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ABSTRACT. Liquid phase syntheses mainly yield nanoparticles with compact shapes, such as 

spheres or cubes. However, controlling not only the size but also the shape of magnetic 

nanoparticles would enable a fine tuning of their intrinsic properties, due to the shape anisotropy 

induced by long-range dipolar interactions. We report here a fairly simple approach based on the 

reduction of an amidinate complex in presence of a mixture of long chains acid and amine to 

yield ferromagnetic Ni nanoparticles. The formation of stable Ni complexes could be promoted 

in situ by increasing the acid concentration, thus allowing to tune the final particle size. While 

amine could be use as soft reducing agent, dihydrogen was essential to promote anisotropic 

shapes. Electron holography combined with micromagnetic simulations showed that the resulting 

shape anisotropy could impose complex magnetic configurations within planar tetrapods. 

Regarding the heating efficiency, which directly scales with the magnetic hysteresis loop area, 

maxima of 100W.g
-1

 were found for nanoplates and nanorods, opening promising perspectives 

for magnetically-induced catalysis. 
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INTRODUCTION. 

The control of the size, shape and surface state of metallic nanoparticles has been a long-

sought goal for the last decades due to their key impact on both physical and chemical properties 

of the particles. Controlling the individual properties of nanoparticles is a prerequisite for 

developing ad-hoc nanostructured materials for a given applications. In the case of magnetic 

particles, the superparamagnetic state, where the reversal of the magnetic moments is thermally 

activated, is only observed at small sizes. For larger particles, a “frozen” ferromagnetic state is 

observed, the transition between these two regimes being quite abrupt and strongly depends on 

the material.
1
  For efficient radiofrequency filters, which are implemented in every mobile 

phone, a soft ferromagnetic material with large permeability and no coercivity is highly desired.
2
 

Thus, superparamagnetic building blocks with high magnetization should be used. Recently, 

magnetic nanoparticles have been widely developed for magnetic hyperthermia and 

magnetically-induced catalysis due to their ability to serve as localized heat mediators once 

exposed to an alternative magnetic field.
3,4,5

 To optimize the heating efficiency, quantified by the 

Specific Absorption Rate, single-domain ferromagnetic NPs exhibiting a moderate coercive field 

should be preferred.
6
  

The superparamagnetic/ferromagnetic transition is governed by the Neel relaxation time 

          
     

   
  (Eq. 1),

6
  

with    the attempt time,     the thermal energy and       the energy barrier to overpass, 

dictated by the NP volume V and the effective anisotropy constant Keff which results from the 
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magnetocrystalline, shape and surface contributions. Therefore, one needs to control the size and 

the shape of the NP to finely tune the magnetic properties. One of the pioneer work on the size 

control of magnetic nanoparticles was reported by Prof. Horst Weller’s group on CoPt3 NPs, 

among 20 years ago.
7
  They demonstrated that, in the absence of Ostwald ripening, the final NP 

size was dictated by the balance between the nucleation and growth rates. By adding carboxylic 

acids, they could stabilize the precursor and thus favor the growth, leading to fewer but larger 

NPs. This idea of controlling the precursor reactivity to tune the NP size was highly inspiring 

and motivated intensive researches. For instance, G. Xiao et al. reported that the chemical 

activities of Cu and Se precursors allowed a fine control of the final structure and shape of CuSe 

NPs.
8
 Controlled addition of complexing ligands onto precursors allows forming in situ active 

species or stable complexes to feed the nucleation and growth respectively.
9
 In our group Fe,

10
 

Co
11

 and FeCo NPs
2
 with controlled size and shape were prepared from amido-based 

organometallic compounds using carboxylic acids as ligands, stable carboxylate compounds 

being formed in-situ. 

Among the different magnetic materials, Ni combines excellent catalytic properties, 

competing with noble-metal based catalysts.
12,13,14,15

  Due to its higher natural abundance, the 

synthesis of metallic Ni nanoparticles with controlled size and shape received considerable 

interest. Among the different strategies, metal-organic chemical routes lead to readily dispersed 

NPs directly suitable for catalytic reactions. Numerous reaction conditions, such as nature of the 

Ni precursors,
16

 solvents, type and concentration of ligands,
17

 have been studied. For instance, 

isotropic spheres of various sizes were produced from Ni(acac)2 in presence of 

oleylamine/trioctylphosphine (TOP)
18

 or oleic acid/oleylamine,
19

 the role of this ligand pairs 
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being recently extensively reviewed by Mourdikoudis et al.
20

 Using a reducing hydrogen 

atmosphere Ni cubes were grown in the presence of HDA and TOP as surfactants.
21

 Regarding 

shape control, which is highly desired for surface-specific reactions, anisotropic nanoparticles 

were isolated in some rare cases. For instance, the reduction of Ni(COD)2 in the presence of 

