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Zerovalent iron (nZVI) nanoparticles have long been used in the electronic and chemical industries due to their
magnetic and catalytic properties. Increasingly, applications of nZVI have also been reported in environmental engineering
because of their ability to degrade a wide variety of toxic pollutants in soil and water. It is generally assumed that
nZVI has a core-shell morphology with zerovalent iron as the core and iron oxide/hydroxide in the shell. This study
presents a detailed characterization of the nZVI shell thickness using three independent methods. High-resolution
transmission electron microscopy analysis provides direct evidence of thest@# structure and indicates that the
shell thickness of fresh nZVI was predominantly in the range-64 2im. The shell thickness was also determined
from high-resolution X-ray photoelectron spectroscopy (HR-XPS) analysis through comparison of the relative integrated
intensities of metallic and oxidized iron with a geometric correction applied to account for the curved overlayer. The
XPS analysis yielded an average shell thickness in the range-6283m. Finally, complete oxidation reaction of
the nZVI particles by Cu(ll) was used as an indication of the zerovalent iron content of the particles, and these
observations further correlate the chemical reactivity of the particles and their shell thicknesses. The three methods
yielded remarkably similar results, providing a reliable determination of the shell thickness, which fills an essential
gap in our knowledge about the nZVI structure. The methods presented in this work can also be applied to the study
of the aging process of nZVI and may also prove useful for the measurement and characterization of other metallic
nanoparticles.

Introduction contribute to the increasing environmental applications of nZVI.

Very fine particles of metallic or zerovalent iron have been Chemically, zerovalent iron serves as a cost-effective and
studied for many years. Since iron is one of the most useful enwronmen_tallyfnengily reduc_:taﬁﬁStructurally, the smallsae_
magnetic materials, it has been widely used as a magnetic°f nanoparticles provides a high surface-tp-volume rath,wh|ch
recording medium. Nanosized magnetic iron is the key material promotes mass transferto_and from t_he solid surfac_e andincreases
behind the recent development of rewritable electronic media. the adsorp“of‘ and reaction capacity f_or contaminant removal
Improvements in the production of nanosized iron have led to and degrgdatlon. In engineering practice, the smalll sizé of_fgrs
rapidly growing capacities and shrinking component sizes in Fhe combined ac;vantage of easy mixing and potential mobility
many electronic products. Other notable applications of nanoscalelln groundwater:
ironinclude use in the diagnosis and treatment of medical diseases It is generally accepted that nZVI has a coshell structure
and as electronic sensors and transformers. Furthermore, iron i§Vith azerovalentiron core surrounded by aniron oxide/hydroxide
also a classic catalyst used in the formation and cleavage ofShell, whichgrows thicker with the progress of iron oxidation.
carbon-carbon bonds (e.g., the Fischéfropsch synthesis)? However, it is dlfflcult to measure the exact thickness of.the

Nanoscale zerovalent iron (nZVI) is also an effective reagent Shell due to the high reactivity of iron, which reacts very rapidly
for treatment of toxic and hazardous chemicals. As a strong With both oxygen and water and may even oxidize in air.
reductant, nZVI can degrade a wide range of pollutants by Traditionally, the shell thlcknes.s is estimated _on.the baS|s_ of
adsorption and chemical reductiéf. Both organic (e.g., measyrement ofthe zerovalentiron contgnt, whichis determined
chlorinated hydrocarbons) and inorganic (nitrate, chromate, from its corrosion rate and/or production of hydrogen gas.
perchlorate, metal ions) pollutants in the environment can be However, such experiments are tedious, are time-consuming and
treated with nZVE-2 Favorable chemical and structural factors Oftén use hazardous chemicals.

Detailed structural characterization is essential to understand
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reduction of iron salts. This method was previously shown by ~ TEM Observations. Specimens were prepared for TEM analysis

X-ray photoelectron spectroscopy (XPS) to produce estell by allowing a drop of nZVI suspension in ethanol to evaporate onto
particles>1°These particles were also analyzed by transmission & lacey carbon film supported by a 300-mesh copper TEM grid. The
electron microscopy (TEM) and light scattering metHd@and shell thickness and structural morphology of the iron particles were

then analyzed using a JEOL 2000FX transmission electron micro-

found to be polydisperse with an average diameter of ap- scope equipped with a LaBilament and operating at 200 KV.

