Chem. Mater2006,18, 28172827 2817

Microfluidic Synthesis of Cobalt Nanopatrticles

Yujun Song!* Hartwig Modrow$ Laurence L. Henry,Cheng K. Saw! E. E. Doomesg;*
Vadim Palshinf, Josef Horme$,and Challa S. S. R. Kumai*

Center for Adanced Microstructures and De&es, Louisiana State Unersity,
6980 Jefferson Highway, Baton Rouge, Louisiana 70806, Physikalisches Instituér&ityi of Bonn,
Nussallee 12, D-53115 Bonn, Germany, Department of Physics, Southerersityi and
A&M College, Baton Rouge, Louisiana 70813, and Lawreneeimore National Laboratory,
Livermore, California 94550

Receied December 20, 2005. Hsed Manuscript Receed February 9, 2006

Co nanoparticles with three different crystal structures were synthesized in a microfluidic reactor through
manipulation of reaction times, flow rates, and quenching procedures. Cobalt nanoparticles of face-
centered cubic) phase were obtained from a high flow rate of the reactants followed by in situ quenching
of the reaction. hcp angcobalt nanoparticles were obtained at a low flow rate of the reactants followed
by in situ quenching and delayed quenching, respectively. The crystal structures were characterized using
Co K-edge X-ray absorption near edge structure (XANES) spectroscopy, X-ray diffraction (XRD), and
selected area electron diffraction (SAED). In situ XANES measurements on Co nanoparticles coming
out of the outlet of the microfluidic reactor at different flow rates seem to indicate that the difference in
flow rate influences the nucleation process in a critical way and that particle growth occurs mainly outside
the reactor. The magnetic properties of the cobalt nanoparticles, measured using a SQUID magnetometer
system, showed significant differences among the samples and are consistent with the three different
crystal structures.

1. Introduction reduction, which can be carried out either in traditional
Engineering of nanomaterials is the primary focus of ‘flask” techniques or microfluidic processes. However, the
numerous research groups as nanomaterials find extensivéhallenge continues to be the control of the size, size
industrial applications in the field of catalysis, electronics, distribution, shape, crystal structure, and surface modifica-
high-density magnetic recording media, sensors, nanobio-tions of the nanopatrticles. These different parameters, as it
technology, and biomedical nanotechnolég§everal syn- is now well-established, affect both physical and chemical
thesis methodologies, both “top-down” and “bottom-up” properties such as electrical, optical, magnetic, and biological
approaches, have been developed to obtain a broad varietpProperties. The key parameters that determine the size of
of nanomaterials of different sizes and shapgsnong the the nanoparticles in wet-chemical synthesis are the ratio of
bottom-up approaches, a wet-chemical approach appears t§tabilizing surfactant to the precursor salt, chemical nature
be most promising for industrial applications because of its Of the surfactant, and control of reaction kinetics through
intrinsic scale-up potential. Wet-chemical synthesis methods "apid nucleation followed by growthin fact, in a very recent

can be broadly classified into co-precipitation and chemical '€Port, Park et al. demonstrated synthesis of iron oxide
nanoparticles with an accuracy of 1 nm with diameters of
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of efficient heat and mass transfer within the microliter traditional wet-chemical as well as microfludic pro-
reactant volume, and they have been utilized for size-control cessed??? Among the metallic nanoparticles, cobalt is the
synthesis of nanoparticlés™ It appears, therefore, that the most well-studied because of its unique properties and
control of nanoparticle size and shape is almost well- potential applications. Cobalt nanoparticles are known to
understood. exist in three polymorphs, the face-centered cubic (fcc),
In contrast to that, there are not many reports of investiga- hexagonally close packed (hcp), and epsilorphases. All

tions of methods for controlled synthesis of nanoparticles three phases have different magnetic properties. The hcp and
with desired crystal structure. Control of the crystal structure fcc phases are known to exist at room temperature, whereas
is one of the key issues in nanoparticle synthesis becausehe ¢ phase is considered as a metastable phase. The hcp
physical and chemical properties also depend directly on theirphase cobalt with anisotropic high magnetic coercivity is
crystal structure$' 16 This is of special importance when more useful for permanent magnetic applications, and the
several crystal structures with small energy differences exist, fcc cobalt nanoparticles have soft magnetic properties. The
for example, in the case of cobalt nanoparticles where atnet anisotropy o€ nanoparticles is smaller than that of fcc
least three crystal structures are known. Conventional cobalt, which is an order of magnitude smaller than that of

techniques such as thermal annealitf,pressure-induced
phase transitiof?1¢ball milling,*” surfactant-induced phase
transition!®1%and size-dependent phase transffitiave been

explored to obtain nanoparticles of defined crystal structure.

hcp cobalg?

A wet-chemical synthetic approach using thermolysis of
dicobaltoctacarbonyl by varying the reaction conditions and
capping agents is the only known single reaction to provide

However, there is no single synthesis method that providescobalt nanoparticles of all the three different pha$dsis

a possibility to prepare a selected crystal structure of

well-known that the synthesis via solution phase reduction

nanopatrticles in general and cobalt nanoparticles in particularof metal salts is often controlled kinetically rather than

unless one resorts to significant variation of experimental
conditions or other propertié&?*
Our group has been involved in the synthesis of metal

thermodynamically, leading to the possibility of obtaining
nanoparticles in metastable phadeé/e report here for the
first time a microfluidic process for obtaining all the three

nanoparticles, more specifically magnetic nanopatrticles, usingphases of cobalt nanoparticles. We hypothesized that kinetic
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energies of the reactants can be controlled better in a
microfludic environment through appropriate design of
micromixers and manipulation of flow rates which in turn
lead to controlling the crystal structure of the nanoparticles.
While microfluidic processes for size and shape controlled
synthesis of nanoparticles are known, there is no report of
crystal structure controlled synthesis using these ap-
proacheg® The microfluidic synthesis results reported here,
in conjunction with analysis based on selected area electron
diffraction (SAED), X-ray diffraction (XRD), and in situ
liquid Co K-edge X-ray absorption near edge structure
(XANES) spectroscopy, demonstrate that hap, fcc (5),

and epsilond) crystal structures of cobalt nanoparticles can
be obtained by controlling the reaction times, flow rates, and
guenching procedures. The effect of the structural changes
on the magnetic properties of the particles obtained using
SQUID magnetometry is also reported.

