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ABSTRACT: The structure and ultrafast photodynamics of ~8
nm Au@Pt core—shell nanocrystals with ultrathin (<3 atomic
layers) Pt—Au alloy shells are investigated to show that they
meet the design principles for efficient bimetallic plasmonic
photocatalysis. Photoelectron spectra recorded at two different
photon energies are used to determine the radial concentration
profile of the Pt—Au shell and the electron density near the
Fermi energy, which play a key role in plasmon damping and
electronic and thermal conductivity. Transient absorption
measurements track the flow of energy from the plasmonic
core to the electronic manifold of the Pt shell and back to the
lattice of the core in the form of heat. We show that strong
coupling to the high density of Pt(d) electrons at the Fermi level leads to accelerated dephasing of the Au plasmon on the
femtosecond time scale, electron—electron energy transfer from Au(sp) core electrons to Pt(d) shell electrons on the sub-
picosecond time scale, and enhanced thermal resistance on the 50 ps time scale. Electron—electron scattering efficiently
funnels hot carriers into the ultrathin catalytically active shell at the nanocrystal surface, making them available to drive
chemical reactions before losing energy to the lattice via electron—phonon scattering on the 2 ps time scale. The combination
of strong broadband light absorption, enhanced electromagnetic fields at the catalytic metal sites, and efficient delivery of hot
carriers to the catalyst surface makes core—shell nanocrystals with plasmonic metal cores and ultrathin catalytic metal shells
promising nanostructures for the realization of high-efficiency plasmonic catalysts.

Hot lattice
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lasmon-mediated catalysis has recently emerged as a attractive because their LSPRs can be tuned across the visible-
promising new route for promoting chemistry initiated infrared spectrum by controlling NC size, shape and dielectric
by the excitation of collective charge density oscillations environment,'”'® but their inherent chemical inertness limits
. 1-6 . . .
in metal nanostructures. ~ At optical frequencies, coinage their utility in catalysis. Bimetallic nanostructures that combine

metals (Au, Ag, Cu) sustain bright localized surface plasmon
resonances (LSPRs)” in which the net charge density is
confined to within a few A in the electron spill-out zone, at the
interface where the dielectric function changes sign.”” The
large oscillator strength associated with these collective
excitations enhances light—matter interactions throu$h effects
that are not found in conventional photocatalysts.'°~"> Due to
their confinement, LSPs carry large local electric fields and
their rapid dephasing and dissipation leads to excitation of Received:  February 25, 2020
interfacial states and generation of hot carriers, which in turn Accepted: March 13, 2020
relax by releasing local heat. All of these phenomena can be Published: March 13, 2020
exploited to increase reaction rates and product selectivity

under relatively mild conditions compared to present

catalysts.">~'® Nanocrystals (NCs) of the coinage metals are

plasmonically active metals with catalytic transition metals
(e.g, Pt, Pd, Rh, Ru) provide a logical route to efficient
plasmon-driven catalysis,*%’w_29 be it in the form of antenna-
reactor structures””>* or core—shell NCs. ">’ =

Here we investigate the structure and photodynamics of ~8
nm starch-capped Au@Pt core—shell NCs that possess
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atomically thin Pt—Au alloy shells. These NCs were previously
demonstrated to be highly active (electro)catalysts for several
organic transformations.”””” Their small size and ultrathin
shell also make them promising nanostructures for efficient
plasmon-driven catalysis. The small NC size is anticipated to
promote efficient photocatalytic energy conversion by max-
imizing the quantum yield of light absorption and charge/
energy transfer to molecules adsorbed on the catalytically
active NC surface. Since optical extinction is dominated by
absorption in small NCs and by scattering in large NCs,*
small NCs avoid scattering losses and make efficient use of
light for driving photocatalysis.*' Mie calculations show that
the ratio of scattering to absorption cross sections at the LSPR
maximum of Au nanospheres in water increases from <1072 for
NCs with a diameter d < 25 nm to >1 (>50% scattering losses)
for d > 90 nm."”*>*>** The negligible light scattering of small
NCs should facilitate the design of high-efficiency plasmonic
catalysts that do not require sophisticated light management.
Moreover, small NCs ensure direct coupling of the Au LSP
with molecules on the NC surface, promoting plasmon decay
by ultrafast charge or energy transfer to adsorbates, often
referred to as chemical interface damping or the “direct”
mechanism of plasmonic catalysis.“’“’ %5 Byrthermore, all
hot carriers generated in the core, both from the decay of the
Au LSP and single electron intra/interband excitations, are
produced within a fraction of an electron mean free path from
the NC surface (Ig ~ 40 nm for Au at 298 K),**” which
facilitates their efficient transfer to adsorbed molecules (the
“sequential” mechanism of plasmonic catalysis)."">******* For
these reasons, small core—shell NCs can provide particularly
efficient photoabsorption and charge/energy delivery to
surface catalytic sites. It is also worth noting that the maximum
plasmonic electric field strength at the surface of an isolated Au
NC depends only weakly on NC size,**°~>* while the average
field enhancement integrated over the NC surface is larger for
smaller NCs.”” Intense local fields can trigger chemical
reactions”> and provide in situ probes of reaction mechanism
via surface enhanced Raman spectroscopy (SERS).**

In addition to the size of the plasmonic NC, the thickness of
the catalytic metal shell is also an important design parameter
for optimizing the performance of core—shell NC photo-
catalysts. When the LSPRs of the core and shell are highly
nondegenerate (due to the different free carrier density and
effective mass in the two materials), shell electrons will make
little contribution to the core LSP, and vice versa.”>*° This is
the case for our Au@Pt NCs (vide infra). In mechanical terms,
the Au and Pt Fermi liquids have different viscosities, so the Pt
electrons do not shake in resonance with the Au LSP. When
the shell metal is nonplasmonic, ultrathin shells (1—3 atomic
layers) will maximize the core plasmon field strength,
plasmon—adsorbate coupling, and hot carrier density at the
catalytic metal surface. Thicker shells only increase the distance
and reduce the coupling between the plasmonic core and the
NC surface, resulting in lower surface fields. Using SERS as the
local field reporter, it has been experimentally demonstrated
that one monolayer of Pt on an Au core leads to a dramatic
~90% drop in intensity,57 an effect also recognized in other
studies of bimetallic systems.’>*”~%" Besides fields, charge/
energy transfer transitions will be weaker for thick shells due to
the weaker plasmon-surface coupling, while hot carriers will
lose energy as they move from the core through the shell to the
NC surface. For example, approximately 20—30% of the hot
carriers will scatter and lose some of their excess energy while
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transiting a 2 nm thick Pt shell (assuming lng = S—10 nm for
Pt films).®""®* The use of ultrathin shells minimizes these
losses and takes best advantage of the localized field, charge,
and energy density that an LSP provides. We note that
potential drawbacks of ultrathin shells include lower stability in
reaction conditions and more challenging characterization
compared to NCs with thicker shells.

