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ARTICLE INFO ABSTRACT

Keywords: This work presents the synthesis of Fe;.,Gd,O4 nanoparticles and the investigation of the impact of Gd content
Gd substitution (x) on structural characteristics of nanoparticles, including lattice parameters, crystallite size, and X-ray density.
Fe304

The high-resolution images of Transmission Electron Microscopy reveal that the synthesized Fes.,Gd,O4 nano-
particles have a narrow distribution in size statistics between 9 and 12.5 nm. Interestingly, analyzing different
prepared samples reveals that both the saturation magnetization and magnetic anisotropy decrease simulta-
neously with the increase of band gap while remaining independent of the specific absorption rate (SAR) value.
The SAR is greater than that of pure Fe3O4 nanoparticles. In a specific case of Fey 75Gdg 2504 sample where the
optimal value of x is 0.25, the highest SAR value obtained is 237.4 W/g. Besides, the experimental results
demonstrate an optimal doping content with the highest SAR value of Fej 75Gd.2504 nanoparticles along with
the theoretical explanation by analyzing the Linear Theory Response framework based on the relationship be-
tween magnetic anisotropy and diameter with SAR value. The theoretical and experimental evidence fully
demonstrate that doping is an effective approach for optimizing as-synthesized NPs to enable efficient hyper-
thermia applications.

Magnetic properties
Optical properties
Magnetic inductive heating

Fes04 NPs at low concentrations between 0.1 and 10 pg/mL were
demonstrated no toxicity effects [2]. As a result, the Fe304 NPs have

1. Introduction

Magnetic iron oxide nanoparticles (NPs) exhibits some specific
properties which make them a potential candidate for a wide range of
applications [1,2]. Among them, the y-Fe;O3 and spinel ferrites NPs are
widely studied due to their unique magnetic properties and biocom-
patibility [3-7]. For instance, FegO4 NPs; y-Fe;03 NPs [8]; CoFex04 [9]
and MnFe»04 [10] NPs have been proved as the promising candidates
for hyperthermia applications. Under specific stimulating condition
within a short time period, those stimulated NPs could generate suffi-
cient heat for hyperthermia treatment application. Interestingly, the

been most frequently employed in biological applications, such as can-
cer therapy based on Magnetic Inductive Heating (MIH), acting as a
contrast agent of Magnetic resonance imaging (MRI), and as a magnetic
platform for targeted drug delivery [2,11,12].

For an efficient exploit of magnetic properties of Fe3O4 NPs in
biomedical applications, several approaches to synthesize NP of
different configurations have been proposed such as core-shell structure
NPs [13-15], substitution or doping of NPs [16-18], and hard/soft or
soft/hard ferrite nanocomposites [19,20].
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Among them, the substitution or doping of pristine NPs is a relatively
facile approach, particularly for Fe3O4 NPs or other spinel ferrite NPs.
Interestingly, it has been found that by doing technique, the character-
istics such as the material structure and its magnetic properties are
influenced by the doped cations and its distribution over tetrahedral and
octahedral sites [2]. Therefore, doping (substitution) other ions to spinel
ferrites NPs generates different structures with flexible magnetic prop-
erties [21,22]. Recently, many scientists have focused on the synthesis of
Fe3,M,O4 (M = Co, Mn, Zn, Gd ...) NPs for their potential use in MIH
and MRI [23-30]. This is due to these nanoparticles might exhibit the
promising results in improving their efficiency of these mentioned ap-
plications. It also have been reported that the doped Fe3O4 NPs can be
used as a dual contrast agent of MRI [24]. For MIH applications, J. Giri
et al. reported that specific absorption rate (SAR) of Fe;.,Mn,Fe;04 NPs
(x < 0.4) was higher than that of Fe304 NPs due to an increase of
saturated magnetization [26]. In other research, E. Fantechi et al.
generated 8 nm of Co,Fe3 04 NPs, with a SAR value varies from 10 to
40 W/g, which are always higher than that of Fe304 NPs (6.5 W) /g) in
the same conditions [27]. These findings are in line to many similar
previous works [28-30]. As a consequence, it is no doubt to conclude
that the substitution of Fe>* (or Fe?") ions in Fe304 NPs by other ions
has been an efficient approach to enhancing its SAR value for hyper-
thermia applications.

Among potential dopants, G ion was well-known as the tradi-
tional contrast agents of MRI [24]. It is also used to increase the effi-
ciency of magnetic NPs in hyperthermia applications [31]. For instance,
K. P. Hazarika et al. reported that the Gd-doped Fe3O4 NPs had a SAR
value that was larger than that of pure FesO4 NPs [31]. Besides, D.
Jaison et al. observed the existence of optimal content of Gd substitution
of CoGdxFey_xO4 NPs for their SAR values [18]. However, the previous
works mentioned also found the reduction of SAR value when doping
Gd>* ions to Fe304 NPs [24] or y-FeoO3 NPs [16] in spite of the doped
samples were still promising candidates for hyperthermia applications.
The combination of Gd®* ions and spinel ferrites NPs caused
interesting-conflict results. Noting that the SAR value of NPs depends on
various parameters of NPs such as particle size, size distribution, particle
shape, saturation magnetization (Ms), coercivity, magnetic anisotropy
(K), intra-particle and inter-nanoparticle interactions [32-34]. In
particular, the proportional relationship between Mg and SAR [33] was
suitably used to explain the reduction of SAR in the works of I. Alotaibi
et al. [16] or N. D. Thorat et. al [24]. In contrast, this relationship also
led to unexplained results in References [18,31]. In the work of K. P.
Hazarika et al., the authors focus the enhancement of SAR with an in-
crease of Gd®>* concentration in the doped samples, but the reduction of
Ms caused the fall off SAR value. The work of D. Jaison et al. [18] also
revealed some strange results regarding the relationship between SAR
and Mg. Currently, the SAR value of the doped sample reached the
maximal value at x = 0.24. Until now, only few works [16,18,30,31]
have experimentally proved the influence of Gd>* doped concentration
on its SAR value without using any theoretical models to explain the
obtained results.