HDA and trioctylphophineoxide, leads to elongated NPs.
22

 Highly anisotropic Ni nanowires 

were produced by the reduction of a nickel stearate complex under hydrogen, in the presence of 

HDA/stearic acid.
23

 Finally, branched Ni nanoparticles were prepared from nickel acetate under 

very high hydrogen pressures.
24

 

Controlled growth of anisotropic Ni nanoparticles using a simple reaction could allow 

enhancing the magnetic anisotropy and therefore, the heating efficiency of the particles. Though 

the specific absorption rate is not directly linked with the performance in catalysis, it allows 

reaching locally higher temperature and thus activate more demanding catalytic reactions. While 

FeNi NPs were successfully applied for catalytic reactions in both the gas phase and the liquid 

phase,
12,25

 monometallic Ni NPs  could address other reactions providing that the magnetic 

activation is efficient enough. But, with a fairly low magnetization (55 A.m².kg
-1

) and a reduced 

magnetocrystalline anisotropy (-5×10
3
 J.m

-3
), the heating capacity of isotropic Ni NPs is 

expected to be too low to reach the onset temperature of catalytic reactions such as Fisher-

Tropsh. Therefore we report here the synthesis of Ni NPs with tunable size and morphology 

achieved by the decomposition of a homoleptic Ni(II) amidinate precursor, [Ni{MeC(NiPr)2}2], 

in the presence of acid and amine ligands. This Ni amidinate precursor has proven to be a 

suitable precursor for atomic layer deposition (ALD),
26

 due to its high volatility, high thermal 

stability and properly self-limited reactivity with molecular hydrogen.
27

 However, there are only 
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few examples for its use in liquid-phase synthesis. Apart from our team, which uses it for the 

synthesis of FeNi NPs,
12,25

 metastable Ni NPs exhibiting the hexagonal close-packed structure 

were reported by the Janiak’s group in the presence of ionic liquids.
28

 We report here a fairly 

simple yet highly versatile synthesis leading to a large size and shape control of face-centered 

cubic Ni NPs, solely playing with the ligand concentration and the reaction atmosphere. The 

impact of the Ni NP shape onto the magnetic properties was evidenced using conventional 

magnetometry, calorimetric magnetic hyperthermia and electron holography combined with 

micromagnetic simulations.   

 

EXPERIMENTAL METHODS. 

Chemicals and Materials. All syntheses were performed under argon atmosphere using 

Fischer-Porter bottles, argon/vacuum lines and glove boxes, due to the air sensitivity of the 

precursor. Mesitylene (99% Across Organics) and toluene (99%, Fisher), were degassed and 

transferred in the glove box prior to use. Hexadecylamine (98%) and palmitic acid (99%) were 

purchased from Sigma Aldrich and used as received. The Ni amidinate precursor, 

Ni{MeC(NiPr)2}2 (iPr=C3H7, Me = CH3), was purchased from Nanomeps. 

Synthesis of Nickel(0) Nanoparticles. In a typical synthesis of polyhedral NPs, the reaction was 

prepared in a glove-box filled with Ar. Ni{MeC(NiPr)2}2 (0.4 mmole; 136.5 mg) was dissolved 

in mesitylene (4 mL) leading to a dark brown solution. A solution of PA (0.8 mmole; 205 mg) in 

mesitylene (8 mL) was added onto the Ni precursor, leading to a green solution. Then, a solution 

of HDA (0.4 mmole, 96 mg) in mesitylene (8 mL) was finally added. A color change from green 

to purple was observed under mild stirring. The concentration of the Ni species remained 

constant throughout the experiments (20 mM), while the concentration of the ligands was 

modified to control the final NP size. 
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The reaction mixture was then transferred into a Fisher-Porter bottle hermetically sealed. The 

bottle was taken out from the glove box and directly immerged in a preheated oil bath at 150°C. 

The reaction mixture was magnetically stirred during the 24h of reaction at 150°C. The final 

nanoparticles were separated by magnetic attraction and washed several times with toluene to 

remove the excess of ligands (5 mL). The particles were dried under vacuum and stored in 

powder state in the glove box.  

Anisotropic NPs were prepared following the same protocol, the reaction mixture was 

pressurized under 3 bars of dihydrogen at room temperature prior to being heated at 150°C. 