Bimetallic core—shell NCs are increasingly studied in the
context of photocatalysis.”'”*’™*7 In 2013, Wang et al.
reported the use of Au@Pd nanorods and NCs to perform
Suzuki coupling reactions with low-intensity illumination."
The Majima group presented evidence for hot electron transfer
from Au to Pt in photoexcited Au@Pt nanorods and triangular
nanoprisms used to produce H, from water/methanol
mixtures.””” Huang et al. pointed out that nonplasmonic
transition metal shells (e.g., Pd, Pt) not only enhance molecular
adsorption and reactivity, but also can increase the ratio of
light absorption to scattering by virtue of their large imaginary
dielectric permittivity (&,) at visible and near-infrared
frequencies, which stems from their high density of d-states
at the Fermi level and strong sp < d interband transitions.”® A
combination of large &, and high plasmonic field intensity
(IE) causes strong light absorption in the shell, effectively
transferring light energy from the core to the surface of the
NC. In cases where bulk dielectric functions can be used and
interfacial quantum effects neglected (e.g., for thick shells), the
fraction of light absorption that occurs in the shell at each
photon frequency ® can be written as

fshellfz(m,r) [E(w, r)I* dr
/core + shelle,(w, r) [E(w, )l dr
state optical spectroscopy and classical electromagnetic
simulations to show that shell absorption can dominate total
light extinction in small Ag@Pt nanocubes and Au@Pt
nanorods at frequencies where &, g1 > €, core and |EI* within
the shell is large.”**” The resulting accumulation of energy at
the NC surface (in the form of hot carriers and lattice heat)
was used to increase the rate of CO oxidation.”® Shell
engineering creates many opportunities to direct the flow of
electromagnetic energy to the surfaces of plasmonic NCs, but
the dynamics of this energy funneling process are far from
clear. Time-resolved measurements that map the flow of
energy following LSP excitation can help guide the
optimization of core—shell bimetallic nanostructures for
energy-efficient photocatalysis.

In this paper, we utilize photoelectron spectroscopy (PES)
to quantitatively determine the radial composition profile of
our Au@Pt NCs as a function of Pt loading, 0—30 atom
percent (at%), equivalent to 0—1.5 monolayers of Pt, and
employ ultrafast transient absorption spectroscopy
(TAS)****% to track the NC photodynamics following LSP
excitation. TAS has been used previously to study various
photophysical processes in Au®~"" and bimetallic NCs,**”*~%!
including electron—electron (e—e) and electron—phonon (e—
p) scattering,"’o’n_77 mechanical vibrations,”*™®' and thermal
transfer to the environment. In particular, Hodak et al. found
by single-wavelength TAS that Pt accelerates the decay of the
LSPR bleach in Au@Pt and Pt@Au core—shell NCs.”> The
faster decay was attributed to faster carrier cooling in Pt, due to
stronger e—p coupling. We show with global fits of TA spectra
that the faster LSPR bleach is caused by rapid (<1 ps) e—e
transfer from the Au core to the Pt shell that concentrates hot
carriers in the catalytic surface layer of the NCs. We find that
Pt dictates the energy flow on time scales from 107" to 107"

. Linic and co-workers used steady-
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Figure 1. Chemical analysis of the Au and Au@Pt NCs with synchrotron PES. (A) High-resolution Au(4f) and Pt(4f) core-level spectra (hv =
220 eV) normalized to the total area of the Au and Pt peaks to evaluate changes in NC composition with Pt loading. The inset shows a
magnified view of the Pt(4f) spectra normalized to the total area of the Pt(4f) peaks to highlight the relative changes in the Pt components.
Arrows indicate changes with increasing Pt loading. (B) An example of spectral deconvolution for the Au, Pt;, NC sample, where the Au(4f)
peaks are fit with two symmetric spin—orbit doublets (splitting = 3.66 €V) to account for signals from bulk and surface Au atoms (Auy, and
Aug,,¢), while the Pt(4f) peaks are fit with two asymmetric and one symmetric spin—orbit doublets (splitting = 3.34 eV) to account for signals
from bulk, surface, and oxidized Pt atoms (Ptyy, Pty and Pt,,). The figure shows the raw data (gray circles), contributions from each
component (shaded areas), the sum of fit (red line), and the residual (blue line). Spectral deconvolutions for all samples are provided in
Figure S5 and Table S1. The four bottom panels show (C) the fraction of Pty Pty and Pt,, as determined from the spectral fits, (D) the
Pt/Au ratio of the surface components and total 4f signal compared to EDX data, (E) the ratio of surface components (Pt,,; Aug, and
Aug,¢ + Pty in black, red, and blue, respectively) over the sum of bulk components (Auy, + Ptyy), and (F) the surface core level shifts
(SCLSs), all as functions of Pt loading. In (C)—(F), solid lines and symbols denote data recorded at hv = 220 eV, while dashed lines and

open symbols denote data acquired at hv = 700 eV.

s. On femtosecond time scales, the strong interfacial damping
of the LSP and scattering on Pt(d) electrons is manifested by
broadening of the Au LSPR. Notably, while strongly damped,
the resonance frequency of the Au LSP and its integrated
absorption cross section are preserved, illustrating that Pt(d)
electrons do not participate in the collective charge density
oscillations, as predicted in quantum treatments of Pt@Au
core—shell NCs.”> The Au core acts as the antenna for efficient
light harvesting and the converted energy and charge density of
the LSP is entirely dumped into the shell. The plasmon energy
dissipates sequentially by e—e transfer from Au(sp) electrons
in the core to Pt(d) electrons in the shell and subsequent
“outside-in” heating of the lattice through e—p transfer from
shell to core. On longer time scales, the higher thermal
resistance of the Pt shell slows NC cooling with the
surroundings. Our time-resolved measurements demonstrate
that the electronic excitation of the Au core is dumped into the
Pt shell on a sub-picosecond time scale, funneling light energy
from the far field to the catalytic sites on the NC surface in the
form of concentrated local fields, electronic heat (hot carriers)
and lattice heat. Our results suggest that small bimetallic core—
shell NCs with ultrathin shells are promising nanostructures
for plasmon-driven chemical conversion.

RESULTS AND DISCUSSION

Synthesis of Au@Pt Nanocrystals. Starch-capped Au@
Pt NCs were synthesized by reduction of AuCl,~ with MES
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buffer and subsequent reduction of PtCl,*~ by glucose (see
Experimental Details).”® The composition of the Au@Pt NCs
was controlled by the amount of Pt added to the reaction (0,
10, 20, or 30 at % Pt on a metals basis). Energy dispersive X-
ray (EDX) spectra of the purified sols showed that the added
Pt is almost quantitatively incorporated into the NCs (89—
97% incorporation, Figure S1), so we denote these four
samples as AujoPty, AugoPty, AugiPt,;, and Au, Pty, NCs.
Analysis of transmission electron microscopy (TEM) images
showed that the bare Au NCs are spheroids with a diameter of
7.3 + 2 nm, increasing to 8.3 + 2 nm for the Au,Pt;y NCs
(Figures S2 and S3). TEM images also showed no evidence for
pure Pt NCs in the samples, further confirming that the Pt
preferentially deposits on the Au NC seeds to make bimetallic
NCs, in agreement with previous results.?!

