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Cross-shaped and octahedral nanopatrticles (hexapods) of MnO in size, and fragments thereof, are created
in an amine/carboxylic acid mixture from manganese formate at elevated temperatures in the presence of
water. The nanocrosses have dimensions on the order of 100 nm, but with exposure to trace amounts of
water during the synthesis process they can be prepared up to about 300 nm in size. Electron microscopy
and X-ray diffraction results show that these complex shaped nanopatrticles are single crystal face-centered
cubic MnO. In the absence of water, the ratio of amine to carboxylic acid determines the nanocrystal
size and morphology. Conventionally shaped rhomboehdral/square nanocrystals or hexagonal particles
can be prepared by simply varying the ratio ofrtrgctylamine/oleic acid with sizes on the order of
35—40 nm in the absence of added water. If the metal salt is rigorously dried before the synthesis, then
“flower-shaped” morphologies on the order of-560 nm across are observed. Conventional square-
shaped nanocrystals with clearly discernible thickness fringes that also arise under conditions producing
the nanocrosses mimic the morphology of the cross-shaped and octahedral nanocrystals and provide
clues to the crystal growth mechanism(s), which agree with predictions of crystal growth theory from
rough, negatively curved surfaces. The synthetic methodology appears to be general and promises to
provide an entryway into other nanoparticle compositions.

Introduction have developed methods for producing unusual forms such
as nanobelts, nanostars, nanotrees, and nanotetrapbdse
various forms of nanomaterials show promising applications
related to their anisotropic properti€s??> The work of

Alivisatos et al., in which tetrapod structures of CdSe and

The controlled synthesis of nanoparticles has been widely
studied in recent years owing to the unusual properties that
particles in this size regime display. A large number of
potential commercial applications are envisioned for particles
having diverse physical and chemical properties, with
potential applications ranging from use as magnetic and (8) Son, D. H.; Hughes, S. M.; Yin, Y.; Alivisatos, A. Bcience2004
electronic materials to catalysis and bioremediation. But (g iﬁ? Jl_??_?fﬂgif'\(ang‘ W.; Manna, L.: Wang, L.-w.: Alivisatos, A.
controlling the growth of nanoparticles under widely diver- P. Science2001, 292, 2060-2063.
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noble metals as well as simple chemical compounds, adopt(11) Tang, Z.- Kotov, N. A.; Giersig, MScience2002, 297, 237-240.
thermodynamically favored forms, including spheres, cubes, (12) Pan, Z. W.; Dai, Z. R.; Wang, Z. IScience2001, 291, 1947-1949.

13) Ma, R.; Bando, Y.; Zhang, L.; Sasaki, Adv. Mater.2004 16, 918—
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CdTe are obtained owing to the availability of the energeti-
cally similar face-centered cubic (fcc) zinc blende and
hexago.nall wurtzite .morpholog|ééjs particularly relevant reagents were obtained from Aldrich Chemical Co.ptgetylamine
to our findings detailed below. (TOA,; 98%), oleic acid (OA; 90%), oleylamine (70%), stearic acid
In this paper we wish to report how a reaction system can (95%), ethanol, and hexane were distilled using standard methods.
be controlled to produce manganese oxide nanoparticles ofBases and acids were dried separately at°T®Qnder vacuum for
novel forms. These results potentially have application to a about 4 h. Mn(HCOQ)was dried under vacuum (1®Torr) at
wide variety of compositions and involve changing the about 110°C for 4 h. For all reactions described, the initial color
solvent system by varying the relative amounts of carboxylic indicat!ve of dgcomppsition to nanoparticles was green. With cargful
acid and organic amine in the presence or absence of Waterfexclusmn of air a_nd in the presence of water, th_e slurries remaln_ed
These findings imply a complex growth mechanism in which green after cooling; however, exposure to air would result in

the effecti | t acidit d vi it led with th conversion to a brownish red color. Note that MnO is found in
€ eflieclive solvent acidity and VISCOSIty coupled wi € nature as the green mineral manganosite. TEM study was carried

