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Nanocharacterization is essential for nanoengineering of new types of core-shell (c-s) nanoparticles, which
can be used to design new devices for photonics, electronics, catalysis, medicine, etc. X-ray photoelectron
spectroscopy (XPS) has been widely used to study the elemental composition of the c-s nanoparticles.
However, the physical and chemical properties of a c-s nanoparticle dramatically depend on the sizes of its
core and shell. We therefore propose a general equation for the XPS intensity of a c-s nanoparticle, which
is based on an analytical model. With this equation, XPS can now also be used for nanocharacterization of
the core and shell sizes of the c-s nanoparticles (with a diameter smaller than or equal to the XPS probing
depth of∼10 nm). To validate the new equation with experimental XPS data, we first determine the average
shell thickness of a group of c-s nanoparticles by comparing the XPS intensity of reference bare cores to
that of the c-s nanoparticles. Then we study the growth kinetics of the cores and shells of another group of
c-s nanoparticles where the shells are obtained by oxidation.

I. Introduction

Core-shell (c-s) nanoparticles have recently generated an
increasing interest owing to their promising technological
applications in photonics, electronics, catalysis, medicine,
etc.1-14 Shell coating can be used to protect the nanoparticles
from oxidation and improve their stability and compatibility in
the surrounding milieu.3-7,9,15-17 The shell can also be func-
tionalized to bond the nanoparticle with nucleotides, proteins,
other nanoparticles, etc.4-7,9,16-18 However, the most spectacular
feature of the c-s nanoparticles concerns their physical and
chemical properties, which can significantly differ from those
of the one-material (or individual) nanoparticles and can be
engineered by varying their elemental composition as well as
the sizes of their core and shell.1-13,15-26 For instance, semi-
conducting c-s nanoparticles such as CdSe/ZnS (core/shell) can
form quantum dots with a high photoluminescence quantum
yield at room temperature, which is not possible with the
individual CdSe nanoparticles, and a wavelength that is tunable
from the blue to the red by changing the nanoparticle
size.6-8,15,16,19,20Bimetallic and metallodielectric c-s nano-
particles such as Ag/Au and Au/SiO2, respectively, can exhibit
a surface plasmon band depending on the core and shell
sizes.17,22,25Bimagnetic c-s nanoparticles such as FePt/Fe3O4

can generate an exchange coupling, which can be tuned by
varying the sizes of the core and shell forming a magnetically
hard and soft phase, respectively.1-3,27 As a consequence,
controlling the core and shell sizes is essential for nanoengi-
neering of c-s nanoparticles with desired properties, which
makes inevitable the need for developing new nanocharacter-
ization methods.

X-ray photoelectron spectroscopy (XPS) has been widely used
to determine the elemental composition of bulk materials near
their surface28,29 as well as those of thin films,30,31 individual

nanoparticles,32-36 c-s nanoparticles,21,31,37-41 etc. Measurement
of the size of nanomaterials, such as the thickness of coating
films thinner than∼10 nm on a substrate, is another important
XPS application.30,31,42 Several authors were also able to
determine the size of individual metallic nanoparticles from XPS
studies.34,35,43On the other hand, XPS studies were performed
to provide evidence of the c-s structure and shell growth for
c-s nanoparticles of different types.37-41

In this paper, we demonstrate a general equation, which
establishes an analytical relationship between the XPS intensity
of a c-s nanoparticle and the sizes of its core and shell.
Therefore, measurement of the core and shell sizes, which has
been extensively performed by transmission electron microscopy
(TEM), is now achievable by XPS for the c-s nanoparticles
with a diameter of the order of the XPS probing depth of∼10
nm or smaller than this value. Such c-s nanoparticles are the
most promising for new technological applications since they
can show particular quantum properties, which appear only
below a critical size of few nm. With the new equation, the use
of XPS shows a major advantage over other methods of
nanocharacterization, such as TEM, since the sizes of the core
and shell of the c-s nanoparticles and their elemental composi-
tion can all be obtained by XPS. As a first application of our
equation, we determine the average shell thickness of a group
of c-s nanoparticles by only measuring the XPS intensities of
the coated and bare cores, independently of the atom densities
and unattenuated intensities of the nanoparticle core and shell.
This is possible for most types of c-s nanoparticles for which
the XPS intensity of a reference bare core is measurable either
before coating or after by removing the shell from the coated
core, which can take a different radius than that of the bare
core. Then, we study the growth kinetics of the core and oxide
shell of metal-oxide and semiconductor-oxide c-s nanoparticles,
which result from oxidation of initially bare cores, by measuring
the XPS intensities of the nanoparticle core and shell at each
subsequent oxidation time.
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II. Theoretical Approach

