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Abstract: In this work, we report a self-assembly method to fabricate single layer of Co nanorods to
study their magnetostatic interaction behavior. The Co nanorods with cambered and flat tips are
synthesized using a solvothermal route and an alcohol-thermal method, respectively. Both of them
represent hard magnetic features. Co nanorods with cambered tips have an average diameter of 10
nm and length of 100 nm with coercivity of 6.4 kOe, and flat-tip nanorods with a 30 nm diameter
and 100 nm length exhibit a coercivity of 4.9 kOe. They are further assembled on the surface of water
in assistance of surfactants. The results demonstrate that the assembly type is dependent on the
magnetic induction lines direction. For Co nanorods with flat tips, most of magnetic induction lines
are parallel to the length direction, leading to an assembly tip to tip. For Co nanorods with cambered
tips, they are prone to holding together side by side for their random magnetic induction lines. Un-
der an applied field, the Co nanorods with flat tips can be further aligned into single layer of Co
nanorods. Our work gives a possible mechanism for magnetic interaction of Co nanorods and pro-
vides a method to study their magnetic behavior.

Keywords: Nanomagnets; Co nanorods; Solvothermal route; Alcohol-thermal method; Magnetic
interaction.
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1. Introduction

Nanomagnets, with strong magnetic properties and small volume, have been consid-
ered as the key materials to magnetic and electronic devices, which exhibits important
applications in artificial intelligence, intelligent robot, wind turbine and electromobile [1-
12]. Compared with rare earth based nanomagnets, the rare earth free nanomagnets earn
more attentions for their high chemical stability and low cost [13-16]. However, these rare
earth free nanomagnets present small coercivity due to their relatively low magnetocrys-
talline anisotropy. One strategy to fabricate one-dimensional nanowires or nanorods by
the special methods can resolve above problem, since the direction along nanorods length
has the lowest demagnetizing field [17-19]. As a result, the shape anisotropy can be
summed to magnetocrystalline anisotropy, leading to these nanorods with a larger coer-
civity than spherical particles. When an external field was applied in these particles, they
can orient along the external field direction. Therefore, the system of magnetic nanorods
along applied field will exhibit an enhanced coercivity, high remanence (M) and large
energy product.

Hexagonal structured Co has a magnetocrystalline anisotropy constant (Ki = 440
kJ/m?3), and its bulk has a high saturation magnetization (Ms = 160 emu/g) [20]. Therefore,
in the last few decades, Co was always considered as a soft magnetic material since its
magnetocrystalline anisotropy is far smaller than those of some well-known hard mag-
netic structures, such as samarium—cobalt (SmCos) (17200 kJ/m?) and neodymium iron
boron (Nd2FewB) (4900 kJ/m?3) [21-24]. Recently, the Co nanowires have been a potential
candidate to rare earth free nanomagnet because the Co nanowires with their length di-
rection along [002] (the easy magnetization axis direction) can obtain a large coercivity.
To obtain such shape-anisotropic Co nanowires, a conventional approach via electro-
chemical deposition of Co into a porous alumina template was employed, which yielded
an enhanced coercivity from an aligned Co nanowire array but it is lower than the theo-
retical value because of the polycrystalline structure [25]. Recently, a solution-phase syn-
thesis has been used to reduce a cobalt salt using an organic polyalcohol. The resulted Co
nanowires possessed a single crystal structure and their lengths (50-300 nm) and diame-
ters (5-30 nm) can be tuned to achieve high performance [26-29]. As a consequence, the
aligned Co nanomagnet fabricated by nanowires exhibits an ultrahigh coercivity up to 10
kOe, which exceeded the theoretical value of bulk Co material (7.6 kOe) [27]. The high
coercivity originated from a sum of magnetocrystalline anisotropy field (7.6 kOe) and
shape anisotropy field (9 kOe) [27].

