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High-performance flower-like and biocompatible
nickel-coated Fe;0,;@SiO, magnetic nanoparticles
decorated on a graphene electrocatalyst for the
oxygen evolution reactionfy

*a

Li Ye,® Pengcheng Zhu,® Tianxing Wang,? Xiaolei Li©° and Lin Zhuang

The electrocatalytic oxygen evolution reaction (OER) plays a crucial role in renewable clean energy
conversion technologies and has developed into an important direction in the field of advanced energy,
becoming the focus of basic research and industrial development. Herein, we report the synthesis and
application of flower-like nickel-coated Fez0,@SiO, magnetic nanoparticles decorated on a graphene
electrocatalyst for the OER that exhibit high efficiency and robust durability. The catalysts were
optimized using a rotating ring-disk electrode to test their oxygen evolution properties in 1.0 M KOH
solution. Importantly, owing to the high specific surface area and conductivity of CsN4 and graphene,

the as-synthesized Fez0,@SiO,@NiO/graphene/CsN, exhibits a small Tafel slope of 40.46 mV dec™?,

low overpotential of 288 mV at 10 mA cm™2, and robust OER durability within a prolonged test period of
100 h. The cytotoxicity of Fes04@SiO,, Fez04@Si0,@NiO, and Fez0,4@SiO,@NiO/graphene/C3sN4 was
evaluated in Hela and MC3T3-E1 cells, demonstrating that they are efficient and biocompatible catalysts
for the OER. Owing to its excellent electrocatalytic efficiency and eco-friendliness, Fez0,@SiO,@NiO/

graphene/CsN4 has considerable potential as a new multifunctional composite for large-scale

rsc.li/nanoscale-advances

1 Introduction

The large-scale exploitation of traditional energy wastes
resources and exhausts non-renewable energy (e.g., coal, oil,
gas, chemical energy, minerals, and nuclear fuel). Conse-
quently, there is an increasing drive toward limiting the utili-
zation of such energy. This has stimulated global research on
clean and sustainable alternative energy sources. Hydrogen
energy is not only environmentally friendly but can also deliver
a high level of energy. Water electrolysis is considered an
important method for the inexpensive production of hydrogen
and is an effective method to meet the current increasing energy
demand. As a result, many countries, in particular developed
countries such as America, Japan, and many European coun-
tries, have intensified the development and utilization of elec-
trocatalysis. Owing to its high energy efficiency, quiet operation,
efficient power generation, environmental friendliness, simple
maintenance, and many other outstanding advantages,
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applications in catalysis, biology, medicine, and high-efficiency hydrogen production.

electrocatalysis is universally applicable to water splitting."
However, this technique is significantly limited by high elec-
trical energy consumption and consequently, high production
costs. The major cause of this high-power consumption is that
water electrolysis involves two half-reactions: the hydrogen
evolution reaction (HER) and the oxygen evolution reaction
(OER), both of which are crucial for the overall efficiency of the
process. The significant overpotential originates largely from
the OER (2H,0 — O, + 4H' + 4e”) at the anode and the HER
(2H' + 2e” — H,) at the cathode. Evidently, the OER requires
the removal of four protons from the water molecule to form an
0-0 bond, which involves a multi-electron transfer process with
a sluggish kinetic response and very high electric power
consumption. This is the key factor restricting the overall effi-
ciency of electrochemical water electrolysis and is the biggest
obstacle to the water-splitting field in a wide range of practical
applications.> Therefore, it is necessary to investigate high-
efficiency oxygen evolution catalysts to further advance the
practical applicability of this field.>*

Typically, the most active electrocatalysts for the OER are
noble metal oxides (e.g., IrO, and Ru0,),>* which present high
current densities at negligible overpotentials. Nevertheless,
despite the very high electrocatalytic efficiencies of iridium and
ruthenium, conducting an efficient OER remains a major
challenge because of the high price, scarcity, and limited
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reserves of precious metals, which significantly impede their
large-scale application. Indeed, the relatively low utilization rate
of precious metals is the main limitation of OER catalysts.”™ To
address this concern, the research and development of low-cost
and highly efficient non-precious transition metal OER catalysts
are the main topics in current catalyst research.>*?

The development of appropriate non-noble metal electro-
catalysts with high OER activity in electrolytes could be
a promising pathway for lowering the cost of water-splitting
devices, thereby making hydrogen production inexpensive and
efficient.’*® Recently, non-noble transition metal-based cata-
lysts (e.g., Co, Mo, Ni, Mn, and Fe-based catalysts) have become
research hotspots and have attracted significant attention as
promising candidates in the catalysis industry to replace Ir/Ru-
based materials as OER electrocatalysts.>*** Among them, Fe-
and Ni-based electrocatalysts are well known for their catalytic
performance in the OER and have been widely explored owing
to their widespread availability, high catalytic activity, and
environmental friendliness. Nevertheless, the OER perfor-
mance of pure metal-based catalysts is still unsatisfactory and
requires further improvement.*** Concerning the unsatisfac-
tory results reported for OER catalysts, designing efficient,
stable, and highly active catalysts remains a challenge.
However, the morphology and structure are also very important
for the OER catalytic activity of metal-based catalysts. Thus, to
solve this problem and improve the catalytic activity, we
designed transition metal (e.g., Ni, Fe, and Co) oxide nano-
particles with OER activity that are loaded on carbon materials.
Graphene (Gr) and C;N, were introduced into the reaction
system. Hence, the excellent electrochemical activity observed
was attributed to the synergistic effect between the different
chemical components, a large number of exposed active sites,
and the fast mass-transfer process due to the hierarchical pore
framework.

