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Magnetic Tunability via Control of Crystallinity and Size in
Polycrystalline Iron Oxide Nanoparticles

Minh Dang Nguyen, Liangzi Deng, Jong Moon Lee, Karla M. Resendez, Maggie Fuller,

Supawitch Hoijang, Francisco Robles-Hernandez, Ching-Wu Chu, Dmitri Litvinov,
Viktor G. Hadjiev, Shoujun Xu, Manh-Huong Phan, and T. Randall Lee*

Iron oxide nanoparticles (IONPs) are widely used for biomedical applications
due to their unique magnetic properties and biocompatibility. However, the
controlled synthesis of IONPs with tunable particle sizes and crystallite/grain
sizes to achieve desired magnetic functionalities across single-domain and
multi-domain size ranges remains an important challenge. Here, a facile
synthetic method is used to produce iron oxide nanospheres (IONSs) with
controllable size and crystallinity for magnetic tunability. First, highly
crystalline Fe;O, IONSs (crystallite sizes above 24 nm) having an

average diameter of 50 to 400 nm are synthesized with enhanced
ferrimagnetic properties. The magnetic properties of these highly crystalline
IONSs are comparable to those of their nanocube counterparts,

which typically possess superior magnetic properties. Second, the crystallite
size can be widely tuned from 37 to 10 nm while maintaining the overall
particle diameter, thereby allowing precise manipulation from the
ferrimagnetic to the superparamagnetic state. In addition, demonstrations of
reaction scale-up and the proposed growth mechanism of the IONSs are
presented. This study highlights the pivotal role of crystal size in controlling
the magnetic properties of IONSs and offers a viable means to produce
IONSs with magnetic properties desirable for wider applications in sensors,
electronics, energy, environmental remediation, and biomedicine.

1. Introduction

Iron oxide nanoparticles (IONPs), such as
Fe,0, and y-Fe,0;, have been extensively
studied due to their great potential in var-
ious applications, including environmental
uses, sensing technologies, wave-absorbing
materials, and, notably, biomedical appli-
cations such as biosensing, magnetic hy-
perthermia, IR-induced phototherapy, mag-
netic contrast agents, and targeted drug
delivery.'"1% The primary impetus driv-
ing the intensive research and discover-
ies is rooted in a unique combination of
their properties, including environmental
friendliness, cost-effectiveness, biocompat-
ibility, half-metallicity, and diverse mag-
netic characteristics.['"'?] To develop high-
performance nanosystems based on IONPs
for specific applications, the design and fab-
rication of highly crystalline IONPs with
precise control over size, shape, and nanos-
tructures to achieve the desired magnetic
properties constitute critical steps.['31%]
Consequently, the development of synthetic
methods capable of achieving such control,
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Table 1. Synthesis and magnetic properties of polycrystalline IONSs via solvothermal method using FeCl; precursors. (adapted from Table 2 of ref. [11]

with modifications).

Diameter [nm] Precursor & Reagents Solvent Size control factor Grain size [nm] Mg [emu g™'] Hc [O€] Refs.
200, 400, 800 FeCl;-6H,0, NaAc, EG Rxn time UN 81.9, UN, UN UN [23]
PEG
31,53,71,93, 147, FeCl;, NaOH, PAA DEG NaOH stock solution ~10 UN, 30.9, UN, SPM [36]
174 56.7, UN, 63.5
280 FeCl;-6H,0, EG - 5.9,6.9, 8.3, 13.5 36.2, 38.7, 46.5, SPM 132]
Na-acrylate, NaAc 67.2
6, 60, 120, 170 EG, DEG Solvent composition 10 UN SPM
20, 90, 165, 300. FeCl;-6H,0, NaAc, EG, DEG Solvent composition 10-20 62.1,62.1, 62.8, 8, 20, 28, 16 [34]
PVP 63.9
82, 139, 188, 544, FeCl;-6H,0, NaAc, EG H,0 15.4,20.7,23.9, 18.6, 56, 71, 73, 79, 80, 115, 141, 149, [24]
728, 1116 PAA, H,O 17.7,17.6 80.27 139,136, 127
100, 135, 150, 175,  FeCl;-6H,0, NaAc, EG Rxn time 17,17,15,12, 11 69, 72, 65,32,56 106, 42, 66, 21, 28 [37]
275 PVP
120, 440, 700 FeCl;-6H,0, NaAc, EG, DEG Solvent composition, FeCl; 18,17, 17 78, 84, 87 62,73,72 [35]
PEG

UN denotes unknown, as the information was not provided in the literature. SPM denotes superparamagnetic, H- = My = 0 (at room temperature). Values in italics indicate
that the data were estimated from figures provided in the referenced articles. Value of Mg and H at 300K. Chemicals: Polyethylene glycol (PEG), poly(acrylic acid) (PAA),

polyvinylpyrrolidone (PVP).

while ensuring a monodisperse size distribution and excellent re-
producibility, remains an essential and challenging task for both
fundamental and applied sciences.

With enormous potential across diverse application fields,
IONPs have been synthesized in a variety of sizes and shapes,
displaying a wide range of magnetic properties from superpara-
magnetic (SPM) to ferrimagnetic (FiM) behavior.['1131416.17] 1n
addition to the challenge of synthesizing IONPs with controlled
size and shape, achieving gram-scale production and enhancing
the reproducibility of the synthesis have been the focus of many
research groups in recent years.['¥2 Among the various struc-
tures of IONPs, spherical IONPs have garnered the most atten-
tion, due to ease in synthesis and isotropic magnetic properties.
Synthesis has produced particles that range in size from 4 nm to
even 1 pm.22* Typically, iron oxide nanospheres (IONSs) with
a diameter < 25 nm exhibit a single crystal structure and possess
SPM properties. Given the notable potential of SPM IONPs in
biomedical applications, extensive research efforts have been di-
rected toward advancing the control and reliability of the synthe-
sis to achieve IONPs with desired sizes, compositions, and mag-
netic properties.[2>-! Therefore, the scope to further enhance the
performance or properties of these small-sized IONSs (< 25 nm)
depends on the design of the target applications and the strate-
gies employed for functionalization.

On the other hand, larger IONSs (> 25 nm) typically exhibit
a polycrystalline structure and display a wider range of magnetic
behaviors, including SPM or FiM properties.[2#3233] The growth
of these polycrystalline IONSs usually initiates with the forma-
tion of primary crystals, followed by the agglomeration of these
primary crystals to form larger particles.?”! Consequently, their
magnetic properties are primarily influenced by two structural
parameters: the average diameter of the particle and the crystal-
lite size (also referred to as “grain size”). In here, the crystallite
size represents the size of the primary crystal. Tuning these struc-
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tural parameters provides an avenue to manipulate their mag-
netic behaviors and explore potential applications, offering an op-
portunity for further exploration and discovery.

In view of the developed synthesis methods, the solvother-
mal approach based on ethylene glycol (EG) solvent systems
using iron(III) chloride precursors has been shown to be the
most useful, providing a facile synthetic technique to control NP
size.l!!l Table 1, adapted from our review paper with modifica-
tions, summarizes the key results in the synthesis of IONSs us-
ing the EG solvent system-based method. IONSs synthesized via
this method have been reported to exhibit either FiM or SPM
properties.l'!l Deng et al. were the first to report this method us-
ing FeCl;-6H,0 precursors to synthesize Fe;O, NPs with sizes of
200, 400, and 800 nm by controlling the reaction time.?3] Other
research groups have explored the use of a binary solvent system
comprising EG and diethylene glycol (DEG) to control particle
size.323435] Leung’s group also investigated the effects of sodium
acetate (NaAc) and sodium acrylate (Na-acrylate) on the size and
crystallite size of IONSs.32] A study by Tong’s group emphasized
the significant influence of water on both the particle size and
crystallite size of IONSs.[2*] Despite these efforts, a precise con-
trol over the crystallinity of these nanoparticles was not achieved.
In this context, we anticipate that large polycrystalline IONSs
with enhanced crystallinity may exhibit stronger FiM properties.