It is worth noting that the magnetic alignment is a key parameter to obtain large co-
ercivity and high M:. To obtain an aligned nanomagnet, these as-prepared Co nanowires
or nanorods have to be mixed with epoxy and aligned under an applied field [26-27]. In
such nanomagnet, the aligned Co nanowires were stacked layers by layers, and the mag-
netostatic interaction among Co layers will have an obvious influence on alignment and
magnetic performance. However, the single layer of aligned Co nanorods was very hard
to prepare using current methods, which was valuable to study the magnetostatic inter-
action of nanomagnets.

Here, we develop a novel method to obtain single layer of aligned Co nanorods. First,
we synthesized different shaped Co nanorods by solvothermal route (the nanorods with
flat tips) and alcohol-thermal method (the nanorods with cambered tips), respectively.
These nanorods were further aligned using a self-assembly strategy. As a result, a well-
aligned single layer of nanorods was obtained under an applied field. Their self-assembly
behaviors are further studied without an applied field. It is found that the nanorods with
flat tips are prone to aligning tip to tip and the nanorods with cambered tips are easy to
hold together side by side. Furthermore, we analyzed the magnetic interaction mechanism
of Co nanorods with different tips to demonstrate their assembly behaviors. Our work
provides an important reference to study magnetostatic interaction of shape anisotropic
nanomagnets.
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2. Experiments and Methods 77
2.1 Chemicals and Materials: 78

All chemicals were used without further purifications. Cobalt chloride hexahydrate 79
(CoCl2:6H20, 98%, Mw=237.93), sodium laurate (C11H23COONa, >99%, Mw= 222.30), oleyla- 80
mine (OAm, 70%, Mw= 267.49), oleic acid (OA, 90%, Mw= 282.46), 2-butanediol (BEG, 98%, 81
Muw=90.12), Ruthenium chloride (III) hydrate (RuCls-xH20, 99.98%, Mw= 207.43), hexadec- 82
ylamine (HDA, 98%, Mw= 241.46), hexane (>99%, Mw= 86.18), methylbenzene (=99.8%, 83
Muw= 82.14) and chloroform (>99.8%, Mw= 119.38) were purchased from Sigma-Aldrich. 84

2.2. The synthesis of cobalt (1I) laurate 85

The Cobalt (II) laurate (Co(C11H23COO)2) was prepared by mixing C1iH3COONa and 86
CoCl2. In a typical reaction, 9.3366 g of C1ilH23COONa were dissolved in 30 mL of deion- 87
ized water with a mechanical stirrer in three-neck flask, which was heated to 60 °C using 88
water bath. Then, 5.000 g CoCl2 were dissolved in 10 mL deionized water in another flask, 89
forming CoClz aqueous solution. The latter was added into former system dropwise with 90
vigorous stirring. The mixture was stirred for a further 30 min and kept at 60 °C to obtain 91
a purple precipitate, which was centrifuged at 8000 rpm for 8 min, and washed three times 92
with 50 mL deionized water and methanol, respectively. The as-prepared precipitate was 93
further dried in an air oven at 60 °C. 94

2.3. The synthesis of cobalt nanorods using a solvothermal route 95

The Co nanorods was first synthesized by reducing Co-laurate in BEG. In a typical 96
synthesis, 2.0700 g of Co-laurate, 0.5810 g of HDA, and 0.0037 g of RuCls were dissolved 97
in 60 mL of BEG in three-neck flask, which was heated to 90 °C for 30 min to obtain a 98
uniform solution. Then, the solution was transferred into a teflon enclosure (100 mL), and 99
was further heated to 250 °C for 60 min with a heating rate of 15 °C/min for a solvothermal 100
route. After cooling to room temperature, the black magnetic product was precipitated 101
and washed by toluene by centrifuging at 6000 rpm for 5 min at least 3 times. 102

2.4. The synthesis of cobalt nanorods using an alcohol-thermal method 103

In a representative synthesis, 0.6113 g of Co-laurate, 0.0077 g of RuCls, and 0.4640 g 104
of NaOH were added to 15.5 mL of BEG. Under mechanical stirring, the reaction mixture 105
was heated to 100 °C for 30 min to obtain the uniform solution. And then, the solution was 106
further heated to 175 °C with a temperature ramping rate of 7 °C/min, and was maintained = 107
at this temperature for 30 min. After cooling to room temperature, the black powder was 108
recovered by centrifugation at 6000 rpm for 5 min, washed with ethanol for 3 times. For 109
short Co nanorods, the mechanical stirring rate was 100 r/min; and for the long Co nano- 110
rods, the rate was set to 50 r/min. 111

