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Abstract

Magnetic nanoparticles are attracting much attention toward easy operation and size controlable
synthesis methods. We develop a method to synthesize MnO, Co, CoO, and Ni nanoparticles by
thermal decomposition of metal 2,4-pentanedionates in the presence of oleylamine (OLA), oleic
acid (OA), and 1-octadecene (ODE). Similar experimental conditions are used to prepare
nanoparticles except for the metal starting materials (manganese 2,4-pentanedionate, nickel 2,4-
pentanedionate, and cobalt 2,4-pentanedionate), leading to different products. For the manganese
2,4-pentanedionate starting material, MnO nanoparticles are always obtained as the reaction is
controlled with different temperatures, precursor concentrations, ligand ratios, and reaction time.
For the cobalt 2,4-pentanedionate starting material, only three experimental conditions can
produce pure phase CoO and Co nanoparticles. For the nickel 2,4-pentanedionate starting material,
only three experimental conditions lead to the production of pure phase Ni nanoparticles. The
nanoparticle sizes increase with the increase of reaction temperatures. It is observed that the
reaction time affects nanoparticle growth. The nanoparticles are studied by XRD, TEM, and
magnetic measurements. This work presents a facile method to prepare nanoparticles with different

sizes, which provides a fundamental understanding of nanoparticle growth in solution.



Introduction

Magnetic nanoparticles are extensively studied due to their applications in energy storage,
biomedical research, hypothermia treatment, solar energy transformers, catalysis, and water
purification.[1-7] CoO and MnO nanoparticles have been synthesized by a lot of methods
including the solvothermal method, thermolysis method, and solid-state oxidation.[8—10] Co and
Ni nanoparticles were synthesized by organometallic compounds [Co2(CO)s] in some organic
solvents and stabilizers.[8,11] Lu et al. reported that Co nanoparticles can be produced by the
reduction of CoCl> using NaBH4 in polymers. Laser ablation was reported to prepare Co
nanoparticles by the decomposition of Co2(CO)s.[12] Ni nanoparticles were synthesized by an arc
discharge process,[13] microwave method with polyvinyl pyrrolidone and dodecylamine,[14]
reduction of Ni(NOs3)2 in polyethylene glycol,[15] reduction of Ni(acac), by oleylamine,[16]
reduction of Ni(NO3)2-6H20 by benzildiethylenetriamine.[17] However, the reported methods are
very complicated, or special starting materials are required for the methods.

We reported a facile method to prepare CoO, Co, and MnO nanocrystals by metal acetates in
the presence of oleylamine, oleic acid, and ODE under the protection of the nitrogen
atmosphere.[18] It is observed that the nanoparticle sizes are ranging from 50 nm to several
hundred nanometers.[18] The size distribution is also very broad. This is attributed to the metal
source of metal acetates. It is reported that the metal 2,4-pentanedionates can produce smaller
nanoparticles controlled by the reaction atmosphere.[18,19] Therefore, it is worth studying the
preparation of metal or metal oxide nanoparticles by metal 2,4-pentanedionates in the presence of

oleylamine and oleic acid.



In this work, MnO, Co, and Ni nanoparticles are synthesized by metal 2,4-pentanedionates in
the presence of oleylamine and oleic acid. The reaction temperatures, reaction time, precursor
concentrations, and ligand ratios are used to control the synthesis of the nanoparticles.
nanoparticles with sizes of 20-500 nm are obtained. The magnetic properties of MnO and CoO
and Co nanoparticles are also studied. MnO nanoparticles show traditional paramagnetic
properties. CoO nanoparticles show ferromagnetic behavior due to the uncompensated spins on
the surface. Co nanoparticles exhibit traditional ferromagnetic properties. Magnetic concentration
cells based on Co and CoO nanoparticles are fabricated and investigated. The Co-based cell shows

better performance than that of the CoO-based cell.

