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ABSTRACT Star-shaped mesotructures are formed when an aqueous suspension of Au nanorice particles,

which consist of prolate hematite cores and a thin Au shell, is subjected to an electric current. The nanorice particles

assemble to form hyperbranched micrometer-scale mesostars. To our knowledge, this is the first reported

observation of nanoparticle assembly into larger ordered structures under the influence of an electrochemical

process (H,0 electrolysis). The assembly is accompanied by significant modifications in the morphology,

dimensions, chemical composition, crystallographic structure, and optical properties of the constituent

nanoparticles.
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he assembly of materials and struc-

tures from constituent nanoparticles

is currently an important topic of
fundamental research, stimulated by the
growth of numerous applications such as
new optical devices,'? chemical sensing,>*
composite materials,> catalysis,® and
biomedicine.”®

The design and synthesis of novel nano-
particles has been an important starting
point, since nanoscale size, shape, and mor-
phology determine the properties of larger
materials assembled from nanoscale sub-
stituents. The hierarchical self-assembly of
nanoscale building blocks can lead to the
formation of complex supramolecular as-
semblies, frequently in striking similarity to
structure formation in biological systems.
Here we report a surprising observation

of the formation of mesoscale star-shaped
particles with a hierarchical substructure
when an aqueous suspension of nanorice
particles® is subjected to electrolysis. This
unusual electrolytically assisted assembly is
distinct from other electrochemically driven
processes, such as the electrochemical syn-
thesis of metal or metal oxide
structures.’®"" In this case, electrolysis
transforms both the shape and composi-
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tion of the nanorice particles. The nanorice
particles consist of a prolate iron oxide (he-
matite, a-Fe,0s3) core coated with a thin Au
shell, where the hyperbranched mesostars
were composed of Au, iron oxide, and iron
oxyhydroxide (goethite, a-FeOOH). To the
best of our knowledge, the process of elec-
trolyzing an aqueous suspension to trans-
form nanoparticles into mesoscale struc-
tures has not been previously reported. This
discovery may provide a new approach for
the development of new structures and ma-
terials from nanoscale constituents.

RESULTS AND DISCUSSION

The electrolytic cell utilized to form the
mesostars is shown in Scheme 1. Platinum
electrodes 0.020 mm wide were placed
0.014 m apart in an aqueous suspension of
nanorice particles (10° particles/mL) and
connected to a DC power supply. The
nanorice particles utilized in these experi-
ments consisted of prolate hematite cores
with a longitudinal diameter of 340 = 25
nm and a transverse diameter of 54 == 6 nm,
coated with a 22 = 3 nm Au shell. At ambi-
ent temperature and pressure, a potential
difference of 5V was applied to the cell, and
the particles self-assembled to form meso-
stars within 24 h. The mesostars were char-
acterized using several analytical tech-
niques to elucidate their formation
mechanism, including electron microscopy,
crystallography, and UV—vis spectroscopy.

The mesostars were typically 650 + 80
nm in length and width and ~380 = 30
nm in height, as shown in the scanning
electron microscope (SEM) image in Figure
1A. All the mesostars observed in solution
had similar shape and morphology but var-
ied in size distribution. Powder X-ray diffrac-
tion (XRD) studies (Figure 1B) revealed a sur-
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DC Power
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Scheme 1. Schematic representation of experimental set-up
showing a DC power supply connected between two Pt elec-
trodes (gray bars), separated by 0.014 m, immersed in aque-
ous Au nanorice solution.

