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Utilizing sustainable and clean solar energy in the visible-NIR range to drive chemical
transformation has been a key resolution to solve the energy crisis. Recently, rational
design of photocatalysts that conjugate plasmonic nanostructures with catalytic metal
nanostructures has attracted particular research interests. This dissertation describes the
design principles of plasmonic-catalytic hybrid tubular nanostructures and investigates
their application in photoelectrocatalytic reactions.
First, we introduced the mechanism of plasmon-mediated catalysis and current research
of plasmonic photocatalysts. Specifically, managing the energy flow from the
plasmonic entity to the catalytic entity is the crucial part for customizable design of

photoelectrocatalysts. We also summarized the design principles of general

electrocatalysts and synthesis of hollow nanostructures.



Second, we reported a facile but highly reproducible synthetic strategy to fabricate
catalytic Pt hollow nanotubes (NTs). Scalable fabrication of ultrathin Pt NTs can be
achieved through simple mediation of the concentration of the surfactant employed in
the reaction.

Third, we reported a template-directed synthesis of PtAu NTs with tunable localized
surface plasmon resonance (LSPR) bands in the visible-near infrared region (NIR). The
geometric dependent LSPR band shift was systematically studied based off the spectra
from both experiment and finite-difference time-domain (FDTD) simulations. It was
found that the PtAu NTs exhibited the LSPR characters of both rodlike and hollow
nanostructures.

Finally, we investigated the photoelectrocatalytic performance of the PtAu NTs under
visible-NIR light irradiation. The optimized photocatalytic activity of the PtAu NTs
towards the electrooxidation of methanol was achieved by maximizing their LSPR
absorption cross sections at longer wavelengths in the visible-NIR region. Meanwhile,
combining the superior intrinsic electrocatalytic performance of PtAu NTs towards
methanol oxidation, we expected the bimetallic PtAu tubular nanostructure could

effectively convert visible light energy to drive the electrochemical transformation.
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Chapter 1: Introduction

Part of this chapter is adapted from the manuscript in preparation: Zhang, Q., Kim, N.,
Zhao, Z. L., Peng, Y., Lee, S. B., Nie, Z. H., Plasmonic Photoelectrocatalysis

Energy, in the forms of thermal, electrical, and chemical etc., is the fundamental
essence for the sustainable development of human society. Solar energy is regarded as
the most clean and renewable energy source. A total of 173,000 TWh of solar energy
strikes the Earth. Therefore, efficiently converting the solar energy to chemical energy
has long been the core scientific topic.

Photocatalysis harvests photon from light irradiation to drive exothermic/endothermic
chemical reactions to release/store the energy. Fujishima and Honda employed TiO>
semiconductor electrode to actuate electrochemical H2O splitting under ultraviolet
(UV) light irradiation in their pioneer work®. Following, semiconductor photocatalysts
(e.g., TiO2, ZnO, WOs3, CdS, GaP etc.) have been extensively studied for their
photocatalytic applications, such as H>O splitting, CO> reduction, organic pollutants
decomposition etc. Yet, the commonly used semiconductor photocatalysts with band
gaps around 2.25-3.5 eV can only absorb UV light and short-wavelength visible light?.
Majority of the solar energy concentrates in the range of visible to near infrared region
(NIR). Consequently, numerous photocatalysts have been designed to absorb
broadband visible-NIR light to drive chemical transformation.

Plasmonic nanomaterials interact strongly with incident light radiation owing to the
localized surface plasmon resonance (LSPR). This unique optical property, as a
function of composition, size and shape of the metallic nanostructure, empowers

plasmonic nanomaterials with tunable light absorption in visible-NIR region. Thus,
1



developing photocatalysts by incorporating plasmonic nanostructure, such as pure
plasmonic metal, plasmonic-semiconductor and plasmonic-catalytic hybrid
nanostructures, and investigating the underlying mechanism have attracted intensive

research interest recently.

1.1 Introduction of LSPR

1.1.1 Mechanism of LSPR

When the metal surface is irradiated by incident light, the free conductive electrons are
delocalized by interacting with the sinusoidal oscillating electric field (Figure 1.1a). If
the frequency of the incident light matches with the natural frequency of the metal
plasmon oscillation, the system will absorb maximum energy from the incident light
and reach resonance, which is known as surface plasmon resonance (SPR)3. For
nanostructures whose sizes are smaller than the wavelength of the incident light, the
collective electron oscillation is confined to the nanostructures on its surface, which is
termed as LSPR. Al, Mg and Ga exhibit strong LSPR in the UV region. For Au, Ag
and Cu, the maximum LSPR extinction bands are in the visible region. By further
tuning the size, shape and interparticle distance of the nanostructures, the extinction

band can be further extended into the NIR region.

1.1.2 Geometry-dependent LSPR characteristics of nanostructures

1.1.2.1 Spherical nanoparticles (NPs)
For spherical NPs (d/A <0.1, d is the diameter of the NP, A is the wavelength of the
incident light), the Maxwell’s equation is solved using a quasi-static approximation

where the electromagnetic phase is assumed as constant (Figure 1.1b). Based off Mie’s
2



theory, the extinction cross-section of a spherical nanoparticle (NP) can be expressed

as™:

2472 Na3e3/? &)

m

FO=T000  @md + 2607

(1)

where a is the radius of the particle, 1 and &, are the real and imaginary parts of the
metal dielectric function, respectively, en is the dielectric constant of the surrounding
medium. According to egn (1), the LSPR wavelength and intensity (extinction
coefficient) are a function of composition, size and shape of the metallic nanostructure.
When &1=- 2em, the resonance reaches maximum. The extinction energy is proportional
to the radius of the NP. Thus, with the increasing of the NP radius, the extinction band
would red-shift to longer wavelength. Experimental results showed that a single LSPR
band corresponding to the dipolar resonance shifted from 518.5 nm to 556 nm as the
size of Au NPs increased from 8.4 to 96.1 nm (Figure 1.1d and 1.1e). Further increasing
the size of the Au NPs would not only cause LSPR band red-shift but also significant
peak broadening. When the size of Au NPs was above 120 nm, an additional shoulder

peak at lower wavelength, which corresponds to a quadrupolar resonance, appeared®.

1.1.2.2 Nanorods (NRs)

Nanorod (NR) is a typical anisotropic system. Take Au NRs for example, the plasmon
resonance of Au NRs is split between the transverse and longitudinal dipole resonances
due to the anisotropic morphology. The longitudinal mode correponds to the electron
cloud osillation along the length of the NR and the the transverse mode correponds to
the osillation along the width of the NR(Figure 1.1c)36. The longitudinal plasmon

resonance appears at longer wavelength while the transverse plasmon resonance
3



appears at shorter wavelength. The spliting and position of the two extinction bands
depend on the aspect ratio (AR, defined as length/width) of Au NRs. According to Mie-
Gans theory, for a fixed dielectric environment, as the AR increases, the maximum
longitudinal absorption resonance increases’. Extensive experimental results were
found in good agreement with the theorical calculation. For instance, Murray et al.
adjusted the AR of Au NRs from 3.8 to 7.6 continuously, which red-shifted the

longitudinal LSPR band from 790 nm to 1150 nm (Figure 1.1f and 1.19)®.
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direction, respectively®. (d) Transmission electron microscopy (TEM) images of Au
NPs with sizes increase from 8.4 +1.0 to 180.5+10.7 nm°. (e) UV-vis spectra of Au
NPs presented in (d), the inset is the photo images of the corresponding Au NPs®. (f)
TEM images of Au NRs with increased ARS. (g) Normalized extinction spectra of Au
NRs in (f), the longitudinal LSPR peak shifts to longer wavelength with increasing the

AR,

1.1.2.3 Hollow nanostructures

Typical hollow nanostructures include spherical nanoshells (NSs), nanocages (NCs),
and nanotubes (NTs) etc. Halas and co-workers were the first to fabricate Au NSs with
dielectric silica core®. The LSPR bands of the Au NSs were demonstrated to be tuned
into the NIR region by varying ratio between the shell thickness and the core diameter
(the ratio between outer diameter and shell thickness was defined as the AR for hollow
nanostructure, Figure 1.2a-d)'°. Xia et al. synthesized Au-Ag NCs by employing Ag
nanocubes as templates. The LSPR band of the NC would red-shift when the ratio
between the shell thickness and the outer diameter decrease(Figure 1.2e-g)**2. To
understand the AR dependent LSPR of hollow nanostructure, Prodan et al. developed
plasmon hybridization model, in which the plasmon resonance of Au NSs was
considered as an interaction between a solid nanosphere and a nanocavity®. The
interaction splits the plasmon resonances into a “bonding” plasmon with symmetric
coupled lower energy and an “antibonding” plasmon with antisymmetric coupled
higher energy (Figure 1.2h). A decreased AR (by decreasing the shell thickness) would

cause an increased interaction between the nanosphere and nanocavity, which increases



the splitting between “bonding” and “antibonding” mode and shifts the Au NSs LSPR

band to lower energy**1°,
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Figure 1.2 (a) The LSPR resonance of Au NSs, the extinction peak red-shifts with
increasing the ratio between core diameter and shell thickness ratio*®. (b) TEM image
of asingle Au NS, (c) Photo image showing the color change of Au NS with increased
AR, (d) Calculated optical resonance wavelength as a function of core diameter/shell
thickness ratio for Au NSs with silica core®. (e) Schematic figure of the synthesis steps
of Au-Ag NCs'!. (f) SEM image of the hollow Au-Ag NCs, inset is the TEM image of
corresponding Au-Ag NCs™. (g) UV-vis-NIR spectra of Au-Ag NCs formation process
from Ag nanocubes titrated with different volumes of 0.1 mM HAuCI4*. (h) Plasmon

hybridization and the nanosphere-nanocativity interaction model for NCs'3%°,



1.2 Mechanism of plasmon-mediated catalysis

As discussed above, the extinction cross-section of plasmonic metal nanostructure can
be adjusted to the visible-NIR region by simply tuning their shapes, sizes and
composition. Thus, plasmonic nanostructure based photocatalysts hold great promise
to sunlight-driven photochemical reaction by efficiently utilizing solar energy in the

visible-NIR region.

1.2.1 Light-matter interaction

The commonly accepted mechanisms for the plamonic enhanced photocatalysis are:
(1) hot carrier (hot electron-hole (e-h*) pairs); (2) electromagnetic-field enhancement,
and (3) photothermal effect (Figure 1.3a).

Upon light irradiaiton on clean plasmonic metal surface, the free conductive electrons
coherently oscillate with the electromagnetic field and create LSPR (Step 1 in Figure
1.3b). From a quantum view, the polarized LSPR has been described as a coherent
superposition of low-energy electrons and holes near the Fermi level (Ef)Y’. The
plasmon decay (or called as ‘relax’) within a few femtoseconds (fs) through either
radiative photon re-emission (scattering) or non-radiative excitation of energetic charge
carriers (absorption) on the surface of the NPs, which is known as Laudau damping
process, as presented in Step 2 in Figure 1.3b. The energy of the e™-h* pairs generated
in the non-radiative decay within 1-100 fs equals to the photon energy. The hot e~ and
h* are initially in a nonthermal distribution and rapidly thermalizes to a Fermi-Dirac
distribution via electron-electron (Step 3 in Figure 1.3b) and electron-phonon scattering
(100 fs-10 ps) that result in a higher lattice temperature. The heat then slowly dissipates

to the environment (100 ps-10 ns, Step 4 in Figure 1.3b)*,
7



The radiative photon re-emission (scattering) dominates plasmon decay mode for larger
plasmonic nanostructures (d > 70 nm), while the non-radiative decay (absorption) with
the hot e-h* pair formation is the dominant mode for smaller plasmonic
nanostructures!’*®, Meanwhile, there is no HOMO-LUMO energy separation or

analogous valence-conduction band and energy separation in plasmonic excitation.

‘ Photothermal Enhanced electric field Hot carriers

\ e
General applications Nanothermal therapy SERS and SPR spectroscopies Catalysis

Enhanced fluorescence Optoelectronics

Catalysis applications Gasification Enhancement of independent Redox chemistry
Polymerization photocatalystin vicinity Couplings

Water splitting

Step 4

Plasmon excitation Landau damping Carrier relaxation Thermal dissipation
t=0s t=1-100fs t=100fsto1ps t=100psto10ns
E ° E E
. Hot e~
Q
E¢ Ee

Population Population Population

Figure 1.3 (a) Schematic of the three commonly accepted mechanisms for the plamonic
enhanced photocatalysis arising from LSPR. Their relevance to catalysis may vary as

a function of the plasmonic NP design®. (b) Photoexcitation and subsequent relaxation
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process upon light illumination of a metal NP with a laser pulse and characteristic
timescale?!. Step 1: the exciation of a LSP redirects the flow of light towards and into
the NP. Step 2: Landau damping in the first 1-100 fs and the athermal distribution of
hot carrier. Step 3: hot carrier redistribution via electron-electron scatttering processes
ranging from 100 fs to 1 ps. Step 4: Heat transfer to the surroundings on a timescale

ranging from 100 ps to 10 ns via thermal conduction.

1.2.2 Photothermal effect (heat) induced chemical transformation

The photothermal process occurred when the hot carriers decay and convert the energy
into heat through inelastic Coulombic electron-electron and electron-phonon
scattering. The electrons couple with phonon modes via electron-lattice collisions and
increase the temperature of the metal lattice. Later the heat transfers from the metal
lattice to the soundings through phonon-phonon scattering (100 ps-10 ns). Thus, the
plasmonic nanostrutures serves as ‘nano heaters’ to accelerate the reaction by
increasing the local temperature in the reaction environment.

The local temperature increase caused by photothermal effect can be expressed as??

24.

VnpQ

AT(r) = 4tkor
0

(2)

where r is the distance from the center of the NP, Vnp is the volume of the NP, ko is the
thermal conductivity of the sounding medium, and Q is the heat.

For a single spherical NP, the heat Q generated from photothermal effect is:

2

Q)
Imeyp (3)
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Derived from egn (2) and egn (3), the dependence of maximum temperature increase
(ATmax) on the radius of the NP (Rnp) expresses as:

ATpax  REp 4)
According to eqn (4), the thermal contribution increases as the increase of the size of
the NP. Furthermore, Govorov et al. theorized that the photothermal effect can be
strongly enhanced in the presence of massive NPs owing to the collective effect?>,
Several research groups have reported employing photothermal effect to enhance
chemical transformation. Netto-Ferreira and Scaiano et al. demonstrated this effect by
irradiating Au NPs with 532 nm pulsed laser to a high temperature (~500°C) and
induced catalysis of the endothermic decomposition of dicumyl peroxide within less
than 1 min, which originally required either hours of maintaining the reaction above
140 °C or UV irradiation?®. Lear et al. reported prominent bulk-scale polyurethane film
curing induced by the photothermal effect. Upon irradiation of 8 ns pulses of 532nm
laser (50 mJ per pulse, peak irrdiance 12.5MW cm), the rate of the bond formation
between isocyanates and alcohols was unprecedentedly enhanced billion-fold?’. Boyd
et al. demonstrated that the plamsonic heating could lead heterogeneous catalysis of
steam reforming of ethanol?®. Upon a low-power laser irradiation, the mixture of
ethanol-water passed through a flow-type microfluidic channel reactor embeded with
20 nm Au NPs and was converted to a mixture containg CO2, CO and Ha. The fast
response of photothermal effect upon external irradiation allowed the catalysis reaction
to carry out in a controllable and miniaturized manner. To increase the reaction
selectivity, plasmonic nanostructure often couple with other components to reach a

synergistic effect. Jiang and co-workers reported the first case of plasmonic metal based
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synergestic catalysts by encapsulating Pd nanocubes into metal-organic framework
(MOF) ZIF-8%°. While Pd nanocubes served as the plasmonic heating center, the ZIF-
8 acted as a molecular sieve for olefins with different sizes. The composite presented
efficient and seletive catalytic hydrogenation of olefins with a yield of 66% at room
temperature under latm H, and 100 mW cm2 Xe lamp irradiation. Meanwhile, the
MOF can further stablize the Pd nanocube to increase the stability and recyclability of
the catalysts. Similarly, complex nanocatalysts based off plasmonic photothermal
effect, e.g., CusS4@ZIF-8%°, Pt/PCN-224 (Zn)*, are reported exhibiting excellent
catalytic performance with elevated yield, enhanced seletivity and mild reaction

condition.

1.2.3 Enhanced electromagnetic field (EM) assisted chemical transformation

The oscillating electromagnetic field (EM) caused by LSPR close to the NP surface
generates a much higher local field enhancement (|E|) compared to the incident field
(IEo|, the amplitude of the incident electric field). The areas of enhanced EM field are
often referred to as “hot spots”. The intensity and location of the hot spots depend on
size, shape, composition and aggregation states of the NPs, such as sharp tips and small
gaps between NPs®2. Recently, the hot spots are found to contribute to the
photocatalysis as the near-field enhanced electromagnetic field by directly activating
nearby species or boost the exciton generation on the adjacent semiconductors®,
Scaiano et al. demonstrated that the enhancement of the EM in vicinity of Ag NPs can
initiate in situ polymerization on Ag NPs surface®. Upon irradiation (405 nm LED
light source with a light flux of ~ 207W m), the cross-link of trimethylolpropane

triacrylate (TMPTA) formed a ~8 nm coating layer on Ag NPs surface in the presence
11



of 2,2-azobis(2-methylpropionitrile) (AIBN). The author spectulated that the EM
excitation of AIBN initiated the polymerization thus only selectively cross-linking on
Ag NPs surface was observed. Cronin et al. demonstrated that the Au coated TiO:
nanocomplex showed enhancements of 5x and 66 x in photoelectrochemical water
splitting upon 532 nm and 633 nm laser irradiation, respectively®. Based on the finite-
difference time-domain (FDTD) result, the improved photocatalytic activity was
ascribed to the local electric field enhancement near the TiO: surface, which increased
the amount of the photogenerated charge, rather than by the direct charge transfer
between Au and TiO.. Ke et al. reported enhanced acetalization of aromatic aldehyde
with methanol by the Au NPs decorated in NaY zeolite®. The author proposed that the
LSPR induced EM intensified the polarized electrostatic field of Na*, which facilitated

the C=0 bond breakage in the reactants and resulted in accelerating the reaction rate.

1.2.4 Hot carriers induced chemical transformation through charge transfer

The e-h* pair formation has been demonstrated as a main energy loss mechanism of
LSPR in metal?>*"3, The hot electrons have been widely employed to drive various
reduction reactions. Meanwhile, the hot hole-driven photochemical oxidation reaction
encounters challenges due to the short lifetime, large effective mass, and low Kinetic
energy of the hot holes compared with those of hot electrons®=°.

The energetic e™-h* pairs formation can proceed via indirect electronic excitation (s-to-
s intraband transition) or direct electronic excitation (d-to-s interband transition). For
the intraband transition, the electrons are excited from filled s states below the Er to

empty s states above the Er with the assistance of lattice phonons to change the
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momentum. Interband transition involves the electron excitation from filled d states
below the Er to empty s states above the Er (Figure 1.4a)'’. The interband/ intraband
excitation by certain wavlength is based off the relative position of d band to the Er.
Ag with a full d band position much lower than the Er cannot excite the d-to-s interband
transition by visible light (Figure 1.4b). For Au and Cu, whose full d band positions are
higher than that of Ag but below the Er, the d-to-s interband transition can be excited
by visible light photons above a specific threshold energy. For transition metals such
as Pt and Pd, with partially filled d bands intersect with the Er, the metals can absorb

photons to excite interband transition throughout the visible range(Figure 1.4¢).

C sband

E

Energy (E)
Energy (E)

dband

Noble metal Non-noble metal

Figure 1.4 (a) band diagram depiction of intraband excitation and interband excitation.
(b-c)The representative density of states of plasmonic noble metal and non-noble
transition metal“.

The extraction/separation of the plasmon-generated hot carriers before thermalization
is crucial in efficiently driving the photocatalytic reaction!®?!. Conjugating
semiconductor with plasmonic metal is one of the most common strategies'®*-*3, The
interfacial Schottky barrier prevents the recombination of the energetic e-h* pairs by

spatially separating the hot electrons from hot holes, thus prolong the lifetime of the
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hot carriers to match the kinetics of the target chemical reactions**. The photcatalytic
performance of plasmonic metal-semiconductor conjugate systems has been
investigated in various important chemical transformations, such as water splitting*>-
48, CO2 reduction**® and organic transformation®?, etc.