proxmately 60 nm and a standard dQV|at|on of.15lﬁr1‘iI.EM . XPS MeasurementsHR-XPS was carried out on nZVI material
analysis also |nd|calteql thatthe shgllthwknessvaryed significantly; using a Scienta ESCA-300 instrument. Samples were prepared by
however, a full statistical determination of the thickness has not pressing the nzVI onto a conductive adhesive. High resolution in
yet been carried out. XPS was achieved by using a combination of a rotating anode X-ray
XPS is a powerful tool for probing the surface and near- source operated at 3.8 kW and a seven-crystal monochromator to
surface composition and chemical state (oxidation state). Asproduce 1486 eV Al k& X-rays and a 300 mm mean radius
depth increases, photoelectrons ejected from the surface layer ofemispherical electrostatic analyzer and multichannel plate CCD
near-surface region (up to 10 nm or so typically) of a sample camera for electron energy analysls. HR-XPS spectrawere obtained
being analyzed decrease and can be precisely detected in XP t several takeoff angles, primarily at®@nd 35 with respect to

o . . . he sample surface plane. Binding energies (BEs) reported are
Quantitatively, a sampling depth can be defined on the basis of (.tarenced to the adventitious C 1s peak at 284.6 eV BE.

the inelastic mean free path for electron scattering or the  ggtimation of the Oxide Layer Thickness by the Chemical
attenuation lengtht, which is the thickness of material through  Oxidation of Iron with Copper(ll). When metallic iron is in contact
which electrons may pass with a probabitity that they survive with Cu(ll) ion in agqueous solution, a galvanic cell is established.
without inelastic scattering and thus are detected at their Atthe anode, F&s oxidized to Fe(ll), and the electrons are consumed
characteristic energiééKnowledge of these attenuation lengths by the Cu(ll) ion at the cathode to form €as shown in the following
can be used with XPS data to provide information on the €quation:

concentration variations with depth in the near-surface region . 0 .

for nonhomogeneous distributions within the sample. Analysis Cu"(aq) + Fe'(s)— Cu’(s) + F€*' (aq) 1)

pften requires a model to be assu.med for this distribution, ,bUt In an oxygen-free solution at near-neutral pH, the reduction of water

itis commonto analyze flat, planar films and layers by comparing py nzv/is relatively slow and reaction 1 dominates in the solutfon.

the relative intensity of signals characteristic of the bulk and film The kinetics of the above reaction have been studied, and the rate

or overlayert? Effects such as surface roughness can also be scales with the surface area of iron méfIn addition, it has been

accounted for by geometrical correctioris?® demonstrated that nanoscale iron particles, with a surface area on
In this study, the thickness of the nzVI oxide shell was the order of 26-30 n¥/g, are able to reduce copper ions rapitly.

determined by three independent methods: (i) high-resolution E:ggert]rt‘eir?‘:ﬁgti;ég;ggﬁfjésreg:;ege’ tggti":‘nn;ct’ggt gfr?;@t:]”;'ééy the
Z)E(';Aatliz)nr?%lfngillslI‘)I'Ehl\l/?g-r:ZE/c;Iii tlgrnov)i(;ess, d?rr;%t (i"rrll)agggrgﬁile thickness of the oxide layer can be deduced by alsimple calcula{tion

. . - involving the total mass of the nanoparticle sample.
core—shell structure and the dimension and variation of the shell = 1 carry out this measurement, aqueous Cu(ll) solutions were

thickness in the area analyzed. However, even though the TEMprepared from cupric chloride salt. The solution was purged with
technique has very good spatial resolution, itinherently has rathernitrogen for 30 min prior to addition of ZVI nanoparticles to strip
poor sampling statistics. HR-XPS analysis, by comparing the away any dissolved oxygen from the water. A set of experiments
intensities of metallic versus oxidized iron core-level peaks, was were conducted at various initial concentrations of Cu(ll) with the
applied to calculate the mean and standard deviation of theiron nanoparticle concentration fixed at 0.25 g/L. The bottles were
distribution of shell thicknesses by using a geometrical correction apped, tape-sealed, and agitated for 1 h. After the reaction, the
to account for the spherical shape of the nanopartiéi@is solutions were filtered, and the concentrations of Cu(ll) remaining
thickness determination was compared with a magic angle analysis'sn égﬁoﬁeﬁ?lz;emfglrw:rrxgglysztg%ogy an atomic absorption
where topographical effects are limit&édFurthermore, the P y '

average shell thickness can be estimated independently on the Results and Discussion

