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Abstract 

Various aspects of preparing band-structure-engineered materials involving nanostructured building blocks are examined in 

this review. In continuation with enjoying great success in controlling the charge carrier transport propertiesof crystalline 

semiconductors, it was found better to choose a periodic structure comprising of monodisperse nanocrystals, where the 

adjustment of the wave function overlaps between nearest neighbors provided sufficient delocalization of the electron states 

necessary for charge carrier transport with adequate mobility. Of course, for maximum advantage from such a situation, it was 

necessary to employ monodisperse nanostructured building blocks with uniform inter-dot coupling, which turned out to be 

rather difficult to achieve in practice. For instance, nanocrystals size variations within 5% are currently considered 

monodisperse. For achieving higher degree of monodispersity, it is necessary to understand the phenomenon of nucleation and 

particle formation in more detail by examining the existing models and introducing more refinements, if possible.  In case of 

adjusting inter-dot spacing, molecular linkers are adequately appropriate for this purpose. Moreover, the solution processing of 

nanostructured species possesses the unique feature of self-assembly, which is currently being explored for hierarchical 

superstructures ranging from nm to cm scales in dimension. This kind of material growth, being more close to biomimetic 

processes, when combined with conventional lithography and patterning, would certainly offer opportunities to use these 

hierarchical superstructures in numerous unprecedented applications. 
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Introduction 

Theoretical study of size and shape dependent quantization of electron states in nanocrystals (NCs) [1,2]followed 

by the experimental verification of their associatedphysico-chemical properties [1,3], sets the ground for exploring 

their applications insynthesizing band-structure-engineered nanomaterialsin various forms including colloidal 

nanoclusters [4], close packed assemblies [5]), nanocrystals andtheir random dispersions in glass and polymeric 

matrices [6]; thin film coatings [7];2/3-dimensional periodic structures (superlattices) [8], and numerous other 

possiblehierarchical superstructures [1,9].In smaller nanoclusters, close-packed assemblies and nanocrystals, the 

electronic energy states resemble those of molecules defined in terms of highest occupied and lowest unoccupied 

molecular orbitals (HOMO and LUMO) separated by a finite band gap. In presence of significant wave-function, 

overlap between the nearest neighborof building block arising fromcloser proximities introducesextended 

electronic states causing collective behavior of electrons/holesthat are useful in realizing a whole variety ofnewer 

device applications.Hopping charge carrier transport is in general prevalent in random arrangements of the 

nanoclusters, close packed assemblies and nanocrystals embedded in a background matrix. For systematic 

exploration of their electronic properties on the same line as it has been possible in case of bulk crystalline 

materials, it is necessary to attachthe right kind ofmolecular linkers of uniform length to each of themonodisperse 

and well passivatednanocrystals,so that they try to self-assemble automatically, when dispersed in a suitable 

medium [1, 10,11]. In solution grown syntheses ofthesenanosize building blocks, eitherthey aresynthesized first 

and then passivated or made to undergo for simultaneous chemical reductionas well as surface 

passivationtogether. For linker applications, polymeric chain molecules are used, where not only precise length is 

possible to selectbut also choose right kind of chemical moietyhavingdifferent kinds of end radicalspossessingthe 
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required chemical affinity to the surface of the nanosize building blockdepending upon the specific requirement 

[1,10]. 

It has been a common observation that most of the nanostructured species try to self-assemble, when dispersed in a 

suitable medium andusing this characteristic feature of theirs, it has been possible to fabricate not only 

superlattices involving periodic arrangements but also an extremely large variety of hierarchical superstructures 

for further characterizations and applications [1,11]. It is significantly important to note that by choosing the right 

kind of surface passivation and attaching with proper length of inter-particle linkers, it has been possible to modify 

the process of electronic conduction in the resultant superlattice that changed its conductivity from that ofan 

insulator to that of a metal like state by adjusting the length of inter-particle molecular linkers [12]. Band structure 

engineering concept has not only been helpful in explaining the possibilities of such transitions but also indicated 

towards the possibility of intelligent material designs as examined from different angles in this review.  

Having noted the importance of linkers in controlling the electronic conduction in NC-superlattices, it is equally 

feasible to explore using the capabilities of organic as well as inorganic polymersfor influencing the electronic 

conduction due to delocalization of electron states along with the interfaces present there between NCs and 

polymers in different possible forms [13]. In addition, there are numerous phytochemicals derived from the natural 

plants, which offer very attractive physico-chemical properties for considering themto modify the electronic and 

optoelectronic characteristics of NC superlattices in several ways[14,15]. This unique possibility of combining 

thegreen phytochemicals based surface passivation and functionalizations of NCs will ultimately result into a 

completely green design of NCs,their superlattices and hierarchical superstructures may open the opportunity of 

fabricating completely novelcategories of nanomaterials with altogether unique applications in diverse fields. How 

far it is possible to go in this direction of preparing green NCs, superlattices and hierarchical superstructures can 

be seen only after going through the developments already made in this context using conventional chemical 

species given below in brief. 

Synthesis of Band-Structure-Engineered Nanosizebuilding Blocks 

Electronic energy-band structure of a conventional crystalline material is in principle determined by the electronic 

structure of the constituent species, overlap between electronic wave functions of the two nearest neighboring 

units and the existing crystal symmetry [16]. For modifyingthe energy band-structure of any crystalline lattice, it is 

therefore necessary to have access to, if possible, independent control of all the three lattice parameters as 

mentioned above. However, in conventional crystallinesolids employing atomic species, there is neither any 

freedom to modify the electronegativity of the constituent atoms to change the strength of the inter-atomic 

interactions nor the crystal structures [17]. On the contrary, in NC based synthetic lattices, all these parameters are 

easilypossible to adjust providing a powerful tool to design the energy-band-structure of the synthetic lattice 

accordingly. The experimental observation of reversible metal-insulator transitions observed in case of a two-

dimensional hexagonal superlattice of surface stabilized silver NCs, fabricated by Langmuir method, proved the 

viability of the band structure-engineering concept.The metal-insulator transition was possible to induce reversibly 

for an appropriate combination of electronic structure and inter-dot separation roughly adjustedby choosing 

appropriate surface passivating ligands followed by still finer adjustmentprovided by the compression of the 

monolayer during synthesis [17].  

Surface functionalized metallic and semiconducting NCs with very weak inter-particle interactions have 

extensively been examinedfor preparing a variety of hierarchical structures. Better solubility of these NCs in 

organic solvents has been helpful in precipitating them size-selectively with better than 10% dispersion using 

solvent/antisolvent combinations [17]. The inter-particle interaction, in such cases,has been possible to controlwith 

the help of adjusting the particle size and the passivating ligand. For example,in case of smaller than 2 nm NCs, 

passivated with octadecane-thiol ligands,their overall aggregationis possible to decide by the existing ligand-

ligand interactions. However, in case of larger than 3nm NCs, passivated by dodecanethiol,the process of 

aggregation primarily depends on the interactions between the metal cores,which increases with either increasing 

the core diameters or decreasing ligand lengths [17]. 
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Besides surface passivation by organic ligands, as mentioned above, inherent structural stabilization arising due to 

their closely packed assemblyhas also been noted in a systematic study of n-alkylthiol(ate) stabilized Au NC 

synthesis.Significantly enhanced stability is observed in case of core masses of 15, 23 and 29x103AMUs, 

corresponding to compact metal NCs of 1.4 - 1.7 nm diameter with decahedral close-packed morphology during 

structural analyses. These small size monodisperse NCs synthesized and isolated help in verifying their physico-

chemical characteristics in a precise manner [18]. This characteristic feature of closed packed structures of Au 

NCswas employed in having highly monodisperse samples for their characterization and further applications [5]. 

For synthesizing colloidal NCs, it is quite helpful to know about the process of nucleation and crystal growth in a 

saturated solution of the precursors maintained at an appropriate temperature. According to the classical theory of 

crystallization, the necessary conditions for producing monodisperse NC-colloids involve a process of faster 

nucleation followed by relatively slower growth on the existing nuclei [5]. This is possible to realize in practice by 

quickly adding the precursor solution to the reaction container to raise the concentration above the nucleation 

threshold to produce a burst of nuclei relieving the supersaturation. After this nucleation bursts, no new nuclei 

form as long as the consumption of feedstock during the slow growth of colloidal NCs does not exceed the rate of 

precursor in addition to the solution. The initial nuclei size distribution is determined by the time during which 

they are formed before starting to grow. In case the nuclei do not grow enough during the nucleation period as 

compared withtheir total growth subsequently, the resultant NCs are found more uniform in size [5].  

In many cases, a second growth phase of Ostwald ripeninghas also been observed during which the high surface 

energy associated with the smaller size NCs promotes their dissolution, leading to re-deposition of the material on 

the larger NCs [5,19]. This phenomenon causes increase in size over time with a corresponding decrease in NC 

populations. Ostwald ripening has, thus, been used to simplify the size control of NCs. Even portions of the 

reaction mixture can be removed at certain times to modify the growth conditions for the desired changes [5].  

Following the general guidelines regarding NC synthesis, described in brief above, it is in order to examine some 

specific examples of metallic and semiconducting NC-syntheses to illustrate the relevance of the basic concepts 

involved.  

Widely used protocols for preparing gold NCs following as some variant of the basic citrate reduction method are 

studied long back [5, 20]. Most of the hydrophobic and hydrophilic nanocrystals are synthesized using 

borohydride reduction process in an organic solvent with thiol surface ligands using either one or two-

stepprocedure [20]. In one of the recentlyreported one-stepmethods of preparing highly monodisperse Au NCs, an 

aqueous hydrogen tetrachloroaurate solution was mixed with freshly prepared sodium borohydride solution in 

the presence of a water-soluble alkyl thioether end-functionalized poly (methacrylic acid) stabilizer. The polymer 

concentration varied from 0.006 to 3.6 mM resulting in the particle sizes from 4.0 to 1.5 nm.The detailed analysis of 

these samples confirmed very narrow size distributions not observed earlier in the sub-5 nm size range. For 

example, the typical sizes measured were reported as 4.0   0.1, 3  0.1, 2  0.2 and 1.5  0.2, which are near-

monodisperse [20].  

While synthesizing semiconducting NCs, it is possible to initiate the processes of supersaturation resulting in a 

nucleation burst by rapidly adding the metal organic precursors into a vigorously stirred reaction container 

maintained at a constant temperature in the range of 150-3500C. Common solvents used are mixtures of 

alkylphosphines, alkylphosphine oxides or alkylamines [5]. For example, in synthesizing chalcogenide NCs 

involving sulphides, selenides and tellurides of zinc, cadmium and mercury, precursors like dimethylcadmium, 

diethylcadmium, diethyl-zinc, and dibenzylmercury which provide cadmium, zinc and mercury 

components,respectively; whereas the corresponding sulphide, selenide and telluride components are taken care of 

by using organophosphine or bistrimethylsilyl-chalcogenides. Injection of reagents into hot alkylphosphites, 

alkylphosphates, pyridines, alkylamines, and furans are also used for producing NCs [5]. 

Some families of semiconducting NCs are currently attracting major attention because of their physico chemical 

properties that are highly relevant for biomedical applications [21]. For example, 1-10 nm NCsare excellent 

fluorescent labels with size tunable energy band gaps offering distinct advantages over fluorescent dyes. These 
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NC-labels are more stable during photo oxidation,exhibit continuous excitation spectra above the threshold of 

absorption together with a size selective strong, narrow, and symmetric emission peak, and allow simultaneous 

excitation of many colors by a single narrow-band excitation source. Easier synthesis of monodisperse NCs with 

characteristic emission properties using controlled growth conditions makes them exceptionally valuable in 

realizing light-emitting diodes and photovoltaics, besides their applications in biomolecular imaging [21]. 

Cadmium selenide (CdSe) is specificallyan excellentbio-label as compared withmany other semiconducting 

NCswith its emission peak possible to locate anywhere in the visible region, offering numerous applications 

ranging from solar-light sensitizers to multicolor fluorescent bio-markers. The commonest route for preparing 

CdSe NCs employs hot organic solvents based synthesis. Water-based synthesis has also been reported, offering a 

greener, simpler, faster, and often room-temperature method. However, the organometallic syntheses produce 

higher-quality NCs in terms of controlled dispersity, size, shape, and quantum yield of emission [22]. 

For preparing CdSe NCs, the most popular method involves the chemical reaction of (CH3)2Cd with a selenium 

reagent in the presence of trioctylphosphine oxide (TOPO) surfactant at a temperature of 300°C. By controlling the 

reaction conditions, it is possible to prepare almost monodisperse (<5%) CdSe NCs in the range of 2.0 to 8.0 nm 

diameters [21]. However, the (CH3)2Cd precursor is not preferred especially in large-scale syntheses because of 

itshighly toxic, pyrophoric, and explode nature at elevated temperatures. However, in a recent development, 

cadmium oxide (CdO) complexed with hexylphosphonic acid (HPA) or tetradecylphosphonic acid (TDPA)was 

reported as an alternative with more benign features in TOPO syntheses of CdS, CdSe and CdTe[21].  

In another alternate approach, two solutions, out of which, one was prepared by dissolving cadmium acetate + 

oleic acid in a solvent under constant stirring followed by cooling, andthe other was prepared by ultrasonically 

dissolvingselenium powder in TOP, were further mixed with DMF/NMP/PE into a flask kept at 140°C under 

constant stirring [21]. For a desired size of the NCs, the reaction time was set somewhere in the range of 5-60 

minutes, followed by rapid cooling, while still stirring to terminate the reaction. Finally, these NCs were allowed to 

precipitate by adding methanol and centrifuging followed by dispersing in organic solvents like n-

hexane/chloroform/toluene for further storage. For aqueous phase hydrosol, the CdSe NCs stock solutions were 

mixed with aqueous TGA solution, and allowed to react for 8 hours under room temperature [21].  

It is relevant to note from the above description that the different solvents possess different polarity, boiling point, 

and functional group; hence, affect the surface interactions between the solvents and the NCs differently affecting 

theirultimate sizes. In addition, the surface states of the NCs affect their optical properties. For instance, a long-

chain fatty acid stabilizes and modifies through chelation between the carboxyl group and the surface of the NCs 

as well as the steric effect of the long aliphatic chain. Thus, using different solventsresults in different adsorption 

and desorption rates on the surfaces of the NCs, causing variations in their ultimate sizes as well as their 

characteristic properties [21]. 

In recent past, growing awareness of the environmental pollution concerns hasbeen encouraging various research 

groups to develop nanoparticles and nanocrystals synthesis protocols without using the organic solvents for 

controlling the resultant toxicity. In this context, supercritical fluid based processes offer better and greener options 

to design and prepare nanoparticles and nanocrystals without the limitations faced in the traditional methods in 

terms of unavoidable residual contaminations arising from the uses of toxic solvents [22-28]. Working on these 

lines of exploring the properties of supercritical fluids (SCFs) in the present context, two main procedures have 

been developed for nanoparticles and nanocrystals preparations using SCFs. The first one employs a rapid 

expansion of a supercritical solution (RESS) and the second one is some kind of an extension of the first one, where 

rapid expansion of a supercritical solution is put into liquid solvent (RESSLS). In a RESS process, especially the 

organic macromolecules are dissolved in an appropriate SCF solvent, and subsequently allowed to undergo a very 

rapid expansion through a nozzle spray into the ambient air. Well-dispersed particles are formed resulting from a 

homogeneous nucleation caused by the high supersaturation conditions combined with the rapid pressure 

reduction [29]. Generally, SC-CO2 is used in majority of the cases, where the basic equipment comprises of a high-

pressure stainless steel mixing cell, a syringe pump and a pre-expansion unit. In the actual process, the polymer is 
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first dissolved in a CO2 solution at ambient temperature in the mixing cell. Subsequently, the solution is allowed to 

move in the pre-expansion unit with the help of the syringe pump and is isobarically heated to the pre-expansion 

temperature until it expands through the nozzle at ambient pressure. Using this procedure,poly(hepta-deca-fluoro-

decyl-acrylate) and poly(L-lactic acid)  nanoparticles were prepared, wherein, factors like concentration and degree 

of saturation of the polymer, the processing conditions, the molecular mass and the melting point of the polymer 

were noted to be important to know for their influences for better control of the final product [30,31]. Although the 

method did perform without organic solvents and produced a majority of nano-sized particles, but the main 

drawback was the generation of micron sized particles or agglomerates as well, which was due to severe 

aggregation involved during the jet spray.  

In order to overcome the problem of agglomeration encountered in RESS process mentioned above, another 

process was developed, where the supercritical solution was made to expand into a liquid solvent instead of 

ambient air [32]. This liquid solvent used in this methodwas found effective in suppressing the agglomeration of 

primary NPs. For instance, in case of synthesizing poly(heptadecafluorodecylacrylate) (PHDFDA)NPs,the 

supercritical solution expanded and precipitated the polymer in water as the solvent [33]. It was further shown in 

this study that the particle formationsbasically resulted from the aggregation of initially formed nanoparticles. In 

addition, the presence of NaCl in the water phase helped in stabilizing the NPs due to an increase in the ionic 

strength. Poly(methylmethacrylate) (PMMA) and poly(L-lactic acid) nanomaterials were also synthesized by this 

method using a CO2-cosolvent as the supercritical fluid. Using a co-solvent alloweda better dissolution of the 

polymers in the supercritical solution and the presence of NaCl in the water solution generated only NPs [33]. 

Despite the availability of a number of fluids like carbon dioxide, n-pentane, ammonia and many others, the poor 

solubility of polymers in these SCFs remains a major weakness of this process. 

Alternately,spray-drying process was also used for the past several years for the preparation of micron-sized 

organic particles or to convert NP suspensions in dry powder mainly for biomedical and pharmaceutical 

applications especially with reference to drug delivery [34-36]. A typical spray-drying consists of first atomizing a 

liquid into a spray of fine droplets, which is subsequently brought in contact with a hot gas to remove the moisture 

and help in forming the solid product that is further recovered via a cyclone unit. Spray-drying technology after 

passing through continuous improvements in the recent past has been able to produce polymeric NPs in one-step 

from a polymer solution. For example, NPs of Arabic gum, whey protein, polyvinyl alcohol, modified starch and 

maltodextrin wereprepared successfully using a ‘‘nano spray dryer’’ [37].  