In this study, we successfully prepared Fe;O, magnetic
nanoparticles (MNPs) through a modified polyol solvothermal
method at 200 °C. Subsequently, based on Fe;0, MNPs modi-
fied with sodium citrate, core-shell Fe;0,@SiO, MNPs were
prepared using an improved version of the Stober method to
improve the stability and practicality of the Fe;0,@SiO, MNPs.
Fe;0,@Si0,@NiO (FSN)/graphene/C;N, was then synthesized
via a simple solution-reduction method using a Teflon-lined
stainless-steel autoclave. Herein, we report the synthesis of
nickel-coated C;N, loaded on a graphene catalyst, which
exhibits outstanding performance, high efficiency, and robust
durability for the OER. Notably, the as-synthesized samples
exhibited a low overpotential of 306 mV at 20 mA cm™?, and
robust OER durability within a prolonged test period of 100 h,
which equals the OER performance of commercial IrO,.
Importantly, FSN/Gr/C;N, is cheaper than noble metal-based
catalysts. Benefiting from a good magnetic performance and
special physical stability, the as-prepared samples show good
material recyclability and reusability potential and can be
widely used in various high-tech fields.””** Moreover, the
developed catalyst has potential value in many frontier fields
including biological effects, catalysis, and sensors.***° In
conclusion, developed a economical, and

we new,
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environmentally friendly material with unique advantages and
broad application prospects for a modern society that advocates
environmental protection.

2 Experimental
2.1 Materials

Ethylene glycol (EG, =99%), ethanol (AR, =99.5%), iron(ui)
chloride (FeCl;-6H,0, AR, 99%), and nickel chloride hexahy-
drate (NiCl,-6H,0, AR, 98%) were purchased from Aladdin
Chemicals, China. Trisodium citrate dihydrate (AR, 99%),
anhydrous sodium acetate (AR, =99%), melamine (99%), and
polyethylene glycol (PEG, average Mn 4000) were purchased
from Sigma-Aldrich Chemicals. Ammonia solution (NH;-H,O,
28 wt% in H,0) and tetraethyl orthosilicate (TEOS, reagent
grade, 98%) were acquired from Shanghai Macklin Biochem-
ical. Deionized (DI) water, which was used in various processes,
was synthesized in our laboratory using a Shenzhen Pure Water
No. 1 Water Treatment Technology system. The resistivity of the
DI water used in this study was 18.25 mQ cm™*. The graphene
used in the samples was provided by Shanghai Aladdin
Biochemical Technology.

2.2 Synthesis of Fe;0,, Fe;0,@8i0,, and Fe;0,@Si0,@NiO
magnetic nanoparticles and Fe;0,@SiO,@NiO/graphene/
C;N, composites

Fe;0, MNPs were synthesized using a modified polyol sol-
vothermal method. In the synthesis process, 0.819 g of FeCl;-
-6H,0 was dissolved in 10 mL EG with magnetic stirring, at
room temperature, to form an orange-yellow solution. Subse-
quently, 0.318 g sodium citrate was added into 20 mL EG with
magnetic stirring in a 50 °C water bath for complete dissolution.
Next, 1.5 g sodium acetate anhydrous and 1 mL DI H,O were
rapidly added to the mixture and stirred for 30 min until
a homogeneous yellow-brown solution was obtained. After
vigorous magnetic stirring for 0.5 h, the solution was trans-
ferred to a 50 mL Teflon-lined stainless-steel autoclave and
subjected to a high-temperature and pressure reaction at 200 °
C, for 10 h, under constant temperature conditions, in an
electrically heated drying oven. After the autoclave was cooled to
room temperature, the products were washed six times with
a mixture of DI water and ethanol to remove all impurities. To
prevent the MNPs from being oxidized during the drying
process, the cleaned samples were placed in a vacuum drying
oven and dried at 40 °C for 48 h. Subsequently, approximately
200 mg of the as-synthesized Fe;O, MNPs were collected for
further study.

In this study, Fe;0,@SiO, MNPs with core-shell structures
were prepared using an improved version of the classic Stober
method.*»** Notably, TEOS was added twice to ensure the
homogeneity of the SiO, shell. During the coating process,
a mixture of 50 mg Fe;0, MNPs, 6 mL DI water, and 40 mL
ethanol was evenly dispersed using ultrasonic oscillation for
10 min. The mixture was then transferred to a 250 mL three-
necked round-bottom flask with vigorous mechanical stirring
(1000 rpm) in a 50 °C water bath to obtain a better coating of
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Fig. 1 Formation of the Fez0,@SiO,@NiO (FSN)/graphene/CsN4
composites.

