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The surface structure and chemistry of ultrafine aerosol par-
ticles (typically particles smaller than 100 nm in diameter) play
key roles in determining physical and chemical behavior, and is
relevant to fields as diverse as nanotechnology and aerosol toxicity.
Analytical scanning transmission electron microscopy (STEM) is
one of the few analytical methods available that is potentially ca-
pable of characterizing ultrafine particles at subnanometer resolu-
tion. We propose a method that enables STEM to characterize and
quantify elemental surface enrichment within radially symmetri-
cal particles at a spatial resolution of less than 1 nm when used
in conjunction with electron energy loss spectroscopy (EELS) and
X-ray energy dispersive spectroscopy (EDS). Although the method
relies on a number of assumptions for complete particle charac-
terization, estimation of the depth of an outer layer of elemental
enrichment should be possible with relatively few assumptions. A
preliminary investigation of the method has been carried out using
particles from gas metal arc welding on mild steel. Using the anal-
ysis method, we were able to characterize Si and O enrichment in
a number of particles. Two particles were investigated extensively
using EELS and EDS analysis. Both techniques allowed surface
enrichment of Si to be identified and quantified in the particles, al-
though the relatively poor sensitivity of EDS was a limiting factor
in the analysis. EELS allowed rapid data collection and enabled
surface enrichment of Si and O to be characterized. Using a sim-
ple model to describe elemental composition with radial position, it
was estimated that Si and O were enriched in an outer layer around
the particle approximately 1 nm deep.
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INTRODUCTION
The past decade has seen increasing interest in nanometer-

sized aerosol particles, both due to their applicability in the field
of nanotechnology and due to the potential health hazard they
present (Brown et al. 2000; Roco et al. 2000). Apart from the size
of the particles in question, both fields are unified by the signif-
icance of interactions at the surface of particles and the need to
characterize the structure, composition, and chemical activity of
the particle surfaces (Donaldson et al. 1996; Lison et al. 1997;
Jefferson 2000; Peukert et al. 2002). The importance of sur-
face composition and structure becomes increasingly important
at diameters of just a few nanometers as the fraction of atoms
involved in surface interactions increases markedly (Preining
1998), particle stochiometry shifts from that of the bulk mate-
rial and surface activity increases (Jefferson 2000).

Nanotechnology is a broad discipline concerned with the
development of new technologies that utilize the unique prop-
erties of nanometer structures. Applications are wide ranging,
from the formation of nanostructured materials to the develop-
ment of quantum dot devices and nanomachines (Roco et al.
2000). Aerosols appear to provide a viable fabrication route in
a number of cases, although the formation of nanostructure ma-
terial and quantum confinement electronic devices seem to be
particularly suited to using nanometer-sized aerosol particles
(Maximov et al. 1993; Prost et al. 1998; Deppert et al. 1999;
Kammler et al. 2001; Ostraat et al. 2001; Nanda et al. 2002).
In each case, composition and structure close to the surface
of the precursor particles can play a critical role in determin-
ing the properties of the final product. Understanding surface
composition and structure in precursor materials is therefore
important to understanding and predicting the properties of fab-
ricated devices and materials. The ability to characterize this
structure close to the surface of particles becomes increasingly
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important when engineering nanoparticles with an intentional
heterogeneous structure.

Research into the adverse health effects associated with expo-
sure to nanoparticles has proceeded virtually in parallel with the
development of nanotechnology, although until recently there
has been little overlap between the two research areas (Borm
2002). In vivo and in vitro studies in the 1990s demonstrated
that toxicologically inert materials such as polytetrafluoroethy-
lene (PTFE) and TiO2 appeared to become highly toxic when
inhaled as nanometersized particles (Oberdörster et al. 1990,
1995). Further studies have indicated a general trend of low-
solubility aerosols increasing in biological activity with increas-
ing specific surface area (Lison et al. 1997; Oberdörster 2000;
Brown et al. 2001), and it has been proposed that the inhalation
toxicity of low-solubility particles is closely associated with sur-
face area and surface chemistry but is poorly associated with
the inhaled mass of material (Tran et al. 2000). While the ex-
perimental evidence appears to support this hypothesis, further
validation is limited by the available information on the surface
composition and chemical activity of inhaled particles.