The monitoring of the anisotropic NP reaction was performed by up-scaling the reaction 

mixture up to 100 mL and splitting it into 5 different Fisher-Porter bottles. After being 

pressurized under 3 bars of H2, the bottles were let to react in the preheated oil bath for 5 min, 20 

min, 1 h, 6 h and 24 h. At the end of the reaction, the bottles were cooled down at room 

temperature by natural convection. The experiments have been repeated at least three times to 

confirm their reproducibility. The yield after 24h of reaction was determined considering the 

total weight of the powder we could isolate (20 ± 1 mg) and the metallic content determined by 

TGA (95 ± 2 %). Compared to the 24 mg of Ni initially introduced we can deduce a yield of ~ 

80%. 

Characterization of the NPs. Microscopy samples were prepared by depositing a drop of a 

diluted colloidal solution on a carbon coated copper grid. The samples were observed on a 

JEOL-1011 for Bright Field Transmission Electronic Microscopy (TEM) working with 100 kV. 

In all cases, size histograms were determined by manual counting process over 100 particles, 

using ImageJ software.
29

 Size distributions were fitted by Gaussian law allowing to extract the 

calculated mean size and the standard deviation σ. High Resolution TEM (HRTEM) was 

performed on a Cs corrected Hitachi HF3300 microscope (I2TEM) operated at 300 kV. Scanning 

electron microscopy (SEM) was performed using a JEOL JSM 7800F, operated at 5 kV. The 

working distance was set at 10 mm. 
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X-ray diffraction (XRD) patterns were recorded on a PANalytical Empyrean diffractometer 

using the Co K radiation. The XRD samples were prepared in the glove box to prevent any 

oxidation, the powder being sealed between two Kapton foils. 

 

Thermogravimetric Analysis (TGA) was performed on a Mettler-Toledo balance.  The procedure 

employed to determine the metallic content of the final powder consists in burning and oxidizing 

the sample under air up to 500°C and then reducing it under a mixture of 4% H2 – 96% Ar up to 

700°C in air and under H2/Ar atmosphere.  

 

The magnetic properties of the nanoparticles were characterized using a Physical Property 

Measurement System (PPMS, Quantum Design) in the Vibrating Sample Magnetometer 

configuration (VSM). ±3T hysteresis measurements were recorded at 300K and 5K after field 

cooling at 3T to probe the presence of an oxide shell. Nanoparticles were studied in powder state. 

After normalizing with the metallic content of the powder determined by TGA, the 

magnetization measured at + 3T (M3T) was compared with the bulk magnetization (55 A.m
2
.kg

-

1
). Nanoparticles were also studied or as thin film on a 4 mm x 4 mm Si substrate. In that aim, a 

6 µL drop of a concentrated suspension was deposited on the substrate and let to evaporate 

within an electromagnet under a planar external magnetic field µ0Hext = 1T. The deposition is 

repeated 5 time to obtain a continuous film from which we assumed an in-plane magnetization. 

The measurements were performed both in-plane and out-of-plane.  

 

Specific absorption rate (SAR) of the Ni nanoparticles was determined by calorimetry. For a 

typical hyperthermia experiment, 12 mg of Ni nanoparticles were dispersed in 0.5 mL of 

mesitylene and were introduced under the Ar atmosphere of the glove box in an air-tight tube. 

The tube was then placed in a calorimeter containing 1.8 mL deionized water at room 

temperature. The temperature increase of the DI water was monitored during the experiment. 

The calorimeter was exposed to an alternative magnetic field at a frequency of 93 kHz and a 

magnitude varying between µ0Hrms = 0 to 47 mT for 60 s. The increase in temperature at the end 

of the magnetic field application was determined after shaking the calorimeter to ensure the 

temperature homogeneity, which was measured by two probes (at the top and at the bottom of 
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the calorimeter). The increase in temperature was determined from the mean slope of the T/t 

function. The raw SAR values were calculated using the following expression: 

     
       

   
 

  

  
 (Eq. 2) 

were Cpi and mi are the specific heat capacity and the mass for each component respectively 

(Cp = 444 J.kg
-1

.K
-1

 for Ni, Cp = 1750 J.kg
-1.

K
-1

 for mesitylene, Cp = 4186 J.kg
-1

.K
-1

 for water 

and Cp = 720 J.kg
-1

.K
-1

 for glass), and mNi is the mass of pure Ni in the nanoparticles determined 

by thermogravimetric analysis. 

The raw SAR values were corrected from the calorimeter losses, which were previously 

calibrated using preheated DI water. For the samples presented in this article; the measurement 

time was of 60 s, corresponding to a correction factor of 1.077. 

Off-axis electron holography (EH) is an interferometric technique in transmission electron 

microscopy (TEM) where the phase shift of an initially coherent electron beam is recorded when 

interacting with the electromagnetic fields within and around the sample.
30,31,32

 Using a 

Möllenstedt biprism (thin conductive wire where a potential is applied), the part of the beam 

which has interacted with the object is overlapped with the remaining part which passes through 

the vacuum. The resulting interference pattern (i.e. the hologram) can thus be analyzed to extract 

the phase shift due to the electromagnetic fields emanating from the specimen. 

