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ABSTRACT 

 

  This dissertation study focuses on developing new protocols for synthesis of 

nanostructured transition-metal pnictides including superconducting LiFeAs and studying 

their structure- property relationship. Nanostructured materials are known to differ in 

properties compared to their bulk counterparts owing to enhanced surface area and 

increased packing efficiency in devices. Synthetic chemistry skills and nanofabrication 

techniques like wet chemistry, electrodeposition, solvothermal, hydrothermal and 

lithography, are extremely useful for creating nanostructures of these functional 

materials. This is a challenging task simply because maintaining the phase composition 

same as that of the bulk material along with achieving nanostructures (nanoparticles, 

nanowires, nanopillars etc.) simultaneously is not easy. Papers I and II showcase novel 

synthesis methods for E based pnictides [EPn where E = 1st row transition elements and 

Pn = P, As etc.]. The superparamagnetism of transition-metal pnictides (e.g. FeAs, CoAs) 

nanomaterials obtained by this method have interesting magnetic features like high 

blocking temperatures and inter-particle magnetic exchange. Paper III, shows the concept 

of generalized protocol of EAs synthesis and discusses the principles behind this method. 

This protocol has been tested for applicability to not only FeAs, but also MnAs , CoAs 

and CrAs systems. Generalization of this method along with the discovery of 

superparamagnetic FeAs is one of the key findings of this research work. Alongside, 

paper IV shows the formation of Co3O4 nanowires through solid-solid conversion route 

aided by sacrificial templates. 
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1. INTRODUCTION 

 

1.1 MAIN-GROUP METAL PNICTIDES 

 Metal pnictides are compounds formed when the metals in the periodic table 

combine with the anions of group 15 (previously referred to as Group VA) in the –3 and 

–5 oxidation states. The term “pnictide” comes from the Latin word pnictogen1 that 

means foul smelling, since most of these compounds carried unpleasant smells. Solid 

state chemistry of the pnictides is very old and dates back over a century. However, 

recent interest in metal pnictides grew with the discovery of novel optical properties in 

semiconducting pnictides such as GaN,2 GaP,3 GaAs,4 InP, InAs5 etc. Metal pnictides 

include binaries, ternary and quaternary compositions such as APn, A-B-C-Pn, where A, 

B are elements that belong to main group as well as transition-metals and Pn = As, P, 

while C = other charge compensating ions. Amongst the pnictides, nitride chemistry of 

these compounds has grown since the turn of the 20th century led by pioneers such as 

Juza, Jack, Marchand, Rabenau and others.6 Research in the binary pnictides date back 

over 100 years, whereby, work led by Zintl and others have contributed significantly 

towards developing a fair amount of understanding of these metal pnictides.7 Zintl was 

the first to recognize that alkali and alkaline earth metals combine with group 14 and 15 

elements to form compounds that can be considered stoichiometric salts. For example, he 

showed that magnesium usually combines with the metalloids of group 14 or 15 to form 

compounds such as Mg3XZ (X = P, As, Sb, Bi), Z is a semi metal or main group metal 

and MgX (X = Si, Ge, Sn and Pb). However, families of known metal pnictides 

compounds were relatively few and less populated and the study of metal pnictides were 

mostly confined to the main group metal pnictides with the group 13 metal pnictides 

 



2 

  

 

occupying a major chunk of research activities. In late 2008, the discovery of high 

temperature superconductivity in iron pnictides led to the explosion of interest in 

transition metal arsenides and phosphides. Based on the specific transition metal 

chemistry these materials were guaranteed to show interesting magnetic properties 

interwoven into the pnictide chemistry. The synthesis and importance of such pnictides 

and especially the transition-metal pnictides is the broad scope of this research work. 

Pnictides have proven their worth as functional materials for a wide plethora of 

applications, and developing methodologies for creating nanostructures of such pnictides 

through simple, reproducible technique, is the specific objective of this research. 

1.1.1.  Metal Nitrides.  Most of the metal pnictides show semiconducting  

properties where the specific characteristics are influenced strongly by the nature of 

pnictide ion. The metal nitrides of the group 13 elements (AlN,8 GaN and InN) represent 

an important trio of semiconductors because of their direct band gaps which span the 

range 1.95-6.2 eV, including the whole of the visible region and extending well out into 

the UV range.9 Alkali metal nitrides like Li3N have also found niche applications as 

electrodes in reversible hydrogen storage.10 It may also be used as starting material for 

binary and ternary nitride synthesis. PtN has been synthesized by Gregoryanz et al. as one 

of the novel noble metal nitrides.11 IrN2 and OsN2
12

 emerged as super hard materials that 

found refractory uses. Such refractory metal nitride coatings find numerous applications 

in cutting tools, wear resistant parts, and the jewelry industry. Recent investigations have 

disclosed interesting applications of thin films of refractory metal nitrides in 

microelectronics. The metal nitride layer in silicon acts as a barrier dielectric that serves 

to improve the properties of the electronic MEMS devices. Superconductivity has also 
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been observed in nitrides which are hard like NbN, HfN, ZrN.13 These are also used as 

refractory materials owing to high bulk moduli. Mixed metal oxynitrides and metal 

oxynitrides constitute an important branch of metal nitrides because of various 

applications in energy storage, electro-conductive films, as gate dielectric oxides. The 

observed ordering and stability of these oxynitrides at high temperatures provide superior 

device properties. Hetrostructures of alloy metal nitrides and advances in thin film 

deposition methods have yielded new applications to the metal nitrides. Such 

hetrostructures can be integrated within the device structure. Enhanced electron mobility 

and piezoelectric properties have been observed in A1GaN/GaN heterostructures.14 The 

heterostructuring in these nitrides is found useful to enhance the band gap and provide 

different colors for the applications like LEDs based on band gap tuning.  

1.1.2.  Metal Phosphides.  The main-group metal phosphides are compounds 

formed with anions, P3-
 and a less electronegative metal. The important main group metal 

phosphides include Na3P, Ca3P2, GaP, InP, Cu3P Cu3P2, AlP, Mg3P2 etc. Among these 

AlP and Ca3P2 are poisonous and are used as rodenticides. GaP (indirect band gap 

2.25eV) and InP (1.27eV) are semiconductors at room temperatures. GaP15 and InP16 

form the core components of LEDs and their bandgaps can be tuned very precisely with 

doping in the semiconductor lattice. This band gap tuning is useful in improving and 

altering the emission and electronic transport properties of the metal phosphides. For 

example, in order to attain high efficiencies of green light by LEDs, it was observed GaP 

nanowires having pure hexagonal crystal structure exhibited conversion of indirect band 

gap (cubic phase) to direct upon nanostructuring.17 In particular InP has emerged as an 

important solar cell material. Highly reactive heavy alkali metal phosphides have been 
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prepared by Englich et al. by treating trimethylsilyl-substituted phosphines with alkali 

metal tert-butyl alcoholates.18 Modified InP@ZnS nanocrystals19 have shown to have 

efficient emission properties in the blue to near IR region. The relatively large number of 

reports and interest in phosphides has been ignited in parts by the availability of 

phosphide precursors like trioctylphosphine (TOP) and trioctylphosphine oxide 

(TOPO).20 

1.1.3. Metal Arsenides.  GaAs with zinc blende structure is one of the most 

important arsenide semiconductors as it has higher electron mobility and less noise at 

high operating frequencies when compared to silicon which is the material of choice for 

making high frequency transistors. GaAs is a direct band-gap semiconductor with Eg= 

1.42eV. Currently, these semiconductors are generally useful in the form of thin films. 

However, the future holds a lot of promise for nanoparticles GaAs especially quantum 

dots based on their very efficient electronic and optical properties in the nanoscale 

regime.21 InAs is a direct bandgap semiconductor with a bandgap of 0.35eV. Other 

arsenides like GaInAs with zinc blende structure and a bandgap of 0.74eV, constitutes an 

important component of detectors, photodiodes and solar cells. 

 

1.2. TRANSITION-METAL PNICTIDES 

The transition-metal pnictides (both arsenides and phosphides) have gained recent 

importance following the discovery of superconductivity in Fe-based pnictide 

superconductors.22 This discovery, however, has re-kindled an already active albeit less 

pronounced research field thriving on the novelties associated with d-electron 

configuration of the central atom in the transition metal pnictides. These transition metal 



5 

  

 

pnictides had been studied with respect to their important magnetic properties which 

were later correlated with their role in superconductivity in the Fe-based 

superconductors where they act as charge storing layer. Additionally, they have also 

shown promise as catalysts in HDS (hydrodesulphurization) and HDN 

(hydrodenitrogenation) of organic chemicals,23 and as electro catalysts. These includes 

the binary, EAs , ternary compositions like LnEPn24 (where E = transition elements of 

the 1st row, Ln =lanthanides and Pn = pnictides, respectively), and quaternary 

compositions.25 

 The binary EAs are formed when transition metals in +3 oxidation states combine 

with -3 oxidation state of As. Figure 1.1 highlights the position of transition elements in 

the periodic table with partially filled 3d shell that constitutes the transition metal of the 

binary arsenides discussed here in this work. 

 

 
Figure 1.1: Binary transition-metal arsenides discussed in this work 
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 The other important transition-metal pnictides include RhP3, RuP, Ru2P, Pd3P, 

Pd5P2, Ni2P, MoP and other ternary composition containing mixed cations like NiFeP, 

CoMnP, etc. RhP3 is a better catalyst for HDS as compared to Rh metal.26 Ru2P/MCM-41 

and RuP/MCM-41 catalysts can be synthesized by thermal decomposition of ruthenium 

chloride and hypophosphite precursors. These supported catalysts showed higher activites 

than the Ru/MCM-41.27 

   In 1967 Howe et al. had discussed the electronic properties of first row transition 

elements as binaries compounds with chalcogenides and pnictides. Both these families 

have a wide range of electronic and magnetic properties.28 Busch and Hullinger found 

that FeAs and CrAs are semiconducting with activation energy (band gaps) of ~ 0.1eV 

for the former. Selte and Krejhaus et al. have investigated crystal structures and magnetic 

properties of the arsenides by neutron diffraction and magnetometry, in order to provide 

the first detailed account of the magnetic ordering observed in these compounds29. 

Kauzlarich et al. have also reported observing unusual magnetic properties and structures 

of Ca14MnSb11 and Ca21Mn4Sb18.30 These transition metal pnictides also show interesting 

electrochemical properties based on their facile redox chemistry. Monconduit and group 

have discussed the reactivity of the ternary transition-metal pnictides in LixMPn4 (M = 

Ti, V; Pn = P, As) towards Li and found that these materials show high specific 

capacities (500 < C < 1000 mAhg-1) in their first charge/discharge cycles which are held 

on to 80% after 20 cycles and are very promising as negative electrode material in Li-ion 

battery.31 

  Magnetic properties of these transition-metal pnictides makes them unique and 

very useful for applications like magnetic refrigeration which is based on the 
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magnetocaloric effect (MCE) and have recently demonstrated promise as an alternative to 

conventional vapor-cycle refrigeration. For a material that displays the MCE, alignment 

of randomly oriented magnetic moments by an external magnetic field results in heating. 

This heat can then be removed from the MCE material to the ambient atmosphere by heat 

transfer. If the magnetic field is subsequently turned off, the magnetic moments 

randomize again, which leads to heat withdrawal by the material and cooling of the 

surrounding below the ambient temperature. MnFeP0.45As0.55 is one such material that has 

a Curie temperature of ~300 K and allows magnetic refrigeration at room temperature.32, 

33 The magnetocaloric effect is intricately dependent on the structural parameters, as well 

as the magnetic exchange interactions within the crystal lattice. For bulk EAs the density 

functional calculations investigated the structural and magnetic properties of TiAs, FeAs, 

CoAs, CrAs and provided a theoretical framework for their study. It was shown that the 

electronic density of states of VAs, CrAs, and MnAs satisfy the Stoner criterion and hence 

give rise to a half metallic-ferromagnetic ground state (exceptions being MnP and MnAs). 

Typically, the binary transition-metal pnictides crystallize in 5 structure types:  

 

1. face-centered cubic NaCl-type (for ScAs);  

2. hexagonal TiP-type (for TiAs and ZrAs, HfAs);  

3. orthorhombic MnP-type (for VAs, CrAs, FeAs, CoAs and RuAs); 

4. hexagonal NiAs type (for MnAs and NiAs);  

5. tetragonal NbAs-type structure (for NbAs and TaAs).  
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  As mentioned in the preceding sections, the transition metal pnictides obtained a 

major thrust following the discovery of superconductivity in LaFePO in 2006.34 This 

initial report of superconductivity in a rather unexpected Fe containing composition led to 

a flurry of research activities which resulted in identification of several other 

superconducting compositions within these Fe based pnictides, specifically arsenides 

(Figure 1.2).35 The continued interest in these Fe-based superconductors was sustained by 

the exhibition of high Tc (critical temperature for superconductivity) which could be 

altered by changing the Ln ion as well as doping in the pnictide positions. Apart from the 

Fe-based pnictides, skutterudites such as La0.8Rh4P12 were also shown to have a 

superconducting Tc of 13.6 K.36 The observance of superconductivity and related 

magnetism in the transition-metal pnictides has been studied by Ivanovskii37 and 

Goodenough38 for both arsenides and phosphides.  

 
Figure 1.2: The five tetragonal structures exhibited by different families of the Fe-

based superconductors35  
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 The Fe-based superconductors were typically classified as [1111], [122] and [111] 

families, generic for LnFePO, BaFe2As2, and LiFeAs, respectively. Other than the 

pnictides, the Fe-chalcogenide based superconductors like FeSe have also exhibited 

unconventional superconductivity and are included in this family. The quartenary [1111] 

pnictides include compounds with compositions like LnEPnO (where Ln= Rare earth, E = 

transition metal and Pn = Pnictogen) with ZrSiCuAs type layered crystal structure. Single 

crystalline quaternary LaFePO is superconducting at 6.6 K.39 These are the first candidates to 

be studied amongst the iron- based superconductors. It has been observed that the crystal 

structures of these compounds have a significant influence on the superconductivity. These 

oxypnictides contains an alternate stacking of FeP layers with La2O3. It has been shown that 

the effect of doping and pressure application in these oxypnictides raises the critical 

temperatures up to 55K.40 Therefore, many isostructural compounds with rich chemical 

compositions were synthesized, e.g., LaAgSO, LnCuSeO, LNEPO (E = transition metal), 

LnEAsO, LnESbO, UCuPO, BaCuSF, SrZnPF, CeMnSiH, etc. It is possible that here 

superconductivity is associated with oxygen vacancies that dope a small fraction of the 

compound with charge carriers. This can be verified by 10-20% substitution of the oxide ions 

by the fluoride. This superconductivity and Tc enhancement was in direct competition with 

some fullerides and MgB2.  

  The other ternary member of the iron- based superconductor is also isoelectronic 

BaFe2As2 (122). The common structural motif in these was the FeAs layers alternating 

with Ba ions. The critical Tc in BaFe2As2 goes as high as 39 K due to doping 

Ba(1−x)K(x)Fe2As2.41 It has been observed that all the Fe-based pnictide superconductors 

exhibit a crystal structure containing similar motifs as the [1111] family, viz. the anionic 

Fe-Pn layers alternating with the cationic layers. In [1111] family the cationic layer is 
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made by edge-sharing of the Ln2O3 polyhedra, while for the [122] and [111] families, 

simple cations occupy the interstitial space between the anionic layers (Figure 1.2).  

LiFeAs, of the iron- based superconductor family which has Fe2As2 layers and 

intercalated Li ions to give the Cu2Sb type tetragonal structure. The superconducting Tc 

found in pure phase LiFeAs was 18 K as found by Wang et al.in 2008.42 The binary 

arsenide layers in these iron based superconductors are known to provide crucial support 

to superconductivity similar to the Cu2O layers in cooperate superconductors. The crystal 

structure of LiFeAs is anti-PbFCl-type, layered tetragonal structure with P4/nmm space 

group.  

  It is known that pressure tends to decrease the magnetic transition temperature in 

the doped or undoped compounds. The application of pressure changes the interatomic 

distance and modifies the electronic and phonon spectra of a solid without including any 

chemical complexity. Pressure can also create new ground states in these compounds. 

The other source of pressure is chemical pressure induced by doping with smaller ions 

which can bring about the lattice contraction in these layered compounds. For example, 

In BaFe2As2 when As is doped with smaller P a reduction in volume of the cell along 

with lattice contraction occurs. The superconducting Tc increases with pressure for under 

doped FeAs-pnictides, remains constant for optimal doping and decreases linearly in the 

over doped region. The [111] family of Fe-based superconductors however, shows the 

most pronounced pressure effect second only to the chalcogenide superconductors.43 In 

these compounds it is known that the superconducting Tc decreases linearly with pressure 

at the rate of -1.5 K/GPa. The possible explanation of this effect in LiFeAs is due to short 

lattice constants due to small Li+ size. LiFeAs has the smallest volume and therefore, it 
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can be considered as a “high pressure” analog of the undoped FeAs compounds44. The 

other member of the [111] superconductors is NaFeAs which is isotypic to LiFeAs. In 

NaFeAs the FeAs tetrahedral is distorted giving rise to two different As-Fe-As bond 

angles making the compressed tetrahedron in the basal plane which is a direct 

consequence of accommodating the larger Na+. Physical pressure application in this 

system causes the distortion to disappear and thus raises the Tc to 33K, no further 

tetrahedral compression can be performed in the LiFeAs system. This result is of great 

consequence to a nanochemist since nanostructuring often confines the crystal in small 

volumes and either enhancement or suppression of superconductivity can be observed if 

these bulk superconductors are nanostructured. These observations will provide very 

valuable insights into the working principle of these unconventional superconductors as 

well as their structure-property correlation. 