basis of the sample total mass and metallic iron content of the Th ¢ hol fnZVlis sh in Fi 1 Th
sample determined by using stoichiometric oxidation of iron € surtace morphology of n IS shown In Figure 1. the
with Cu(ll). fresh nZVI particles are generally spherical in shape with the

majority in the size range of 50100 nm. A close-up image
(Figure 1b) reveals that the particles are connected in chains due
to magnetic dipole interactions and chemical aggregation. A few

nZVI Synthesis. Nanoscale zerovalent iron particles were pre- large flaky materials are oxidized products of nZVI. Results
pared as previously reportéd Briefly, FeCk-6H,0 (0.05M) was from high-resolution TEM analysis of the nZVI particles are
reduced by titration with NaBiH(0.2 M) in a vigorously stirred given in Figure 2, which shows both selected-area electron
reaction flask. The iron nanoparticle precipitate was collected with diffraction data and representative bright-field TEM micrographs.
vacuum_filtration and w_asheq with deionized water. The nanopar@icl_es Analysis of electron diffraction ring patterns (Figure 2a) obtained
were dried and stored in a nitrogen-purged atmosphere to minimize o m the nzvi sample confirmed that the nZVI particles consisted
oxidation prior to analysis. of very fine crystallites of bcc Fe as evidenced by the presence

T Seah - Denen PP w— of diffuse characteristi¢ 110 - and {200} -type rings. Bright-

M. » » 2-11. i i i i

ElZ; Fggley, C. Iiré%sic Concepts of X-ray Phc?toelectron Spectrosgopy field TEM Imag.lng (Flgure .2b’c) Sho.wed that the agglomerates

Brundle, C., Baker, A., Eds.; Electron Spectroscopy: Theory Techniques and Of nanocrystalline Fe particles (typically 550 nm in size)

Experimental Methods

Appiications VoIF.>2;NAcademic Pée_ss: New York, 1978; p 1. . were always surrounded by a thin shell of amorphous material,
Elig ﬁ‘éﬂt:lr M Bé’ft'gl‘}"’”lt's_"e' riet |2002L%%’58%95f’§0_8.6 which we have previously assigned as FeOBMThe coating,
(15) Gillet, J.; Meunier, M jxilisnsiiasses 2005 109 8733-8737.
(16) Varsanyi, G.; Mink, G.; Ree, K.; Mohai, MReriod. Polytech1986 2, (18) Speller, F. NCorrosion, Causes and Prention 3rd ed.; McGraw-Hill:
3-17. New York, 1951.
(17) Kappen, P.; Reihs, K.; Seidel, C.; Voetz, M.; Fuchsghlaggi 2000 (19) Khudenko, B. M.; Gould, J. o1 991, 24, 235-246.
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Figure 1. SEM images of nZVI particles.

i.e., shell, thickness was found to vary significantly, not only
between different nZVI particles, but also around each individual
particle. Predominantly, the FeOOH layers were in the range of
2—4 nm in thickness (Figure 2b), although shells as thick as 25
nm and as thin as 1 nm were occasionally observed in isolated
regions (Figure 2c).

Using XPS, a survey scan from 0 to 1100 eV BE was acquired
for the as-prepared nZVI sample, as shown in Figure 3. This
broad, low-resolution scan indicates the predominate elements
present in the near-surface region of the sample. Figure 3 shows
the presence of principally iron and oxygen, as indicated by the
Fe 2p/; peaks at 715 eV BE and the O 1s peak at 530 eV BE.
In addition, adventitious carbon on the sample is indicated by
a peak at 284.6 eV BE, and peaks at 1071 and 182 eV BE from

