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ABSTRACT: Surface chemistry of gold nanoparticles produced by pulsed laser ablation in liquids
method is investigated by X-ray Photoelectron Spectroscopy (XPS). The presence of surface oxide
expected on these systems is investigated using synchrotron radiation in conditions close to their
original state in solvent, but free from substrate or solvent effects which could affect the
interpretation of spectroscopic observations. For that purpose, we performed the experiment on a
controlled free-standing nanoparticle beam produced by the combination of an atomizer and an
aerodynamic lens system. These results are compared with those obtained by the standard situation
of deposited nanoparticles on silicon substrate. An accurate analysis based on Bayesian statistics
concludes that the existence of oxide in the free-standing conditions cannot be solely confirmed
by the recorded core-level 4f spectra. If present, our data indicate an upper limit of 2.15 + 0.68 %
of oxide. However, a higher credence to the hypothesis of its existence is brought by the structure-
less valence profile of the free-standing beam. Moreover, the cross-comparison with the deposited
nanoparticles case clearly evidences an important misleading substrate effect. Experiment with
free-standing nanoparticles is then demonstrated to be the right way to further investigate oxidation

states on Au-NP.



INTRODUCTION

Matter at the nanoscale level is at the crossroads of material science, chemistry and physics. It has
led to outstanding developments of different applications! in various fields ranging from medicine
to information technology. The promising properties of nanoparticles (NPs) are related to their
reduced size and surface properties. Among the different nanoscale materials, gold is mostly
studied due to its noble character, low toxicity and good biocompatibility. For these reasons,
several investigations are being carried out in the field of medicine? and catalysis®®. Surface
chemistry is at the heart of such studies which are very sensitive to the

composition/structure/oxidation states of the surface atoms.

Gold nanoparticles are usually produced in liquid phase (colloids) by wet chemical reduction®®,
This synthesis, achieved by the reduction of a metal salt precursor, requires the use of stabilization
agents. These long molecular chains adsorbed on the nanoparticle surface are used to control the
nanoparticle size and prevent their aggregation. However, most applications are based on a further
surface functionalization or on plasmonic properties, which both could be prevented/modified by
the presence of the stabilizing agent at the nanoparticle surface. The required and challenging
subsequent colloid purification® can be circumvented by using another nanoparticle synthesis
technique®®. The Pulsed Laser Ablation in Liquids (PLAL) method, widely developed in the past
few years''15, is based on laser irradiation of a solid target in a liquid environment and results in
the formation of ligand-free nanoparticles. These bare nanoparticles in organic or non-organic
solvents are well-suited for the development of the above-mentioned applications, which

nevertheless require a precise knowledge of their surface properties?®.



In the present experimental study, we address the question of the surface chemical composition of
bare nanoparticles produced by laser ablation using X-ray Photoelectron Spectroscopy (XPS). As
important properties of gold NP colloids produced by PLAL such as their stability have been
attributed to the presence of oxides on NP surface, numerous other studies'®'’-?! have tracked these
oxidation states using XPS measurements. However, as reported in Table 1 (upper part), if
present!’182L the amount of oxide atoms in PLAL produced nanoparticles is always estimated to
be below 10%, while some studies'® report no surface oxidation for particles produced in pure
water. One should stress that, in all cases, the measurements are performed on nanoparticles
deposited on a substrate. The disparity in the reported oxide presence illustrates the complexity of
core-level XPS peak fitting for a precise quantification of this oxide component, especially when
present in such a low amount. It is also related to the difficulty of peak attribution to a specific
oxide complex like AuO, Au20 or Au203 for instance - their expected binding energies and peak
widths being highly dependent on substrate and nanoparticle size. The variety of reported results
recorded on gold films or NP produced by various techniques is summarized in Table 1 extracted

from references 17 to 19 and 21 to 30, together with results presented in this paper.

Hereby, we present an alternative experimental and data analysis approach in order to circumvent
the above-mentioned challenges. We report XPS measurements performed on free-standing
nanoparticles which are subsequently accurately analysed using a Bayesian statistical method for
hypotheses tests®! of the core-level peak fitting. This specific data treatment method is also applied
to results obtained in the standard situation of deposited nanoparticles. Results comparison led us

to conclude on the substrate influence on the nanoparticle surface oxidation.