prising transformation in the composition and crystal
structure of the mesostars relative to the nanorice
particles. XRD spectrum of a-Fe,0; particles, which
served as the core material of the nanorice is shown in
Figure 1B-i. These particles show a highly crystalline,
hexagonal phase of a-Fe,05 with cell parameters a =
5.035 A and ¢ = 13.747 A and space group R3c (No. 167)
(JCPDS card no. 98-000-0240). The XRD peak intensi-
ties correlate well with those from the powder diffrac-
tion intensity profile of a-Fe,0;. However, a preferential
orientation of the a-Fe,0; core particles is observed, a
common feature among single crystalline nanoparti-
cles. The XRD spectrum of nanorice (Figure 1B-ii) clearly
demonstrates the presence of a crystalline Au shell cov-
ering the a-Fe,0; cores. The crystal structure of the Au
shell corresponds to the cubic phase of Au with cell pa-
rameters a = 4.078 A and space group Fm3m (No. 225)
(JCPDS card no. 98-000-0230). The Au shell on the
a-Fe,05 cores grows non-epitaxially as a polycrystal,
which explains the absence of preferential orientation
in the XRD spectrum of nanorice. The XRD spectrum of
mesostars (Figure 1B-iii) reveals a mixture of peaks cor-
responding to a-FeOOH, a-Fe,03, and Au. The a-FeOOH
peaks suggest a partial transformation of a-Fe,0s into
a-FeOOH, which has an orthorhombic phase with lat-
tice parameters a = 4.937 A, b = 4432 A, and c = 2.994
A, and space group P21nm (No. 31) (JCPDS card no. 00-
026-0792). The strongest peak corresponding to the
a-FeOOH (101) plane indicates that the mesostars are
mostly composed of goethite, and also specifies a pref-
erential orientation of the goethite crystalline domains.
(See Supporting Information Figure S1 for the XRD in-
tensity profiles of the corresponding JCPD card no.
mentioned above.)
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Figure 1. Electron microscopy and crystallographic studies
of mesostars prepared at 5 V. (A) SEM image of Mesostars.
(B) XRD spectra of (i) a-Fe, 03 cores, (ii) nanorice (showing Au
peaks), and (iii) mesostars. The spectra are offset for clarity.

0

The observed alteration in structure and composi-
tion of nanorice particles to form mesostars was fur-
ther studied using transmission electron microscopy
(TEM) and electron diffraction (ED). TEM images with
corresponding ED and selected area electron diffrac-
tion (SAED) patterns of mesostars are shown in Figure
2. A smaller star-shaped structure obtained within 6 h of
electrolysis is shown in Figure 2A. The observed meso-
star was polycrystalline as suggested by the ED ring pat-
tern. The TEM micrograph and corresponding SAED
pattern of a mesostar formed after 24 h of electrolysis
is shown in Figure 2B. The SAED pattern demonstrates
an orthorhombic single crystalline area that is oriented
toward the (200) plane and corresponds to a-FeOOH. In
addition to the mesostars, a-FeOOH nanocrystals were
observed in the solution mixture (Figure 2C). These
nanocrystals demonstrated the orthorhombic phase of
«a-FeOOH that is preferentially oriented toward the
[001] direction. The tips of the mesostars, shown in Fig-
ure 2D, also consisted of single crystalline domains of
«-FeOOH oriented along the (200) plane. Dark-field
TEM, an effective tool in observing lattice defects, grain
boundaries, and ordered domain structures, was uti-
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Figure 2. TEM micrographs of (A) a star-shaped structure obtained after 6 h of electrolysis and ED pattern showing poly-
crystalline rings provided as inset, (B) a mesostar formed after 24 h of electrolysis and corresponding SAED pattern repre-
senting orthorhombic «-FeOOH single crystalline domain, (C) an a-FeOOH nanocrystals observed in solution and SAED pat-
tern showing orthorhombic a-FeOOH single crystalline domain, (D) tip of a mesostar and corresponding SAED pattern
representing orthorhombic a-FeOOH single crystalline area, (E) dark field image of mesostar tip corresponding to panel D,
and (F) mesostar obtained after 24 h of electrolysis; ED pattern showing polycrystalline rings provided as top inset, and SAED
pattern representing cubic Au single crystalline area provided as bottom inset. The selected area corresponding to the SAED

patterns in panels B—D,F are shown in circle.

lized to image the mesostar tip as shown in Figure 2E.
The highly crystalline a-FeOOH domains are clearly de-
marcated by the lighter areas in Figure 2E. The darker
central area indicates that this region is relatively dense
and does not allow the electron beam to penetrate
through. The TEM micrographs and SAED patterns in
Figure 2A—E undoubtedly show that these mesostars
have many crystalline domains of a-FeOOH, which ex-
plains the a-FeOOH peaks observed in the XRD spec-
trum of mesostars (Figure 1B-iii). The chemical compo-
sition of the observed mesostars was generally
identical, composed mostly of a-FeOOH crystalline do-
mains. However, the mesostars are also composed of
Au as indicated by the XRD spectrum. A single mesos-
tar is shown in Figure 2F. While its ED pattern (top in-
set) illustrates polycrystallinity, its SAED pattern (bot-
tom inset) shows a face-centered cubic single crystalline
domain of Au oriented along the (220) plane. Since
these mesostructures were polycrystalline, individual
crystallographic domains of Au, a-FeOOH, and a-Fe,0;
are difficult to determine for each particle; however,
these representative TEM images confirm their
composition.