To develop our model, we assume that the c-s nanoparticle
has a spherical symmetry and centered core as in Scheme 1.
This common assumption is a good approximation since the
shell usually grows in a uniform manner around the core.41 To
compute the XPS signal intensity, we assume, as many
authors,30,35,41,43 an exponential intensity attenuation of the
photoelectrons, which increases with the material thickness taken
from one origin pointP. Moreover, since the photoelectron
detector is located very far from the c-s nanoparticles (com-
pared to its diameter of few nm), we can consider only the
parallel photoelectron rays emitted in only one direction, which
is given by thez axis, for instance, in Scheme 1. Therefore, for
a c-s nanoparticle, we can express the infinitesimal contribution
dI of the photoelectrons, which are emitted in a given direction
from a volume dV located at the core pointP, to the XPS
intensity I of the core as

where I0(EY) is the unattenuated intensity (per volume unit),
which depends on the kinetic energyEY of the photoelectrons
associated to a lineY in the XPS spectrum. In eq 1,ú ) |PP′|
andê ) |P′Q| are the distances traveled by the photoelectrons
inside the core and shell, respectively, as in Scheme 1. Equation
1 is different from the usual equation used for a one-material
nanoparticle whereê ) 0 in the exponential argument.43 In eq
1, λ′(EY) and λ′′(EY), which only depend onEY, are the
attenuation lengths (AL) of the photoelectrons in the core and
the shell, respectively.

Because dV ) dú dA and the c-s nanoparticle can be entirely
probed (owing to its diameter) by XPS, the core intensityI is
obtained after triple integration in eq 1 over the core volumeV
as

where the dependence ofI0 andλ′ onEY is hidden for simplicity;
and the surface intensity densityJ is obtained by integration

over ú that varies from 0 whenP ) P′ to a maximal distance
of L ) |P0P′| when P ) P0, assuming a topology where the
entire segmentP0P′ is always inside the core as in Scheme 1.
In eq 2,c ) λ′/λ′′ is the ratio of the AL in the core with respect
to that in the shell. The AL was often believed to be identical
to the inelastic mean free path (IMFP) of the photoelectrons,30

which can vary by(20% from one author to another43 and is
often unknown for the c-s nanoparticles.41 Strong elastic-
scattering effects are also expected for photoelectrons with low
kinetic energies or materials with medium to high atomic
numbers. As a consequence, the AL can significantly differ from
the IMFP, so that an effective AL (EAL) must be used instead
of the IMFP to evaluate the XPS intensity.30,42As other authors,
we therefore propose to use the same EAL,λ, in the entire c-s
nanoparticle for a given kinetic energy of the photoelectrons
and a given relative abundance of the core atoms with respect
to those of the shell.41 Indeed, since the core and shell sizes are
of the same order of magnitude than theλ-value being typically
of ∼1 to 3 nm,42 the EAL can reasonably be viewed in the
entire c-s nanoparticle as being the same as that of an
unstructured nanoparticle resulting from an alloy of the core
and shell materials.41 All further mathematical developments
of eq 2 are also significantly simplified with this assumption,
since we haveλ(EY) ) λ′(EY) ) λ′′(EY) and, therefore,c ) 1 in
eq 2. On the other hand,A in eq 2 is the projected area resulting
from the orthogonal projection of the core on a plane, which is
perpendicular to all possible parallel trajectories of the core
photoelectrons with the same takeoff angleψe between a
substrate normal and thePQ direction pointing to the photo-
electron detector. In Scheme 1,ψe ) 0° owing to the PQ
direction given by axisz. However, for a spherical c-s
nanoparticle with a centered core,ê and L in eq 2 are
independent ofψe owing to the spherical symmetry, so that our
calculations are valid for an arbitraryψe assuming that no
photoelectron trajectory intersects another neighboring nano-
particle whenψe is getting close to 90°. Consequently, a normal
setup of the detector with respect to the substrate is not required
to determine the XPS intensityI. MoreoverA ) πr2 is given
by the area of the disk resulting from the intersection of the
equatorial planexOy with the spherical core taking a radiusr.
In the Cartesian frame{O, x, y, z}, we haveê ) z1 - z2 andL
) 2z2, wherez1 and z2 define thez coordinates ofQ and P′,
respectively, as in Scheme 1. In the spherical frame{O, r, φ,
θ}, we can expressz2 andz1 as a function ofr as well as the
shell thicknessd and coazimuthal anglesθ andθ1 becausez2

