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A novel soft chemical synthesis of NiAl, nanoparticles (0.0% x < 0.50) by cohydrogenolysis of
[Ni(cod);] (1) with [(AICp*) 4] (2) or with [(Me3sN)AIH 5] (3) in nonaqueous solution is presented (eod
1,5-cyclooctadiene, Cpx 1,2,3,4,5-cyclopentadienyl). The treatment of equimolar amountsaoid 2
in mesitylene solution under 3 bar of ldt 150°C gave a brown-black colloidal solution of intermetallic
B-NiAl particles, characterized by transmission electron microscopy/energy dispersive X-ray analysis
(TEM/EDX) and powder X-ray diffraction (XRD). The solution was stable under 3 bar,citH50°C
for up to 8 h. The3-NiAl colloids were treated postsynthesis witlD-enriched 1-adamantanecarboxylic
acid (ACA) as a surface capping group, giving nearly monodisperisiAl colloids that were stable
under argon at room temperature for weeks. The coordination of ACA at-tié\l surface was studied
by 7O NMR and IR spectroscopy. A series @fNi;—Alx samples with a variety of compositions €
0.50, 0.33, 0.25, 0.17, 0.09) were prepared analogously, and the samples were characterized by means of
elemental analysis (ICP), XRD, and TEM/EDX. Air oxidationaoiNi1—,Alx nanoparticles leads to core
shell particles of the type (ADs)s2@Nii—xAlx—s (0.09 < x = 0.50;x > ). XRD, X-ray photoelectron
spectroscopy (XPS), and X-ray absorption spectroscopy (XAS) analyses showed that the Ni core is
protected against oxidation down to an Al content of about 10 atom %.

Introduction example, Raney nickel, which is the archetypical catalyst of
olefin hydrogenation, is a nanoporous Ni material prepared
from the NiAl alloy and formed by leaching of Al under
basic conditiong.

The metallurgy and chemistry of ultrafine and nanocrys-
talline metal aluminide powders including the surface oxida-
tion has more recently been studied largely because of
improving the materials properties of aluminide-based alloys
as the Halt-Petch effect predicts an increase of hardness or
strength associated with decreasing grain $ik&anoscale
aluminide powder materials are typically prepared by metal-
lurgical processes such as high-energy mechanical milling
or welding? arc plasma® spray pyrolysis! and laser
evaporation/condensatidhChemical approaches to micro-

The aluminides MAI of the late 3d metals Fe, Co, Ni, and
Cu represent a series of binary intermetallic HurRothery
phases that are of special importance in material sciences.
Nickel aluminide, presumably the most prominent represen-
tative, is an attractive material for many industrial products,
e.g., car and machine parts or turbine blatiése to its bulk
physical properties such as low density, high melting point,
and creep resistanéeNiAl in particular exhibits excellent
corrosion stability. The formation of a crystallineAl ;03
layer on thin films of NiAl by preferential Al oxidation and
the diffusion of Al onto the surface of NiAl phases upon
oxidation were studied in detdit® But as well, nickel

aluminide alloys play an important role in catalysis. For
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carboxlyates; the subsequent annealing at 14D@ave a
mixture of NiAl and NgAL ' Alternative soft chemical

Cokoja et al.

these previous publications, there appears to be no serious
claim on a straightforward, one-step wet chemical precursor

strategies were developed in particular aiming at nanocrys-route to nanocrystalline NiAl particles in solution to date,

talline aluminides, i.e., TiAl> FeAl® and NiAll” One

and consequently colloidal dispersions of free-standing NiAl

concept is based on the reaction of metal halides with lithium nanoparticles in nonaqueous media are so far not accessible.
tetrahydridoaluminate in nonaqueous media which is thought Certainly, the hydrogenolysis of labile all-hydrocarbon

to generate intermediate species such as [MghHvhich

organometallic precursors following the concepts 6hBo

are thermally labile and decompose into MAI at temperatures nemann et a? and Chaudret and co-workétsolds great

even below 20C0°C. In particular, Buhro and co-workers
reported on the reaction of Nighnd LiAlH, in boiling
mesitylene to yield a black, pyrophoric powder, which led

promise for wet chemical nanometallurgy in general. How-
ever, the key for the wet chemical synthesis of metal
aluminides in particular is obviously a good precursor for

to the desired NiAl phase upon annealing the obtained rawthe Al component matching the precursor chemistry of the

material at 550°C.Y7 Similarly, Tillement et al. claimed a

transition metal component. Recently, we introduced the low-

successful wet chemical approach to NiAl powder by the valent aluminum organyl [(AICp%*] as a novel source for

reduction of [Ni(OAc)] (Ac = CH;CO) and [Al(acag)

aluminum. It quantitatively decomposes to Al nanopatrticles

(acac= acetylacetonate) with an excess of NaH and traces under hydrogen at 150 with 1,2,3,4,5-pentamethylcyclo-

of tert-butanol in boiling THF2 Finally, a halide- and oxo-
ligand-free, fully organometallic synthesis of NiAl was
presented by Banemann et a¥? The reaction of [Ni(cod)
(cod= 1,5-cyclooctadiene) with Alitin toluene under 56

pentadiene (Cp*H) as the only byproduct, whereas A&t
very stable at these conditiof’sThe cohydrogenolysis of
[CpCu(PMeg)] with [(AICp*) 4] in boiling mesitylene allowed
the selective synthesis of the intermetallic compound

100 bar of H at room temperature gave an undefined black 6-CuAl,. In the presence of poly(2,6-dimethyl-1,4-phenylene
material, which was isolated as reaction intermediate, thenoxide) (PPO), colloidal solutions of-Cu;—Al nanopatrticles

treated with H at 200°C, and subsequently annealed in an
argon stream at 308C to give a phase-pure NiAl powder
with an average particle size of-2 nm. Looking through
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were prepared, to#). Similarly, we described the synthesis
of a- and 5-Cuzn (brass) nanoparticles and colloids by
cohydrogenolysis of [CpCu(PMB with [ZnCp*;].??> The
M—Cp* bond is comparably weak for late transition metals
and main group metals. Hydrogenolysis yields Cp*H as a
clean, chemically innocent leaving group.

Hence, our report below deals with the development of a
novel, very clean organometallic route for the soft chemical
synthesis of nickel aluminide nanoparticles stabilized as
colloids in nonaqueous solution, with a free variation of the
Al content in the sample. The complexes [Ni(cgdyvhich
is a well-known source for Ni(0% and [(AICp*),] were
chosen as precursors. Also, we compared [(AlG]p#ith
[(MesN)AIH 3] as Al sources. In addition, a comprehensive
study of the oxidation behavior of the nickel aluminide
particles with decreasing the Al content, especially in Ni-
rich a-NiAl phases, was performed.

Experimental Section

General Techniques of Sample PreparationAll manipulations
and chemical reactions were conducted using Schlenk-line and
glovebox techniques (Ar, 4D, O, < 1 ppm) and sealed Fischer
Porter vessels (Andrews Glass, volume: 90 mL). Notably, the Si
OH surfaces of all glass vessels, including NMR tubes, were
silylated using boiling hot 1,1,1,3,3,3-hexamethyldisilaazane (99%,
Acros) prior to usage. Mesitylene and cyclohexene were dried by
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passing through a Schlenk frit filled with dry, activated alumina Immediately preceding the recording of XAS spectra, samples were
(chromatography grade, Merck) and subsequent distillation. All cooled rapidly to liquid nitrogen temperature. The spege(iwere
other solvents used were dried, degassed, and argon-saturated bgneasured in transmission mode using ionization chambers. A metal
using a continuous solvent purification system (MBraunOH foil (between the second and the third ionization chamber) was
content below 1 ppm). The precursors [Ni(cg&hand [(AICp*)4]%° measured at the same time for energy calibration purposes. Data
were synthesized according to the literature. [{N)AIH 3] was treatment was carried out using the software package VRPEB:
prepared by a modification of the procedure published by Jouet et background subtraction, a Victoreen polynomial was fitted to the
al?® The synthesis was carried out in toluene instead of diethyl preedge region. A smooth atomic backgroupk), was evaluated
ether, and the product was not sublimed but crystallized from a using smoothed cubic splines. The radial distribution function FT-
saturated toluene solutio”’O-enriched water (enrichment grade  [k?(k)] was obtained by Fourier transformation of #teweighted
35—-40%) was purchased from Deutero GmbH. 1-Adamantanecar- experimental functiony(k) = («(K) — wo(K))/uo(k) multiplied by a
bonyl chloride was purchased from Aldrich. Bessel window. Duplicate spectra were recorded to ensure data

