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Driving energetically unfavorable dehydrogenation
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Nanoparticle surface structure and geometry generally dictate where chemical transformations occur,
with higher chemical activity at sites with lower activation energies. Here, we show how optical
excitation of plasmons enables spatially modified phase transformations, activating otherwise
energetically unfavorable sites. We have designed a crossed-bar Au-PdHx antenna-reactor system
that localizes electromagnetic enhancement away from the innately reactive PdHx nanorod tips.
Using optically coupled in situ environmental transmission electron microscopy, we track the
dehydrogenation of individual antenna-reactor pairs with varying optical illumination intensity,
wavelength, and hydrogen pressure. Our in situ experiments show that plasmons enable new catalytic
sites, including dehydrogenation at the nanorod faces. Molecular dynamics simulations confirm that these
new nucleation sites are energetically unfavorable in equilibrium and only accessible through tailored
plasmonic excitation.

N
anoparticle (NP) phase transformations
and their transient states underliemany
technologies in energy storage, memory,
and catalysis (1–3). These intermediate
states support distinct electronic and

material configurations from equilibrium that
have enabled novel reaction pathways for al-
loying and chemical reactions (4, 5). However,
modifying these phase transformation dynam-
ics requires bridging the length-scale gap be-
tween the atomic-scale structural features
(i.e., atomic coordination number, surface
strain, etc.) that influence dynamics and the
macroscale extrinsic parameters (i.e., tem-
perature, chemical environment, etc.) that
can be controlled.
Optical excitation of localized surface plas-

mon resonances (LSPRs) offers a solution for
overcoming this size mismatch. LSPRs create
regions of high electromagnetic field inten-
sity, or electromagnetic (EM) “hotspots,”which
underpin increased chemical kinetics seen in
plasmon photocatalysis and plasmon-driven
NP growth (6–8). LSPRs can also modify elec-
tronic and molecular energy levels and enable
access to excited-state dynamics, opening new
reaction pathways that are difficult or impos-
sible to achieve under typical conditions (9).
As the spatial distribution of EM hotspots is
determined by NP geometry, LSPRs could
provide the required nanoscale spatial con-
trol over transient states, reshaping the en-

ergy landscape of reactants, intermediates,
and products (10).
Here, we provide a proof-of-concept dem-

onstration that LSPRs can enable new tran-
sient states in NP transformations, specifically
the dehydrogenation of palladium hydride
(PdHx) from its hydrogen-rich b-phase (x ~ 0.6)
to a hydrogen-poor a-phase (x ~ 0.01). Our
system concentrates EM enhancement at a
site where chemical activity is inherently less
favored, showing that LSPRs can transform
a normally nonreactive NP surface facet into
the preferred reaction site, in contrast to other
studies in which the regions of plasmonic
enhancement overlap with regions of high
innate chemical activity. By exploring this in-
tersection, we show how chemical hotspots
can be tuned to coincide with the optical EM
hotspot (10).
To demonstrate this result, it is crucial to

simultaneously achieve sufficient spatial in-
formation to resolve NP features, temporal
resolution to identify transient events, and
chemical information to distinguish material
transformations. Techniques such as super-
resolution chemical imaging (11), ex situ NP
markers (6), and environmental electron spec-
troscopy (7) have pushed toward simultaneous
recording of spatial, temporal, and chemical
information with high resolution at the nano-
scale.We used optically coupled environmental
transmission electron microscopy (TEM) (12)
(Fig. 1A) to track the phase transition in situ in
individual NPs with ~100-ms temporal reso-
lution under various illumination conditions
and gas pressures.
The dehydrogenation phase transition is

controlled by the surrounding temperature
and chemical potential (i.e., H2 pressure) and at
246K is endothermic (enthalpy changeDH>0)
and nonspontaneous (free energy change
DG ≫ kBT, where kB is the Boltzmann constant

and T is temperature). We used light to excite
LSPRs to overcome the energetic activation
barrier from the thermodynamically stable
b-phase to the metastable a-phase (Fig. 1B).
Experimental studies have reported this acti-
vation barrier to span from 20 to 80 kJ/mol H
(0.2 to 0.8 eV) (13, 14), which can be readily
overcome by visible-frequency photons.
The plasmonic antenna-reactor structure