Another similar technique was extended to produce bovine serum albumin nanoparticles, where the ‘‘nano spray 

dryer’’ was modified to a vibrating mesh spray technology creating still finer droplets. The generation of droplets 

was primarily based on using a 60 KHz piezoelectric actuator fed perforated membrane with micron-sized holes, 

varying from 4 to 7  m in diameter. The membrane vibration caused ejection of millions of nanodroplets each 

second with a very narrow size distribution. The final sizes and their standard deviations of the NPs were found to 

depend on several parameters like the nature and concentration of the polymer, the spray mesh size, the operating 

conditions including drying temperature, feed rate, drying gas flow rate, and the concentration of the surfactant, in 

case used in the formulation. Finally, the main advantage of this novel technology was very high yield of NPs 

production in 70–95 % range [15]. 

Besides conducting experiments for improving upon the control of NC size and dispersity, attempts were also 

made to develop novel methods of synthesizing these fundamental building blocks for preparing unique meso-

materials as reported in the following by taking few typical examples to illustrate such unprecedented possibilities 

of material synthesis. 

In one example, an in situ synthesis was reported for synthesizingmonodisperse PbS NCs on the sites of Pb2+ ions 

loaded in nanoporous SnO2 thin film employing an oil phase source of S2−ions.Immersion of Pb2+ ions loaded 

SnO2 thin film in an aqueous phase causedthe transfer of S2− ions through oil/water interfaces. The diffusion of 

Pb2+ ions across the oil phase comprising of different ratios of ethylene glycol and water ultimately controlled the 

particle sizes and their dispersions. Such SnO2 thin films loaded with PbS NCs were used in fabricating NC-
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sensitized solar cells exhibiting PCE of 1.05% under standard illumination demonstrating the viability of an 

environment-friendly approach of fabricating monodisperse PbS NCs on the nanoporous SnO2 thin films [38]. 

A recent reportdescribed the encapsulation of NCs appropriate for bio labeling and imaging into 100 nm spherical 

and monodisperse chitosan NPs exhibiting more than 10% higher quantum yield of fluorescence than bare NCs. It 

also offered the additional possibility of bio-conjugation through amines and hydroxyl groups present on the 

surface of chitosan NPs for their targeted delivery in case needed [39]. 

Microwave assisted green synthesis of monodisperse CdSe NCs over coated with Cd0.5Zn0.5S/ZnS multi-shells 

exhibiting narrow photoluminescence bandwidth and 80% quantum yield was reported recently. These 

CdSe/Cd0.5Zn0.5S/ZnS core/multi shell NCs were found very useful in labeling and imaging of breast cancer cells 

[40]. 

In another green synthesis of highly crystalline monodisperse, colloidal PbS NCs with controllable sizes and 

narrow dispersions werereportedusing laser irradiation of a suspension of larger size polydisperse PbS NCs. These 

colloidal NCs exhibited size-tunable near-infrared photoluminescence, and self-assembled into well-ordered two-

dimensional or three-dimensional superlattices due to the small degree of poly dispersity and surface capping of 1-

dodecanethiol [41].  

A rational design of NC synthesis protocol was reported for optimizing the reaction parameters followed by the 

application of the optimized procedure to produce gram scale material, maintaining monodispersity and 

maximum reaction yield by adapting a Taguchi table based procedure. In this approach, the number of 

experiments required for optimization was reduced significantly compared with the trial-and-error methods. 

Using 2-L reactor with a peristaltic pump, 2-3 g samples of different size CdSe NCs were produced with narrow 

size distribution. Extending a similar approach for gram-scale synthesis of CdSe/CdS/ZnS core/shell/shell NCs 

exhibited a fluorescence quantum yield of 81% with excellently resistant photoluminescence in presence of a 

quencher [42]. 

For optimal utilization of band-structure-engineered features of nanosize building blocks in synthesizing a whole 

variety of meso-structures, it is necessary to look into the experimental results reportedon hierarchical structures 

synthesized having dimensions starting from nm and going up to cm-scales. Incidentally, the characteristic 

features of self-assembly associated with nanostructured entities have been found very helpful in this context. 

Thus, templates assisted growth combined with self-assembly are found to produce superstructures involving 

large range of dimensionalvariations mentioned above. Some of these results reported recently, are included in the 

followings to highlight the difference between nanocrystalsgrowths as comparedwith the conventional bulk 

monocrystalline growths experienced in case of classical condensed state materials. 

Incorporating structural hierarchy into nanostructures is of great practical relevance as a result of enhanced mass 

transport, reduced resistance to diffusion, and high surface areas for adsorption and reaction. The general 

strategies for the synthesis of hierarchical structures assembled from nanosize building blocks were reviewed in a 

recent publication. The well-defined hierarchical structures are noted to provide new opportunities for optimizing, 

tuning, and/or enhancing the properties and performance of these materials and have found applications in photo-

degradation, photo-catalytic H2 production, photo-catalytic CO2conversion, and sensitized solar cells with added 

advantages [11]. 

Hierarchically organized ZnO nanocrystals are currently being seriously examined for their potential applications 

in fabricating nano detectors, optoelectronic, vacuum microelectronic, and spintronic nano devices. The realization 

of novel nanostructures including arrays of nano candles, wine-bottle-shaped nanorods, nano-rivets, periodic 

diamond-string and needle like configurations, nano-fern and needles, tooth-shaped nano- belt, spinal-shaped 

nanostructures and bamboo-shaped nano-rodsemploying atmosphere pressure physical vapor deposition was 

reported sometime back. The unique feature of this method lies in using atmospheric pressure phenomenon to 

induce chaos and fluctuation of source vapor facilitating multiple growth mechanisms to have competing 

dominating effects on the crystal growth of ZnO structures, possessing satisfactory structural and optical qualities 
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[43]. 

Though, block copolymers have been known since long for their uses in preparing nanoporous inorganic material, 

but the process involved has a serious limitation that the materials deposited are generally amorphous in nature 

and it is not possible to transform them into crystalline form without disturbing their structural porosity. This 

serious limitation was overcome by using charge-stabilized colloidsafter stripping the organic ligands from their 

surfaces. Subjecting this kind of NC-colloids to evaporation-induced co-assembly with di-block copolymers 

enabled the formation of a nanocomposite, which after thermal degradation, resulted into a NC-based mesoporous 

structure. The mesoporous material prepared by this general method, equally applicable to a large number of other 

families of NCs and copolymer combinations as well, possesses homogenously disordered porosity, which is 

possible to modify by selecting the copolymer combinations finding numerous useful applications [44]. 

It is significantly relevant to explore preparing nanowires and nanotubes arrays patterned on multiple length 

scales for their applications in integrated electronic and photonic devices. In a recent publication, an efficient 

solution-based method was reported for controlled hierarchical organization of nanowire-based structures over 

large areas. In this method, nanowires are aligned in the Langmuir−Blodgett trough with features varying from 

nanometer to micrometer scales and layer by layer transferred to a substrate with various combinations of parallel 

and crossed nanowire structures. Further, using conventional photolithography, it is possible to pattern the 

parallel and crossed nanowires based structures into repeated arrays of controlled dimensions to produce 

hierarchical structures with dimensions varying from nanometer to centimeter length scales. Detailed study of the 

electrical transport exhibited the feasibility of reliable electrical contacts prepared by this method. This solution-

based bottom-up assembly process provides a highly flexible method for preparing hierarchically integrated nano 

devices needed for a broad range of system applications in future [45]. 

Hierarchical assembly of hollow microstructures was reported in another paper describing one-pot synthesis of 

Cu2O microspheres with multilayered and porous shells, which were organized by NCs. In this process, hollow 

microspheres of Cu2(OH)3NO3 were first formed by Ostwald ripening and then reduced by glutamic acid. The 

Cu2O NCs were deposited on the hollow intermediate microspheres and organized into finally multi-shell 

structures. The Cu2O microspheres prepared by this method were put into use in fabricating a gas sensor, which 

showed much higher sensitivity than solid Cu2O microspheres [46]. 

Self-assembly of monodisperse colloidal octapod-shaped nanocrystals was realized in a solution involving two 

distinct phases. In phase I, the linear chains of octapods were formed in interlinked manner. Subsequently, in 

phase II, the chains spontaneously self-assembled into three-dimensional super-structures primarily were decided 

by the octapod shapes. The mechanical strength of these superstructures was improved by welding the constituent 

nanocrystals together [47]. 

Monocrystalline rutile TiO2 nanorods were grown on electro spun polycrystalline anatase TiO2 nanofibers using a 

surfactant free hydrothermal growth route. Spectroscopic measurements confirmed better dye-loading capability 

resulting in enhanced light harvesting in a dye sensitized solar cell, where dye molecules sandwiched between 

semiconducting TiO2 and hole- transporting layer of spiro-OMeTAD enhanced the open circuit voltage (VOC). 

Because of improved light harvesting, dye loading, and reduced recombination losses, the hierarchical nanofibers 

exhibited 2.14% conversion efficiency, which was 50% higher than the efficiency obtained by plain nanofibers [48]. 

Wurtzite ZnS based hierarchical structures like branched flowers were assembled from nanosheets and nanorods, 

using a template-less and low-temperature solution route. The growth of wurtzite ZnS nanostructures at 40C 

without any organic additives was realized by the slow reaction between Zn(NH3)42+ and thioacetamide in aqueous 

(NH4)2SO4–NH4OH solutions. Branched ZnS flowers were realized from 6-10 nm nanosheets at 40C, and fluffy ZnS 

spheres comprising of radially oriented nanorods were fabricated at 600C. Prolonged ageing of the fluffy spheres at 

600C resulted in the formation of unique fluffy hollow ZnS spheres through Ostwald ripening [49]. 

Thiol radical containing glutathione combined with a lead-ion source was used for synthesizing hierarchical PbS 

structures using hydrothermal route producing flower-shaped microcrystals, submicron-sized spherical particles 
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and dendritic PbS by adjusting pH of the solutions, in which, glutathione acted as template as well as sulfur 

source. A pesticide biosensor fabricated using AChE-CHIT/dendritic PbS/GCE exhibited a linear response over the 

concentration range of 0.05 μM to1.0 μM with a detection limit of 0.02 μM [50]. 

Pt-Cu superstructures, comprising of highly branched and dendritic tetragonal nanostructures, were reported 

using a facile template-free hydrothermal route. These hierarchical superstructures exhibited comparatively better 

electrocatalytic properties compared withcommercially available Pt/C and Pt black because of their interconnected 

arms, sufficient absorption sites, and larger area exposed surfaces for the purpose of electro-oxidation of methanol 

and ethanol [51]. 

Optical Properties NCs 

Before deploying metallic and semiconducting NCs in specific applications based on their physicochemical 

properties, it is better to characterize them by measuring and analyzing their optical absorption spectra, which will 

definitely help in understanding various types of optical transitions involved according to their electron energy 

states at atomic levels. 

The general nature of optical absorption in most of the metal NCs has been assigned to a strong broadband 

absorption arising due to collective oscillation of the electrons known as surface plasmon resonance. Though, 

according to the earlier theory, this optical absorption should be size independent having a constant absorption 

bandwidth and position for all metal NPs having diameters smaller than certain limiting value but experimentally 

a clear shift of the absorption band to lower energy with wider bandwidth was invariably observed with reduction 

in size. More refined considerations including the free electron scattering with surface were found better to explain 

the spectra of Au NPs larger than 3 nm but failed in case of smaller size NPs due to still some more invalid 

assumptions. However, most of these problems which encountered in explaining the optical spectra of smaller size 

Au NPs were over with the availability of alkyl-thiolate (SR) stabilized Au NPs, wherein it was possible to have 

uniform surface protection without modification of structural and electronic properties. For example, n-alkyl-

thiolates (SR) and their derivatives were observed to form thiolates or dialkyldisulfides (RSSR) monolayers 

attached to Au surfaces in a reversible manner [52].  

Following SR/RSSR passivation routes, it became possible to prepare Au NPs in the range of 1.4-3.5 nm as charge-

neutral entities comprising of a crystalline core of close-packed metal atoms and a dense mantle of straight-

chain groups. Methyl group terminated surfactant molecules present on Au NP surfaces made these NPs highly 

stabilized resulting in very weak interacting with solvents, strong acids, or bases as well as with each other. 

Further observation of mass spectra peaks corresponding to some typical magic numbers clearly indicated the 

validity of filled structural shells of Au-atoms. Considerable insight into the structure of these NPs and their 

interactions wasobtainedfrom the comparison of simulation and actual measurement of X-ray diffraction patterns 

that matched with the calculated patterns from theoretically assumed structures [18, 52].  

Out of a number of chalcogenides examined, PbSe attractedspecial considerationsdue to its relevance in 

optoelectronic devices as it not only possesses valence and conduction band maximum/minimum coinciding at the 

same L-point in the Brillouin zone but also has very light charge carriers possessing very high mobilities. Further, 

the confinement of charge carriers is fairly strong in PbSe NCs as the exciton Bohr radius in bulk is around 46 nm. 

It is also possible to tune the energy band gap from 0.3 eV up to 1.1 eV in PbSe NCs by changing their diameters. 

Because of these features, PbSe based NCs show great promise as building blocks for a wide range of band-

structure-engineered materials for their optoelectronic applications in the near infrared region. For instance, PbSe 

NCs are currently being explored for higher efficiency PVSCs because of multiple exciton generation (MEG) 

observed recently [53].  

In order to verify these attractive features of PbSe NCs, optical absorption was studied in detail by comparing the 

experimental observations with the theoretical models in highly monodisperse nanocrystals synthesized for this 

purpose. The analysis of size dependent transition energies measured for NCs ranging from 3.4 to 10.9nm helped 

in identifying higher and lower energy optical transitions at a different point in the Brillouin zone under effective 
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mass approximation. The measured spectra of these PbSe NCs exhibited sharp peaks due to distinct optical 

transitions and the plots of the corresponding transition energies as a function of NC diameter (d) showed a 

variation of ~d-1.5 for the lower energy transitions extrapolating to 0.3 eV, which coincided with the L-point band 

gap of the bulk PbSe. Similarly, high-energy transitions extrapolated to 1.6 eV coincided with S-point band gap of 

the bulk PbSe [53]. 

Surface Functionalization 

Keeping in view the structure and physico-chemical properties of NCs, it is anticipated that just synthesized bare 

nanoparticles would be highly unstable due to enhanced chemical reactivity of the atomic species residing on the 

surface that are immediately exposed to the solvent in the dispersion medium employed in their preparations. The 

morphology and the size of such NCs during synthesis are dynamically varying features decided by the two 

ongoing competing processes namely - arrival and departure of the active species on the surface of the 

nanocrystals due to the relatively favorable conditions for growth and dissolution of the deposited species arising 

out of interaction with the solvent medium occurring simultaneously. NC surface stabilization should, therefore, 

be intentionally introduced to affect desirable changes at different stages of the synthesis like nucleation, growth 

and storage. Such stabilizing modifications are bound to influence the overall growth and stability of the NCs 

against aggregations in aqueous and non-aqueous media besides creating additional sites that are appropriate for 

functionalizations for chemical conjugations at later stages. Inter-particle repulsions, arising out of electrostatic 

charges; steric exclusion and hydration layers;are primarily responsible for arresting continuous growth of particle 

size caused by aggregation in general [54]. 

Surface Stabilization  

There are a number of methods alreadyin use for achieving a reasonable level of surface stabilization in NCs [55-

57]. It is possible to attach appropriate types of molecular ligands capable of providing stabilization involving 

processes like chemisorption; electrostatic attraction due to oppositely charged species, or hydrophobic features 

acquired from head-group of the ligands. Alternately, functional groups that possess some significant affinity to 

the inorganic NC surfaces may also be added during synthesis itself for adequate stability. The nanocrystals having 

polar, nonpolar - particularly hydrocarbon chains and charged ligands on their surface, are known to dissolve 

easily in polar, nonpolar especially organic solvents like hexane, toluene and chloroform and aqueous solvents, 

respectively. Similarly, the presence of amphiphilic ligands including polyethylene glycol on the NC surface makes 

them soluble in a number of solvents with intermediate polarity. In another option, it is preferred to cover the NC 

surface by a hydrophobic ligand to prevent aggregation leading to enhance stabilization. It is also useful to know 

that bond forming processes are there between inorganic nanocrystals and an electron-donating end-group of a 

ligand like thiol, amine or phosphine, undergo dynamic attachment and detachment processes. Though, this 

dynamic process permits ligands removal by excessive washing or mass action by another type of incoming 

ligands, but otherwise, it adversely affects the NC stability due to increased possibility of aggregation and 

precipitation. It has also been observed that optical irradiation of the fluorescent NCscausedsurface oxidation 

leading to desorption of stabilizing ligands that ultimately enhance aggregation. Depending upon the basic 

requirement of stability enforced by the targeted application of the nanocrystals, any one of the schemes or a 

combination of few from those listed above can be implemented and the protocolprovided is not too difficult to be 

implemented besides cost[55-57]. 

It will be useful to examine in brief the practical implementations of different propositions for improving the NC 

stability in aqueous and organic media as described below. 

1) NCs in Aqueous Solutions  

Hydrophilic NCs are fairly stable in aqueous solutions, where electrostatic repulsion is created by equally 

charged ligands on their surfaces. However, the electric field responsible for such mutual repulsions gets 

shielded in the presence of higher salt concentrations and as a result, these NCs start moving closer until the 

attractive forces due to induced dipole interactions in form of van der Waal force or hydrogen bonds, finally 
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step in and encourage them to aggregate. Further, the solution pH may also affect the NCs to lose or change the 

sign of their charges leading to reduction in stability due to induced agglomerations. The stability of Au-NCs 

prepared by citrate reduction is an example, where negatively charged citrate ions adsorbed on the surfaces 

provide adequate repulsions. Though, such colloids are stable for years, but it is rather difficult to concentrate 

and aggregate them irreversibly in the presence of salts. However, it was subsequently shown that the 

replacement of citrate layer by sulphonated phosphines, mercapto-carboxylic acids, mercapto-acetic acid 

(MAA), and mercaptoundecanoic acid (MUA) ligands provides relatively stronger bonding. For example, it was 

found feasible to increase the NC-concentration in presence of the phosphine layers and make them precipitate 

the phosphine-coated NCs by salt-induced aggregation and dissolve them again as single particles in low-salt 

buffers. Thiol ligands exchange with phosphines is very often used for attaching thiol-modified DNA to NCs 

[56].  