2. Experimental Section

2.1. Synthesis of Cobalt Nanoparticles Using a Polymeric
Microfluidic Reactor. Cobalt nanoparticles were prepared in the

(22) (a) Leuschner, C.; Kumar, C. S. S. R.; Hormes, J.; HanselJ.W.
Biomed. Nanotechno2005 1 (2), 229. (b) Modrow, H.; Palina, N.;
Kumar, C. S. S. R.; Doomes, E. E.; Aghasyan, M.; Palshin, V.;
Tittsworth, R.; Jiang, J. C.; Hormes, Bhys. Scr2005 T115 790.
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Kumar, C. S. S. R.; Henry, L. L.; Doomes, E. E.; Hormes, J.; Podlaha,
E. J.J. Electrochem. So@005 152(1), D1. (e) Hormes, J.; Modrow,
H.; Bonnemann, H.; Kumar, C. S. S. R.Appl. Phys2005 97 (10,
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Figure 1. Schematic of the microfluidic reactor process for phase-controlled
synthesis of cobalt nanoparticles.

microreactor by the reduction of CoGQh tetrahydrofuran (THF)
using lithium hydrotriethylborate (LiBH(&1s)3) as a reducing agent
and 3-(\,N-dimethyldodecylammonia)propanesulfonate (SB12) as
a stabilizer according to the chemical reaction given as folfg#&6.27

Cy,H,5N(CH5),(C3Hg—SGy) + LiBEt;H THE
CyH,sN(CHy),(C3Hg—SO;)-LIBEtH
: THF
CyH,eN(CH,),(CsHg—SOy) + LiBEt;H + CoCl, —
COgiig" CrHasN(CHy)o(CsHg—SOy)-LiCl + BEL; + Y/,H,

THF (99.90% pure packaged under nitrogen), Go©B.9%,
anhydrous), lithium hydrotriethyl borats a 1 Msolution in THF,
SB12, acetone (reagent anhydrous, wated.5%, 99.9-%), and
ethanol (reagent anhydrous, watef.003%) were purchased from
Aldrich Chemical Co. and used without further purification.

Figure 1 shows the schematic of the microfluidic reactor process.
The saturated Co@I'HF solution (4 g/L) and the reducing agent
solution (complex of Li[B(EH] with SB12 in THF, with SB12
of 3.4 g/L and 200 mL of 1 mM Li[B(EgH THF solution) are
delivered into the microfluidic reactor using self-priming pumps
(120SPI-30, Bio-Chem Valve, Inc.). The produced nanopatrticles
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reactor. The second experiment was performed at a flow rate of
0.08 mL/min, and the formed nanocolloid solution was again
quenched immediately at the outlet of the microfluidic reactor. The
third experiment was performed at a flow rate of 0.08 mL/min,
and the formed nanocolloid solution was left undisturbed for more
than 8 h and then quenched by adding a mixture of ethanol and
THF (1:3, v/v) dropwise. All these experiments were performed
under inert gas protection. After the precipitation of Co nanopar-
ticles, the supernatant solution was decanted and the particles were
washed three times using a mixture of ethanol and THF (25 vol %
ethanol) and then dried to obtain a fine black powder.

2.2. In Situ XANES Analysis of the Liquid Co Nanocolloids.
A schematic drawing of the experimental setup for obtaining in
situ XANES data is shown in Figure 2. The outlet of the micro-
fluidic reactor is connected to a sealed liquid cell that has a Kapton
film window. Co nanocolloid is collected into the liquid cell just
before entering the product flask. The cell is closed once it is filled
with the sample solution, and the XANES data are obtained. The
procedure adopted is very similar to the one reported in the literature
for in situ characterization of copper nanocolloid formatién.

2.3. Characterization of Cobalt Nanoparticles.The particle
size, shape, and distribution were characterized using the transmis-
sion electron microscopy (TEM; transmission electron microscope
2010, 200 KV, JEOL). Samples for TEM analysis were prepared
by placing a drop of well-suspended Co nanopatrticles in oxygen-
free water or ethanol on a carbon-coated copper TEM grid at room
temperature and allowing the solvent to evaporate. The nanopatrticle
crystal structures were characterized by SAED, XRD, and XANES.
SAED was operated in the JEOL 2010 transmission electron
microscope at the wavelength of 0.0252 A. Powder XRD measure-
ment was carried out for the powder Co samples with monochro-
matized Co Kx radiation ¢ = 1.7890 A) using the INEL CPS120
curved position sensitive detector system. The samples are placed
in a special holder to prevent exposure to air. XANES experiments
were performed at the X-ray microprobe double crystal monochro-
mator beamline at port 5A of the Center for Advanced Microstruc-
tures and Devices (CAMD) synchrotron radiation source at
Louisiana State Universitf2 The storage ring was operated at an
electron beam energy of 1.3 GeV. For these Co K-edge XANES
measurements, the beamline monochromator was calibrated with

are collected in the receiver flask and may be quenched by a mixture@ 7.5um hcp cobalt foil. Ge(220) crystals provided monochromatic

of ethanol and THF (1:3, v/v) just before entering into the receiver.
Three experiments were performed with different flow rates while
quenching the reaction differently. The first experiment was
conducted at a flow rate of 0.9 mL/min. The formed nanocolloid
solution was quenched immediately at the outlet of the microfluidic