Further investigation of the surface properties of nanoparti-
cles and how composition and structure vary with depth from
the particle surface requires analytical methods capable of prob-
ing the outer layers of individual particles. Very few analytical
techniques are available that begin to approach the necessary
surface sensitivity and spatial resolution. Secondary ion mass
spectrometry (SIMS) and X-Ray photoelectron spectroscopy
(XPS) have both been used to investigate the surface compo-
sition of micrometer-sized particles (Keyser et al. 1978; Adams
and de Waele 1988; Spurny 1999). SIMS is based on the sput-
tering and ionization of surface atoms in an ion beam, followed
by mass spectrometry, and is widely used to analyze the sur-
face composition of materials and to investigate composition as
a function of depth through extended sputtering at the analysis
site. SIMS allows the outer 1–2 nm of the sample to be analyzed,
although spatial resolution is generally restricted to a few 100 nm
or greater (Spurny 1999). The method is therefore only appli-
cable to the bulk analysis of collections of nanoparticles. Other
surface-sensitive techniques such as X-Ray photoelectron spec-
troscopy (XPS) and scanning auger microscopy (SAM) have
been successfully applied to surface analysis of aerosols, in-
cluding welding fume (Tandon et al. 1985; Voitkevich 1988),
but again are restricted by a relatively poor spatial resolution
(Spurny 1999). Scanning probe microscopy techniques (includ-
ing scanning tunneling microscopy (STM) and atomic force
microscopy (AFM)) are surface-sensitive imaging techniques
that provide nanometer spatial resolution, and in principle they
can provide limited information on the surface properties of
particles (Feenstra 1994; Drakova 2001; Schneider 2002). At
present though, scanning probe spectrometry is not sufficiently
advanced to provide a useful tool for aerosol analysis. Vari-
able acceleration voltage energy dispersive X-ray analysis in the
scanning electron microscope (SEM) has successfully been used
to characterize the surface of occluded micrometer-diameter sil-

ica particles (Wallace et al. 1990; Harrison et al. 1997; Hnizdo
and Wallace 2002), although the technique is inherently unsuited
for nanometer-diameter particles.

Transmission electron microscopy (TEM) is widely used to
characterize nanometer-sized structures and features, including
aerosol particles (Maynard 2000), and it provides what is per-
haps the most practical environment currently available to in-
vestigate the surface properties of nanoparticles. In the scanning
operational mode (scanning transmission electron microscopy
or STEM) an image is formed by displaying a detected sig-
nal as a function electron probe position. In practice, this is
achieved by raster-scanning the probe over the specimen and
displaying the integrated output from the detectors on a screen
scanning at the same rate. The resolution of the microscope is
determined by the size of the electron probe. Probes as small
as 0.13 nm are achievable in microscopes such as the JEM
2010F (JEOL, Japan) used in this study, although current ad-
vances in aberration correction are anticipated to give probe
sizes down to 0.05 nm in the near future (O’Keefe et al. 2001;
Batson et al. 2002). The great advantage of STEM over con-
ventional TEM is that analytical microscopy can be undertaken
within a specimen volume defined by the electron beam, al-
lowing high-resolution spatial analysis of samples. Collection
of electrons that are mostly elastically scattered through high
angles gives a signal that is essentially related to Rutherford
scattering and provides contrast approximately proportional to
the square of the atomic number of atoms within the elec-
tron beam—thus the technique’s name of Z-contrast imaging
(Pennycook and Boatner 1988; Hillyard et al. 1993; Jesson
and Pennycook 1993; Nellist and Pennycook 1999). As high-
angle scattering takes place within 0.01 nm of the atomic core,
Z-contrast imaging is capable of providing semiquantitative
compositional information at atomic resolution. The simplicity
of image interpretation using the technique provides a signifi-
cant advantage over conventional TEM techniques because key
structural and compositional features of particles can be readily
identified.

Energy loss analysis of electrons inelastically scattered
through low angles allows simultaneous analytical spectroscopy
and Z-contrast imaging with high-angle scattered electrons, pro-
viding a powerful tool for aerosol particle analysis within the
STEM. Electron energy loss spectroscopy (EELS) is a well-
established technique that enables local dielectric constant,
charge carrier density, local atomic environment, and composi-
tion to be investigated (Egerton 1996). When used in combina-
tion with Z-contrast imaging, the electron probe can be precisely
positioned at a specific point of interest within a specimen to ob-
tain localized information (Browning et al. 1993; Duscher et al.
1998). Hydrogenic models (Allen and Rossouw 1990) show that
for major energy loss features below 2 keV, atomic resolution
spectroscopy is possible (Rafferty and Pennycook 1999). Energy
dispersive X-ray spectroscopy (EDS) can also be used in a man-
ner similar to EELS within the STEM, allowing compositional
information to be obtained with a spatial resolution of less than
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1 nm (spatial resolution is compromised in thicker specimens
due to electron scattering). However, sensitivity is significantly
lower than EELS for thin specimens because the effective col-
lection angle for X-ray emissions is much smaller than that for
low-angle electron scattering.