) r cosθ andz1 ) (r + d) cosθ1. However, the vectorsOP′
andOQ defined in Scheme 1 have the same projectionu ) r
sin θ on the planexOy, so that we haveθ1 ) arcsin[r sin θ/(r
+ d)], which depends onr, d andθ. Now we can express the
surface element dA in eq 2 as dA ) u du dφ ) r2 dφ sin θ cos
θ dθ because du ) r cosθ dθ. After the variable changeR )
cosθ, we obtain dA ) -r2 dφ R dR. Therefore,I is obtained
from eq 2 as a function ofλ, d, andr as

whereδ ) d/λ andF ) r/λ are the dimensionless shell thickness
and core radius, respectively, andγ(R,δ,F) ) cos{arcsin[(1-
R2)1/2F/(F + δ)]}. Moreovern is the density of core atoms; and
the atomic sensitivity factor is given byS(λ, r) ) I0λπr2/n )
j0σyeUλA, wherej0 is the X-ray flux,σ is the cross section for
the photoelectronic process,ye is the quantum yield for the

SCHEME 1: Core-Shell (c-s) Nanoparticle with a
Spherical Symmetry and Centered Core from Which the
Photoelectrons with a normal Emission (ψe ) 0°) Are
Detected

dI ) I0(EY) exp{-[ú/λ′(EY) + ê/λ′′(EY)]} dV (1)

I ) ∫∫A
J dA

with J ) I0λ′ exp(-cê/λ′)[1 - exp(L/λ′)] (2)

I(λ,d,r) ) nS(λ,r)F(d/λ,r/λ)

with F(δ,F) ) 2∫0

1
exp[-γ(R,δ,F)(F + δ) + R F][1 -

exp(-2R F)] R dR (3)
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photoelectron emission, andU is the instrument response
function depending onEY.36,39The core intensityI in eq 3 results
from the product ofnS(which is equal to the XPS intensity of
an uncoated bulk material with a top surface of projected area
A and the same composition than that of the core) multiplied
by a 2-D geometric factorF(δ, F), which is characteristic to
the spherical geometry of the c-s nanoparticle. Moreoverφ is
integrated fromφ ) 0 to φ ) 2π in eq 3; andθ varies from 0
to π/2, so thatR is integrated fromR ) 1 to 0. For a c-s
nanoparticle, there is no exact analytical solution for the
integration overR in eq 3. However, in the particular case of
an individual spherical nanoparticle, an exact analytical solution
exists for eq 3. Indeed, whend ) 0, we reobtain the preceding
formula of refs 34 and 43 after integration by parts in eq 3,
which gives the intensityI(λ,d ) 0,r) of the individual
nanoparticle as

where F1(F) is the 1-D geometric factor of the individual
nanoparticle. Nevertheless, when the core is much larger or
much smaller than the shell, i.e.,r . d or r , d, respectively,
we can obtain an analytical approximation of eq 3 as

Two important asymptotical cases can be derived from eq 5:
First, if r . λ, we obtain from eq 5 a signal I(λ, d, r)
proportional tor2 and find the same XPS signal,I ) nSexp-
(-d/λ), than that (at normal emission) of a coated bulk material
with a top surface of areaA and coating film of thickness
d.30,31,42In contrast to the preceding case, ifr , λ, we calculate
from eq 5 a signal,I(λ, d, r), proportional tor3, and obtain a
signal,I ) NSexp(-d/λ)/(λA), that is proportional to the number
N ) nV ) n4πr3/3 of core atoms as noted in ref 34 for a small
one-material nanocluster. However, for a c-s nanoparticle, the
above asymptotical approximations of eq 3 do not hold, because
d, r, andλ are of the same order of magnitude.