Preparation and pulse . BE rel. . .
Sample . Substrate NP size (nm) ] Oxide species
duration shift
1+
PLAL in water with NaCl 1.44ev AU (4.3 %)
(8-10 ns) 8nm
) 2.69 eV AU (1.5 %)
Merk et al. Au NP Si
PLAL in water with Nal ”7 1.38 eV Au* (7.3 %)
nm
(8-10 ns) 2.3eV AU (4.0 %)
PLAL in water mixed with .
18 ~ 1+ - 0
Muto et al. Au NP CTAB or SDS (few ns) Cu foil 11 nm 1.2eV Au'* (3.3-6.6 %)
PLAL in pure water (7 ns) - - (0%)
PLAL in water mixed with .
19 3+
Fongetal. AUNP | CTAB or CTAC or SDS (7 ns) | <50 nm 26ev Au
PLAL in NaBr or NaCl (7 ns) - - (0 %)
i deioni 1.6eV Aul* (6.6 %)
PLAL in deionized water (120 15-40 nm and
21 Au NP HOPG
Sylvestre et al. fs) 200-250 nm 33eV AU (4.7 %)
Si lev Aul* (10.33 %)
Levy et al. Au NP PLAL in acetone (10 ns) 6.9 nm
None 1.9eV AU (2.15 %)
Kibis et al.? Au NP RF-discharge sputtering Oxidized Ta 1.8t05.5nm 2.3eV Au¥*
Ono et al 2 Au NP Inverse . Sio;and Tio, | »52nd 1.8eV AU
' micelle encapsulation 5nm ’
1.9eV Au®*
. Au oxide Reactive sputtering of a gold Au (111) single 3+
24
Pireaux et al. layer crystal under Oz crystal 2lev Au
1.6eV Aut*
Irissou et al.® Au film Laser ablation Glass plate 100 to 300 nm 1.9eVvV Au*
iAu oxide Radio frequency oxygen Au (111)
ayer plasma
Boyen et al.? 1.8eV Au®
Inverse . <1lto
AuNP micelle encapsulation Si0: 7.9 nm
Au NP From diblock copolymer TiO2/Ti-foil 6,4and 1L.5nm | 1.8eV
micelles
Cuenya et al.?’ Au®
. Ti(100 nm) N
Au film Electron-beam evaporated /Si(001) 100 nm 2.6 eV
. Magnetron reactive .
28 - 1+ 2+
Tchaplyguine et al. Au NP Sputtering Free-standing few nm lev Au'*or Au
Koslowski et al.?® Au film glonrrsmermal polycrystalline Glass plate 200 nm 1.8eV Aud*
Tsai et al.®® Au film Vapor deposition Si 100 nm 1.6eV Aud*

Table 1 Overview surface oxide species on gold films or nanoparticles (NP) reported i

published studies and this work. The upper part of the table is dedicated to NP produced by

PLAL. The lower one reports results obtained on other systems including NP produced through

other synthesis techniques and bulk samples. The identified oxide species Au™" are reported with

their binding energy shift of the 4f electronic level relative to Au®.




EXPERIMENTAL SECTION

Material

Commercial ligand-free gold nanoparticles in pure acetone have been acquired from the NanoBio
Division of IMRA America, Inc. Company, specialist in the production of noble metal nanoparticle
colloids by PLAL. This volatile solvent (acetone vapour pressure at 20°C = 240 hPa) has been
chosen in order to maximize its evaporation and to ensure the probing of solvent-free
nanoparticles. The nominal concentration of the stock solution was 1 g/L. Two nearly identical
sample batches have been used for the optimization of the preparation procedure, sample
characterization and XPS measurements in deposited conditions (batch A) and the XPS

measurements on the free-standing nanoparticles beam (batch B).

Transmission electron microscopy and centrifugal sedimentation

The sample size characterization is performed using transmission electron microscopy (TEM) and
centrifugal sedimentation techniques. For TEM measurements, 30 pL of the pristine solution
(batch A) is diluted in 1470 uL of acetone (1/50). Then a droplet of the diluted colloidal solution
is poured onto a 400-mesh copper grid covered with ultrathin carbon film on lacey carbon support
film (reference 01824 from Ted Pella, inc.). TEM is carried out on a JEOL 2100HT microscope
operating at 200 kV. Images are acquired using a Gatan Orius 200 camera. The size distribution
is deduced from the analysis of images with magnification of 50 kX and 120 kX. A representative
image is shown in Figure 1a (50 kX). Nanoparticles were automatically detected with the plugin
Particles Sizer in ImageJ®? (see Figure 1b). 1847 nanoparticles were detected and led to the size

distribution displayed in Figure 1c. For each particle, the diameter corresponds to the diameter of



the area equivalent circle. The size distribution is characterized by a median size of 6.9 nm, and a

standard deviation of 4.2 nm. The distribution follows a log-normal law (see Figure 1c).

In order to cross-check the size distribution deduced from TEM, the centrifugal sedimentation is
performed with the disc centrifuge system DC24000 from CPS Instruments. The measurement is
based on the differential sedimentation of the particles in a sucrose density gradient. A calibration
is performed before each measurement using a calibration standard of 263 nm PVC spheres
dispersed in water (from CPS instruments). Since the sucrose gradient is only suitable for aqueous
colloids, an exchange of the solvent is performed as a first step. 1 mL of the pristine solution (batch
A) is diluted in 9 mL of deionized water. Acetone is slowly evaporated at room temperature and
reduce pressure (0.200 bar) using a rotary evaporator. Then 100 pL of the remaining aqueous
colloidal solution is injected in the disc centrifuge system. The speed ramping option is selected
to finely probe sizes from a few nanometers to one micrometer. In Figure 1d, the relative volume
distribution obtained from the differential sedimentation is compared to the one deduced from the
log-normal fit of the size frequency deduced from the TEM images (Figure 1c). Both methods

lead to consistent results.

