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ABSTRACT

The main objective of thisresearch isto prepare nickel nanoparticleswith
more porous structure by the pulsed current electrochemical method. In
this method, there are some effective parameters including; pulse ampli-
tude (current amount), pul se frequency, nickel salt concentration, ammonia
concentration, structure director concentration, reduction agent concen-
tration, and synthesis temperature, which were optimized by the “one at a
time method”. A nickel optimized nanopowder was synthesized by using
nickel chloride (0.005M) as precursor, silver nitrate as a nucleation agent
(at 0.5% mole of nickel saltin the starting solution), polyvinyl pyrrolidone
(PVP) asstructuredirector (with PVP/Ni=1.7g/g), anmonia(2 M), and hy-
drazine as reduction agent (with Hydrazine/Ni=16 g/g) by pulsed current of
58 mA.cm2 with afrequency of 12 Hz. The morphology and particle size of
each synthesized sample was studied by scanning electron microscopy
(SEM). The obtained results showed that temperature has no considerable
effect onthe morphology and particlesize of nickel nanopowder. The nickel

nanopowder synthesized in optimum conditions has excellent uniform and
amore porous structure including nanoclusters with a particle size of ap-
proximately 10-20 nm. The obtained resultsindicate that the pul sed current
electrochemical method can be used as aconfident and controllable method
for the preparation of nickel nanoparticles.
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Small metal particlesin thenanometer rangedis-
play different chemica and physicd propertiesfrom bulk
materials, and play an important role asa heteroge-
neous catayst. Thereactivity of thenanosized catalyst
particleisassociated withtheir high ratio of surfaceto
bulk atomg*3. The meta nanoparticlesdisplay unique
propertiesthat differ fromthe bulk substances,i.e.: a

different heat capacity, vapor pressure, and melting
point. Moreover, when decreasing the metal particle
szesufficiently enough, thereoccursa trangition of the
electronic statefrom ametallic to non-metallic one.
Additiondly, metd nanopartidesexhibit alarge surface-
to-volume ratio and an increased number of edges,
cornersand facesleading to altered catal ytic activity
and selectivity®,

Nickel cataystsarewidely used in chemical and
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petrochemical processes. Nicked iswidely used asan
alternative catalyst for the heterogeneous hydrogena
tion of vegetableoilsinindustrial processes (Raney
Nickel). Morerecently it is used as aheterogeneous
catalyst inavariety of organic syntheses, most com-
monly for hydrogenation reactions. Raney Nickel is
produced when ablock of nickel-aluminum alloyis
treated with concentrated sodium hydroxide. Thistreat-
ment, whichiscalled “activation”, dissolves most of the
auminum out of thedlloy. Theporousstructureleft be-
hind hasalarge surface area, which givesahigh cata-
Iyticactivity. A typicd cataystisaround 85% nicked by
mass, which correspondsto approximately two atoms
of nickel for every atom of aluminum. Theauminum
which remains hel psto preservethe pore structure of
theoveradl catalyst. When the nickel powder is pro-
duced inamore porous structure, it is expected that
the product does not need aluminum as a porosity
maker. Intheliterature, therearemany chemica meth-
ods proposed to obtain nickel nanoparticles*®. Nickel
nanowiresareof particular interest to researches be-
causethey could beemployed toincrease magnetic stor-
age density!®”. Stopic et al reported ahigh tempera-
tureprocessof spray pyrolysisinwhich submicron par-
ticleswere produced by hydrogen reduction at tem-
peratures of over 300°C, it was however difficult to
decreasetheparticle sizedown to the nanometer range
with thistechnique®. Zhu et a reported ayidd of about
90% after 12 hoursof radiation for the production of
nanocrystalinenickel powder from either aqueous so-
lution or a poly solvent, such as ethylene glycol®.
Kuriharaet a synthesized nanosized nickel using hy-
drazine as the reducing agent at elevated tempera-
tures™?, Yu et a utilized amodified polyol processto
synthesizenicke rods™. Chou et d synthesized nickel
fibersfrom three different processes,thekineticswas
investigated and it was noted that these processes could
producenickel fiberswith adiameter of about 1-2u*2.
Leeet a reported the formation of crystalline nickel
fibersby chemical reductionin the presence of amag-
neticfid d™3. Takeshi synthesized nickel powder through
the thermal decomposition of nickel oxalatel*4.
Zubryckyj et a synthesized nickel powder by hydro-
genreduction®®, Thereare many other reportsonthe
chemical synthesismethodsof obtaining nickel pow-