I(λ, d, r) in eq 3 is computed by single instead of triple
integration and can be numerically obtained with rapidity. We
compute the integralF(δ, F) in eq 3, which is independent of
λ, with a recursive adaptive Lobatto quadrature.44 However, we
can obtain after fitting of the numerical solution ofF(δ, F) an
approximate analytical equation ofI(λ, d, r). To find this
equation, we first assume that the 2-D functionF(δ, F) in eq 3
can be fitted as

where h(δ, F) is a 2-D transfer function and the analytic
expression of the 1-D functionF1(F) is obtained from eq 4. We
now fit h(δ, F) in eq 6 with a trust-region algorithm45 as

In eq 7,κ(F) is a 1-D fitting function, which is bounded as 0e
κ(F) e1 and tends to 1 whenF , 1 or F . 1 to respect the
asymptotical case in eq 5. Moreover we obtain by curve fitting
the three constants:â1 ) 0.002 889 84,â2 ) 0.051 355 94, and
â3 ) 0.459 824 62. These values result in a root-mean-square
error between the numerical and analytical expressions of the
geometric factorF, which is lower than 0.3% when 0e δ e3

and 0e F e6. Consequently, from eqs 3, 6, and 7, we obtain
a general analytical equation, with a low error, of the core
intensity I(λ, d, r) as

whereF1(F) and h(δ, F) have analytical expressions given in
eqs 4 and 7, respectively.

III. Applications and Results

Equation 8 gives a general relationship between the XPS
signal intensity of a c-s nanoparticle and the sizes of its core
and shell. However,I in eq 8 is an absolute intensity, which
has to be compared with a reference to obtain a relative intensity
that is independent ofn andS. Indeed these quantities are usually
not known for a c-s nanoparticle andS depends on the
photoelectron detection system,36,42 so that the absolute value
of I in eq 8 cannot be used in practice. To obtain a relative
intensity, we first consider the case of most types of c-s
nanoparticles, where the XPS intensityIb of a bare nanoparticle,
with the same elemental composition as that of the core of the
c-s nanoparticle to be analyzed, can be experimentally mea-
sured either before coating or after by removing the shell. In
the XPS analysis of such a c-s nanoparticle, we use a spectral
line Y resulting from a binding energy that is only representative
of the core atoms. Hence only the core photoelectrons with the
kinetic energyEY and EALλc ) λc(EY) contribute to the intensity
Ic of the coated core in the c-s nanoparticle. AsIb and Ic are
given by eqs 4 and 8, respectively, we find a relative intensity
Ib/Ic, which is independent ofn andS. Therefore, by taking the
natural logarithm ofIb/Ic, we obtain the following increasing
1-D function ic(δ)

from which the shell thicknessd can be determined by XPS
since δ ) d/λc. In eq 9, λb ) λb(EY) is the EAL of the
photoelectrons from the reference bare cores;Fb ) rb/λb andFc

) rc/λc are the predetermined average radii of the bare and
coated cores, respectively, divided by their related EALs; and
κ(F) is the 1-D function in eq 7. Moreover,Gb ) Fb

2F1(Fb) and
Gc ) Fc

2F1(Fc), which are both computed with eq 4, are the
1-D geometric factors of the bare and coated cores, respectively,
which are multiplied by the square of their related normalized
radius and takes different values for unequalFb and Fc. As a
consequence, eq 9 remains valid when the cores of the c-s
nanoparticles have an average radiusrc that is different from
that rb of the reference bare cores, sinceFb and Fc can have
different values. In eq 9,ic(δ) is formulated as a function of
the natural logarithm ofIb/Ic, since we obtain the linear function
ic(δ) ) δ whenFc . 1 or Fc , 1, becauseκ(Fc) ) 1, from eq
7, in these asymptotical cases of the coated bulk material or
small atom cluster, respectively. However, as shown in Figure
1, a nonlinear correction termεc(δ, Fc), which is computed for
F ) Fc and bounded as 0e εc e ln(δ + 1), must be added to
the asymptoticalδ term of ic(δ) in eq 9 for a c-s nanoparticle.

With eq 9, we determine by XPS the average shell thickness
of a group of c-s nanoparticles with a gold core and polymeric
shell made up of polypyrrole (PPy). Details of the experiments
are given in ref 37. The XPS spectra in the Au 4f doublet region
of the Au/PPy c-s nanoparticles and bare Au cores are shown
by solid and dotted lines, respectively, in the Supporting
Information (see Figure S1). The bare Au cores are obtained

I(λ,d ) 0,r) ) nS(λ,r)F1(r/λ) with F1(F) )

1 + [(2F + 1)e-2F - 1]/(2F2) (4)

I(λ,d,r) ≈ nS(λ,r)F1(r/λ) exp(-d/λ) (5)

F(δ,F) ≈ exp(-δ)h(δ,F)F(δ ) 0,F)
with F(δ ) 0,F) ) F1(F) (6)

h(δ,F) ) [κ(F)δ + 1]/(δ + 1)

with κ(F) ) (â1F
2 + â2F + 1)/(â1F

2 + â3F + 1) (7)

