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ABSTRACT 

Controlling composition and plasmonic response of bimetallic nanoparticles (NP) is of great relevance to 

tune their catalytic activity. Herein, we demonstrate reversible composition and plasmonic response 

transitions from a core/shell to a bimetallic alloyed palladium/gold NP triggered by CO adsorption and sample 

temperature. The use of self-organized growth on alumina template film allows scrutinizing the impact of 

core size and shell thickness onto NP geometry and plasmonic response. Topography, molecular adsorption 

and plasmonic response are addressed by scanning tunneling microscopy, vibrational sum frequency 

generation (SFG) spectroscopy and surface differential reflectance spectroscopy, respectively. Modeling CO 

dipolar interaction and optical reflectivity corroborate the experimental findings. We demonstrate that 

probing CO adsorption sites by SFG is a remarkably sensitive and relevant method to investigate shell 

composition and follow in real-time Pd atom migration between the core and the shell. Pd-Au alloying is 

limited to the first 2 monolayers of the shell and no plasmonic response is found, while for thicker shell, a 

plasmonic response is observed, concomitant with a lower Pd concentration in the shell. Above 10-4 mbar, at 

room temperature, CO adsorption triggers the shell restructuration forming a Pd-Au alloy that weakens the 

plasmonic response via Pd migration from the core to the shell. NP annealing at 550 K, after pumping CO, 

leads to the desorption of remaining CO and gives enough mobility for Pd to migrate back inside the core and 

recover a pure gold shell with its original plasmonic response. This work demonstrates that surface 

stoichiometry and plasmonic response can be tuned by using CO adsorption and NP annealing. 

KEYWORDS: Core/shell nanoparticles • nanoparticle array • CO adsorption • Pd segregation • surface 

plasmon resonance • SFG • STM • SDRS • dipolar coupling • finite-element-method 

 

INTRODUCTION 

Pd/Au core/shell nanoparticles (NP) have appeared to be very promising for heterogeneous catalysis1-3 

and potentially for plasmon assisted photo-catalysis4-5. Their chemical, optical, structural or electronic 

properties can be tuned by adjusting their composition, dimension or by anchoring molecules at the shell 
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surface. Determining the inner and surface composition as well as molecular adsorption sites and their 

relative stability following adsorption is of great importance to control NP reactivity. In this context, CO 

oxidation reaction is a test bed for Pd/Au catalysts. The reactivity depends intimately on the change of 

electron density by the addition of second type of atom and on surface structure factor due to the 

composition changing the activation energy and the nature of active sites for adsorption, dissociation or 

reaction2,6-12. Pd dimers and trimers surrounded by Au atoms have shown a stronger reactivity than extended 

surfaces for CO oxidation by allowing O2 adsorption and dissociation2,13, while the distance between Pd atoms 

has a crucial role for more complex reaction like vinyl acetate synthesis1. Not speaking about mass transport 

between NPs14-15, many groups have observed that CO adsorption at room temperature and during oxidation 

reaction induces important structural changes such as Pd diffusion in the Au shell10,16-21 or the formation of 

onion-like inner structural phases22-23. The underlying mechanism of CO-induced Pd segregation has been 

scrutinized in the past decade. The strong affinity of CO to Pd, larger than Pd-Au cohesion energy, is 

commonly admitted to be the driving force that pulls out Pd atoms to surface. The important role of NP 

surface defects20 and edge sites in promoting Pd diffusion has been evidenced18,24. Temperature plays also a 

critical role on Pd by inducing a phase separation or an alloy depending on Pd/Au ratio and the presence of 

adsorbates25. 

The impact of CO adsorption on Pd/Au NPs has been investigated for various types of samples: NPs 

supported on powders, colloidal NPs stabilized on a substrate or NPs directly grown on different oxides in 

vacuum. However, inhomogeneities of size and shape and therefore of active sites often preclude a detailed 

understanding of the adsorption and catalytic processes with averaging global techniques. In this context, 

the past two decades have seen the surge of new kinds of relevant supports for heterogeneous catalysis such 

as Al2O3 film on Ni3Al(111)26, for which self-organization provides long-range ordered NPs with high density 

and narrow-size distribution. The drastic reduction of inhomogeneous broadening allows probing subtle size 

and composition effects in NP containing from several atoms27-30 up to coalescence and with different and 

controlled core/shell structure31-32.  

Regarding surface composition of core/shell NPs, it is usually investigated by a combination of microscopy, 

X-ray photoelectron spectroscopy and vibrational spectroscopy. Microscopy techniques can easily reveal 

effects of CO adsorption on NP shape, but cannot give access directly neither to the chemical composition of 

the surface nor to the inner particle structure. Photoelectron spectroscopy can reveal depth profile of each 

element8-9,19,33-34. However it requires dedicated setups35 like environmental electron transmission 

microscopy8,10,33 to go beyond the Knudsen regime of pressure at the opposite light-base measurements such 

as UV/Vis (electronic properties)11,36 or vibrational spectroscopies (adsorption and reactive sites)1,7,10,13,24-25,37.   
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By combining self-organized growth on NPs on Al2O3/Ni3Al(111) and optical spectroscopies, we 

demonstrate CO-induced Pd surface diffusion from the Pd core to the Au shell in Pd/Au core/shell 

nanoparticles. It is reversible under low CO pressure but non-reversible after mbar CO exposure, unless 

nanoparticle annealing is done at 550 K (without CO), allowing recovering the initial core/shell structure. 

Scanning tunneling microscopy (STM), non-linear vibrational spectroscopy by sum-frequency generation 

(SFG) and surface differential reflectance spectroscopy (SDRS), supported by the modeling of vibrational 

dipolar coupling between adsorbates and nanoparticle plasmonic response, allow us following in real-time 

Pd diffusion to the shell surface and the impact of surface Pd:Au stoichiometry on NP plasmonic properties. 

We conclude that Pd dimer formation at the shell surface is favored compared to monomers under CO 

adsorption and Pd migration to the surface of the shell modifies the plasmonic response. We evidence also 

that the intense electric field enhancement by the surface plasmon resonance of the gold shell leads to a 

stronger SFG signal and a better sensitivity to probe CO adsorption sites. Finally, we demonstrate the 

possibility to control reversibly both surface stoichiometry and plasmonic response by molecular adsorption 

and sample temperature, opening the possibility for an active control of nanoparticle reactivity for photo-

catalysis38. 