derl1617.18,19]
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There are afew reports on the el ectrochemical
deposition of nickd nanoparticles. Lisensky et a syn-
thesized nickel nanowires by electrodeposition?. In
thereported method by Lisensky et d, nickel nanowires
aregrown ingdetheporesof anduminafilter and then
the filter is removed by etching, to yield magnetic
Nanowires.

Jnetd eectrocrystalized nickel nanoparticleson
a4-nitroaniline (NA) radical monolayer-grafted on
MWOCNT through amolecular level design. Thestruc-
tureand nature of the Ni/NA/MWCNT was charac-
terized by afield emiss on scanning € ectron microscope
(FE-SEM), an X-ray diffraction (XRD) and an X-ray
photoel ectron spectroscopy (XPS). Theresults show
that Ni nanoparti cleswere homogeneoudly e ectrode-
posited on the surfaces of MWCNT?Y,

Wang et a superimposed an externd high pardle
magneticfiedinto the co depogtion processof Ni/nano-
Al O, composites. It wasfound that thedi stribution of
nanoparti cles showed the network shapewhen super-
imposing amagneticfield, andtheaveragesize of the
single network increased with increasing the current
density. High concentration of nanoparticle could be
obtained at low current density withamagneticfield,
whileahigh current density was needed to redlizethat
when without amagnetic field,the superimposed mag-
netic filed would improvethe current efficiency. A pos-
sible mechanism on forming network shapewasdis-
cussed??,

Inthisexperiment, asmpleway to synthesisnickel
nanoparticleswasreported. Nickel nanoparticleswere
electrodeposited by gpplying apulsed current technique
fromanickd sat akainesolution containingammonia
and palyvinyl pyrrolidone (PV P) asastructuredirector
and colloid stabilizer.

2.EXPERIMENTAL

2.1. Materials

All materid sand reagentsusedintheseexperiments
were of reagent grade and were produced inthe Loba
ChemieCo. (Indid). Double-distilled water was used
indl theexperiments.

2.2. Instrumentals
A power source of the MPS-3010L model, made
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Figurel: Laboratory system used to synthesisthelead
dioxidenanopartides including power supply, pulsemaker
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Figure2: Used pulsediagram, including pulsetime, re-
laxation time, and pulseheight

by the Taiwan Matrix Company was used for produc-
ing the constant current. A home-madedectrica pulse
apparatus was applied to make the reproducible cur-
rent pulses. Figure 1 showsthe used laboratory sys-
tems, including the power supply, pul seapparatus, and
electrochemicd cdl. The solution temperature waskept
constant with usage of awater bath (Optima, Tokyo,
Japan).

A scanning el ectron microscope from Philips Co.
(XL30) wasused for studying of morphology and par-
ticlesizeof the prepared nickel nanopowders. Energy-
dispersive X-ray analyses (EDX) were performed by
Philips 30 XL. X-ray diffraction (XRD) studieswere
performed by aDecker D8 instrument.

2.3. Procedure

Reagent grade nickel chloride hydrate (NiCl,,.
6H,0) was used asthe precursor for nickel synthesis
and, silver nitrate (AgNQ,) was chosen asthe source
of Ag asanucleation agent for nickel synthesis. The
appropriateamounts of nickel chloride (0.005M) and
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AgNO, (at 0.5% moleof nickel inthestarting solution)
and PVP (PVP/Ni=1.7g/g) werefirst dissolved inwa
ter, which wasthen heated to the desired temperature
for thereaction. The sufficient quantitiesof ammonia
werequickly added into the above solution (final con-
centrationis2M). Theobtained solutionwasused in
thedectrochemicd synthesiscell with two graphitee ec-
trodes as anodes and one stainless steel (316L) asa
cathode. In theses cases, the precipitate was separated
from the sol ution, washed with water and ethanol, and
dried at room temperature. The morphology and di-
mension size of nickel nanoparticleswerestudied by
scanning el ectron microscopy. At thismethod, thereare
effective parameterswhichindude pulseamplitude (cur-
rent amount or pulseheight), pulsefrequency, nickelsat
concentration, ammoniaconcentration, complex agent
concentration, and temperature or synthesis solution
which wereoptimized by atimemethod.