solublllty properties of the metal oxide in question allow using JEOL 2000FX and JEOL 2010 microscopes that were
production of the unusual forms, apparently through the equipped with energy-dispersive spectrometers and operated at 200
promotion of rough surface formation as will be discussed kv. Conventional and high-resolution TEM imaging, selected area
below. Manganese oxides are known to adopt porous,electron diffraction (SAED) and energy-dispersive spectroscopy
metastable forms in addition to nonporous manganese oxidegEDS) methods have been used for analysis of manganese oxides.
with a perovskite structur&.To date most of the reported Incases where the crystals proved sensitive, evidently from heating
studies on manganese oxides deal mainly with conventionalby the electron beam, reduction of the intensity of the electron beam

forms such as nanorods, nanosheets, nanowires, nanosphered!d/or limiting the exposure time was done to minimize their
nanobelts. or nanocub®2° While our work was in influence on the crystals. The EDS data indicated that the

. - . . manganese oxides had a homogeneous distribution of manganese
preparation, a communication reporting similar results to

h h f d d i EhiThat ions with no other elements present, and the electron diffraction
0Seé we have lound appeared In printihat paper data confirmed that no other phases were present other than MnO.

suggested that the growth of the branched nanostructuresymic force microscopy (AFM) measurements were carried out
occurred via oriented attachment, but our findings show that ysing a Nanoscope IV Multimode atomic force microscope from

these structures arise from a more complicated dissolution/veeco Metrology. Viscosity measurements were carried out using
growth mechanism. The evolution of the structures observed RDA Il Rheometrics Instruments. All the tests were run with a 40
gives insight into the growth mechanism; in addition, details mm parallel plate fixture. The minimum torque transducer range
about controlling a wide variety of nanoparticle shapes over is 2-500 g/cm, and the normal force range is 500 g.

a diverse range of reaction conditions are reported here. This X-ray diffraction (XRD) for lattice parameter determination was
paper details a much larger range of reaction conditions performed at Rigaku/MSC on a Rigaku Ultima Il at 40 kV and 44
leading to additional shapes not previously observed. Fur-MA with unfiltered Cu Kx radiation ¢ = 1.5406 A) using cross

Experimental Section

All work was carried out using standard Schlenk techniques. All

thermore, the communicati#hmisassigned some of the beam optics (CBO) and a hermetically sealed, high-temperature
' sample chamber at 298 K under vacuum. To minimize air exposure,

sample transfer from the inert atmosphere to the sample chamber
occurred quickly €5 min). An initial diffractogram of the green
slurry corresponds to the MnO nanocrosses, dispersed on a platinum

transmission electron microscopy (TEM) diffraction peaks

that are systematically absent for these fcc lattices. The origin

of the spots those authors assignedla)Xreflections are

described in a separate paper, which convincingly demon-pan with a 0.0220 step size and 2.5step ? in continuous mode,

strates that such spots arise from the development gOin

and confirmed that the sample matched the International Centre

within the MnO shaped nanoparticles. After this paper was for Diffraction Data (ICDD) powder diffraction file (PDF) database
reviewed, another short report of shaped MnO nanoparticlescard PDF 77-2363 for cubic MnO (space grobm3m). Repeat
appeared! That paper presented barbell-shaped particles analysis at a 0.00220 step size and 4-step* for ~11 h on
similar to the ones found here upon annealing of the discretized regions centered on (111), (200), (220), (311), (222),
structures (vide infra). Furthermore, manganese oxides have®nd (400) using CBO calculateal = 4.446(8) with a standard

important catalytic and ion exchange properties that justify

their study?*
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13594-13598.
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Chem., Int. Ed2004 43, 1115-1117.
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Suib, S. L.Sciencel997, 276, 926-930.

(29) Shen, X.; Ding, Y.; Liu, J.; Laubernds, K.; Zerger, R. P.; Polverejan,
M.; Son, Y.-C.; Aindow, M.; Suib, S. LChem. Mater.2004 16,
5327-5335.

(30) Zzitoun, D.; Pinna, N.; Frolet, N.; Belin, @. Am. Chem. So2005
127, 15034-15035.

(31) Zhong, X.; Xie, R.; Sun, L.; Lieberwirth, I.; Knoll, W.. Phys. Chem.