Elemental Analysis. The analysis for the metal content was reproducibility.
undertaken using a Spectro Modula inductively coupled plasma Nanocrystalline o-Niy—,Al, (0.09 = x =< 0.50) and g-NiAl
(ICP) instrument. The C and H content was measured with an Powders from [Ni(cod);] and [(AICp*) 4. Samples of 0.200 g of
Elementar Vario Il instrument. [Ni(cod),] (0.727 mmol) and the corresponding molar amauof

NMR Spectroscopy.All high-resolution NMR spectra in solu-  [(AICp*) 4], calculated for the desired composition @fNii—.Alx
tion were recorded on a Bruker DPX 250 spectrometer jp,C  (see Table 1), were suspended in mesitylene (20 mL), using a
and mesityleneh, (T = 25 °C; ™H, 250.1 MHz;13C, 62.9 MHz; Fischer-Porter bottle as reaction vessel. The bright yellow suspen-
27Al, 65.2 MHz; 170, 33.9 MHz). The chemical shifts (it ppm) sion was degassed, set under 3 bar efpessure, and placed
are referenced to the residual proton signals of the deuterated solventto @ 150°C hot oil bath. The color immediately turned to
(CeDe: H, 7.15 ppmi3C, 128 ppm. Mesitylenek,: H, 6.67 and orange, then bright red. After 1 min, a dark red solution formed,
2.13 ppm) or the probe hea®Al: 68.0 ppm, referenced to [Al- which rapidly turned red-brown. Whereas Ni-richphase par-
(H20)g]3+ set at 0.0 ppm). In situ NMR reactions were done using ticles (0.09< x =< 0.33) precipitated within minutes, for= 0.50
pressure-stable NMR tubes with Young PTFE screw caps (Wilmad- (NP1), the particles precipitated completely only after 10 h. The
LabGlass). suspension was stirred over 4 days, while hydrogen was quantita-

Infrared Spectroscopy. IR measurements (KBr pellets) were tively consumed. The particles were allowed to settle, and the

carried out on a Perkin-Elmer 1720 X Fourier transform spectrom- colorless supernatant was carefully decanted in the glovebox. The
eter. residue was washed with>3 50 mL of n-pentane. Thereafter, the

Gas Chromatoaraphy. GC—MS (gas chromatoara ass residual solvent and the hydrocarbon byproducts were removed in
drapny (@ graphym vacuo and the black residue was thoroughly dried (1 h at dbar/

spectrometry) measurements were performed on a Shimadzuloooc
GCMS-QP2010 using standard settings for hydrocarbon separation. )- L .
General Procedure for the Oxidation of a-Ni;—,Al, Nano-

X-ray Diffraction Studies. All powder X-ray diffractograms . . . . :
were recorded on a D8-Advance Bruker AXS diffractometer (Cu particles. All a-Ni;—Al« nanoparticles, synthesized and isolated
as powder sample in the glovebox as described above, were

Ko radiation) inf—=2¢ geometry with a position-sensitive detector transferred into glass vials which were left open in the box over

(CanI“al’y t.ec_hnlunle unde,(/lgrgon, thlc_lleiASS: 0.7 mm). night (H,O and Q < 1 ppm) in order to initiate gentle surface
ransmission Electron Microscopy. measurements were o iqation, Subsequently, the vials were taken out of the glovebox

carried out on a H,'taCh' H-81.00 |nstrument (acce.lergtmg voltage and exposed to air for 24 h at room temperature for quantitative
up to 200 kV, LaR filament). High-resolution transmission electron surface oxidation

microscopy (HRTEM) studies were performed at the Hakieitner Nanocrystalline f-NiAl Powder (NP2) from [Ni(cod),] and

Institute in Berlin on a Philips CM12 instrument with an accelerat- [(MesN)AIH o]. A solution of 0.065 mg of [(MN)AIH4] (0.727
Ing voltage up to 120 kv. A". TEM_ samples were prepared as mmol) in mesitylene (5 mL) was slowly added to a bright yellow
diluted solutions or suspensions in toluene on carbon-coated mesitylene solution of 0.200 g of [Ni(cod)(0.727 mmol) in a
copper or gold grids (Plano). Fischer-Porter bottle. The solution immediately turned to dark red,
X-ray Photoelectron Spectra. X-ray photoelectron spectra g after complete addition, a black powder precipitated, ac-
(XPS) were recorded on a modified ultrahigh vacuum Leybold .,mpanied with gas production. The bottle was pressurized with 3
MAX system, equipped with an EA11 energy analyzer and an X-ray par of 4, and heated at 150C for 24 h. Thereafter, the bottle was
twin anode (Al K, Mg Ka). The measurements were undertaken  ansferred into the glovebox, where the powder was allowed to
using Al Ko radiation (1486.6 eV). The pass energy for the survey gegie. Subsequently, the colorless solution was decanted, and the
spectrum was set to 200 eV and for the region spectra to 46.1 eV. agique was washed with @ 20 mL of n-pentane and dried.
The spectra were calibrated to the O KLL edge (binding energy vyig|q: 0.057 g (87%, based on Ni). Elemental analysis, wt %: Ni,
978 eV). 54.2; Al, 24.8; C, 16.6; H, 3.2; O, 1.2 (calculated from difference
X-ray Absorption Spectra. The absorption edge of Niat 8333.0 {5 100 wt %).
eV was measured at Hasylab E4 station (Hamburg, Germany). This  Nanocrystalline -NiAl Colloids (NP3) from [Ni(cod),] and
beamline was equipped with a Si(111) double-crystal monochro- [(AICp*) 4. In a FischetPorter bottle, 0.200 g of [Ni(cog])(0.727
mator that was used to detune to 50% of the maximum intensity in ymol) and 0.118 g of [(AICp%)] (0.182 mmol; 0.728 mmol for
order to exclude higher harmonics present in the X-ray beam. monomeric AICp*) were combined in mesitylene (20 mL). The
Samples were mixed with cellulose and pressed into wafers. bright yellow suspension was degassed, set under 3 bar,of H
pressure, and stirred at 18C. The color immediately turned to
(24) Krysan, D. J.; Mackenzie, P. Biorg. Chem199Q 55, 4229-4230. orange, then bright red. After 1 min, a dark red solution formed,

(25) Schormann, M.; Klimek, K. S.; Hatop, H.; Varkey, S. P.; Roesky, H. - \hich rapidly turned red-brown. The solution was stirred at
W.; Lehmann, C.; Rpken, C.; Herbst-Irmer, R.; Noltemeyer, M.
Solid State Chen2001, 126, 225-236.

(26) Jouet, R. J.; Warren, A. D.; Rosenberg, D. M.; Bellitto, V. J.; Park, (27) Klementiev, K.V.VIPER for WindowsVisual Processing in EXAFS
K.; Zachariah, M. RChem. Mater2005 17, 2987-2996. Researches, freeware, www.desy-ddmn/viper.html.
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Scheme 1. Cohydrogenolysis of [Ni(cog]) and [(AICp*) 4] or
[(Me3N)AIH 5] to B-NiAl Nanoparticles

+1/4 [(AICp*
3b l-ll( 15’:)):(]: BNATY + ZO '
ar iz, NP1

Mesitylene, 4 days

+ MegN—AIH;
3 bar H,, 150 °C
Mesitylene, 4 days

B-NiAly + NMeg + 1.5H,
NP2

reflections. Reflections of elemental Ni or Al were not
visible, even after annealing at 50C, pointing to a
guantitative alloying. The organic byproducts of the cohy-
drogenolysis being dissolved in the mesitylene supernatant
were characterized by GAMS and NMR {H, ?’Al). The
GC—MS analysis revealed cyclooctand),(1,2,3,4,5-pen-

30 45 60 75 2 105 120 tamethylcyclopentanéy), and 1,3,5-trimethylcyclohexan@)(
26(°) besides mesitylene. Thus, during the decomposition of the
Figure 1. XRD diagrams of (a)3-Ni1.1Alpe NP2, synthesized from [Ni- precursors, the ligands 1,5-cyclooctadiene and 1,2,3,4,5-

(cod)] and [(MesN)AIH 3], (b) 5-Ni11Alp9 NP1, synthesized from [Ni(cogl) -
and [(AICp*)4], (c) NP1 annealed at 206C, and (d) NP1 annealed at .penliamethglzyd()pemagIeneHand’ to some eXten:}’ th(? SOIIVent
500°C. itself were hydrogenated. In thel NMR spectrum, the signa

