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Abstract 

A simple one-step solution-phase synthesis of iron-cobalt-phosphides 
((Fel-xCox)2P) nanorods (NRs) was reported in this paper. Through the control of the 
amount of Co in the samples, the crystal structure of (Fel-xCox)2P NRs change from 

pure Fe-rich hexagonal Fe2P type structure to the mixture of Fe-rich hexagonal Fe2P 
and Co-rich orthorhombic Co2P type structure. These samples show 
superparamagnetic behavior at room temperature and ferromagnetic properties at 10 
K. When the Co composition is 0.09, the (Fe0.91Co0.09)2P sample has the highest 
coercivity around 5.74 kOe at 10 K. The current route provides a new and general 

chemical method for tunable preparation of (Fel-xCox)2P (x<0.28) NRs, which are 
significant for the development of new iron- or cobalt-rich permanent magnet 
materials without rare-earth or noble metal. 

                                                                   

 

 

Introduction 

Synthesis of ferromagnetic nanoparticle (NP) is key to future fabrication of 
permanent magnet materials with high energy product.1-5 Recent studies indicate that 
tetragonal FePt,6-9 NdFeB,10 and hexagonal SmCo11-13 based alloy NPs are ideal 

building blocks for fabricating permanent magnets and for studying nanomagnetism 
due to the strong ferromagnetism observed within their unique structure. However, 
hard magnetic FePt NPs prepared from solution phase syntheses tend to be 
superparamagnetic and require high temperature annealing to convert their 
superparamagnetism to strong ferromagnetism, which often cause NP aggregation or 

even sintering.14 Rare-earth metal based alloy NPs of SmCo and NdFeB are extremely 
difficult to prepare and stabilize due to the easy oxidation of Sm(0) and Nd(0) in the 
alloy structures. These, plus the limited supply of Pt, Sm and Nd, have motivated the 
search for Pt-, Sm-, and Nd-alternative magnets. Therefore, the development of new 
iron- or cobalt-rich permanent magnet materials without rare-earth or noble metal is 
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of paramount importance in materials science and technology.15-18 
The transition metal phosphides in bulk are of great interest for a few decades 

due to their unique properties. Compared with bulk materials, nanocrystalline 

transition metal phosphides are more attractive candidates for advanced catalytic, 
electronic, and magnetic applications.19-28 Furthermore, the studies of their 
size-dependent physical properties show notable differences between bulk and 
nanoscale materials. Thus, it is important to develop rational synthetic approaches that 
yield nanocrystalline transition metal phosphides with careful control over both the 

composition and the morphology. Recently, binary transition-metal phosphides, Fe2P, 
FeP, Co2P, CoP, Ni2P, MnP and Rh2P nanocrystals, have most commonly been 
prepared by the solution-phase methods in the presence of trioctylphosphine (TOP), 
metal phosphine complexes, long-chain alkylphosphonic acids, and single-source 
molecular precursors containing elemental metal and phosphorus.29-37 Despite these 

synthetic achievements, the phase or stoichiometry of ternary nanostructured 
transition-metal phosphides is not well controlled, which have been also rarely 
explored so far. 

In transition-metal phosphides, iron phosphide (Fe2P) is ferromagnetic phase with 
a hexagonal crystal structure and a large uniaxial magnetocrystalline anisotropy (Ku = 

2.3×l07erg/cm3 (at 4.2 K))38, but its Curie temperature is below room temperature 
(about 208 K). Cobalt phosphide (Co2P) is Pauli paramagnetic and has an 
orthorhombic structure. On the other hand, iron-cobalt-phosphides (Fel-xCox)2P 
(x<0.16) in bulk, the solid solutions of Fe2P and Co2P, are ferromagnetic at room 
temperature and have a hexagonal crystal structure and large uniaxial 

magnetocrystalline anisotropy.39 Haeiwa et al. reported that (Fe0.9Co0.2)2P thin films 
prepared by the thermal activated reactive evaporation had 1.3 kOe coercivity at room 
temperature.40 This work suggests that doping Co in Fe2P by carefully controlling the 
Co composition may provide an attractive approach to develop new nanomaterials for 
magnetic application. 

