
Synthesis of Highly Uniform Nickel Multipods
with Tunable Aspect Ratio by Microwave
Power Control
Parth N. Vakil, David A. Hardy, and Geoffrey F. Strouse*

Department of Chemistry and Biochemistry, Florida State University, Tallahassee, Florida 32306-4390, United States

*S Supporting Information

ABSTRACT: As the importance of anisotropic nanostruc-
tures and the role of surfaces continues to rise in
applications including catalysis, magneto-optics, and
electromagnetic interference shielding, there is a need for
efficient and economical synthesis routes for such
nanostructures. The article describes the application of
cycled microwave power for the rapid synthesis of highly
branched pure-phase face-centered cubic crystalline nickel
multipod nanostructures with >99% multipod population.
By controlling the power delivery to the reaction mixture
through cycling, superior control is achieved over the
growth kinetics of the metallic nanostructures, allowing formation of multipods consisting of arms with different aspect
ratios. The multipod structures are formed under ambient conditions in a simple reaction system composed of nickel
acetylacetonate (Ni(acac)2), oleylamine (OAm), and oleic acid (OAc) in a matter of minutes by selective heating at the
(111) overgrowth corners on Ni nanoseeds. The selective heating at the corners leads to accelerated autocatalytic growth
along the ⟨111⟩ direction through a “lightning rod” effect. The length is proprtional to the length and number of
microwave (MW)-on cycles, whereas the core size is controlled by continuous MW power delivery. The roles of heating
mode (cycling versus variable power versus convective heating) during synthesis of the materials is explored, allowing a
mechanism into how cycled microwave energy may allow fast multipod evolution to be proposed.
KEYWORDS: nickel, multipod, anisotropic, microwave, nanoparticle, mechanism, lightning rod effect

The growth of metal nanoparticles is known to follow an
autocatalytic two-step Finke−Watzky mechanism,
where the first step involves a slow reduction step

(k1) of the cationic precursor in solution by a weak reducing
agent, such as oleylamine, followed by a second fast reduction
step (k2) of the cation precursor at the surface of the growing
nanoparticle.1−3 In the autocatalytic mechanism, k2 ≫ k1,
leading to growth being dominated by the nanoparticle surface.
The nuclei morphology, the facet stability for a given metal, the
reaction conditions, and face-selective binding of ligands can
lead to hyper-branching. Although spherical particles are no
doubt important materials, controlling the reaction to allow
isolation of high surface area branched metal nanoparticles is
attractive for catalysis and plasmonic applications.4−13

Recent studies have revealed for face-centered cubic (fcc)
metals that branching is achieved by initial overgrowth on the
high-energy vertex and edge sites corresponding to the (111)
facets. Xia et al. revealed that morphology control can be
achieved by preferential growth along the (111) facet initiated
by (111) overgrowth occurring on nucleated cubic (fcc)
nanometal seeds.5 Researchers have carried the overgrowth
ideas to other metals and shown that materials with rapid

metal reorganization lead to primarily isotropic structures (Au,
Ag, Cu), whereas structures with slow reorganization can
readily grow as anisotropic structures (Ni, Pd, Pt).14,15 The
breakthrough in understanding the mechanism results in routes
to achieve the desired morphology. For catalytic applications,
multipod Ni, Pt, and Pd nanoparticles have been reported,
although the systematic control of arm length and aspect ratio
is poor, and long reaction times limit the scalability of the
reactions.16−21 To truly realize the benefits of multipod
nanostructured materials, it is critical to develop simple,
economical, scalable, reliable, and efficient routes for their
synthesis.
Transitioning the mechanistic understanding of growth to

sustainable synthetic methods for solution-processed materials,
whether by flow chemistry, batch reactors, or, more recently,
microwave-assisted methods, is fundamentally important as
such materials are being used for catalytic and plasmonic
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applications.22,23 In the past decade, the use of microwave
(MW) chemistry for nanomaterial synthesis has attracted
attention due to the enhancement of reaction rates and
reproducibility of the materials when carried out in a single-
mode MW reactor. The observed enhancement is not due to
the energy absorbed per MW photon, as it does not contain
enough energy to break a bond, but rather to enhanced growth
rates reflecting the evolving dielectric loss tangent for the
growing nanoparticle. The size-dependent loss tangent reflects
the repolarization of the electric field, as described within the
Maxwell−Wagner (M−W) model.24 Such polarization effects
are anticipated to be enhanced at sharp tips and edges, leading
to enhanced heating at these sites in a growing metal. This is
referred to as a “lightning rod” effect because the sharp tips and
edges generate very high electric fields in their vicinity due to
the surface charge density in those regions.25−32 The size- and
shape-dependent M−W loss tangents for a metal nanoparticle
suggest that selective heating of the tip under cycled power
may provide control through selective tip growth acceleration.
MW power cycling as a tool in MW chemistry has been
suggested by organic chemists to enhance yield of reactions
and in materials synthesis to manipulate heating rates.
Although the fundamental physics are well understood and
the lightning rod effect has been shown to enhance
electromagnetic shielding,28,31,33−35 the use in MW synthesis
has not been explored.
In this work, we show a simple and rapid microwave-assisted