The expression of the electron beam phase shift   is based on the Aharanov-Bohm equations:  

                 
 

 
               (Eq.3) 

where r is the two-dimensional position vector in the image plane, z the direction parallel to the 

electron beam, CE a constant related to the energy of the beam (6.52 10
6
 V

-1
.m

-1
 at 300 

kV), V the electrostatic potential, e the electron charge,   the reduced Planck constant and    the 

magnetic induction component perpendicular to the position vector. Electrostatic and magnetic 

contributions to the phase shift can be separated by recording holograms before and after flipping 

the specimen: the electrostatic contribution remains the same while the sign of magnetic phase 

shift reversed. It is important to note that the measured magnetic phase shift corresponds to a 
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projection and an integration of all in-plane magnetic field contributions along the electron 

path.
33

 

EH was performed using the dedicated Hitachi HF-3300 (I2TEM) microscope operated at 300kV 

in a corrected Lorentz mode to avoid any magnetic interaction between the Ni particles and the 

field generated by the objective lens,
34

 and using a double biprism setup.
35

 The holograms were 

acquired by applying the -shift method
36

 and using a home-made corrective software to correct 

for both a drift in interference fringes and of the sample.
37

 The exposure time was set to 120 

seconds per hologram and an inter-fringe distance of 0.9 nm (6.4 pixels). The resulting resolution 

of the treated magnetic phase images were extracted by home-made software based on Fourier 

analysis is 2.7 nm. 

Micromagnetic Simulations. Micromagnetic simulations were performed through the 3D version 

of the micromagnetic code OOMMF version 1.2.0.5, based on the bulk room temperature 

magnetic parameters of face-centered-cubic nickel: saturation magnetization MS = 4.88×10
5
 

A/m, exchange stiffness A = 10.5×10
-12

 J/m and cubic anisotropy constant K1 = -5×10
3
 J/m

3
. 

Based on the structural characterization by electron microscopy, the branches were introduced as 

cylinders of 150 nm in length and 24 nm in diameter whereas ellipsoids were added at tips. The 

Ni pods/nanostars are discretized in 3D cubic cells with 2.5 nm side length. A damping 

parameter of α = 0.5 was used to reach the equilibrium remnant state rapidly. OOMMF provides 

vector maps of the magnetization M and the dipolar field Hd of the magnetic element. Since 

electron holography experimentally provides a 2D phase shift map of the nanoparticles 

corresponding to the magnetic induction defined as B = µ0(Hd + M), the magnetization and 

dipolar field vector coordinates in each cell were summed to obtain the 3D induction map. The 

phase shift in EH originates from the integration of the magnetic induction along the incident 

electron beam direction, therefore the calculated induction vectors were then summed along the z 

direction, i.e. the electron beam direction. Finally, for comparison with the experimental phase 

shift map, a phase shift image was calculated from this 2D induction map using the Aharonov-

Bohm relation (Eq. 3). The quantitative agreement between the measured and the simulated 

phase shift images was not perfect. The thickness being difficult to estimate from TEM image, a 

second simulation has been performed reducing the branches’ thickness by 15%. The four 

branches were considered as elliptical cylinders of 20 nm thick in the [001] direction. 
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RESULTS AND DISCUSSION. 

Ni nanoparticle synthesis  

Ni nanoparticles were prepared by the reduction of an homoleptic Ni(II) amidinate precursor 

(Ni{MeC(NiPr)2}2]) in the presence of a mixture of amine and acid ligands under mild 

conditions (150°C, inert atmosphere of Argon). Figure 1 shows the size evolution of the final 

nanoparticles synthesized as a function of the PA concentration used, the HDA concentration 

being kept constant at 20 mM, corresponding to an amine:Ni ratio of 1:1. 

Small NPs of ~3 nm were synthesized in the presence of 20 mM of PA (Figure 1a and S1). 

When the acid concentration was set to 40 mM (i.e. corresponding to an acid:Ni ratio = 2:1), 

large polyhedral NPs were obtained, with a mean length of 16 ± 2 nm (Figure 1b). Increasing 

further the acid concentration to 60 mM yielded fairly similar polyhedral NPs (Figure 1c). 

However, the supernatant was still green-colored after 24h, revealing that the reaction was not 

completed yet. For higher concentrations ([PA]=80 mM), no NP were detected after 24h of 

reaction, the solution remaining light green as at the very beginning of the reaction.  