2.5. The self-assembly of Co nanorods 112

To obtain single-layer Co nanorods assemble, we use OA and OAm with volume 113
ratio of 1:3 as the surfactants. First, 0.0010 g of Co nanorods were dispersed 20 ml of above 114
mixed solution to achieve the ligand exchange under ultrasonic shock for 24 h. Then, these 115
nanorods were recovered by centrifugation and washed using hexane for 3 times. And 116
then, the centrifuged Co nanorods were dispersed again in 20 ml methylbenzene using 117
ultrasonic shock. 1-2 droplets of Co nanorods/methylbenzene were dropped on the 118
smooth surface of water, and the system was sealed using glass sheets to make the 119
methylbenzene evaporate slowly for 4h. A TEM grid was used to collect the self-assembly 120
samples. For the magnetic field assisted self-assembly, a magnet was closed the water sur- 121
face during the evaporation of organic solution. The other surfactant like HDA and PVP, 122
and other solution like hexane and chloroform were employed to replace the OA/OAm 123
and methylbenzene, respectively. But they failed to get the well-aligned Co layers. 124
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2.6. Characterization 125

The Co nanorods structure was studied by X-ray diffraction (XRD, D/MAX 2200 PC) 126
with Cu-Ka radiation (A=0.15418 nm). The microstructure and morphology of the samples 127
were analyzed by transmission electron microscopy (TEM, Philips CM 20). HRTEM were 128
performed on JEM-2100F. The magnetic properties were measured at room temperature 129
using a vibrating sample magnetometer (VSM) under a maximum applied field of 30 kOe. 130

And all of magnetic properties were measured using the random aligned Co rods. 131
3. Results and discussions 132
3.1. The self-assembly of Co nanorods with cambered tips 133

We first synthesized Co nanorods with cambered tips by solvothermal route usinga 134
hydrothermal reactor as shown in Figure 1. The XRD pattern (Figure 1A) demonstrates 135
that the solvothermal route yields hexagonal structure Co particles. All broad peaks have 136
a good match with standard Co (JCPDS No. 01-1278) pattern. There are obvious differ- 137
ences among the width of diffraction peaks (100), (002) and (101). The broader (002) plane 138
indicates the smaller size perpendicular to [002] than other directions, suggesting the 139
shape anisotropic particles are obtained. The TEM results further confirm the successful = 140
synthesis of shape anisotropic Co nanoparticles. It can be seen from Figure 1B-C that the 141
solvothermal reaction generates the uniform Co nanorods with their diameter about 10 142
nm and length 100-150 nm. These as-prepared Co nanorods have obvious cambered tips, 143
and are prone to distribution side by side. The microstructure of the Co nanorod was fur- 144
ther observed using HRTEM, as shown in Figure 1D. Along the length direction, the in- 145
terplanar spacing of 0.20 nm were observed, matching well with hcp-Co (002) plane, 146
which indicates that the length direction is consistent with [002] direction. As we known, 147
the [002] direction is the easy magnetization axis (c-axis). Therefore, such shape can con- 148
tribute a large shape anisotropy, which can combine with magnetocrystalline anisotropy ~ 149
and give a high coercivity. 150
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Figure 1. The Co nanorods with cambered tips by solvothermal route: (A) XRD pattern compared 152
with standard hep-Co (JCPDS No. 01-1278); (B) and (C) TEM images with different magnification; 153
(D) HRTEM image. 154

