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The synthesis of shape-controlled metal nanocrystals is motivated
by their wide range of properties that are useful for applications
that include optics, electronics, magnetism, and catalysis." As a
target for shape-controlled nanocrystal synthesis, indium metal is
attractive because it is superconducting,” is active for surface
plasmon resonance (SPR),? and is used as a component in low-
melting solders* and solid-state lubricants.’ Nanocrystalline In with
predominantly spherical shapes has been synthesized using a variety
of physical and chemical methods. Representative physical methods
include laser ablation,® evaporation,” ultrasonication,” and dispersing
molten In into paraffin oil.” Chemical methods have typically
required the use of strong reducing agents such as sodium metal,’
zinc powder,® and alkalides and electrides.® Decomposition of low-
valent organometallic complexes has also been used to synthesize
In nanoparticles'® and nanowires.'!

While In** should be reducible to In® by BH,~ based on standard
reduction potentials (EOIn3+/In = —0.338 eV vs SHE, EOB(OH)3/BH47
= —0.481 eV vs SHE), there have been no reports describing the
synthesis of In nanocrystals using borohydride reduction, polyol
reactions, or related mild solution methods that are among the most
common strategies for generating shape-controlled nanocrystals.'?
Here we describe a simple kinetically controlled borohydride
reduction process for synthesizing shape-controlled In nanocrystals
at room temperature.

In nanoparticles were synthesized by the dropwise addition of a
solution of NaBH, in tetraethylene glycol (TEG) to a solution of
InCl; and poly(vinyl pyrrolidone) (PVP, MW = 630000) in
isopropyl alcohol (IPA). In a typical synthesis, InCl; (10 mg) and
PVP (0.10 g) were dissolved in 10 mL of IPA. After purging with
Ar, 15 drops (13 uL/drop, ~0.2 mL total) of a freshly prepared
NaBH4/TEG solution (0.07 g of NaBH4 in 5 mL of TEG) were
added at ambient temperature. After 10 min of stirring, the
precipitate was separated by centrifugation and washed several times
with ethanol. The isolated product was easily dispersible in water
and ethanol. It is important to note that if an IPA solution of NaBH4
is used, In nanocrystals do not form, presumably because of a faster
reaction of NaBH, with the alcohol than with In**. Using TEG as
the solvent for NaBH, maintains its reactivity long enough to reduce
In*"* to In® after it is added to IPA.

The rate of dropwise addition of the NaBH4/TEG solution to
the InCL/IPA solution, and therefore the reduction Kkinetics,
influenced the shape of the In nanocrystals. For example, Figure
la shows transmission electron microscope (TEM) images of In
nanowires (50—70 nm diameter, 3—4 um long, 95% yield)
synthesized by initially adding 10 drops of NaBH4/TEG at a rate
of 1 drop every 2 s, then waiting 50 s before adding 5 additional
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Figure 1. TEM micrographs of indium (a) nanowires, (b) octahedra, and
(c) truncated octahedra synthesized by borohydride reduction of In*".
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Figure 2. (Left) Powder XRD patterns for In nanoparticles and simulated
XRD data for In metal; (right) higher-angle XRD data for all samples; (inset)
representative SAED pattern for In nanowires.

drops at the same rate. The selected area electron diffraction (SAED)
pattern in Figure 2 confirms that the nanowires are composed of
In metal. The powder X-ray diffraction (XRD) pattern for this same
sample (Figure 2) shows evidence of preferred orientation, with
the 011, 002, and 022 peaks exhibiting relative intensities much
higher than predicted for an isotropic sample. Figure 2 also shows
the XRD pattern for irregularly shaped In nanocrystals synthesized
without controlling the reduction rate (Supporting Information,
Figure S1), which shows no preferred orientation.