 

EXPERIMENTAL METHODS 

Sample growth and characterization were achieved in a 510-11 mbar base pressure ultra-high vacuum 

(UHV) chamber. Mechanically polished Ni3Al(111) single crystal was prepared by repeated cycles of Ar+ 

sputtering (15 min, 2 keV, 10 µA/cm²) and annealing at 1123 K (15 min) and then oxidized at 1143 K in a 510-

8 mbar O2 atmosphere (~90 Langmuir dose; 1 Langmuir = 1.3310-6 mbar.s) to form a crystalline and strained 

bilayer thick alumina film. Details of the Al2O3 film growth are reported elsewhere39. Core/shell NP growth 

on the alumina film was done at room temperature (RT) by successive physical vapor deposition of Pd 

followed by Au (99.98% purity, Goodfellow, USA) using Knudsen cells at a 0.15±0.3 Å/min deposition rate. A 

coverage of one monolayer (1 ML) corresponds to the atomic density of Au(111) or Pd(111) planes, i.e. to 

equivalent thicknesses of 2.36 and 2.24 Å. Pd deposits from 0.05 (0.11 Å) to 2 ML (4.5 Å) and Au deposits 

from 0 to 11 ML (26 Å) have been explored. By this mean, the NP core size can be tuned from 0.9 to 3 nm 

and the shell thickness from zero up to and beyond NP coalescence when their radius becomes larger than 

4.2 nm, the distance between NPs. Pd core size and geometry changes as a function of the deposited amount 

are reported in ref. 28. PdAu NP size, shape and shell thickness are detailed in Suppl. Materials (Table SM-1 

and Table SM-2). NP morphology and ordering were studied with a STM microscope operating in UHV at RT 

(ScientaOmicron) using tungsten tips prepared by electrochemical etching in KOH. STM images were 

processed using WSxM software40. 
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CO adsorption was monitored by sum frequency generation (SFG), a vibrational spectroscopy technique 

based on a second-order non-linear optical process that is only sensitive to surface thanks to the symmetry 

breaking occurring at the surface, leading to a non-zero macroscopic non-linear susceptibility41-42. In previous 

works, by probing CO chemisorption on Pd NPs, we have been able to attribute adsorption sites, to determine 

NP geometry, to study size effect over a large size range and different type of supports28, 43 and to evidence 

molecule-NP charge transfer, energy relaxation and CO surface diffusion44-45. Since CO preferentially binds to 

Pd atoms rather than Au atoms at low pressure and RT, PdAu alloying in the shell and Pd diffusion can be 

probed not only with a high sensitivity but also in real-time. As CO adsorption is known to promote Pd 

diffusion in the Au shell, the surface selectivity and high sensitivity of SFG technique motivated us to 

investigate a wide range of pressures in order to scrutinize the segregation phenomenon. Low CO pressure 

allows us probing adsorption site, while upon high pressures, where structural changes happen, atom 

diffusion kinetic can be followed in real-time. NP annealing after CO exposition followed by CO pumping from 

the chamber was done to investigate temperature impact on shell composition. Hence, SFG measurements 

were performed at RT, in UHV condition upon CO pressure varying from 10-9 to 1 mbar, before and after 

several cycles of annealing up to 550 K. For that, we have used a 120 fs duration, 1 kHz repetition rate CPA 

Ti:Sa femtosecond laser (Coherent). The SFG experiment consists in overlapping in space and time on the 

sample two p-polarized collinear pulse lasers provided by the fs-laser system. The two laser pulses are a near-

infrared pulse (12407 cm-1 wavenumber, 7 cm-1 width, 3 ps duration), shaped by a 4f pulse shaper and an 

infrared pulse (2040 cm-1 wavenumber, 150 cm-1 width, 140 fs duration) provided by a white light continuum 

seeded optical parametric amplifier which covers the spectral region of CO internal stretch. Prior to SFG, the 

sample was annealed at 523 K to desorb CO28,43 without affecting NP ordering according to STM and 

literature46. 

SFG spectrum fitting method is detailed elsewhere47. It consists in the extraction of vibrational bands, 

corresponding to different CO adsorption sites. These bands are interfering with the non-resonant SFG signal 

arising from NPs, all of them being spectrally modulated by the IR laser (Gaussian) spectral shape. In the case 

of homogeneously broadened vibrational bands, the visible spectral width is considered to be small 

compared to the vibration bandwidth and SFG spectra fitting is done using Eq. 1: 

𝑆𝐹𝐺(𝜔) = 𝐼𝑅(𝜔) |𝜒𝑁𝑅
(2)

𝑒𝑖𝜙 + ∑
𝐴𝑞

𝜔−𝜔𝑞+𝑖Γ𝑞
𝑞 |

2

  Eq. 1 

𝜒𝑁𝑅
(2)

 is the non-resonant second-order macroscopic susceptibility arising from the metallic surface, called 

non-resonant signal (NR), with a phase difference 𝜙 relative to the second term, which corresponds to the 

sum of macroscopic non-linear susceptibilities of the different vibrational states, assumed to have a 

lorentzian lineshape. For each vibration q, 𝐴𝑞 is its amplitude, proportional to molecular surface coverage, 

𝜔𝑞 is its central frequency and  Γ𝑞 is its half-width at half-maximum. 
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The change of surface reflectivity in the UV-Vis range was followed in real-time during the growth of Au 

on the Pd NP array, by surface differential reflectance spectroscopy (SDRS). The experimental set-up and 

principle are described elsewhere48-50. SDRS can be used to identify localized surface plasmon resonance 

(LSPR) of metallic NPs48-49. Briefly, the specular reflection of an un-polarized light of a deuterium/halogen 

lamp (photon energy from 1.1 to 5 eV) focused at the sample surface at 45° of incidence, was recorded by a 

low-noise fibered spectrometer (Ocean Optics) and normalized by the signal of the reference surface prior 

to the growth. A signal to noise ratio better than 103 can be achieved after the correction from lamp drift and 

dark signal, for a 10 sec acquisition time (200 averaged spectra of 50 ms duration).  The CO adsorption was 

similarly monitored by SDRS to deduce how NP composition change affect the plasmonic properties. 

 

COMPUTATIONAL METHODS 

Modeling of the vibrational coupling 

Dipole-dipole vibrational coupling calculation between CO adsorbed at the NP shell surface is based on a 

classical electrostatic model developed for CO on single crystal surfaces51-52 and adapted from our previous 

works on Pd(100) single crystal53 and MgO supported Pd NPs43. In order to account for various adsorption 

phases and different adsorbate distances within the same adsorbate layer, dipolar interactions must be 

calculated for each molecule and the spectrum be summed over all molecules. SFG spectra are calculated 

according to the formalism of Cho et al.54 to obtain the perturbed second-order susceptibility 𝜒𝑖,𝑗
(2)(𝜔) for 

each CO molecule at position {i, j} on the surface. 