In this paper, we report a simple one-step solution-phase route to synthesize 
(Fel-xCox)2P (x<0.28) NRs with controlling the Co composition. And the 
composition-dependent magnetic properties of (Fel-xCox)2P NRs are studied, 
exhibiting that (Fe0.91Co0.09)2P NRs show the highest coercivity and the blocking 
temperature (Tb). 

Materials and Methods 
Materials 

Iron pentacarbonyl (Fe(CO)5, 99.9+% trace metals basis), cobalt(II) acetylacetonate 
(Co(acac)2) hydrate, trioctylphosphine (technical grade, 90%), hexane (98.5%), 

ethanol (100%) were all purchased from Sigma Aldrich. The chemicals and solvents 
were used as received without purification. 

Synthesis of (Fel-xCox)2P NRs 

In case (Fe0.91Co0.09)2P NRs, the Fe-TOP complexes solution was prepared by 
adding 0.25 mL of Fe(CO)5 in 3 mL TOP at 120 oC. Then, the resulting reaction 

mixture was heat to 295 oC, and then 4 mL of Co-TOP complex solution prepared by 
mixing 0.03 g of Co(acac)2 and 4 mL of TOP was added with drop by drop using a 
syringe within 30 min at 295 oC. The solution was maintained at 295 oC for 1 h. Then 
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the heating source was removed, and the solution was cooled to room temperature, 
after which the solution was exposed to air. A black product was precipitated by 
adding 40 mL of ethanol, and separated by centrifugation. Finally, the product was 

dispersed in hexane.  

Characterization 

 X-ray diffraction (XRD) characterization was carried out on a Bruker AXS 
D8-Advanced diffractometer with Cu Kα radiation (λ =1.5418 Å). The Inductively 
coupled plasma-atomic emission spectroscopy (ICP-AES) measurements were carried 

on a JY2000 Ultrace ICP Atomic Emission Spectrometer equipped with a JY AS 421 
autosampler and 2400g/mm holographic grating. Samples for transmission electron 
microscopy (TEM) analysis were prepared by depositing a single drop of diluted NRs 
dispersion in hexane on amorphous carbon coated copper grids. TEM images were 
obtained with a Philips CM 20 operating at 200 kV. High-resolution TEM (HRTEM) 

images and the atomically resolved scanning transmission electron microscopy-EDS 
(STEM-EDS) images were obtained on a Fei Tecnai Osiris with an accerating 
votalage of 200 kV. Magnetic studies were carried out using a Quantum Design 
Superconducting Quantum Interface Device (SQUID) at different temperature. 

Results and discussion 

(Fel-xCox)2P (x<0.28) NRs were synthesized by the solution phase thermal 
decomposition of Fe-TOP and Co-TOP complexes, which were obtained from the 
reaction of Fe(CO)5 and Co(acac)2 with TOP. The TOP in the reaction mixture not 
only functions as surfactant and solvent but also as the P sources in the current 
reaction condition. Figure 1 shows the typical transmission electron microscopy 

(TEM) images of the (Fel-xCox)2P NRs with different amount of Co doping 
synthesized at 295 °C for 1 h. Figure 1A is the TEM image of Fe2P NRs obtained by 
directly heating Fe-TOP solution to the reaction temperature, which shows that NPs 
have diameters of around 4 nm and lengths of up to over 100 nm. By droping the 
Co-TOP solution at reaction temperature, the diameters of the NRs increase to around 

7 nm as shown in Figure 1B. Further increasing the amount of Co, the diameters of 
the NRs do not change (Figure 1C and D). For the (Fe0.72Co0.28)2P sample, NPs could 
be also observed beside NRs.    
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Figure 1. Typical TEM images of (A) Fe2P, (B) (Fe0.91Co0.09)2P, (C) (Fe0.82Co0.18)2P 
and (D) (Fe0.72Co0.28)2P NRs. 