 

1.3. NANOSTRUCTURED TRANSITION-METAL PNICTIDES 

  Nanomaterials science and technology has been on the forefront of materials 

science ever since its conception and the expectations that they can indeed change the 

world. Most of this expectation is attributed to the effect of reduced dimensions on the 

fundamental, intrinsic properties of the materials. Properties that are associated with the 

electrons and their mobilities within the materials, are the ones that are most prominently 

altered/enhanced in the nanostructures. Accordingly, magnetism and superconductivity 

are expected to show unique features accompanying the reduction in material’s 

dimension. Nanostructuring of a superconductor causes artificial potential wells wherein 

superconducting flux lines are confined. The topology of nanostructures provides the 
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boundary conditions to the potential wells causing a change in properties much similar to 

quantum confinement. This is called the “quantum size effect” in superconductors. In the 

nanoscale parameters like penetration depth (λL), coherence length (ξ0) and Anderson’s 

criteria are perturbed and thus provides an insightful way to understand the underlying 

principle of superconductivity. It is important to know that the ground state properties of 

a superconductor change when the dimensions become less than the characteristic length 

scales, such as the penetration depth and coherence length. Anderson had predicted in 

1959 that there is a third length scale that controls the superconducting order parameter in 

nano-sized superconductors. According to the Anderson’s criterion, there is a complete 

destabilization of superconductivity for grain sizes at which the energy level spacing 

(arising from quantum size effects in small particles) becomes equal to the 

superconducting energy gap, Δ(0). This criterion has since been experimentally verified 

in many elemental superconductors.45 The other factor that influences superconductivity 

is the length of the superconducting wave function. This is the second fundamental length 

scale in a superconductor, and was introduced initially by Pippard.46 He argued that the 

superconducting wave function should have a characteristic dimension ξo which can be 

estimated from the uncertainty principle. For example in In nanoparticles it has been 

observed that 5% increase in Tc and 400 times increase in Hc for 39 nm particles is 

possible on reducing the dimensions from bulk In.47 On the contrary, quantum 

suppression of superconductivity has been predicted by Bezrydin by thermally activated 

phase slips in Mo-Ge alloy ultrathin nanowires.48 In Al nanoparticles suppression of 

superconductivity is observed when size reaches 10 nm, mainly due to the increase in 

electronic energy level gap in comparison to superconducting gap.49 Shell effects have 
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been observed in Sn nanoparticles which also enhance superconductivity.50 A 

suppression of superconductivity was observed in MgB2 nanowires (Tc = 33 K) as 

compared to bulk MgB2 (Tc = 39 K).51 All these factors such as size, surface effects, 

doping, flux pinning and lattice deformities caused by nanostructuring can potentially 

alter the superconducting parameters and even give rise to higher transition temperatures 

compared to the bulk state. Fe-based chalcogenide superconductors have lived up to this 

promise, whereby, recent results showed that the Tc could be increased significantly 

through extreme confinement of FeSe within the nanoparticles.52 The effect of 

nanostructuring of LiFeAs or LaFeAsO on superconducting Tc has not been observed till 

now owing to lack of synthesis methods for making these compounds in the nanoscale.  

  Nano-magnetism is the field of magnetic phenomena occurring at the submicron 

range. Many of the binary transition-metal pnictides have significant magnetic 

interactions. The magnetic interactions are also influenced by the nanostructuring of the 

binary transition-metal arsenides. In ferromagnetic nanomaterials, reduction in material 

dimension below a certain threshold limit (critical size) leads to confinement of the spins 

in a single magnetic domain. This type of confinement causes the magnetic particles to 

behave as monodomain magnetic clusters leading to superparamagnetic behavior. 

Normally in bulk ferromagnets, there are regions where the magnetization in each 

domain is not of the same magnitude and/or direction. This non- uniformity is referred to 

as magnetic anisotropy and this leads us into the concept of preferred axis of 

magnetization. Hence, for an isotropic nanoparticle containing in the monodomain size 

range there may not be any magnetic anisotropy but for spindle shaped/oblong/prolate 

nanorods or nanowires, the anisotropy may be different in X-Y directions depending 
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upon the direction of lower energy. The anisotropy is represented by the constant K, also 

known as magnetocrystalline anisotropy constant. Also, new magnetic properties emerge 

when the grain or particle size for a bulk ferromagnet matches the “magnetic domain” 

size. At that point the individual particle behaves like a paramagnet but with very high 

magnetic moment and saturation magnetization thus being referred to as 

“superparamagnetism”. This kind of transformation will be further discussed and forms 

the core of this dissertation. Nanostructuring also causes breaking of electron pairing and 

hence make surface magnetic phenomenon more prominent, frequently causing the 

conventional antiferromagnets and ferrimagnets to show unique features.  

  Nanostructuring of transition-metal pnictides especially phosphides has been 

investigated by various groups. Magnetic susceptibility data on dodecylamine-capped 

FeP nanoparticles suggested that the moments within each particle were coupled anti-

ferromagnetically and that there was no evidence of a Néel transition, in contrast to bulk 

FeP.53 Brock et al. have developed arrested precipitation methods for synthesis of FeP, 

Fe2P, MnP, MnAs and Ni2P nanoparticles with narrow size distribution.54,55, 56 In case of 

MnP, the nanoparticles were found to be superparamagnetic below Tc with no evidence 

of a metamagnetic transition, as was observed in bulk (microcrystalline) MnP. Similarly, 

MnP nanorods57 were observed to be ferromagnetic, with a coercive field of 4200 Oe at 

10 K and a blocking temperature of 250.4 K at 500 Oe. The introduction of shape 

anisotropy into nanoparticles of MnP had little or no influence on the magnetic 

properties, suggesting that the inherent magnetocrystalline anisotropy was the dominating 

influence. In MnAs nanoparticles a suppression of the magnetostructural transition was 

noted which is also prevalent in the bulk MnAs.58 A conversion of Fe nanoparticles into 
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Fe2P and FeP has been carried out by Muthuswamay et. al, they found that Fe2P rods 

were ferromagnetic with a Curie temperature between 215 and 220 K and exhibited a 

blocking temperature of 179 K, whereas bulk FeP is a metamagnet with a Néel 

temperature of 120 K.54 These reports suggested that due to nanostructuring nanoparticles 

of transition-metal pnictides adopt new magnetic properties which may serve for new 

applications.  

  Recently magnetic nanomaterials have found a lot of applications in wide range 

of fields including (i) in biomedical fields as contrast enhancing agents for MRI imaging 

and for magnetic fluid hyperthermia agents for cancer treatment; (ii) as ferrofluids; (iii) 

as single bit memory units in magnetic storage devices; and (iv) as dilute magnetic 

semiconductors for spintronic devices. The potential for such wide range applications 

provides a major technological driving force for the exploration of magnetic 

nanomaterials in all aspects of research and development.59 

   The superparamagnets have been sought after for use in magnetic storage 

devices where each monodomain particle is used as a bit, and the reduced size of the 

nanoparticles makes it possible to pack large densities of such bits thereby increasing the 

efficiency of data storage. However, higher data storage densities also require beating the 

superparamagnetic limit. In particular, when the magnetic energy stored in a small, 

nanoscale particles is comparable to the thermal energy, a nanomagnet may become non-

magnetic (superparamagnetic) above so-called “blocking temperature” TB. Since TB is a 

size dependent parameter, the size of the nanoparticles will be have to be small (below 

critical size) and each nanoparticle will have to be isolated (i.e. non-interacting) from 

each other to prevent changes in moment via crosstalk. This isolation of the 
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superparamagnetic particles is achieved through several ways. One of the favored ways 

to achieve this has been pinning the magnetic moments through ordering the 

superparamagnetic nanostructures in an array and embedding them in anti-ferromagnetic 

matrices. This technique has yielded in delayed onset of superparamagnetism and can 

result in higher storage densities through interparticle ordering in low applied magnetic 

field. This kind of architectural control can be achieved by the application of the 

magnetic field or slow evaporation or dip pen lithography etc.  

 

1.4. SYNTHETIC METHODS 

  No matter what the applications of nanotechnology are, the need for novel, facile 

and scalable methods of nanomaterial synthesis are always necessary to realize the 

expectations of the nanotechnology revolution. Advances and improvements in 

nanomaterials synthesis were the major focus of nanomaterials chemistry in the last 20 

years. Many methods have been established, standardized and adopted that enable 

micrograms to milligrams-scale synthesis at both bench scale and industrial scale. In 

general, nanomaterials synthesis can be broadly classified into two categories: (i) top-

down approach where materials in the bulk size are fragmented and scaled down to 

nanometer dimension; and (ii) bottom-up approach where nanomaterials are built through 

chemical assembly of atomic and molecular building blocks.60 While top-down approach 

preserves the composition of the materials very precisely, it is the bottom-up approach 

that has been of more interest to the materials chemists, since it gives the opportunity to 

create innovative nanostructures of unique composition and tune their properties very 
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precisely. Hence, as a chemist, the bottom-up approach is most lucrative to create the 

various nanostructures including the pnictides  

  In the case of binary pnictides, Bawendi and co-workers have studied the 

mechanism for the formation of InP quantum dots (QDs) by the reaction of indium(III) 

myristate, tris(trimethylsilyl)phosphine (TMS)3P and octylamine in sealed NMR tubes, 

analyzing the intermediates using 1H NMR spectroscopy.61 The same group also made 

InP nanocrystals (NCs) from the same precursors in supercritical octane at 320ºC using a 

microfluidic reactor.62 Further modification of the same method yielded core-shell InAs@ 

ZnCdS QDs.63 The process involved a two-step conversion; reaction of indium(III) 

myristate with octadecylamine (ODE), TOP and (TMS)3As at 230ºC resulted in the 

formation of the InAs core, followed by the slow addition of dimethyl cadmium, diethyl 

zinc and(TMS)3S resulting in the deposition of the alloy shell. Mocatta et al. explored the 

room temperature n- and p-type doping of InAs NCs with Cu or Ag by the addition of the 

corresponding metal salts dissolved in a mixture of toluene, dodecylamine and 

didodecyldimethylammonium bromide to 4 nm InAs NCs in toluene.64 Similarly, 

Tamang et al. demonstrated the aqueous phase transfer of InP/ZnS QDs using hydrophilic 

thiols such as cysteine, thioglycolic acid, dihydrolipoic acid, 3-mercaptopropanoic acid 

and 11-mercaptoundecanoic acid.65 Cadmium phosphide (Cd3P2) QDs were synthesized 

by the injection of [(TMS)3P] dispersed in TOP and ODE into cadmium oleate in ODE at 

temperatures of 25, 80, 120 and 150 ºC.66 Harris and co-workers reported the synthesis of 

cadmium arsenide(Cd3As2) QDs by the fast injection of tris(trimethylsilyl)arsine 

[(TMS)3As]in TOP into the solution containing cadmium(II) myristate and ODE at 175 

ºC, which initiated the formation of small particles of Cd3As2 ( 2 nm).67  
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 Cobalt phosphide (Co2P) nanowires have been synthesized by a one-pot colloidal 

reaction of cobalt oleate in TOP at 290 ºC or 320 ºC.68 Ternary cobalt iron phosphide 

nanostructures were synthesized by the reaction of iron(III) oleate and cobalt(II) oleate 

with TOP in the presence of oleyl amine.69 Single-source precursors were also employed 

for the growth of cobalt phosphide materials. Co2P or CoP nanoparticles (5 nm) were 

obtained by the injection of cobalt diselenophosphinate [Co(Se2PR2)2] (R=iPr, Ph and t-

Bu) precursor dissolved in TOP to TOPO or HDA at 300ºC after 60 and 150 minutes 

respectively. In this study, the thermolysis of the Co(C5H7O2)2 precursor in TOPO at 350 

ºC for 6 min produced Co nanoparticles. When the reaction time was increased to 5 h, 

most of the Co nanoparticles were converted into Co2P.70 

   Schaak and co-workers have devised a general method of converting metal 

nanoparticles to form transition metal phosphides such as Ni2P, PtP2, Rh2P, PdP2, Pd5P2, 

and Au2P3 by reacting with TOP in a hot solvent (290−360 °C). It was also observed that 

in this method nanostructures such as hollow spheres can be easily made using a 

Kirkendall-type mechanism, which utilized metal nanoparticles as reactive templates.71, 72 

With this study it was established that TOP can be used as an appropriate precursor for 

the conversion of a metal nanoparticle to metal phosphide. Nanoparticles of Fe phosphide 

were prepared through reductive annealing of nanoparticulate Fe phosphate precursors 

cast onto atomically flat mica surfaces.73 This route appears to be general for a range of 

transition metals and pnictogens and avoided the use of highly toxic and pyrophoric 

agents such as Pn(SiMe3)3 (Pn = P, As), which are commonly employed in the synthesis 

of pnictide nanoparticles.  
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  FeP nanoparticles were synthesized by the reaction of Fe(III) acetylacetonate 

with tris(trimethylsilyl)phosphine at 240-320° using trioctylphosphine oxide (TOPO) as a 

solvent and dodecylamine, myristic acid (MA), or hexylphosphonic acid (HPA) as 

additional capping groups (ligands).54 Mechanochemical reaction between transition 

metal and pnictogen powders was also performed by Kim et al. It was concluded that the 

reaction enthalpy and particle size influence both the reaction path and rate. However in 

most experiments this yielded only micron sized particles.74 Lu et. al. have made FeAs 

nanoparticles sonochemically from transition metal chlorides and arsenic, while Zhang 

and coworkers made FeAs nanocrystals from reductive recombination of FeCl3 and 

AsCl3 at 150 —180 °C.75 However, these reports did not provide any details about the 

magnetic nature of the FeAs nanoparticles, and also the morphology was very ill-defined. 

The dearth of synthetic strategies towards formation of arsenide nanostructures through 

solution chemistry is mainly due to the toxicity of many of the volatile As-precursors like 

AsCl3, AsH3 and even metallic As, which may be acting as an obstacle. Recently 

triphenylarsine (TPA) has been used as As precursor for the growth of InAs76 and 

GaAs.76 Under solid-state conditions and refluxing in benzene respectively, TPA as a 

precursor addresses the toxicity related issues and is a much more lucrative As precursor 

in lieu of its ease of handling, moderate reactivity and less toxicity. Mesh like 

nanostructured CoAs has also been synthesized by Lu and Xie et al.77 Thin films of CoAs 

by using metal-‐organic complex 1,3-‐bis(tert-‐butyl)-‐2-‐112 [tetracarbonyl-‐cobalt(-‐1)]-‐

1,3,2-‐diazarsolidine were also synthesized by Klingan et al. in 1995 using the CVD 

method.78 However, these conventional methods, even though yields compositionally 

pure samples, are not very amenable to morphology control.  
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 In our work the synthesis of FeAs@C79 nanoparticles was carried out in a N2 

filled glove box containing less than 1 ppm of O2. 1 mM of triphenylarsine and 5 mM of 

HDA was weighed and added to a three-neck round bottom flask equipped with a 

magnetic stir bar and air condenser. The mixture was slowly heated to 325° C during 

which the reactants slowly melted and the colorless mixture refluxed in its own vapors. 1 

mM of Fe(CO)5 maintained at room temperature was then injected using a syringe pump 

into the hot HDA + TPA mixture. Upon addition of Fe(CO)5 the solution immediately 

turned black with rapid evolution of gases. After 5 min the gases subsided and the black 

solution was left to reflux for 3 hrs. After 3 hrs. the heating was stopped and the reaction 

was cooled down to room temperature. The process was optimized for all the other metal 

carbonyls (Mn, Cr, Co). Figure 1.3 shows the pictorial representation of the technique. 

Tm stands for transition metal. 

 
Figure 1.3: Experimental set up for the arsenide synthesis along with the plausible 

chemical conversion  
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  For the synthesis of nanostructured LiFeAs a new method was developed by a 

combination of solution phase method and ceramic method of powder synthesis. This 

was termed at the sacrificial template method. Figure 1.4 shows the central idea behind 

the method. The first step in this approach was the synthesis of nanoparticulate FeAs.  

Figure 1.4: Schematic showing the central idea behind the sacrificial template 
technique 
 

  Secondly, these nanoparticles were made to react with large excess of bulk 

Lithium metal in in order to form the nanostructured LiFeAs. Recently electrochemical 

reduction of FeAs has been tried by Chen et al. using LiPF6 as a source of Li ions. They 

found that a thin layer of LiFeAs can be formed on the surface of the FeAs electrode. The 

thin film of LiFeAs did not however reflect a change in particle size or superconducting 

Tc but it proved the possibility of synthesizing these nanoparticles from FeAs 

nanoparticles by the sacrificial template approach. The conceptual description of 

sacrificial template is that the FeAs nanoparticles act as a soft morphology-directing 

template which gets consumed in the reaction. One of the biggest advantages of using 

sacrificial template is that there is no necessity of template removal and it yields a very 
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uniform product with respect to morphology. Many other researchers have utilized these 

sacrificial templates to guide nanostructures morphology. For example, Gates et al. 

converted single crystalline nanowires of Ag2Se by reacting AgNO3 with Se nanowires80. 

The Se nanowires were supported on TEM grids and dispersed in water. Thus the shape 

of the resulting product nanowires is predetermined by the shape of Se nanowires.  

 The stoichiometry is taken care by the chemical reactions. 

Se(s) (Nanowires) + 6Ag+ + 3H2O !2Ag2Se (s) (Nanowires) + Ag2SeO3+ 6H+ 

Similarly, carbon nanotubes have been used as templates for Si3N4  

3 SiO (g) + 3C (s)(nanotubes) + 2N2(g) ! Si3N4(s) (Nanowires) + 3CO(g)81 

The formation of CdTe nanowires by consumption of Cd(OH)Cl  

CdCl2 + NaOH ! Cd(OH)Cl 

Cd(OH)Cl + NaHTe ! CdTe (s) (nanowires)82  

 

1.5. RESEARCH PROBLEM 

After reflecting on the topics in the introduction, binary transition metal arsenides, 

high temperature superconductors and consequences of nanostructuring, it can be stated 

that the research problem covered here is the conversion of nanoparticles of binary 

transition metal pnictides, specifically FeAs into ternary LiFeAs. Furthermore, based on 

the work done it can be summarized that this dissertation aims to address the study of 

transition-metal pnictide nanostructures and their properties. The sacrificial template 

approach is developed and it is found as a viable method for complex inorganic 

compound nanostructures synthesis. This has been achieved by a combination of 

solution–phase synthesis of the binary arsenide and solid state synthesis methods which 
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forms the backbone of nanopowder synthesis. Important properties of pnictides like 

superparamagnetism emerge and a case for their conversion into superconducting LiFeAs 

nanostructures can be made.  