_ o of 4 appears at 1.51 ppm, which is in good accordance to
150°C for 8 h without the occurrence of precipitation. Prolonged |iterature reports. The signals fand6 appear as a variety
stirring at 150°C beyond 10 h of reaction time would lead to  of multiplets in the range between 1.2 and 0.3 ppm, since
precipitati.on. The solvent f’;\nd the hydrgcarbon byproducts were the methyl groups 06 can adopt both axial and equatorial
removed in vacuo as described above. Yield: 0.072 g (116%). The positions. Most importantly, tH&Al NMR of the supernatant

solvent and the hydrocarbon byproducts were removed in vacuo. o . .
Yield: 0.072 g (116% based on Ni). Elemental analysis, wt % does not exhibit any signals so that it can be concluded that

Ni, 42.1; Al, 19.7; C, 32.0; H, 4.0; O, 2.2 (calculated from difference N€re Were no significant amounts of remaining [(AIC4*)

to 100 wt %). and other soluble Al-containing side products. Summing up,
ACA-Stabilized B-NiAl Colloids (NP4). NiAl colloids (0.072 ~ We propose Scheme 1 for the synthesig3eNiAl from 1

g, 0.727 mmol) were synthesized in mesitylene (20 mL) as and2.

described above. AfteB h of hydrogenation (no precipitate), the Alternatively, the synthesis gf-NiAl can also be per-

Fischer-Porter bottle was transferred into the glovebox, where formed with [(M&N)AIH 3] (3) as a more readily accessible

0.065 g of ACA (0.363 mmol, 0.5 equiv) was added. The initially  A| source2628 Compound3 is a well-known precursor for

brown-black colored solution changed to dark red. The solution a| in thin film technology, i.e., chemical vapor deposition
was stirred overnight at 15 in an argon atmosphere. The solvent of thin Al films.2® It has also been used for the preparation
was removed in vacuo, and the black, metallic shiny solid was dried of Al nanoparticles beforé?® Treating a solution of [Ni-

: - . .
B e o i e W) SETS o) (1) n mestylene with an equimolar amount 36t
(calculated from difference to 100 wt %). 25 °C leads _tc_) an |mmed|ate reaction, upon wh|(_:h a black
powder precipitates instantaneously. The suspension was then
Results and Discussion set at 3 bar of KW and heated to 150C for 1 day. The
particles were isolated by means of filtration and were
washed withn-pentane and dried as described before. The
organic products of the cohydrogenolysis, cyclooctane (from
the hydrogenation of the cod ligand) and NM&om the
decomposition of the Al precursor), were found in the filtrate.
The XRD diagram of the obtained air-sensitive powder again

Nanocrystalline -NiAl by Cohydrogenolysis of [Ni-
(cod)] with [(AICp*) 4] or [(Me3N)AIH 3]. SynthesisThe
cohydrogenolysis of equimolar amounts of [Ni(c§q}) and
[(AICp*) 4] (2) under 3 bar of H pressure in mesitylene at
150 °C without any other additives leads to the formation

of a brown-black solution, which is stable for-80 h under confirms the presence of tiieNiAl phase (NP2, Figure 1a).

the reaction conditions. After 10 h, the solution becomes h wallite size i Il havi di tor of q
colorless and a black powder precipitates. The suspension € crystailile size 1S very small, having a diameter ot aroun

was stirred for 4 days, while a complete loss ofgtessure 3 nm, as ca_lculfated ffo”.‘ the fwhm of the (110) reflection.
was observed. The colorless supernatant was decanted, anﬂlI IT h:ui%n::r[ﬁti'(%gg; l(‘;’:vti’lf:cl)léhi/dl_r_oﬁa:rbzo)nwrgﬁt‘[”‘(llvﬁ):%_rsors
the powder was washed withpentane and thoroughly dried AIHn ] ite similar to th ¢ ,bl' hed route of treai

in high vacuo at 100C. The obtained extremely pyrophoric 3 (3) IS quite simiiar to the established route ot treating
powder was characterized by means of XRD as apparentlymetal halides MX with LiAIH 4 cited in the Introduction.
phase-pures-Niy jAlgg in the following denoted as NP1 ]

(cubic,Pr8m, JCPDS no. 44-1187, Figure 1b). The average “” {3555, v) tiga, K. T Johnson. C. £ Hollns, R. A U.S. Patent
crystallite domain size was roughly estimated to b& 4 5,885,321, 1999.

nm via the Scherrer equation based on the full widths at half- ¢ ia)gg-;cgzelger(b\)/vwzi;sgogq, G Jensen. ’éig&r{"ya;efﬁgzg
maximum (fwhm) of the (111), (110), (200), and (211) Chem. Vap. Deposition998 4, 17—21. S
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Similarly, Bogdanovicet al. used catalytically prepared solid
or solubilized magnesium hydride (MgHo prepare amor-
phous binary magnesium intermetallfsThis avoids the
formation of LiCl as an only partly soluble (in organic
solvents) solid-state byproduct. However, the reactions with
suitable all-hydrocarbon transition metal precursors with the
main group hydrides may be very vigorous. For example,
[Ni(cod),] reacts with [(MgN)AIH 3] even in the solid state
upon mixing without any solvent! The advantage of the less
common Al precursor [(AICp%) (2) over [(MesN)AIH 3] (3) - ST bk
is_ the_ option of tun_ing and bettgr adjustment of the reaction Figure 2. TEM images of agglomerates of nafieNiAl NP1 (left) and a
kinetics of nucleation and particle growth. zoom on a single NP1 particle (right).
CharacterizationAccording to elemental analysis of one
representative sample, the NP1 particles contain 50.9 wt %formed upon sample preparation by air oxidation, or (hydro)-
Ni and 23.1 wt % Al, which corresponds to a Ni/Al stoi- carbon residues from the synthesis. The results of the EDX
chiometry of 1.013:1.000, or the sum formulay Bl o497 (energy-dispersive X-ray) analysis of verify the Ni/Al ratio
The significant C and H contents of 23.4 wt % and 2.6 wt Of around 1:1, within the accuracy of the method of
%, respectively (C/H molar ratio of 1.00:1.32), suggest the measurement of£10%. The analyses of several particle
presence of mesitylene 81, C/H ratio 1.00:1.33). The IR regions did not show significant deviations from the Ni/Al
spectrum of a sample of NP1 exhibits only quite weak ratio of 1:1. It should be noted, that Ni- or Al-rich particles,
absorptions (see the Supporting Information). This observa-@as Well as Ni- or Al-only regions, could not be found.
tion is in qualitative agreement with the mesitylene traces Nonaqueous Colloids off-NiAl Nanoparticles (NP3).
in the powder. The preparation fNiAl from 1and2was  SynthesisAs mentioned above, the cohydrogenolysis of [Ni-
repeated several times, and the measprdtiAl reflections ~ (cod)] (1) and [(AICp*)] (2) leads to a brown-black
exhibited slight shifts corresponding to a variation in solution, which is stable upot8 h of reaction time, and
compositions of NjsAlgss NiosAloss NigsAlose and beyond 8-10 h, 5-NiAl particles are precipitating. Note-
Nio4sAloss The random deviations of the lattice constants Worthy, after 8 h, the entire hydrogen pressure is consumed
in comparison to the literature referenceoMhloso is as indicated by a drop of the pressure from 3<@.1 bar.
pointing to slight variations of the molar Ni/Al ratio in the ~ The reaction was followed by NMR, but the reaction mixture
synthesis. The very accurate determination of the molar ratio was strongly paramagnetic so that no NMR spectrum could
of the particu|ar organometa”ic precursors by We|gh|ng and be recorded. This observation is a hint on the formation of
the quantitative transfer into the reaction vessel is more Ni particles or clusters, since the Ni precursor decomposes
difficult than is usually the case when highly pure elemental at a faster rate than AICp*. In the context of our work on
metals or simple inorganic compounds are the starting the coordination chemistry of low-valent group 13 organyls
materials. Nevertheless the inaccuracy of the obtained ECp* (E= Al, Ga, In) on d° metal centers} we found that
compositions of less thar5% appears quite good. A in an inert gas atmosphere, [Ni(cefyjuantitatively reacts
representative sample of NP1 was annealed in a sealed quart¥ith an excess of [(AICp%) to the thermodynamically stable
tube in vacuo for 24 h at 200C and also at 500C, complex [Ni(AICp*)s], which, however, is not paramag-
respectively. No other reflections than those of fhiliAl netic** Besides, the reaction of equimolar amounts of [Ni-
phase were detected (Figure 1c). In the case of the sampldcod)] and GaCp* under dihydrogen yields the distorted
annealed at 206C, the average particle size of 4 nm does cubic Ni cluster [N(GaCp*)].** As the two precursord
not differ from the as-synthesized particles. Upon annealing @nd2 decompose at different time scales, it is reasonable to
at 500°C some sintering took place leading to a typical size assume the formation of AICp*-stabiIized Ni clusters at an
of the crystallites of 8 nm (Figure 1d). Presumably, during €arly stage of the reaction, besides the parallel decomposition
the synthesis and the workup of the NiAl material, a thin Of [Ni(cod),], before splitting off the Cp*H from the Al