𝜒𝑖,𝑗
(2)(𝜔) =

𝜒𝑅
(2)

(𝜔)

[1+𝛼(𝜔) 𝑈𝑖,𝑗][1+𝛼𝑒 𝑈𝑖,𝑗]
2 Eq. 2 

where 𝜒𝑅
(2)(𝜔) is the molecular nonlinear susceptibility (i.e. the second term in Eq. 1 in the absence of dipolar 

coupling) while the denominator accounts for electric field corrections induced by dipolar coupling. It is 

composed of three terms having the general form [1 + 𝛼 𝑈𝑖,𝑗] for each of the three wavelengths (SFG, near 

IR, IR). 𝑈𝑖,𝑗 =  ∑ 𝑢𝑚,𝑛𝑚,𝑛≠𝑖,𝑗  is the summed dipolar perturbation produced by surrounding molecules, where 

𝑢𝑚,𝑛 is the dipolar interaction potential of a single neighbor molecule {𝑚, 𝑛}55-56. 𝛼(𝜔) is the molecular 

polarizability that has a Lorentzian shape centered at the CO singleton frequency for the considered site, 

shifted from the coverage dependent chemical contribution induced by chemisorption53-57. 𝛼(𝜔) depends 

on the electronic polarizability 𝛼𝑒= 3 Å3 and the vibrational polarizability 𝛼𝜐 a fitting parameter ranging from 

0.1 to 0.3 Å3 53,56-57. Because  𝜔𝑛𝑒𝑎𝑟𝐼𝑅  and 𝜔𝑆𝐹𝐺  are far from vibrational resonances, then 𝛼(𝜔) = 𝛼𝑒. 

Different PdAu(111) alloy surfaces with isolated Pd monomers (Pd0.33Au0.66) and dimers (Pd0.4Au0.6) are 

considered, for different CO coverages (0.33/0.5 ML for monomers - 0.2/0.4 ML for dimers). 
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Modeling of the plasmonic response  

Numerical simulations using the wave optics electromagnetic module of COMSOL Multiphysics have been 

done to model un-polarized SDRS R/R spectra in the UV/Vis range for various NP shapes, sizes and 

compositions. It consists in solving the differential form of Maxwell equations by finite-element method, 

together with material laws for propagation in various media, to calculate the electromagnetic field 

distribution in 3D. The wavelength analysis is performed from 200 to 1200 nm (step of 10 nm) corresponding 

to a 1-6 eV photon energy range. The overall surface reflection coefficient is calculated by integrating the 

power flux emitted through the output port. Considering the periodicity of the semi-infinite nanostructured 

surface, the smallest unit cell is defined in agreement with the (√67 × √67)𝑅12.2° reconstruction phase of 

the alumina oxide26,58 and Floquet periodic conditions are applied at the boundaries to insure continuity. 

Incident angle is set at 45° on the input port for both incident transverse electric (TE) and transverse magnetic 

(TM) electromagnetic waves. Perfectly matched layers placed at the top and bottom of the unit cell avoid the 

artificial creation of a Fabry-Perot cavity leading to back-reflection from the far field that could modulate the 

simulated spectrum. The differential reflectivity spectrum is obtained by averaging TE and TM differential 

reflectivity for an un-polarized beam: 

∆𝑅

𝑅
=

𝑅(𝑡)−𝑅(𝑡=0)

𝑅(𝑡=0)
=  

𝑅(𝑡)

𝑅(0)
− 1 =

𝑅𝑇𝑀(𝑡)+𝑅𝑇𝐸(𝑡)

𝑅𝑇𝑀(0)+𝑅𝑇𝐸(0)
− 1    Eq. 3 

𝑅(𝑡 = 0) = 𝑅(0) is the reflectivity of the surface without gold at t=0, i.e the Pd NP array on the alumina film 

on Ni3Al(111) without gold and 𝑅𝑇𝑀,𝑇𝐸(𝑡) is the reflectivity as a function of time during the gold evaporation 

on the surface for TM or TE polarization. In the model and in agreement with experimental observation, gold 

is growing around Pd NP only and not on the alumina. The Efield distribution at nanoscale helps us to identify 

LSPR around the NP and assign them to the different spectral features in the ∆𝑅/𝑅 spectra. In agreement 

with STM results, different PdAu geometries have been considered from half-sphere to half-ellipsoid or large 

hexagonal NP to account for NP coalescence observed in the case of large Au deposited amounts. More 

details can be found in Suppl. Materials (Figure SM-1). Considering the small dimension of nanostructures, 

a mesh size ≤ 1 nm is required to describe correctly the interface, while for the vacuum and the substrate, a 

< λ/10 mesh size at 6 eV is used (16 nm). Different Pd core sizes have been considered and a PdAu alloy has 

been used for the core/shell interface or the shell surface in agreement SFG findings. Macroscopic dielectric 

functions or Ni3Al, Al2O3, Pd and Au provided by COMSOL's in-built material library are used for the substrate, 

alumina layer, Pd core and Au shell respectively. For the PdAu alloy, an effective dielectric function is 

calculated by a linear combination of Pd and Au dielectric function weighted by their relative concentration59. 
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RESULTS AND DISCUSSION 

Surface topography 

In Figure 1a-d are presented 25x25 nm2 STM images of Pd/Au NPs for different Au deposits of 0, 2.1, 8.5 

and 17.9 Å on a 3 nm large Pd core (equivalent thickness 4.48 Å), corresponding to relative average 

concentrations in the NP of Pd1Au0, Pd0.68Au0.32, Pd0.34Au0.66, Pd0.2Au0.8. Pd nucleate and grow at the periodic 

defect sites of the alumina film leading to an hexagonal lattice of 4.2 nm period26,28. Pd NPs act as seeds for 

the further growth of Au. In agreement with the literature, gold grows on the Pd core to form a core/shell 

structure. However, ordering and density of NPs rapidly decay above 2.1 Å of Au deposit (Figure 1e) or 1 ML 

Au shell according to literature60. The initial stage of coalescence consists in the merging of two adjacent NPs 

(Figure 1b). As Au growth continues, objects with a larger aspect ratio result from the multiple coalescence 

of 3-4 (Figure 1c) and 6-9 NPs (Figure 1d) for 8.5 and 17.9 Å Au deposits, respectively. Topography profiles in 

Figure 1f illustrates how this coalescence takes place. NP shape can reasonably be approximated to a half-

sphere in the early Au growth stage; it progressively evolves to a half-ellipsoid with increasing aspect ratio 

and finally to a flat polygonal NP, that can be approximated by a regular hexagon. Such shapes have been 

used to model the UV/Vis surface reflectivity. 

 
Figure 1. (a-d) 25x25 nm2 STM images (Ub=1 V, It=12 pA) of Pd/Au NPs 

for 3 nm large Pd core and increasing Au deposits of 0, 2.1, 8.5 and 

17.9 Å corresponding to 1, 4 and 8 atomic layers of Au in the shell. 

White circles stand for the initial nucleation sites. A sketch of the 

core/shell NPs is given for each case. (e) NP density and estimated shell 

thickness for increasing Au deposit. The “ideal case” refers to an array 
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of identical core/shell NPs where no coalescence has occurred. (f) 

Topography profiles from STM images with the estimated shape of 

individual or coalesced NPs highlighted by the continuous lines. 

