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Abstract

Multi-functional FeCo nanoparticles (NPs) exhibit unique structural, magnetic, and
catalytic properties, making them versatile materials with potential applications in diverse fields.
In this work, we investigated the structural, electrochemical, and magnetic properties of as-
prepared FeCo NPs synthesis by polyol method. X-ray diffraction analysis revealed multiphase
structures: FeCo and a-Fe,Os phases and scanning electron microscopy images confirmed
spherical-like structures of FeCo NPs with an average size of 12.4 + 0.1 nm. The electrochemical
properties of FeCo NPs were investigated using a three-electrode setup in a 1 M KOH electrolyte

at room temperature. The onset potentials for FeCo catalysts were found to be -0.15 V for ORR,
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0.25 V for OER, and -1.26 V for HER. Tafel measurements further elucidated the reaction
mechanism, revealing corrosion potentials of -0.165 V for ORR and 0.215 V for OER, with Tafel
slopes of 228 mV dec? and 48 mV dec?, respectively. A significant increase in magnetization
was observed below 25 K in both zero-field-cooled and field-cooled curves, a magnetic transition
temperature, Ts, occurs at 15 K, possibly indicating a ferromagnetic-to-antiferromagnetic phase
transition. The hysteresis loop measurements revealed coercive field values ranging from 968 Oe
at 5 K to approximately 206 Oe at 320 K, indicating a relaxation in magnetic spin orientation with
increasing temperature. The saturation magnetization (Ms) values were recorded as 15.2 emu/g
under a 5 T magnetic field, and the remanent magnetization (M) showed dominant ferromagnetic
properties at 5 K with an M/Ms ratio indicating soft magnetic behavior. The magnetic
susceptibility of FeCo NP exhibited a peak at approximately 25 K, and the Curie-Weiss law

provided an estimated & angle of -9.58°, suggesting antiferromagnetic interactions.
Keywords: FeCo NPs; Polyol; Structural; Magnetic; Catalytic.

Poliol Yontemi ile Sentezlenen FeCo Nanopartikiillerinin Yapisal, Manyetik ve

Katalitik Ozellikleri
Oz

Cok islevli FeCo nanopargaciklar: (NP'ler), manyetik, katalitik ve yapisal 6zelliklerin bir
kombinasyonunu sergileyerek, cesitli alanlarda potansiyel uygulamalara sahip ¢ok yonlii
malzemelerdir. Bu ¢alismada, poliol yontemi ile sentezlenen FeCo NP'lerin yapisal,
elektrokimyasal ve manyetik 6zelliklerini aragtirdik. X-1s1m1 kirmim analizi, FeCo ve a-Fe203
fazlarmi gosteren ¢oklu yapilar ortaya g¢ikardi ve taramali elektron mikroskobu goriintiileri,
ortalama boyutu 12.4 + 0.1 nm olan kiiresel yapilari dogruladi. FeCo NP'lerin elektrokimyasal
ozellikleri, oda sicakliginda 1 M KOH elektroliti i¢inde ii¢ elektrot diizenegi kullanilarak
incelendi. FeCo katalizorleri igin baglangi¢ potansiyelleri, ORR (Oksijen indirgeme reaksiyonu)
icin -0.15 V, OER (Oksijen olusum reaksiyonu) i¢cin 0.25 V ve HER (Hidrojen olusum
reaksiyonu) i¢in -1.26 V olarak bulundu. Tafel 6l¢iimleri, ORR i¢in -0.165 V ve OER i¢in 0.215
V'lik korozyon potansiyellerini ve sirasiyla 228 mV dec™ ve 48 mV dec™lik Tafel egimlerini
ortaya c¢ikardi. Hem manyetik alanla sogutulmus hem de manyetik alansiz sogutulmus egrilerde
25 K'nin altinda belirgin bir manyetizasyon artis1 gézlendi ve 15 K'de bir manyetik bir gecis
sicakligl, Ts, gozlendi, bu da ferromanyetikten antiferromanyetik bir faz gecisini gosterebilir.
Histerezis dongiisii 6l¢timleri, 5 K'de 968 Oe'den 320 K'de yaklasik 206 Oe'ye kadar olan koersiv
alan degerleri gostererek manyetik spin yonelmesinde bir gevseme oldugunu gosterdi. 5 T

manyetik alan altinda doyum miknatislanmasi (Ms) degerleri 15.2 emu/g olarak kaydedildi ve 5