Finally, high resolution TEM images were achieved by operating the JEOL 2100HT microscope
at the reduced voltage of 120 kV. For that purpose, 25 pL of the pristine solution (batch A) is
diluted in 475 pL of acetone (1/20). Then a droplet of the diluted colloidal solution is poured onto
a 400-mesh copper grid covered with an holey carbon film (reference AGS147-4 from Agar
Scientific Ltd). This specific measurement has been performed in order to investigate the possible
presence of a carbon shell surrounding the nanoparticle when produced in organic solvents, as
reported in the literature!*334°_ 1t is confirmed in Figure 1e where a low-Z non continuous shell is

observed around the nanoparticles, attributed to one or two graphite monolayers (see below).
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Figure 1 (a) Representative TEM image for a 50 kX magnification. The inset (b) shows an
example of the automatic detection of the NPs. (¢c) Frequency of the particle diameters deduced
from the TEM images (1847 particles, median size 6.9 nm, standard deviation 4.2 nm). The
distribution is fitted assuming a log-normal distribution p(d) (black curve, adjusted R? = 0.99,
median size 6.8 nm, standard deviation 3.5 nm). (d) Relative volume distribution p,(d) times
the particle diameter d. The red curved is measured with differential sedimentation system. The
green curve is deduced from the fit of the frequency count (p,,(d) a d3p(d)). (¢) High resolution

TEM images evidencing a thin monolayer graphitic shell.
Raman Spectroscopy

In order to confirm the graphitic shell existence in our experiment, Raman spectroscopy
measurements have been performed on batch A at 1 g/L. A colloid droplet is dried on a Si substrate:

the sample is first dried during two hours in an oven at 70°C and then freeze-dried. Raman spectra



were measured on a LabRAM HR Evolution Raman microscope from HORIBA, using a laser line

at 660 nm (180 mW). The spectral resolution is 4.7 cm™ FWHM (full width at half maximum).

Three features are clearly observed in the spectrum displayed in Figure 2: a signal at 521.1 cm™
which correspond to the Si substrate, both D (1344.8 cm™) and G (1574.1 cm™) bands from the

sp? hybridized carbon materials, and a smooth slope attributed to gold luminescence.
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Figure 2 Raman spectra from Au NP 1 g/L batch A deposited on Si substrate.

The G band corresponds to ordered sp? hybridized carbon materials (Ez2qg mode), while the D band
can be associated to a defect activated band in sp? hybridized carbon materials** and/or can be
caused by a breakdown of the k-selection rule in small crystallite size of polycrystalline graphite*?.
The G band appears slightly shifted downward compared to what expected for graphite, i.e. 1582
cm™. However, the same shifted is observed for carbon onions*® and is attributed to tensile strain

in the graphene planes induced by the curvature. The Raman spectrum reported in Figure 2 is then



consistent with a very thin graphitic shell of a few layers surrounding gold nanoparticles*. Thus,
the observation of both D and G bands in our measurement, expected from a few graphene layers,

is in agreement with high resolution TEM images reported above (see Figure 1e).

In addition, the ratio of D and G bands (Ip/lc) is commonly used to give an estimate about defect
densities®®. Broad peaks and high values of the ratio Ip/l observed in Figure 2 suggest a large
amount of defects in the graphitic shell, but graphene oxide can also lead to similar features, with
a broad D band**>%, However, the wavenumber reported for the G band is shifted toward the
high wavenumbers in graphene oxide, above 1594 cm™ (ref. 45-46), which is not consistent with
the Raman shift observed for the G band in our sample (1574.1 cm™). Glassy carbon (amorphous)
which contains sp® hybridized carbon can also present a large D band*’-*® and a downward shift of

the G-band*. Thus, contributions from glassy carbon cannot be excluded.

Finally, one can note that the deposit consists in a dendritic layer, i.e. a stacking of gold
nanoparticles from 2 nm to 20 nm. Such geometry leads to a strong surface enhanced Raman
scattering (SERS) for compounds adsorbed on the gold nanoparticles surface, then for the expected
graphite layers. Moreover, there is a synergic effect in dimer, with a strong field enhancement in
a volume between two close nanoparticles at 660 nm®°, a configuration which would frequently
occur in a dendritic layer. It could explain the rather strong signal observed from D and G bands

while high resolution TEM only show a few layers of carbon shell on the particles (see Figure 1e).

Deposited x-ray photoelectron spectroscopy measurements and surface characterization

In order to perform a comparative study of deposited and free-standing nanoparticles, standard
XPS measurements have been carried out at the Center of Microscopy and Nanotechnology,

University of Oulu (Finland). For that purpose, Thermo Fisher Scientific ESCALAB 250Xi (UK)



with a monochromatized Al K, x-ray source (1486.7 eV of photon energy with 900 um spot size,
operated at 300 W) was used to record XPS spectra of samples deposited on Si substrate. An
electron flood gun was used for charge compensation. All measurements were made in an ultrahigh
vacuum chamber (5.10° mbar). Si discs were first cleaned using Ar ion bombardment. Four Si
substrates were prepared: one reference without a sample, one on which pure acetone was drop
casted, and two for Au NP (batch A at 1 g/L). As the cleaned substrates had to be exposed to
ambient conditions for a short time when the samples were drop casted on them, the plain Si
substrate served as a reference to monitor how much contamination resulted from this exposure.
C 1s spectrum indicated that this contamination remained very low. The binding energy scale has
been calibrated based on the Si 2p peak position®!. The x-axis is, in this case, relative to the Fermi

level.

Using this setup, the Au NP surface oxidation is investigated by measuring the Au 4f core-level
fitted with the Bayesian procedure described below. The corresponding results are reported in the
RESULTS AND DISCUSSION section in comparison with what obtained in free-standing

conditions.
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Figure 3 C 1s spectrum from Au NP 1g/L batch A and dried acetone on Si substrate.