151

We try to make these Co nanorods self-assembly by the molecular force of surfactant 155
without any magnetic field. The OA and OAm were employed as the surfactant, and the 156
results are shown in Figure 2. From the TEM images in Figure 2A-C, the Co nanorods 157
were well aligned into an assembly. Unfortunately, these Co nanorods are not aligned 158
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along a particular direction. These self-assembly presents radial, and the direction is from 159
the center to all round. This phenomenon can be explained that some aggregates of Co 160
nanorods become a hard magnetic core like a spherical magnet, which yields a strong 161
radial magnetic field, making other nanorods align along the magnetic field (Figure 2B). 162
We can further observe that these nanorods are aligned side by side (Figure 2C), which 163
may be caused by the magnetostatic interactions among nanorods. We also try to use other 164
surfactants to do the self-assembly, but they failed to obtain well alignment due to the 165
strong magnetic interaction. This result demonstrates that the magnetic interactions 166
among nanorods are far stronger than molecular interactions of surfactants. We measured 167
the magnetic hysteresis loop of random Co nanorods at room temperature (Figure 2D), 168
which exhibits a large coercivity of 6.4 kOe and high Ms of 148.3 emu/g under 2.5 kOe 169
field. Once these nanorods were aligned into nanomagnet using a magnetic field, their 170
coercivity will exceed 10 kOe, being an excellent candidate for strong magnetic materials 171
[30]. 172

A S

| m,=148.3 emuig
H,=6.4 kOe
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Figure 2. (A-C) The TEM images of self-assembly Co nanorods with cambered tips by solvothermal 174
route; (D) Magnetic hysteresis loop of Co nanorods at room temperature. 175

3.2. The self-assembly of Co nanorods with flat tips 176

As a comparison, we also synthesized Co nanorods with flat tips by alcohol-thermal 177
method using a reflux set, as shown in Figure 3. The XRD pattern (Figure 3A, the samples 178
were prepared with a stirring rate of 100 r/min) can correspond to hexagonal structure Co 179
very well. And we also can find the different peaks width for (100), (002) and (101) plane, 180
which indicates the as-prepared Co particles have a shape anisotropy. Different from Co 181
nanorods obtained from solvothermal method, the diffraction peaks of Co (002) planes 182
exhibit an obvious enhancement by comparing with the standard peaks. This may suggest 183
that these Co nanorods have a self-orientation effect. The Figure 3B-C give the TEM im- 184
ages of Co nanorods. The uniform Co nanorods display bamboo-like shape with an aver- 185
age diameter of ~30 nm and length of ~100 nm. It is interesting that these Co nanorods 186
have larger tips than their body and their tips exhibit a flat plane. Without any magnetic 187
field or surfactant, several Co nanorods are self-oriented tip to tip, forming a bamboo-like 188
shape, totally different from these Co nanorods with cambered tips. We further synthe- 189
sized a kind of longer Co nanorods by using a lower stirring rate of 50 r/min, as shownin 190
Figure 3D. With the decrease of stirring rate, there is no obvious change for the diameter 191
of as-prepared Co nanorods, but their length does increase to 200 nm from 100 nm. Cer- 192
tainly, these longer Co nanorods still represent larger tips and smaller body, and they also 193
have a self-orientation effect by going tip to tip. This demonstrates that the mechanical 194
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stirring can interrupt the growth of nanorods from the length direction, which can be ex- 195
plained that the growth of long Co nanorods needs Co? continuously feeding. With the 196
increase of stirring rate, homogenizing of solution can hinder local increment of Co* con- 197
centration in the solution [31-32]. As a result, the growth of Co nanorods from the length 198
direction was interrupted, forming multiple shorter nanorods. 199

200
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Figure 3. The Co nanorods with flat tips by alcohol-thermal method. (A) XRD pattern compared 202
with standard hcp-Co (JCPDS No. 01-1278); (B - C) TEM images of Co nanorods with 100 r/min 203
stirring rate; (D) TEM image of Co nanorods with 50 r/min stirring rate. 204

