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An atmospheric pressure microplasma technique is demonstrated for the gas phase synthesis of Ni nanoparticles by
plasma-assisted nickelocene dissociation at different conditions. The dissociation process and the products are character-
ized by complementary analytical methods to establish the relationship between operational conditions and product prop-
erties. The innovation is to show proof-of-principle of a new synthesis route which offers access to less costly and less
poisonous reactant, a higher quality product, and a simple, continuous and prelpost treatment-free manner with chance
for fine-tuning “in-flight.” Results show that Ni nanoparticles with controllable magnetic properties are obtained, in which
fexible adjustment of product properties can be achieved by tuning operational parameters. At the optimized condition
only fee Ni nanoparticles are formed, with saturation magnetization value of 44.4 mAm®/g. The upper limit of production
rate for Ni nanoparticles is calculated as 4.65 X 1077 g/h using a single plasma jet, but the process can be scaled-up
through a microplasma array design. In addition, possible mechanisms for plasma-assisted nickelocene dissociation pro-
cess are discussed. © 2017 The Authors AIChE Journal published by Wiley Periodicals, Inc. on behalf of American Insti-

tute of Chemical Engineers AIChE J, 64: 1540-1549, 2018

Keywords: microplasma, microreactor, plasma technology, Ni nanoparticles, magnetic properties

Introduction

Owing to their unique magnetic properties, iron group nano-
particles (Fe, Co, and Ni) enable promising applications in
high density recording, medical imaging, ferrofluids, drug
delivery, and magnetic thermal therapy.l’3 Presently there is
an increasing interest to Ni nanoparticles as they show promise
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article.

Correspondence concerning this article should be addressed to V. Hessel at
v.hessel@tue.nl.

This is an open access article under the terms of the Creative Commons Attribu-
tion-NonCommercial License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited and is not used for com-
mercial purposes.

© 2017 The Authors AIChE Journal published by Wiley Periodicals,
Inc. on behalf of American Institute of Chemical Engineers

1540 May 2018 Vol. 64, No. 5

in the field of magnetic hyperthermia for cancer treatment.
This is induced by the synergistic combination of characteris-
tics such as high saturation magnetization (M) value, excel-
lent biocompatibility, slow oxidation rate compared to Fe and
Co as well as cytotoxicity against cancerous cells.*”

It is well known that material properties depend critically
on particle size, structure and morphology. For example, the
surface plasmon resonance of gold nanoparticles shows a red
shift with increasing particle size, resulting in a considerable
variation in optical properties.6 Iron oxide nanoparticles of
maghemite structure (y-Fe,O3) show excellent superparamag-
netic behavior, in contrast to the antiferromagnetic nature of
hematite (2-Fe,05).” Also, the hyperthermia therapy efficacy
of Ni nanoparticles is affected by several parameters: (1)
Composition. The existence of impurities will significantly
reduce their magnetic performance. (2) Particle size. The satu-
ration magnetization of Ni nanoparticles is size-dependent,
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Figure 1. Schematic diagram of (a) the microplasma setup and (b) the microreactor for magnetic Ni NPs synthesis.

[Color figure can be viewed at wileyonlinelibrary.com]

which decreases with decreasing particle size.® (3) Structure.
The face-centered-cubic (fcc) phase Ni nanoparticles show
better hyperthermia properties and have much higher M val-
ues (~48.5 mAmz/g) compared with the hexagonal-close-
packed (hcp) phase (< 1 mAm?/g).° As magnetic properties of
Ni nanoparticles are closely related to those parameters, the
manipulation of particle size, morphology, and crystalline
phase will allow us to have a precise control of their properties
that can be optimized for specific applications.

The synthesis of Ni nanoparticles has been widely studied
over the past decades, including a variety of novel or well-
established methods such as microemulsion, sputtering, pyrol-
ysis, ultrasound-assisted, solution combustion, chemical
reduction, and sol-gel process.'”!! However, these approaches
are generally multisteps and time consuming, requiring pre/
posttreatments such as separation, washing or annealing to
improve purity and crystallinity. Flexible control over compo-
sition, structure, and particle size during these processes is dif-
ficult to achieve, with the mechanisms poorly understood.
Moreover, a great concern for bio-application is toxic chemi-
cals are involved (e.g., reducing agents, solvents, catalysts, or
surfactants), leading to undesirable hazardous interactions
with biological systems and the environment. Therefore, the
controllable synthesis of Ni nanoparticles with desired proper-
ties in a simple, continuous, nontoxic, and efficient way is still
a challenge.