This work focuses on both experimental and theoretical explanations
of the effect of Gd>* ions substitution for Fe>* ions on the SAR value of
the Fe3_xGdy,O4 (x = 0.0; 0.05; 0.1; 0.15; 0.2; 0.25; and 0.3) NPs that
were synthesized by the co-precipitation method. The relationship be-
tween the concentration of Gd** dopant with structural parameters,
band gap value (Eyg), saturation magnetization (Ms), and magnetic
anisotropy (K) have been evaluated to study the theoretical SAR value.
The theoretical results indicate the existence of the SAR peak value at
critical magnetic anisotropy. Besides, the experimental results demon-
strate an optimal doping content with highest SAR value of
Feg 75Gdg 2504 nanoparticles along with the theoretical explanation by
analyzing the Linear Theory Response (LRT) framework based on the
relationship between K and D values with SAR value. The theoretical
and experimental evidences fully demonstrate that doping is an effective
approach for optimizing as-synthesized NPs to enable efficient
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hyperthermia applications.
2. Experimental detail
2.1. Chemical

The Sigma-Aldrich chemicals including Iron(II) chloride tetrahy-
drate (FeCly-4H20, purity > 98 %), Iron(IlI) chloride hexahydrate
(FeCls-6H20, purity > 98 %), and Gadolinium(III) chloride hexahydrate
(GdCl3-6H50, purity > 97 %) with sodium hydroxide (NaOH) were used
for the fabrication of Fes,Gd,O4 (x = 0.0, 0.05, 0.1, 0.15, 0.2, 0.25, and
0.3) NPs. Besides, the double distilled water was used for all experiments
in this work.

2.2. Sample preparation

The Fe3.,Gd, 04 (x =0.0, 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3) NPs were
synthesized by the co-precipitation method, which corresponded to
Fe304, Fepo95Gdo.0504, FeroGdo104, FepgsGdg1504, FepgGdp204,
Fe; 75Gdp 2504, and Fep7Gdp 304 samples, respectively. Firstly, a
mixture solution was prepared by dissolving 3.184 g FeCl,.4 H>O and
mg (m = 8.641 g, 8.722 g, 8.803 g, 8.885 g, 8.966 g, 9.048 g and 9.129
g) g of a mixture of FeCl3.6 H,O and GdCl3-6H50 in 20 mL double
distilled water, and stirring for an hour at room temperature. Then,
adding 50 mL of NaOH solution (2 M) at 80 °C to the as-prepared
mixture while it was agitating at 500 rpm for 60 min. Consequently,
the pH of the obtained solution was approximately of 12 (pH ~ 12).
Subsequently, the prepared solution was kept at a temperature of 80 °C
for 60 min, before cooling it naturally down to room temperature. The
double distilled water was used to wash the solution twice in order to the
its final pH value was around of ~ 7. The precipitates were then
collected by a magnet, and were dried at 60 °C for 300 min. Finally, the
Fe3.xGd,O4 (x = 0.0, 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3) NPs were
obtained.

2.3. Characterization

The crystallographic structures, phase identification, and sample
purity of the Fes,Gd,O4 NPs were analyzed by X-ray diffraction (XRD)
equipment with a Bruker D8-Advance instrument, in the reflection mode
a Cu-Ka line of 1.5406 A. The normal elemental compositions of Fes.
«Gd,O4 NPs were revealed by the Energy Dispersive X-ray Spectroscopy
(EDX) analysis on the Hitachi S-4800 FESEM equipped. The high-
resolution Transmission Electron Microscopy (TEM) (JEOL JEM-1010
system operating at 120 kV) was used to observe the morphology, and
calculate the average nanoparticle size of all dried samples. All Raman
spectra of samples were collected via the Jobin-Yvon Lab RAM HR800
Raman Spectrometer, equipped with a laser of 532 nm wavelength
source at power of 10 mW. The optical absorbance of all samples was
obtained by a Cary 5000 UV-Visible-NIR double beam spectropho-
tometer (Agilent Technologies, Santa Clara, USA) over the range of
300-800 nm wavelength. The UV-visible spectroscopic studies were
presented in details in Supporting information [35-39]. The DC mag-
netic properties of the samples were investigated at room temperature
by a homemade vibrating sample magnetometer under the magnetic
field up to11 kOe (= 875.4 kA/m). The magnetic induction heating rates
of the Fe3,Gd,O4 NPs were measured using a commercially available
UHF-20A, supplied by Chengdu JinKeZhi Electronic Co, Ltd, at the fre-
quency of 450 kHz and amplitude of 100 — 300 Oe (=~ 8 — 24 kA/m). The
value of SAR was computed using the following equation [40]:

_cdr

SAR(W/g) =—— €}

where m is the concentration (mg/mL) of sample in magnetic fluid, C is
the specific heat capacity of water (4.185 J/gK), and dT/dt is the slope of
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the measured temperature-time curve. In the current experiments, the
temperature slope was calculated via analyzing the temperature versus
time curves for the whole time range, i.e. first to fit experimental curves
by the following equation [40]:

T=T,+AT(1-¢"™) 2
to gain: AT, t,, are the temperature difference between the initial and
steady state, and the time constant of heating, respectively. Then, the
value of dT/dt is determined as equal to AT/ty,.

The outcomes of these measurements will be discussed in depth in
the results and discussion sections.