2) NCs in Organic Solutions   

A practical situation of Au-NCs in organic solvent uses tetraoctylammonium bromide and dodecanethiol as 

stabilizing and size controlling ligands in Brust synthesis. In addition, quaternary ammonium ions are also used 

for capping separately. For changing nanocrystals surface properties and their functionalization, dodecanethiol 

ligands are substituted by a variety of other ligands. For instance, chemisorbed thiol-ligands show the highest 

affinity to noble metal surfaces, particularly to Au. However, in some other experiments, the same was 

identified as covalent bond. The exact process involved and the bond nature - both are still not clearly 

understood. This may be quite possible that varying affinities associated with crystal facets, edges, terraces and 

vertices on the NC surfaces play a significant role in making situation quite complex during ligand shell 

formations. Besides, the ligands that are prone to surface migrations after their attachment may cause still more 

complications. Trioctylphosphine (TOP) and its oxide TOPO that binds preferentially to Cd and Zn atoms have 

been successfully employed in CdSe and CdSe/ZnS QD stabilization. In addition, hexadecylamine and other 

amines were also found as useful ligands for CdSe quantum dots that were, later on, replaced by one or more 

thiol-groups. However, it is important to know that the ligand shell may influence the quantum yield of 

fluorescent quantum dots. Recent experiments using dendrimers and thiol-containing peptides for Au 

nanocrystals and protein binding to quantum dots by replacing MAA on the surface have opened newer ways 

for nanocrystal stabilizations [56]. 

Phase Transfer – From Aqueous to Organic and Reverse 

In some applications of NCs that are synthesized in organic solvents, it may be necessary to transfer theminto 

aqueous medium to make them compatible with biological systems or it may be just the reverse in some other 

applications. In such cases, phase transfer process becomes handy especially in case the desired NCs are not 

possible to synthesize with the corresponding ligands on their surfaces. For phase transfer in both the directions, 

three strategies are there involving - ligand exchange, ligand modification and preparing additional layer of 

molecules that stabilize the NCs in the final phase. In addition, silanization is also used for surface modification 

and phase transfer, representing a case in-between [56]. 

In ligand-exchange, the stabilizing molecules are replaced by stronger binding ligands that are transferred to the 

second phase and provide stability by converting hydrophobic to hydrophilic ligands. For example, in case of 

TOP/TOPO-coated CdSe/ZnS NCs, their replacement by phosphine-based ligands with a hydrophilic thiol group 

like mercaptocarboxylic acids – (MPA and MUA) converted them into aqueous phase. Sometimes, a mixture of 

different ligands is preferred to introduce additional functional groups to the nanocrystals surface as well. The 

hydrophobic ligands on NCs are known to provide adequate stability in organic solvents.  A similar situation can 

be created during replacement, where a strong binding ligand is chosen to have hydrophobic free ends. This kind 

of phase transfer is possible with linear hydrocarbons having a single thiol or amino-group or molecules with more 

than one hydrocarbon chains and also with multiple anchor groups such as dihydrolipoic acid and other ligands 

[56].  

Though, transfer of NCs from aqueous to organic phase is generally difficult because the organic phases are poorly 

soluble in aqueous ones,but mercaptocarboxylic acids that are used to stabilize NCs in aqueous phase are readily 
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soluble in organic solvents like toluene and tetrahydrofuran. Therefore, in such cases, the transfer from organic to 

aqueous phase occurs spontaneously. Moreover,ligand exchange protocols with amphiphilic molecules have also 

been reported that allow the dissolution of the same NCs in both polar and nonpolar solvents [56].  

Polyethylene imine and polyacrylic acid have been used to change ligand orientations, where positive or negative 

charged moieties can be boundto the inorganic NCs and change the same to polar form. Similarly, hydrophobic 

NCs have been transferred to the organic phase by introducing polyelectrolytes stabilized by electrostatic repulsion 

or ligand exchange with a PEI–PEG copolymer [56]. 

Ligand modification was also used for phase transfer, wherein the stabilizing ligand in the original phase was 

rendered hydrophilic or hydrophobic to facilitate the transfer in the second phase. For example, 

mercaptocarboxylic acid stabilized hydrophilic NCs were modified to a hydrophobic form that was bound to its 

carboxylic groups like dicyclohexylamine to MAA. Changing polarity by stripping off cyclodextrin rings and 

complexing with octadecanethiol or by cyclodextrin complexing with oleic acid present on the NC surface or by 

covalent attachment of amphiphilic ligand were some of the methods explored in this context [56].  

The third strategy for phase transfer involves coating of an additional molecular layer on the NCs that adsorbs on 

the original ligands and changes the surface properties as required. In this scheme, a ligand bilayer is formed that 

allows transferring hydrophilic entities from aqueous phase to organic one and hydrophobic-NCs to water. 

Quaternary ammonium salts are very effective surfactants for the transfer from aqueous to organic phase. Such 

additional layers may be used in preventing sensitive core materials from oxidation. Owing to the additional layer 

bound by hydrophobic interactions, this coating strategy is possible to useirrespective of the inorganic NC core. 

Variations may include the embedding of hydrophobic-NCs into the lipid bilayer of vesicles and liposomes and 

paramagnetic lipids that yield fluorescent nanocrystals with additional magnetic properties [56]. 

Surface Modifications  

On the basis of detailed experimental investigations, the NC assemblies are found to be far more complex with 

attributes that are entirely different from the features derived from simpler theoretical models studied in this 

context. The discrepancies arepossibly due to the actual nature of the NCs that are not rigid spheres besides having 

a soft organic ligand shell that may possess completely different charge distributions. It is quite likely that such 

heterogeneous charge distributions may create some significant numbers of hydrophobic patches on the surface or 

the ligand shell may undergo changes affected by other external factors. For example, NC-bridging by electrostatic 

attraction caused due to multi-valent and oppositely charged ions or polyelectrolytes may aggravate 

agglomerations significantly. It is further proven experimentally that strong binding ligands form a denser layer 

that stabilizes NCs better than weak binding ligands. In aqueous solutions, charged ligands, having carboxylic or 

sulphonic acid groups, stabilize the NCs for longer durations and even in presence of higher salt concentrations. 

Ligands providing steric stabilization are more resistant to high salt concentrations than electrostatically stabilized 

NCs [56]. 

Polymer Coated Phase Transfers 

There are a number of variants of phase transfer protocols using ligand exchange but this approach still suffers 

from several drawbacks including desorption of smaller ligands with one head group that can impair the particle 

stabilization, especially, where excess free unbound ligands are lacking and the specific influence of the core 

materials on thiol ligands shows relatively stronger bonding to various metal nanoparticles and NCs.  

In contrast, coating of an additional amphiphilic layer that adsorbs by hydrophobic interaction to the hydrophobic 

ligands of the nanocrystals has the advantage that it is independent of the inorganic core and even the exact type of 

ligands since the adsorption is predominantly based on hydrophobic interaction of hydrocarbon chains and van 

der Waals forces between the molecules. In case of amphiphilic polymers, many contact points between the ligand 

molecules and the polymer prevent facile desorption of the polymer molecule from the nanocrystals by thermal 

fluctuations. These coated nanocrystals have therefore the same physical and chemical surface properties 

independent of their core. One common example includes a polyacrylic acid-based polymer with hydrophobic side 



12                                                                                                           S. Ahmad 

chains, where its carboxylic groups are modified with aliphatic amines via an amide bond. This comb-like polymer 

is soluble in organic solvent and can be attached to the hydrophobic nanocrystals with TOP/TOPO ligands. After 

evaporation of the solvent, the solid can be dissolved in an aqueous buffer, yielding stable, single nanocrystals. 

Similar kinds of polymers were employed to disperse quantum dots in ethanol [56].  

CdTe/CdSe quantum dots were prepared in presence of polyacrylic acid with dodecylamine modification, yielding 

amphiphilic nanocrystals that were soluble in a number of organic solvents and in water. Another class of 

amphiphilic polymers was synthesized by co-polymerization of maleic anhydride with olefins, resulting in 

alternating copolymers. The maleic anhydride rings hydrolyze and open, forming two carboxylic groups each as 

soon as come into contact with water. Compared withmodified polyacrylic acid, the hydrophobic side chains are 

not randomly grafted and the density of carboxylic groups is higher [56].  

Another amphiphilic polymer design was reported recently by combining the advantage of maleic anhydride 

moieties for pre-modification and custom modification with side chains. Hydrophobic side chains, consisting of 

dodecylamine, are grafted to a polymaleic anhydride backbone, leaving a part of the anhydride rings intact. In case 

needed, additional functional molecules like fluorescent dyes, sugars, biotin or PEG can be covalently grafted to 

the polymer. These comb-like amphiphilic polymers used in nanocrystals synthesis are made up of alternating or 

random sequence of building blocks of aliphatic chains as hydrophobic elements and charged groups as 

hydrophilic. Hydrophobic side chains intercalate the hydrophobic ligand molecules of the nanocrystals, while the 

hydrophilic part is exposed to the outside aqueous environment. Even though the attraction between the polymer 

and the particle is due to rather weak van der Waals force between the aliphatic chains, the hydrophobic 

interaction and the large number of contact points by the several side chains of the polymer result in a very stable 

coating. Owing to the nature of the interaction,this coating approach works in principle for any hydrophobic 

nanocrystals, regardless of the inorganic core material [56]. 

A variety of polymers are coated on the nanocrystals by direct binding to the inorganic particle surface: 

hydrophilic and hydrophobic oligomers with phosphine anchor groups and a PEG-modified polymer with 

phosphine oxide that can be used for phase transfer of different cores to an aqueous solution. Alternative to coating 

particles with amphiphilic or other polymers, nanocrystals with a polymer shell can be prepared by lateral 

crosslinking or polymerization of the small ligand shell or in an alternative approach by growing a polymer off the 

particle surface from the attached ligands [56]. 

Block copolymers constitute another class of appropriate amphiphilic polymers that are used for coating of 

nanocrystals comprising of hydrophobic and hydrophilic parts[56]. These polymers form micellar structures with 

their hydrophilic or hydrophobic part inside, in contrast to the respective solvent in which they are dispersed. Such 

structures are used for preparing nanocrystals, coating and phase transfer. Certain copolymers have also been 

laterally cross-linked. The thickness of the polymer shell can be adjusted by using polymers with appropriate block 

lengths.  

Nanocrystals with different core have been modified with a silica shell - an inorganic polymer where using ligand 

exchange protocol, a first layer of silanes is attached to the nanoparticle surface. Next, using the first layer, a 

polymeric, cross-linked inorganic silica shell is deposited on the nanocrystals, which can be further modified. 

Nanocrystals of different materials including noble metals like Au, Ag; fluorescent CdSe/ZnS; phosphorescent and 

magnetic Fe, Co and CoFe2O4; and of different morphologies have been successfully coated with silica shells. 

It has also been observed that ligand based nanocrystal functionalization primarily depends on the ligand shell or 

surface coating, not on the actual inorganic core. Therefore, common functionalization routes,having been 

developed so far, are easily extended to all types of nanocrystals; QDs, magnetic nanocrystals and silica 

nanoparticles provided the nanocrystals which are stable under the reaction condition and purification[56].  

The number of functional groups per nanocrystal is only a few and therefore difficult to access by any analytical 

method as the nanocrystal surface is predominantly covered by ligands. For numerous applications, monovalent 

nanocrystals or nanocrystals with a defined number of functional groups are needed for which some efforts were 
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made in recent past. Here, the main problem is due to competing processes of conjugations at equivalent sites 

available on the surface facets. Introducing stoichiometric control by adjusting the experimental conditions such 

that only a fraction of nanocrystals reacts to a certain group of molecules with desired function, leaving the other 

nanocrystals unmodified which is one possibility. Finally, these modified nanocrystals are to be separated from the 

rest. This method was demonstrated in case ofAu-nanocrystal functionalization with peptide where functionalized 

particles were immobilized on an affinity column by an oligohistidine domain present in the peptide. Later on, 

adding imidazole particles modified with a single peptide with a single amino group at its terminal end eluted 

such immobilized particles [56]. 

Phytochemical Stabilizations 

While discussing about the applications of phytochemicals in stabilizing nanoparticles and nanocrystals, chitosan 

is one example often referred to in this context.Chitosan of chitin family without N-acetyl groups possesses 

improved solubility and primary amines present therein help in immobilizing the metal nanocrystals. For instance, 

carboxymethyl chitosan (CMC) has been considered as a good matrix for Pt, Au and Ag nanocrystals [58]. 

Chitosan-stabilized Au nanocrystals, as reported in many publications, acquire morphologies and size distribution 

based on the chitosan and precursor concentrations. The electrostatic attraction between the positively charged 

chitosan amino groups and the negatively charged AuCl4- ions drives the nanocrystal formation leading to higher 

stability [59,60]. 

Polysaccharides form another useful group of phytochemicals that are very effective in reducing salts into metallic 

nanocrystals due to the oxidation of hydroxyl and introduction of amino groups by hemiacetal reducing end 

present there [61]. Such amino-groups facilitate complex formation and stabilizing the metal nanocrystals as they 

bind to them and make a hydrophilic surface [62,63]. For instance, polysaccharide heparin, when modified to 2,6-

diaminopyridinyl heparin (DAPHP), serves as reducing and stabilizing agent because of stronger binding with Ag 

and Au nanocrystals [63]. A narrow size distribution of 10   3 nm and 7   3 nm for Au and Ag-DAPHP conjugates 

were realized primarily due to the tight binding of the diaminopyridine moiety of DAPHP to the surface of the 

nanocrystals. Heparin - without reducing end modification was used for preparing Ag nanocrystals using thermal 

treatment at 700C where heparin and Ag+ ion concentrations decided the morphology and size distribution. The 

nanocrystal size increased while shifting the surface plasmon resonance (SPR) towards red-end with increasing 

concentrations of heparin and Ag+ ions [58]. Hyaluronic acid (HA) has been used for synthesizing 5-30 nm Au and 

Ag nanocrystals by thermal treatment where HA acted as reducing and stabilizing agent. These HA composites 

have a larger particle size distribution than Au-DAPHP and Ag-DAPHP nanocrystals [63].  

Nanoporous cellulose gels were prepared from an aqueous alkali hydroxide-urea solution, when immersed in 

precursor salt solutions like AgNO3, HAuCl4.3H2O or PtCl4 resulting in synthesis of metal nanocrystals. These 

metal nanocrystals carrying gels are converted into very effective nano-catalyst when dried by supercritical CO2 

that imparts higher transmittance, porosity, surface area along with moderate thermal stability and good 

mechanical strength [64]. 

In another example, glucose reduced and starch stabilized Ag nanocrystals were prepared by incubating Ag salt 

with starch and glucose at 400C for 20 hours wherefrom a mean size of 5.3 nm nanocrystals demonstrated a 

solution stability of more than 2 months of storage. Alternately, autoclaving of water-soluble starch with Ag salt @ 

15 psi, 1210C and for 5 minutes reduced and stabilized 10–34 nm size Ag nanocrystals for several applications[64]. 

For the purpose of preparing Ag and Au nanocrystals based nano catalysts, algal photochemical reaction was used 

where calcium alginate served as reducing agent and stabilizer for producing sub-10 nm size spherical 

nanocrystals [65].  

Microorganisms have also been explored for synthesizing Au and Ag nanocrystals. For example, fusarium 

oxysporum was used in synthesizing both Auand Ag nanocrystalswherein the precursor salts were added to the 

broth that caused extra-cellular reduction resulting in extremely stable nanocrystals owing to the presence of 

NADH-dependent reductasesand the nanocrystals were stable even after a month [66-68]. Cyanobacteria 
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plectonema boryanum was used in synthesizing Ag nanocrystalswhere intra and extra-cellular reductions 

occurred involving metabolic processes as well as the extracts from dead cyanobacteria [68]. Though the 

nanocrystals and platelets inside the cells were sub-10 nm in size but those outside the cells were much larger (1–

200nm) and also variedin compositions. Intracellular synthesis of much larger Ag nanocrystals up to 200 nm 

diameters and a variety of shapes, including triangles and hexagons,were also reported in pseudomonas stutzeri 

[69]. The reducing microbes namely morganella sp. was used in preparing 20 nm spherical Ag nanocrystals that 

were highly stable over a period exceeding six months [70].  

Several compounds isolated from plants like glycosides from cape aloe (Aloe ferox Miller), aloin A and aloesin are 

reported as stabilizers in the preparation of Au and Ag nanocrystalswhere morphology changes by varying 

reaction conditions such as temperature, reaction time and reducing agents [71]. In another experiment, the cellular 

uptake by macrophages and HeLa cells was investigated using aloin A-stabilised and aloesin-stabilised 50 nm Au 

nanocrystals. Flavonoid glycoside named Apiin (apigenin-7-O-apioglucoside), which is abundant in parsley and 

celery, was successfully isolated from henna leaves and used for the synthesis of anisotropic Au nanocrystals and 

quasi-spherical Ag nanocrystals with an average size of 21–30 nm [72]. Guavanoic acid from apple and guava 

(Psidium guajava) was used in preparing Au-nanocrystals with protein tyrosine phosphatase 1B inhibitory activity 

having in-vitro stability in various medium including 10% saline, 0.2 M histidine, 0.2 M cysteine, 0.5% bovine 

serum albumin, 0.5% human serum albumin and phosphate buffers (pH 5, 7, and 9) [73]. 

Food sources of plant origin like soybean extract containing water-soluble proteins, carbohydrates, fat and dietary 

fiber, saponins, isoflavons and amino acids were used extensively for synthesis and stabilization of Au 

nanocrystals [74]. The anti-oxidant compounds present in soybean extracts were found effective in reducing Au 

salts and stabilizing the nanocrystals exhibiting in-vitro stability in various buffers and were found non-toxic. 