75



Tayfun et al. (2023), ADYU J SCI, 13(1&2), 74-88

K'de kalict miknatislanma (M), domine ferromanyetik Ozellikleri gosterirken M/Ms orani
yumusak manyetik davranis1 gosterdi. Manyetik duyarlilik analizi, yaklasik 25 K'de bir pik
gosterdi ve Curie-Weiss yasast -9.58°'lik tahmini bir 6 agis1 saglayarak antiferromanyetik

etkilesimleri diistindiirdd.
Anahtar Kelimeler: FeCo nanopargaciklar; Poliol; Yapisal; Manyetik; Katalitik.
1. Introduction

The development of advanced materials with tailored properties has become a key focus in
scientific research, driven by the need for efficient and sustainable solutions to address
contemporary challenges [1, 2]. In recent years, the synthesis and characterization of magnetic
NPs have garnered significant attention due to their potential applications in various fields,
including catalysis, biomedicine, and information storage [3, 4]. Iron-cobalt (FeCo) alloys have
attracted significant attention due to their exceptional combination of magnetic and catalytic
properties, rendering them promising candidates for a broad range of applications, including data
storage, sensors, energy conversion, and catalysis [5-7]. FeCo NPs usually form an Fe-rich
metallic core and a Co-rich surface layer composition [8] and this phenomenon can be attributed
to the difference in the reduction potentials of Fe and Co [9]. FeCo NPs mostly used for oxygen
evolution reaction (OER) and oxygen reduction reaction (ORR) activities. In a recent work by
Park et al. [10] revealed that the overpotential for FessCos1 Was significantly lower, measuring
285 mV at 10 mA cm? in a 1 M KOH solution, compared to the other samples. Furthermore,
following chronopotentiometry at 10 mA cm2 for 24 hours in 1 M KOH, the overpotential at 10
mA cm2 increased slightly from 285 to 294 mV. The improved catalyst properties were attributed
not only to the synergistic effect of the metal core and oxide layer but also to the beneficial

influence of optimal iron doping.

Notably, there have been recent research efforts focused on studying FeCo soft magnetic
nanomaterials [11, 12], which hold promise for diverse applications due to their exceptional
magnetic characteristics, such as high saturation magnetization, large permeability, low
coercivity, and ferromagnetic behavior up to 1073 K [13]. To fully exploit the potential of FeCo
alloys, various synthesis methods have been explored, and the polyol process has emerged as a
versatile and effective technique for the fabrication of FeCo NPs. The polyol process is a solution-
based method that utilizes polyols, such as ethylene glycol, the solvent and reducing agent [14].
This approach offers several advantages, including precise control over the size, shape, and
composition of nanoparticles, as well as a high degree of scalability. Moreover, the polyol process

allows for the incorporation of stabilizers and dopants, further enhancing the properties and
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functionalities of the resulting FeCo NPs [11]. In the literature, there are some studies reported
for FeCo nanomaterials. For instance, FeCo prepared surfactant-assisted ball milling method with
a size of 23 nm and saturation magnetization was recorded as 209 Am?-kg™ (emu/g) [15].
Similarly, FeCo NPs synthesed using the polyol method and ethylene glycol (EG) as the solvent
with a size of 30 nm and a saturation magnetization were recorded 200 Am?-kg* [11]. In other
similar work, when the particle size is about 8 um, the saturation magnetization was found to be

220 Am?-kg ! [16].

In this paper, we aim to provide the structural, magnetic, and catalytic properties of FeCo
NP prepared using the polyol process. Structural analysis provided multiphase structure FeCo
formation with narrow particle size distribution. With this structural formation, FeCo catalyst
exhibited promising results for ORR and OER activities. Moreover, a detailed investigation of
magnetic properties using M-T and M-H curves revealed a large coercive field and relatively low

