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Abstract: A new multistep approach was developed to synthesize atomically ordered intermetallic
nanocrystals, using AuCu and AuCus; as model systems. Bimetallic nanoparticle aggregates are used as
precursors to atomically ordered nanocrystals, both to precisely define the stoichiometry of the final product
and to ensure that atomic-scale diffusion distances lower the reaction temperatures to prevent sintering. In
a typical synthesis, PVP-stabilized Au—Cu nanoparticle aggregates synthesized by borohydride reduction
are collected by centrifugation and annealed in powder form. At temperatures below 175 °C, diffusion of
Cu into Au occurs, and the atomically disordered solid solution Cu,Au,—x exists. For AuCu, nucleation occurs
by 200 °C, and atomically ordered AuCu exists between 200 and 400 °C. For AuCus, an AuCu intermediate
nucleates at 200 °C, and further diffusion of Cu into the AuCu intermediate at 300 °C nucleates AuCus.
Atomically ordered AuCu and AuCus; nanocrystals can be redispersed as discrete colloids in solution after

annealing between 200 and 300 °C.

Introduction mines its band structure and thus its properties. In the nanoscopic

The recent interest in using nanocrystalline inorganic solids Size regime, where size and shape can influence the properties
as building blocks for new nanoscale devices and technologiesOf @ material through quantum effeétspntrolling the crystal-
has spawned an enormous research effort aimed at developindographic ordering of atoms has received much less attention.
selective syntheses of inorganic nanocrystdts.this regard, Among the most important for the myriad applications of
significant progress has been made in controlling the chemistry hanomaterials are the atomically ordered intermetallic com-
of nanoscale solid-state materfand in understanding their ~ pounds of the late transition metals, which remain impossible
unique size-dependent propertfe8 The primary goal of much  to synthesize as solution-dispersible nanocrystals. While most
of the current research in this area involves controlling the reports of bimetallic nanocrystals involve atomicaligordered
externalstructure of nanocrystals (e.g., shape, size, and uniform- alloys/ a few have succeeded at transforming disordered alloys
|ty), which is necessary for exp|0|t|ng an|sotr0p|c structure into ordered intermetallic CompOUnﬁSlO For example Sun and
property relationships and for using nanocrystals in future Co-workers accessed the ordered face-centered tetragonal (fct)
technological applicatiorfsHowever, controlling thénternal form of FePt by annealing a spin-cast film of atomically dis-
structure of nanocrystals, which directly influences their physical ordered FePt nanocrystals at high temperattifess synthe-
properties, is an equally important aspect of nanocrystal Sized, the atomically disordered FePt nanocrystals are super-
synthesis. In bulk solids, the crystallographic ordering of atoms Paramagnetic, but transform to ferromagnetic FePt nanocrystals
is the most critical factor in determining the properties of a With high coercivity and high magnetic anisotropy after an-

material, since the directional overlap of atomic orbitals deter- nealing above 550C28 Likewise, Teng and Yang recently
transformed PtFeO; core—shell nanoparticles into atomically
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ordered fct FePt nanocrystals by high-temperature (850 (This solution is stable for several days, in contrast to the solution
reduction and annealing of a surface-confined monolayerffilm.  formed from only the reduction of copper acetate, which turned yellow

These methods prove the feasibility of solid-state transforma- ©ver the same time period due to the formation of@) AuCu powder
tions in nanocrystals and attest to the enhanced properties that"2s isolated by centrifuging the AtCu solution, and then washing
can be achieved through such reactions. However, there remairpc ¢ dt'.miﬁ with water and ei%afd' ALf*C“anOpart'ﬂees 7were
several critical limitations. The high annealing temperatures g;eﬁzL%l;_gHzgstin;?emag’;?r(]:gu: AL.J rgi%.o GHUD,); and 6.7 mg
remove the stabilizing ligands (or thermally decompose the

ic i ds int bid Dy fi di . Dried powders of AuCu and AuGwvere heated in a tube furnace
organic figands into a carbide coatiigoreventing redispersion o, flowing argon in the temperature range-500°C for 2—12 h.