SiO,. Notably, when wrapping the SiO, shell, N, was added as
a protective gas at the initial stage to ensure that the Fe;0O,
MNPs were not oxidized by heating. Next, 4 mL concentrated
ammonia solution was pipetted into the as-prepared solution
and mechanically stirred for 10 min. Subsequently, we used
a micropipette to add 120 uL TEOS into the mixture dropwise, in
three lots at 30 min intervals, to ensure the uniformity of the
SiO, shell until the reaction was completed. The products were
then collected through magnetic separation, washed six times
with ethanol followed by DI water, and finally dried at 40 °C for
48 h in a vacuum. The final product was stored until further use.

For the next synthesis, 100 mg Fe;0,@SiO, MNPs and 10 mL
DI water were mixed and evenly dispersed through ultra-
sonication. Next, 0.237 g NiCl,-6H,0, 0.1 g PEG, and 0.2 g
melamine were added in sequence to 12 mL DI water and stir-
red for 1 h at 600 rpm using a polytetrafluoroethylene-coated
stirrer. Finally, 8 mL H,0, was slowly added to the mixture
using a micro-syringe and magnetically stirred for 2 h at
800 rpm, whereby the color of the solution changed from dark
to light blue. The aqueous solution was then sealed in a 50 mL
Teflon-lined stainless-steel autoclave and maintained at 180 °C
for 10 h. After the reaction was completed, the resulting solu-
tion was subjected to centrifugal sedimentation at 12 000 rpm
for 30 min. The C;N, synthesized with melamine as a carbon
source was calcined in an N, atmosphere at 550 °C for 2 h. Fig. 1
displays the detailed synthesis process of the FSN/Gr/C;N,
composites.

3 Results and discussion

The low-magnification scanning electron microscopy (SEM)
images of the FSN MNPs (Fig. 2a and b) show that FSN has
a flower-like structure that is assembled by lamellar agglomer-
ation. Fig. S1 (ESI}) displays the SEM images of graphene. In
addition, the TEM magnifications of the FSN/Gr/C;N,
composites (Fig. 2¢, d and S2, ESIT) and FSN MNPs demonstrate
that the C;N, and FSN MNPs were successfully decorated on the
graphene. Furthermore, in the TEM images (Fig. 2e, f and S3,
ESIY), the Fe;O,4 core, middle silica inner shell, and outermost
NiO can be distinguished. In particular, SiO, provides the Fe;-
0,@Si0, MNPs with good dispersion properties, excellent
biocompatibility, good structural stability, and a large surface
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Fig. 2 (a and b) SEM images of the Fez0,@SiO,@NiO magnetic
nanoparticles (FSN MNPs); TEM images of (c and d) FSN/Gr/CsN,4 and
(e and f) FSN MNPs; (g) SEM image of FSN/Gr/C3Ny; (h) SAED image of
the FesO4 MNPs; (i) HRTEM images of FezO4; (j) HRTEM images of NiO.

area, properties that are highly desirable for NiO NP coatings.
Fig. 2g shows that graphene plays an excellent decorating role in
this system, and the FSN nano-chains are well-loaded on the
graphene. In Fig. 2h, many brighter diffraction spots within the
sharp diffraction rings are observed in the selected area electron
diffraction (SAED) pattern, corresponding to the (111), (220),
(311), (400), (422), (511), and (440) planes, which indicate the
polycrystalline characteristics of the Fe;0, MNPs. Fig. 2i shows
the interplanar spacings of 0.16, 0.24, 0.29, and 0.48 nm, which
are consistent with the interplanar distances of the (511), (311),
(220), and (111) lattice planes in the face-centered cubic (FCC)
Fe;0, core, respectively. The high-resolution TEM (HRTEM)

Fig. 3 STEM-HAADF and elemental mapping images of (a) Fes04@-
SiO,@NiO  (FSN)/Gr/CsN4 and (b) FSN magnetic nanoparticles
(MNPs)—elemental Fe (brown), Ni (green), Si (cyan), O (pink), C
(yellow), and N (red) mapping.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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magnification of NiO shows the (200) plane with an interplanar
distance of 0.21 nm in Fig. 2j.

TEM scanning energy-dispersive X-ray spectroscopy (SEDS)
was performed to further confirm the composition of FSN/Gr/
C;3;N, (Fig. 3a and b). The elemental Fe (brown), Ni (green), Si
(cyan), O (pink), C (yellow), and N (red) mapping of FSN/Gr/C;N,
demonstrates the corresponding elemental distributions
(Fig. 3a). As shown in Fig. 3b, Fe (brown) is close to the center
and is completely covered by the middle shell of Si (cyan), while
Ni (green) entirely coats the outermost layer of the surface.
These results verify that the FSN MNPs have a uniformly
distributed three-layer structure. Therefore, the Fe;O, core,
middle dense silica inner shell, and outermost NiO outer shell
can be clearly distinguished by comparing the distributions of
the different elements.