While EELS has been widely applied to the investigation of
nanometer-sized structures and particles within bulk materials,
there are relatively few instances of its application to aerosol
particles (Maynard 1995a, 2000; Xhoffer et al. 1995; Jambers
et al. 1996; Ehrman et al. 1998; Spurny 1999). The analytical
capabilities of STEM at atomic spatial resolution would sug-
gest that the technique is applicable to investigating the sur-
face nature of ultrafine particles. A major drawback, however,
is that three-dimensional (3D) structures are reduced to a two-
dimensional (2D) projection in the STEM, leading to a loss of
3D information. Thus, in the general case it is hard to see how the
technique could be used to quantify particle composition with
depth from the surface. However, many nanoparticles approxi-
mate to spheres. Within this well-defined geometry it should be
possible to infer a 3D compositional structure from a 2D anal-
ysis if there is radial symmetry. In this article we address the
question of whether analysis of nanoparticles in the STEM can
provide information on the compositional structure of heteroge-
neous particles with radial symmetry, and in particular whether
the technique can be used to quantify elemental enrichment at
the surface of nanoparticles. A method of relating 2D analytical
information to 3D composition is developed, and an initial eval-
uation of its application to nanoparticles is investigated using
heterogeneous welding fume particles.

THEORY
The simplest form of a heterogeneous particle with radial

symmetry is perhaps a sphere with a core consisting of compo-
nent Y and a shell of component X . For a given shell thickness
�r , the ratio of mass concentrations MX/MY that would be seen
by an electron probe placed at radial position r is predicted from
simple geometrical considerations to be

MX

MY
= ρX

ρY




(
r2

p − r2
) 1

2

(
r2

c − r2
) 1

2

− 1


 , [1]

where MX and MY are the mass concentrations of components X
and Y , respectively; ρX and ρY are the respective densities of the
bulk materials; r is defined as radial distance from the center of
the particle’s projection in the x–y plane; rp is the particle radius;
and rc is the core radius (Figure 1). Shell thickness �r is given
by rp −rc. In the idealized case of a particle exactly matching the
model, Equation (1) could be used to calculate rc from a single
measurement of the concentration ratio. Of course real particles
will rarely conform to such a simple model, and so a more viable
approach would be to fit Equation (1) to concentration ratio
measurements at a series of radial positions. This approach has
the added advantage of deviations from the assumed particle

Figure 1. Schematic of an idealized particle with a simple
radially symmetrical structure.

structure being readily apparent in misfits between the model
and the data.

In practice, Equation (1) is too restrictive for modeling con-
centration values in most spherical particles exhibiting a shell
structure. Even in the simple case of a core and a single outer
shell, there is likely to be some mixing of components between
the core and shell, resulting in Equation (1) being inapplicable.
The model can be extended to deal with this additional level of
complexity relatively simply. Consider the case where there is
partial mixing of components X and Y in the shell and core.
The volume fraction of Y in the shell is denoted by αs and the
volume fraction in the core by αc. For convenience, the vol-
ume fraction of combined components X and Y in the shell is
denoted by βs , and in the core it is denoted by βc. At a radial
position r an electron probe would pass through thickness ts
of particle shell and thickness tc of the core (Figure 2). When
considering mixing through the particle, it is more meaning-
ful to deal with the number of atoms of component X or Y
per unit volume—denoted as CX and CY , respectively—rather
than mass per unit volume. While this removes the dependence
on component density seen in Equation (1), accurate calcula-
tion of atomic concentration within the electron beam is still
dependent on knowing the atomic number density through the
particle. For simplicity, the approximation used here to estimate
atomic number concentration within the electron beam effec-
tively ignores differences in atomic number density between
components, beyond what may be incorporated into the factors α

and β.
At radial position r , the number concentration ratio of com-

ponents X and Y can be expressed as

CX

CY
= βs ts + βctc

αs ts + αctc
− 1. [2]
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Figure 2. Schematic of a simple radially symmetrical particle
with mixing of components X and Y between the core and shell.

Substituting in appropriate terms for ts and tc gives

CX

CY
= βs

(
r2

p − r2
) 1

2 + (βc − βs)
(
r2

c − r2
) 1

2

αs
(
r2

p − r2
) 1

2 + (αc − αs)
(
r2

c − r2
) 1

2

− 1. [3]

Equation (3) has the advantage that particle structure can be
modeled where the volume fractions of X and Y don’t equal 1
in the shell and core, allowing for the presence of tertiary
components. However, the addition of four unknown variables
requires the ratio of X and Y to be measured at a minimum
of five positions to enable all five parameters to be
estimated.