It has been shown that FIM IONSs with larger sizes yield
higher saturation magnetization (Mg).?#*! However, the effects
of size on the other magnetic parameters, such as coercivity (H),
as listed in Table 1, are not well documented. On the other hand,
crystallinity has been reported to enhance the magnetic proper-
ties of IONPs, both Mg and H¢.""¥"] In the case of large-sized
IONSs exhibiting SPM properties, with sizes around 280 nm, an
increase in grain size (crystallite size) from 5.9 to 13.5 nm, while
maintaining the average size, leads to a monotonic increase in
M from 36.2 to 67.2 emu g~'.[3?) Recent reports have highlighted
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Scheme 1. A modified solvothermal synthesis using different additives to control the crystallinity and magnetic properties of iron oxide nanoparticles.

the superior magnetic properties of Fe;O, nanocubes compared
to their nanosphere counterparts.’’3%! Besides factors related
to magnetic anisotropy, crystallinity has been identified as the
main determinant of the superior magnetic properties of Fe,O,
nanocubes.l*”! Another notable study by Brougham’s group, who
examined two iron oxide suspensions consisting of NPs with
identical size and cubic shapes, and similar dispersion quality,
demonstrated significantly enhanced performance in magnetic
hyperthermia and magnetic resonance imaging contrast in sam-
ples with better crystallinity and no defects.[**! These findings un-
derscore the critical role of improving the crystallinity of IONSs
as a key approach to enhancing their magnetic properties and
maximizing their potential in various applications.

Therefore, we envision that the crystallinity (crystallite/grain
size) of the IONSs is the key parameter for manipulating their
magnetic properties and customizing the nanoparticles for a
wide range of applications. To provide a deeper understanding
of the structure-to-properties relationships and to enhance the
application potential of IONSs, it is crucial to develop a more
refined synthetic approach with comprehensive capabilities, in-
cluding: 1) producing IONSs with highly uniform size and spher-
ical shape, 2) precisely controlling particle structure, including
both size and crystallinity, 3) widely and finely tuning the mag-
netic properties of nanoparticles from ferrimagnetic (FiM) to su-
perparamagnetic (SPM), and 4) achieving simplicity in technical
aspects that are needed for scaling-up the reaction. To date, no
synthetic approach has satisfied all these criteria to become a ver-
satile method for preparing IONPs.

The overall aim of our research is to address the challenges
mentioned above by advancing the well-established solvother-
mal method through controlling additives used, as illustrated in
Scheme 1. We present here an efficient synthetic approach to pro-
duce highly crystalline IONSs with crystal sizes exceeding 24 nm
across a broad range of size (50 to 400 nm) and to control the
crystallinity of IONSs over a wide range (from 37 to 10 nm). Us-
ing NaAc-3H,O combined with varying binary solvent systems,
stirring speeds, and ramping rates, we successfully synthesized
Fe,O, nanospheres with sizes from 52 to 393 nm, all of which
exhibit highly crystalline structures and uniform morphologies.
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The magnetic properties of these highly crystalline IONSs are
comparable to those of the single-crystalline Fe;O, nanocubes of
similar sizes. We found that while the use of sodium acetate tri-
hydrate was instrumental in enhancing the crystallinity of the
IONSs, the use of anhydrous NaAc and sodium acrylate (Na-
acrylate) reduced the crystallinity. This, in turn, facilitates fine
control of crystallite size over a wide range, offering a valuable
means of tuning magnetic properties from the FiM to SPM state
without changing particle size. This has been documented by a
comprehensive study of the effects of size and crystallinity on the
magnetic properties of IONSs. These important findings lead us
to propose the growth mechanism of IONSs to achieve adjustable
particle sizes and crystallite sizes. This work introduces an effi-
cient synthetic approach with the capacity to fabricate IONSs of
the desired size and magnetic properties, thereby serving as an
indispensable tool in the design of IONP systems for applications
in electronic devices, sensing technologies, and biomedicine.

2. Results and Discussion

2.1. Structural and Magnetic Characterization of Highly
Crystalline Iron Oxide Nanospheres

In the context of this paper, the term size refers to the “average
diameter” for spherical NPs and the “average edge length” for
cubic NPs. The term “crystallite size” is abbreviated as “cs”, de-
noting the average crystallite size, also known as the “grain size”
of polycrystalline NPs. By utilizing different binary solvent sys-
tems and controlling empirical parameters such as stirring and
ramping rates, highly crystalline IONSs with various sizes, from
52 to 393 nm, were successfully synthesized. Figure 1 displays
the SEM images of highly crystalline IONSs with uniform round
shapes and narrow size distributions. Larger IONSs appeared to
exhibit greater sphericity in their shape. In this method, vigorous
stirring (at least 540 rpm) was employed, positively impacting the
control of size and shape homogeneity. The slow stirring speed
resulted in an extremely polydisperse size distribution of NPs, as
illustrated in Figure S1 (Supporting Information).

© 2024 Wiley-VCH GmbH
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Figure 1. SEM images at 100kX magnification of highly crystalline Fe;O, nanospheres with average diameters: a) 52 + 3, b) 98 + 8, ¢) 120 + 9, d) 175

+ 13, €) 220 + 10, f) 393 + 27 nm.

Powder X-ray Diffractometry (XRD) was used for phase index-
ing and to deduce the crystallite size of the NPs. Figure 2 presents
the X-ray diffraction patterns of highly crystalline IONSs, where
strong signals with sharp peaks and high intensity indicate highly
crystalline structures. The XRD patterns were matched with the
JCPDS 01-088-0315 file. In all samples, clear diffraction peaks
were observed at 18.35°, 30.18°, 35.55°, 37.19°, 43.21°, 53.61°,
57.15°, and 62.76°, corresponding to the lattice planes (111),
(220), (311), (222), (400), (422), (511), and (440), respectively. The
calculated values of the crystallite size were 30, 37, 26, and 24 nm
for IONSs with average sizes of 52 + 3, 120 + 9, 220 + 10, and
393 + 27 nm, respectively. All samples exhibited a highly crys-
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F—(220)
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Figure 2. XRD patterns of highly crystalline IONSs with average sizes of
52, 120, 220, and 393 nm synthesized from EG/DEG (mL) mixtures: 10/30,
15/25, 20/20, and 30/10.
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talline structure with crystallite size > 24 nm. Notably, the sam-
ple synthesized from a 15/25 mL EG/DEG (mlL) ratio displayed
the most crystalline structure. And the crystallinity reduced when
more EG was used. In addition, low-intensity peaks at diffrac-
tion angles of 71.21°, 74.26°, 75.26°, and 79.24°, clearly visible
in the sample synthesized from a 15/25 mL EG/DEG ratio were
indexed for (620), (533), (622), and (444), respectively. This fur-
ther confirmed the highest level of crystallinity in this sample.
Despite the well-known effects of solvent mixtures on size con-
trol, no observed effects of solvent compositions on the crystallite
size were noted. Our experimental results provide evidence that
solvent compositions affect the crystallinity of the sample, and a
15/25 mL EG/DEG ratio is the optimal binary solvent ratio for
forming a highly crystalline structure. Compared with other re-
ported work (see Table 1), the IONPs presented in Figure 1 not
only exhibit highly crystalline structures with unprecedentedly
large crystallite sizes (ranging from 24 to 37 nm), but also display
highly uniform spherical morphologies and narrow size distribu-
tions.