The surface of the modified Fe;0,@Si0O, MNPs displayed
strong electrostatic repulsion and good dispersibility in
aqueous solutions, making it a good carrier in drug delivery
systems. Indeed, these MNPs can not only be stored for long
periods but also maintain a stable structure when constructing
biomaterials. The elemental compositions and surface func-
tional groups of FSN and FSN/Gr/C;N, were characterized using
high-resolution X-ray photoelectron spectroscopy (HR-XPS;
Fig. 4). As shown in the survey spectrum (Fig. 4a), the binding
energies at 848.38-870.78, 720.88-731.08, 281.83-292.78,
527.13-537.83, 394.68-404.14, and 98.38-108.38 eV can be
attributed to Ni 2p (b), Fe 2p (c), C 1s (d), O 1s (e), Si 2s (f), and N
1s (g) with the corresponding atomic percentages of 13.53, 0.77,

O
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Fig. 4 XPS spectra of the Fez0,@SiO,@NiO magnetic nanoparticles
(FSN MNPs): (a) survey, (b) Ni 2p, (c) Fe 2p, (d) C 1s, (e) O 1s, (f) Si 2s, and
(9) N 1s. XPS spectra of the FSN/Gr/CsN4 composites: (h) survey, (i) Ni
2p, (j) Fe 2p, (k) C 1s, () O 1s, (M) Si 2s, and (n) N 1s.
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13.15, 53.68, 2.25, and 16.63, respectively. Fig. 4b displays the
curve fitting for the Ni 2p;/, and Ni 2p,,, photoelectron region
profiles, which can be observed in two shoulder peaks of (Ni
2pss,) and (Ni 2py,,) at 856.84 and 874.41 eV, respectively. The
energy difference between the Ni 2p;, and 2p,, peaks is
approximately 17.5 eV, indicating that the Ni(u) ions in the oxide
form have clear symmetry. The peak positions of the Ni 2p;/,
electron spin orbitals for the FSN MNPs presented in Fig. 4b are
located at approximately 856.51 and 857.42 eV. Two other major
peaks at approximately 874.01 and 875.26 eV are also observed,
which correspond to the characteristic Ni 2p,,, orbital. Two
significant satellite structures (~862.74 and 880.65 eV) are
found on the higher binding energy side of these four peaks. In
Fig. 4c, the Fe,, core-level spectrum of the MNPs comprises two
binding energy peaks at 712.37 and 723.74 eV assigned to Fe
2ps. and Fe 2py,, peaks, respectively. Fig. 4f clearly shows the
XPS spectra of the Si 2s spectrum, which confirms the presence
of Si0, in the composite and proves that SiO, was successfully
coated on the surface of Fe;0,.

The wide-scan XPS spectrum of the FSN/Gr/C;N, hierarchical
structures (Fig. 4h) shows photoelectron lines at binding ener-
gies of 98.28-108.08, 279.33-295.33, 394.13-410.53, 526.73—
538.58, 720.18-731.68, and 848.98-871.78 eV, which were
assigned to Si 2s (m), C 1s (k), N 1s (n), O 1s (1), Fe 2p (j), and Ni
2p (i), respectively. Based on Fig. 4i, the Ni 2p,/, (874.57 and
876.03 eV) and Ni 2p;, (857.07 eV and 857.91 eV) peaks corre-
spond to the Ni(u) ions in NiO. In Fig. 4j, the MNP Fe,, spec-
trum displays two binding energy peaks at approximately 711.96
and 724.84 eV corresponding to Fe 2p;, and Fe 2p,/, peaks,
respectively, suggesting the presence of Fe;O,. Importantly, as
shown in Fig. 4n, the N 1s curve can be fitted into two peaks
corresponding to N-H (399.25 eV) and C-N (400.67 eV) bonds.
The appearance of the C-N bond was due to the addition of
C;3N, and is markedly different from the bonds shown in Fig. 4g.
XPS was also performed to study the surface chemical states of
the catalyst before and after the OER.

Compared to the Ni 2p orbital (Fig. S4(a)), Fe 2p orbital
(Fig. S4(b)), and O 1s orbital (Fig. S4(c), ESIT) XPS spectra of the
catalyst before and after stability, these peaks were almost the
same and remain unchanged in location, indicating no surface
reconstruction, which also revealed the good chemical state of
the catalyst after a 100 h durability test. This means that FSN/
Gr/C;N, presents an ultrastable performance for the OER in an
alkaline solution, indicating the excellent durability of FSN/Gr/
CsN,.

To characterize the magnetic properties of Fe;0,, Fe;0,@-
SiO,, FSN, and FSN/Gr/C;N,, the magnetic parameters, including
the hysteresis loops, saturation magnetization (M), retentivity
(M), and coercivity (H.), were systematically measured using
a vibrating sample magnetometer (VSM) by applying a magnetic
field ranging from —30000 to 30000 Oe at room temperature
(300 K; Fig. 5a). The results revealed that the magnetic saturation
strength per unit mass of the sample gradually decreased with
the continuous process of modification. With the gradual
increase in modifiers, the specific gravity of the modifiers also
increased, whereas the Fe;O, content per unit mass of sample
powder decreased.** When the TEOS content of the sample was
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Fig. 5 (a) Hysteresis loops of the Fez04@SiO,@NiO magnetic nano-
particles (FSN MNPs) at 300 K (room temperature)—the bottom right
of the illustration shows magnified fields at the origin. (b) Hysteresis
loops of FesO4 MNPs with different amounts of sodium acetate at 300
K@=22b=20 c=18 d=16,e =15 and f =14 q). (c)
Magnetization curves for FesO4 MNPs using different volumes of DI
H,0: 1, 1.2, 1.4, 1.6, and 1.8 mL—the process of magnetic separation
that can be achieved by applying an external magnetic field is illus-
trated at the top left of the inset. (d) Magnetization loops for core—shell
FesO4 MNPs achieved by using different volumes of TEOS: 0, 120, 180,
240, 360, and 480 pL—the top left of the inset shows the different
structural colors of the Fez0,@SiO, MNPs. (e and f) Reflection spectra
of the Fez0,4@SiO, MNPs in response to varying magnetic field
strength.