Al,0s layer, formed from traces of oxygen or water (e.g., in centers and formation of the alloy.
the solvent), inhibits particle growth (see the elemental Inorder to characterize the described intermediate black-

analysis data and the respective section below). brown solution, the mixture was cooled down from %D
The TEM image of the particles NP1 reveals broad !0 r0omtemperature aft® h and the all volatile components

sections of agglomerates, consisting of small primary par- Were removed in high vacuo, whereupon a black, metallic
ticles, which confirm the crystallite size calculation from Shining residue (NP3) remained. These particles can easily
XRD data (Figure 2, left image), which is pointing to be redispersed in aromatic solvents, such as benzene, toluene,
polycrystalline particles. In an HRTEM image, a faint shell Of mesitylene. The liquid phase was studied'byNMR.
around the particle is visible (Figure 2, right); however, it Besides signals of the remaining solvent at 6.67 and 2.13
was not possible to determine whether it is an alumina shell,

(31) (a) Gemel, C.; Steinke, T.; Cokoja, M.; Kempter, A.; Fischer, R. A.
Eur. J. Inorg. Chem2004 4161-4176. (b) Steinke, T.; Gemel, C.;

(30) (a) BogdanovicB.; Liao, S.; Schwickardi, M.; Sikorsky, P.; Spliethoff, Winter, M.; Fischer, R. AChem. Eur. J2005 11, 1636-1646.
B. Angew. Chem., Int. Ed. Endl98Q 19, 818-819. (b) Bogdanovic (32) Steinke, T.; Gemel, C.; Cokoja, M.; Winter, M.; Fischer, RAfgew.
B.; Claus, K.-H.; Gutzgen, S.; Spliethoff, B.; Wilczok, UJ. Less- Chem., Int. Ed2004 43, 2299-2302.

Common Met1987, 131, 163-172. (33) Steinke, T.; Gemel, C.; Fischer, R. A. Unpublished results.
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Figure 3. XRD diagram of3-NiAl nanoparticles (NP3), isolated from a
colloidal solution.
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Figure 4. IR spectrum of NiAl nanoparticles NP3.
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Figure 5. TEM images of NiAl colloids without surfactant (NP3, left)
and with 1-adamantane carboxylic acid as surfactant (NP4, right).

Cokoja et al.

a network of small particles, in spite of the observed quite
good solubility and redispersability of the isolated NP3
material. The unexpected stability of the as-synthesized NiAl
nanoparticles as a colloidal solution without the presence of
any intentionally added surfactant is surprising. The subse-
guently precipitated, washed, and dried NiAl powder material
analyzed to 42.1 wt % Ni and 19.7% Al (Ni/Al ratio of 1.000:
1.018) around 36 wt % of hydrocarbons (32.0% C, 4.2% H,
C/H ratio 1.00:1.56). The obtained mass yield of NP3 is
117% of the expected mass of the pure metals after
guantitative decomposition. NMR and IR measurements of
a sample of NP3 were undertaken. In contrast to NP1, the
IR spectrum, shown in Figure 4, reveals broad aliphatidiC
vibration bands at around 2900 and 130%00 cn! and a
very strong AFC vibration band arising at 477 crh

Thus, it can be concluded that the particles are ac-
companied by an undefined, presumably high molecular mass
organic product, which has a weak interaction with the
particle surface but allows the dispersion of the particles in
organic solvents, such ashexane or toluene. Few groups
have reported on the phenomenon of the stability of colloidal
metal nanoparticles in presence of nonfunctionalized sur-
factants, having no distinct covalent or ionic/electrostatic
interaction with the particle surface. Recently, we have shown
that the thermal codecomposition of [Cu(OCH(Me)EH
NMey);] and [ZnEY] in 200 °C hot squalane (2,6,10,15,19,-
23-hexamethyltetracosane) yields free-standing ZnO@Cu
colloids, which, however, gradually precipitate after pro-
longed storage under argéhTristany et al. synthesized Ru
nanoparticles stabilized by perfluorohexacos#ne the case
of our NiAl colloids, the surfactant is presumably a product
of ring opening of the Cp* ligand and subsequent oligomer-
ization, catalyzed by Ni or NiAl. This hypothesis is, for
example, substantiated by the work of Rabinovich et al. who
observed the ring opening of cyclopentadiene over a YAl
catalyst at 500C to 1,3-pentadiene, which can further form
longer chains® Besides, di-, tri-, and tetramerization Diels
Alder products were also observed. Coordination of some
not yet decomposed AICp* to the surface of the NiAl
particles may also be taken into account.

Olefin Hydrogenation Catalyzed by #-NiAl Nanopar-
ticles (NP3).The loss of thexcessiydrogen pressure occurs
afterthe quantitative formation of NiAl nanoparticles. Thus,
it seems that the supposedly initially formed Ni particles are

ppm, a very broad resonance between 2.5 and 1.0 ppm idhot solely responsible for the hydrogenation, but rather the

visible. The 13C NMR spectrum reveals only one weak
resonance at 21.3 ppm, pointing to aliphatic ;G CHs
groups. The’Al NMR spectrum exhibits no signals so that
undesired side reactions of AICp*, e.g., oxidation of Al(l),
can be ruled out.

CharacterizationXRD analysis confirms that the obtained
powder consists of;-NiAl nanoparticles (Figure 3). The

reflections are very broad as compared with the samples of
Figure 1 and thus imply a crystallite domain size below 4
nm. On the basis of the fwhm of the (110) reflection only,
the average size of crystalline domains was roughly estimate

to about 2 nm.
The NiAl colloids NP3 were studied by TEM (Figure 5,

formed NiAl nanoparticles are also quite active hydrogena-
tion catalysts as well. Pétret al. reported on the catalytic
activity of NiAl powder for hydrogenation on the examples

of various organic compounds, e.g., nitrobenzene, acetophe-
none, eugenol, and benzonitrife-Hence, the catalytic activity

of the 5-NiAl nanoparticles (NP3) for cyclohexane hydro-
genation as a test case was studied. Thus, a sample of NP3

(34) Schiter, M. K.; Khodeir, L.; van den Berg, M. W. E.; Hikov, T.;
Cokoja, M.; Miao, S.; Groert, W.; Muhler, M.; Fischer, R. AChem.
Commun2006 2498-2500.

d(35) Tristany, M.; Chaudret, B.; DieudohnB.; Guari, Y.; Lecante, P.;

Matsura, V.; Moreno-Maas, M.; Philippot, K.; Pleixats, Rdv. Funct.
Mater. 2006 16, 2008-2015.

(36) Rabinovich, G. B.; Bakulin, R. A.; Glinchak, S.Neftekhimiy&l989
29, 751-755.

left image, vide infra), showing a rather poor dispersion of (37) PetfoJ.; Hegeds, L.; Sajg I. E. Appl. Catal., A2006 308 50-55.
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(0.35 mmol) was suspended in 5 mL of cyclohexene (50 N
mmol) and treated with 3 bar of &t 100°C, whereupon a

rapid pressure loss was observed. Hydrogen was added as
long as the pressure would not decrease any longer. The total
consumption of 14.6 bar of Hhicely corresponds to 50 mmol

of cyclohexene, which points to a complete hydrogenation

to cyclohexane. The solvent was distilled off, and an aliquot I
was taken for 8H NMR measurement. The spectrum (see

the Supporting Information) exhibits only one singlet at 1.40

ppm, which is in agreement with literature data for cyclo-

hexane. Signals of cyclohexene were not observed, indicating R N

the completed hydrogenation. — S E— 1 . .
Nonaqueous Colloids of 1-Adamantanecarboxylic Acid 30 45 60 & % 105 120

Stabilized a-NiAl Nanoparticles. Synthesissolateds-NiAl 20(°) —

nanoparticles NP3 can be redispersed in toluene and can b&igure 6. XRD diagram of ACA-stabilized Ni/Al colloids NP4.