As a new generation technique for nanomaterial synthesis,
the microplasma-assisted approach not only provides a rapid,
cost-effective and continuous route to prepare high quality
nanoparticles, but also simplifies the preparation process by
omitting complex pre/posttreatments as well as expensive vac-
uum equipment.'?~'* Preceding studies have shown that parti-
cle size, morphology, composition, and microstructure can be
tuned through processing parameters.15 Moreover, as reactions
take place in the gas phase, hazardous wet chemistry is not
involved, rendering it to be a promising protocol for nanoma-
terial fabrication, especially for bio-application purpose.

With the motivation to synthesize Ni nanoparticles of con-
trollable magnetic properties in a simple, continuous and envi-
ronmental friendly way, a microplasma-assisted approach is
adopted in this study. We first sought to test a hypothesis that
the properties of Ni nanoparticles can be controlled and tuned
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by adjusting the power dissipated in the plasma. As Ni nanopar-
ticles of fcc phase are more stable than hcp phase at high tem-
peratures, increasing the plasma power will lead to an increased
gas temperature, inducing a structure transition from the hcp to
fcc phase. Meanwhile, the plasma power also affects the elec-
tron density and energy distribution function, which affects pre-
cursor dissociation and particle nucleation processes, resulting
in products of different size, composition, and morphology. In
addition to plasma power, another hypothesis is that the control
over properties should be achieved by adjusting the precursor
concentration, through which particle size, morphology, and
composition are influenced. In this study, the relationship
between experimental conditions and product composition,
size, morphology as well as structure is investigated to correlate
with their magnetic behavior and to obtain a precise control
over those parameters. Furthermore, possible mechanisms for
the plasma-assisted nickelocene dissociation are discussed to
provide an insight into the complex process.

Experimental
Synthesis

In this research, Ni nanostructures are synthesized in a spe-
cially designed microreactor by an atmospheric pressure micro-
plasma setup (Figure 1). Briefly, nickelocene (Ni(cp), or
Ni(CsHs),, Acros-Organics) vapors were delivered into plasma
with a continuous argon flow in line 1. A separate argon flow in
line 2 acting as dilution gas was designed to adjust the precursor
concentration. These two MFC controlled flows were then
mixed before being injected into the microreactor. During all
experiments the total gas flow rate was kept constant at 100
sccm. The Ni(cp), vapor concentration was derived from vapor
pressure data'® combined with Dalton’s Law and Amagat’s
Law.!” To avoid precursor condensation, the gas lines and the
microreactor were assembled inside a thermostat oven with a
fixed temperature of 323 K. A commercial DC power supply
(Matsusada Precision, Model AU-10R30) was employed to gen-
erate and sustain the plasma between a stainless steel (SS) capil-
lary tube and a SS mesh, with a 2 mm gap. Experimental values
of discharge current and voltage were automatically logged
using a LabVIEW based program. The reaction products were
collected by placing a SS mesh downstream of the aerosol.
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Table 1. Processing Parameters for the Synthesis of Ni Nanoparticles

Crystalline

Plasma Ni(cp), Size and M Throughputb

Power Line 1 Line 2 Current Voltage Concentration Composition® (mAm?/ (Single Jet)
Condition (W) (sccm) (sccm) (mA) V) (ppm) (nm) 2) (g/h)
1 1.3 30 70 6.0 220 35.0 9.2 nm (fcc, hep, C) 16.1 465X 1072
2 2.0 30 70 9.3 216 35.0 17.4 nm (fcc, hep) 26.4 4.65 X 107°
3 2.7 30 70 12.8 210 35.0 22.8 nm (fcc, hep) 349 465 X 107?
4 3.4 30 70 16.2 207 35.0 27.0 nm (fcc) 44.4 4.65 X 107°
5 1.3 15 85 6.0 220 17.5 22.8 233 X 1073
6 2.0 15 85 9.3 216 17.5 254 233 X107
7 2.7 15 85 12.8 210 17.5 335 233X 1073
8 3.4 15 85 16.2 207 17.5 38.4 233 X 1077

“The crystal size and phase composition is derived from the XRD results using Scherrer formula; fcc (face-centered-cubic Ni), hep (hexagonal-close-packed Ni),

C (crystalline carbon).

Throughput is calculated based on the Ni(cp), feeding rate, with an assumption of 100% precursor conversion using a single plasma jet.

Systematic experiments were performed to study the influ-
ence of processing parameters on the products and their mag-
netic properties. A detailed list of processing parameters and
product properties is given in Table 1. First, the effect of dis-
charge power was investigated, when the plasma power was
varied from 1.3 to 3.4 W while keeping a constant precursor
concentration (35 ppm, condition 1-4). Next, the influence of
precursor concentration was studied by operating the plasmas
in the same power range but with half the precursor concentra-
tions (17.5 ppm, condition 5-8). The typical procedure was as
follows: a discharge was ignited in pure argon. After stabiliza-
tion, Ni(cp), vapors were delivered into the discharge through
line 1 at a fixed gas flow rate. Meanwhile, the gas flow rate of
line 2 was adjusted to maintain the total gas flow at 100 sccm.
After a set process time (2 h), line 1 was closed and the plasma
was sustained for a while in pure argon to flush possible
Ni(cp), residues, before switching off the discharge.