The Au shell thickness can be derived from the NP density, Pd/Au NPs and Pd core shapes28. Considering the 

decrease of NP density from 5.5 to 1.2x1012 NPs/cm², the Au shell thickness raises quasi-linearly with the Au 

deposited amount, faster than the ideal case of a half-sphere geometry. The estimate of shell thicknesses 

and NP sizes as a function of Au deposit for various Pd core sizes for an ideal half-sphere are given in Table 

SM-1 and Table SM-2. For half-sphere, the coalescence is expected for 8.8, 12.8 and 13.2 Å deposits of gold 

on 3, 1.4 and 0.9 nm large core. Shell thicknesses are estimated around 0.9±0.2, 3.6±0.9 and 8.2±2 ML, for 

2.1±0.5, 8.5±2 (coalescence) and 18±4 Å (above coalescence) Au deposits respectively on a 3 nm large Pd 

core. A sketch of the corresponding core/shell NP is given for each case in Figure 1, where the shell thickness 

has been approximated to 1, 4 and 8 ML afterward in the article. A similar trend was observed for 

intermediate Pd core size (1.4 nm) and smaller Pd core (0.9 nm), but the coalescence of NP is reached for 

higher deposit of gold (Tables SM-1 and Table SM-2). 

Impacts of CO adsorption on NP atomic structure 

In Figure 2 are reported SFG spectra at RT, with their corresponding fit obtained under three 

representative CO pressures (10-8, 10-3 and 1 mbar) on four different systems: 3 nm Pd core without and with 

gold shell (1, 4 and 8 ML). The complete series of SFG spectra have been recorded from 10-8 to 1 mbar (Figure 

SM-2). The SFG spectrum is composed of vibrational bands of adsorbed CO, interfering with a non-resonant 

(NR) response of the metallic surface spectrally modulated by the Gaussian IR laser. Both are impacted by CO 

pressure and Au shell thickness. For bare Pd core (Figure 2a-c), CO binds to Pd atoms in different 

configurations depending on the CO pressure and coverage: (i) bridge sites (red band on (111) facets and 

orange band on (100) facets from 1890 to 1980 cm-1), (ii) linear sites on facets (blue band at ~2090 cm-1), and 

at NP edges ~2060 cm-1 (olive band). A (grey) band at ~2010 cm-1 has been observed and previously attributed 

to CO binding at alumina defects28. 

Already for a single monolayer Au shell, CO binding behavior radically changes (Figure 2d-f). At low CO 

pressure (10-8 mbar), CO adsorption is much lower than for bare Pd core. Concerning bridge CO, the red band 

is absent while the orange band has strongly decreased. Two weak bands are observed, one at 2065 cm-1 

(light green), at a similar frequency than CO on Pd edges (olive) but with a significantly narrower bandwidth 

and one at 2077 cm-1 (dark cyan). At intermediate pressure (10-3 mbar), the light green band is replaced by a 

new band at 2042 cm-1 (violet) and the dark cyan band has increased. In the mbar range, the violet band is 

not observed anymore, while the dark cyan band now dominates the spectrum and a new band is visible at 

2120 cm-1 (yellow). At 4 ML shell thickness (Figure 2g-i), similar bands but with a weaker intensity are 
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observed at low CO pressure while the non-resonant signal dominates the SFG signal. Again, at intermediate 

pressure, the violet band dominates the spectrum with a comparable intensity than for 1 ML shell NPs. In the 

mbar range, a very similar spectrum compared to 1 ML shell is obtained, with an intense dark cyan band 

accompanied with small violet and yellow bands. 

 

Figure 2. SFG spectra (black) at room temperature for three CO pressures (10-8, 10-3 and 1 mbar) for 3 nm Pd core covered by 

0 (a-c), 1 (d-f), 4 (g-i) and 8 ML (j-l) thick Au shells. For each spectrum, data, fit and deconvoluted NR signal are given in the 

upper panel, the residue in the middle panel and deconvoluted CO bands in the lower panel. Band attribution to CO 

adsorption sites are indicated in (j) panel. As indicated, multiplication coefficients have been applied to highlight some bands 

as well as spectra (d) and (g). 
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Finally, at 8 ML shell thickness (Figure 2j-l), CO adsorption is no longer observed at low pressure. At 

intermediate pressure, the weak violet band becomes visible and at mbar pressure, dark cyan and yellow 

bands dominate the spectrum, while violet is much smaller, the orange band is absent and a new band (blue) 

at 2090 cm-1 has appeared. By increasing further the pressure at 3 mbar (not shown here), the dark cyan 

band strongly increases. Notice that the NR intensity decreases with CO pressure for all shell thicknesses 

above the threshold pressure of 10-3 mbar but is less affected by CO adsorption for the thickest shell. The 

phase difference between NR and CO resonant vibrations increases with CO coverage while it decreases with 

the shell thickness (Figure SM-3). 

A first conclusion can be made about the shell composition. At CO pressure lower than 10-3 mbar, the shell 

(1 to 8 ML thick) is mostly composed of gold, showing the higher stability at 300 K of gold on the Pd core 

surface. This is in agreement with the results of the group of H.-J. Freund on Au/Pd catalysts, where both 

metals were co-deposited in vacuum condition25. They have demonstrated a higher stability of Au atoms at 

the NP surface at RT. Gold atoms segregate to the surface and prefer to stand at the edges of AuPd alloy NP. 

According to the literature, the yellow band ~2115 cm-1 is assigned to CO binding at Au atoms; it is only 

present above 10-3 mbar CO pressure (Figure SM-4) owing to the low CO adsorption energy on gold at RT25,61. 

Incidentally, it confirms the presence of remaining gold atoms at the NP surface. The frequency is 

characteristic of low coordinated adsorption sites on Au, suggesting that CO first binds to Au at edges rather 

than on Au at facets24. The full coverage of the core and the growth of the shell is also confirmed by the 

reduced sensitivity of the NR signal to CO adsorption and the decrease of the phase difference. Indeed, non-

linear susceptibility is much larger for Au than for Pd while the phase is lower. The orange band, observed on 

1 ML Au shell and at smaller intensity on 4 ML shell, has a frequency too high for CO bridged on Pd facet 

encountered at 1920 cm-1 at this pressure. In the literature, this band was attributed to bridged CO on Pd 

dimers surrounded by Au atoms, also confirming that the Au shell covers almost completely the Pd core. The 

presence of two bands (light green and dark cyan) at 2065±3 and 2077±3 cm-1 are in a good agreement with 

reported results on alloyed single crystal or nanoparticles7,10,24. On NP, they were assigned to CO binding on-

top of isolated Pd atoms in the gold shell, on NP facets and edges, respectively. The increase of the dark cyan 

band at high pressure suggests that Pd segregates to the surface, in agreement with literature. The changes 

of SFG phase difference with CO pressure can also be related to Pd segregation to the surface. Indeed, at low 

CO pressure, the phase is around 1.6 rad and raises up to 2.9 rad as CO binds to Pd atoms that have migrated 

to the surface (Figure SM-3). However, the origin of violet band and its presence only at intermediate CO 

pressure remains unclear in the literature10,24. Scrutinize it could give a better picture of the segregation 

mechanism, as discussed later. 
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In vacuum, Pd atoms tend to stay in the bulk of core/shell Pd/Au NPs25 due to the lower surface energy of 

gold than that of palladium62. It is now well admitted that under CO adsorption, Pd segregation towards the 

Au shell surface can occur and stable Pd monomers and even dimers can be formed at edges and facets24. 