(25) (a) Edel, E. B.; Fortt, R.; deMello, J. C.; deMello, A. Chem.
Commun2002 1136. (b) Chan, M. E.; Mathies, R. A.; Alivisatos, A.
P.Nano Lett.2003 3, 199. (c) Kawa, M.; Morii, H.; loku, A.; Saita,
S.; Okuyama, K.JJ. Nanopart. Res2003 5, 81. (d) Ayon, A. A,
Braff, R. A.; Bayt, R.; Sawin, H. H.; Schmidt, M. Al. Electrochem.
S0c.1999 146 2730. (e) Jongen, N.; Donnet, M.; Bowen, P.; Lemaitre,
J.; Hofmann, H.; Schenk, R.; Hofmann, C.; Aoun-Habbache, M.;
Guillemet-Fritsch, S.; Sarrias, S.; Rousset, A.; Viviani, M.; Buscaglia,
M. T.; Buscaglia, V.; Nanni, P.; Testino, A.; Herguijuela, J.Ghem.
Eng. Technol2003 26, 303. (f) Buscaglia, M. T.; Buscaglia, V.;
Viviani, M.; Testino, A.; Nanni, P.; Bowen, P.; Donnet, M.; Natalie,
J.; Rainer, S.; Hofmann, C.; Hessel, V.; Schonfeld,Al». Sci.
Technol.2003 30, 535 (Faenza, Italy, 10th International Ceramics
Congress, 2002, Part A). (g) Wei, G.; Huang, H. Y.; Xiong, R. C.
Chin. Chem. Lett2003 14 (8), 877. (h) He, S.; Kohira, T.; Uehara,
M.; Kitamura, T.; Nakamura, H.; Miyazaki, M.; Maeda, &hem.
Lett. 2005 34 (6), 748. (i) Kim, K. D.; Kim, H. T.Mater. Lett.2003
57 (21), 3211.

(26) Bonnemann, H.; Braun, G.; Brijoux, W.; Brinkmann, R.; Schulze, A.
T.; Seevogel, K.; Siepen, Kl. Organomet. Chenll996 520 143.
(27) Glavee, G. N.; Klabunde, K. J.; Sorensen, C. M.; Hadjipanayis, G. C.

Inorg. Chem.1993 32 (4), 474.

X-rays in the region of interest. The energy bandwidth for the
excitation radiation was less than 2 eV over the range of energies
examined. Spectra were background subtracted and normalized
using standard proceduré&s®

Magnetic data were obtained using a Quantum Design
MPMS-5S SQUID magnetometer systé®fr.¢ The measurements
were carried out on samples consisting of the dried powder packed
into a gelatin capsule with cotton placed inside the capsule to keep
the powder stationary. The samples were prepared under inert gas
conditions in a drybox, and care was taken to minimize air exposure
to the gel cap containing the sample as the gel cap was transferred
to the magnetometer for measurements. Both magnetizaon,
versus temperaturd, and magnetization versus applied magnetic
field, H, measurements were performed. Before inserting a sample

(28) (a) Craft, B. C.; Feldman, M.; Morikawa, E.; Poliakoff, E. D.; Saile,
V.; Scott, J. D.; Stockbauer, R. Rev. Sci. Instrum1992 63, 1561.

(b) Morikawa, E.; Scott, J. D.; Goettert, J.; Aigeldinger, G.; Kumar,
C. S. S. R;; Craft, B. C.; Sprunger, P. T.; Tittsworth, R. C.; Hormes,
J.Rev. Sci. Instrum2002 73, 3.

(29) Koningsberger, D. C.; Prins, RX-ray Absorption - Principles,
Applications, Techniques of EXAFS, SEXAFS and XAMESyY and
Sons: New York, 1988; Vol. 92.

(30) Teo, B. K.EXAFS: Basic principles and data analysiSpringer-
Verlag: New York, 1986.
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Figure 2. Schematic diagram for in situ Co-XANES experiments.

in the sample space of the magnetometer, a short program sequencthe presence of minor impurities from the hcp phase is also
was performed which cycles the magnetic field frérd T to O by noticed from the presence of weak rings which can be
alternating between decreasing positive and negative values t0assigned to the (102) plane, (201) plane, and (004) plane in
minimize any remnant magnetic field at the location where the hcp Co, respectively. The lattice constant of Co nanoparticles
sample was placed. Hence, when the applied magnetic field is set.o -\ ated for the foc phase is about 3.69 A, slightly larger
to 0 G the remnant magnetic field at the sample location will be than that of the bulk fcc C&32 When the flow rate was

negligible. This should minimize any offset when the applied .
magnetic field is set to 0 G. Furthermore, to reduce the possibility reduced to 0.08 mL/min and the product was quenched

of the sample contamination by air that may leak into the sample immediately, spherical cobalt nanoparticles were obtained
chamber the temperature is periodically raised to 300 K and the With an average size of 3.5t 0.7 nm (Figure
sample chamber purged. The measurement sequence is set up iBd—f, the second experiment), which corresponds within the
such a way that th#l versusH set of measurements is performed error margins to the particle size of the fcc particles.
after theM versusT set of measurements are completed. However, the five diffraction rings in the SAED pattern
For theM versusT data, both zero field cooled (ZFC) and field (Figure 3e) have lattice Spacings of 2.17, 2.01, 1.90, 1.30,
cooled (FC) measurements were made. For the ZFC measurementg 4 1.08 A that can be indexed as the (100), (002), (101),