The use of sodium acetate trihydrate, instead of its anhydrous
version, resulted in a surprising outcome regarding the level
of crystallinity. Liu et al. were the first to report the effects of
water on the size and crystallite size of IONSs in solvothermal
synthesis.[?l By introducing varying amounts of water into the
EG solvent, the size of NPs was controlled from 80 nm to 1 ym
with reported crystallite sizes ranging from 15.4 to 23.9 nm.
Therefore, we hypothesized that the water content in NaAc-3H,0
fell within the optimal range for forming larger primary crys-
tals. To confirm this hypothesis and investigate the effects of wa-
ter on NP structure, controlled experiments with the addition of
water to the synthesis were conducted, and the results are pre-
sented in Table S1 (Supporting Information). First, by replacing
NaAc-3H,0 with anhydrous NaAc while keeping other parame-
ters unchanged, the size of IONSs increased, but all samples had
much smaller crystallite sizes (< 20 nm). A series of experiments
with a controlled amount of water added to the synthesis were

© 2024 Wiley-VCH GmbH
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Figure 3. High-resolution TEM image and SAED of IONSs (avg. size 120 + 9 nm, cs 37 nm).

conducted. Instead of using trihydrate chemicals, using anhy-
drous chemicals with 2.17 g NaAc and adding a similar amount of
water to what is contained in trihydrate chemicals (1.43 mL H,0),
the size and crystallite size showed almost no noticeable change.
However, using less water caused an increase in the average size
and a decrease in crystallite size. Further investigations by adding
more water while still using NaAc-3H, O were conducted. The ad-
dition of a small amount of water, such as 180 pL, caused almost
no significant changes in size and crystallite size for both solvent
ratios (20/20 and 15/25). However, a larger amount of 540 pL in-
duced noticeable changes in size and crystallinity. While adding
more water consistently led to a decrease in size, the crystallite
size usually increased up to a certain level before decreasing. It
can be said that using a larger amount of water reduces the size,
but the effect on crystallite size is not consistently monotonic.
There exists a certain range of water amounts that is optimal for
producing large primary crystals (crystallite size). These observa-
tions are consistent with a previous study by Tong’s group, where
different amounts of water were added to the synthesis using only
EG solvent.[?]

To visualize the highly crystalline structure, a sample of IONSs
with the largest crystallite size was characterized by Selected Area
Electron Diffraction (SAED) in high-resolution TEM. Simulated
Fast Fourier Transform (FFT) diffraction patterns were produced
using DigitalMicrograph software from the locations indicated
by the insets. Figure 3 provides an overview of a single crystal
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domain where all observable planes have a d-spacing of 0.5 nm,
characteristic of the (100) plane. The difference between the the-
oretical (d;o0 = 0.485 nm) and the experimental spacing is ~3%,
which falls within the range of systematic error. The red and
green insets show the exact same plane orientation, which is eas-
ily identified by observing the three diffraction patterns having
the same crystal orientation. The diffraction patterns, along with
XRD patterns, collectively confirmed the highly crystalline nature
of the NPs.

X-ray photoelectron spectroscopy (XPS) and Raman spec-
troscopy were used to confirm the phase compositions of
iron oxide samples. In Figure 4a, the full survey spectra of
highly crystalline IONSs display peaks corresponding to Fe
2p, O 1s, C 1s, and Fe 3p. The high-resolution Fe 2p spectra
exhibit peaks at 710.4 and 724.1 eV, assigned to Fe 2p,, and
Fe 2p, ,, respectively.*!*?] The broadened features of these two
peaks indicated the coexistence of Fe’* and Fe’*. A satellite
peak =718 eV is commonly observed for the y-Fe,O; phase,
which was absent in the XPS spectrum (Figure 4a), confirming
the synthesized Fe;O, NPs. In addition, color of iron oxides
can be used to quickly differentiate the phase purity, Figure
S2 (Supporting Information) illustrates the color of various
Fe** oxides.[*}] Highly crystalline IONSs appear entirely black,
indicating the dominant presence of the magnetite (Fe;0,)
phase, as shown in Figure 4a. The Raman spectrum (Figure 4b),
provides further confirmation of the pure magnetite phase, with

© 2024 Wiley-VCH GmbH

ASUAIIT suowwo)) aanear) a[qesrjdde oYy £q pauraroS a1e sa[onIe Y SN JO SN 10J AIeIqIT AUIUQ AJ[IA\ UO (SUOIPUOD-PUB-SULId)/WO0d K3[1m" KIeIqIjaul[uo//:sdni) suonipuo) pue suld I, 3y 228 ‘[707/80/82] uo A1eiqi auluQ Lo[Ipy ‘A1eIqr uoisnoy JO ANsioarun £q 0620F20T 1IWS/Z001 0 1/10p/wod Kajim’Areiqrjaurjuoy/:sdyy woiy papeojumod ‘0 ‘6789191


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juoll

www.advancedsciencenews.com

www.small-journal.com

T
1 Fe3zOy4

1 1
(a) . (b) 1 1
7104 eV I I
3 1 1
e 1 1
- H — 1 1 1
3 £ 5 1 1 1
s - s 1 1 1
1 1 1
%‘ 2 1 1 1
735 730 725 720 715 710 705 m I 1 I
E) Binding Energy (eV) 5 | 1 1 '
E £ ' -
- | 1
1 1
1 1 1
1 1 1
1 1 1
1 1 1
1000 800 600 400 200 0 100 200 300 400 500 600 700 800 900

Binding Energy (eV)

Raman shift (cm™)

Figure 4. a) XPS spectrum with an optical image of nanoparticle powder and b) Raman spectrum of highly crystalline IONSs.

! and minor peaks at ~550 and

a major sharp peak at ~670 cm™
~310 cm 1. [#4-46]

The room-temperature magnetic properties of the synthesized
IONSs were characterized using a Vibrating Sample Magnetome-
ter (VSM). Table 2 summarizes the average size, crystallite size,
and magnetic parameters (Mg, H¢, and M,) of these IONSs. It
can be seen in this table that all the IONSs exhibit FiM behavior
(non-zero values of H¢ and M,) at room temperature. The first ob-
served trend is that an increase in crystallite size leads to higher
H¢ and M, values. Samples with crystallite sizes of 24 (particle
size 393 nm), 26 (particle size 220 nm), 30 (particle size 52 nm),
and 37 nm (particle sizes 98 and 120 nm) exhibited increases in
Hc (from 16 to 68 Oe) and M, (from 3 to 20 emu g~!). For sam-
ples with a similar crystalline size (37 nm) but different particle
sizes (98 nm vs 120 nm), the larger particles were found to pos-
sess slightly stronger FiM properties. It is worth noting that high
values of Mg (x70 emu g™') are preserved in FiM polycrystalline
IONSs with particle sizes varying over a wide range of ~50 to
400 nm, which are desirable for a variety of biomedical and other
applications.

2.2. Highly Crystalline Nanospheres Versus Nanocubes: A
Comparative Magnetic Study

In the realm of IONP-based biomedical applications, numerous
studies have been conducted to compare the magnetic properties
of spherical versus cubic IONPs.I?-* It has been shown that

Table 2. Room temperature magnetic properties of polycrystalline Fe;O4
nanospheres with large crystallite size.

cubic IONPs exhibit superior magnetic properties compared to
their spherical counterparts.*’#’] In our previous study, a com-
parative analysis of magnetic properties between these two sys-
tems revealed that the Fe;O, nanocubes exhibited significantly
higher values of Mg (1.4-3.0 times) and H. (1.1-8.0 times) com-
pared to the Fe;O, nanospheres.’”] To highlight the enhanced
magnetism of the above-synthesized polycrystalline IONSs due
to their enhanced crystalline structures and their potential ap-
plications, we have compared their FiM properties with those of
single-crystalline Fe,O, nanocubes of similar sizes synthesized
by us using the thermal decomposition method.[16:37:48]

Figure 5 displays TEM images of Fe;O, nanocubes with edge
sizes varying from 43 + 3 nm to 184 + 23 nm. These iron ox-
ide nanocubes were then compared with the highly crystalline
IONSs of the same volume or the same body-diagonal versus di-
ameter to match previous work.’”] The body-diagonal and vol-
ume of the synthesized Fe,;O, nanocubes, along with the es-
timates of the equivalent-volume nanospheres, were computed
and are presented in Table 3. The FiM Fe, O, nanocubes with an
average size of 23 + 4 nm were synthesized to fulfill the com-
prehensiveness of the study, and a corresponding TEM image is
provided in Figure S3 (Supporting Information).