3. Results and discussion
3.1. XRD studies

Fig. 1 presents the experimental XRD patterns of Fes ,Gd,O4
(x = 0.0, 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3) NPs, which were measured
at ambient temperature. Fig. 2 displays the Rietveld refinement results
of Fe304 and Fej 75Gdg 2504 samples. As can be seen in Fig. 2(a), there
are seven characteristic diffraction peaks at 20 values of 30.066°,
35.592°, 37.044°, 43.038°, 53.391°, 56.914° and 62.496° for the Fe304
sample. These peaks were attributed to the crystal plane of (220), (311),
(400), (422), (511), (440), and (533) of cubic spinel (Fd3m) structured
Fe3O4 (the JCPDS card no. 85-1436 [40]). Thus, it fully demonstrates
the unique phase existed for the Fe304 sample. The other XRD patterns
of the Fes,Gd,O4 (x # 0) samples exhibit prominent (hk,I) planes
indexed by (220), (311), (400), (511), and (440) (Fig. 1a), corre-
sponding to the formation of the single crystallographic phase of FegO4.
In addition, other crystalline phases’ diffraction peaks were not found
for these samples in Fig. 1(a). However, it confirms the existence of a
secondary phase is observed in previous works related to doping samples
of spinel ferrites NPs. For instance, B. Aslibeiki et al. found the Ag phase
for Ag-doped MnFe;04 NPs [41]. Similarly, X. Koutsoumbou et al. found
that the secondary phase for Rare earth (Dy, Yd, Gd)-doped CoFe2O4 NPs
[30]. Interestingly, F. Javed et al. found that the Gd phase for Gd-doped
CoFe04 NPs when the content of Gd substitution was 0.5. The content
of Gd3" ions was 0.25, a secondary phase has not presence [23]. In
contrast, S. A. Jadhav et al. was unsuccessful to prove the existence of
the Gd phase for Gd-doped mixed Ni-Cu-Zn ferrites [17]. All results cited
reveal that the existence of secondary phase depends strongly on
fabrication methods and materials. At the highest content of Gd
(x = 0.3) in this work, the Rietveld refinement findings indicated the
existence of all typical diffraction peaks, which are similar to the results
of the Fe304 sample. As a result, all samples have a unique single crys-
tallographic phase of Fe3O4. Therefore, it demonstrates the successful
synthesis of Fe3,Gd,O4 NPs.

The (311) plane is the strongest reflection representing for the spinel
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phase of all samples (Fig. 1a). As demonstrated seen in Fig. 1(b), the
reduction of 20 value corresponding to the (311) planes is found with an
increase in the number of Gd>* ions, indicating a left shift peak. This
trend could be caused by the replacement of Fe*' ions by Gd*" ions in
Fe304 NPs. The similarly tendency is also observed in other diffraction
peaks. In fact, for a small amount of Gd®' ions doping with FesO4
(x < 0.3) in this work, the complete replacement of Fe3* ions by Gd3+
ions leads to the creation of the Fes,Gd,O4 (x # 0) samples with the
single crystallographic phase of Fe3O4. The evidence for this is the
presence of characteristic diffraction peaks in the Fe3,Gd,O4 (x # 0)
samples. Thus, this replacement causes the reduction of 26 value cor-
responding to the (311) planes for doped samples as compared with
Fe304 samples. On the other hand, the completion of these replacements
leads to the systematic reduction of the 20 value with an increase of
Gd>* ions in the Fes3 ,Gd,O4 (x # 0) samples (Fig. 1b). Additionally, as a
result of this left shift of the (311) diffraction peak, the value of struc-
tural parameters changes with an increase of Gd content in the Fes.
«Gd,O4 NPs. This is good in agreement with our results of the experi-
mental lattice parameter (a) and crystallite size (Dxrp) (Table 1). They
are computed using the following equations [42]:

a = dhkl h? + k? + 2 (1)
0.9n

Dxpp = ——— 2

XRD ﬁCOSa ( )

in which, (h,k,1) are the Miller indices, dpy is the inter-planar spacing, 1
is the wavelength of the Cu-Ka radiation, 6 is the Bragg angle, and f is
the full-width at half-maximum (FWHM) of (311) peaks. In addition, the
X-ray density (pxrp) of the Fe3 ,Gd,O4 NPs could be calculated using this
formula [42]:

8M
Pxrp = W 3
where M is the molecular weight of each sample and Ny is Avogadro’s
number. All value of a, Dxgrp, and pxpp of the Fes,Gd,O4 NPs were
presented in Table 1.

As above mentioned, the left shift of the (311) peaks of the Fes.
«Gd,O4 NPs leads to the changing of structural parameters. Table 1
shows that the value of lattice parameter (a) increased from 8.359 A
(Fe304) to 8.391 A (Fey.7Gdg.304) with an increase of Gd*" ions in the
Fe3,Gd,O4 NPs. Similarly, N. D. Thorat et al. found an increase of a
value in the range from 8.373 A to 8.446 A when the content of Gd>*
ions increased [24]. This tendency was also observed in the work of K. P.
Hazarika et al. [31]. In addition, this trend was also detected for the
combination of Gd®* ions and spinel ferrite NPs in the previous works
[23,30,43,44]. 1t is clear that the bigger radius of Gd®* ions (0.94 A
[24]) as that of Fe>* ions (0.645 A [241) led to the increase of a value.
Table 1 also indicated an increase in pxrp value with an increase in the
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Fig. 1. (a) XRD patterns and (b) (311) diffraction peak of Fez ,Gd,O4 NPs.
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Fig. 2. Refined X-ray diffraction patterns of (a) Fe304 and (b) Fey 75Gdo 2504 samples.