the sample was first cooled from room temperature to 10 K in zero 102, (110), (200), (103), and (112) reflections of hcp Co
applied magnetic field. The applied magnetic field was then set to res ,ectiveI, With,lattice’constants af— 258 A andc — '
100 G, and the ZFC data were collected as the sample temperature P Y, '

was increased to the maximum. The FC data were collected as the4'18_ _A’ slightly larger than that_ of bulk hcp Co>

temperature was cycled back to 10 K. Additionally, when the product obtained under this flow rate

was left undisturbed for a longer period without quenching

N - formation of larger spherical particles with an average size

In addition to the ability to vary temperature and concen- 5t 4 74+ 1.3 nm (Figure 3g,i), again in accordance with the
tration reproducibly on a microscale, the main advantage of gj;a5 optained for fcc and hcp particles. But now, the six

microfluidic reactors for nanoparticle synthesis, as demon- yitraction rings in the SAED pattern (Figure 3h) are indexed
strated in this paper, is that the reaction can be quenched;g |atice spacings of 2.681, 2.168, 2.051, 1.971, 1.851, 1.615,
continuously at the outlet through destruction of excess 1.425, 1.343, 1.205, and 1.140, which agree well with those

reducing agent using acetone or another relevant solvent iny¢ e (210), (220), (221), (310), (311), (321), (330), (420),

the product flask. This provides an opportunity to prevent (510), and (520) reflections, respectively, ofcobalt as
further nucleation and growth of particles once they leave reported in the literaturt:12.15.2433

the microreactor and offers an opportunity to distinctly

separate nanocrystal nucleation and grot¥thhe effect of b To m"?lkljle sure that aII. t-he ][eflect[or? rings dare nc;)t af(fjecte?
flow rate within a microreactor on size and size distribution Y POSSIDI€ trace impurities from either oxides or borides o

of nanoparticles was recently demonstrated by severaICObalt’ elemental analysis (energy dispersive analysis of
X-rays) was done for all three samples, shown in Figure 4.

can be used to fine-tune not only the size but also the There was no trace of boron found in these samples,

anisotropic shape®.To investigate the effect of flow rates indicating that the -boron byproducts were removed com-
on cobalt nanoparticles obtained, we have selected twoPletely by the washing process. The analysis for these three

different flow rates. When the reaction was carried out at a S2MPles suggested that the fcc Co nanoparticles were almost
flow rate of 0.9 mL/min and quenched immediately, spherical PUr® C0 (Figure 4a). The oxygen content for the hcp Co
cobalt nanoparticles with an average size of 3.8.9 nm  nanoparticles (Figure 4b) and th€o nanoparticles (Figure
were obtained (Figure 3ec, the first experiment). The five 4c).were far from the I'owest oxidization state of Co (or CoO),
diffraction rings in the SAED pattern (Figure 3b) correspond Which was probably introduced from residual surfactant or
to lattice spacings of 2.14, 1.83, 1.31, 1.12, and 0.85 A, which the handling process during sample preparation to give the

agrees well with those of the (111), (200), (220), (311), and Co nano_particles_ a very thin oxidize(_j layer. These results
(331) reflections of the (fccf Co, respectively. However, &€ consistent with the SAED analysis.

research group®:3'2The unique features of the microreactor

(31) (a) DeMello, J.; DeMello, ALab Chip2004 4, 11N. (b) Murray, C. (33) Cullity, B. D.; Stock, S. RElements of X-Ray Diffractiordrd version;
B.; Kagan, C. R.; Bawendi, M. GAnnu. Re. Mater. Sci.200Q 30, Prentice Hall: Upper Saddle River, NJ, 2001; Appendix 5.
545. (34) Dimitrov, D. V.; Hadjipanayis, G. C.; Papaefthymiou, V.; Simopoulos,
(32) Manna, L.; Scher, C. E.; Alivisatos, P. . Am. Chem. So00Q A. IEEE Trans. Magn1997, 33 (5), 4363.

122 (51), 12700. (35) Zhang, P.; Sham, T. KPhys. Re. Lett. 2003 90, 245502.
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Figure 3. TEM image, SAED patterns, and histograms: (t)cafcc Co nanoparticles obtained at high flow rate and quenched at the outlet of the microfluidic
reactor. (ii) d-f, hcp Co nanoparticles obtained at low flow rate and quenched at the outlet of the microfluidic reactor.i{i&)@&p nanoparticles obtained
at low flow rate with delayed quenching.

The crystal structures of three Co nanoparticles were alsoto confirm the crystal structures of the as-prepared Co
determined by the XRD spectrum (Figure 5). Not surpris- nanoparticles (Figure 6). To identify the characteristic
ingly, as the particle size is less than 5 nm, one broad peakfeatures of the three Co phases, real space Full Multiple
which can be a composite of crystalline lines was obtained Scattering (FMS) calculations were performed using the
from 45 to 60 (26). This region falls at the major peak FEFF8 codé® whose output has been shown to provide
positions corresponding to (111) of fcc Co, (100), (002), and meaningful results for a broad range of systems. Evidently,
(101) of hep Co, and (221), (310), and (311)eco€o were the most significant changes are observed in the region of
obtained:21°3%Again these patterns showed no peaks related the absorption edge. However in experimental data, which
to cobalt oxides because the samples were handled undedo feature broadening, the only significant change in structure
inert protection. A which can be expected to be resolvable is the slightly

XANES spectroscopy, which is highly sensitive to struc- delayed onset and slightly reduced intensity in the case of
tural changes of small nanoparticles as a result of its nature

as a local probe techniqde?”3°was used as a third method  (39) kumar, C. S. S. R.; Aghasyan, M.; Modrow, H.; Doomes, E. E.; Henke,
C.; Hormes, J.; Tittsworth, Rl. Nanopart. Res2004 6, 369.
(40) (a) Ankudinov, A. L.; Ravel, B.; Rehr, J. J.; Conradson, SPbys.