This study provided us a chance for developing new methods for nanostructure 

synthesis different from the traditional methods of synthesis. This dissertation is an 

attempt to present the possible pathways/ protocols for such a synthesis further validated 

by characterization techniques like XRD, STEM SEM etc. The upcoming chapters will 

undertake the journey towards LiFeAs synthesis and bittersweet side findings achieved 

till date in this process. 
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1. ABSTRACT 

  Superparamagnetic FeAs nanoparticles with a fairly high blocking temperature 

(TB) have been synthesized through a new solvent-‐less hot injection precipitation 

technique. The synthesis involved usage of triphenylarsine (TPA) as a novel As 

precursor, which reacts with Fe(CO)5 by ligand displacement at moderate temperatures 

(300°C). Addition of a surfactant, hexadecylamine (HDA) assists in the formation of the 

nanoparticles, due to its coordinating ability and low melting point which provides a 

molten flux like condition making this synthesis a solvent-‐less method. Decomposition of 

the carbonaceous precursors, HDA, TPA and Fe(CO)5, also produces the carbonaceous 

shell coating the FeAs nanoparticles. The ~12 nm highly crystalline FeAs core was 

coated with a ~ 2 nm shell making these nanoparticles ~15 nm in size. Magnetic 

characterization of these nanoparticles revealed the superparamagnetic nature of these 

nanoparticles with a perfect anhysteretic nature of the isothermal magnetization above 

TB. The TB observed in this system was indeed high (240 K) when compared with other 

superparamagnetic systems conventionally utilized for magnetic storage devices. It could 

be further increased by decreasing the strength of the applied magnetic field. The narrow 

hysteresis with low magnitude of coercivity at 5K suggested soft ferromagnetic ordering 

in these nanoparticle ensemble. Mössbauer and XPS studies indicated that the Fe was 

present in +3 oxidation state and there was no signature of Fe(0) that could have been 

responsible for the increased magnetic moment and superparamagnetism. Typically for 

superparamagnetic nanoparticle ensemble, the need for isolation of the 

superparamagnetic domains (thereby inhibiting particle aggregation and enhancing the 

TB) has been in constant limelight. Carbonaceous coating on these as-‐synthesized 
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nanoparticles formed in situ provided the physical non-‐magnetic barrier needed for such 

isolation. The high TB and room temperature magnetic moment of these FeAs@C 

nanoparticles also make them potentially useful for applications in ferrofluids and 

magnetic refrigeration. In principle this method can be used as a general route towards 

synthesis of other arsenide nanostructures including the transition metal arsenide which 

show interesting magnetic and electronic properties (e.g. CoAs, MnAs) with finer control 

over morphology, composition and structure. 

 

2. INTRODUCTION 

  The unexpected discovery of superconductivity in LaFePO by Hosono et al. in 

20061 that led to identification of a new series of iron oxypnictide based superconductors, 

LnFePnO [Ln = La, Ce, Sm, Gd, Nd, Pr; Pn = P, As],2-5 has made the iron pnictides a 

center of attraction to materials scientists. The iron pnictide based superconducting 

family was further enriched over the last couple of years with the discovery of new 

compositions, specifically the AFe2As2 (A = Ba, Sr etc.)6 and the AFeAs (A = Li, Na)7,8 

which are generically referred to as [122] and the [111] series respectively, and the parent 

oxypnictide, LnFePnO is referred to as the [1111] series. The common structural motif in 

these layered superconductors is the anionic FeAs layer containing the edge shared FeAs4 

tetrahedra which is believed to be responsible for superconductivity.9,10 The electronic 

and magnetic properties of these superconductors show a dependence on the geometry of 

the FeAs4 tetrahedra.11 While the [1111] series is built up by the alternate stacking of the 

anionic pnictide layer with the cationic Ln2O3 layer, the simpler ternary compositions 
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([111] and [122] series) contain the alkali or the alkaline earth cations placed between the 

FeAs layers. 

  In these pnictide superconductors, the magnetic exchange interactions between 

the Fe atoms within the pnictide layer plays a determining factor in defining the 

superconducting and electronic properties of these superconductors and the binary 

pnictides might serve as a proxy system to study these exchange interactions. More 

importantly, FeAs nanostructures will be an ideal starting point for the synthesis of 

nanostructures of these pnictide superconductors through simple sacrificial template 

approach.  

  Bulk FeAs is an interesting antiferromagnetic (TN = 70 K) semiconductor 

material.12 It crystallizes in the orthorhombic MnP structure type13 and exhibits 

helimagnetism owing to the characteristic arrangement of the Fe3+ spins along the c-

axis.14 Recent work on FeAs using neutron diffraction studies insinuate the role of spin-

density wave (SDW) filling the gaps in Fermi surface, as a possible explanation to the 

magnetic ordering below the TN in this system.15 Apart from being the backbone of the 

pnictide superconductors, these attributes also make FeAs very useful in spintronic 

applications and magnetic storage devices. However, it may be noted even though several 

transition metal pnictide, TmPn (Tm = Fe, Co, Ni, Mn; Pn = P, As) nanostructures are 

known in abundance,16-22 reports of FeAs nanostructures are very limited till date. Lu et. 

al. have made FeAs nanoparticles sonochemically from transition metal chlorides and 

arsenic,23 while Zhang and coworkers made FeAs nanocrystals from reductive 

recombination of FeCl3 and AsCl3 at 150 —180 °C.24 However, these reports did not 
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provide any details about the magnetic nature of the FeAs nanoparticles, and also the 

morphology was very ill-defined.  

 While the high temperature solid state reactions form the most thermodynamically 

stable form of these pnictides, soft chemical synthesis routes and so called chemie douce 

methods relying on association at the molecular level might offer the much needed 

alternative to form the metastable nanostructured phases. Numerous phosphide and 

chalcogenide nanostructures25 have been made by the solution based hot-injection 

method where the precursors are injected into a refluxing solution and the thermal 

gradient leads to spontaneous nucleation and nanostructure growth. Liquid phase 

reactions are especially lucrative since they offer better handle at morphology control and 

chemical composition of the resulting nanostructures. However, the suitable choice of the 

reactants and their relative reactivity’s in the medium play a very definitive role towards 

the progress of the reaction. The dearth of synthetic strategies towards formation of 

arsenide nanostructures through solution chemistry is mainly due to the toxicity of many 

of the volatile As-precursors like AsCl3, AsH3 and even metallic As, which may be acting 

as an obstacle. However, recently triphenylarsine (TPA) has been used as As precursor for 

the growth of InAs and GaAs under solid-state conditions and refluxing in benzene 

respectively.26,27 TPA as a precursor addresses the toxicity related issues and is a much 

more lucrative As precursor in lieu of its ease of handling, moderate reactivity and less 

toxicity. 

 In this paper we discuss a facile one step low-temperature method to synthesize 

FeAs nanoparticles in high yield by a simple surfactant-assisted arrested precipitation 

reaction between Fe(CO)5 and triphenylarsine ((C6H5)3As, TPA) and reveal the 
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unprecedented superparamagnetic behavior of these nanoparticles with a high blocking 

temperature (240 K). At the initiation of the reaction, TPA attaches to the Fe-center 

through simple ligand exchange chemistry to form a probable intermediate which might 

act as the single source precursor, thereby facilitating the low-temperature growth in the 

absence of any catalyst. The method reported here does not require additional solvent 

medium thereby reducing by-products and simplifying the product purification steps. 

 

3. EXPERIMENTAL 

The synthesis of FeAs nanoparticles was carried out in a N2 filled glove box 

containing less than 1 ppm of O2. 1 mM of triphenylarsine and 5 mM of HDA was 

weighed and added to a three-neck round bottom flask equipped with a magnetic stir bar 

and air condenser. The mixture was slowly heated to 325° C during which the reactants 

slowly melted and the colorless mixture refluxed in its own vapors. 1 mM of Fe(CO)5 

maintained at room temperature was then injected using a syringe pump into the hot HDA 

+ TPA mixture. Upon addition of Fe(CO)5 the solution immediately turned black with 

rapid evolution of gases. After 5 min the gases subsided and the black solution was left to 

reflux for 3 hrs. After 3 hrs. the heating was stopped and the reaction was cooled down to 

room temperature. It should be noted here that the molar ratio for obtaining pure phase 

FeAs was 1 : 1 : 5 for Fe(CO)5 : TPA : HDA. If the As is taken in excess of 1 : 1 wrt Fe, 

the nanoparticle shows As-rich composition and the product contains a mixture of iron 

arsenide phases (e.g. FeAs2 along with FeAs). The effect of varying the surfactant 

relative ratios has been discussed below (vide infra). 
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 Purification: The as-synthesized product, by virtue of its attraction to a magnet, 

was purified through simple magnetic filtration. The isolated product was washed at least 

3-4 times with ethanol and hexane using ultra-sonication to remove excess HDA and any 

unreacted precursors. After centrifugation the powder collected from the bottom of the 

tube was dried in air. The yield of the product was in excess of 90% wrt the amount of 

Fe(CO)5 taken as the precursor. The product was characterized further through powder 

X-ray diffraction (pxrd), scanning and transmission electron microscopy (SEM and TEM 

respectively), Energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy 

(XPS), Atomic Absorption spectroscopy (AAS), Raman analysis, Mössbauer and 

magnetic studies.  

 Characterization PXRD : The as-synthesized powder was finely ground and used 

for PXRD, which was carried out on a Philips Xpert diffractometer scanning from 5 to 

90°.  SEM, TEM & STEM: A Technai F20 microscope operating at 200 kV was used for 

TEM while a dual beam Helios FIB microscope was used for SEM and STEM studies. 

Samples for TEM and STEM were made by dispersing as- synthesized 

 FeAs nanoparticles in ethanol by ultra-sonication for 30 min and adding drops 

from the diluted dispersion on a carbon coated 200 mesh Cu grid followed by drying in 

air. XPS XPS analysis was performed with Kratos Axis 165, with a hemispherical 8 

channel analyzer. Photoemission was stimulated with a monochromatic Al source for 

FeAs@C nanoparticles. The XPS spectra of Fe2p and As3d were collected at pass energy 

of 80 peV. Sputtering was performed for 5 min using argon gas.  

 Magnetic measurements: Magnetic moment and isothermal magnetization was 

collected from a SQUID magnetometer and the vibrating sample magnetization (VSM) 
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option of physical property measurement system (PPMS) respectively. The powdered 

sample of known mass was loaded in a gel cap which was inserted into the magnetometer 

with the help of standard sample loader. The diamagnetic signal from the gel cap was 

collected separately and subtracted as a background from the signal obtained from the 

sample. The ZFC data was obtained after cooling the sample down under zero magnetic 

field and then measuring the magnetic susceptibility warming up data by applying a 

magnetic field in the range of 100 – 1000 Oe. The FC data was collected as the sample 

was cooled down under the same applied magnetic field. The isothermal magnetization 

against applied field was collected at different temperatures ranging 5 K to 350 K by 

applying magnetic fields from -20000 Oe to 20000 Oe. 

 Mossbauer: 57Fe Mössbauer experiments were performed in transmission 

geometry at room temperature using a conventional constant acceleration spectrometer 

and a gamma-ray source of 57Co in a Rh matrix. Velocity calibration and isomer shifts 

are given with respect to alpha-Fe foil at room temperature. The Mossbauer data was 

analyzed by Lorentzian line fitting using RECOIL software.28 

 Raman: The Raman spectroscopy was performed using the Horiba Jobin Yvon 

Lab Raman ARAMIS model. The Laser used was He-Ne with a power of 17/4. An 

average of 10 scans was collected.  

 AA Spectroscopy: The AAS was carried out on Perkin Elmer spectrometer (2800 

model). The sample preparation involved digesting a known quantity of the sample in 

measured volume of conc. HNO3 and filtering to remove any undissolved residue. The 

standard solutions were made in similar way by dissolving Fe wire in conc. HNO3. The 

Fe content in the sample was estimated by comparing with the standard. 
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4. RESULTS AND DISCUSSIONS.   

 The formation of the highly crystalline FeAs phase was confirmed by pxrd as 

shown in Figure 1, which revealed that the as-synthesized nanoparticles crystallized in 

the MnP structure-type (JCPDS file, card number (01—076—0458).14 The diameter of 

the nanoparticles as calculated from Scherer equation was 13 nm.29 No other phase of 

FeAs or any other impurity was detected. Size of the nanoparticles was dependent on the 

refluxing time. 

 
Figure 1: PXRD pattern of FeAs nanoparticles as synthesized at 300ºC 

 

 When the temperature of Fe(CO)5 addition was reduced to 250°C a mixture of 

FeAs2 and FeAs was obtained as seen from the pxrd pattern shown in supporting 

information Figure S1. Detailed investigations from the STEM and TEM images showed 

high yield of the nanoparticles in the product and also revealed high degree of 
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monodispersity in the nanoparticles ensemble. Furthermore, microscopic imaging 

revealed that FeAs nanoparticles were core-shell type as seen in the low magnification 

STEM image shown in Figures 2A and B. 

 
 
Figure 2: (A) - (B) STEM images of the nanoparticles showing core-shell nature 

and ordered arrangement. (C) Histogram analysis for the size distribution of the core in 
these nanoparticles 
 

 The average particle diameter was 10 – 15 nm, the core size being 8 – 12 nm. The 

lighter contrast shell is approximately 2 – 4 nm in thickness. Several wide area SEM 

images were analyzed to obtain a statistical histogram for the particle size distribution.  

The histogram showed that the mean size of the core falls well in the range of 8 – 10 nm 
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as shown in Figure 2C while the particle size distribution was in the range of 10 – 15 nm 

(Figure S2).  The nanoparticles frequently exhibited a hexagonal arrangement on the 

TEM grids as shown in Figure 2B. The presence of the surfactant was essential for 

formation of the nanoparticles. HDA served both as a solvent and a capping agent. 

 Nitrogen containing coordinating polymers like copoly(styrene-4-vinylpyridine 

and copoly(styrene–N-vinylpyrolidone) have long been known to act as nucleophiles and 

brilliant capping agents.30 In our opinion HDA also acts similar to these solvents. Other 

experiments that involved changing the concentration of HDA indicated that 

concentration of HDA alters the nanoparticle morphology. When the concentration of 

HDA was reduced [1 : 1; HDA : Fe(CO)5] nanoparticles did not form. An increase in 

HDA concentration to [1 : 10; HDA : Fe(CO)5] gave square shaped nanoparticles. Thus, 

the role and optimal concentration of HDA was determined as an effective capping agent 

at 5mM.The arsenic precursor, TPA, is very favorable in the sense that it is less volatile, 

melts easily, decomposes at higher temperatures, and Therefore,, less hazardous. 

Moreover, the handling of solid TPA does not require any complicated protocol. 

However, to reduce the exposure towards As-precursors, the entire reaction was 

performed in a N2 filled dry box. The core in these nanoparticles was single crystalline 

and exhibited lattice fringes corresponding to (110) spacing of FeAs as shown in the 

HRTEM (Figure 3).The selected area electron diffraction (SAED) pattern was also 

collected over an ensemble of nanoparticles which as expected, exhibited spotty ring 

pattern typical for a random distribution of small crystallites. SAED could not be 

performed on individual nanoparticles owing to the particle sizes being very small as 

B 
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compared to the SAED aperture.  The shell on the other hand, did not reveal any 

crystalline ordering and was mostly amorphous.  

 
 
Figure 3: HRTEM image of a nanoparticle showing the crystalline nature of the 

core and lattice fringes corresponding to FeAs. Inset shows the SAED pattern collected 
from the core of the nanoparticle 

 
Compositional analysis of the core and the shell was done through EDS line scan 

analysis and XPS. The EDS spectrum as shown in Figure 4A verifies the presence of Fe 

and As in the nanoparticles with an approximate ratio of 1 : 1.3. The XPS analysis 

(Figure 4B) also confirms the presence of strong peaks at 767eV for Fe (2p) and 42 eV 
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for As (3d) respectively. The XPS and the EDS spectra collected from individual 

nanoparticle also picked up significant amount of C.  

 

 

Figure 4 :  (A) EDS spectrum from the nanoparticles. The inset shows EDS line 
scan across a single nanoparticle showing both Fe and As in the core. (B) – (C) XPS 
analysis of these nanoparticles showing the peaks corresponding to Fe(2p) at 767eV and 
As(3d) at 42eV 
 

 In order to get a better insight into the compositional analysis of the core and the 

shell of these nanoparticles, detailed elemental mapping was carried out over a single 

nanoparticle. A line scan performed on a single nanoparticle as shown in inset of Figure 
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4A showed that Fe and As peak intensities intensified at the same time in the nanoparticle 

core and diminished abruptly within the shell with the concentration of both Fe and As 

being maximum at the center. The carbon signal on the other hand is more concentrated 

near the shell and is minimal in the core of the nanoparticle (See Figure S3). These 

corroborated the fact that the FeAs nanoparticles were indeed covered with a 

carbonaceous shell resulting in the core-shell morphology Detailed XPS analysis also 

provided support of this proposed core-shell compositional variance, wherein the Fe (2p) 

and As (3d) signal increased considerably after sputtering for about 5 min which removed 

approximately 2 – 3 nm from the surface of the nanoparticles, thereby revealing the core. 