Characterization

Optical emission spectroscopy (HR4000, Ocean Optics)
with a spectral resolution of 0.91 nm was employed to analyze
the Ni(cp), dissociation process and to identify specific inter-
mediate radicals existing in the plasma. The emitted light was
collected by an optical fiber fixed at 20 mm distance from the
electrodes axis. To characterize the morphology of the prod-
ucts, sample images were recorded by a Quanta 3D FEG (FEI)
scanning electron microscopy (SEM). The particles size and
shape was further characterized using a FEI Tecnai 20 (type
Sphera) transmission electron microscope (TEM), with
selected-area electron diffraction (SAED) analysis to identify
crystalline phases. XRD measurements were performed using
a Rigaku Geigerflex X-ray diffractometer (Cu-K,; radiation,
/A =1.54056). The average grain size of the Ni nanoparticles
was estimated from the highest intensity peak (111) at 44.5°
using the Scherrer formula. Magnetic properties of the prod-
ucts were evaluated using a VSM-SQUID magnetometer from
Quantum Design (MPMS 3). Hysteresis loops and the satura-
tion magnetization were measured at room temperature. Zero
field cooled (ZFC) measurement were performed using the fol-
lowing procedure: the samples were cooled to 5 K in the
absence of an external magnetic field. Then a field of 10 mT
was applied and the magnetization was measured as a function
of temperature up to 300 K. For the field cooled (FC) measure-
ment, samples were cooled to 5 K in the presence of a constant
magnetic field of 10 mT, then the magnetization was measured
as a function of temperature up to 300 K, while keeping the 10
mT field present.
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Results and Discussions

The precursor dissociation process is characterized in situ
through OES measurement by recording the emitted spectra
and correlating the spectral features with emission peaks of
Ni(cp), originated radicals. Based on preceding reports'® 2
and NIST Atomic Spectra Database,23 detailed radiative tran-
sition information of species resulted by Ni(cp), dissociation
process is summarized in Supporting Information Table S1.
Figure 2 shows a representative spectrum recorded from a dis-
charge operated at condition 4 to identify the intermediate rad-
icals in plasma. Apart from the dominant argon atomic
transitions (Ar I) between highly excited electronic states in
the region of 690-850 nm, prominent emission peaks of carbo-
naceous species corresponding to C, Swan bands (467—
474 nm [Av=—1], 512-520 nm [Av=0], 550-565nm
[Av = +1]), C, Fox-Herzberg bands (285-315 nm) and CH
bands (380-390 nm [3900 A system], 430—435 nm [4300 A
system]) are found in all spectra. Furthermore, low intensity
peaks at 657 nm and 340-355 nm are observed in all spectra,
which are ascribed to H, and Ni lines, respectively.m’25 The
presence of emission lines related to Ni(cp), fragments proves
the decomposition of Ni(cp), vapors in the argon discharge.
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Figure 2. A representative OES spectrum recorded
from discharge operated at plasma power
of 3.4 W, with Ni(cp), concentrations of
35 ppm.

May 2018 Vol. 64, No. 5 AIChE Journal



Figure 3. SEM images at different magnification of materials synthesized at plasma power of (a-c) 1.3 W, and (d-f)

3.4 W, with fixed Ni(cp), concentration of 35 ppm.

Moreover, to investigate the influence of the plasma power on
the dissociation process, spectra recorded from discharges
operated at conditions 1-3 are shown in Supporting Informa-
tion Figures Sla—c. It is clearly observed that the line intensi-
ties of the Ni(cp), originated fragments and their ratios
relative to the argon lines increase with the discharge power,
indicating concentration growth of the corresponding excited
species. This is probably due to an increased electron density
at higher power which, in turn, results in a higher precursor
dissociation rate and deeper fragmentation. In addition to the
plasma power variation, spectra corresponding to different
Ni(cp), concentrations are also recorded to study the effect of
variation in precursor flow. As shown in Supporting Informa-
tion Figure S1d-f, for the discharge with a Ni(cp), concentra-
tion of 11.7 ppm, only barely distinguishable spectral features
of Ni(cp), fragments are detected. By contrast, their intensities
are found to increase significantly with the Ni(cp), concentra-
tion. This is probably because a higher Ni(cp), concentration
results in an improved production rate of radiating fragments.
Therefore, in the described setup, the precursor dissociation
rate can be controlled by tuning the discharge power or by the
variation in Ni(cp), mass flow.

