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ABSTRACT We used dark field spectroscopy to monitor the dissociation of hydrogen i F

on single gold nanoparticles embedded in metal oxide supports. Individual gold 8 g / F

nanorods were monitored in real time to reveal the peak position, the full width at H, © §M¥ :‘}a/

half-maximum, and the relative intensity of the surface plasmon resonances during w ¢ /." 700 Wavelength (vm) 850
repeated N,—H,—N, and air—H,—air cycles. Shifts in the spectra are shown to be due . 0 "," 0 0;“ Q‘/'_,—"’
to changes in electron density and not to refractive index shifts in the environment. g;?;ﬂ '0 4 » e o
We demonstrate that hydrogen does not dissociate on gold nanorods (13 nm x 40 nm)  |matrix =

at room temperature when in contact with silica and that electrons or hydrogen atoms
migrate from Pt nanoparticles to Au nanoparticles through the supporting metal oxide
at room temperature. However, this spillover mechanism only occurs for semiconducting oxides (anatase Ti0, and Zn0) and does not occur for Au and Pt
nanoparticles embedded in silica. Finally, we show that hydrogen does dissociate directly on anatase surfaces at room temperature during air—H,—air
cycles. Our results show that hydrogen spillover, surface dissociation of reactants, and surface migration of chemical intermediates can be detected and

monitored in real time at the single particle level.
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ver the past decade, shape-con-

trolled synthesis of nanoparticles

(NPs) has opened up the possibility
to study heterogeneous catalysis on a vari-
ety of well-defined nanoscale crystal facets.
The first step in heterogeneous gas catalysis
usually involves the adsorption of a reactant
onto a catalyst surface. A particularly im-
portant case is dissociative H, adsorption,’
which is well documented to occur on
transition-metal surfaces, producing mobile
adsorbed H atoms.? These mobile surface H
atoms play a central role in many catalytic
processes such as hydrogenation reactions,
and understanding their chemical behavior
is technologically important for high-density
hydrogen storage® and for the develop-
ment of hydrogen-sensing materials.* The
discovery that mobile H atoms can migrate
from the metal to the support matrix and
then undergo further chemical reactions
depending on the nature of the support
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and the presence of other sorbed species
has been pivotal for catalysis. This cross-
material migration process has been coined
hydrogen spillover. The goal of this work is
to show that single-particle surface plasmon
spectroscopy (SPS) is a powerful tool for
real-time monitoring of catalytic processes
and chemical intermediates during surface
redox reactions such as hydrogen spillover.

The first evidence of hydrogen spillover
was reported by Khoobiar in 1964 when it
was observed that WOz underwent a color
change when it was reduced by H,, but only
in the presence of a Pt catalyst.> Since this
discovery, H, molecule interactions with
metal/oxide surfaces have been studied by
a variety of techniques in order to under-
stand spillover: product analysis,® electrical
conductivity,” and infrared,® nuclear mag-
netic resonance,” electron paramagnetic
resonance,'® and X-ray absorption spectros-
copies."" Electrical conductivity measurements
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have been important in confirming that in Pt/TiO,
materials, H atoms can migrate from the Pt to the
reducible TiO, surface, remaining mobile in either the
atomic (H*) or ionic forms (H™), with the possibility of
both forms coexisting on TiO,. Roland et al. showed that
increases in conductivity occur in TiO, films that are in
contact with, but at a suitable distance from, Pt catalysts
exposed to H,.'? It was postulated that following chem-
isorption of hydrogen gas there is an initial dissociation
to form surface H atoms, some of which further dis-
sociate into mobile electrons that transfer into the
conduction band of the titania support, leaving protons
bound to surface lattice oxide ions. However, a half
century after its discovery, aspects of both spillover and
reverse spillover remain contentious, despite thorough
investigation via numerous experimental techniques.
Recent review articles by Prins'® and Roland et al.'
discuss the challenges and uncertainties that persist
in this area, many of which are due to the extreme
difficulty of observing spillover directly.

SPS has emerged a new tool to study the chemisorp-
tion of gases on metal nanocrystal surfaces.>'® Au NPs
exhibit strong extinction coefficients in the visible or
NIR due to their ability to support a localized surface
plasmon resonance (LSPR). The LSPR of Au NPs is
sensitive to both dielectric constant changes in the
supporting matrix and to changes in electron density
on the metal. Both of these effects can be exploited to
glean information about adsorption and desorption
events. Initial reports used changes in the absorption
spectrum of chemically synthesized Au NP ensembles
to demonstrate detection and quantitation of reducing
gases such as hydrogen and carbon monoxide.'>'”'
Optical shifts in Au NPs/metal oxide gas sensors are
often considered to be the consequence of electron
exchange on the metal at the metal/oxide interface,
as well as an effect of dielectric changes in the
support.'®2 It is therefore crucial to understand
the separate contributions that modifying the free-
electron density on the plasmonic particles and the
dielectric function of the supporting medium have on
LSPR changes. Buso et al. and Della Gaspera et al.
concluded that LSPR changes from H, reduction of
Au/TiO, and Au/TiO,/Pt films is induced by the produc-
tion of free electrons and subsequent charge transfer
to the Au NPs.">?! This conclusion was supported by
the work of Carpenter et al., where it was found that
this mechanism was the main driver of LSPR shifts on
Au/yttrium-stabilized-zirconia films when exposed to
H,.22 In contrast to LSPR charge transfer driven shifts,
Larsson et al. attributed changes in the gold particle
spectra to H; induced dielectric function changes of
nearby Pt NPs separated by a SiO, support.>

More recent studies showed that gas sorption can be
followed even at the single particle level by dark-field
microscopy (DFM). DFM was first used to measure the
interaction of hydrogen with single metal NPs by
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Liu et al., who used lithographically fabricated systems
of single Pd NPs close to the tip of a Au nanoantenna to
monitor dielectric changes of the Pd component dur-
ing hydrogen exposure.>* Following this, Tang et al.
revealed the shape dependence of the hydrogen
uptake process studying changes to the dielectric
function of a Pd shell on Au cores?® and Tittl et al. used
silica shell-isolated Au NPs to investigate the dielectric
changes during hydridation of a Pd film.2® However,
the fundamental challenge for catalysis is to investi-
gate the more complex problem of the metal catalyst—
support interaction.