In addition, the presence of the graphitic shell surrounding the nanoparticle evidenced by high
resolution TEM and Raman spectroscopy has been also examined by probing the C 1s core-level
of the deposited sample. The corresponding spectrum reported in Figure 3 is indeed representative
of reduced graphite oxide*®. The difference observed on this spectrum compared to dried acetone

on Si substrate confirms that the graphite signature originates from the nanoparticle itself.
Preparation

For the purpose of free-standing nanoparticle XPS measurements, the colloid concentration has
been increased up to the required value (~ 2 to 5 g/L) on both sample batches. It has been achieved
by a gentle partial evaporation of the solvent at moderate temperature (~ 50°C) and reduce pressure

(~ 0.5 bar) using a rotary evaporator.
UV-visible spectroscopy

The UV-visible spectra reported in Figure 4 have been collected with an Agilent Cary 4000 UV-
Vis spectrophotometer. Using an optical glass cuvette of 1 mm path length, the sample absorbance
A is recorded in the wavelength range of 300 to 800 nm. In the following, this measurement is
used to retrieve the sample concentration according to the absolute absorbance increase after
solvent evaporation. Besides the expected plasmon peak profile centred around 525 nm, the
absorbance spectra are also sensitive to the nanoparticle aggregation quantified by the primary
particle index®>°® (PPI1). The PPI is defined as the ratio between the interband absorption at A =
380 nm, mainly related in a first approximation to the mass concentration of gold in the colloidal

solution, and the scattering signal of aggregates and larger particles at A = 800 nm: PPI =



As50/Agoonm- HeNCe, this parameter is inversely related to the agglomeration: a relative decrease

would be interpreted as a partial aggregation of the NPs in the colloid.
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Figure 4 UV-Vis absorbance spectra (left) and calculated primary particle index (PPI) (right)
of (A) Batch A: before any evaporation (pristine sample) in filled dark blue circles; after a 1%
evaporation in filled green squares; after a 2! evaporation in filled pink triangles and (B) Batch
B: before any evaporation (pristine sample) in crossed light blue circles (this specific curve is
extracted from the technical datasheet provided by IMRA America Inc.); after a 1% evaporation in
crossed orange squares. Absorption spectra of Batch A 1% and 2" evaporation and the pristine
sample of Batch B have been recorded after dilution by a factor F indicated in the legend but the
associated curves are corrected by this factor. The dotted lines correspond to the pristine sample
absorbance spectrum multiplied by the adequate factor reported in the legend to fit the absorption
curves after evaporation. This procedure is used to evaluate the sample concentration after solvent
evaporation. PP1 are calculated using the absorbance at 380 and 800 nm for each sample batch and

evaporation.
Nanoparticle beam generation: aerodynamic lens system

The nanoparticle beam generation is achieved by using a specific instrument of the PLEIADES

beamline of SOLEIL synchrotron facility (Saint-Aubin, France). A detailed description of this



system has been reported in ref. 54. Briefly, the nanoparticle colloidal solution is first converted
into an aerosol produced by a commercial atomizer source (TSI Inc. 3076). The droplets are
thereafter steered through a silica gel dryer in order to evaporate the residual solvent. The
nanoparticle flow is then focused in the interaction chamber thanks to an aerodynamic lens

(ADLS), schematized in Figure 5, with an entrance pinhole of 300 um diameter.

Diverging
carrier gas (He or Ar)

electrons

ADLS Skimmér 4
@ 3mm
90°

xuv radiation

Figure 5 Experimental setup of the XPS measurement of the Au NP beam generated by

means of the ADLS.

The ADLS apparatus, initially proposed by McMurry and co-workers®®, consists in a succession
of coaxial apertures of decreasing diameters throughout in which an inert carrier gas (Ar or He in
our case) transports the nanoparticles into the vacuum environment. A 3 mm diameter skimmer at
the output beam of the ADLS contributes to the separation of the diverging carrier gas from the
collimated nanoparticle flow and ensures the good vacuum in the interaction chamber required for

the XPS detection system (< 10~ mbar). The nanoparticle beam diameter is expected®’ to be < 230



pm. This aerosol setup is therefore used to (i) efficiently extract the nanoparticles from their liquid
environment and (ii) achieve a sufficiently high particle density (10° particles/cm?) at the
interaction point with the synchrotron radiation beam, enabling their detection within a reasonable

accumulation time (less than 2 hours for the present experimental results).

Free-standing x-ray photoelectron spectroscopy measurements

Au 4f core-level and valence band XPS spectra of the free-standing nanoparticles have been
recorded using the permanent end-station of the PLEIADES beamline with a VG-Scienta R4000
electron energy analyzer. Using 600 um monochromator exit slit, 800 um Scienta entrance slit,
circular left polarization and a pass energy of 200 eV, the soft X-ray photon energy was set to 200
eV (Au 4f) and 100 eV (valence) with 0.6 and 0.2 eV estimated overall spectral resolutions
respectively (FWHM of the Gaussian spectral resolution function). The transverse photon beam
size is set to 120 x 780 um? (FWHM). Owing to the position sensitive detector of the electron
analyzer operated in transmission mode, the signals coming from the collimated nanoparticle beam
and diverging gas phase components (carrier gas, residual solvent) can be discriminated. As
represented in Figure 5, the electron energy analyzer stands up to the horizontal plane defined by
the nanoparticle and photon beams which cross with an angle of 90°. The energy calibration is
determined with respect to the vacuum level using both the Ar 3s satellites®® and the Ar 2p core
level (located at 248.4 and 250.6 eV binding energies), the latter originating from the 2" order
synchrotron radiation. The uncertainty on the calibration may induce non negligible systematic
uncertainty which are not discussed here since the analysis relies only on the relative shift of the

different components.