consisted of a 60- to 90-nm-wide plasmonic
Au nanobar antenna surrounded by a thin
2-nm SiO2 spacer layer and a PdHx nanorod
crossed on top. This geometry spatially sep-
arated the EM hotspots from the favorable
nucleation sites at the NP tips (15, 16). The Au
nanobars are lithographically patterned onto
a Si3N4 TEM grid and support a transverse-
mode dipolar LSPR whose resonant wave-
length ranges from600 to 680nmwith varying
nanobar width, as seen in the dark-field op-
tical images and spectra in Fig. 1C and veri-
fied with simulations (fig. S5). Next, colloidally
synthesized pentatwinned Pd nanorods 350
to 550 nm in length were drop-cast onto the
prefabricated TEM grid, and the crossed geom-
etry was randomly formed (Fig. 1D). Cathodo-
luminescence (CL) spectra of the structure
with the drop-cast Pd NPs (Fig. 1C) revealed
a broad shoulder from 400 to 600 nm origi-
nating from the Si3N4 substrate and a LSPR
peak in agreement with the dark-field optical
spectra. A slight shift in the LSPR peak for
the 60-nm-wide Au nanobars was caused by
electron beam–induced radiative defects in
the SiO2 (fig. S7). At the crossing junction, the
transverse dipolar LSPR mode transformed
into a gap LSPR mode, resulting in EM hot-
spots localized in the gap between the Pd
nanorod and Au nanobar (Fig. 1E).
To track the dehydrogenation, we used

displaced-aperture dark-field (DADF) imag-
ing to exploit the 2 to 3% decrease in lattice
parameter as the NP transformed from the
b- to the a-phase (17). After setting the tem-
perature and hydrogen pressure such that the
NP was stable in the hydrogenated b-phase
(see methods), we placed an objective aper-
ture around a diffraction point of the PdHx

nanorod (Fig. 2A) to obtain a dark-field image
of the bottom PdHx nanorod crystallite (Fig.
2B, top). Upon transformation to the a-phase,
the lattice shrinks and shifts the diffraction
point outside the aperture such that the
DADF image could not be formed (Fig. 2B,
bottom). We used this presence or absence of
the DADF image as a real-time proxy for the
NP hydrogenation state.
By continually dropping the hydrogen pres-

sure (see methods), we tracked the natural de-
hydrogenation pathway of an isolated PdHx

nanorod (Fig. 2C). The DADF images showed
the right nanorod tip transforming intoa-phase,
and then a second nucleation from the opposite
tip after 35 s, until the NPwas fully transformed
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Fig. 2. Live displaced-aperture
dark-field (DADF) imaging of the
PdHx dissociation dynamics.
(A) Electron diffraction pattern
of a pentatwinned PdHx nanorod.
The pink circle designates the
approximate location of the
objective aperture around the
(220) diffraction point for DADF
imaging, with inset schematic
highlighting the corresponding
bottom crystallite. (B) Zoom-in
of the diffraction points relative
to the actual position of the
objective aperture (pink) and
corresponding DADF image
of the nanorod in b-phase (top)
and a-phase (bottom). (C) TEM
image and DADF snapshots of
the dehydrogenation mechanism
of a 498-nm PdHx nanorod without
illumination, with blue arrows
indicating nucleation sites. Time
labels refer to the time from the
first nucleation event. See fig. S6
for more examples. (D and E) TEM
and DADF snapshots of the
dehydrogenation mechanism of
the Au-PdHx system under reso-
nant illumination [(D) 627 nm with
50-nm bandwidth and (E) 640 nm
with 20-nm bandwidth] for (D) a
446-nm nanorod at 75 Pa of H2 gas
and (E) a 447-nm nanorod at 70 Pa
of H2 gas. Time labels refer to the time from the start of illumination. Aqua and yellow dashed lines serve as guides-to-the-eye of nanoparticle boundaries.
All scale bars are 100 nm.