We can do several general remarks from Figure 2. At relatively low CO pressure (<10-3 mbar), where Pd 

segregation is reduced, the progressive disappearance of CO/Pd band for thicker shell shows that the Pd core 

can be passivated by increasing the gold shell thickness. The Pd diffusion length in the shell can be estimated 

around 2-3 ML. However, in the mbar pressure range, Pd diffusion to the surface can be triggered by CO up 

to 8 ML. The similarity of SFG spectra for 1 and 4 ML shell in the mbar range indicates a similar composition 

of the surface. It means that the core can provide enough Pd atoms to reach the same surface stoichiometry. 

Nevertheless, the small amount of bridge CO suggests that Pd concentration in the shell remains low enough 

to limit the formation of large Pd domain in the shell. Similar observations have been made for AuPd single 

crystal13 and supported AuPd nanoparticles21,24. Consistently with Pd(100)53, Pd(111) single crystals63 and Pd 

NP28,64 on alumina thin films, hollow CO are not observed by SFG at room temperature and cannot be used 

to probe the extension of Pd domains in the Au shell. 

 

Figure 3. SFG spectra of CO adsorbed on 1 ML Au shell on 3 nm Pd core at RT for different CO pressure ranges: (a) 

from 10-8 to 10-4 mbar, (b) at 10-3 mbar during 16 min, (c) from 10-3 to 1 mbar and then back to 10-8 mbar. Fitted CO 

bands are given below each series for 10-4, 10-3 and 1 mbar as well as in inset suggested adsorption sites for these 

bands. 

A closer inspection on the impact of CO pressure on binding sites for 1 ML Au shell (Figure 3) helps 

understanding the diffusion mechanism. Suggested CO adsorption sites schemes are given in inset and are 

discussed later. For CO pressure lower than 10-4 mbar, the light green band (CO/Pd monomers on facets) is 

present and CO coverage at these sites can be tuned reversibly by changing CO pressure (Figure SM-2). Above 

this threshold pressure, the violet band (2045 cm-1) appears and replaces CO/Pd monomers on facet, while 
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CO/Pd monomers at edges do not seem to be affected (Figure 3a). At 10-3 mbar, the increase over several 

minutes of the violet band can be followed in real time, as a sign of Pd enrichment of the shell. The band 

intensity rises as CO coverage increases, while the frequency blue-shifts due to larger dipolar coupling 

between adsorbates (Figure 3b). After PdAu alloying in the shell, decreasing the CO pressure down to 10-8 

mbar does not allow recovering the initial core/shell structure of the NP contrary to Pd70Au30 single crystal9. 

Only the violet band is present with a lower intensity and the orange band (bridge CO/Pd dimers) which has 

a larger intensity than before alloying (blue curve in Figure 3c). However, starting from the alloyed surface, 

new cycles of CO pressure in the same range shows a reversible CO adsorption as observed by Toyoshima et 

al.9. At pressure higher than 10-3 mbar, CO population switches from the violet band back to the dark cyan 

band. We deduce that no significant structural change occurs in the mbar range, since decreasing the 

pressure back to 10-8 mbar leads to the same spectrum obtained after the surface alloying at 10-3 mbar (blue 

curve in Figure 3c). For a 4 ML thick Au shell, a very similar behavior is observed with an irreversible transition 

at 10-3 mbar. For 8 ML Au shell, as Pd segregation is harder to achieve, an equivalent transition is observed 

in the 0.1-1 mbar CO pressure range (Figure SM-2). 

A band at 2040 cm-1 (similar to the violet band) was observed on TiO2
10 and alumina24 supported PdAu 

NPs at low CO pressure after exposure to CO and O2 mixture in the mbar range. Thus, this band is likely CO 

strongly bound at the shell surface on Pd atoms. DFT calculations have suggested that it could originate from 

CO binding to Pd monomers having a lower coordination to surrounding Au atoms due to the subsurface 

migrating of Pd close to the absorption site24. However, this hypothesis seems in contradiction with SFG 

results. Indeed this band has a higher intensity for 4 ML Au shell than for 1 ML shell thickness where the 

amount of Pd in the first subsurface layer is obviously larger. More, the light green band at 2065 cm-1 (CO on 

Pd monomers) would be significantly shifted for 1 ML gold shell, due to the presence of subsurface Pd, 

compared to thicker shell, which is not the case. It was also proposed that one or two CO adsorbed at Pd 

monomers could be responsible for Pd segregation leading to the formation of Pd dimers on facets and edges 

with an equivalent stability than on facets, but very unlikely to Pd trimers24. Three adsorption configurations 

can then be encountered on the dimer: 1 CO bridged on two Pd, 1 CO on-top on one of the Pd, and 2 CO on-

top on each Pd or one Pd. The signature of bridge CO on dimers is expected around 1950 cm-1 (orange band) 

and has not increased with the appearance of the violet band excluding bridge CO to be the candidate. Then, 

only on-top CO (1 or 2) per Pd atom of the dimer should be considered. It is important to notice that the 

transient violet band is not observed when pressure is raised fast from 10-4 to the mbar range. However, the 

shell is also modified in an irreversible way. It demonstrates that this structural transition can happen very 

fast. The narrow range of CO pressure at which the violet band can be observed could explain why it was not 

reported in the literature that most of the time focus either on very low pressure or on the mbar range. 
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Mechanism of Pd segregation and band assignment 

We propose that the band at 2045 cm-1 involves Pd dimers that play a crucial role in the mechanism of Pd 

segregation to the shell surface. Three different scenarii sketched in Figure 4, starting from CO on top of Pd 

monomer (light green band in SFG), can be suggested. They are based on our experimental findings and 

literature results9,19,21,24. 

(a) At 10-3 mbar, migration of core Pd to Pd monomers to form dimers is triggered by CO adsorption. Here, 

the violet band would be attributed to 2 CO molecules per Pd dimer. At higher pressure, the disappearance 

of the violet band to the benefit of the dark cyan band (CO on Pd monomer at edges), may be explained by 

CO assisted Pd diffusion at the shell surface. CO binding on first neighbor sites are represented with a small 

tilt angle to account for electrostatic repulsive forces as it was deduced from DFT calculation in a previous 

work on Pd(100)53. Repulsive forces between molecules split Pd dimers into two Pd monomers that can 

migrate to edges contributing to the increase of the dark cyan band, as suggested by Zhu et al.24 Decreasing 

back the CO pressure should lead to a lower coverage of CO on Pd monomers and a frequency back to 2065 

cm-1 and not at 2045 cm-1 as it is observed. Only a back diffusion of Pd to form again dimers would be 

consistent. However, if Pd dimers are more stable than monomers, the latter should not be observed at low 

pressure. Considering these contradictions, the first scenario is not able to attribute clearly the 2045 cm-1 

band. 