X-ray photoelectron spectroscopy core-level Bayesian fitting



The core-level spectra are fitted using a home-made program3' procedure, Nested_Fit,
based on Bayesian statistical methods®®. Such data analysis procedure is more robust than
the standard ones usually based on the maximization of the likelihood function or the
minimization of the chi-square, i.e. an estimation of the fitting quality for a given model
function. Indeed, it also provides the complete probability distribution for each fitting
parameter, the conjunct probability of pairs of parameters, and, last but not least, the
Bayesian evidence. The latter is a quantity required to compare different fitting models. In
other words, from this output value, the relative probability of different hypotheses for
modelling the spectra can be determined in such a way that one can discriminate the most
probable one. The analysis is based on the assumption of Poisson distribution for the counts
in each spectrum channel which is especially adapted for low statistics data. Such cautious
analysis is especially useful for XPS data in two situations: the presence of various
overlapping components in one single core-level peak and low statistics data associated to
the presence of minor components®®. The results presented in this contribution correspond
to both cases: (i) the possible presence of gold oxide components in the Au 4f core-level
spectra is expected to be in a low relative amount (below 10% according to literature!’1921),
(i1) the acquisition count rate is especially low (1000 to 2000 total counts in 2h acquisition
time), especially in the case of a such dilute sample, i.e. a free-standing nanoparticle beam
and (iii) the measured core-level peaks are expected to be the results of partially

overlapping surface, bulk, metallic and oxide components.

Using this method, two model functions have been used and compared to fit the Au 4f
spectra. Their difference is only related to the number of peak components included in the

model function. In all cases, all components are treated by pairs associated with a branching



ratio fixed to 4:3 due to the spin-orbit splitting of the gold 4f level. Each peak component
is fitted using a Voigt function: the Gaussian component is representative of the overall
spectral instrumental resolution and the Lorentzian one to the natural lifetime broadening.
In SOLEIL’s experiment, the width of the former is fixed in our procedure to the known
experimental value of 0.6 eV while the Lorentzian width is a free fitting parameter. For the
standard deposited XPS measurement, the unknown width of the monochromatized Al Kq
x-ray source led us to use free Gaussian and Lorentzian widths. In both cases, an active
Shirley background for the inelastic photoelectron signal subtraction is used with a constant
baseline. The different doublets included in the fit corresponds to:

(1) the non-oxide metallic bulk (Au(b)®) component;

(2) the non-oxide metallic surface (Au(s)®) component expected to be located 0.4 eV

toward lower binding energies (BE) relative to Au(b)° (see ref. 61);

(3) the oxide surface component Au(s)!* or Au(s)®* respectively expected below or

above 1.5 eV shifted toward higher BE relative to Au(s)°.
The latter peak identification is justified by the literature results summarized in Table 1.
The two different models compared in this study are associated with the absence or the
presence of gold oxide, i.e. include respectively only the components (1) and (2) or all
three. Finally, the surface sensitivity of the XPS diagnostic is related to the electron inelastic
mean free path (IMFP) in gold. In SOLEIL’s experiment, the photon energy was tuned to
maximize the surface sensitivity leading to ~ 100 eV electron kinetic energies both for 4f
core-level and for valence electrons. According to ref. 62, we are therefore probing a depth
of about 0.8-1 nm (~ 3 x IMFP x 0.67 where the last constant corresponds to the topofactor

described in ref. 63 in order to take into account the NP topology) below the NP surface.



Using the K radiation, the electron kinetic energy of about 1400 eV increases the probing

depth up to about 3.3-3.6 nm.

RESULTS AND DISCUSSION

An upstream study on gold colloid preparation and characterization was made necessary
by the difficulty of producing free-standing gold nanoparticle beams using ADLS. This
difficulty is illustrated by the low number of experimental studies®*®> publishing
measurements on Au nanoparticle beams produced by ADLS, none reporting XPS spectra.
Since various experimental evidences of light material nanoparticle beam generation using
such experimental apparatus are reported in the literature®®-%°, we attribute this difficulty,
in our case, to the atomic weight of gold and nanoparticle size which substantially reduces
the ADLS transmission efficiency. Indeed, beam production using ADLS is highly
dependent on the mechanical design® (material, number of apertures, diameter, vacuum
pressure...) which is optimized for a specific set of sample parameters’®-"? (concentration,
material density, nanoparticle size, solvent properties, carrier gas). As a result, for a given
ADLS, one should explore the sample parameters space in order to maximise the
transmission. For our specific set-up, the most important parameter was the sample
concentration.

Thus, XPS measurements using a hemispherical analyzer on a gold nanoparticle beam were
achieved only for high sample concentration. Below about 2 g/L., no detectable XPS signal
coming from gold nanoparticles was recorded. As reported in the experimental section, this
colloid concentration was obtained by a partial and gentle solvent evaporation of the
pristine sample using a rotary evaporator. However, colloids produced by PLAL are

dispersed in pure solvent, with no stabilizing agent which could prevent their possible



agglomeration. A careful analysis of the final product obtained after partial solvent
evaporation was therefore mandatory in order to ensure the probing of rather individual
nanoparticles during XPS measurements, instead of micrometric aggregates. These
measurements have been used also in order to evaluate the sample concentration.