The phase transformation of a-FeOOH to a-Fe,0; is
known to occur via heat treatment by loss of H,O mol-
ecules'® or by liquid phase transformation.’> However,
at present the reverse mechanism of a-Fe,O; conver-
sion to a-FeOOH is not well understood. The formation
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of a-FeOOH nanocrystals is strongly influenced by the
presence of anions in solution, the temperature of the
reaction mixture, the pH, and the oxidizing agents.'*'3
The shape and size of a-FeOOH nanocrystals influence
many of their physical properties, which consequently
determine the morphological development of larger-
ordered structures. The formation mechanism dis-
cussed below explains the morphological modification
as well as the alteration in the composition of
a-Fe,03-Au nanorice particles to form mesostars com-
posed of a-Fe,03, Au, and a-FeOOH.

A systematic and controlled study of mesostar for-
mation revealed electrolysis-induced complex assem-
bly of nanorice particles to form these hierarchical struc-
tures. A schematic representation of the mesostar
formation mechanism is shown in Figure 3A. Represen-
tative SEM images taken after 0, 2, 4, 6, 8, 10, 12, and
24 h of electrolysis are presented in Figure 3B in sup-
port of the proposed mesostar growth mechanism. (Ad-
ditional images are provided in the Supporting Informa-
tion, Figure S6, showing an overview of the entire
system at a given time period). The SEM image of nano-
rice particles is shown in Figure 3B-i. During electroly-
sis, the Au shell of nanorice particles is etched away,
leaving residual Au islands and small Au colloid in the
reaction mixture (Figure 3B-ii). The etching process of
the Au shell may result from two plausible mechanisms.
First, active O, is produced during electrolysis (eq 2)
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which has been shown to etch Au.'® Second, active hy-
droxyl groups, which are also produced during elec-
trolysis (eq 1), may react with the hematite core, alter-
ing its crystal structure. The subsequent recrystallization
of the hematite core may then induce strain on the Au
shell, causing it to partially etch."”

Cathode: 2H,0 ;, +2e” —H, o, +20H

E,.s=0.00V (1)
Anode: 4OH_(aq)—>O2 @t 2H,0,+4e"
Ex=—123V. (2)

Active hydroxyl anions produced during electrolysis
could also be incorporated into the hematite crystal lat-
tice as hydroxyl defects, forming a metastable phase
termed “hydrohematite” (Fe,03.H,0).'®'° a-Fe,0; pos-
sibly converts to a-FeOOH from the hydrohematite
phase by replacement of oxygen atoms with hydroxyl
ions:

2Fe,0;+H,0 +20H™ + 2H" — 4FeOOH + 0, + 2H,
(3)

In addition to partial removal of the Au shell, the
electrolysis process partially disintegrates the a-Fe,03
particles, converting them into a-FeOOH nanocrystals
(see Figure 2C). Subsequent to Au shell disintegration,
the partially etched nanorice particles were completely
coated with a-FeOOH nanocrystals and colloidal Au
particles. These structures then preferentially aligned
along their centers to form a cross-shaped structure
(Figure 3B-iii). In some cases,
end-to-end assembly occurred A
and formed long chains, but
these were produced in rela-
tively low yield (see Support-
ing Information Figure S2). Af-
ter 4 h of electrolysis, a-FeOOH
nanocrystals assembled on the
central axis of the cross struc-
tures, which was possibly the
most convenient polarizable
axis in the DC-field. This trans-
formed the cross structures into
star-shaped structures (Figure
3B iv,v). These star-shaped me-
sostructures continued to grow
and after 24 h of electrolysis
yielded hierarchical crystalline
mesostars (Figure 3B vi—viii).
The mesostars were formed in
the bulk of solution and were
not observed on the electrodes.
A representative SEM image of
the electrode is provided in the

Figure 3. (A) Schematic re
the mesostar formation m
10, (vii) 12, and (viii) 24 h.
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Supporting Information (Figure S5). Colloidal Au par-
ticles that initially disintegrated from nanorice particles
were also incorporated into these complex mesostruc-
tures. The conversion yield from nanorice particles to
mesostars was ~50%. Since these mesostructures are
larger in size than the nanorice, and the formation of
mesostars is distinct from solution phase synthesis or
seeded growth method, a lower conversion yield is
expected.