Soybean leaf extract was also found useful for the synthesis of Ag-nanocrystals with a size range of 25-100 nm [75]. 

Honey, made from flower nectar, was used as the reducing and capping agent for Au nanocrystals, producing 

either anisotropic or spherical shapes [76]. The same author reported the use of edible mushroom extract for the 

synthesis of Au, Ag and Au-Ag nanocrystals, which were found to be photo-luminescent [76]. Oat (Avena sativa) 

biomass was used for Au nanocrystal formations with tetrahedral, decahedral, hexagonal, icosahedral, multi-

twinned and irregular shapes in which the pH of the reaction influenced the size of particles [77]. Size changes 

were noted from smaller to larger nanocrystals with pH reducing from 4 to 2. Au-nanocrystals were synthesized 

using oat and wheat biomass in aqueous solutions @ pH=4followed by their extraction using sodium citrate or 

cetyltrimethylammonium bromide as capping agent that facilitated their isolation from the biomass [77]. Using 

pear fruit extract, high purity triangular and hexagonal Au nano plates of 200-500 nm edge lengths were prepared 

under alkaline conditions [78]. Biomass of the edible brown alga fucus vesiculosus is known to reduce Au in an 

optimum pH of 4–9 [61]. It has been proposed that the hydroxyl groups in algal polysaccharides contribute to Au 

reduction through the oxidation of hydroxyl groups to carbonyl groups as mentioned already.  

Nanocrystal Bioconjugation 

Surface stabilization followed by chemical conjugation with various kinds of organic ligands has been developed 

extensively for better utility of nanocrystals in various ways in recent past. However, a similar concept could have 

been followed for conjugating nanocrystals with biomolecules. A brief description is presented here in the 

followings to highlight the utility of the concept by extending it to many newer areas of applications in life 

sciences. 

Nanoparticles Partnering Biomolecules 

Molecular recognition features of biomolecules combined with their addressable signatures and manipulations 

through biochemical procedures involving enzymes provide a strong basis for developing novel routes to design 

and synthesize advanced nanomaterials. In this context, integration of biotechnology and material science has been 

facilitated through extensive use of organic and inorganic biochemistry. Bioorganic tools for probing biological 

mechanisms have been helping in developing chemical ways to handle and manipulate biological components. In 
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such cases, chemical conjugations of organic ligands and inorganic nanoparticle provide ways of embedding 

biomolecular recognition systems to generate novel materials synthesis [79]. Citrate, phosphanes and thiols-group 

based stabilizations of the nanoparticles prevent uncontrolled growths and aggregations. Stronger binding ligands 

replace weaker ones by exchange reactions. This scheme was demonstrated in colloidal gold with thiol-containing 

proteins like immune-globulins (IgG) and serum albumins. It has been possible to synthesize DNA molecules with 

alkyl-thiol groups located at 39 or 59-ends by using appropriate phosphoramidite precursors. Such DNAs have 

been extensively used in preparing DNA-functionalized gold and semiconductor nanoparticles. Similarly, cyclic 

disulfide linkers provide stable capping, which are more appropriate for ligand exchange than the corresponding 

conjugates prepared using reagents containing a single thiol group or acyclic disulfide units [79].  

Citrate stabilized gold and silver nanocrystals have been successfully conjugated to IgG molecules using sufficient 

binding between positively charged amino acid side chains and negatively charged citrate groups through non-

covalent electrostatic interactions [79]. Protein adsorption stabilizes the metal nanocrystals and the 

steric repulsion among themselves prevents flocculation. The minimum amount of stabilizer needed 

for preventing flocculation corresponds to a single monolayer of proteins attached to the surface of the 

nanocrystal. Other examples of protein coating through electrostatic interactions include the directed 

adsorption of heme-containing redox enzymes at citrate-stabilized silver nanoparticles [79]- [82].  

Another approach is based on thiols, disulfides and phosphane-ligands containing carboxy, amino, or maleimide-

groups for coupling of biological components by esterification and amidation or reaction with thiol groups. To 

prepare gold conjugates as probes for histological applications, this strategy is commonly employed to conjugate 

proteins with well-defined 0.8-nm undecagold nanocrystals, stabilized with arylphosphanes and ligand [83]. 

Furthermore, gold nanocrystals have been conjugated with thiolated DNA oligomers to synthesize probes for 

homogeneous nucleic acid analyses and to prepare nanocrystal molecules [84,85]. 

A variety of thiol stabilized semiconductor quantum dot-colloids like cysteine or gluthathione-protected CdS and 

ZnS, or the efficient gram-quantity water-soluble ZnS powderswere studied in detail [86]-[88]. Mercaptoacetic acid 

stabilized CdTe nanocrystals were attached with e-amino groups of biotin-binding protein streptavidin through 

covalent amide bonding. In case of silica-coated Cd/chalcogen nanoparticles, the hydroxyl-groups at the surface 

were employed for covalent biomolecular coupling using a variety of silane molecules. This was also used in bio 

functionalizing larger SiO2 microspheres that are used for conjugating SiO2-coated core (CdSe)/shell (CdS) 

nanocrystals to biomolecules [89]. When the inorganic nanocrystals are covered with a bioorganic matrix, such as 

polypeptide core in ferritin, the whole protein-modification chemistry is open for further functionalization and 

coupling applications. In spite of several attempts already made as briefly mentioned above, there is still a great 

demand for alternative methods to overcome the typical problems that arise in the biofunctionalization of the 

inorganic nanoparticles. Harsh reaction conditions, for example, often lead to the degradation and inactivation of 

sensitive biological compounds and ligand-exchange reactions that occur at the colloid surface often hinder the 

formation of stable bioconjugates. Moreover, the synthesis of nanoparticles with well-defined 

stoichiometryinvolved in biomolecular complexes is still a challenge and is particularly important from a 

molecular engineering point of view to generate well-defined nanoarchitectures. 

DNA-Based Nanocrystal Aggregates 

The exploration of biomolecules as components of nanostructured systems for developing active devices was 

envisioned quite early [90-92]. DNAsare particularly well recognized as a building material in nanoscience 

[93,94].The enormous amount of specificity inherent in adenine - thymine (A-T) and guanine - cytosine (G-C) 

bonding allows a versatile programing of artificial DNA structures. Possibility of synthesizing a large variety of 

DNA structure using automated methods, amplifying any DNA sequence from microscopic to macroscopic 

quantities by means of polymerase chain reaction (PCR) enhances the capabilities of DNAs as molecular tools. 

Another special feature of DNA is its mechanical strength in short double helices to the extent that they can be 

easily employed as rigid rod spacer between two tethered functional molecular components besides displaying a 

relatively higher physicochemical stability. Finally, a complete toolbox of specific biomolecular reagents, such as 
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endonucleases, ligases, and other DNA-modifying enzymes, is available for processing of DNA-materials with 

atomic precision and accuracy. No other polymeric material offers these advantages that are well suited for 

molecular constructions in the range of about 5 nm up to a few micrometers [94].  

Nanocrystal bioconjugation is the ‘natural’ extension of the concepts of ligand exchange and chemical 

functionalization to the biomolecules. Mother Nature offers a large variety of organic molecules of different 

compositions, sizes and complexities that serve to provide structures and functions to the biological processes and 

related organisms. Numerous examples include lipids, vitamins, peptides, sugars as well as natural polymers 

including proteins, enzymes, DNAs and RNAs. In addition, it is also possible to synthesize hybrid materials by 

attaching inorganic nanocrystals to biomolecules to let them interact with biological systems. On the other hand, 

biomolecules are considered as polymers that can be exploited for functionalization or in preparing spatial 

assembly of nanocrystals. Nanocrystal–biomolecule conjugates bring together the unique properties and 

functionalities of both the material components in a synergistic manner.  

There are four major categories of bio-conjugated nanocrystals that are listed below:  

1. Ligand-like attachment of biomolecules to the surface of the inorganic nanocrystal core, commonly through 

the process of chemisorption, 

2. Electrostatic adsorption of positively charged biomolecules to negatively charged nanocrystals or vice 

versa, 

3. Covalent binding using functional groups on both nanocrystals and biomolecules, and lastly, 

4. Non-covalent and affinity-based receptor-ligand systems. 

Affinity-based systems, quite prevalent in Nature, have, of late, attracted considerable attention [56]. Well-known 

example of avidin–biotin based system exploits the phenomena of molecular recognition in which biotin molecules 

conjugate with avidin proteins [95]. Such a bond is extremely stable, resisting harsh chemical environment and 

even elevated temperatures. Monomeric streptavidin has relatively reduced affinity to biotin. Bond strength and 

specificity of biotin–avidin conjugation has been extended to a large number of applications in nanobiotechnology. 

As a result of these developments, a large variety of biotinylated reagents and biomolecules like DNA oligomers, 

peptides, antibodies and fluorescent dyes are commercially available today.  

The stronger attachment of polyhistidine-containing proteins to CdSe/ZnS nanocrystals with a dihydrolipid acid 

ligand layer was studied as a robust self-assembly protocol, where polyhistidine binds directly to Zn atoms in ZnS 

as demonstrated in the control experiments with different target molecules and ligands without free carboxylic 

groups [96]. This protocol involves only purification steps, which promote the conjugation of QDs with a number 

of different proteins for a variety of applications.  

Nanocrystals with Biotin, Avidin and Derivatives 

Biotin with free carboxylic group binds covalently to the nanocrystals by conjugation or even directly to the 

inorganic particles by ligands modifications [95]. For conjugation, only solubility and charge or functional groups 

of the biotin are of importance. Avidin, streptavidin and other variants are practically characterized by their 

molecular weight, isoelectric points, degree of hydrophobicity and available functional amino acid residues 

commonly consisting of carboxylic acids, amino and thiol groups. Proteins are generally positively charged at pH 

values below their isoelectric points and negatively charged for values that are above. This gives rise to 

electrostatic adsorption of avidin to negatively charged nanoparticles, while streptavidin and neutravidin at a 

lower pH get loosely attached to the nanocrystals non-specifically[95]. To improve the stability of these 

nanocrystal–protein complexes, an additional covalent crosslinking needs to be introduced on a similar system. 

The availability of functional groups on the protein surface, streptavidin has been covalently linked to QDs with 

carboxylic groups or primary amines. Alternatively, streptavidin has been attached to the inorganic QD surface via 

a polyhistidine tag by direct adsorption [95]. 

Nanocrystals, modified with larger numbers of biotin molecules, form large aggregates with streptavidin by inter-
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particle crosslinking, owing to the multi-valent nature of both the nanocrystals and streptavidin. This effect is not 

only observed in case of nanocrystals attachment with biotin–avidin. It is rather a general problem in the case of 

two or more multi-valent binding partners and covalent conjugations, where both nanocrystals and target 

molecules have a larger number of reactive functional groups[95].  

DNA and RNA Attachments 

DNAs and RNAs are generic polymeric molecules showing prominent features of self-assembly with a 

complementary strand presenting specific example of molecular recognition [97]. DNAs can be used as a 

‘programmable’ molecules with a very large number of possible sequences and conformations and are therefore 

used as a building blocks and structural elements for the assembly of artificial structures. Synthetic DNA 

molecules of arbitrary sequences and with a variety of functional end groups are commercially available now and 

can be conveniently attached to Au-nanocrystals by a thiol-Au bond in an aqueous medium where oligomers are 

added in excess to the Au nanocrystals and spontaneously bind to the nanocrystal surface [98]. 

The strategy of ligand exchange has also been applied to structures like Au-nanorods, Ag nanocrystals, MPA-

stabilized CdSe/ZnS QDs and Pt nanocrystals decorated with amino-modified DNA. Even under optimized 

conditions, the binding of DNAs to the nanocrystals does not occur quantitatively; however, the DNA density can 

be influenced by adjusting the excess ratio or by dilution with other ligands. In case of rather long DNA strands, 

attachment of a single DNA molecule increases the size of the Au–DNA conjugate sufficiently to separate discrete 

bands by gel electrophoresis, consisting of nanocrystals with integral numbers of DNA molecules per particle [98].  

Owing to the possibility of realizing a large number of different sequences for a DNA or RNA strand of given 

length, there also exists an even larger variety of possible conformations in terms of secondary and tertiary 

structure of these molecules[98]. It has been found that certain sequences can strongly bind to a target molecule by 

molecular recognition, determined by geometric matching of the surfaces of the two molecules. This kind of 

interaction may be due to electrostatic, hydrophobic, van der Waals forces and hydrogen bonds. This can be 

employed to generate aptamer sequences to a given target molecule by molecular evolution, technically realized by 

multiple randomization, selection and amplification of strongly binding sequences. Aptamers have been attached 

to the Au nanocrystals via a thiol group, to QDs or silica-coated Au nanocrystals by covalent conjugation, to 

avidin-modified magnetic nanocrystals and biotinylated DNA aptamers to QDs with streptavidin[98].  

DNA is a negatively charged polyelectrolyte molecule causing electrostatic adsorption of DNAs to the positively 

charged surfaces of nanocrystals with quaternary amines and of RNAs to the nanocrystals with tertiary amines.  

Besides, the ligand-like direct binding of DNAs to the nanocrystal surface; conjugation chemistry has also been 

employed to covalently attach the DNAs to functional groups available on the nanocrystals surface. This has been 

carried out to bind amino-functionalized DNAs to nanocrystals with carboxylic groups and thiol-modified DNAs 

to the maleimide groups. Apart from covalent conjugation, avidin–biotin has also been used as the non-covalent 

receptor-ligand system for the attaching DNAs to the nanocrystals, both with biotin-modified DNAs and biotin-

modified nanocrystals[98]. 

Peptide, Protein, Enzyme and Antibody Conjugations 

Peptides and proteins are amino acids, linked to linear sequences by amide bonds. Smaller number of 50–100 

amino acid sequences containing peptides is commercially available today, while larger poly-amino acids proteins 

exhibit tertiary and quaternary structures. Enzymes are molecules with reactive centers that catalyze biochemical 

reactions and are responsible for metabolism in living organisms. Antibodies are proteins with important functions 

in the immune system wherein they have the ability to specifically bind to the antigens, in principle arbitrary target 

molecules, mediated by molecular recognition. Proteins are generally made up of a sequence of 20 different 

standard amino acids in addition to other naturally occurring or synthetic amino acids that are linked together by 

amide bonds and possess different side-chain residues. Each peptide has one carboxylic and one primary amino 

group at its ends, while the amino acid side chains introduce additional functional groups. The amino acid 

sequence determines the unique properties of each of a large number of possible structures and these, in turn, 
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determine the secondary and tertiary structure that a protein is folding into and that ultimately results in a 

functional biomolecule. The specific function of a protein is determined by geometric and physicochemical 

properties of the outer surface, given by the almost arbitrary motifs of the folded amino acid sequences. Protein 

inside is often hydrophobic, while hydrophilic amino acid side chains are pointed outwards into the solution. The 

thiol group of a terminal cysteine residue can also be used as the anchor for attachment of a peptide to the surface 

of nanocrystals. These properties clearly make peptides and proteins particularly very interesting molecules to be 

combined with inorganic nanocrystals, both for basic research and applications that make use of the specific 

functions of these biomolecules. 

Peptides are smaller molecules with ‘programmable’ sequence of amino acids that allow the rational design of 

molecules capable of stabilizing nanocrystals or introducing various functional groups. In addition, particle 

synthesis and phase transfer protocols with the help of peptides have also been developed successfully. Making 

use of the biological functionality of certain peptides, the specific uptake of nanocrystals by cells can be optimized 

by nanocrystal conjugation with the corresponding peptide, as reported for Au nanocrystals or QDs by ligand 

exchange with cysteine-containing peptides. The peptide coating may be used for modulating reaction of the 

immune system towards nanocrystals. Covalent conjugation may be used for peptide modification as 

demonstrated in case of quantum dots with amino groups or magnetic iron oxide nanocrystals. In addition, 

streptavidin modified quantum dots have been conjugated to different biotinylated peptides.  

Several strategies have been proposed for conjugation of proteins to nanocrystals, including enzymes and 

antibodies. First, ‘non-specific’ adsorption was employed where the nanocrystals were incubated with the protein, 

which was adsorbed to the particles by electrostatic attraction in case both the partners were oppositely charged, 

by van der Waals forces, hydrogen bridges, gold–thiol bonds from cysteine residues or by hydrophobic interaction 

especially when the pH was close to the pH of the protein or the nanocrystal so that the electrostatic repulsion was 

reduced. After adsorption, any one of these forces or a combination of few of them together, might cause 

irreversible immobilization of the proteins. Potentially, the protein could get into intimate contact with the particle 

surface by partial or complete denaturation giving rise to hydrophobic interaction of the inner part of the protein 

and/or an increased contact area between the binding partners. Electrostatic binding wasdemonstrated for protease 

to MPA-modified quantum dots and desorption of proteins could be triggered by increasing the electrolyte 

concentration that effectively shielded the attractive electrostatic interactions.  

The examples of protein modification of the nanocrystals by covalent conjugation included QDs, rods and 

magnetic nanocrystals possessing amino groups that were modified by enzymes. By click-chemistry, lipase was 

conjugated to Au nanocrystals as well as peptides to gold nanorods. 

Antibodies are possible to conjugate to QDs covalently as well as to magnetic-fluorescent composites and by bi-

functional cross-linkers to the thiol-containing, silanized CdTe quantum dots [99]. Antibody fragments possessing 

free thiol-groups were also attached to the free amino groups of QDs by means of a hetero-bi-functional cross-

linker and biotinylated antibodies to streptavidin-modified QDs.  

Silica-coated nanocrystals of different cores with amino functional groups are possible to modify with antibodies 

by bis-NHS reagents. Dextran-coated magnetic iron oxide nanoparticles were covalently conjugated with peptides, 

oligonucleotides, proteins and antibodies as demonstrated experimentally. Further examples are found in a 

number of very useful reviews detailing bio-conjugation of Au nanocrystals [80], QDs [100] and nanocrystal-

enzyme conjugates [101]. 