By measuring electron transfer at the single particle
level, we show in this study that the H, adsorption
mechanism on Au and Pt NPs strongly depends on the
metal oxide support (TiO,, ZnO, and SiO,). This highly
sensitive technique is enabled by the use of low-
scattering, thin films prepared by sol—gel synthesis.
While DFM has been used previously to directly mea-
sure electron transfer,>”?® this is the first case where
charge transfer processes with gas phase reactants on
single metal NPs have been measured directly. SPS
measurements on single particles have larger signal-
to-noise ratios than ensemble measurements when
there is a low level of Au NP loading. A low metal loading
removes Au NP—Au NP optical coupling, which simpli-
fies the SPS analysis. Furthermore, it enables proximity
effects between Au and Pt NPs to be determined in
a straightforward manner because a submonolayer of
Au NPs on a flat plane has a more uniform, three-
dimensional environment than a multilayer or a mixed
layer. We use the single-particle spectroscopic informa-
tion to unambiguously show that hydrogen is mobile
and undergoes spillover from Pt to Au NPs.

RESULTS

l. Gold Nanorods on Glass. We begin by investigating
the effects of hydrogen gas on the surface plasmon
modes of single Au NRs that have been dispersed onto
glass slides. In Figure 1a, the change in LSPR peak
position (Amax) of a single Au NRiis plotted over a 90 min
period for both the Au sample (top) and also for the
Au/Pt sample (bottom). During this period, the gas flow
was switched from either N, (green trace) or air (blue
trace) to H, and back. For the sample that consisted
solely of Au NRs on glass (Au) there was no detectable
change to Amax during any of the N,—H, or air—H,
transitions. Conversely, a 2—3 nm blue-shift was ob-
served on single Au NRs in the Au/Pt sample when the
gas was switched from air to H,, requiring approxi-
mately 10 min for A,,., to reach a stable value under
each new gas flow. The N,—H,—N, trace follows a
similar pattern as the air—H,—air trace for the Au/Pt
sample; however, the recovery rate was noticeably
slower under N,. From these results, we conclude that
H, does not dissociate on Au NRs. Figure 1b shows
typical scattering spectra for a single rod in the Au/Pt
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Figure 1. Gas interaction results for a typical single particle on glass in the Au and Au/Pt samples. (a) Comparison of Al ,ax for
a single Au NR in the Au sample (top figure) and a single Au NR in the Au/Pt sample in the fourth N,—H,—N, (green) and
air—H,—air (blue) cycle. (b) Comparison of scattering spectra for a single Au NR in the Au/Pt sample on the fourth air—H,—air
cyclein air (red) and H; (blue) after 30 min. (c) Full temporal and spectral analysis of 1, (red), fwhm (blue), and I/l, (green) of a
single Au NR in the Au/Pt sample during repeated cycles of air—H,—air at rt.

sample after 30 min of exposure, first under air flow
(red trace) and then under H, flow (blue trace). For the
same sample, a 2—3 nm blue-shift was observed upon
switching from air to H, and this shift was accompa-
nied by an increase of approximately 10% in the peak
scattering intensity. Lorentzian fits to the experimental
data are also shown. For all samples, peak positions
could be calculated to a margin of error of 0.2 nm.
In Figure 1c, we present traces of Aay fwhm, and
relative peak intensity (//ly) as a function of time for a
typical single Au NR in the Au/Pt sample over four
cycles of air—H,—air flow. After being exposed to air
the peak position, Amax blue-shifted repeatedly be-
tween 2 and 3 nm during H, exposure, consistent with
Figure 1a,b. During cycles 1 and 3, Amax Which was
partially recovered after H, exposure and during cycles
2 and 4, completely recovered to its original position.
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There was a consistent increase of 5%—10% in the
peak-scattered light intensity, I/l (green trace), under
H, and the scattering intensity reached a stable value
at the same rate as Amax. No clear changes occurred in
fwhm (blue trace) during any part of the cycle, except
following the initial exposure to H, which resulted in a
small but permanent decrease in fwhm from 77 to
72 nm. It must be noted that changes to Aax Only
occurred for three out of the five rods measured.
Despite the high concentration of Pt NPs deposited
onto the glass, it is conceivable that not all Au NRs were
in contact with Pt NPs. A full spectral analysis for Au/Pt
during four N,—H,—N, cycles is provided in the Sup-
porting Information (Figure S3a).

