Fig. 8,
could provide enhanced electron transfer/mobility. To integrate the graphene layer,
the following procedure was employed. A 10-mL volume of citrate-capped AuNP
solution (optical density [OD] = 1.0 at 800 nm) was slowly added into a large excess
of negatively charged nGO solution (0.5 mg/mL, 20 mL) and gently vortexed for
1 h. Following incubation, the hybrid materials were collected by centrifugation (at
4000 rpm for 15 min, 2 times) and the final purified pellet dispersed in 10 mL of
DDI. The pH of the graphene oxide—coated AuNP solution was adjusted between
10.0 and 11.0 using trace amounts of ammonium hydroxide solution (28%, w/w).
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The reduction of graphene oxide to rGO was then achieved with the rapid addition
of hydrazine monohydrate (50 puL) to the solution. The reaction mixtures were
allowed to stir for 1 h at 95 °C and then cooled, centrifuged, and dispersed in DDI.
The Cu20 coating was achieved using the coating methodology described in
Section 2.2.6.

Graphene oxide
(GO)

| N -

MNegatively
charged - - =
Positively graphene
charged oxide
AUNR with coating : .
CTAB Cupric oxide (Cu,0)
Reduced Graphene l
oxide (rGO)
Hydrazine
NHaIHzo CUED
Coating
Reduction

Fig.8  Synthesis process of AuNP-rGO-Cu20O with CTAB

2.2.11 AuNR-rGO-Cu,0 with CTAB

Apart from traditional AuNP cores, the graphene oxide layer can be integrated onto
nanorod cores as well, as schematically shown in Fig. 9. A 10-mL volume of
CTAB-stabilized AuNR solution (OD = 1.0 at 800 nm) was slowly added into a
large excess of negatively charged nGO solution (0.5 mg/mL, 20 mL) and gently
vortexed for 1 h. Following incubation, the hybrid materials were collected by
centrifugation (4000 rpm, 15 min, 2 times) and the final purified pellet dispersed in
10 mL of DDI. The pH of the graphene oxide—coated AuNR solution was adjusted
between 10.0 and 11.0 using trace amounts of ammonium hydroxide solution
(28%, w/w). The reduction of graphene oxide to rGO was then achieved with the
rapid addition of hydrazine monohydrate (50 pL) to the solution. The reaction
mixtures were allowed to stir for 1 h at 95 °C and then cooled, centrifuged, and
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dispersed in DDI. The Cu20 coating was achieved using the coating methodology
described in Section 2.2.6.
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NH,/H,0 Cu,0
Reduction cosling

Fig.9  Synthesis process of AuNR-rGO-Cu20 with CTAB

To enhance the electrostatic binding between graphene oxide and AuNRs, a
stronger positively charged coating was also added to the AuNR surface. The
increased positive charge was achieved through the addition of polystyrene
sulfonate (PSS) to the AuNR, as shown in Fig. 10. A 10 mg/mL solution of PSS
solution was prepared and added in excess to the AuNR stock solution
(1-mM CTAB) and allowed to incubate for 10 min, followed by centrifugal
purification.
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Fig. 10  Synthesis process of AuNR-rGO-Cu20 with PSS

2.3 Characterization

2.3.1 Transmission Electron Microscopy (TEM)/Scanning Transmission
Electron Microscopy (STEM)

To prepare TEM samples, the AuNRs were dispersed in ethanol and carefully
deposited on top of TEM grids (Holey carbon support film on Cu grid). As the
ethanol evaporated, the AuNRs were able to self-assemble on the surface of the
support film. Bright field (BF)-TEM images were acquired with a JEOL 2100F
field emission TEM/STEM at 200 keV. The JEOL 2100F TEM/STEM is equipped
with an EDAX Octane Elite 30 windowless X-ray microanalysis system, a Gatan
model 806 high-angle annular dark field detector (HAADF), and a Gatan Tridiem
electron energy loss spectrometer and imaging filter.