saturation magnetization.
2. Materials and Methods
2.1. Chemicals

Iron(111) acetylacetonate (Fe(acac)s, >97%), cobalt acetylacetonate (Co(acac)z, >99.0%)
metal salts, polyvinylpyrrolidone (PVP, average mol wt. 40000) surfactant, N, N-
dimethylformamide (DMF >99.0%), ethylene glycol (EG >99.0%), sodium hydroxide (NaOH
>99.0%), dichloromethane (>99.0%), ethanol absolute (>99.9%), and sodium borohydride
(NaBH4 >98.0%) were purchased from Sigma Aldrich. All chemicals were used as received

without further purification.
2.2. Synthesis of FeCo NPs

The synthesis process and chemicals used for FeCo NPs are presented in Figure 1. 1.7
mmol Fe and 1.7 mmol Co metal salts were dissolved in 25 ml of DMF. The resulting mixture
was then poured into a three-necked round-bottom flask containing 60 ml EG (with an EG/FeCo
mole ratio of 300), serving as a low-temperature reducing agent. The solution mixed with PVP to
prevent agglomeration (with an EG/FeCo mole ratio of 4), and NaOH (with an EG/FeCo mole
ratio of 15) to stabilize pH (orange like color). The reaction was carried out at 30 °C under a
constant flow of Ar gas and vigorous magnetic stirring. Subsequently, the mixture temperature
was raised to 130 °C, and the secondary reducing agent NaBH, (with an EG/FeCo mole ratio of
24), previously dissolved in 25 ml DMF, was slowly added dropwise into the mixture over 5

minutes (brown-black color). The solution was then refluxed at 150 °C for 60 minutes, during
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which the black color indicated the successful reduction of the FeCo NPs. Afterward, the solution
was cooled down to room temperature, washed with ethanol to remove most of the by-products,
and subjected to sanctification cycles at 9000 rpm. Finally, the resulting product was dried at 55
°C for 24 hours.

22 3
|:H3CMCH3:| Fe
3
Iron(1ll) acetylacetonate 4 HOCH,CH,OH + PVP + NaOH

0 O— Ethylene Glycol
| 2+
2

Cobalt(Il) acetylacetonate

Step 1. NaBH, + DMF at 120°C

o
>
&

» PVP-FeCo-PVP + by product
Step 2. Annealing at 150°C for 1 h -'g
)

Figure 1: Chemical process of the synthesis of PVP decorated FeCo NPs
2.3. Characterizations of FeCo NPs

X-ray diffraction (XRD, using Cu-Ka« radiation (A=1.54 A)), was obtained for the structural
analysis of the samples, and subsequently, Scanning electron microscopy (SEM) and energy-
dispersive x-ray spectroscopy (EDS) data were collected to determine the morphology, the
average size distribution and the chemical composition of FeCo NPs through stoichiometric
calculations, respectively. The magnetic properties of FeCo NPs were investigated using a
physical property measurement system with a vibrating sample magnetometer, as a function of
temperature in a range of 5-380 K and applied field of +5 T at 5 K, 100 K, 300 K and 320 K.

2.4. Electrochemical measurements of FeCo NPs

The Gamry 1010E potentiostat was utilized for all electrochemical measurements.
The system featured a conventional three-electrode setup, comprising a reference
electrode with a 3 M KCl-saturated Ag/AgCl, a counter electrode with a 6x6 mm?
platinum (99.95% pure) and a working electrode with a carbon rod of 5 mm diameter. To
prepare the working electrode, 1 mg of FeCo NPs was mixed with 7 ul EG, 5 ul DMF,
and 2 pl of 5% Nafion. The mixture was sonicated for 15 minutes and then vortexed for
2 minutes. Following, this ink was dropped onto a carbon electrode and dried in a furnace
for 16 hours. Cyclic voltammetry (CV) measurements were performed in a 1 M KOH
alkaline solution with a scan rate of 5, 25, 50, 75, and 100 mV s and a step size of 2 mV,

within the potential range between -1.2 and 1.2 V vs. Ag/AgCI. Additionally, linear sweep
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voltammetry (LSV) measurements were carried out to investigate the ORR, OER and

hydrogen evolution reaction (HER) activities, with a fixed scan rate of 50 mV s,
3. Results and Discussion
3.1. Characterization of FeCo NPs