It is useful to relate the measured Pt content to an idealized
uniform Pt surface coverage 9:

3

V. r
Ptat% = 100 X ——
Vo+ Vo (1)

where V. = 4zR_,.>/3 is the Au NC core volume and V, ~
8797p(R ore + 1p,)” is the volume of a monolayer Pt shell. For a
core diameter 2R, = 7.3 nm and metallic radii rp= 1.38 A
and ry,= 1.44 A, the idealized Pt coverage of the four studied
samples are 4 = 0, 0.4, 0.9, and 1.5 monolayers of Pt. At the
highest Pt loading, the NC diameter increases to 2R . + 48rp,

8.13 nm. Although consistent with TEM images, this

~
~
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increase in diameter is smaller than the size dispersion of the
NCs (Figure S3).

Structural Characterization by Photoelectron Spec-
troscopy. We have previously established the core—shell
structure of our Au@Pt NCs using cyclic voltammetry and
elemental mapping by high-resolution STEM-EDX spectros-
copy.”**” Elemental maps acquired for the present work
confirm the basic core—shell structure of the Au—Pt NCs
(Figure S4). However, the limited spatial resolution of these
maps does not allow quantification of the radial profile of the
Pt concentration. Instead, we determine the radial profile of
the Pt distribution from high-resolution photoelectron spectra
recorded at incident photon energies of 220 and 700 eV, where
both Au(4f) and Pt(4f) photoelectrons have effective
attenuation lengths (EALs) of L 0.43 and 0.87 nm,
respectively.”” Our chemical analysis, carried out through
synchrotron PES of the four Au@Pt NC samples, is
summarized in Figure 1. As expected, the 4f spectra in Figure
1A show a systematic increase in the Pt/Au atomic ratio as the
Pt loading is increased. Five distinct spectral components are
identified: two for Au and three for Pt. Th0.43 nm). Note that
the Pt at % measured by PES metals exhibit bulk components
at 84.00 + 0.03 eV for Au and 71.32 + 0.04 eV for Pt as well as
undercoordinated (surface) components at 83.73 + 0.09 eV
for Au and 70.70 + 0.03 eV for Pt. These assignments follow
the established negative core level shift of undercoordinated
surface atoms.””** A representative spectral deconvolution is
presented in Figure 1B, where a small contribution from
oxidized Pt at 73.1 + 0.3 eV is also identified. This is most
prominent at the lowest Pt loading and is likely derived from
organics, hydroxyl, or oxygen chemisorbed during NC
synthesis.”* ™" The spectral decomposition quantitatively
determines the Pt bulk, surface and oxidized contributions,
which are shown in Figure 1C. Bulk Pt dominates at all Pt
loadings, with a fairly constant fractionation between surface
and bulk (S:B) of ~1:3.5 (L = 0.43 nm). Note that the Pt at %
measured by PES is significantly larger than the values
obtained from EDX (Figure 1D). The latter interrogates the
entire NC volume and reports the true overall composition,
[Pt]ire. In contrast, PES interrogates the outer layers limited to
a depth of ~3L, yielding an apparent concentration, [Pt]
that is significantly higher than [Pt],,.. The enrichment factor
EF = [Pt],,,/[Pt] e decreases from 2.2—2.4 at L = 0.43 nm
(hv =220 eV) to 1.5—1.7 at L = 0.87 nm (hv = 700 eV). This
large difference in EF over a probe depth difference of only
several atomic layers suggests a steep radial concentration
gradient of Pt that is consistent with a Au@Pt core—shell NC
structure.

The EF and S:B ratio measured at two energies (Figure
1C,D) is sufficient to reconstruct the radial distribution
function of Pt. Treating the NCs as spheres, the apparent Pt
fraction measured by PES is

appr

ARnG)P@;LXR——QZ&
A%@um—y&

[Pt],,,, =
(2)

in which R is the radius of the sphere, s = R — r is the radial
depth, n(s) is the Pt radial density, and P(s;L) is the
photoemission probability, which in the shortest path escape
limit takes the form of Beer’s law: P(s;L) = exp(—s/L). The
observable fractionation of Pt between surface and bulk:
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.AVnQ)PG;L)U{—-Qst
A%@mm—#m

Ptgp
()
is demarked by the choice of 7 as the mean atomic radius.

Expressing n(s) in a flexible Poissonian form:

n(s) = Nf(s) = Ns® e (4)

with normalization (N) determined by the loading fraction:
A%@m—#¢
R 2
/(; (R - S) ds (5)

The parameters « and f§ of the distribution function (eq 4)
are overdetermined by the two measurements (eqs 2 and 3) at
the two different photon energies for each true Pt distribution
(eq S). An iterative search leads to the distribution presented
in Figure 2, in which Pt is seen to be limited to the outer two
atomic layers.

[Pt]tme =

1. 2. 3. atomic shell
~ k vV * Y L N\
6
S
\E /‘> L"’T’"T’ h
o r
5 0123
el S
s R
0
©
& o
©
o
a
T T ‘l“‘i.—.l T T I T T T I J
0.0 0.2 0.4 0.6 0.8 1.0
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Figure 2. Radial concentration profile of Pt reconstructed from the
PES data. (Purple trace) The true Pt distribution (n(s) in eq 4)
with parameters & = 2.8 and f§ = 15. (Green traces) The apparent
Pt distributions (n(s)P(s;L)) for L = 0.87 nm (solid line)) and L =
0.43 nm (dashed line). (Orange traces, right axis) The
corresponding escape probabilities (P(s;L)) that determine the
interrogated volume. The distribution yields EF = [Pt],,,/[Pt] . =
2.2(1.7) and Ptg/; = 0.39(0.32) for L = 0.43(0.87) nm, in good
agreement with the experimental values. The hashed area denotes
the surface layer, and the three outer atomic layers are identified
by the three tones of gray shading. The inset shows a model of a
Au@Pt NC that defines the radial depth coordinate, s, in relation
to the NC radius, R. The Pt distribution function (filled purple
trace) is shown to scale.