Il. Gold Nanorods in Titania. The presence of a TiO,
matrix had drastic effects on the spectroscopic behavior
of the Au NRs. In Figure 23, typical scattering spectra for
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Figure 2. Gas interaction results for a typical single particle in the 30 nm thick Au/TiO,, 30 nm thick Au/TiO,—Pt, 30 nm thick
Au/TiO,/Pt, and 100 nm thick Au/SiO,—Pt samples. (a) Comparison of scattering spectra for a single Au NR in the Au/TiO,—Pt
sample on the fourth air—H,—air cycle in air (red) and H, (blue) after 30 min. (b) Comparison of A1, for a single Au NR in the
Au/TiO, sample (top) and a single Au NR in the Au/TiO,—Pt sample (bottom) in the fourth N,—H,—N, (green) and air—H,—air
(blue) cycle. (c) Full temporal and spectral analysis of 1., (red), fwhm (blue), and I/l (green) of a single Au NR in the Au/
TiO,—Pt sample during repeated cycles of air—H,—air at rt. Comparison of A4, for a single Au NR in the Au/TiO,/Pt sample
(d) and in the Au/SiO,—Pt sample (e) in the fourth N,—H,—N, (green) and air—H,—air (blue) cycle.

a single rod in the Au/TiO,—Pt sample are shown after
30 min of exposure first in air flow (red trace) and then
under H; flow (blue trace). A much larger 19 nm blue-
shift was observed upon switching from air to H, in the
presence of titania, and this was accompanied by an
increase of approximately 30% in relative scattering
intensity. Figure 2b presents a comparison of Al ax
for a single Au NR in the Au/TiO, sample (top) and a
single Au NR in the Au/TiO,—Pt sample (bottom) during
the fourth N,—H,—N, (green) and air—H,—air (blue)
cycle. Au NRs in the Au/TiO,—Pt sample exhibited
relatively rapid A,ax blue-shifts when the gas flow was
changed to H; from N; or air. In the N, experiment, the
Amax blue-shifted 6 nm over the duration of 2 min in H,
and the Aax red-shifted upon returning to N, although

COLLINS ET AL.

this was markedly slower. During the N, phase, the
observed peak shifts appeared to undergo a two-step
process. In the air experiments, the H, induced blue-
shifts were stronger than in the N, experiments, with an
observed shift of 19 nm over a time span of 7 min. The
red-shift upon returning to air, in contrast to the N,
experiment, was faster than the blue-shift and reached a
stable value in just 3 min. For the Au/TiO, sample that
consisted of Au NRs on glass in a TiO, matrix there was
no detectable change to A4 in the N;—H,—N,. How-
ever, during air—H,—air cycles, the A« gradually blue-
shifted by 9 nm when switched from air to H,, taking
25 min for Amax to reach a stable value. The red-shift
which occurred when the gas flow was returned to air
exhibited a similar kinetic trace to the blue-shift.
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Figure 2c presents Amax fwhm, and I/, as a function
of time for a typical single Au NR in the Au/TiO,—Pt
sample during four cycles of air—H,—air flow. The
behavior was generally similar to the sample of Au
NRs codeposited with Pt NPs on glass; however, the
peak shifts and scattering increases were all substan-
tially larger for rods supported on titania. The fwhm
(blue trace) followed the same trend kinetic trend as
the other two parameters, Amax and I/l,, but exhibited
an average decrease of 20 nm during each exposure of
H, and subsequently recovered to its original position
in air. (For completion, typical results for Au/TiO,—Pt
during four N;—H,—N, cycles (Figure S3b), as well as
Au/TiO, during four air—H,—air cycles (Figure S3c), are
provided in the Supporting Information.)

In Figure 2d, we demonstrate the crucial role of the
matrix during hydrogen dissociation. There, the Au NRs
and Pt NPs were intentionally separated by a 30 nm
TiO, layer to determine the effect of the relative
proximity of the two metal nanoparticles on the spec-
tral response. Au NRs in this sample exhibited a blue-
shift of 2 and 7 nm when changing to H, from N, and
air, respectively. We conclude that electron transfer to
gold nanoparticles takes place even when dissociation
occurs on Pt particles well separated from the gold
particle. (A full spectral analysis for experiments on the
Au/TiO,/Pt sample is provided in the Supporting In-
formation, Figures S3d and S3e).

lil. Gold Nanorods in Silica and Zn0. In Figure 2e, we
present typical scattering data as a function of time for
the Au/SiO,—Pt sample. There was no detectable shift
of Amax Observed for Au NRs in the Au/SiO,—Pt sample.
We conclude that the silica support does not play an
important role in the gas adsorption process.

In addition to TiO,, we examined ZnO as a support-
ing matrix to address whether Au NRs in other reduci-
ble, semiconducting oxide matrices also exhibit LSPR
blue-shifts, increases in scattering and fwhm narrow-
ing under H, pressure. There were clear spectral shifts
for single Au NRs in the Au/ZnO—Pt sample, demon-
strating that ZnO behaves similarly to TiO,. However,
the magnitude of the surface plasmon shifts were
not as significant as those observed with the TiO,-
supported samples. A blue-shift of only 3 nm was
observed for a typical Au NR in the Au/ZnO—Pt sample
when switching from N, to H, (Figure S3f). This was
approximately half of what was observed for the TiO,
sample. Furthermore, no changes to the spectra of Au
NRs in the Au/ZnO sample were observed during
air—N,—air cycles (Figure S3g), which is in contrast to
the Au/TiO, sample, which blue-shifted upon exposure
to H, even in the absence of Pt NPs (Figure 2b (top)).