This sample preparation procedure was tested on one sample batch (A) and reproduced on
the second one (B) dedicated to XPS measurements. The corresponding UV-Vis spectra
and PPI evolution as a function of the sample concentration are reported in Figure 4. On
the left, the absorbance spectra are reported for each batch. The two pristine samples have
been provided by the supplier at a nominal concentration of 1 g/L. After two successive
solvent evaporations, the concentration of batch A has been increased up to 5.1 g/L with an
intermediate step at 2.8 g/L while batch B reached 1.85 g/L in a single step of evaporation.
In all cases, the absorbance spectra exhibit a sharp peak A = 525 nm associated with the
well-known surface plasmon resonance of spherical gold nanoparticles. No evident
distortion and/or peak shift is observed after solvent evaporation which is a first direct
evidence of no nanoparticle agglomeration’®. In addition, the primary particle index before
and after each evaporation is calculated as a function of sample concentration. As
mentioned earlier, a decrease of the PPl would indicate a partial nanoparticle aggregation.
The stable PPI, which even tends to increase with evaporation reveals also that no sample
aggregation occurred at higher concentrations. In conclusion, the 1.85 g/L sample, used for

the XPS measurements, is preserved in terms of nanoparticle size.

Au 4f core-level

The Au 4f photoelectrons have been recorded using 200 eV photon energy on the free-

standing nanoparticles beam (batch B at 1.85 g/L) and using 1486.7 eV radiation on the



deposited sample (batch A at 1 g/L) in order to characterize the nanoparticle surface
oxidation and isolate a substrate effect on the oxidation state. The “free-standing” spectra
fitted with the two model functions described above are reported in Figure 6b and 6c¢
associated with numerical results of the fits listed in Table 2.The data points are deduced
from the 2D image of the XPS detection system, which holds an imaging capacity (Figure
6a). The x-axis corresponds to the electron binding energy. The y-axis is associated to a
spatial dimension: gas phase like components, not focused by the ADLS, are rather
uniformly distributed on the vertical dimension while electrons coming from the focused
nanoparticle beam are concentrated in the central region. For core-level, no background
subtraction from the gas phase component was necessary. Therefore, the spectrum is
deduced from a spatial integration over the black dashed area. The “deposited” spectra
reported with respect to the Fermi level and associated fits applying the same Bayesian
procedure are reported in Figure 7a and 7b. Their numerical results are compared to the

free-standing conditions in Table 2.

The fit results of the free-standing nanoparticles beam’s spectrum reported in Figure 6b
and 6c¢ are nearly identical but the second one includes an additional doublet component
(evidenced in the insert of Figure 6c) with an intensity close to the background level. In
both cases, the fitting results of the main peaks (BE position of the Au(b)? 47> ~ 89.3 eV
with respect to vacuum level, FWHM ~ 0.42 eV, spin-orbit splitting ~ 3.61 eV) are in good
agreement with what is expected for gold samples. It justifies the use of bulk and surface
components for the non-oxide peak since the use of a single one leads to an overestimation’*

of the natural lifetime broadening of about 0.57 eV FWHM (not reported here).
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Figure 6 Au 4f spectra of the free-standing Au NPs beam from 1.85 g/L batch B probed by
200 eV photon energy beam: (a) 2D image of the XPS detection system; (b) integration over the
dashed area compared to fitting result assuming 2 doublets associated to 47, and 4fs;2 of Au(s)°
and Au(b)° (upper panel) and corresponding fitted doublets (lower panel); (c) integration over the

dashed area compared to fitting result assuming 3 doublets associated to 4f7, and 4fs2 of Au(s)?,



Au(b)?, Au(s)®* (upper panel) and corresponding fitted doublets (lower panel) - the inset

corresponds to a zoom on the y-axis in order to visualize the weak Au(s)** component.
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panel) - the insert corresponds to a zoom on the y-axis in order to visualize the weak Au(s)*

component.



Au(s)® Au(b)° Au(s)™
712 | 512 712 | 512 712 5/2
FREE-STANDING NANOPARTICLES
FiT 1 (Figure 6B)
BE (EV) WRT TO VAC. LEV. 88.917 - - - - -
ABE (EV) WRT AU(s)° (7/2) 3.613 +0.009 0.4 4.013 +0.009 - -
' FWHM (EV) 0.422 +0.014 0.422 +0.014 0.422 +0.014 0.422 +0.014 - -
AREA 627 +13 470+9 361+ 20 271+5 - -
TOTAL % 63.45+1.32% 36.55+1.31% -
MAX LIKELIHOOD (LOG) -243.11
EVIDENCE (LOG) -258.52 +0.16
FIT 2 (Figure 6C)
BE (EV) WRT TO VAC. LEV. 88.905 - - - - -
ABE (EV) WRT Au(s)° (7/2) 3.613 +0.009 0.4 4.013 +0.009 1.910+0.182 5.523 +0.182
' FWHM (EV) 0.404 +0.014 0.404 +0.014 0.404 +0.014 0.404 +0.014 0.404 +0.014 0.404 +0.014
AREA 597 +13 448+ 9 384 +20 288+ 15 13+ 6 10+4
TOTAL % 60.06 + 1.39 % 38.62 +1.59 % 1.32+0.42%
“SURFACE” % 97.85+2.17 % - 2.15+0.68 %
MAX LIKELIHOOD (LOG) -241.66
EVIDENCE (LOG) -258.57+0.16
DEPOSITED NANOPARTICLES
FiT 1 (Figure 7A)
BE (EV) WRT. TO EF 83.744 - - - - -
ABE (EV) WRT AU(s)° (7/2) 3.672 +0.001 0.4 4.072 +0.001 -
' FWHM (EV) 0.380 + 0.002 0.380 + 0.002 0.380 + 0.002 0.380 + 0.002 - -
AREA 1219+ 20 914 +15 3815+ 104 2861+ 78 - -
TOTAL % 24.21+0.46 % 75.79 +1.86 % -
MAX LIKELIHOOD (LOG) -542.25
EVIDENCE (LOG) -581.89+5.55
FiT2 (Figure 7B)
BE (EV) WRT. TO EF 83.729 - - - - -
ABE (EV) WRT Au(s)° (7/2) 3.672 £0.001 0.4 4.072 £0.001 0.995 +0.015 4.667 £0.015
' FWHM (EV) 0.348 +0.002 0.348 +0.002 0.348 +0.002 0.348 +0.002 0.348 +0.002 0.348 +0.002
AREA 1118+ 10 914 +15 3749 +51 2811 +39 134+7 1006
TOTAL % 23.02+0.27 % 74.33+0.92 % 2.65+0.11 %
“SURFACE” % 89.67+1.13 % - 10.33+0.42 %
MAX LIKELIHOOD (LOG) -462.65
EVIDENCE (LOG) -495.97 +2.12