(36) Cullity, B. D. Introduction to magnetic materiglsAddison-Wesley Rev. B 1998 58, 7565. (b) Modrow, H.; Bucher, S.; Rehr, J. J,;
Publishing cocmpany, Inc.: Menlo Park, CA, 1972; Chapter 1, pp 7 Ankudinov, A.Phys. Re. B 2003 67, 035123. (c) Gilbert, B.; Frazer,
and 17, and Chapter 7, p 357. B. H.; Belz, A.,; Conrad, P. G.; Nealson, K. H.; Haskel, D.; Lang, J.

(37) Chen, L. X.; Liu, T.; Thurnauer, M. C.; Csentcits, R.; RajhJTPhys. C.; de Stasi, GJ. Phys. Chem. 2003 107, 2839. (d) Hallmeier, K.
Chem. B2002 106, 8539. H.; Uhlig, L.; Szargan, R. 1J. Electron Spectrosc. Relat. Phenom.

(38) Modrow, H.; Bucher, S.; Hormes, J.; Brinkmann, R:;nBemann, 2002 122 91. (e) Reich, A.; Panttier, M.; Modrow, H.; Wedig, U.;

H.; J. Phys. Chem. B003 107, 3684. Jansen, MJ. Am. Chem. SoQ004 126, 14428.
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Figure 6. Ex situ Co K XANES spectra: a (dark blue), fcc Co nanopatrticles
synthesized at high flow rate and quenched immediately; b (green), hcp
Co nanoparticles synthesized at low flow rate and quenched immediately;
¢ (brown), Co nanoparticles synthesized at low flow rate with delayed
guenching; d (red), hep Co foil; e (light blue), theoretical hcp Co; f (black),
theoretical fcc Co; and g (pink), theoreticalCo.

Looking at the spectra of the as-synthesized particles, it
turns out that they are free from oxidative impurities because
neither significant chemical shift of the absorption edge to
higher energy, lower pre-edge intensity, nor a systematically
higher white line intensity are observed. Also, the presence
of the shape resonance at about 7760 eV indicates that one
is dealing with a Co metal phase. In comparison to the
theoretical calculations and the reference foil (Figure 6d),
the spectral features are broadened, and their intensity is
damped and no longer allows for the full resolution of
features B and C, respectively. This is expected, as surface
relaxation effects increase the width of the radial distribution
function and surface atoms have a reduced number of
backscattering atoms in their neighborhood. Still, the general
features of the respective phases can be assigned to the
spectra of the observed material: The maximum of the
spectrum in Figure 6a coincides with the position expected
for fcc Co, the spectrum in Figure 6b corresponds well to
the shape of hcp Co, and the spectrum in Figure 6¢c shows
the slightly delayed onset of absorption and shifted maximum
position typical for the: Co phase. Thus, the SAED analysis
is confirmed by the XANES spectra.

In principle, two explanations for the appearance of three
different phases come to mind: On one hand, the product
obtained at the outlet of the reactor is more advanced on the
time scale in the case of slow flow rate; thus, one may
imagine that after formation of fcc particles, these convert
to hcp in a quick reaction step. On the other hand, one might
obtain different products as a function of the flow conditions
having a common hcp-like intermediate as described in

the ¢ Co phase (Figure 6g). More resolving power resides Figure 10. To gain some understanding of at what stage in
in the intensity and energy splitting between resonances Bthe microreactor the different phases are formed, in situ
and C: with respect to the intensity, B is stronger in fcc Co XANES spectroscopy was carried out on liquid samples
(Figure 6f), whereas C is dominant in the hcp (Figure 6h) coming out of the outlet of the microreactor using the setup
ande phases. With respect to the splitting, it is reduced from shown in Figure 2. Figure 7 shows the XANES spectrum of

fcc via hep to thes phase, where the maximum of structure
C is located at a different energy position.

Co nanoparticle solutions at low flow rates@.08 mL/min)
after growing for zero min, 3 h, and more than 8 h. The
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directly after passage through the reactor confirms the results
of the ex situ measurement, that is, that the Co nanoparticles
are mainly formed in the fccf) phase using the same
arguments as for the ex situ case (Figure 8d,e). As the
measurement takes about 15 min, the “age” of the sample is
comparable to the age of the one obtained using low flow
rate; still no conversion to hcp is observed. However, if the
material is aged under these conditions, after several hours
again conversion to thephase is observed. Therefore, one
can conclude that hcp is merely an intermediate product
between the fcc and the phase. In fact, bearing in mind
the similarity of the particle size between fcc and hcp, such
an intermediate state would not be difficult to explain.