Table 1
Lattice parameter (a), crystallite size (Dxrp), X-ray density (pxgrp), and Dreym
values of Fe3_,Gd,O4 NPs.

Sample a®) Dxgrp (nm) pxro (g/cm®) Drem (nm)
Fe304 8.359 + 0.001 85+0.1 5.28 £ 0.05 9.0+ 1.0
Fes.95Gd.0504 8.369 + 0.001 7.6 +0.1 5.37 £0.05 9.5+0.5
Fep.9Gdo.104 8.384 + 0.001 7.6 £0.1 5.46 £ 0.05 9.5+ 0.5
Feo 85Gdp.1504 8.385 + 0.001 83+0.1 5.57 £ 0.05 10.0 + 1.0
Fep 8Gdo 204 8.386 + 0.001 85+0.1 5.68 £ 0.05 11.0+ 1.0
Fep7sGdo2s0s  8.389+0.001  87+0.1 5.79 + 0.05 125+ 0.5
Fep 7Gdo 304 8.391 + 0.001 89+0.1 5.90 £ 0.05 12.5+ 0.5

number of Gd** ions could be attributed to the rise of the a value in the
F83_dexO4 NPs.

For the tendency of crystallite size of the Fes,Gd,O4 NPs, there is
little difference as compared to the trend of lattice parameter or X-ray
density value. As can be seen Eq. (2), the value of Dxrp are computed
based on the value of FWHM and cosd at (311) peaks of each sample. The
Dyxgp value depends on not only the left shift of the (311) peak but also
the broad of this peak. At x = 0.05, this broadening of the (311) peak
leads to the smaller value of Dygp for Fey 95Gdg 0504 sample (7.6 nm) as
compared to that of Fe3O4 sample (8.5 nm). For Fes,Gd,O4 NPs with
x # 0, an increase of Dxgp value with an increase of x content is found
(Table 1). K. P. Hazarika et al. found that the crystallite size changed
from 13.2 nm to 14.06 nm when number of Gd>" ions increased [31].
The similarly result was reported in previous work of N. D. Thorat et al.
[24]. However, a decrease, increase or almost unchanging crystallite
size was observed for the combination of Gd and other spinel ferrites
other previous works [16,23,30,43,44]. Recently, K. P. Hazarika et al.
explained this issue based on the competition in the replacement
FeZ*/Fe3* jons (tetrahedral/ octahedral sites of iron) by Gd>* ions [31].
Noting that when Gd®* ions were doped in y-Fe;03 NPs, the replacement
Fe3" ions by Gd*' ions led to the increase of crystallite size of doped
samples as compared with pure y-Fe;03 NPs [16]. When Gd>* ions were
doped in Fe3O4 NPs, the crystallite size of doped samples might be
decreased, increased or almost unchanged [16,23,30,43,44] because of
the competition at tetrahedral and octahedral sites [31]. All results
indicated that the changing of Dxrp value depended on the difference of

Gd®* ions with ions, which were replaced by them.

Next, using the following equations (Egs. (4)-(10)) [42] with the u
value (0.381 A) of the oxygen positional parameter, and lattice param-
eter (a) of each sample, the calculation results of the hopping length (La
and L), tetrahedral bond length (dap), octahedral bond length (dpo),
tetrahedral edge length (daog), shared octahedral edge length (dpog),
and unshared octahedral edge length (dpogy) are presented in Table 2.

Ly = 0.25a\/3 4)

Ly = 0.25aV2 (5)

dAO = a\/§<u - %) (6)
1/2

dg() :a(3u2 —%u‘i’g) (7)

daor = av2 <2u - %) (8

dpor = av/2(1 —2u) 9
11\ "2

dpory = a (4142 —3u+ E) (10)

Noting that all of the above seven parameters increases with an in-
crease in the x value of the Fe3,Gd,O4 NPs as a general trend (Table 2).
This phenomenon is attributed to the enhancement in lattice expansion
caused by the substitution of the small radius ions for large radius ions.
For example, S. B. Somvanshi et al. observed the increase of above seven
parameters with an increase of doping content for Zny sMgo sFes.,Gd,O4
NPs [43]. In contract, the decrease of these parameters with an increase
of doping content for NiAl,Cr,Fey 5,04 NPs, which related to the sub-
stitution of the large radius ions for small radius ions [21]. Noting that
the radius of Gd*" ions were larger than that of Fe3' ions; thus, the
general tendency of these parameters seems to be related to the Gd
substitution in these doped samples. These tendencies were similar with
previous works [21,22,43,45].

Table 2

The value of La, L, dao, dso, daok, dpor, and dpogy of the Fes ,Gd,O4 NPs.
Sample Ly (&) Ly (A) dao (A) dso (A) daox (A) daox (A) Dyory (A)
Fe304 3.620 + 0.002 2.955 + 0.002 1.897 + 0.001 2.041 + 0.001 3.097 £+ 0.002 2.813 + 0.002 2.957 + 0.002
Fes.95Gdp 0504 3.624 + 0.002 2.959 + 0.002 1.899 + 0.001 2.043 + 0.001 3.101 £+ 0.002 2.817 + 0.002 2.961 + 0.002
Fep9Gdo.104 3.630 + 0.002 2.964 + 0.002 1.902 £ 0.002 2.047 £+ 0.002 3.106 £+ 0.002 2.822 + 0.002 2.966 + 0.002
Fes 85Gdo.1504 3.631 + 0.002 2.965 + 0.003 1.903 £+ 0.002 2.047 + 0.002 3.107 £+ 0.002 2.822 + 0.002 2.966 + 0.002
Fep 8Gdp 204 3.631 + 0.002 2.965 + 0.003 1.903 + 0.002 2.047 £+ 0.002 3.107 £+ 0.002 2.823 + 0.002 2.967 + 0.002
Fes 75Gdg 2504 3.633 + 0.003 2.966 + 0.004 1.903 £+ 0.002 2.048 £+ 0.002 3.108 £+ 0.003 2.824 + 0.003 2.968 + 0.003
Fey 7Gdo 304 3.633 + 0.003 2.967 + 0.004 1.904 + 0.002 2.049 £ 0.002 3.109 £+ 0.003 2.824 + 0.003 2.968 + 0.003
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3.2. TEM analysis