Ex situ materials characterization starts with SEM analysis
to give a general overview of product morphology. Represen-
tative images of products synthesized at 1.3 and 3.4 W with 35
ppm Ni(cp), vapors are shown in Figure 3 to study the influ-
ence of plasma power. Meanwhile, typical images of products
obtained at 2.0 and 2.7 W with the same Ni(cp), concentration
are also provided in Supporting Information Figure S2 for
complementary information. It is indicated that the products
prepared at 1.3 W are clustered as spherical particles to form
coralline-structure morphology. These coralline structures are
typically 2—-3 pm in diameter and covered with a high density
of entangled fibril/felt-like branches. According to previous
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studies, such branches are attributed to carbon nanotubes
(CNTs) growing on the surface of the catalytic nanopar-
ticles.?® For products synthesized at 2.0 W (Supporting Infor-
mation Figures S2a-b), small particles of 20-50 nm are
clustered together to form cauliflower-like bunches, containing
significantly less fibril/felt-like carbon fibers. The further
increase of the plasma power to 2.7 W results in well dispersed
spherical agglomerations and the absence of entangled fibril/
felt-like CNTs (Supporting Information Figures S2c—d). As to
products synthesized at 3.4 W, typical bidimensional rod
structures are formed by randomly oriented nanoribbons, dem-
onstrating an entirely different morphology, and CNTs totally
disappear. The morphology transition from coralline-structure
to nanoribbon-structure with increasing temperatures was also
observed by Chinnasamy et al.,”” where a polyol process was
used to prepare fcc/hep phase Ni nanoparticles. Based on the
above analysis, the plasma power is shown to have a signifi-
cant effect on the sample morphology. At high powers nano-
particles tend to agglomerate in rod-like structures, without
the formation of CNTs, suggesting that heating contributes to
the specific agglomeration of nanoparticles and the inhibition
of CNTs.

The influence of precursor concentration on the particle mor-
phology was also investigated using SEM analysis. Representa-
tive comparisons are carried out by keeping the plasma powers
at 1.3 and 3.4 W while halving the Ni(cp), concentration to 17.5
ppm (condition 5 and condition 8). Supporting Information Fig-
ures S3a, b shows that products synthesized at condition 5 form a
characteristic hydrangea-like morphology. The magnified image
reflects the existence of CNTs covering the particle surface.
However, their density is much lower compared to products
obtained at the double Ni(cp), concentration. For products col-
lected at condition 8, particles show irregular shapes and adhere
together to form hydrangea-like shapes instead of rod-structures.

DOI 10.1002/aic 1543
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Meanwhile, as shown in Supporting Information Figures S3c, d,
the particles are smaller and more uniform compared to the par-
ticles synthesized at a 35 ppm Ni(cp), concentration. Therefore,
SEM imaging reveals that the precursor concentration also
affects the product morphology and CNTs formation.

The XRD patterns plotted in Figure 4 correspond to prod-
ucts synthesized at condition 1-4. All results indicate a
crystalline nature of the as-prepared particles, revealed by dis-
tinctive diffraction peaks. The XRD pattern of the condition 1
exhibits three prominent peaks at 20 values of 44.5°, 51.8°,
and 76.4°, which are indexed to the (111), (200), and (220)
planes of fcc Ni nanoparticles (JCPDS PDF card #04-0850).
Meanwhile, less intensive peaks of the hcp Ni (JCPDS PDF
card #45-1027) at 39.1°(010), 41.5°(002), 58.4°(012),
71.0°(110), 78.0°(103), 85.8°(112), 87.9°(201) as well as char-
acteristic carbon peaks at 43.25° and 43.49° are also detected.
However, with increasing plasma powers, one can observe
that hcp Ni peaks and the relative intensity ratio (RIR) of hcp
to fcc Ni phase decrease apparently, indicating the inhibition
of hcp Ni nanoparticles. For products obtained at condition 4,
negligible hep Ni are present, with the absence of any charac-
teristic carbon peaks, suggesting the formation of CNTs is
totally suppressed. This is in agreement with the SEM results.
Furthermore, the narrowing of the peaks with increasing
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plasma power reflects increase in grain size, and the crystal
size and phase composition is listed in Table 1. The XRD
results confirm our hypothesis, where a structural transition of
Ni nanoparticles from hcp to the fcc phase is observed at high
plasma powers. This is because hcp Ni nanoparticles are stable
at low temperature, but undergo a transition to the fcc phase
above 673 K.?® The XRD pattern of products synthesized at
condition 8 is also shown in Supporting Information Figure
S4. It turns out that all hcp Ni peaks vanish, leaving three sig-
nificant peaks of fcc Ni nanoparticles. Therefore, it is con-
cluded that the structure of products can be tuned by adjusting
the precursor concentration.