Fig. 1. The plasmonic Au-PdHx crossed-bar
nanostructure. (A) Schematic of the experiment
in real space, with the inset showing a cross-
sectional view of the intersection between the
Au nanobar and PdHx nanorod. (B) Schematic
of the experiment in energy space, showing the
Gibbs free energy of formation for PdHx at 246 K,
calculated using a mean-field lattice gas model
with finite size corrections (see methods) and
the excited plasmon overcoming the energy barrier.
(C) Dark-field optical (DF) and cathodoluminescence
(CL) spectra of SiO2-coated Au nanobars of varying
width (60 to 90 nm) and their corresponding dark-
field optical images (right). The CL spectra are of the
structure with Pd NPs scattered on top. a.u.,
arbitrary units. (D) TEM image showing a top-down
view of a single Au-Pd crossed-bar nanoparticle
system. (E) Cross-sectional view of the simulated
electromagnetic enhancement of the Au-Pd system
on resonance under transverse excitation. E is
the electric field polarization direction, and k is
the wave vector.
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into the a-phase. In eight measurements of
five isolated PdHx nanorods, we exclusively
observed nucleation of the a-phase growing
fromboth ends of theNP, herein referred to as
double-tip nucleation. Our prior measure-
ments of the thermodynamic hydrogenation
behavior of long nanorods showed that Pd
nanorods at these lengths (>350 nm) were
more likely to nucleate their new phase at
both tips (16). Not only were the tips the ac-
tive site for our dissolution process, but PdHx

nanorods of this length energetically preferred
two nucleation sites.
The addition of plasmonic hotspots modi-

fied the dehydrogenation behavior. We set the
H2 partial pressure such that the nanorods
were kinetically trapped in the b-phase. Using
a tunable pulsed laser, we illuminated the
sample near its resonant wavelength and
tracked the response of a single crossed-
bar system. For some nanorods, the middle
section of the PdHx nanorod, near the EM
hotspot, dehydrogenated first (Fig. 2D), show-
ing one phase front propagating toward the
nearest nanorod tip, followed by the oppo-
site phase front propagating toward the other
end. We also observed nanorods that upon
illumination dehydrogenated exclusively from
one of the tips (Fig. 2E) but, unlike the dark
condition, did not have a second nucleation
event at the opposite tip.
This single-tip nucleation was not spatially

correlated with the EM hotspot, suggesting
that the optical hotspot was not the sole deter-

minant of where a reaction happens. Given
the differences in experimental setup, the ki-
netics with and without illumination cannot
be quantitatively compared, but we note that
the plasmon-driven dehydrogenation process
was faster, in agreement with our prior ob-
servations of PdHx nanocubes (12). Further-
more, upon turning illumination off, some
observed particles immediately switched back
to b-phase, indicating that this phase transi-
tion is indeed driven by the optical illumina-
tion rather than only electron-beam excitation
(fig. S8).
Wavelength-dependent studies verified that

this process was driven by optically excited
plasmons. We tracked the nucleation site in
two individual Au-PdHx pairs as a function of
illumination wavelength and power to con-
firm LSPR dependence. By comparing electron
energy loss spectroscopy (EELS)measurements
with wavelength-dependent nucleation dynam-
ics of the same nanobar system, we found that
middle nucleation only occurs for illumination
wavelengths that overlap with the LSPR of the
crossed-bar structure. For example, in Fig. 3A,
the LSPR mode peaked at 2.07 eV (599 nm),
and its corresponding EELS map verified its
transverse LSPR origin. When the system was
then illuminated, the nanorod only under-
went middle nucleation for illumination from
575 to 675 nm, that is, near the LSPRpeak (Fig.
3B). This result was also consistent with the
faster reaction times observed under 600-nm
center illumination (fig. S11).
Illumination at higher photon energies but

the same power did not induce middle nu-
cleation, confirming that resonance conditions
are needed and that the phase transition was
not mainly driven by an absorption process
(i.e., the radiative defect in SiO2, laser heat-
ing, etc.). Likewise, at lower illumination
powers, we did not observe nucleation of the
dehydrogenated phase at the resonant illu-
mination wavelength, suggesting a threshold
power to induce the phase transition. The
possibility of a threshold power is further
supported by the observation of off-resonant
illumination initiating a phase transition at
higher powers than on-resonant illumina-
tion (fig. S12).
This plasmon-induced behavior not only de-

pended on the LSPR characteristics but also
the thermodynamic state of the PdHx nano-
rod, indicated by the surrounding hydrogen
pressure. To isolate the role of inherent ther-
modynamics, we tracked the nucleation site in
22 Au-PdHx pairs under constant resonant il-
lumination but at various H2 pressures, six of
which are highlighted in Fig. 4A (additional
statistics are shown in fig. S14). As individual
NPs had different dehydrogenation pressures
and illumination intensities (fig. S13 and table
S2), we can only quantitatively compare across
a single Au-PdHx pair, not across NPs.