NalsandB 1s, respec_nvely, indicate considerable c_oncentratlonsi:igure 2. TEManalysis of nZVI particles: (a) selected-area electron
of Na and B from residual NaBffrom the synthesis. diffraction ring pattern confirming that the particles consist of very
Iron detected in this survey scan can be attributed to metallic fine bcc Fe crystallites; (b, ¢) representative bright-field TEM
iron within the core of the particles as well as iron oxides and micrographs of nZVI particles illustrating that all particles are covered
iron oxyhydroxide, FeOOH, within the shé&lf:1° This dif- by a thin coating or shell and that the majority of the shells observed
ferentiation of the iron chemical (oxidation) states can be &€ 2-4 nm in thickness, but this could vary from 1 to 25 nm in
performed by taking a high-resolution scan of the Fe 2p region some areas.
in XPS. Because the Fe gpand 2p,, spin—orbit split peaks ] - ) _ _ )
in XPS reveal the same chemical information, we show only the S & quantitative analytical technique, and the intensity of the Fe
more intense Fe 2pregion in Figure 4. As expected, we observed 2P signal in XPS is proportional to the number of Fe atoms in
chemically shifted peaks due to metallic iron,°Fand from the sampled near-surface region. This relationship isindependent
oxidized iron, F&". Figure 4 establishes clearly that some metallic 0f the Fe atom environment, i.e., independent of the Fe oxidation
iron remains in the nZVI, in the core of the particles; however, state, so in principle the relative amount of oxidized iron and
itis not obvious by inspection how much metallic iron is present metallic iron in the sample can be calculated by analysis of a
and, in particular, the thickness of the oxidized iron shell. XPS spectrum such as that shown in Figure 4. In this analysis, a
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Shirley-type background subtraction was applied to distinguish
the Fe 2p photoelectron peaks from an inelastic scattering
background. The 2p and 2p,; peaks for both F& and F&
were assigned individual Gausstalborentzian components for
deconvolution, and the area under each peak was integrated. A
relative intensity ratio, 0.233, was determined as the sum of the
2p12 and 2py; areas for Fédivided by the corresponding areas
of the 2p,» and 2py. signals for F&".

The nZVIshell thickness was calculated with XPS Multiquant
software using a geometric correction to compensate for spherical
topographyt*2122For a metal covered by a metal oxide layer
with a flat topography, the relative intensity of zerovalent to
oxidized metal is defined By

Ime Nme;Lme G‘Xp[—d/(/‘LOXCOSG)]

E N No%ox 1- exp[_d/(}"ox COSH)] (2)

wherelne is the photoelectron intensity of the metkl is the
intensity of the oxidized meta\ is the number of atoms per unit
volume, 1 is the inelastic mean free patth,is the oxide layer
thickness, and is the detection angle. Thus, the layer thickness
can be calculated &

Nieme lox Figure 5. Schematic drawing showing the axial cross-section of a
d=1,c0s6 In N 1 3) core—shell nanoparticle in which the particle has been divided into
oxtox me several zones for calculating intensities in XPS.

However, for a coreshell nanoparticle, the curved surface of

the nanoparticle causes changes in the relative intensity ofdepends on the zone (G1, G2, etc.), or angle within the
photoelectrons originating from the core or shell. For a detector nanoparticle, from which the intensity is measuttdihe
placed above the sample surface, photoelectrons escaping fronexperimental intensity is then corrected as the sum of intensities
the edge of a nanopatrticle will originate predominantly from the from the weighted zones. Since the nanopatrticles were analyzed
shell while those photoelectrons escaping from the apex will in powder form, a second correction was applied to account for
more likely emanate from both the core and shell. Although the signals originating from lower layers of spheres.

shell thickness may be constant around the particle, the effective
thicknessgef, will vary at different positions across the diameter
of the nanoparticle, as shown in Figuré“sThese values are
determined by dividing the top hemisphere of the particle into
slices at different angles. The intensity is calculated at each
position and is weighted by a geometric correction factor which

E
(21) Mohai, M. [ 12004 36, 828832. Ay = 031674 — +4 (4)
(22) Mohai, M. XPS Multiquant Users ManuaP005. Z>qIn(E/27) + 3]

The inelastic mean free path was calculated using the CS2
semiempirical methoé® This is based on calculations of the
attenuation lengthi,a. , developed by Cumpson and Sedfthe
CS2 semiempirical methé¥states that
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Oxide Layer Thickness in Iron Nanoparticles
Table 1. Thickness Determination for Varying Average Particle
Diameters
diameter (nm) 10 20 30 40 50 60 100 200
shell thickness (nm) 2.85 2.57 2.49 245 242 2.40 2.38 2.36

wherea is the lattice parameter or monolayer thickness (nm),
E is the kinetic energy, and is the average atomic number.
Since the relative intensities are from the same element,
corrections for sensitivity factors or contamination need not be
applied.

For Fe photoelectrons moving through the metallic core and
oxide shellAme = 1.10 nm andiox = 1.42 nm. One limitation
of this model is that the thickness can only be determined if the
layer is within a certain range. This range is governed by the
sampling depth of the photoelectrons analyzed, with a maximum
sampling depth of approximately several multiples.dterefore,

the XPS technique is most accurate for measurements of oxide

layers less than-510 nm in thickness.