DISCUSSION

The experimental results here demonstrate that
spectroscopic changes occur during gas phase redox
catalysis which can be used as a method to probe
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surface reactions. There are two possible explanations
for the typical blue-shifts that occur. The first of these is
that there is a reduction in the refractive index of the
matrix, e.g., conversion of TiO, to TIOOH. In this case,
the Au NR is acting as a dielectric sensor.?>*° However,
as we show in Figure S4, the refractive index of
hydrogen-exposed TiO, films is actually slightly higher
than that of TiO,. Consequently, a red-shift would be
expected, contrary to what is observed in every experi-
ment on all three different substrates. Furthermore, the
increase in refractive index is <0.01, which would not
explain the magnitude of the shifts (see Figure S6).
A second explanation is that the shift is due to an
increase in free electron density on the Au NRs.
As shown by calculations presented in Figure S5,
increases in electron density on the Au NRs will lead
to both a blue-shift and an increase in scattering as
observed, and consequently we attribute the spec-
tral shifts in Figures 1 and 2 to changes in electron
density.?”?°3" We cannot exclude the possibility that
gas adsorption also leads to small changes in surface
scattering of conduction electrons. Adsorbate damp-
ing would increase the imaginary component of the
Drude term in the dielectric function and this in turn
would decrease the intensity of the scattering signal.
Desorption of water or surface reactions with organic
contaminants may have been the cause of the small
5 nm reduction in fwhm of Au NRs in the Au/Pt sample
upon the first exposed to hydrogen. However, this
effect alone could not explain the strong blue-shifts
and was not observed during subsequent cycles. In the
following, we therefore explain the experimental data
in terms of electron migration between the catalyst
particles.

According to the Drude—Rayleigh equations, a blue-
shift in the scattering spectrum is predicted for in-
creased electron density on metal NPs. However, some
researchers report that this is accompanied by a de-
crease in the scattering peak intensity, 333 while other
groups report an increase.>* These differences can be
reconciled by noting that the changes in scattering
intensity depend on the particle aspect ratio. In
Figure S5, we present calculated spectra using the
Drude—Rayleigh equations for the scattering cross-
section of rods with two different aspect ratios. Be-
cause the imaginary part of the gold dielectric function
is rising with increasing wavelength near 800 nm, we
find that a blue-shift leads to less damping and arise in
the peak intensity in accord with our experiments. A
slight decrease in fwhm is also predicted, and this
decrease is observed in Figure 2c, although the experi-
mental decrease is even larger than predicted and may
additional reflect changes in surface scattering. Con-
versely, for rods with a smaller aspect ratio, the LSPR
is located closer to the interband transitions, and
here the imaginary part of the dielectric function rises
with decreasing wavelength. Hence, for these rods, the
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blue-shift is accompanied by more damping and a
decrease in peak intensity.

SPS provides a rapid diagnostic tool for detecting
dissociation of hydrogen on nanocrystal surfaces. The
lack of a spectral shift in the control experiment of
Figure 1a clearly indicates that H, is not able to adsorb
dissociatively on Au nanorods supported on glass at
room temperature. This is in agreement with literature
reports for gold particles of similar dimensions under
the experimental conditions used.>® Dissociation of H,
on Au has only been observed on NPs below 5 nm.*%37
When Pt NPs are present, the Au NRs do undergo clear,
reversible spectral shifts on glass (Figure 1c). Since the
H, does not dissociate on the Au NRs, the electrons
must be liberated by the Pt particles. However, it is also
well established that hydrogen atoms do not migrate
on silica. Hence, we deduce that the blue-shift is only
possible if the Pt NPs are in contact with, or within a few
nanometers of, the Au NRs. Furthermore, the spectrum
of the SiO; glass supported Au/Pt sample blue-shifted
by equal amounts and at similar rates during the H,
step of the cycle for both O, and O,-free environments,
suggesting that H, dissociation does not involve oxygen
and that the rate of dissociation is unaffected by the
presence of oxygen. The reactions producing the surface
plasmon shifts on the Au NR may be written as follows:

Ha + (Ptn)si0, = 2H- -+ (Ptn) 0, (M

where the molecular hydrogen dissociates on Pt surface
to form adsorbed H atoms.

2H- -+ (Pty ) g, + Si02 <= (Pty® " )go, +2H" -+ -SiO,
)]
where H atoms discharge to yield some free electrons
with protons bound to surface silica.

(Pta® sio, + (Atn)sio, < (Ptn)sio, + (Atn® g0, (3)

where electrons migrate between touching Au and Pt
NPs to equilibrate the Fermi levels.

Note that because free protons cannot form on the
Pt surface, it is likely that atomic hydrogen migrates
from the Pt surface and is initially adsorbed to anionic
sites on the metal oxide support immediately adjacent
to the Pt NP (reaction 2). Given that spillover from Pt to
defect-free SiO, is energetically impossible,' the an-
ionic site where H" ionosorption occurs is likely to be a
lattice O®~ ion which is bonded to a Si*" associated
with a surface oxygen vacancy (Vo 1).3® The proton—
electron pairs produced are not mobile on the insulat-
ing SiO, support. Delocalized electrons are conse-
quently injected only into those Au NRs, which are in
direct electrical contact with the Pt. This causes a blue-
shift and the increase of the intensity in the plasmon
resonance peak of Au NRs in the Au/Pt sample.

The proposed mechanism also explains the results
for the Au/SiO,—Pt sample. In this sample, the Pt NPs
are dispersed in a three-dimensional matrix so the
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chance of one being in contact with a Au NR is strongly
diminished. Therefore, although protons and electrons
may be produced at V.- sites, they are not able to be
transported to the Au NR, and thus, no change to the
spectrum is observed. This result further corroborates
the conclusion that dielectric changes to nearby Pt NPs
upon Pt—H formation does not contribute significantly
to the scattering signals of the rods since shifts should
have been observed in the Au/SiO,—Pt sample, which
also had a high concentration of Pt NPs.