 
The crystal structure of the NRs was characterized by X-ray diffraction (XRD) of 

the NR assemblies (Figure 2). Fe2P and Co2P can adopt the hexagonal Fe2P and 
orthorhombic Co2P structure types, which have the strongest peaks around 41o. As 
shown in Figure 2, the XRD patterns of the samples matched the expected line 
diagram for Fe2P or Co2P phase, and no additional diffraction peaks could be 
observed. And the crystal structure of bulk (Fel-xCox)2P samples transform from 

orthorhombic Co2P type (x>0.16) to hexagonal Fe2P type (x<0.16).39 Due to the broad 
peaks associated with nanoscale crystallite dimensions, it is difficult to distinguish 
between Fe2P and Co2P structure types in these samples and whether Fe-TOP and 
Co-TOP complex nucleated and grew separately or together. 
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Figure 2. The typical XRD curves of Fe2P, (Fe0.91Co0.09)2P, (Fe0.82Co0.18)2P and 
(Fe0.72Co0.28)2P NRs. 

 

The TEM image (Figure 3A) of a representative NR was taken from 
(Fe0.92Co0.08)2P samples (shown in Figure 1B). It can be clearly seen that the NR has 
core/shell structure. The NR is covered with a thin layer shell of amorphous coating. 
And the core is single crystalline. Figure 3B shows the high-resolution TEM 
(HRTEM) from Figure 3A. We can observe that the lattice fringes are parallel to the 

NR growth direction. And the interfringe distance was measured to be 0.251 nm, 
which is close to the lattice spacing of the (200) planes (0.246 nm) in the hexagonal 
Fe2P phase, indicating that the (200) planes are parallel to the NR growth direction. 
These results suggest that TOP could lead to the growth of (Fe0.91Co0.09)2P NR along 
preferential direction to form one-dimensional nanostructure, because the extra 

strongly binding TOP surfactants seem to preferentially bind to the crystal growth 
face due to different crystalline plane energies. In the case of (Fe0.91Co0.09)2P NRs, the 
direction of the crystal growth was parallel to (200). Since there are two precursors in 
the reaction solution, it is very important to characterize whether Fe-TOP and Co-TOP 
complex nucleated and grew separately or together. The corresponding composition 

distributions in (Fe0.91Co0.09)2P NRs were further characterized by the 
scanning/transmission electron microscopy-EDS (S/TEM-EDS). Figure 3C-F show 
the elemental mappings of single element Co (yellow), Fe (red), P (green) and the 
overlapping of the high-angle annular dark field (HAADF) image and the 
corresponding three elemental mapping in each NR. The color distribution within 

each NR indicates that each NR contains Co, Fe, P elements, suggesting that Fe-P and 
Co-P nucleate together and phase segregation is not occurring. It should be noted that, 
while other compositions were not studied, we expect that (Fel-xCox)2P samples are 
similarly homogeneous based upon the bulk-phase diagram. 
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Figure 3. (A) TEM image of single (Fe0.91Co0.09)2P NR from Figure 1B. (B) HRTEM 
image of a representative NC shown in (A). Elemental mappings of (C) Co (yellow), 
(D) Fe (red) and (E) P (green). (F) HADDF image combined the corresponding 
elemental mapping. 