In the presence of an excess of amine (40mM, corresponding to an amine:Ni ratio = 2:1), 

similar results were obtained (Figure S1). Small particles were favored at low acid 
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concentrations (       , large polyhedral ones were synthesized for [PA] = 40 mM while 

stable complexes were stabilized at large concentrations ([PA] 60 mM).  

Repeating the syntheses with [HDA] = 20 mM and varying the acid concentration under 3 

bars of H2 yield fairly different NPs. For [PA] = 20 mM, fairly polydisperse Ni NPs of 10 ± 2 nm 

were obtained (Figure 1d). Increasing the acid concentration to 40 mM yield nanorods with an 

aspect ratio of ~2.5 (Figure 1e, Table 1). In the presence of a large excess of acid, i.e. [PA]  60 

mM, fairly big NPs with irregular anisotropic shapes and higher aspect ratios were produced 

(Figures 1f and S2). Mourdikoudis et al. reported fairly similar guitar-like shape NPs by 

reducing Ni(stearate)2 in pure octadecylamine under H2.
16

 Interestingly, the supernatant were all 

colorless after 24h of reaction under H2, even in very large excess of acid ([PA] = 100 mM, 

Figure S2). One can thus deduce that the stable Ni carboxylate complexes formed in situ, which 

were responsible for the green color observed under Ar, were fully reduced in presence of H2. 
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Figure 1. TEM images of Ni nanoparticles isolated after 24h of reaction at 150°C a-c) under Ar 

or d-f) under 3 bars of H2. The reaction was performed in presence of [HDA] = 20 mM and 

[PA] = a,d) 20 mM, b,e) 40 mM, and c,f) 60 mM 
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Amines are known to be fairly efficient reducing agents for organometallic complexes.
38

 

Oleylamine, an unsaturated amine, is the most widely used.
39

 Carenco et al. prepared for instance 

Ni nanoparticles by thermal decomposition of Ni(acac)2 in presence of oleylamine.
18

 We 

previously reported that HDA, a saturated amine containing 16 carbons, allowed reducing 

{Fe[N(SiMe3)2]2}2 complex into Fe(0) NPs, thanks to its oxidative transformation into imine.
40

 

Here, we observed that HDA could reduce Ni(II) amidinate precursor into Ni(0) NPs, the size of 

which being controlled by the acid concentration. As proposed by Pr. Horst Weller on CoPt3 

NPs,
7
 we could therefore tune the NP size by controlling the ratio between the reactive Ni 

species, involved in the nucleation, and the more stable ones formed in situ by reaction with PA, 

which feed the growth. However, in the presence of a large excess of PA (acid:Ni  3:1), the 

complexes formed could no longer be reduced by HDA. A stronger reducing agent, namely H2, 

was therefore used yielding anisotropic NPs.
41

  

Since we combine in the reaction the advantages of both reductants, H2 and HDA, the exact 

role of H2 could be questioned. First, the reaction kinetics in the different conditions were much 

faster. For instance, in presence of [PA] = 40 mM and [HDA] = 20 mM (Figure 1b and e), the 

NPs formed after > 6 h under Ar but only few minutes under H2 as revealed by the black color 

change. Then, the amine concentration did not affect the mean diameter of the polyhedral NPs 

obtained with [PA] = 20 mM (Figure S3). If HDA was also acting as a reducing agent, one could 

expect a modification of size. Finally, in presence of a large excess of PA, the reduction was not 

observed under Ar, while it is quite fast under H2. Therefore, we believe that the dominant 

reductant in the system is H2, overpassing the HDA reducing force.  
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Figure 2. TEM images of Ni nanoparticles prepared under H2 in presence of [PA] = 100 mM 

and [HDA] = a) 0, b) 100 mM and c) 200 mM. 
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To extend the NP shape control under H2, a large set of acid and amine concentrations were 

studied.  The most interesting results were obtained in the presence of a large excess of acid 

([PA] = 100 mM, acid:Ni = 5:1). In the absence of amine, nano-plates of around 42 nm width × 8 

nm thick were produced quantitatively, with a yield exceeding 75% (Figure 2a and S4). A 

colorless supernatant was observed after 24h of reaction, revealing once more the importance of 

H2 to reduce stable Ni compounds. With [HDA] = 100 mM, a mixture of nanorods with guitar-

shaped edges and pods (mono, bi, tri, tetra) was observed (Figure 2b). Increasing further the 

amine concentration to 200 mM allows to stabilize preferentially 140 nm tetrapods (Figure 2c). 

TEM giving access only to the projected image, scanning electron microscopy was used to probe 

the 3D configuration of the tetrapods. images evidenced in a very large majority (>80%) a planar 

structure (Figure S5).  