I(λ,d,r) ) nS(λ,r)exp(-d/λ)h(d/λ,r/λ)F1(r/λ) (8)

ic(δ) ) ln(Ib/Ic) - ln[λb
3Gb/(λc

3Gc)] ) δ + εc(δ,Fc)

with εc(δ,F) ) ln{(δ + 1)/[κ(F)δ + 1]} (9)
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from the Au/PPy c-s nanoparticles after shell removing.37 From
TEM images, one can also determinerb ) 2.5 nm andrc ) 3.5
nm.37 By integration below both curves in Figure S1, which
show no intensity offset, we computeIb/Ic ) 1.12, so thatic(δ)
) 0.892 from eq 9. Moreover, we use the same valueλb ) λc

) 2 nm for both EALs of the bare and coated Au cores than
that of the mean free path proposed in ref 32 for the photo-
electrons emitted from small Au nanoclusters in the Au 4f
doublet region. Consequently, sinceδ ) 0.714 is computed from
eq 9 or graphically from Figure 1, we obtain an average shell
thickness ofdXPS ) 1.43 nm. This value is in agreement with
that obtained by TEM ofdTEM ) 1.50 nm after averaging over
21 c-s nanoparticles.37

A second application of eq 8 is the XPS analysis of the growth
kinetics of metal-oxide or semiconductor-oxide c-s nanopar-
ticles with a shell obtained by surface oxidation of a bare core,
such as Co/CoO, Ni/NiO, and Si/SiO2 nanoparticles (see refs
2, 3, and 31, respectively). These types of c-s nanoparticles
have recently gained a growing interest owing to their magnetic
or optical properties but also because they can be fabricated
with a gas-phase synthesis process in a clean system such as
those used in semiconductor manufacturing in contrast to the
usual processes of liquid-phase synthesis.3 However, the simple
formulation in eq 9 cannot be used in the complete XPS study
of the growth kinetics of such a c-s nanoparticle. Indeed, if
the c-s nanoparticle is fully oxidized, the coated-core intensity
Ic is zero, which results in a singularity in eq 9. Consequently,
to obtain a relative intensity that is usable to study the growth
kinetics of such a c-s nanoparticle, we compare the shell
intensityIs to the addition ofIs andIc. This ratio is equal to the
relative concentrationCs of the valence atoms in the oxide shell,
which are associated to the zerovalent atoms in the core, and is
computed as

whereµ ) n0/n+ is the ratio of the densityn0 of the core atoms
with respect to thatn+ of their corresponding valence atoms in
the shell. In eq 10,I0c ) n0j0σyeU and I0s ) n+ j0σyeU are the
unattenuated intensities in the core and shell, respectively, where
the instrument response functionsU0 andU+ of the analyzed
core and shell photoelectrons, respectively, approximately have
the same value:U ≈ U0 ≈ U+. This approximation is

reasonable assuming that the analyzed photoelectrons, which
are emitted from the core and shell with the respective kinetic
energiesE0 andE+, are related to the same atomic orbital but
for different valence species. Indeed the energy shift|E0 - E+|
in the XPS spectrum between the core and shell valence species
may be of less than 1 eV to only∼5 eV.31-33,37 Moreover, in
eq 10,Ic ) I(λ0, d, r) and Is ) I(λ+, d ) 0, r + d) - I(λ+, d,
r) are computed by using eq 8 withλ0 ) λ(E0) andλ+ ) λ(E+)
being the EALs of the photoelectrons emitted from the core
and the shell, respectively. Computation ofCs in eq 10 only
requires the knowledge of the density ratioµ, because the
normalized intensitiesI′c andI′s are independent of the absolute
densitiesn0 andn+ as well as the XPS-process parametersj0,
σ, ye, andU. Equation 10 also gives a relationship betweenCs

and the shell thicknessd, noting that the core radiusr is not an
independent variable owing to another relationship betweenr
andd, which is based on the conservation of the total number
N(t) of metallic or semiconducting atoms in the c-s nanopar-
ticle. Indeed, at the oxidation timet ) 0, we haveN(0) )
n04πr0

3/3 for the unoxidized core with a radiusr0. Then, att >
0, an oxide shell withd > 0 grows on the core with a radius
decreasing tor < r0, so thatN(t) ) n04πr3/3 + n+4π[(r + d)3

- r3]/3. However, the constraintN(t) ) N(0) must be fulfilled
in the oxidized c-s nanoparticle, which results in the cubic-
polynomial equation:d1

3 + 3r1d1
2 + 3r1

2d1 - µ(1 - r1
3) ) 0,

wherer1 ) r/r0 andd1 ) d/r0. By solving the latter equation
for r1 ) 0-1 and keeping only the real root ofd1 for eachr1

value, we determine a relationshipr ) r(d). Moreover, we find
that the oxide-shell thicknessd is bounded as 0e d e µ1/3r0.
Therefore,d can never exceed the value ofdmax ) µ1/3r0.