The data from the in situ XANES analysis demonstrate
that either fcc or hcp structure formation takes place within
the microfluidic channels governed by the flow rate. As
discussed below in detail, this observation suggests that the
flow rate influences the nucleation process. Even though one

Figure 7. In situ Co K-edge XANES spectra of Co nanoparticles formed ~qyId control the crystal structure of the Co nanoparticles
at low flow rate and their ripening process: a (black), theoretical fc ( . L. . .
Co; b (pink), theoreticat Co; c (light blue), theoretical hcpd Co; d (red), Obtamed’. It s ObV'QUS from the TEM Images t.hat the Co
hep Co foil; e (dark blue), Co nanoparticles as synthesized; f (green), Co nanoparticles obtained are far from monodisperse and
nanocolioid solution obtained afte3 h of growth; and g (brown), Co _ requires an additional purification step to narrow the size
nanopatrticles obtained after growing more than 8 h. Note the phase transition ,. . . . . o
which appears to be visible aft8 h of ripening time. dlstrlbutloq. However, bec'a'use of the cqnvenlent possibility
to synthesize large quantities of material by our approach,
application of an additional size-selection steffto improve
the monodispersity of the obtained particles should be
unproblematic.

Magnetic properties for Co nanoparticles with different
structures were measured as described in the experimental
section. The results are displayed in Figure 9. The blocking
temperaturesT) for each phase can be determined from
the maximum in ZFC magnetization versus temperature data.
Ty is the temperature below which the magnetization of the
particles can spontaneously align; that is, the material
becomes ferromagnetic. The data for each of the samples
show characteristic behavior with the ZFC magnetization
increasing as the temperature is increased. In the case of the
fcc Co and hcp Co samples, the magnetization decreases as
0 . . . . . the temperature is increased abdyeAs the temperature is
7700 7710 7720 7730 7740 7150 7760 7770 now decreased the FC magnetization increases and becomes

Energy (eV) nearly flat as the temperature approaches the lowest values
Figure 8. In situ Co K-edge XANES spectrum of Co nanoparticles formed (Figure 9A). For the fcc Co a_nd the_ h(?p (_:0 nanoparnc_les
at high flow rate: a (black), theoretical fc8)(Co; b (pink), theoreticat the ZFC goes through a maximum indicating the blocking
Co; c (light blue), theoretical hcpj Co; d (green), fresh Co nanocolloid temperature is reached (fCC Chh,= 130 K, and th Colp

solution; e (dark blue), Co nanoparticles obtained after long time growth; _ .
and f (red), hep Co foil, 274 K). However, thes Co ZFC dgtg sh_ow no maxi
mum over the measurement range indicating,ayreater

reference spectra of the Co nanoparticles obtained after thethan 330 K.

workup are also provided. Using the same arguments for WhenT, and the particle diameters given earlier are used,

determination of the respective phases of Co as detailedit is possible to obtain estimates of the anisotropy constants

above, one can reconfirm directly the previous phase for the different phases. The anisotropy constart related

assignment: The in situ XANES spectrum taken immediately to the energy barrier that must be overcome for the

after the particles leave the microreactor reconfirms the ex realignment of the magnetic moments as the particle acquires

situ result that the hcpof phase (Figure 7e) is formed at  stability in the ferromagnetic stati. is related toT, by the

low flow rate. With increasing time, this phase is transformed relationK = 25gTy/V wherekg andV are the Boltzmann

to € phases (Figure 7f,g) after the Co colloid solutions are constant and the volume of the particle, respectively. TEM

undisturbed fo 3 h ormore.
Figure 8 shows the in situ XANES spectrum of Co (41) (a) Jang, J; Yoon, HSmall 2005 1 (12), 1195. (b) Anand, M.;

nanoparticles coming out of the microreactor at high flow McLeod, M. C.; Bell, P. W.; Roberts, C. B. Phys. Chem. B005

) ) i 109(48), 22852. (b) Cushing, B. L.; Kolesnichenko, V. L.; O’Connor,
rate (0.9 mL/min). Again, the in situ XANES spectrum taken C. J.Chem. Re. 2004 104, 3893.

2

A

1.6 4

1.4 4
1.2

14

0.8 1 fee-theoretical

hep-theoretical

0.6 - ——cpsilon-theoretical

Absorption (a.u.)

04 | ——=—==hep Co foil
' ———after growth more than & hrs

0.2 Co NPsassynthesized




2824 Chem. Mater., Vol. 18, No. 12, 2006 Song et al.

14.0
(A)
s====13.5 nm hcp Co NPs
w4 7nm epsilon Co Nps
120 m—3.9nm fcc Co NPs
10.0 +
8.0
T
H
&2
= 6.0 |
40 +
20 +
0.0 } } } }
0 50 100 150 200 250 300 350
T [K]
EN=fal
U
(B)
—-----3.9nm fec Co, 300K .

—3.9nm fee Co, 10K, He=400 Oe
~-=--3.5nm hep Co, 300K
——3.5nm hep Co, 10K, He=3600 Oe B

~-~--4.7nm epsilon Co, 300K P I
——4.7nm epsilon Co, 10K, He=1350 Oe ’

-40000 -30000 -20000

10000 20000 30000 40000

M [emu/g Co]

M [emulg Ca]

Figure 9. (A) ZFC/FC magnetization for Co nanoparticles with different crystal structures. (B) Hysteresis loops for Co nanoparticles with different crystal
structures.

analysis indicates that the particles are spherical in shapethat we obtained for our samples would then suggest that
so the volume can be easily calculated. Table 1 gives theaggregation is negligible and the nanoparticles in our samples
calculated values foK. Our fcc Co value is significantly  are well-separated from each other. This is supported by the
higher than that of bulk fcc Co (2. 10° emu/g) as reported  TEM results which show that the particles are not aggregated.
by Petit et al. and also the values reported from their work The anisotropy constants for the other phases, hcp Co and
(2.4 x 1P emu/g)*? In the same paper it is also pointed out ¢ Co, are 4.2x 107 erg/cn? and in excess of 2.k 10’

that the anisotropy of the nanoparticle form is usually higher erg/cn¥, respectively.