The core and shell composition of these nanoparticles were further studied through 

Raman spectroscopy. Raman spectra of the FeAs@C nanoparticles showed peaks at 223 

cm-1, 288 cm-1, 406 cm-1, and 605 cm-1 as seen in Figure 5. These bands correspond well 

with the Raman spectra obtained from bulk FeAs with a slight shift towards higher 

wavenumbers as expected for nanostructured morphology.31 

The band at observed at 1314 cm-1 for the nanoparticle sample, however, was not 

prominent in bulk FeAs, but is rather a characteristic signature of the D-band on 

amorphous carbon.32 It should be noted that the Raman spectra of the nanoparticles was 

distinctly different from the spectra obtained from pure HDA as shown in the inset of 

Figure 5. Hence the presence of HDA on the shell of these nanoparticles was ruled out 

and the shell was confirmed to be formed of amorphous carbon. 
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Figure 5: Raman spectra of FeAs@C nanoparticles and FeAs bulk. The inset 

shows the Raman spectra for HDA 
 

  Magnetic properties: FeAs has interesting magnetic properties in lieu of the 

characteristic arrangements of Fe atoms along the c-axis leading to helimagnetism.14 Bulk 

FeAs is a double helical magnet below TN = 77 K, (TN is the Neel temperature), where 

the magnetic moments are at right angles to the spiral axis (common c-axis) in the 

absence of magnetic field.14 However, unlike the other pnictides of similar structure type, 

FeAs exhibits a complex magnetic behavior in its bulk state. The magnetic susceptibility 

follows Curie-Weiss law in a narrow temperature range (350 - 600K), and deviation 

outside that range is believed to be due to some complex exchange interactions and the 

presence of Cooperative magnetism in the system.14 To elucidate the magnetic behavior 

of these FeAs nanoparticles, magnetization as a function of temperature and applied field 
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was investigated. The magnetization behavior as a function of temperature was measured 

under zero-field cooled (ZFC) and field-cooled (FC) condition with an applied field of 

100 -1000 Oe, and is plotted in Figure 5A – C. The absolute amount of Fe in these 

samples were obtained from AAS measurements (42.78 ppm) and all the magnetization 

data was normalized wrt the estimated amount of FeAs in the sample rather than the total 

sample mass used for magnetic studies. A typical divergence of the ZFC-FC curve was 

observed in the M vs T plots, which is characteristic of several magnetic phenomena like 

superparamagnetism33 and spin-glass behavior. Previous researchers have observed such 

divergence in the ZFC-FC plots for the pnictide nanoparticles and ascribed them to the 

superparamagnetic nature of the nanoparticles.34-37 In such cases, the maxima in the ZFC 

plot is considered to be the blocking temperature (TB), which was representative of the 

minimum temperature above which spontaneous fluctuations of the particle moment was 

allowed leading to loss of magnetic ordering. Superparamagnetism is characteristic in 

ferro- or ferrimagnetic systems when the material size is reduced below a critical 

dimension, such that it shows single magnetic domain. The presence of 

superparamagnetism in nanoparticle ensemble is supported by two evidences. The first 

and foremost evidence is that the magnetization as a function of H/T (H = applied field, T 

= temperature) for non-interacting single domain particles can be fitted to the Langevin 

equation (Eq. 1) as shown below,38 

 

𝑀 = 𝑀! coth
𝜇𝐻
𝑘!𝑇

−
1

( 𝜇𝐻𝑘!𝑇
)
    …   (1) 
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where, M = magnetization, M0 = saturation magnetization, H = applied magnetic field, µ 

= magnetic moment, T= temperature, and kb = Boltzmann constant. For the FeAs 

nanoparticles, the plot of M/M0 vs H/T at different temperatures, converges into one 

universal curve and could be fitted to the Langevin equation with a 99.98% accuracy as 

shown in Figure 6D. The second condition for superparamagnetic behavior is 

anhysteretic nature of the isothermal magnetization against applied field with zero 

coercivity and remanence, which also must be temperature independent above TB.39,40 For 

the FeAs nanoparticles magnetization as a function of applied magnetic field as(Figure 

S4) respectively. The absence of coercivity and remanence (i.e. the anhysteretic nature) 

in these plots was prominent above 77 K. Hence, from these magnetic characterizations it 

was concluded that these FeAs nanoparticles are indeed superparamagnetic with a fairly 

high TB. There was no correspondence between the TB and irreversibility temperature 

Tirr, (Tirr = the temperature at which the ZFC and FC curves show divergence) (Figure 6A 

– C) indicating considerable size dispersion among the nanoparticles.12 Typically the 

difference between the TB and Tirr stems from the fact that all the nanoparticles in this 

system do not have identical energy barriers of magnetic reversal owing to their different 

sizes. This leads to a widening of the superparamagnetic transition over a temperature 

range where the divergence of the ZFC-FC curves (Tirr) and maxima of the ZFC curve  

(TB) do not necessarily merge. As discussed previously from STEM and TEM studies 

these FeAs nanoparticles indeed show narrow size dispersity (10 – 15 nm). At lower 

temperatures, viz 5 and 10K, the magnetization plots show a very small coercivity (390 

Oe) which might indicate very weak ferromagnetism in these particles or other short 

range magnetic ordering like spin-glass. 
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Figure 6 :  (A) – (F) Magnetic measurement of the FeAs nanoparticles. The ZFC-
FC plot of magnetic susceptibility against temperature under an applied field of (A) 100 
Oe; (B) 500 Oe and (C) 1000 Oe. (D) The Langevin fit for M/Ms vs H/T plots (E) M vs 
H plot at 5 K showing a small coercivity. (F) Shows the dependence of TB on the applied 
field 
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  In accordance with other superparamagnetic systems,23 the TB was dependent on 

the field applied, and TB decreased with increasing magnetic field as shown in Figure 6F. 

A fairly high saturation magnetization of ~15 emu/gm was observed with these 

nanoparticles at low temperatures. However it should be noted that at higher 

temperatures, the magnetization curve was still rising even above 20,000 Oe, indicating 

that the saturation magnetization will predictably be higher than that observed in the 

plots. In superparamagnetic nanoparticles, the TB depends upon the size of the particles, 

the field applied and the experimental measuring time,41 and is also influenced heavily by 

the extent of interparticle interactions. For the FeAs nanoparticles TB as high as 240K 

was observed at the lowest field of 100 Oe. There are many outcomes and reasons of 

such a high TB in our system. Magnetocrystalline anisotropy and the higher critical radius 

of the nanoparticles contribute to the high TB. It also implies that superparamagnetism 

can be avoided up to 240 K which is a temperature closer to room temperature. 

Superparamagnets owing to their high magnetic moment are typically used in ferrofluids 

that may be used as magnetic inks, toners, and frictionless seals.42 Magnetic refrigeration 

is another application that uses superparamagnetic materials by reduction of surrounding 

temperature by heat absorption through magnetocaloric effect.43 For most of these 

applications, a TB close to room temperature is desired for increasing the efficiency of the 

device. Typically higher TBs are observed in alloy nanoparticles like, Co@Au core shell 

nanoparticles (TB = 290 K), Co@Cu (TB = 235 K)44 and Fe@Au core shell nanoparticles 

(170K),45 and mostly elaborate measures are required to inhibit inter-particle interaction 

and increase the TB to these values. Some of the measures include wrapping the 

nanoparticles with a spacer or non-magnetic shell or dispersing them in a polymer matrix 
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thereby diluting the interparticle interactions. Furthermore, it has been argued by 

Skumryev46 that passivating such magnetic nanoparticles in an antiferromagnetic shell 

increases the TB 30 fold, thereby beating the “superparamagnetic limit”. In the present 

case, the as- synthesized FeAs nanoparticles being covered with a carbonaceous shell, by 

itself, presents a perfect assembly for decreasing the interparticle interactions thereby 

leading to inherently higher TB. The carbonaceous shell around the magnetic FeAs 

nanoparticles also aids in pinning the magnetic moments within the nanoparticles. It also 

increases the chemical stability of FeAs@C nanoparticles towards surface oxidation.  

Size estimation of the FeAs nanoparticles from magnetic characterization: 

  For superparamagnetic nanoparticle ensembles above TB, the Langevin fit can 

also be used for estimating the average particle volume by considering the following 

equations along with the Langevin equation (Eq. 1).  Expressing experimental 

magnetization as a function of H/T reduces Eq. 1 to the following form: 

 

𝑦 = 𝑎 coth 𝑏𝑥 −
1
𝑏𝑥                                   … 2    

𝑤ℎ𝑒𝑟𝑒  𝑥 =   
𝐻
𝑇 ;   𝑦 = 𝑀;   𝑎 = 𝑀!;   𝑎𝑛𝑑  𝑏 =   

µμ
𝑘!
   

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒  𝑚𝑜𝑚𝑒𝑛𝑡, µμ = 𝑀! < 𝑉 > ⋯ 3    

𝑤ℎ𝑒𝑟𝑒  𝑀! =   𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛  𝑚𝑜𝑚𝑒𝑛𝑡  𝑜𝑓  𝑏𝑢𝑙𝑘  𝐹𝑒𝐴𝑠  𝑎𝑛𝑑 < 𝑉 >  =

𝑎𝑣𝑒𝑟𝑎𝑔𝑒  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒  𝑣𝑜𝑙𝑢𝑚𝑒.  

 

 The theoretical saturation moment of bulk FeAs was calculated to be 93.9596 

emu.gm-1 by considering 2.2 unpaired electrons per Fe(III) atom in FeAs.12 From the 
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Langevin fit of the M vs H/T plot (Figure 6D), the parameters a and b could be obtained 

and Eq. 3 could be solved for <V> through proper substitution (the density of FeAs was 

taken as 7.721 gm.cc-1 corresponding to the crystalline phase observed in the pxrd 

pattern). The average particle diameter obtained through this approach was approximately 

10 nm, which was close to the average core size seen in these superparamagnetic 

particles through extensive SEM and STEM studies. 

Previously Brock at al. have investigated a series of iron pnictide nanoparticles 

and have reported that presence of trace amounts of Fe impurities in some of these 

nanoparticles interferes with the magnetic signal.16 In our case however, we would like to 

underline the fact that at higher temperatures (above TB) all the M vs H curves were 

anhysteretic in nature thereby ruling out the presence of any kind of bulk ferromagnetic 

impurities. Also, the nanoparticles obtained were mostly crystalline throughout as seen 

from the typical HRTEM image shown in Figure 3 thereby reducing the possibility of the 

presence of any unreacted Fe at the core. Careful elemental analysis through EDS and 

XPS failed to pick up any excess Fe and O signal from the edge of the nanoparticles, 

thereby minimizing the possibility of the presence of other Fe-containing impurities like 

Fe-oxide at the surface of the nanoparticles. From the normalized magnetization data, we 

estimated that the amount of Fe impurity needed to generate a saturation moment as high 

as that observed in the nanoparticle sample (~15 emu/g at 5 K) was approximately 8% by 

weight. This limit is well above the detection limit of Mössbauer spectroscopy which is 

considered to be the most sensitive technique for detection of Fe. Hence, Mössbauer 

spectroscopy was also performed on an ensemble of the FeAs@C nanoparticles to gain a 
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better insight into the various oxidation states of Fe present in these nanoparticles and 

also to determine the presence/absence of metallic Fe in them.  

Mossbauer studies:  

  The Mössbauer spectra collected from an ensemble of FeAs nanoparticles at 

room temperature and at 90 K showed a doublet with isomer shift of 0.5385 mm/s and a 

quadruple splitting of 0.4572 mm/s, which corresponds well with that of bulk FeAs 

containing Fe in the +3 oxidation state (Figure 7 and S5 in supplementary information).47 

Fe in the zero oxidation state typically shows a sextet which was not observed with the 

FeAs@C nanoparticles, thereby ruling out the presence of unreacted Fe at the core of 

these nanoparticles and extraneous Fe impurity. The close similarity between the spectra 

obtained from the nanoparticles and the bulk FeAs ruled out the presence of any other 

oxidation states of Fe as impurity in the nanoparticle sample. The peaks showed some 

broadening mainly due to the reduced size and polydispersity of these nanoparticles. 

 
Figure 7 : Mossbauer spectra of FeAs@C nanoparticles collected at room 

temperature showing a doublet characteristic of Fe (III) 
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 We are presently trying to collect the Mössbauer spectra from these nanoparticles 

at temperatures below the TB, such that we can gain a better insight into the magnetically 

ordered state of these nanoparticles. Mechanism: To gain an insight into the formation 

mechanism of FeAs@C nanoparticles, aliquots were collected at various times during the 

reaction and detailed microscopy was carried out to analyze the particle size and 

composition. It was observed that a spherical nanoparticle-like morphology was formed 

within the first hour of the reaction. The aliquot collected ~30 min after adding the 

Fe(CO)5 (t = 0), contained similar core-shell morphology as seen at t = 3 h. However, the 

size of these nanoparticles was slightly smaller and more importantly As was more 

concentrated near the edges of the nanoparticle, while the core was Fe-rich (see Figure S3 

in supporting information). 

    From the EDAX analysis it was evident that As concentration in the 

nanoparticles increased with the reaction time and the concentration of As moved from 

near the periphery of the nanoparticles towards the core with progress of the reaction. 

The size of the nanoparticles between different aliquots collected at different stages of 

growth did not show a large variation indicating that spontaneous nucleation and 

diffusion controlled growth was predominant factors under the reaction conditions. On 

the basis of simple organometallic and coordination chemistry it can be expected that 

during initial stage of the reaction, ligand exchange takes place as soon as Fe(CO)5 is 

added into the mixture of TPA and HDA. The CO ligand is displaced by the As(C6H5)3 to 

form an intermediate complex [(C6H5)3As-Fe(CO)4] and free CO, generated according to 

the equation (4). This kind of ligand exchange with phosphines and arsines is very 

favorable since they act as electron donating Lewis base.48 In principle, the intermediate 
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can behave as a single source precursor for both Fe and As. Single-source precursors 

which has all the elements of the product composition in one single molecule is very 

advantageous and has been widely used in nanomaterials synthesis.49 

 
Figure 8: Proposed growth mechanism of the FeAs@C nanoparticles 
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 In this case, the intermediate brings the As and Fe close enough as would be 

expected than the traditional solid state methods of FeAs synthesis. Proximity of As and 

Fe in this intermediate renders the possibility of an internal redox between As and Fe. 

The driving force is the difference in the reduction potentials of Fe3+/Fe and As3+/As3- 

couples as shown in Eqs. 5 and 6 respectively. The presence of amine (HDA) in the 

mixture makes the reaction medium slightly basic, thereby decreasing the reducing ability 

of the arsine compound. Since the As3+/As3- has a more positive reduction potential, it 

acts as a stronger oxidizing agent thereby oxidizing Fe(0) to Fe3+ while itself being 

reduced to As3-The overall change in potential for this redox reaction is + 1.113 V as 

calculated by using equations 5 and 6.50 The positive value of ΔE indicates that this 

reaction will be spontaneous since the change in internal free energy would be negative. 

Further importance of the basic medium was demonstrated by the use of oleic acid 

(5mM) as surfactant instead of HDA which failed to produce FeAs nanoparticles from 

Fe(CO)5 and TPA. Temperature also plays a definitive role in this ligand exchange and 

internal redox, since it is observed that at low temperature, the product contains a mixture 

of FeAs and FeAs2 (which contains Fe in the +2 oxidation state).  

 

2Fe3+ ! 2Fe(0) +6e-     E0 [Fe(3+)/Fe(0)]= –0.768 V  .…(4)  

As3+ + 6e- ! As3-      E0 [As(3+)/As(3-)] = + 0.345 V  .…(5) 

 

The following hypothesis is being made to explain the morphological conversion 

of the nanoparticles. At t = 0, there is a burst of nucleation due to addition of Fe(CO)5 

forming Fe-rich nuclei capped with HDA. TPA starts reacting at the surface of the nuclei 
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and the initial layers of FeAs formed coat the nuclei. At conditions of constant high 

temperature (300°C) As diffuses deeper into the nuclei thereby promoting conversion of 

the core to FeAs. The growth front of FeAs starts at the periphery of the nuclei and 

moves inwards, somewhat similar to the inside-out growth mechanism seen in inorganic 

fullerenes.51 As time approaches t = 3 h, the entire core has been converted into FeAs. A 

pictorial representation of this growth mechanism is shown in Figure 8. The 

carbonaceous shell formation starts from the very preliminary stages of growth. The 

presence of carbon rich species in the form of ligands and reactants (e.g. CO in Fe(CO)5, 

3 phenyl rings in TPA and the C16 chain in HDA) contributed to the formation of the 

carbonaceous shell through decomposition of the molecular precursors. Previous 

researchers working with TPA have also proposed that the pyrogenation of TPA generates 

biphenyls, and the decomposition of these aromatic rings under the refluxing conditions 

can lead to the formation of the carbonaceous shell. The enhanced catalytic activity of Fe 

towards pyrolysis of the hydrocarbons has been well studied through the formation of 

carbon nanotubes and nanofibers. In the present case it can be expected that the presence 

of Fe-containing precursor facilitated the formation of the carbonaceous shell as has been 

recently observed by the authors.52  

 

5. CONCLUSIONS 

We have successfully synthesized pure FeAs@C core—shell nanoparticles by a 

simple, single step solution based method. These nanoparticles showed 

superparamagnetism with a TB as high as 240K and hence may find possible applications 

as ferrofluids, magnetic recording materials and serve as model systems for 
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understanding helimagnetism at the nanoscale. The conversion of a helimagnet to a 

superparamagnet by reducing size provides us with a perfect practical example of a 

system where nanostructuring brings a change in the bulk properties. The magnetic 

exchange interactions in FeAs are complex and these kinds of findings might provide 

crucial tools for better understanding of the spin interactions in the pnictide layers in 

nano-structured geometry as well as the pnictide superconductors in the nanostructured 

geometry since their properties depend on the magnetic interactions of the pnictide layer. 

 These FeAs nanoparticles also bring us one step closer in synthesizing the novel 

iron arsenide based superconducting nanostructures like the LiFeAs. We are currently 

trying to incorporate Li into the FeAs nanoparticles through sacrificial template approach. 

The synthesis method reported here is a very simple, soft chemical approach which is 

facilitated by the ligand exchange capabilities of the arsine based ligands, and can be 

generalized for synthesizing nanostructures of other arsenides. In our preliminary 

research we have been able to make nanostructures of other arsenides like CoAs, CrAs, 

MnAs and InAs by employing the above methodology. The solution based approach also 

makes provides opportunities for introducing dopants in the nanostructure and also 

induce anisotropic growth by using suitable catalysts through SLS growth techniques. 

 

6. ASSOCIATED CONTENT 
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10. SUPPORTING INFORMATION 

 
Figure S1: PXRD pattern of nanoparticles synthesized at 250°C 
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Figure S2: (A), (B), (C) show hysteresis curves at 77 K, 200 K, 300 K 

respectively showing the anhysteretic nature 
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Figure S3: Line scan across the nanoparticles collected after 45min of the reaction 
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1. ABSTRACT 

This article provides a comprehensive guide on the synthesis and characterization 

of superparamagnetic CoAs nanoparticles and elongated nanostructures with high 

blocking temperature, TB, via hot –injection precipitation and solvothermal methods. 