2.3.2 UV-Vis

The absorption spectra for AuNRs were obtained on a UV/Vis/NIR (Perkin-Elmer,
Lambda 1050, Waltham, MA) spectrometer in the optical region of 300-1200 nm
with a path length of 1 cm. The UV-Vis was equipped with a 3-D WB detection
module.
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2.3.3 Atomic Force Microscopy (AFM)

AFM of Asylum Research (Cypher Scanning Probe Microscope) was used to
measure the size change of graphene oxide after sonication. AFM measurement
was conducted in tapping mode, with a scan rate of 1.5 Hz and set point of 700 mV.
The AFM sample was prepared by drop-casting the nanoparticle solution on silicon
(Si) wafers that were rinsed twice with ethanol, isopropyl alcohol, and deionized
water followed by drying under N2 gas.

2.3.4 Scanning Electron Microscopy (SEM)

SEM samples were prepared by drop-casting the nanoparticle solution onto Si
wafers that were rinsed twice with ethanol, isopropyl alcohol, and deionized water
followed by drying under N2 gas. The solvent was allowed to completely evaporate
and the samples were analyzed using a Hitachi S-4700 Field Emission SEM.

2.3.5 Electrochemical Property

The prepared nanoparticles (Au/Ti0z2) in ethanol were condensed by centrifugation
and coated on an indium tin oxide (ITO) substrate (as-prepared samples as the
working electrodes with an active area of approximately 2.5 cm2). The electrode
was dried in air at 60 °C for 2 h. A standard three-electrode electrochemical cell
was assembled using Ag/AgCl electrode and platinum (Pt) wire as reference and
counter electrodes, respectively, as illustrated in Fig. 11. An aqueous solution of
0.5-M Na2SOs was used as an electrolyte, and the cell was irradiated using UV
(Lumen Dynamics Omnicure LX400+) and solar simulating (Newport 69907)
lamps. Linear sweeps and current versus time (I-t) scans were measured at zero bias
voltage by a Biologics electrochemical workstation.

———————————————
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Fig. 11 Photocurrent (photoelectrochemical) measurements
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Oxidation and reduction mechanism probe experiments were performed by
preparing 1 mL of AuNR-TiO2 dumbbell solution in a 50-mL centrifuge. To this
solution, 10 mL 0of 0.026 M AgNO3 and 200 mg of sodium citrate was added. After
30 min of stirring, the mixture was irradiated by a UV lamp for 1 min, followed by
centrifugal washing to purify the sample.

HER experiments were performed with a three-electrode measurement method as
depicted in Fig. 12. A Pt wire was used as a counter electrode and Ag/AgCl as a
reference electrode with samples prepared on a glassy carbon electrode to serve as
the working electrode. A 10-mg sample was dispersed using a bath sonicator in
I-mL water—ethanol (1:1 v/v) solution containing 25 pL of Nafion solution
(5 wt%), with 10 uL of the dispersed solution drop-cast on the glassy carbon
electrode and dried before electrochemical testing. All the electrochemical
measurements were conducted in an Na-saturated 0.5-M H2SO4 electrolyte at room
temperature. Electrochemical impedance spectroscopy studies were performed in a
frequency range of 0.05 Hz—10 kHz with an applied 10 mV of AC amplitude for all

measurements

Photoelectrochemical ._E. I & .

property measure with N H,0

photentiostat H- 6&;& G
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b -, o -( —\\:\ 0, Air
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H, usage (generation, mole-s™") = /2F
H, usage (generation, kges-') = 1.05*10% * (P /V,)
Where :
| : current (A)
P. : power of fuel cell
V. : voltage of fuel cell

KOH electrolyte

Fig. 12 HER measurement setup and mechanism

3. Results

3.1 AuNR

The UV-Vis spectrum for AuNR is presented in Fig. 13 showing two primary
absorption peaks located at 530 and 617 nm, which correspond to transverse surface
plasmon resonance (TSPR) and LSPR peaks, respectively.
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Fig. 13 UV-Vis spectrum for synthesized AuNRs with NaOL using 8-pL. Au seed during the
seed-mediated synthesis method

The theoretical aspect ratio (based on results from optical analysis) was obtained
by projecting the experimental ALspr into an equation derived from literature!>!6

(ALser vs. AR; Eq.1):

AR =0.0092(ALspr) —3.41 . (1)