Recently, multimetallic systems that incorporate plamonic metal and catalytic metal
are of great research interest. Rational design of multimetallic materials to guide the
photon absorption, engineer the plasmon decay pathway and maximize photocatalystic
performance has been the key concern. Linic et al. investigated the energy flow in
multimetallic plasmonic nanoparticles by modeling Ag-Pt and Au-Pt core-shell NPs of
different sizes and shapes®. It is found that smaller NPs that support higher electric
field intensities could direct more energy from the noble metal core to the Pt coating
layer. More importantly, the energy transfer from a plamonic component (Au, Ag et
al.) to the catalystic transition metal (Pt, Pd et al.) are dependent on the ratio of the
imaginary part of the materials’ dielectric function (e2). The wavelength dependent &>
of different metals are presented in Figure 1.5a. For the Ag-Pt system, the incident
energy transfers from the Ag core to the Pt shell at all LSPR wavelengths (Figure 1.5c),
indicating the photons are absorbed more significantly by Pt than Ag (Figure 1.5e1 and
e2). Therefore, the selective formation of energetic e-h* pairs moves to the Pt shell.
Experimentally, the Ag-Pt core-shell nanocubes show excellent catalytic performance
towards CO oxidation with accelerated reaction rate and selectivity upon broadband
visible light irradiation at a 400 mW cm intensity (Figure 1.5b1-3)%3. On the other
hand, for the Au-Pt system, the energy is preferentially directed from Au to Pt when

the LSPR extinction band shifts to longer wavelengths (> 600 nm), where the ratio of
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&2 between Pt and Au is high (Figure 1.5d). Meanwhile, less energy is tranferred from
Au to Pt when the LSPR band is located at a shorter wavelength (<550 nm). Thus, Au-
Pt NRs coated with ultrathin Pt shells (1nm), with their longitudinal LSPR bands
located at longer wavelengths, were expected to direct more energy to the Pt shell when
exciting the longitudinal LSPR band upon light irradiation (Figure 1.5f1 and f2).
Furthermore, Cortés and Han also found that the hot spots among the gaps of the
assembly of the Au@M (M=Pt, Pd) core-shell structures assist energy transfer from Au
core to the nonplasmonic shell®*. The plasmonic-catalytic bimetallic Au@Pd assembly
structure displayed distinguishable catalytic performance towards 4-nitrobenzenethiol
compared to the pure Au NPs assembly structure.

Other bimetallic systems, such as alloys, antenna-reactor complexes, core-shell NPs,
heterodimers, have also been demonstrated to efficiently drive photocatalytic

reactions*55-60,
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Figure 1.5 (a) The imaginary part of dielectric function of plasmonic metals and other

transition metals*®°. (b1) Heat maps of the power dissipation per volume at the LSPR

peak (455 nm) for the Ag nanocube and at the LSPR peak (460 nm) for the Ag-Pt

nanocube; (b2) Reaction rate versus temperature for preferential CO oxidation in

excess Hz on Ag-Pt core-shell nanocubes under light-off and light-on conditions and

(b3) Fast-response mass spectrometry analysis of CO2 produced during the cycling of

light-on and light-off conditions®3. (c) Wavelength-dependent ratio of ¢, of Pt with Ag.

(d) Wavelength-dependent ratio of &2 of Pt with Au®2. (el-e2) Relative absorption

fractions in the core vs the shell for a 40 nm Ag cube with (e1) a 1.4 nm thick Ag shell

and (e2) a 1.4 nm thick Pt shell. (f1-f2) Relative absorption fractions of Au-Pt nanorod

1
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with a length of 80 nm, width of 20 nm coated with a 1 nm Pt shell along (f1) transverse

and (f2) longitudinal direction.

1.3 Plasmonic enhanced electrocatalysis

Photoelectrochemistry (PEC) utilizes external electric field to force the separation of
hot electrons and holes, thus prolonging the lifetimes of the hot carriers. Similar to
traditional electrochemistry (Figure 1.6a), the working electrodes (WEs) of PEC can
also be classified as photoanodes and photocathodes. For PEC driven by visible-NIR
light, plasmonic metals such as Au, Ag and Cu with characteristic LSPR band in
visible-NIR region are often employed when designing the photocatalysts. Various
photocatalysts have been demonstrated their applications in methanol oxidation
reaction (MOR), oxygen reduction reaction (ORR), oxygen evolution reaction (OER),
hydrogen evolution reaction (HER) etc. Pure LSPR metal NPs alone can serve as both
light absorbers and catalytic active sites. The hot carriers excited by irradiation can
modulate the nature of the electrochemical reactions occurring at the
catalyst/electrolyte interface. Here we limit our discussion only to the multimetallic
based photoanodes and photocathodes. The plasmonic metal-semiconductor conjugate

catalysts are excluded but here are some reference review articles®®?,

1.3.1 Photoanode

Metal photoanodes have been utilized in various photo-driven oxidation reactions.
Unlike metal/semiconductor photoanode, at whose interface the Schottky barrier limits

the collection efficiency of hot electron and leads to recombination of the hot electrons
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and holes, metal photoanode is expected with a higher hot carrier collection efficiency.
Upon light irradiation, the generated hot electrons may have three possible pathways:
(1) recombine with hot holes; (2) participate in electrochemical reaction; (3) transferred
into external circuit driven by an applied voltage bias while the hot holes are left on the
electrode and get involved in the reaction (Figure 1.6b1).

It is demonstrated that the hot carriers accelerate the electrochemical reaction rate by
generating new intermediates, electron transfer pathways etc. Xia et al. suggested the
significant enhancement of photo electro-oxidation of glucose on Au NPs at a higher
pH value was attributed to *OH radicals generated by the hot holes upon laser
irradiation (Figure 1.6b2). The high oxidation capacity of hot holes oxidized OH" into
«OH, which could lead a faster glucose oxidation®. Jain and Kang et al. reported
enhanced MOR on PdyAg alloy NTs driven by the hot holes and separated the hot
carrier effect from the photothermal effect (Figure 1.6c1)%. By utilizing bulk
temperature control and open-circuit potential (OCP) test (Figure 1.6¢2 and c¢3), the
authors proposed that the enhancement was attributed to an easier transition of the hot
holes to the surface adsorbed methanol, which was induced by the downshift of the
quasi-Er along with the increase in light intensity.

In MOR catalytic reactions, preventing CO poisoning to prolong the catalysts’
durability has been a key concern for effective catalyst design. Yang and co-workers
constructed Au@AgPt trimetallic urchin-like nanostructure and studied their catalytic
performance under light irradiation (Figure 1.6d1 and d2). Based on the simulation
results, the adsorption of CO could be weakened by hot hole injection which was

excited by LSPR. In the meantime, the introduction of Ag downshifted the d-band
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center of Pt to further improve the MOR catalytic activity. The hot carrier energized
the transfer from *CO-h site to the *CO-t sites, which weakened *CO adsorption, while
the localized electric field downshifted the LUMO of CO, which facilitated the
transformation of *CO to *COOH (Figure 1.6d3). Both effects contributed to the

enhancement of the MOR catalytic performance®.

1.3.2 Photocathode

Photocathodes consist of metallic nanostructures have also been reported to catalyze
photo-driven reduction reactions (CO. reduction, ORR, HER, NOgz reduction
reactions). However, unlike metal/p-type semiconductor heterostructures, on which hot
holes are captured by the p-type semiconductor and hot electrons are trapped on metal
NPs to drive reduction reactions®, the quick hot e-h* pair recombination on the metal
NPs limits the catalytic efficiency even under intense light irradiation.

Similar to that of photoanode, metallic based photocathode electrocatalysts could also
alter the reaction pathways. Edgeless Ag-Pt bimetallic NCs were reported to be able to
suppress the formation of undesired peroxide intermediate in ORR, which could lead
to a loss in overall electrocatalytic efficiency, via plasmonic-induced suppression
(Figure 1.6el and e2). In situ Pt Ls-edge of X-ray absorption near-edge spectroscopy
confirmed hot electron transfer from Ag to Pt (Figure 1.6e3). The plasmon-induced hot
electron transfer may produce higher electron population in the antibonding orbital of
02, thus weaken the O-O bond and produce the desired H,O product (Figure 1.6e4)%.
Smart design of the plasmonic electrocatalysts plays a vital role to direct the electron
transfer. Zheng and coworkers designed Au-Pd-Pt NR by incorporating Pd between Au

NRs and the surface Pt catalysts (Figure 1.6f1-f3)%’. The optimized structure not only
19



maintained the strong SPR absorption from Au but also exhibited enhanced ORR
catalytic activity from the formation of Pd-Pt bond. Upon visible-light irradiation, the
trimetallic NRs performed specific activity 27.5 times higher than those of commercial
Pt/C catalyst (Figure 1.6f4). Plasmonic metallic photocathode materials were also
reported to enhance reaction selectivity. Kostecki et al. reported that the hot electrons
excited by LSPR, whose energy was tuned by the applied potential, could be injected
into molecular orbitals of nearby acceptors and result in selective reduction of target
molecules (Figure 1.6g). The CO, reduction could be achieved when -1.1Vxqe and 360
nm laser irradiation were applied while for NO; reduction, -1.0, -1.2 V. and a longer

wavelength were required®.
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Figure 1.6 (a) A schematic of an anode and a cathode®. (b1) Possible transfer channels
of LSPR-excited hot charge carriers with the yellow line indicating the energy level
(En) of the hot h*; (b2) I-t curves at 0.4V (vs Ag/AgCl) with LSPR excitation on and
off in the presence and absence of 100 mM glucose®?. (c1) Energy diagram of
PdxAg/CNTs electrocatalysts in the dark (left) and under LSPR excitation (right); (c2)
The OCP of Pdo52Ag/CNTSs electrocatalyst in basic methanol solution as a function of

time under 530 nm laser irradiation of various intensities; (c3) Peak potential derived
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from the CV scans of Pdos2Ag/CNTSs electrocatalyst at temperature control and under
530 nm laser illumination, respectively®®, (d1) TEM image of Au@AgPt urchin-like
nanostructure; (d2) MOR performance of Au@AgPt urchin-like nanostructure, Au@Pt
urchin-like nanostrutures and commercial Pt/C; (d3) Mechanism diagram of the
reaction when the LUMO energy level of CO molecule was downshifted by LSPR
effect®. (el) TEM image of edgeless Ag-Pt nanocages and the corresponding
geometrical model; (e2) Fraction of peroxide change for AgPt-30 sample under
chopped 532 laser irradiation; (e3) Schematic diagram of Pt Lz-edge XANES and hot
electron transfer; (e4) Schematic diagram of mechanism in suppressing peroxide yield
through hot electron transfer®®. (f1) TEM image of Au-Pd-Pt NRs; (f2) element
mapping of Au-Pd-Pt NRs; (f3) Schematic diagram of electron transfer from excited
Au NR to Pt; (f4) Specific activities at 0.9V (vs RHE) of Au-Pd-Pt and Pt/C in dark
and under light irradiation®’. (g) Injection of hot carriers from plasmonic Ag to

adsrobed surface species®®.

1.4 Design principle of electrocatalysts

The development of the theory and the advances in the methodology of nanomaterials
synthesis via wet chemistry allow researchers to fabricate NPs with desired sizes,
shapes and components of high uniformity to explore their improved catalytic activity
at the nanoscale. Over the past decades, tremendous work has been done in developing
novel electrocatalysts with optimized structure and component for various
electrochemical reactions, including H> oxidation, alcohol oxidation, ORR, CO-
reduction, N2 reduction, etc. Pt and Pt group metals (Ru, Rh, Pd, Os, Ir) are well-known

as the most excellent electrocatalysts due to their partially filled d-bands, which could
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reduce the activation barrier of the reaction and/or facilitate the desorption of the
product from the catalyst’s surface. Yet, the commercialized catalysts still face severe
drawbacks. For example, Pt/C, the most successful commercialized direct methanol
fuel cell (DMFC) catalyst, despite its high activity towards methanol oxidation, the
strong binding between Pt and the reaction intermediate (mainly CO) quickly blocks
the active Pt sites (usually called as “poisoning”), which leads to a great failure of the
catalyst performance®®. Consequently, to overcome the intrinsic drawbacks and
improve the catalytic performance, Pt-based bimetallic, and trimetallic catalysts, such
as Pt-Ru, Pt-Ni, Pt-Pd, Pt-Au etc., have been developed in recent years’®",

In terms of designing the catalysts, three fundamental effects must be taken into

consideration: ensemble effect, ligand (electronic) effect, and geometric (strain) effect

72,73

1.4.1 Ensemble effect

The ensemble effect arises from the surface of the catalyst consisting of multiple metal
components. The introduction of guest metal could adjust the ensemble size of catalytic
active site, thus tune the adsorption binding configuration for the reactants or
intermediates to enhance catalytic performance’"". Recently, some researchers also
ascribed the “oxyphilic effect” or “bifunctional effect” to the ensemble effect’®, which
was first proposed by Watanabe and Motoo in 19757°. The removal of the poisonous
CO intermediates that block the Pt sites is promoted by nearby Ru sites, which activate
H.0 dissociation and promote the oxidation of CO to CO.¥. It is believed that the CO
oxidation follows the Langmuir-Hinshelwood mechanism, where COags On Pt site

reacts with the adsorbed oxygenated species OHags 0n nearby Ru site. Other oxyphilic
23



elements, such as Au, Sn, Mo, have also been reported to effectively enhance catalytic

performance by similar effect when alloying with Pt8:-83,

1.4.2 Ligand effect

The ligand effect, or the electronic effect, occurs when guest metals with dissimilar
electronegativities are introduced. The charge transfer between different components
modifies the electronic band structure (shifts in d band center), thus, varies the
adsorption energies of the reactants, intermediates, and products on the catalyst surface.
Ngrskov and Hammer proposed the “d-band center” theory and calculated correlated
adsorption of reactive intermediates on the catalyst surface, which have been

recognized as the mainstream guide for multimetallic catalysts design84-®'.

1.4.3 Geometric effect

Geometric effect, or strain effect, originates from lattice mismatch between the coating
layer and the substrate, commonly seen in core-shell nanostructures’28, For example,
the mismatch between the core material and Pt shell results in a strain on the catalytic
Pt surface, either compressed or expanded, which tunes the adsorption/desorption of
the reactants/intermediate via the d-band center position shift of Pt. In another word,
the strain indirectly influences the electronic structure of Pt, thus tunes the catalytic
activity.

For core-shell nanostructure, the lattice distortion is calculated by egn (5), where ashei
is Pt lattice parameter when forming core-shell structure and ap: is the bulk Pt lattice

parameter’278:

a —a
Sp, = % x 100% (5)
Pt
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When tensile stress is identified, the expanded lattice makes the overlap between the d
electrons on neighboring metal atoms smaller. To keep the d occupancy, the d-band
center would upshift in energy and trigger a stronger interaction between the active
sites and the adsorbates. In contrast, the compressive stain would decrease the lattice
constant and result in d-band center downshift, which would weaken the
interaction’®®°, 1t is generally accepted that, for ORR, the compressive strain is

beneficial for improving Pt-based catalyst performance.

1.5 Synthesis of Hollow nanostructure electrocatalysts

1.5.1 Hollow structure in electrochemistry

Despite tremendous efforts made to design novel electrocatalysts, its
commercialization is limited by not only the expensive price of Pt but also loss of
catalytic performance due to the poor stability of Pt NPs. The Pt NPs dissolution,
redeposition, aggregation, carbon support corrosion and long-term CO poisoning etc.
have been demonstrated as the main reasons®. Therefore, maximizing the activity and
stability with minimum cost has become the key issue when designing Pt-based
nanocatalysts.

Hollow nanostructures (e.g., nanoshells, nanoframes, nanocages and nanotubes etc.)
with interior cavities possess advantages such as low density, high surface-to-volume
ratio, large loading capability, and highly exposed active sites with significantly
reduced amount of noble metal. Therefore, they attract increasing research interest in
the field of energy storage and catalysis® . Given their superior advantages and vast

applications, various strategies have been put forward to synthesize hollow
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nanostructures, among which the wet-chemistry method is considered as one of the
most versatile and convenient ways®. Aiming at improving catalytic performance, both
thermodynamic and kinetic factors are taken into consideration during the synthesis to
optimize the structure, such as tunable void size, wall porosity, surface composition
and active sites etc.

The wet-chemistry based synthesis strategies can be categorized based on either the
template species involved or the mechanism adopted in the reaction.
Template-directed methods, either hard templates (e.g., SiOz, polystyrene (PS) spheres,
polycarbonate (PC), metallic NPs, anodic aluminum oxide (AAQ), etc.) or soft
templates (e.g., polymer vesicles, micelles, emulsions, gas bubbles, etc.) are widely
employed. By fine tuning the template geometry, hollow nanostructures with various
shapes, such as tubular, cubic, polyhedral, bowl-like shapes etc. can be achieved®¥’,
Moreover, complex architectures, such as multi-shell or shell with multiple inner
chambers, can also be achieved by controlling the reaction parameters, such as
annealing process, solvent composition, types of precursors, pH etc®2%,

From the mechanism view, general synthesis mechanisms include galvanic
replacement reaction, Kirkendall effect, and selective etching etc. Here we briefly
introduce recent progress on hollow nanostructure synthesis based on different

mechanisms.

1.5.2 Synthesis strategies of hollow nanostructures

1.5.2.1 Galvanic replacement reaction
The driving force of galvanic replacement reaction is the redox potential difference

between the templates and the metallic salt precursors®. Xia et al. first demonstrated
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the synthesis of hollow Au nanostructures by a galvanic replacement reaction with Ag
templates in 2002 (Figure 1.7a)%®. The metallic precursor with higher redox potential
will oxidize and dissolve the templates while the reduced metal atoms will deposit on
the template surface and form the shell®” %, The standard electrochemical potentials
serve as the theoretical basis to allow the researchers choose thermodynamically
favored metal pairs. Other factors, such as pH, temperature, ligands, that can influence
the standard redox potential are utilized to further adjust the reaction both

thermodynamically and kinetically®®103,

1.5.2.2 Kirkendall effect

Kirkendall effect at the nanoscale was first reported by Alivisatos et al. in 20041%, The
small voids results from the unbalanced counterdiffusion of the reactive species
through a reaction interface accumulate and generate central hollow space in the NP
(Figure 1.7b1)%. Since then, Kirkendall effect has been extensively exploited in the
synthesis of hollow nanostructures consist of metal oxide, metal sulfide, metal selenide,
and metal phosphide, such as Fe2Os, CdS, ZnAl>Os, Ag2Se, NiP, PtaNi etc. (Figure
1.7b2 and b3)1%-112 Factors such as crystalline defects, reaction temperature, sizes of
the NPs influence the surface diffusion kinetics thus the void formation!**'4, Coupling
Kirkendall effect with galvanic replacement reaction could further expand the

structural and compositional diversity of hollow nanostructures (Figure 1.7¢)*°.
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1.5.2.3 Selective etching and dealloying

Selective etching and dealloying has been employed as a common treatment to
selectively remove part of components to generate hollow structures, either through
chemical treatment or calcination (Figure 1.7d1-d3). It is applied to a variety of core

materials, such as SiO», Au, Prussian Blue, etc!16-11°,
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Figure 1.7 Synthesis strategies based on galvanic replacement reaction, Kirkendall
effect, and selective etching. (a) Schematic of Au/Ag nanocage and Au nanoframes
from Ag nanocubes and the corresponding TEM images*?. (b1) Schematic for hollow
structure formation based on Kirkendall effect; (b2-b3) TEM images of (b2) cobalt
sulfide!® and (b3) y-Fe203'% synthesized via Kirkendall effect. (c) Optical and
morphological evolution of AuAg double-walled nanoboxes and the corresponding
HAADF STEM and TEM images''®. (d1-d2) Mechanism of Pt NT and Pt nanoring
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formation through alloying-etching; (d3) the corresponding TEM images of (d2) Pt

NTs and (d3) Pt nanorings*'’.