The graph of the total S:B ratio in Figure 1E reveals surface
roughening at 10% Pt loading (& = 0.4). The increase in total
S:B from 0.4 for bare Au to 0.6 implies a 50% increase in the
number of surface atoms or a decrease of L, both of which may
be rationalized by surface roughening (island formation). The
roughening is accompanied by an increase in the Au S:B ratio,
which implies displacement of Au atoms into the adlayer. The
return of the total S:B ratio to ~0.4 at 30% Pt loading (9 =
1.5) indicates smoothening of the surface. The crossing point
of the Au and Pt S:B ratios, where the surface layer is
composed of equal parts Au and Pt, occurs near 25% loading,

https://dx.doi.org/10.1021/acsnano.0c01653
ACS Nano 2020, 14, 5061-5074


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01653/suppl_file/nn0c01653_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01653/suppl_file/nn0c01653_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01653?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01653?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01653?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01653?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c01653?ref=pdf

ACS Nano

www.acsnano.org

after addition of the equivalent of a monolayer of Pt atoms.
This occurs as the surface roughening disappears, consistent
with coalescence of the islands to form a smooth surface layer
of a bimetallic Pt—Au alloy.

The above picture of the surface is consistent with prior
studies of Pt deposition on Au substrates. At low coverage, Pt
is known to form 2D islands on Au,*® with Pt embedded in the
surface and subsurface layer to form a bimetallic interface.**~"
Scanning tunneling microscopy of Pt evaporated on Au(111)
shows that Pt embeds in the surface layer at 9 < 0.03 and
forms alloyed islands above this coverage with the Pt
concentration of the islands increasing to 50% by the point
of island coalescence.”’ Immiscibility and phase segregation in
Au@Pt NCs have been observed by TEM, where, upon
annealing, Pt segregates under a monolayer of Au, 3,94
consistent with theoretical predictions.”*®

The same picture is further supported by the observed core
level shifts shown in Figure 1F. The evolution may be assigned
to surface core level shifts (SCLSs) due to strain and ligand
effects that change the electron binding energy of surface
atoms,” and to charge transfer between Au and Pt due to the
difference in their workfunctions.”” The observed Pt SCLS is
large (0.7 €V) at low coverage, when Pt atoms are located in an
Au-rich environment. It continuously decreases to ~0.55 eV as
9 is increased and the surface alloy is enriched in Pt. The Au
SCLS shows the opposite trend as the surface composition
changes from Au-rich to Pt-rich.

Photoelectron spectra near the Fermi edge (Eg) probe the
valence band density of states relevant to dynamics in optical
excitations. Spectra recorded at hv = 100 eV are shown in
Figure 3. In the bare Au NCs, Eg. is located in the sp-band, 2.4

Near E¢
AWF:
=0
37 meV
135 meV
136 meV

Counts normalized at 15 eV

Valence band
hv =100 eV
Ill[llllllIIII'IIIIIIIIIIIIIIIIII
14 12 10 8 6 4 2 0
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Figure 3. Valence band spectra of Au and Au@Pt NCs at hv = 100
eV. Right inset shows a magnification of the occupied states near
Eg. Left inset shows the secondary electron cutoff energy and
corresponding shifts in work function relative to pure Au NCs.

eV above the edge of the d-band marked by the sharp increase
in the density of states (Figure 3, black trace). In contrast, E
cuts through the d-band of Pt,”” which is manifested by the
increase in electron density between O and 2 eV with Pt
loading (right inset in Figure 3). The decrease in the secondary
electron cutoff energy (left inset in Figure 3) indicates a
decrease in the surface work function with Pt loading.
Although the work function of Pt is larger than that of Au, it
is reduced at the Pt—Au interface to align with the Au Fermi
level by withdrawing electron densitz from subsurface layers
and forming an interfacial dipole.”””* This effect saturates at
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AugyPty, (9 = 0.9) as the islands coalesce into a smooth surface
alloy.

Extinction Spectra and Femtosecond Dynamics.
Normalized extinction spectra of the NCs recorded using a
femtosecond white-light continuum are presented in Figure 4.

§1.5—- Au,0Pty {AusoPtmi = pt
5 1 T | R
2104 o7, _ N\
S {06 - \‘\,\
8 {€o05] w7
2097704 n'=2t \
2 ] o3lm
00— O Pt % i
35 3.0 2.5 2.0 15
Energy (eV)

Figure 4. Extinction spectra and NC models. Normalized
extinction spectra (solid lines) and fits (dashed lines) for
AuyooPty (black), AugoPt;, (red), Aug,Pt,, (blue), and Au,Pt;,
(green) NCs recorded using the TAS setup. The inset shows the
plasmon dephasing rate (7,”') as a function of Pt content. The
orange circle indicates the surface scattering rate (z,”') for an 8
nm Au NC with a scattering efficiency # = 1. Also shown are
schematic representations of NC cross sections based on the PES
analysis of the distributions of Au atoms (yellow) and Pt atoms
(magenta) for each Pt loading. See Figure S6 for steady-state
spectra normalized at the LSPR maxima.

At this NC size, the spectra are dominated by absorption,*
which may be decomposed into three contributions:

LSP

vis IT UVIT
A(E) = 2 /2 +— + =
7 (E - EO)2 + (7/0/2)2 1+ ef(E;ilEl) 1+ ef(E;izEz)

(6)
consisting of a Lorentzian LSPR at E; = 2.4 eV with fwhm y,
and sp < d interband transitions (ITs) mirroring the PES
spectra (Figure 3), described by two switching functions at E;
= 2.4 eV (vis IT) and E, = 3.4 eV (UV IT) with transition
widths 7, and 7,, respectively.”

The spectra may alternately be described through analytical
models of the comglex dielectric function fitted to
experimental data.”®”'%* However, such formulations are not
well-defined for heterogeneous alloys. Here, the switching
functions, which have the form 1 — f(E) where f(E) is the
Fermi function, describe the sp < d interband transitions of
Au, with widths determined by the dispersion Id(Ey,—E,)/dgl,

at the stationary 0points near g; = X and L for the UV and vis
IT, respectively.' "% The spectra of the Au and Au@Pt NCs
are reproduced using eq 6 with y, and y, as the only
parameters that depend on Pt content (Figure 4, Table S2).
Their perfectly correlated linear variation with loading (Figure
S7) is manifested by an isosbestic point at 2.15 eV. Indeed, it
has been previously noted that the spectra of Au@Pt NCs are
characteristic of Au.”>'%

Broadening of the Lorentzian riding over the vis IT leads to
the apparent LSPR peak shift, while E, (the LSPR), which is
determined by the electron density in the collective mode,
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Table 1. Time Constants from the Spectral Domain (7,), Time-Dependent Fitting Parameters (7y,_py Z_p), Long-Time Decay

(z.), and Spectral Shifts a and b of Eq 9

sample 7, [fs]” Tpu—pe LPS] Te—p [ps] 7. [ps] a [meV] b [meV]