The magnetic hysteresis loop of random Co nanorods with the length of 100 nm was 205
measured at room temperature using VSM. As shown in Figure 4, these Co nanorods ex- 206
hibit a coercivity of 4.9 kOe and Ms of 146.5 emu/g at an applied field of 2.5 kOe. Com- 207
pared with Co nanorods with cambered tips, these Co nanorods with flat tips exhibit 208
lower magnetic performance. This may be ascribed to two reasons. On the one hand, the 209
ratio of length to diameter (L/D) is a key factor to the coercivity due to the shape anisot- 210
ropy. In general, the higher ratio will lead to larger coercivity [33]. In our work, the Co 211
nanorods with cambered tips have a L/D of ~10, while the L/D value for Co nanorods with 212
flat tips is only ~4. On the other hand, the Co nanorods with flat tips have smaller coer- 213
civity than cambered tips even though they have the similar L/D. Because Co nanorods 214
with flat tips have more defects (stacking fault) between the tips and bodies, which can 215
lead to a high demagnetizing filed and causes the low coercivity [34]. 216

The coercive mechanism of Co nanorods is totally different from small-sized Co na- 217
noparticles or clusters. As we known, the magnetic particles have the largest coercivity at 218
the key size from multiple-domain to single-domain structure, and the key size is about 219
30 nm for Co particles [17]. Thus, our Co nanorods with a diameter about 10 nm and 220
length 100-150 nm display a relatively higher coercivity than small-sized Co particles (sev- 221
eral nanometers). Furthermore, these Co nanorods have been confirmed to be single-do- 222
main structure in previous work [27]. And for Co clusters with small size, they are super- 223
paramagnetic and thus have no coercivity at room temperature since their magnetocrys- 224
talline anisotropy at this size cannot compete with thermal disturbance [35]. More im- 225
portantly, the coercivity of hcp-Co nanorods is mainly originated from shape anisotropy 226
rather than magnetocrystalline anisotropy. In other words, the high L/D lead to their large 227
coercivity, which can be confirmed by many reports [33]. 228



Nanomaterials 2022, 12, x FOR PEER REVIEW 7 of 11

= M.= 146.5 emulg
_ 1007 4 =a9koe
S s
§ o
= -50-

=100

-150 4

3 20 40 0 10 20 30
H (kOe) 229

Figure 4. Magnetic hysteresis loop of Co nanorods with flat tips at room temperature. 230

These as-prepared Co nanorods with flat tips were further assembled on the water 231
solution surface by using OA and OAm as the surfactant. Without any external field, 232
driven by the molecular force of surfactant and magnetostatic force, these Co nanorods 233
tend to align tip to tip and form long nanochains, but there is obvious space between 234
aligned nanochains (Figure 5A). Although this alignment cannot reach our expectation, 235
most of as-formed Co nanochains do present consistent direction, which has an obvious 236
improvement than the Co nanorods with cambered tips. We also can observe the well- 237
aligned Co nanorods in some view of TEM, as shown in Figure 5B. In these regions, these 238
nanorods first form straight nanochains, and then these nanochains assemble into single 239
layer. Unfortunately, these regions are isolated each other, hard to form high quality sin- 240
gle-layer self-assembly. This result may be caused by magnetostatic interaction, which be 241
discussed in next section in detail. To obtain high quality Co nanorods assemble, an ex- 242
ternal field was applied during self-assembly process. The results are shown in Figure 5C- 243
D. According to XRD pattern in Figure 5C, the assembled Co nanorods under external 244
field only display a single diffraction peak around 44.5°, which can be indexed to hcp-Co 245
(002) plane. As we known, the easy axis of Co nanorods is [002] direction, which is also 246
the length direction. When these nanorods were aligned, all of Co nanorods display the 247
same direction. As a result, the X-ray only detected the (002) plane. The TEM image in 248
Figure 5D demonstrates that these Co nanorods with ~100 nm length were well aligned = 249
into single layer along the magnetic field direction, further confirming the XRD result. We = 250
further aligned Co nanorods with ~200 nm length under same conditions, but it failed to 251
obtain good alignment, which can be explained that the stronger properties of Co nano- 252
rods are unfavorable to align due to the strong interaction with each other. 253

(9]

Aligned Co nanorods
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Figure 5. (A-B) The TEM images of self-assembly Co nanorods with flat tips without applied field; 255
(C) XRD pattern of aligned Co nanorods under magnetic field compared with standard hcp-Co 256
(JCPDS No. 01-1278); (D) TEM image of aligned Co nanorods under magnetic field. 257