Cobalt arsenides constitute an important family of magnetically active solids that find 

variety of applications ranging from magnetic semiconductors to biomedical imaging. 

While the higher temperature hot-‐injection precipitation technique (300 °C) yields pure 

CoAs nanostructures, the lower temperature solvothermal method (200°C) yields a 

mixture of CoAs nanoparticles along with other Co-‐based impure phases. The synthesis 

in all these cases involved usage of triphenylarsine ((C6H5)3As) as the As precursor 

which reacts with solid Co2(CO)8 by ligand displacement to yield a single source 

precursor. The surfactant, hexadecylamine (HDA) further assists in controlling the 

morphology of the nanostructures. HDA also provides basic medium and molten flux like 

conditions for the redox chemistry to occur between Co and As at elevated temperatures. 

The influence of the length of reaction time was investigated by studying the evolution of 

product morphology over time. It was observed that while spontaneous nucleation at 

higher temperature followed by controlled growth led to the predominant formation of 

short nanorods, with longer reaction time, the nanorods were further converted to 

nanoparticles. The size of the nanoparticles obtained, were mostly in the range of 10 – 15 

nm. The key finding of this work is exceptionally high coercivity in CoAs nanostructures 

for the first time. Coercivity observed was as high as 0.1T (1000 Oe) at 2K. These kind of 

magnetic nanostructures find multiple applications in spintronics whereas the 
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superparamagnetic nanoparticles are viable for use in magnetic storage, ferrofluids and as 

contrast enhancing agents in MRI. 

 

2. KEYWORDS 

 CoAs, Cobalt monoarsenide, Superparamagnetic nanoparticles, Arsenide 

nanostructures, Hexadecylamine 

 

3. INTRODUCTION 

Transition metal pnictides have constituted an important family of compounds in 

materials chemistry and have gained importance in photovoltaic,[1] spin-‐dependent 

transport,[2] optoelectronics,[3] and ferromagnetic semiconductors.[4] The extensive 

interest in transition metal pnictides was further enhanced by the superior catalytic 

properties of transition metal phosphides, e.g. unsupported Ni2P particles were shown to 

have enhanced catalytic activity towards hydrodesulfurization (HDS) of organic 

chemicals.[5] The discovery of high temperature superconductivity in Fe-‐based pnictide 

superconductors, have also rejuvenated interest towards these materials.[6-8] 

Experimental and computational studies of Li+ extraction/insertion mechanisms in cubic-‐ 

transition metal pnictides, LixMPn4 (MPn = TiP, VP, VAs) have also suggested that 

these materials have high specific capacities, and are promising anode materials for Li-‐

ion batteries.[9] With these attributes transition metal pnictides have emerged as worthy 

successors to main group pnictides like GaAs, InAs, InP etc. which have applications of 

their own in optoelectronics.[10] In addition to interesting electronic properties, FeAs, 
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FeP, Fe2P and MnP nanoparticles and nanorods also exhibit novel magnetic 

properties.[11,12]  

The novel magnetic properties of transition metal pnictides make them promising 

for futuristic applications like quantum computing.[13] Cobalt monoarsenide, CoAs, 

belonging to the transition metal pnictide family constitutes an important member of the 

group. It has a MnP-‐type crystal structure with orthorhombic space group Pmcn at room 

temperature.[14] A continuous phase transition between the MnP and NiAs structure-‐

types occurs at 1248 ± 20 K.[14] Pnictide rich phases of CoPn are semiconducting (in 

CoP2/CoP3) whereas Co rich phases show metallic behavior.[15] Metallic nature of such 

nanoparticles may be exploited in nanofluids and nanoinks for contact metallization.[16] 

This metallic nature was also reported in diffuse reflectance data for CoAs by Selte et 

al.[14] For bulk CoAs, no long range magnetic order is observed. Previous research 

conducted by other groups indicate that the magnetic susceptibility shows a broad 

minimum at ~ 225 K, with Curie-‐Weiss behavior above 490 K giving θ ≈ -‐230 K and a 

paramagnetic moment of 1.15 µB/Co.[17] The anomalous temperature dependence below 

490K is attributed to thermal distribution of electrons between magnetic states. CoAs 

nano-‐islands are very predominant in the III-‐V semiconductors, and affect their properties 

to a certain extent. Whenever Co metal has been used for purpose of contact 

metallization, CoAs nanostructures were found within GaAs substrates.[18] These CoAs 

nano-‐islands affect the properties of the parent semiconductors. However, reports of 

CoAs nanostructures by themselves and a systematic study of their magnetic properties 

are still very rare to date. The rich variety of magnetic properties exhibited by Co-‐salts, 
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warrants detailed investigation of this interesting class of Co-‐pnictide based magnetic 

nanostructures.  

Magnetic nanoparticles and nanowires have been found to have great importance 

in both fundamental research and technical applications such as in ferrofluids, permanent 

magnets, recording media, drug carriers and catalysts.[19-‐ 21] Based on their novel 

nanoscale magnetism, roles of these magnetic nanostructures in areas of biology, 

medicine, geology and materials science are fast expanding. Magnetism at the nanoscale 

can be controlled by single magnetic domain and magnetic anisotropy (due to increased 

surface area). For instance when the particle size/grain size matches the magnetic domain 

size, effects like superparamagnetism dominate and the bulk magnetic properties might 

be altered.[22] Also for nanoparticles/nanowires with small sizes it has been observed 

that at low temperature ordering effects like ferromagnetism comes into play.[23] 

Ferromagnetic nanostructures can act as spin–injection systems in spintronic devices 

when used in conjunction with semiconductors.[24]  

Traditionally, bulk CoAs is prepared by solid state metathesis routes, reduction of 

arsenate precursors and liquid ammonia reduction techniques respectively.[25,26] Other 

methods of synthesis include physical deposition and MOCVD using complexes that may 

be toxic and require high processing temperatures.[27] Mesh like nanostructured CoAs 

has also been synthesized by Lu and Xie et al.[28] Thin films of CoAs by using metal-‐

organic complex 1,3-‐bis(tert-‐butyl)-‐2-‐[tetracarbonyl-‐cobalt(-‐1)]-‐1,3,2-‐diazarsolidine were 

also synthesized by Klingan et al. in 1995 using the CVD method.[29] However, these 

conventional methods, even though yields compositionally pure samples, are not very 
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amenable to morphology control. On the other hand, research incorporating 

nanostructures of the transition metal pnictides received a major boost following the 

identification of simple coordination complexes like trioctylphosphine (TOP), 

trioctylphosphine oxide (TOPO) tris(trimethylsilyl)phosphine (TMSP) and 

triphenylarsine (TPA) as facile precursors for generating the phosphides and arsenide 

through chemie douche method.[30,12] Soft chemical synthesis methods offers controlled 

growth and provides more opportunity for tuning the morphology of the product through 

subtle variation of precursor, experimental conditions like temperatures, solvents etc., and 

by introducing additional morphology-‐directing agents like surfactants. Herein, we report 

a low temperature solvothermal and hot-‐injection precipitation methods for the synthesis 

of CoAs nanoparticles and ultrathin nanowires. Detailed characterization has been carried 

out to elucidate the composition, morphology and phase purity of the nano-‐structured 

products. We have also investigated the formation mechanism of the nanostructures 

through exploring variable reaction parameters. The nanostructures were ferromagnetic at 

low temperatures and superparamagnetic at high temperatures making them suitable for 

spintronics. These nanostructures of CoAs also exhibited high coercivity and saturation 

magnetization. This is the first report of one-‐dimensional CoAs nanostructures that have 

ferromagnetic properties. Nanostructured induced ferromagnetism has been explored in 

the past by Stamplecoskie in Mn doped GaN nanowires,[31] and in TmPn ( where 

Tm=Transition metals, Pn = Pnictogen) systems previously by Wang et al. in Fe2P/ FeP 

nanocables.[11] Recently, authors of this manuscript have also found similar results in 

FeAs@C nanoparticles which displayed superparamagnetism at 247K.[12 ] 
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4. EXPERIMENTAL METHODS 

 Chemicals. The chemicals used in these syntheses were of analytical purity. 

Tripheynlarsine (99%) was purchased from Alfa Aeser, hexadecylamine (HDA) (90%) 

and Co2(CO)8 from Strem chemicals. These chemicals were used as purchased without 

further purification. 

 Synthesis.  All the reactions were performed inside a N2-‐‑filled glove box with less 

than 1 ppm of O2. This ensured minimal exposure to the As-precursors.  

 Method (IA) – Hot-‐‑injection. 1 mM of triphenylarsine (TPA) and 5 mM of HDA 

were taken in a 3-‐‑neck round bottom flask equipped with a condenser. The mixture was 

heated till 300 °C. At that temperature, 1mM of solid Co2(CO)8 was added to the hot 

mixture. After addition the reaction mixture was refluxed for variable times (typically 45 

min – 3 h). Upon completion, heating was stopped and the mixture was cooled down to 

room temperature. It was observed that the blackish product was attracted to a laboratory 

magnet. Hence, the product was purified using combination of magnetic filtration and 

ultracentrifugation (in ethanol and hexane successively). It should be noted here that use 

of HDA was very crucial to formation of these nanoparticles and using other surfactants 

did not lead to similar results.  

 Method (IB) Hot-injection.  A minor modification to the method IA was made by 

adding oleylamine (OA) to Co2(CO)8 thereby increasing the solubility of the solid 

carbonyl precursor and making it liquid and easier to inject into the hot reaction mixture. 

In this method 1mM of Co2(CO)8 was dissolved in 3 mL of oleylamine by magnetic 

stirring. The resulting pink frothy solution was added in a single step to the hot mixture 

of 1mM TPA and 5mM HDA (at 300 °C). After 45 min the temperature had dropped to 
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260 °C, and the black magnetic product was well separated. The heating was stopped 

after one hour. The reaction was cooled and purified by magnetic filtration in ethanol. 

The additional advantage of this method was the use of mixed surfactants (HDA and 

oleylamine in the reaction mixture). 

 Method (II) Solvothermal. 1 mM of TPA, 1mM of Co2(CO)8 and 5 mM of HDA 

were weighed and added to a 23ml Teflon lined autoclave inside a N2 filled glove box 

with less than 1ppm of O2. The Teflon liner was then sealed inside an autoclave and 

heated to 200° C in an oven maintained at constant temperature. The duration of the 

heating cycle varied from 3 – 24 h where the products from lesser heating times were 

used to elucidate the formation mechanism of the nanostructures. After the desired 

heating period, the autoclaves were allowed to cool down and the product was purified by 

as described above.  

 Characterizations. PXRD The as-‐‑synthesized powder was finely ground and used 

for powder X-‐‑ray diffraction (PXRD), which was carried out on a Philips Xpert 

diffractometer scanning from 5° to 90° (2θ).  

 TEM, STEM. Samples for transmission electron microscopy (TEM) and scanning 

transmission electron microscopy (STEM) were performed in a Technai TEM operating 

at 200 kV and a Dual-‐‑beam FEI Helios microscope, respectively. The samples were 

prepared by dispersing as-‐‑synthesized CoAs nanoparticles in ethanol by ultra-‐‑sonication 

for 30 min. Drops of the diluted dispersion were taken on a holey carbon coated 200 

mesh Cu grid followed by drying in air.  

 Magnetic measurements. Magnetic moment and isothermal magnetization was 

collected from a SQUID magnetometer and the VSM option of PPMS respectively. The 
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powdered sample was loaded in a gel cap and was inserted into the magnetometer with 

the help of standard sample loader. The diamagnetic signal from the gel cap was 

collected separately and subtracted as a background from the signal obtained from the 

sample. The zero field cooled (ZFC) data was obtained after cooling the sample from 300 

to 5 K under 0 magnetic field and then by measuring the magnetic susceptibility while 

warming up the sample from 5K. The field cooled (FC) data was collected 

simultaneously as the sample was being cooled down under an applied magnetic field of 

100-‐1000 Oe. The isothermal magnetization against applied field was collected at 

different temperatures ranging 2Kto 350K by varying the applied magnetic fields from -‐

20,000 Oe to 20,000 Oe. 

 

5. RESULTS AND DISCUSSIONS  

  Figure 1 shows the PXRD pattern obtained from an ensemble of the nanowires 

and nanoparticles. The nanostructures obtained through hot-injection based methods (i.e. 

IA and IB) both exhibited pattern similar to pure CoAs (JCPDS no 01-077-1351) which 

crystallizes in the MnP-type structure. The solvothermal method (method II) on the other 

hand, showed the presence of trace impurities in addition to CoAs in the pxrd pattern.  

 The impurities were identified as due to hydrated cobalt hydroxycarbonate 

([Co(CO3)0.5(OH)]0.11H20) cobalt carbonate and cobalt oxide (Co3O4). During a series 

of reaction with HDA and Co-salts under hydrothermal conditions, the authors have 

observed that these are ideal reaction conditions to form nanowires of Co(CO3)0.5(OH), 

which could be further heat-treated to yield Co3O4. Hence, the presence of these 

compounds as impurities in the product of the hydrothermal reaction (method II) in the  
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Figure1: PXRD pattern of CoAs nanostructures obtained by methods IA, IB and 
II. The plot at the bottom refers to standard CoAs as reported in the literature 
 

present case may be traced back to the competing reaction pathways and incomplete 

conversion of the Co-based precursors. However, these impurity peaks were markedly 

absent in the product from methods IA and IB indicating that at high temperatures most 

of the carbonyl precursor gets consumed in formation of nanostructured CoAs. In the 

low-temperature solvothermal reaction, on the other hand, the reaction proceeds via the 

“slow decomposition” of Co2(CO)8 thereby leading to competing reaction pathways, 

incomplete decomposition and product impurities. The particle sizes of the CoAs 
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nanoparticles as determined from Scherer equation  was 15 nm in accordance with the 

size obtained from the electron microscopic image analysis for methods IA and IB. The 

morphology of the CoAs obtained was studied through detailed microscopy techniques, 

namely, SEM, TEM, and STEM. It was observed that the morphology of the products 

obtained from the different synthesis methods were dissimilar. While the solution-based, 

surfactant-assisted, hot-injection method produced anisotropic nanostructures (elongated 

nanoparticles and short nanorods), the solvothermal method yields very uniform 

nanoparticle morphology albeit of non-uniform composition. The evolution of 

morphology of the product from method IA was studied by taking aliquots of the reaction 

mixture at various times after injecting the Co-‐precursor. It was observed that within the 

first 10 minutes, the product morphology was dominated by anisotropic nanorods (Figure 

2A) which grew out to form short ultrathin nanowires of CoAs around 20 minute of 

reaction time (Figure 2B). The nanowires formed were found to be highly crystalline 

exhibiting lattice fringes corresponding to the <121> planes of CoAs which were at an 

inclination (~15 degrees) to the direction of wire growth. Prolonged reaction at and after 

45 min resulted in agglomeration of these nanowires and at the end of 3 hrs. the shape 

deformation takes place forming huge agglomerates as shown in supplementary Fig. S-‐1 

in the Electronic Supplementary Material (ESM). It must be noted that in spite of this 

agglomeration the nanowire structure remained intact under these conditions. Previously 

it was observed by the authors that using similar precursors with high carbon content as 

the Fe(CO)5 along with the C-‐rich amine resulted in core-‐shell nanostructures with a 

carbonaceous shell.31 In the current case however, absence of a conformal and well 

defined carbon shell (Figure 2C), is presumably due to low catalytic activity of Co in 
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comparison to Fe. Co is less aggressive and it does not pyrolyze the carbonaceous 

precursors as would be expected in the case of Fe precursor. This low reactivity of the 

cobalt precursor also aids in formation of one dimensional nanostructure by controlling 

the growth through limited, but steady supply of growth species in solution, allowing for 

the formation of nanowires. 

 
Figure 2. Bright Field TEM images of CoAs nanostructures obtained after (A) 10 

min; (B) 20 min of reaction time by method I. (C) HRTEM image of a nanowire after 20 
min reaction time 
 

  In method IB mixed surfactants were used in the reaction mixture where 

Co2(CO)8 was dissolved in oleylamine and later injected into the hot HDA and TPA 

mixture. It was noted that this method with mixed surfactants resulted in a change in 

morphology of the CoAs nanostructures.  

  Anisotropic and elongated nanoparticles along with the spherical particles can be 

seen in the products from method IB, (Figure 3A and inset). The nanoparticles obtained 

were single crystalline exhibiting a lattice fringes corresponding to (110) spacing in 

nanoparticles as shown in Figure 3B. These nanoparticles were further used for magnetic 

characterizations. The lattice spacing observed for both the nanoparticle (method IB) and 

A 
B 
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nanorods (method IA) were consistent with the d spacing corresponding to the CoAs 

structure as reported in JCPDS file, card number 01-‐077-‐1351. In some of these 

nanostructures, a thin shell, not quite crystalline was observed.  

 

Figure 3 (A) Low magnification HAADF STEM image of CoAs nanoparticles 
generated by the mixed surfactant system (method IB). Inset shows the low magnification 
TEM. (B) HRTEM of the same nanoparticle showing crystalline nature. 
 

  The authors have also tried to make CoAs nanostructures through solvothermal 

techniques, which is very amenable, low-‐temperature solution-‐based technique to make 

nanostructures.[34] In addition, the solvothermal technique also provides some insights 

into the evolution of product morphology with time and hence can be used as a tool for 

elucidating the mechanism of growth of CoAs nanostructures under conditions of 

prolonged time and relatively low temperatures. Thus, the solvothermal reaction under 

method II provided a window for a “peek” into the evolution of CoAs nanostructures 

with time. This progress is visualized in Figure 4. 
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  In the low temperature, solvothermal method II the decomposition of the 

Co2(CO)8 was less drastic. Based on the elemental analysis at the end of 3 hrs. cubic 

nanocrystals completely composed of metallic Co were formed (see Figure 4A).  