Methods and Materials
2.1. Chemicals and materials

Manganese (II) 2,4-pentanedionate (Mn(acac)2, MnCsH70»),), Nickel (II) 2,4-pentanedionate
(Ni(acac)z, Ni (CsH702)2, 95%) and oleic acid (OA, tech, 90%) were purchased from Alfa Aesar.
Cobalt (III) 2, 4-pentanedionate (Co(acac)s, Co (CsH702)3, 95%) was purchased from Chem-
impex Int’l Inc. Oleylamine (OLA, >50%) was purchased from TCI America. 1-octadecene (ODE,
tech, 90%) was purchased from Acros Organics. Acetone (CH3COCH3, tech) was purchased from
Aqua Solutions, Inc. Toluene (99.9%) was purchased from Fisher Chemical. All chemicals were
used without further purification.
2.2. Synthesis of nanoparticles

The required amount of manganese (II) 2, 4-pentanedionate, OLA, and OA (see Table 1) were
loaded in a 100 ml 3-neck round-bottomed flask, and the flask was degassed 3 times at room
temperature. Then, the mixture was heated for 1 hour at 120 °C under vacuum followed by

degassing 3 times at 120 °C. Afterward, the solution was heated to designed temperatures and kept



for different hours (see Table 1). Then the heat was removed and the reaction mixture was cooled
down to room temperature naturally. The nanoparticles were centrifuged at 3000 rpm for 5 min,
then re-dispersed in toluene, finally precipitated with acetone. The powders were obtained by
drying at 60 °C under vacuum for XRD measurements. The procedures for the preparation of Ni,
Co, and Ni nanoparticles are very similar to MnO synthesis except for the starting materials.
2.3. Measurements

Powder X-ray diffraction (XRD) results were obtained with a MiniFlex 600 Rigaku X-ray
Diffractometer. The magnetic hysteresis (M-H) loops of the powders were measured on a Physical
Properties Measurement System (PPMS) from Quantum Design at room temperature. A plastic
container with two 0.4 mm thick copper sheets was used to measure the magnetic electrolyte
concentration cell device performance. The I-T and V-T curves are obtained by Keithley 2400 and
CHI 604E, respectively. Magnetic fields provided by a magnet (Master Magnetics) were used to
switch directions every 30 s. The morphology of nanocrystals was studied by a transmission
electron microscope (TEM) (JEM-1011, JEOL).

Table 1 MnO sample information in this work

Sample | Mn(acac)./g OA/mL | OLA/ | ODE/ | Temperature | Time/h
mL mL /°C
S1 2 10 10 0 200 2
S2 2 10 10 0 250 2
S3 2 10 10 0 280 2
S4 2 10 10 0 300 2
S5 2 10 10 20 300 2
S6 2 10 10 40 300 2
S7 2 10 0 0 300 2
S8 2 10 1 0 300 2




S9 2 10 5 0 300 2
S10 2 10 20 0 300 2
S11 2 10 30 0 300 2
S12 2 0 10 0 300 2
S13 2 10 10 0 300 1
S14 2 10 10 0 300 4
S15 2 10 10 0 300 6
Table 2 Co and CoO sample information in this work
Sample | Co(acac)s/g OA/ OLA/ | ODE/ | Temperature | Time/h
mL mL mL /°C
S16 2 10 20 0 300 2
S17 2 10 30 0 300 2
S18 2 0 10 0 300 2
Table 3 Ni sample information in this work
Sample | Ni(acac)/g OA/ | OLA/ | ODE/ | Temperature | Time/h
mL mL mL /°C
S19 2 10 20 0 300 2
S20 2 10 30 0 300 2
S21 2 0 10 0 300 2




Results and discussion

All the samples S2-S15 in this work are indexed to a pure cubic phase of MnO according to the
standard card of JCPDS 07-0230 (Figure S1). Different temperatures including 200 °C, 250 °C,
280 °C, 300 °C are used to synthesize nanoparticles (S1, S2, S3, and S4). No nanoparticles are
obtained for S1 since the reaction temperature is too low for the decomposition of metal 2, 4-
pentanedionates. Figures 1 a, b, and ¢ show the TEM images of S2, S3, and S4. It can be seen that
the size distribution of S2 prepared at 250 °C is very broad. The sizes are in the range of 100-200
nm. The average size of S2 is 98 nm. The average sizes increase to 387 nm and 525 nm for the
reaction temperatures of 280 °C and 300 °C, respectively (figure 1b S3 and ¢ S4). The nanoparticle
sizes increase from 98 nm to 525 nm as the reaction temperature increases from 250 °C to 300 °C.
The increased sizes are explained by the increasing temperatures.[20-22] The Ostwald ripening
process is enhanced by the high temperature significantly, leading to increased nanoparticle sizes.