1.5.3 One dimensional (1D) hollow nanostructure in electrocatalysis

Among various hollow nanostructures, 1D hollow nanostructures attract special
research interest not only because they possess the advantages of traditional hollow
nanostructures but also exhibit additional merits correlated with their anisotropic
nature, structural rigidity and lower number of lattice boundaries and defects.
Specifically, 1) 1D hollow NTs with open ends expose both interior and exterior
surfaces to the reaction environment which provide sufficient active reaction sites and
enlarge the electrolyte/catalysts contact area to increases Pt utilization; 2) the
anisotropy offers easier electron and mass transportation, which could enhance its
electrochemical catalytic performance; 3) the structural stability makes them serve as
self-supporting catalysts in electrochemical reaction, which extends the lifetime of the
catalysts by avoiding carbon support usage and consequent carbon corrosion, Pt
dissolution, ripening and aggregation; 4) the confined interior void space may offer
opportunities to control local reactant concentration, which improve the selectivity and
activity of the catalytic reaction®0912L,

The morphology extension along the longitudinal direction is the key challenge in 1D
hollow nanostructure synthesis. Thus, template-directed method by exploiting 1D
nanomaterials as the templates is the most widely used strategy to synthesize high
quality 1D NTs. Pure metal and multimetallic NTs, such as Pt, Pd, Au, PtNi, PdAu,
PdAuUCu, PtPdCu etc., have been successfully fabricated by employing AAO as hard

templates (Figure 1.8a-¢)'?21%6, The components of the NTs can be changed by simply
29



varying the species of the precursors and the ratio among them during the
electrodeposition process. ZnO nanorod array is another type of the most employed
hard templates which can be dissolved after electrodeposition by a weak alkali solution.
Multimetallic NTs, P-doped alloy NTs and multishell NTs, such as PtP, PtRu, PtPdAg,
PdNiCoCuFe, Pd/PANI/Pd etc., are successfully synthesized with ZnO template
(Figure 1.8d and 1.8e)*2"1%,

Template-directed galvanic replacement reaction is another commonly used method to
achieve 1D NTs. Metallic nanowires (NWs) frequently involved includes Ag, Cu, Te
etc®1%, Yu et al. employed active Te and Cu NWs as templates and successfully
synthesized multimetallic NTs, such as PtCu, PtPdCu, PtPdRuTe etc. (Figure 1.8f)14%-
142 The low standard reduction potentials make the Te and Cu templates to be
completely consumed after the reaction, avoiding additional template removal steps.
Yan et al. employed Ag NWs as templates to synthesize Pt NTs and PtPd NTs**. The
Pt NTs (50 nm diameter, 5-20 um long and 4-7 nm wall thickness, Figure 1.8g1)
maintained the tubular structure as confirmed by TEM and only lost 20% of its
electrochemical surface area (ECSA) after 1000 cycles in 0.5 M H2SO4, compared to
the 51% ECSA loss and 90% ECSA loss of commercial catalysts Pt/black and Pt/C
who aggregated heavily after scanning, demonstrating their superior stability which
benefited from the 1D NT morphology (Figure 1.892). Both Pt NTs and PtPd NTs
exhibited enhanced specific activity towards ORR, which were 3.8 times and 5.8 times
higher than that of Pt/C, respectively (Figure 1.893). Additionally, NTs with complex

inner structures, such as segmented tubes or multishell NTs can be achieved by
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combining Kirkendall effect with the galvanic replacement reaction or utilizing
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galvanic replacement repeatedly="".
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Figure 1.8 (al-a4) TEM images of Pd, Pt, Au and Ag NTs, respectively'?®. (b) TEM

image and corresponding EDX mappings of Pd-Au NTs fabricated from AAO

template!®. (c) TEM image and corresponding EDX mappings of PdAuCu NTs

fabricated from AAO template!?*. (d) TEM image and corresponding EDX mappings

of Pt-Pd-Ag NTs employing ZnO nanowires as sacrificial templates**°. (e1) Schematic

of fabrication of Pd/PANI/Pd NTs; (e2) SEM image of as-synthesized Pd/PANI/Pd

NTs*33, (f) TEM image and corresponding EDX mappings of PtCu NTs'*. (g1) SEM
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image of Pt NTs; (g2) ECSA loss of Pt NTs, Pt/black and Pt/C after 1000 CV cycles in
Ar-purged 0.5 M H2SOg, respectively; (g3) ORR curves of Pt NTs, PdPt NTs, Pt/black
and Pt/C in O.-saturated 0.5 M H2SO4 solution. Insets are mass activity and specific

activity for the four catalysts at 0.85 V4,

1.5.4 Special topic on the Au-based NT research progress

Among various hollow tubular nanostructures, Au-based NTs, not only possess
traditional advantages, such high surface-to-volume ratios, high loading capacity,
lower density, but also exhibit additional unique advantages results from its anisotropic
morphology. Extension in the longitudinal direction not only enhances electron
conductivity and structural stability but also introduces additional parameters in tuning
its LSPR band. Up to now, Au-based NTs have been reported to be utilized in
bioimaging#+1%, sensor*’-152 and catalysis!>*-1°8, Here we briefly summarize recent
progress of Au-based NTs synthesis and their applications.

The synthesis of Au-based NTs has been a great challenge due to the difficulties in 1)
breaking symmetry during the synthesis and 2) keeping both ends open?#1%9160 yp to
date, most Au-based NTs are synthesized by adopting anisotropic hard templates, in

which AAO and Ag NWs/NRs are most frequently employed.
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Figure 1.9 (al) Schematic of the fabrication process of Au NTs using AAO template;
(a2) SEM image of the Au NTs; (a3) Extinction spectra obtained for Au NTs at
different fabrication stages'*®. (b1) SEM image of Au NTs and (b2) UV-vis spectra of
Au NTs of different lengths'®®. (c1) TEM images of hollow Au NRs, inset is
photograph of hollow AuNRs solution; (c2) Photothermal images of mice treated with
hollow AuNRs!*. (d1) Schematic of PtAgAu hollow NT synthesis; (d2) TEM,
HAADF and EDX mapping of a single PtAgAu hollow NT; (d3) Specific and mass
normalized CVs of PtAgAu hollow NTs towards formic acid oxidation in a mixed

solution of 0.5 M H2S04 and 0.5 M HCOOH?',
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McPhillips et al. fabricated aligned Au NT arrays via electrodeposition of Au around
polypyrrole NRs in AAO template (Figure 1.9al1 and 1.9a2)8. A broad extinction peak
in the range of 650-675 nm corresponding to the transverse plasmonic mode of Au NTs
was observed after complete removal of both polypyrrole and AAO templates (Figure
1.9a3). The free standing Au NTs were recognized as potential label-free sensors owing
to their competitive sensitivity of 225 nm per refractive index unit among other Au-
based LSPR structures with resonances around 650 nm and an outstanding signal-to-
noise ratio upon protein binding.

Au-based NTs can also be fabricated by combining galvanic replacement reaction with
dealloying process. Xia et al. employed Ag NWs as sacrificial templates to achieve Au-
Ag NTs with pinholes on the wall*?. The galvanic replacement reaction between gold
precursor (AuCls’) and the Ag templates generated Au-Ag alloyed NTs with smooth
walls while maintaining the morphology features of the templates. Further dealloying
process resulted in pure Au NTs with pinholes in the walls. If coating the smooth Au-
Ag alloy NTs with an additional Ag layer by electroless plating and repeating the
aforementioned galvanic replacement reaction, Au-Ag alloyed NTs with multishells
can be fabricated®®. The resulting Au-Ag NTs were 1-2 um in length and ~ 100 nm in
width. The LSPR peak can be shifted up to 1000 nm by adjusting the amount of AuCls
added or by the number of the shells inside the tubular structure. However, the acquired
NTs had poor length and width tunability with broad size distribution, which prohibited
them from serving as a model system for systematic LSPR study of Au-based NTs.

It is well-known that the morphology of the hollow nanostructures depends highly on

the templates. Evans and co-workers adopted shorter Ag NRs with narrower length
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distribution as templates and successfully synthesized Au-Ag NTs with tunable lengths
down to 300 nm via galvanic replacement reaction (Figure 1.9b1)#°. The control over
the lengths of the Au-Ag NTs allowed more precise manipulation over the LSPR band
shift. By increasing the length of the Au-Ag NTs from 300 nm to 530 nm, an obvious
LSPR band red-shift from 700 nm to 950 nm was observed, with the latter located in
the biological transparent window (Figure 1.9b2). The poly (sodium 4-
styrenesulfonate) coated Au-Ag NTs displayed low cytotoxicity, capability of
photothermal ablation of tumor cells and excellent photoacoustic signal enhancement
at the tumor site, offering its potential applications in photothermal therapy and
photoacoustic imaging. Zhai et al. employed Se-doping of Te nanorods as templates
and synthesized hollow Au NRs within 150 nm (Figure 1.9¢1)*¢. Despite the decreased
dimension, the LSPR band of the hollow Au NRs could be tuned into the second NIR
window (1000-1350 nm) by varying the ARs (length/width). The hollow Au NRs were
demonstrated to be nontoxic and capable of loading drugs. In vivo study further
revealed that the hollow Au NRs could serve as contrast agents in multimodel imaging
(Figure 1.9¢2).

Au-based NTs have also been applied in the field of catalysis. Ding et al. synthesized
Pt/Au porous NTs by the galvanic replacement reaction between [PtCls]> and Ag
residual in AuAg alloy NTs*2, The elemental ratio between Pt and Au can be tuned by
varying the feeding ratio between the Pt salt precursor and the AuAg alloy NTs. The
porous Pt/Au NTs exhibited higher electrocatalytic activity towards formic acid
oxidation compared to pure Pt NTs due to the aforementioned “bifunctional effect”.

Yang et al. reported a one-step synthesis of trimetallic PtAuAg NTs by employing
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Au@Ag core-shell NRs as templates, in which Ag layer played dual roles as reducing
the Pt salt precursor and assisting the oxidation of Au core (Figure 1.9d1 and d2)*,
Cyclic voltammetry (CV) revealed that the PtAuAg NTs oxidized formic acid via direct
dehydrogenation of HCOOH to CO> and exhibited enhanced activity towards formic

acid oxidation compared to that of commercial Pt/C (Figure 1.9d3).

1.6 Scope of the dissertation

As discussed in earlier sections, the rational design of plasmonic-catalytic conjugate
photoelectrocatalyst systems plays a vital role in directing light energy to drive
chemical transformation. The photoelectrocatalyst should meet the following
requirements: (1) intrinsic high electrocatalytic activity; (2) a tunable LSPR band in the
visible-NIR range, and (3) effective energy flow from the plasmonic entity to the
catalytic entity. In this dissertation, | have chosen Au, which is chemically stable under
corrosive electrocatalytic environments, as the plasmonic entity and Pt, which is
considered as one of the most active electrocatalysts, as the catalytic entity. The aim of
this dissertation is to develop the synthetic strategy of hybrid PtAu NTSs, to investigate
the tunability of their LSPR bands in the visible-NIR range and to improve

photoelectrocatalytic performance under visible-NIR light irradiation.
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Chapter 2: Synthesis of ultrathin Pt nanotubes via critical

micelle concentration mediated heterogeneous deposition

Overview

In this chapter, we developed a novel approach to synthesize ultrathin Pt nanotubes
(NTs). The ultrathin Pt NTs were synthesized by a templated deposition of an ultrathin
layer Pt on the templates followed by a selective template removal. The ultrathin Pt
layer deposition was controlled by the concentration of the surfactant (csut”) in the
reaction system. This method was demonstrated as a reproducible and scalable method
to fabricate hollow Pt NTs compared to conventional methods.

This chapter is adapted from the manuscript in preparation: Zhang, Q., Yi, C. L., Shen,
X. X.,Huang, Z. Q., Guo, H. Y., Yu, S. J., Webb, K., Lamar, C., Lin, X.Y., Kong, C.C.,

Lee, S. B.*, Nie, Z. H.*, Synthesis of Ultrathin Pt Nanotubes via Critical Micelle
Concentration Mediated Heterogeneous Deposition

2.1 Introduction

Pt and Pt based hollow nanostructures have attracted extensive attention in both
research and industrial fields. Compared with their solid counterparts, they show a low
density, high surface-to-volume ratio, and high-volume capacity, and thus exhibit
enhanced performance in catalysis, biomedicine, and optics®?-1%4. The use of ultrathin
hollow nanostructures helps to increase the utilization efficiency of Pt as a scarce noble
metal. Typical strategies for the synthesis of hollow nanostructures include galvanic
replacement reaction'®®, Kirkendall effect'!®, and seed-mediated deposition followed
by selective removal of templates'®, etc., with the later as one of the most popular
ways. Both thermodynamic and kinetic factors are taken into consideration when

designing the nucleation and growth of Pt on the templates. Thermodynamically, Pt
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prefers an island growth mode (Volmer-Weber mode) on the surface of the template
(e.g., Pd nanoparticles) due to the strong binding energy of the Pt-Pt bond*¢17°, A slow
reduction of metal precursors at a relatively high temperature in the synthesis is an
essential prerequisite for the diffusion of the newly formed Pt atom across the surface

171

of Pd templates to form a complete ultrathin Pt overgrowth layer-'*. The slow reduction

rate is often achieved by precisely controlling the addition rate of the Pt precursors via
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a syringe pump", using a Pt precursor with low solubility-’<, or coordinating the Pt
precursor with strong binding ligands®®®. However, these strategies are either time
consuming, or require delicate synthesis skills, which restrict them from large-scale
fabrication. Consequently, there is an urgent need to develop a synthesis method to
produce ultrathin Pt hollow structure initiated by an ultrathin Pt layer deposition on the
template, which is simple, scalable, and reproducible.

Adopting long alkyl chain surfactants to control the nucleation process exhibits great
influence in ultrathin nanomaterial fabrication. The long alkyl chain surfactant not only
serves as templates but also coordinate with the metal precursors to alter the nucleation
kinetics. In agueous solution, the cationic quaternary ammonium compounds (QACS)
are widely used to control the synthesis of metal nanoparticles (NPs) through the
following aspects: (i) forming metal ion-cationic surfactants complex (denoted as Surf-
M, e.g., CTA*-AuCls, [CTA'.-PtCls>, [CPC*]-PdCls*) to lower the redox
potential'”>-17®; (ii) solubilizing the Surf-M complexes in soft templates of micellar
structures*’”178: (iii) impacting the NP growth by binding halide counterions to a

specific crystal facet; and (iv) stabilizing the NPs by forming an electrostatic double

layer on NPs’ surface. Benefiting from these advantages, much effort has been focused
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on using QAC:s as soft templates at csuf™ above its critical micelle concentration (CMC)
at the growth stage to control shaped NP synthesis, e.g., Au nanorods (NRs), Pd
nanocubes, etc!®17-181 - Although various large-scale synthesis methods have been
well-established using QACs to synthesize shaped NPs with easy control, few reports
have focused on utilizing QACs to control the nucleation stage in ultrathin layer
heterogeneous deposition.

Herein, we report a facile strategy to control the templated deposition of Pt to
synthesize hollow Pt NTs with ultrathin walls by modulating the csut™ of QACs. When
Au/Pd coaxial NRs were used as the templates, at csurf” < CMC, the complexes formed
by QAC surfactants and the Pt precursors (Surf-Pt) in aqueous phase aggregated into
tiny clusters to initiate the generation of stable Pt nuclei with sizes above its critical
radius which allows Pt heterogeneous deposition on the surface of Pd to produce an
ultrathin Pt layer. The subsequent removal of Au and Pd of the templates produced
high-quality hollow Pt NTs with controlled wall thickness (2.0 = 0.3nm). In contrast,
at caurf” > CMC, the incorporation of Surf-Pt complexes in the micelles formed by
QACs reduced the localized concentration of the Pt precursor, thus hindered the
heterogeneous Pt deposition. This synthetic strategy shows at least the following three
advantages over existing methods for ultrathin hollow Pt nanostructure synthesis: (i) it
can be implemented for scalable synthesis in aqueous solution; (ii) it does not require
a high reaction temperature (>80°C), and (iii) it is applicable to other types of
commonly used QACs. The ultrathin hollow Pt NTs were examined as catalysts for

methanol oxidation reaction (MOR). The specific activity is about 2 times higher than
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that of commercial Pt/C, indicating it may find applications in catalysis and energy

conversion field.

2.2 Experiments

2.2.1 Materials

Gold (111) chloride trihydrate (HAuCls-3H20, 99.9+%), silver nitrate (AgNOs3, 99+%),
potassium tetrachloroplatinate (1) (K2PtCls, 98+%), palladium (II) chloride (PdCl,
99+%), hydrochloric acid (HCI, 36.5%-38%), hexadecyltrimethylammonium bromide
(C16TAB, 99%), benzyldimethyldodecylammonium chloride (BDAC or BAC-Cy,
99.0%), octylbenzyldimethylammonium chloride (BAC-Csg, 96.0+%),
decylbenzyldimethylammonium chloride (BAC-Cuy, 97.0+%),
tetradecylbenzyldimethylammonium chloride dihydrate (BAC-Ci14-2H20, 98%),
hexadecylbenzyldimethylammonium chloride (BAC-Ci6, cationic detergent),
octyltrimethylammonium bromide (CsTAB, 98+%), decyltrimethylammonium
bromide (Ci10TAB, 98+%), dodecyltrimethylammonium bromide (C12TAB, 98+%),
tetradecyltrimethylammonium bromide (C14TAB, 99+%), sodium borohydride
(NaBH4, 99.99%), L-ascorbic acid (AA, 99+%), copper (Il) chloride dihydrate
(CuCl2-2H20, 99.0+%), ethanol (200 proof), ethylene glycol (anhydrous, 99.8%),
tetrahydrofuran (THF), dimethylformamide (DMF) were all purchased from Sigma-
Aldrich. Methanol (CH30OH, Reagent Grade) was purchased from PHARMCO,
sulfuric acid (H2SO4, 95-98%) were purchased from Alfa Aesar. Nafion solution (5

wt.%) was purchased from Sigma-Aldrich.
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HPLC water was used in all the experiment and was purchased from Sigma-Aldrich.
Hexadecyltrimethylammonium chloride (CTAC, >95%) was purchased from TCI.
Thiol-terminated polystyrene (PS-SH, Mn=12,000, Mw/Mn =1.09) was purchased
from Polymer Source Inc.

All the chemicals were used as received without further processing.

2.2.2 Preparation of PS-tethered Au NRs

Au NRs were prepared by following the previous work published by our group. A seed
solution was first prepared as follows: 2.5 mL of 0.2 M CTAB aqueous solution, 0.125
mL of 10 mM HAuUCI4 and 2.375 mL of water were well-mixed in a 20 mL scintillation
vial, followed by injection of 0.3 mL of ice-cold 10 mM NaBH4 aqueous solution under
vigorous stirring. After stirring for 2 minutes at room temperature, the solution was
kept at a 30 °C water bath for 2 hours before use. In the growth solution, 0.5 mL of 10
mM AgNOs3 aqueous solution and 2.5 mL of 10 mM HAuCI4 aqueous solution were
added sequentially to 47.5 mL of 0.1 M CTAB aqueous solution, followed by injection
of 0.3 mL of 0.1 M AA aqueous solution. Then 0.8 mL of as-prepared Au seed solution
was quickly injected. After gently shaking, the growth solution was kept at 30 °C water
bath overnight. The 50 mL of as synthesized Au NRs was separated and concentrated
by centrifugation. The supernatant was carefully removed, and the Au NRs was
concentrated to 0.2 mL. The solution was then added dropwise into a 10 mL of THF
containing 4 mg of PS-SH. The solution was sonicated for another 30 minutes and
incubated overnight at room temperature. Then the PS-modified Au NRs was washed
with THF for 6 cycles and re-dispersed in 4 mL DMF. Following, 2 mL solution of

DMF/H0 (60/40 wt %) was added dropwise under gentle shaking. The solution was
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kept still for 3 hours. Then 1mL of the mixture was added dropwise in 9 mL of H.O

containing 1 mL of 0.2 M CTAB and the aqueous solution was used for Pd growth.

2.2.3 Synthesis of PS-tethered Au/Pd coaxial NR templates

Au/Pd coaxial NR templates were synthesized as follows. 1.6 mL of 10 mM H2PdCl4
was mixed with 20 mL of the PS-tethered Au NRs solution, followed by adding 0.8
mL of 0.1 M AA aqueous solution. After gentle shaking, the reaction was kept at 30 °C
water bath overnight. The as-prepared PS-tethered Au/Pd coaxial NRs were separated
by centrifugation and washed twice with water at 14,000 rpm for 15 min. During the
washing steps, BDAC was added to avoid aggregation of the Au/Pd coaxial NRs. The
supernatants must be completely removed in order to decrease the CTAB residue in the

solution. The Au/Pd coaxial NRs were redispersed in 2 mL of water before further use.

2.2.4 Fabrication of ultrathin Pt NTs by using Au/Pd coaxial NR templates

0.1 mL of the as-prepared Au/Pd coaxial NR templates was dispersed in 0.9 mL of
water containing 37.5 uL of 0.2 M BDAC. 24 pL of 10 mM K2PtCls and 96 pL of 10
mM KBr aqueous solution were added sequentially, followed by the addition of 15 uL
of 10 mM AA aqueous solution. After gentle mixing, the reaction was kept at 80 °C
water bath for 3 hours. After cooling down, the sample was washed with DMF and
dispersed in 4 mL of 4mM CuCl2/DMF solution at 60 °C to etch away the Au/Pd coaxial
NR templates. After 6 hours, the sample was separated by centrifuge and washed with

DMF twice then redispersed and kept in 1 mL water for further use.
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2.2.5 Deposition of Pt on Au/Pd coaxial NR templates in the presence of ethanol

(EtOH) or ethylene glycol (EG)

To investigate the influence of organic additives on the Pt deposition process, 0.8, 0.7
and 0.4 mL of water containing 37.5 puL of 0.2 M BDAC were added to 4 mL vials,
respectively. Next, 0.1, 0.2 and 0.4 mL of EtOH or EG were introduced to each vial,
respectively. Then 0.1 mL of the as-prepared Au/Pd coaxial templates was dispersed
in the mixed solution in each vial followed by the addition of 24 puL of 10 mM K>PtCl,4
and 96 pL of 10 mM KBr aqueous solution. After gentle mixing, the reaction was kept
at 80 °C water bath for 3 hours. The template etching followed the same procedure as

described above.