B 2006 110, 2—4.

deviation ¢) = 0.0003 A. CBO was used to precisely determine
the lattice constant independent of sample height, in contrast to
traditional focused beam optics. The sample was verified to be green
upon removal, qualitatively confirming stability during analysis.
Close analysis of the baseline failed to reveal any minor reflections
characteristic of a superlattice. The sample slurry, dispersed on a
microscope slide, transformed from green to brown over the analysis
duration. The color change was attributed to air exposure rather
than X-ray degradation as based on prior experience.

Synthesis of Conventional ShapesSmall nanocubes (Figure
1, 30-35 nm) were synthesized by decomposing a mixture of
Mn(HCOOY), (3 mmol) in the presence of TOA (9 mmol) and OA
(15 mmol). The mixture was heated to 34D for 5-10 min (time
counted after the green phase is formed. Using a molar ratio acid/
amine of~1:4 and M/HO, ~8 equiv of water hexagons were

(32) Perrin, D. D.; Armarego, W. [Purification of Laboratory Chemicajs
Pergamon Press: New York, 1988.
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Figure 1. (A) MnO nanoparticles (3540 nm) oriented with th§ 001} planes perpendicular to the electron beam. (B) MnO nanoparticles-e4B5m
oriented with the{111} planes perpendicular to the electron beam.
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Figure 2. (A) Assembly of flower-shaped nanoparticle fornts=€ 56 + 5 nm). (B) Expanded view of one flowerlike particle. (C) Star-shaped particles
were observed after 1 h. (D) Nanocrosses (1182 nm) and related shapes synthesized in the presence of TOA/OA (2:1)@fdiH4:1). (E) Nanohexapods
with a large size distribution and their fragments synthesized in the presence of TOA/OA (@A (~8:1).

200 oo &

formed (106-300 nm). Upon carrying out the decomposition in h, and kept in drybox. The synthesis was then carried out by
the presence of oleylamine (20 mmol) instead of TOA and OA decomposing a mixture of MN(HCO®}3 mmol) in the presence
smaller hexagonal shapes were also formed-@5% nm; Figure of TOA (14 mmol) and OA (6.34 mmol) to 34TC for 5—10 min

1). When OA is used alone no decomposition was observed at 340(time counted after the green phase is formed).

°C; nevertheless, when pure stearic acid is used small cubic MNO  NanocrossedNanocrosses (Figure 2) with dimensions~af10
particles (20 nm) were formed. Heating was accomplished using anm were synthesized by decomposing a mixture of Mn(HCOO)
standard heating mantle, and cooling was done by simple removal(3 mmol) in the presence of TOA (14 mmol) and OA (6.32 mmol).

of the sample from the mantle. A controlled amount of water (4 equiv) relative to the metal salt
Synthesis of Unusual Shapes$Flower-Shaped” ParticlesThe concentration was added. The solution was annealee340 °C

synthesis of flower-shaped (Figure 2) particles requires that the TOA for 5—10 min. The final product is a greenish solid that can be

and OA be dried fo4 h under vacuum 1@ Torr at 100°C. The isolated by centrifugation and redispersed in hexane and tetrahy-

Mn(HCOO), was dried under vacuum 18Torr at 110°C, for 5 drofuran (THF). Upon oxidation the material turns brownish red.
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Figure 3. (Series 1) Progression of forms ranging from squares through partially “etched” (batch TOA/OAQ/Mi ~4:1) squares~132 nm) to fully
formed cross forms and their derivatives. Part E (series 1) shows evolution of crystal growth conditions (arrow) and texture of the evolvingahdnocrys
and ** represent the limiting\u/kT values that distinguish spiral, nucleation, and dendritic growth fields (figure derived from the litedt(Beyies 2)
Progression of a hexapod nanopatrticle to octahedral structures and derivatives thereof (batch TOA/O£/R1h; H8:1).

Typical elemental analyses are as follows (Galbraith Analytical modifications of the system. The ratio of carboxylic acid to

Laboratories): Mn, 66.23; C, 9.71; H, 1.69; N0.5%.