0 pL (i.e, Fe;04), the magnetic saturation strength was the
highest, reaching 69.23 emu g~ '. Because the silica in the Fes-
0,@Si0, MNPs is a nonmagnetic substance, the content of the
magnetic substance in the entire particle mass ratio decreased,
and the magnetic saturation strength was 29.21 emu g~ '. When
nickel oxide particles were grown on the surface of the silicon
dioxide and when graphene was doped, the measured values
were 17.48 and 8.22 emu g ', respectively. In the region of
interaction of the magnetic fields, a weak coercive magnetic field
force (13, 8, 5, and 1 Oe) and inappreciable remanence appeared
in the four groups of samples near the origin, showing their
superparamagnetic nature.

Fig. 5b shows the M-H curve of the Fe;O, MNPs with
different amounts of sodium acetate at room temperature cor-
responding to 57.92, 41.49, 45.29, 53.19, 53.71, and 55.23 emu
g~ '. The magnetic properties of the samples were measured
under cyclic magnetic fields ranging between 6000 and -6000
Oe. The figure clearly shows that the six types of MNPs have
a low coercivity force and inappreciable remanence at room
temperature and exhibit superparamagnetism characteristics
and very high magnetic susceptibility under the action of an
external magnetic field. The particle size could be controlled by
adjusting the mass ratios of sodium acetate and sodium citrate.
In addition, as the relative mass of sodium acetate increased
and the size of the Fe;0O, MNPs gradually increased, the
magnetic saturation also increased, as shown in Fig. 5b. The
results in Fig. 5c indicate that the magnetic saturation of the
Fe;0, and Fe;0,@Si0, MNPs changed with the addition of
different amounts of DI water, so that the M values of Fe;0,
MNPs in different volumes of DI H,O (1, 1.2, 1.4, 1.6, and 1.8
mL) were 69.22, 66.97, 64.29, 57.59, and 44.98 emu g’l,
respectively. Furthermore, in the presence of the SiO, coating,
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the corresponding magnetic saturation intensities were 32.07,
31.12, 29.19, 28.03, and 26.71, respectively. When a magnet was
placed next to the bottle containing Fe;O, and FSN MNPs
dispersed in DI water, the MNPs in the bottle moved rapidly
along the direction of the magnetic field and gathered near the
magnet, leaving the solution transparent within a few seconds,
as displayed in the upper-left insets of Fig. 5b and c. As shown in
the lower-right corner of Fig. 5c, these samples exhibited low
coercivity and weak remanence, indicating that the Fe;O, core
was superparamagnetic. The highest magnetic saturation
intensity (60.06 emu g~ ') was achieved when the TEOS content
of the sample was 0 pL. Notably, there was a negative correlation
between the magnetic saturation intensity and the addition of
TEOS. Moreover, with the increase in the TEOS content, the
magnetic saturation intensity of the samples gradually
decreased. Specifically, with increasing added TEOS amounts of
120, 180, 240, 300, 360, and 480 pL, the magnetic saturation
intensities of the sample gradually decreased to 60.06, 57.21,
54.62, 49.35, 31.15, and 29.35 emu g ', respectively. The
thickness of SiO, could be adjusted by varying the amount of
TEOS, and with the increase in the SiO, content, the thickness
of the core-shell also increased until it plateaued when the
amount of TEOS exceeded 1000 pL, as shown in the bottom-
right inset of Fig. 5d. When the amount of TEOS was
increased continuously, white turbidity was observed in the
flask, which was not attached to the surface of Fe;O,@SiO, and
formed SiO, spherical pellets. To prevent oxidation of the Fe;-
0,@Si0, MNPs during drying, the cleaned samples were dried
in a vacuum for 48 h at 40 °C. After drying, Fe;0,@SiO, MNPs
with different structural colors were obtained owing to the
different MNP sizes, as shown in the upper-left corner of Fig. 5d.
The superparamagnetic properties resulted in a rapid magnetic
response, which allowed the Fe;0,@SiO, MNPs to respond
quickly to external magnetic fields. Because of their outstanding
magneto-control properties, the reflection spectra of the Fe;-
0,@Si0, MNPs for varying magnetic field intensities were also
recorded, as shown in Fig. 5e and f. The magnetic field strength
slowly decreased from 998 to 96 G, resulting in a red shift in the
peak due to the diffraction of the Fe;0,@SiO, MNPs (Fig. 5e).
Similarly, the peak blue-shifted as the magnetic field strength
increased from 115 to 998 G (Fig. 5f). The magnetic field, as
a new type of external field, has a significant influence on
electrocatalytic reactions. Enhancing the efficiency of the OER
through magnetic fields has recently received widespread
attention as a new regulatory pathway.****

