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By recording XPS spectra while applying external voltage stress to the sample rod, we can control the extent
of charging developed on core-shell-type gold nanoparticles deposited on a copper substrate, in both steady-
state and time-resolved fashions. The charging manifests itself as a shift in the measured binding energy of
the corresponding XPS peak. Whereas the bare gold nanoparticles exhibit no measurable binding energy
shift in the Au 4f peaks, both the Au 4f and the Si 2p peaks exhibit significant and highly correlated (in time
and magnitude) shifts in the case of gold (core)/silica (shell) nanoparticles. Using the shift in the Au 4f
peaks, the capacitance of the 15-nm gold (core)/6-nm silica (shell) nanoparticle/nanocapacitor is estimated as
60 aF. It is further estimated that, in the fully charged situation, only 1 in 1000 silicon dioxide units in the
shell carries a positive charge during our XPS analysis. Our simple method of controlling the charging, by
application of an external voltage stress during XPS analysis, enables us to detect, locate, and quantify the
charges developed on surface structures in a completely noncontact fashion.

Introduction

Preparation of nanoparticles with well-defined structures and
tailored properties is of utmost importance for chemists and
material scientists, as it is envisaged that they soon will
revolutionize both our understanding and the production of
advanced materials.1-11 Core-shell-type nanostructures are
particularly important because they offer extra stability and
multifunctionality.12-20 For the characterization of core-shell-
type nanostructures, X-ray photoelectron spectroscopy, XPS,
is vital because of the perfect match of its probe length (∼10
nm) with the size of these particles.21 A number of articles have
appeared dealing with the use of XPS for the characterization
of various core-shell-type nanostructures, where the emphases
have been on determinations of the chemical composition and
structure.22-34 It is also possible to derive information related
with dielectric properties of surface structures by recording their
charging/discharging behavior, frequently encountered in XPS
analysis of poorly conducting materials, as we showed by
controlling this via application of an external voltage stress in
either dc or pulsed modes.35-38

The storage and manipulation of charges in a controlled
manner represents an important fundamental scientific and
technological challenge. Of the analytical methods for detecting
charge storage, sensitive electroanalytical39,40 and scanning
tunneling techniques41,42 lack the ability to determine the
chemical identity, and optical techniques43-46 offer only limited
capability. In contrast, XPS can provide information related to
both chemical identity and dielectric properties, as was recently
reported.38,41,42,47,48In this contribution, we demonstrate that,
by controlling the charging during XPS analysis, we can detect,

locate, and quantify the charges developed on gold (core)/silica
(shell) nanopraticles in both steady-state and time-resolved
modes.

Experimental Section

Tetrachloroauric acid (HAuCl4‚3H2O), 3-aminopropyl tri-
methoxysilane (APS), and sodium silicate solution [Na2O-
(SiO2)3-5, 27 wt % SiO2] were purchased from Aldrich. Bare
Au nanoparticles were prepared using the method described
earlier.13 Briefly, spherical gold nanoparticles with an average
diameter of ca. 15 nm and a polydispersity of 10% were
prepared by boiling 5× 10-4 M HAuCl4 in the presence of 1.6
× 10-3 M sodium citrate for 15 min. To prepare core-shell
nanoparticles, after the above solution had been cooled to room
temperature, APS (5µM) and sodium silicate solution (0.01 wt
%) were added in turn, under vigorous magnetic stirring. The
resulting dispersion (pH≈ 8.5) was allowed to stand for 3 days,
resulting in the deposition of 5-7-nm-thick silica shells.

Both types of nanoparticles were deposited on copper tape
and analyzed after being dried in air, using a Kratos ES300
electron spectrometer with Mg KR X-rays. UV-vis-NIR
spectra and XRD patterns were recorded using a Cary 5E
spectrometer and a Rikagu Miniflex diffractometer with Cu
X-rays, respectively. A dc voltage stress was applied to the
sample rod (in good electrical connection with the copper tape)
externally while spectra were recorded. For time-resolved
measurements, the voltage was pulsed, and 200 spectra, each
for 10-ms duration, were collected and stored separately. Details
of our experimental setup and procedures for collecting data in
both the dc and pulsed modes have been described in our earlier
publications.37,38* Corresponding author. E-mail: suzer@fen.bilkent.edu.tr.
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Results and Discussion

Figure 1 displays the region of the XPS spectra corresponding
to Au 4f, Cu 3p, and Na 2s peaks of only the bare gold
nanoparticles on the copper substrate, recorded when the sample
was (i) grounded, (ii) under-10 V (dc) bias, and (iii) under
+10 V (dc) bias. For conducting samples such as copper tape,
application of a negative bias shifts all of the peaks to higher
kinetic energy (hence lower binding energy), and positive bias
acts in the opposite direction, as shown in the figure. For
nonconducting samples or regions of the sample with poor
electrical conductivity, the shift is not symmetric, because, under
a negative bias, the neutralization caused by low-energy
electrons from a filament or stray electrons within the vacuum
system is hindered.35,36This is exemplified by the Na 2s peak,
which charges and shifts differently from the others. The
differential charging shifts of the Na 2s peak with polarity
become much clearer when the spectra are shifted back by
exactly the same amount as the bias, as shown in the second
half of the figure. The charging in the Na 2s peak is not related
to the main focus of this manuscript and therefore will not be
discussed any further.