 

Figure 4. Three suggested scenarii to attribute the violet band at 

2045 cm-1 and the reversible kinetics of Pd segregation with CO 

pressure on 1 ML Au shell. Red crosses indicate unlikely situations for 

the violet band. Green arrows stand for CO adsorption from the gas 

phase, orange arrows for Pd that have migrated to or along the surface 

and replaced by an Au atom. Blue arrows indicate dipolar interactions 

between molecules. First neighbor CO are represented with a tilt angle 

induced by electrostatic repulsive forces53. 
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(b) In ref. 18, multiple CO adsorptions on single Pd atoms at NP vertex sites have been considered in the 

description of CO-adsorption-driven mechanism leading to the Pd segregation to the shell. Based on this 

hypothesis, in this second scenario, at 10-3 mbar, 2 CO adsorbed on a single Pd lead to Pd segregation and 

the formation of a dimer. Here, 2 CO on a single Pd should correspond to the violet band. As soon as this new 

site appears, one CO migrates to the next Pd to reduce steric hindrance. In this new configuration, CO 

frequency blueshifts to 2070-2080 cm-1. By decreasing CO coverage (pressure), only one CO remains on-top 

on dimers with a frequency at 2045 cm-1, which is not consistent with the previous assumption for this band 

(2 CO on 1 Pd). The frequency of 2 CO on a Pd monomer is very unlikely expected at 2045 cm-1 due to larger 

dipolar interactions, but rather closer to 2100 cm-1. 

(c) In the third scenario, at 10-3 mbar, transient CO adsorption on Au atoms leads to Pd segregation and 

formation of dimers either from a Pd monomer or by the segregation of a Pd dimer as discussed later. As 

pressure remains low, only one Pd is occupied (violet band) while at higher pressure, CO molecules occupy 

both Pd. The pressure (coverage) can then reversibly decreased with one CO per Pd dimer with a frequency 

at 2045 cm-1. Similarly to what suggests this scenario (c), on Pd70Au30(111) alloy surface, CO coverage can be 

tuned in a reversible way from bridge coordination on Pd dimers at low CO pressure to on-top coordination 

at higher pressure9. However, DFT modeling24 has shown that 1 CO on-top on one Pd of the dimer has a 

similar frequency than on a monomer around 2075 cm-1 and not 2045 cm-1. It was also shown that on PdAu 

alloyed surface, the 2080 cm-1 band is more stable and was attributed to CO on-top on an isolated Pd as well 

as CO on-top on a Pd adjacent to a next nearest neighbor Pd, a Pd dimer37. Both are in contraction with 

scenario (b) and (c). However the expected blueshift due to dipolar interaction by doubling CO coverage on 

Pd dimer is compatible with the 30 cm-1 difference between the violet and the dark cyan bands, by analogy 

with CO/Pd(100)43,53. 
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Figure 5. CO adsorption phases on Pd0.4Au0.6 surface with (a) 0.2 ML (1 

CO per Pd dimer) and (b) 0.4 ML CO coverage (2 CO per Pd dimer). (c) 

CO band wavenumber of previous phases and of CO singleton on Pd 

dimer, including dipolar coupling and at higher coverage as a function 

of vibrational polarizability. 

In order to determine the most probable scenario, we have conducted dipole-dipole vibrational coupling 

calculations between CO adsorbed at the surface of the NP shell.  The impact of adsorption site, site 

coordination and molecular coverage on the CO internal stretch frequency was investigated. In particular, 

we have calculated the impact of dipolar coupling on the CO frequency for 1 or 2 CO per Pd monomer and 

dimer. Pd0.33Au0.67 and Pd0.4Au0.6 stoichiometry can be reached if considering only isolated Pd dimers and 

monomers, respectively in the shell. These values are lower or equivalent than the NP stoichiometry for 1 

ML (Pd0.68Au0.32) and 4 ML (Pd0.34Au0.66) Au shell, respectively. Those surface stoichiometries can reasonably 

be considered for 1 and 4 ML shells and have been used in the dipolar model. The details of surface structure 

and the considered adsorption phase are given in Figure 5(a-b) for Pd dimers and in Figure SM-5 for Pd 

monomers. First neighbor CO are represented with a tilt angle induced by electrostatic repulsive forces, but 

tilt angle was not included in the model. For 8 ML Au shell, the stoichiometry is limited to the one of the NP 

(Pd0.2Au0.8): the dilution of the Pd core in the Au shell leading to an evident decrease of available Pd 

monomers and dimers on the surface as evidenced in SFG spectra. The consequence is a lower dipolar 

interaction between monomers or dimers. We have used standard values of 3 Å3 for the electronic 

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

02
31

17
5



16 
 

polarizabilities of CO on Pd, while the vibrational polarizability was tuned from 0.1 to 0.3 Å3, an acceptable 

range43,53. Depending on the polarizability, the vibrational frequency of a single CO on Pd (without dipolar 

coupling) was adjusted from 2001 to 2022 cm-1 to fit with the observed 2045 cm-1 band at low coverage (0.2 

ML). By doubling CO coverage to 0.4 ML (two CO per dimer), the band shifts to 2075±10 cm-1, depending on 

the vibrational polarizability (Figure 5c). These values are in a very good agreement with SFG results that can 

validate scenario (c) considering Pd dimer with a single CO at low coverage (after Pd segregation) and two 

CO at higher coverage. In scenario (b), also reported in ref. 18, two CO binding per Pd monomer were 

suggested to explain Pd segregation. Results of dipolar calculations for this case are given in Figure SM-5. 

They show that doubling CO coverage leads to a CO frequency around 2095±15 cm-1. This band was observed 

only for 8 ML Au shell in the mbar range, suggesting their low stability considering the strong electrostatic 

repulsion between CO. Hence, these sites are likely not involved in Pd segregation occurring around 10-3 

mbar. 

In the literature, the increase of the 2077 cm-1 band (dark cyan in SFG) at higher CO pressure was 

associated to Pd segregation to the surface forming monomers and dimers at edges24. We propose here a 

different scenario (c) where Pd dimers play the most important role. As evidenced by SFG, around 10-3 mbar, 

CO adsorption becomes possible on gold at RT (Figure SM-4). The transient adsorption of CO probably 

increases surface energy, leading to Pd segregation close to Pd monomer, forming a dimer. CO band shifts at 

lower frequency (violet band) as Pd dimers replaces Pd monomers. When the CO coverage increases (2 CO 

per Pd dimer), CO frequency shifts to higher frequency due to larger dipolar coupling, evidenced by the 

replacement of the violet band by the dark cyan band in SFG spectra. However, for a 4 ML Au shell the amount 

of Pd monomer at low CO pressure is rather low compared to a 1 ML Au shell, while the CO band on dimers 

is similar at intermediate pressure. More, CO on Pd monomers are inexistent at 8 ML and only CO on dimers 

appears when Pd starts to segregate. This difference clearly evidences that Pd dimers are segregating through 

a thick shell and not monomers. 