AuyooPt, 321 + 0.01° 1.9 + 0.2° 46 + 1° 204 + 0.1° 275 + 0.06"
AugPt;, 2.03 + 0.01° 1.0 + 0.2° 22+ 02" 52 +2° 38 +0.1° 1.53 + 0.04”
Aug,Pty, 1.80 + 0.01° 0.7 + 0.2° 2.1 +02° 61 +2° 115 + 02" 1.96 + 0.04°
Au,oPty, 1.57 + 0.01° 0.6 + 0.2° 23 +02° 66 + 17 9.5 + 05" 2.07 + 0.05"

“The plasmon dephasing times 7, are obtained from the observed spectral widths, which include inhomogeneous broadening. The homogeneous
dephasing times are 0.5—0.6 fs longer than the values of 7, (see text). “Standard error (SE) from fitting is reported as + SE. “The averaged values
are obtained as shown in Figure S11, and standard deviation (SD) from averaging is given as + SD.

remains unchanged. Although the LSPR is incrementally
broadened by the addition of Pt, its oscillator strength,
determined by the number of participating electrons and
measured by ¢, remains fairly constant: ¢, decreases by 6% at
30% Pt loading (see Table S2), and that decrease can be
attributed to the charge transferred from Au to Pt at the core—
shell interface. The constancy of E, and the oscillator strength
of the LSPR are noteworthy: they establish that the LSP
consists exclusively of the free Au(sp) electrons. Since the
collective LSPR of Pt occurs near 215 nm,'%"™'% its
decoupling from the visible LSP of Au is not surprising. The
electron—hole (e—h) pair excitations in the Pt shell, as with the
e—p pairs created over the sp < d interband transitions of the
Au core, do not contribute to the collective charge density of
the plasmon, which constitutes the screening response of free
carriers to an external field.® It is worth noting that, in contrast
to simple metals, screening by d-electrons in coinage metals
plays an important role in determining the density profile of
LSPs, and therefore the color and dispersion of their
LSPR.%"'*'"! No such effect is evident by the Pt(d) manifold
of the NC shell in the stationary extinction spectra (Figure 4).
The vis IT resonance at 2.4 eV is a reflection of the Au
sp < d transition seen in the PES of the Au NCs (black trace
in Figure 3). The broadening of this interband transition with
Pt loading is a direct indication of the extension of the Au
electron wave functions (k-states) across the NCs, therefore
their effective instantaneous scattering on the tightly bound
Pt(d) electrons in the NC shell. The strength of the vis IT
resonance, ¢, is otherwise unaffected by Pt loading. The
featureless extinction continuum of Pt in the visible, which
adds a sloping baseline,*®'% is effectively removed by
normalization of the spectra at 3.5 eV. The negligible
contribution of the Pt extinction in the visible spectra renders
the TAS data especially incisive, as we expand on below.
Information about the earliest time dynamics is obtained in
the spectral domain. The Lorentzian width y, = 0.41 eV of the
Au NC LSPR, which implies a plasmon dephasing time of 7, =
2h/yy = 32 f5,'"? agrees with prior measurements on 8 nm
colloidal Au nanospheres.”” The dephasing rate is ass}%ned to

the sum of bulk and surface contributions, 7, and 7,  and a
distinct contribution due to interfacial damping, 7;'"

1 1 1 1 1 1 v

— ==+t —=—+— + =

% % % % 5 R (7)

in which vz = 1.4 X 10° ms™" is the Fermi velocity, R is the
radius of the NC, and # < 1 is the surface scattering efficiency,
determined by the structure and termination of the surface,
which determine the potential that confines the plasmon.'"*
Using 7, = 5 fs, obtained as the asymptotic limit of previous 1/
R-dependent measurements,”” a value of # = 0.3 can be
extracted for the Au NCs. The plot of the plasmon dephasing
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rate, 7,”', versus Pt loading (Figure 4, inset) shows a linear
bulk contribution, with an intercept that exceeds the indicated
limiting value of the surface scattering rate, vg/R (orange
circle). The difference between the observed intercept and this
limit is ascribed to interfacial damping, common to all Au@Pt
NCs. It can be more simply interpreted as a contraction of the
core radius due to the nonparticipation of Au atoms that
transfer charge to Pt in the LSP. While surface roughening may
accelerate plasmon damping,'"**'"* the observed rate at 10%
loading does not stand out as special. Note that plasmon
dephasing by electron—hole pair creation occurs in an
interfacial shell of thickness Avg/E, ~ 4 A,''° namely, the
bimetallic layer at the surface of the NCs. Clearly, the
collective Au plasmon mode dephases by scattering on the
Pt(d) electrons, and the perfect correlation between y, and ¥,
(Figure S7) implies that this holds for both collective and
single particle excitation of Au(sp) electrons.

We should note that, given the size dispersion of the NCs,
there must be an inhomogeneous contribution to the spectral
widths. This can be estimated using the measured standard
deviation in radii, o = +0.85—0.95 nm (Figure S2) in eq 7, to
find that inhomogeneous broadening accounts for 0.5—0.6 fs,
or 0.065—0.08 eV of the LSPR spectral width. The
homogeneous plasmon dephasing times are therefore 0.5—
0.6 fs longer than the uncorrected dephasing times 7, extracted
from the spectral inversions and collected in Table 1 (e.g, 3.8
fs rather than 3.2 fs for the Au,yPt, NCs).

Ultrafast Dynamics. The raw transient absorption spectra
(Figure S8) are reduced by their parametric fit to eq 6 cast in
standard form, AA(E,t) = A(Et) — A(E,00) = AA({&,}), where
{&} is the time-dependent parameter set. We focus on the
visible region, where the data can be adequately fit with {¢,; }=
{co Eo Yo €1 ¥1): representing the LSPR and vis IT. The
adequacy of this treatment is illustrated in Figure S, where we
show a representative set of transient spectra (left) and their
fits (right) for Au,4oPty and Au,,Pt;y NCs. Thus, the analysis of
the governing ultrafast processes is reduced to interpreting the
time profiles of physically motivated fitting parameters
(collected in Figure S7).

Long-Time Lattice Cooling and Interfacial Thermal
Resistance. The TA signal near the peak response at 2.5 eV
(496 nm) is well determined at extended delay times (5 ps < ¢
< 3 ns). On this time scale, the signal fits a biexponential decay
(Figure S9). The first decay, with time constant 7, ~ S0 ps, is
consistent with the previously reported cooling time of Au
NCs in water,''” while the second decay, with 7,00 > 500 ps,
is attributed to bulk heat diffusion from the irradiated volume
to the rest of the solution. It has been suggested that a
stretched exponential describes heat dissipation of Au NCs in
this size range."'” In our data, such a treatment yields similar
rates but poorer fits (Figure S9). The systematic decrease in
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Figure S. Transient absorption spectra. (A, C) Experimental TA
spectra and (B, D) fitted spectra from 0.2 to 50 ps for Au,,,Pt, and
Au, Pt;, NCs. A narrow blind detection window at $12 nm is
excluded due to signal contamination from pump pulse scattering.

the NC cooling rate with increased Pt loading is notable: 7,
increases from 46 ps for Au;o Pty NCs to 66 ps for Au, Pty
NCs (Figure SC and Table 1). Even at the lowest loading (9 =
0.4), Pt creates a bottleneck to heat flow. This is consistent
with the thermal conductivity across interfaces between
transition metals and coinage metals, where heat flow from
the d-electron manifold to the sp-manifold is arrested.''®'"”
The effect arises from the difference in electronic heat
capacities, C.(T) = yT, given by the Sommerfeld parameter,
y(T) = &n.(Ep)ky*T/3, determined by the electron density at
the Fermi level, n,(Eg).* The 5:1 difference between d and sp
electrons translates to a 5-fold smaller conductivity in Pt than
in Au."””"*' Dynamically, thermal conductivity is related to the
electron—phonon (e—p) coupling parameter, g(T), which is 40
times larger for Pt than Au at room temperature.”” This
contrast is more directly manifested at earlier time, during the
equilibration of the electron and phonon reservoirs, which we
consider next.