Hydrogen Spillover. The results discussed so far have
involved Au NRs and Pt NPs in contact with a non-
reducible metal oxide support, and these oxides are
unable to support hydrogen spillover because the
energy required to break a M—H bond is large.'
Consequently, spillover of atomic H (radical H*) onto
the defect-free glass surface does not occur.3%4°
Conversely, TiO, is known to be active in the hydro-
gen spillover process.*’ The results obtained with
Au/TiO,—Pt clearly show an enhancement of the gas
interaction compared to all other samples. For the
Au/TiO,—Pt sample we propose that when the mea-
surements were performed in the absence of O,
reactions 1—3 (with TiO, instead of SiO,) constitute
the mechanism of electron transfer. However, dissocia-
tion of hydrogen into free conduction electrons addi-
tionally enables the transfer of electrons to the gold
particles through the semiconducting matrix.

The results from the Au/TiO,/Pt sample verify that
electrons can travel through the semiconductor matrix
itself. In this case, the Pt NPs were spatially separated
from the Au NRs by a titania film about 30 nm in
thickness. A blue-shift was still recorded for all Au NRs
examined in H, after being in N, (Figure 2d, bottom
trace). Therefore, since H, dissociation was only occur-
ring on the Pt NPs, electrons must be traveling through
the TiO, to reach the Au NR. The magnitude of the shift
when the Pt NPs were separated was approximately
three times smaller than for the mixed Pt and TiO,
sample. This suggests there is a limited range over
which interparticle electron transfer occurs and it is
probably space charge limited; i.e., as electrons accu-
mulate on gold particles, there is a space charge build-
up, which slows down further electron transfer. The
flux is limited at this point by the surface migration/
diffusion of protons from Pt to the Au.

From our results, we are unable to directly confirm
whether or not mobile protons are reacting with the Au
NR surfaces and forming Au—H complexes. The dis-
sociation of H, and subsequent diffusion onto Au
would contribute to the blue-shift observed by also
increasing electron density on the Au NRs.*? Au—H
formation has been proposed on particles with dia-
meters larger than 5 nm based on SPS measurements
made on gold nanoparticle films. However, these
possible measurements of Au—H formation on large
Au nanocrystals were observed at high temperatures*
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or when the energy used to illuminate the gold
nanoparticles was sufficiently high enough that hot-
electron generation could drive direct H, dissociation
on the Au surface.** Our measurements have been
made at room temperature and have been shown not
to be influenced by hot-electron processes. Neverthe-
less, it is still possible that the energy barrier has been
lowered enough for Au—H formation to occur when
mobile protons on TiO, come into contact with edge or
corner sites of large Au NRs which could be contribut-
ing to the blue-shifts. Further SPS studies into distin-
guishing between electron and proton interactions
with gold nanoparticles would be required to confirm
the proposed mechanism.

Anomalous Role of Oxygen. Large blue-shifts of the
LSPR peak occurred under H, flow for Au/TiO,, in the
absence of Pt NPs, but only when the sample was
exposed to air flow beforehand. When oxygen was
removed from the reaction the spectra underwent no
change during gas cycling (Figure 2b, top). Since H,
does not dissociate on these gold nanoparticles, which
do not have a significant fraction of low-coordination-
number surface gold atoms,*** this experiment de-
monstrates that H, dissociates on TiO, surfaces that
have been exposed to oxygen. We propose that reac-
tive oxygen ions generate sites that can enable H, to
dissociate. It has been previously observed that oxygen
can adsorb to the Ti* on the surface when there are
oxygen vacancies Vg " on the surface.*’*® Changes in
the electrical resistance of TiO, have also been mea-
sured at ~300 K when switching between O, and
H..>%" Work carried out by Roland et al. clearly shows
that there is no change in resistance of TiO, when
switching to O, and H, pressures from vacuum,'? while
Li et al. have previously reported the enhancement of
hydrogen spillover by surface labile oxygen species on
PY/TIO, catalysts*® although the reason is not well
understood.*' Likewise, we find here that the presence
of chemisorbed oxygen is required in order for H; to
generate an LSPR response on anatase. The conductiv-
ity and optical changes can be understood in terms of
the following mechanism:

1
E Oz(g) + Voz—Jr +3e” & 02 " (ads) (4)

where oxygen molecules adsorb onto V.- sites on
the TiO, surface to generate chemisorbed oxygen ions.

Hy + 202 (ads) <= 20H ~(ags) + 28~ (5)

EXPERIMENTAL SECTION

Synthesis of Ti0, NPs. TiO, NPs with 10 nm diameters were
synthesized as previously described®® by adding 3.08 g of
titanium tetraisopropoxide (Ti(OPr),, Aldrich, 97%) into a pre-
viously prepared solution containing 1.24 g of water (Milli-Q,
18.2 MQ/cm), 1.78 g of hydrochloric acid aqueous solution (HCI,
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where H; slowly dissociates on the TiO, surfaces where
reactive oxygen ions are adsorbed.

Reaction 5 creates hydroxyl groups on the sur-
face of the titania and generates free conduction
electrons.