chemical reaction that takes minutes to produce highly
crystalline metallic fcc nickel multipod structures. Nickel is
chosen as the example material as it is a highly valuable
industrial catalyst in fuel cells, waste reduction, and
bioprocessing technologies.36−41 Ni multipods with arms that
are 230 nm in length and 51 nm in width (aspect ratio of 4.5)
can be routinely prepared by sequential MW power cycling
(nine cycles) in a 2.45 GHz MW single-mode cavity (300 W)

within 10 min. The application of single-mode cycled MW
heating is demonstrated to enhance growth of the (111) facet
to form multipod Ni nanoparticles with large aspect ratios. The
arm length of the Ni multipod is easily controlled by the
number and time of cycles applied during growth. This method
does not need inert conditions to produce particles. The aspect
ratio is systematically reduced with fewer cycles. The resulting
multipod structures are highly crystalline metallic single-phase
fcc nickel. The high aspect ratio samples are not achieved by
continuous MW operation.
It is hypothesized that the ability to generate multipod

structures selectively reflects local tip heating, leading to
acceleration of the (111) facet growth on the initial Ni seed
crystal. As the arm grows, the selective heating coupled to an
increased MW cross section for the anisotropic structure
results in the observed >99% selective multipod formation.
Mechanistically, the accelerated growth is describable under
the Finke−Watzky autocatalytic mechanism as a temperature-
enhanced growth rate on the (111) facet, which occurs faster
than atom reorganization on the seed faces. The lack of
multipod formation under continuous power is ascribed to the
fact that the system reaches equilibrium, and the growth of the
(111) facet is in competition with nanocrystal reconstruction
to minimize surface energy.
The study furthers the demonstration of microwave-driven

chemistry as a powerful technology, providing precise control
over nanomaterial growth and morphology, with lower energy
consumption.42−44 Although multipod structures can be
achieved in classical convective reactions by addition of
ligands that selectively bind to a facet, the use of the cycled
MW produces >99% multipod morphology.

RESULTS AND DISCUSSION
Although Ni nanoparticle growth is well understood,
controlling morphology is not as predictable with typical

Figure 1. Proposed mechanism of nickel multipod growth during cycled microwave heating. The growth of Ni occurs via a two-step
autocatalytic process, where Ni(acac)2 is reduced in solution by the weak reducing agent, oleylamine, followed by the formation of small
nickel nuclei capped by oleylamine and oleic acid that continue to grow. The rates of growth are controlled by facet energy, with the (111)
facet being energetically favored. During the microwave “on” cycle, selective heating of (111) tips on nanoparticle corners enables faster
autocatalytic growth. Fastest growth of long multipod arms is therefore enabled when using high microwave power cycles that provide a
greater differential temperature between arm tips and the rest of the nanoparticle surface, unlike the case of the continuous power mode,
where particle reaches thermal equilibrium.
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reactions, yielding a distribution of morphologies.18,20,45 In all
reactions, enhancing growth at the tips (overgrowths) is key to
achieving the desired selective control of (111) growth,
allowing larger reaction batches to be prepared in isolating
anisotropic morphologies. Enhancing tip growth requires
control of surface energy, which can be achieved by ligand
binding or potentially selective heating. MW heating can give
rise to selective heating due to the fact that MW absorption by
a nanoparticle is size- and shape-dependent.2,24,46 The
interaction of the MW field will be largest at sharp edges,
reflecting the properties of the dielectric absorption
process.28,31,33−35 In systems exhibiting overgrowth, this may
lead to selective heating of the tips and potentially increased
reduction rates at the overgrowth sites owing to the lightning
rod effect,25−32 leading to enhanced anisotropic growth at the
superheated tips as hypothesized in Figure 1. Of course, under
continuous MW absorption, as the nanoparticle reaches
thermal equilibrium, this effect will be diminished, leading to
the reported spherical shapes.
The degree of experimental control achieved by MW power