TEM images of particles synthesized at condition 1-4 are
presented to give a better insight of the impact of plasma
power on the products. Particles prepared at 1.3 W appear to
be spherical, relatively small and quite uniform, with approxi-
mate diameters of 5—-15 nm (Figures 5a, b). One can also note
that abundant CNTs coexisting with Ni nanoparticles, from
which carbon lattice fringes are clearly observed in the high-
resolution image. The presence of CNTs reconfirms the SEM
and XRD results, where fibril/felt-like carbon fibers form a
closely packed layer outside the Ni particles. When increasing
the plasma power to 2.0 W, relatively larger sized Ni nanopar-
ticles are observed, with much less CNTs incorporated (Sup-
porting Information Figures S5a, b). The SAED pattern shows
diffraction rings are perfectly indexed to the (111), (200),
(220), and (311) planes of fcc Ni, suggesting that fcc phase Ni
nanoparticles are dominant in the products. A gradual increas-
ing trend on particle size and agglomeration is observed as the
plasma power rises. Particles appear to be spherical and are
estimated to have an average size of 5-20 nm at 2.7 W. More-
over, their lattice fringes can be clearly observed in the high-
resolution TEM image (Supporting Information Figures S5c,
d). When synthesized at 3.4 W, the particles have even a
broader size distribution (5-25 nm). Their morphologies vary
from nearly spherical to cubic. Besides, as indicated by the
SAED pattern, they prove to be polycrystalline, and the dif-
fraction rings are well assigned to the (111), (200), (220), and
(311) planes of fcc Ni. Another noteworthy observation is that
no CNTs appear in the products, in accordance with the SEM
and XRD results. To give a better understanding of the influ-
ence of precursor concentration on particle morphology, TEM
images of products synthesized at condition 8 are also pro-
vided in Figures Se, f. Particles are shown to have various
shapes (spherical, cubic, oval, and irregular). The size is esti-
mated to be in the range of 4—16 nm, which is smaller and
more uniform compared with products obtained at double the
precursor concentration (5-25 nm). In addition, the diffraction
rings are also indexed to the (111), (200), (220), and (311)
planes of fcc Ni nanoparticles, without the appearance of
CNTs. However, due to their magnetic properties, the signifi-
cant agglomeration phenomenon among Ni nanoparticles
makes it difficult to derive accurate particle size distributions.

The temperature dependence of magnetization (M-T) curves
of hep Ni nanoparticles is considerably different from the fcc
phase, where the hcp phase shows negligible magnetization in
ZFC-FC curves, in contrast to the obvious magnetic behavior
of fcc Ni nanoparticles.?*” Besides, the blocking temperature
(Tg) of the hcp Ni nanoparticles is tested to be around 12 K,
much lower than that of fcc Ni (above 300 K).” A sharp Ty
peak always exists in the M-T curves of hcp Ni nanoparticles
around 12-13 K, whereas that of fcc Ni nanoparticles is broad
and size dependent.*® To get further information on magnetic

May 2018 Vol. 64, No. 5 AIChE Journal
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Figure 5. Representative TEM and SAED images of products fabricated at various operation parameters: (a, b) 1.3
W, 35 ppm Ni(cp)2 vapor. (c, d) 3.4 W, 35 ppm Ni(cp). vapor. (e, f) 3.4 W, 17.5 ppm Ni(cp), vapor.

properties and confirm the correlation between structure and
the magnetic behaviors, at first the M-T measurements were
performed. Figure 6 shows M-T curves corresponding to prod-
ucts synthesized at condition 1-4. For all samples synthesized
in the given conditions, no sharp peaks are observed at ~12 K,
and the ZFC magnetization increases with temperature while
the FC magnetization is almost constant, which is

AIChE Journal May 2018 Vol. 64, No. 5
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characteristic M-H behavior of fcc Ni nanoparticles. The
bifurcation of ZFC-FC magnetization curves is estimated to be
a slightly higher than 300 K, suggesting the products behave
ferromagnetically and the blocking temperature is above
300 K. Therefore, this provides an additional proof that fcc Ni
nanoparticles are dominant in the products, being consistent
with the XRD results.