Hydrogen Spillover on Zn0. The Au/ZnO and Au/
ZnO—Pt samples behaved similarly to the equivalent
TiO, samples; however, ZnO was not as effective as
TiO, at facilitating spillover. Fewer electrons were
injected into the Au NRs when surrounded by a ZnO
matrix. Without any Pt NPs present, even in an O,-rich
environment, Au NRs in a ZnO matrix did not undergo
any LSPR changes. The results from the air—H,—air
cycles suggest that the ZnO cannot lower the reaction
pathway enough to allow reaction 4 to occur at a
measurable level. This may be attributed to the fact
that, because of its unfilled d orbital, the Ti** sites are
more acidic than the Zn™ sites.

CONCLUSIONS

Further progress toward rational catalysis design will
depend on the emergence of new methods for under-
standing and measuring chemical reactions on the
surface of nanoscale heterogeneous catalysts such as
noble metal NPs. This work has capitalized on the
flexibility of DFM to measure electron transport and
catalysis mechanisms in colloidal thin films at the
single particle level. Isolating heterogeneous catalysis
measurements to a single particle in various matrices
has the ability to direct design for new supported
catalyst systems. We have demonstrated here that
we can monitor gas dissociation and charge migration
between single nanocrystal particles during hydrogen
adsorption. Furthermore, we see direct evidence for
the crucial role of the metal oxide support matrix. Au
NRs only function as an optical electron-transfer probe
in our experiments as they played no active role in the
H, gas adsorption. We have demonstrated that it is
possible for electrons to be transported from Pt NPs
during hydrogen dissociation to single Au NRs via a
semiconducting matrix. The matrix also greatly en-
hances the number of electrons transferred and also
accelerates the kinetics of forward and back electron
transfer. The presence of adsorbed oxygen species can
also lead to the generation of free conduction elec-
trons in the presence of hydrogen gas, which provides
a second mechanism for electron transfer to the gold
nanocrystals.

Ajax Chemicals, 36%), and 7.18 g of methanol (Merck, AR grade).
The solution was stirred for 60 min at room temperature (rt) and
heated in an oil bath at 70 °C for 4 h under reflux. The
suspension was cooled to room temperature, and the particles
were precipitated by adding 30.6 g of acetone (Unilab, AR
grade). The precipitate was collected by centrifuging the solu-
tion at 4000 rpm for 2 min. After the supernatant was discarded,
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the wet precipitate was dispersed in 26 mL of methanol,
yielding a clear 8 mg/mL TiO, anatase sol.

Preparation of Si0, Sol—Gel. A silica sol was prepared by mixing
5.78 g of tetraethyl orthosilicate ((Si(OC,Hs),, TEOS, Aldrich,
98%), 2.58 g of ethanol (Merck, AR grade), 2 g of water, and
32 mg of 36% hydrochloric acid aqueous solution. The mixed
solution was allowed to stir at room temperature for 1 h before
deposition.

Synthesis of Zn0 NPs. ZnO NPs with 10 nm diameter were
synthesized as previously described”’ by dissolving 500 mg of
zinc acetate dihydrate (Aldrich, =98%) in 22.5 mL of dimethyl
sulfoxide (Chem Supply, AR grade). Separately, 750 mg of
tetramethylammonium hydroxide (TMAH, Aldrich, 97%) was
dissolved in 7.5 mL of ethanol. The TMAH solution was added
dropwise (2 mL/min) to the zinc solution under vigorous stirring
at room temperature. After 10 min, the solution was heated at
50 °C for 1 h. Then the solutions were cooled to room tempera-
ture, precipitated with 90 mL of methyl ethyl ketone (Ajax
Chemicals, AR grade), and centrifuged at 1500 rpm for 5 min.
The supernatant was removed, and the precipitate was redis-
persed in 2.84 mL of ethanol to a final concentration of 0.8 M in
zinc ions.

Synthesis of Gold Nanorods. Gold nanorods (Au NRs), with dia-
meters of 13 £ 4 nm and lengths of 40 £ 9 nm (see Figure S1)
were prepared according to the seed-mediated method pro-
posed by Nikoobakht et al.>? The seed solution was prepared
by initially mixing 5 mL of a 0.2 M cetyltrimethylammonium
bromide (CTAB, Unilab, 98%) aqueous solution with 5 mL of a
0.5 mM aqueous solution of gold(lll) chloride (HAuCl4.3H,0,
Aldrich, = 99.9%). Under stirring of the mixed solution, 0.6 mL of
ice-cold 0.01 M NaBH, (Aldrich, 98.5%) was added and the
solution vigorously stirred for a further 2 min. The seed solution
was stored at rt and used within 4 h of preparation. A growth
solution was prepared by adding 5 mL of 0.2 M CTAB to 0.2 mL
of 4 mM AgNOs (Sigma-Aldrich, > 99.0%) at rt. To this growth
solution was added 5 mL of 1T mM HAuCl,, and after mixing of
the solution, 70 uL of 79 mM L-ascorbic acid (BDH Chemicals,
98.7%) was added and the solution vigorously mixed for 5 s.
Immediately, 12 uL of the seed solution was added to the
growth solution and the solution vigorously mixed for 5 s. The
growth solution was then left in a water bath at 30 °C for 16 h.
The solution was then centrifuged twice at 8000 rpm for 20 min,
and 9 mL (~90%) of the supernatant was removed. Nine
milliliters of water was added back to the precipitate and
redispersed sequentially. The final solution was diluted 10 times
from the as-synthesized concentration. The estimated nano-
particle concentration of the Au NR solution used for spin
coating was 25 x 107'" M based on yields reported by
Orendorff et al.>®

Synthesis of Pt NPs. Platinum colloids of 10 nm diameter were
prepared using the polyol method.***> A 1 mL solution of
80 mM chloroplatinic acid hydrate (H,PtCls, Aldrich, 99.9%)
was rapidly added to 7 mL of ethylene glycol (Sigma-Aldrich,
anhydrous, 99.8%) with 30 mM and 90 mM concentrations of
poly(vinylpyrrolidone) (PVP, Aldrich, MW = 10000) and NaNO3
(Unilab, 97%), respectively, at 160 °C. After 30 min, the NP
solution was cooled to rt and precipitated with excess acetone
(Unilab, AR grade). The solution was centrifuged at 4000 rpm for
5 min, the supernatant discarded, and the precipitate redis-
persed in ethanol to produce a 30 mM sol based on the Pt ion
content.