Fig. S1 presents the TEM images of the Fes,Gd,O4 NPs. The histo-
grams of the size distributions and the average nanoparticle sizes, Dy
determined from TEM images for each sample are also inset in Fig. S1.
The solid lines in the inset of each sample is a good fit for data using the
lognormal distribution (Eq. (11)) [40]. As can be seen in Fig. S1, the
value of Dtgy are 9.0, 9.5, 9.5, 10.0, 11.0, 12.5, and 12.5 for Fe3O0y,
Fe3.95Gdo.0504, Fe9Gdo.104, Fez 85Gdo.1504, Fe 8Gdo.204,
Fes.75Gdg 2504, and Fey 7Gdp 304 samples, respectively. Table 1 repre-
sents the value of Dygy. An increase of Drgy with an increase of the Gd
content for the Fes ,Gd,O4 NPs is in good agreement with the crystallite
size obtained from XRD studies. All samples have a narrow distribution
with ¢ = 0.1-0.2.

(InD/D,)?

252 an

g(D) =

1
ex
V2reD P

where g(D) is the lognormal distribution, InDy is the median, and ¢ is the
standard deviation of InD.

3.3. EDX analysis

The Energy Dispersive X-ray Spectroscopic (EDX) was used to
investigate the weight of the presence elements in the Fes ,Gd,O4 NPs.
Fig. S2 shows the presence of Fe and O for Fe3O4 sample, and the
presence of Fe, Gd, and O for Fe3,Gd,O4 (x # 0) samples. Based on data
from EDX spectra, the ratio of Fe: Gd: O is calculated and listed in
Table 3. Interestingly, the ratio of Fe: Gd were 2.95: 0.06, 2.9: 0.1, 2.85:
0.16, 2.8: 0.19, 2.75: 0.25, and 2.7: 0.29 for Fes95Gdg 0504,
Fe29Gdo 104, Fezg5Gdo.1504, Fez8Gdp204, Fez75Gdo.2504, and
Fey 7Gdo. 304 samples, respectively. They are approximately equal to the
ratio of Fe: Gd in the chemical formula of Fe3,Gd,O4 (x # 0). These
results indicates the existence of Gd®* ions in the Gd-doped Fe304.

3.4. Raman spectroscopy

Besides XRD analysis, Raman spectroscopy is a crucial tool for
examining the structure of materials. Fig. 3 displayed Raman spectrum
of the Fes,Gd,O4 NPs, and Fig. 4 presents three peaks of Fe304 and
Fe; 7Gdy 304 samples. In accordance with the group theory analysis, the
peaks obtained in the spectroscopy can be deconvoluted into individual
peaks. For spinel ferrite Fe304 NPs, their Raman spectra can be predicted
five Raman-active bands (A;g + Eg + 3T3g) and four infrared-active
bands Ty, [46]. The Raman modes (Azq, E,, T2g) were due to the sym-
metric stretching, symmetric bonding, and asymmetric stretching of 0%,
respectively. Raman spectra of Fe3O4 displayed five Raman-active
phonon modes at 668 em?t (Agg), 538 cm™?t (T24(1)), 490 em?! (T24(2)),
306 cm™ (Eg), and 193 cm™ (T2 (3)) [46].

In practice, there is always the disappearance of one or some of the
five Raman-active phonon modes. In other words, some phonon modes
weren’t observed or reported in previous works. For instance, O. N.
Shebanova et al. [46] and L. V. Gasparov et al. [47] didn’t found the
mode at 490 cm™’. The mode at 193 cm™ wasn’t observed in previous

Table 3

The EDX estimated elemental composition (% atom) of Fe;,Gd,O4 NPs.
Sample Fe Gd o Ratio

(%) (%) (%) Fe: Gd: O

Fe304 34.19 0 65.81 3:0:5.8
Fes.95Gdp 0504 30.53 0.72 71.5 2.95: 0.06: 6.9
Fe; 9Gdo.104 32.67 1.1 60.3 2.9:0.1: 5.4
Fes g5Gdo 1504 27.21 1.54 75.06 2.85: 0.16: 7.8
Fep 8Gdp 204 33.03 2.03 49.99 2.8:0.19: 4.2
Fey 75Gdo.2504 25.51 2.34 73.17 2.75:0.25: 7.9
Fe 7Gdo.304 26.55 2.54 67.55 2.7:0.29: 6.9
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Fig. 3. Raman spectra of Fe3,Gd,O4 NPs.

works of L. Degiorgi et al. [48] and J. L. Verble et al. [49]. As can be seen
in Fig. 5, the Raman spectrum of the Fes ,Gd,O4 NPs displays three of
five Raman-active phonon modes: A7 g, T24(1), and Eg. Based on these
data, three peaks obtained in the spectroscopy of each sample are
deconvoluted and presented into individual peaks, which is similar to
the three peaks of Fe304 and Fey ;Gdg 304 samples (Fig. 4). All value of
Raman shift at three modes for all samples is listed in Table S1.