cycling versus continuous MW power is illustrated in selected
electron microscopy images showing initial nucleation and
growth results in cubic structures (Figure 1a−c) that evolve
toward (111) overgrowth (Figure 1d) maintained under
continuous power (Figure 1e) but lead to high aspect ratio
multipod morphologies under cycled conditions (Figure 1f).
As detailed below, the evolution from cubic to overgrowth to
high aspect ratio multipods was analyzed as a function of time
(number of cycles) to produce a mechanism for growth that
distinguishes autocatalytic growth observed in MW reactors for
Ni under continuous heating from the onset of MW-enhanced
(111) facet growth under cycled MW conditions. To evaluate
the effect of MW power cycling on anisotropic growth, the
nanoparticles were grown by one of two operational modes:
(1) constant temperature mode (280 °C) (instrument
maintains temperature with adjusting the power automatically)
and (2) power- and frequency-dependent cycling of MW
power. Comparison to heating in a convective reaction using a
round-bottom flask and aluminum block was carried out to
evaluate the proposed growth model.
Condition 1: Evolution of Multipods under Constant

Temperature Mode for MW Heating (Variable Power).
The influence of time on multipod formation was evaluated
under constant temperature conditions where the MW power
fluctuates to maintain temperature over the course of the
reaction. The reactions were carried out by heating a solution
of Ni(acac)2 dissolved in a 5:1 (v/v) ratio of oleylamine to
oleic acid to 280 °C using an initial incident power of 300 W
to reach 280 °C and allowing the power to fluctuate to
maintain the reaction temperature (see Figure 1 for the
continuous power graphic). The reaction temperature and
microwave power profile for a continuous temperature reaction
and resulting particles are shown in Figure 2A−H. Comparison
is made to a reaction where the power is decreased from 300 to
75 W under controlled power, as a direct comparison to the
constant temperature study.
During the Ni growth reaction under constant temperature

conditions, the power cycles after 2 min decreased from 300 to
0 W, with continuous power fluctuation at ∼50−100 W to
maintain reaction temperature. Small power fluctuations are
evident in the constant temperature reaction. In contrast,
under constant power (Figure 2J), the temperature is

maintained over the course of the reaction without power
fluctuations.
In Figure 2, no clear correlation is observed between the

length of reaction at 280 °C (constant temperature) and the
appearance of multipod arms. Reactions carried out for 3 min
(1 min beyond cycle event) during the largest variance in
power produce irregularly shaped nanoparticles exhibiting
overgrowth but wide dispersities in size (20−100 nm). After 4

Figure 2. Transmission electron microscopy images of nickel
multipods under constant temperature mode at different times of
(A) 3 min, (C) 4 min, (E) 6 min, and (G) 10 min. Temperature
and microwave power profiles for the (B) 3 min, (D) 4 min, (F) 6
min, and (H) 10 min reactions. Scanning electron microscopy
images of nickel multipods under constant power mode for (I) 6
min and (J) corresponding temperature and microwave power
profile.
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min (2 min beyond cycle event), the nanoparticles have grown
larger and exhibit clear multipod morphology (arm aspect ratio
of 1.4) with tapering arms. From 6 to 10 min, the particles
exhibit variability in the multipod morphology, having large
sphere-like cores with longer arms of uniform width and
rounded ends extending out from the core (arm aspect ratio of
1.6−1.4). The stepped power experiment produces nonuni-
form shaped Ni (Figure 2I) consistent with the 6−10 min
reactions.
The average arm length, arm width, and aspect ratio for each

time point are provided in Table 1, and distributions extracted

from the transmission electron microscopy (TEM) images are
provided in Supporting Information Figure SF1. Arm length is
reported as the length from tip to base of the arm, and width is
measured across the center region of the multipod arm.
The 4 and 10 min Ni nanocrystals were investigated by high-

resolution TEM (HRTEM) lattice spacing analysis to assess
the crystallinity (Supporting Information Figure SF2A,B). A
HRTEM image of the arms in the 4 min reaction shows the
arms grow along the ⟨111⟩ direction with a d-spacing of 0.20
nm with no visible glide plane errors. In the 10 min reaction,
the overgrowths on the 10 min Ni nanoparticle also conform
to the (111) plane with a d-spacing of 0.20 nm. Powder X-ray
diffraction (pXRD) patterns on the 10 min reaction confirm
the d-spacing assignments to fcc Ni (Supporting Information
Figure SF3).
The lack of a clear power or time dependence on growth