Plasmonic response of PdAu nanoparticles 

SDRS was used to follow the gold shell growth kinetic through the evolution of the surface optical 

response and more specifically here, the LSPR of the gold shell. In Figure 6a-b are shown the spectra of the 

reflectivity changes (R/R) for increasing Au deposits from 0 to 26 Å of Au on 1.4 and 3 nm large Pd cores, 

corresponding to 10 and 7 ML Au shell thickness, respectively. The sum of reflectivity (R), absorption (A) and 

transmission (T) at an interface equals 1. A sketch of each considered system is given in the inset for 1 ML 

thick shell in order to highlight that the two systems will reached NP coalescence for different shell thickness. 
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Figure 6. Experimental (a, b) and simulated (c, d) differential reflectance spectra (R/R) for Pd core sizes of (a, c) 1.4 

nm (0.45 Å of Pd) and (b, d) 3 nm (4.5 Å of Pd), as a function of Au deposit of equivalent thickness ranging from 0 to 

~25 Å. Corresponding shell thickness and coalescence are indicated (C*). In each inset, a representation of the system. 

For both Pd cores, three common features are observed. (i) A negative differential reflectance above 2.5 

eV due to gold interband transition65. (ii) A positive differential reflectance below 2.5 eV due to a higher 

reflectivity of Au than Al2O3/Ni3Al. (iii) The presence of an isosbestic point in the spectra series at 2.5 eV close 

to the expected LSPR of spherical gold nanoparticles (2.3 eV). Three major differences are also evidenced as 

Pd core size decreases: (i) the intensity increase of interband transitions and (ii) the presence of broad 

absorption features shifting from 2 to 1.1 eV and (iii) the energy of the isosbestic point shifting from 2.3 to 

2.5 eV. Nevertheless, the attribution of this absorption band to the shell LSPR is not straightforward. Indeed, 

light reflection from vacuum (n=1) on a plasmonic surface does not allow to couple light to the SPR because 

the photon k momentum is always larger than surface plasmon k momentum. However, in the case of a 
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nanoparticle, because of the effective index of the NP layer and the inhomogeneity of the electric field 

distribution, it is possible to match plasmon momentum and couple to it without requiring an excitation from 

a high index medium66. This absorption band becomes distinguishable starting from a gold shell thickness of 

3 ML for a small Pd core of 1.4 nm, while for a large Pd core (3 nm) it is almost not visible and appears only 

after nanoparticle coalescence (Figure SM-6). It is concomitant with SFG results that have evidenced a Pd-Au 

alloy at the shell surface. 

 

Figure 7. Electric field distributions in the surface plane (left), the 

incidence plane (center) and perpendicular to it (right) for TE 

polarization at (a) 3 eV and (b) 1.5 eV and TM polarization at (c) 3 eV 

and (d) 1.5 eV photon energy for a 1.4 nm Pd core covered by 2 ML 

PdAu half-sphere shell and 2 ML Au shell half-ellipsoid Au shell. 

Numerical simulations of R/R spectra by finite-element-method are plotted and compared to 

experimental SDRS data in Figure 6c-d for similar core sizes, increasing Au deposits and NP geometry ranging 

from half-sphere to half-ellipsoid and large flat regular hexagons (Figure SM-1). Calculations are qualitatively 

in a good agreement with experimental data. Interband transitions above 2.5 eV as well as the important 

R/R changes depending on core size and shell thickness at lower photon energy are both fairly well 

reproduced. For small and average core sizes, we can attribute the strong absorption band shifting from 2 to 

1 eV depending on Au quantity, to the localized surface plasmon resonance of the Au shell. It is confirmed by 

the electric field distribution for TE and TM polarizations calculated at 3 and 1.5 eV for a 1.4 nm Pd core 

covered by 2 ML PdAu half-sphere shell and 2 ML Au shell ellipsoid Au shell (Figure 7a-d). For a TE-
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polarization, a large field enhancement occurs parallel to the surface around the NP around 1.5 eV. It is 

resulting from LSPR coupling between NP. For a TM-polarization, due to the 45° incident angle of incoming 

light, half of the light polarization is projected along the surface plane that leads to the excitation of the in-

plane plasmon mode and the other half can excite the out-of-plane plasmon mode. It remains relatively weak 

compared to the plasmon mode parallel to the surface (Figure 7d) and does not change as radically with 

photon energy as for TE-polarization. The intensity difference accounts for the smaller Au quantity in the 

sample normal direction and for the larger oscillator strength in the surface plane direction. 

However, for large core, no clear LSPR is observed in experimental R/R signals, also confirmed by the 

numerical calculations. The simulation (not shown) shows a rapid disappearance of the LSPR because of the 

NP coalescence above 3 ML Au shell, where the plasmonic response barely starts. Despite the good 

agreement, important differences are observed like: (i) the absolute value of R/R changes, (ii) the LSPR 

bandwidth, (iii) the intensity ratio between LSPR and interband transition and (iv) no LSPR is observed for 1 

and 2 ML Au shell thickness by SDRS, in agreement with SFG (Pd-Au alloy), on contrary to the model. The fully 

classical treatment used by COMSOL to compute the reflectivity and the use of macroscopic dielectric 

function of alumina, palladium and gold could explain the intensity changes (i) and also the bandwidth 

difference (ii) as finite-size effect are not accounted for48. The size/shape dispersion, not included in the 

model can account for differences (ii) and (iii). Indeed, mixing results from different size configurations helps 

to broaden the LSPR band and weaken its intensity relatively to interband transitions. Finally, for the last 

difference, Pd-Au alloying in the first 2 ML shell, not included in the model and the small quantity of Au atoms 

in the shell could explain the absence of the LSPR. First, interdiffusion at Pd/Au interface is known to occur 

at 300 K61 and also modifies electronic structure, the effective dielectric function and then the plasmonic 

response of the shell8. Second, for this small amount of gold on a 3 nm large Pd core, the gold shell contains 

around ~400 atoms and even less on smaller cores. Experimental and theoretical works have shown that 

localized surface plasmon arise for gold NP containing more than 300 atoms67, in a good agreement with our 

findings. Finally, the onset of coalescence plays an important role in change of intensity and energy of LSPR 

modes. On small Pd core, a significantly thick Au shell with clear plasmonic properties can be formed and 

efficiently coupled to light before coalescence occurs. On large Pd core, the coalescence is rapidly reached 

leading to the formation of a quasi-continuous Au layer where plasmon and light can hardly couple.  

If CO adsorption affects the LSPR intensity, the latter also affects the SFG response by a resonant electric 

field enhancement of the SFG and visible lasers that have similar energy than the LSPR (Figure 6). To prove 

it, we need to look carefully at CO band intensity at 10-3 mbar in Figure 2. The SFG intensity is raising with the 

shell thickness and strongly drops for 8 ML thick shell. The counting methodology of available CO adsorption 

sites, i.e Pd atoms in the shell by considering the Pd surface stoichiometry in the shell discussed before is 

presented in Suppl. Materials (Table SM-3, Figure SM-7). Only the top facet of the NP is considered, since 
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both SFG in ppp and ssp polarization configurations are necessary to conduct a robust orientational analysis 

of CO around the NP68. Spatial inhomogeneity of the electric field enhancement across the facet is not 

considered. Since the overall Pd:Au ratio is decreasing as the Au shell thickness increases, the Pd 

concentration at the shell surface is also decreasing. Despite a larger surface of the NP with a thicker shell, 

the total amount of Pd sites remains lower than for pure Pd NP. Hence, the increase of SFG response cannot 

be explained by the amount of Pd sites. We propose that the local electric field enhancement by the localized 

surface plasmon resonance as seen in simulations (Figure 7) is responsible for this larger SFG signal. Indeed 

field enhancement is spectrally broad and fully overlaps the spectral range of SFG and visible lasers leading 

to an enhanced SFG response as already observed69. An enhancement factor up to 10 is deduced by 

normalizing the SFG intensity by the square of the Pd sites at the shell surface (Figure SM-7c), as SFG is in 

theory proportional to the square of molecule coverage (Equation 1). 