For Fe304 sample, the Aj g, T24(1), and E; mode are at 689.4, 509.2,
and 349.4 cm’), respectively. All results of Fe3O, sample is approxi-
mately equal to that of Fe3s04 of previous works [46]. For Fes,Gd,O4
(x # 0) samples, the value of Raman shift for three above modes are
smaller than that of Fe3O4 sample (Table. S1). Figs. 3 and 4 shown that
the strong peak is observed at the A;g mode. This A;; mode is respon-
sible for the symmetric stretching of oxygen atoms at the tetrahedral
site, and the A;g mode is at 689.4, 687.2, 686.3, 682.7, 679.6, 678.1, and
677.1 cm'l for Fe304, F62.95Gd0.0504, Fez_ng0.104, F62_85Gd0.1504,
Fe; 8Gdo.204, Fey75Gdg 2504, and Fey;Gdo 304 samples, respectively.
Interestingly, the peak of A; ;¢ mode exhibits a left shift with an increase
in the content of Gd. This result strongly suggests the replacement of
Fe3* ions by Gd>* ions in the Fe3,Gd,O4 (x # 0) samples. This tendency
coincides with the results calculated from the XRD analysis.

3.5. Magnetic properties

For Fes04 NPs, they have the superparamagnetic behavior when
their size was smaller than critical diameter, DSP™, which was calculated
by equation:

25k, T\ /°
DM = (9 ok ) (12)
T Kpun

where, Kpue = 9 x 10% J/m3, is the bulk value of magnetic anisotropy of
Fe304 [50], kg is Boltzmann constant, and T = 300 K. The obtained
fo Myalue is about of 25 nm, which was larger than all Dxrp (8.5 nm)
and Dty (9 nm) values of the Fe3O4 sample. Thus, the FesO4 sample
could have the superparamagnetic behavior. In fact, their behavior is
found in M-H curve of the Fe3O4 sample (Fig. 5(a)). In addition, the
Fes,Gd,O4 (x # 0) samples had no coercivity (Fig. 5(a)), and their size
was also smaller than DS"Mvalue. Therefore, the superparamagnetic
behavior is confirmed for all Fe3,Gd,O4 samples. Noting that, this was
advantage for them in hyperthermia [2].

However, the replacement of Fe3* jons by G ions in Fe3.,Gd,O4
leads to the reduction of saturation magnetization (Mg). Fig. 5(a) and
Table. S2 found that the Mg value decreased from 66.7 emu/g (Fe3O4
sample) to 46.1 emu/g (Fep 7Gdy.304 sample). This replacement is also
predicted to be the reason for the reduction of magnetic anisotropy (K)

d3+
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Fig. 4. Lorentzian multiple peak fitted Raman spectra of (a) Fe304 and (b) Fe, 7Gdg 304 samples.
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Fig. 5. (a) M-H curves of Fe3 ,Gd,O4 NPs and (b) The initial magnetization curves with the fitting curve (solid line) assuming “the law of approach to saturation” for

all samples.

of Fes ,Gd,O4 NPs. In order to confirm this prediction, the value of K for
each sample is determined by fitting the initial data of M-H curves under
the “law of approach to saturation” [51]:

) iy a3

in which, y, is the high-field susceptibility, kp is Boltzmann constant, V is
volume of nanoparticle, Mg is saturation magnetization, K is magnetic
anisotropy, H is the field amplitude, and T is temperature. Fig. 5(b)
depicts the good fit of the initial magnetization curves using Eq. (13) for
Fe304, Fepo95Gdo.0504, Fez9Gdo104, FezgsGdo1504, FepgGdo.204,
Fey 75Gdg 2504, and Fey;Gdg 304 samples. The values of K are also
shown in Table. S2.

As can be seen in Fig. 5 and Table. S2, the K value for the Fes ,Gd,O4
NPs has the same trend as compared to that of Mg value. For Fe3O4
sample, the Mg value is smaller than that of bulk Fe304 (90 emu/g) [40].
This extension could be explained by a core-shell model with the
presence of a disordered layer, or dead layer in the shells of nano-
particles [52]. In addition, the Mg value decreased from 66.7 emu/g
(Fe3O4 sample) to 46.1 emu/g (Fes7Gdo304 sample), which is in
consistent with the above prediction. These interesting results are

explained by two reasons. Firstly, the magnetic property of a magnetic
material is the sum of the magnetic moments per unit volume of that
material. When the concentration of Gd°" ions increases, the number of
Fe®* jons decreases. In addition, I. Alotaibi et al. indicated that the
decrease of the Mg value with increasing Gd*>" ions concentration might
be attributed to the insertion of large Gd>* ions in the octahedral sites in
Gd-doped y-Fe;03, which will affect Fe-Gd interactions and induce a
decrease in long-range magnetic ordering [16]. Similarly, this replace-
ment led also to the disruption in the long-range order of magnetic spins
in pure Fe304 NPs [53]. Thus, when replacing Fe3* ions by Gd3" ions in
Fe304 NPs, the magnetism of the whole system will decrease. This ten-
dency of Mg was also found in previous works. For instance, N. D. Thorat
et al. found the reduction of Mg value when the content of Gd*" ions
increased [24]. As a general trend, the reduction of Mg for doped sam-
ples was also observed in the previous works about Gd-doped Fe304 NPs
[31], or Gd-doped other NPs [42,44]. Besides, one should notice that the
magnetic properties strongly depend on the crystal size, which related to
the competition between the two effects: surface effect and the finite size
effect. This is the second reason for these tendencies.