Under illumination, we observed five dif-
ferent phase transitionmechanisms: no phase
transition, single-tip nucleation (15 NPs),
double-tip nucleation (one NP), middle nucle-
ation (nine NPs), and defect nucleation (one
NP) (the statistics are summarized in Fig. 4B).
Many NPs showed different dehydrogenation
mechanisms depending on the surrounding
hydrogen pressure. Consistently, when the
PdHx nanorod was very stable in its b-phase
(higher H2 pressure), the energetic barrier to
nucleate a phase transition was too high, and
we either observed no dehydrogenation with-
in our data acquisition period (180 s) or a
more energetically favorable mechanism such
as single-tip nucleation. However, once the
pressure was lowered to near the natural de-
hydrogenation pressure, we started to see both
middle and single-tip nucleation.
We hypothesized that plasmons not only

supplied the system with enough energy to
undergo a less favorable transition, but careful
tailoring of the conditions also allowed for
new transition mechanisms such as middle
nucleation. To verify this hypothesis, we qua-
litatively compared the energies of our three
nucleation configurations using molecular dy-
namics simulations. We calculated the DG of
three nanobars with identical b-phase vol-
ume fractions but different spatial configura-
tions, simulating double-tip, single-tip, and
middle nucleation, and compared it against
that of a fully hydrogenated nanobar, or our
starting configuration (Fig. 4C). For all nano-
bar lengths, we found that double-tip nuclea-
tion was the closest in energy to the fully
hydrogenated nanobar, whereasmiddle nucle-
ation had the largest energy difference. Single-
tip and middle nucleation are close in energy,
suggesting why both single-tip and middle
nucleation are observed in near-equal prob-
abilities under resonant illumination.
The LSPR decay products of light, hot car-

riers, and heat can all induce dehydrogenation
and reduce the nucleation energy barrier. In-
creased radiation at the EM hotspot can local-
ly reduce the energy barrier for hydrogen
recombination and desorption, allowing hot
carriers to populate the necessary Pd-H or-
bitals (18), as previously demonstrated with
PdHx cubes (12). The hot carriers’ short life-
time (tens of femtoseconds) and mean free
path [~40 nm for Au and between 10 and
20 nm for PdHx (19)] imply that their spatial
distribution should also follow the localized
profile of the EM enhancement. The thermal
distribution, however, initially follows the spa-
tial profile of the EM enhancement but then
spatially broadens over time owing to nano-
scale heat transfer (fig. S15).
Therefore, activity far away from the EM

hotspot could only be induced by plasmonic
heating and is likely the dominant mecha-
nism for single-tip nucleation. The overall
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Fig. 3. Illumination dependence of nucleation site.
(A) Electron energy loss spectra of the LSPR mode
(pink is smoothed spectra), with the corresponding
TEM image and EELS map of the NP (top and bottom
inset, respectively). Aqua shaded region indicates the
illumination range in the nucleation site experiments
in (B). All scale bars are 100 nm. (B) Nucleation site
of the a-phase for various illumination wavelengths
and powers on the Au-PdHx pair in (A) in 77 Pa of H2
gas. Bars show the illumination bandwidth.
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increased temperature allowed the PdHx nano-
rod to transform from the otherwise stable
b-phase into a-phase but without preferential
bias toward the EM hotspot. Our pressure-
dependent measurements (specifically par-
ticle 4 in Fig. 4A) show single-tip nucleation at
high pressures but middle nucleation at lower
pressures despite identical illumination condi-
tions. Assuming that the slight difference of
6 Pa has minimal effects on heat dissipation,
then these two nucleation events had com-
parable heat profiles. Thus, we hypothesize
that middle nucleation is primarily caused
by a combination of EM enhancement and
hot carriers.
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Fig. 4. Different dehydrogenation configurations of the PdHx nanorod. (A) Pressure-dependent
nucleation behavior for six different Au-PdHx pairs under resonant illumination (with average illumination
wavelength and power specified in the right column). (B) Particle statistics of a-phase nucleation site under
dark and resonant illumination conditions for five NPs under dark conditions and 21 particles under
illumination conditions. Some particles are counted twice because they show different responses,
depending on the surrounding hydrogen pressure. (C) The difference in free energy between three
different nucleation configurations and a fully hydrogenated nanobar (DGb), calculated via MD
simulations of 20-nm-width and 38.9- (aqua), 77.8- (yellow), and 155.6-nm-length (purple) nanobars.
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