Preparation of Films. Samples were deposited on T mm thick
fused silica quartz glass slides for DFM measurements and on silicon
substrates for ellipsometry and SEM measurements. A summary
of the various samples for DFM is provided in Table 1. The Au
sample was prepared by spin coating the aqueous Au NR solution
at 3000 rpm for 30 s and then drying the sample at 70 °C for
10 min. The Au/Pt sample was prepared by spin coating the
Pt NPs containing ethanol solution at 3000 rpm for 30 s and
annealing the sample at 150 °C for 10 min. Following this, the
aqueous solution of Au NRs was spin coated on to the Pt NPs
monolayer, in the same manner as the Au sample, and annealed
at 70 °C. The Pt NPs, requiring a high annealing temperature to
work effectively as a catalyst, were deposited first, while the Au
NRs are known to spheroidize at temperatures higher than 80 °C;
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TABLE 1. Order of the Layers and the Material
Composition for the Eight Different Samples Prepared
for Optical Measurements”

Sample | Sample Composition Schematic
name
Au Bare AuNRs on glass H
Au/Pt Au NRs and Pt NPs on glass m
=" &
C AU/TiO, AuNRs on glass covered with a E
TiO, film
D Au/TiO,-Pt |Au NRs on glass covered with a m
. o~ P ® e 0" %o - .
TiO; film containing 8 wt% Pt NPs
E Au/ TiO/Pt| Au NRs on glass covered with o | E———
TiO> film with Pt NPs deposited | **® © %® 0000 o oo

on top

F Au/ SiO>-Pt| Au NRs on glass covered with a

—0 —Je o

SiO; film containing 8 wt% Pt NPs Seet e °

G Au/ZnO Au NRs on glass covered with a E
ZnO film

H AWZnO-Pt [Au NRs on glass covered with a | ESSS—_—-——————

® s 0" ®e - 7 -

ZnO film containing 8 wt% Pt NPs

“Dark blue represents the glass substrate in the schematic, gold represents Au NRs,
black represents Pt NPs, gray represents Ti0,, light blue represents Si0,, and light
green represents Zn0.

this restriction determined the order of the layers. This restriction
was overcome by covering the Au NRs with the TiO, matrix,
enabling an increase in the annealing temperature up to 150 °C,
avoiding the Au NR spheroidization.

The Au/TiO, sample was prepared initially by the same
method as the Au sample, with a further layer of TiO, NPs
deposited at 3000 rpm for 30 s and then annealed at 150 °C for
10 min. The Au/TiO,—Pt sample was prepared in the same way
as the previous sample, except with an ethanolic mixture of TiO,
and 8 wt % Pt NPs instead of just TiO,. The Au/TiO,/Pt sample
was prepared by the same method as the Au/TiO, sample,
except before the annealing step, a submonolayer of Pt NPs
(the same volume used to make Au/TiO,—Pt) was spin coated
on the top of the sample. The Au/SiO,—Pt sample was prepared
by spin coating the Au NRs solution as for the bare Au NRs, then,
the SiO, solution was mixed with the 8 wt % Pt NPs solution, and
spin coated on the top of the Au NRs submonolayer and
annealed at 150 °C for 10 min. The Au/ZnO and Au/ZnO—Pt
samples were prepared by the same method as their TiO,
counterparts. In all metal oxide films prepared the Au NR
concentration is estimated to be <0.25 wt % based on the
average interparticle distance observed on the DFM. All thermal
annealing was carried out in air.

Characterization. Ensemble absorbance spectra were col-
lected with an Agilent 8453 UV—vis spectrophotometer be-
tween 200 and 1000 nm. Optical constants n and k and film
thicknesses were evaluated by measuring the variables ¥ and A
with a J. A. Wollam V-VASE spectroscopic ellipsometer at two
angles of incidence (60° and 70°) in the wavelength range of
300—1500 nm. Optical constants n and k and film thicknesses
were evaluated from W, A data using the WVASE32 ellipsometry
data analysis software. The data were fitted with Cauchy
dispersion and Tauc—Lorentz oscillators in the nonabsorbing
region and at the UV absorption edge, respectively. Transmis-
sion electron microscopy (TEM) images were acquired on a FEI
Tecnai TF20 microscope operating at 200 kV. TEM samples were
prepared by drop casting the sample solutions onto copper
TEM grids (300 carbon mesh) and drying in ambient conditions.
Scanning electron microscopy (SEM) was performed on a FEI
Nova 200 Nanolab microscope operating at 5 kV.

Characterization of the Au NRs is reported in Figure S1, from
which itis possible to note that the Au NRs had an aspect ratio of
3 with a longitudinal LSPR centered at 810 nm. The refractive
indices of the layers used for covering the Au NRs were 1.43,
1.95, and 1.72 for SiO,, TiO,, and ZnO, respectively (at 630 nm).
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Figure 3. Optical setup for single particle gas measurements. An optical inverted microscope fitted with a dry dark-field
condenser (DFC) and 40x objective lens (OL) is coupled to an imaging spectrometer with an array detector (CCD). (Right)
Larger view of the home-built transmission gas cell with a microschematic view of a sample thin film on the underside of the

top window.

