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ABSTRACT 
In Ihi s work a novel aerosol mel hod, derived from Ihe balch 
Reduclion/Expansion Synlhesis (RES) method , for production 
of nano I micro-scale melal panicles from oxides and 
hydroxides is presenled. In Ihe Aersosol -RES (A-RES) 
melhod, an aerosol, consisling of a physical mix lure of urea and 
lIlelal ox ide or hydroxides, is passed Ihrough a healed oven 
(1000 °C) wilh a residence lime of Ihe order of I second , 
producing pure (zero valenl) melal panicles . It appears Ihal Ihe 
process is flexible regarding melal or alloy idenlity, allows 
conlrol of pallicle ·s ize and can be readily sca led 10 very large 
Ihroughpul. Currenl work is focused on crealing nanopalli cles 
of melal and melal alloy using Ihis melhod . Allhough Ihis is 
primarily a repoll on observalions, some key elements of the 
chemistry are clear. [n panicular, Ihe reducing species 
produced by urea decomposilion are Ihe primary agenls 
responsible for reduclion of ox ides and hydroxides 10 melal. It 
is also likely Ihal Ihe rapid expansion Ihal lakes place when 
solidlliquid urea decomposes 10 form gas species influences Ihe 
final morphology of Ihe panicles. 

INTRODUCTION 
Synlhesis of melalli c nanopanicles ha s been the focus of many 
rescarch anicles latdy due 10 Iheir uniqne properties such as 
oplical gainl'/, waler purificalion[' J, and in biological 
applicalions/']. Moreover, magnelic nanopanicles have been of 
panicular inleresl speciiically, the synlhesis of nanometer 
nickel due 10 Ihe signifi~anl inleresl in ils appliealionsl'l as a 
ca lalyst and in pigmentsl>. 61. Addilionally, snch panicles were 
fonnd 10 have greal use in Ihe magneti c dala Slorage media 
induSlry"l, as elements of Chemical and biological sensorslSI, as 
we ll as in biomedica l (lppl icc\li onsl

'J-
tJ l . 

Due 10 Ihcse exciling applicalions and di scoveries a significant 
amou nl of effon and funding has been given 10 sllId y synthesis 
o f such uhrafinc panicles . A number of techniq ues have been 
inlroduced and nsed as a means of produclion of snch metallic 
nanopaf'licles slIch as sono-chemis1ryllo" 15], wei chemistry 
methodsli. 16-101, co-precipitationl:!l . '2'21, micro-emulsion 
lOelhodsl"l, laser-driven Ihermal melhods12l-20I'lIld plasma 
mClhoclS (REFS). Yinually all-prior reporled work i,i 'Ihis fiel cr 
convcyed obslacles of conlamlnalion, expensive processes, 'Imy 
yie ld S, and difficuhy of mass produclions and industrial lip 
sca ling. 

Herein we describe an aerosol mel hod (A-RES) by which we 
produce mi cro and nano zero valenl nickel (ZYN) pani cles 
frolll Nickel( lI) hydroxide an d Ni(lI) Oxide . Characleriza li on 
o f the panicles clearly idenlifies Ihelll as being pllre (zero 
valenl) Ni wilh varying sizes . The parl icles are micro Md nano 
in size wilh micron panicles forming from nanoparlicies, which 
have sinlered, inlo micropanicles. Observalion wilh Ihe 
scanning eleclron microscope (SEM) shows Ihal Ihe partic les 
are porous . The A-RES melhod lends ilSelf 10 conlinuol1s 
synthesis of panicles for induslrial sca lc-up. 

EXPERIMENTAL SETUP 

Materials 

Solid urea was purchased from EMD Chemicals and ground 
inlo a fine power Ihat was passed Ihrough a 400 mesh. The 
urea was Ihen added 10 a nask of eilher Nickel(lI) Hyd rox ide or 
Nickel(JI) Oxide . Bolh nickel compound s were purchased from 
Sigma-Aldrich and used wilholll any modificalions . 