Octahedral Particles and Their Fragmentsiexapods and
fragments thereof (Figure 2) with a dimension~e£50—-300 nm
were synthesized by decomposing a mixture of Mn(HCQ@O
(3 mmol) in the presence of TOA (14 mmol) and OA (6.32 mmaol).
A controlled amount of water (#/Mn, 1:4 molar ratio) was added
so that the total water content was abet® mmol. The solution
was annealed at+340 °C for 5-10 min. The final product is a

amine is important, and the decomposition did not occur in
the pure OA or TOA at 340C (in TOA, a slight green color
appears as in the other decomposition reactions; however,
the amount of nanopatrticles produced is very small, and there
was no evidence of nanocross formation) although decom-
position in pure stearic acid produced-286 nm cubic-
shaped particles. An increase in the relative amount of amine

greenish solid that can be isolated by centrifugation and redispersednd the introduction of water (TOA/OA, 4:1;,8/Mn, 4:1)
in hexane and THF. Upon oxidation the material turns brownish pr.oduced a mlxt.u.re of predomlnantly hexagonal forms along
red. Typical elemental analyses of both nanocrosses and hexapodwith a few additional cubic nanoparticles (¥0050 nm).

after precipitation in EtOH and drying under vacuunradorr
leads to brownish powder that also analyzes as MnO.

Results and Discussion

When the reaction was performed in the presence of an
excess of amine (TOA/OA:-2:1), flowerlike nanoparticles
(56 nm) were obtained (Figure 2A,B) with apparent six- or
threefold symmetry representing the onset formation of small

Manganese(ll) oxide nanoparticles can be conveniently Octahedra (vide infra). The star shapes appear sensitive to

grown by decomposing a Mh carboxylate precursor in a
heated mixture of OA and TOA. Tables-B summarize a
variety of conditions giving rise to different nanoparticle
shapes. When the decomposition of MNn(HC®(3) mmol)

is carried out at 340C in acidic media (1:1, molar ratio)

time, and upon extended annealingl(h), the particles grow

in size and transform into more complicated star shapes
(Figure 2C). Meanwhile, crystal faces begin to be less
distinct.

Some of the most interesting forms (Figure 2D,E) were

under anhydrous conditions, arrays of predominately squareobtained reproducibly upon decomposition of MNn(HC@O)

nanoparticles (3540 nm; Figure 1A) are obtained that give
diffraction patterns consistent with fcc MnO witil0G}

(3 mmol) in TOA/OA (~2:1 molar ratio) with water present
(typically 4:1 or 8:1 HO/Mn molar ratios).The various forms

planes aligned perpendicular to the electron beam. These aréave clear relationships to each other and can be classified

similar in form to those previously reported by Yin and

in two series. One series is based upon cross-shaped particles

O’Brien,2® which readily self-assemble. When the same (Figure 3, series 1) which are on the order of +130 nm

decomposition is carried out at 28C in the presence of
emulsified oleylamine (18 mmol, #0/Mn = 4:1) arrays of

square. The other series involves a “bulky” octahedral parent
structure leading to more compact octahedra and octahedral

predominately hexagonal nanoparticles are formed insteadfragments (Figure 3, series 2). The images within each series
that give diffraction patterns consistent with fcc MnO (Figure can be viewed as interrelated as the cross-shaped nanocrystal

1B) but oriented with th¢ 111} planes perpendicular to the
electron beam.

morphology can also derive from an octahedral fragment with
a pair of missing opposing arms; however, the nanocrosses

To understand why the nanocrystals adopt different can derive from the square plates with involvement of
preferential growth patterns, we further explored the range octahedral intermediates. In this regard, it is particularly
of reaction parameters and have discovered that highlyintriguing that the nanocrystals in the first series contain a
unusual nanoscale forms can be obtained upon simplesmall number of square nanocrystals that have similar
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Figure 4. (A) Representative nanocross with (B) the corresponding SAED
confirming the MnO fcc structure wita = 0.44 nm.
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£ |8 | § 18 | &8¢ formations; however, weak amorphous diffraction rings were
O A LR observed on the SAED patterns. This result led us to consider

35 45 55 65 75 85 the possibility that the particles are more sensitive to electron

200) beam damage when they are fresh. Upon exposing the fresh
Figure 5. XRD analysis of MnO nanocrosses. (A) Structural characteriza- particles to an intense electron beam, dynamic phase and
tion of MnO at Rigaku/MSC using CBO on a platinum (Pt) panin aninert form transformations were observed in the electron beam.
ZFT;&%;‘?{? at 298 K. The sample adopts space goufm with a = Details of these interesting phenomena will be reported
separately.