The iron oxide nanocubes were characterized using high-
resolution XPS spectra in the Fe 2p region, revealing peaks at
723.9 and 710.8 eV, corresponding to the spin-orbit split dou-
ble peaks of Fe 2p,, and Fe 2p;, of Fe;0,. Notably, no satel-
lite features were observed in the 718 eV region, as shown in
Figure S4 (Supporting Information), excluding the presence of
y-Fe, 0, phase.[*1*] Figure S5 (Supporting Information) shows
a single crystal and its respective zoom-out view, along with
SAED and HRTEM image. The high-resolution image of the
nanocubes exhibits clear lattice fringes along the diagonal of

Average size®) Crystallite Mg [emug™]  Hc [Oe] M, [emug™]  cubic surface, featuring a d-spacing d ), = 0.29 nm, which
[nm] size [nm] matches the value of d,;, = 0.29 nm in JCPDS 01-088-0315
5213 30 75 59 1 file. It is also important to mention that the particle is a single

9848 37 74 64 19 crystal. ) ) )
The effects of size on the magnetic properties of Fe,O,

120+9 37 75 68 20 . )
s e 13 i . . o nanocubes are clearly delineated from the magnetic data sum-
* marized in Table 3. The variation in coercivity follows the tran-
220£10 2 73 4 > sition from the single-domain and multi-domain regime, as il-
39327 2 67 16 3 lustrated in Figure S6 (Supporting Information).[**] The H. in-
? Size means diameter dimension. creases with size until reaching a critical size, above which the
Small 2024, 2402940 2402940 (6 of 16) © 2024 Wiley-VCH GmbH
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Figure 5. TEM images of Fe;O, nanocubes with various sizes (edge length): a

15, and h) 184 + 23 nm.

multi-domain state appears to occur, leading to a decrease in co-
ercivity. For the presently synthesized Fe,;O, nanocubes, H. in-
creased from 43 to 138 Oe in the size range of 23 to 82 nm, and
then decreased for larger sizes. An edge length of 82 nm (cor-
responding to the 142-nm body-diagonal dimension) represents
approximately the critical size for the Fe,;O, nanocubes at which a
transition from the single-domain to multi-domain state occurs.
Itis worth noting that, while the plotillustrated in Figure S6 (Sup-
porting Information) is commonly used to predict the relation-
ship between the particle size and H of a magnetic nanoparticle
system, it can be adapted to describe the relationship between
crystallite size and H¢ in the polycrystalline IONSs. Regarding
Mj values, it can be concluded that larger nanocubes tend to yield
slightly higher Mg values. Table 3 reveals a gradual increase in M
from 74 emu g~! (size 23 nm) to ~79 to 82 emu g~! (in the size
range of 40 to 100 nm), reaching 84 emu g! for larger nanocubes

Table 3. Magnetic properties of Fe;O4 cubic NPs with various sizes.

Rt}

4343,b)51+3,¢)58+4,d)69+5¢)82+5f) 101+17,g) 119+

(size > 120 nm). Smaller nanocubes, with their higher surface-to-
volume ratio, are often known to exhibit a greater proportion of
disordered/canted surface spins. Therefore, the presence of dis-
ordered/canted surface spins could result in lower Mg values in
smaller nanocubes, a phenomenon commonly observed in fine
magnetic nanosystems.!'°%>!l By analyzing the size-dependent
magnetic properties of the Fe;O, nanocubes, we demonstrate
that the relationship established (presented in Figure S6, Sup-
porting Information) for the H. versus particle size dependence
is generally valid for NP systems of single crystalline nature. For
the polycrystalline IONSs, however, we have shown that H. does
not scale with particle size but with crystallite size (see Table 2).
In the next part, we will discuss in detail the relation between H
and crystallite size in the polycrystalline IONS system.

Now, we compare the magnetic parameters (Mg, Hc, and M,)
of the Fe;O, nanocubes to those of the Fe;O, nanospheres based

Average Size?) Body-Diagonal Volume Equivalent-volume Ms [emu g™'] He [O€] M, [emu g~']
[nm] [nm] [nm3] Nanospheres [nm]
23 +4 40 + 7 12167 29 74 43 14
43 +3 74 +5 79507 53 81 76 23
51+3 88 +5 132651 63 80 86 22
58+4 100 + 7 195112 72 80 87 20
69 + 5 120+ 9 328509 86 82 122 24
82+5 142+ 9 551368 102 81 138 25
101+ 17 175 +£29 1030301 125 79 135 21
119+ 15 206 + 26 168 5159 148 84 87 19
184 + 23 319 + 40 6229 504 228 84 83 17

? Size means edge length dimension.

Small 2024, 2402940
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Table 4. Magnetic properties of Fe;O, cubic and spherical NPs having
comparable volumes.

M (cub Hc(cub M, (cub.
Shape Edge/diameter s (cube) c (cube) «(cube)
[nm] Mg (sphere) Hc (sphere) M, (sphere)
Cubic Sphere 43 +3 1.08 1.29 1.53
52+3
Cubic Sphere 69+5 1.06 2.03 1.26
89+38
Cubic Sphere 82+5 1.09 2.16 1.32
98 +8
Cubic Sphere 101+ 17 1.06 1.99 1.05
120+ 9
Cubic Sphere 19+ 15 1.12 1.74 1.72
140 + 10
Cubic Sphere 184 + 23 1.15 2.02 3.40
220+ 10

on the same volume or the same body-diagonal(BD)/diameter.*’]
The body-diagonal of the nanocubes was chosen for this com-
parison because it represents the largest dimension of a cubic
shape. Calculated values of BD (BD = edge length * 1/3) and
volume (volume = (edge length)?) of the Fe,O, nanocubes are
provided in Table 3. The nanocubes with sizes of 43, 69, 82, 101,
119, and 184 nm are estimated to have volumes equivalent to the
nanospheres with sizes of 53, 86, 102, 125, 148, and 228 nm, re-
spectively. Therefore, comparisons of similar volumes are made
for the polycrystalline IONSs with average sizes of 52 + 3, 89 +
8,98 + 8,120 + 9, 140 + 10, and 220 + 10 nm. Tables 4 and 5
present the comparative studies of the magnetic parameters of
these two systems (nanocubes and nanospheres).

It can be seen from Table 4 and Table 5 that the values of Mg,
H¢, and M, for the Fe;O, nanocubes are 1.0 to 1.15 times, 1.29 to
2.76 times, and 1.05 to 3.4 times higher than those of the Fe; O,
IONSs, respectively. Noticeably, the values of Mg are compara-
ble for both systems, which once again indicates that the high
crystallinity in the polycrystalline IONSs is crucial in preserving
the large My values, suggesting that the polycrystalline IONSs

Table 5. Magnetic properties of Fe; O4 cubic and spherical NPs having sim-
ilar body-diagonals/diameters.

www.small-journal.com

are very promising for a wide range of biomedical applications.
More prominent differences in H. and M, are observed in the
Fe,O, nanocubes compared to the Fe;O, IONSs, which arise
mainly from the greater contribution of both magnetocrystalline
and shape anisotropies in the former.[!*>!]

2.3. Magnetic Tunability from Ferrimagnetism to
Superparamagnetism in Iron Oxide Nanospheres: The
Importance of Controlling Crystalline Sizes

As shown above, the crystallite size of the polycrystalline IONSs
plays a crucial role in determining their magnetic properties.
Therefore, the ability to control crystallinity without altering the
average size is crucial for fine-tuning the magnetic properties.
Leung’s group reported the use of sodium acrylate to adjust the
crystallite size from 13.5 to 5.9 nm while maintaining an average
particle size of #280 nm.[*2] However, the magnetic properties of
the IONPs were only limited to the SPM regime. It would, there-
fore, be important to investigate how the magnetic properties of
polycrystalline IONPs vary from the FiM to SPM state when crys-
talline size can be tuned around a critical size. In this context, the
critical size means the specific size of primary crystals (crystallite
sizes) in the polycrystalline IONSs at which the transition from
FiM to SPM properties occurs.