XRD analysis of the Fe;O,, Fe;0,@Si0,, FSN MNPs, and
FSN/Gr/C3N, composites was next performed to characterize
their structures and phases (Fig. 6a). The seven typical diffrac-
tion peaks that appeared from 20° to 70° were assigned to the
(111), (220), (311), (400), (422), (511), and (440) planes of iron
oxide nanocrystals with an inverse spinel structure, which is
consistent with the standard card library (JCPDS No. 19-0629).
After the hydrolysis reaction between ammonia, water, and
TEOS, no characteristic peaks related to SiO, were detected in
Fe;0,@Si0,, indicating that SiO, was amorphous. Meanwhile,
for the FSN and FSN/Gr/C;N, composites, new characteristic
XRD diffraction peaks appeared at approximately 37.3°, 43.2°,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XRD spectra of (a) Fes04, Fez04@SIO,, and Fez0,4@SiO,@NiO
(FSN) magnetic nanoparticles (MNPs) and FSN/Gr/CsN4 composites
and (b) FesO4 with different amounts of NaOAc (@a=14g9,b=15g,c=
169, d=18g,e=20g, and f =22 q). FT-IR spectra of (c) FezOy,,
Fes04@SiO,, NiO, and FSN MNPs and FSN/Gr/CsN4 composites and
(d) FezO4, modified-FesO4, Fez04@SiO, and modified-Fez0,4@SiO»
MNPs.

and 62.9° (Fig. 6a), which correspond to the NiO structure
(JCPDS, No. 47-1049). The three additional large and strong
characteristic diffraction peaks at approximately 12.85°, 28.11°,
and 22.29° correspond to the (100) and (002) planes (JCPDS 87-
1526) of C3;N, and the (002) planes of graphene, respectively,
thereby indicating the successful synthesis of the FSN MNPs
and FSN/Gr/C3N, composites.

Fig. 6b clearly shows that for the Fe;0,@SiO, MNPs with
different amounts of anhydrous sodium acetate, there were
seven typical diffraction peaks in the six samples: (111), (220),
(311), (400), (422), (511), and (440), confirming the crystalline
nature of the Fe;O, MNPs. The adjustment effect of sodium
acetate and sodium citrate on the size of Fe;0, was due to the
interaction of the different forces and hydrolysis rates in the
solvothermal process.

The Fourier transform infrared (FTIR) spectrum (Fig. 6c) was
used to locate the band positions. Specifically, the strong bands
at 629 and 470 cm ! correspond to Ni-O bond vibrations; the
strong absorption at 565 cm ™" was attributed to the presence of
the Fe-O bond in Fe;0,; the bonds at approximately 1070, 958,
and 456 cm ' were assigned to the Si-O-Si asymmetric
stretching vibrations and Si-OH and Si-O bending vibrations,
respectively. The FTIR spectra of the Fe;0, MNPs, modified-
Fe;0, MNPs, Fe;0,@SiO, MNPs, and modified Fe;0,@SiO,
MNPs are shown in Fig. 6d. The strong absorption at 565 cm ™
was assigned to the Fe-O bond in Fe;O4, and this peak
confirmed that the product was Fe;0,. The bands at approxi-
mately 1000-1200, 958, and 456 cm ™' were attributed to the Si-
O-Si asymmetric stretching vibrations and Si-OH and Si-O
bending vibrations, respectively. In the infrared spectrum of
Fe;0, modified with sodium citrate, typical COO- absorption

© 2023 The Author(s). Published by the Royal Society of Chemistry
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peaks were observed at approximately 1540, 1411, 1620, and
1410 cm™', corresponding to COO- antisymmetric and
symmetric vibrations. These results indicated that large
amounts of COO- in the sodium citrate strongly bonded with
the Fe ions on the surface of the Fe;O, MNPs, forming iron
carboxylates. The results also revealed that citrate forms
a chemical covalent bond on the surface of Fe;0,. Each citric
acid group contains three carboxylate groups. When enough
citric acid groups are bound to the surface of the Fe;0, MNPs,
the strong electrostatic repulsion between the MNPs can over-
come the van der Waals force and magnetic dipole interactions,
resulting in the stable dispersion of the MNPs in water. The
MNPs with a broad and strong absorption band centered at
approximately 3390 cm™" were assigned to the O-H stretching
vibration on the surface of Fe;0,, indicating that under alkaline
conditions, citric acid not only cannot completely replace the -
OH groups on the surface of Fe;0,, but also aids -OH adsorp-
tion, which is caused by exposure of some of the citrate carboxyl
groups to the solvent. These results are consistent with the XPS
results, indicating that Fe;O0, was successfully modified.

The OER activity of FSN/Gr/C;N, was investigated by elec-
trochemical measurements at a scan rate of 10 mV s~ ' in 1.0 M
KOH solution. Glassy carbon (GC) was used as the working
electrode. Fig. 7a shows the linear sweep voltammetry (LSV)
curves of Fe;0,@NiO, FSN, FSN/Gr, FSN/Gr/C3N,, and IrO,,
which show that the FSN/Gr/C;N, catalyst presented a low
overpotential of 288 mV at 10 mA ¢cm 2. Fig. 7b shows the
overpotentials of Fe;0,@NiO, FSN, FSN/Gr, and FSN/Gr/C;N,,
and IrO, : IrO, exhibited an OER onset overpotential of 1.55 V
and an overpotential of 350 mV at 10 mA cm~> and a scan rate of
5 mV s~ " in 1.0 M KOH solution. Notably, the OER activity of
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Fig. 7 (a) OER LSV curves of FezO4, Fes04@SIO,, Fes0,4,@SiO,@NiO