Although it is theoretically possible to use Equation (3) to
fully characterize a particle with the simple shell structure de-
scribed, in practice the precision with which CX/CY can be
determined at small values of r is likely to affect the validity
of some of the fit parameters. A further limitation arises in the
accuracy with which CX/CY can be determined. For the most
accurate determination of CX and CY measurements need to be
made relative to standards of known concentration (or concen-
tration ratio), preferably in a similar compositional environment
to the particle being investigated. This is usually impractical
for aerosol particles, leading to standardless analysis in most
cases. Standardless analysis allows changes in concentration ra-
tio to be measured relatively precisely, and in some cases it can
provide an accurate measure of concentration ratios. However,
the lack of reference to a known standard always raises a num-
ber of uncertainties regarding the absolute concentration values
measured. In particular, there is often considerable uncertainty
over the constant of proportionality between measured quantity
and C . In simple terms, the concentration ratio CX/CY can be

expressed as

CX

CY
= kX,Y

NX

NY
, [4]

where NX and NY are measured quantities related to components
X and Y , and kX,Y is the constant of proportionality between the
measured ratio NX/NY and the atomic number concentration
ratio. For EDS analysis, k is the k-factor relating X-ray counts
to elemental concentration. EELS analysis generally leads to an
evaluation of atoms per unit area in the electron beam, leading
to k = 1.

Determination of k is clearly crucial to deriving a complete
particle characterization using Equation (3). However, without
appropriate standards accurate determination is not always pos-
sible. Most EDS systems enable the k-factor to be estimated for
a given element and emission peak within that system. Assum-
ing that most nanometer-diameter particles can be treated as thin
specimens, Equation (4) can be used directly with X-ray counts
to estimate CX/CY using the appropriate estimate of kX,Y .

EELS analysis is inherently more complex than EDS, given
that elemental quantification is based on ionization edges that
may extend over large energy-loss intervals and result from ion-
ization cross sections that are dependent on the atomic envi-
ronment within the specimen (Egerton 1996). In general, quan-
tification is more accurate from K and L ionization edges with
relatively well-defined ionization cross sections.

To account for k, Equation (3) is more appropriately written as

NX

NY
= 1

kX,Y


βs

(
r2

p − r2
) 1

2 + (βc − βs)
(
r2

c − r2
) 1

2

αs
(
r2

p − r2
) 1

2 + (αc − αs)
(
r2

c − r2
) 1

2

− 1


 ,

[5]

allowing measured quantities to be modeled directly. For
Equation (5) to be a useful model for experimental data, the
number of unknown variables needs to be reduced. In the case
of βc = βs (i.e., a two-component particle) the absolute value
of β does not affect either the derived value of rc or the ratio of
component X to Y in the particle core or the shell. Thus, assum-
ing this condition, an arbitrary value can be assigned to β, and
useful information on the shell thickness and relative component
concentrations can be obtained.

Uncertainty over the correct value of k does not affect esti-
mates of rc derived from fitting experimental data with
Equation (5), as k simply serves to scale the function. How-
ever, the remaining unknowns are dependent on the value of k
used, and if there is significant uncertainty over k modeling con-
centration ratios using Equation (5) are limited to just evaluating
the thickness of the shell.

EXPERIMENT
The practicality of using the above method to evaluate

nanoparticle structure was investigated by analyzing individual
welding fume particles in the STEM. Welding fume presents a
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widely recognized occupational exposure hazard (NIOSH 1988;
Antonini et al. 1996, 1997), making it particularly relevant from a
toxicology perspective. Particle formation from the vapor phase
is predicted to lead to radial compositional structure within par-
ticles as component metals condense out at different rates, and
there is limited evidence to suggest that Si surface enrichment
does occur within the fume (Tandon et al. 1985; Voitkevich
1988). The fume formation process is also analogous to a num-
ber of vaporization/condensation processes used to generate
nanoparticles for use in nanotechnology applications (Kammler
et al. 2001; Kim et al. 2002; Singh et al. 2002; Wegner et al.
2002). This aerosol therefore provided an ideal initial test mate-
rial that was relevant to both the toxicology and nanotechnology
aspects of nanoparticle characterization.

Fluxless Gas Metal Arc Welding (GMAW) was carried out
on a mild steel substrate within a clean air chamber (Zimmer
and Biswas 2001). The fluxless alloy ER7OS-6 was used for the
weld, having a composition of 97.5% Fe, 1.2–1.6% Mn, 0.8–
1% Si, and 0.1% Cu. Shield gas during welding was supplied
at 18 l/min and comprised 90% Ar and 10% CO2. Fume was
generated into an enclosure approximately 1 m3 that had been
previously flushed with HEPA-filtered air, resulting in a back-
ground aerosol of approximately 50 particles/cm3 (Figure 3).

Welding and combustion fume samples have traditionally
been taken using thermophoretic precipitation (Dobbins and

Figure 3. Schematic of the system used to generate and collect
welding fume.