Our synthesis method has enabled us to synthesize IONSs
with different crystallite sizes (10 to 37 nm) while keeping the
average particle size at #160 nm. Figure 6, for example, displays
the SEM images of IONSs with a similar average size of 160 nm
but with varying crystallite sizes, ranging from 37, 26, 19, and 12,
to 10 nm. Notably, despite the wide variation in crystallite size, the
uniform morphology of the nanoparticles is largely maintained.
Here, samples with crystallite sizes of 37 and 26 nm, indicating
a highly crystalline structure (cs > 24 nm), were synthesized us-
ing NaAc-3H,O from a solvent system containing ratios of 15/25
and 20/20 EG/DEG, respectively. By replicating the synthesis of
IONSs size 160 + 10 nm (with a cs of 26 nm), an additional
amount of sodium acrylate such as 100 and 200 mg was intro-
duced to reduce the cs to 19 and 10 nm, respectively. While the
use of sodium acrylate was efficient in reducing the crystallite
size, as previously reported,'®*) we observed a broader size distri-
bution and moderate deformation of the round shape. The mag-
netic properties of these samples were measured using the VSM.
Table 6 summarizes the size, crystallite size, and magnetic prop-

Shape Body- Mg (cube) Hc (cube) M, (cube) ’ ; > ! ¢ ’
diagonal/ Ms (sphere) He (sphere) M, (sphere) erties of these IONSs. It is VCI’Y '1nterest1ng to pote in this table
diameter [nm] that the IONSs undergo a transition from the FiM (H¢ # 0, M, #
0) to SPM (H¢ = 0, M, = 0) state, when crystalline size is reduced
Cubic Spheres 88+5 1.04 143 116 from 37 to 10 nm. For samples with crystallite sizes of 19, 26, and
98 37 nm, the FiM properties are achieved, with values of Mg, He,
Cubic Spheres 100+ 7 1.08 136 105 and M, increasing with crystallite size. However, samples with
%8x8 crystallite sizes of 10 and 12 nm, displaying no magnetic hystere-
Cubic Spheres 120£9 1.09 179 1:20 sis (H. = 0, M, = 0), exhibit a SPM-like behavior, and their Mg
120+ 9 values are 56 and 63 emu g™, respectively. The increase in Mg
Cubic Spheres 142+9 1.08 276 227 values with larger crystallite sizes in these SPM IONSs is consis-
14010 tent with the observations of Leung’s group.?? The critical size
Cubic Spheres 175 29 100 175 210 of the crystallite size in polycrystalline IONSs at which the FiM

5D to SPM transition occurs, appears to be ~15 nm.

Cubic Spheres 206 + 26 115 212 3.08 To affirm these findings, three sets of IONSs, each with a sim-
220+ 10 ilar size ~175, 230, and 380 nm, but differing in crystallite sizes,
Small 2024, 2402940 2402940 (8 of 16) © 2024 Wiley-VCH GmbH
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Figure 6. SEM images at 100 kX magnification of IONSs with similar average sizes: a) 157 + 8 (cs 37 nm), b) 160 + 10 (cs 26 nm), ¢) 159 + 14

(cs 19 nm), d) 159 + 11 (cs 12 nm), and (e) 159 = 21 (cs 10 nm).

were synthesized and characterized to check the effects of crys-
tallinity on the magnetic (FiM vs SPM) behaviors. Figure 7 con-
trasts the SEM images of these samples, with al, b1, and c1 for
the highly crystalline FiM NPs (crystalline size, 26 to 34 nm), and
a2, b2, c2 for the SPM NPs (crystallite size, 10 to 15 nm). As ex-
pected, the samples presented in Figure 7 (al, bl, c1) display
obvious magnetic hysteresis (Figure S8a, Supporting Informa-
tion), signalizing the FiM characteristic. The samples presented
in Figure 7 (a2, b2, c2) show no magnetic hysteresis (Figure S8b,
Supporting Information), confirming their SPM nature at room
temperature. These findings once again underscore the impor-
tant role of crystallite size in controlling the nano-magnetism in
magnetic nanoparticle systems.

The magnetization versus temperature measurements (M-T
curves) under zero-field-cooled/field-cooled (ZFC/FC) protocol

Table 6. Magnetic properties of IONSs nanospheres with same size but
different crystallite sizes.

Avg. Size [nm]  Crystallite Size Mg [emu g™'] Hc [Oe] M, [emu g7']
[nm]
157 £ 8 37 78 71 12
160 + 10 26 75 62 9
159 + 14 19 64 33
159+ 11 12 63 ~0 ~0
159 + 21 10 56 ~0 ~0
175+ 13 34 79 77 10
175+ 11 15 63 ~0 ~
220 + 10 26 73 41 5
234 + 15 12 61 ~0 ~0
393 +27 24 67 16 3
375+37 10 57 ~0 ~0

Data collected from VSM (presented in Figures S7 and S8, Supporting Information).
Samples have SPM properties with no hysteresis loop and negligible values of Mr
and He (M, = He =0).

Small 2024, 2402940
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with small magnetic fields of 20 Oe were used to observe the
Verwey transition (VT).’?) This VT transition is often used to
confirm the existence of pure Fe; O, phase and highly crystalline
nature of magnetite samples.['°2%3] Interestingly, as shown in
Figure S9 (Supporting Information), the SPM sample with small
crystallite size of ~12 nm shows a discernable VT feature at
~120-130 K in the ZFC curve. In the FC curve, there is also a
slight drop in magnetization within this temperature range, indi-
cating a good match with the VT transition observed in the ZFC.
VT is usually easier to observe with single-crystalline samples.>?]
For the polycrystalline IONSs in our work, the observation of VT
in a sample with small crystallite size indicates the predominant
magnetite phase of the samples and their high crystallinity.

2.4. Superparamagnetic Properties of Size-Tunable
Polycrystalline IONSs

While it is not possible to achieve the SPM behavior in conven-
tionally synthesized IONSs with large particle sizes (> 50 nm),
our findings, as reported above, demonstrate this possibility in
the presently studied polycrystalline IONSs. Indeed, we show in
Table 7 that IONSs with crystallite sizes < 15 nm (the critical
SPM-size) exhibit the SPM behavior, even though their average
particle size varies from ~160 to 380 nm. The key to maintain-
ing the SPM while tuning the size of NPs relies on the control
of crystallite size < 15 nm. The crystallite size of 15 nm is in the
single-domain SPM region. Therefore, the SPM characteristic of
the large polycrystalline IONSs in the size range of a few hundred
nanometers can be understood as the collective SPM behaviors
of their primary crystals, whose magnetic interactions within a
polycrystalline particle are less significant.

Despite some works reporting the SPM behavior of large
IONSs, a clear understanding of the temperature-dependent
magnetization associated with the SPM to FiM transition
has not been established.?**®! Therefore, we conducted

© 2024 Wiley-VCH GmbH
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Figure 7. SEM images of IONSs with similar average size but having different crystallite sizes: al) 175 & 13 (cs 34 nm), a2) 175 £ 11 (cs 15), b1) 220
+ 10 (cs 26), b2) 235 + 15 (cs 12), c1) 393 + 27 (cs 24), c2) 375 + 37 nm (cs 10 nm). Magnification 100 kX (a1, a2, b1, b2) and 60 kX (c1,c2).

magnetization versus temperature (M-T) measurements under
zero-field-cooled/field-cooled (ZFC/FC) protocol for the SPM
IONSs, which are displayed in Figure S10 (Supporting Infor-
mation). Under an applied field of 500 Oe, a large separation
between the ZFC and FC magnetization curves is observed for all
samples investigated. All the samples show a broadened feature
of ZFC M-T over a measured temperature range of 2—400 K, with
the maxima value of ZFC below 300 K. The broadened feature of
a ZFC M-T curve has been attributed to the presence of particle
size distribution and inter-particle interactions.®*>¥ In our
case, clustering of primary nanocrystals forms a large particle;
each particle can be considered as a multi-spin nanoclusters
system. There thus exist multiple magnetic interactions in each
sample, including intra- and inter-particle interactions between
nanocrystals within a particle, and interactions among the
particles. Effects of size distribution, including size distribution
for nanocrystals that form a particle and for all particles within a
sample, could also be considerable. For example, samples have
similar standard deviation of about 10% of the mean value, such
as large-size particles 200 + 20 nm or small-size particles 20 +
2 nm. Therefore, the broadening feature of the ZFC M-T curves
observed for our samples (Figure S10, Supporting Information)

Table 7. IONSs with SPM properties in a wide range of size from 160 to
380 nm.