The structural properties of the as-prepared FeCo NPs were determined using XRD. Figure
2(a) displays the experimental XRD data of FeCo NPs (black line), which was measured for 26
ranging from 20° to 100° using Cu-Ka radiation. The XRD analysis revealed a multiphase
structure for the NPs, with peaks at 26=35.6°, 59° corresponding to the FeCo phase (CoFe204)
[17] and a peak at 26=33.8° assigned to the a-Fe,O3 phase [18]. This indicates that FeCo NPs
were partially oxidized, forming the a-Fe,Os phase in the structure [17]. In Figure 2(b), EDS data
for FeCo NPs with elemental analysis for Fe, Co, O and C elements and their energy shells are
illustrated [5]. The stoichiometry of Fe and Co elements was calculated by collecting EDS data
from five different areas, as shown in the inset table of Figure 2(b) [19]. The counts of oxygen
atoms were highest compared to Fe and Co due to oxide phases in the structure, as revealed by
the XRD profile, and the C signal originated from the carbon tape sample holder. The
stoichiometry analysis showed the K and L shells of Fe and Co, respectively. The entry ratio of
Fe and Co precursors aimed for Fegs0C0os0, and the obtained stoichiometry was Feg.49C0o s,
which was quite similar to the entry ratio [20]. Additional peaks observed at 1.04 keV and 2.121-
9.67 keV belonged to sodium (Na) [21] and gold (Au) elements [22], respectively. These peaks
originated from residue chemicals in the structure, where NaBHs was used as a secondary
reducing agent, and NaOH served as a pH stabilizer to reduce the particle size. The presence of
Au peaks was due to the Au-covered surface to improve SEM resolution before the imaging
process. In Figure 2(c), SEM images of the FeCo NPs are presented. The average size distribution
of FeCo NPs is shown in Figure 2(d), where approximately 250 particles were counted by
analyzing several SEM images at a magnification of 600000X. The observed spherical-like
structures in SEM images were due to the presence of PVP molecules. The size distribution of
FeCo NPs ranged from 8 to 18 nm, as seen in Figure 2(d). To determine the average size of the

NPs, a log-normal fit function was applied, yielding an average size of 12.4 £0.1 nm.
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Figure 2: (a) XRD profile of FeCo NPs, (b) EDS data showing elemental analysis for Fe, Co, O and C, (c)
SEM image, (d) The average particle size (red bar) dispersion fitted by a log-normal dispersion (dark black
line) for sample

3.2. Electrochemical Properties of FeCo NPs

The electrochemical properties of FeCo NPs were investigated using a three-electrode
setup in 1 M KOH at room temperature. Initially, the CV curves of FeCo NPs were recorded in
the voltage range of -1.2 V to +1 V (vs. Ag/AgCl) to elucidate the adsorption/desorption
mechanism of O and H atoms, as well as the reduction/evolution steps. Figure 3(a) illustrates the
CV results, indicating weak H, gas desorption below -1.2 V and clear O gas evolution after OH
adsorption/O formation around 0.4 V. Additionally, FeCo NPs exhibited an enhanced oxygen
reduction peak around -0.5 V. Furthermore, CV measurements were conducted at various scan
rates of 5 mV s (grey line), 25 mV s (red line), 50 mV s* (blue line), 75 mV s (green line),
and 100 mV s (purple line), as shown in Figure 3(b). With an increase in scan rate from 5 mV s
110 100 mV s, the anodic peak potential shifted slightly towards a more positive potential. The
measurements were normalized for comparison, and the results indicated that as the scan rate
increased, the current response to potential also increased, confirming the faradaic behavior of
the FeCo electrode [23].
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Figure 3: (a) CV curves of Feg49C0os1 (red line), alloys in 1 M KOH at room temperature with a scan rate
of 100 mV s%, (b) CV graph at different scan rates are 5 mV s (grey line), 25 mV s (red ling), 50 mV s
(blue line), 75 mV s (green line), and 100 mV s (purple line), respectively