behavior using constant temperature is attributed to the large
fluctuation in the MW power cycle profiles. To assess the effect
of MW influence, controlled convective reactions were carried
out under reaction conditions identical to those of the constant
temperature studies in Figure 2 (280 °C, 5:1 OAm:OAc, 0.08
M Ni(acac)2) for 4 min in a preheated aluminum block and 1
h using a round-bottom flask with a heating mantle. In the
convective reactions, the NiNPs appear as spherical nano-
crystals (Supporting Information Figure SF4). The formation
of overgrowth and multipod arms is not observed under
convective conditions despite using a fast ramp rate using an
aluminum block to mimic microwave ramp rates. The lack of
overgrowth under the experimental conditions is consistent
with reports where high-temperature reactions lead to spherical
nanocrystals.15,45,47,48

The shapes of the NiNPs grown under convective
conditions compared to NiNPs grown in a MW are different.
It is clear in Figure 2 that the NiNPs grown in a MW exhibit
overgrowth leading to multipod structures. Inspection of the
power versus time graphs suggests the multipod formation in

the MW is potentially due to the presence of MW power
cycling.

Evolution of Multipods under Cycled Microwave
Power (Variable Temperature and Reaction Time). The
influence of MW power cycling on multipod formation was
evaluated under variable temperature and time to evaluate
whether cycling of the impingent MW field (Figure 3) directly

correlated to the length of the arm observed in the MW
reactions (Figure 4). The cycle power and temperature profiles
for the experimental conditions that produce the multipod
structures in Figure 4 are shown in Figure 3.
The reactions are carried out under reaction conditions

identical to those of the constant temperature study; however,
the MW is cycled using 300 W in a controlled fashion, and the
temperature maximum is set to 280 °C and allowed to
decrease to 240 °C between cycles. In Figure 1 with the cycled
power graphic, the definition of cycle number is defined as it
relates to the experimental data presented in Figure 4. The
average temperature of the reaction is approximately 260 °C.
The overall MW power impingent of the samples is higher

than that in the constant temperature mode (Supporting
Information Figure SF5). For instance, an 8 cycle reaction
requiring 4.5 min of reaction time has 38% higher MW power
impingent on the reactants when compared to that in the
reaction at a constant reaction temperature (280 °C) for the
same reaction time.
At 0 cycle (Figure 4a), cube-shaped nanoparticles of ∼26

nm diameter are observed (size distribution provided in
Supporting Information SF6). With increasing number of
cycles (Figure 4B−F), anisotropic multipod structures are
observed wherein the arm length and aspect ratio increase with
the number of cycles. The isolated materials are fcc based on
powder X-ray diffraction (Supporting Information Figure SF3).

Table 1. Multipod Arm Length, Width, And Aspect Ratio
with Respective Standard Deviations for Various Reactions
Using Constant Temperature Mode Related to Figure 2a

reaction

arm
length
(nm)

arm
length
standard
deviation
(nm)

arm
width
(nm)

arm width
standard
deviation
(nm)

aspect
ratio

aspect
ratio
relative
standard
deviation

3 min 16 7.5 14 5.1 1.1 0.59
4 min 55 19 38 10 1.4 0.44
6 min 77 26 50 13 1.6 0.43
10 min 81 31 58 10 1.4 0.42

aThe reaction for constant power mode (75 W, 6 min) produces
sphere-like nanoparticles with a diameter of 72 ± 12 nm.

Figure 3. Temperature and power profiles for cycled power mode
microwave reactions with (A) 0 cycle, (B) 1 cycle, (C) 2 cycles,
(D) 4 cycles, (E) 6 cycles, and (F) 8 cycles.
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A plot of the average length of the arms and widths, as well as
the aspect ratio (length/width) as a function of the number of
cycles, is plotted in Figure 4G,H. Analysis of the scanning
electron microscopy (SEM) image for the 8 cycle reaction, in
Figure 4 demonstrates >99% multipod formation (within 2σ)
with an average of four arms per multipod. The distribution is
a Gaussian distribution (Supporting Information SF7). The
length of the arms is 228 ± 33 nm with a width of about 51 ±
8.2 nm, resulting in an aspect ratio of 4.5.

