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Although various synthetic methods have been developed for
the morphological controls of nanoparticles, rods, and wires of &
semiconductors, metals, and metal oxides, only limited success has" %
been made in making alloy or intermetallic nanoparticles, such as
FePt, CoPt, and AuCuNot all the compositions or broad particle
sizes have been achieved at the nanometer scale. The formation o
one-dimensional nanorods and nanowires has rarely been reported.
For technologically important CePt and Fe-Pt systems, shape, )
crystal phase, and composition are essential for the outstandin
catalytic, magnetic, and other propertéd:or example, the ordered . _ :
CoPg and FePfhave been predicted to have higher electrocatalytic i P =0 nm

activities than pure Pt in hydrogen oxidation reactidfiie face- Figure 1. TEM images at low (left) and high (right) magnifications of the

centered tetragonal FePt nanoparticles are the most designablgopt nanorods obtained at the Pt(ag&)(acacyCTAB molar ratio of
material among the FePt system for magnetic data storage media 0.5:1.5:10.

applications. The reaction temperatures, however, are usually high
in order to obtain crystal phase- and composition-specific alloy
nanomaterial$?*5 except for a biotemplate synthetic mettod.
These temperatures are typically above the boiling points of most
of the conventional solvents. Postsynthesis high-temperature treat-
ments often affect the particle size, size distribution, and structural
property of the nanoparticles.

lonic liquids (ILs)/® known for their nonvolatile, nonflammable,
and thermally stable properties, have recently been used in making
nanoparticle§:1®> The thermal stability and nonvolatility of ILs,
however, have not been utilized as a high-temperature environment
for the synthesis of nanomaterials, especially crystal phase- and
composition-specific alloy nanomaterials. In this work, we dem-
onstrate that nanorods, hyperbranched nanorods, and nanoparticles ) o
with dif_fe_rem Cth cqmp_ositions can be synthe_sizpd in 1-butyl-3- Figure 2. TEM images of the nanomaterials obtained at the different
methylimidazolium bis(trifluoromethylsulfonyl) imide, [BMIM]-  reactant molar ratios of Pt(acarjo(acac):CTAB: (a) 10:3.3:10, (b)
[TfoN]. 3.3:3.3:10, (c) 3.3:10:10, and (d) 0.37:1:10. Insets show micro-EDs from

[BMIM][Tf ,N] was chosen as the solvent because of its thermal @n individual nanoparticle (panel b) and the tip of a nanorod (panel c).

L 816 Thi . .
Stab'.“ty' This IL was synthes_,lzed using a method reported bundles of CoPt nanorods. These nanorods had an average diameter
previously (Supporting Informatiorf).Cetyltrimethylammonium of ~8 nm. Energy-dispersive X-ray (EDX) analysis indicated the

bromide (CTAB) was used as the capping reagent because it has . . .
good solubility in 1-ethyl-3-methylimidazolium bis(trifluorometh- average Co/Ptatomic ratio of these nanorods wasRlg, Figure

o . . S1.
ylsulfonyl)imide, [EMIM][Tf,N],” which has a chemical structure . . . !
similar to that for [BMIM][TfN]. We examined the reaction at different Pt(ag@)(acac)CTAB

molar ratios to understand the formation mechanism and control

Scheme 1. Molecular Structure of [BMIM][Tf2N] the compositions and crystal phases. In all the tests, [BMIMNTf
(CF3SON- used was kept at 4 mL and CTAB was at 0.375 mmol. Nanoparticles
N@ \ with an average diameter of5 nm formed when the Pt(acac)
HiCT TS CHICHCH,CHy Co(acacy molar ratio was>~1, Figure 2a and b. Most of these

particles formed aggregates similar to some other nanoparticles

formed in ionic liquidst® EDX analysis of nanoparticles shown in

Figure 2a indicated the composition was,Bt;s, which was close

to the atomic ratio of CoRtalloy. The Co/Pt atomic ratio of the

particles shown in Figure 2b was §PBts, which was very close

to those for individual nanoparticles obtained using an ultrahigh

vacuum scanning transmission electron microscope (UHV-STEM,

lDepanmem of Chemical Engineering. Cgrnell VG HBf?Ol STEM), CoPts3, Tgblg S2 and Figure S2.
Laboratory for Laser Energetics. Micro-electron diffraction (ED) analysis indicated that these nano-

Cobalt platinum nanorods were made in freshly dried [BMIM]-
[Tf,N] at 350°C. Platinum acetylacetonate (Pt(acq@nd cobalt
acetylacetonate (Co(acgc)ere used as Pt and Co precursors,
respectively. The Pt(acacfo(acacyCTAB molar ratio was
0.5:1.5:10 (See Supporting Information). Figure 1 shows the
representative transmission electron microscope (TEM) images of