Early Time Electronic Cooling and Intermetallic e—e
Scattering. With time resolution limited by the 0.1 ps pulse
width of the laser, the early time dynamics that can be tracked
during 0.1 ps < t < § ps is principally that of cooling of the
thermalized Au(sp) electrons through e—p scattering, with
concomitant heating and thermal expansion of the NC
lattice.” The thermalization process is only evident in Au
NCs, where ¢y(t) and ¢;(t) show a delay of ~400 fs, consistent
with prior measurements.'>> Otherwise, common time
constants determine the time profiles of all spectral fitting
parameters (Figure S10 and Table 1).

The most incisive information is contained in the time
profile of the LSPR energy, E,(t), which is presented in Figure
64, along with the correlated time profile of its width, y,(t), in
Figure 6B. Eo(t) tracks the plasmon frequency, w, = (n./
egm,)"?, determined by the free electron density, n. 0 Tt
redshifts as n, drops upon expansion of the heated electron gas,
AE;, «x —AV, « —AT,, where V, and T, are the volume and
temperature of the electron gas. Similarly, the LSPR redshifts
as the lattice expands upon e—p energy transfer; therefore,
AE,; o« —AVy o —AT;, where V; and Ty, are the volume and
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Figure 6. Time dependence of LSPR fitting parameters. Time
traces of (A) E, and (B) 7, for Au,oPt, (black), Aug,Pt,, (red),
AugyPt,, (blue), and Au,(Pty, (green) NCs. Insets are magnified
views of the first 10 ps (highlighted with the gray boxes). AE, in
(A) is obtained by subtracting the steady state E, from all data
points. Solid lines represent fits with the sequential kinetics
expression in eq 11. (C) Pt loading dependence of the time
constants for plasmon dephasing, 7, (orange squares), damping of
Au(sp) electrons on the Pt(d) electrons, 74, _p, (pink circles), and
NC lattice cooling by coupling to the environment, 7. (green
triangles). Dotted lines represent exponential fits.

temperature of the atomic lattice. For Au,4Pt, NCs (no Pt),
AE,(t) fits a biexponential decay with time constants assigned
as 7,_, = 2 ps and 7. = 50 ps (black trace in Figure 6A). The
latter was assigned in the previous section to cooling of the
lattice. The former is the thermal expansion time of the lattice,
which limits the cooling rate of the thermalized electron gas.
To be clear, 7., represents the heat flow from electronic to
lattice thermal reservoirs of distinct heat capacities, C, and Cy,
respectively:

R+
T.(Au) ; T; (Au) (3)
with forward rate R, = g(T, — T1)/C, and backward rate R_ =
g(T. — T.)/C_ formally given by the T-dependent e—p
coupling, g(T), and heat capacity, Ce(T).69 The observable
spectral shift is therefore characterized by a single time
constant:
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AEy(t) =a'T,(t) + VT, (t) = (a—=b) /" +b  (9)
in which a’ and b’ are proportionality constants that relate the
temperatures to the observed LSPR shift, a = AE,,, b = AE,,
and 1/7,_, = R, + R_ is rate limited by the adiabatic thermal
expansion of the lattice.

The same 2 ps time constant appears in all &, a striking
exception being the amplitude of the vis IT, ¢,(t), which shows
a rise time of ~1 ps (Figure S10). Rise in the Au sp « d
absorption implies delay in filling of the optically generated
Au(d) holes, which in turn implies transient e—p separation at
the interface of the starch-capped Au NCs. The above picture
abruptly changes upon Pt loading. It can be seen in Figure 6A
that instead of the monotonic decay of AE,(t) for the pure Au
NCs, a sliding minimum develops at t = 1-2 ps for the
different Pt loadings. The cooling of the Au electron reservoir
is accelerated from 2 ps in Au;pPty, to 0.6 ps in Au, Pty
(tau_py see Table 1), separating it from the 2 ps thermal
expansion time of the NC lattice, which now appears with an
induction period characteristic of sequential kinetics:

T(Au) —» T(Pt) = T;(Au) (10)

The sequence can be clearly seen in AEy(t) because the
LSPR shift singles out the Au electrons. AEy(t) is given by the
same weighted sum as in eq 9, reducing the observable LSPR
shift for the sequential mechanism of eq 10 to

Tpu—pte—p re_f/fe—p t/Tau—pt
Tau—pt — Te—pl Tau—pt Te—p

(11)

in which 7,,_p, describes the damping of Au(sp) electrons
through electron—electron scattering on Pt(d) electrons and
7., describes equilibration of the Pt electronic reservoir with
the phononic reservoir of the NC lattice. The fact that the
same time constant, 7,_, = 2 ps, governs the direct (eq 8) and
Pt-mediated (eq 10) heating (thermal expansion) of the lattice
can be seen by the confluence of the time profiles of the LSPR
shifts in Figure 6A.

The Au@Pt NC traces decompose the sum of the electron-
cooling and lattice-heating processes, which as a sum of an
exponential decay and rise of equal time constants generates
the single decay profile in the bare Au NCs (a and b terms in
eq 9). Treating it as a single exponential decay that measures
7., would lead to assignment of the speed-up in Au@Pt NCs
to acceleration of the e—p rate. This was done in the prior TAS
study based on transients recorded at a single wavelength,