As can be seen in Table. S2, all K values are larger than the bulk value
of magnetic anisotropy of Fes0y (9 kJ/m® [50]). As the size decreased,
the surface effect raised, resulting in a increase in the K value. For
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example, G. F. Goya found that the value of K was ~ 70 kJ/m? for Fe30,4
(10 nm) NPs [54]. Similarly, the value of K of FesO4 sample was
69.2 kJ/m?, which was ~ 7.7 times higher than that of the bulk value.
For the Fe3,Gd,O4 (x # 0) samples in this work, the Gd>®" ions acted
inhibitors of FO’s nanoparticle formation during the reaction to create
these samples, the value of size (Dxgrp and Drgy) increased with an in-
crease in x content. Therefore, the value of K decreases from 52.3 kJ/m>
(Fe2.95Gdo.0504) to 31.5 kJ/m? (Fes 7Gdg 304). This result is completely
consistent with the experimental results on these decrease from nano-
particle with size [51]. In previous works in hyperthermia, magnetic
anisotropy was considered as an important parameter in order to
enhance the effectiveness of samples [55]. Especially, these above re-
sults indicates that these samples (Fe3.,Gd,O4 with 0.05 < x < 0.3) with
a large change magnetic anisotropy (31.5 — 52.3 kJ/m®) in small size
(7.6 — 8.9nm of Dxgp, 9.0 — 12.5 nm of Drgy) were suitable for
biomedical applications [55,56]. Thus, doping Fe304 NPs by Gd>* ions
was a useful approach in order to adjust magnetic properties properly to
the requirement of biomedical applications.

3.6. Hyperthermia testing

In practical hyperthermia applications, NPs should have a diameter
in the range of 10-50 nm, the saturation magnetization is large enough
and satisfies the following conditions: stability in magnetic nanofluids;
and the body human must only receive a little number of NPs, but the
heat produced by the MIH effect must be sufficient [2]. In this work, the
Fes.,Gd,O4 (0 < x < 0.3) NPs with medium saturation magnetization
(46.1 - 66.7 emu/g) in small size (7.6 — 8.9 nm of Dxgp, 9.0 — 12.5 nm of
Drgm) could be suitable for hyperthermia applications. Thus, the mag-
netic induction heating rates of the Fe;,Gd,O4 NPs were measured,
which was presented in Fig. 6. The SAR values of all samples were
computed by Egs. (1) and (2), and listed in Table 4.

In order to compare the heating efficiency of NPs from various
works, ESAR (Effective Specific Absorption Rate) acts as an independent
parameter, which normalizes the value of SAR with respect to an ac field
(H, f) by the following equation:

SAR
ESAR = H_2f (14)
with concentration of 5 mg/mL at the frequency (f) of 450 kHz and
amplitude (H) of 200 Oe.
As can be seen in Table 4, the SAR value are 23.4, 44.3, 62.7, 147.1,

120
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—b—TFe, (Gdy |0, —F—TFe,4Gdy 1504
105 4 =—0—Fe, ,Gd,,0, =d=— Fe,Gdy,50,
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0 300 600 900 1200 1500
t(s)

Fig. 6. Magnetic heating curves T(t) of Fe3 ,Gd,O4 NPs.
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Table 4
The values of SAR, ESAR, and SAR/Mjs for Fe3 ,Gd, 04 NPs with concentration of
5 mg/mL at H = 200 Oe, f = 450 kHz.

Sample SAR (W/g) ESAR (nHm?/kg) SAR (W/emu)
Ms

FesOq 23.4 0.21 0.4

Fe.05Gdo.0504 44.3 0.39 0.7

Fez 0Gdo 104 62.7 0.55 1

Fe.85Gdo 1504 147.1 1.29 2.6

Fey 5Gdg 204 168.0 1.47 3.2

Fe,.75Gdo.2504 237.4 2.08 4.9

Fez 7Gdo 304 114.5 1.00 2.5

168.0, 237.04, and 114.5 W/g for F8304, F62'95Gd0_0504, Fez_ng0,104,
Fe2 85Gdo.1504, Fez 8Gdg.204, Fez 75Gdg 2504, and Fez 7Gdo.304 samples,
respectively. The value of ESAR are 0.21, 0.39, 0.55, 1.29, 1.47, 2.08,
and 1 nHm?/kg for the respective samples. The ESAR value of
Feg 75Gdg. 2504 is larger than that of 2-5 % Gd doped Fe3O4 NPs [31].
These results indicate that the Fey 75Gdg 2504 sample could be suitable
for hyperthermia applications. Interestingly, all values of SAR for the
Fe3.xGd,O4 (x # 0) samples are larger than that of FesO4 sample
(23.4 W/g) and all reach magnetic hyperthermia temperature (42 °C) in
short time. For example, the Fej 75Gdp.2504 sample could reach mag-
netic hyperthermia temperature in ~ one minute. This tendency was
found in the previous works about Gd-doped spinel ferrites NPs [18,31].
Especially, there was the existence of the peak of SAR versus the Gd
content (x) in the Fe3,Gd,O4 (x # 0) samples, which was observed in
previous work of D. Jaison et al. [18] and this work. Noting that the
proportional relationship between Mg and SAR was found in previous
works [33], thus, the increase of SAR with the reduction of Mg for doped
samples and the existence of peak of the plot SAR versus Gd>t ions
concentration were interesting unusual results.

In order to explain these interesting results, the theoretical SAR
(SARheo) value was calculated. In general, the heat generation mecha-
nism of the rapid heating process in the early stages is due to the
contribution of hysteresis loss, recovery loss (N € el, Brown) and eddy
current loss. For superparamagnetic NPs, the total loss power density is
mainly due to loss mechanisms related to relaxation losses, and the value
of SAR is calculated based on Linear Theory Response (LRT). As above
mentioned, because all samples had superparamagnetic behavior, the
theoretical SAR value was computed in the framework of LRT (details in
Ref. [33]). Up to date, several works claimed that the SAR value depend
strongly on nanoparticle size, saturation magnetization, magnetic
anisotropy, inter-nanoparticle interaction as well as AMF [33,34,57,58].
Especially, several parameters including size, saturation magnetization,
and magnetic anisotropy were evaluated as important parameters in the
enhancement of SAR value [33,40,56]. Interestingly, doping made a
change simultaneously in nanoparticle size, saturation magnetization,
and magnetic anisotropy as compared to pure Fe3O4 NPs in our work;
thus, the explanation for the enhancement of the SAR value of the doped
sample help insight into the role of these above parameters.