The metal oxide layer thicknesses were 100, 30, and 30 nm for
the SiO,, TiO,, and ZnO films, respectively. From the SEM images
in Figure S2, it is evident that the films were homogeneous and
smooth.

Single Particle Spectroscopy Measurements. Single-particle time-
resolved measurements were carried out using a Nikon TE2000-S
Eclipse inverted microscope equipped with a Nikon dry dark-field
condenser and a 40X/0.6 NA ELWD dry objective lens in transmis-
sion configuration. A Princeton Instruments Isoplane SCT 320
imaging spectrograph fitted with a PIXIS 1024F CCD detector was
coupled to the image output of the microscope for spectroscopic
measurements (Figure 3). The samples were placed in a custom-
made cell in which the scattering spectra could be collected in
transmission under different atmospheres. The measurements
were taken at room temperature (RT) using 50000 ppm of H,,
balanced with N, (5% H, in N,), with a flow rate of 5 L/h. The gases
used in these experiments were all high purity grade (<10 vpm
C,H,) with very low water content (<15 vpm). All N,—H,—N, and
air—H,—air cycles were 60 min—30 min—60 min in duration.

Using the DFM, Au NR spectra were captured every 60 s
during four cycles of exposure to 5% H, in Ny, with N, or air as
the alternating gas. The imaging spectroscopy system had the
ability to measure the scattering spectra of multiple, well-
distributed AuNRs simultaneously enabling the surface plas-
mon band position of 3—10 particles to be tracked at the same
time. This provided greater statistical certainty about the spec-
tral response of a typical single particle during each experiment
within the same sample, and a typical single particle kinetic
trace could therefore be selected to be representative of the
sample as a whole. An automated image-to-spectrum extrac-
tion and Lorentzian fitting procedure was carried out on the
data using IGOR Pro software to execute fast and accurate
analysis of hundreds of image files collected during each
experiment. Prior to running the procedure, the pixel rows of
a Au NR-free area of the image in close proximity to the Au NRs
being analyzed was subtracted from the signal to remove the
background contribution from the substrate and oxide layer.
Examples of the scattering intensity of the background varying
with time have been included in the Supporting Information
(Figure S7) to illustrate the stability of these signals during the
gas cycles. The baseline of the single particle spectra of an oxide
supported Au NR did not always reach zero. This is due to the
slightinhomogeneity of background scattering that was caused
by the oxide matrix and the Pt NPs, and could lead to a less
effective background correction. If the background signal that
was selected for the procedure had a different level of scattering
intensity than the small area the Au NR is situated in, the
background correction might not have been completely effec-
tive in removing the scattering contribution of the surrounding
matrix from the Au NR signal. Nevertheless, regular, quasi-
Lorentzian lineshapes at intensities expected for single Au
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NRs of these dimensions were measurable and Lorentzian
fitting could be effectively applied to the data extracted. Hence,
while automation resulted in enormous efficiency gains, there
was a small but noteworthy drawback in accuracy.

The experiments typically ran for 6 h, which resulted in slow
long-term drifts in the focal position of the microscope. Over
this time the focal position could influence the absolute value of
LSPR peak position due to chromatic aberrations present in the
objective lenses. An additional focal drift correction was made
by fitting a trend line to the data and normalizing the data to
the fit function, where the long-term changes in the data were
clearly not due to the introduction of different atmospheres into
the gas chamber.

Conflict of Interest: The authors declare no competing
financial interest.

APPENDIX.

Scattering Signal. In dark field microscopy, we measure
the scattering from single particles, rather than the
ensemble extinction spectrum. To determine the scat-
tering, it is easiest to consider the cross-section of a
single particle. Within the Rayleigh regime, valid for
NPs, the intensity of scattered light, /s.,(6) atan angle 6
is given by

4

Jo————0|*(1 + cos?6 A
032nzs,2nr2| [“(1 + cos?6) (A1)

Isca(e) =
where k = 251/, I is the incident light intensity, r is the
distance to the detector, ¢, is the dielectric constant of
the non-absorbing medium, and the polarizability of
the nanocrystal is given by

€ — €m

(1-10)
£p L Em

a = 3em % (A2)

Here, V is the particle volume and ¢, is the complex
dielectric function of the particle, which can be ap-
proximated by the Drude model, which works well for
gold and is linearly proportional to the electron den-
sity, especially at VIS and IR frequencies. In this regard,
eq A1 exhibits a peak at almost exactly the same
wavelength or frequency as the absorption spectrum
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of an ensemble of the particles. Increasing the electron
density N (and consequently ¢,) leads to a blue-shiftin
the scattered peak, an increase in the intensity of the
scattering signal, and a decrease in the FWHM of the
scattered light spectra, as shown in Figure S5. This is
true only for particles characterized by L < 0.08, with
resonances at wavelengths longer than 600 nm in
water. For L > 0.08, the SPR resonance is situated close
to the interband transitions and for these particles, an
increase in N leads to a blue-shift as expected, but due
to the increased damping of the conduction oscilla-
tions, the scattering peak decreases in intensity and
there is a slight broadening of the spectra.

Supporting Information Available: Optical and structural
characterization of Au nanorods, film characterization, addi-
tional spectroscopy results, and ellipsometry results. The Sup-
porting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acsnano.5b02970.
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