 
Figure 4: Morphology evolution of CoAs nanoparticles in solvothermal method 

II. STEM image of nanoparticles obtained at (A) 3hrs; (B) 6 hrs.; (C) 18 hrs. and 24 hrs 
 

 The nanocrystals were nearly monodisperse and well faceted. The reactivity of 

TPA and inclusion of As into the reactant system was very minimal at this point and EDS 

analysis of the product confirmed that there was almost no sign of As in the 

nanostructures after 3h of reaction. As the reaction proceeded further the TPA starts 

reacting with the metallic cobalt and started forming the smaller nanoparticles as seen is 

STEM image (Figure 4B) taken after 6 hrs. reaction. 

 Two contrasting phases appear at this point in the product. The dark contrast Co 

nanocrystals, also confirmed by point EDS scan, are visible along with the much small 
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sized CoAs nanostructures with lighter contrast. After 24 hrs. the sample exclusively 

consisted of a network of ultra-‐‑small CoAs nanoparticles. It was further observed that 

some of these nanoparticles had oriented to form ultra-‐‑thin one dimensional 

nanostructures in several regions. However, the amounts of As in the 1-‐‑dimensional 

nanostructures were lesser that that in the particles, and some of the 1-‐‑dimensional 

structures were devoid of As and contained only Co and O as per the EDS analysis. This 

observation was converged with the pxrd analysis and it was inferred that the 

nanoparticles uniformly containing Co and As, were mostly made up of CoAs while the 

1-‐‑dimensional structures were formed by the cobalt hydroxycarbonate phases. This was 

in corroboration of a separate study carried out by the authors where cobalt 

hydroxycarbonate nanowires were formed through solvothermal decomposition of cobalt 

carbonyl in presence of an amine.[32] Based on these observations the appropriate time 

for reaction was established to be in between 18-‐‑24 hrs. via the solvothermal method 

(method II).  

  The elemental compositions of the nanostructures obtained from all the methods 

IA, IB and II (after 24 h) were further estimated by EDS analysis which confirmed the 

presence Co and As exclusively in 1:1 ratio. A typical EDS analysis of an ensemble of 

nanoparticles and one dimensional nanostructures obtained under area scan is shown in 

Figure 5A.  

 XPS analysis was also performed to confirm the presence of Co and As in all of 

these samples. Strong peaks were observed at 778eV and 40eV for Co(2p) for As(3d), 

respectively, indicating the presence of Co and As in these nanostructures (Figure 5B and 
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C). Based on the high purity and morphological uniformity of the nanostructures, the 

products from methods IA and IB were further characterized through magnetic property 

measurements. The magnetization (M) as a function of temperature (T) and applied 

magnetic field (H) were obtained for an ensemble of CoAs nanostructures loaded inside a 

gel cap sample holder.All the magnetization data were normalized with respect to actual 

Co content in the sample as estimated from atomic absorption spectroscopy (AAS) 

studies. 

 
 
Figure 5: (A) Typical EDS spectrum of an ensemble of CoAs nanoparticles 

(methods IA & IB). (B), (C) XPS spectra of the nanoparticles showing peaks at 778eV 
and 40 eV observed for Co(2p) and As(3d), respectively  
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 It was seen that under the influence of magnetic field of 100 Oe there was an early 

onset of divergence in the ZFC and FC plots for M vs. T curves. This is suggestive of 

some form of magnetic interactions within these nanoparticles including 

superparamagnetism. In such cases, the maxima in the ZFC plot is taken as the bloc king 

temperature, TB, which represents the minimum temperature above which spontaneous 

fluctuation of the particle moment occurred, leading to loss of magnetic ordering. 

As shown in Figure 6A the superparamagnetic TB, was estimated to be 167 K for 

the CoAs nanoparticles obtained from method IB, which lies close to the ZFC-‐FC 

divergence temperature. The isothermal magnetization against applied field (M vs H 

hysteresis loops) as shown in Figure 6B, further outlined the superparamagnetic nature of 

the nanoparticles. The anhysteretic nature of isothermal magnetization against the applied 

field with zero coercivity and zero remanence at temperatures close to room temperature 

(300 K) indicates that these CoAs nanoparticles are superparamagnetic at ambient 

temperature. In the low temperature region, on the other hand, narrow coercivity and 

nature of the curves indicates that there exist signs of a ferromagnetic ordering. Thus it 

can be inferred that these nanoparticles are superparamagnetic above 170 K while at low 

temperature they exhibit ferromagnet-like ordering of the magnetic moments. At 2K the 

coercivity and saturation magnetization are 917 Oe and 0.0035 emu/g, respectively. The 

isothermal magnetization curve above the blocking temperature, TB could be fitted with 

the Langevin equation (1) as shown in Figure 6C. 

  

𝑀 = 𝑀! coth !"
!!!

− !
!"
!!!

   …(1) 
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where M= Magnetization, M0= saturation magnetization, H = applied magnetic field, µ= 

Particle magnetic moment, T= temperature and kb = Boltzmann constant 

For curve fitting purposes the isothermal magnetization M is plotted against H/T and the 

Langevin equation, expressed as:  

 

𝑦 = 𝑎 coth 𝑏𝑥 − !
!"

   …(2) 

 

For superparamagnetic particles, the parameters (a and b) derived from the 

Langevin fit (eqs. 1 & 2) can be also used to estimate the average particle volume using 

the relation (3) below, where <V> is the average particle volume, MS is the saturation 

magnetization of bulk CoAs, and µ is the particle moment.  (3) The parameter b derived 

from the Langevin fit can be used to estimate µ (eq. 2). The theoretical saturation 

magnetization Ms for CoAs is 140.25 emu/g considering 0.5 unpaired electrons per Co 

(III) atom in CoAs with density 6.73 g/cc. The average particle size for CoAs 

nanoparticles from method IB was thus calculated to be ~11 nm in diameter which is 

close to the size observed in extensive HRTEM studies.  The anisotropic CoAs 

nanostructures obtained from method IA after 20 min reaction time, showed a slightly 

different magnetic behavior.  The isothermal magnetization curves showed a small 

coercivity even at 300 K indicating some soft ferromagnetic behavior in these 

nanostructures. The coercivity increases with decreasing temperature, thus at 300 K the 

coercivity is in the order of 441 Oe while at 2K the coercivity is increased to 1124 Oe 

(Figure 6D). It must also be noted that in both the cases (at 2K and 300K) the saturation  
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Figure 6. (A) M vs T curve at 100 Oe. (B) M vs H hysteresis loops at 2K and 
300K showing ferromagnetism and superparamagnetism in sample containing CoAs 
nanoparticles (from Method IB). (C) Langevin fit of the anhysteretic isothermal 
magnetization plot at 300 K, illustrating the superparamagnetic behavior of the CoAs 
nanostructures obtained from method IB. (D) Isothermal magnetization plot of CoAs 
nanostructures obtained by method IA 

 

magnetization Ms was as high as 0.047emu.g-‐1. The M vs T plot for these nanostructures 

shows divergence even at 300 K, and while the FC plot was featureless, the ZFC curve 

showed deviation from linearity (Fig. S-‐2 in the Electronic Supplementary Material 
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(ESM)). This kind of deviation has also been observed in bulk CoAs[14 ] and has been 

attributed to thermal fluctuation leading to alteration in the spin states. In the present 

case, the divergence of the ZFC-‐FC plot along with the nature of the hysteresis loops 

indicate that the anisotropic CoAs nanostructures might still be superparamagnetic. 

However, the TB in this case is much higher, such that at room temperature the 

nanostructures are already in the vicinity of an ordered state. Since the TB in 

superparamagnetic particles depend on the magnetic anisotropic constant which in turn 

depends on the particle shape,[35,36] it has been observed previously that TB can be 

increased in 1-‐dimensional nanorods.[37] In the present case as the anisotropy and size of 

the CoAs nanostructures increase, it will lead to higher magnetic anisotropy constant 

thereby, yielding a higher TB. Higher TB along with larger coercivity increases the 

applicability of these nanostructures making them suitable for magnetic memory storage 

and related devices. This is another piece of evidence that supports the conclusion that 

the magnetic properties of these nanostructures can be markedly different from those of 

the bulk CoAs.  

Mechanism: 

 Aliquots of CoAs solution were taken out at various times to study the mechanism 

of formation and morphology evolution of these nanoparticles. It was hypothesized that 

in method IA cobalt carbonyl nuclei acted as seeds that are generated at high 

temperatures. Growth of these seeds as time progresses forms the nanorods within the 

first 10 min, however after 20 min they grow into elongated ultrathin nanowires with 

small diameters as seen in Figures 2A & B. In Method IB, the mixed surfactant yields 

more isotropic particles as has also been observed by Yang et al. when synthesizing CoP 
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nanoparticles.[38] Mechanistically speaking, the formation of the CoAs is similar to what 

we had proposed earlier for FeAs.[12] The CO ligand in the Co2(CO)8 gets displaced by 

the As(C6H5)3 ligand, forming an intermediate which can be viewed as a single source 

precursor having Co and As in close proximity. Even though there is no direct evidence 

of formation of the single source precursor, its creation can be understood from basic 

chemistry principles of ligand exchange and HSAB theory. This type of ligand exchange 

is very well-known in organometallic chemistry and is guided by the Lewis basicity of 

the arsine ligands. The proximity of Co and As in this intermediate facilitates an internal 

redox reaction between the Co3+/Co0 and As3+/As3-
 couples as shown in equations (4) and 

(5) below. The amine in the system which is used in excess serves both as a solvation and 

nucleation medium and also provides a very basic medium thereby decreasing the 

reducing ability of the arsine compound. The importance of the basic medium is further 

corroborated by the fact that using an acidic surfactant like oleic acid fails to produce the 

CoAs nanostructures. The overall redox potential change for this reaction is +2.437 V. 

The positive ΔE indicates that the ΔG will be negative and this reaction is spontaneous. 

However, in contrast to the FeAs nanoparticles obtained by the authors, the pyrolytic 

properties of Co towards carbon sources is not high as compared to Fe, therefore, little to 

no carbon content is present in these nanoparticles. 

 

2Co3+ + 6e-  ! 2Co(0) E°(Co3+/Co(0)) = -2.092V  …(3) 

As3+ + 6e-  ! As3- E° (As3+/As3+) = +0.345V   …(4) 
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For the evolution of nanostructure morphology, it can be deciphered that, two 

antagonistic reaction mechanisms are in operation here. The reactivity of the precursors, 

which in turn is tuned by the choice of reaction temperature, clearly affects the 

morphology of the product. In the high temperature solution-based hot injection route, 

a.k.a. methods IA and IB nucleation occurs at high temperatures being followed by 

ripening and agglomeration at longer times. In the low temperature solvothermal based 

synthesis, on the other hand, differential dissolution and decomposition rates for both 

precursors have a handle on the morphology of the products at various times. As the 

involvement of TPA increases with the progress of the reaction under solvothermal 

conditions, the CoAs nanoparticles formed at lower temperature are more uniform in 

terms of size distribution (controlled growth). However, due to the variable involvement 

of TPA, it also leads to a competing reaction mechanisms, where, the cobalt carbonyl 

precursor under goes decomposition by itself in presence of HDA forming the cobalt 

hydroxycarbonate nanostructures. Hence the solvothermal route although produces better 

CoAs nanoparticles, yields an impure overall product composition. 

 

6. CONCLUSION 

 In summary, we have successfully synthesized CoAs nanostructures through 

simple solution based techniques. These nanostructures were found to be 

superparamagnetic with fairly high TBs (>167 K) and exhibit ferromagnet-like behavior 

below the superparamagnetic regime The coercivity observed for some of these 

nanoparticles are moderately high. The conversion of a Pauli paramagnet to a 

superparamagnet in the nanoscale is noteworthy. The rich variety of magnetic properties 
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exhibited by the cobalt-based systems have made these solids very captivating for the 

materials research community since they offer valuable insight into understanding the 

structure-property correlation. Through this study the authors have provided a 

comprehensive guide on controlling the product morphology and composition by subtle 

variation of the reaction parameters. While higher temperature gives pure phase CoAs, 

the product morphology can be varied from nanorods to nanoparticles by using either 

simple amine surfactant or co-surfactant respectively. The lower temperature 

solvothermal method on the other hand yields smaller uniformly sized nanoparticles and 

thin nanowires, however, the product composition is compromised yielding mixture of 

cobalt arsenide and carbonate based nanostructures. From these observations it is apparent 

that even with the same precursors and under similar reaction conditions, it is possible to 

tune the product morphology through subtle variation of the experimental parameters. 

This kind of morphology control can be potentially useful for the magnetic 

nanostructures which have possible applications as spin injection systems in nano-

semiconductors for facilitating spintronics.  
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Fig S-1: Agglomerated Nanowires after 180 min by method IA 
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Fig S2: Magnetization against temperature plot for CoAs nanowires obtained by 
method IA 
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 This article illustrates a novel route for the synthesis of nanostructured transition 

metal arsenides including those of FeAs, CoAs, MnAs and CrAs through a generalized 

protocol. The key feature of the method is the use of one step hot –injection and the 

clever use of a combination of precursors which are low melting and highly reactive such 

as metal carbonyls and triphenylarsine in a solvent-less setup. This method also facilitates 

the formation of one dimensional nanostructures as we move across the periodic table 

from CrAs to CoAs. The chemical basis of this reaction is a simple redox chemistry 

between the transition metal [oxidized from elemental state to Tm3+] in lieu reduction of 

As3+ to As3-. The nanostructures can serve as model systems for the exploration of 

various magnetic properties, their applications and can also function as starting materials 

for the pnictide based nano-superconductors.  

 

 

Keywords: Transition metal arsenides, nanoparticles, hexadecylamine, Triphenylarsine. 
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INTRODUCTION  

 Metal pnictides are an important class of compounds exhibiting interesting 

electronic, semiconducting, optical and magnetic properties.[1] For the last decade a 

major emphasis for pnictides was laid on main groups metal phosphides and arsenides 

like InP, GaAs, InAs etc. These have taken a center stage as a potential replacement to Si 

in applications related to electronics, optoelectronics and photovoltaics. Much recently, 

as a subgroup binary transition metal-pnictides owing to their structures and magnetic 

properties have gained importance as semiconductors,[2, 3], anode materials for Li-ion 

batteries [4] and novel magnetic materials [5]. Amongst the arsenides, CrAs is a half 

metallic ferromagnet with a band gap of 1.8 eV [6] while MnAs also shows 

ferromagnetic interactions [7] Such ferromagnetic semiconductors are important in the 

field of spintronics. MnAs is also known to have a large electromotive force that can be 

used to convert magnetic energy to electrical energy when used as components of 

circuits.[7] FeAs is a helimagnet [8] with helical arrangement of spins associated with Fe 

atoms which has an overall anti-ferromagnetic ordering below 77K. It was found that the 

ferromagnetic order is more stable than the anti-ferromagnetic state for VAs, CrAs, and 

MnAs, the greatest energy gain being predicted for CrAs[ 9 ]The mixed arsenides like 

MnAs(1-x)Px, [10]  are also useful as thermoelectrics. Apart from the binaries, other mixed 

metal phosphides containing two or more transition metals have been used to improve the 

fire safety properties of polypropylene.[11] Other applications also include their usage as 

important catalysts for hydrodenitrogenation ( HDN) [12] hydrodesulfurization(HDS)[13 

and hydroprocessing [14 ] of specialty chemicals [12, 13, 14, 15] especially with 

transition metal phosphides. Metal phosphides nanoparticles (Ni2P) have been used as 
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electrocatalysts for hydrogen evolution reactions.[16] The role of enhanced surface area 

with nanostructuring, and exposed crystal faces has increased their effectiveness in 

catalysis. In spite of the plethora useful applications, there has been a lack of lacking a 

rationalized synthesis protocol for the transition metal arsenides. We have attempted to 

design a generalized facile synthesis route to the transition metal arsenide based on our 

previous report on the synthesis of superparamagnetic FeAs nanoparticles.[17] The work 

done in the area of 3d phosphides has provided the motivation for this work on transition 

metal arsenides.[18, 19,20 ] The crystal structures of binary transition metal arsenides are 

3D networks containing the EAs6 [E = transition metal] octahedra or trigonal prisms. 

They crystallize in 5 structure types: face-centered cubic NaCl-type (for ScAs)[21]; 

hexagonal TiP-type (for TiAs[21] and HfAs[22]); orthorhombic MnP-type (for VAs[23], 

CrAs,[24] FeAs,[25] CoAs[23] and RuAs[23]); hexagonal NiAs type (for MnAs and 

NiAs)[26]; tetragonal NbAs-type structure (for NbAs and TaAs)[27]. Apart from the 

interesting magnetic properties associated with them, the arsenides have also gained 

attention following the recent discovery of Fe- based superconductors containing both 

FeP/FeAs tetrahedral layers with intercalating layers of oxides / alkali metals /alkaline 

earths. [28] It was observed that magnetic ordering plays an important role for of these 

superconducting transition metal pnictides. Superconductivity was typically observed at 

the vicinity of the magnetically ordered phase and tuning the magnetic properties through 

doping or introducing lattice deformities was found to have a profound effect on the 

superconductivity. Transition metal pnictides nanoparticles are thereby interesting owing 

to the interesting magnetic properties which can offer valuable insight into the structure –

property relationship.  
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In the past, nanostructuring of transition metal arsenide have been explored before 

by Lu et. al.[29] who have made FeAs nanoparticles sonochemically from transition 

metal chlorides and arsenic while Zhang and coworkers[30] made FeAs nanocrystals 

from reductive recombination of FeCl3 and AsCl3 at 150-180 °C. Pnictate precursors 

have been previously used to synthesis these pnictides however only bulk forms were 

recovered by such a process. [31] However, these reports did not provide any details 

about the magnetic nature of the EAs nanoparticles and also the morphology was very ill-

defined. All of these methods involved toxic precursors or solvents. Since sustainability 

and green synthesis of nanomaterials has been one of the greatest concerns amongst 

researchers these days, there’s a need for developing synthesis protocols for these 

functional nanostructures using less toxic reagents. To this cause, regulated/ minimal 

usage of hydrocarbon based solvents in synthetic methods has been pushed as a way to 

synthesize “green” nanoparticles. We have devised one such approach which does not 

involve any solvent at the time of synthesis. Rather it takes advantage of the reducing 

capability of the capping agent and the basic environment at the synthesis conditions. 

This approach is a proof that solvents in much nanoparticle synthesis may be redundant 

and can be totally eliminated if clever reaction precursors and conditions are applied. 