Avg. Size [nm] Crystallite Size Mg [emu g7'] Magnetic
[nm] Behaviors
159 + 21 10 56 SPM
159 + 11 12 63 SPM
175 £ 11 15 63 SPM
234+ 15 12 61 SPM
271+ 31 10 59 SPM
375 +37 10 57 SPM

Small 2024, 2402940
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can be attributed to the size distribution of crystals and particles,
as well as multiple magnetic interactions occurring within each
particle and among particles.

The SPM behavior of large-sized magnetic particles is interest-
ing and rarely reported. As discussed above, the nature of mag-
netic interactions, involving both intra- and inter-particle interac-
tions, creates a more complicated system than that of common
single-domain SPM nanoparticles with small sizes (< 25 nm).
Figure S11 (Supporting Information) provides more details of the
SPM properties in a large-sized sample, showing common SPM
behavior observed in other SPM nanoparticles.>2 The hystere-
sis loop is observed at low temperatures below the blocking tem-
perature, as shown in Figure S11a (Supporting Information). The
broadening feature, which arises from the size distribution of pri-
mary crystals and particle sizes,[>*%! is consistently observed in
the M-T curves at various applied fields (see Figures S10d and
S11b-d, Supporting Information). At high fields, the VT transi-
tion might be suppressed due to the predominance of magnetic
interactions. When increasing the applied field in the M-T mea-
surements, the separation between the ZFC and FC curves nar-
rows and eventually overlaps. The maximum magnetization re-
gion of the ZFC curve, commonly assumed to be the blocking
temperature, shifts to a lower temperature as the applied field
increases.[%%2] These features are commonly observed in other
systems of SPM nanoparticles.[®?] It is worth noting that due
to the close interactions of nanocrystals in polycrystalline struc-
tures, a large magnetic field is needed to observe the blocking
temperature feature in the ZFC curves.

2.5. Demonstrations for the Scale-Up Synthesis of Polycrystalline
IONSs

To demonstrate the capability of method in scaling up, demon-

strations with double scale-up produced highly uniform IONSs
with tunable size and crystallite size were presented in Figure 8.

© 2024 Wiley-VCH GmbH
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Figure 8. Scale up twice to synthesize iron oxide nanoparticles with tunable sizes and crystallite sizes.

The synthesis conditions and results are presented in Table S2
(Supporting Information). The synthesis at double scale was able
to produce more than 0.8 g of high-quality IONSs. The first two
conditions utilized sodium acetate trihydrate with solvent ratios
of 15/25 mL and 20/20 mL EG/DEG perfectly replicate the re-
sult from the original scale reaction. Two samples with the size
~180 to 190 nm and crystallite sizes of 11 and 40 nm were synthe-
sized to demonstrate the capability of tuning the crystallinity. The
phase composition of IONSs synthesized under scale-up condi-
tions were characterized by Raman spectroscopy (see Figure S12,
Supporting Information). Highly crystalline samples synthesized
with NaAc-3H,0 additive exhibit a pure Fe,O, phase.l***] The
composition of the sample synthesized with an anhydrous NaAc
additive, featuring small crystallite size of ~11 nm, is a mixture
of Fe;0, and y-Fe, 0, phases.[*%] These results correspond well
with those obtained at the original smaller reaction scale. The
impact of chemical additives on particle structure and compo-
sition will be discussed in detail in Section 2.6. The success of
scaling up the reaction was achieved thanks to the effectiveness
and simplicity of the method. By following the same strategy
in utilizing solvent compositions, adjusting the amount of wa-
ter, using different amounts of additives, and controlling experi-
mental parameters (ramping rate, stirring speed) as described in
this work, we envision that producing large-scale uniform IONSs
with tunable size and crystallite size can be achieved without
any forceable challenges. It is worth noting that, compared to
previous works discussed in Table 1, our method is significant
not only in controlling the crystallinity and size of nanoparti-
cles for widely and finely-tuning their magnetic properties, but
also in producing IONPs with narrow size distributions and uni-
form spherical morphologies. Moreover, the ability to scale up
while maintaining uniform morphologies is highly crucial. In-
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terestingly, all of these capabilities in producing IONPs were
achieved by simply adjusting the appropriate amount of chem-
ical additives and using a versatile pressure vessel as the reaction
container.

2.6. Proposed Mechanism of Growth of Polycrystalline Iron
Oxide Nanoparticles

In this section, we discuss the proposed growth mechanism of
NPs with the aim of providing guidance for optimizing the syn-
thesis conditions to obtain iron oxide nanospheres (IONSs) with
desired structures and properties. Scheme 2 illustrates the pro-
cess of IONSs formation. Generally, the rate of nucleation and
the growth process primarily influence the size of the primary
crystals (crystallite size), while the rate at which the primary crys-
tals agglomerate affects the overall size of the particles. Fe** ions
from FeCl, precursors initially precipitate as Fe(OH), or FFOOH
intermediates. Subsequently, the partial reduction of Fe** within
Fe(OH),/FeOOH converts Fe** to Fe?*, followed by dehydration,
ultimately resulting in the formation of the Fe;O, phase. Ethy-
lene glycol (EG) and diethylene glycol (DEG) also play crucial
roles as reducing agents, possibly converting into aldehydes or
carboxylic acids.[”?*3] We will now delve into a detailed discus-
sion of the effects of each chemical component in the synthesis
process.

The effects of additives (NaAc, H,0, Na-acrylate) on phase
compositions were studied by XPS, as presented in Figure S13
(Supporting Information). Three samples synthesized using an-
hydrous NaAc or with the addition of sodium acrylate, were sub-
jected to analysis. High-resolution XPS Fe 2p spectra revealed
that the sample synthesized with anhydrous NaAc exhibited a

© 2024 Wiley-VCH GmbH
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1 CH;COO0" + H,0 — CH;COOH + OH-
(2) Fe3* + 3 OH- — Fe(OH);
(3) Fe(OH); — FeOOH + H,0

(4)  FeOOH + H,0 + e- — Fe(OH), + OH-
(5) Fe(OH), + 2 FeOOH — Fe;0, + 2 H,0

(6) Fe3* + 6 H,0 — [ Fe(H,0)s I**
Fe(OH); o ® ) ®
FeOOH >o o ®

Fe(OH), nucleation

Scheme 2. Proposed mechanism for growing polycrystalline IONSs.

satellite peak at 718.7 eV, indicating the formation of y-Fe,O,
phase.[*!] Peaks at 724.1 and 710.3 eV were assigned to Fe 2p;,
and Fe 2p, ,, respectively. We also observed a more brown or deep
red-brown color of those samples synthesized with anhydrous
NaAc, which suggested the presence of maghemite phase.l*]
XPS spectra consistently displayed peaks at around 724.4 and
710.8 eV for samples synthesized with sodium acrylate addi-
tives, without observation of obvious satellite peaks in the 718 eV
region. Therefore, the use of Na-acrylate additives did not ap-
pear to influence the compositions. However, the use of anhy-
drous sodium acetate led to the formation of the maghemite
phase. Despite the fact the co-existence of magnetite (Fe;0,)
and maghemite (y-Fe,0;) is commonly observed, the existence
of maghemite phase is a contributing factor that lowers the Mg
values.[** In general, the broadening feature of peaks at ~710
and 724 eV observed in all samples displayed the co-existence of
Fe?* and Fe** in samples, indicating the existence of a dominant
Fe,0, phase.

Water is the most critical factor in this mechanism. While an
increase in the amount of water consistently led to a reduction
in particle size, the crystallite size initially increased to an opti-
mal level and subsequently decreased with further additions of
water.[?*] An appropriate quantity of water effectively promoted
reactions (1), (2), and (4), thereby enhancing the rate of nucle-
ation and the growth process, resulting in the formation of larger
primary crystals. However, an excess of H,O could induce the for-
mation of complexes in reaction (6) and cause a dilution of the
solvent system. This dilution, in turn, diminished the reductive
capability of the solvent system (EG & DEG), thus slowing down
the nucleation and growth process and resulting in a smaller crys-
tallite size. Furthermore, H, O played a crucial role in reaction (4),
facilitating the partial reduction of Fe3* to Fe?* for the formation
of the magnetite phase (Fe;0,). Therefore, the formation of the
maghemite phase (y-Fe,O;) when using anhydrous sodium ac-
etate can be reasonably understood.