than that of the bulk and that aggregation tends to drive the
anisotropy constant toward the bulk value. The high value (42) Petit, C.; Taleb, A.; Pileni, M. Rl. Phys. Chem. B999 103 1805.
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Table 1 are similar to those obtained by Sun and Murtafhe ¢
particle Co nanoparticles also have a lower saturation fieHd, (
sample size Kx 100 Ms M He T 12 500 Oe) compared to the hcp Co (29 800 Oe) and that of
structure (nm) _(erg/en?) (emu/g) (emu/g) M/Ms (G) usfatom (K) the fcc Co (22 500 Oe), indicating thatCo nanoparticles

fccCo 3.9 1.4 41 1 003 30 043 300 ; ;
hepCo 35 4o o1 10 001 10 086 300 2T ;ofter. magneuc_ materl|alls., than hcp Co, as seen hy
€Co 47 =21 124 5 004 37 131 300 consideration of their coercivitiéd:*

fccCo 3.9 14 39 15 038 390 041 10 It is pertinent to mention that for the hcp Co samples the

hcpCo 35 4.2 66 38 0.54 3900 0.70 10 . .
€ Co 47  >21 142 73 051 1400 15 10 M versusH data present some unique features. Inspection

of the data afl = 300 K shows an anomalous 11% decrease

To examine the magnetic field dependence of the mag-in M (H = 5 T) at the close of the cycle, compared to the
netization W vs H), the magnetization was measured as the corresponding value dfl at the start of the cycle. In addition,
applied magnetic field was cycled from 046 Tto—5 T the data at 10 K shows a 44 (emu/g) jump in the magnetiza-
and back to+5 T. M versusH data was collected at 300 tion atH = 0 at the start of th& versusH cycle. The first
and 10 K (Figure 9B). All the data show hysteresis with of these anomalies may be due to improper packing of the
hcp Co showing the largest ardCo exhibiting the least. ~ sample; that is, the powder may have moved as the magnetic
The fcc Co magnetization af = 300 and 10 K shows field is increased if the cotton plug is not packed in such a
significant overlap in the hysteresis curves, and the satura-way as to keep it stationary. The effect of this would show
tion magnetization data t= 300 K exceeds the data at 10 up as the curve not retracing itself due to particle movement
K. At T = 300 K the saturation magnetizatiolls, is 81 and corresponding spin reorientation in relation to the easy
(emu/g) and 124 (emu/g) for hcp Co an@o, respectively, magnetization axis. The second anomaly may be due to a
and atT = 10 K the respective values dfs are 66 (emu/g)  residual magnetic field if the degaussing procedure, described
and 142 (emu/g). The low temperature (10 K) saturation in the experimental procedure, had inadvertently not been
magnetizatiorMs values for all the samples are significantly done before inserting the sample into the sample space. The
lower than for bulk Co (163 emu/g): fcc Cdds = 39 resulting residual magnetic field in the sample chamber
emu/g; hcp CoMs = 66 emu/g; and Co, Ms= 142 emu/g. would cause an offset in the magnetization on the hysteresis
The low value for the fcc phase compared with that for the curve. On the other hand, itis possible that the hcp Co sample
bulk is consistent with the finding by Petit et al. who report may be more susceptible to the measurement procedure
a value of 80 emu/g for Co nanoparticles dispersed in (application the 100 G magnetic field used in tlevs T
pyridine#? measurement prior to measurikbvs H, thus introducing a

It is well-established that, depending on the chemical femnant effect in the samples) than the other structures.
nature of the surface adsorbate on magnetic nanoparticlesAlthough the source(s) of the anomalies is (are) not clear at
the magnetic properties will vaij.This is believed to be  the present time we have presented the hcp Co sample data
the cause of the decreased saturation magnetization that théh Table 1 because they may suggest a trend that has
present samples exhibit. The values\bfat T = 300 K are importance in an overall comparison of the samples. The
shown for comparison. extracted values, for the hcp Co sample, that are based on

The room-temperature saturation magnetization for bulk the H = +5 T going to theH = —5 T portion of the
Co is ~163 emu/g. The magnetic moment/atam was hysteresis curve are included in Table 1.
calculated using the saturation magnetization values. The Even though a detailed mechanistic investigation is
results are given in Table 1. The calculated valuesufpr ~ required to understand the reasons for phase control in this
are reduced compared with that of the bulk @q & 1.70 synthesis, a plausible explanation based on differences in
and 1.72 at 300 and 0 K, respectively). The reduced magneticcollision energies and crystal structure transformation under
moment is attributed to both a size effect and remnants of different conditions can be proposed (Figure 10). Particle
the surfactant used in the sample preparation. The squarenesg@rowth appears to be suppressed effectively by the quenching
factorM,/M; for the hysteresis curves at 300 K shows strong Process, which leads to a rapid removal of free atoms from
deviation from unity at 300 K with the Co phase having  the solution. This indicates also that interparticle agglomera-
the largest value of 0.04, and the fcc Co phase has a valuglion is negligible. In contrast to that, in the unquenched
of 0.03. However, at 10 K the values are significantly closer sample particle, growth is observed as a separate step.
to 1. The squareness factor has implications for technological It is worth noting that despite significantly different
applications. retention times in the reactor for high flow rate (3.4 s) and