5316 = J. AM. CHEM. SOC. 2005, 127, 5316—5317 10.1021/ja043625w CCC: $30.25 © 2005 American Chemical Society
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formation of CoPt alloy nanoparticles and nanorods with different
compositions and crystal phases. The decrease in melting point of
nanoparticled could be relevant for the formation of stable CoPt
alloys.
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Figure 3. PXRD patterns of the CePt nanomaterials obtained at the
different reactant mole ratios of Pt(aca€o(acac):CTAB: (a) 10:3.3:10,
(b) 3.3:3.3:10, and (c) 3.3:10:10, respectively.

Supporting Information Available: Synthetic procedures for
[BMIM][Tf oN], CoPt nanoparticles, nanorods, and hyperbranched
nanorods. TEM, EDX, and UHV-STEM analysis of nanoparticles,
Figures St-5 and Tables S13. This material is available free of charge
particles were highly crystalline, inset of Figure 2b. When the via the Internet at http://pubs.acs.org.

Pt(acac)Co(acac) molar ratio was below one, bundles of nanorods

were the major product, Figure 2c. The average composition of References

the bundles of CePt nanorods shown in Figure 2c wasggRk,,
Table S3. This value was close but smaller than the number of
CozsPts (or CosPt) obtained on selected individual rods. The micro-
electron diffraction on the selected single rod revealed the single-
crystalline nature of the individual rods, inset of Figure 2c. The
estimated yield of the reactions based on Co elemental analysis
was about 60%. The solvent propertiesf [BMIM][Tf ,N] IL
appeared to play an important role in the formation of CoPt

nanorods. Polydispersed nanoparticles, instead of nanorods, were

obtained when we replaced [BMIM][TN] with trioctylamine as
solvent and reacted at340°C, Figure S4. Hyperbranched nanorods
were obtained at relatively low concentrations of Pt(acac)d
Co(acacy, Figure 2d.

The anisotropic interaction between the capping agents and the
different facets of Ce Pt crystals should also be essential for the
formation of nanorods and hyperbranched nanorods. To examine
the effect of surfactants on the growth mechanism, we replaced
CTAB with N,N-dimethylhexadecylamine (DMHA), which had
similar alkane chain length and an amine function group. Further-
more, DMHA could form from CTAB at high temperatur¥s.
Similar morphological control over CePt systems was achieved
using DMHA as surfactant, Figure S5. This result suggested that
the amine should be the crucial functional group in the control of
the anisotropic growth of CePt nanorods.

Our EDX data indicated that different €&t alloy nanoparticles
and nanorods could be made. This result was confirmed by the
powder X-ray diffraction (PXRD) study, Figure 3. The main
diffraction peaks from nanoparticles made at Pt(ac@c)acac)
molar ratio of ~3 matched those for Cofalloy (space group:
PmBm). The peak position of (111) diffraction between°4énd
43° 26 shifted toward high angle with the decrease of Pt(acac)
Co(acacy molar ratio, suggesting the €d’t nanoparticles and
nanorods form over a wide range of €Bt atomic ratios. The (111)
diffraction of Co—Pt alloy for the nanorods shown in Figure 2c
was at 41.6 260, which belongs to CoPt alloy, Figure 3tlt is
noted that Weller et al. have studied the formation of-®b
nanoparticles in conventional organic solvents below 308 In
those cases, only Cafttanoparticles could form over a wide range
of Pt/Co precursor ratios. The combined high-temperature environ-
ment and the unique property officould attribute to the observed