Fluorescent Dyes and Multi-Functional Particles 

Besides functional groups or biomolecules based functionalization, nanocrystals have also been modified with a 

number of other functionalities including fluorescent dyes or fluorescent proteins that were put to use in 

fluorescence labeling of non-fluorescent particles or to generate systems exhibiting energy transfers. Common 

examples included fluorescent dyes that were quenched by Au-nanocrystals or could be excited by fluorescence 

resonant energy transfer via a QD serving as donor for biosensor applications.  
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Nanocrystals synthesis, phase transfer, functionalization and bioconjugation, all of which have some common 

features with sufficient overlaps, in terms of the binding of organic ligands to the inorganic nanocrystal surface 

and they depend on each other since those ligands introduce chemical functionality, as finally do complex 

molecules, which ultimately will determine the physicochemical properties of the resulting nanocrystals. 

The motivation for particle modification is to have control over the interaction of the particles with the 

environment, which naturally starts taking place at the nanocrystals surfaces. By appropriate modification, phase 

transfer, specific and non-specific binding to target molecules or surfaces, biomolecules or cells could be tuned for 

the controlled targeting or assembly of nanocrystals. Furthermore, additional functionality could be provided to 

the nanocrystal properties inherently coming from its core for biological impact or fluorescence emission for non-

luminescent materials.  

For multi-functional particles, three approaches were identified namely - composite materials generated in-situ 

during synthesis by growing nanocrystals with domains of different functional materials; post-modification of 

particles with functional molecules like fluorescent QDs with paramagnetic organic molecules or non-fluorescent 

NCs with fluorescent dyes, and assembly of composite materials by combining different nanocrystals with 

different functionality.  

Biomimetic Applications 

Of late, several intelligent features of pathogens were put into use for their applications as drug carriers, sensors 

and catalysts [102]. However, using pathogens in any form has not been free from hazards including safety, special 

handling facility besides time and cost. It was, therefore, considered necessary to try some alternatives where 

biologically useful material in benign form was employed for this purpose. Biomimetic nanocrystals are currently 

emerging as an active part of a biomolecule with better stability having no harmful component. Surface 

modifications using multiple functional groups are offering better options in NCs to use them as a platform[102]. 

Nanocrystals are comparatively easier to modify for mimicking an antigen or marker than growing cell cultures or 

working with live animals, which are time consuming as well as cost intensive. Conjugation chemistry to attach 

functional ligands and macromolecules to nanocrystals is well developed for its use in a large number of systems 

including antigen/antibody interactions via different synthetic routes. Methods of preparing core-shell type 

nanocrystals are available, as discussed elsewhere to render them in aqueous or organic media. Metallic as well as 

nonmetallic materials are used in preparing nanocrystals including monolayer protected nanocrystals (MPNC), 

organic polymers, virus-like particles, protein particles, colloidal particles, and semiconductor QDs. Thiol-capped 

MPNCs are getting well recognized for their effective uses because of their easier syntheses, significant water and 

air stability, electrochemical and optical properties and their surface functionalizations by adding biologically 

relevant ligands, such as peptide sequences of epitopes [102]. 

A number of routes were, thus, developed to functionalize MPNCs to mimic certain biological features out of 

which only few important ones are very briefly described here.  In a place-exchange reaction, an incoming ligand 

was made to replace one of the existing capping. In one of the early attempts, alkane thiolate clusters with  -

functionalized thiols in toluene were used but this was extended to aqueous/aqueous buffer solutions as well. The 

rate of ligand exchange was found to depend upon both the concentration of incoming and exiting ligands. While 

the exact nature of place-exchange reactions appeared complicated as investigated in detail by many, the utility of 

place-exchange for functionalizing MPNCs was still there because of inherent simplicity. The reaction rate was 

found to increase with smaller size entering ligands and shorter length of the protecting ligand chains. 

Consequently, place-exchange of a large biomolecule was favoredinvolving a peptide or protein fragment, with a 

small protecting ligand such as tiopronin [102].  

Various unique features of NCs provide some predictability or control in anchoring of the place-exchanged 

functional groups. The reaction, in this context, improved with increasing concentration of the incoming ligands, 

but it was rarely complete due to the exchange difficulty at the terrace sites. All the recent findings, in this context, 

clearly showed the importance of surface structures that were responsible for explaining the nature of the place-
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exchange mechanism [102]. 

In another alternative to the solution-phase place-exchange, mentioned above, solid-phase place-exchange 

reactions were explored by using a polystyrene Wang resin with acetyl-protected 6-mercapto-hexanoic-acid 

attached via an ester bond. Here, thiol groups were de-protected and allowed to undergo place-exchange with 

butane thiolate-protected Au nanocrystals, followed by washing away of un-exchanged product and cleaving of 

the exchanged particles. It confirmed place-exchange of one ligand on to a particle surface [102].  

Macromolecules like cysteine residues in proteins or adenosyl phosphothioate residues in DNA oligonucleotides 

contain thiols that make biomolecules amenable to place-exchange reactions. It is also possible to introduce ligands 

into the MPNC monolayer, which undergoes electrostatic interactions with biomolecules like biotin–streptavidin 

interaction or biotin–anti-biotin interaction. All these routes provide straight ways to prepare a group for place-

exchange and create functional NCs [102]. 

Other strategies included simple organic reactions with ligands bound to the MPNCs like triazole cycloaddition to 

a bromine functionality, direct functionalization of a hydroxyl group, amide coupling and ester coupling. All these 

methods enabled post-exchange reactions to take place, allowing the surface to be modified in a controlled fashion 

[102]. 

Protein-A coated nanocrystals were functionalized with proteins, while still participating in the same biomolecular 

recognition events as the free proteins [102]. It was possible to detect anti-protein-A in serum by aggregating 

protein A-coated Au NCs and observing an absorption change at 620 nm. In another study, a single-chain Fv (scFv) 

antibody fragments were conjugated to glutathione Au-MPNCs with strong coupling that exhibited binding 

specificity to the antigen protein. Elimination of the flexible regions in the whole antibody led to improved rigidity. 

Conjugation was accomplished by attaching a cysteine-terminated C-terminalaffinity tag (FLAG) to the scFv. Using 

special type of cryo-electron microscopy, it was possible to verify the antibody activity by observing the 

attachment of four Au71–scFv–glutathione units to single tetrameric influenza N9 neuraminidase units. In both 

these cases, the NC was used to aid in the detection of antibody–antigen binding, without actually using it as a 

biomimetic building block. Similarly, peptide-functionalized NCswere surface-functionalized by peptide or by 

place-exchange with the ligands after nanocrystal assembly. The first example involved synthesis of NCs with a 

protecting peptide from the histidine-rich protein II of Plasmodium falciparum. Using standard procedures, peptide 

from HRP II were used as stabilizing ligand on different metal cores: ZnS, Au0, Ag0, TiO2, and AgS. The biological 

significance came from the recognition of the particle by a monoclonal antibody specific for P. falciparum[102]. They 

were able to detect the peptide-encapsulated particles, as they would do with the whole protein. This antibody–

nanoparticle recognition showed that their particle mimicked the native epitope [102]. 

Another MPNCs group was synthesized containing an epitope from influenza protein, termed as HA-MPNC. The 

10-amino acid peptide was again synthesized with a terminating cysteine residue to promote place-exchange 

reaction. This peptide which was selected, as it was a neutralizing site for influenza and a monoclonal antibody, 

specific for this epitope on HA, was available commercially. It was shown that the HA-MPNC was more efficient 

in presenting the peptide to the antibody, resulting in a higher ratio of antibody to peptide binding when 

compared to the 2-D surface [102]. 

Biomimetic NCs have shown significant promise as a tool for targeted cell entry that was fairly complex, but the 

small size of gold nanocrystals and the functionality available from synthetic peptides made this quite possible. 

Inspired by viruses, efforts were made to conjugate peptides to bovine serum albumin via an ester linker and then 

conjugated the BSA to gold NCs. The four peptides used were from viral cell entry/targeting proteins and it 

became possible to achieve targeted entry of the gold NCs into the nucleus of HepG2 cells leaving the cells still 

viable after entry of the gold NCs [102]. 

Surface functionalized Au NCs with carbohydrates could be explored for many biological applications relying on 

carbohydrate and protein interactions. This was first accomplished by using carbohydrate functionalized Au NCs 

to mimic glycocalyx, the sticky film found on the outside of many different cells [102]. 
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Nanocrystal Superlattices (Sls) 

The technology of preparing ordered films from the NCs opened an entirely new area with enormous promises of 

synthesizing materials possessing properties that were distinctly different from their random collections in a 

colloidal form. However, for measuring their collective properties and determining their suitability for active 

devices and other applications, it was very much desirable to prepare superlattices of reasonable thickness with 

controllable dimensions for their maneuverable placements.  

It is interesting to note that controlled drying of solvents containing monodisperse NPs produced single or several-

layer SLs with lateral dimensions extending up to the millimeter ranges [103]. Extending similar processes, three-

dimensional super crystals of monodisperse NCs were prepared in beakers or on substrates. In a later attempt, 

controlled evaporation of solvent was extended to deposit super crystals in lithographically defined channels. 

Here, a drop consisting of CdSe or Fe2O3 nanocrystals, dispersed in a high-boiling-point/low-boiling point two-

solvent system, was put into a central reservoir from where the solution was guided into a series of long and 

narrow channels. With the progress of solvent evaporation, assisted by the vacuum over a period of several 

hours,the nanocrystals concentration increased leading to ordered growth of super crystals. The high boiling point 

solvent slowed down the process of drying adequately to allow the crystallization of NPs. Precise fabrication of 

∼100 layer superlattices, with ∼1 μm lateral dimensions, offered, as such, an adequate opportunity for their use in 

optical, electronic, magnetic and mechanical investigations of their emerging collective behavior and potential 

applications [103]. 

Nanocrystals in a solvent are noted to show inherent tendency of self-assembly into ordered superlattices leading 

to the formation of two-dimensional ordered monolayers or three-dimensional microcrystals [104]. Possibly, an 

integration of these superlattices into a suitable polymer matrix would not only add mechanical stability but also 

provide additional leverage of tailoring the superlattice structures by the length and stiffness of the polymer chains 

for their future applications. In this context, although, inter-particle distance control has been varied using lighter 

ligands, to some extent, but polymers would eventually provide a much broader range of lattice constants. Of 

course, the preparation of such ordered assemblies of NCs and polymers poses a number of challenges that are 

primarily related to the incorporation of high quality monodisperse NCs having simultaneously adequate 

compatibility with the polymer matrix in preparing a superlattice. Two routes that were explored, in this context, 

involved either preformed nanocrystals that were subsequently integrated into a polymer matrix or using polymer 

micro-domains to synthesize nanocrystals from precursors within the polymer matrix. In either of these protocols, 

there were certain limitations like poor compatibility with the matrix that still needed to be addressed adequately 

[104].  

Solvent evaporation protocols were, however, employed successfully to prepare nanocrystals superlattices as 

discussed above. Extending a similar reasoning,itseems quite possible to create a similar condition using rapid 

evaporation of solvents like supercritical CO2 and others where it is much easier to prepare NCs superlattices. The 

distinct advantage of SCF based crystallization is its faster de-pressurization speed causing quicker supersaturation 

and nucleation of the NCs via self-assembly route [105].  

Unary and Binary Superlattices 

Nanocrystals were primarily considered as ‚artificial atoms‛ because of their unique features already discussed 

earlier. Once the technique of assembling these artificial atoms into desired higher-ordered architectures called 

‘nanocrystal superlattice’ was perfected, it was naturally expected to open a new method of synthesizing 

functional materials for their applications in various related fields [106]. Methods are available, by now, to prepare 

NC-thin films and colloidal crystals with different kinds of superlattice structures demonstrating collective 

properties. However, large-scale preparation of nanocrystal superlattices with well-defined size and shape has still 

been an outstanding challenge that needs further investigations [106]. 

NC-assemblies, prepared using processes including spray drying, emulsion polymerization, DNA-induced 

growth, polymer mediator-induced assembly and Debye screening, neither possessed sufficient long-range order 
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nor had proper size or shape distributions [106]. In this context, in a recent approach, high-quality colloidal super 

particles with spherical shape and relatively narrow size distributions, exhibited nearly perfect superlattice 

structure with nm-scale lattice constants using Fe3O4 nanoparticles in a nonpolar-solvent. In addition, these super 

particles could be further assembled into close-packed solid structures, demonstrating their role as a new type of 

building blocks in the science of nanomaterials. Using oleic acid hydrocarbon chain on Fe3O4 nanocrystals and 

dodecyl-tri-methyl-ammonium bromide surfactant, micelles were prepared and added to the ethylene glycol 

solution, where nanocrystals-micelles were decomposed due to removal of the DTAB molecules in the solution. 

Strong interactions between nanocrystal ligands and ethylene glycol solution resulted in aggregation and super 

particle formation. Here, a chloroform solution of oleic-acid-functionalized Fe3O4 nanoparticles was mixed with 

aqueous DTAB solution resulting into micelles in aqueous solution after chloroform evaporation. Under vigorous 

stirring, the nanocrystal-micelle solution was injected into a polyvinyl pyrrolidone ethylene glycol solution and the 

mixture was heated to 80°C using 10°C/minute heating rate after which the temperature was maintained for 6 

hours and then, the solution was cooled down to room temperature resulting in colloidal super particles 

precipitated with a typical yield of about 70%. SEM/TEM analysis of the synthesized samples confirmed the 

formation of 190 nm diameter spherical particles. The repulsive interaction between ethylene glycol and Fe3O4 

nanocrystals was likely the cause of spherical shape, based on minimum surface energy considerations. In 

addition, these colloidal particles were further assembled into multilayered, close-packed particle thin films [106]. 

A room temperature protocol for preparing oxide nanomaterials using metal cations and oxide anions in alcohol, 

was developed for preparing ordered, free-standing ZnO nanocrystal superlattices by either evaporation or 

precipitation-induced self-assembly from carboxylic and alkylthiol stabilized and functionalized monodisperse 

nanocrystals. These superlattices were coated in form of a thin film on indium tin oxide deposited glass substrates 

for characterization to explore their possible applications [107]. 

Self-assembly of a large variety of binary NC-superlattices from colloidal solutions of nearly spherical NPs of 

different materials, extending coherently packed domains up to 10 mm in lateral dimensions, was accomplished. In 

quite a few cases, several binary superlattices (BNSLs) were formed simultaneously on the same substrate, under 

identical conditions. The same mixture could self-assemble into BNSLs with very different stoichiometry and 

packing symmetry such as a combination of 6.2 nm PbSe and 3.0 nm Pd nanocrystals, 11 different structures were 

demonstrated. This kind of structural diversity on one side defied the theoretical and experimental expectations 

but otherwise promised enough potentials of modular self-assembly at the nano scales. 

The formation of binary nanocrystals with packing density lower than single-phase FCC close packing ruled out as 

the cause of ordering. Moreover, even van der Waals, steric or dipolar inter-particle interactions were insufficient 

to explain the ordering observed besides the constituents trying to separate into single-component superlattices. 

However, the opposite electrical charges on NCs could be considered as a cause of affinity between one type of 

NCs like dodecane-thiol-capped Au, Ag, Pd with the other like PbSe, PbS, Fe2O3, CoPt3 capped with long chain 

carboxylic acids. In case of oppositely charged NCs, the Coulombic interaction stabilized the BNSL while 

destabilizing the formations of single component superlattices.  

A strong possibility emerged where tuning of the nanocrystal charge states could be used for influencing the self-

assembly of an ordered NC-superlattice. This concept was verified while noting reproducible switching between 

different BNSL structures by adding carboxylic acids, TOPO and dodecylamine to the colloidal solutions of PbSe, 

PbS, Fe2O3 and Au, Ag, Pd NCs. Combining solutions of 6.2 nm PbSe and 3.0 nm Pd NPs in the ratio of 1:5 gave 

rise to several BNSL structures with MgZn2 and cuboctahedral AB13 lattice symmetry. However, the same 

nanocrystals assembled into orthorhombic AB and AlB2-type superlattices after adding oleic acid and into NaZn13 

or cuboctahedral AB13-type BNSLs after mixing dodecylamine or TOPO, respectively. In the AB13-type BNSL, metal 

NCs assembled into icosahedral NaZn13 or cuboctahedral AB13 clusters, with each large PbSe particle surrounded 

by 24 metal spheres at the vertices of a cube. In the presence of TOPO, the metal NPs were neutral favoring 

formation of the Pd13, Au13 and Ag13 clusters. The clusters of metal NPs in turn provided screening of the charges 

on PbSe NCs in the AB13-type BNSL. 
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Gold, silver and palladium nanocrystals for BNSL studies were prepared by ultrasonic treatment of metal salts 

dissolved in toluene in presence of dodecyl-dimethyl-ammonium bromide (DDAB). For the synthesis of Au, Ag 

and Pd NCs, AuCl3, AgNO3 and PdCl2 salts were used with DDAB [108]. Aqueous solution of NaBH4 was added 

slowly while stirring vigorously and after 20 minutes, 1-dodecanethiol was added and stirring was continued for 

another 5 minutes. Adding ethanol precipitated the NCs that were re-dispersed in toluene in presence of 1-

dodecane-thiol and refluxed under nitrogen. Fe2O3 NCs were synthesized by injecting iron penta-carbonyl into tri-

octyl-amine in the presence of oleic acid @ 270 0C and 250 0C, respectively, yielding 11 and 13.4 nm nanocrystals. 

After heating the mixtures for 1 hour @ 3200C, it was cooled to room temperature. The mixture was warmed for 1.5 

h @1300C and 1 hour @ 3200C after adding tri-methyl-amine N-oxide to oxidize iron NCs. A carbon/SiO2 coated 

TEM grid, silicon nitride membrane or alkyl-functionalized Si chip was placed inside a 600–700 tilted glass vial 

having colloidal solution kept in a low-pressure chamber. Ordered binary nanocrystals were formed upon 

evaporation of the solvent like toluene or mixtures of toluene and tetrachloroethylene or chloroform. The best 

binary assemblies, determined by the length scale of ordering and a low defect density, were prepared by 

evaporating relatively concentrated solutions @ 45 0C under reduced pressure of 3.2 kPa [108]. 