AEy(t) = a e™/™r 4 pl1 +

which are otherwise nearly identical to the AE,(t) data shown
in Figure 6A (Figure 4 in ref 73). The rate-limiting step in
equilibration of the electronic and phonon temperatures is the
heating of the lattice, which proceeds on a time scale
determined by the acoustic velocity. Indeed, the time constant
7., common to all NCs can be estimated as 2R/v,,yq = 2.3 ps,
where vy,,q = 3.2 nm/ps is the speed of sound in gold and 2R
= 7.3 nm for the Au core. Note that sudden heating of Au NCs
of this size should lead to breathing sphere oscillations with a
period of 5 ps.'”” The absence of such oscillations may be
attributed to the combination of surface roughness, which
leads to capillary waves,'”*'*> and dephasing due to the size
dispersion of the NCs (inhomogeneous broadening).74 The
latter must be invoked in the case of the Au NCs, and therefore
for the Au@Pt core—shell NCs as well.
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We note that although they are on very different time scales,
the dependence of 7,, p, on Pt loading parallels that of the
plasmon dephasing time, 7, (Figure 6C). As in the ultrafast
dephasing of the plasmon, energy dissipation of the Au
electrons occurs at the bimetallic shell on a time scale reaching
Tpu_pe = 0.6 ps in the Au, Pty NCs. Heating of the NC bulk
must therefore proceed from outside-in (see illustration in
Figure 7), driven by the electronic heat of the Pt(d) manifold.
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Figure 7. Main processes and their time scales following LSPR
excitation of Au and Au@Pt NCs. (A) Time traces of the LSPR
peak energy (E,) for the Au,,Pty NCs (black) and Au,Pt;, NCs
(green), with the main processes numbered. (B) Schematic
sequence and time constants (7) for the Au;o,Pt, NCs. (1 — 2)
Plasmon damping followed by creation of a nonthermal electron
gas. (2 — 3) Electron thermalization to form a hot carrier gas. (3
— §) Lattice heating and expansion of the entire NC by electron—
phonon equilibration. (5 — 6) NC cooling by heat transfer to the
environment. (C) Schematic sequence and time constants (7) for
the Au, Pt;, NCs. (1 — 2) Plasmon damping. (2 — 3) Electron
thermalization in the Au core. (3 — 4) Electron thermalization on
Pt(d) electrons, energizing the Pt surface layer. (4 — S) Outside-in
lattice heating. (5 = 6) NC cooling.

It is useful to estimate the temperature of the thermalized
electrons. For a simple Fermi liquid, the energy-dependent e—e
scattering time is given as 7,_o(E) = 7[Ez/(E — Egp)]? with
experimentally determined 7 = S fs,'*> which is the same as 7,
extracted from the asymptotic limit of the plasmon dephasing
time in eq 7. The slowing of relaxation times as E— Ey is due
to the limitation of phase space, subject to the Pauli principle,
which requires that both electrons remain above the Fermi
level. This slowdown in e—e relaxation is where e—p
equilibration takes over. Settmg Te—o(E) = 7._, = 2 ps and
taking Eg = 5.5 eV for gold yields E — Eg = 0.275 eV (~11
ksT) as the available electron energy (temperature of the hot
carriers) during the thermal expansion of the NCs. In the Au@
Pt NCs, this energy is localized on electron—hole pairs created
at Pt sites on the surface, priming their catalytic reactivity.
Figure 7 summarizes the major processes following LSPR
excitation of the Au and Au@Pt NCs.
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The above picture is derived from the observed time
constants. Also informative is the trend of the LSPR shift
amplitudes (a and b) collected in Table 1. Both amplitudes
show a dramatic drop at 10% Pt loading and then plateau at a
significantly lower value than that of the bare Au NCs. The
LSPR shift due to the lattice expansion, b = AE;;, may be used
to extract the temperature rise of the lattice, AT;:

AE,
E,

AV
= — = oy AT;
v valy

(12)

in which ay = 42 X 107 K™ is the volumetric thermal
expansion coefficient of gold. The temperature rises by 32 K in
the bare gold NCs, dips down to AT} = 15 K in the Auy,Pt;,
NCs and plateaus near AT} = 20 K as the shell coverage is
completed (20—30 at % Pt). As a measure of the net energy
density deposited in the NCs, the temperature rise should scale
as AT, « 0,/V, where o, is the absorption coefficient at the
excitation wavelength (512 nm) and V is the volume of the
NC. Using AT}, of the bare Au NCs as a reference, AT, = 19 K
is predicted for the Au,,Pt;y NCs, in good agreement with the
experiment. However, the scaling predicts a monotonic
decrease in AT, due to the broadening of the LSPR with
increasing Pt coverage and a plateau in the limit where the
absorption cross section of the Pt shell scales by its volume.
This scaling cannot explain the small AT} at 10% Pt loading,
which is nearly 50% smaller than the expected scaled value
(AT, = 27.7 K). We recall that the LSPR shift measures the
expansion of the Au core due to heat transfer from shell to
core. The deficit found only for the case of the AugPt;; NCs
must be associated with the roughening of the surface layer,
which was established by the PES analysis (Figure 1). We
speculate that energy trapped in lateral momentum of the shell
(capillary waves) may not couple to the core on the 2 ps time
scale. This is in part supported by the thermal bottleneck
observed on the 50 ps time scale of cooling.

With regard to catalysis and energy transfer to the shell,
more telling is the LSPR shift amplitude due to the Au
electronic temperature, a = AE,,. Not surprisingly, the trend
with Pt loading parallels that of b = AE,; (see Table 1), but
here the shift measures the thermalized density of e—p pairs in
the core, long after the damping of the plasmon. In the case of
the bare Au NCs, all e—p pairs that are created through
Landau damping on the surface or in the bulk remain visible in
our TA data. In the core—shell NCs, only the e—p pairs that
remain in the core during the e—p relaxation time are observed
in the TA spectra. As such, the dramatic ~5-fold decrease in
AE,, upon 10% Pt loading implies that ~80% of electronic
energy is in the shell and ~20% in the core at 100 fs after
photoexcitation. In the core—shell NCs with complete Pt
coverage, this partitioning changes to ~67% in the shell versus
~33% in the core, presumably due to a different equilibration
of carriers between shell and core. Although our TA data lack
the time resolution needed to measure the branching ratio of
plasmon decay into Pt e—p pairs versus Au e—p pairs, our
results show that the fraction of energy present in the shell
after short times (~100 fs) is large (up to 0.8) and depends in
a nontrivial way on the Pt coverage. Further study is needed to
better understand and control the branching ratio of plasmon
decay and subsequent energy flow for the direct and sequential
mechanisms of plasmonic catalysis.
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CONCLUSION

We utilized photoelectron spectroscopy and ultrafast transient
absorption spectroscopy to characterize the structure and
photophysics of ~8 nm starch-capped Au@Pt core—shell NCs.
PES carried out at two different photon energies shows that
the NCs consist of Au cores covered by ultrathin (<3 atomic
layers) bimetallic Pt—Au shells. The shell morphology evolves
from islands at low Pt loading (10 at %) to a smooth
continuous alloy layer at high Pt loading (30 at %). Pt addition
progressively broadens the Au LSPR. This broadening is proof
of strong electronic coupling between the Au LSP and the
catalytic metal at the NC surface. At the same time, the
resonance retains its integrated intensity to within 90% of the
bare Au NC value, indicating that the number density and total
number of electrons participating in the collective oscillations
remain unchanged: the LSP belongs to the Au core of the
core—shell NCs. While the reduced LSPR quality factor may
lower absorption of monochromatic light, it is the integrated
intensity that matters for broadband excitation such as
sunlight. We calculate that the Pt-induced LSPR damping
reduces total photon absorption by less than 10% for standard
AM1.5G sunlight. Therefore, the Au@Pt NCs remain efficient
absorbers of sunlight, which is a prerequisite for many
applications in photocatalysis.

