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Size-Tunable Synthesis of Metallic Nanoparticles in propeties of these nanoscale objects has attracted sustaining

a Continuous and Steady-Flow Reactor passion during the past decade as scientists strive toward
perfection. However, at present, a general synthetic strategy
unwei Wu and Taofang Zen in a continuous manner and in a way that can produce
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Raleigh, North Carolina 27695-7910 In this paper, we demonstrate a completely new chemical

Receied October 1. 2006 mechal_’lical metallic nanoparticles s_ynthesis strat_egy: hydro-
Revised Manuscript Receéd December 2’, 2006 dynamically and mechanically assisted metal displacement
reduction in a continuous and steady-flow reaction system.
The method is based on the heterogeneous reduction of metal
precursor ion by a piece of active metal foil with the aid of
deplating and mass transport resulting from mechanical and
hydrodynamic forces. The method allows simple and green
ynthesis and continuous production. Size selectivity and size
istribution control can be acceptably realized in a straight-
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reduced atoms and resulting nuclei and particles have atypically effective to obtain uniformly dispersed nanopar-
tendency to accumulate on the foil surface, leading to plating ticles; however, it is still not desired in terms of cost and
and bulk formation. This physical process prevents the environmental perspectives.
generated nuclei from entering the solution phase and More recently, microfluidic or microchannel reactors for
subsequently forming nanoparticles. Severe foil surface continuous synthesis of metal and semiconducting nano-
coverage from plating and deposition stops the reduction particles have attracted significant interest due to the pos-
reaction completely, and no colloidal particles can be sibility to control nanoparticle growth and thereby particle
achieved. We have previously reported a technique to dimensions by adjusting flow paramet&ts® The advantage
overcome deposition by means of ultrasonic wave-generatedof microreactors with continuous flow over conventional
agitation to dislodge particulates from the metal foil to macroreactor batch processes relies on the fact that simply
successfully produce metal nanoparticle colloids including scaling down the reaction system is often sufficient to lower
Au and Pt® the polydispersity. Furthermore, the temperature and con-
In this work, we engineered another method to overcome centration can be varied promptly and reproducibly on the
deposition, which is inspired by chemieahechanical scale of micrometers and miliseconds, as desired for nano-
planarization (CMP). We employ a “scrubbing” brush crystal synthesi&** However, these continuous-flow pro-
functioning like a “polishing” pad in constant contact with ~cesses usually require prior well-mixed solutions in order to
the rotating metal foil. This hairy brush (commercially form narrowly dispersed nanoparticles if several reactants
available scrubbing brushes with polymer bristles were are involved, otherwise the micromixing mediated by slow
employed in the experiement) immediately removes newborn and spontaneous molecular diffusion is not sufficférin
atoms or atom clusters from the foil surface during the hydrodynamically and mechanically assisted metal displace-
reduction process. In addition, turbulent agitation resulting ment reduction, the mechanical and hydrodynamic forces not
from high-speed rotation of a substrate disk and attachedonly effectively prevent plating and bulk formation by the
foil in the solution further helps ejecting the particle species scrubbing action but also facilitate mass transport and well-
from the foil, transferring them into the bulk phase and Mmixing, providing more favorable conditions for particle
creating a well-mixed, uniform suspension. In this way, a hucleation and growth. Our method in continuous flow also
synthesis condition is created to optimize the growth of circumvents the intrinsic drawback in the microfluidic
particle. reactors-reactor fouling, which is due to the aggregates’
settlling on the inner surface of the tube wilIF>
d For desired size and size distribution, the synthesis is

chemical properties of nanoparticR&:” For instance, in performed similarly to industrial MSMPR (mixed suspension,
“structure sensitive” catalytic reactions there is an ideal size Mxed product removal) crystallizef§The continuous and

and morphology for metallic nanoparticles on the catalyst Steady-state operating MSMPR vessel, characterized by a
surface for optimum reaction conditions. Much higher feeding stream of precursor ionic solution and an exit stream