The multipod arms exhibit no glide plane errors and grow as
(111) extensions. HRTEM imaging of the 4 cycle and 8 cycle
sample reveals the arms are single crystal along the ⟨111⟩
direction with d-spacing of 0.20 nm (Supporting Information
Figure SF2C,D). A HRTEM image of some initially formed Ni
cores (0 cycle reaction) and a region near the core−arm
interface for the 8 cycle reaction shows defect-free single-
crystalline nature (Figure 5).

Figure 4. Evolution of the nickel multipod structure synthesized using cycled power mode with increasing number of cycles shown by TEM
for (A) 0 cycle, (B) 1 cycle, (C) 2 cycles, (D) 4 cycles, (E) 6 cycles, and (F) 8 cycles. Insets in D and F show high-resolution TEM of the
crystalline lattice of multipod arms. (G) Length and width of multipod arms as a function of the number applied after the initial cycle and
(H) aspect ratio of arms versus number of cycles after the initial cycle.
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The increase in the aspect ratio for the (111) arm is shown
for the 10 s MW-on cycles in Figure 4H. The aspect ratio
appears to be linear with respect to the number of cycles. The
histograms for arm length and width are available in
Supporting Information Figures SF7 and SF8. In Figure 6,
the impact of shorter MW heating cycles is evaluated.
Comparison of nearly equivalent heating times for a single
10 s cycle, two 5 s cycles, and three 3 s cycles following the
initial 13 s MW irradiation event confirms the control of aspect
ratio. The arm length and width can be extracted by analysis of
300 arms in the SEM images (Supporting Information Figure
SF9). For the 10 s cycle (Figure 6A), the length is 178 ± 37.9
nm and the arm is 57.6 ± 7.87 nm (aspect ratio 3.1); for the
two 5 s MW-on cycles (Figure 6B) the length is 246 ± 44.4 nm
and the arm is 42.2 ± 10.1 nm (aspect ratio 5.8); and for the
three 3 s MW-on cycles (Figure 6C), the length is 277 ± 49.6
nm and the arm is 41.1 ± 10.5 nm (aspect ratio 6.8). From the
cycling study, it is clear that for the shorter MW-on cycle times,
thinner arms are observed.
The resultant multipods in the cycled experiments compared

to those in the constant temperature study reveal that under
cycled power conditions the uniformity of the multipods is
significantly better with a higher multipod density. The
observed multipod density is in fact the highest ratio reported
in the literature, with >99% for experimental conditions of four
or more cycles. The observed experimental data are consistent

with the overgrowth model for multipod formation suggested
by Xia et al.5

Effect of Cycle Power on Multipod Evolution.
Although it would be desirable to measure the tip versus core
of the Ni multipod during the MW cycle to support the
lightning rod mechanism, it is not practical to measure this on
the scale of the nanoparticle. The MW measures vessel
temperature and not the nanoparticle temperature directly. In
order to support that growth behavior is dependent on MW-on
cycling leading to tip heating, a series of experiments were
carried out where the influence of MW power on the growth
behavior was evaluated. It is reasonable to assume the higher
cycle powers will lead to hotter tips, even though the average
reaction temperature is nearly constant. However, the time to
achieve temperature is lengthened at lower power, which
should lead to nanoparticle temperature equilibration. (Note:
For these reactions, a 10 mL reaction vessel was used which
impacts the MW energy absorbed and the growth rates.)
As seen in Figure 7A,B, by lowering the power of the 4 cycle

reaction to 150 W, the population of multipods is greatly
reduced and primarily forms spherical nanoparticles (diameter
= 52.4 ± 13.9 nm) in comparison to the 300 W 4 cycle
reaction (Figure 7C,D), which produces well-defined multi-
pods (arm length = 73.6 ± 27.1, arm width = 33.5 ± 5.6 nm).

Figure 5. (A,B) High-resolution TEM images of core structures
exhibiting single-crystalline nature without defect. (Insets)
Numerical electron diffraction patterns corresponding to fast
Fourier transform within the core region. (C) TEM of a multipod
arm (8 cycle reaction) near the core−arm intersection, showing a
highly crystalline defect-free structure as observed in magnified
insets in two regions with a d-spacing of 0.20 nm corresponding to
the (111) planes.