These observations elucidate the a-Fe,05; and Au
peaks observed in the XRD spectra of mesostars (Fig-
ure 1B-iii) as well as the Au SAED pattern shown in Fig-
ure 2F. The Au peaks in the XRD spectra could also be
due to the residual colloidal Au particles in solution
which disintegrated from the nanorice. These observa-
tions also explain the polycrystalline rings in the ED pat-
terns (Figure 2A,F), which could be a consequence of
self-assembly and oriented attachment of many
a-FeOOH nanoparticles to form the mesostars.

The formation of the mesostars as a result of the spe-
cific oriented assembly of the a-FeOOH nanoparticles
on the central axis of the cross structures could be due
to defects in the a-FeOOH crystal structure and result-
ing magnetization in individual particles.'®?° This mag-
netization results in weak interparticle magnetic inter-
actions. Magnetism in a-FeOOH nanocrystals depends
on several factors including the crystallinity of the par-
ticles, particle size, temperature, and surface defects.
Bocquet et al.'>"'32" proposed that as the size of
a-FeOOH particles decreases, the number of crystal de-
fects increases facilitating magnetic cluster ordering
and reduced Neel temperature (Ty). The Ty of bulk
a-FeOOH is ~398 K. The saturation magnetization val-

presentation of mesostar formation mechanism. (B) SEM images supporting
echanism starting with (i) nanorice, (ii) 2 h of electrolysis, (iii) 4, (iv) 6, (v) 8, (vi)
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ues found in nanoscale materials are usually smaller
than the corresponding bulk phases, provided that no
change in ionic configurations occurs. Bocquet et al.'?
have reported a Ty as low as ~261 K for a-FeOOH
nanocrystals, which indicates they have a net mag-
netic moment at ambient temperature. Structural de-
fects in a-FeOOH nanocrystals, such as iron and hydro-
gen vacancies, results in unpaired chains at the surface,
which also contributes to a net increase in
magnetization.???3 Thus, the formation of mesostars
could have occurred because of the assembly of
a-FeOOH nanocrystals along the most convenient po-
larizable axis in the DC-field as well as the weak inter-
particle magnetic interaction between the a-FeOOH
nanocrystals.

A control experiment with the a-Fe,03 cores with-
out any Au shell was performed resulting in an alter-
ation of the composition and morphology of the
a-Fe,03 nanoparticles. Very few pyramidal mesostruc-
tures (yield ~5%) were obtained, but mesostars were
not observed (see Supporting Information Figure S3).
Peaks corresponding to a-FeOOH were observed in the
XRD spectrum of these pyramidal structures, which
again indicate that a-Fe,0; transforms into a-FeOOH
via electrolysis in an aqueous media (see Supporting In-
formation Figure S4). The low yield of the pyramidal
structures and absence of mesostars suggest that the
Au shell may act as a direct agent in initiating nucle-
ation sites for mesostar formation and facilitating shape
evolution of these hierarchical mesostructures.

The formation mechanism of these hierarchical me-
sostructures was further established by studying the
electrolysis-assisted assembly of nanorice particles as a
function of voltage. The voltage between the electrodes
was varied between 0.5 and 10 V, while the reaction
time (24 h) and the distance between the electrodes
(0.014 m) remained constant. At both 0.5 and 1V, only
aggregated nanorice particles were obtained, but me-
sostars were not observed (Figure 4A). This strongly in-
dicates that below 1.23 V, the redox potential for H,0
electrolysis, mesostar formation is not initiated. At 2V,
very few micrometer-sized star-shaped structures were
observed, while most of the nanorice particles re-
mained in solution (Figure 4B). These were large fractal
structures, measuring ~4 = 0.2 um in length and
width, and 1.1 = 0.2 wm in height. The small yield prob-
ably occurred because fewer nucleation sites for mesos-
tar formation were initiated at lower voltage. This re-
sulted in slower growth kinetics, which usually favors
Ostwald ripening in order to minimize the overall sur-
face free energy, resulting in the formation of larger but
fewer stars. At 3V, slightly smaller star-shaped struc-
tures with a length and width of 3.1 = 0.7 pm and a
height of 0.8 == 0.3 wm were obtained. As the voltage
was raised to 5V, a higher yield of mesostars with a
length and width of 650 = 80 nm and a height of 380
*+ 30 nm was observed. As the voltage was further in-

\K) VOL.3 = NO.2 = BARDHAN ET AL.