Further, detailed investigation of FeCo NPs was conducted through ORR (orange line),
OER (green line), and HER (blue line) polarization curves at a scan rate of 50 mV st in 1 M KOH
(see Figure 4(a, b and c), respectively. The onset potentials for FeCo catalysts were determined
to be -0.15 V for ORR, 0.25 V for OER and -1.26 V for HER, respectively. Remarkably, FeCo
catalyst exhibited a promising potential for ORR, surpassing commercially available Pt/C with an
onset potential of -0.05 V [24]. Notably, the current density of FeCo catalyst recorded above 10
mA cm for ORR, which is twice as high as the commercial Pt/C catalyst at 5 mA cm2in1M
KOH. In terms of OER, FeCo catalyst demonstrated superior performance with a 0.25 V
improvement compared to commercially available IrO; and RuO; catalysts with 0.3 V [25, 26].
The overpotentials at 50 mA cm? and 100 mA c¢cm were found to be 0.48 V and 0.71 V,
respectively. However, it is evident that the catalysis activity of FeCo for HER exhibited a high
onset potential due to the oxide formation in the FeCo structure. To further elucidate the reaction
mechanism, Tafel measurements were conducted in 1 M KOH at room temperature for ORR (red
line) and OER (black line) processes (see Figure 4(d)). The corrosion potentials were recorded -
0.165 V and 0.215 V for ORR and OER, respectively. The corrosion potentials were recorded as
-0.165 V and 0.215 V and with Tafel slopes of 228 mV dec™ and 48 mV dec™ for ORR and OER,

respectively.
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Figure 4: (a-c) The LSV curves shown in 50 mVs*in 1 M KOH are ORR (orange line), OER (green line),
HER (blue line), respectively, (d) Tafel OER (black line) and OER (red line) curves

3.2. Magnetic Properties of FeCo NPs

Figure 5(a) depicts the magnetic moment as a function of temperature (M-T) in the range
of 5-380 K for ZFC (hollow circle) and FC (solid circle) curves with an applied field of 500 Oe.
The magnetization of FeCo NPs increased as the temperature decreased from 380 K to 5 K, and
a significant increase was observed below 25 K in the FC curve. Similarly, the ZFC curve also
showed an increase with decreasing temperature between 380 K and 31 K, which is referred to as
the blocking temperature, Tg. At this point, thermal energy decreases, leading to a net alignment
of spins in the ferromagnetic FeCo NPs. This alignment is attributed to the presence of small
particles in the sample [6]. Subsequently, the magnetization decreased, and a sudden increase was
observed below 15 K, indicating a magnetic phase transition, at a temperature of Ts. This magnetic
phase transition at below 15 K force the spins alignment to applied magnetic field which results
in ferromagnetic contribution so that magnetization increases with decreasing temperature. There
is a reduction in ZFC magnetization below Tg which is the presence of an antiferromagnetic signal
in the sample surface may arise from the a-Fe-O3 phase. The magnetization behavior of Fe-oxide

varies with particle size, influenced by the surface spin effect, which leads to decreased
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magnetization for smaller nanoparticles [27]. Additionally, changes in particle size or fluctuations

in temperature can also control this behavior.
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Figure 5: (a) M-T plot in range of 5-380 K for ZFC (hollow circle) and FC (solid circle) curves showing
temperature transitions at Tg=31 K and Ts=15 K under magnetic field of 500 Oe, (b) M-H plot recorded at
5 K (black), 100 K (red), 300 K (blue) and 320 K (green) between £5 T

Figure 5(b) illustrates the hysteresis loop measurements as a function of temperature for
the Feo49C0os1 Sample. The magnetic behavior was investigated at temperatures of 5 K (black
line), 100 K (red line), 300 K (blue line), and 320 K (green line). Clear hysteresis loop gaps were
observed, indicating the presence of a coercive field (Hc) at all temperatures. The H. values were
found to be 968 Oe at 5 K, gradually decreasing to approximately 206 Oe with increasing
temperature, which suggests a relaxation in magnetic spin orientation [6, 28]. Additionally, while
a dominant ferromagnetic effect was observed below T,=15 K, an antiferromagnetic contribution
was observed as the temperature increased, providing an explanation for the behavior of H. [29].
The substantial coercivity measuring 968 Oe, which is notably higher than the typically low
coercivities observed in soft magnetic FeCo, serves as evidence indicating that the particles do

not exhibit superparamagnetic behavior [30].