stored in a Schlenk vessel under argon for several days

without any precipitation_ However, the partides tend to touse ACA as a postsyntheSiS additive to bind on the partiCle
aggk)merate and are po|ydisperse (TEM, see Figure 5)_5Urface for a better diSpeI’Sion of the colloids. ASSUming a
Apparently, the organic shell is too weakly bound to keep Spherical shape of a colloid#-NiAl particle of the type

the particles in solution for a longer period of time. Previous NP3 with a diameter of around 2 nm (estimated by XRD),
experiments of the cohydrogenolysis of [CpCu(RNand 60 molecules of ACA (diametePS A) should be sufficient
[(AICp*)J] in the presence of common surfactants like to entirely cover its surface, which roughly corresponds to a
hexadecy|amine (HDA) or triocty|phosphineoxide (TOPO) NiAI/ACA molar ratio of 2:1. On the basis of that eStimation,
did not give stable colloid& It is noteworthy that after all ~ the brown-black solution of stoichiometrfzNiAl nanopar-
efforts, it was not possible to stabilize Al nanoparticles as ticles in mesityleneq= 36 mmol/L) was treated with 0.5
colloids, by use of various surfactants. The hydrogenolysis €quiv of 1’O-enriched ACA, whereupon the color changed
of [(A|Cp*) 4] in presence of HDA, which is one of the most to deep red. The solution was stirred for 16 h at 280
frequently used stabilizing capping ligands, resulted in the Without further color change or precipitation. Upon evapora-
formation of a solution of a Al(Ill) species, according to tion of the solvent in vacuo at 10C, a black, shiny powder
2771 NMR measurement& The use of PVP as colloid matrix ~ Was isolated. The powder was easily redispersed in aromatic
resulted in the formation of ADs, presumably due to the solvents and proved to be stable under argon for several
reaction of AICp* with the ring carbonyl group. Sterically weeks in contrast to the original NP3 sample. The admittance
demanding carboxylic acids, such as 1-adamantanecarboxyli®f trace amounts of oxygen, however, led to a rapid
acid (ACA), or fatty acids, such as oleic acid (OLEA) or Precipitation.

stearic acid, represent well-known examples of efficient, yet ~Characterization.According to elemental analysis, the
chemically inert surfactants, which allow a control over the ACA@NIi/Al sample, denoted as NP4, contains 29.8 wt %
particle shape and assembly. However, in all cases, theyNi and 14.1 wt % Al, as well as 39.1tW6 C and 4.6 wt %
stabilize oxidation-stable metal and alloy colloids such as H. The residual weight percentage of 12.4 can be assigned
CoP%,28 FePt3 and NiPt% but as well metal oxides, e.g., 0 oxygen. This result corresponds to an empirical formula
TiO,,%t when applied as an additivéuring synthesis. The  for NP4 as Ni ooAl1.05Cs 41Hs.0dO1 5. Taking into account that
presence of quantitative amounts of Brensted acids, as welithe sample may still contain traces of mesitylengHg)

as primary amines (vide supra) or alcohols, immediately leadsand that rigorous exclusion of unintentional oxidation cannot
to side reactions with the Al precursd@®r 3 to form stable ~ be guaranteed, this formula is in acceptable agreement to a
Al(lll) species, which cannot be decomposed to Al(0), at molar ratio of NiAI/ACA of 2:1 (corresponding to Nic
least not under the conditions described. Lower amounts of Al1.00Cs sdHz.0001.06 ACA: C11H1602).

ACA (e.g., 0.1 equiv), however, cannot prevent the precipi- The XRD pattern of the particles NP4 reveals very broad
tation of Al nanoparticles or Al alloys. Hence, we decided reflections that can be assigned to the fcc-Ni structure (Figure
6). Yet, the reflections exhibit small shifts in comparison to
(38) (a) Shevchenko, E. V.; Talapin, D. V.; Murray, C. B.; O'BrienJS. the fcc-Ni reference data, indicating the presence of another

Am. Chem. Soc2006 128 3620-3637. (b) Shevchenko, E. V; i i i i i }'—M
Talapin, D. V.; Schnablegger, H.; Kornowski, A.; Festin; Svedlinh, compon_ent in the Ni laFtlce' Accordlng to the binar |
P.; Haase, M.; Weller, Hl. Am. Chem. So@003 125 9090-9101.  Phase diagram and quite typical for HurriRothery phases,
(c) Shevchenko, E.”V.; Talapin, %hv.; Rggécg\d A. 2L Korrécgvskh the 8-NiAl phase is stable in a range of 485 atom % Al
i poase, Mo Weller, HJ. Am. Chem. So 2124 114 at ambient conditions, and theNi phase region dominates
(39) (a) Kang, S.; Jia, Z.; Shi, S.; Nikles, D. E.; Harrell, J. Mppl. Phys. below 40%*2 The deviation of the lattice constant from the
Lett. 2005 86, 026503-1-026503-3. (b) Sun, S.; Murray, C. B,; ; i ; i
Welier, D Folks, .. Moser, AScience2000 287, 1989- 1992, (c) Ni refe_rence allqws an es.t|mat|on. of t_he molar fraction of
Sra, A. K.; Ewers, T. D.; Xu, Q.; Zandbergen, H.; Schaak, RCIEem. Al(0) dissolved in the lattice of Ni which turns out to be
Commun2006 750-752. o around 38+ 4 atom % in our case. (Vegard's law, vide
(40) Ahrenstorf, K.; Albrecht, O.; Heller, H.; Kornowski, A.; @itz, D.;
Weller, H. Small2007, 3, 271—274.
(41) Cozzoli, P. D.; Kornowski, A.; Weller, HI. Am. Chem. So2003 (42) Hansen, M., EdConstitution of Binary Alloys2nd ed.; McGraw-
125 14539-14548. Hill: New York, 1958.
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Figure 7. 13C NMR spectrum (left) and’O NMR spectrum (right) of ACA@NIi/Al colloids (NP4) in §Dg solution. The asterisk in the left spectrum marks
the 13C signal of GDs at 128 ppm.

of the carboxylate carbon and the neighbored C atom were
not detected. This is not surprising, since it is well docu-
mented that, for colloidal ligand-stabilized nanopatrticles, the
o- and -carbons and -protons of the ligand cannot be
| detected by NMRY Since the nanopatrticle behaves as a solid
1285 material, the atoms bound to the surface exhibit a chemical
913 1693 shift anisotropy of the dipoledipole interactions, resulting
from the slow tumbling of the particles in solution (in contrast
to discrete molecules), which are not averaged as in the case
I of molecules in solution. This causes a very strong line
broadening. Thé’O NMR spectrum (Figure 7, right) shows
150/2 two weak signals at 354.2 and 148.5 ppm. In addition, a
| ) 4|51 very broad structure is extending between 500 arid0
2905 ppm and a strong resonance at 68.9 ppm that stems from
: : : : : : : Al 05, according to literature reports on thH©® MAS NMR
4000 3500 3000 2500 2000 1500 1000 500 shift of alumina** The signal of the free acid at 247.5 ppm
V/em” (authentic reference sample iRQE) is not visible, conclud-

Figure 8. IR spectrum of free ACA (top) and ACA coordinated at the  ing that the ACA is quantitatively attached to the particle
surface of NiAl particles NP4 (bottom). surface.

infra).#3-46 From this observation we conclude that some of ~ The signal splitting of the adamantane carboxylate in two
the Al has been enriched at the surface in the course of thepeaks at 354.2 and 148.5 ppm indicates nonequivalent
ACA addition. The average crystallite size is approximately 0xygen atoms and thus possibly suggests a unidentate
2 nm, calculated from the fwhm of the (111) reflection. The coordination mode at the particle surface. Tao studied the
other reflections were too weak and broad to be used for coordination behavior of monolayers of carboxylic acids on
reliable size estimation via the Scherrer equation. Cu, Ag, and Al surface® All examined films form oxide
TheH NMR spectrum of NP4 in €D displays numerous  layers when exposed to air, and the basicity of the metal
broad signals between 2.5 and 1.0 ppm, and it is difficult to OXide seems to have an influence of the binding mode of
unambiguously locate the protons of the ACA surfactant. the acid, whereas the carboxylate ligand is binding in
The absence of the carboxyl proton indicates the conversionbidentate fashion at Cu and Ag, it is binding with one
of the acid to a carboxylate. The absence of the IR carbonyl 0Xygen on an Al surface, as shown by reflection absorption
vibration band of the free acid (Figure 8, top) at 1693 em IR spectrometry (RAIRS) measurements. Deacon and
confirms the formation of carboxylate species adsorbed atPhillips examined the carboxyl IR vibration bands of
the particle surface (Figure 8, bottom). As already deduced humerous transition metal carboxylate complexes and
from the elemental analysis data, the NMR spectrum exhibits Showed that an asymmetric-REOO coordination, i.e.,
the expected traces of mesitylene. IntH# NMR spectrum, unidentate, gives rise to an increase of the difference of the
no signals could be detected. In th& NMR spectrum
(Figure 7, left) only the resonance shifts of the adamantyl (47) (a) Chaudret, B. Private communication. (b) Dassenoy, F.; Phillipot,

carbons at 39.5, 36.8, and 28.4 ppm were visible. The signals K. Ould Ely, T.; Amiens, C.; Lecante, P.; Snoeck, E.; Mosset, A.;
Casanove, M.-J.; Chaudret, Blew J. Chem1998 703-711. (c)