With eq 10, we study the growth kinetics of Si/SiO2 c-s
nanoparticles on a HOPG substrate, which are oxidized in air.
Details of the experiments are given in ref 31. At the oxidation
time t ) 0, the initial bare Si cores have an average radiusr0 )
2.5 nm. We use the EALs ofλ0 ) 3.0 nm andλ+ ) 3.5 nm for
the Si 2p photoelectrons emitted from the core and the shell,
respectively. Assuming that the atom densities of Si and SiO2

in a c-s nanoparticle are the same than those in bulk Si and
SiO2, we haveµ ) 2.185 in eq 10. Thus, when the c-s
nanoparticles are fully oxidized, their average shell thicknessd

Figure 1. Curve ofic vsδ (solid line) computed from eq 9 to determine
the average shell thickness of Au/PPy c-s nanoparticles. The asymp-
totical caseic ) δ is shown by the dotted line.

Cs(λ0,λ+,d) ) I′s/(µI′c + I′s) with I′c ) Ic/I0c andI′s ) Is/I0s

(10)

Figure 2. Curve of Cs vs d computed from eq 10 to determine the
growth kinetics of Si/SiO2 c-s nanoparticles; circles show XPS
measurements ofCs for five oxidation timest ) t1, t2, ..., t5 (with t1 )
2.4 × 103 s andt5 ) 3.63 × 106 s). Inset: log-log plots of d vs t
(solid line) andr vs t (dotted line); circles and squares denote values
of d and r, respectively, related to the experimental values ofCs.
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is maximal with a value ofdmax ) µ1/3r0 ) 3.24 nm. After
insertion of the above data in eq 10, we obtain the numerical
curve of Cs vs d, which is given by a solid line in Figure 2.
Five experimental values ofCs related to five oxidation times
from t1 ) 2.4 × 103 s to t5 ) 3.63× 106 s were obtained by
XPS measurements, as shown by circles in Figure 2. From these
values and the numerical curve ofCs vsd, we extract five values
of d corresponding to the oxidation timest ) t1, t2, ..., t5, which
are shown by circles in the inset of Figure 2. By fitting the five
points (dk, tk) for k ) 1, 2, ..., 5, we obtain in a log-log plot a
linear relationship ofd vs t, which is drawn with a solid line in
that inset. Moreover, sincer ) r(d), we also compute the five
corresponding values ofr for t ) t1, t2, ..., t5, which are denoted
by squares, and fit them with the dotted line in that inset. For
the Si/SiO2 nanoparticle, we therefore obtain the slopeRox )
0.27 for the curve of logd vs log t. As a consequence, the
oxidation rate of a Si nanoparticles is lower than those ofc-Si
anda-Si bulk materials for which we previously obtained the
slopes of Rox ) 0.61 and Rox ) 0.72 in log-log plots,
respectively.31

IV. Conclusion

XPS nanocharacterization of the sizes of the core and shell
of the c-s nanoparticles can now be achieved with a new
equation. Indeed, this one establishes an analytical relationship
between the XPS intensity of a c-s nanoparticle (with a
diameter smaller than or equal to the XPS probing depth of
∼10 nm) and the sizes of its core and shell. We showed two
applications of the new equation: First, the average shell
thickness of a group of c-s nanoparticles was determined
independently of the core-and-shell atom densities. Then, we
studied the growth kinetics of another group, which results from
oxidation of bare cores.
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Supporting Information Available: Experimental XPS-
intensity spectra in the Au 4f doublet region for Au/PPy c-s
nanoparticles (solid line) and bare Au cores (dotted line). XPS
experimental data, taken from ref 37, to generate both curves
without intensity offset are shown in Figure S1 by squares and
circles for the Au/PPy and bare-Au nanoparticles, respectively.
The experimental conditions to obtain both XPS spectra are
assumed to be similar. This material is available free of charge
via the Internet at http://pubs.acs.org.
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