catalytic efficiency can be achieved if a monomodal distribu- ©f Mixed reaction solution, allows regulated control of
tions can be produced. Moreover, advanced application of 2Verage residence time of suspended nanoparticles, providing
nanoparticles as building blocks for bottom-up assembly and particles with selective growth time and size tunability.
construction of nanoscale device requires the ability to AS an example of the synthesis stragety, silver nitrate
process and maneuver particles, which exerts more strict(AgNOs, anhydrous, 99:9%, Alfa Aesar) is mixed with
demand for size selection. Currently predictable control of Poly(vinyl pyrrolidone) (PVP, weight-average molecular
particle size and size distribution remains an important Weight of 58 K, Acros Organics) in deionized water at room
challenge, although some strategies have been performed antgmperature at various reported concentrations. Nickel foil,
proven successfully. These strategies include, but are notifon foil, and cobalt foil (all 0.5 mm thick, 56< 50 mm,
limited to, controlling the concentration of capping ageits, Alfa Aesar) are employed as a heterogeneous reducing
employing reverse micelles as microreac¢fornd using medium respectively for the generation of silver nanopatrticles
dendrimer? or nano- or meso-porous matriék® as en- in the reactor. The molar ratio of AGQNPVP (in repeating
capsulation templates. However, reverse micelles and theunit) is fixed at 1:1 for Ni and Fe reduction and 10 for Co
porous templates are hard to remove after syntheses and arggduction. The AgN@PVP solution is put into the reaction
not ideal for producing pure and uncontaminated nanopar-Vessel (150 mL in vessel) and an inlet reservoir. The volume
ticles. Decomposition of organometallic precursors is also Of reaction solution remains constant at 150 mL during the
whole procedure because of the balanced input and exit
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Eignl\eref 1| 'f«;ﬁ%r%%wtfﬁivie TEM ggag_es of Ag gggop,aftigles SynaheSized size is 35.4+ 6.0 nm (Figure 1c) with a residence time of
o '(e());' and by Fe chilga]; %o min:mizéf])’; 0.08 Mm('g);(vi'itﬁe& ol 30 min and a concentration of 0.05 M. With Co as the
with 7 = 30 min, [Ag"] = 0.5 mM (d). The average sizes are 2%:%5.4 reducing agent, the Ag particles size is 4#111.2 nm
nm, 35t-_8¢| 9-? nm, 35-4|i 6t-0 nm, ?Edﬁ?'& 1}-2b”m (all SrﬁD:I?OT) 50) (Figure 1d) with a residence time of 30 min and a concentra-
B?iﬂerﬁ,'?,%yﬁnff?nﬁﬁrﬁ rgs%"’g;et’iveiy frgrﬁcgaielagstg rgan’el e nm. tion of or_1|y 0.5 mM. Thi§ shows th_a'F the reduction rate plays
a more important role in determining the average particle
constant contact with the foil surface to perform the polishing size. Further, it was observed that the slow reduction by using
function. The inlet flow is controlled through a funnel, and Ni and Fe foils leads to a smalller yield of less than 5%,
the exit flow is controlled by a plastic tube with a regulatory while the yield with a faster reduction rate (using Co foil)
clamp. After steady flow state is reached (usualky21 can be much higher>30%). The effect of the reduction
average residence time), solution mixture was sampled forrate implies that the reduction rate is not porportianl to the

further characterization and analysis. standard potential difference between the metal-ioetal
The concentration of the metal salt precursor, the flow pairs, asE’retre = —0.44 V < E°cttico = —0.28 V <
rate, and thus corresponding particle average residence timeE’yizni = —0.25 V.

(due to fixed balance volume) were investigated as regulatory  Figure 2 shows another synthesis example. Copper nano-
factors for particle dimension and distribution control. Figure particle are reduced by Co foil using copper(ll) nitrate 2.5-
1 shows TEM images of synthesized Ag nanoparticles hydrate (Cu(N@)2:2.5H,0, Acros Organics) plus PVP and
reduced by Ni, Fe, and Co foil at varied flow rate. a fixed molar ratio of [C&/[PVP] = 0.2. Under same
The results show that average size and size distributionprecursor concentration of [€] = 0.01 M, the average
can be selectively modulated by particle average residencesize and distribution goes up from 4491.1 [ = 30 min)
time (r). For Ni reduction, the increasedeads to increased to 4.9+ 3.1 nm ¢ = 60 min). The average residence time
average size and broader distribution from 28.5.4 = is again successfully employed as an adjustment parameter
60 min) to 35.8+ 9.9 nm ¢ = 120 min) (Figure 1a,b). When for size selectivity. It should be noted that Co is also an
reducing the flow rate to zero, as in a batch system, severeexcellent reduction agent, and the yield is approximately
agglomeration occurs, and almost no individual particle can 20%.
be identified (Figure 1le). The reason why the average In conclusion, we have successfully developed a new
residence time serves as a size and size distribution control general route for metal nanoparticles production by using
strategy is apparent in this specific process; a characteristicmetal foil as heterogeneous reducing medium with the
“progressive” reduction and nucleation governs the particle deplating and mass transporting aid of mechanical and
formation due to the foils’ relatively weak reducing ability hydrodynamic forces. Particle average residence time are
as compared to strong reducing agent such gs,Nnd proven effective adjustable parameters for tunable particle
NaBH, and other factors such as limited reaction sites on size and distribution. These techniques open new horizons
the foil surface. Thus nucleation cannot be separated fromfor exploitable scalability of continuous industrial poduction
particle growth in time, and the growth durations for of an array of metallic nanoparticles with tunable size.
individual particles have a distribution with tinf&¢ Thus a
broad size distribution results. Consequently, the average Acknowledgment. The work was supported by NSF (CTS-
residence time balances the negative effect of progressive0500402) and DoE (DE-FG02-05ER46241).
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