When the reduction rate is increased, other nanocrystal mor-
phologies can be accessed. For example, upon adding 15 drops of
NaBH4/TEG solution at a rate of 1 drop/s, 80 £ 7 nm In octahedra
are formed in 85% yield (Figure 1b). When 10 drops of NaBHy
solution are added at a rate of 1 drop/s, followed by an 8-s pause
and the addition of the remaining 5 drops at a rate of 1 drop/s, 95
4 5 nm truncated octahedra are formed in 80% yield (Figure 1c).
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Figure 3. TEM images from intermediate stages of the reaction: (a) In
nanowires growing off of octahedral seeds; (b,c) nanowires becoming thicker
as the reaction progresses. (d) Enlarged TEM image showing the nanowire
tips, which maintain the points defined by the octahedral seeds.
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Figure 4. (a) Representative UV—visible absorption spectrum of In
nanoparticles (octahedra) and (b) temperature dependent magnetization at
a 8.5 Oe applied field (black diamonds, bulk In; red circles, In nanowires;
blue triangles, In octahedra; green squares, In truncated octahedra).

Preliminary evidence suggests that other shapes, including triangles
and decahedra, can also be accessed.

Shape control in this system appears to be driven by reduction
kinetics, rather than by the influence of different types or concentra-
tions of surface stabilizers or additives that are typically used for
synthesizing nonspherical nanocrystals.'? Other shape-controlled
metal nanocrystals have been proposed to form by a similar
mechanism.'? The initial slow reduction step generates octahedral
In nanoparticles, which act as seeds for the growth of nanowires.
Preliminary data are consistent with this hypothesis, showing
nanowires growing off of octahedra (Figure 3). This is also
consistent with the XRD data showing preferred orientation, which
correlates well with the observed morphologies and crystal growth
directions (see Supporting Information). For the faster reduction
processes, a larger number of seeds are generated initially, limiting
growth to zero-dimensional nanocrystals. Slower reduction (after
the formation of seeds) leads to the growth of nanowires with tips
that maintain the pointed geometry defined by the octahedral seeds
(Figure 3d). More detailed mechanistic studies are in progress.

In nanoparticles are known to exhibit an SPR peak at UV —visible
wavelengths. The In octahedra show an SPR peak centered around
400 nm (Figure 4a), which is within the range of reported
wavelengths for the In SPR band.*®’ Also, bulk In metal is
superconducting with 7. = 3.4 K,? and all of the In nanoparticles
are superconducting as well. Temperature dependent magnetization
data, M(T), for each sample measured with 8.5 and 100 Oe applied
fields are shown in Figures 4b and S2, respectively. The data were
normalized to the absolute value of the magnetic moment at 7 =
1.8 K. A sample of bulk In powder is included for comparison.
All samples show diamagnetic behavior below 3.4 K, indicating
the existence of the superconducting transition, even for the
essentially zero-dimensional octahedra. Unlike the sharp transition
observed in bulk In at 8.5 Oe (Figure 4b), a gradual drop in
magnetization is seen in all of the In nanoparticle samples, similar

to that observed for Sn and Pb nanowires.'* Interestingly, while
measurements at 100 Oe significantly decrease 7. in bulk In as
expected because of its low critical field, 7. remains almost
unchanged for all of the In nanoparticle samples (Figure S2). This
suggests that the In nanoparticles have a much higher critical field
than bulk In, similar to recently reported results on In nanopowder
synthesized via thermal evaporation of bulk In.?

In conclusion, shape-controlled In nanoparticles have been
synthesized using a room-temperature NaBH, reduction strategy.
In nanowires, octahedra and truncated octahedra can be accessed
simply by changing the rate of dropwise addition of NaBH4/TEG
into a solution of InCl;/PVP/IPA. These nanoparticles exhibit the
expected SPR properties, as well as superconductivity with a higher
critical field than bulk In. It is anticipated that the shape-controlled
In nanoparticles could also serve as templates for conversion into
In-based nanomaterials, including InP and In intermetallics.'®®'>

Acknowledgment. This work was supported by the U.S.
Department of Energy (DE-FG02-06ER46333), the Petroleum
Research Fund (administered by the American Chemical Society),
a DuPont Young Professor Grant, a Beckman Young Investigator
Award, a Sloan Research Fellowship, and a Camille Dreyfus
Teacher-Scholar Award. X.K. and PES thank the Penn State
MRSEC for funding. Electron microscopy was performed at the
Materials Characterization Facility at the Penn State Materials
Research Institute. The authors also acknowledge use of facilities
at the PSU site of the NSF NNIN.