dimensions as the nanocrosses and exhibit thickness extinc- T0 further shed light on the growth mechanism we probed
tion fringes (Figure 3A, series 1) in the TEM images that the external morphology by imaging it along the lateral and
mimic the final form of the nanocrosses. The sequence in frontal views, and the internal microstructure by high-
Figure 3, series 1, presents a characteristic progression ifesolution TEM and the chemical composition of the various
the crystal growth process with distinct changes in the regions of the crystals exhibiting thickness fringes were
kinetics and growth mechanism. The formation of channels Probed by EDS. No difference in structure or composition
as indicated by the TEM thickness fringes can be understoodin the channel areas could be detected by TEM or EDS. AFM
as a precursor to dendritic branch formation. This growth analysis of 50 nm crosses confirms that they are platelike
mechanism is discussed below in more detail in the context (Figure 6).
of crystal growth theory. Interestingly, an apparent self-  Upon tilting the TEM stage, the three-dimensional struc-
assembled array in which cross-shaped motifs that resembldures of the nanoparticles were examined. The tilting data
the ones found here are prominent has been repdtted. for the nanocrosses (not shown) was consistent with the AFM

Chemical composition of the nanocrosses was checked bydata (Figure 6) showing the platelike shape qf those particles.
EDS and confirmed to be pure manganese(ll) oxide. No extra The hexapods and related fragments (Figure 2E) were
peaks from any impurities were found. Microstructural révealed to be based upon the octahedron (Figure 7). The
studies on fresh samples show extreme sensitivity to the COMplete octahedron is seen in Figure—7@ while frag-
electron beam, even when precautions were taken to mini-Ments of the octahedron are also observed including the five-
mize the beam influence on the structures. TEM diffraction Vertex square-based pyramid (Figure 7E,F) and the four-
studies confirm that the nanocrosses are crystalline and adopyertex seesaw form (Figure 7G,H) in addition to the four-
a MnO fcc structure with lattice parameter= 0.44 nm vertex cross, three-vertex T-forms, and two-pronged dumbbell
(Figure 4). The branches and the body of the crosses are oforms (Figure 2). These forms can be named in accordance
the same phase. This contrasts with the tetrapods of Alivi- With the nomenclature adopted for polyhedral skeletal
satos et a#! that show a different crystal morphology of the ~€léctron pair theory developed for cluster compounds where
core structure of the tetrapod compared to the branches. XRDth€ succession of missing vertexes are nawiedq nido,
analysis of the nanocrosses also confirmed their identity as&rachno, hyphpand so forth. Thus, the square pyramidal
fcc MnO (Figure 5). form is appropriately deqoteq as radooctghedron. The

To check the thermal stability of the particles we carried &PParent hexagonal form in Figure 3A, series 2, was shown
out in situ heating in the TEM on aged samples. These to be octahedral (trigonal antiprism) by dark field images
studies did not reveal any noticeable form or phase trans-Where every other branch was found to be out-of-plane

(Figure 7D).
(33) Soulantica, K.: Maisonnat, A Fromen, M.-C.. Casanove, M.-J; 10 understand the origin of the cross-shaped particles, we
Chaudret, BAngew. Chem., Int. EQ003 42, 1945-1949. carried out a systematic variation of experimental parameters.
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Figure 7. Nanohexapods and their fragments synthesized in the presence of TOA/OA (2:1)@drH~8:1; A—C). (D) Dark field image of a hexapod
showing its octahedral (trigonal antiprism) geometry where every other branch was found to be out of plane. Detail of the hexapod derivatiwescare obta
upon tilting each particle. (A, E) Transform upon tilting to octahedral (C) or square base pyramid (F); the tripod (G) transforms into trigorayraasiel bi

(H).

Table 1. Summary of MnO Shaped Nanoparticles Grown at Various Reaction Conditions by Varying the Ratio of TOA/OA and the Ratio of
H,0/Mn(HCOO) 2

TOA:0A ~ 4:1 TOA :0A ~2:1 TOA:0A~1:1

80-130nm

56 nm 35-40 nm

H,O :Mn(HCOO), =~ 0

- *
g o
e @
= :
&0-150 nm - 80-130 nm 35-40 nm
HZO :Mn(HCOO)z =~4:1 Some crosses from as well
N
G
P ¢ 7{
rj{ : X
i
et - 354
150-300 nm - 150-300 nm biomdal

H,0 :Mn(HCOO), = ~8:1

a All syntheses were carried out by decomposing Mn(HCO@)mmol) at 346-360 °C, for 5+ 1 min (after the solution turns greenish). The rate of
heating is 50°C/min. The total concentration of surfactant is fixed at 8 mL, and the reaction is carried out in a 100 mL three neck flask.