2.2.6 Investigation of the influence of different QACs

All the QAC solutions used were of 0.2 M. The volume of the QAC solution added in
each vial was adjusted according to its CMC.

To investigate the influence of the BAC-C,, 340, 760, 900, 891 and 900 pL of water
were added to 4 mL vials, respectively. Next, 560 puL of 0.2 M BAC-Csg, 140 pL of 0.2
M BAC-Cio, 37.5 L of BAC-C1z, 8.3 pL of BAC-C14 and 0.83 pL of BAC-Cis were
introduced into each vial, respectively. Then 0.1 mL of the as-prepared Au/Pd coaxial
NR templates was dispersed in the mixed solution in each vial followed by the addition
of 24 pL of 10 mM K2PtCls and 96 pL of 10 mM KBr aqueous solution. After gentle
mixing, the reaction was kept at 80 °C water bath for 3 hours. The template etching
followed the same procedure as described before.

For the ChTAB group of surfactants, 340, 620, 816, 886 and 896 uL of water were

added to 4 mL vials, respectively. Next, 560 pL of 0.2 M CsTAB, 280 puL of 0.2 M
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C10TAB, 84 pL of C12TAB, 14 pL of C14TAB and 3.3 pL of C16TAB were introduced
into each vial, respectively. Then 0.1 mL of the as-prepared Au/Pd coaxial NR
templates was dispersed in the mixed solution in each vial followed by the addition of
24 uL of 10 mM KoPtCls and 96 pL of 10 mM KBr aqueous solution. After gentle
mixing, the reaction was kept at 80 “C water bath for 3 hours. The template etching

followed the same procedure as described before.

2.2.7 Morphological, structural, and elemental characterizations

Transmission electron microscopy (TEM) images were taken using a JEOL LaB6
microscope operated at 200 kV. High-resolution TEM (HRTEM), high-angle annular
dark-field scanning TEM (HAADF-STEM) and energy dispersive X-ray (EDX)
analyses were performed using a JEOL 2100F microscope (JEOL, Tokyo, Japan)
operated at 200 kV. Visible-NIR extinction measurements were performed using
Shimadzu UV-2501PC UV-Vis recording spectrophotometer. The dynamic light
scattering (DLS) study was carried out using Zetasizer Nano ZS 90 Malvern

Instruments.

2.2.8 Preparation of the DLS test

0.2 M BDAC, 10mM KPtCls and 10 mM of KBr aqueous solution were employed as
the stock solutions, respectively. The K2PtCls and KBr were mixed by a volume ratio
of 1:4 before the DLS test. Different volumes of the surfactant solution were mixed
with water and the solution concentrations were presented in Table 2.1. Then 240 pL
of K,PtCls and KBr mixed aqueous solution was added in the diluted surfactant solution

5 minutes before the DLS test.
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2.2.9 Electrochemical tests

The electrocatalytic tests were performed on a CHI 660A electrochemical workstation.
A three-electrode system was adopted. A glassy carbon electrode (GCE) (diameter
3mm) was used as working electrode (WE), Ag/AgCIl (3M KCI) was used as the
reference electrode and a graphite rod was used as the counter electrode. The catalyst
ink was prepared by adding as-prepared ultrathin Pt NTs into a mixture of water (180
pL), ethanol (50 pL) and Nafion (20 pL). A total volume of 2 pL of the catalyst ink
was then dropcast onto the surface of a cleaned GCE and dried at room temperature.
The ink preparation for the commercial Pt/C (purchased from Fuel Cell Store, 20% Pt
on Vulcan XC-72R) was the same as that of Pt NTs. The electrochemically active
surface area (ECSA) was calculated based on integration the hydrogen adsorption
charge obtained by cyclic voltammetry (CV) with a scanning rate of 50 mV s in 0.5
M H2SO4 solution. The MOR was performed in a freshly prepared N»-saturated mixture
solution containing 0.5 M H2SO4 and 1.0 M methanol solution at a scanning rate of 50

mV st
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Table 2.1 Different concentrations of the surfactant solution used in the DLS

Volume | Volume of K2PtBry
4 of the Volume of BDAC of and KBr (uL) Co-nc. of BDA-C in
vial stock solution (uL) HPLC diluted solution
water (mM)
(uL)
1 5 1995 240 0.45
2 9.9 1990.1 240 0.88
3 24.7 1975.3 240 2.20
4 48.8 1951.2 240 4.35
5 725 1927.5 240 6.47
6 05.7 1904.3 240 8.54
7 140 1860 240 125
8 180 1820 240 16.0
9 263 1737 240 23.4
10 335 1665 240 29.9
11 400 1600 240 35.7
12 560 1440 240 50
13 600 1400 240 53.5
14 800 1200 240 71.4
15 1120 880 240 100
16 1344 656 240 120
17 1680 320 240 150
18 2000 0 240 178.5
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2.3 Results and discussion

2.3.1 Synthesis and characterization of Au/Pd coaxial NR templates and ultrathin Pt

NTs at cgpa*< CMC

The scheme in Figure 2.1 illustrates the concept of surfactant concentration-mediated
deposition of ultrathin Pt on the surface of the template. In a typical synthesis, Au/Pd
coaxial NRs with collapsed polystyrene (PS) domains at both ends were used as a
model system of the templates'®. BDAC was selected to provide BDA* cations during
the synthesis and KBr was added to facilitate the nucleation process. In the reaction,
PtCls% ions first reacted with Br ions to form [PtCIBrax]* (denoted as Pt (lI) for
simplicity) and then with BDA" to produce BDA-Pt (11) ion-pair complexes'®. The Pt
(1) concentration was kept low to ensure a slow deposition rate. At cepa’< CMC, the
BDA-Pt (Il) complexes aggregated into tiny clusters with an increased local
concentration of Pt (Il), due to the charge neutralization of the oppositely charged
BDA™ and Pt (11). The reduction of Pt (11) in the BDA-Pt (I1) cluster form followed the
classic LaMer nucleation mode and triggered a burst of nucleation to form stable Pt
nuclei (LaMer classical model), enabling the heterogeneous deposition of Pt on the
surface of Pd to form a thin yet smooth metallic layer. The subsequent removal of the
Au/Pd NR templates produced Pt NTs with ultrathin wall. In contrast, at capa™ >CMC,
only few BDA-Pt (1) complexes were incorporated in each BDA micelle (relative to a
much larger aggregation number of BDA molecules in the micelles). The low local
concentration of the Pt (1) distributed in the micellar structure prohibited the formation
of stable nuclei above its critical radius, and hence prevented the deposition of Pt on

the surface of Pd heterogeneously.
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Figure 2.1 Schematic illustration of the experimental procedures for the fabrication of

ultrathin hollow Pt NTs by CMC guided heterogeneous nucleation process.

Transmission electron microscopy (TEM) image in Figure 2.2a presents the Au/Pd
template ((47.6 £5.3) x (24.5+£2.2) nm, lengthx width) containing a central Au NR
((30.4 £3.4) x (12.5 £ 2.2) nm, lengthx width) and a 6 nm thick layer of Pd. The Au/Pd
templates are enclosed by Pd {100} facets, as indicated by a 0.2 nm interplanar distance
of the Pd layer in the high-resolution TEM (HRTEM) image (Figure 2.3a). At cepa’<
CMC (8.8 mM for BDAC#3), after the deposition of Pt to form Au/Pd/Pt nanostructure,
the original flat and smooth surface of Au/Pd templates became rougher (Figure 2.2b).
The continuous lattice fringes from the Pd layer to the Pt shell in the HRTEM image
suggests the epitaxial growth of Pt on Au/Pd templates via the heterogeneous
nucleation (Figure 2.2c). The Fast Fourier Transform (FFT) pattern shows that the
(002) plane of Pt is growing on (002) plane of Pd along the [001] direction of the Pd
crystal unit cell (inset of Figure 2.2c). The coating of a continuous Pt layer is further
confirmed by the bright thin line on the outer surface of the Au/Pd template in the high-

angle annular dark-field scanning TEM (HAADF-STEM), the corresponding energy-
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disperse X-ray (EDX) elemental mapping, and EDX line scanning profile (Figure 2.2d
and Figure 2.3c). The selective etching and removal of the Au/Pd templates by
Cu?*/DMF produced ultrathin hollow Pt NTs with relatively uniform intact Pt wall
(Figure 2.2e). The average thickness of the Pt wall was measured to be 2.0 £ 0.3nm
(Figure 2.2f). The cross-section of the Pt NTs exhibits a square-shaped solid frame
structure (inset in Figure 2.2f), which is inherited from the geometric configuration of
the Au/Pd templates (Figure 2.3b). The 0.22 nm interplanar distance of the Pt frame
and the selective area electron diffraction (SAED) image further reveals the formation

of pristine polycrystalline Pt layer (Figure 2.2g-h). The reaction can be easily scaled up

to fabricate Pt NTs with high uniformity and dispersity up to ~0.1 gram (Figure 2.3d).

Figure 2.2 (a-b) TEM images of the Au/Pd templates before Pt deposition and
Au/Pd/Pt nanostructure after Pt deposition, respectively. The insets present a single
nanostructure correspondingly. (c) HRTEM image of the Au/Pd/Pt nanostructure and

the inset is the SAED of the squared area. (d) HAADF-STEM image and the EDX
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mapping of an individual Au/Pd/Pt nanostructure. (¢) TEM image of ultrathin Pt NTs
after template removal. (f) TEM image of single Pt NTs and the inset shows the
intersection view of a single Pt NT. (g) HRTEM image taken from the Pt NT frame and

(h) the SAED pattern of the Pt NTs.
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Figure 2.3 (a) HRTEM image of Au/Pd coaxial NR template enclosed by Pd {100}
facets. (b) TEM image of intersection views of Au/Pd templates which are squared by
the red frames. (c) EDX line scanning of Au/Pd/Pt nanostructure after depositing an
ultrathin layer of Pt when cgpa® < CMC. (d) Photo image of large-scale fabrication of

ultrathin hollow Pt NTs. The solution (180 mL) contains ~ 0.1 gram of Pt NTs.

2.3.2 Deposition of Pt on Au/Pd coaxial NR templates at cgpa™> CMC

At cepa™ CMC, after Pt deposition, no obvious roughness on the surface of the

resulting Au/Pd/Pt nanostructure was observed as compared with the original Au/Pd
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template (Figure 2.2a and Figure 2.4a). Additionally, no continuous bright Pt layer was
detected outside the Au/Pd template by HAADF-STEM (Figure 2.4b) in contrast to
that of Au/Pd/Pt nanostructure synthesized when cgpa®< CMC (Figure 2.2d). The EDX
mapping together with the line scanning (Figure 2.4b and 2.4d) further confirm very
low content of Pt sparsely dispersed around the Au/Pd templates. After the removal of

the templates, only collapsed Pt fragments rather than intact Pt NTs were obtained

EDS Pt L Profile
EDS Au L Profil

e
EDS Pd L Profile

(Figure 2.4c).
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Figure 2.4 (a) TEM image of the Au/Pd/Pt nanostructures after Pt deposition when
cepa” > CMC, the inset presents a single Au/Pd/Pt nanostructure. (b) HAADF-STEM
image and the EDX mapping of individual Au/Pd/Pt nanostructure and (c) TEM image
of the resulted collapsed Pt fragments after removing Au/Pd templates. (d) EDX line

scanning of Au/Pd coaxial template after Pt deposition when cgpa*™ > CMC.
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2.3.3 Investigation of the role of capa* in the Pt deposition process

The deposition of Pt is strongly dependent on the cepa® relative to its CMC. We
systematically investigated the effect of cepa™ on the deposition of Pt on the Au/Pd
template surface. At all the cepa® below the CMC we studied, the reaction yielded Pt
NTs with hollow interior and open ends after the removal of Au/Pd template (Figure
2.5a-e and Table 2.1). However, when cepa” << CMC (0.45 and 0.88 mM), the weak
electrostatic repulsion provided by BDA™ resulted in heavy aggregation of the Au/Pd
templates (Figure 2.6a). Thus, heavily aggregated Pt NTs with rough surfaces were
produced (Figure 2.5a-b and Figure 2.6b). Pt NTs with increased dispersity and wall
thickness uniformity were obtained as cepa® approached to CMC (2.2 mM ~ 6.47 mM,
Figure 2.5¢c-¢). At cgpa™ =~ CMC (8.5 mM), the synthetic process yielded porous hollow
tubular structures that are partially collapsed (Figure 2.5f). We attribute this to the
reduced amount of BDA-Pt (1) clusters and hence Pt nuclei formed in the reaction, due
to the incorporation of BDA-Pt (1) complexes in the BDA™ micelles. With the further
increase in cepa” above CMC, all the BDA-Pt (I1) complexes were solubilized in the
BDA" micelles, rather than associated into tiny clusters. The heterogeneous deposition
of Pt on the surface of Au/Pd templates was largely suppressed, leading to the formation

of collapsed and aggregated Pt fragments (Figure 2.5g-i).
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Figure 2.5 (a-e) TEM images of the acquired Pt NTs after the template removal when
cepa” < CMC: (a) 0.45 mM, (b) 0.88 mM, (c) 2.20 mM, (d) 4.35 mM and (e) 6.47 mM;
when cgpa® = CMC (£):8.54 mM and when cgpa™ > CMC (g-i): (g) 12.5 mM, (h) 16.07
mM and (i) 23.48 mM. The insets show the corresponding schematic structural models

of the Pt products after template removal.
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Figure 2.6 TEM images of (a) heavily aggregated Au/Pd templates after the excess
removal of BDAC from the reaction and (b) heavily aggregated Au/Pd/Pt nanostructure

after Pt deposition.

2.3.4 Investigation of BDA-Pt (11) association by DLS

DLS was used to investigate the association behavior of BDA-Pt (1I) complexes and
their incorporation in micelles. At cepa*<CMC, the hydrodynamic radius of the BDA-
Pt (1) clusters gradually decreases, and the peak becomes narrower with the increase
of cepa®, due to more insertion of BDA™ to the BDA-Pt (1) clusters, which helps to
solubilize the clusters®* (Table 2.1 and Figure 2.7a). As cspa’ increased beyond its
CMC, the DLS data presented two distinct peaks with one at ~2 nm and the other
beyond 100 nm (Figure 2.7b and 2.7c). The former corresponds to individual BDA*
micelles incorporated with BDA-Pt (1) complexes, whereas the latter corresponds to a
secondary assembly structure of the BDA* micelles!®>®, The DLS data is consistent
with our visual observation (Figure 2.7d). Upon the mixing of BDA* with Pt (II)
precursors, the solution became turbid, indicating the formation of insoluble clusters of

BDA-Pt (I1) complexes. In the region of 1% CMC < cgpa’< 2" CMC®, the BDA-Pt
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(I1) complexes continuously solubilized into the BDA™ micelles and the solution
gradually turned into clear. At cgpa® > 2™ CMC, the BDA-Pt (11) complexes completely

incorporated into the micellar structures and the solution became completely clear.
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Figure 2.7 DLS data of (a) BDA-Pt (Il) clusters when cgpa® < CMC and (b-c) its
solubilization in micelle when cepa® > = CMC, respectively. The insets present the
schematic illustrations of the solubilization process. (d) The visual observation of
BDA-Pt (I1) complex with different cepa®™ The number on each vial corresponds to

cepa’ values listed in Table 2.1.

2.3.5 Morphological evolution during the heterogeneous Pt deposition

We monitored the time-dependent deposition of Pt on the surface of Au/Pd templates
by withdrawing samples at different reaction stages. At cepa™ < CMC, when t =5 min,
we observed ultrafine Pt NPs attached to the template surface and be around the
templates, indicating both homogeneous and heterogeneous nucleation of Pt happened
immediately after the reaction started (Figure 2.8al). As the reaction proceeded, the

surface of the template became obviously rougher (t = 30 min, and 1-3h, Figure 2.8a2-

55



5). The corresponding Pt NTs after the template removal at different reaction stages
reveal the gradual formation of Pt NTs (Figure 2.9). The HRTEM images (Figure 2.10)
disclose the attachment of the Pt nuclei and confirm that through the overlap and fusion
of the nuclei, a continuous Pt shell was formed. In contrast, at cepa™ > CMC, no obvious
Pt deposition on the template was observed throughout the reaction (Figure 2.8b1-5),
indicating the heterogenous deposition was largely prohibited. After template removal,
the incomplete Pt coverage was not sufficient to maintain the integrity of Pt NTs, thus

producing collapsed Pt fragments.

Figure 2.8 TEM images of the morphology evolution of the Au/Pd/Pt nanostructure in
the time-dependent Pt deposition when cspa® < CMC (al-a5) at 5 min, 30min, 1h, 2h
and 3h, respectively; and when cgpa™ > CMC (b1-b5) at 5 min, 30min and 1h, 2h and

3h, respectively.
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Figure 2.9 TEM images of Pt nanostructures obtained at different reaction stages after

removing Au/Pt templates: (a) 0.5 h, (b) 1h, (c) 2 h and (d) 3h.

Figure 2.10 HRTEM images taken from a single ultrathin Pt NT showing the

attachment of the Pt nuclei.
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2.3.6 Effect of organic additives on Pt deposition process

The heterogeneous deposition of Pt can be regulated by modulating the CMC of BDAC
through the addition of small organic molecules. In a reaction system with cgpa* >
CMC, which was originally unfavored the formation of intact Pt NTs (corresponding
to the condition in Figure 2.5g), the addition of ethanol (EtOH) and ethylene glycol
(EG) resulted in the formation of intact Pt NTs, due to the increase in the CMC of
BDAC in the mixed solvents!®’-18% With increasing the content of the added EtOH, the
morphology of the products transited from collapsed Pt fragments (Figure 2.5g) to
porous Pt nanoframes (Figure 2.11a) and eventually to intact Pt NTs (Figure 2.11b). A
similar trend was observed when EG was used (Figure 2.11d and 2.11e). However, as
the concentration of EtOH and EG increased to ~40 vol%, aggregated Pt NTs with
rough surfaces were obtained (Figure 2.11c and 2.11f), owing to the Au/Pd template
aggregation caused by reduced electrostatic repulsion among the templates with
increased amount of EtOH and EG. Meanwhile, both EtOH and EG could serve as

weak reducing agents to accelerate the reduction of BDA-Pt (I1) complexes.
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Figure 2.11 TEM images of the Pt products after template removal when introducing
organic additives with different concentrations in the system: (a-c) EtOH added with
different vol%: (a) 10%, (b) 20%, (c) 40%; (d-f) EG added with different vol%: (d)

10%, (e) 20% and (f) 40%.
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2.3.7 The strategy generality in other QAC systems
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Figure 2.12 (al-a5) TEM images of Pt products by using BAC-C, as surfactants, n= 8,

10, 12, 14 and 16, respectively. (b1-b5) TEM images of Pt products by using Ch,-TAB

as surfactants, n=8, 10, 12, 14 and 16, respectively. (c) UV-vis spectra of the mixture

of BAC-Cy and Pt (II). (d) UV-vis spectra of the mixture of C,TAB and Pt (II). (e)

Schematic diagram of Pt products when employing QACs as surfactants.

We further validated the generality of the strategy of ultrathin Pt layer deposition at

Csurfm < CMC using other QACs with different alkyl chain lengths and CMC values,

which include benzyldimethyl ammonium surfactants (BAC-Cn, n= 8, 10, 12, 14 and

16) and trimethyl ammonium surfactants (CnTAB, n=8, 10, 12, 14 and 16) (Table 2.2).