Impact of temperature on NP atomic structure and plasmonic response 

After CO exposure of Pd/Au NPs, the surface is alloyed irreversibly and remains stable at room 

temperature even without CO in the chamber. In other words, after alloying the surface, CO are not involved 

in the stability of Pd at the shell surface and CO adsorption can reversibly be observed from low pressure to 

mbar pressure, on various adsorption sites on Pd (bridge: orange band, on-top on Pd dimers: violet band and 

2 CO on-top on Pd dimers) and Au (on-top: yellow band). Two questions need to be addressed, as their 

answers can strongly affect NP catalytic activity in-operando conditions: (i) What is the depth composition 

profile of the shell after surface alloying? (ii) How to recover the initial core/shell phase? To answer the first 

question, SDRS was also employed to track the impact of Pd diffusion in the shell upon CO adsorption as well 

as well as the effect of CO desorption upon NP annealing. A 0.9 nm Pd core surrounded by 5 ML Au shell (7.9 

Å of Au deposit) was exposed to 10-3 mbar of CO. This particular NP size and composition are preferred 

because a plasmonic response was observed without CO and 5 ML is thin enough to allow Pd diffusion to the 

shell surface as demonstrated above by SFG. SDRS spectra recorded at the different stage of the experiment 

are displayed in Figure 8a. It shows a slight reduction of the LSPR absorption band under CO. Finite-element-

modeling of the SDRS spectrum shows a progressive damping of the LSPR as the Pd concentration increases 

in the last shell layer, confirming the impact of Pd diffusion to the shell surface on the plasmonic response 

(Figure 8b). It demonstrates the possibility to follow the change of plasmonic response by SDRS during, not 

only the growth of Au shell but also the CO exposure. 
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Figure 8. (a) Effect of CO adsorption and NP annealing on plasmonic 

response measured by SDRS on a 1.4 nm Pd surrounded by 5 ML thick 

Au shell. (b) Finite-element modeling of the SDRS signal for increasing 

Pd concentration in the last shell layer. 

To answer the second question, CO was pumped from the chamber below 2.10-10 mbar and the sample 

has been annealed above 277°C (550 K) for several minutes. It allows desorbing CO from the Pd sites, leaving 

them free to diffuse during NP annealing and avoid any structure change of the shell surface induced by CO 

adsorption, desorption or reaction. SFG shows the disappearance of all CO signatures in agreement with our 

previous findings on Al2O3
28 and MgO43. After cooling down to 300 K and exposing again NPs to CO at low 

pressure (<10-4 mbar), similar SFG spectra than for the initial core/shell state (Figure 3), are obtained for any 

shell thicknesses. After sample annealing, the LSPR is recovered in initial intensity before CO adsorption 

(Figure 8). It demonstrates that NP annealing, in addition to CO desorption, gives enough mobility to Pd (Au) 

atoms to migrate back towards the core (the surface, respectively) and minimizes surface energy in a good 

agreement with literature37. This leads to the recovery of initial plasmonic properties. Phase transition from 

a core/shell to alloyed shell NP structure accompanied with tunable plasmonic response can be cycled 

repetitively by adsorbing/desorbing CO and annealing the sample. 

The reversible and irreversible behavior changes of the shell composition and plasmonic properties of 

Pd/Au core/shell NP for the different CO pressures and temperatures are summarized in Figure 9. A phase 

transition occurs above 10-4 mbar of CO that leads to irreversible Pd migration to the shell surface 
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accompanied by a reduction of the surface plasmon intensity. The Pd/Au core/shell structure and plasmonic 

response can be recovered by annealing NP at 550 K. 

 

Figure 9. Core/shell to bimetallic alloy transition controlled by CO 

adsorption and thermal annealing. A schematic representation of the 

core/shell NP is given for each pressure range to illustrate phase 

transitions upon CO pressure and sample annealing. The reversible or 

irreversible transitions are indicated. Localized surface plasmon 

resonance intensity are represented by size of the orange spiky shape. 

 

CONCLUSION 

Pd/Au core/shell nanoparticles on alumina film have been investigated by optical spectroscopies and 

tunneling microscopy during growth and CO adsorption. Dipolar calculations and numerical modeling of 

plasmonic response of the surface support experimental findings. We have revealed how the growth of the 

Au shell and Pd core affects NP ordering, geometry and plasmonic properties. NP coalescence appears rapidly 

for shell thickness larger than 1 ML, reducing long-range order and density of NPs. Plasmonic properties are 

observed for shell thicker than 2 ML due to the diffusion of Pd over 2-3 ML in the Au shell. SFG vibrational 

spectroscopy showed that CO coverage on the shell could be tuned reversibly for pressure lower than 10-3 

mbar as Pd concentration remains constant. Above this pressure, a new CO frequency at 2045 cm-1 has been 

observed and tentatively assigned to single CO binding on-top on Pd dimers at the surface. This band shifts 

to 2075±10 cm-1 at higher coverage when two CO adsorb on each Pd atom of the dimer. These results suggest 

that Pd atoms segregate in the form of dimers rather than monomers. The behavior has been observed even 

for thick (8 ML) gold shell. After Pd segregation, CO adsorption is not reversible from high to low pressure, 

unless NP are annealed above 550 K. Pd diffusion length in the shell is limited to 2-3 ML at low CO pressure 

and 300 K, and up to 8 ML in the mbar range. We demonstrate that the plasmonic response of the shell is 

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

02
31

17
5



23 
 

reduced by Pd diffusion to the surface under CO adsorption and can be recovered when Pd migrate back to 

the core after NP annealing. Finally, we evidence the impact of local field enhancement by the LSPR leading 

to stronger SFG response and sensitivity. 

These results highlight how optical spectroscopies, in particular vibrational SFG, can bring very valuable 

insight about surface and bulk composition of core/shell NPs. We show that surface reactivity and plasmonic 

can be tuned reversibly by inducing Pd diffusion to the normally not reactive Au shell surface. This work is of 

great relevance for the community of heterogeneous and photo-catalysis where the control of surface 

composition and localized surface plasmon are required to enhance reactivity. In this respect, replacing gold 

by silver is a promising way to improve plasmonic response. In addition, studying the impact of CO and oxygen 

co-adsorption in catalytic conditions could bring additional insights on Pd segregation, phase transitions and 

their impact on nanoparticle reactivity.  
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