Pelzer, K. Ph.D. Thesis, Universit&H Essen, 2003. (d) Badia, A;

(43) Dale, H.; Vegard, LZ. Kristallogr., Kristallgeom., Kristallphys., Gao, W.; Singh, S.; Cuccia, L.; Reven,llangmuir1996 12, 1262—
Kristallchem.1928 67, 148-161. 1269. (e) Terrill, R. H.; Postlethwaite, T. A.; Chen, C.; Poon, C.-D;

(44) Bastow, T. J.; Stuart, S. Chem. Phys199Q 143 459-467. Terzis, A.; Chen, A.; Hutchinson, J. E.; Clark, M. R.; Wignall, G.;

(45) Tao, Y.-T.J. Am. Chem. S0d.993 115 4350-4358. Londono, J. D.; Superfine, R.; Falvo, M.; Johnson, C. S.; Samulski,

(46) Deacon, G. B.; Phillips, R. Coord. Chem. Re 198Q 33, 227—250. E. T.; Murray, R. W.J. Am. Chem. Sod.995 117, 12537 12548.
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Scheme 2. Wet Chemical Synthesis af-Ni;—, Al -
Nanoparticles — Ni
I 3 bar Hy, 4 days 1
1 [Ni(cod)g] + —=— [(AICpY)] ——— =" » _1_Ni Al
27 a0 " “Mesitylene, 150 °C (1) f
0.09 <x<0.33

wavenumbers of the symmetris) and the asymmetridrg)
COO stretching band, whereas a rather 1oy COO)—
75(CO0) difference €100 cnY) indicates a symmetric
bidentate coordinatioff.

In Tao's work, the two vibration bands of COO coordi-
nating at Al exhibit a wavenumber difference of 133¢ém
In the case of the ACA-stabilized Ni/Al particles NP4,
7a(CO0)-74(CO0) is 151 cm?* (Figure 8, bottom). Jouet
et al. reported on the coordination of long-chained perfluo-
rocarboxylic acids on the surface of Al nanoparticie$he
7(COO)-7{(COO0) difference was found to be 185 cthn
with R—COO bridging two different Al atoms. Hence, a
unidentate or bridging coordination of ACA would explain
the carboxylate signal splitting in tHéO NMR. However,
capping ligands such as carboxylic acids are strongly bound
to a particle surface, particularly on Al, being very rigid and
thus should exhibit very weak signals in standard solution

NMR.#7In principle, these ligands can be detected by MAS 30 45 60 75 9 105 120
NMR; however, in our casé/O MAS NMR did not reveal 20(°) —

any signal apart from that of ADs, most presumably due  Figure 9. XRD diagrams of (a) Nis7Aloss (b) Nio7sAlo2s (c) Nioss
to the low concentration and the low abundancé’@f in Alo1z, and (d) NpoAlooe a-phase nanoparticles, measured under

the examined material. Thus, the actual signal of the ACA 29°"

ligands on the particle surface may well be the broad signal,
which extends over nearly 600 ppm. Summing up, the
presented’O NMR data are not fully conclusive yet, and
additional work is needed to clarify the binding mode of
ACA to the particle surface. Nevertheless, tf@ NMR and

IR data support the assumption of ACA surface capping at
the NiAl particles.

Nanocrystalline a-Ni;—4Alx Powder Materials. The co-
hydrogenolysis of various molar ratios of [Ni(cedand
[(AICp*) 4] to a-Nii—,Al phases (0.0% x < 0.50) allows a
free variation of the Al content in the aluminide alloy. Thus, 7N
the synthesis of Ni particles doped with Al was performed e 2

in analogy to the formation of-NiAl nanopowder NP1 Figure 10. TEM images of (@) Niloss (b) Nio 76Al025 (¢) NiossAlo 17

(Scheme 2). and (d) Ni.g:Alo.00 a-phase nanoparticles.
In sharp contrast to the synthesis @MNiosAloso the

o-Ni—Aly particles withx < 0.33 precipitate within minutes  samples NP1 and NP2. From the fwhm of all observed
of H, pressure treatment. The initially bright yellow solution reflections (apart from the (200) reflections), the average
gradually changes the color over orange to bright red andsizes of the crystallites in the measuredNi,—Alx powder
finally dark red, before a black powder precipitates. The samples were calculated to bek3l nm for Nipg7Alo.33 7 &
particles were isolated by filtration, washed witipentane, 1 nm for Nig 758l p.25 and 84 1 nm for Nip gsAlp.17and Nbp .oz
and dried. The actual atomic percentage of Al in the Alggg respectively. This is consistent with the average size
synthesizea-Ni;—Al, compounds slightly deviates from the  of primary particles which were observed by TEM (Figure
Al content which was calculated from the mass of used 10, see below). With rising atomic percentage of Al, the XRD
[(AICp*) 4], being 34.1% for the sample denoted wikh~ reflections exhibit an increasing shift from the fcc-Ni
0.33 and 25.3%x= 0.25), 17.0 X = 0.17), and 8.2%X = reference (Table 2), as a result of the growing distortion of
0.09) for the other samples, as shown by elemental analysisthe Ni lattice, which is caused by the incorporation of Al
The XRD diagrams of the:-Ni;—,Al, samples (0.0% x < atoms. Noteworthy, it was not possible to obtain #is-
0.33), presented in Figure 9, all exhibit very broad reflections Al phase by decomposition of 3 equiv of [Ni(ceHyvith 1
that were assigned to the fcc-Ni structure (JCPDS no. equiv of [(AICp*)4. The a-phase was formed, instead,
4-0850). indicating that the Al atoms are randomly distributed in the
The crystallite sizes of all measuredNi;—Al, samples Ni lattice and thus do not form a well-ordered intermetallic
do not show large deviations from those of tHeNiAl phase of its own. Several groups reported on the synthesis
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Table 1. Masses of [(AICp*)}] Required for the Desired Ni—xAl

open in the glovebox over night ¢G- 1 ppm in Ar), then
Phases and the Yields P 9 ght ¢ pp )

taken out and left standing open in air for 24 h.
CharacterizationIn the XRD diagram of th@-Nig s50Al 050

elemental anal

Ni1—Al m([(AlICp* wt % ield . . . .

e LAICP") <) _ o %] Y sample (NP1) after air oxidation (Figure 1la, top) the
x=0.50 0.118¢g(0.182mmol)  Ni, 50.9; Al, 23.1 58 mg (93%) ) . ;
x=033 0.0599(0.091 mmol) Ni 69.3 Al 165 48 mg (91%) reﬂectlons_be_came broader ar_ld a loss _of intensity was
x=0.25 0.039g(0.060 mmol) Ni, 78.9;Al,12.3 47mg(96%) observed, indicating a deformation of tAeNiAl structure.
x=017 00249(0.037mmol)  Ni,75.6,A, 7.1 ~ 41mg(86%)  The XRD pattern ofx-Ni1.Al, powder samples (0.08 x
x=0.09 0.012g(0.018 mmol) Ni, 84.7;Al, 3.5 38 mg (84%)

< 0.33) after air oxidation (Figure 11, parts c and d, top
diagrams) exhibit no changes in comparison to the samples

of bulk NizAl; however, in all cases, the samples were
under argon.