The size of particles is primarily influenced by the rate of the
agglomeration process. Nanocrystals grow until they reach a cer-
tain size range where the monomer concentration is no longer
sufficient to support further growth. At this point, the nanocrys-
tals tend to agglomerate to reduce their surface energy. The rate of
agglomeration is mainly affected by the polarity and viscosity of
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the solvent system, which are jointly influenced by EG, DEG, and
H, 0. Bulky molecules with high boiling points, such as DEG, ef-
fectively slow the process, resulting in the formation of smaller
particles. Similarly, a higher content of H, O typically dilutes the
solution, retarding the agglomeration process and leading to the
formation of smaller particles. Moreover, water molecules exhibit
a greater affinity for iron cations at the surface compared to EG,
DEG, and PEG molecules, owing to their higher polarity and
smaller molecular size. Consequently, a relatively small change
in the amount of water, on the order of a few hundred pL, can
lead to a more significant alteration in particle size compared to
changes in the amounts of EG and DEG (Table S1, Supporting
Information).

Sodium acetate serves as both an alkalinity controller and
electrostatic stabilizer for the primary crystals. The presence of
sodium acetate is essential for the formation of nanocrystals,
primarily owing to its capacity to release OH™ ions, which facil-
itate the precipitation of Fe(OH);. In contrast, sodium acrylate
contributes less to the system’s alkalinity due to the relatively
small quantity used (100 to 200 mg). Additionally, the acidity
of acrylic acid is higher than that of acetic acid, resulting in
the conjugated sodium salt being less basic. Consequently, the
limited amount of sodium acrylate employed does not signif-
icantly impact the size of NPs. Furthermore, sodium acrylate
can undergo polymerization to form poly(acrylate) surfactants,
potentially providing greater steric hindrance for primary crys-
tals. However, this could have a detrimental effect, leading to
a broader size distribution. Nevertheless, the presence of the
double bond (H,C=CH—COO(—)) in sodium acrylate may not
impede the efficiency of electron transfer for reducing Fe**
to Fe?*. Therefore, the phase composition of the particles is
unlikely to be affected. Diethylene glycol (DEG), apart from its
role as a solvent and reducing agent, also acts as a surfactant
due to structural similarities with polyethylene glycol (PEG).
Thus, considering DEG as a capping agent explains the smaller
particle size when a higher ratio of DEG composition is used.
Considering all these complementary factors, we postulate
that a balance among three components: EG, DEG, and H,O
is crucial to maintaining the optimal conditions for forming
larger primary crystals, thereby enhancing the crystallinity of
the NPs.

© 2024 Wiley-VCH GmbH
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3. Conclusion

Synthesizing IONSs with tunable sizes and degree of crystallinity
over a broad range has been successfully achieved through a
comprehensive synthetic approach. This approach involves the
judicious use of various additives (NaAc-3H,0, H,0, NaAc an-
hydrous, and Na-acrylate), precise manipulation of solvent com-
positions (EG & DEG mixture), and meticulous adjustments to
stirring speed and heating rates in the solvothermal synthesis
process. Remarkably, this endeavor has resulted in the produc-
tion of highly crystalline iron oxide nanospheres, accompanied
by a significant enhancement in FiM properties. Notably, this ad-
vancement has effectively narrowed the gap in FiM properties
between spherical and cubic geometries. Furthermore, the abil-
ity to finely control the crystallinity of these IONSs across a wide
range (from 10 to 37 nm) has endowed us with a versatile tool
for tailoring the magnetic properties of IONSs. While both size
and crystallinity influence the magnetic properties of IONSs, it
is apparent that crystallinity assumes a more dominant role. This
research offers a strategic methodology for synthesizing IONPs
with desired magnetic properties by finely tuning their sizes and
crystallite sizes. This versatile approach holds promise for a myr-
iad of applications, which can be broadly categorized into three
distinct types:

1) For applications requiring robust FiM properties, such as elec-
tronic devices, magnetic recording, and sensing, the utiliza-
tion of large-sized highly crystalline IONPs with augmented
FiM properties is particularly promising.

2) Inthe domains of biomedicine, biosensing, and drug delivery,
large-sized SPM IONSs exhibit considerable potential, given
their enhanced magnetism within the SPM regime.

3) Last, for applications requiring a moderate level of mag-
netism, such as magnetic separation or recoverable catalysts,
the presented methodology represents a suitable tool for cus-
tomizing magnetism to align with specific application re-
quirements.

On-going works investigating insights into nano-magnetism
and discovering biomedical applications of this polycrystalline
nanoparticle system have been conducted. For the future per-
spectives, determining the primary crystal size (crystallite size)
at which the transition from SPM to FiM behaviors occurs,
as well as insights into the magnetic behaviors of large SPM
IONSs, including their nano-magnetic characteristics and inter-
particle/crystal interactions, poses intriguing fundamental ques-
tions meriting further investigation.

4. Experimental Section

Materials: 1ron(lll) chloride hexahydrate (97%, Alfa Aesar) was used
as precursor for synthesis of iron oxide nanospheres. Ethylene glycol
(99%, Sigma—Aldrich) and Diethylene glycol (99%, ACROS Organics) were
used as solvents. Sodium acetate (99%, anhydrous) was purchased from
ACROS Organic and sodium acetate trihydrate (99%) was purchased from
Fisher. Sodium acrylate (97%) was purchased from Sigma—Aldrich. Surfac-
tant polyethylene glycol-400 was purchased from Olin Mathieson Chem-
ical Corporation. Deionized water with resistance of 18 MQ-cm (Aca-
demic Milli-Q Water System, Millipore Corporation). Pressure vessel used
for synthesis of spherical IONSs was used with volume of 65 mL from
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ChemGilass. For synthesis of Fe;O, nanocubes, iron(lll) acetylacetonate
(99.9%), oleic acid (90%), and benzyl ether (98%), and 1-octadecene
(90%) were all purchased from Sigma—Aldrich. Sodium oleate (97%) and
1-tetradecene (97%) were purchased from TCl. All chemicals were used
for synthesis without any further purification.

Synthesis of Highly Crystalline Iron Oxide Nanospheres: A syn-
thetic method for fabricating highly crystalline Fe;O, nanospheres
was developed based on reported solvothermal methods with
modifications.[?33235] Scheme 3 illustrates the procedure for syn-
thesizing highly crystalline Fe; O, nanospheres. Pressure vessels used for
the synthesis of iron oxide nanospheres were cleaned in an aqua regia
solution (3:1 HCI:HNO;) and then dried overnight at 60 °C. Initially,
a 40 mL mixture of a binary solvent system containing ethylene glycol
(EG) and diethylene glycol (DEG) was prepared. To produce NPs with
different sizes (average diameters), various ratios of the bi-solvent system
EG/DEG (mL) were used: 10/30, 15/25, 20/20, and 30/10, resulting
in nanospheres with average diameters of ~50, 120, 220, and 390 nm,
respectively. The process involved charging 1.35 g of FeCl;-6H,0 into
a pressure vessel with 20 mL of the solvent mixture and stirring for 15
min to dissolve the chemicals. Subsequently, 3.6 g of NaAc-3H,0 was
added to the remaining half of the solvent mixture, and vigorous stirring
continued for 30 min to form a homogeneous mixture. An aliquot of
1200 pL PEG(400) was then injected into the mixture, followed by heating
it to 188 °C. Only under the synthetic condition using 10/30 EG/DEG
mL was 1 mL of PEG(400) surfactant employed. The Teflon cap of the
pressure vessel was securely screwed on, and a safety shield was used
to cover the surroundings throughout the reaction. The ramping rate
was maintained at ~4.8 °C min~!, and the reaction time was set to 5 h
under vigorous stirring at least 540 rpm. The resulting product, which
had a black color, was allowed to cool naturally to room temperature and
was washed three times with ethanol, followed by magnetic separation.
During each washing cycle, the IONPs in ethanol were sonicated for 15
min. In addition to solvent compositions, it was observed that stirring
speed and ramping rate were two factors affecting the size of the NPs,
as well as the homogeneity of their spherical morphology. By increasing
the stirring speed by 20%, the conditions for synthesizing IONSs with an
average size of 120 and 220 nm were adjusted to yield average sizes of
140 and 255 nm, respectively. Conversely, by increasing the ramp rate,
the synthesis conditions could be altered to reduce the average size of
the NPs. For instance, conditions to prepare NPs with a size of 120 nm
(ramping rate ~4.8 °C min~') were adjusted to produce IONSs with an
average size of 89 nm by using a ramping rate of 11 °C min~". Therefore,
the combination of stirring speed adjustments, ramp rates, and variations
in solvent mixtures (EG & DEG) allowed for the production of IONSs
with desired average sizes. Overall, this synthetic procedure efficiently
yielded spherical NPs with homogeneous, spherical-like morphology,
characterized by large crystallite sizes (ranging from 24 to 37 nm) and a
uniform size distribution. Among different solvent compositions, a 15/25
(mL) EG/DEG ratio produced IONSs with the best crystalline structure
and an average crystallite size of ~34 to 37 nm was noted.