 
To understand the effect of Co composition on the magnetic properties of the 

(Fel-xCox)2P samples, the temperature and field dependences of the magnetic 
properties of the as-synthesized samples were also measured by using a SQUID at 
different temperature. All samples are superparamagnetic at 300 K and ferromagnetic 
at 10 K. For Fe2P NRs, the coercivity is 3.28 kOe at 10 K. When the Co composition 
increases to 0.09, the (Fe0.91Co0.09)2P sample has the highest coercivity around 5.74 

kOe. By further raising the amount of Co in the sample to 0.18, the coercivity of the 
(Fe0.82Co0.18)2P sample decreases to 3.58 kOe. When Co composition in the NRs 
reaches 28%, the coercivity of the (Fe0.72Co0.28)2P sample drops to 0.55 kOe. The 
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corresponding hysteresis loop shows two-phase behavior. According to the bulk-phase 
diagram of Fe2P-Co2P, the crystal structure of the sample would transform from 
orthorhombic Co2P type to hexagonal Fe2P type for x>0.16. 39 Combined with TEM 
result (Figure 1D), we conjecture that the NRs in the corresponding TEM image 

might be Fe-rich hexagonal Fe2P type structure with high magnetocrystalline 
anisotropy and the NPs might be Co-rich orthorhombic Co2P type structure with low 
magnetocrystalline anisotropy. And the different magnetocrystalline anisotropy of the 
(Fe0.72Co0.28)2P sample leads to the two-phase behavior in the corresponding 
hysteresis loop. 

 

Figure 4. Hysteresis loops of (A) Fe2P, (B) (Fe0.91Co0.09)2P, (C) (Fe0.82Co0.18)2P and 

(D) (Fe0.72Co0.28)2P NRs. 
 
  In order to determine the blocking temperature (Tb), the magnetization (M) as a 

function of temperature (T) for the (Fel-xCox)2P samples with different Co 
compositions were measured using zero-field- cooled (ZFC) and field-cooled (FC) 

measurements at an applied field of 1.0 kOe, as shown in Figure 5. The FC M-T 
curves rise monotonically with decreasing temperature, and the ZFC curves exhibit a 
transformation temperature (Tb) respectively, above which the curve declines 
monotonically as the temperature rises. Below Tb, the samples change from 
superparamagnetic to ferromagnetic. Tb of Fe2P NRs without Co doping is around 80 
K. By doping x=0.09 Co, Tb of Fe2P (Fe0.91Co0.09)2P NRs increases to 170 K. Further 

increasing Co composition, Tb of the samples decrease. When Co composition in the 
NRs reaches 0.28, the sample show two transformation temperature at 20 K and 
between 100 and 200 K, which means that the sample contains two phases with 
different magnetocrystalline anisotropy. Combined with the measurement of the 
corresponding hysteresis loop and the bulk-phase diagram, the ZFC/FC measurements 

also suggest that the (Fe0.72Co0.28)2P sample contains Fe-rich hexagonal Fe2P and 
Co-rich orthorhombic Co2P phases.    
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Figure 5. ZFC/FC curves of (A) Fe2P, (B) (Fe0.91Co0.09)2P, (C) (Fe0.82Co0.18)2P and (D) 
(Fe0.72Co0.28)2P NRs. The ZFC curves were obtained by cooling the sample in the 
absence of an external magnetic field and by measuring the M changes over 
temperature under a field of 1000 Oe. The FC curves were obtained by cooling the 
sample under a magnetic field of 1000 Oe and then measuring M changes over 

temperature. 
 

Conclusions 

In summary, we have reported a simple one-step solution-phase route to prepare 
(Fel-xCox)2P (x<0.28) NRs. Through the control of the amount of Co in the samples, 

the structure of (Fel-xCox)2P NRs change from pure Fe-rich hexagonal Fe2P type 
structure with high magnetocrystalline anisotropy to the mixture of Fe-rich hexagonal 
Fe2P and Co-rich orthorhombic Co2P type structure. These samples show 
superparamagnetic behavior at room temperature and ferromagnetic properties at 10 
K. When the Co composition is 0.09, the (Fe0.91Co0.09)2P sample has the highest 

coercivity around 5.74 kOe at 10 K. The current route provides a new and general 
chemical method for tunable preparation of (Fel-xCox)2P (x<0.28) NRs, which are 
significant for the development of new iron- or cobalt-rich permanent magnet 
materials without rare-earth or noble metal.  
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