in solution for high-volume applications. The high annealing (he presence of GO was always detected in annealed samples of
temperatures also tend to significantly increase the crystallite Aycy, suggesting that some Cu remains exposed on the surface of
size through sintering. As a result, only surface-confined the Au-Cu nanoparticle aggregates. In contrast;@was not detected
nanocrystals have been amenable to solid-state transfornfafibns, in any annealed samples of AuCu, suggesting that Au completely
since multilayer films and bulk powders significantly coalesce passivates the surface of the nanoparticle aggregates.) The AuCu
at high temperatures. samples heated to 20C and AuCy samples heated to 30C were

To prevent the detrimental effects of sintering on the resuspended in ethanol by sonicating 5 mg of annealed powder in 2
morphology of internally structured nanocrystals and nano- M of ethanol.
crystalline films, new lower-temperature routes to atomically _ Powder X-ray diffraction (XRD) data were collected on a Bruker
ordered nanocrystals are necessary. To that end, we report her§APDS three-circle X-ray diffractometer using Cuadiation. High-
a new multistep approach to the synthesis of intermetallic re_zsolutl_on transmission electron microscopy (TEM) IMmages, energy-

. . dispersive X-ray spectroscopy (EDS) analysis, and electron diffraction

nanocrystals that relies on the low-temperature annealing of

data were collected on a JEOL JEM-2010 TEM. Samples for EDS

bimetallic nanoparticle precursors. Since FePt and other interest-amjllysiS were deposited on Ni TEM grids to avoid erroneously detecting

ing magnetic alloys crystallize in the AuCu and related AWCu ¢y from the traditional Cu grids. UVvisible spectroscopic data were
structure type$? we focused on AtCu as a model binary  obtained on a Jasco V-530 UWisible spectrophotometer. Elemental
system. By utilizing two-component nanoparticle aggregates asanalysis (CHN) was performed by Atlantic Microlab (Norcross, GA).
synthetic precursors, we can control the stoichiometry and

diffusion distances to yield atomically ordered nanocrystals of Results and Discussion

AuCu and AuCy at temperatures of 26800 °C. Many other
binary transition metal systems have similar atomically ordered
structures in the same temperature ratfgéso we believe this
approach could be extended to the synthesis of a wide range o
intermetallic nanocrystals (although differences in activation
barriers would reasonably require different annealing temper-
atures depending on the particular binary system). Furthermore
since AuCu and AuCyare normally prepared by annealing
premelted Au-Cu samples (melted 850°C) for several days

or weeks, we believe that this approach may also be applicable
as a new low-temperature route to intermetallic compounds that
are not thermodynamically stable.

Synthesis of AuCu and AuCwy Nanocrystals. Figure 1
shows our approach to the synthesis of atomically ordered AuCu
fand AuCuy nanocrystals using bimetallic precursors. First, PVP-
stabilized Cu nanoparticles are formed by the agueous boro-
hydride reduction of copper acetate, and the solution turns
yellow-orange, consistent with reduction from Tuo CLP.
'After adding a stoichiometrically controlled amount of HACI
3H,0, Au nanopatrticles form via borohydride reduction, and
the solution changes to a deep orange-red color, suggesting the
presence of a mixture of Au and Cu nanopatrticles. Over the
next 2 h, the color of the solution gradually changes from
orange-red to brown-black, and the solution is stable for at least
Experimental Section 1 day before significant aggregation and precipitation occur.

) . . S (PVP-stabilized Cu nanoparticles synthesized without the ad-

Nanoparticles of_AuCu were synthesized using a modification of dition of Au quickly oxidize to CyO, as evidenced by XRD
the approach described by Lu et al. for the synthesis of Pd nanocrys- ; ; ’ .
tals2 Copper acetate [CugB:0,)», 6.8 mg] and poly(vinylpyrrolidone) analysis and a change in color.) After aging for several hours,
(PVP, 460 mg) were added to 25 mL of distilled, deionized water the Au—Cu composite particles are collected by centrifugation
(NANOpure, 18.2 M2). After the mixture was stirred under Ar for ~ and isolated as a powder. Following annealing under an inert
20—-30 min, 25 mL of 0.01 M NaBklwas added. The color quickly ~— atmosphere, nucleation of atomically ordered AuCu or AuCu
changed from faint blue to yellow-orange, indicating reduction 6fCu  occurs (depending on the starting stoichiometry), and the
to CWP. After 20 min of stirring under Ar, HAUGE3HO (13.3 mg) in nanocrystals can subsequently be resuspended in solution by
5 mL of water was injected, and the solution turned dark red, indicating ggnication.