3.RESULTSAND DISCUSSION

Inthisprocedure, apulsecurrent isexerted onthe
electrochemical solution containing astainless steel
(316L) cathode and two graphite anodes by the el ec-
trical pulseinstrumentation. Inthismethod, thereare
someeffective parameterswhich include, pulseampli-
tude (current amount or pulse height), pulsefrequency,
nickel salt concentration, ammoniaconcentration, com-
plex agent concentration, and temperatureor synthesis
solution which were optimized by the“one at a time”
method.

Inthe pulsed current method, the current vs. time
was gpplied asshowninfigure2. Asshowninfigure2,
the used current pulse has4 variable parameters. pulse
height (current amplitude), pulsetime, rlaxationtime,
and pulsefrequency. Our initia studiesshow that the
relaxation time/pulsetimeratio of 3issuitableand op-
timum most of the synthesizes, thustheratio of 3was
selected for later studies. At constant ratio of relaxation
timeto pulsetime, apulse system has 3 variable pa-
rameters. pulseheight, pulsetime, and pul sefrequency.
Theeffect of dl effective parameterswas optimized by
the“one at a time” method.

3.1. Pulsefrequency optimization

Our initial studies showed that the pulse current
method ismore effectivethan thes mple constant volt-
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Figure3: Effect of the pulsefrequency on theaverageand
range of nickel nanoparticlessize
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age and smple constant current methods. The pulsed
current electrochemical method can be used asacon-
fident and controllable method for the production of
nanoparticles. Figure 2 showsthe used pulse diagram.
Asitisseenfromfigure 2, each current pulse contains
an “on” time (pulse time) and an “oft” time (relaxation
time), so that the pul sefrequency can berelated to the
sum of current pulseswhich can be applied into the
system at oneunit of time. At constant ratio of relax-
ationtime/pulsetime (whichisequd to 3), any variation
in pulsefrequency makesanew pulseand rlaxationtime.

Inorder to investigate the effect of pul sefrequency
on particles ze, the pul sefrequency wasvaried fromQ
to 24 Hz. The SEM results showed that at afrequency
of 12Hz, the synthesized nickel nanopowder ismore
uniform, it hassmaller particlesand more porous, ex-
ceptional nanogtructures. Thevariation of average par-
ticlesizeandtherange of particlessizesvs. pulsefre-
quency, based onthe SEM data, areillugtrated infigure
3.Asshowninthediagram, increasing pul sefrequency
from 0 to 12 Hz not only causes a considerable de-
creaseintheaverageparticlesize (from 115nmto 75
nm), but al so produces adecreaseintheparticlesize
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range (from the range of 85-145nm to 60-100nm).
For the pulsefrequency of 12 Hz, the““on” and “off”
durationswere 20 msand 60 ms, respectively. Apply-
ing the synthesis current in pul seform decreasesthe
nuclear growth, thusthe uniform and smaller particles
aresynthesized. At higher pul sefrequencies(morethan
12 Hz), the relaxation time between two successive
pulsesisvery short so that the new synthesiscycle (ac-
cordingto thenew pulse) starts beforethefinishing of
theprevious synthesis cycle (according to the previous
pulse). It should be mentioned that the nuclear growth
haslittle hindrancetimewith respect to pulsetime (re-
duction of nickel). At lower frequencies, therate of the
nuclear growthismorethanthenuclear productionrate.