3.3. The discussion of magnetostatic interaction mechanism 258

During self-assembly process, there is a competition between molecular interaction 259
force and magnetostatic force. The former drives these nanorods align well, while the lat- 260
ter makes them random to reduce the magnetostatic energy. In our work, the magneto- 261
static force is obviously stronger than molecular interaction force. Therefore, we should 262
analyze their behavior from the view of magnetostatic interaction. 263

We analyze the magnetostatic interaction mechanism using magnetic induction line 264
distribution, as shown in Figure 6. For all of Co nanorods they can be regarded as a tiny 265
magnet at nanoscale, and the two tips of nanorods correspond to their N-S poles (Figure 266
6A1 and 6B1) [36]. And the magnetic induction lines at two tips should be perpendicular 267
to their tips. 268

For the Co nanorods with flat tips, they have larger tips. Therefore, most of magnetic 269
induction lines are perpendicular to the flat tips and thus parallel to [002] direction (Figure 270
6A1). As a result, these Co nanorods are prone to holding together tip to tip since the 271
magnetic induction lines direction for N pole of one Co nanorod is consistent with the S = 272
pole of another Co nanorod (Figure 6A2). If these nanochains assembled by Co nanorods 273
have same direction for N-S poles, they would present mutual exclusion and thus these 274
nanochains would be separated from each other (Figure 6A3). If they have the opposite 275
N-S poles, they would hold together again by connecting the third nanochains and rotate 276
at a certain angle to keep the minimum energy (Figure 6A4-A5). When an external field 277
was applied, these nanochains can rotate into the magnetic field direction to achieve align- 278
ment. 279
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Figure 6. The scheme of magnetostatic interaction mechanism. (A) Co nanorods with flat tips; (B) 281
Co nanorods with cambered tips. 282

z

280

For the Co nanorods with cambered tips, they have smaller tips. Due to the special 283
morphology, they only have very few magnetic induction lines parallel to c-axis. Most of =~ 284
magnetic inductions line are random (Figure 6B1). Therefore, tip to tip assemble is very 285
unstable. It needs to rotate at a certain angle to reduce the energy of system (Figure 6B2). 286
On this occasion, these nanorods are prone to holding together side by side for their ran- 287
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dom magnetic induction lines, since there are some angles between most of magnetic in-
duction lines and nanorods c-axis (Figure 6B3-B4). Despite of that, the alignment side by
side was only confined into several nanorods [37]. These clusters assembled by several
nanorods with the same direction can be regarded as a “magnetic domain” and the system
is like a “multidomain magnet” (Figure 6B5). To keep the minimum energy of the whole
system, these “magnetic domain” directions are distributed randomly. When an external
field or self-generated field (some nanorods aggregate like a magnet in Figure 2B) was
applied, these “magnetic domains” can rotate into the magnetic field direction to achieve
alignment.

4. Conclusions

In summary, we synthesized two kinds of Co nanorods, one with cambered tips and
another with flat tips, and achieve a self-assembly of single layer of Co nanorods to study
their magnetostatic interaction behavior. The as-synthesized Co nanorods with cambered
tips have an average diameter of 10 nm and length of 100 nm with coercivity of 6.4 kOe,
and flat-tip nanorods with a 30 nm diameter and 100 nm length exhibit a coercivity of 4.9
kOe. These Co nanorods were first assembled on the surface of water without magnetic
field. It is found that the Co nanorods with cambered tips are prone to aligning side by
side, while the Co nanorods with flat tips are easy to hold together tip to tip due to the
magnetostatic interaction. Under an applied field, the Co nanorods with flat tips can be
further aligned into single layer of Co nanorods. Furthermore, we study the magnetostatic
interaction mechanism using magnetic induction lines. Because each nanorod can be con-
sidered as a magnet, the flay tips of Co nanorods are like N and S poles of magnet. There-
fore, they are easy to hold together tip to tip since most of magnetic induction lines are
parallel to the length direction. For Co nanorods with cambered tips, they are prone to
holding together side by side to form clusters for their random magnetic induction lines.
Our work provides a method to study magnetic interaction of shape anisotropy.
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