(FSN) MNPs, and FSN/Gr/C3N4 composites in O,-saturated 1.0 M KOH;
(b) overpotentials derived from OER polarization curves at j = 10 and
20 mA cm™2; (c) corresponding Tafel plots derived from the OER LSV
curves of different catalysts in (a); (d) chronopotentiometric curve for
FSN/Gr/C3sN, recorded at a constant current density of 10 mA cm™
for 100 h (long-term stability test) in 1.0 M KOH. The inset shows the
initial and 20 000th polarization curves of FSN/Gr/C3N,.
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FSN/Gr/C3N, is superior to that of Fe;0,@NiO, FSN, and FSN/Gr
and is the same as that of commercial IrO, for the overpotential
at 10 mA cm 2. Fig. 7c shows Tafel plots obtained by replotting
the corresponding OER LSV curves. The Tafel slopes of Fe;-
0,@NiO, FSN, FSN/Gr, FSN/Gr/C;N,, and IrO, were 94.19,
86.21, 40.46, and 75.84 mV per decade, respectively. As shown in
Fig. 7c, the Tafel slope of FSN/Gr/C;N, is considerably lower
than those of commercial IrO, (75.84 mV per decade) and the
other samples. Above all, to evaluate the durability of FSN/Gr/
C3;N,, chronopotentiometry (CP) experiments were performed
under a constant current density of 10 mA cm > Fig. 7d
displays the chronopotentiometry curve of FSN/Gr/C;N, at 10
mA cm 2 in 1.0 M KOH with a continuous 100 h test, and the
inset demonstrates that the LSV curves of FSN/Gr/C;N, do not
change significantly after 20 000 cycles, indicating the excellent
durability of FSN/Gr/C;N,. As can be seen from Fig. 7d, there is
a slight change in the initial potential after the long-term OER
test, indicating that the catalyst has excellent electrochemical
stability and the activity of the samples can be maintained for
100 h at a constant voltage of about 1.52 V. In sum, FSN/Gr/C;N,
exhibits superior OER performance and long-term durability
compared to other catalysts. Additionally, the structure and
morphology of the catalyst did not change and could also
maintain after the long-term OER testing (Fig. S5, ESIT).
Fig. S5(a)-(e)t display the SEM images of the FSN/Gr/C;N,
catalyst before and after the stability test. Besides, the HRTEM
images were further used to rule out the possible interference
from the surface reconstruction of catalysts during the OER
process. It has been found that the distinctive crystal structure
of FSN/Gr/C;N, remained after the electrochemical treatment
(Fig. S6, ESIt). Therefore, these results confirm the excellent
catalytic activity and structural stability of the FSN/Gr/C3;N,
catalyst during the OER process.

Moreover, we have also explored the structure-activity rela-
tionship between the catalyst and OER performance, and
investigated the effects of addition of different components on
the catalyst structure and catalytic activity, further discussions
and detailed descriptions are indicated in ESI, Section 2.7 As
illustrated in Fig. S9(a)—(f), ESI,T the decoration of graphene can
effectively improve the OER activity of the catalyst, and with the
continuous addition of C;N,, the catalytic performance of Fe;,-
0,@Si0,@NiO/Gr/C3N, will continue to enhance, ultimately
presenting the best catalytic performance.

More importantly, the excellent OER performance of the
FSN/Gr/C;N, catalyst is also superior to that of most previously
reported catalysts that were tested in similar environments as
shown in Table S1 (ESI{), demonstrating that the construction
of the Fe;0,@Si0,@NiO/graphene/C;N, composite is a prom-
ising strategy to promote the reaction kinetics and reduce the
overpotential. For the convenience of comparison, the
comparison tables are tabulated in ESI, Table S1.}

All the above results demonstrate that the FSN/Gr/C;N,
electrode presents good performance for the OER in 1.0 M KOH,
indicating that the catalyst has excellent electrochemical
stability during the OER process.

OER kinetics are a multi-electron charge transfer process in
an alkaline medium and we consider a four-electron reaction
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mechanism for the OER. Under alkaline conditions, the water
oxidation reaction is given by (eqn (1)):

40H™ — Os(g) + 2H,0 + de~ (1)

In general, this reaction is usually assumed to proceed in the
following four elementary steps and the OER mechanism in an
alkaline electrolyte is depicted as follows (eqn (2)-(5)):