ODE is utilized as a noncoordinating ligand in this reaction to study the influence of precursor
concentrations on the size and morphology of MnO nanoparticles. S5 and S6 are prepared with
ODE of 20 mL and 40 mL, respectively, with the same experimental condition of S4. Figures 1d
and e show the TEM images of S5 and S6. The average sizes of S5 and S6 are 415 nm and 263
nm, respectively. It can be seen that the sizes are 525 nm, 415 nm, and 263 nm as the reaction
precursor concentrations decrease (S4, S5, and S6). Therefore, the sizes decrease with the increase
of the precursor concentration. The distance between seed crystals increases as the precursor
concentration increases, leading to decreased seed crystal aggregation and smaller sizes of the
nanoparticles.[23] It is also related to the ligands of oleylamine and oleic acid.[23] It is reported
that the ratios of OLA to OA can play a role in capping the nanoparticles, leading to different

morphology and sizes.[24—26] The amount of OLA ranging from 0 to 30 mL is employed to



investigate the influence of OLA on the size and morphology of the MnO nanoparticles. S7 does
not exhibit any nanoparticles as the only OA is used in the reaction (without OLA). Figure 1f-j

shows the TEM images of S8-S12. The OLA amount increases from 0 to 30 mL as the OA amount

Figurel TEM images of a S2, b S3, ¢ S4d S5, e S6, £S8, gS9, h S10,1 S11,j S12,k S13,1
S14, m S15.




is kept to be 10 mL. S12 is prepared with 10 mL OLA, without OA. The average sizes of the S8-
S11 are 481 nm, 426 nm, 73 nm, and 83 nm, respectively. It can be observed that the sizes of the
nanocrystals decrease as the OLA amount increases. The average size of S12 is 46 nm. Reaction
time is another experimental parameter to control nanoparticle growth. Usually, a long reaction
time leads to large nanoparticles and increased crystallinity.[27-29] Figure 1k-m shows the TEM
images of S13-S15. The average sizes of the S13, S4, S14, and S15 are 76 nm, 525 nm, 200 nm,
and 250 nm, corresponding to the reaction time of 1 h, 2 h, 4 h, and 6 h, respectively. The sizes
increase from 76 nm to 525 nm as the reaction time increases from 1 h to 2 h. The sizes drop to
200 nm and 250 nm as the reaction time further increases to 4 h and 6 h. However, the crystallinity
improves significantly as the reaction time increases to 4 h and 6 h, which is reflected from the
sharp and smooth edges of the cubes in the TEM images (Fig. 11 and m).

Figure 2 shows the magnetic hysteresis loop of S3 and S12. Typical paramagnetic properties of
MnO can be confirmed from the curves, which is consistent with the results of Yu.[30] The
magnetization of S12 at the 40000 Oe is much higher than that of the S3. This is explained by the

smaller size of S12 (46 nm) compared to S3 (387 nm). Smaller nanoparticles with more
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Figure 2 a and b show M-H loops of sample S3 and S12, respectively.




uncompensated surface spins exhibit higher magnetization according to the literature.[31]

Therefore, our results are consistent with the literature results.
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Figure 3 a TEM image of S16. b TEM image of S17. ¢ TEM image of S18. The inset
of figure a and ¢ show the corresponding M-H loops. d XRD diffraction patterns of
S16, S17, and S18.