At 10 K, the 3.5 nm hcp Co nanoparticles show a larger low flow rate conditions (36 s), the size of the particles (3.9
coercivity of 3900 Oe than the 3.9 nm fcc Co nanoparticles = 0.9 nm versus 3.5 0.7 nm) is virtually independent of
(390 Oe) and the Co nanoparticles (1400 Oe; Figure 9A). the flow rate for the immediately quenched particles. Further
Although, as predicted, the larger size particles when they growth of the particles appears to take place outside of the
are less than the critical size of about 20 nm have higher reactor if the reaction is not quenched immediately. This
coercivities, the 3.5 nm hcp Co nanoparticles have a largerindicates that after a quick first step in nanoparticle formation,
coercivity than 3.9 nm fcc Co and 4.7 nn€Co. These results  further increase in particle size occurs on a much slower

(43) Margeat, O.; Amiens, C.; Chaudret, B.; Lecante, P.; Benfield, R. E. (44) Yang, H. T.; Su, Y. K.; Shen, C. M.; Yang, T. Z.; Gao, H.Surf.
Chem. Mater2005 17 (1), 107. Interface Anal.2004 36 (2), 155.
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Figure 10. Schematic representation of the proposed formation route for the fcc, hcp, @adhanoparticles using a microfluidic reactor.

time scale, and potentially this may be interpreted in terms nanoparticles (see Figure 10, route 1). This increase in kinetic
of nucleation and growth, respectively. It is also likely that energy is likely to produce hcp-like unit cells of single
one could separate the reaction stages into a nucleation stagerystals heavily laced with stacking faults, thereby helping
or growth stage by adjusting the flow rate and the reaction to reduce the kinetic barrier to zero for their transformation
channel length and by adding the reagents at predeterminedo the fcc phasé*545A comparable situation is encountered
(based on modeling studies) positions into the channels.in the phase transformation from hcp to fcc Co obtained by
However, additional experiments are needed to provide astrain at high mill intensity during ball milling’ In contrast
more detailed analysis. to that, at a low flow rate the intermediate hcp-like unit cells,
The three different crystal structures of cobalt nanopatrticles with less stacking faults, will have enough time to form a
are likely to be obtained through kinetic control, as they are stable hcp structure unit cell (route 2, structures IV and V
three nearly isoenergetic crystal structures (the calculatedin Figure 10). The kinetic barrier is likely to prevent the
AG;_'h from 3.9 nm fcc phase Co to 3.5 nm hcp phase Co is phase transformation from hcp to fcc because the reaction
about 0.78 kJ/moly*174*When the flow rate increases from is conducted at room temperature (202 °C) and the
0.08 mL/min to 0.9 mL/min, the kinetic energy of the fluids calculated heat of the reaction was found to be negligible.
increases by a factor of 115 assuming a laminar flow. Despite Hence, the flow-induced increase in kinetic energy should
this increase in kinetic energy, the corresponding particle be the dominant factor rather than an increase in thermal
energies remain too small to explain the phase transformationenergy. This is also supported by our observation that the
when considering laminar flow. However, in the reactor we fcc structure is formed at a higher temperature{88 °C)
deliberately created turbulence, by designing micromixers when using the microfluidic reactor or when the reaction
within the reactor chip [see our publication (ref 9)], which was conducted under ultrasonication in a conventional batch
is expected to increase further by higher flow because of process®
the dependence of the Reynolds number on the particle In addition, shear stress is more likely pronounced at lower
velocity. Consequently, a more turbulent flow of the fluid flow rates because of the “chip-effect” from the channel
in the reactor is likely to lead to higher kinetic energy of the wall.#6 This probably affects the interaction between the
individual particles (which is difficult to quantify unless one surfactant and the metallic cores. Ostwald ripening and/or
resorts to complex mathematical modeling taking into isothermal recrystallization may occur if free Co atoms
consideration design of the micromixer and its position within :
the microfiuidic channels) than anticipated for the fluid under gigg kA%V;Iiscé\,A{s'.;F gésAtepfg'roF;rl‘({’sRllgg' ?\fgré?ansz} Goedbloed M. H.; van
laminar flow resulting in the formation of fcc phase Co den Berg, A.; Reinhoudt, D. NChem. Commur2003 1924.
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remain available in the solution, that is, if the nanoparticle reaction conditions with a high kinetics energy level (e.g.,
solution is not quenched immediately. As a consequence,high flow rate). At reaction conditions with a low kinetics
the hcp-like intermediate unit cells or the hcp Co unit cell energy level (e.g., low flow rate) and short growth time, Co
can absorb six more isolated Co atoms from the dissolved nanoparticles with mainly hcp structures were favored. When
small particles to form unit cells with 20 Co atoms (structure the Co nanoparticles formed at the low kinetics level grew
VI) finally growing up to the 4.7 nn& Co structure (structure  for a longer time, the crystal structure of Co nanoparticles
VIl), 121446 near to the critical size of 5.1 nm of spherical shifted to the metastable phase,estructure. This result
encapsulated Co nanopatrticles according to the Gibb’s freesuggests a potential application to use microfluidic reactors
energy** The formation ofe Co nanoparticles at room to obtain nanoparticles with different structures by precisely
temperature by formation of bigger particles at the expensecontrolling the reaction kinetics, which will affect the
of the smaller ones (route 3) can also be envisdgbetailed properties (e.g., magnetic properties) of the as-synthesized

mechanistic investigations are in progress. nanoparticles. The magnetic characterization showed reduced
magnetic properties compared with properties of bulk Co.
4. Conclusion This is attributed to possible remnants of the surfactant used

) in the fabrication process rather than to a size effect.
We have developed a phase-controlled synthesis of cobalt
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