3.2. Optimization of pulsed current amplitude

Inorder toinvestigatethe effect of a pulse current
amplitude (pulse height) on the morphol ogy and par-
ticlesize, thepulsewhich height varied from 14to 115
mA/cm? was exerted on the el ectrochemical solution
while the other parameters were kept constant. The
morphology and particle size of each nickel powder
yidldwasstudied by SEM. Fivedifferent current am-
plitudeswereused in thisseriesof optimization experi-
ments. Figure4 showstheeffect of pulseheight onthe
average particlesize and therange of nickel particles
szes. Asshowninfigure4, asthepulseheight increases
from 14 to 58 mA.cmthe range and average particle
Size decreases. Thisresult can berelated to thisfact
that in theelectrochemical pulse system, nuclearation
rateincreases making the pulse height increase, which
thereforecausesadecreaseintha particlesize. At higher
current amplitudes, particle growth rate and agglom-
eration rateishigher than thenuclearation rate. This
fact casesto increase the range and the average par-
ticlesize of the synthesized nickel powder. Based on
theobtai nedinformation derived fromfigure4, thepulse
height (current amplitude) of 58 mA .cm? was selected
astheoptimum current for thesynthesisof uniform nickel
nanopowde.

3.3. Temper atureoptimization

For investigation of the synthesi stemperature ef-
fect on the morphology and particle size of nickel
nanopowder, four synthesizeswere carried out at tem-
peratures of 0, 25, 45 and 100°C. Figure5 showsthe
morphology and particlesize of thenickel nanopowder
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Figure 5: SEM images of nickel nanopowder samples
which wer esynthesized at temperaturesof 0°C (a), 25°C
(b), 45°C (c) and 100°C (d)
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Figure 6: SEM images of nickel nanopowder samples
which wer esynthesized at nickel chlorideinitial concen-
tration of 0.005M (a),0.01M (b), 0.02M (c), 0.03M (d),
0.04M (e),and 0.08 M (f)

samplessynthes zed a different solution temperatures.
Asseeninfigure5, solution temperaturedoesnot have
any congderableeffect onthemorphol ogy and particle
size of the nickel nanopowder. Nevertheless, asthe
solution temperatureincreasesfrom 0to 25°C, the syn-
thesis rate of nickel nanopowder also increases. At
higher temperatures, thereisahigh rate of ammonia
evaporation from the solution thus causing adecrease
inthe synthesisrate. At thetemperature of 25°C, the
synthes srate and sol ution stability isoptimum.
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3.4. Optimization of theinitial nickel chloridecon-
centration

Theeffect of theinitial nickel chloride concentra-
tion on the particle size and morphology of nickel
nanopowder wasinvestigated by varying thenickel sat
concentration from 0.005M t0 0.08 M. Figure 6 shows
the SEM images of the synthesized nickel nanopowder
samplesat different concentrations of nickel chloride.
Asitisseeninfigure6, thelower concentrations of
nickel saltscreateauniform structure and the smallest
particlesizefor thefinal nickel nanopowder. For more
clarification, theaverageeffect of theinitia nicke chlo-
ride concentration and ranges of the samples’ particle
sizesareshowninfigure7. AsFigure 7 shows, asthe
initial concentration of nicke chlorideinthesynthesis
solution decreasesfrom 0.08 M t0 0.005 M, the aver-
age particlesize of nickel nanopowder al so decreases
from 100 nmto 15 nm. In additionto the particlesize
itsdlf, therange of particle sizesaso decreasefrom 50-
100nm to 10-20nm. The obtai ned results can probably
berelated to the reduction of particlegrowth and the
agglomeration rate at lower concentrations. At initial
nickel chloride concentrationswhich arelower than
0.005 M, theamount of nickel nanoparticle precipita-
tionisvery low, thusit can not befiltered and collected
therefore Theinitial concentration of 0.005M was se-
lected for the optimization of other parameters.