Hence, with this method reported in this article we can move one step closer to the 

sustainability cause for synthesis methods which involve solvent based nanoparticle 

synthesis approaches. This was the key motivation behind developing this process. It 

should be noted however, that minimal solvents are required during the purification step 

due to the magnetic nature of these nanostructured transition metal arsenides. 
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EXPERIMENTAL 

Synthesis: The synthesis of EAs nanoparticles was carried out in a N2 filled glove 

box containing less than 1 ppm of O2. 1 mM of triphenylarsine (TPA) and 5 mM of HDA 

was weighed and added to a three-neck round bottom flask equipped with a magnetic stir 

bar and air condenser. The mixture was slowly heated to 325° C during which the 

reactants slowly melted and the colorless mixture refluxed in its own vapors. 1mM of 

Fe(CO)5 / Co2(CO)8/ Mn(CO)5 / Cr(CO)6 maintained at room temperature was then 

injected using a syringe pump or as solid into the hot HDA+TPA mixture. Upon addition 

of the carbonyl precursor the solution immediately turned blackish with rapid evolution 

of gases. After 5 min the gases subsided and the black solution was left to reflux for 

variable length of time. After desired refluxing time, the heating was stopped and 

reaction was cooled down to room temperature.  

Purification: The as-synthesized product, by virtue of its attraction to a magnet, 

was purified through simple magnetic filtration. The isolated product was washed at least 

3-4 times with ethanol and hexane using ultra-sonication to remove excess HDA and any 

unreacted precursors. The powder collected from the bottom of the centrifuge tube was 

dried in air. The yield of the product was in excess of 90% compared to the amount of 

Fe(CO)5 / Co2(CO)8/ Mn(CO)5 taken as the precursor. The product was characterized 

further through powder X-ray diffraction (pxrd), scanning and transmission electron 

microscopy (SEM and TEM respectively), XPS, EDAX. It should be noted here that of 

all the arsenides prepared by this methods, only the CrAs nanoparticles did not yield a 

solid precipitate. The product containing Cr-arsenide formed a black suspension which 

remained as a stable dispersion.  
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Characterization: PXRD: The as-synthesized powder was finely ground and used 

for powder X-ray diffraction (PXRD), which was carried out on a Philips Xpert 

diffractometer scanning from 5° to 90°.  TEM: A Tecnai F20 microscope operating at 200 

kV was used for transmission electron microscopy (TEM) while a dual beam Helios FIB 

microscope was used for scanning electron microscopy (SEM) and STEM studies. 

Samples for TEM and STEM were made by dispersing as-synthesized arsenide 

nanoparticles in ethanol by ultra-sonication for 30 min and adding drops from the diluted 

dispersion on a carbon coated 200 mesh Cu TEM grid followed by drying in air. 

 

RESULTS AND DISCUSSIONS 

 The synthesis was carried out by a facile hot- injection redox reaction under inert 

conditions. Figure1 shows the general scheme of the reaction protocol.  In here, the  

 

Figure1: A schematic describing the synthesis protocol for the EAs nanostructures 
through hot-injection technique 
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central idea was performing the hot-injection of the transition metal carbonyl in the 

presence of an arsine precursor. Arsenic precursor by itself was not sufficient to generate 

nanomorphologies. It is known that very commonly used surfactant, hexadecylamine 

(HDA) containing a C-16 chain melts at 45 ºC and Triphenylarsine (TPA) melted at 

around 60 ºC. The mixture of TPA and HDA was heated to high temperatures. Under 

these conditions the melt behaved as a solvent by itself. The concept is similar to the 

flux-mediated synthesis conditions for solid state reactions where a low-melting reagent 

is used as a flux to facilitate reactant diffusion and intimate mixing. After conducting 

several blank experiments without the metal precursors an appropriate temperature range 

was selected for injecting the metal carbonyls. This temperature was 325 ºC and was 

based on the fact that at this temperature the HDA + TPA mixture remained colorless and 

had just started to reflux vigorously. Various stoichiometric combinations ranging from 

1:1 to 1:10 TPA:HDA were tried. The appropriate combination to yield nanostructures 

was chosen as a midpoint 1:5. Excess HDA caused excessive froth buildup whereas 1:1 

did not leave enough liquid phases for the metal carbonyls to react. When the TPA+HDA 

mixture was at the appropriate refluxing temperature, metal carbonyl was injected into 

the hot reaction mixture. It was also observed that the precursor oxidation state was 

important in the sense that it must be in the elemental or 0 oxidation state to guide the 

appropriate redox chemistry (Table 1). This was verified by many reactions involving 

precursors other than the carbonyls like acetylacetonates, halides etc. When iron 

acetylacetonte was used as a metal source it resulted in impure products with Fe2As and 

FeAs2 as impurities. Metal halides like FeCl3, CoCl2 , MnCl2 on the other hand, were 

very sluggish in reacting and the reactions never proceeded to completion. 
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 Mechanistically it can be expected that during initial stage of the reaction, ligand 

exchange takes place as soon as Ex(CO)y is added into the mixture of TPA and HDA as 

seen in figure 1, the CO ligand is displaced by the As(C6H5)3 to form an intermediate 

complex [(C6H5)3As-E(CO)y-1] with generation of free CO. This kind of ligand exchange 

with phosphines and arsines is very favorable since they act as electron donating Lewis 

bases. The intermediate formed, in principle, can behave as a single source precursor for 

both E and As. It brings the As and E close enough as would be expected than the 

traditional solid state methods of EAs synthesis. Proximity of As and E in this 

intermediate renders the possibility of an internal redox between As and E. The driving 

force is the difference in the reduction potentials of E3+/E and As3+/As3- couples as shown 

in Eqs.1 and 2 respectively. The presence of amine (HDA) in the mixture makes the 

reaction medium slightly basic, thereby decreasing the reducing ability of the arsine 

compound. Since the As3+/As3- has a more positive reduction potential, it acts as a 

stronger oxidizing agent thereby oxidizing E(0) to E3+ while itself being reduced to As3-.  

 Temperature also plays a definitive role in this ligand exchange and internal redox 

reactions, since it was observed that at low temperature, the product contained a mixture 

of FeAs and FeAs2 (which contains Fe in the +2 oxidation state). The lower valent 

arsenides were also obtained as impurities (e.g. CoAs2 for the CoAs system) under low 

reaction temperature.  The reactions can be summarized as follows:  

E3+!E(0) + 3e - E0
[E(3+)/E(0)] = -0.768V(Fe), -2.092 V(Co),-0.28V(Mn), -0.74V(Cr) ….(1)  

As3+ + 6e- !As3-  E0 [As(3+)/As(3-)] = + 0.345 V…………………………………….(2)  

Where, Tm = Fe, Co, Mn, Cr, respectively.  
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  Figure 2(A) shows the PXRD pattern of the FeAs, nanoparticles along with its 

comparison with the standard pattern reported in JCPDS file card number 01-076-0458. 

These nanoparticles were found to be highly crystalline and as-synthesized nanoparticles 

crystallized in the MnP structure-type.  The morphology of the product was studied in 

details through STEM and TEM. TEM image in figure 2(B) shows the high degree of 

monodispersity of the as-synthesized FeAs nanoparticles. The diameter of these  

 
Figure 2: (A) PXRD pattern of FeAs nanoparticles.(B) STEM image of FeAs 

nanoparticles.(C) HRTEM image of a single nanoparticle.(D) EDS analysis of a 
nanoparticle 
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nanoparticles was calculated from Scherer equation to be 13 nm. Figure2(C) is the 

HRTEM of a single FeAs nanoparticle and the inset shows the corresponding diffraction 

pattern suggesting polycrystalline nature. Figure2 (D) shows the corresponding EDS 

pattern confirming As and Fe presence in the ratio 1:1within the nanoparticle. As was 

apparent from the TEM images, the particles contained a core and a shell. The shell was 

found to consist mainly of carbon while the core contained Fe and As as confirmed by 

EDS point and line scans. No other phase of FeAs or any other impurity was detected. 

The size of the nanoparticles was dependent on the refluxing time. When the temperature 

of Fe(CO)5 addition was reduced to 250°C a mixture of FeAs2 and FeAs was obtained.  

 Figure 3(A), to (D) shows PXRD, STEM, TEM and XPS image images 

respectively of CoAs nanoparticles. The PXRD pattern suggests that pure phase CoAs 

nanoparticles (JCPDS-01-077-1351) were formed by this method. It was noted that this 

method in the case of CoAs yielded one dimensional nanostructures within the first 20 

min of introducing the Co2(CO)8 Into the reaction mixture. The propensity to form 

nanowires was seen to be much higher with CoAs. For obtaining the CoAs nanoparticles 

the reaction conditions were further altered by injecting a solution of Co2CO8 mixed with 

oleylamine. This altered the phase and solubility of the precursor resulting into 

nanoparticles as seen in figure 3(B) whereas figure 3(C) shows the nanowires 

morphology obtained without addition of oleylamine. 
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  Figure 4 shows the PXRD for MnAs nanoparticles and the comparison with 

reported MnAs pattern (JCPDS- 0072-1065). It should be noted that there were few 

unidentified peaks corresponding to impurities observed in the pxrd pattern. Inset in the 

figure shows the STEM image. The size range of the MnAs nanoparticles was 

considerably smaller that the FeAs and CoAs systems. Synthesis and magnetic properties 

of MnAs has been previously explored by Brock et al. MnAs nanoparticles have 

magnetostructural properties and are known to have high electromotive force. 

Figure 3: (A) PXRD of CoAs nanostructures (B)Low magnification TEM 
image (C) HRTEM of a single nanoparticle of CoAs (D) Low magnification 
STEM of CoAs one dimensional nanostructures( E) EDS spectra and XPS of Co 
and As.   

C 

D 

B 
A 

E 
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Figure 4: PXRD pattern of MnAs (inset shows STEM image of nanoparticles). 
 

  CrAs is a ferromagnetic semiconductor. [21] Figure 5A shows the HRTEM 

image of the ultra-small CrAs nanoparticles/ quantum dots. Since these nanoparticles are 

almost of the size of quantum dots hence isolation of these as powders was difficult. The 

quantum dots preferred to disperse well in the solution of various polar solvents like 

ethanol, dichloromethane giving a green solution. So in order to characterize these 

nanoparticles, we performed EDS and photoluminescence (PL) spectroscopy. Figure 5B 

shows the PL spectra of the CrAs. There was a strong absorption peak at 481nm which 

corresponds to 2.5 eV. Band gap of bulk CrAs is1.8 eV, indicating that there is a 

considerable quantum confinement in the nanoparticles resulting in a blue shift of the 

absorbance band. 
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Figure 5(A) HRTEM image of CrAs quantum dots (B) PL spectra). 
 

  These nanostructured transition metal arsenides also exhibited novel magnetic 

properties. The FeAs and CoAs nanostructures were attracted to the lab magnet to 

variable extents. From figure 6A and B it can be seen that the FeAs and CoAs 

nanoparticles were ferromagnetic at low temperatures and superparamagnetic at high 

temperatures, respectively. A detailed study of these magnetic properties have been 

discussed by the authors in separate publications.[17]  

 

 
Figure 6(A) (B) M vs H curve for FeAs and CoAs nanostructures showing 

superparamagnetism 
  

A 
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 By conducting several experiments with variable reaction parameters and detailed 

observation, we have hypothesized a mechanism that can very well explain the evolution 

of morphology for these nanostructures. The conversion process starts with a burst of 

nucleation at t = 0 following the addition of Ex(CO)y forming a E-rich nuclei capped with 

HDA. TPA then starts reacting at the surface of the nuclei and the initial layers of EAs 

formed coat the nuclei. At conditions of constant high temperature (300°C) As diffuses 

deeper into the nuclei thereby promoting conversion of the core to EAs. Depending on 

the critical radius and stability of the nuclei it can then redissolve and re-precipitate. 

Continuous dissolution and precipitation will cause different morphologies to emerge. 

We have observed that the propensity towards formation of one dimensional 

nanostructures increases as the d electrons availability increases i.e. as we proceed from 

left to right in the series (Cr to Co). CoAs forms nanorods whereas CrAs forms extremely 

small quantum dots. Also it can be said the formation of the carbonaceous shell depends 

on the catalytic ability of the transition metal and the FeAs nanostructures exhibited the 

most predominant carbonaceous shell. A pictorial representation of this growth 

mechanism is shown in Figure 7 for EAs. 

 

CONCLUSIONS  

  We have successfully devised a method for the synthesis of nanostructured 

transition metal arsenides. The novelty of this method is the one step facile precipitation 

of the monoarsenides of the 3d transition element series. The chemistry behind this 

conversion is very simple ad involves simple redox chemistry between the metal 

carbonyls and arsine precursor aided by the amine surfactant which provides a slightly 
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basic medium. Authors are also trying to apply this technique to the main group metals 

arsenides like InAs, GaAs, which are used for optoelectronics. 

 

Figure7: Growth mechanism of the EAs nanostructures 
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IV. ONE POT SYNTHESIS OF Co(CO3)0.5. OH 0.11 H20 NANOWIRES AND 

THEIR CONVERSION TO Co3O4 NANOWIRES 
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ABSTRACT 

  Co3O4 nanowires were synthesized using a hydrothermal technique using cobalt 

carbonyl (Co2(CO)8)and hexadecylamine (C16H35N) as cobalt source and reducing agent/ 

surfactant respectively. The reaction proceeds via a carbonate intermediate. We have 

been able to isolate the intermediate as Co(CO3)0.5. (OH) 0.11 H20. The as-synthesized 

nanowires change in morphology and composition after annealing at 200 °C yielding the 

Co3O4 nanowires which are morphologically thinner, smoother and highly magnetic in 

nature. The Co3O4 nanowires are 10nm in diameter and micron long. The nanowires are 

antiferromagnetic and a much lower TN = 19K is observed as seen in the ZFC. Here, in 

this report we discuss the simple two step method, and the magnetic properties of Co3O4 

nanowires. The importance of Co3O4 nanowires lie in the areas such as supercapacitors , 

lithium ion battery cathodes and as photocatalysts. 

 

INTRODUCTION 

  Co3O4 is a p- type magnetic semiconductor(1) finding diverse applications in 

Lithium ion batteries(2) for energy storage, gas sensors (2) electrochromic devices(3) and 

heterogeneous catalysts (4,5) supercapacitors(6) etc. In the bulk state tricobalt tetraoxide, 

the oxide is antiferromagnetic (AFM), TN Neel temperature being 40K.( 7) The formula 

unit for Co3O4 is described AB2O4 (A → Co2+, B → Co3+) and exhibits a normal spinel 

crystal structure with occupation of tetrahedral, A sites by Co2+ and octahedral B sites by 
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Co3+. Its magnetic moment arises due to Co2+ ions largely because of spins, with a small 

contribution from spin–orbit coupling. (8) 

 Nanostructured Co3O4 presents itself as a better option in comparison to bulk 

owing to high surface area and variable morphology crucial to enhancing functionality in 

many devices. The methods of synthesis for Co3O4 nanowires can be classified into 

synthesis from Co and its oxidation or via precursors involving basic carbonate 

intermediates such as Co(CO3)0.35(NO3)0.2(OH)1.1 1.74H2O (6) and 

Co(CO3)0.5(OH)•0.11H2O. (9) In literature, hydrothermal route has known to yield such 

precursors of cobalt carbonate hydroxide. Recently, sodium chloride salt was used to 

synthesize single-crystalline nanowires into a chrysanthemum-like hierarchical assembly 

of Co(CO3)0.5(OH)•0.11H2O. (10) Other reports also show Co(CO3)0.5. OH 0.11 H20, the 

basic cobalt carbonate in its nanoform has shown great potential, serving as a precursor 

for porous Co3O4 nanowires upon annealing at lower temperatures. Many methods have 

been developed to isolate the precursor and further anneal it to yield nanoparticles, 

nanocubes, nanospheres , nanoplatelets and nanowires of Co3O4 which mostly involved 

using urea as a base to reduce the Cobalt precursor into intermediates that are further 

annealed at low temperatures. (11) Reports of other shape-controlled synthesis of cobalt 

carbonate/hydroxide intermediates involving three different structures, viz., 1-

dimensional (1D) needle-like nanorods, two-dimensional (2D) leaf-like nanosheets, and 

three-dimensional (3D) oval-shaped microparticles, were synthesized through varying 

parameters such as precursor (cobalt acetate) concentrations and volume ratio of 

polyethylene glycol to water.(1, 12, 13,14) In this article we report formation of 

Co(CO3)0.5. OH 0.11 H20 by cobalt carbonyl Co2(CO)8 and Hexadecylamine,  
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C16H35N as starting materials for conversion into Co3O4 nanowires on annealing. The 

ZFC W data suggests anti-ferromagnetic nature in these wires. The Neel temperature 20K 

is much lower than that predicted for other nanowires systems. The existence of a much 

lower TN suggests that these nanowires are not core shell also there is no or very little 

exchange bias in surface spins thereby inducing an early onset of paramagnetism.  

 

EXPERIMENTAL  

  All of the chemical reagents were of analytical grade and used without further 

purification in these experiments. The synthesis was carried in a Teflon autoclave. 1 mM 

Co2(CO)8 and 5mM of Hexadecylamine was added. The contents were sealed in air and 

kept in high temperature oven (280°C) for a period of 12- 24 hrs. The autoclave was 

cooled to room temperature and then purified using ethanol, hexane and 

ultracentrifugation. The collected powder was dried and analyzed by PXRD (Phillips 

Xpert) , STEM ( Helios nano)and TEM(FEI F20). Part of the product was annealed in air 

at 200°C for 7 h to yield the Co3O4 nanowires. Magnetic moment and isothermal 

magnetization was collected from a SQUID magnetometer and the vibrating sample 

magnetization (VSM) option of physical property measurement system (PPMS) 

respectively  

 

RESULTS AND DISCUSSIONS 

  Figure 1(A) shows the PXRD pattern of the precursor cobalt carbonate 

hydroxide hydrate, Co(CO3)0.5.OH 0.11 H20 matched to the phases (JCPDS # 00-048-

0083) and Figure 1(B) is the low magnification STEM image of a bundle of the cobalt 
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hydroxyl carbonate, Co(CO3)0.5. OH 0.11 H20 nanowires. During the course of 

microscopic analysis it was seen that in various samples these nanowires were bundles 

and sticking to each other in spite of washing with ethanol and water formed such 

bundles as can be seen in Figure 1(B). 