The theoretical aspect ratio obtained using Eq. 1 is 2.73. Compared with the real
aspect ratio obtained from BF-TEM image in Fig. 14, the real aspect ratio of AuNR
was 2.72. Both agreed well with theoretical calculations. The average diameter of
the synthesized AuNR was 9.95 nm.
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20 nm

Fig. 14 BF-TEM image of synthesized AuNRs with CTAB using 160-uL Au seed during the
seed-mediated synthesis method

After decreasing the amount of Au seed during the synthesis of AuNR with CTAB
from 160 to 80 uL, UV-Vis spectra were measured after synthesis. Adjusting the
Au-seed volume was the only variation to the experimental procedure; all other
values remained constant. The UV-Vis spectrum is shown in Fig. 15. LSPR is red
shifted to 771 nm after decreasing the amount of Au-seed. From UV-Vis
measurements, it was found that that decreasing the Au seed causes the LSPR to be
red shifted. The SEM image of AuNR with CTAB using 80 uL of Au seed is shown
Fig. 16. Note the sharp edges at the ends of AuNR, as opposed to the typical
rounded end structures compared to other samples. The shape of AuNR is rather
rectangular than capsule-like form, as further highlighted by TEM images in
Fig. 17. The diameter of AuNR with CTAB using 80-uL Au seed averages
24.21 nm.
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Fig. 15 UV-Vis spectrum for synthesized AuNRs with CTAB using 80-uL Au seed during
the seed-mediated synthesis method

54700 5.0kV 12.7mm x100k SE(U) 6/5/2018

Fig. 16 SEM image of synthesized AuNRs with CTAB using 80-uL Au seed during the seed-
mediated synthesis method
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Fig. 17 BF-TEM image of synthesized AuNRs with CTAB using 80-ul Au seed during the
seed-mediated synthesis method

In the AuNR synthesis with CTAB, the LSPR was blue shifted as the Au seed
increased from 80 to 160 pL. as shown in Fig. 18. The diameter of AuNR with
CTAB was also decreased from 24.21 to 9.95 nm as shown in Fig. 19.

— AuNR with 160ul Au seed

AuNR with 80ul Au seed

A.U.

450 500 550 600 650 700 750 800
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Fig. 18 UV-Vis spectra change of AuNR with different Au seed amount during AuNR
synthesis with CTAB
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Fig. 19 Diameter of AuNR variation according to the amount of Au seed during AuNR
synthesis with CTAB

In an attempt to increase rod diameter, a synthesis methodology using NaOL was
employed. The UV-Vis spectrum of AuNR with NaOL using 16-uL Au seed during
the seed-mediated synthesis is shown in Fig. 20. The LSPR of AuNRs is 1059 nm,
which could be tuned to other wavelengths as desired by tuning the reaction
conditions. It should be noted that the LSPR:TSPR ratio is greatly enhanced with
this approach, showing an increase in material monodispersity. BF-TEM and SEM
analysis of the produced materials is shown in Figs. 21 and 22, respectively. The
average diameter of AuNR with NaOL using 16 pL of Au seed is 14.01 nm with
an aspect ratio of 6.4. Since the theoretical aspect ratio of AuNR is 6.33, the
measured and theoretical aspect ratios are in good agreement.
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Fig.20 UV-Vis of synthesized AuNRs with NaOL using 16-uL. Au seed during the seed-
mediated synthesis method

Fig. 21 BF-TEM image of synthesized AuNRs with NaOL using 16-uL. Au seed during the
seed-mediated synthesis method
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Fig.22 SEM image of synthesized AuNRs with NaOL using 16-pL. Au seed during the seed-
mediated synthesis method