Figure 4. SEM images of mesostructures obtained by vary-
ing the voltage while keeping electrolysis time constant at
24 h: (A) aggregated nanorice formed at 0.5 and 1V and high
resolution image provided as inset; (B) stars ~4 = 0.2 um
in length and width, and 1.1 = 0.2 um in height formed at
2V; (C) stars ~3.1 = 0.7 um in length and width, and 0.8 =
0.3 pm in height obtained at 3 V; (D) mesostars 650 = 80 nm
in length and width, and 380 = 30 nm in height observed
at 5 V; and (E) distorted stars 450 = 150 nm in length ob-
served at 10 V.

creased to 10V, a high yield of incomplete and de-
formed stars 450 = 150 nm in length were obtained.
These observations indicate that at higher voltage more
nucleation sites are initiated leading to a higher rate of
growth kinetics. This also results in the formation of dis-
torted star-shaped morphologies with an overall de-
crease in size, and a larger size distribution.

In addition to electrolysis, the resulting crystal struc-
ture of these hierarchical self-assembled mesostruc-
tures can also be interpreted in the context of nucle-
ation, oriented attachment, and Ostwald ripening.
Nucleation in the reaction mixture results in small crys-
talline a-FeOOH primary particles which aggregate via
oriented attachment to form secondary particles. Ori-
ented attachment involves self-organization of adjoin-
ing particles such that a regular crystallographic orien-
tation is achieved followed by the joining of these
particles at a planar interface. Oriented assembly usu-
ally results in single crystals, which could explain the
single crystalline domains found in the mesostars (ED
and SAED patterns shown in Figure 2). Several single
crystalline domains then aggregate forming polycrys-
talline structures. The kinetics of crystal growth and
coarsening strongly depend on various factors includ-
ing the structure of the material, the surface chemistry
of the particles resulting from the ions in the solution,
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Figure 5. Extinction spectra of (i) a-Fe203 cores with Ay =~
390 nm, (ii) nanorice particles with longitudinal plasmon
Amax =~ 1100 nm and transverse plasmon A, =~ 650 nm,
and (iii) mesostars with A, = 430 nm. The samples mea-
sured are monolayers of nanoparticles immobilized on PVP-
glass slides. The spectra are offset for clarity.

and the interface between the crystals and surround-
ing solution.?*”2® With increasing time, Ostwald ripen-
ing controls the crystal growth by the diffusion of ions
along the matrix-particle boundary resulting in larger
particle sizes.?”?® The observed morphology of the me-
sostars could be due to the simultaneous occurrence
of adjacent particles in solution epitaxially assembling
during the electrolysis process along the most conve-
nient polarizable axis for DC-field as well as Ostwald
ripening.

Since the optical properties of materials are gov-
erned by shape, size, and chemical composition, the ex-
tinction spectra of the a-Fe,0; cores, Au-nanorice, and
mesostars were compared using UV—vis spectroscopy
(Figure 5). The extinction spectra were obtained by im-

METHODS

Materials. Ferric chloride (FeCls.6H,0), (3-aminopropyl) tri-
ethoxysilane (APTES, 99%), tetrachloroauric acid (HAuCl,.3H,0),
tetrakis hydroxymethyl phosphonium chloride (THPC), polyvinyl
pyridine (PVP) were purchased from Sigma-Aldrich (St. Louis,
MO). Formaldehyde (37%), sulfuric acid (H,SO4, 100%), hydro-
gen peroxide (H,0,, 30%), potassium dihydrogen phosphate
(KH,PO,) and 200-proof ethanol were obtained from Fisher Sci-
entific (Hampton, NH). All the chemicals were used as received
without further purification. Platinum electrodes and platinum
wire were purchased from Alfa Aesar. DC power supply was pur-
chased from Hewlett-Packard. Quartz slides were purchased
from Technical Glass.