Megaridis 1987; Maynard 1995b). However, it was found that
in the experimental setup used these methods did not provide
the sampling rates or degree of control desired for taking rapid
samples from the plume. Instead, an alternative method of direct
collection onto a TEM support grid was developed. A holder was
constructed, allowing a 3 mm TEM grid to be supported while
at the same time allowing air to be drawn through it. A 300 mesh
lacey carbon support grid was placed in the holder, providing
a matrix capable of collecting fume particles through intercep-
tion and diffusion while presenting a sufficiently low flow ob-
stacle to allow the use of a personal sampling pump to draw
air through the sampler. Sampling was carried out at 0.1 l/min
(Figure 3).

Prior to sampling, the sampler was removed from the vicinity
of the welding area. The weld was then initiated, and the plasma
arc allowed to establish. During this period, the extraction sys-
tem in the enclosure was left running to remove the generated
fume. Once the arc was well established, the exhaust system
was switched off, and the sampling head positioned approxi-
mately 10 cm above the weld. Sampling was carried out in this
position for 2 s, after which the sampler was removed and the
exhaust turned back on. In this way, samples could be taken over
a very short time period after the welding process had become
established.

Sample Analysis
A JEOL JEM-2010F FasTem 200 kV field emission TEM/

STEM with a Schottky field emission electron source (JEOL,
Japan) was used in this work (Browning et al. 2000). The mi-
croscope was fitted with an ultrahigh resolution pole piece,
which in STEM mode was capable of producing a probe size
of 0.13 nm with 15 pA of current and magnifications in excess
of 10,000,000×. A JEOL annular dark field detector allowed
Z -contrast images in STEM mode with an imaging resolution
equal to the probe size. The microscope was fitted with a piezo-
driven stage to counteract specimen drift. Analytical capabilities
included a Thermo Noran Vantage EDS system with a 40 mm2

light element detector, drift compensation and spectrum imag-
ing, and a Gatan Imaging Filter (GIF2000) which allowed EELS
and energy-filtered imaging as well as spectrum imaging. A
Gatan annular dark field detector placed before the GIF allowed
simultaneous imaging and analysis using EELS. For EDS a spa-
tial resolution of around 1 nm was possible while still having
enough beam current to generate sufficient X-rays for analysis,
and for EELS a resolution of 0.2 nm was possible.

Particles within the sample were initially imaged using
bright-field TEM and annular dark field STEM imaging. The
aerosol was typical of welding fume, comprised of long–chain-
like agglomerates. Primary particles forming the agglomerates
appeared to fall into two predominant categories—particles ap-
proximately 5–10 nm in diameter and spherical particles around
50–150 nm in diameter (Figure 4). Particles in the 50–150 nm
category were selected for further analysis. TEM images of
individual particles indicate a core/shell structure (Figure 5),
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Figure 4. STEM annular dark field images of collected weld-
ing fume, showing the presence of two distinct types of primary
particle.

although determination of the shell thickness or composition
was not directly possible.

Energy-filtered imaging (Crozier 1995) was also used with
the microscope in STEM mode to qualitatively determine the
presence of Si enrichment at the surface of particles. Images
were acquired using electrons forming the Fe M ionization edge
and the Si L edge. By dividing the Si image by the Fe im-

Figure 5. Conventional TEM images, showing the presence
of a thin outer shell-like structure around larger welding fume
primary particles. Lattice fringes are apparent in the top image,
showing the core of the particle to be crystalline.

age, it was possible to qualitatively identify regions with par-
ticularly high Si content. Although image intensity using this
method is influenced by a number of factors, it does allow re-
gions where there is an abrupt change of elemental composition
to be identified. Many particles imaged show no clear evidence
of high Si concentration at the edge of particles, although in
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Figure 6. Energy-filtered image of the edge of two adjoining particles, indicating a region of high Si content (bright feature).

some cases there was a clear indication of Si enrichment at the
surface (Figure 6). The technique is limited by long data acqui-
sition times, and thus in many cases it was unclear whether the
lack of observed Si enrichment was associated with the particle
structure or damage/drift during data acquisition.

Two particles showing a clear Si signature were selected for
detailed EDS and EELS analysis. Both of these particles were
greater than 100 nm in diameter and thus were technically out-
side the ultrafine particle region. However, the analysis method
is not strongly dependent on absolute particle diameter as long
as there is a low rate of multiple electron scattering within the
particle (i.e., the particle represents a thin specimen). Under the
analysis conditions used, the electron inelastic scattering mean
free path (λe) will typically be greater than 80 nm (Egerton
1996). At most sampling points, specimen thickness was less
than or comparable to 
e, allowing the thin-specimen approxi-
mation to be used. A series of EDS spectra were collected from
the particle shown in Figure 7 using an electron probe diameter
of approximately 0.5 nm, and a collection time of typically 60 s.
Collection time was limited by the onset of specimen damage,
and even after 60 s degradation of the sample was visible around
the site of the electron beam. Analysis points ranged between
2 nm and 52 nm from the edge of the imaged particle, giving
effective specimen thicknesses between 35 nm and 147 nm (as-
suming a spherical particle). Detailed EELS analysis was carried
out on the particle shown in Figure 8. A beam width of 0.2 nm
was used, and spectra were acquired at a range of radial posi-