DOI 10.1002/aic 1545
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Figure 7 presents the hysteresis (M-H) loops of products
synthesized at condition 1-4. All products show ferromagnetic
behavior and reach magnetic saturation at an applied magnetic
field of around 0.5 T. The M| increases with the plasma power,
from 16.1 mAm?/g at 1.3 W to 44.4 mAm?/g at 3.4 W, which
is still lower compared to bulk nickel (55 mAm?%/g). The
increase of M with the plasma power is explained by:

1. The M of nanoparticles decreases with decreasing particle
size. In the theory, it follows the formula®

M,=M,(1—61/D)

where My, denotes the magnetic saturation of the bulk
nickel, ¢ denotes the thickness of magnetically inactive
layer, and D corresponds to the diameter of nanoparticles.
A lower plasma power results in smaller-sized nanopar-
ticles, leading to an increased surface-to-volume ratio as
well as a higher fraction of magnetically inactive material.
Therefore, the M, of nanoparticles is relatively larger
when synthesized at higher plasma powers.

2. Less CNTs are formed at high plasma powers. As a con-
sequence, high purity Ni nanoparticles are obtained, lead-
ing to an enhanced M. Our results show that CNTs
coexisting with Ni nanoparticles at low plasma powers,
while are suppressed at high powers. A reasonable expla-
nation is that the Ni nanoparticles generated at lower
power are smaller, resulting in larger specific surface
area, thus, allowing carbon supersaturation readily. There-
fore, they are more active in catalyzing hydrocarbons to
form CNTs. This is in agreement with preceding findings,
which showed that the CNTs formation rate depended
inversely on catalyst size, and no CNTs were formed by
catalysts with diameters larger than 7 nm.>'32

3. The M, of fcc Ni are much larger than that of the hcp
phase, and they are more stable at high temperatures. The
increase of plasma power contributes to the transition of
Ni nanoparticles from hcp to fcc phase, resulting in an
improved M value.

In addition to plasma power, M-H measurements of products

obtained at condition 5-8 are also conducted to study the

effect of precursor concentration, as illustrated in Supporting
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Information Figure S6. It is clearly shown that all samples
have ferromagnetic behavior, and their M, increases with
plasma power. Compared to products obtained with double
Ni(cp), concentration, the increasing trend is “milder,” from
22.8 mAm?/g at 1.3 W to 38.4 mAm?/g at 3.4 W.

Based on experimental results, here we have verified the
hypothesis that magnetic properties of Ni nanoparticles can be
controlled and tuned either by the plasma power or by the pre-
cursor concentration, through which the governing parameters
such as composition, particle size, and structure are influ-
enced. As reflected by the measured M-H loops, at discharge
power of 1.3 W an increase of precursor concentration from
17.5 to 35 ppm results in lower M| value for the products. By
contrast, at higher powers the same variation in precursor con-
centration leads to rise in M, value. This can be ascribed to
overall impact from interrelated and competing parameters
that together determine the magnetic properties: (1) At low
plasma powers the influence of carbon impurities is dominant.
Ultrafine Ni nanoparticles (5—-15 nm), generated at 1.3 W, are
highly active in catalyze C H, species to form carbon atoms.
For the lowest studied Ni(cp), vapors concentration value of
17.5 ppm, the relatively insufficient carbon supply as well as
reduced interactions over hydrocarbon fragments and catalytic
surface limit the formation of CNTs impurities in the products.
However, as revealed by the OES, the densities of C,H, spe-
cies increase considerably with the Ni(cp), concentration.
Once the Ni(cp), vapors are increased to 35 ppm, the density
of dissociated species and the probability of interface contact
between hydrocarbon radicals and Ni nanoparticle increase as
well, leading to faster carbon acquisition from the gas phase.
As a result, the products have higher carbon content, which in
turn, resulting in a lower M, value compared to the nanostruc-
tures synthesized at a 17.5 ppm Ni(cp), concentration. This is
consistent with experimental results, where abundant CNTs
were observed at condition 1, but were suppressed at other
conditions. (2) When the plasma power is enhanced, the
effects of particle size become dominant. Ni nanoparticles
generated at high plasma powers are larger and less active in
catalyzing hydrocarbon fragments to form CNTs. Therefore,
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Figure 7. Effect of plasma power on the hysteresis (M-
H) loops of products synthesized at 35 ppm
Ni(cp), vapors: (a) 1.3 W, (b) 2.0 W, (c) 2.7 W,
and (d) 3.4 W.