Spontaneous self-organization of multicomponent micron-sized NCs into SLs is of scientific interest for 

understanding the assembly process on the nanometer scale and is of great importance in bottom-up fabrication of 

functional materials and devices [109]. In particular, co-assembly of two types of NCs into binary nanocrystal 

superlattices (BNSLs) has been pursued as it provided a low-cost method to design meta-materials with precisely 

controlled properties that arise from the organization and interactions of the nanocrystal components. A general 

procedure of preparing centimeter-scale, uniform membranes of BNSLs that could readily be transferred to 

arbitrary substrates was reported recently involving liquid–air interfacial assembly of multicomponent NCs and 

circumventing the limitations of the current assembly strategies, allowing integration of BNSLs on any substrate 

for the fabrication of NC-devices. Magneto-resistive devices were fabricated by using large-area BNSL membranes. 

Magneto-transport measurements confirmed that magneto-resistance was stoichiometry dependent of the BNSLs 

ordering. Transferring BNSLs was used in realizing membranes and other architectures that were not accessible 

earlier [109]. 

The drawbacks in preparing high quality NCs were addressed to in a program and a potential solution for 

preparing bimetallic NCs was developed in which crystal structure; size, composition, surface chemistry and the 

distribution of the component metals within a bimetallic nanocrystal could be precisely controlled. A multi-step 

procedure was developed to substitute commonly available one-pot synthesis or two-step protocol, yielding 

bimetallic NPs with an unprecedented control of particle attributes, quality and consistency in which each step 

could take care of one attribute of nanocrystal at a time. Improved monodispersity with tunable attributes like size; 

crystal structure, composition and elemental distribution were possible to take care of simultaneously. For a 

systematic study of structure-property relationships, a library of high-quality nanocrystals was prepared to offer 

recipes for tailoring the NP-properties of interest for the intended application, or to extend the method of synthesis 

to other bimetallic or more complex multi-metallic systems. For example, precise process control could shift the 

absorption band of Ag-Au bimetallic NCs continuously from the visible to infrared region. High quality 

monodisperse NCs facilitated the self-assembly of 3D superlattices with different packing patterns and long-range 

orders. The fabrication of binary nanocrystal superlattices with controllable and predictable structures using self-

assembly, was particularly exciting as it provided opportunity of creating new multifunctional nanostructured 

materials. 

Micrometer-size 3-d gold superlattices were prepared at an air/water interface by mercapto-succinic acid 

(MSA), N-(2-mercapto-propionyl)-glysine (MPG), and reduced glutathione  treated Au-NCs by decreasing the 

repulsive interactions between the surface modifiers with the help of adjusting the acid concentration. The 

experimental measurements confirmed the presence of hcp and fcc-type single-crystal structures. Measured optical 

absorption confirmed the red shift of SPR peaks with increase in nanocrystal density along with decreasing peak 

widths with NCs forming regular lattices in contrast to the observed optical absorption behavior of randomly 

assembled nanocrystals.  
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Silicon Nanocrystal Superlattices  

Strong motivations for preparing Si-nanocrystals in a form suitable for their use in light emitting devices tempted 

several teams to look into this from of microelectronics application angle. The concept of phase separation and 

crystallization of Si NCs from amorphous thin film protected by SiO2 was thus initiated involving well-established 

microelectronic processes [110]. A number of attempts were made, in this direction, using porous silicon, silicon 

clusters embedded in SiO2 matrix; sub-stoichiometric SiOx films in SiO2/SiOx/SiO2 configuration prepared by CVD, 

sputtering and reactive evaporations. All these methods, however, produced relatively broader size distribution of 

the synthesized Si-NCs. Size control in these methods was normally obtained by varying Si content within the SiO2 

matrix, changing the etching conditions in the case of porous Si and subsequent oxidation of the nanocrystals [110]. 

In another alternate approach, Si/SiO2 superlattices, prepared by molecular-beam epitaxy (MBE), reactive 

magnetron sputtering, co-sputtering, plasma-enhanced and low-pressure CVD and reactive evaporation, were 

used for silicon NCs synthesis. Brick shaped silicon nanocrystals were obtained after crystallization of the 

amorphous silicon layers was surrounded by insulating layers. Insulating SiO2 layer was, subsequently, replaced 

by other insulators like Si-NC:H/a-Si:H (RF Sputtering), Si/SiNx (E-Beam Evaporation + Electron Cyclotron 

Resonance Plasma Nitridation, Excimer Pulsed Laser Deposition and LPCVD), Si/SixOyNz (LPCVD) and Si/CaF2 

(Room Temperature MBE) [110]. 

A novel but very simple method was reported recently for the preparation of Si nanocrystal superlattices using 

reactive Si evaporation to incorporate oxygen in Si resulting in sub-stoichiometric SiOx [111]. Presence of sub-

stoichiometric oxide was confirmed by EDX giving composition of SiO1.8. TEM ruled out the presence of any 

crystalline structure in as deposited films. Subsequent dissolution of SiOx in 0.5-wt % HF+H2O solution released Si 

clusters dispersed in the solution in about 30 minutes. Assembly of the Si clusters into three-dimensional lattices 

proceeded just after HF addition possibly due to inversion of Si cluster surfaces from hydrophilic to hydrophobic 

form after removing the oxide on their surface [111]. Narrow size hydrophobic particles spontaneously assembled 

into large size and well-ordered structures. Smaller size Si clusters were attracted to the air/suspension interface 

whereas the larger clusters descended to the bottom. This was noted to be favorable for separation of Si clusters: 

smaller clusters segregated to the surface, while larger ones precipitated. High-quality three-dimensional lattice 

arrangements were found at the air/suspension interface leading to the growth of Si cluster superlattices over a 

period of 1 hour. TEM analysis confirmed that micron-size faceted structures belonged to nanocrystals 

superlattices grown under equilibrium comprising of mainly cubic structures with less than 10% hexagonal 

structures. The presence of fcc and bcc structures with a ~ 0.75 and ~ 0.69 nm, respectively, was confirmed during 

further characterizations. The nearest-neighbor distances between lattice points in the above structures were 

estimated as 0.53 and 0.60 nm, respectively, which were considerably larger than the interatomic distance of Si in 

bulk and thus showing the presence of three-dimensional arrays of Si clusters. These Si-NCs based superlattices 

showed intense PL under the excitation light of 435 nm resulting in the emission of blue-green and orange colors.  

Though such small Si clusters are expected to spontaneously convert into polycrystalline or amorphous Si due to a 

large number of unsaturated bonds of the surface atoms, but perhaps hydrogen termination during HF treatment 

provided them the observed stability [111].  

Outcome of this study, however, opened up an opportunity of depositing Si-NC-SLs on patterned hydrophobic Si 

or graphite wafers just by dipping the same in the solution. The present fabrication method of Si-SLs could very 

well be incorporated into wet process of integrated circuit fabrications easily in near future.  

Biomolecular Nanocrystals Superlattices 

Many nanosize building blocks are prone to assemble into macroscopic structures which provided the effective 

control of the inter-block interactions and entropy effects are known and incorporated into the protocols. However, 

still it remains a challenge to use self-assembly to prepare systems comprising of different types of nm-size 

building blocks leading to novel magnetic, plasmonic and photonic meta-materials. A conceptually simple idea is 

to use programmable interactions between building blocks derived from a variety of biomolecules. Using 

programmable DNAs to control the placement of nanocrystals in 1 and 2-d hasbeen demonstrated. However, 
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theoretical study of how to extend this approach to three dimensions is limited as in most of the experiments 

amorphous aggregates have been observed.  

Transition from a completely disordered phase to a 3-d ordered phase in a DNA-guided particle assembly was 

theoretically shown to depend upon the inter-particle interaction potentials that are defined by the interplay of 

attractive (Ea) and repulsive (Er) energies and the ratio of repulsive interaction range (dr) and particle diameter (dp) 

[112]. These parametric ratios Ea/Er, and dr/dp in DNA particle assembly can be manipulated in a variety of ways, 

including the design of individual DNA, their shell structures and solution ionic strengths [112]. Experimentally, in 

case of a single component system, DNA-induced crystallization was observed near surfaces into hexagonal close-

packed crystals with short-range interactions whereas in case of long-range interaction potentials for which the 

expected non-close-packed structures were not achieved. In a later study, a set of DNA-capped gold nanocystals 

with different DNA structures were allowed to assemble into mesoscale aggregates [113]. The complementary 

nature of recognition sequences of the DNA capping provided the driving force where length of the recognition 

sequence sets the scale of adhesion from 30 – 0 kBT from room temperature to DNA melting temperature, 

respectively. In a ‘‘brush’’ regime, DNA length and the flexibility of the non-complementary internal spacer 

allowed the tuning range of repulsive interaction and its strength. For single-stranded DNAs, inter-particle 

separations, sufficient DNA surface densities and suitable salt concentrations, Er could reach several kBT per chain. 

Thus, using multiple systems with constant Ea and varied dr enabled effective inter-particle potential tuning, 

providing the environment required achieving crystalline morphologies of nanocrystals assemblies via the thermal 

pathway [113]. 

In order to verify the influence of the parameters mentioned above, five sets of structures were designed by 

varying the length of spacers on two sets of DNA functionalized Au nanocrystals while the linker was kept the 

same. Particle assembly was carried out at 25 0C by combining equimolar amounts of the two types of DNA-

capped Au nanocrystals in phosphate buffer. The particles were allowed to assemble into aggregates overnight, 

and the resulting precipitate was collected and transferred in buffer to quartz capillary for thermal treatment 

where the amorphous assembly was heated to pre-melting temperature followed by heating beyond melting point 

to disassemble the constituents completely. Reducing the temperature below melting recrystallized the assembly 

depending upon the combinations of the parameters chosen. It was noted that long flexible spacers (i.e. 35 and 50 

bases respectively) showed spontaneous crystallization with remarkable long-range order. In contrast, with shorter 

or more rigid spacers, the assembly remained amorphous upon cooling. The observed crystallization is the result 

of specific DNA–DNA interactions, as confirmed by the multiple control experiments with non-complementary 

DNA-capped nanoparticles or with uncapped particles, none of which exhibited assembly [113].  

A number of biomimetic routes have been explored in recent past to prepare nanocrystal superlattices where 

periodic structures formed using of a large variety of proteins are found extremely useful. In one such example of 

S-layer proteins, examined very extensively, nanocrystalline superlattices were prepared using a large variety of 

metal nanocrystals. Efforts were also made to use them for a number of biosensor and other applications. 

Proteins found in the bacterial cell surface layer, also known as S-layer, do possess self-assembly features 

appropriate for precise periodic nanostructuresin Nature [114-116]. S-layer proteins reassemble into two-

dimensional arrays on surfaces of a number of materials including silicon, metals, and polymers and interfaces like 

lipid films or liposomes. The S-layer unit cell repeats at a distance of ~ 10 nm, forming regular arrays of bound 

molecules and nanocrystals. 

The outermost cell surface of a large number of bacteria and archaeacomprises of a S-layer exhibiting oblique, 

square or hexagonal lattice symmetry with 3–30 nm unit cell forming 5–10 nm thick layer with 2–8 nm diameter 

pores with negative charges on its inner surface arising due to excess of carboxyl and amino groups and a neutral 

outer face [117]. These S-layer protein subunits suspend freely once dissolved in a solvent containing guanidine 

hydrochloride, urea; or by lowering/raising the pH value, or using EDTA, EGTA or cation substitution. After 

removing these agents, the S-layer protein subunits start reassembly into flat sheets, open-ended cylinders or 

closed vesicles and during this process, rapid nucleation of the subunits into oligomeric precursors leads to slow 
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aggregation into larger crystalline arrays. Large-scale domains of crystalline S-layers arrays were observed at the 

water-air interface within a few hours during recrystallization process. The formation of coherent crystalline arrays 

on solid substrates, on the other hand, was noted to depend upon the specific proteins involved, conditions of the 

crystallization solution and surface properties of the substrate. For example, 10–20 μm diameter monocrystalline 

domains of B. coagulans E38-66 were obtained while in case of B. sphaericus CCM2177, the domains were of much 

smaller size. Similarly, hydrophobic substrate surfaces were most often used for crystal growth as noted in case of 

B. stearothermophilus NRS 2004/3a related experiments, but in contrast, large domains of B. sphaericus CCM2177 

were also formed on especially hydrophilic surfaces [117]. Absorption of ArF-laser radiation in the S-layer protein 

causing ablation was proposed for using such superlattices as deep UV-photoresist for pattern delineation in micro 

and nano electronic applications. Because of 4-10 nm thickness of S-layers, which is comparatively much thinner 

than conventional resists, considerable improvement in edge definitions of submicron structures is expected 

accordingly. These S-layers were reported as nm-size-templates for the nucleation of inorganic NCs into ordered 

arrays. For example, CdS andAu NC-superlattices were prepared using such templates [118,119]. A square 

superlattice, comprising of monodisperse 4-5 nm sized gold NCs with a 12.8 nm repeat distance, was fabricated by 

exposing S-layer lattice with thiol groups to a tetra-chloroauric (III) acid solution [119]. It was interesting to observe 

that the shape of these gold NCs resembled the S-layer lattice pores morphology. These experiments were repeated 

successfully in case of other metal salts like PdCl2, NiSO4, KPtCl6, Pb(NO3)2 and K3Fe(CN)6 demonstrating that NC-

superlattices were induced by S-layers as templates with a broad range of particle sizes (5–15 nm  diameter), ~ 30 

nm inter-particle spacing and oblique, square or hexagonal lattice symmetries [117]. 

Discussion and Conclusions 

Considering the recent developments of newer varieties of meso-materials using inorganic, organic, polymeric and 

biomolecular nanocrystals as building blocks, we are currently passing through a similar situation as it existed 

almost hundred years ago when high purity bulk materials were prepared using atomic building blocks especially 

in the area of monocrystalline semiconductors, metals and dielectrics. Extrapolating from the Century old 

experience further, it is natural to expect another revolution in offing involving the applications of these meso-

materials in producing components, devices and systems, which would certainly surpass the capabilities that are 

presently being covered by the microelectronics technology based counterparts [120]. The coming decade, in near 

future, is going to witness a strong emergence of smart and intelligent features in overall development of 

altogether new materials, components and devices. The impact of such a technology that is strongly enabled by 

better types of nano biosensors and actuators, is expected to be far more profound than what we are experiencing 

right now in our day-to-day life. A dominating portion of the development will be related to the biomimetic 

designs incorporating green processes and features to the extent that it would be practically possible. This will lead 

to reducing the burden on environmental pollution and human health care while attempting to improve the 

quality of human life as a whole [102]. 

From the brief descriptions of the subject included in the discussions here, it appears that the basic understanding 

of the processes like nucleation, growth and morphology control during solution-grown synthesis of a large 

variety of NCs is slowly reaching to a level where large scale synthesis is clearly foreseen besides attaining other 

features like mono-dispersion with better than 5% spread in nanocrystal dimensions having stability during 

storage over a period of a year or more in aqueous and other media [121]. Surface functionalization schemes, 

having been investigated so far, have shown significant promise for attaching a large number of linkers and spacer 

ligands chosen from polymeric and biomolecular species facilitating the self-assembly based synthesis of 

hierarchical structures leading to the superlattices of practically useable dimensions [5,122]. Once again, the role of 

biomimetic designs and synthesis [117], learnt from Mother Nature including living organisms of various types, 

will provide significant push in this direction. Use of high precision sophisticated characterization equipment, 

available today, provides invaluable help in analyzing various experimental observations while trying to 

understand the underlying mechanism of NC growth via different pathways. This kind of study has facilitated 

ways for controlling the nanocrystal growth parameters for achieving the targeted features within certain ranges 

[123]. 
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It is fairly evident from the discussions presented earlier in this review that solution-grown synthesis of 

nanocrystals is practically much easier to be handled than that in case of bulk material growths using high 

temperature melts especially in case of inorganic semiconductors and metals [124]. Process instrumentation, 

handling and measuring devices and tools and the reactor designs and their involved maintenance – all are of 

stringent nature not available so commonly. On the contrary, solution-grown nanocrystals syntheses need very 

moderate kind of set-up operating at relatively lower temperatures. Nanocrystal synthesis is noted to very much 

resemble the biological processes occurring in Nature where the catalytic routes involving enzymes and other 

biomolecules besides including a large variety of microbial and fungal species appear to be still open to explore in 

future [124]. 

There is a necessity to investigate in detail the phytochemical based nanocrystal synthesis of inorganic materials to 

minimize the use of toxic chemicals following ecofriendly green chemistry routes. However, it is still better to 

explore using nanocrystals, NPs and branched-NPs synthesized from phytochemicals that are derived from the 

sustainable natural resources of the different regions. Continuing to examine the future possibilities further, it is 

quite likely to explore using phytochemicals NC-superlattices based preparations for targeted drug delivery in 

different forms suitable for drug administration involving optimal dosages and minimizing wastages and thus 

reducing the overall cost. Chemical conjugations of a number of different drug molecules to a suitable herbal NC- 

superlattice might prove to be a valuable replacement of the existing alternative natural medicines with much 

better efficacies involving even a combination of synthetic molecular and natural herbal drugs in due course of 

time. The advantages of such an integrated system of medicines will have immense benefits once properly 

understood and developed on the basis of sound theoretical basis. 

Newer applications of nanocrystal-based superlattices may be explored using their unique tunable optical 

propertiesof these building blocks [125,126]. It is quite possible to have optimized structures appropriate for 

improving the solar radiation absorption leading to better efficiencies of solar photovoltaic devices at reduced cost 

especially in case of dye sensitized solar cells. Early experiments, conducted using metal nanocrystals, have 

already shown the positive results in this direction. However, still better improvements are expected using more 

appropriate designs of nanocrystals and their compositionskeeping in view the optimal properties of nanocrystals. 

Self-assembly of nanocrystals in organized forms is quite likely to provide low-cost process for surface 

modifications to incorporate number of feature that are currently being observed in a lesser controlled manner 

using some sort of colloidal solution of nanocrystals [127]-[132]. Self-assembly of nanocrystals at slid-liquid 

interface during substrate dipping into the colloidal solution of nanocrystals in suitable solvent will certainly be a 

very cost effective way of achieving reproducible processes of thin film coatings in future [103,104,122,124,133]. 