The saturation magnetization (M) value was recorded as approximately 15.2 emu/g under
a 5 T magnetic field. The decrease in M; relative to the bulk is ascribed to the existence of a thin
oxide layer of the a-Fe,Os; phase on the surface of the particles, which forms rapidly upon
exposure to air. However, the hysteresis curve indicated that the sample did not reach full-
saturation magnetization at 5 K. This suggests that the magnetic field strength and magnetization
increase at the same rate as the temperature applied to the material increases. Similar results were
obtained for Fep49Co0os1 NPs, with a maximum Ms of 60 emu/g, attributed to oxidation-free
synthesis and small particle size in the range of 1.34 to 2.47 nm [13, 31]. Consequently, as the

temperature approaches 5 K, entropy decreases, thermal degradation does not occur, and the
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material exhibits regularity, leading to an increase in the magnetic moment of the material and

thereby increasing the magnetization [32, 33].

Moreover, the remanent magnetization (M) of the material was determined as 1.08 emu/g
at5 K and 0.03 emu/g at 300 K and 320 K, yielding approximately the same value. Therefore, the
result of about 1.08 emu/g at 5 K indicates that the material exhibits dominant ferromagnetic
properties at 5 K, which can be attributed to oxidation. The M,/M; ratio was calculated to provide
information about the magnetic characterization of the material, indicating that the resulting
compound possesses soft magnetic properties. The M, values shifted positively at 5 and 100 K,
but negatively at 300 and 320 K. Detailed magnetization results of the sample are recorded in
Table 1.
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Figure 6: (a) -T graph, and (b) /¢-T and with linear fit

Magnetic susceptibility measurements for FeCo NPs are presented in Figure 6(a and b),
which depicts the y and 1/yoc graphs with a linear fit (red line) applied to these curves. The data
were calculated using the Curie-Weiss law with the aid of a linear fit for 7/yoc = (T - 6)/C. In
Figure 6(a), the magnetic susceptibility decreases from 380 K, reaches a peak at approximately
25 K, and then decreases to 0 K. Consequently, the value of the 6 angle was determined as -9.58°
based on the linear slope of this graph. Furthermore, upon further examination of Figure 6(b), it
is observed that the magnetic susceptibility experiences a decrease of 0.7 Oe?, followed by
another peak, indicating an initial increase and then a subsequent decrease, ultimately converging

to a descending curve toward 380 K [34].

Table 1: Measured values of the magnetic properties of FeCo

Feo.40C00.51 Hc He M;s My Mp M:/Ms
(Oe) (Oe) (emu/g) (emu/g) (emu/g)

5K 968.4 94.3 15.20 1.08 0.136 0.071

100 K 214.5 8.5 5.74 0.12 0.001 0.021

300 K 192.5 135 2.64 0.03 -0.001 0.012

320K 206.5 115 2.49 0.03 -0.001 0.012
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4, Conclusion

In conclusion, the multi-functional FeCo nanoparticles (NPs) synthesized through the
polyol method display a diverse range of magnetic, catalytic, and structural properties, making
them highly versatile materials with significant potential for various applications. The
investigation of their structural, electrochemical, and magnetic characteristics revealed
multiphase structures consisting of FeCo and a-Fe2Os phases. The spherical-like structures of
FeCo NPs, with an average size of 12.4 + 0.1 nm, were confirmed through scanning electron
microscopy. The electrochemical studies demonstrated promising catalytic activities of FeCo NPs
for oxygen reduction reaction (ORR), oxygen evolution reaction (OER), and hydrogen evolution
reaction (HER), with onset potentials of -0.15 V, 0.25 V, and -1.26 V, respectively. Tafel
measurements provided further insights into the reaction mechanism, unveiling corrosion
potentials of -0.165 V for ORR and 0.215 V for OER, along with respective Tafel slopes.
Additionally, magnetization studies exhibited intriguing behavior below 25 K, indicating a
magnetic transition at T,=15 K, possibly implying a ferromagnetic-to-antiferromagnetic phase
transition. The hysteresis loop measurements revealed temperature-dependent H; values,
indicative of magnetic spin orientation relaxation. Furthermore, the M; values recorded at 5 T
magnetic field and the M, at 5 K highlighted the dominant ferromagnetic properties of the FeCo
NPs, suggesting soft magnetic behavior. The magnetic susceptibility analysis further supported
the presence of antiferromagnetic interactions with a peak at approximately 25 K. Overall, these
findings contribute valuable insights into the multi-faceted properties of FeCo NPs and their

potential for a wide range of applications in various fields.
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