Figure 2 shows UV-vis-NIR spectra and the Si 2p, Au 4f,
and Cu 2p regions of the XPS spectra (corrected for biasing)
for both types of nanoparticles. The strong surface plasmon
resonance band around 530 nm and the slightly broadened (∆Φ
> 0.8°) XRD peak at 38° (not shown) corresponding to Au(111)
are indicative of the crystalline nature of the gold in both types
of nanoparticles, and the presence of the additional Si 2p peak,
together with angle invariance of the Au 4f/Si 2p peak intensity
ratio, are direct verification of the core-shell structure in the
latter case.34 The core-shell nanoparticles have, on average, a
15-nm-diameter gold core and a 6-nm shell as determined from
their TEM images.

The most important feature in the XPS spectrum is related
to the differential charging of the core-shell particles as
evidenced with the shift in the measured binding energies with
respect to the polarity of the external dc voltage stress. Whereas
the Au 4f peaks are unshifted in the case of bare gold

nanoclusters, both the Au 4f and Si 2p peaks shift to higher
binding energies for the core-shell nanoparticles, when recorded
under-10 V because of enhanced charging of the nanoparticles.
Furthermore, their shifts are highly correlated in time, as shown
in Figure 3, where 200 XPS spectra recorded with 10-ms time
resolution are displayed. Note also that the Cu 2p peak does
not shift at all. The shift is solely related to charge accumulation
in the silica shell, the extent of which can be controlled by the
magnitude and the polarity of the voltage stress, and the gold
core experiences the same potential and shifts as the shell. We
also examined Ag-coated silica nanoparticles under exactly the
same conditions. In this case, the Si 2p peak shifts in a similar
fashion, but the Ag 3d peaks exhibit no shift at all, because the
silver atoms are now in the shell and in contact with the copper
substrate.

The positive charges arise because of the core holes created
by the very fast (<10-12 s) photoelectron emission process and
subsequent filling of these holes by outer electrons. The holes
end up in the valence band and are stabilized in the large band
gap of the silicon dioxide. Later, these holes are neutralized,
on the time scale that we measure (0.01-10 s), by the low-
energy electrons falling on to the sample, the flux of which is

Figure 1. Part of the XPS spectra, corresponding to Au 4f, Cu 3p,
and Na 2s peaks, of bare gold nanparticles deposited on copper
substrate, recorded when the sample was (i) grounded (middle), (ii)
under-10 V dc bias (bottom), (iii) and under+10 V dc bias (top). In
the second half of the figure, the same spectra are displayed after being
corrected for the bias shift. The inset shows schematically application
of the external voltage stress to the sample (via the sample rod).

Figure 2. UV-vis spectra of bare gold and gold (core)/silica (shell)
nanparticles and their corresponding XPS spectra of the Si 2p, Au 4f,
and Cu 2p peaks, recorded while-10 and+10 V dc voltage stresses
were being applied.

Figure 3. Two hundred XPS spectra, recorded with 10-ms resolution,
of the Si 2p-Au 4f region of gold (core)/silica (shell) nanoparticles.
At each step, the sample is first biased at-10 V, and a steep+10 V
pulse is applied, after which spectra are recorded and stored at 10-ms
intervals for 2 s.
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controlled by the applied external voltage stress. Hence, we
control and detect the charging and the discharging of these
nanocapacitors.

The total charge stored in the silica shell of the nanocapacitor
can be estimated from the measured 0.3 eV difference in the
Au 4f peak and the capacitance through the equation

Using the expression of Oldfield, Ung, and Mulvaney45 for
similar core-shell nanoparticles

and taking the dielectric constant of the silica shell as 3, we
obtain a value of 60 aF for the capacitance of the core-shell
nanocapacitor. We can estimate that, on average, a maximum
of 100 positive holes remain unneutralized on each particle while
under-10 V stress but become neutralized when+10 V stress
is applied externally. We can further estimate, by using the
density of the bulk silica (2.3 g/cm3) and the geometry of the
core/shell nanoclusters, that, in the maximum charged case, 1
in 1000 silicon dioxide units carries a positive hole in these
nancapacitors.

Conclusions

In short, we show that, by controlling the charging/discharging
of gold (core)/silica (shell) nanoparticles during their analysis
by XPS, we detect, in both steady-state and time-resolved
fashions, the potential developed because of the positive charges
on the core-shell nanoparticles/nanocapacitors. Our method is
simple and provides a noncontact analytical detection system
that also reveals the location and the chemical identity of the
medium where the charges reside within the nanostructures.
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∆V ) qe/CCS

CCS ) 4πεCoreε0/[(1/RCore) - (1/RShell)]
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