reduction of Ad* to AW. (The order of metal salt addition does not - . -
. ) Visible absorption spectra for our samples are shown in Figure
rigorously matter. Gold can be reduced first, or gold and copper can

both be reduced at the same time, and the results are similar.) Over 22' A.solutlon of Au nanopartlcles (W'tho,u'[ Cu) shows a proad
h, the color of the CttAu solution gradually changed from dark red ~Maximum near 530 nm, with overall high absorbance in the

to dark brown/black, suggesting a reaction between the Au and Cu 400-600 nm range. Cu (without Au) shows high absorbance

nanoparticles, most likely at their surfaces to form aggregate structures.between 400 and 500 nm. The 1:1 and 1:3 mixtures of Au:Cu
have features resembling those of both Au and Cu, along with
(11) (a) Chen, M.; Nikles, D. ENano Lett.2002 2, 211-214. (b) Chen, M.; i i
Niliee. D. E.J. Apph Phys2002 91 84778479, broader absorbance maxima in t.he 5830 nm range. For
(12) Villars, P., Calvert, L. D., Ed?earson’s Handbook of Crystallographic ~ AuCu, the absorbance changes slightlyraé toshow higher
Data for Intermetallic Phase®nd ed.; ASM International: Materials Park, absorbance between 500 and 800 nm. which correlates with the
OH, 1991. o ’

(13) Massalski, T. B., EdBinary Alloy Phase DiagramsASM International: observed change from an initial color of dark red to dark brown-
Materials Park, OH, 1996. ; Pt P A
(14) Lu, W.: Wang, B.. Wang, K. Wang, X.: Hou, J. Gangmuir2003 19, black after aging. A similar shift in the absorbance profile is

5887-5891. observed for the AuGusample.
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CulAu
(). OO age for 1-2 h % precipitate/dry
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Cuand Au Au/Cu Cu,Au, disordered
nanoparticles nanoparticle alloy nanoparticle
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Figure 1. ldealized schematic of the multistep approach to the synthesis of atomically ordered nanocrystals from bimetallic nanoparticle aggregates. The
crystal structures of GAuy (fcc), AuCu (tetragonal), and AuGicubic) are shown for comparison.

Absorbance (arbitrary units)

AuCu,;
(5 min)

400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 2. Visible absorption spectra for dilute nanoparticle solutions of
Au and Cu nanopatrticles, along with 1:1 and 1:3 mixtures of Au and Cu
nanoparticles after 5 min and 3 h. The absorption feature near 735 nm is
an instrumental artifact.

TEM micrographs of the AuCu and Auguanoparticle
aggregates at room temperature (Figures 3 and 4) clearly show
a contrast difference within the individual particles. This sug-
gests that the Cu and Au remain segregated, but are connected
together through their surfaces as irregularly shaped aggregates.
Qualitative EDS spectra recorded for individual AuCu and
AuCus nanoparticles show that both Au and Cu are present.
Since Au has a higher electron density than Cu, the darker Figure 3. TEM micrographs of (a) AuCu and (b) Auguanoparticle
regions in the TEM micrographs may be expected to correspondaggregates synthesized by allowing a solution of PVP-stabilized Au and

C . - . Cu nanoparticles synthesized by borohydride reduction to age for 2 h.
to Au, which is verified by combining data from EDS, XRD,  sejected area electron diffraction patterns are shown in the insets.
and electron diffraction analyses (discussed below). The reason
for the nanoparticle aggregation is not yet clear, but it may be borohydride reduction forms a mixture of Au and Cu nanopar-
due to the higher interfacial free energy of Cu relative to Au. ticles in addition to the bimetallic nanoparticle aggregates that

The TEM micrographs in Figure 3 show AuCu and AygCu form upon aging. Centrifugation collects the larger nanoparticle
nanoparticle aggregates as prepared in solution (prior to col- aggregates as a precipitate, leaving the smaller Au and Cu
lection by centrifugation). Large binary nanoparticle aggregates nanoparticles in solution. (The supernatant remains colored after
can be seen, along with smaller spherical particles, most likely centrifugation.) This indicates that the precipitate, which is used
corresponding to Au and Cu nanoparticles (based on compari-for the subsequent thermal transformation reaction, consists
sons with control experiments involving the synthesis of pure almost entirely of the larger nanoparticle aggregates, while the
Au and Cu nanoparticles). This indicates, as expected, thatsmaller unreacted Au and Cu nanoparticles remain in solution.