The density of bulk iron, 7.87 g/cinand bulk goethite
(FeOOH), 4.28 g/cii?*were utilized to approximate the density
of the core and shell layers. It has been shown by TEM and light
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scattering methods that the median nanoparticle diameter wag-igure 6. Fe 2p region in XPS for the nZVI sample (A) after and

60 nm1°0n the basis of this particle size, the calculated average
shell thickness was 2.4 nm.

The effect of varying diameter was assessed because these
nanoparticles are very polydisperse, possessing a broad range of

sizes. Since the distribution of particle diameters was mainly
between 10 and 200 nffithe thickness was calculated at intervals

within this range (Table 1). On the basis of these values, the
maximum error due to polydispersity was calculated. For a

constantintensity, a nanoparticle of 10 nm diameter has a thickness

of 2.85 nm and a particle of 200 nm diameter a thickness of 2.36
nm. This provides a maximum error &0.25 nm. On the basis
of this model, most of the error is attributed to the smaller

nanoparticles. This is because the effects of the edge are slightly

more exaggerated for smaller particles. The relatively narrow

(B) before sputtering.
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3 20000 -
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range of the average shell thickness reflects the nature of theFigure 7. High-resolution XPS scan of the Cuzyegion showing

shell formation in that the thickness is controlled by the rate of
mass or electron transfer across the oxide layer.

It has been shown that topographical effects on this analysis
can be reduced at an off-normal “magic angi&*’ Specifically,
at 55 off-normal (away from a direction perpendicular to the
sample surface), the ratio between the observed thickdgss,
and the true thickness,, is constantd.pdd, = 1.6. The relative
intensity ratio of the metal signal to the oxide signal measured
at 55 was found to be 0.283. Thus, using eq 2, the observed
oxide thickness is calculated to be 3.1 nm, giving a true thickness
of approximately 1.9 nm. This value agrees reasonably well with
the thickness determined via the initial geometric correction (2.4
nm), which was expected to be higher because the edges o
nanoparticles contribute to a higher shell signal. While angle-

dependent analysis can be applied readily to flat samples because

lower angles correlate with higher surface sensitivity, ideally the
signal from a nanoparticle should not depend on the angle sinc
the thickness determination is constant at all angles. However,
self-shadowing and neighboring particle shadowing effects
complicate the analysis, and therefore, a magic-angle analysi
can be very useful in overcoming these effects.
To further verify the presence of a cershell structure in the

nZVI particles, a sputtering technique that has been previously
illustrated®was employed. By sputtering the nanoparticles using

(23) Cumpson, P.; Seah, |1997. 25.430-446.
(24) Yang, H.; Lu, R.; Downs, R.; Costin, t.

Bimaialiae2006 E62 (12), i250-i252.

S.

the presence of a peak at 932.4 eV BE indicative of.Cu

1075 Torr of Ar, the top layers were removed and the relative
intensity ratio of Fe/F& increased from 0.233 to 0.608 (Figure
6). This correlates well with iron oxides and oxyhydroxides in
the shell being sputtered away and the metallic iron core being
exposed. Also, the oxidized Fe #ppeak shifts from 710.2 to
709.6 eV BE, and this shift has been attributed to reduction of
Fe*t during sputtering® An extensive depth profile was not
performed due to the spherical topography. Other XPS analyses
can be used to provide the oxide shell thickness on the basis of
the sampling depth of photoelectrons. Since XPS is only sensitive
o the outer 3-5 nm of a solid, the presence of an®Reeak
suggests the shell was on the order of a few nanometers‘hick.
Another approach to estimate the shell thickness is to

experimentally measure the content of zerovalent iron in the

eparticles, which can be done in a number of ways. For example,

some researchers have measured the amount of hydrogen gas
produced from iron reactions with watémhe speedy reaction
of nZVI is exploited for the fast measurement of the zerovalent
iron content. We tested the rapid and complete reduction of
Cu(ll) with nZVI to independently verify the results obtained by
both TEM and XPS analysis.

In a laboratory batch study, 0.25 g/L nZVI was added to a
solution with 200 mg/L Cu(ll). The reaction was fast with more
than 80% of the Cu(ll) removed from solution in less than 1 min

(25) Mills, P.; Sullivan, ) Y <1983 16, 723-732.
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Figure 8. Cu(ll) removal capacity of nZVI showing two behavioral domains. The initial concentration of Cu(ll) varied from 50 to 1000
mg/L, with the concentration of iron nanoparticles fixed at 0.25 g/L. The auxiliary line shown in gray represents the case where Cu(ll) is
completely removed by iron.