[Color figure can be viewed at wileyonlinelibrary.com]
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Table 2. Summary of Processing Parameters of the Existing Approaches for the Gas Phase Ni Nanoparticles Synthesis

Feeding Temperature Pressure Particle Pre/
Precursor Gas °C) (kPa) Size (nm) Throughput Posttreatment ~ Reference

Microplasma Ni(CsHs), Ar 101.325 5-25 2.33-4.65 mg/h no
CVD Ni(CO), CO, NH; 575-725 6.89 10-3000 ~t/h Cooling 33,34
CVD Ni(CO), CO, N,, Ar 260-400 0.01 3-140  0.08-2.2 g/(cm*h) Heating 35,36
CVD Ni(CsHs), H, 490-600 5.33 X 1076 60-300 Outgassing 37
CVD Ni(CsH;0,), N,, H, 400-500 0.48-2.9 X 107 15-600 Reduction 38
CVD Ni(CsH4CH3), H,,He 700 5.33 X 1072 140-260 Outgassing 39
Laser-assisted Ni(CO), CO, SFg, Ar 300-350 ~83 5-50 140-506 mg/h Cooling 40
PVD Ni metal wire Ar/He ~2300°C 133.3 X 1073 15-200 1.91-9.5 g/h Cooling 41
Arc-plasma Ni rod Ar, H, 100 8-50 Reduction 42
Microwave plasma Ni(CO), Ar/He, CO 3000-11,000 K 34.5-82.7 62-1083 5 kg/h Cooling 43
Pyrolysis NiCL, N,, H, 725-1000 10-110 270-630 Cooling, reduction 44,45

much less CNTs are formed, and their influence is consider-
ably reduced. In this situation, the increase of Ni(cp), concen-
tration mainly promotes the nucleation and growth of Ni
nanoparticles instead of carbon inclusion in the products. Con-
versely, larger-sized Ni nanoparticles have better magnetic
properties, contributing to a further increase of M,. This
hypothesis is supported by the M-H result, where the optimum
M is achieved at condition 4.

Despite the above results give a proof of principle of the
synthesis of Ni nanoparticles with controllable magnetic prop-
erties by this facile approach, it is still not clear how Ni(cp),
vapors are dissociated in the plasma. Moreover, the magnetic
behavior of the products is shown to be governed by the opera-
tion parameters. To have an idea on the preferential plasma-
induced dissociation pathways the Ni(cp), molecules, and
hopefully to achieve a better control on the products properties
by tuning plasma operation conditions, the present study also
discusses possible mechanism based on experimental data and
relevant information from in-depth literature review (Support-
ing Information). To our best knowledge, it is the first attempt
to provide insight to pathways of this complicated process
(Supporting Information Figure S8). Still extensive research is
required to fully understand the underlying plasma-induced
reaction kinetics and mechanisms.

As described above, the microplasma-assisted process has
shown its ability to synthesize Ni nanoparticles with adjustable
magnetic properties in a simple, solvent-free, continuous, and
one-step manner, which is still regarded as a challenge by the
state of technology. This technique combines the advantages
of microreactors and the nonthermal plasma chemistry,
resulting in a new and facile route for the gas phase fabrication
of Ni nanoparticles. Compared to the existing methods
(Table 237, the present study chooses Ni(cp), as the precur-
sor to replace the commonly used Ni(CO),4 which is extremely
toxic and dangerous.36 As a consequence, special safety pre-
cautions are not needed. The confinement of the plasma in
microspatial scale leads to very high energy density. Ni nano-
particles are produced at the dissipated plasma power as low
as ~1.0 W (despite low quantity), which cannot be achieved
by the existing approaches. Meanwhile, due to the short resi-
dence time (N1074 s, derived from gas flow rate, tube size,
and electrode distance) and the uniform RTD of Ni(cp),
vapors in the plasma, the obtained Ni nanoparticles are much
smaller and have narrower size distributions compared with
other gas phase processes. Possible side reactions and by-
products are considerably suppressed as only the Ni(cp), being
used as the precursor and dissociated in an inert atmosphere,
obviating the use of complex procedures to purify the prod-
ucts. Another distinctive advantage is the demonstrated ability
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to tune the product properties in-flight by simply adjusting the
controlling “knobs” such as the plasma power or the Ni(cp),
concentration, without any pre/posttreatments like separation,
drying or annealing. Thus, the overall synthesis workflow is
greatly simplified. Moreover, owing to the versatility of micro-
plasma sources and the high degree of flexibility in processing
parameters, this technique is expected to have many promising
applications, such as surface modifications or coatings, on-
site/direct-write deposition of well-defined nanostructures,
fabrication of metal patterns on the polymer films, and in situ
formation of patterned electrical conductors.