J. AM. CHEM. SOC. = VOL. 126, NO. 21, 2004 6669
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Figure 4. High-resolution TEM micrographs of AuCu nanoparticle
aggregates, showing lattice fringes for only the Au nanocrystallites.
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Figure 5. Powder XRD patterns for AuCu nanopatrticles at ZD and
annealed under Ar to temperatures between 100 andG00

The electron diffraction patterns in Figure 3 confirm a single-
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Figure 6. Powder XRD patterns for AuGuanoparticles annealed under
Ar to temperatures between 150 and 5@

001

*200

dissolved in the Au. Annealing at 100 and 13D retains the
simple single-phase fcc pattern, but decreases the lattice constant
to a = 4.00 A anda = 3.94 A, respectively. The decrease in
the lattice constant with increasing temperature suggests that
Cu is diffusing into the Au, forming the disordered solid solution
CuAui—x. By 200°C, atomically ordered AuCu is preser (
=3.96 A, c = 3.64 A), and every peak in the XRD pattern
indexes to the pattern expected for tetragonal Auggu< 3.963
A, cit = 3.671 A)lz

As evident from the XRD data in Figure 5, heating to 300
°C retains the ordered AuCu structure, although the peaks begin
to narrow, indicating an increase in the crystallite size.
Persistence of nanocrystallinity during low-temperature anneal-
ing most likely results from crystallite confinement induced by
the polymer (PVP) network. Short heating at £@0still shows
the presence of atomically ordered AuCu. However, the super-
lattice reflections@01and110) are broadened, which suggests

phase face-centered cubic structure for both the AuCu and thethat the ordered structure is starting to either disorder or

AuCus nanoparticle aggregates. While both Au and Cu are
present in reduced form, only Au is crystalline, which is

confirmed by both the single-phase electron diffraction pattern
in Figure 3 and the room-temperature XRD data in Figure 5.
The high-resolution TEM micrographs in Figure 4 show lattice
fringes for portions of the bimetallic nanoparticle aggregates,
and these lattice fringes are equally spaced in all of the
crystalline regions. Since the XRD data in Figure 5 clearly show

the presence of Au and not Cu, the Cu is amorphous and the

crystalline regions (which appear darker in the TEM micro-
graphs) most likely correspond to Au.

Structural Characterization. The XRD patterns for samples
of PVP-stabilized AuCu nanoparticles that were collected by

decompose. Longer heating times reveal the disappearance of
all of the reflections related to the tetragonal structure of AuCu,
leaving behind a simple fcc pattern with= 3.91 A. This is
consistent with a disordered Qw4 solid solution. By 500
°C, the fcc pattern yielda = 4.01 A, indicating nearly complete
decomposition to Au. The presence of,Ouather than Cu upon
decomposition is due to oxidation in air during sample handling
or from microscopic oxygen contamination in the tube furnace.
When the molar ratio of Cu:Au is 3:1, annealing produces
atomically ordered nanocrystals with the AuGtructure. Figure
6 shows the temperature-dependent XRD patterns for AuCu
samples heated under Ar. As for AuCu, low-temperature
annealing of AuCglyields a single-phase fcc solid solution with

centrifugation and annealed under Ar at a variety of temperaturesa = 4.04 A (at 150°C), which is intermediate between the lattice

are shown in Figure 5. At room temperature, XRD analysis
yields a face-centered cubic (fcc) patteen= 4.04 A) that is
single-phase and nearly identical to that of Au (fag,= 4.078

constants of Au and Cuaf = 3.615 A)12 A Cu,O impurity is
present in all samples of AuGu

The XRD data for AuCgisamples annealed at temperatures

A),22 indicating that the Cu is amorphous and that some Cu is between 175 and 308C provide insight into the mechanism