annealed at temperatures above 3000 obtain the desired a8
¥'-NizAl phase with the L3 structure®® The oxidized powder samples were annealed at £@0
TEM measurements of the-Ni; Al nanopowders (0.09 in a sealed quartz ampule in vacuo to determine the presence
< x < 0.33) shown in Figure 10 exhibit agglomerations of ©f NiO (mp 1985°C), i.e., to find out which sample has an
very small primary particles. The size of the primary particles insufficient Al content _for a full qlumma shell. Howe_ver, in
appears to match to the size of crystallite domains, calculated@!l cases, only reflections of Ni were observed (Figure 11
from XRD, so that the synthesized samples can be regarded?0ttom diagrams). This indicates that even at a low Al
as nanocrystalline powders. The Ni/Al ratio, measured by content of 9 atom % in the alloy, air-stable Ni particles are
EDX, was determined to be 2.6:1 for iz 3.5:1 for obtained. The reflections ef-Al,0O3 (corundum, JCPDS no.
Nio75Al .25 4.5:1 for NigsAlo1z and 9.3:1 for NjgiAlo o 46;1212) appea.\red as very weak, bro#@dsiynals at 26,
within the accuracy of the method and matching the 36°, and 67. With decreasing Al conten(< 0.17), the
expectations. reflections were not visible any longer. These findings show
The lattice constants of the-Ni;_Al, nanoparticles were that XRD_does not give a_sufficient proof for the absence of
calculated via the Bragg equation from the (220) reflection, @ny NiO in the bulk particle core. In order to re-evaluate
since the strongest (111) reflection did not show significant the XRD results and analyze the particle composition after
difference from the Ni reference in any case (Table 2). The oxidation in more detail, particularly the oxidation state of
second strongest reflection (200) overlapped with (111) for Nickel, XPS measurements on the air-oxidizetio seAlo.so
x = 0.33 so that the determination of the exact position of Sample (25C) were carried out. Additionally, the oxidation
these reflections was not possible. The variation of the Of all synthesized Ni,Alx (0.09 = x < 0.50) particles was

d-spacing (Table 1) with rising Al content follows Vegard's
law (see the Supporting Information).
The evidently different agglomeration behaviotoeNi; -

investigated by XAS.

XPS Measurement®lumerous groups have studied the
surface oxidation process in NiAl alloys with XP&#-51

Al particles is in congruence with the decrease of concentra-however, in most cases, typically thin film samples were
tion of AICp* or Cp*, again suggesting that the Cp* moiety preheatedx1000°C) in ultrahigh vacuum and then treated
has a pronounced influence on the stabilization of the primary with oxygen gas, usually below 1® mbar. In all these
particles formed during cohydrogenolysis. It should be noted reports, the selective Al oxidation to alumina was observed,
here, however, that precipitation @fNi;—,Al, particles can with Ni still being in the zero-valent oxidation state, which
in fact be prevented when polybutadien,(= 5000 g/mol) may give rise to softer oxidation processes. In the case of
is added during cohydrogenolysis dfand 2. The charac- exposure to ambient air at atmospheric pressure, the condi-
terization of the obtained-NiAl colloids and the postsyn-  tions of oxidation, especially of small particles with a high
thesis derivatization with ACA and other surfactants is surface, are much different. The groups of Young e al.
underway and will be reported elsewhere. and Venezia et &t studied the oxidation behavior of iy
Oxidation Behavior of a-Nii—,Al, Particles. Oxidation. Aloso and y'-NizAl, respectively, at atmospheric pressure
In our previous work on colloidak-Cu;—xAl, nanoparticles ~ conditions ¢700 °C) by XPS. Before oxidation, a strong
(0.10 < x < 0.50) it was shown that intentional oxidation Ni 3p signal was observed at 66.8 eV, characterizing the
by air exposure leads to an alumina film, which prevents clean alloy. Accordingly, the Al 2 signal of alloyed Al
further oxidation of the Cu bulk cor@. From related  at72.9 eV was clearly visible. The Ni 2psignal was visible
metallurgical corrosion studies on NiAl, it is known that the at 853.0 eV, accompanied by 4 satellite at around 859
particular oxidation conditions, i.e., temperature and oxygen €V. It was found that upon oxidation the Al signal shifted
pressure, have a large influence on the kinetics of Al to 76.0 eV and the Ni 3p peak lost intensity and moved to
diffusion and the formation of alumina on the NiAl surfdce. 70.0 eV, thus arguing that the surface of oxidized NiAl
In order to determine the minimum amount of Al which is consisted of a top layer of NiO, with a mixture of A8l
necessary to prevent the oxidation of the Ni component, and NiALO,4 below. This work correlates with the earlier
presumably by formation a fully developed shell around the
remaining Ni/Al core of the particle, the above-described (49) (a) Arranz, A.; Palacio, @.angmuir2002 18, 1695-1701. (b) Bardi,
i Nis Al powder samples (008 x = 050) were i UiAre A Ko Gl Scome s ot
oxidized by careful exposure to oxygen at room temperature. 1987 28, 71-84. (b) Young, E. W. A.; Riviee, J. C.; Welch, L. S.
The vials containing the highly oxophilic samples were left

Appl. Surf. Sci1988 31, 370-374.

(51) (a) Venezia, A. M.; Loxton, C. MSurf. Interface Anal1988 11,
287—-290. (b) Venezia, A. M.; Loxton, C. MSurf. Sci.1988 194,
136-148.

(48) Ma, Y.; Du, Y.J. Alloys Compd2005 395, 277-279.
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Table 2. Deviation of the 2 XRD Reflections from the Ni fcc Structure in Dependence of the Atomic Al Content (Determined by Elemental
Analysis) and the Lattice Plane Constants of the Synthesized-Ni,—xAlx Phases

26, [degP A206 [deg]

hkl Ni x=0.082 x=0.170 x=0.253 x=0.341
111) 44.508 0.084 0.087 0.087 0.088
(200) 51.847 0.169 0.234 0.448 0.970
(220) 76.372 0.097 0.166 0.360 0.526
(311) 92.947 0.191 0.217 0.446 1.057
(222) 98.449 0.212 0.284 0.561 1.407
da2o[A]° 2.4939 2.4968 3 x 104 2.4996+ 3 x 1074 2.5049+ 3 x 104 2.5096+ 3 x 104

aData taken from the JCPDS database no. 4-088a&lculated with the Bragg equation (Cuxkadiation;1 = 1.54178 A).
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Figure 11. XRD diagrams of powder nanoparticles of (ayBAlo.so (b) Nigs7Alo.33 (C) Nig75Alo.25 (d) NigszAlo.17 and (e) Nb.oiAlo.og phases, after air
oxidation (top diagrams) and after annealing in sealed quartz ampoules at@O@0vacuo (bottom diagrams). The asterisks mark the reflections of

a-Al 203.

work of Kuenzly and Douglass on the air oxidation of b
AlgspatT > 900°C, giving a mixture of NiO, NiAjO,4, and
Al,O;, shown by XRD?? If the pressure was, however,
lowered (e.g., 10’ mbar), no Ni* species could be fourfd.

2ps2 photoelectrons at 856.7 eV, a shake-up satellite,
characteristic for NiO, appeared at 862.0 eV, pointing at
oxidized Ni on the particle surface. The Al region shows
the signal of Al 2p;, at 74.5 eV and a very weak Ni 3p

These findings of Young and Venezia are in qualitative peak at 68.1 eV. For this reason, in all otheNii—Aly
agreement to our observed X-ray photoelectron spectrum ofsamplesx < 0.50), NiO would have been observed by XPS,
the oxidized NP1 nanoparticles, shown in Figure 12. In the and thus, there was no reason to perform further studies on
close-up spectra of the Ni region, besides the peak of the Nithose samples, too. Although NiO was detected, XPS only

(52) Kuenzly, J. D.; Douglass, D. lOxid. Met.1974 8, 139-178.