Figure 6. SEM of nanostructures with corresponding temperature
and microwave power profile of cycled power reaction with
different cycle frequencies following an initial cycle of 10 s at 300
W: (A,B) 1 cycle of 300 W for 10 s, (C,D) 2 cycles of 300 W for 5
s, and (E,F) 3 cycles of 300 W for 3 s. TEM image of multipod
structure (insets of C and E).
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Furthermore, two other experiments were carried out where
the sequential cycle power of the 4 cycles was either increased
or decreased by 50 W. When the cycle power is sequentially
decreased from 300 to 150 W in a 4 cycle reaction (Figure
7E,F), the nanostructures formed are more rounded with very
little overgrowth (arm length = 22.2 ± 6.7 nm, arm width =
13.9 ± 3.4 nm). In the other case, where the MW power of
sequential cycles is increased from 150 to 300 W (Figure
7G,H), multipods with longer arms are formed (arm length =
55.9 ± 18.5 nm, arm width = 28.0 ± 5.2 nm). Distribution of
arm lengths and arm widths are provided in Supporting
Information Figure SF10.
The power-dependent growth behavior can be ascribed to a

lower temperature differential between the core and the tips
when the cycle power is sequentially decreased, leading to
more uniform nanoparticle surface heating and growth. On the
other hand, when the cycle power is increased sequentially, the
initially formed overgrowths continue to be selectively heated
compared to the rest of the nanoparticle surface with

subsequent high-power short-time cycles as described
previously.

Role of Ligands on Multipod Generation under
Constant Temperature and Cycled MW Power Modes.
As a final check on the MW-on cycle-dependent growth, the
influence of the ligand was investigated, as it is known ligands
can direct nanoparticle shaping.1,7,9,14 A set of experiments
were carried out under both constant temperature (8 min) and
cycled MW power (4 cycles of 300 W), where the ratio of the
OAm (reducing agent and capping agent) and OAc (capping
agent) was varied (Figure 8). In addition, we investigated the
effect of nanoparticle growth when the primary amine (OAm)
is substituted with a tertiary amine, trioctylamine (TOA).

As shown in Figure 8C,D, reactions carried out at 5:1
OAm:OAc in the 10 mL reaction vessel produce multipod
structures. The formation of the multipod is likely to be
enhanced by the presence of OAc as the ligand-directing ability
of OAc to enhance anisotropic shapes is well-documented.
Reactions carried out at 1:5 or 0:1 OAm:OAc (not shown) do

Figure 7. SEM of nanostructures with corresponding temperature
and microwave power profile of reactions under cycled power of
150 W (A,B) and 300 W (C,D). TEM of nanostructures with
corresponding temperature and microwave power profile of
reactions under cycled power with sequential cycles of either
decreasing power from 300 to 150 W (E,F) or increasing power
from 150 to 300 W (G,H).

Figure 8. Ligand role in Ni multipod synthesis. Nanostructures
formed using pure oleylamine (OAm) under (A) constant
temperature mode for 10 min (TEM) and (B) cycled MW power
with 12 cycles (SEM) (4 cycles did not form any product).
Nanostructures formed using a 5:1 v/v ratio of OAm and oleic acid
(OAc) under (C) constant temperature mode for 10 min (TEM)
and (D) cycled MW power with 4 cycles (SEM). Nanostructures
formed using a 5:1 v/v ratio of trioctylamine (TOA) to OAc under
(E) constant temperature mode for 10 min (TEM) and (F) cycled
MW power with 4 cycles (SEM). Reactions carried out using a 1:5
v/v ratio of OAm/OAc and using pure OAc yielded no product.
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not yield product due to too little reducing agent, consistent
with the requirement of an amine to act as a reducing agent to
initiate reduction of the Ni(acac)2 to initiate Ni growth.2,24

When the MW experiments (Figure 8A,B) are carried out at
1:0 OAm:OAc, spherical-shaped nanoparticles form, consistent
with the requirement of OAc being present to direct
nanoparticle shape. The isolated Ni spheres’ constant temper-
ature conditions have a diameter of 74.5 ± 13.0 nm, and
following a reaction with 12 cycles at 300 W, the nanoparticle
diameter is 137 ± 37 nm.
Interestingly, the Ni nanoparticles formed using a 5:1 v/v

TOA:OAc ratio also eliminated multipod growth under
constant temperature and cycled MW power modes. Under
constant temperature mode, spherical nanoparticles with a
diameter of 4.63 ± 1.62 nm were isolated, whereas the cycled
MW power mode produced large faceted nanoparticles with
diameters of 173 ± 70 nm. The difference in growth is not
understood but is under study. We believe the loss of the
multipod structure reflects loss of packing order at the surface
due to the presence of bound TOA.
The observation from the ligand studies suggests that the

combination of OAm and OAc is key to the formation of a Ni
core structure with overgrowths that can then be elongated
most effectively through MW power cycling. Further studies
are underway to explore the full role of the ligand.
Analysis of the Magnetic and Thermal Stability