This study establishes that small Au@Pt NCs meet the
photodynamic design principles of an efficient core—shell
bimetallic plasmonic catalyst by maximizing the absorption
quantum yield, plasmon-adsorbate coupling, and plasmonic
field strength and hot carrier density at the catalytic surface
sites. Our ultrafast transient absorption data show that up to
80% of the photon energy is contained in the ultrathin Pt shell
at 100 fs after photoexcitation. The electronic excitation of the
Au core is then entirely dumped into the Pt shell on a sub-
picosecond time scale, funneling the hot carriers to the NC
surface to drive chemistry. The electric field associated with the
plasmon of the core, the hot carrier density it creates upon
electron—electron scattering, and the hot carriers (AE = 0.275
eV) that last for the 2 ps duration of electron—phonon
relaxation are accessible to the ultrathin Pt—Au shell. An
important design recommendation from this work is to use the
thinnest catalytic shell necessary to achieve the desired
chemical reactivity and structural stability, since thicker shells
will only reduce plasmon—adsorbate coupling and lower the
density and energy of hot carriers reaching the NC surface.
Core—shell NCs with plasmonic cores and ultrathin catalytic
shells are promising nanostructures for the future development
of highly efficient plasmon-driven photocatalysts.

EXPERIMENTAL DETAILS

Materials. Tetrachloroauric acid trihydrate (HAuCl,-3H,0,
Aldrich, >99.9%), hydrogen hexachloroplatinate(IV) hydrate
(H,PtClgxH,0, >99.9%, Aldrich), 2-(N-morpholino)ethanesulfonic
acid (MES, >99.5%, Sigma), p-(+)-glucose (>99.5%, Sigma),
Zulkowsky starch (Sigma), potassium hydroxide (KOH, 99.99%,
Sigma-Aldrich), and 2-propanol (IPA, HPLC grade, Fisher) were
used as received. Ultrapure water (18.2 MQ cm) was obtained from a
Millipore Milli-Q_system. A 0.1 M aqueous MES stock solution was
made and adjusted to pH 8.0 with KOH.

Synthesis of Au@Pt Core—Shell Nanocrystals. The synthesis
of Au@Pt NCs with varying Pt content was based on a modification
of our published method.*® First, colloidal Au NCs with a diameter of
7.3 #+ 2 nm were synthesized by mixing S mL of 100 mM MES, 5 mL
of 100 mM glucose, 15 mL of 2.0 wt % starch, and 20 mL of water in
a round-bottom flask, heating the mixture to 95 °C, and rapidly
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injecting 5 mL of 20 mM HAuCl,. The temperature was maintained
at 95 °C for 1 h before cooling to room temperature. Pt shells were
grown by diluting 5.0 mL of the dark red Au NC dispersion with
14.78—14.94 mL of ultrapure water, adding either 60, 130, or 220 uL
of 20 mM H,PtCl (20 mL total volume), and heating the mixture to
95 °C for 1 h to produce core—shell NCs with Pt molar loadings of
10, 20, and 30 at %, referred to here as AugyPt;,, AugyPt,,, and
AuyPtyy NCs, respectively. For transient absorption experiments, the
as-synthesized Au@Pt NC sols were purified by flocculating with IPA
(NC sol to IPA ratio of 1:5), centrifuging (3k RCF) and redispersing
the NCs in ultrapure water. For X-ray photoelectron spectroscopy
experiments, the as-synthesized Au@Pt NC sols were purified by
centrifuging at 17k RCF, discarding the supernatant, and redispersing
the sediment in ultrapure water.

Steady-State Optical Characterization. Steady-state optical
extinction spectra were recorded on a PerkinElmer Lambda 950
spectrophotometer in 1 cm quartz cuvettes.

Transmission Electron Microscopy. Transmission electron
microscopy (TEM) of the purified Au@Pt NCs was performed on
a JEOL JEM-2800 transmission electron microscope equipped with a
4k X 4k Gatan OneView camera and dual 100 mm? silicon drift
detectors for energy dispersive X-ray (EDX) spectroscopy. A volume
of S uL of purified sample was drop cast on a TEM grid (01824G,
Ted Pella) and dried in air. TEM data were processed using Gatan
Digital Micrograph, Thermo NSS, and ImageJ software.'>®

X-ray Photoelectron Spectroscopy. X-ray photoelectron
spectra of Au(4f), Pt(4f), and valence band states were acquired at
the ANTARES beamline of Synchrotron SOLEIL (France) at photon
energies of 100—700 eV. The purified sols were concentrated by
centrifugation (17k RCF, 20 min) and drop cast (20 uL) onto Si
substrates that had been sonicated in acetone, water, IPA, and water
again, then subjected to UV-ozone treatment for 20 min (ProCleaner,
Bioforce Nanosciences). The beamline was equipped with a Scienta
R4000 hemispherical electron analyzer with a detection system based
on a 40 mm diameter multichannel plate (MCP). The energy
resolution was estimated by the full width at half-maximum (fwhm) of
the first derivative of the Fermi edge to be 0.7 + 0.1, 0.20 + 0.04, and
0.13 + 0.02 eV at photon energies of 700, 220, and 100 eV,
respectively. Core level peak fitting was done with XPSPEAK41.
Symmetric peak shapes were used for the Au(4f) peaks, while the
Pt(4f) peaks were fit with an asymmetric peak shape (asymmetric
function in XPSPEAK41).%'27'%% The effective attenuation length
(EAL) of photoelectrons was calculated using the NIST Electron
Effective-Attenuation-Length Database ver. 1.3.

Ultrafast Transient Absorption Spectroscopy. Ultrafast
transient absorption spectroscopy was performed using a chirped-
pulse amplified Ti:Sapphire laser (Spitfire Ace, Spectra Physics, >7
mJ/pulse at 800 nm, 1 kHz) and an optical parametric amplifier
(TOPAS Prime, Light Conversion) delivering 512 nm pump pulses
(80 fs, 350 uJ/pulse/cm® on the sample) and supercontinuum white
light probe pulses generated in a 2 mm CaF, crystal (325—900 nm).
Transient absorption spectra of purified NC dispersions diluted with
water to an optical density of 1.0 + 0.3 at 512 nm were measured in 2
mm quartz cuvettes over the range of —10 ps to 3 ns with a fiber-
coupled monochromator (MS260i, Newport) and CCD camera
(LineSpec).
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