 

Structural characterization 

The different Ni NPs have been characterized by X-Ray diffraction revealing a face-centered-

cubic (fcc) Ni structure as expected (Figure S6). The calculated lattice parameter of Ni (a = 

3.5231 Å) being in good agreement with the bulk value (a = 3.5238 Å). No sign of impurities or 

oxides were detected. In the case of the NPs prepared under Ar, crystallite mean sizes much 

smaller than the mean TEM ones have been determined using Rietveld refinement (Figure S7 

and Table S1).  These sizes were thus revealing the polycrystalline nature of the polyhedral NPs 

prepared under Ar. Extending the reaction time up to 3 days leads to larger NPs (up to 25 nm) 

but with a similar crystallite size (Figure S8 and Table S1), thus recrystallization process could 

not be promoted at 150°C. 
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The high quality crystalline structure of the particles prepared under H2 was statistically 

measured by XRD. Maud refinement on the XRD pattern of the polyhedral NPs revealed a 

crystalline size of 10 nm, in good agreement with the TEM mean size (Figures 1d, S9 and Table 

1). High-resolution TEM images revealed that the nanorods, prepared with [PA] = 40 mM and 

[HDA] = 20 mM, were single-crystalline and grew along the <100> direction (Figure 3a and 

S10). The planar tetrapods prepared in large excess of ligands ([PA] = 100 mM; [HDA] = 200 

mM) were also single-crystalline (Figure 3b-c and S10). Surprisingly, the branches did not grow 

along the <100> directions, as in the case of the rods, but along the <110> directions.  

Pr. Chen’s group has previously reported very detailed studies on the formation of branched 

Ni structure in presence of H2.
24,42

 Considering both growth kinetics and surface energies, they 

provide an open-access program to simulate the stable branched structures.
24

 However, such 

planar tetrapods can not be reached using this program: favouring <110> growth direction would 

eventually lead to 12-pods structures. While 3D tetrapods
43,42

 or octapods grown along <111> 

direction 
24,42

 were previously reported, Ni planar tetrapods are indeed fairly rare. LaGrow et al. 

obtained them in a 2% yield along with mono, bi and tripods when decomposing Ni(II) 

acetylacetonate under H2 in presence of a mixture HDA/TOP.
44

 To the best of our knowledge, 

this is the first time that planar tetrapods can be quantitatively prepared, with a yield exceeding 

80%,  using a fairly simple method.  
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Figure 3. HRTEM images and the corresponding Fourier transforms of a) a nanorod viewed 

along the <110> zone axis, and the b) central and c) branch part of a planar tetrapod viewed 

along the <100> zone axis. 

 

Growth mechanism of planar tetrapods 

A kinetic study was therefore performed to further understand the growth of the planar pods. 

Despite the very large excess of acid (acid:Ni = 5:1) the reaction was quite fast. After 5 min of 

reaction, tetrapods of 28 nm along with ill-defined NPs were already observed (Figure 4a). After 

20 min, the tetrapods reach 80 nm (Figure 4b). The final size was reached after 1h with highly 

faceted branches (Figure 4c and S12). At that point the supernatant was still light-green coloured, 

revealing unreacted Ni complexes. After 6h, the supernatant became colorless, the tetrapods’ 

branches appeared thicker and with rounded edges (Figure 4d). Therefore, tetrapods were 

quickly formed after a fairly fast nucleation process. No sign of oriented attachment of 

coalescence could be observed while a conventional growth likely fed by the reduction of stable 

Ni complexes seemed to occur. To understand why only 4 of the <110> growth directions were 

favoured, one could think of an additional driving force. In the case of Au nanowires prepared in 

organic medium, a confined growth environment within a lamellar phase was evidenced.
45,46

 We 

have previously reported that PA and HDA could organize to form organic superstructures into 

which Fe NPs grew.
10

 In the presence of a large excess of both ligands, it is reasonable to think 

that a structuration of the growth medium occurred probably into a lamellar phase.  
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Figure 4. TEM images of Ni nanoparticles prepared at 150°C under H2 in presence of [PA] = 

100 mM (acid:Ni = 5:1) and [HDA] = 200 mM (amine :Ni = 10 :1) after a) 5 min, b) 20 min, c) 

1h and d) 6h of reaction. 