Nanorice Fabrication. Monodisperse spindle-shaped «-Fe,0;
nanoparticles and nanorice particles were fabricated as previ-
ously reported.”?? Briefly, a-Fe, 05 particles with an aspect ratio
of 6.3 (340 nm X 54 nm) were prepared by forced hydrolysis of
ferric chloride solutions by reacting 100 mL of an aqueous mix-
ture containing 2.0 X 1072 M FeCl; and 4.0 X 10~* M KH,PO, at
100 °C for 72 h. The resulting precipitate was centrifuged and
washed several times with water and ethanol and finally redis-
persed in 20 mL of ethanol. The surface of the a-Fe,0O; particles
was functionalized with organosilane molecules (APTES) to gen-
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mobilizing the particles on quartz slides. The a-Fe,03
cores showed an absorption maximum at ~390 nm,
while nanorice demonstrated two separate peaks at
650 and 1100 nm. The strong plasmon resonance fea-
ture at 1100 nm was due to the longitudinal plasmon
mode of the nanorice while the weaker plasmon reso-
nance at 650 nm was due to the transverse plasmon
mode of the nanorice particles. The optical spectrum
of the mesostars is strikingly different from nanorice
and revealed a broad peak with absorption maximum
at 430 nm, which was attributable to the presence of
a-Fe;03, a-FeOOH, and Au. In the control experiment,
the optical properties of the pyramidal mesostructures
obtained with the hematite cores did not show any
well-defined peak (see Supporting Information, Figure
S4) which additionally signifies the contribution of Au
colloidal particles in the observed optical spectra of the
mesostars.

CONCLUSIONS

In conclusion, we have observed the unusual forma-
tion of hierarchical mesostars via electrolysis of an
aqueous suspension of nanorice particles. The Au-a-
Fe,03 nanorice particles self-assembled into fractal me-
sostructures composed of a-Fe,03;, a-FeOOH, and Au.
The remarkable differences in the geometry, composi-
tion, and properties between the nanorice particles and
mesostars strongly indicate that electrolysis can signifi-
cantly alter the morphology and constituent material of
the nanostructures. A further examination of this strik-
ing assembly process could elucidate the unusual self-
assembly processes observed in nature and biological
systems. Further study of this system may be also prom-
ising in fundamental applications characteristic to hier-
archical mesostructures.

erate an amine-terminated surface. This was achieved by mix-
ing 500 p.L of APTES with 5 mL of ethanolic solution of hema-
tite particles for 12 h under vigorous stirring. The resulting
particles were centrifuged and redispersed in ethanol several
times to remove excess APTES. These functionalized nanoparti-
cles were decorated with small gold colloid (2—3 nm) prepared
by the method reported by Duff et al.>° Nanorice particles were
fabricated via seed-mediated reduction of AuCl,” ions onto the
attached small colloid in the presence of formaldehyde.

Nanoparticle Films for Optical Measurements. Nanoparticle films
were obtained by immobilizing them on PVP-functionalized
quartz slides. Briefly, quartz slides were cleaned in piranha so-
lution (H,504 (100%):H,0, (30%) = 3:1) for 2 h, rinsed with
H,0 and 200 proof-ethanol and dried in a stream of N, gas.
The slides were then immersed in a 1T wt % solution of PVP in
ethanol for 24 h, followed by rinsing thoroughly in ethanol
and drying with N, gas. The PVP-functionalized slides were
immersed in aqueous solutions of nanorice, mesostars, he-
matite nanoparticles, and pyramidal mesostructures for 1 h.
Upon removal from the individual solutions, the slides were
rinsed with ethanol and dried with N, gas. This resulted in a
monolayer of randomly oriented nanoparticles on the PVP-
functionalized slides.
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Characterization. The nanoparticles were characterized by ob- 16. Wang, H.; Goodrich, G. P,; Tam, F.; Oubre, C.; Nordlander,
taining TEM images using a JEOL JEM-2010 TEM operated at P.; Halas, N. J. Controlled Texturing Modifies the Surface
200 kV, SEM images using a FEI Quanta 400 field emission SEM Topography and Plasmonic Properties of Au Nanoshells. J.
at an acceleration voltage of 20 kV, XRD patterns by using a Phys. Chem. B 2005, 109, 11083-11087.

Rigaku Ultima Il vertical 6-6 powder diffractometer (Cu Ko, A = 17. Bae, D.H., Lee, M. H,; Kim, K. T.; Kim, W. T.; Kim, D. H.

1.5418 A), and absorption measurements using a Varian Cary Application of Quasicrystalline Particles As a

5000 UV—vis—NIR spectrophotometer. Strengthening Phase in Mg—Zn—Y Alloys. J. Alloys Compd.
2002, 342, 445-450.
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