3.5. Optimization of NH, concentration

Thereduction of nicke ionsby thechemical agents
or using thed ectrochemica method should only becar-
ried out in thebasic mediaof ammonid*®*2Y. Therefore,
the concentration of NH,,(asacomplex and basic agent)
was varied from 0-19 M at atemperature of 25°C,
12Hz frequency, 58 mA/cm? pul se current and anickel
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Figure 9: Final SEM images of the obtained nickel
nanopowder at thedifferent optimization steps: (a) opti-
mized pulsefrequency, (b) optimized current amplitude,
(c)optimized solution temperature, (d) optimized initial
concentr ation of nickel salt, and optimized initial concen-
tration of ammonia

chloride concentration of 0.005 M. SEM Images
showed that with theincrease of theammoniaconcen-
tration from 0-2 M, the samples acquired uniform
nanostructures and, with the greater increase of the
ammonia concentration from 2-19 M, the uniform
nanocluster structures converted to simple
nanoparticles. Figure 8 shows the average effect of
ammoniaconcentration andtherangeof particlessizes.
Asdemonstrated in figure 8, at the increase of the
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Figure10: XRD patternsfor the optimized nickel nano
powder sample

ammoniaconcentrationfrom 0-2 M, theaveragerange
of the samples’ particle sizes decrease. At lower and
higher concentrations of ammonia, the nickel powder
lacksastable, regular structure. Thisresult can prob-
ably berdatedto theunsuitableratio of nucleationand
nuclear growth.,

3.6. Theeffect of thestructuredirector agent

Theeffect of thethree different structuredirector
and colloid stabilizer agents(glycerol, PVA and PV P) =
was studied onthemorphol ogy and particlesize of the
nanostructured nickel. SEM studiesshow that the PV P
hasthebest rolein stabilizing thecolloid and control-
ling the nanostructured nickel particlegrowth. Asit has
been previously reported®23, PVP can beused asan
effective structuredirector agent and colloid stabilizer
for chemica and eectrochemica synthess. Theexperi-
mental results showed that the previously used PVP
concentration (PVP/Ni=1.7g/g) isthesuitablevaueto
obtain an excellent uniform nanostructured nickel in
nanopowder form.

3.7. Optimized nickel nanoclusters

The excellent uniform nanoclusters of nickel in
nanopowder form can be synthesized at the optimum
conditionsasfollowings.

1. Pulsefrequency of 12 Hz

2. Pulseheight (current amplitude) of 58 mA.cnm?

3. Synthesissolution temperature of 25°C

4. Initid nicke ion concentration of 0.005M inchlo-

ridesaltform

Ammonia(complex and basi ¢ agent) concentra-

tionof 2M

6. PVP(structuredirector agent) with theweight ra-
tioof PVP/Ni=1.7g/g

o1
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When asynthesisiscarried out under the above-
mentioned conditions, needle-shaped nickel
nanocl usters can be obtained in powder form. Figure5
showsthefind SEM imagesof theobtained nicke pow-
der samplesfor theoptimization of the effective param-
eters(sections3.1t0 3.6). Infigure9, for each effec-
tive parameter (pulsefrequency, pulse height, tempera-
ture, initial concentration of nickel ion, and ammonia
concentration) thefind SEM image of thesamplewhich
synthes zed in the optimum value of the proposed pa-
rameter hasbeen presented. Asobservedinfigure9,in
theduration of the optimization steps, the morphol ogy
and particlesizeof the synthesi zed nickel change from
simple particles to perfect uniform needle-shaped
nanoclusters.

Figure 10 shows the XRD patterns for the opti-
mized nickel sample. Atitisseeninfigure6, thereis
only metallicnickel inthesynthesized sample. Thecd-
culation of particlesizesusing Scherrer’s formula sug-
gested the particlesizesto beabout 17 nm. Thisresult
iswell supported by scanning el ectron microscopy.

4. CONCLUSION

The experimenta resultsindicatewhich pulsecur-
rent electrochemical method can be used as a confi-
dent and controllable method for the preparation of
needle-shaped nickel nanoclusters. When asynthesis
iscarried out under apulsefrequency of 12 Hz, apulse
height (current amplitude) of 58 mA.cm2, asynthesis
solution temperature of 25°C, aninitia nickel ion con-
centration of 0.005M in chloridesat form, anammo-
nia(complex and basi c agent) concentration of 2 M
and aPV P (structuredirector agent) withaweight ratio
of PVP/INi=1.7g/g, nickel nanopowder can beobtained
intheperfect uniform structuresin nanocluster formwith
an average particlesize of 10to 20nm.
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