6670 J. AM. CHEM. SOC. = VOL. 126, NO. 21, 2004
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of the thermal transformation that converts a bimetallic nano-
particle aggregate into an atomically ordered nanocrystal.
Heating AuCy to 175°C produces a mixture of phasesAu
metal, AuCu, and Cu (as @0 from oxidation). Further heating

at 200°C transforms AuCsinto a well-ordered AuCu-type
intermediate. Since AuCu is tetragonal (= 3.963 A, ¢jy =
3.671 A) and AuCulis cubic @ = 3.749 A)12 the presence

of the AuCu intermediatea(= 3.99, c = 3.64) is clearly
established by the XRD data and is most easily observed by
the splitting of the2000002 and220'202 reflections, as well as
the shift of thel11reflection relative to that expected for Augu

By 300 °C, the tetragonal AuCu-type intermediate converts to
the cubic AuCy phase & = 3.75 A).

At 150°C, the Cu has clearly diffused into the Au, since the
lattice constant is smaller than that of pure Au. At 225 AuCu
begins to crystallize, even though the overall stoichiometry of
Cu:Au is 3:1. The diffusion of Cu into Au appears to set up a
concentration gradient, and AuCu begins to nucleate when the
interface reaches the appropriate 1:1 stoichiometry. The Au and
Cu that are outside of the interfacial region remain as nearly-
pure metals. By 200C, enough Cu has diffused into the Au to
tie up all of the Au in the AuCu intermediate, so Au metal is
no longer present in the XRD data. By 300, all of the Cu
has diffused into the AuCu intermediate, establishing the desired
composition and nucleating cubic Augu

Interestingly, heating to 400C produces a simple fcc phase 2 &
with a=3.74 A’ which is nearly identical to the lattice constant Figure 7. TEM micrographs of atomically ordered AuCu nanocrystals. A
for ordered AuCu The absence of superlattice peaks suggests collection of nanocrystals is shown in (a), and high-resolution images of
that the atomically disordered Augphase exists at 40TC, individ_ual nanocrys@al's are shown in (b). The lattice fringes in (b) highlight
while the atomically ordered AuGiphase exists below this 1€ uniform crystallinity of the nanocrystals.
temperature. This is consistent with the equilibrium phase
diagram for the binary AuCu systeni? which exhibits a well-
known order/disorder phase transition just below 4Q0 The
order/disorder phase transition appears to be present in AuCu
nanocrystals, although the size-dependence of this transition
remains to be established. Above 5@) complete decomposi-

nanocrystals are highly crystalline. Furthermore, the fact that
the lattice fringes uniformly penetrate the light and dark regions
of the nanocrystals in a continuous manner attests to the
formation of an alloyed phase and suggests that the contrast
differences originate from the artifacts of TEM analysis
. . - described above (e.g., twinning, evident in the bottom inset of
tion to_Au ar_1d Qu (in the oxidized fgrm, as &) occurs. Figure 7b). This is in contrast to the light and dark regions of
Redispersion in Solution.The atomically ordered AuCu and 6 nanoparticle aggregate precursors shown in Figure 3, which
AuCus nanocrystals can be redispersed as discrete colloids inp5ye |attice fringes that penetrate only the dark regions.

solution after annea_lling, which is imp_ossible_ ”Si”Q higher- 1,q corresponding electron diffraction pattern (Figure 8) is
temperature annealing methods that irreversibly sinter bulk consistent with the XRD data in Figure 5, indicating an

powders and multilayer films of nanocrystals. (Elemental oqmicaly ordered fct crystal structure. The electron diffraction
analysis for CHN confirms that the PVP is not removed during pattern in Figure 8, prepared for TEM analysis by drying the

annealing at or below 300C.) The TEM micrograph and e gispersed AuCu nanocrystal solution on a TEM grid, unam-
corresponding electron diffraction pattern of AuCu nanoparticle biguously confirms that the nanocrystals annealed at 75
aggregates in Figure 3a show that the nanocrystals are generally resuspended in solution are atomically ordered. In particular,

in the range of 1530 nm and that they possess a disordered o g perlattice reflection®01 and 110 and split reflections
fce structure. After annealing at 278, the atomically ordered o ¢ tetragonal symmetrg@Q002 and 220202 are highly