Properties of Ni Multipods. The multipod structures with
high anisotropic structures may have applications in a range of
technical fields, including magnetism and catalysis. The
magnetic characterization and thermal stability of selected
multipods were analyzed for completeness. The data are
provided in Supporting Information Figures SF11 and SF12.
It is known that shape anisotropy in magnetic materials is

known to influence the magnetic properties of materials.49,50

Results from the magnetic field-sweep studies carried out at
300 K show that the anisotropic nature of the multipod arms
influences the coercivity of the materials while maintaining a
high saturation magnetization value (Supporting Information
Figure SF11). The coercivity increases from 215 Oe (arm
aspect ratio of 2.17) to 250 Oe (arm aspect ratio of 2.42) and
finally 283 Oe (arm aspect ratio of 4.47) as the aspect ratio of
the multipod arms increases. In comparison, spherical Ni fcc
nanoparticles of 55 nm diameter we have synthesized exhibit a
coercivity of only 109 Oe at 300 K. The values of coercivity at
300 K for Ni multipods from the 8 cycle reaction are greater
than that of many of the Ni nanostructures synthesized to
date.18,51−54

Catalytic reactions are often carried out at high temperature,
and the benefits of high surface area multipods are only
applicable if the structures are stable. In order to probe the
structural stability of the multipods at higher temperatures,
which are typically used for catalytic studies, a series of
experiments were carried out where the multipod structures
from the 300 W 8 cycle reaction were thermally heated at 200,
400, and 600 °C for 30 min in a thermogravimetric analysis
(TGA) instrument and imaged by SEM post-treatment. The
SEM images for the multipods pre- and post-thermal treatment
show that the multipod morphology is maintained even at 400
°C without any observation of reconstruction to spherical
morphology (Supporting Information Figure SF12). At 600
°C, the particles start to fuse with each other as ligand loss has
taken place, and melting alongside surface reconstruction of
the multipods seems to occur at this temperature.

CONCLUSION

Size-tunable nickel multipod structures were synthesized using
a cycled microwave heating approach that provided greater
control over growth and produces good quality metallic nickel
nanostructures with tight size distributions. Particle analysis by
pXRD and TEM reveal pure fcc phase Ni structures with arms
that grow along the ⟨111⟩ direction. The experimental results
support that proposed anisotropic growth control is due to the
MW power cycling of the microwave field as suggested in the
proposed mechanism in Figure 1. Results from this work
suggest a temperature difference between the multipod tips
versus the rest of the nanoparticle achieved through selective
heating of the tips during the “on” step of the reaction enables
the arms to grow rapidly along the tip. During the power “on”
step of the microwave, the tips of the multipods heat rapidly in
comparison to the other parts of the nanoparticle owing to the
lightning rod effect.25−33 Selective heating of (111) tips leads
to an increase in the surface-mediated autocatalytic growth at
the tip, leading to the observed multipod structures. High-
power cycles provide greater differential temperature, which
impacts arm growth more significantly than total reaction time
or average reaction temperature. From the tapering of the
multipod width from the base to the tip and single-crystalline
nature of the arms, the nanoparticle growth cannot be ascribed
to oriented attachment of smaller nanoparticles formed at the
initial stages of the reaction.
The use of MW power cycles to control multipod structures

is advantageous as the synthesis approach uses only three
reactants and can be carried out under ambient conditions
within minutes. Synthesis times for even the largest multipods
took less than 15 min with the cycled microwave approach.
This cycled heating approach should apply to other material
types and further illustrates the important role of microwave−
matter interactions in the synthesis of materials using
microwave-based heating. The catalytic properties of such
highly branched structures with different arm sizes is currently
being investigated.

EXPERIMENTAL SECTION
Materials. Nickel acetylacetonate hydrate (Ni(acac)2·xH2O,

99%), oleic acid (OAc), oleylamine (OAm, technical grade 70%),
tri-n-octylamine (TOA), toluene, methanol (MeOH), acetone, and
chloroform were purchased from Sigma-Aldrich. The materials were
used without further purification.