Conversely, it should be pointed out that the throughput of
the current work is not high, as only a single microplasma unit
has been applied to fabricate nanoparticles, and the synthesis
takes place in a microreactor. The upper limit of the produc-
tion rate of Ni particles in an assumption of 100% precursor
conversion efficiency at 35 ppm Ni(cp), vapors by a single
plasma jet is calculated as 4.65 X 10~ g/h. However, the pro-
cess has the potential to be scaled up by arranging micro-
plasma units in an array structure. One feasible solution is the
microjets-array, where a certain number of microplasma jets
are arrayed to achieve the parallel operation. We have previ-
ously demonstrated that a 2D microjets-array with 100 micro-
plasma jets in each dimension (100 X 100) can improve the
throughput by four orders of magnitude.46 If such a array was
applied to the present study, the production rate is estimated to
be 1116 g/day, much higher than the claimed high-throughput
synthesis of Ni nanoparticles by a continuous flow method
27 g/day).47 An alternative way for scaling-up this technique
is the so-called planar microdischarges. In such a configura-
tion a matrix of holes are perforated in two planar metallic
sheets, which are separated by an insulator. Each hole acts as
an independent plasma source after power coupling on the two
metal layers.48 Precursors can be delivered into these holes
and being dissociated. Furthermore, the extremely small
dimension of the capillaries or the holes results in rather com-
pact reactors. A 2D microjets-array with 100 jets in each
dimension is reported be ~1.5 m X 1.5 m, while planar micro-
discharges with 200 holes only occupies a spatial space of 50
X 50 mm?, making them attractive for industrial or portable
applications.*®

Regarding the scale-up behavior, for the microjets-array, the
sustaining voltage is reported to be the same for each jet while
the total current increased by a factor equal to the number of
jets. Meanwhile, as each microplasma jet is independent and
behaves similarly,49 it is expected that the product properties of
the microjets-array are similar to a single microplasma jet when
sustained at the same voltage. More general scaling behavior
for a single microplasma reactor as well as for the array of
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identical microplasmas is expected to be similar to Yasuda’s
concept, initially proposed for plasma polymerization.”® Within
this concept the plasma enhanced process is defined by the com-
posite power parameter or process scaling factor W/FM, where
W is the discharge wattage, F is the volume flow rate, and M is
the molecular weight of the precursor. It should be noted, that
in the case of nanostructures growth, in addition to the specific
power driven plasma-chemistry scaling (Yasuda parameter), the
residence time becomes the key parameter, because together
with growth rate it defines the product-size distribution. In turn,
the residence time depends on the convective gas flow. Thus, it
can be formulated what: the product properties are expected to
be similar if (1) the discharge power to total gas flow ratio
remains constant, while (2) the concentration of precursor is
kept the same. Therefore, to increase throughput and maintain
nanoparticle characteristics, the precursor mass flow should be
increased, accompanied by the proportional rise in discharge
power and carrying gas flow.

Conclusions

In summary, we have introduced a simple, continuous and one
step microplasma assisted technique for the gas phase Ni nano-
particle production. Systematic experiments are designed and
carried out, for the first time, to establish the relationship between
operational conditions and product properties. Innovations of the
new route are to give access to less costly and less poisonous
reactant, a higher quality product, and a process which is simple,
continuous, pre/posttreatment-free with chance for fine-tuning
“in-flight.” Experimental results show that Ni nanoparticles of
controllable magnetic properties are successfully produced, and
the upper limit of production rate is calculated as 4.65 X 10~°
g/h for a single plasma jet. The adjusting of plasma power or pre-
cursor concentration allows tuning composition, size distribution,
morphology, crystal structure and, ultimately, magnetic behavior
of the obtained products in a wide range. At relatively low dis-
charge power to precursor mass flow ratio the products contain
Ni nanoparticles in both fcc and hep phases as well as CNTs. It
is remarkable that the plasma assisted process can simultaneously
result in both metal catalyst nanoparticles and CNTs from one
metalorganic precursor. The increase of plasma power led to the
inhibition of CNTs growth and preferential formation of fcc Ni
with high magnetic properties. Single phase fcc Ni nanoparticles
with characteristic size of 20-27 nm and M, value of 44.4
mAmz/g are obtained at the optimized condition. Furthermore,
based on experimental results and information from literature, a
model is proposed to illustrate the possible mechanisms of micro-
plasma assisted nickelocene dissociation process. Finally, micro-
plasma array design is demonstrated as a feasible solution to
scale up the technique, and the scale-up behavior of the products
is also discussed.

In a broader view, it can be expected that this approach has
the potential for practical fabrication of other magnetic nanopar-
ticles, such as cobalt, iron oxide, nickel oxide, and so forth, just
by changing precursors and/or adding oxygen in the plasma.
The high flexibility and versatility also renders it possible to
open up new synthesis route for nanomaterial fabrication in a
controlled and environmental friendly manner. In association
with the demonstrated adjustable magnetic properties of the
products, this can bring critical advantage for medical applica-
tions such as cancer hyperthermia treatment.”’ With the advan-
ces in microplasma-array technology, it becomes feasible to
scale up the throughput of the studied process even towards
industrial level by proper design of microplasma array reactors.
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