The UV-Vis spectrum of AuNR with NaOL using 8 uL of Au seed is shown in
Fig. 23, showing an LSPR peak at 674 nm. Through evaluation of the SEM and
BF-TEM results shown in Figs. 24 and 25, respectively, it can be seen that a
decrease in aspect ratio and mono-dispersity results from the decreased seed
amount. The average diameter of the rods produced is 35.5 nm, demonstrating that
the diameter of AuNR decreases with an increase of Au seed during the synthesis
as shown in Fig. 26. The simple adjustment of Au seed amount in this method
results in a substantial red shift in the LSPR peak location when compared to the
AuNRs synthesized with a doubled seed amount as shown in Fig. 27. In the AuNR
synthesis with CTAB, the LSPR was blue shifted with an increase of Au seed.
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Fig. 23 UV-Vis spectrum for synthesized AuNRs with NaOL using 8-puL. Au seed during the

seed-mediated synthesis method

54700 1.0kV 3.2mm x100k SE(U) 6/5/2018

Fig. 24 SEM image of synthesized AuNRs with NaOL using 8-pL. Au seed during the seed-

mediated synthesis method

25




50 nm

Fig. 25 TEM image of synthesized AuNRs with NaOL using 8-uL. Au seed during the seed-
mediated synthesis method
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Fig. 26 Diameter of AuNR variation according to the amount of Au seed during AuNR
synthesis with NaOL
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Fig.27 UV-Vis spectra change of AuNR with different Au seed amount during AuNR
synthesis with NaOL

Since AuNR synthesis is a time-consuming process and performed in small batch
quantities, high-quality materials are typically difficult to scale. In this work, a
scaled AuNR synthesis approach was investigated where a direct scaling of Au-
seed and growth solution concentrations is explored. For example, if a 25-fold
increased quantity of AuNR is required, the amount of Au seed and AA or HQ are
increased by 25-fold as well.

In Fig. 28, the UV-Vis spectra for massive AuNR synthesized using AA to 25 and
100 times with AA are shown. Interestingly, the standard material synthesis ratio
of AuNR produces the expected TSPR as well as LSPR resonance locations.
However, as the ratio increased to 25 and 100 times, the LSPR disappeared. LSPR
shows just a shoulder around 600 nm, suggesting that only nanoparticle structures
have formed. LSPR disappearance is more evidently shown in Fig. 29, where HQ
is used as the reduction agent, again demonstrating that rods were not formed
through the scaled procedure. It is known that AgNOs has the most effect on
longitudinal growth of AuNR during the synthesis, thus AgNO3 concentration was
isolated in AuNR synthesis procedure. As the ratio of AuNRs increased from 1- to
50-fold, a blue shift of the LSPR peak occurred, which is believed to be due to the
agglomeration of Au seed and AuNR.
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Fig. 28 UV-Vis spectra for massive synthesized AuNR with AA
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Fig.29 UV-Vis spectra for massive synthesized AuNR with HQ
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In the scaled-up AuNR study, we can conclude that the increase of Au seed as well
as AA and HQ can increase the amount of AuNRs synthesized. However, the
increase of Au seed results in a significant blue shift, trending toward particle
formation instead of tailored nanorod structures. This phenomena can be alleviated
by increasing the amount of AgNO3 during the growth stage, as shown in Fig. 30.
To study the stability of massive AuNRs synthesized, UV-Vis spectra variation has
been studied after 1 day. The UV-Vis variation of 1S1G with HQ after 2 h and
1 day shows a blue shift as time passes (Fig. 31). However, as shown in Fig. 32,
25S25G with HQ shows a red shift. The microstructure of 25S25G with HQ was
examined using TEM, as shown in Fig. 33. The diverse shapes of AuNRs, as well
as AuNPs, suggests that further optimization of a scaled approach is required and
new methodologies should be employed besides direct scaling of material
components.
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Fig.30 UV-Vis spectra for massive synthesized AuNR with HQ with increased AgNO;
concentrations
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Fig. 33 BF-TEM image of massive AuNRs with HQ (25S25G)

3.2 AuNR-Cu:0

It has been shown that Cu20 is a typical p-type semiconductor. Because of its
narrow forbidden band, Cu20O can efficiently absorb visible light and has a high

absorption coefficient.!” Also it has potential applications in solar energy

conversion and photocatalysis, electrode materials, catalysts, and gas sensors.!!
In 1998, Hara et al.?? found that Cu20 can split water under visible light due to its
band gap. After this discovery, CuxO has been researched as a potential
photocatalyst by itself and in combination with noble metal catalysts such as
Au.?*2*