Synthesis of Nanoparticles. Microwave Synthesis of Nickel
Multipods. Ni multipods were prepared by MW heating a solution
containing 0.75 mmol of nickel acetylacetonate, 25 mmol of OAm (or
TOA), and 5 mmol of OA. The reaction was performed in a 2.45
GHz single-mode Anton-Paar Monowave 300 microwave using a G30
(30 mL) Anton-Paar microwave vessel that was sealed with a silicone
septa and crimp cap. The blue reaction solution was degassed under
vacuum with stirring at a temperature of approximately 100 °C for 30
min using a water bath until no more bubbling was observed prior to
MW heating (note: this step is not required but carried out as
standard protocol). The nanoparticles were grown by heating the
reaction to 280 °C using 300 W of microwave power followed by one
of three operational modes: (1) constant temperature mode (280 °C)
(instrument maintains temperature by adjusting the microwave power
automatically) for a fixed duration of time, (2) a custom profile where
the microwave power is stepped to a lower constant power value that
can maintain the temperature at an almost constant value, or (3) a
custom profile where the instrument is programmed to deliver
microwave power in an on/off cyclic manner. During the cycling
mode, the microwave power is completely off while the reaction cools
from 280 to 240 °C (10 s using automatic forced air) between the
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“on” cycles where the microwave delivers a fixed amount of power to
increase the temperature back to 280 °C, as illustrated by the power−
temperature reaction profiles in the figures within the paper for the
various reactions. The time to increase the temperature from 240 to
280 °C depends on the selected power (300 W, 13 s; 150 W, 26 s).
For cycled 300 W power reactions with different frequencies (2 cycles
of 5 s or 3 cycles of 3 s), the power between cycles is reduced to 1 W
instead of air cooling as the microwave system cannot respond on
such short time scales without lowering the reaction temperature
significantly. Following the last “on” cycle, the solution is cooled to 55
°C and the nanoparticles are isolated by magnetic separation, followed
by three repeat toluene dissolutions, methanol precipitation, magnetic
isolation, and finally drying the particles under vacuum.
In the case of smaller particles that do not separate out

magnetically, the nickel nanoparticles were precipitated by addition
of 5 mL of toluene followed by 15 mL of methanol. The resulting
solution was centrifuged for 5 min using a centrifuge tube. After the
supernatant was removed, the pellet was redispersed in toluene. To
precipitate the NiNPs, excess methanol was added followed by
isolation through centrifugation before being dried under vacuum.
Synthesis of Nickel Nanoparticles by Convective Heating.

Convectively prepared Ni nanoparticles were prepared using the
same reaction solution in a microwave glass vessel (Anton-Paar G30)
heated to 280 °C from room temperature (4 °C/min) and held at 280
°C for 1 h using a heating mantle after prior degassing under vacuum
at 100 °C for 30 min (the reaction was opened to air). A second
reaction was also carried out where the reaction vessel was placed in a
preheated aluminum block at 280 °C to increase the heating rate to
closely match that of the initial ramp in the microwave. The reactions
were cooled quickly to room temperature using a blower, and the
nanoparticles were cleaned as described previously.
Transmission Electron Microscopy. Nanoparticle samples were

drop-cast from a toluene dispersion onto 300 mesh carbon-coated
copper grids and left to dry under vacuum overnight. The TEM
images were recorded using a JEM-ARM200cF electron microscope
at 200 kV acceleration voltage.
Scanning Electron Microscopy. SEM imaging was performed on

aluminum mounts with nanoparticles drop-casted directly and
allowed to dry. SEM imaging was performed on a FEI Nova
NanoSEM 400 operating at 20 kV with a spot size of 4.0. The images
were collected with an Everhart-Thornley detector.
Powder X-ray Diffraction. The pXRD patterns for Ni nano-

particles were acquired on a Rigaku Ultima III diffractometer
equipped with a Cu Kα source. Data wre collected at room
temperature in the 2θ range of 10−84°.
Magnetic Measurements. Magnetic properties were studied with a

superconducting quantum interference device (SQUID) magneto-
meter, MPMS-XL (Quantum Design). Field-dependent magnet-
ization for nanostructures embedded in paraffin wax was measured
at 300 K, with the applied field varying from 0 to 1.5 T and back.
Thermogravimetric Analysis. TGA was performed on a TA

Instruments Q50 thermogravimetric analyzer. The samples were
heated at a rate of 10 °C/min from room temperature to 100 °C in an
alumina pan and held for 5 min before continuing to ramp at 10 °C/
min to the final temperature (200−600 °C). The samples were held at
the final temperature for 30 min. Measurements were performed
under nitrogen environment.
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