For BAC-C,, group, intact ultrathin Pt NTs were obtained at n>12, whereas Pt NPs and

60



collapsed Pt NTs were produced at n=8 and 10, respectively (Figure 2.12al1-5). The
CnTAB group showed a similar trend: surfactants with long alkyl chain preferred to
assist intact Pt NTs formation, rather than Pt frame fragments and free Pt NPs (Figure
2.12b1-5). This result can be explained by the different association states of the Surf-
Pt (I1) complexes when QACs of different alkyl chain lengths were used, as confirmed
by UV-visible measurements. When mixing BAC-Cg with Pt (1I), no obvious change
was observed in the spectra as compared with those of individual BAC-Cg and Pt (I1),
indicating no obvious formation of BAC-Cs-Pt (I1) clusters (Figure 2.12c, Figure 2.13a
and 2.13b). As the alkyl chain length increased (n=10,12, 14, and 16), a broad band
around 275-300 nm became obvious (Figure 2.12c), because of a more complete cluster
formation of BAC-Cn-Pt (1I) complexes from the enhanced hydrophobic interaction.
The influence of the association states of Surf-Pt (11) on the Pt nucleation was further
validated by the direct reduction of BAC-Cy-Pt (I1) without Au/Pd templates. Rare Pt
NPs was observed when n=8 (Figure 2.14al). As n increased, the enhanced
hydrophobic interaction of the alkyl chains facilitated BAC-Cn-Pt (1) complex cluster
formation, thus, Pt NPs were obtained (Figure 2.14a2-5). For C,TAB, the UV band
shifted from 260 nm to 280 nm (Figure 2.12d, Figure 2.13a and 2.13c), which also
indicates a gradually complete association of C,TA-Pt (I1) as the n value increases from
8 to 16%°°. The direct reduction of ChTA-Pt (I1) complexes showed a similar trend as
those of BAC-Cy-Pt (II) when n > 12 (Figure 2.14b3-5). However, CsTAB and
C10TAB, we speculate that the coexistence of free C,TA-Pt (11) complexes and C,TA-

Pt (11) clusters induced temporally unseparated nucleation and growth of Pt and led to
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giant Pt dendritic nanostructures (Figure 2.14bl and 2.14b2). The results are

summarized as a schematic diagram in Figure 2.12e.
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Figure 2.13 UV-Vis spectra of (a) KBr, K2PtCls and the mixture of K,PtCls and KBr;

(b) BAC-C; and (c) ChTAB.

Figure 2.14 TEM images of Pt products synthesized by the direct reduction of different

Surf-Pt (1) in the absence of the Au/Pd templates: (al1-5) BAC-Cs, BAC-C19, BAC-C12,

BAC-Ci4 and BAC-Cys; and (b1-5) CsTAB, C10TAB, C12TAB, C14TAB and C16TAB.

It is noteworthy that the smaller CMC values of BAC-C, caused by the benzene ring
on the side chain indicate a stronger hydrophobic interaction when forming the BDA-
Pt (II) complex clusters, thus Pt NTs synthesized by BAC-C, were of better wall
thickness uniformity compared to those of Pt NTs synthesized by employing ChTAB

(Table 2.2). Meanwhile, for QACs with smaller CMC values, maintaining csurf' < CMC
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during the reaction would cause heavy aggregation of the templates, thus, led to heavily

aggregated Pt NTs as final products.

Table 2.2 Commonly used QACs with their CMC values'®* and the morphologies of

Pt products synthesized by adopting the corresponding QACs

oY
BAC-Ch A

Molecular formula Abbreviation CMC Pt Product after
(mM) template removal
CH3(CH2)7N(C')(CHg)zCHgCGHg, BAC-Cs 188 ot NPs

CHa(CH2)eN(CI(CH)2CHoCels | gac ¢ | 383-38.7 | PtNTs + NPs

BAC-Cy
(BDAC)

CH3(CH2)13N(CI)(CHz3)2CH2C¢Hs BAC-Cus 1.99-2.16

8.6 Ultrathin Pt NTs

Ultrathin Pt NTs
heavily aggregated
Ultrathin Pt NTs

CH3(CH2)1:N(CI)(CHz3)2CH2C¢Hs

CH3(CH2)1sN(CI)(CH3)2CH2CsHs | BAC-Cis 0.2 heavily aggregated
C.TAB Sx i,
CHa(CH2)/N(CHz)3(Br) CsTAB 144 | PENTS (collapsed)
CHA(CH)IN(CH3)3(BN) CwTAB 68 PtNTS + NPs
CHA(CH)uN(CHs)s(BN) CTAB | 172 | PtNTs+NPs
CH3(CH2)13N(CHa)s(Br) CLTAB 35 heavilsta';;fegate |
CHs(CH2)15N(CHs)s(Br) CiTAB | 0.99-1.2 PLNTS

heavily aggregated

In a word, in order to prepare ultrathin Pt NTs of high quality (increased dispersity and
wall thickness uniformity), the QAC should meet the conditions of (1) the alkyl chains
should be long enough to form Surf-Pt (I1) clusters and (2) a moderate CMC value

which can maintain electrostatic repulsion to avoid template aggregation.
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2.3.8 Electrochemical performance of ultrathin Pt NTs

MOR was used as a model electrocatalytic reaction to examine the potential catalytic
performance of the ultrathin Pt NTs. The corresponding CV scans are shown in Figure
2.15a. Figure 2.15b further exhibits the histograms of the peak current densities of the
ultrathin Pt NTs and commercial Pt/C. The specific activity of the ultrathin Pt NTs is
about 0.49 mA/cm?, which is ~2 times higher than that of the commercial Pt/C (0.25
mA/cm?). The ultrathin Pt NTs exhibit enhanced MOR activity and could potentially

extend its application in energy field.
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Figure 2.15 (a) CV scans of ultrathin Pt NTs and Pt/C in an aqueous solution of 0.5 M
H>SO4 and 1.0 M methanol using a scanning rate of 50 mV/s, respectively; and (b)
Specific activity comparison between Pt NTs and Pt/C, the error bars are from three

independent measurements.

2.4 Conclusions

To conclude, we have developed a novel and facile strategy to synthesize ultrathin Pt

NTs in aqueous solution. The heterogeneous Pt nucleation on the templates was
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realized when cgpa* < CMC. It is demonstrated the BDA-Pt (1) complex clusters
served as the effective precursors, which created a localized high concentration of Pt
(1) that can induce a fast heterogeneous nucleation. This strategy demonstrated its
generality when the reaction systems adopted other commonly used QACs.

This approach can be potentially extended to the synthesis of ultrathin hollow Pt
nanostructures with different geometries by employing other Pd templates with
different shapes (e.g., cubic, octahedral, truncated structures, concaved structures).
Moreover, it enables the large-scale synthesis of ultrathin Pt hollow structures with
high quality control, which lays the foundation for their practical industrial fabrication

and potential application in catalysis and energy conversion field.
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Chapter 3: Synthesis of ultrathin PtAu nanotubes with
tunable LSPR bands in the visible-NIR range

Overview

In this chapter, a multi-stepwise synthesis was designed to fabricate PtAu NTs. We
demonstrated the LSPR band tunability, ranging from 600 nm-820 nm, in the visible-
NIR region through control of the length, width, and wall thickness of the PtAu NTs.
Furthermore, the LSPR experimental extinction spectra and finite-difference time-
domain (FDTD) simulated spectra were analyzed to study the geometric dependent
LSPR band shift. It was demonstrated that PtAu NTs exhibited characteristic LSPR
features of both rodlike and hollow nanostructures.

A manuscript based on this chapter is in preparation.

3.1 Introduction

Hollow Au-based NTs have been widely employed in bioimaging#*1461%2
sensors!4819319% and catalysis>*>°, However, current synthetic methods are limited.
To date, one of the most common strategies for Au-based NT fabrication is the hard
template directed synthesis. AAO arrays'®>!% and Ag NWSs/NRs! 161197 \yere
commonly employed as templates for the synthesis of Au-based NTs that are tens of
nanometers in width and hundreds of nanometers in length. Despite the mature
fabrication strategies, the dimensions of Au-based NTs, comparable to or beyond the
wavelength of the incident light, may weaken its LSPR response.

There are a few reports on the synthesis and optical properties of Au-based NTs smaller
than 100 nm; however, the lack of flexible tunability over the NT size confines the
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systematical discussion over its LSPR behavior. The LSPR band tunability is only
limited to the dependence on the overall length and width of the tubular structures, an
analogue analysis to its solid counterpart Au NRs. Nevertheless, the advantages of a
hollow structure on the tunability of its LSPR band over the visible-NIR range are not
highlighted. Although several simulation studies revealed the LSPR transverse mode
of Au NTs'%2% the LSPR longitudinal mode and its relation to the transverse mode
has been rarely reported in tubular systems with a finite length.

In this chapter, we reported the synthesis of PtAu NTs with tunable dimensions, such
as length, width, and thickness of the Pt and Au layer, via a multi-step, controllable
synthesis strategy including: 1) template-directed deposition, 2) selective etching, and
3) underpotential deposition. The extinction LSPR band of obtained PtAu NTs matched
with the LSPR extinction simulated by the FDTD method. The longitudinal and
transverse LSPR band position dependence on the aspect ratios, including the ratio
between the length/thickness, the ratio between width/thickness, the ratio between
length/width, and the thickness of the Pt layer and the Au layer, were analyzed
systematically. Through delicate control over the dimensions, the LSPR band can be
tuned from 600-820 nm in the visible-NIR range. These findings allow for potential

applications of PtAu NTs in visible-light driven catalysis.
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3.2 Experiments

3.2.1 Materials

Gold (111) chloride trihydrate (HAuCl4.3H20, 99.9 +%), silver nitrate (AgNO3, 99+%),
potassium tetrachloroplatinate (I1) (K2PtCls, 98+%), palladium (I1) chloride (PdCl.,
99+%), hydrochloric acid (HCI, 36.5%-38%), hexadecyltrimethylammonium bromide
(CTAB, 99%), benzyldimethyldodecylammonium chlorride (BDAC, 99.0%), sodium
borohydride (NaBHa4, 99.99%), L-ascorbic acid (AA, 99%+), tetrahydrofuran (THF),
dimethylformamide (DMF), Nafion solution (5 wt.%), and sodium hydroxide (NaOH)
were purchased from Sigma-Aldrich. Methanol (CH3OH, Reagent Grade) was
purchased from PHARMCO, and sulfuric acid (H2SOa, 95-98%) was purchased from
Alfa Aesar.

HPLC water was used in all the experiments and was purchased from Sigma-Aldrich.
Hexadecyltrimethylammonium chloride (CTAC, >95%) was purchased from TCI.
Thiol-terminated polystyrene (PS-SH, Mn=12,000, Mw/Mn =1.09) was purchased
from Polymer Source Inc.

All the chemicals were used as received without further processing.

3.2.2 Seeds solution for Au NR preparation

Seed mediated growth was employed for the synthesis of Au NRs with tunable
dimensions. The seed solution was prepared as follows: 2.5 mL of 0.2 M CTAB
aqueous solution, 0.125 mL of 10 mM HAuUCI4 and 2.375 mL of water were well-mixed
in a 20 mL scintillation vial, followed by the injection of 0.3 mL of ice-cold 10 mM

NaBH4 aqueous solution under vigorous stirring. After stirring for 2 minutes at room
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temperature, the solution was incubated in a 30 °C water bath for 2 hours before use.
To prepare Au NRs with the longitudinal extinction band at 634 nm, 805 nm and 1032

nm respectively, the growth solutions were prepared separately as follows.

3.2.3 Au NRs with the longitudinal extinction band at 634 nm

In the growth solution, 0.25 mL of 2 mM AgNOs3 aqueous solution and 2.5 mL of 10
mM HAUCI4 aqueous solution were added sequentially to 50 mL of 0.025 M CTAB
aqueous solution, followed by the injection of 0.3 mL of 0.1 M AA aqueous solution.
Then, 0.8 mL of the as-prepared Au seed solution were quickly injected. After gently
shaking, the growth solution was kept in a 30 °C water bath overnight. The as-
synthesized Au NRs were separated and concentrated via centrifugation. The
supernatant was carefully removed, and the Au NRs were concentrated to 0.2 mL for

further use.

3.2.4 Au NRs with the longitudinal extinction band at 805 nm

In the growth solution, 0.5 mL of 10 mM AgNOs aqueous solution and 2.5 mL of 10
mM HAUCI,; aqueous solution were added sequentially to 50 mL of 0.1 M CTAB
aqueous solution, followed by the injection of 0.3 mL of 0.1 M AA aqueous solution.
Then, 0.8 mL of the as-prepared Au seed solution were quickly injected. After gently
shaking, the growth solution was kept in a 30 °C water bath overnight. The as-
synthesized Au NRs were separated and concentrated via centrifugation. The
supernatant was carefully removed, and the Au NRs were concentrated to 0.2 mL for

further use.
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3.2.5 Au NRs with the longitudinal extinction band at 1032 nm

In the growth solution, 0.6 mL of 12 mM AgNOs aqueous solution and 2 mL of 10 mM
HAuUCI4 aqueous solution were added sequentially to 40 mL of 0.1 M CTAB aqueous
solution. 3.2 mL of 1 M HCl solution were added to adjust the pH of the growth solution.
Then, 0.32 mL of 0.1 M AA aqueous solution were added. Following, 0.8 mL of the
as-prepared Au seed solution were quickly injected. After gently shaking, the growth
solution was kept in a 30 °C water bath overnight. The as-synthesized Au NRs were
separated and concentrated via centrifugation. The supernatant was carefully removed,

and the Au NRs were concentrated to 0.2 mL for further use.

3.2.6 Polymer modification

The concentrated Au NRs were added dropwise into 10 mL of THF containing 4 mg
of PS-SH. The solution was sonicated for 30 minutes and incubated overnight at room
temperature. Then the PS-modified Au NRs were washed with THF for 6 cycles and
re-dispersed in 4 mL of DMF. 1mL of the DMF solution, containing the PS- modified
Au NRs, was added dropwise into 9 mL of H2O containing, 1 mL of 0.2 M CTAB, to
redisperse the PS- modified Au NRs into an agueous solution. The concentration of the
PS-modified Au NRs was further adjusted to make the extinction of the longitudinal
LSPR band equal to 1. The aqueous solution was kept at room temperature for Pd layer

coating.

3.2.7 Synthesis of polymer-tethered AuPd coaxial templates

PS-tethered AuPd coaxial templates were synthesized as follows. 1.6 mL of 10 mM

HoPdCls were mixed with 20 mL of the PS-tethered Au NR solution, followed by
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adding 0.8 mL of 0.1 M AA aqgueous solution. After gentle shaking, the reaction was
kept in a 30 °C water bath for more than 5 hours. The as-prepared PS-tethered AuPd
coaxial templates were separated via centrifugation and washed twice with water at
14,000 rpm for 15 min. During the washing steps, BDAC was added to avoid template
aggregation. The supernatants must be completely removed in order to decrease the
CTAB residue in the solution. Then, the PS-tethered AuPd coaxial templates were

redispersed in 2 mL of water before further use.

3.2.8 Ultrathin Pt NT synthesis via deposition of Pt on the AuPd coaxial templates

1 mL of the as-prepared AuPd coaxial templates was dispersed in 9 mL of water,
containing 375 pL of 0.2 M BDAC. Then, 24 pL of 10 mM K2PtCls and 96 pL of KBr
aqueous solution were added sequentially, followed by addition of 125 uL. of 10 mM
AA aqueous solution. To obtain Pt overgrowth layer with thickness of 1.5 nm, 2.1 nm,
and 2.5 nm, different amounts of K2PtCls were added, respectively. After gentle mixing,
the reaction was kept in an 80 °C water bath for 3 hours. After cooling down, the sample
was washed with DMF and dispersed in 4 mL of 4mM CuCl. /DMF solution at 60 °C
to etch away the AuPd coaxial templates. After 3 hours, the sample was separated by
centrifuge, washed with DMF twice, and redispersed and kept in 1 mL water for the

next step.

3.2.9 Synthesis of PtAu NTs

Typically, 0.1 mL of the as-prepared Pt NT aqueous solution was mixed with 0.9 mL
of water containing 0.1 mL of 0.2 M CTAB, followed by adding 5 pLL of 10 mM AgNOs3

and 5 uL of 0.1 M AA. The mixture was then kept at 60 “C for 1 hour, followed by the
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injection of 120 uL. of 1 M HCl and 12.5 pL of 10 mM HAuCls. The sample was then
kept at 30 “C for more than 5 hours. After washing twice with water, the sample was

redispersed in 1mL of water for further characterization.

3.2.10 Morphological, structural, and elemental characterizations

Transmission electron microscopy (TEM) images were taken using a JEOL LaB6
microscope operated at 200 kV. High-resolution TEM (HRTEM), high-angle annular
dark-field scanning TEM (HAADF-STEM) and energy dispersive X-ray (EDX)
analyses were performed using a JEOL 2100F microscope (JEOL, Tokyo, Japan)
operated at 200 kV. Visible-NIR extinction measurements were performed using the

PERKIN LAMBDA 40 UV-vis system.

3.2.11 Simulations

The finite-difference time-domain (FDTD) method was used for the three-dimensional
modeling and simulation (Lumerical FDTD) of the electromagnetic response. The
method with a pulse excitation allows for simultaneous broadband (400 to 1100 nm)
full-wave simulation of a single object. Very fine mesh (1 nm) was used to ensure the
simulation accuracy. The extinction, absorption and scattering spectra were calculated
using the simulated fields. To compare the simulated results with experimental results,
models (plane wave source) with different wavevector orientations and plane wave
polarizations were simulated and the spectra were averaged based on excitation

probability. The permittivity of gold is from reference®®?.
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3.3 Results and discussion

3.3.1 Synthesis strategy and characterization of the PtAu NTs

Figure 3.1a presents the scheme of a four-step synthetic strategy of hollow PtAu NTs,
which includes the preferential deposition of a layer of Pd on PS-tethered Au NRs, the
deposition of an ultrathin layer of Pt, the etching of PS-tethered AuPd coaxial templates,
and the controllable deposition of Au on hollow Pt NTs. Briefly, the reaction started
with PS-tethered Au NRs. Thiol-terminated PS was selectively modified to both ends
of the Au NRs. With the protection of the collapsed PS at both ends of the Au NRs, the
subsequent deposition of Pd selectively deposited to the side of Au NRs and formed a
coaxial tubular Pd shell.

The layer of Pt deposition follows the method described in Section 2 Chapter 2. This
method allows us to deposit an ultrathin layer of Pt on the surface of Pd at a relatively
low temperature of 80°C, which can help to maintain the attachment of PS compared
with other ultrathin Pt deposition methods performed at relatively high temperatures
(>100°C). After etching away the PS-tethered AuPd templates, ultrathin Pt NTs were
reserved. Lastly, a layer of Au was deposited on the Pt NTs, regulated by Ag ion

induced underpotential deposition (UPD).
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Figure 3.1 Morphology evolution of from PS-tethered Au NRs to PtAu NTs. (a)

Schematic illustration of the four-step synthetic strategy of hollow PtAu NTs. (b-d)

TEM images of (b) PS-tethered AuPd NRS, (¢) Pt NTs, and (d) PtAu NTs. () HAADF-

STEM image and the EDX mapping of an individual PtAu NT. (f) UV-vis-NIR spectra

of Pt NTs and PtAu NTs.
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The morphology evolution from PS-tethered Au NRs to PS-tethered AuPd NRs, Pt NTs,
and finally PtAu NTs is presented in Figure 3.1 b-d, corresponding to Figure 3.1a. PS-
tethered Au NRs with a length/width aspect ratio (LW-AR) of 4.4 (38.0 x 8.7 nm,
length x width, Figure 3.3c and Table 3.1) served as templates at the initial step. The
as-prepared PS-tethered Au NRs showed typical LSPR bands at 510 nm and 805 nm

(Figure 3.3a). The PS-tethered AuPd NRs resulted in an increase of both length and

diameter of the templates (49.6 x 27.0 nm, length x width) with a decreased LW-AR
of 1.8 (Figure 3.1b and Table 3.3). Subsequently, Pt was deposited on the PS-tethered
AuPd NRs, followed by the AuPd NR template removal. The resulting ultrathin Pt NTs
(1.7 nm of averaged wall thickness) had an average outer diameter of 27.3 nm and an
average length of 48.0 nm (Figure 3.1c and Table 3.5), whose dimensions shrunk
slightly compared to those of the AuPd NR templates. No characteristic LSPR band
was observed for Pt NTs (Figure 3.1f). After Au deposition, the acquired PtAu NTs
inherited the structure of the Pt NT templates with a slight increase in its dimension
(49.5 % 29.0 nm) (Figure 3.1d and Table 3.6). The averaged total thickness of the PtAu
NTs was measured as 5.1 nm. The PtAu NTs exhibited high uniformity in both size
and shape. EDX mapping clearly showed that Au deposited uniformly on the Pt NT
template (Figure 3.1e). It is interesting to note that more Au was deposited inside Pt
NTs as indicated the shrinkage of the inner diameter (1.D.) of the PtAu NTs (Table 3.6)
compared to that of Pt NTs. The PtAu NTs exhibited a broad extinction peak with its

central position located at 820 nm (Figure 3.1f).
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3.3.2 Analysis of the Au deposition on the Pt NTs
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Figure 3.2 Controlling the morphology of PtAu NTs by the ratio between
[AuCIs)/[Ag'] and pH values. (a-c) TEM images of PtAu NTs synthesized at
[AuClsJ/[Ag™] ratio of 6.5, 4.3, and 3.25, respectively, the inset is the Au/Pt atomic
percent from EDX. (d-e) UV-vis-NIR spectra of PtAu NTs with varied [AuCl:sJ/[Ag*]

ratios and volume of HCI.