tions using collection times between 3 and 6 s. Analysis points
ranged between 1.5 nm and 4.5 nm from the edge of the imaged
particle, giving effective specimen thicknesses between 28 nm
and 49 nm, assuming a spherical particle. Spectra were acquired
with a channel width of 0.2 eV, and a full width half maximum
value of 1.2 eV. The resulting spectrum width of 204 eV allowed
simultaneous collection of Fe M and Si L ionization edges, but
not the Fe L edge. Mn L and O K edges could also be acquired
simultaneously, but not at the same time as an appropriate Fe
or Si edge. The Fe M edge is not ideally suited to quantitative
analysis due to its extended structure and uncertainty over the
scattering cross section. To allow comparison between the O K,
Si L, and Fe L edges, separate spectra were collected for each
respective energy loss region. As the particle had a tendency to
degrade under the electron beam, spectra associated with each
ionization edge were acquired from different regions around the
edge of the particle (Figure 8). Elemental ratio as a function of
radial distance from the center of the particle was estimated us-
ing linear interpolation when comparing edges not acquired at
the same time.

RESULTS
TEM images of particles between 50 and 150 nm in diameter

indicated the presence of an outer shell approximately 1–2 nm
thick (Figure 5). The shell led to lower image contrast than
the particle cores, and appeared to be amorphous in structure.
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Figure 7. STEM annular dark field image of a welding particle characterized using EDS. Analysis was carried out at the points
shown using a 0.5 nm diameter electron beam and with acquisition times typically of 60 s.

Energy-filtered imaging qualitatively indicated an outer Si-rich
shell in some cases that was possibly between 1–3 nm thick
(Figure 6). However, there was a high degree of variability within
particles of the same size range. EDS analysis indicated that the
Si content of the particles was highly variable, with a number of
particles examined having no detectable Si component. Even in
many particles that were relatively rich in Si, the relatively poor

sensitivity of EDS analysis didn’t allow the routine identifica-
tion of Si enrichment at the particle’s surface. EELS analysis
confirmed the variability in Si content. Qualitative indication of
Si surface enrichment was possible by positioning the electron
probe precisely at the particle surface using the high-angle coher-
ent convergent beam diffraction pattern, or Ronchigram (Cowley
1986; James and Browning 1999) (when the electron probe is
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Figure 8. STEM annular dark field image of welding particle used in EELS analysis. Analysis was carried out in the regions
shown using a 0.2 nm diameter electron beam and with acquisition times between of 3 and 6 s.

focused on the specimen, the center of the resultant Ronchigram
exhibits infinite magnification, and is thus a very sensitive tool
for finding the edge of a specimen). In many cases, a marked
increase in the Si L edge and a corresponding decrease in the
Fe M edge was observed at the extreme edge of particles. This
analysis approach proved useful in identifying particles with Si
surface enrichment, but did not lend itself to characterizing the
thickness or composition of the shell. Figure 9 shows EELS data

from the edge of a 5 nm particle, qualitatively demonstrating an
increase in the Si/Fe ratio at the very edge of the particle. The
exponentially decreasing EELS spectrum background has been
removed from the spectra to show the Fe M2,3 and Si L2,3 ex-
citation edges, and the spectra offset to aid comparison. In each
of the spectra, the area under the Si L2,3 edge is approximately
constant, indicating similar atomic concentrations of Si in the
electron beam at each point. The increasing area under the Fe
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Figure 9. EELS spectra from the edge of a 5 nm particle. The exponentially decreasing energy-loss background has been removed
from both edges shown, allowing qualitative comparison of the Si/Fe ratio with analysis position. Spectra from positions 1–3 are
vertically offset to allow easier comparison.
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M2,3 edge as the analysis point moves closer to the center of the
imaged particle indicates an increase in Fe concentration; the
decreasing Si/Fe ratio away from the imaged particle’s edge is
consistent with an outer region of Si enrichment.