AuCu nanocrystals were redispersed in §°|Uti°” _by sonication, yisiple. The TEM micrograph and electron diffraction pattern
and the nanocrystals appear to have retained their general shapg, Figure 9, showing the cubic superstructure of the ordered

and size distribution that was present before annealing. The TEM AuCus phase, confirm that the AuGwanocrystals (annealed

micrograph in Figure 7a shows the resuspended AuCu nano-, 309 °c) can also be redispersed in solution. This clearly
crystals, which have a slightly larger average size 0f28 jygicates that the atomically ordered nanocrystals can be
nm. The contrast differences within and among the na”°part'desredispersed in solution after bulk solid-state annealing, which

are a common feature of TEM analysis and can be caused bYqeans that the nanocrystals can be used in high-volume
twinning, diffraction effects, and crystallite orientation, among applications.

other factors?® Similar contrast differences are seen in other
nanocrystalline systems prepared using related annealing(15) Fultz, B.; Howe, J. MTransmission Electron Microscopy and Diffrac-

d,10,16 i ; ; ih- tometry of Materials 1st ed.; Springer-Verlag: Berlin, 2001.
methods. The lattice fringes observed during high- g i e’ Marray, C. B.. Sandsirom, R. L: SunSgience?00q 290,
resolution TEM analysis (Figure 7b) confirm that the AuCu 1131-1134.

J. AM. CHEM. SOC. = VOL. 126, NO. 21, 2004 6671
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\ 113/222

all 203/312

Figure 8. Electron diffraction pattern of AuCu nanocrystals that were
annealed at 278C and redispersed in ethanol. The tetragonal symmetry
and superlattice reflections of the atomically ordered AuCu structure are
clearly evident in the diffraction pattern.

Figure 9. TEM micrograph of atomically ordered Au@unanocrystals is
shown in (a), and the corresponding electron diffraction pattern is shown
in (b). The electron diffraction pattern highlights the cubic symmetry and
superlattice of the ordered Augstructure.

The visible absorption spectra for dilute solutions of atomi-
cally ordered AuCu and AuGunanocrystals are shown in Figure
10, along with the corresponding absorption spectra for pre-
annealed AuCu and AuGuor comparison. The absorption
profile for atomically ordered AuCu looks similar to that of
AuCu prior to annealing from 600 to 800 nm, but the sample
annealed at 27%5C shows a clear difference in absorption from
400 to 550 nm. For AuGiithe primary difference in absorption
between the preannealed and atomically ordered nanocrystal
occurs between 550 and 700 nm.
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Figure 10. Visible absorption spectra for dilute solutions of AuCu and
AuCus nanocrystals both before and after annealing. The absorption feature
near 735 nm is an instrumental artifact.
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Conclusions

In this paper, we have demonstrated a new low-temperature
approach to the synthesis of atomically ordered nanocrystals
using bimetallic nanoparticle precursors. By utilizing precur-
sors containing zerovalent metals that are modulated on the
nanometer scale, soliesolid diffusion is not rate limiting, so
low reaction temperatures can be used. Avoiding high-temper-
ature annealing minimizes sintering, and the crystalline nano-
particles can be redispersed in solution for high-volume
applications. The stoichiometry of soluble metal salts introduced
during nanoparticle synthesis defines the final composition and
structures that form upon annealing, which provides easy access
to multiple regions of the binary phase diagram. Since diffusion
clearly precedes nucleation in the bimetallic precursors that are
elementally modulated on the nanometer scale, it is possible to
synthesize ordered intermetallic nanocrystals near 200
without a high-temperature annealing step. Indeed, this phe-
nomenon of low-temperature nanometer-scale diffusion and
nucleation is well understood in planar elemental superstructures
of atomic thicknessé$and has been used by Johnson and co-
workers to synthesize a wide range of new solids at low
temperaturé$ and to understand reaction pathways in solid-
state system¥. Our bimetallic nanoparticle precursors can be
viewed as isotropic analogues of Johnson’s elementally modu-
lated thin films, and the observed temperature-dependent
reactivity is consistent with this comparison. Thus, we expect
that our approach to the synthesis of atomically ordered
nanocrystals will be applicable to a wide range of inorganic
solids, perhaps even yielding new metastable solids that are not
stable in bulk systems.
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