 

Magnetic characterization of Ni nanoparticles 

The magnetic properties of the different Ni NPs were investigated both as powders and as thin 

films with in-plane magnetization prepared by drop casting under external magnetic field (µ0Hext 

= 1T). The Ni NPs synthesized in this work display magnetization values of 56 ± 3 A.m
2
.kg

-1
Ni 

(Figure 5a and Table 1). These values are in agreement to the bulk one (55 A.m
2
.kg

-1
)
1 

which 

confirms that the presence of HDA and PA as ligands did not affect the magnetic properties.
10,22
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The NPs were generally ferromagnetic at 300K: despite the soft character of Ni which usually 

leads to superparamagnetic NPs even at large sizes,
18,47

 polyhedral NPs of 15 and 20 nm 

prepared under Ar had a blocking temperature above 300K as evidence by zero-field cooling 

field cooling measurements (Figure S13). In addition to the conventional measurement on 

powders, thin films of Ni NPs were prepared by drop casting under an external magnetic field of 

1T (Figure S14). Magnetic measurements were performed in-plane (Figure 5b) and out-of-plane 

(Figure S15) on the thin films. The films exhibit fairly similar magnetic properties in-plane 

whatever the orientation of measurement compared to the direction of the applied field (Figure 

S15a), revealing that the torque induced by the external magnetic field was not strong enough to 

generate a real alignment of the NPs. However, a difference is observed in the out-of-plane 

direction, which behaves as a hard axis as one could expect. In every case, the films exhibited a 

weak coercive field at room temperature which slightly increased with the NP anisotropy (Figure 

5b and Table 1): the planar tetrapods, which combine a large size with 2D branches displayed the 

highest coercive field µ0HC = 19 mT.  
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Figure 5. Magnetic hysteresis loops recorded at 300K a) in powder state and b) on film thin 

along the in-plane hard axis (at 90° of the external field direction used during the drop casting) 

and c) heating power measurements at 100 kHz and µ0Hrms=0–47 mT for 10 nm (black, prepared 

under H2) and 16 nm polyhedral NPs (red, prepared under Ar), 23×9 nm nanorods (blue), 42×8 

nm nanoplates (green) and 140 nm tetrapods (orange). 

 

Surprisingly, Ni particles were fairly stable under air, no sign of oxidation was detected after 

7 days of air exposure neither structurally by XRD and HRTEM (Figures S16 and 3), or 

magnetically. No exchange bias was observed after field cooling at 5K (Figure S17) and the 

magnetization remained almost constant (Figure S18). The first signs of oxidation were observed 

by XRD after 6 month of air exposure (Figure S16). 

 [PA] 
(mM) 

[HDA] 
(mM) 

Gas TEM 

(nm) 
XRD 

(nm) 
M

3T
 

(A.m².

kg
-1

Ni
) 

µ
0
H
C
 

(mT) 

SAR 

(W.g
-1

Ni
) 

Polyhedrons 40 20 Ar 16 ± 2 7 53 ± 5 1 47 ± 5 

Nanospheres 20 20 H
2
 10 ± 2 10 54 ± 5 1 43 ± 5 

Nanorods 40 20 H
2
 23 ± 4 (L) × 

9 ± 3 (W) 

12 52 ± 5 2 100 ± 10 

Nanoplates 100 0 H
2
 42 ± 9 (W)× 

8 ± 4 (T) 

20 58 ± 5 8 105 ± 10 

Tetrapods 100 200 H
2
 140 ± 20 (L) 

27 ± 3 (W) 

35 57 ± 5 19 46 ± 5 

Table 1. Summary of the structural and magnetic characterization of the different Ni 

nanoparticles prepared under various experimental conditions. TEM: mean size determined by 

microscopy. (L): length; (W): width; (T): thickness. XRD: crystallite size determined from Maud 

refinement of XRD pattern, M3T: magnetization measured in powder state at 300K for µ0H = 3T. 

µ0HC : coercive field measured at 300K along the hard axis of an oriented thin film. SAR: 

specific absorption rate measured at f = 93 kHz.  
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Heating properties of Ni nanoparticles 

Heating power measurements were performed by applying an alternating magnetic field (f = 

93 kHz) onto a suspension of Ni nanoparticles (Figure 5c). As previously reported, the NPs tend 

to align to form needles once the field is on.
48

 Despite a comparable volume and fairly similar 

static magnetic properties, nanorods delivered an heating efficiency two times higher than the 

polyhedrons (100 W.g
-1

 vs 43 W.g
-1

, Table 1). As initially assumed, the anisotropy allows indeed 

to finely tune the heating capability of NPs. Of course, these values were still much lower than 

the heating efficiency of Fe-based NPs previously designed in our group (up to 3000 W.g
-1

).
4,49

 

However these Ni NPs could be employed in specific catalytic processes that require low 

reaction temperature in order to control the selectivity of the products. 

Surprisingly, the specific absorption rate of planar tetrapods was fairly moderate (48 W.g
-1

) 

even though they exhibit the largest coercive field (µ0HC = 19 mT). The magnetic configuration 

within such 2D object was thus further studied to understand this discrepancy. 