Two particles were selected for detailed analysis using EDS
and EELS (Figures 7 and 8 respectively). The particles were
156 nm and 133 nm in diameter, respectively, although the anal-
ysis depths towards the edge of the particles were of the order of
tens of nm. Figure 10 shows Si/Fe X-ray count ratio and Mn/Fe
count ratio as a function of radial distance from the particle im-
age’s center (Figure 7) using EDS analysis. Measurement errors
are based on Poisson count errors. Appropriate k-factors were
used to convert from X-ray counts to atomic number concen-
trations. A clear increase in Si concentration compared to Fe
is seen in the particle, whereas Mn appears to match Fe con-
centration throughout the particle. The data were fitted using
Equation (5) and nonlinear regression using the software pack-
age Mathematica©R (Wolfram, USA), assuming βs = βc = 1.
The resulting fits, together with the fit parameters and estimated
shell thickness, are shown in Figure 10.

Data from the analysis of the particle in Figure 8 using EELS
is shown in Figure 11. Elemental ratio in terms of atoms per unit
area is plotted against radial distance from the particle image’s
center in each case. Ratios for the Si L edge to Fe M edge
and O K edge to the Mn L edge are from the same analysis
points on the particle. In all other cases, linear regression was
used to estimate concentration ration with radial position. Data
points were plotted with a nominal ±20% error, giving a rough
estimate of the error associated with the EELS analysis. The
data were fitted using Equation (5) and nonlinear regression as
for the EDS data, assuming βs = βc = 1. The resulting fits,
together with the fit parameters and estimated shell thickness,
are shown in Figure 11. Error associated with the fit parameters
has been estimated from the nonlinear regression and also from
uncertainty over radial position within the particle. The results
show Si to be enriched at the surface of the particle with respect
to Fe, although there is a large discrepancy between the Si/Fe
concentration measured using the Fe M edge and the Fe L edge.
O is also seen to be enriched at the particle surface with respect
to Fe, as is Mn, whereas O is indicated as remaining relatively
constant with respect to both Si and Mn.

DISCUSSION
Both the EDS and EELS data presented demonstrate that el-

emental surface enrichment can be observed in nanometer-sized
particles. EDS offers perhaps the most accurate means of quan-
tifying the thickness of the enrichment layer, and the degree
of enrichment, although accuracy is somewhat limited without
appropriate standards. However, the technique is relatively in-
sensitive, leading to long acquisition times and the increased
possibility of specimen damage or contamination occurring dur-
ing the analysis. Although it was possible to quantify elemental
composition at positions 1 and 2 in Figure 7, it is unlikely that

sufficient measurement precision would be possible from thin-
ner sample sections within the 60 s acquisition time. The particle
thickness at these points was around 35 nm. As a rough estimate,
using the same measurement parameters, it is unlikely that EDS
could be used to quantify the thickness and composition of sur-
face shells less than a few nm thick on particles smaller than
70–80 nm in diameter. Sensitivity could be improved through
the use of larger X-ray collection angles, and the use of a cold-
stage to reduce specimen damage and drift over long acquisition
times.

As expected, EELS offered substantially greater sensitivity
over EDS. In the analyses carried out EELS consistently pro-
vided more detailed information on particle composition at a
(sample volume × acquisition) factor between 60 and 120 times
smaller than that for EDS. Figure 9 demonstrates the ability of
EELS to extract information from very small particles. The anal-
ysis depth at point 1 is approximately 1 nm, and the Fe M and Si
L edges are clearly distinguishable, indicating that using EELS
to investigate surface enrichment could successfully be applied
to particles approaching 1–2 nm in diameter.

Despite the clear advantages of EELS, it is limited by uncer-
tainty in quantification of ionization edges and by the need to
acquire data in different regions of the energy loss spectrum se-
quentially. It is also practically limited to the analysis of lighter
elements. Limiting quantification to K and L ionization edges
effectively restricts analysis to elements of atomic number 37
(Ruthenium) and lower within a 0–2000 eV energy loss range.
Quantification using M edges is possible but difficult due to un-
certainties over scattering cross section. In the case of M edges in
the low-loss region (typically less than 100 eV) quantification is
also limited by the presence of plasmon peaks from bulk electron
excitations. The difficulties of using M edges is demonstrated
in the EELS ratios for Si L/Fe M and Si L/Fe L (Figure 11). Al-
though both ratios as a function of radial position demonstrate
surface enrichment of Si, the Si/Fe ratio using the Fe M edge
is approximately ten times lower than that using the L edge.
This is most likely due to errors associated with quantifying Fe
concentration using the M edge. Assuming that the Si/Fe ratio
using the Fe M edge is related to the actual ratio by a constant
factor (k in Equation (5)), modeling the data with Equation (5)
should lead to the correct value of �r . �r estimated using the
Fe L and Fe M edges differs by 0.58 nm, indicating that use of
the Fe M edge may be used to approximate the shell thickness.
Closer examination of Fe concentration derived from the Fe M
and Fe L edges shows the estimated elemental concentrations
to diverge increasingly towards the center of the particle. This
is commensurate with the idea that quantification of the M edge
is affected by the presence of plasmons (the intensity of which
is associated with specimen thickness), and goes some way to
explaining the discrepancy between �r estimated using the L
and M edges.