; : . : Table 2. Shell Thickness and Reductive Capacity of Iron
-com 0
and near-complete uptake of Cu49%)in 2 min. Figure 7 gives Nanoparticles As Predicted by XPS Measurements and Cu(ll)

the XPS spectrum of the Cu Zpregion for the nZVI particles Reduction Experiments
after the particles were reacted with coppé¥.peak at 932.4
eV BE arises from Cu(0), suggesting that Cu(ll) was reduced

Cu(ll) reduction XPS

B . I i t lysi
and immobilized on nZVI. To exclude the possibility that the Cu _ _ expenments anaysts
signal is from precipitation of copper hydroxide, the solutionpH ~ ©Xide fShe't'. thm';”;gs (”Z”\})I 0”2-1‘2 528-26
was measured after reaction and found to be in the range®f 4 ma(zsofr aF‘;'/gno?n angpnarticles) : :
thus ensuring that the Cu was indeed immobilized on the nzVI cu(ll) reduction capacity 29.0 31.6

particles. (mequiv/g of nanoparticles)
Figure 8 shows the removal of iron particles at different
Cu(ll)-to-Fe ratios. The shape of the curve indicates that two ¢
domains of reaction can occur. At low initial Cu(ll) concentration,
the Cu(ll) being removed per gram of iron nanopatrticlesincreases  In summary, we have presented a detailed characterization of
with the initial copper concentration. The match of the the oxide/hydroxide shell thickness of nZVI nanoparticles using
experimental data to the auxiliary line, which represents the three independent methods. High-resolution TEM images
scenario for complete removal of the Cu(ll), indicates all Cu(ll) provided direct evidence of the cershell structure and indicated
is sequestrated wheniron is presentin excess. Any further increaséhat fresh nZVI nanoparticles had a shell thickness-of Zim.
in copper concentration causes iron to be limiting, and the curve High-resolution XPS analysis, using the relative integrated
approaches a plateau. The maximum reduction capacity can thusgntensities of metallic and oxidized iron with a geometric
be estimated. correction applied to account for the curved overlayer, yielded
As shown in Figure 8, the total reduction is approximately an average shell thickness in the range of-238 nm. The
0.922 g of Cu(ll)/g of iron nanoparticles. Since 1 mol of e complete oxidation reaction of the nzVI particles by Cu(ll)
consumed for every mole of €tireduced, the mass fraction of  indicated a shell thickness (3.4 nm) consistent with these analyses.
Fe in the nanoparticles is calculated as 0.810 g dldref The three methods yielded very similar results, and thus, we
nanoparticles. Using a median particle diameter of 60 nm and have made a reliable determination of the shell thickness for
the bulk densities of Peind FeOOH given earlier, the thickness  fresh nZVI nanopatrticles. This information fills an essential gap
of the oxide shell is estimated to be 3.4 nm. This is in very good in our knowledge about the nZVI structure. In addition, we note
agreement with the TEM and XPS results considering that the that the methods presented in this work can also be applied to
calculation of the shell thickness from the mass fraction is sensitive the study of the aging process of nZVI and may also prove useful
to the size of the nanoparticles. If compared on the basis of for the measurement and characterization of other metallic
reduction capacity, the values obtained by XPS analysis andnanoparticles.
Cu(ll) reduction experiments are in close agreement with a
discrepancy of less than 7% (Table 2). The slightly lower reduction ~ Acknowledgment. This work has been supported by grants
capacity obtained by the copper reduction experiments is to peawarded to W.-x.Z. by the Pennsylvania Infrastructure Technol-

expected because a small quantity df Eeénevitably consumed ~ 99Y Alliance (PITA), the U.S. Environmental Protection Agency
by reaction with water. (EPA STAR Grants R829625 and GR832225), and the National

Overall the three methods yielded very similar results for the SC¢i€nce Foundation (Award No. 0521439). B.E.K. acknowledges

shell thickness, and this validates the determination and iIIustratesSUpport of this work by the National Science Foundation under

how these techniques can be used in a complementary approacﬁaram No. 0616644
for the study of the coreshell nanoparticles. LA703689K

a Calculated on the basis of an average nanoparticle diameter of
nm.
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