The forms are sensitive to the concentration of water,-acid affects the shape. A moderate increase in water concentration
base ratio (Table 1), time (Table 2), and presence of air favors the extension of the branches (Figure 2D). The
(Table 3). The ideal conditions (Figure 2C) for nanocross particles generally appear thinner, more of them are linear
synthesis occur during the decomposition of MNn(HC®O) (or barbell-shaped), and the ends of the branches tend toward
(3 mmol) under an inert atmosphere at a TOA/OA molar spherical. In all cases, these forms are isolated as components
ratio of 2:1 (total volume= 8 mL) with a controlled amount  of a green gel that is difficult to dry. Using more stringent

of water (HO/Mn = 4:1) for 5 min (time counted from the  drying conditions (10? Torr, T = 250 °C for 30 min) the

start of the decomposition which is evidenced by a change form and morphology of the particles change to give even
of the color to green). Any deviation from these conditions more compact branched and barbell-shaped particles.
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Table 2. Summary of MnO Shaped Nanoparticles Grown for Various Lengths of Timé

Time time =~ 1min time ~5 min time ~ 1h

TOA :0A ~2:1

H,0 :Mn(HCOO) = ~4:1

80-130 100-132 nm 12-15 nm

Result may change if one start
from hydrous precursor The particles are thin  and
surrounded by a stripe contrast

a Conditions are the same as those described in Table 1.

Table 3. Summary of MnO Shaped Nanoparticles Grown with Various Amounts of Air Added

Effect of air Under argon 2cm’ of air Undefined traces of
air

(ﬁnal product highly viscous)

TOA :0A ~2:1

H,0 :Mn(HCOO), = ~4:1 2 » .
g D -
Y

(injected immediately before or " 80-130 nm 35 nm

after the change to green) fn e
% -4 my branch

a2 Other conditions are the same as those listed in Table 1.

As mentioned earlier, by varying the ratio of TOA/OA hydrated manganese formate is used, the effect of water
from 2:1 to ~4:1, regular cubic- or hexagonal-shaped becomes pronounced and more easily reproduced. This may
particles were formed. The addition of water to the synthesis be due to better retention of water during the heating process.
carried out in these conditions did not induce the shaping Another interesting observation occurred upon interrupting
phenomena but led to an increase of sizexdX0 nm) in the heating process after the first minute of the decomposi-
agreement with previous observations in the literattre. tion. When these solutions were cooled to room temperature
These cubes or rhombohedra may show hexagonal shapeand reheated for a further 5 min, nanorods mostly adopting
when observed along [111] and are often truncated andbarbell form, some with branches reminiscent of the nanocross-
extremely beam sensitive because they show crystal dyna-es, were obtained (Figure 9).
micity and truncation concomitant with phase transformation A key observation for the subsequent formation of unusual
under the TEM electron beam. In acidic media, only small forms of the MnO nanocrystals discussed above is the
crystallites (-35 nm) were obtained. formation of a negative curvature of th&10 planes (Figure

In the presence of air, the decomposition was variable and 3, series 1) that leads to the formation of intermediate tunnels
less reproducible. Small amounts of roughly shaped nano-and ultimately to dendritic growth at the corners. Classical
particles were more consistently obtained with moist air. crystal growth theory offers a preliminary explanation to this
However, when the process was performed with only traces problem. An important prerequisite for such an explanation
of oxygen present (system purged using a weak vacuum ofis the presence abughfaces in the sense of crystal growth
~107! Torr), crosses with extremely elongated branches theory3* Results from our AFM study support this assump-
(300-400 nm) were formed (see Table 3). The smallest tion (Figure 5), and high-resolution TEM images have shown
crosses observed under the standard conditions are about 3that the faces are indeed rough. According to crystal growth
nm across. After adding a larger, controlled amount of air theory, we can distinguish three different growth mecha-
(2 cnP) to the solution immediately after the decomposition nisms: (1) spiral growth, (2) nucleation growth, and (3)
started (or immediately prior to it) only cubic-shaped particles dendritic growth. Kuroda et &b have discussed the grain
of about 25-35 nm were formedThe investigation of the  size dependence of the boundaries as a functiofn:dkT
effect of time shows that in the typical conditions for with consideration of the Berg effect, in which a hopper
nanocross synthesis §&8/Mn, ~4:1; TOA/OA, 2:1) regular morphology arises from fast crystal growth as a result of an
forms are produced in the early stage of nucleatioh (in)