 

 
Figure 1: (A) PXRD pattern of the cobalt hydroxy carbonate nanowires and (B) 

low magnification STEM of cobalt hydroxy carbonate nanowire 
 

 The decomposition temperatures was assessed by the thermal analysis. For this 

purpose we chose the TGA method. Figure 2 (shows the TGA curve of the Co(CO3)0.5. 

OH 0.11 H20 nanowires. It shows the TGA heating profile of the cobalt hydroxyl 

carbonate sample There are two predominant weight loss steps between 167⁰C -303⁰C 

and 303 – 382⁰C the weight loss stops at around 400 ⁰C. The first weight loss is a slow 

transformation compared to the second more drastic one. The differential curve shows the 

maximum weight change occurs at 350⁰C. Several samples were annealed at 350°C. 

However, most of the annealing experiments that were conducted at that temperature 

resulted in deformation of the nanowire morphology of the starting precursor. 

A 
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Figure 2: TGA of the cobalt hydroxy carbonate nanowires 
 

 In order to preserve the precursor nanowire morphology we chose to anneal them 

at 200⁰C for 7h. This low temperature enabled highly crystalline sample formation and  

gave the nanowires enough time to unbundle without deforming to form individual 

micron long nanowires as seen in figure 3. Figure 3(A) shows the annealed cobalt oxide 

Co3O4 (JCPDS # 01-074-1657) respectively. All the peaks can be identified and matched 

to the cubic spinel Co3O4 structure (space group Fd3¯m). Some peaks of Co3O4 are also 

visible in the precursor nanowires pattern. The crystallite size is 11nm average as 

calculated by the Scherrer equation. The morphology and structure of the product were 

further characterized transmission electron microscopy (TEM).  

 

 



117 

 

 

 

Figure 3: (A) PXRD pattern of Co3O4 nanowires after annealing (B) Low 
magnification STEM image of Co3O4 nanowires after annealing 
 

  This bundling effect was reduced after the annealing process. As can be seen in 

Figure 3(b) shows the low magnification STEM image of the corresponding Co3O4 

nanowires obtained after annealing at 200°C the precursor nanowires are highly 

agglomerated and much thicker when compared to Co3O4 nanowires. The core-shell 

nature of the precursor is evident in Fig 3 (HRTEM). The nanowires are rough in 

appearance. The nanowires are covered throughout with crystalline oxide which also 

appears as some impurities in the PXRD. Presumably, they are the crystallites seen on the 

nanowires structure in TEM Figure 4. Since the annealed sample was magnetic in nature 

we also performed magnetic studies on the Co3O4 sample. magnetic hysteresis 

measurement of Co3O4wascarried out in an applied magnetic field at room temperature 

about20 ⁰C, with the field sweeping from -20k Oe to +20k Oe. 
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Figure 4: HRTEM of individual Co3O4 nanowire 
 

 Figure 5(A) is the hysteresis loop of Co3O4 Nanowires at 5K with the inset 

showing weak ferromagnet behavior at 5K. A very small Coercivity 142 Oe and remnant 

magnetization of 4.2X10-4 emu/g is observed. The room temperature hysteresis as seen in 

Figure 5B does not display ferromagnetic interactions. Figure 6 Magnetization M (emu/g) 

versus temperature (K) in a magnetic field H = 100 Oe for Co3O4 nanowires. An 

antiferromagnetic ordering is evident with a Néel temperature TN ≈ 20 K The inset shows 

a fit of the magnetic susceptibility χ from 10 to 200 K to the Curie-Weiss law, 1/χ 

(g/emu) versus T (K), Curie-Weiss temperature θ = -30K. Thus the anti-ferromagnetic 

range for this system is small From the ZFC curve an estimate of the Neel temperature 

can be made. Neel temperature is the temperature below which the material exhibits anti-

ferromagnetic ordering. This temperature is estimated to be at 20K for this ensemble of 

nanowires. The neel temperature of Bulk Co3O4 is 40K. at 5K and 300 K.  
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Figure 5(A) M vs H at 5K (B) M vs H at 300 K 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: M Vs T at 100 Oe. Inset shows the linear fit for 1/χ vs T in the 
paramagnetic region.  
 



120 

 

 

CONCLUSIONS 

  In summary, we report a new way to synthesize anti-ferromagnetic Co3O4 

nanowires. The method discussed is fairly simple modification of the solvothermal 

methods. Only two precursors are needed in this process, Co2(CO)8 and hexadecylamine. 

Since many important applications depend of these nanostructures a much easier method 

like this one serves to establish the growing need of the industry. The other advantage of 

this method is that fairly old Co2(CO)8 which may be on the verge of decomposition may 

be utilized to give such nanostructures. 
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SECTION 

 

 

2. CONCLUSIONS AND REMARKS 

 

  This research focused on designing novel syntheses of inorganic nanomaterials 

with properties like superparamagnetism, superconductivity, and semi-conductivity. 

These nanomaterials in principle have various applications in electronics, memory 

devices, and magnetic instruments. The synthesis of the “nanoparticulate” LiFeAs an 

iron–based superconductor was attempted by the “sacrificial template method ” For this 

purpose a solvent-less, facile, and highly reproducible hot injection method for synthesis 

of FeAs nanoparticles was developed. We were the first to synthesize and discover 

superparamagnetism in the core shell nanoparticles of FeAs coated with carbon (15nm). 

The method that we developed used wet chemistry and organometallic precursors. The 

nanoparticles obtained are easily purified by solvent exchange and application of 

electromagnets. Interestingly, such materials can be exploited to develop novel 

applications such as magnetic recording media and magnetic refrigerants.  

 When this method was used as the starting point for testing the sacrificial 

template approach as described in the introduction. FeAs layers were used as sacrificial 

templates and Li+ ions were intercalated into these layers. The system is a ternary layered 

compound with alternating stacks of Li+ and [FeAs]- layers. This ternary phase acts as a 

superconductor at temperatures below 18K. By making nanostructures of LiFeAs, we 

shall be in a better position to answer fundamental questions like weather or not 

nanostructuring aids to superconductivity and if at all there is an increase in Tc. Although 



123 

 

 

recent experiments have indicated that the phase formation can be achieved but 

maintaining morphology of the starting nanoparticles maybe tricky and crucial step. The 

nanoparticles at synthesis temperatures of 750 °C are still in 1-100nm range. The 

Mossbauer studies have suggested similar chemical shifts as in literature phase of 

LiFeAs. 
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APPENDIX A. 

 

CONVERSION OF FeAs@C NANOPARTICLES TO LiFeAs 
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Introduction 

  Interest in LiFeAs high temperature nanostructured superconductors stems from 

the fact that after FeSe it is the least complex system to address synthetically. Reductive 

lithium intercalation is a well addressed topic in literature that can be used to convert the 

basic structural motif of FeAs into LiFeAs. Designing routes to nanostructured LiFeAs 

involve limiting the use of three elements making the synthetic path much easier. These 

can behave as model systems in understanding the superconductivity of these pnictides at 

the nanoscale. 

  Applications of the high temperature superconductors depend on the magnitudes 

of parametrics like critical temperature, critical field, and critical current. The critical 

temperature the temperature below which the material enters the superconducting state 

(Tc) for the bulk LiFeAs is 18K. Superconducting cables, magnetic levitation, MRI, 

SQUIDS, magnetic shields and energy storage are present themselves as arenas for 

applicability of these superconducting nanomaterials. 

Methods 

  In practice, solid state synthesis is the main technique which yields bulk LiFeAs 

at 800ºC. Figure A1 shows the principle of the approach taken. It involves the pre-

synthesized nanoparticles of FeAs@C as discussed in paper 1 and reacting with metallic 

lithium or other Lithium sources under various conditions. In this study, we have 

undertaken three routes for the synthesis of LiFeAs nanoparticles. These were the solid 

state route, in-situ synthesis and electrochemical synthesis. These are described as 

follows 
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Figure A1: Idea behind the sacrificial template approach 

 

 

 

 

 

 

 
 
 
 
 
Figure A2: Schematic of the solid state synthesis route. 

 

 Table 1 shows the reaction stoichiometric conditions that were at 750ºC and the 

results obtained for the conditions employed using FeAs (nanoparticles) as a sacrificial 

template with Li metal as shown in figure A2. All handling was done in an Argon glove 

box. The nanoparticulate powder of FeAs@C were weighed and transferred into a 

graphite crucible. Several modifications were made to the design and finally it was 

concluded that in order to prevent Li loss the crucible must be covered with another 

Li metal+ FeAs 
nanoparticles 
	    
 

 

   
 

  

Quartz ampuole 

  
 

T= 750°C 

ISOTHERMAL ZONE 
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crucible. The crucible assembly was loaded in to a quartz tube whose ends were then 

sealed under minimal N2 exposure in the Schlenk line. After the sealing the ampoule was 

transferred to a furnace which was evacuated and heated to 750 ºC at the rate of 5ºC / min 

under vacuum and cooled with the same rate.  

Table 1: Reaction conditions for solid state synthesis 

 

  Lithium electrochemical Insertion In the electrochemical insertion process FeAs 

pellets were made and used in electrochemical reactions as shown in the figure for Route 

3 description. Coin cells were also assembled by the usual way with pasting FeAs@C + 

PVDF slurry (in NMP). Carbon black powder which is traditionally added to the slurry 

FeAs 

nanoparticles(mg) 

Li metal 

(mg) 

Mass 

Ratio 

Time(H) Temp°C XRD 

10.5 10 1.05:1 48 750 LiFeAs + LiO 

21.3 3.0 7:1 48 750 FeAs 

34.0 33.3 1.02:1 48 750 LiFeAs + FeAs 

         11.3 9 1.25:1 48 750 FeAs + As 

34.2 36.6 1:0.94 72 500 Fe+Li2O+C 

20.0 23.8 1:0.84 24 750 FeAs2+Li5FeO4 

37.9 34.5 1.09:1 30 750 LiFeAs (2 

phases) + Li2O 

119.8 Na= 

47.2 

2.52 40 800 NaFeAs + FeAs 
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for improved conductivity was omitted. Lithium foil was used as a cathode and FeAs 

acted as the anode for the discharge / lithium insertion process. Initially low currents 

were applied from 0.3µA- 5 µA. Later it was figured that C/20- C50 rate was found most 

appropriate. The cut off voltage were in the 0.01-3.0V range. 

 

Figure A3: Principle of electrochemical insertion in FeAs@C nanoparticles 
 

Results and Discussions 

 Based on the results of the above methods we figured that the solid state method 

works the best for nanostructured LiFeAs. However, it also suffers from some problems 

like sintering and incomplete conversion of FeAs@C nanoparticles to LiFeAs and has no 

control on the obtained phases and side products. Route 2 was the most unsuccessful 

where the FeAs@C nanoparticles did not convert at all in most experiments and hence 

not discussed here. Route 3, the electrochemical insertion showed promise by good 

discharge curves but no conversion into LiFeAs. Indirect signs of Fe3+ reduction to Fe2+ 

was seen by the PXRD containing phases of Fe2As. We also realized due to the highly 
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sensitive nature of LiFeAs the reactions require absolutely no moisture, air and N2 

exposure. 

 Route 1: The sacrificial template found partial success as it can be seen that when 

the mass ratios of FeAs : Li were 1.05: 1 i.e. ( 1: 17, mole ratio) LiFeAs appeared as a 

phase in the PXRD. This shown in PXRD of sample- SS-LiFeAs-6. The pattern can be 

ascribed to JCPDS 01-087-1981. 

 

Figure A4: PXRD pattern of sample SS-LiFeAs-6 with matching LiFeAs 
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 FigureA5 shows the TEM images it is evident that the starting core shell 

morphology of FeAs @C nanoparticles is lost however, larger sizes nanocrystals have 

taken its place. This method can be considered as a processing method for nanoparticles 

owing to the increase in size. It is well known that coalescence, agglomeration of 

 
 
Figure A5: Low magnification TEM of SS-LiFeAs-6  

 

particles and sintering may be the factors that are responsible for gain in particle size and 

change in particle morphology more so happening during the processing of the 

nanomaterials. Figure 3 shows the Low magnification TEM of the nanoparticles 

containing LiFeAs. The low magnification image shows signs of grain growth via 

necking. These nanoparticles were highly sensitive to air. The particle ensemble can be 

matched to LiFeAs and Li2O. These results bring us one step closer to the realization of 

LiFeAs as nanoparticles. 
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Figure A6: HRTEM of LiFeAs-SS-6 
 

 

 

Figure A7: M vs T curve of SS-LiFeAs-6 
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 Figure A7 is the M vs T curve for these nanoparticles under no field. At 7K there 

is a drop in magnetization. Since the sample is impure and has several other peaks the 

magnetization does not go below zero i.e. a true diamagnetic superconducting state not 

achieved. 

 Route 3: We found that FeAs can be a good anode material for lithium ion 

batteries since the attributes of a good anode is high specific capacity, no SEI formation, 

operating voltages less those 1.5 V vs Li less volume change. Figure A8 shows the 

discharge curve of FeAs. During the discharge process the Li+ ions are inserted into the 

FeAs.  It can be seen that the discharge process took 2.2 hrs. @ -6 µA current. The 

theoretical specific capacity of FeAs bulk (not coated with C) is 205mAh/g.  The 

observed capacity was 12mAh/g.  Clearly the capacity fade was due to the presence of 

the thick C coating on the surface of the nanoparticles. The non-graphitized coating 

provided hindrance to the Li+ ions in the nanoparticle. The choice of current / C rate 

applied to the anode fluctuated as well. A low current would stop the battery tester 

abruptly. After the discharge process the coin cell was opened and the Cu foil was 

recovered. The powder on foil was examined by PXRD. Figure A9 shows the PXRD 

pattern, it shows traces of Fe2As. This showed incomplete conversion. However, LiFeAs 

peaks were missing. 

 

. 
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FigureA8: Discharge curve of coin cell anode. 
 

 
Figure A9: PXRD pattern of coin cell cathode 
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APPENDIX B: 

 

OPTIMIZATION OF Bi2Se3 ELECTRODEPOSITION 
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Introduction 

 In 1980’s it was discovered that electrons when confined to 2 dimensions under 

an applied magnetic field exhibits topological order, underlining the Quantum Hall 

Effect. Topological insulators are a class of materials that are effective insulators in bulk 

but conduct electricity on their surfaces. Recently 3D materials have also shown this 

order where the magnetic field has been attributed to the one generated by spin orbit 

coupling. The presence of surface metallic states that can give rise to dissipation less 

charge transport which being the most ideal situation for energy transport. This is 

possible due to scattering promoted by grain boundaries and impurities restricted to the 

bulk states. The topological states remain invariant to them. The Bi2Se3 topological 

insulator can also be induced to become a bulk superconductor, with T c~3.8 K, by 

copper intercalation in the van der Waals gaps between the Bi2Se3 layers. 

 Since nanostructured materials have high surface to volume ratio, in this 

perspective it would be interesting to evaluate nanostructures of these topological 

insulators as dissipation less charge transport elements. Nanostructures of compounds 

like Bi2Se3, Bi2Te3, Ag2Te has been synthesized and evaluated for topological order at 

various temperatures and magnetic field applied. Other applications of topological 

insulators include spintronics. Owing to the unique spin texture, the charge current on the 

surface of the topological insulators supplies a net spin-density, which would be useful in 

memory or spin-torque devices. Optoelectronics is an emerging area for topological 

insulators: the excellent transport properties and the linear relation between energy and 

momentum in some topological insulators make them competitors with graphene 
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photonics and optoelectronics, for applications such as transparent conductors and 

wideband photo detectors. 

 

Figure B1 Superlattices of Bi2Se3 and corresponding Dirac cones 
 

 The synthesis of Bi2Se3 nanopillars on conducting substrates involves using a 

combination of two methods (1) E- beam lithography and (2) Electrodeposition. Here we 

report the conditions for electrodeposition of Bi2Se3 as a thin film. At first the 

conducting ITO pieces were cleaned with acetone and dried. Two layers of PMMA were 

spin coated on to the conducting side of ITO. The thickness of the PMMA film ranged 

from 0.25µm to 0.75µm. As shown in scheme 1 using a predefined pattern the PMMA 

was exposed to an electron beam of known current. The areas which get exposed to the 



137 

 

 

beam are etched away using 1:3 MIBK: IPA solution. This generated the nano- electrodes 

needed for the predefined growth of Bi2Se3. 

  In step 2 the ITO with the pattern was connected to the working electrode 

whereas Pt wire was used as counter electrode. The potentials were measured against an 

Ag/AgCl electrode. The electrolyte consisted of 1mM solution of Bi2(NO)3.5H2O and 

SeO2 in 1 M HNO3.N2 was bubbled through the solutions to remove any dissolved 

O2.5mL of each solution was taken in a beaker and the set up was as shown in figure 

below. The depositions were carried out at -0.5V for variable times. The substrates were 

taken out cleaned with water and annealed 200ºC for 15-30 min. 

Figure B2: Steps for nanorods electrodeposition on ITO  
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Preliminary Results and Discussions 

  Since the ITO was coated with an insulating PMMA the areas which were 

exposed after the development procedure served as nanoelectrodes. The Bi2Se3 is grown 

on these nanoelectrodes as nanopillars. The choice of appropriate potential is made by 

running a cyclic voltametry experiment. Figure 3 shows the CV of the solution containing 

bismuth nitrate and selenium dioxide in 10 mL of water on bare ITO. Figure 4 shows the 

shows the thin film XRD of Bi2Se3 deposited on bare ITO. The film is nanocrystalline 

which matches to the Bi2Se3 phase (JCPDS-01-085-0519). Figure 5 shows the deposited 

films on patterned substrates for 15 sec.  

 

 
 

Figure B3: CV of the solution containing Bismuth Nitrate and Selenium dioxide 
in 10 mL of water 
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Figure B4: PXRD pattern of thin film annealed at 200ºC 
 

 
 
Figure B5: SEM image of Bi:Se deposited on patterns for 15 seconds 
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