The same experimental conditions are also used to prepare Co and CoO nanoparticles. Only
three samples with pure phases can be obtained including S16-S18. Other samples prepared with
similar experimental parameters with MnO reaction show the mixture phase of Co and CoO.
Figure 3a shows the TEM image of S16 prepared with 10 mL OA and 20 mL OLA at 300 °C. The
size of S16 is ~50 nm. The inset of figure 3a is the M-H loops of S16. Typical magnetic properties
are observed with a saturation magnetization of 88.2 emu/g, which is consistent with the literature

results of metallic Co.[32] Figures 3b shows the TEM image of S17. It can be seen that the size of
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S17 increases to ~500 nm compared to S16, which is explained by the amount of OLA. More OLA
results in nanoparticle growth toward large sizes.[25,33—-36] Figure 3 ¢ shows the TEM image of
S18. The average size of ~20 nm is obtained from the TEM image. The inset of figure 6¢ shows
the M-H loop of S18. A coercivity of 250 Oe is obtained due to the uncompensated spins on the
surface of the nanoparticles.[18] Figure 3d shows the XRD diffraction patterns of S16, S17, and
S18. S16 and S17 can be indexed into hexagonal close-packed phases according to the standard
card of JCPDS 45-1027. XRD result of S18 shows that cubic CoO nanocrystals (JCPDS card no.
48- 1719) are obtained. We believe Mn metal is not stable as Co, leading to Mn metal reacts with
oxygen to produce MnO. However, in the case of Co. Co is stable in the reaction. Therefore, Co
meatal can be obtained in a similar reaction.

Similar experimental procedures to MnO reaction are employed to prepare Ni-based

nanoparticles. Only S19, S20, and S21 with pure phase Ni nanoparticles are obtained. Figures 4a,
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Figure 4 TEM image of a S19, b S20, and ¢ S21. XRD diffraction patterns of d S19, e
S20, £ S21. The insets of figure 7a and ¢ show the corresponding M-H loops.
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b, and c show the TEM images S19-S21. The average sizes of S19, S20, and S21 are 80 nm, 80
nm, and 200 nm, respectively. S19 and S20 show that large nanoparticles are composed of smaller
nanoparticles of ~10 nm. S19, S20, and S21 are indexed to cubic phase Ni nanoparticles (JCPDS:

45-1027) shown in figure 4d, e, f.

Co and CoO nanoparticles can be used for magnetic concentration cells.[37,38] Magnetic
nanoparticles are attached with citric acid molecules and serve as carriers for the citric acid
molecules.[37,38] Figure 5 shows the device performance of the concentration cells based on S16
and S18. It can be seen that the current and voltage values are 4 pA and 0.04 V, for the devices

based on Co nanoparticles S16. However, the current and voltage values are 0.4 pA and 0.005 V,

2 A ARA
NANANA VA

8 300 360 720 as0 008355 240 300 360

Time (s i
c08 (s) 4001 Time (s)

ag b0.0

4+ 0.04¢

o
o

Currgnt (1A)
o
Voltage (V)

IS
1
e
o
£

o
n
T

Current (uA)
o
o

voltage (V)
o
o
(=]

©
B

-0.8

150 200 _ 250 300 350 0055 240 300 360 420
Time (s) Time (s)

Figure 5 I-t (a) and V-t curves (b) of magnetic concentration cells based on S16 Co

nanoparticles. I-t (c) and V-t (d) curves of magnetic concentration cells based on S18
CoO nanoparticles.
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for the devices based on CoO nanoparticles S18. This is explained by the magnetic properties of
the Co and CoO nanoparticles.[37,38] The Co nanoparticles show a high saturation magnetization
than that of CoO. In addition, smaller particle sizes of Co nanoparticles are another reason for the

high performance, leading to more citric acid molecules adsorbed on the particle surface.

Conclusion

MnO, Co, CoO, and Ni nanoparticles are synthesized by thermal decomposition of metal 2, 4-
pentanedionates at different temperatures using OA, OLA, and ODE as ligands. MnO
nanoparticles with different sizes (46-500 nm) are synthesized by the ligand ratios, reaction
temperatures, and precursor concentrations. The prepared MnO nanoparticles show typical
paramagnetic properties. Co nanoparticles with different sizes are also synthesized as the amount
of OLA is larger than that of OA. CoO nanoparticles are obtained as only OLA are used as ligand,
without OA. Ni nanoparticles in the size range of 80-200 nm are synthesized as similar
experimental parameters are used in the reaction. Co and CoO nanoparticles are also studied by
magnetic concentration cells. It shows that the cell performance of Co nanoparticles is much higher

than that of CoO due to the high magnetization intensity and the smaller sizes.
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