(1) Forrecent examples, see: (a) Murray, C. B.; Kagan, C. R.; Bawendi, M.
G. Annu. Re. Mater. Sci.200Q 30, 545-610. (b) Manna, L.; Milliron,
D. J.; Meisel, A.; Scher, E. C.; Alivisatos, A. Rat. Mater.2003 2,
382-385. (c) Milliron, D. J.; Hughes, S. M.; Cui, Y.; Manna, L.; Li, J.
B.; Wang, L. W.; Alivisatos, A. PNature2004 430, 190-195. (d) Peng,
Z. A.; Peng, X. GJ. Am. Chem. So2001, 123 1389-1395. (e) Lee, S.
M.; Jun, Y. W.; Cho, S. N.; Cheon, J. Am. Chem. So®002 124,
11244-11245. (f) Murray, C. B.; Sun, S. H.; Doyle, H.; Betley, MRS
Bull. 2001, 26, 985-991. (g) Hyeon, T.Chem. Commur2003 927—
934. (h) Sun, S. H.; Murray, C. B.; Weller, D.; Folks, L.; Moser,Skience
2000 287, 1989-1992. (i) Teng, X. W.; Yang, HJ. Mater. Chem2004
14, 774-779. (j) Shevchenko, E. V.; Talapin, D. V.; Rogach, A. L;
Kornowski, A.; Haase, M.; Weller, HJ. Am. Chem. SoQ002 124,
11480-11485. (k) Zhang, Z. T.; Blom, D. A.; Gai, Z.; Thompson, J. R.;
Shen, J.; Dai, SJ. Am. Chem. So@003 125, 7528-7529. (I) Xia, Y.
N.; Yang, P. D.; Sun, Y. G.; Wu, Y. Y.; Mayers, B.; Gates, B.; Yin, Y.
D.; Kim, F.; Yan, Y. Q.Adv. Mater. 2003 15, 353—-389.
(2) Weller, D.; Doerner, M. FAnnu. Re. Mater. Sci.200Q 30, 611-644.
(3) Xu, Y.; Ruban, A. V.; Mavrikakis, MJ. Am. Chem. So2004 126, 4717
4725.
(4) Teng, X. W.; Yang, HJ. Am. Chem. So003 125, 14559-14563.
(5) Kang, S.; Harrell, J. W.; Nikles, D. ENano Lett.2002 2, 1033-1036.
(6) Reiss, B. D.; Mao, C. B.; Solis, D. J.; Ryan, K. S.; Thomson, T.; Belcher,
A. M. Nano Lett.2004 4, 1127-1132.
(7) Bonhote, P.; Dias, A. P.; Papageorgiou, N.; Kalyanasundaram, K.; Gratzel,
M. Inorg. Chem.1996 35, 1168-1178.
(8) Huddleston, J. G.; Visser, A. E.; Reichert, W. M.; Willauer, H. D.; Broker,
G. A,; Rogers, R. DGreen Chem2001, 3, 156-164.
(9) Dupont, J.; Fonseca, G. S.; Umpierre, A. P.; Fichtner, P. F. P.; Teixeira,
S. R.J. Am. Chem. So@002 124, 4228-4229.
(10) Fonseca, G. S.; Umpierre, A. P.; Fichtner, P. F. P.; Teixeira, S. R.; Dupont,
J. Chem.-Eur. J2003 9, 3263-3269.
(11) Huang, J.; Jiang, T.; Han, B. X.; Gao, H. X.; Chang, Y. H.; Zhao, G. Y.;
Wu, W. Z. Chem. Commur2003 1654-1655.
(12) Scheeren, C. W.; Machado, G.; Dupont, J.; Fichtner, P. F. P.; Texeira, S.
R. Inorg. Chem.2003 42, 4738-4742.
(13) Zhou, Y.; Antonietti, M.J. Am. Chem. So@003 125 14960-14961.
(14) Zhu, Y. J.; Wang, W. W.; Qi, R. J.; Hu, X. lAngew. Chem., Int. Ed.
2004 43, 1410-1414.
(15) Kim, K. S.; Demberelnyamba, D.; Lee, Hangmuir 2004 20, 556—
560

(16) Fredlake, C. P.; Crosthwaite, J. M.; Hert, D. G.; Aki, S.; Brennecke, J. F.
J. Chem. Eng. Dat2004 49, 954-964.

(17) Fletcher, K. A.; Pandey, $angmuir2004 20, 33—36.

(18) Taubert, AAngew. Chem., Int. E®004 43, 5380-5382.

(19) (a) Beck, J. S.; Vartuli, J. C.; Roth, W. J.; Leonowicz, M. E.; Kresge, C.
T.; Schmitt, K. D.; Chu, C. T. W.; Olson, D. H.; Sheppard, E. W.;
McCullen, S. B.; Higgins, J. B.; Schlenker, J.1.Am. Chem. S0d992
114, 10834-10843. (b) Huang, L. M.; Chen, X. Y.; Li, Q. Z. Mater.
Chem.2001, 11, 610-615.

(20) The PXRD peak at 326 was most likely from the (440) plane of €&
impurity. The source of sulfur element could be the [BMIMJ¥ ionic
liquid.

(21) Koper, O.; Winecki, S. Specific Heats and Melting Points of Nanocrys-
talline Materials. InNanoscale Materials in ChemistriKlabunde, K. J.,
Ed.; John Wiley & Sons: New York, 2001.

JA043625W

J. AM. CHEM. SOC. = VOL. 127, NO. 15, 2005 5317