Firstly, the doped sample Fes,Gd,O4 (x # 0) NPs could be seen as
Fe304 NPs with different values of D, Ms, and K. As can be seen in
Table 1, the Dy for all samples are in the range of 9 — 13. In addition,
the value of K changes with a large range from 31.5 kJ/m® to 69.2 kJ/
m3. Therefore, the SARe, is computed as a function of K value with
various D (9, 10, 11, 12, and 13 nm) in order to compare with experi-
mental results. The obtained plot of SARe, versus K for Fe304 NPs with
various nanoparticle sizes is presented in Fig. 7. Second, there was a
conflict between the proportional relationship of Mg and SAR [33] with
the enhancement of SAR in the Mg reduction (Tables S2 and 4) for doped
samples. This indicated that the increase in SAR didn’t relate to Ms.
Therefore, the enhancement of SAR might relate to nanoparticle size and
magnetic anisotropy.

In order to compare the experimental tendency with theoretical re-
sults, the ratio %, which normalizes the value of SAR with respect to Mg
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value, was also shown in Table. S2. The obtained results find that the
ratio reach maximum value for Fey 75Gdg 2504 sample. Fig. 7 finds the
existence of the peaks for SARp,, (K) at 27.8 kJ/m?, 36.2 kJ/m?, and
55.8 kJ/m? for D of 13 nm, 12 nm, and 11 nm, respectively. Interest-
ingly, these points of SARy,, values for all samples have the same order
as compared with experimental results. For instance, the SAR value at
69.2 kJ/m3 on the black line (SAR versus K for D = 9 nm) is smaller than
the SAR value at 52.3 kJ/m3 on the red line (SAR versus K for D =
10 nm). The SAR value reaches maximum value at 36.2 kJ/m? on the
plot of SARwe, (K) for D = 13 nm, which is equal to the K value of
Fes75Gdg 2504 sample (Drgpvy = 12.5+ 0.5). Although both of
Fey.75Gdg 2504 and Fep 7Gdg 304 samples have same size of Drgy, the
SAR value of Fey75Gdg 2504 sample is larger than that of Fep 7Gdg 304
sample because of the effect of magnetic anisotropy (as can be seen in
Fig. 7). This role of K was also observed in previous works [40,55,56,
59]. The good agreement between experimental and theoretical results
indicated that the important role of K and D in optimizing SAR value for
Feg,dexO4 NPs.

Next, the hyperthermia test for the Fey75Gdg 2504 sample is con-
ducted in ac fields with an amplitude of 200 Oe with various concen-
trations, or an amplitude between 100 and 300 Oe at 1 mg/mL (Fig. S4).
All experiments were fixed at the frequency of 450 kHz. The value of
SAR, and ESAR were listed in Table S3. As can be seen in Table. S3, the
value of SAR for Fe, 75Gdg.20504 NPs are 204.8, 150.5, 115.6, 128.4, and
237.4 W/g for the concentration of 1, 2, 3, 4, and 5 mg/mL, respec-
tively. The reduction of SAR occurred when the concentration changed
from 1 mg/mL to 3 mg/mL. In contrast, an increase of SAR value with an
increase of the concentration is found in the range of 3 — 5 mg/mL. This
phenomenon was also found in the work of J.-w. Kim et al. [60], which is
caused by the effect of inter-particle distance. L. T. Dat et al. claimed that
the relationship between K value and concentration (or inter-particle
distance) led to the dependence of SAR on concentration [40]. Be-
sides, the high value of SAR (204.8 W/g) and ESAR (1.80 nHmZ/kg) of
Feg 75Gdg. 2504 sample at small concentration (1 mg/mL) indicates that
this sample could be seen as a heating mediator as low concentration.
This was advantage of this sample for hyperthermia applications.
Interestingly, although the SAR value of Fe; 75Gdg 2504 sample increases
from 87.8 W/g to 380.4 W/g with an increase of H value, the ESAR value
reaches the maximum value (3.08 nHm?/! kg) at 100 Oe of amplitude. All
results of Fey75Gdg 2504 sample indicates that this sample could be
acted as an efficiency heating mediator at the low concentration, and at
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the low amplitude of ac fields.

4. Conclusion

In summary, the Gd>* ions have a significant impact on the struc-
tural, optical, and magnetic properties of FesO4 NPs. For the doped
samples (Fes3,Gd,O4 NPs, x # 0), the structural parameters including
lattice parameter (a), crystallite size (Dxrp), X-ray density (pxrp), and
Dreu increased with an increase of the number of Gd®* ions. The
replacement of Fe3* ions by Gd>* ions causing an increase of Eg value
and the reduction of Mg and K values was demonstrated. Interestingly,
although the existence of a reduction in the Mg value for Fes ,Gd,O4 NPs,
the experimental results indicated that all doped samples can be used as
an efficiency heating mediator in hyperthermia applications. Further-
more, the maximal SAR value was of 237.4W/g at x=0.25
(Feg.75Gdg.2504 sample), that proved to the dependence of SAR on
magnetic anisotropy and nanoparticle size. These findings suggest that
doping was an effective strategy for optimizing as-synthesized NPs to
enable heating efficiency in hyperthermia applications.
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