Table 2 Fitting parameters for each component using 2 or 3 doublets (Fit 1 and Fit 2) of the
spectra of free-standing nanoparticles beam and the deposited nanoparticles: binding energy
position of the first component Au(s)® (7/2); relative shift of the other components with respect to

Au(s)° (7/2) and statistical uncertainties; FWHM of the Lorentzian function; total area; percentage



of each doublet in the overall signal; percentage of each surface doublet in the surface signal;

maximum likelihood value; final evidence.

The same observation is valid for the fit results of the deposited nanoparticles’ spectrum
except for absolute binding energy position of the core-level peaks (BE position of the
Au(b)? 4f7;, ~ 84.1 eV with respect to Fermi level, FWHM ~ 0.38 eV, spin-orbit splitting ~
3.67 eV) which are calibrated, in this case, relative to the Fermi level. Furthermore, the
additional doublet associated to the oxide component is more intense than in the free-
standing situation. Moreover, one can notice that the surface to bulk ratio of the Au°
doublets are very different in the two measurements. It is indeed expected since the free-
standing and the deposited experiments differ also in the probing x-ray photon energy
leading to a much deeper signal collection in the latter case. This important difference is at
the origin of the ratio inversion.

In the free-standing case, the component associated with the possible presence of gold oxide
on the nanoparticle surface represents 2.15 + 0.68 % of the surface signal (see Table 2). It
stands at 1.91 eV toward higher BE with respect to Au(s)°. Hence, if present, this gold oxide
component must be associated with Au®*" (see Table 1). Given this small contribution of
Au, its presence is highly questionable. A standard fitting analysis, based on chi-square
minimization is equivalent to a likelihood maximization method included in this Nested_Fit
program. A comparison of maximum likelihood values reported in Table 2 might lead to
the erroneous conclusion that the model associated to Fit 2 is more probable since its
maximum likelihood value is higher. However, such conclusion is intrinsically incorrect
since any profile shape can be fitted with a weighted sum of voigt functions and increasing

the number of components will, in most cases, increase the fitting quality, i.e. the maximum



likelihood, even if the presence of the additional component is not physically justified. In
consequence, the comparison of different maximum likelihoods is meaningless.

A correct model comparison can be done with a Bayesian statistics procedure as applied in
this contribution. In that case, the comparison of two input models is justified through the

so-called Bayesian evidence output value (see Table 2).

This output and their difference between two models are related to the relative probability
of the two models. A model comparison through the Bayesian evidence, in fact, does not
consider only the maximum value of the likelihood function but its value over the entire
model parameter space taking into account parameter prior knowledge. In the present case,
the evidence values assigned to the two models are not distinguishable. In fact, the reported
difference of 0.05 (corresponding to a p-value of 0.2591) is much smaller than the
uncertainty associated with the evidence calculation (the evidence error represents the
standard deviation obtained after multiple computational runs®!). Hence, the gold oxide
presence probed in free-standing conditions, i.e. free of substrate influence, can neither be
confirmed nor excluded, the two model functions are equiprobable when prior probability
of the two different hypotheses are considered the same. An unambiguous conclusion on
the presence and amount of oxide on the nanoparticle surface requires additional

observables and/or a higher signal to noise ratio.

On the contrary, the spectrum recorded on deposited nanoparticles leads to clear
conclusions based on the important difference between the Bayesian evidences of the two
models: the gold oxide presence in this case is confirmed. However, its binding energy and
surface coverage are not in agreement with what has been deduced from the previous free-

standing case. The relative shift of the two surface components is evaluated here around 1



eV which is compatible with an oxidation state of Au'*, instead of Au®*". Moreover, the
surface oxide percentage is increased by a factor of about 5 compared to the free-standing
situation. Such an important discrepancy between the two results must be associated to a
substrate effect since the measurement have been performed on the same sample and an

identical fitting procedure is applied.