Compared withthe sophisticated methods of thin film coating developed for microelectronic devices and circuit 

fabrications, the current method of dip coating in any form of high precision movements and automation is still 

going to be much simpler and of low cost. This could very effectively and efficiently be extended to realize flexible 

electronicswhere polymeric substrates may be used with added flexibility and cost reduction [134]. 

The discussion regarding future possibilities of nanocrystals in active device fabrications are taken up elsewhere 

[135]. It suffices to state that many newer applications, not yet conjectured till date, will be possible to realize soon. 

The overall contributions of nanocrystals and meso-materials will go beyond the expectations of today. Only time 

will tell the exact impact of the much-awaited revolution in the field of nanocrystals and related materials. 
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Abstract 

This paper is concerned with the thermoelastic response in a functionally graded solid with an analytical method. The 

governing equations are proposed in the context of Lord-Shulman generalized theory (L-S theory). The Laplace transform 

techniques and some approximate treatments are employed to have an analytical solution for the thermoelastic response in a 

semi-infinite solid composed of functionally graded materials, whose boundary is subjected to a sudden thermal shock. Some 

important phenomena involving finite speed of heat signal are obtained. The comparison with the results for different values of 

non-homogeneous index is also conducted to evaluate the effect of graded material properties on thermoelastic response. 

Keywords 

Generalized Thermoelasticity; Functionally Graded Materials; Analytical Solution; Thermal Shock 

Introduction 

In recent years, functionally graded materials (FGMs), as a new class of intelligent material, has been widely 

applied in various engineering practices [1]. The analysis of thermoelastic response, especially the prediction of 

thermal stresses generated in severe temperature environments, is very important to evaluate the lives of FGMs. 

Many investigations have been conducted in the context of conventional theory of thermoelasticity, however, the 

conventional theory proposed by Biot [2], predicts an infinite speed of heat propagation, which contradicts 

physical facts and limits the applicability of these investigations to certain heat conduction. To eliminate this 

shortcoming, some modified theories admitting a finite propagation speed of heat signal are proposed on different 

perspective, which are also named as generalized theories of thermoelasticity. The widely applied theories include 

the L-S theory with one relaxation time [3], G-L theory with two relaxation time [4] and G-N theory with the 

assumption of no energy dissipation [5]. 

Within these generalized theories, some thermoelastic problems of FGMs with different boundary conditions have 

been studied by Bagri and Eslami [6], Darabseh et al. [7], Ghosh and Kanoria [8], where the power law distribution 

along the spatial position was used to describe the graded material properties. Meanwhile, the exponential 

distribution with spatial position for material properties was also employed to analyze the thermoelastic 

interaction in FGMs by Mallik and Kanoria [9], Tokovyy and Ma [10] respectively. Furthermore, Kanoria and 

Ghosh [11] studied the thermoelastic reponse further for a functionally graded spherically isotropic hollow, where 

the temperature-dependent properties were also considered. Abbas [12] also solved the thermoelastic interaction in 

a thick-walled FGM cylinder with the condition that material properties are the function of temperature and 

graded in the radial.  

Since the complexity of the solution for governing equations with variable material properties, which are nonlinear 

forms in general cases, the theoretical treatment is very difficult and the closed-form solutions is rare in previous 

investigations [6-12]. Recently, an asymptotic approach [13], based on the Laplace transform and its limit theorem, 

has been introduced to solve some generalized thermoelastic problems [14, 15]. The asymptotic solutions with 

closed form  can be obtained by this asymptotic approach, which is very effective to the problems involving short 

thermal duration, such as thermal shock, and is very convenient to evaluate thermo-mechanical properties of 
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FGMs in severe circumstances. 

In this paper, the thermoelastic interaction in a functionally graded solid is studied with this asymptotic approach 

[13-15]. The governing equations of FGMs are derived in the context of L-S theory, where the exponentially 

distribution along the spatial position is used to describe the graded material properties. The closed-form solutions 

for a special problem of a semi-infinite functionally graded solid with the boundary subjected to a sudden thermal 

shock are derived. Utilizing these solutions, the propagation of each wave, the distributions of the displacement, 

temperature and stresses, and the variation of each distribution at different non-homogeneous index are obtained 

and plotted.  

Formulation of the Problem 

Due to the L-S theory, the governing equations of FGMs in absence of body forces and heat generation can be 

expressed as 

2ij kk ij ij ij       ,                                                                            (1) 

,i ij ju 
 
,                                                                                               (2) 

   , 0 0 0,i p kk kki
kT c T T T            .                                                                    (3) 

where iu
 
are the components of the displacement vector, ij

 
are the components of the stress tensor, 

 , , 2ij i j j iu u  

 
are the components of the strain tensor, 0T T  

 
is the increment temperature, T  is the 

absolute temperature, 0T
 
is the reference temperature,   is the mass density, k  is the thermal conductivity, pc

 
is 

the specific heat at constant strain,   3 2 T    
 
is the thermal-mechanical coefficient, T  

is the coefficient of 

linear thermal expansion,   and   are the Lame’s constants, and 0  
is the thermal relaxation time constant 

defined in L-S theory. Meanwhile, the superscript dot  
 
and the subscript comma  ,

 
denote the derivatives 

respect to the time t  and coordinates  1,2,3ix i  , respectively. 

With the effects of functionally graded solid, the parameters  ,  ,  ,   , pc
 
and k  are no longer constant but 

become space-dependent. Thus, we use  0 zf x ,  0 zf x ,  0 zf x ,  0 zf x ,  
0p zc f x

 
and  0 zk f x to replace, 

respectively, in which 0 , 0 , 0 , 0 , 
0pc and 0k

 
are assumed to be constants and  zf x

 
is a given non-

dimensional function of space variable  1,2,3zx z  . 

We now considered a semi-infinite solid composed of FGMs, whose boundaries are traction free and keep the 

uniform temperature 0T
 
initially. For time 0t   the surface of boundary 0x   is suddenly raised to a constant 

temperature 1T . 

From the physics of the problem, it is clear that all the physical quantities will depend on x  and t  only. Thus, the 

displacement vector has the components: 

 ,xu u x t , 0y zu u  .                                                                               (4) 

Substituting these displacement vectors (4) into above equations in order and assuming   xf x e , we have 

 0 0 , 02x

xx xe u         ,                                                                               (5) 

   0 0 0 , 0 , 0 0 , 02 2xx x xu u u                 ,                                                           (6) 

   0 0

, , 0 0 0 , ,

0

xx x x x

T
T T a T T u u

k


       .                                                                    (7) 

where  is a non-dimensional constant indicating the non-homogeneity of FGMs, 
00 0 0pa c k is the thermal 

viscosity constant. 
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Asymptotic Solutions of the Problem 

General Solution in the Physical Domain 

For simplicity, some following non-dimensional variables are introduced as follows 

*

0 ex a v x , * 2

0 et a v t , * 2

0 0 0ea v  , *

0 ek k a v ,

 

 *

0 0 0 0 02eu a v u T    , *

0T  , *

0 0xx xx T   . 

Substituting these non-dimensional variables into above equations (5)-(7) and dropping the asterisks for 

convenience, we have 

 ,

x

xx xe u   ,                                                                                  (8) 

 , , ,xx x xu u u      ,                                                                                   (9) 

 , , 0 0 , ,xx x x xu u           ,                                                                       (10) 

where  0 0 02ev     is the speed of thermal elastic wave, and  2

0 0 0 0 0 02T a k     is the thermoelastic 

coupling constant. 

Applying the Laplace transform for the both sides of Eqs. (8)-(10), then we have 

 ,

x

xx xe u   ,                                                                                       (11) 

 2

, , ,xx x xs u u u      ,                                                                               (12) 

 2 2

, , 0 0 , ,xx x x xs s s u su           .                                                                  (13) 

Eliminating term u  and  separately by combining Eq. (12) and Eq. (13) results in 

       
4 3 2

2 2 2 2 2 2 2

0 0 04 3 2

d d d d
2 1 1 0

dd d d

i i i i

is s s s s s s s s
xx x x

   
                       

   
,                   (14) 

where  1,2i i  represent term u  and  , respectively. 

The general solutions of Eq.(14) can be expressed as 

               1 1 1 2 1 1 1 2exp exp exp expi i i i iA s R x B s R x C s R x D s R x       ,                                        (15) 

where 2

1,2R  are the roots of following characteristic equation 

       4 3 2 2 2 2 2 2 2 2

0 0 02 1 1 0R R s s s R s s s R s s s                      
   

,  1iA s ,  1iB s ,  1iC s and  1iD s are 

coefficients depending on parameter s and are determined by the given boundary conditions.  

Here the following non-dimensional boundary conditions on the boundary plane 0x   are introduced 

   00,t H t  ,  0, 0xx t  ,                                                                           (16) 

where  H t
 
is the Heaviside unit function and  0 1 0 0T T T  

 
is a non-dimensional constant. 

Applying the Laplace transform to the above condition (16), we have 

  00, s s  ,  0, 0xx s  .                                                                             (17) 

Substituting these boundary conditions in general solutions (15) and stress component expression (11), and 

considering the bounded solutions with large x  for an unbounded problem, the general solutions for u ,   and xx

in the physical domain can be obtained as 

   

   

   

   
1 0 1 2 0 2

2 1 2 1 2 1 2 1

exp expR R x R R x
u

R R R R s R R R R s

   

 

   
 

           

,                                                  (18) 
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2 2 2 2

1 1 0 1 2 2 0 2

2 1 2 1 2 1 2 1

exp expR s R R x R s R R x

R R R R s R R R R s

   


 

     
 

           

,                                               (19) 

   

   

   

   
0 1 0 2

2 1 2 1 2 1 2 1

exp exp exp exp
xx

s x R x s x R x

R R R R R R R R

   


 

 
 

           

.                                                     (20) 

General Solutions in the Time Domain 

Since the complicated expressions of roots  1,2iR i 
 
contained in these transform solutions, some approximate 

treatment for roots iR  has been conducted by the asymptotic approach [13-15], where the limit theorem of Laplace 

transform is used to obtain the following expressions: 

1,2 1,2 1,2R k s m  ,                                                                                          (21) 

where 

1 2

0 0 1

1,2

1

2

a
k

    
  
  

, 1 1

1,2

1,2

1

4 2

a b
m

k

  
  ,  

2

1 0 0 01 4a       , and  1 01 1b       . 

Substituting these approximations (21) into transform solutions (18)-(20), the forms are convenient to inverse 

Laplace transform can be obtained. By means of the standard results of the Laplace transform, the corresponding 

asymptotic solutions in the time domain can be obtained as 

         1 0 2 0

1 1 1 2 2 2exp exp
k k

u m x t k x H t k x m x t k x H t k x
p p

 
         ,                                  (22) 

       

       

2 20

1 1 1 1 1 1 1 1

2 20

2 2 2 2 2 2 2 2

exp 1 2 1

exp 1 2 1

q
m x k m k k k t k x H t k x

p p

q
m x k m k k k t k x H t k x

p p


 




  
           

  

  
         

  

,                                 (23) 

             0

1 1 1 2 2 2exp exp 1 exp 1xx

q q
x m x t k x H t k x m x t k x H t k x

p p p


 

     
             

     

,                    (24) 

where 2 2

1 2p k k  ,    2 1 1 1 2 22q k k m k m k    . 

Asymptotic Solutions of the Problem 

Wave Propagation Analysis 

Due to the properties of Heaviside unit function, two waves, named as thermoelastic wave and thermal wave 

respectively, would generate from the boundary, whose propagation velocities and positions of wavefront can be 

derived as 

1,2 1,21v k , 1,2 1,2t k  .                                                                           (25) 

Combining with the expressions of parameters 1,2k , we can observe that both propagation velocities 1,2v  and 

positions 1,2 of each wavefront are dependent on relaxation time 0 and thermoelastic coupling constant  . The 

distributions of propagation velocities 1,2v versus relaxation time 0  at different values of   are shown in Fig.1.  

We can clearly observe that 1,2v  are decreasing with increasing, which indicates the propagation of two waves 

would be difficult with the enhancement of the delay effect. On the other hand, the effects of   on the propagation 

of two waves are different, 1v  is decreasing with the increase of , but is increased for 2v . Furthermore, it is noted 

that the non-homogeneous parameter  is not contained in expressions 1,2k , which means that the non-

homogeneity of FGMs has no effect on the propagation of two waves. 
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FIGURE 1. DISTRIBUTION OF NON-DIMENSIONAL PROPAGATION VELOCITIES VERSUS RELAXATION TIME CONSTANT 

Thermoelastic Response Analysis 

Now for the purpose of illustration, we consider copper like material with material constants [9, 16], and some 

values of non-dimensional parameters are taken as 

0 0.5  , 0.0168  , 0 1.0  . 

Figures 2-4 display the distributions of displacement u , temperature   and stress component xx  for a wide range 

of x  ( 0 2.5x  ) at different time t and given value of 0.5   . The important phenomenon for generalized 

thermoelastic problem, that is, all of u ,   and xx vanish identically at all positions beyond the faster wavefront, 

can be observed clearly from these distributions. The displacement is continuous at all positions including each 

wavefront, but the temperature and stress are discontinuous at each wavefront, and two jumps would be 

generated in each wavefront.  

     

FIGURE 2. DISTRIBUTION OF DISPLACEMENT FOR 0.5          FIGURE 3. DISTRIBUTION OF TEMPERATURE FOR 0.5    

Figures 5-7 displays the variation of each distribution for different values of non-homogeneous parameter   at 

given time 0.5t  , where 0.0  corresponds the homogeneous case with constant material properties. Obviously 

the non-homogeneity has a significant effect to each distribution. The magnitudes of displacement u , temperature 

  and stress component xx are decreasing with the increasing of parameter for the case of 0  , but all the 

magnitudes are increasing for the case of 0  , which means the effect of non-homogeneity is dependent on the 

real variation of material properties with the spatial positions. Furthermore, it is noted that the variation of 

temperature and stress is more significant than that of displacement for the different values of parameter  , which 

means the temperature and stress have the stronger dependency on non-homogeneity of FGMs. 

     

FIGURE 4. DISTRIBUTION OF STRESS COMPONENT FOR 0.5       FIGURE 5. DISTRIBUTION OF DISPLACEMENT FOR 0.5t   
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          FIGURE 6. DISTRIBUTION OF TEMPERATURE FOR 0.5t            FIGURE 7. DISTRIBUTION OF STRESS COMPONENT FOR 0.5t   

Conclusions 

The thermoelastic response in a functionally graded solid is studied by an analytical method in this paper. The 

analysis of the results permits some concluding remarks: 

1) The displacement, temperature and stresses have a delay distribution when the heat signal propagates with a 

finite speed. The propagations of each wave are dependent on the relaxation time 0  and thermoelastic coupling 

constant  , but are independent on non-homogeneous index  . 

2) The presence of non-homogeneous parameter has significant effect on each distributions. Comparison with the 

effect on displacement, temperature and stresses are more sensitive to the variation of material properties.  
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Abstract 

For reasonable choice of mechanical parameters and keeping long-term sealing performance of cement sheath, effect laws of 

yield strength and elastic modulus on the interface stress of cement sheath at well head were researched. Finite element 

mechanical model of the casing-cement sheath-stratum combination was established. Damage conditions of cement sheath 

structural integrity were analyzed. Results showed that every interface stress increased with the increase of the yield strength 

while cement sheath yielding deformation occurred. And the yield strength could not affect all interface stresses while the 

deformation was elastic. For lower elastic modulus, elastic deformation occurred in cement sheath and every interface stress 

increased with the increase of elastic modulus. For high elastic modulus, Cement sheath was partially or fully yielded. With the 

increase of elastic modulus, the interface contact stress increased, the inner interface circumferential stress decreased, and the 

interface contact stress was turned into tensile stress after unloading.  

Keywords 

Cement Sheath; Yield Strength; Elastic Modulus; Interface Stress; Combinatio 

Introduction 

After cementing, the sealing efficiency of cement sheath would be damaged by stress generated inner the cement 

sheath or at its interface from producing load. It was important for reasonable designing cement slurry system to 

analyze the change law of the cement sheath stress. Experts and scholars such as Rodriguez W J, Li Zifeng, Li Jun, 

Yin Youquan ect. [1-7] had researched the mechanical problems of the casing-cement sheath-stratum combination. 

Different combination mechanical models were established. Influence law of formation and cement mechanical 

parameters on the combination were analyzed. However, conditions of continuous radial deformation for the 

combination were assumed in above achievements of mechanical model and numerical calculation. The problem of 

probable damage of cement sheath body and bond interface by tensile stress were ignored. Based on the 

mechanical analysis in the literature [7], the influence law of the cement sheath yield strength、elastic modulus on 

its interface stress were deeply analyzed.  

Finite Element Mechanical Model 

 
FIGURE 1. FINITE ELEMENT MECHANICAL MODEL 
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Casing and stratum were bonded together to form the combination of casing-cement sheath-stratum by cement 

sheath, which was formed by hydration and hardening of cement slurry pumped into the oil and gas well annuals. 

According to the literature [7] for condition of the creep formation, PLANE183 plane strain unite could be used to 

describe the mechanical action among casing-cement sheath-stratum combination when casing bending instability 

and failure were not considered. The 1/2 model could be selected to analyze the stress and strain mechanical 

problems of the combination for loading and unloading. The mechanics function machine of finite element 

mechanical model was shown in Fig. 1. In the mechanical model, the linear elastic and nonlinear plastic 

deformation of cement sheath were all taken into account under the production load action. And the carrying 

capacity of cement sheath bond interface was also considered to establishe the model. 

Constitutive Equation of Cement Sheath 

According to the experiment results, deformation properties of cement sheath were the same as those of elastic-

plastic material under tri-axial stress action (Fig.2). Elastic deformation was generated at the initial loading stage. 

Plastic deformation occurred when the loading stress was higher than cement sheath yield strength. According to 

the deformation characteristic given in Fig.2, cement sheath could be assumed as ideal elastic-plastic material and 

the following formula could approximately be used to describe the mechanical constitutive relationship for three-

dimensional stress condition: 

                                                                               (1) 

 

Where, σ was stress; ε was strain; σe was cement sheath yield strength; εe was the strain at yield point; E was 

cement sheath elastic modulus; εs was total strain generated at cement sheath damage. 