*+OH — *OH +e” (2)
*OH+ OH — *O+ H,0 +e¢" (3)
*O+OH™ — *OOH + e~ (4)
*OOH + OH™ — *+ O, + H,O + e~ (5)

where the * denotes the active site on the catalyst surface.
Further discussions and detailed descriptions of the reaction
mechanism of the OER are indicated in ESI, Section 1.7
Generally, almost all applications require good biocompati-
bility and a stable structural basis of the material. To explore the
toxic effects of compounds on cells, the detection of cell
viability, which includes cell proliferation, is very important in
cell culture applications. The interactions between the nano-
composites and mammalian cells were thus evaluated to
determine the safety of Fe;0,@SiO, and FSN/Gr. The CCK-8
assay was used to detect the effects of these samples on the
viability of HeLa and MC3T3-E1 cells. HeLa and MC3T3-E1 cells
were incubated with different concentrations (0, 0.01, 0.025,
0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 mg mL ") of
Fe;0,@Si0,, FSN MNPs, and FSN/Gr/C;N, composites. The
cytotoxicity of Fe;0,@SiO,, FSN MNPs, and FSN/Gr/C;N,
nanocomposites was evaluated in HeLa and MC3T3-E1 cells, as
shown in Fig. 8a-d. For the Fe;0,@SiO, MNPs (Fig. 8a and b),
the cell viability did not decrease significantly, and cell prolif-
eration even appeared during the culture process after the
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Fig.8 Cellviability outcomes obtained from CCK-8 assay after 24 and
48 h incubation: Hela cells and MC3T3-E1 cells are incubated with
different concentrations (0, 0.01, 0.025, 0.05,0.1,0.2,0.3,0.4, 0.5, 0.6,
0.7, 0.8, 0.9, and 1.0 mg mL™) of (a) and (b) Fes0,4@SiO, magnetic
nanoparticles; (c) and (d) Fez0,4@SiO,@NiO (FSN) MNPs; (e) and (f)
FSN/Gr/C3N4 composites.
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Fe;0,@SiO, MNPs were added at concentrations of up to 1000
ug mL ™" for 24 and 48 h incubation periods. For the FSN MNPs
(Fig. 8c and d), cell proliferation was more significant in the
early stage, and cell activity decreased slightly when it reached
a certain concentration. As shown in Fig. 8e and f, cell prolif-
eration was evident in the HeLa cells, whereas the activity was
slightly decreased in the MC3T3-E1 cells. These observed
changes in the cell viability of HeLa and MC3T3-E1 cells after
co-culture with the samples for 24 and 48 h verify that the
Fe;0,@Si0O, MNPs and FSN/Gr/C;N, composites are biocom-
patible and can be explored for bioimaging inside living cells in
the future. Therefore, FSN/Gr/C;N, has excellent biocompati-
bility, and its biological applications should be further
explored.

Fig. 9 and 10 show the laser scanning confocal microscopy
images of live/dead staining (100x) when HeLa cells were co-
cultured with the FSN/Gr/C;N, composites for 24 and 48 h at
different concentrations. The presence of dense living cells

Fig. 9 Laser scanning confocal microscopy images of live/dead
staining (100x) for Hela cells co-cultured with different concentra-
tions of Fez04@Si0,@NiO (FSN)/Gr/CsN4 composites for 24 h (@ = 0,
b=0.01,c=0.025d=0.05e=01f=02,9g=03h=04,i=0.5,j
=06,k=071=08 m=0.9 andn=10mgmL™Y.
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Fig. 10 Laser scanning confocal microscopy images of live/dead
staining (100x) for MC3T3-El cells co-cultured with different
concentrations of Fez04@SiO,@NiO (FSN)/Gr/CsN4 composites for
24h@=0,b=0.01,c=0.025d=0.05€e=01f=029g=03 h=
04,i=05,=06k=071=08m=09, andn=10mgmL™Y.

(green) and a very small number of dead cells (red) clearly
indicates that there were a large number of active cells and
almost no dead cells in the co-cultures. These cell viability
results show that the prepared FSN/Gr/C;N, composites had
almost no adverse effects on the cells and were biocompatible
with both human and animal cells, indicating that these FSN/
Gr/C;N, composites are promising biocompatible materials for
drug delivery, which can also be widely applied in bio-
electrocatalysis, electrochemical biosensors, etc. Bio-
electrocatalysis is an interdisciplinary research field combining
biocatalysis and electrocatalysis, which synergistically couples
the merits of both biocatalysis and electrocatalysis and provides
access to sustainable and highly efficient technological
applications.*

4 Conclusions

In this study, we successfully synthesized superparamagnetic
Fe;0, magnetic nanoparticles using a novel solvothermal
method and modified them with a citrate group with excellent
water dispersity. Fe;O0,@NiO, Fe;0,@Si0,, and Fe;0,@-
SiO,@NiO/graphene catalysts were subsequently synthesized
using these Fe;O, magnetic nanoparticles. We then developed
a graphene substrate by loading Fe;0,@SiO,@NiO magnetic
nanoparticles with C;N,. The Fe;0,@SiO,@NiO/graphene/C;N,
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composite exhibited better electrocatalytic performance than
the other catalysts in a 1.0 M KOH solution for the OER, which
matched that of commercial IrO,. This excellent catalyst is re-
ported herein for the first time. Owing to the porous multilayer
structure of graphene and the high specific surface area of C3Ny,
the Fe;0,@Si0,@NiO/graphene/C;N, composite demonstrates
a low overpotential (288 mV), small Tafel slope (40.46 mV per
decade), and robust OER durability within a prolonged test
period of 100 h. More importantly, the Fe;0,@SiO,@NiO/gra-
phene/C;N, catalyst is easier to prepare than other non-noble
metal catalysts and significantly cheaper than commercial
IrO,. This work provides a feasible approach to achieve the
strong combination of carbon materials and metal oxides for
excellent OER performance. In conclusion, its economy and
convenience make our developed composite highly valuable in
many bio-related fields.
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