Based on the above observations, the standard measurements on deposited nanoparticles are in
rather good agreement with published results on this topict”82 while the free-standing
experiment leads to substantial differences. However, the Bayesian analysis applied on these data
ensures the oxide identification and quantification through a complete calculation of the
probability distribution of the BE position and area of this oxide peak. It is illustrated in Figure 8
which presents the results of the BE calculation corresponding to the fits of Figure 6¢ and Figure
7b (Fit 2). No a priori on the oxidation degree was introduced in the fitting process since the
associated BE range explored by the fitting program was chosen sufficiently broad (+0.9 to + 2.5
eV from Au(s)? 4f72 peak) to include Aut* and Au®* components. The clear bell shapes centred at
ABE = 1.910 eV (free-standing NP) and 0.995 eV (deposited NP) with no evident component at
lower or higher BE (close to Au®*" or Au'* BE) validates the convergence quality of the fits and
demonstrates that, in free-standing conditions, if present, the oxide component must be associated
to Au®*, while, on the contrary, in deposited conditions to the Au'* state. Therefore, the substrate
is accountable for the discrepancy with other publications and the measurements on deposited NP

of this work.
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Figure 8 Probability distribution histogram of the binding energy shift of the oxide peak
Au(s)™ 472 with respect to Au(s)® corresponding to Fit 2 in the (a) free-standing experiment

(Figure 6¢) and in the (b) deposited one (Figure 7b).

Au valence band

With the same aerodynamic lens apparatus and experimental procedure, the nanoparticle
valence band has been also recorded in free-standing conditions using 100 eV photon
energy and compared to the standard case of deposited nanoparticles using 1486.7 eV
radiation. In the free-standing situation, gas-phase residual solvent signal’® (bands at 9.7,
12.6-14.8, 15.6 eV) and residual water signal (bands at 12.6, 14.7 and 18.5 eV) are
overlapping with the one of interest. It is clearly visible in Figure 9a where strong
homogeneous emission is detected along the y-axis while the focused nanoparticle signal
is concentrated in the centre of the detector image. In this case, a background subtraction
is required. Therefore, the spectrum reported in Figure 9b is deduced by subtracting the two
signals obtained from an integration over the regions highlighted in dashed and dotted lines

respectively.
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Figure 9 Valence band spectrum of the Au NP beam from 1.85 g/L batch B probed by 100
eV photon energy beam (left) and of the deposited Au NP from 1 g/L batch A probed by
1486.7 eV photon energy radiation (right): (a) 2D image of the XPS detection system; (b)
resulting spectrum of the free-standing Au NP beam after background subtraction; (c) valence
band spectrum from the deposited Au NP and from dried acetone: (d) resulting spectrum of the

deposited Au NP after background subtraction.

The same overlapping arises in deposited conditions but the nanoparticles and residual
solvent and water are not distinguishable by any imaging capacity and thus, must be
subtracted by recording the spectrum successively of dried acetone and the colloid droplet.
The corresponding spectra and subsequent subtraction are reported in Figure 9.

In gold, the valence corresponds to the 5d band while the conduction band is associated to

the 6s level. For clean macroscopic gold samples, the valence profile is characterized by



two maxima assigned to the spin-orbit splitting of the 5d band while the 6s level follows a
step-like Fermi-Dirac distribution. For nanoparticles larger than a few nm in diameter, the
valence shape is expected similar to macroscopic gold’’. However, according to the
literature?®2°, the surface oxidation of gold tends to modify this usual profile through a
progressive smoothing of these structures, which is function of the relative amount of gold
oxide atoms. In the free-standing experiment, the valence shape presents no evident sharp
structure (see Figure 9b), the Fermi-edge is hardly distinguishable and the spin-orbit
splitting is not present. Hence, based on these observations, the oxide presence probability
Is qualitatively increased compared to the probability of its absence, favouring the model
function 2 in the discussion above. However, given the sensibility of the valence structure
to chemical environment, such a conclusion, based on qualitative observation, cannot be
irrevocable. For instance, the valence profile could be influenced by residual solvent
surrounding the nanoparticles and/or the carbon shell. On the other hand, the valence
spectrum of the deposited NPs (see Figure 9d) is very similar to what expected for non-
oxidized macroscopic gold sample while the oxide presence probability and amount
deduced from the Au 4f fitting are substantially much higher. However, this could be
explained by the much deeper probing depth of this experiment which, consequently,
inverts the surface to bulk ratio. The bulk signal is, therefore, in this case, the dominant one

leading to non-oxidized like valence band.

SUMMARY AND CONCLUSIONS

In conclusion, this paper describes a precise experimental procedure and data analysis method
applied on the controversial'’1%21.78 case of surface oxidation of gold nanoparticles produced by

laser ablation. It is based on the comparison of XPS measurements on free-standing and deposited



gold nanoparticles. The nanoparticle beam is produced with an atomizer/ADLS system enabling
measurements free of solvent and substrate effects. The results are compared to the standard
situation of gold nanoparticles deposited on a Si substrate. Core-level and valence spectra are
recorded and analyzed in order to evaluate the gold oxide presence and its proportion on the
nanoparticle surface. Using Bayesian statistics data analysis of the Au 4f core-level spectra, we
rigorously demonstrate that the substrate and the associated deposition process induce an important
effect on the oxidation state and surface coverage (o). The gold oxide component is attributed in
deposited conditions to Au'* (o = 10.33 + 0.42 %) while Au®** (c = 2.15 + 0.68 %) is evidenced
in the free-standing experiment. However, in the latter case, its presence cannot be confirmed if
only based on the Au 4f spectrum but the structure less profile of the valence band qualitatively
suggests its presence. Hence, based on these two observables and with no a priori hypothesis, one
can conclude that the gold oxide presence in the proportion mentioned above is indeed plausible
in this case, and that free-standing experiments are relevant on this research topic where there is

no consensus yet on this question.
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