The growth of Au on the Pt NT surface was controlled by the Ag intermediate layer.
To investigate the assistance of the Ag* on the growth of Au, the ratio of AuCls and
Ag" ions was decreased by increasing the Ag® while keeping the amount of AuCls
fixed. As the ratio of Au to Ag decreased from 6.5 to 3.25, the coating of Au became
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obvious (Figure 3.2a-c). EDX results revealed that the amount of Au increased in the
PtAu NTs (Figure 3.2a-c insets). It should be noted as the ratio of Au*/Ag* decreased
from 6.5 to 4.3, the content of Au only slightly increased, in comparison to the obvious
increase when the ratio further decreased to 3.25. We assumed that by increasing the
Ag®, a more complete Ag UPD layer was formed, which could have led to a more

203 The Ag"* regulated Au deposition was also monitored by UV-

uniform Au deposition
vis spectra (Figure 3.2d). Although the intensity slightly increased when decreasing the
ratio of Au®*/Ag* from 6.5 to 4.3, there was not an obvious change; however, a broad

band presented at ~720nm when the ratio was further decreased to 3.25.

Additionally, during the UPD process, the deposition of Au and the corresponding
LSPR band could be optimized by tuning the pH value of the reaction, as a lower pH
value may make AA a weaker reducing agent?**, which modulates Au growth. The pH
value was tuned by HCI. The LSPR band (Figure 3.2e) clearly showed, with the
addition of HCI, a red-shift from 553 nm to ~700 nm along with obvious broadening

of the peak.

3.3.3 Optical properties of PtAu NTs

The characteristics of the nanostructure’s LSPR band, such as band shifting,
absorbance magnitude damping, the resonance line width (full width at half maximum,
FWHM), etc., are dependent on their geometry, dimensions, and components. As
aforementioned, a hard template directed deposition is the key step to govern the
synthesis of the PtAu NTs. Thus, we systematically tune the dimensions of the

templates, including the LW-AR of the PS-tethered Au NRs, the thickness of the Pd
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deposition layer, the thickness of the deposited Pt layer, and the thickness of Au layer,

to investigate their influence on the PtAu NT LSPR.

3.3.3.1 Characterization of the Au NR template with different lengths

The length of the PS-tethered Au NRs plays the major role in controlling the length of
the PtAu NTs. Au NRs of three different LW-ARs were synthesized via a modified
seed mediated growth by adjusting the concentration of the Au seeds, CTAB, AgNOQOs3,
and the pH of the growth solution, followed by PS modification to protect both ends of
the as-synthesized Au NRs.

Figure 3.3b-d present the TEM images of the PS-tethered Au NRs. The average lengths
and widths of the NRs were determined by measuring the dimensions of at least 100
NRs from their TEM images and summarized in Table 3.1. The LW-ARs of the Au
NRs were calculated as 2.2 (denoted as short Au NRs, S-Au NRs), 4.4 (denoted as
medium Au NRs, M-Au NRs) and 7.2 (denoted as long Au NRs, L-Au NRs),
respectively. The corresponding extinction spectra show a clear red-shift of the
longitudinal mode of the LSPR bands along with the increase of LW-ARs, while the
LSPR band of the transverse mode remained almost unchanged (Figure 3.3a and Table
3.1).

Table 3.1 The dimension parameters and aspect ratios of the PS-tethered Au NRs

Length/nm | Width/nm | LW-AR | Transverse/nm | Longitudinal/nm
S-AuNRs | 25.6+3.2 |116+1.7 2.2 518 634
M-AuNRs | 38.0+3.9 | 87+1.3 4.4 510 805
L-AuNRs | 64.7+6.7 | 9.0+1.3 7.2 506 1032
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Figure 3.3 (a) The extinction spectra of the as-prepared PS-tethered Au NRs. (b-d)

TEM images of the PS-tethered S-Au NRs, M-Au NRs and L-Au NRs.

3.3.3.2 Characterization of the PS-tethered AuPd coaxial NR templates

The width of the PtAu NTs is mainly tuned by the thickness of Pd deposition layer on

the as-synthesized PS-tethered Au NRs. Figure 3.4-3.6 presents the length, width, and

LW-ARs of the AuPd coaxial NR after Pd deposition on the S-Au NRs, M-Au NRs,
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and L-Au NRs as a function of the feeding volume of [PdCl,>] (V[PdCl4*], 10 mM),
respectively. When the V[PdCl4*] is low, the Pd preferentially deposited on the side of
the PS-tethered AuUNR templates, owing to the protection of the collapsed PS on both
ends of the AUNRs. As the V[PdCls*] increases, both length and thickness of the Pd
deposition layer progressively increased. Consequently, the LW-AR of the PS-tethered
Au-Pd coaxial NR decreased and reached a plateau of 0.9, 1.8, and 2.9 for the S-AuPd
NRs, M-AuPd NRs, and L-AuPd NRs, respectively (Table 3.2-3.4). For each set of
AuPd NRs grown from the corresponding Au NR template, although the LW-AR
remained mostly constant as the V[PdCls*] increased, the dimensions of the resulting
PS-tethered AuPd NRs increased. Thus, this resulted in the increase in size of the Pt

NTs and PtAu NTs.

Table 3.2 The relationship between V[PdCI,*] and the dimension parameters of S-

AuPd NRs
V[PACIZ)/uL | 200 400 800 1000 1200 1600
Length/nm | 20.942.0 | 22.4+2.5 | 22.2+2.7 | 23.2+2.4 | 24.2+3.6 | 26.8+3.2
Width/nm 12.3+1.4 | 16.5+2.5 | 22.5+1.8 | 26.7+2.4 | 27.7+3.2 | 30.1+3.6
LW-AR 1.7¢0.3 | 1.4+0.3 | 1.0£0.2 | 0.9+0.1 | 0.9+0.2 | 0.9+0.2
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Table 3.3 The relationship between V[PdCls%] and the dimension parameters of M-

AuPd NRs
V[PACIZ)/uL | 200 400 800 1000 1200 1600
Length/nm 30.1+3.5 | 32.4+3.4 | 38.1+4.4 | 40.6+4.6 | 47.615.4 | 49.6+5.8
Width/nm 11.7£2.3 | 19.0£2.6 | 22.1+2.8 | 22.7£2.4 | 24.5+1.6 | 27.0£3.3
LW-AR 2.6x0.6 1.7+0.3 1.7¢0.3 | 1.8+0.3 | 1.9+0.3 | 1.8+0.3

Table 3.4 The relationship between V[PdCls*] and the dimension parameters of L-

AuPd NRs
V[PdCIs*]/uL 200 400 600 800 1000 1200
Length/nrm | 63.1+7.5 | 65.849.3 | 71.8+7.6 | 73.9+7.0 | 77.7¥9.0 | 76.3%8.1
Width/nm 15.2+1.7 | 18.5+2.0 | 21.7+2.4 | 22.6x£1.9 | 25.0+2.5 | 25.7+2.6
LW-AR 42+0.7 | 3.6£0.6 | 3.3+t05 | 3.3+04 | 3.1+05 | 3.0+04
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Figure 3.4 (a-f) TEM images S-AuPd NRs fabricated with different feeding volumes
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of [PdCI4>]: (a) 200, (b) 400, (c) 800, (d) 1000, (e) 1200, and (f) 1600 pL, respectively.

(g) Dimensions and LW-AR values of corresponding S-AuPd NRs
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Figure 3.5 (a-f) TEM images M-AuPd NRs fabricated with different feeding volumes

of [PdCI4>]: (a) 200, (b) 400, (c) 800, (d) 1000, (e) 1200, and (f) 1600 pL, respectively.

(g) Dimensions and LW-AR values of corresponding M-AuPd NRs
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Figure 3.6 (a-f) TEM images L-AuPd NRs fabricated with different feeding volumes

of [PdCI4%]: (a) 200, (b) 400, (c) 600, (d) 800, () 1000, and (f) 1200 pL, respectively.

(g) Dimensions and LW-AR values of corresponding L-AuPd NRs
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3.3.3.3 Characterization of Pt NTs and PtAu NTs

Three series of Pt NTs and PtAu NTs synthesized were employing AuPd NRs of
different lengths. These were: short nanotubes based off S-AuPd NRs (denoted as ST-
Pt, ST-PtAu), medium nanotubes based off M-AuPd NRs (denoted as MT-Pt, MT-PtAu)
and long nanotubes based off L-AuPd NRs (denoted as LT-Pt, LT-PtAu). A simplified
schematic model was built to illustrate the dimension parameters of the NTs (Figure
3.8a). Figure 3.7 presents the TEM images of Pt NTs and the corresponding PtAu NTs

with their dimension parameters presented in Table 3.5 and Table 3.6.

Table 3.5 Dimension parameters of the Pt NTs, with length (L), width (W), inner

diameter (1.D.), and thickness (T) being extracted from TEM images.

Sample L/nm W/nm [.D./nm T/nm
ST1-Pt 23.1+3.2 17.0£2.0 13.2+2.0 1.8+0.3
ST2-Pt 23.5+3.1 23.5+3.0 19.8+2.9 1.7+0.2
STs-Pt 23.7+£3.4 27.2+3.6 24.0+3.4 1.9+0.4
MT1-Pt 34.9+3.5 17.2+2.4 12.8+2.3 1.8+0.3
MT2-Pt 43.7+4.5 24.9+2.7 20.0£3.1 1.9+0.3
MT3s-Pt 48.0+4.0 27.3x2.5 23.1+2.3 1.7+0.3
LT:-Pt 57.6+5.5 18.9+2.7 15.3+2.6 1.8+0.3
LT2-Pt 62.5+6.2 24.2+2.8 19.6£3.2 1.9+0.2
LTs-Pt 70.68.2 27.2+3.1 23.8+3.6 2.0+0.2
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Table 3.6 Dimension parameters of the PtAu NTs, with L, W, I.D., and T being

extracted from TEM images.

Composition L/nm W/nm [.D./nm T/nm
ST1-PtAu 26.0+4.0 19.0£2.2 8.9+2.1 5.0£1.1
ST2-PtAu 23.8+3.2 26.8+3.3 15.7£2.3 4.9+0.9
STs-PtAu 25.0+4.1 28.7+3.1 19.0+2.4 5.1+0.9
MT1-PtAu 34.7+3.4 20.0+3.1 9.0£1.9 5.1+1.0
MT2-PtAu 45.9+4.6 26.5+2.4 16.2+2.4 5.0£1.0
MT3-PtAu 49.5+5.4 29.0+3.4 17.243.1 5.1+0.7
LT:-PtAu 57.6+6.3 19.4+2.1 9.6x1.7 5.0+0.8
LT.-PtAu 68.3+6.4 26.4+2.8 16.1+1.9 5.3+0.8
LTs-PtAu 72.0+10.3 29.7+2.8 17.6+2.3 5.2+0.9

To facilitate further discussion on geometric and compositional dependent LSPR band
position and band shifting, we adopted Pt NTs and PtAu NTs with controlled width,
length, and thickness. The Pt thickness of all Pt NTs was precisely controlled around
1.8 nm (Table 3.5). For PtAu NTs, the total wall thickness (includes both Au layer and
Pt layer) was controlled around 5.0 nm (Table 3.6). The NTs of different lengths
labelled with the same subscripts indicate they shared same widths, inner diameters,
and wall thicknesses, while their lengths varied.

As shown in Figure 3.7 a-r, all of the PtAu NTs inherited the structure of their
corresponding Pt NT templates successfully with the hollow interior well-preserved.

Figure 3.7 s, u and w present the normalized experimental extinction spectra of STy-,
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MThx- and LTs-PtAu, respectively. To further investigate the LSPR of the PtAu NTs, we

performed FDTD simulation to study the electromagnetic response of single PtAu NTSs.
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Figure 3.7 TEM images of (a-c) STn-Pt; (d-f) STh-PtAu; (g-i) MTs-Pt; (j-1) MTh-PtAu;
(m-0) LTn-Pt; (p-r) LTn-PtAu. Experimental spectra and FDTD simulated spectra of

STn-PtAu (s,t), MT-PtAu (u,v) and LTs-PtAu (w, X), respectively.

Typically, PtAu NTs exhibited broad LSPR extinction bands in the UV-Vis region with
the central peak positions shifting from 600 nm to 820 nm. Additionally, the
corresponding simulated spectra exhibited similar LSPR band features; although, there
are differences among the peak positions. We attributed the discrepancies between the
experimental and simulated spectra to the polydispersity of the PtAu NTs and the
porosity on the walls, as compared to the single PtAu NT, with smooth wall, used in

the simulation.
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Figure 3.8 Schematic illustration of (a) geometric parameters of a single PtAu NT and
(b) FDTD simulation: the excitation of the LSPR longitudinal and transverse modes
with incident light of corresponding linear polarization and wavevector, respectively.

(c-e) FDTD simulated L-Ext LSPR spectra of STn-PtAu, MTs-PtAu and LT-PtAu and
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(f-h) FDTD simulated T-Ext LSPR spectra of STh-PtAu, MT,-PtAu and LT,-PtAu.
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3.3.3.4 LSPR analysis of PtAu NTs

For isotropic hollow nanostructures, e.g., hollow Au nanoshells (NSs) and hollow Au-
Ag nanocages (NCs), the LSPR band position has a close relationship with the ratio
between the shell thickness and the outer diameter. However, for anisotropic tubular
structures, due to the geometric differences on the longitudinal and transverse direction
of the PtAu NTs, we broke the resonance by separating the LSPR transverse extinction
mode (T-Ext mode) from the longitudinal extinction mode (L-Ext mode). We then
studied the LSPR band shifting dependence on the geometric parameters along the
corresponding direction (Figure 3.8b), similar to the LSPR study of anisotropic Au NRs.

Thus, we define two ARs along the longitudinal and transverse direction, respectively:

LT — AR = Length )
" Total wall thickness of PtAu NTs
Width
WT — AR = (2)

Total wall thickness of PtAu NTs

The LW-AR of the PtAu NTs were defined the same as that of for Au NRs and AuPd

NRs templates.

_ Length of PtAu NTs

LW — AR =
Width of PtAu NTs

(3)

The FDTD simulated spectra of the longitudinal mode and transverse mode of the PtAu
NTs are presented in Figure 3.8 c-h. The calculated LT-AR and WT-AR values (based

off Table 3.6) together with LSPR extinction peak values along the longitudinal (AL-ext)
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and transverse direction (At-ext) extracted from Figure 3.8 c-h are presented in Table

3.7.

Table 3.7 Calculated LT-AR, WT-AR and LW-AR of STy-PtAu, MTs-PtAu and LTx-
PtAu based off the dimension parameters listed in Table 3.6 with AL-ext and At-ext

collected from Figure 3.8 c-h.

Sample LT-AR WT-AR LW-AR AL-Exi/NM At-ex/nM
ST1-PtAu 5.2 3.8 1.4 583.0 595.1
ST2-PtAu 4.9 5.5 0.9 559.0 682.7
STs-PtAu 4.8 5.6 0.8 572.5 760.9
MT:-PtAu 6.8 3.9 1.7 617.6 583.4
MT2-PtAu 9.2 5.3 1.7 659.4 652.0
MTs-PtAu 9.8 5.7 1.7 671.3 664.1
LT:-PtAu 11.6 3.9 3.0 786.0 601.9
LT2-PtAu 13 5.0 2.6 806.6 644.1
LTs-PtAu 13.8 5.7 2.4 799.0 653.2

At a fixed PtAu wall thickness, the extinction band of the L-Ext mode red-shifted by
increasing the LT-AR, as did the T-Ext mode when increasing the WT-AR (Figure 3.9a
and 3.9b). However, for STn-PtAu, the red-shift of the T-Ext mode, along with the
increase of the WT-AR, is much greater than those of MTy-PtAu and LTs-PtAu (Figure
3.9b). It is also worth noting that although the WT-AR increased, the LW-AR of the

ST-PtAu decreased from 1.4 to 0.8. Geometrically, the ST-PtAu, with a smaller LW-
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AR, had more exposed interior space to the environment, similar to a nanoring structure.
Therefore, such LSPR modes in previous literature can also be referred to as in-plane

and out-of-plane modes, if we further reduce the length of the PtAu NTs.

In the meantime, there is no clear consistent trend between the LW-AR and L-Ext mode
or LW-AR and T-Ext mode (Figure 3.9¢c and 3.9d). Consequently, it is concluded that

the PtAu NTs exhibits typical LSPR characters of the hollow structures.

Nevertheless, we separated the longitudinal mode from the transverse mode and
investigated their LSPR dependence on the LT-AR and WT-AR for discussion
simplicity only. The dependence between the longitudinal mode and the transverse

mode cannot be ignored and needs further comprehensive study.
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Figure 3.9 Dependence of (a) L-Ext peak wavelength on the LT-AR, (b) T-Ext peak
wavelength on the WT-AR, (c) L-Ext peak wavelength on the LW-AR and (d) T-Ext

peak wavelength on the LW-AR of STs-PtAu, MTy-PtAu and LTnr-PtAu, respectively.

3.3.3.5 Au thickness influence on LSPR of PtAu NTs

We further analyzed the influence of Au thickness on the LSPR band shifting. Here,
MT-Pt, with a Pt thickness of 1.7 nm, was employed as the templates. We precisely
controlled the amount of [AuCl4] added in the reaction to increase the thickness of the
Au deposition layer, which increased from 2.4+0.7 nm to 7.2+1.1 nm (Figure 3.10 a-c
and Table 3.8). It is worth noting that as the thickness of Au increased, the width (outer
diameter) of the MT-Ptx)Au(y) (subscripts x and y represent the thickness of Pt and Au,
respectively) only slightly increased, while the inner diameter shrunk significantly
(Table 3.8), indicating more Au deposited on the interior surface of the MT-Pt than on
the exterior surface.

For MT-Ptu.7nAu.4), a broad extinction band, with a central position red-shifted to the
range of 700-800 nm with a slight intensity increase, was observed as compared to that
of the MT-Pt(1.7) templates (refer to Figure 3.1h). Further increasing the Au thickness
led to an obvious increase in LSPR band intensity, blue-shifting of the central band
position, and a decrease of the FWHM (Figure 3.10d). Meanwhile, the FDTD simulated
spectra matched well with the experimental spectra (Figure 3.10e). The dependence of
the LT-AR on the L-Ext and WT-AR on the T-Ext peak wavelength are presented in
Figure 3.10f and Table 3.9, respectively. As the thickness of Au increased, the T-Ext

mode blue-shifted notably as compared to that of the L-Ext mode. According to the
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plasmon hybridization model, proposed Prodan and Halas et al.'*%° as the shell
thickness increased, the reduced interaction between the sphere and cavity plasmon
mode resulted in decreased splitting between the two hybrid plasmons of the NS, which

resulted in blue-shifting of the LSPR peak.
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Figure 3.10 (a-c) TEM images of MT-PtxAuc) with increased Au thickness. (d-e)
Experimental and FDTD simulated spectra of MT-PtxAuy), respectively. (f)
Dependence of L-Ext peak wavelength on the LT-AR and T-Ext peak wavelength on

the WT-AR. (g-h) FDTD simulated L-Ext and T-Ext LSPR spectra of MT-PtxAuy).
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Table 3.8 Dimension parameters of the MT-PtxAugy), with L, W, 1.D., and T extracted

from TEM images. Au thickness was calculated by subtracting Pt thickness from the

total thickness.

Sample L/nm W/nm | 1.D./nm T/nm Au thickness/nm

MT-Pta.7) 48.0+4.0 | 27.3+2.5 | 23.1+2.3 | 1.7+0.3 --
MT-PtanAues) | 48.145.2 | 28.2+3.0 | 20.0£3.0 | 4.1+0.6 2.4+0.7
MT-PtanAu@es | 49.5+5.4 | 29.0+3.4 | 17.243.1 | 5.1+0.7 3.4+0.7
MT-Pta7nAuzz | 48.945.5 | 30.3+3.0 | 10.3+2.3 | 8.9+1.1 7.2+1.1

Table 3.9 Calculated LT-AR, WT-AR, and LW-AR of MT-PtxAuy) based off the

dimension parameters listed in Table 3.8 with AL-ext and At-ext collected from Figure

3.10 g-h.

Sample LT-AR | WT-AR | LW-AR AL-Ext/NM Ar-exd/nm
MT-Pte AU 11.7 6.8 17 674.6 710.1
MT-Pte7Au.4) 9.8 5.7 17 672.6 665.6
MT-PtenAuc.2) 55 3.4 16 624.2 581.1

3.3.3.6 Pt thickness influence on LSPR of PtAu NTs

In various research, the LSPR peak broadening, in addition to peak position shift, was
reported when Pt was coated on plasmonic Au nanostructures?®>2%", The FWHM
broadening of the LSPR peak is mainly ascribed to the strong nonradiative damping
that arises from the interband transition. The proximity of the d band to the Fermi level

of Pt induces high probability of e-h* excitation by small LSPR energies?®®. Thus, Pt
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provides a damping channel of LSPR energy. Here we investigated the influence of the

Pt thickness over the LSPR of the PtAu NTs.