A 1:7 ralio between Ihe nickel in Ihe Nickel(JI) Hydrox ide and 
Ihe amine funclional group in Ihe urea (-NH,) in thi s work. 
Specifically for Ihis work, this was oblained by adding 3 g of 
Ni(OH), 10 16.17 g of ground urea powder in Ihe fla sk. 
Similarly, 10 achieve a 1:7 ralio between Nickel in Ihe 
Nickel(lI) Oxide and Ihe amine funclion group in urea, a 
sample was prepared by adding 4 g of NiO 10 26.75 g of ground 
ure a powder in Ihe fla sk. 

In order 10 oblain a more uniform helerogeneous mixture of Ihe 
urea and nickel compounds, fla sks of the compounds were 
shaken lighlly. An acceplable mixture was obtained when Ihe 
color of Ihe mixlure was nniform. Flasks were sealed wilh a 
two-hole ru bber Slopper. 
A pparatu5 and procedure 

188 em 

ColI. etian of S,mple 

Fig. O Furnace used in synthesis of micro and nanoparticles 
of nickel from Nickel(") Hydroxide and Nickel(II)Oxlde 

Fig. I shows a diagram of the A-RES reaclor used in synthesis 
of ZVN. It COnsiSIS of a 188 cm quartz wbe wilh an oul er 
diameter of 38 mm and 35 mm inner diameter. 011 Ihe lOp end , 
this tube has a 5 cm gas pon wilh a 10.5 mm ID and 12.75 mm 
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OD, a 125 COl IOllg vertical furnace. The ·tube .IVas inserted in 
the fumace such that approximately 33 cm from each side of 
the tube IVas located outside the fUlllace . . 

The experimenls commenced by purging Ihe syslem with 900 
sccm of ultra high purity Nitrogen (99.9999%) while heating 
the single-zone furnace to the desired temperature (1000 ·C). 
FlolV of the gas IVas controlled by a rotamete r. When the 
fUlllace reached the desired temperature, the nitrogen feed IVas 
switched to the Oask containing the mixtures at a rate of 900 
sccm through one of the tIVO holes of its stopper and another 
feed was connecled from the flask to the quartz tube , see Figure 
I. The flask IVas gently vibrated to create the aerosol. 

This fine powder traveled through the hoses in 10 the qual1z 
lube depositing green, white, and black materials on the side of 
Ihe upper part of the quartz wbe . A fine, dark and metallic 
powder was also collected using a weighing paper in an empty 
heaker beneath the outlel of the quartz tube . The beaker IVas 
placed in a plastic box that had an opening on ils top with a 38 
mm diameter .to allow the quartz lube eiliry into the box via 
close tolerances . Nilrogen Oowing through Ihe tube pressnrized 
Ihe plastic box such that air was prevented from coming inlo 
conlacl wilh Ihe prodllct. 

Characterization 
The nickel particles were collected in the bOl1om of the reactor 
with minimal exposure 10 air. Particles from bOlh Ihe 
Nickel(lI) HydrOXide and Nickel(lI) Oxide mixed with urea 
were loosely agglomerated and black in color. They were 
allracted 10 a permanenl magnet as a powder as well as when 
dispersed in a solvent - a qnick verillcalion Ihat we indeed have 
ni ckel. ContrOl experiments were conducted by passing 
Ni(OH), and NiO separa lely in Ihe furnace al 1000·C IVilhoul 
any urea. There was a slighl change of color but neilher powder 
was allracted by permanent magnet. Addilional preparalion of 
samples was performed per the method of analysis used . 
Specifics are outlined in subsequent sec lions. 

The ZVN particles were characterized using a scanni ng 
eleclron microscope (SEM), Iransmission electron microscope 
(TEM), X-ray diffraction, and FIB. Scanning electron 
microscopy (SEM) was performed with a Hitachi S5200 Nano 
SEM to caplure images of the metallic powder. Hi gh-resolution 
transmission eleclron microscopy (HRTEM) was II sed 10 

determine Ihe nickel's strllcilire wilh a JEOL 2010 at 200 keY. 
Samples for r EM analysis were ultra sonica lly dispersed in 
el hyl alcohol and "ansf erred dropwise to a 200-mesh holey 
carbon grid. X-r"y diffraction (XRD) was IIsed for 
crysta llographic analysis IIsing a Sei ntag PAD V X- ray 
diffr.ctomeler wilh Scinlillalion deleclor. 