 

Magnetic configuration within individual planar tetrapod 
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Figure 6. a) Magnetic induction flux lines superimposed with conventional TEM image contrast 

and determined from b) the experimental magnetic phase map. The phase step between each 

contour is equal to 50 mrad for a small overall magnetic phase shift of 0.5 rad. c) Planar 

tetrapod geometry considered for simulation, branches were along the <110> crystallographic 

directions as determined by HRTEM. d) Magnetic phase map calculated from e) the stable 

magnetic configuration determined by micromagnetic simulation considering bulk Ni 

parameters. f) Measured and simulated phase shift profiles taken along the arrows in (b) and 

(d). g) 3D view of the magnetic configuration simulated. 

 

Electron holography (EH) experiments have been carried out on different isolated Ni tetrapods. 

Results presented on figure 6 are representative of those obtained on all the tetrapods studied by 

EH. The amplitude image and the magnetic phase map are presented in Figure 6a and b, 

respectively. Isophase contours, which are parallel to the magnetic induction flux lines, have 

been calculated from the experimental phase image and added onto the amplitude image for 

clarity. The projected magnetic induction presents a butterfly-like shape, combining a symmetric 

axis along the [010] crystallographic direction and an antisymmetric axis along the [100] 

direction. The branches of the nanoparticle are magnetically coupled two by two: the magnetic 

induction which enters in the upper left branch exits through the upper right branch; and so does 

it for the lower branches. It is interesting to note that the magnetic flux is parallel to the branch 

axis, i.e. according to a <110> crystallographic direction, while the expected easy axis for 

magnetization is along a <111> direction if one considers only the magnetocrystalline 

contribution. In the tetrapod center, the magnetic flux curved and aligned along the [100] 

direction. 

Micromagnetic simulations have been performed considering an isolated Ni tetrapod. As 

determined using HRTEM, it was defined as a single crystal with branches along the <110> 

directions of the fcc Ni crystal. Magnetic configurations have been calculated at remanence after 
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saturating the tetrapod along four different directions of the magnetic field: <100>, <001>, 

<110> and <111>. The remanent configurations were strictly the same and revealed magnetic 

moments aligned along the branch axis (Figures 6e and 6g). The simulated phase map (Figure 

6d) is in very good agreement with the experimental one, as evidenced by the phase profile on 

Figure 6f. Note that another magnetic configuration could sometimes be observed starting from 

of an initial random state, however it is of higher energy compared to the remanence state. 

Therefore, we conclude that the configuration obtained at remanence, independently of the 

applied field direction, corresponds to the ground state of such Ni tetrapods. Its experimental 

evidence in electron holography for all the tetrapods is consistent with their magnetic history, 

these objects being previously magnetically attracted from the mother liquor along different 

directions.  

The alignment of the magnetic moment along the branch axis could be quite surprising. For fcc 

Ni, the magnetocrystalline anisotropy energy is minimized along <111> directions which are 

here located out of the pod plane. This configuration is related to the shape of the particle, the 

dipolar and exchange contributions acting as major energy terms within such planar tetrapod. As 

a result, this lowest energy magnetic configuration is illustrated by pairs of branches acting as 

symmetric magnetic flux circulators around the core homogenously magnetized. Although the 

magnetic configuration exhibited by the tetrapod cannot strictly be considered as a single domain 

one, since the direction of induction varies within the particle, it is hardly a multidomain one 

neither, no identifiable domain separation, as walls or vortex, being observed.
50,51

 This magnetic 

configuration could explain the low heating properties of the tetrapods, pure single-domain NPs 

being far more efficient. 
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CONCLUSIONS. 

Ni nanoparticles displaying a very good size and shape control were prepared through the 

reduction of an Ni(II) amidinate precursor in presence of amine and acid ligands. HDA was 

directly used as soft reducing agent to yield polycrystalline NPs but failed in reducing the fairly 

stable Ni complex formed in situ in the presence of PA. A fairly mild pressure of dihydrogen 

allowed overpassing this limitation, yielding anisotropic NPs, the size of which increasing with 

the acid concentration. Planar tetrapods were even synthesized quantitatively in the presence of a 

large excess of ligands. The branches grew along 4 of the 12 possible <110> directions. 

Combining electron holography in a dedicated microscope and micromagnetic simulations 

allowed revealing that shape anisotropy overpasses magnetocrystalline anisotropy within Ni 

tetrapods, leading to an unusual magnetic configuration aligned with the branches. Tuning the 

shape anisotropy was a fairly efficient mean of controlling the static and dynamic magnetic 

properties of Ni nanoparticles. The improved heating capabilities observed in Ni nanorods open 

promising perspectives for magnetically-induced catalysis. 
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