Additionally, the amount of water contained in trihydrate sodium ac-
etate plays an important role in controlling the average size of NPs and
their crystallinity was noticed. Instead of using 3.6 g of NaAc'3H,O (which
contains 2.17 g of NaAc and 1.43 mL of water), similar results (particle
size and crystallite size) were achieved by using a combination of 2.17 g of
NaAc (anhydrous chemical) and 1.43 mL of deionized water. Varying the
amount of water can be used to change the size of NPs. For example, by
adding an extra 0.54 mL of water, the synthetic conditions for preparing
220-nm nanospheres yielded Fe;O, NPs with an average size of 175 nm
and the crystallite size of 34 nm. Similarly, adding 0.54 mL of DI water to
the synthetic conditions for a target size of 120 nm resulted in NPs with a
size of 93 nm and a crystallite size of 34 nm. Therefore, adding water could
be used to fabricate IONSs with different sizes and crystallite sizes. Exper-
iments involving the addition of different amounts of water or the use of
anhydrous NaAc are presented in Table S1 (Supporting Information).

Synthesis of Iron Oxides Nanospheres with Tunable Crystallite Sizes and
Particle Sizes:  To reduce the crystallite size of IONSs for shifting the mag-
netic properties toward weakly FiM or SPM properties, two approaches

© 2024 Wiley-VCH GmbH
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Scheme 3. Synthesis procedure for highly crystalline iron oxide nanospheres.

were employed: replacing NaAc-3H,0O with anhydrous NaAc or adding
an extra amount of sodium acrylate (Na-acrylate) to decrease the aver-
age crystallite size. Generally, when 3.6 g of NaAc-3H, O was replaced with
3.6 g of anhydrous NaAc while keeping other parameters constant, the av-
erage size of the NPs increased, but the crystallite size was significantly
reduced to < 20 nm, as shown in Table S1 (Supporting Information). Sim-
ilarly, to synthesize highly crystalline IONSs, anhydrous sodium acetate
in combination was used with variations in the EG/DEG ratio and adjust-
ments to stirring speed and ramping rate, resulting in various NP sizes
with small crystallite sizes (< 20 nm). Different sets of IONSs were pre-
pared with similar sizes ~175, 230, and 380 nm but with varying crystallite
sizes. Additionally, the addition of extra sodium acrylate, such as 100 or
200 mg, was shown to be effective in finely reducing the average crystallite
size of IONSs while maintaining a consistent average size. For instance,
when 100 or 200 mg of sodium acrylate was added to the synthetic con-
ditions for IONSs (size 160 nm, crystallite size 26 nm), it was possible
to produce IONSs with similar sizes while reducing the average crystallite
sizes to 19 and 10 nm, respectively. However, the addition of sodium acry-
late resulted in a broadening of the size distribution and deviations from
spherical morphology in the synthesized NPs.

Importantly, following the trends in experimental parameters and the
impact of chemical usage on tuning the NP structures (size and crystallite
size) as described above is crucial references for guiding the synthesis of
IONSs to a desired size and crystallinity.

Synthesis of Iron Oxide Nanocubes: The thermal decomposition of
Fe(acac); in benzyl ether solvent, supported by oleic acid surfactant, was
used to prepare Fe; O, nanocubes with a fast-ramping rate in a short reflux-
ing time (30 min). The synthetic method was adapted from Hyeon'’s group
with some modifications.[*8] A two-neck round-bottom flask with a volume
of 100 mL was used for all syntheses. The flask was cleaned with aqua re-
gia (3:1 HCI:HNO;), followed by a piranha solution (3:1 H,SO4:H,0,),
and then dried in the oven overnight at 150 °C to completely remove
all organic residues. Nanocube average sizes (edge length) ranging from
43 to 120 nm were synthesized by adjusting the stirring speed, con-
centration of precursors, and oleic acid surfactant.[3”43] Smaller Fe;O,
nanocubes (average size 23 + 4 nm) were prepared by thermal decompo-
sition with the addition of 4-biphenyl carboxylic acid. Growing large-size
Fe;O, nanocubes requires a stable medium over a longer period. Muro-
Cruces reported using a tri-solvent system (benzyl ether, 1-octadecene,
and T-tetradecene) and two surfactants (sodium oleate and oleic acid)
to offer better temperature stability during refluxing.['®! Consequently,
nanocubes with a size of 184 nm were synthesized using a tri-solvent
system and two surfactants (sodium oleate and oleic acid) with a re-
fluxing time of 1 h. All synthetic conditions were conducted with a cus-
tomized high-power 140 mW (J-KEM) heating mantle. The maximum heat-
ing power was used in all conditions with a heating rate of approximately
~28 to 30 °C min~!, and the refluxing time was maintained for 30 min.
Nitrogen (N,) degassing was performed for 2 h prior to the reaction, and
minimum N, bubbling was maintained during the reaction.
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Materials Characterization: ~Scanning electron microscope (SEM)
LEO-1525 and FEI Dual Beam 235 Focused lon Beam was used forimaging
the NPs at operating voltage 15 kV. All samples were dissolved in ethanol
and drop-casted on a clean surface of silicon wafer. Transmission electron
microscope (TEM) JEOL JEM-2010 was used forimaging NPs and Selected
Area Electron Diffraction of TEM was used to analyze the crystalline na-
ture of the samples. The accelerating voltage of TEM was 200 kV. TEM
grids 300-mesh holey carbon-coated copper grids were used. Powder X-
ray Diffractometer (Smart Lab, Rigaku) using Cu Ke irradiations operated
at 40 kV and 44 mA with a 0.01° step size was used for characterization
of phase composition and to determine crystallinity. Samples were drop-
casted on a clean glass slide surface for measurement. Full width at half
maximum (FWHM) and 6 of the most prominent peak of (311) planes at
diffracted angle 26 at 35.5° was used to calculate the average crystallite
size, in accordance with other previous studies.[323436] The average crys-
tallite size was calculated by Debye-Scherrer formula, D = ﬁ— with K

= 0.9 for spherical particles, 4 = 0.15406 nm, g = FWHM (radians), and
0 is the Bragg angle (radians). X-ray photoelectron spectroscopy (XPS)
— PHI 5700 X-ray photoelectron spectrometer with a monochromatic Al
Ka X-ray source was used to characterize the iron oxide powder sam-
ples. C 1s at binding energy 284.8 eV is used for calibration. The Raman
scattering spectra of samples were measured with a Horiba JY T64000
triple spectrometer (laser beam 488 nm) coupled with an Olympus op-
tical microscope. Dried powder samples with known mass (from 10 to
12 mg) were loaded in a capsule for measuring the magnetic properties,
using a vibrating sample magnetometer (VSM) (LakeShore VSM 7300 Se-
ries with Controller LakeShore 735 and Gaussmeter LakeShore 450 and
Software Version 3.8.0). Magnetization versus field (M-H) measurements
were swept in the range of field + 3kOe. Magnetic Property Measurement
System (MPMS 3) by Quantum Design in DC mode was used to record
the magnetization versus temperature (M-T) of the SPM samples. The M-
T measurements were conducted following the typical zero-field-cooled/
field-cooled (ZFC/FC) protocol at a selected magnetic field (from 20 to
2000 Oe).13%1

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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