MT-Pt with varied Pt thickness were employed as templates. The geometric parameters
of all MT-Ptw) and the corresponding MT-PtxAu) were listed in Table 3.10. The
thickness of Au was controlled around 3.0 nm, while the thickness of Pt increased from
1.5 nmto 2.5 nm (Table 3.11). Figure 3.11a-f presents the TEM images of all MT-Ptx)
and the corresponding MT-Ptx)Augy). It should be noted that the porous Pt NTs became
intact along with the wall thickness increase (Figure 3.11a-c), as did the corresponding

MT-PteAuy) (Figure 3.11d-f).

Table 3.10 Dimension parameters of MT-Pt«) and MT-Ptx)Auy), with L, W, I1.D., and

T extracted from TEM images.

Sample L/nm W/nm I.D./nm T/nm
MT-PtLs) 49.8+4.6 | 287+41 | 24.1+30 1.5+0.3
MT-Pte.1) 48.1+3.6 29.0+2.5 23.2+1.6 2.1+0.3
MT-Ptes) 50.2+4.2 29.3+2.2 25.1+3.2 2.5+0.4

MT-Pta5Auce) 51.3+2.6 | 29.9+31 | 22.0+19 4.5+0.8
MT-Pte1Auso) 522451 | 29.0+2.3 | 19.6+2.9 5.2+0.6
MT-PtesAuey) 52.5+4.9 | 299+1.6 | 21.2+2.2 5.60.6

94



Table 3.11 Calculated Pt thickness, Au thickness, and LT-AR and LW-AR from the

MT-Ptx)Auy) listed in Table 3.10.

Pt thickness/nm | Au thickness/nm WT-AR LW-AR
MT-Pta5Auc.) 1.540.3 2.9+0.8 6.6 1.7
MT-Pte1Aueo) 2.1+0.3 3.0£0.7 5.6 18
MT-Pt5AuE.) 2.5+0.4 3.1+0.7 5.3 1.8

For MT-Ptu.5Aue.9), a broad extinction band with a central position at 850 nm was

observed (Figure 3.11g). With the increase of Pt thickness, there was a clear blue-shift

of the LSPR band to 760 nm. No obvious change of the LW-AR of the MT-PtxAugy)

was observed. Thus, we attributed the blue-shift of LSPR band to the decreased WT-

AR2%9:210 " a5 indicated by the plasmon hybridization model discussed previously.

Meanwhile, only a slight decrease of the FWHM was observed, as compared to the

results when increasing the Au thickness (Figure 3.10d), indicating the strong LSPR

broadening provided by Pt. Due to the difficulty of modelling porous structures, no

FDTD simulation was performed here.
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Figure 3.11 (a-c) TEM images of MT-Ptx) with increased Pt thickness. (d-f) TEM
images of MT-PtxAuy) synthesized based off corresponding MT-Ptyk). (Q)

Experimental LSPR spectra of MT-Ptx)Auy).

3.4 Conclusions

In summary, we proposed a template-directed multi-step synthesis to fabricate PtAu
NTs. By tuning the dimensions of the templates, PtAu NTs with different dimensions
have been synthesized. Based off the LSPR extinction spectra from both experiments
and FDTD calculation, it is found that the LSPR of the PtAu NTs exhibited LSPR
characteristics of both rodlike and hollow nanostructures. The LSPR band of the PtAu
NTs can be tuned in the visible-NIR range by adjusting the dimension parameters,

which may find applications in visible light driven photocatalysis.
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Chapter 4: Tailoring the optical properties of PtAu nanotubes
for high efficiency photocatalysis

Overview

In this chapter, the photocatalytic performance of PtAu NTs, under visible light
irradiation, was investigated. LT-PtAu with a maximized superposition of transverse
and longitudinal LSPR modes was predicted and demonstrated to exhibit the highest
photoelectrochemical enhancement under different light irradiation conditions. The
results successfully demonstrated the customizable design of photoelectrocatalysts.
Manipulation over the LSPR band, through rational design of the plasmonic structure
in the catalyst, can maximize the synergistic photoelectrocatalytic effect of the catalyst
when combing the plasmonic entity and the catalytic entity.

A manuscript based on this chapter is in preparation.

4.1 Introduction

LSPR excitation has been demonstrated as an effective way to enhance electrocatalysis
under visible light irradiation. Although plasmonic-semiconductor conjugates have
demonstrated their advantages in converting light energy to drive catalytic reactions,
the superior catalytic performance of transition metals cannot be ignored. It is of
practical concern to develop electrocatalysts that combine the benefits of both
plasmonic and catalytic metals to drive electrochemical reactions under visible-NIR
light irradiation.

In this booming field, various multimetallic nanostructures have been reported with
enhanced visible light driven photoelectrocatalytic performance, seeking optimized
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compositional ratios, such as PdxAg NTs®, 3D PdM nanosheet assemblies (M=Au, Ag,
Cu)?!!, AgPt edgeless nanocubes®, Au@AgPt hollow urchin-like nanostructures®, etc.
However, the unique characteristic shape and size dependent LSPR of plasmonic
nanostructures and its influence on the photoelectrocatalytic performance have been
less considered when constructing the multimetallic photocatalyst systems?*2. Similar
to the plasmonic-semiconductor conjugate systems, the effective energy transfer from
the light absorber plasmonic entity to the catalytic entity transitional metal has been the
key issue, in plasmonic-catalytic multicomponent nanostructure designs, to maximize
the synergistic effect. Linic et al. proposed several design principles when designing
multimetallic photocatalysts®>. Multimetallic nanocatalysts with smaller sizes are
favored as the fraction of absorption will dominate the total extinction. For the Au-Pt
bimetallic system, the absorbed light energy is preferentially directed from Au to Pt at
longer wavelengths. Thus, it remains challenging in rational construction of PtAu
bimetallic nanostructure to satisfy the requirements of maximized LSPR absorption in
visible-NIR region with minimized scattering, while fulfilling the traditional catalyst
design demands, which includes, highly exposed active reaction sites, prolonged
catalyst’s stability, economically reduced Pt loading amount, etc.

In this chapter, PtAu NTs of three different lengths (ST-PtAu, MT-PtAu and LT-PtAu)
and fixed widths were selected to investigate their photoelectrocatalytic performance.
Based off the investigation of the geometric-dependence LSPR of PtAu NTs in Chapter
3, LT-PtAu with extended length were predicted to exhibit higher photoelectrocatalytic
response under visible-NIR excitation, owing to the maximized superposition of

transverse and longitudinal LSPR bands at longer wavelengths. The
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photoelectrocatalytic performance of PtAu NTs with different lengths were
investigated under 532 nm, 671 nm, and 808 nm laser irradiation. PtAu NTs of all
selected lengths exhibited elevated electrocatalytic performance towards MOR under
laser irradiation. Higher photoelectrochemical enhancement was observed when the
PtAu NTs were irradiated with light of longer wavelengths. Additionally, LT-PtAu
exhibited the highest photoelectrochemical enhancement under laser irradiation at all
selected wavelengths. Moreover, under Xenon lamp irradiation, a simulation of
broadband sunlight driven electrocatalysis, LT-PtAu exhibited superior
photoelectrochemical enhancement compared to other catalysts.

It is also worth noting that LT-PtAu exhibited the highest intrinsic MOR activity under
ambient light conditions. Together, with the superior photoelectrocalytic performance
among the selected PtAu NTSs, it is concluded LT-PtAu can be considered as a good
photocatalyst that can enhance catalytic performance and effectively convert light
energy to chemical energy. This work demonstrated a successful example of
theoretical-directed rational design of photoelectrocatalysts. We expect this work could

open a new design avenue for the future photoelectrocatalyst development.

4.2 Experiments

4.2.1 Materials

Gold (111) chloride trihydrate (HAuCl4.3H20, 99.9 +%), silver nitrate (AgNOs, 99+%),
potassium tetrachloroplatinate (1) (K2PtCls, 98+%), palladium (II) chloride (PdCl,

99+%), hydrochloric acid (HCI, 36.5%-38%), hexadecyltrimethylammonium bromide
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(CTAB, 99%), benzyldimethyldodecylammonium chlorride (BDAC, 99.0%), sodium
borohydride (NaBH4, 99.99%), L-ascorbic acid (AA, 99%+), tetrahydrofuran (THF),
dimethylformamide (DMF), and sodium hydroxide (NaOH) were purchased from
Sigma-Aldrich.

HPLC water was used in all the experiments and was purchased from Sigma-Aldrich.
Hexadecyltrimethylammonium chloride (CTAC, >95%) was purchased from TCI.
Thiol-terminated polystyrene (PS-SH, Mn=12,000, Mw/Mn =1.09) was purchased
from Polymer Source Inc.

Methanol (CH3OH, Reagent Grade) was purchased from PHARMCO, sulfuric acid
(H2S04, 95-98%) were purchased from Alfa Aesar, and Nafion solution (5 wt.%) was
purchased from Sigma-Aldrich. The commercial Pt/C was purchased from Fuel Cell

Store (20% Pt on Vulcan XC-72R).

All the chemicals were used as received without further processing.

4.2.2 Synthesis of Pt NTs and PtAu NTs of different lengths

The template directed synthesis of Pt NTs and PtAu NTs followed the synthesis
procedure as described in Section 3.2 Chapter 3. Specifically, to facilitate further
discussion of LSPR properties and the influence on the light driven
photoelectrocatalytic performance, the dimensional parameters of the ST-PtAu, MT-
PtAu and LT-PtAu samples, including width and thickness of Pt and Au, were carefully
controlled to be identical, while only the lengths of the PtAu NTs varied. All detailed

dimensions of the Pt NTs and PtAu NTs are listed in Table 4.1.
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4.2.3 Morphological, structural, and elemental characterizations

Transmission electron microscopy (TEM) images were taken using a JEOL LaB6
microscope operated at 200 kV. High-resolution TEM (HRTEM), high-angle annular
dark-field scanning TEM (HAADF-STEM), selected area electron diffraction (SAED)
and energy dispersive X-ray (EDX) analyses were performed using a JEOL 2100F
microscope operated at 200 kV. Visible-NIR extinction measurements were performed
using a Shimadzu UV-2501PC UV-Vis recording spectrophotometer. X-ray
photoelectron spectra (XPS) were measured by an X-ray photoelectron spectrometer
(Thermo Fisher ECSALAB Xi™) equipped with an excitation source of Al Ka radiation
(1486.6 eV). Inductively coupled plasma (ICP) data was determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) employing Shimadzu ICPE-

9000 ICP-AES.

4.2.4 Electrochemical measurements

The electrocatalytic measurements were performed on a CHI 660A electrochemical
workstation. A three-electrode system was used, where a glassy carbon electrode (GCE)
(diameter 3mm) was used as the working electrode (WE), a Ag/AgCl (3M KCI)
electrode was used as the reference electrode, and a graphite rod was used as the counter
electrode. Catalytic inks were prepared as follows. First, the as-prepared PtAu NTs, of
a specific length, were dispersed into a mixture of water (180 uL), ethanol (50 pL) and
Nafion (20 pL). A total of 2 pL of the catalytic ink were then dropcast onto the surface
of a clean WE. Subsequently, the modified WE was dried at room temperature for 1h.
The methanol oxidation reaction (MOR) was performed in a freshly prepared Na-

saturated solution containing 1 M CH3OH and 0.5 M NaOH. The scanning rate for the
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MOR was set as 50 mV s*. Hollow Pt NTs and commercial Pt/C were both employed
as the reference catalysts and their electrochemical catalytic performances were

conducted using the same method.

4.2.5 Electrochemical measurements under light irradiation

The illumination sources were a 532 nm laser, a 671 nm laser, an 808 nm laser and a
Xenon lamp, respectively. A representative experimental setup of the electrochemical
measurement under laser irradiation using the 532 nm laser as the light source is
presented in Figure 4.1a. The photoelectrochemical measurements were performed in
a customized quartz reactor (30mmx30mmx30mm). Optical neutral filters (Thorlabs)
were used to adjust the power intensity of the light source to 0.25 W/cm?, 0.5W/cm?,
0.75W/cm?, and 1W/cm?. All the illuminating power intensities from each light source
were calibrated using Coherent FieldMate power meter. The power intensity was

calculated following the equation:

, o i Power (1)
ower intensity = - of the light spot

The Xenon lamp was exploited as the light source to evaluate the photoelectrochemical
performance of the catalysts driven by broadband light irradiation. The experimental
setup is presented in Figure 4.1b. Specifically, the electrochemical tests were measured
in a customized cell equipped with a flat quartz window and a circulating cooling water
system to minimize the heating of the electrolyte generated by the IR irradiation from

the Xenon lamp.

102



All the electrochemical tests were performed at room temperature (21.6 °C), which was

frequently monitored by a digital thermometer.

3 Electrode
System

Neutral
Reactor filter

3 Electrode
System

Distance control Rea'ctor with
(Power density measured by power meter) Window cycllng water

Figure 4.1. Representative photo images of the experimental setup of using (a) 532 nm

laser and (b) Xenon lamp as the light irradiation sources for the electrochemical test.
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4.3 Results and discussion

4.3.1 Characterization of PtAu NTs

PtAu NTs of different lengths were synthesized by adopting as-synthesized PS tethered
S-AuPd NRs, M-AuPd NRs and L-AuPd NRs coated with the same Pd thickness as
templates, respectively. The dimension parameters of the acquired Pt NTs and PtAu
NTs are presented in Table 4.1 (the data was extracted from Table 3.5 and 3.6 in
Chapter 3). The lengths of the ST-PtAu, MT-PtAu and LT-PtAu were measured as
25.0+4.1, 49.5+£5.4, and 72.0£10.3 nm, respectively, while the widths of all PtAu NTs
were almost identical (~27 nm). The wall thickness of all the Pt NTs was controlled
between 1.7-1.9 nm, and the total wall thickness of the PtAu NTs was controlled
between 5.0-5.2 nm.

Table 4.1 The dimensions of all the Pt NTs and PtAu NTs adopted in this chapter.

Sample Length/nm | Width/nm [.D./nm | Thickness/nm
Pt NTs 23.7£3.4 27.2£3.6 24.0£3.4 1.9+0.4
S-NTs
PtAu NTs 25.0+4.1 28.7£3.1 19.0+2.4 5.1+0.9
Pt NTs 48.0£4.0 27.3£2.5 23.1+2.3 1.7£0.3
M-NTs
PtAu NTs 49.5+5.4 29.0£3.4 17.2+3.1 5.1+0.7
Pt NTs 70.618.2 27.2+3.1 23.8+3.6 2.0£0.2
L-NTs
PtAu NTs 72.0+10.3 29.7£2.8 17.6+2.3 5.2+0.9
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Figure 4.2 (a) HAADF-STEM image and the EDX mapping of an individual LT-PtAu.
(b) HAADF-STEM image and the EDX mapping of an individual ST-PtAu. (c) The
SAED pattern of LT-PtAu and schematic illustration of Au (red dash lines) and Pt

(green dash lines).

Figure 4.2a and b present the EDX mapping images of the LT-PtAu and ST-PtAu,
respectively. Similar to the MT-PtAu (Figure 3.1e), the results clearly showed that Au
deposited uniformly on the Pt NT templates of the corresponding length. Taken LT-
PtAu as an example, the selective area electron diffraction (SAED) image revealed the
polycrystalline nature of PtAu NTs (Figure 4.2c). Further detailed analysis indicated
that the diffraction rings can be indexed as fcc Au (red dash line) and fcc Pt (green dash

line), although the two sets of rings almost overlapped with each other.

4.3.2 LSPR analysis of PtAu NTs with different lengths

The mass normalized vis-NIR spectra of the NTs are presented in Figure 4.3a. The
PtAu NTs exhibited a broad LSPR band centered at 717 nm for the ST-PtAu, 720 nm

for the MT-PtAu and 820 nm for the LT-PtAu, respectively. The calculated spectra
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obtained from FDTD simulations (Figure 4.3b) are generally consistent with the

experimental spectra.
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Figure 4.3 (a, b) mass normalized vis-NIR spectra of ST-PtAu, MT-PtAu, and LT-PtAu
obtained from experimental results and FDTD simulations, respectively. (c) the
comparison of the integrated extinction cross section area between the experimental
spectra and the FDTD simulated spectra in the range of 400-1100 nm. (d-e) the
separated longitudinal LSPR mode and transverse LSPR mode for the ST-PtAu, MT-

PtAu, and LT-PtAu obtained from the FTDT simulation, respectively.

To estimate and compare the extinction of PtAu NTs of different lengths over the vis-
NIR range, we integrated the extinction cross section in the vis-NIR region from 400
nm to 1100 nm. The extinction cross-section of a single nano-object at a specific
wavelength is defined as the extinction power divided by the power density (power per

unit area) of the incident beam. This is also the same for absorption or scattering cross-
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section. The extinction cross-section is proportional to the extinction power as we use
a constant incident power density. For a broadband spectrum, this means the extinction
cross-section is proportional to the extinction power spectral density (power per unit
wavelength). Integration over a range of extinction cross-section spectrum provides
the “total extinction power” in the spectral range. The absolute value of the total
extinction power is not meaningful since it depends on the absolute value of the
excitation source power; however, this approach allows us to evaluate the difference of
the total extinction, absorption, or scattering power among different nanoparticles with
varied compositions and morphologies, based on the calculated cross-section spectra
results. Figure 4.3c shows the integrated extinction cross section area (IECSA) of PtAu
NTs of different lengths. LT-PtAu presented the highest IECSA in both the
experimental spectrum and FDTD simulation, compared to the ST-PtAu and MT-PtAu.
The extinction contribution from the longitudinal and transverse modes are presented
in Figure 4.3d-f. The LSPR longitudinal extinction mode (L-Ext) of the PtAu NTs, red-
shifts from 571 nm to 799 nm with increasing intensity as the NT length increases.
Meanwhile, the transverse extinction mode (T-EXxt), blue-shifts from 760 nm to 651 nm.
Although the width of the PtAu NTs was kept constant, the increase in length led to a
significant red-shift of the L-Ext mode and a moderate blue-shift of the T-Ext mode.
Interesting, this is counterintuitive when we compare this to the LSPR of anisotropic
Au NRs, where the T-Ext mode doesn’t shift noticeably when the width of the Au NRs
is fixed, and the L-Ext mode shifts significantly as the length is increased. Thus, we

believe this unique reciprocal shifting of the L-Ext and T-Ext modes promotes a
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broader extinction of the LT-PtAu in the visible-NIR range by the superposition of the

L-Ext and T-Ext modes, compared to the ST-PtAu and MT-PtAu.

Furthermore, the FDTD results indicates that absorption is the dominant decay channel

for PtAu NTs of different lengths (Figure 4.4), owing to their small dimensions. For

LT-PtAu (Figure 4.4g-i), although the scattering along the longitudinal direction

increases as the length of the PtAu NTSs increases (Figure 4.4h), the absorption still

dominates the light decay pathway.
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Figure 4.4 FDTD simulated fractional extinction, absorption, and scattering, along

longitudinal direction, and transverse direction of (a-c) ST-PtAu, (d-f) MT-PtAu, and

(g-1) LT-PtAu.
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4.3.3 Surface structure identification of PtAu NTs by XPS
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Figure 4.5 Comparison of the XPS spectra of (a) Au 4f and (b) Pt 4f for ST-PtAu,

MT-PtAu and LT-PtAu, respectively.

XPS was utilized to investigate and compare the surface composition and valence state
of Pt and Au for the PtAu NTs of different lengths. Figure 4.5 displays the high-
resolution XPS spectra of Au 4f and Pt 4f. For LT-PtAu, the binding energies at
70.95eV and 74.35 eV correspond to Pt 4f72 and Pt 4fs/2, respectively, and 84.00 and
87.66 eV correspond to Au 4f72 and Au 4fsj2, respectively. Both Au and Pt exist in the
metallic state. The binding energy differences (AE) between the Pt 4f72 and Au 4f7, of
LT-PtAu are the same as the literature value?'®, indicating that there is no significant
electron transfer between Pt and Au. Meanwhile, no obvious peak shift of Au 4f and Pt
4f was observed for ST-PtAu and MT-PtAu (Figure 4.5), inferring that the valence
states of Pt and Au for ST-PtAu and MT-PtAu were similar to that of LT-PtAu, as

further confirmed by the similar calculated AE (Table 4.2).
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Table 4.2 Binding energies of Pt 4f and Au 4f acquired from XPS spectra and the

binding energy difference (AE) between Pt 4f72 and Au 4f72 for PtAu NTs of different

lengths in comparison to the literature value?®2,

Binding Energy (eV)

Pt 4f7p Pt 4fsp Au 4f72 Au 4fs» AE
ST-PtAu 71.02 74.31 84.00 87.66 12.98
MT-PtAu 70.99 74.29 84.00 87.66 13.01
LT-PtAu 70.95 74.35 84.00 87.66 13.05
Lit Value 71.0 -- 84.0 -- 13.0

4.3.4 Au/Pt mass ratio and surface atomic ratio investigation

The mass ratios of Au/Pt for the ST-PtAu, MT-PtAu and LT-PtAu were examined by

both EDX and ICP-AES. The Au/Pt ratio in all the PtAu NTs was measured as 1.8-1.9

(Table 4.3). The surface element distribution of Au and Pt was investigated by XPS.