EELS analysis indicated a surface shell around the particle in
Figure 8 approximately 1 nm thick with elevated concentrations
of Si, O, and Mn. The shell thickness is similar to that observed
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Figure 10. Elemental ratio (X-ray counts) as a function of radial distance for the particle shown in Figure 7, measured using
EDS analysis. Equation (5) has been fit to the data using nonlinear regression to estimate the various model parameters and shell
thickness λr . In each case λc and λs have been assigned nominal values of 1. Estimated parameter errors are the standard error
from the nonlinear regression.
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Figure 11. Elemental ratio (atoms per unit area) as a function of radial distance for the particle shown in Figure 8 measured
using EELS analysis. Equation (5) has been fit to the data using nonlinear regression to estimate the various model parameters and
shell thickness λr . In each case λc and λs have been assigned nominal values of 1. Estimated parameter errors are associated with
uncertainty over radial position, and the model fit. Data points are shown with an estimated ± 20% error. (Continued)
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Figure 11. (Continued)
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Figure 11. (Continued)
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qualitatively in other particles of similar size using TEM imag-
ing and energy-filtered imaging (Figures 5 and 6). Estimates of
�r are insufficiently accurate to determine whether the shells as-
sociated with the different elements are of different thicknesses.
EDX analysis on a similar particle indicated a much thicker, Si-
rich shell of 6.6 nm (Figure 10), although the model doesn’t fit
the data well at high radii—possibly due to local variations in
concentration around the edge of the particle, or possibly due to
the uncertainty of EDS measurements with such a thin specimen.
Surface enrichment of Si in some particles confirms the findings
of previous macroscopic studies on welding fume (Tandon et al.
1985; Voitkevich 1988). Interestingly, the EDS analysis indi-
cates no surface enrichment of Mn, whereas the EELS analysis
does (Figures 10 and 11). Although from a metallurgical view-
point Mn would be expected to form a matrix with Fe during
the particle formation process (Voitkevich 1988), these mea-
surements indicate that Mn may preferentially condense on the
outside of particles in some cases.

Further examination of the EELS data indicates the outer
shell to be dominated by oxygen. Data suggest approximate core
and surface stochiometries of SiO3MnFe5 and Si6O16Mn5Fe2,
respectively. Although the presence of clear compounds is not
obvious, it is reasonable to surmise that a significant fraction of
the particle shell is comprised of oxides (as would be expected).
The decrease in Fe with respect to Si and Mn is indicative of these
elements condensing out of the vapor phase at a later time than
the Fe, and gives a possible insight into the time–temperature
history of the particle. Both the Si/Fe and Mn/Fe ratios in the
particle core are higher than in the welding alloy, suggesting that
variation in elemental composition would be expected between
individual particles.

In order to simplify the nonlinear fit process, βc and βs were
assumed to be equal in all analyses. Limited investigation of
fitting the data with Equation (5) to determine all five unknown
parameters indicated that the quality of the data was too poor
to allow the identification of unique solutions without assum-
ing values for β. Observing the data in Figures 10 and 11 it is
clear that assuming equal values of β in the particle core and
shell is not valid, as the particle clearly has multiple elemen-
tal components. Inspection of Equation (5) would indicate that
small differences between βc and βs would not greatly affect
the derived values of rc, αc, and αs . However, further research
is required to determine how far assumptions on β can be taken
and the quality of data necessary to determine all five parameters
accurately.

SUMMARY
Assuming a simple shell structure and applying Equation (5)

to EDS and EELS data has allowed us to successfully quantify
the compositional structure of selected welding fume particles.
Although at this stage we don’t have sufficient information to
comment on the accuracy of the derived parameters, this ap-
proach would appear to be a useful tool to examine surface en-

richment within spherical nanoparticles. Further research should
establish the accuracy of the approach and whether it can be suc-
cessfully extended to more complex particle structures, particu-
larly with the advent of subangstrom resolution analytical elec-
tron microscopy (O’Keefe et al. 2001; Batson et al. 2002). The
ability to characterize the surface of radially symmetrical parti-
cles in this manner should allow a better understanding of the for-
mation of nanoparticles from the vapor phase to be established,
particularly with regards to studying the time–temperature his-
tory of subsets of particles. The information obtained will be of
benefit to nanotechnologies using nanoparticle precursors and
also to the understanding of the formation of aerosols detrimen-
tal to health, such as welding fume. Applying the technique to
occupational and ambient aerosols will also provide necessary
information on the surface nature of low-solubility particles,
and how this may impact on the toxicity of those particles in the
lungs.
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