describes the situation at the particle surface, and it is still
unclear whether Ni is also oxidized in the bulk core.
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size of the samples used. Smaller, often disordered particles
can lead to less pronounced features in the XANEBhe
W’W’* ig analysis of the Ni K edge spectra is further complicated by
NWM Alzp ,\ the fact that similarity exists between spectra of Ni foil and
MW /"“ Raney nickeP® In the nomenclature of ref 53, feature F in
‘ 890 880 870 860 830 840 i \\1“4 » the XANES is indicative of a NiNi resonance scattering
i ”"””A"*Mx’“‘wmw found only in the metal and could serve as a fingerprint to
T80 75 70 65 6 distinguish the alloy from the metal. In our samples, this
o1 feature was found in the spectra ofg:jAlg 25 NiogsAlo17
' and Np.oAlgog but it is absent in the case of flz; and
o NispAlso. This suggests that for these three samples, Ni is
v present in its fcc lattice matching the XRD data. In the
P Fourier transform, a substantial incorporation of aluminum
into the Ni lattice (NioAlsg) leads to a splitting of the first
peak as reported in refs 555. In our samples, a splitting
is only seen in the case of ti%eNiAl particles. Modeling of
this spectrum with FEFF paths generated from model NiAl
compounds proved unsuccessful due to the poor data quality,
A F ] 2 3 likely due to the coexistence of several Ni-containing phases.
: : ! ; This observation is further substantiated by the absence of
higher shells, suggesting the lack of long-range order. In our
NigreAl opinion, the argument of whether nickel metal or alloyed
(sim.} NiAl is present is settled by the appearance ofittianction
(see the Supporting Information). Clearly, the sample denoted
as Nb7sAlp 25 is similar to the Ni reference foil, confirming
the XRD data (vide supra), whereas thieulatedspectra
of Ni foil and a Ni 75Alo 25 alloy show obvious differences.
The higher shells in the EXAFS (see peaks labeled 2 and 3)
are visible for samples which contain more Ni {NiAly, x
< 0.33). These higher shells also coincide with the higher
2 shells of fcc-nickel. The small intensity of the first peak in
Photon energy (V) r(A) the FT for the Nj_Alx (x < 0.33) samples is not fully
Figure 13. XANES (left) and EXAFS (right) of Ni_Alx samples after understood. Higher shells are evident in these samples (see
ggg:é"zt”HiE%rlocsoe“;pﬁ’(‘i"g(i‘gsﬂggt‘;‘. simulated WAloos FT has been  pigre 13), which suggests more long-range order, and thus
larger particles. A coexistence of smaller and larger particles

XAS StudiesThe local structure around the central nickel is not excluded by the TEM images. Incorporation of Al into
atom was examined by XAS at the Ni K edge (8333.0 eV). the Ni lattice without consequent splitting of the first peak
The samples were deliberately oxidized prior to measure-is also considered. The first FT peak would then be
ment, in order to establish the role of a protective layer broadened and reduced in height. In light of the presence of
around the core. In Figure 13, the X-ray absorption near- feature F in the XANES, we tend to exclude the latter
edge spectra (XANES, left) and the extended X-ray absorp- explanation.
tion fine structure spectra (EXAFS, right) of samples and
reference materials are shown. The edge position (see Conclusion
XANES) of the samples is similar to that of metallic nickel
(dashed curve) and clearly different to that of NiO (dash
dot curve). Thus, the XANES show that the nickel has not
been oxidized as a result of the treatment and is indeed
protected by a closed shell.

Alloy formation evidence obtained from XAS has been
documented by several auth6¥s3® The XANES spectra for
NiAl alloys reported in this literature appear to show rather
substantial differences, which is likely due to the particle

Ni 2p

I |, OKLL

~—— Binding energy / eV

Figure 12. XPS overview spectrum of oxidized \joAl .50 nanopowder
NP1. The Ni (left) and Al region (right) spectra are shown as insets.

Normalised absorption (-}
[FT (x(k)yk)|

In summary, we presented a novel versatile, soft chemical
approach to NiAl nanoparticles with a freely adjustable Ni/
Al ratio. Two precursors for the Al component were
successfully employed, namely, [(MAIH3] and [(Al-
Cp*)4], which were combined with [Ni(cod) to yield the
respectiveo-/-NiAl phases. The particles remain largely
unaffected against exposure to ambient air, due to the
formation of an alumina layer, which is obviously formed
in situ by diffusion of Al to the particle surface. The Ni-rich
(53) Modrow, H.: Rahman, M. O.: Richards, R.: Hormes, Jnfemann, core is thus protected against further oxidation as expected

H. J. Phys. Chem. R003 107, 12221-12226. from classical metallurgical data on NiAl alloys and matching

(54) Arcon, 1., Mozetic, M.; Kodre, A Jagielski, J.; Traverse, & known thin film surface chemistry of single-crystalline
Synchrotron Radiat2001, 8, 493-495. . . . S

(55) Balasubramanian, M.; Pease, D. M.; Budnick, J. I.; Manzur, T.: Brewe, 3-NiAl. However, a rigorous exclusion of any oxidation
8Dicl)-éPhyS- Re. B: Condens. Matter Mater. Phy$995 51, 8102~ (oxygen getter effects) has not been possible with our

(56) Tkachenko, O. P.; Klementiev, K. V.; van den Berg, M. W. E.; Gies, experimental approach. The primafyNiAl nanoparticles

H.; Grinert, W.Phys. Chem. Chem. Phy200§ 8, 1539-1549. derived using [(AICp*)] form metastable colloids in solution.
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The alternative Al source, [(MBI)AIH 4], is also a valuable  particular also €-H bonds from the Cp* ligan&:" Due to
precursor for the synthesis of nanoscaled metal aluminidethe above-described catalytic properties of the NiAl surface,
alloys. However, the use of [(MR)AIH3] does so far not ~ some hydrogenation of the Cp*H and further coupling
allow the preparation of colloidal metal aluminide nanopar- reactions of still unsaturated products may take place which
ticles. The reaction of the alane with [Ni(ceH)s very eventually leads to the above-mentioned formation of oli-
vigorous and rapidly leads to the precipitation of a hanoc- gomeric hydrocarbon species, which act as primary protec-
rystalline NiAl powder material. The advantage of the alane tion against agglomeration. This poorly defined primary shell
over [(AlICp*),] is the better synthetic availability. Whereas is, however, easily replaced by ACA. The acid strongly binds
[(Me3sN)AIH 4] can easily be synthesized in mass scales of to the particle surfaceat this stage being presumably only
20 g by a simple salt metathesis reaction fromzNidCI + partly oxidized—and thus greatly enhances the stability of
LiAIH 4,26 the Al(l) compound is synthesized in four reac- the colloidal solution.
tion steps, including the synthetically delicate reduction of  Our results suggest that the ACA-stabilized NiAl nano-
Al(lIl) to Al(I) by the Na/K alloy.?> However, the alane is  patrticles could be an attractive air-stable magnetic material
highly reactive and the reaction very vigorous and uncon- and may serve as a model case for subsequent and related
trolled and rapidly leads to the precipitation of a nanocrys- studies. We suggest to protect extremely air-sensitive mag-
talline NiAl powder material. Contrasting this, the sparingly netic nanoparticles derived from the controlled hydrogenoly-
soluble compound [(AICp?%] is a mild reagent, which  sis of organometallic precursors, e.g., Fe, Co, or important
first has to be dissolved>(100°C), before it decomposes to  binary alloy phases, such as CoRh,dnpingthe particles
Al(0) under H pressure. This causes an intrinsic delay of with small amounts of aluminum via the use of [(AICH*)
decomposition so that the time scale of releasing Al(0) and then use subsequent gentle oxidation to generate the
matches quite well to that of the metal precursors used desired alumina@metal corshell structure with a con-
here. trolled alumina thickness. The protection of magnetic metal
It appears that [(AICp*) is an excellent choice for the  nanoparticles with dielectric oxide layers allowing further
wet nanometallurgy of aluminides, particularly when aiming processing has been identified as an important direction of
at the stabilization of free-standing surface-protected metal nanoparticle research.
aluminide nanoparticles. In order to further explain this, we
speculate that at some intermediate stage of the formation

. . s . .
of t:\_eIN|AI gartlclgs, Stll(l:'rlt:ft [[EJAflp ) may bind tt;) Fhe with NMR measurements, Dr. A. Chemseddine, HaNfeitner
particle surface, i.e., (Cp*ANIAlL In a way being  nqhirite Berlin, for his friendly assistance with HRTEM
comparable to thg known molecular cluster chemistry of measurements, and Dr. A. TrautweiridSbhemie AG Muchen,
species such as [Ni(AlCpz)and other [M(AICp*)4]. Inthat  for |ICP/AAS measurements.
latter cases the AICp* moiety acting as very strengonor
ligand to the zero-valent transition metal cenfra3s’ Supporting Information Available: Figures of the IR spectrum
Prolonged hydrogenolysis at elevated temperatures com-°f theS-NiAl nanoparticles NP1, théH NMR spectra of the test
pletely splits the remaining Cp* group from the Al centers of the catalytic gctlvny of the3-NiAl colloids NP3 (before and
g . . . after hydrogenation of cyclohexene), as well as the figure of the

and/or from the aluminide nanopatrticles in the form of Cp*H. e . ; ) .
It should b ted h that h d ibed turat stimation of the Al content in the ACA@NIAl nanopatrticles via

S O_u € n_o ed here *a WE ave esf” e ur?sa_ura € egard’s law (PDF). This material is available free of charge via
reactive species [M(AICp#] (n =4 and M=Fe, Run= o |ntemet at http://pubs.acs.org.
3 and M = Ni) which activate small molecules and in
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