Table 4.3 The mass ratio of Au/Pt ratio measured by EDX, ICP-AES and the surface

atomic ratio of Au/Pt measured by XPS and CV.

EDX ICP-AES XPS CVv
ST-PtAu 2.17 1.83 0.93 0.79+0.07
MT-PtAu 1.95 1.97 0.82 0.84+0.09
LT-PtAu 1.92 1.88 1.12 0.79+0.07
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XPS and cyclic voltammetry (CV) were employed to quantitatively determine the
surface atomic ratio between Pt and Au of the PtAu NTs of different lengths. The CV
curves show two reduction peaks at 0.92 V and 0.43 V, corresponding to the oxygen
desorption from Au and Pt when comparing with the reduction peak potentials of the
bare Au electrode (0.96 V) and Pt NTs modified onto a GCE (0.46 V) (Figure 4.6a).
This indicates that the surface of the PtAu NTs is composed of both Au and Pt instead
of a complete coverage of Au on the Pt NT templates. The charges required to the
electrochemically reduce the surface Au-O and Pt-O are 400 and 440 pCecm?,
respectively?'4. The calculated surface area ratios of Au/Pt of different lengths are listed
in Table 4.3.

The bulk mass ratios of PtAu NTs of different lengths were reported as ~2, while the
surface atomic ratios between Au and Pt, measured by the surface sensitive techniques
XPS and CV were reported as 0.8 (Figure 4.6b). The difference between the bulk Au/Pt
mass ratio and the surface Au/Pt atomic ratio further confirmed that the exterior of the

PtAu NTs were composed of Pt and Au with more Au deposited on interior surface of

the NTs.
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Figure 4.6 (a) Cyclic voltammograms of the bare Au electrode, Pt NTs modified on a
GCE and PtAu NTs modified on a GCE in a 0.5 M H2SO;4 solution (purged with Ny)
with a scanning rate of 50 mV/s. (b) Au/Pt mass ratio and surface atomic ratio measured

by ICP-AES, EDX, XPS, and CV.

4.3.5 MOR catalytic performance of Pt NTs, PtAu NTs, and commercial Pt/C

The electrocatalytic activities of Pt NTs and PtAu NTs toward MOR under an ambient
light environment (referred to as the dark condition, in comparison to the MOR
electrochemical reaction carried out under light irradiation) were measured and
compared by CV scans in 0.5 M NaOH solution with 1 M CH3OH. Figure 4.7a presents
the CV scans of Pt NTs of different lengths and the commercial 20% Pt/C catalyst. The
electrochemical surface area (ECSA) of Pt was employed to estimate the specific
activities of the catalysts. The ECSA was calculated via integrating the hydrogen
adsorption charge obtained by CV scans with a scanning rate of 50 mV s in an N.-
saturated 0.5 M H2SO4 solution at room temperature.

All samples tested exhibited characteristic MOR catalytic behavior with oxidation
peaks in both forward and backward scans. For all Pt NTs, the forward scans showed
MOR peak oxidation potentials between -0.18 to -0.19 V vs. Ag/AgCl. The specific
activities of the ST-Pt, MT-Pt, and LT-Pt were measured to be 2.03, 2.54, and 2.80 mA
cm?, respectively (Figure 4.7b). By contrast, the commercial Pt/C showed a lower
specific peak current density of 1.95 mA cmat a higher peak potential (-0.12V vs.

Ag/AgCl).
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Figure 4.7 MOR performance of Pt NTs and commercial Pt/C. (a) CVs of Pt NTs of
different lengths and the commercial Pt/C in an aqueous solution of 1 M CH30H and
0.5 M NaOH. The CV scanning rate was 50mV s. (b) The corresponding histogram

of specific activities.

After Au deposition, the resulting PtAu NTs showed enhanced MOR activities
compared with their corresponding Pt NT templates. The ST-PtAu, MT-PtAu, and LT-
PtAu exhibited specific activities of 9.38, 11.53, and 14.06 mA cm?, respectively
(Figure 4.8a). The specific activities of the ST-PtAu, MT-PtAu and LT-PtAu are 4.60,
4.54, and 4.89 times higher than their corresponding Pt NTs templates, respectively
(Figure 4.8b). Additionally, the I/l (ratio between the peak current in the forward and
backward scan) dramatically decreased for PtAu NTs compared to their corresponding
Pt NTs of the same length. A higher I+/lp ratio indicates a more complete oxidation of
methanol with less poisonous species being produced. The enhanced electrochemical
activity and improved anti-poisoning property can be attributed to the “bifunctional

effect” when depositing Au onto Pt NTs.
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Figure 4.8 MOR performance of PtAu NTs of different lengths and the electrochemical
activities comparison with their corresponding Pt NT templates. (a) CV scans of PtAu
NTs of different lengths in an aqueous solution of 1M CH3OH and 0.5 M NaOH. (b)

The specific activity histogram comparison between the Pt NTs and PtAu NTSs.

4.3.6 Enhanced MOR catalytic performance of PtAu NTs under laser irradiation

To avoid the photothermal effect from any carbon support, all NT samples were
directly deposited on the GCE and tested.

The plasmon effect on MOR performance was first investigated by illuminating the
PtAu NT modified electrodes with lasers of different wavelengths at different
illuminance power intensities. Figure 4.9 presents the CV scans of MOR performance
of ST-PtAu, MT-PtAu and LT-PtAu irradiated with a 532 nm laser, 671 nm laser, and
808 nm laser at power intensities of 0.25W-cm?, 0.5 W-cm?, 0.75 W-cm?, and
1W-cm2, which are compared to the MOR performance carried out under dark
conditions. All peaks between -0.15 to 0.05 V (vs. Ag/AgCl) in the forward scan were

ascribed to methanol electro-oxidation. Obviously, PtAu NTs of different lengths all
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exhibited enhanced specific activities toward MOR under laser irradiation, when
compared to the corresponding MOR activity under dark conditions. The magnitude of
the light irradiation-induced specific peak current density increased as the laser power
intensity increased. Specifically, for PtAu NTs of all lengths under investigation, the
enhanced MOR performances induced by the 671 nm and 808 nm laser irradiation

surpassed the MOR enhancement excited by the 532 nm laser.
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Figure 4.9 MOR performance of PtAu NTs of different lengths upon laser irradiation
with different light power intensities (0.25W-cm?2, 0.5 W-cm?, 0.75 W-cm, and
1W-cm) and under dark conditions (a-c) ST-PtAu irradiated by 532 nm, 671 nm, and

808 nm laser, respectively. (d-f) MT-PtAu irradiated by 532 nm, 671 nm, and 808 nm
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laser, respectively. (g-i) LT-PtAu irradiated by 532 nm, 671 nm, and 808 nm laser,

respectively.

To further elucidate and compare the laser-excitation induced enhancement and
exclude the influence of the intrinsic electro-oxidation MOR performance, we defined
a photoelectrochemical enhancement factor (PEEF) as (jp-jo)/jo. Here, jpand jo were the
peak current density under light irradiation and peak current density under dark
conditions, respectively. The PEEFs of PtAu NTs of different lengths were calculated
and listed in Table 4.4.

Under 532 nm laser irradiation, the calculated PEEFs were almost identical for ST-
PtAu, MT-PtAu and LT-PtAu at each applied light power intensity. When irradiating
with 671 nm and 808 nm lasers, all PtAu NTs exhibited higher PEEFs, indicating the
PtAu NTs shows higher photoelectrochemical response at longer wavelengths. LT-
PtAu exhibited the highest PEEF values at all laser irradiation wavelengths, compared
to those of ST-PtAu and MT-PtAu, respectively. We assume that higher LSPR
absorption of LT-PtAu at longer wavelengths (Figure 4.3), owing to the geometric-
dependent superposition of the L-Ext and T-Ext LSPR modes, contributed to the better
photocatalytic performance of LT-PtAu.

It is worth noting that the PEEF value was not proportional to the extinction at selected
laser wavelengths. The extinction ratio from experimental spectra at 532 nm, 671 nm
and 808 nm for ST-PtAu, MT-PtAu and LT-PtAu were calculated to be 0.9:1:0.99,
0.9:1:0.99, and 0.81:0.95:1. Comparatively, the kpeer ratios were 0.47:0.84:1,

0.55:1:0.97, and 0.41:0.99:1 at 532 nm, 671 nm, and 808 nm for ST-PtAu, MT-PtAu
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and LT-PtAu, respectively. The keeer is defined as the slope of PEEF over the light
intensity and is used to compare the photocurrent response of PtAu NTs of different
lengths under laser irradiation. The discrepancy between the extinction ratio and the
kpeer ratio was attributed to the energy transfer efficiency difference between Pt and
Au in the visible-NIR range. The energy transfer efficiency from the plasmonic metal
Au to the catalytic metal Pt was suppressed before 550 nm and gradually increased as
the LSPR band moved to longer wavelengths, based off modeling anisotropic Au@Pt
core-shell nanostructures®. Thus, though the extinction of PtAu NTs at 532 nm was of
a similar value as the extinction at 671 nm and 808 nm, the low energy transfer
efficiency from Au to Pt results in a lower PEEF as compared to the PEEF values at

671 nm and 808 nm.
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Figure 4.10 (a-c) PEEF values as a function of light intensity for ST-PtAu, MT-PtAu

and LT-PtAu irradiated by 532 nm, 671 nm and 808 nm laser. (d-f) Amperometric
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photocurrent response at -0.1 V (vs. Ag/AgCl) for ST-PtAu, MT-PtAu and LT-PtAu

irradiated by 532 nm, 671 nm, and 808 nm laser.

Table 4.4 Calculated PEEF values of PtAu NTs of different lengths irradiated by

different laser wavelengths at different light intensities.

Laser Light Intensity
ST-PtAu MT-PtAu LT-PtAu
Wavelength (W-cm?)

0.25 0.15+0.01 0.13+0.01 0.14+0.01
0.5 0.26+0.02 0.22+0.02 0.24+0.01

532 nm
0.75 0.33+0.02 0.31+0.03 0.32+0.01
1.0 0.36+0.01 0.36+0.04 0.37+0.01
0.25 0.21+0.03 0.24+0.01 0.31+0.03
0.5 0.36+0.04 0.40+0.02 0.51+0.05

671 nm
0.75 0.47+0.04 0.55+0.03 0.73+0.06
1.0 0.59+0.06 0.66+0.03 0.86+0.07
0.25 0.29+0.03 0.28+0.02 0.33+0.04
0.5 0.45+0.04 0.42+0.03 0.52+0.03

808 nm
0.75 0.59+0.04 0.56+0.03 0.70+0.05
1.0 0.74+0.03 0.69+0.04 0.90+0.07

118



Table 4.5 Extinction values at 532 nm, 671 nm, and 808 nm from the experimental
visible-NIR spectra of PtAu NTs of different lengths and the keeer of PtAu NTs of

different lengths under 532nm, 671 nm, and 808 nm laser irradiation.

ST-PtAu MT-PtAu LT-PtAu
Ext K Ext k Ext k
532 nm 0.73 0.47 0.73 0.55 0.72 0.41
671 nm 0.82 0.84 0.81 1 0.85 0.99
808 nm 0.80 1 0.80 0.97 0.89 1

Amperometric i-t curves were recorded in the mixture solution containing 1M CH30OH
and 0.5 M NaOH at a fixed potential -0.1V (vs. Ag/AgCl). The photocurrent response
of the PtAu NTs, upon laser irradiation, was examined after stabilizing under dark
conditions for 200s; afterwards, the irradiation was chopped every 200s (Figure 4.10
d-f). The photocurrent rapidly increased upon laser irradiation and gradually reached a
maximum, which was attributed to both hot carriers and photothermal induced

enhanced MOR performance.

4.3.7 Enhanced MOR catalytic performance of PtAu NTs under Xenon lamp

irradiation

The photoelectrocatalytic performance of the PtAu NTs, driven by a broadband light
source, such as sunlight, was further evaluated. A Xenon lamp equipped with a 440 nm
cut-on filter was employed as the light source to provide the broadband visible-light.

The spectrum of the Xenon lamp with the cut-on filter is presented in Figure 4.11a. To
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further evaluate the performance of the PtAu NTs, LT-Pt and Au@Pt core-shell NRs
were employed as control groups. The Au@Pt NRs exhibited a transverse LSPR bands
at 525 nm and a broadened longitudinal LSPR band at 785 nm, respectively. Compared
with the Au NR template, the longitudinal mode of the Au@Pt NRs blue-shifted due
to the reduced AR after the Pt layer deposition. The Au/Pt ratio of the Au@Pt NRs was

confirmed as 2 by EDX, similar to that of PtAu NTs.
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Figure 4.11 (a) Xenon lamp spectrum. (b) visible-NIR spectra of the Au NR templates
and the Au@Pt NRs. (c-d) TEM images of Au NR templates and the corresponding

synthesized Au@Pt NRs.
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The photoelectrochemical catalytic performance of the PtAu NTs of different lengths,
LT-Pt, and Au@Pt NRs are presented in Figure 4.12a. At each applied light power
intensity (0.25, 0.5, 0.75, and 1W-cm™), the LT-PtAu exhibited the highest PEEFs
under Xenon lamp irradiation. The PEEFs of ST-PtAu and MT-PtAu are comparable at
applied light power densities and reached 0.75 and 0.73 under 1W-cm irradiation,
respectively (Figure 4.12b). Considering the intrinsic MOR electrochemical
performance of the ST-PtAu, MT-PtAu and LT-PtAu, the LT-PtAu exhibited superior
specific activities both under dark conditions and broadband light irradiation (Figure
4.12a). In comparison to the specific activity under dark conditions and the PEEFs for
LT-Pt, the incorporation of plasmonic Au to Pt NTs not only improved the intrinsic
electrochemical performance of the NTs, but also accelerated the MOR electrochemical
kinetics under light irradiation. In the meantime, all PtAu NTs exhibited higher specific
MOR activities under dark conditions compared to the Au@Pt core-shell NRs (7.63
mA-cm2), which was attributed to the advantage of hollow structures. The PEEFs of
Au@Pt NRs was also significantly lower than the PtAu NTs of the same Au/Pt atomic
ratios, which was assumed to be ascribed to the great suppression of the longitudinal

mode of the Au@Pt NRs after Pt coating.
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Figure 4.12 (a) MOR performance and (b) PEEF values as a function of light intensities
(from bottom to top in Figure 4.12a: dark condition, 0.25, 0.5, 0.75, and 1W-cm?,

respectively) for ST-PtAu, MT-PtAu, LT-PtAu, LT-Pt, and Au@Pt NRs irradiated by

Xenon lamp.

4.4 Conclusions

In conclusion, we demonstrated that the LT-PtAu NTs, with larger LSPR absorption
cross sections at longer wavelengths, exhibited better photoelectrocatalytic
performances towards MOR under broadband light irradiation. The broader absorption
cross section, in the visible-NIR region of the LT-PtAu, was achieved by adjusting the
superposition of the L-Ext mode and the T-Ext mode of the PtAu NTs by tuning the
length of the PtAu NTs. Three representative laser sources (532 nm, 671 nm, and 808
nm) were selected to examine the photoelectrocatalytic performance, and it was found
that LT-PtAu exhibited the highest photoelectrochemical enhancement under light
irradiation at each laser wavelength, compared with those of ST-PtAu and MT-PtAu.

Meanwhile, the LT-PtAu possesses a higher intrinsic electrochemical performance
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towards MOR under ambient light conditions, owing to its hollow tubular morphology.
Thus, LT-PtAu is expected to serve as an excellent photoelectrocatalyst candidate
fulfilling the requirements of: (1) intrinsic superior electrocatalytic performance and
(2) effective light energy conversion. We hope this study can provide new insights for

customizable photoelectrocatalyst design.
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Chapter 5: Conclusions and Future Work

5.1 Conclusions

The objective of this dissertation is to design and fabricate PtAu NTs with tunable
LSPR performance as photoelectrocatalysts to effectively drive electrochemical
reactions under visible light irradiation. The LSPR dependence on the LT-AR, WT-AR
and LW-AR allows PtAu NTs to reach maximum synergistic photoelectrochemical
performance when combining the plasmonic entity and catalytic entity together.

In Chapter 2, we developed a novel synthetic strategy to fabricate ultrathin Pt NTs. The
ultrathin Pt deposition was simply controlled by the concentration of the surfactant in
the solution. We systematically investigated the synthesis conditions to control the
desired morphology. Hollow Pt NTs can be formed when csut” < CMC. As the Csurf™
approaches to the CMC value, well-dispersed Pt NTs with ultrathin walls are obtained.
The generality of this approach was then further demonstrated as factors that increase
the CMC value could facilitate the formation of ultrathin hollow Pt NTs. This synthetic
strategy is demonstrated as a universal method in various reaction systems, where
quaternary ammonium compounds serve as surfactants to direct the synthesis.

In Chapter 3, PtAu NTs with tunable parameters, including length, width, and
thicknesses of the Pt and Au layers, were synthesized via a multi-stepwise synthesis
strategy. The LSPR extinction band exhibited strong dependence on the dimension
parameters of the PtAu NTs. Based off the FDTD simulation, the longitudinal and
transverse LSPR band positions depend on the aspect ratios, including the ratio between

the length/thickness, the ratio between width/thickness, the ratio between length/width,
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and the thickness of the Pt and Au layers. Notably, the LSPR exhibits features of both
rodlike and hollow structures. Delicate control over the dimensions can tune the LSPR
band of the PtAu NTs from 600-820 nm in the visible-NIR range. Together, these
findings allow for potential applications of PtAu NTs in visible-light driven catalysis.
In Chapter 4, we investigated the photoelectrocatalytic performance of PtAu NTs of
different lengths under light irradiation. It was anticipated that all PtAu NTs would
exhibit a greater photoelectrocatalytic response under longer wavelength light
irradiation. More importantly, based off the superposition of the LSPR longitudinal
mode and the transverse mode, we hypothesized that PtAu NTs, with extended length,
would exhibit a great photoelectrocatalytic response. Subsequent experimental results
supported all hypothesis we proposed. Together, with the superior intrinsic MOR
activity of PtAu NTs, it is concluded that LT-PtAu can be considered as a good
photoelectrocatalyst candidate, which can effectively convert light energy to chemical
energy. This work was demonstrated as a successful example of theory-directed

rational design of photoelectrocatalysts for future customizable catalyst design.

5.2 Future work

The development of multimetallic based photoelectrocatalysts to convert light energy
to chemical energy has garnered particular interest in the field recently. A variety of
multimetallic photoelectrocatalysts have been reported and demonstrated their
application in various catalysis reactions. Despite the thriving development and
remarkable progress in this field, many challenges, from the mechanism behind the
scenes to the apparent enhanced catalytic efficiency, need to be surmounted. At the

mechanism level, the differentiation among the enhancement field effect, the
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photothermal effect, and the hot carrier effect is crucial to instruct the photocatalyst
design. However, the fast recombination of the hot holes and electrons in the metal
along with the inevitable photothermal effect from the plasmonic metal composition
are bottleneck problems which hinder the exploration. Meanwhile, the mechanism of
effective light energy transfer from the plasmonic entity to the catalytic entity is another
key issue. Most research now follows a “trial and error” mode to find the optimized
metal composition, composition ratio and spatial configuration of multiple components
within one single entity. Although current reports reached an agreement that the
reaction mechanisms can be significantly altered by light irradiation, no general trend
for the customizable design of multimetallic photocatalyst structure has been
summarized.

Additionally, it is crucial to evaluate the catalyst stability under light irradiation and
scrutinize possible structure reconstructions during the photoelectrocatalytic process.
It has been widely recognized that the electrocatalyst may lose its electrocatalytic
performance during prolonged electrochemical operation due to phase segregation,
dealloying, structure deformation, etc. Upon light irradiation, the inevitable
photothermal effect may influence the surface atomic arrangement and induce catalyst
sintering due to the difference in surface free energy of the components®.

It should also be mentioned that current research in the field still lacks a standard design
protocol for experimental setup. Home-made apparatuses are currently designed and
adopted in different labs, leading to highly varied setups. The illumination conditions
(such as intensity, flux, and light source spectra), the electrode structure, and the reactor

geometry may all influence the reproducibility of the results.
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Despite the bottleneck problems and challenges in this booming field, it is undisputed
that the plasmonic photocatalysts pave a new avenue to effectively convert sustainable
sunlight energy to drive chemical transformations; however, more insightful studies

still need to be done in the future.
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