and then are etched (Figure 8). (34) Sunagawa, Crystals Growth, Morphology and PerfecticdBambridge
: : . University Press, 2005; p 295.
At hlgher concentrations of water éB/Mn’ 8'1)’ the (35) Kuroda, T.; Irisawa, T.; Ookawa, A. Cryst. Growthl977, 42, 41—

etching is observed at shorter time intervals. When the 46.
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Figure 8. (A) Rhombohedral and pseudohexagonal shapes obtained after 1 min of growth. (B) Hexapods and derived fragments obtained when the reaction
is carried out using the standard conditions but stopped after 5 min. (C) Self-assembled particles observed upon extending the time to 1 h.

responsible for the observed flat surfaces (Figure 3A, series
1). The resulting nanocrystal then contains an internal,
negatively curved interface that resembles the channels seen
in Figure 3A-C, series 1. Subsequently, these channels are
opened up (Figure 3B,C, series 1), either by an etching
process or by a return to the two-dimensional growth
mechanism. A simple GibbsThomson equation may de-
scribe this evolution as a function of the radius of curvature.
The change from a flat (equilibrium) surface to a rough,
negatively curved surface provides the driving force neces-
sary for subsequent dendritic growth of the corners, ulti-
mately leading to the observed nanocross forms. A detail
that is not yet clear is whether the growth can occur via
magic-sized clusters, which can be viewed as fragments of
the bulk crystal lattice and which feed the growth of the
crystal by Ostwald ripening, as has been proposed to explain
the anisotropic growth of CdS&.

Our observations on the growth of the nanocrosses differs
somewhat from the recent hypothesis for the growth of these
particles which proposed growth by oriented attachni&nt.
increase in supersaturation in the vicinity of the growing There is at least one mechanism that produces nanocrosses
crystal (see Figure 3E, series 1). A hopper morphology is from plates rather than as octahedral fragments (cf. Figures
one where a crystal and its branches form a continuous3 ang 4). Furthermore, it is possible to obtain hexapods after
whole. As per Sunagawdwe can summarize the following only 5 min or even less using starting from hydrous
scenarios: a negatively curved, rough surface is formed if Mn(HCOOY. We conclude that the shape of the crosses is
the growth kinetics are controlled by a nucleation mechanism 4 yesylt of solvothermal etching in conjunction with growth
(Figure 3E, series 1). This mechanism is driven by two- 45 described above in the frame of crystal growth from rough,
dimensional nucleation occurring mainly at the corners and negatively curved surfaces. The acidity of the solvent system
edges. The resulting growth layers will advance toward the geems to impact considerably the growth mechanism, thus
interior of the crystal face, leading to a so-called hopper ..go—300 nm rhombohedra or cubes form exclusively in a
F:rystal. In contrast, a spiral growth mechanism would result j55ic media and could be etched in the presence of a very
in a polyhedral crystal bounded by flat faces. ~ weak concentration of carboxylic acid. Preliminary data

Studying the sequence of TEM images of Figure 3, series jhgjcate that the zigzag, herringbone-like contrast pattern is
1, we can interpret the evolution of the MnO crystals by ~qnnected to oxidation of the MnO particles to g, a
analogy as a combination of these two growth mechanisms.complex phenomenon that will be described in detalil
We also have to consider an additional rapid, that is, g|sewhere. Other parameters such as time and concentration
dendritic, growth mechanism during the early stages of the affects the growth as well. Standard cube shapes could be
crystallization process. The sketch of Figure 3E, series 1, isojated in basic media at 5 min. These cubes or rhombohedra
demonstrates this development. After a rapid nucleation andinat exhibit regular patterns of thickness fringes may show

dendritic growth phase, the mechanism changes to a tWo-yhompohedral or distorted hexagonal shapes when observed
dimensional nucleation mechanism that favors the Berg effecta|ong [111].

and leads consequently to the negative curvature dfthé
planes. Further development into the spiral growth field is (36) Peng, XAdv. Mater. 2003 15, 459-463.