RESULTS AND DISCUSSION 

The following subseclions describe Ihe results from each of the 
menlioned characlerization techniques. Each sllbseclion 
contains a brief analysis of the reslliis germane 10 Ihal 
technique. 

Scanning electron microscopy (SEM) 

Fig. 1 SEM images of Nickel particles obtained after they were 
produced from NI(OH),@ 1000 °C.lmages were taken at 

2.0kV x30.0k 

Fig. 2 SEM images of Nickel particies obtained after they were 
reduced from NiO@ 1000 °C.lmages were taken at 15.0kV 

x7.00k and xB.96k 

A sample of Ihe particles was invesligaled using the SEM . The 
sample was placed on carbon tape and a standard SEM holder 
was used. Figure 2 shows SEM images of ZVN particles 
prepared from Ihe reduclion of Nickel Hydrox ide at 1000 °C. A 

, substanlial nnmber of particles were observed to have holes . 
Some of the particles prepared were large holl ow spheres wh ile 
olhers IVere in aggregales of nano and micro particles . 
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As seen in Fig. 3, parlicles approximately I 11m in size are 
sinlercd together to form larger panicles. Si milar res liltS ~ Iv" t 
found for parlicle made from Nickel Hydroxide. he-'f"lflnman 
lemperalure of Nickd is 64~~'hiel lilt the sinlering 
process is believed to occ"lri"ySi nce the temperanlfe IIsed in 
our rcaclor is at 1000 oC:;-:,ve allribllte this phenoillenon 10 

sinlering: 

Using several SEM micrographs a panicle size distriblltion 
(PSD) IVas crealed. A 10 1.11 of 415 panicles were measllred and 
Iheir sizes ranged from 0.4 11m to 9.7 11111. The average particle 
size was 1.9 11m with a standard devialion of 1.5I1m . 

High-resolution transmission electron microscopy 
(HRTEM) 
A TEM sample was prepared by dispersing a small amount of 
sol id powder of Nickel prodllced from Ni(OH), and NiO in 
clhanol and lIsing an "llrasonic bath 10 help the powder 
dispersion. TEM images, e.g. Figure 4, indicaled a sllbstan li al 
amount of nanoparlicles. Ir js L:slim;lled Ihal as much <15 5';"1 of 
the nlCllil WClS in the rorm oj' nanOral1 ides j ('karly indicalill g 
Ihe exislence of a bimodal l'ilI"ticlc di slrihulion. Standard 
mechanistic models o f particl e growth 
(nuclealion/growrh/clgglomcralioniripcl1illg ) do nol predi ct the 
fDfI1HHion of himndft l particle di strihuti o ns. Recently i l was 
suggested Ihat himod~ 1 di strihlltioll ' form via shallcring of larer 
parl idcs. 
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A >lI"J y <,f th e particle size distributioll of nallopHl1ici es only 
(~7t) p<1rtj(' lcs) indicated an average of I :)'.~ nm wilh a standard 
deviation of 12 .·t nm. 

Fig. 4 TEM images (scale bar SOnm) ofNicl<e1 obtained from 
Ni(OHh 

X-Ray Diffraction 

X-ray diffraction (XRD) was also llsed to characterize the 
s~mples yielded from Ihi s experiment. The resnlts are shown in 
Figs. 5 and 6. Dominant peaks in these plots are Ni; secondary 
peaks are urea and the precursor. Urea and the precursor 
remain presumably because the two molecnles never came into 
conlaCl in [he reactor. 

Ni 

Ni 

Fig. 5 X-Ray diffraction pattern orNiel,el particles obtained 
from Ni(OH)2 

Ni 

i~ 
Ni 

r,,-,*,u 
L J~,~-~ 
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Ni 
Ni 

Ni 

Fig. 6 X-Ray diffraction pattern of Nickel par 
from NiO 

OUla, 

CONCLUSIONS 
Nanometcr nickel powders have been successfully prepared 
from Ni(OH), and NiO each mixed with urea in a 1:7 ratio. 
The method utilized was the A-RES method at 1000 'c. The 
morphOlogy, particle size distribution and composition were 
determined using SEtvI, HRTEtvI, and XRD. Results indicate 
that reduction of Ni(OH), and NiO are possible via the 
decomposed products of urea. The A-RES method is a 
continuous method that lends itself to transformation into a 
mass production method . 
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