Supporting Information Available: Additional experimental and
characterization details, additional TEM images, supporting data for
the proposed nanocrystal formation mechanism, and M vs T data for
bulk In and In nanoparticles at an applied field of 100 Oe. This material
is available free of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Dumestre, F.; Chaudret, B.; Amiens, C.; Renaud, P.; Fejes, P. Sgieuce

2004, 303, 821. (b) Burda, C.; Chen, X.; Narayanan, R.; El-Sayed, M. A.
. 2005, 705, 1025. (c) Eustis, S.; El-Sayed, M. A. (aligiiaat

Rey. 2006, 35, 209.

(2) Wu, F.-Y.; Yang, C. C.; Wu, C.-M.; Wang, C.-W.; Li, W.-H. J. Appl. Phys.
2007, 101, 09G111.

3) Khanna P. K.; Jun, K.-W.; Hong, K. B.; Baeg, J.-O.; Chikate, R. C.; Das,

. 2005, 59 1032.

4) Abtew M.; Selvaduray, G. iy 2000, 27, 95.

(5) Li, Z.; Tao, X.; Cheng, Y.; Wu, Z.; Zhang, Z.; Dang, H. i
A 2005, 407, 7.

(6) Ganeev, R. A.; Ryasnyanskiy, A. I.; Chakravarty, U.; Naik, P. A,
Srivastava, H.; Tiwari, M. K.; Gupta, P. D. h 2007,
86, 337.

(7) Zhao, Y; Zhang, Z.; Dang, H. J. Phys. Chem. B 2003, 107, 757.

(8) Zhang, Y.; Li, G.; Zhang, L . 2004, 7, 344.

(9) Tsai, K.-L.; Dye, J. L. 1991, /13, 1650.

(10) (a) Soulantica, K.; Maisonnat, A.; Fromen, M.-C.; Casanove, M.-J.; Lecante,
P.; Chaudret, B. . 2001, 40, 448. (b) Yu, H.; Gibbons,
P. C.; Kelton, K. F.; Buhro, W. E. . 2001, 723, 9198. (¢)
Soulantica, K.; Erades, L.; Sauvan, M.; Senocq, F.; Maisonnat, A.; Chaudret,
B. 2003 13, 553. (d) Nedeljkovic, J. M.; MICIC O.1;
Abhrenkiel, S. P.; Meldaner A.; Nozik, A. J. “ 2004, ]26
2632.

(11) Soulantica, K.; Maisonnat, A.; Senocq, F.; Fromen, M.-C.; Casanove, M.-
J.; Chaudret, B 20

(12) (a) Scher, E. C.; Manna, L.; Alivisatos, A P.

2003, 361 241. (b) Gou L.; Murphy, C. J. eebsiiaddsiigs. 2005, /7,
3668. (c) Wiley, B.; Sun, Y.; Xia, Y. . 2007, 40, 1067.

(13) (a) Sun, Y.; Xia, Y. debmddgigs 2002, /4, 833. (b) Humphrey, S. M.;
Grass, M. E.; Habas, S. E.; Niesz, K.; Somorjai, G. A.; Tilley, T. D. Nauo
Lett. 2007, 7, 785-790.

(14) (a) Tian, M.; Wang, J.; Snyder, J.; Kurtz, J.; Liu, Y.; Schiffer, P.; Mallouk,
T. E.; Chan, M. H. W. 2003 83, 1620. (b) Mlchotte S.;
Plraux L.; Dubois, S.; Pailloux, F.; Stenmt G.; Govaerts, J. M
2002, 377, 267.

(15) (a) Khanna, P. K.; Jun, K.-W.; Hong, K. B.; Baeg, J.-O.; Mehrotra, G. K.

. 2005, 92, 54. (b) Henkes, A. E.; Schaak, R. E. Chep,
Mazer. 2007, 19, 4234. (c) Chou, N. H.; Schaak, R. E. it
2007, 129, 7339.

JA801949C

J. AM. CHEM. SOC. = VOL. 130, NO. 26, 2008 8141


http://pubs.acs.org/action/showImage?doi=10.1021/ja801949c&iName=master.img-002.jpg&w=230&h=117
http://pubs.acs.org/action/showImage?doi=10.1021/ja801949c&iName=master.img-003.jpg&w=189&h=91