Figure 9. Barbell rods and tripods obtained starting from Mn(HC@O)
H,0 after cooling the solution for 1 min followed by reheating for 5 min.
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The decomposition almost certainly proceeds through anthe thermal decompositionr~@40 °C) of Mn(HCOOY} in
initial exchange reaction that leads to Mn(olegteyhich acidic media lead to nonetched forms (square or hexagonal)
then decomposes at about 34D via vigorous explosions  with a small size £35—40 nm), whereas in basic media
as observed by Hyeon et #lThe acid/base ratio coupled nonetched bigger particles (8800 nm, see Table 1) are
with the presence of water and/or oxygen at high tempera- obtained. The decomposition in the presence of traces of
tures is critical to the synthesis of the unusual form of water and a slight excess of carboxylic acid leads to growth
nanoparticles of metal oxides. Organic amines have beenof more complex crystal forms, probably arising from
used for etching purposésand OA, which forms manganese increased solubility of the metal oxide (or hydroxide) in the
oleate?” has been used to digest oxides or oxo-hydroxy vicinity of the growing crystal surface. In addition to the
materials®® Water has been shown to promote restructuring acid—base pair, other parameters such as time, temperature,
of nanoparticled® The coupled acid/base pair and the and air appear critical. Most importantly, the internal
presence of water act in concert to produce a solvent systenmsubstructure guides the growth and etching providing an
in which the nanoparticles grow under kinetically controlled elegant road map to the understanding of nanocrystal
conditions, and this may likely be influenced by the solvent morphogenesis. This method, which is currently being
viscosity, which has been implicated as an important factor extended to other oxides and quantum dots, promises to be
in CdSe nanoparticle growth kinetit'sThe TOA/OA solvent general. For example, in the same solvent system iron oxide
system shows an interesting nonlinear change in viscosity nanocrosses and lead sulfide nanocrosses are produced. These
as the mole fraction of the components is varied. There is aresults will be reported separately. Further kinetic study of
rise in viscosity in the solvent composition (measured at room the growth using light scattering techniques will shed light
temperature, measuring the viscosity at the reaction temper-on the mechanism and allow the establishment of a theoreti-
ature was not possible) region near which the unusual formscal and predictive model.
of nanoparticles are created. This region of higher viscosity The growth and shaping phenomena involved in the MnO
is also present in the presence of water, although thenanocrystals seems to be dominated by a complex solvo-
maximum viscosity occurs at a different solvent TOA/OA thermal growth/etching process occurring in conjunction with
ratio. The presence of a controlled amount of water in a vapor microstructural defects. As with other shaped nanocrystals,
phase and slight excess of carboxylic acid may acceleratethe unusual forms are produced by growth along the
the solvolysis of the growing oxide phase and thereby crystallographically preferred directions and these crystal-
promote shaped growth. The solubility of the growing metal lographically preferred directions are dependent upon the
oxide and/or its related hydroxy and oxo/hydroxyl species local coordination environment of the ions involved. Thus
in this medium would be crucial to the types of crystal the Alivisatos et al. tetrapods derive their tetrahedral shape
surfaces formed and, therefore, the nanocrystal forms thatfrom a core structure with a fcc arrangement of CdSe or
are observed. CdTe, in which the Cd atoms are tetrahedrally coordinated
and the hexapods observed here, which are also based upon
Conclusions an fcc lattice, have octahedrally coordinated Mn ions in a
The morphogenesis of shaped MnO nanocrystals has beerqock—salt like lattice, leading to forms Qerived from the
. . ._octahedron. Thus we can expect other binary systeg§,M
investigated and leads to a general approach to synthesize © = . ; o
. : . with different M/X ratios, different combinations of crystal
shaped crystals via a gesol process. Thus, in a mixture of

; . . . lattice symmetries, and local coordination environments to
carboxylic acid and organic base in the absence of water, . . . .
produce other unique forms. Finally this appoach will be

further investigated to see whether natural self-assembly can
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