 

Conditions of Combination Failure 

Structure integrity damage of casing-cement sheath-stratum combination depended mainly on the cement sheath 

body and cement bond interface, both of which were the relatively weak parts of combination’s carrying capacity. 

If any one of them was damaged, the combination body was also damaged and the sealing efficiency of cement 

sheath was failure. Therefore, failure conditions could be established based on the carrying limits of cement sheath 

body and its bond interface. 

There were two characteristics in the mechanical properties of the cement sheath by tri-axial stress action according 

to experimental results. One was that the plastic deformation would be produced when cement sheath was yielded. 

And another was that compressive strength was high but tensile strength was low. Thus, the distortion energy 

density theory and the maximum tensile stress theory could be used to determine the cement sheath carrying 

capacity. 

Under the conditions of the tri-axial stress, cement sheath yielded with Von Mises yield condition: 

eM  
                                           (2) 

 

FIGURE 2. STRESS-STRAIN CURVE OF CEMENT SHEATH 
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                                           (3) 

Where, σM was Von Mises stress; σ1, σ2, σ3 were the three principal stresses. 

Cement sheath would suffer tensile failure when the tensile stress was higher than the maximum tensile strength:  

t max                                              (4) 

Where, σmax was the maximum tensile stress; σt was the tensile strength of cement sheath. 

The cement sheath bond interfaces were the weak parts of the combination and were easily damaged by load 

action, because of that the bond strength were relatively low. When the contact stress generated at the interface 

was compressive stress, casing and cement sheath or cement sheath and stratum was at the squeezing state, which 

represented that the combination was contacted closely. But when the contact stress was tensile stress, the bond 

interface would be threatened by the radial strech. This radial tensile stress was generally produced in the process 

of unload because of that cement sheath generated plastic deformation during loading and irrecoverable 

deformation occurred after unloading. Based on the cement sheath bond interface mechanical relation, bond 

interface began to tear when radial tension stress reached the cementation strength, and the contact stress was zero 

when bond interface was completely torn. So, two mechanical conditions decided whether the bond interface 

would contact or separate: interface contact stress was zero, and there was a gap in bond interface. 

According to the above analysis, the combination structure had three aspects of damage conditions, which could be 

used to evaluate the structure integrity.  

Influences of Yield Strength 

Cement sheath yield strength was used to evaluate whether there was yielding deformation by load. Figure 3 

showed the influence law of yield strength on interface stress calculated by mechanical model. Calculation 

parameters were: Borehole diameter was 241.3mm. Casing diameter was 177.8mm. Casing thickness was 12.65mm, 

elastic modulus was 210000MPa and poisson ratio was 0.3. Cement sheath elastic modulus was 10000MPa, poisson 

ratio was 0.178 and tensile strength was 3.5MPa. The first interfacial bond strength of the cement sheath was 

0.6MPa and the second interfacial bond strength was 0.18MPa. Radius of the wellbore surrounding rock was 1m. 

The crustal stress was zero for the depth of stratum being 0 at well head. Rock elastic modulus was 24000MPa and 

poisson ratio was 0.25. Loading added at well head was 35MPa, which was the inner pressure of casing. 

Fig.3(a) was the calculated results after loading, curves 1 and 2 displayed interior and external interface contact 

stress of cement sheath (positive value was compressive stress); curves 3 and 4 were interior and external interface 

circumferential stress (positive value was tensile stress); curves 5 and 6 graphed interior and external interface Von 

Mises stress; Fig.3 (b) showed the calculated results after unloading, curves 7 and 8 were interior and external 

interface contact stress (negative value was tensile stress). 

With the given load, the cement sheath yield strength and low crustal stress at well head and other conditions, 

when the casing was loaded, contact stress、Mises stress and circumferential stress of the cement sheath interior 

interface were higher than corresponding stress of the external interface. When loading (Fig.3 (a)), according to 

various forms of interface stresses changing with yield strength, it could be divided into two intervals. One was the 

zone of low yield strength (≤10MPa). Within this zone, the inner side of cement sheath yielded and got partially 

plastic deformation easily during loading, which Mises stress at yielding part equaled to yield strength (curve 5) 

based on equation (1). If load was high, whole cement sheath would yield. Each interface stress increased with 

increasing yield strength. Among all interface stresses, internal interface Mises stress (curve 5) and circumferential 

stress (curve 3) had obvious variation with yield strength, and others had relatively small change. Another was the 

zone of high yield strength (>10MPa), cement sheath got elastic deformation by loading, while, yield strength was 

higher than Mises stress. The yield stress could not affect cement sheath interface stress. 

Curves 3 and 4 in Fig.3 (a) showed that when the yield strength reached or over 10MPa, circumferential tensile 

stress (3.82MPa) of cement sheath internal interface was higher than the given tensile strength (3.5MPa), tensile 

cracks would appear at the inside cement sheath. However, when the yield strength was lower than 10MPa, the 

stress was lower than the tensile strength and tensile cracks could not exist. 

As shown in Fig.3 (b), as cement sheath only had elastic deformation during loading when the yield strength 
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exceeded 10MPa, the deformation would fully recover after unloading, at this time, interface contact stress、

circumferential stress etc. all restore to the initial state of zero. When cement sheath yielded during loading (yield 

strength≤10MPa), because the complete recovery of cement sheath deformation was impossible, the radial interface 

contact stress would change from pressure stress of loading  into tensile stress which probably tears cement 

sheath bond interface, because the boundary stratum could not provide sufficient impetus of deformation recovery. 

The higher the degree of yielding deformation was, the more easily tearing bond interface was produced. Under 

the calculated condition in this paper, when yield strength was lower than 10MPa, both of two bond interfaces 

stresses were tensile stress. The lower the yield strength was, the greater tensile stress was. For the yield strength 

was 6MPa, the inner interface of cement sheath was torn, while tensile stress was 0 and micro gap was 0.0013mm. 

 

FIGURE 3. EFFECT ON INTERFACE STRESS OF CEMENT SHEATH BY YIELD STRESS 

Effects of Elastic Modulus 

When cement sheath yield strength was 10MPa, casing loading was 35MPa; effects of cement sheath elastic 

modulus on interface contact stress, circumferential stress and Von Mises stress were shown in Figure 4. In this 

figure, curves 1, 2, 3, 4, 5, 6, 7, 8 represented the same stresses as Fig.3. 

 

FIGURE 4. EFFECT ON INTERFACE STRESS BY ELASTIC MODULUS 

The results in Fig.4 showed that differences of the interior and external interface variation trends could also be 

classified according to elastic and plastic deformation: ① at the lower value stage of elastic modulus, cement 

sheath had elastic deformation. With elastic modulus increasing, both of two interfaces various stresses increased; 

② when elastic modulus increased to a certain value, the interior interface Mises stress was no less than the yield 

strength; partial plastic deformation was generated inside the cement sheath, interface Mises stress equaled to the 

yield strength. After that, the interior interface Mises stress was no longer changeable (see curve 5 in Fig.4). With 
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increasing elastic modulus, cement sheath interface contact stress, external interface circumferential tensile stress 

and Mises stress increased (curves1, 2, 4 and 6 in Fig.4), and the interior interface circumferential stress (curve3) 

decreased. 

The results showed that when the elastic modulus of the cement was 9000MPa, interior interface Misess stress 

(9.97MPa) was close to the yield strength, and when elastic modulus was 10000MPa, cement sheath yielded at 

inner side, and the Misess stress would remain at a constant value (10MPa). Meanwhile, due to partial yielding of 

cement sheath, not only did the value variation trend of circumferential stress change with elastic modulus (curve3 

in Fig.4), but also the position of the maximum circumferential stress moved to inside cement (Fig.5). 

In Fig.5, the elastic modulus of the cement was 12000MPa. The circumferential stress value at different radial 

position was described by different color, which represented different stress value. The interior interface 

circumferential stress was 3.44MPa, and the maximum internal tensile stress represented by red portion was 

4.18MPa. 

 

 

FIGURE 5. CEMENT SHEATH CIRCUMFERENTIAL STRESS CLOUD CHART 

 

According to Fig.4 and Fig.5, when the elastic modulus was 9000MPa, the high tensile stress (3.96MPa) was 

produced at cement sheath interior interface (curve3 in Fig.4) and the stress exceeded the tensile strength of cement 

sheath (3.5MPa). So, interior interface tensile cracks would be generated. The structural integrity of the cement 

sheath would be damaged. Then, with elastic modulus continually increasing, even though the interior interface 

circumferential stress was decreased, it was still possible that the maximum circumferential stress (4.18MPa) inside 

cement sheath was higher than the tensile strength, which leaded to tensile break of inside cement.  

After unloading, for the elastic deformation region of low elastic modulus, casing、cement sheath and stratum 

generated elastic deformation recovery, all stresses returned to the initial condition before loading. But for the 

region of high elastic modulus, when cement sheath yielded, the interior and external interface contact stress was 

turned into tensile stress after unloading (Fig.4 (b)), and compressive stress was generated at the circumferential 

direction of cement sheath. With increasing elastic modulus, interface radial tensile stress increased, and tearing 

cement sheath bond interface became more possible.  

According to the above calculated results, cement sheath various mechanical parameters cooperated harmoniously 

when taking yield strength, elastic modulus and load capacity all into account. Therefore, working loading and 

cement sheath mechanical characteristics should be the basement to design cement slurry system. 

Conclusions  

(1) For the zone of low yield strength, when loading, internal cement sheath yielded and got partially plastic 

deformation easily. Within this zone, with increasing yield strength of cement sheath, each interface stress 

increased. Among all interface stresses, cement sheath internal interface Mises stress and circumferential stress 

have obvious variation with yield strength, and others have relatively small change. For the zone of high yield 

strength, cement sheath got elastic deformation. Yield strength could not affect cement sheath interface stress. 

(2) At the initial stage of elastic modulus increasing, cement sheath had elastic deformation. With elastic modulus 
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increasing, various stresses of cement sheath interior and external interface increased. When elastic modulus 

increased to a certain value, partial plastic deformation was generated inside the cement sheath. After that, cement 

sheath interior interface Mises stress was no longer changeable. With increasing elastic modulus, cement sheath 

interface contact stress, circumferential tensile stress and Mises stress of external interface increased, and 

circumferential stress of interior interface decreased. 

(3) In the process of cement sheath elastic deformation during loading, maximum circumferential tensile stress was 

at cement sheath interior interface. After unloading, the combination structure could fully recover, and all stresses 

could return to the initial condition. In the process of cement sheath yielding deformation during loading, position 

of maximum circumferential tensile stress moved from interior interface to inside cement sheath. After unloading, 

there was radial tensile stress on cement sheath interface, and bonding interface had potential risk of tearing. 
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Abstract 

Cr3+/Sb5+ co-doped Li4Ti5O12 in the form of Li4Ti5-2xCrxSbxO12 (0≤x≤0.1) compounds were successfully synthesized via 

solid-state reaction method. The structure and electrochemical properties of the spinel Li4Ti5-2xCrxSbxO12 materials were 

investigated. The Li4Ti5-2xCrxSbxO12 (x=0.05) presents the best discharge capacity among all the samples, and shows better 

reversibility and higher cyclic stability compared with pristine Li4Ti5O12, especially at high current rates. When the discharge 

rate was 1C, the Li4Ti5-2xCrxSbxO12 (x=0.05) sample presented the excellent discharge capacity of 166.7 mAhg-1, which was 

very close to the theoretical capacity of Li4Ti5O12 (175mAhg-1). 

Keywords 

Lithium-Ion Battery; Anode Material; Li4Ti5O12; Cr3+/Sb5+ Co-Doping; Capacity 

Introduction 

Nowadays, lithium-ion batteries are widely employed as the main power source for portable electronic devices and 

the increasingly popular electric vehicles (EVs) or hybrid electric vehicles (HEVs) 1-4. Material development is one 

of the most important tasks to achieve these goals. Among the studied electrode materials, Li4Ti5O12 has been 

demonstrated as a promising anode material of lithium-ion batteries, since it has excellent Li-ion insertion, 

extraction reversibility and almost negligible volume change during charge-discharge process. Unfortunately, its 

rate performance is limited heavily due to the low electronic conductivity of material 5. To improve the 

conductivities, several effective ways have been proposed, including synthesis of nano-sized Li4Ti5O12 6,7, doping 

with metal ions (such as V5+, Mn4+, Cr3+, Mg2+ and F−) in Li, Ti or O sites 1-2,8-10, surface coating (such as Ag, Cu, 

Zn, TiN, SnO2, TiO2, carbon, carbon nanotubes, and graphene) 11-16. It was found that a substitution of Ti4+ site 

by Zr4+ can increase the amount of mixing Ti3+/Ti4+ as charge compensation and thus enhance its electronic 

conductivity 17. The average valence state of Cr3+ and Sb5+ is +4, which is equal to that of Ti4+. The ionic radius of 

Ti4+ (0.605 Å ) is comparable to that of Cr3+ (0.615 Å ) and Sb5+ (0.60 Å ). Hence, there is a possibility to increase the 

electronic conductivity of Li4Ti5O12 which is to substitute Cr3+ and Sb5+ on a Ti4+ site, which should lead to an 

increase in electron concentration. In this work, Cr3+/Sb5+ co-doped Li4Ti5O12 powders were prepared by solid-

state reaction method and the effect of Cr3+/Sb5+ co-doping on the physical and electrochemical performance of 

Li4Ti5-2xCrxSbxO12 was systematically investigated. 

Experimental Procedure 

The pristine Li4Ti5O12 (LTO) and Cr3+/Sb5+ co-doped Li4Ti5O12 (Cr, Sb - LTO) samples were synthesized by 

solid-state reaction method. The raw materials consisted of Li2CO3 (AR, Chengdu kelong Chemical Agents Co. 

Ltd), TiO2 (P25 Nano Material, Hetachroma), Cr2O3 (AR, Shanghai Chemical Agents Co. Ltd) and Sb2O5 (AR, 

Shanghai Chemical Agents Co. Ltd) according to the stoichiometric quantities of Li4.2Ti5-2xCrxSbxO12 (x=0, 0.025, 

0.05, 0.075 and 0.1). Excess Li was added to compensate for lithium volatilization during the sintering process. The 

raw materials were mixed at the required molar ratios, ball milled, and sintered at 800°C for 12 h to prepare the 

Li4Ti5-2xCrxSbxO12.  

The samples were initially characterized by X-ray diffraction using an X-ray diffraction analyzer with Cu-Kα 
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radiation (X`Pert PRO, PANalytical). The more detailed structural information was measured on a transmission 

electron microscope (TEM) and a high-resolution transmission electron microscope (HRTEM, Tecnai F20, FEI). The 

electrochemical characterizations were realized in CR2016-type coin cell. The working electrodes were fabricated 

by mixing the active materials, super P and polyvinylidene difluoride (PVDF) in a weight ratio of 80 : 10 : 10, and 

then milled homogeneously in an agate mortar. Subsequently, an appropriate amount of N-methylpyrrolidone 

(NMP) solvent was slowly introduced and wet mixed to produce electrode slurry. The uniform slurry was coated 

onto a copper foil using a scraper and dried at 120℃ for 24 h to remove the solvent. Then the electrodes were 

punched into disks and assembled into half cells in an Ar-filled glove box. Li foils were used as the counter 

electrodes and the polypropylene microporous films (Celgard 2300) were enployed as the separators. The 

commercial electrolyte was 1 M solution of LiPF6 in ethylene carbonate (EC) and dimethyl carbonate (DMC) in a 

volume ratio of 1:1. Electrochemical impedance spectroscopy (EIS) were measured by means of a CHI760C 

electrochemical station in the frequency range of 0.01 Hz to 10 kHz. Charge-discharge measurement at room 

temperature was carried out using a LAND test system with cut- off voltage of 1.0–2.5 V (vs. Li/Li+) at constant 

current densities (1C). 

Results and Discussion 

The X-ray diffraction (XRD) patterns of the samples of Li4Ti5-2xCrxSbxO12 (0≤x≤0.1) are shown in Fig 1. The 

diffraction patterns of LTO powders with and without Cr2O3 and Sb2O5 particles agreed well with cubic spinel 

LTO (JCPDS 49-0207). The diffraction peaks were sharp and strong, suggesting their high crystallinity. No impure-

phases related peaks were detected in the XRD patterns of Li4Ti5-2xCrxSbxO12 (x<0.075), indicating that the Cr3+ 

and Sb5+ ions had entered the lattice of Li4Ti5O12 without destroying the crystal structure of pristine Li4Ti5O12 or 

forming a new phase. However, for x≥0.075, a few impurity peaks emerge in the XRD diagrams, which shows that 

(Cr, Sb) was co-replaced for Ti and also that there is a limit to the amount of doping elements for Li4Ti5O12. 

 

FIGURE 1. XRD PATTERNS OF PURE LI4TI5O12 POWDERS: X=0(A) AND DOPED POWDERS Li4Ti5-2xCrxSbxO12: X=0.025(B), X=0.05(C), 

X=0.075(D), X=0.1(E). 

Fig. 2(a) and 2(b) show the typical transmission electron microscopy (TEM) images of the pristine Li4Ti5O12 and 

sample Li4Ti5-2xCrxSbxO12 (X=0.05). From the images, we can see that the samples are composed of irregular 

particles, and the particle size is almost in a range of 100-500 nm. 

As can be seen in Fig. 2(c) and 2(d), the lattice parameters of synthesized samples are changed. The interplanar 

spacing is ca. 4.832 Å  (Fig. 2(c)), corresponding to (111) latticeplane of Li4Ti5O12. However, the interplanar spacing 

(111) of the doped material is ca. 4.61 Å  (Fig. 2(d)), which is a bit smaller than the undoped one. The changing 

trend shown on the lattice parameters of synthesized samples is related to the doping amount of the Cr3+ and Sb5+, 

and the lattice parameter reduces with the co-doping of the Cr3+ and Sb5+ ions. This suggests that Cr3+ and Sb5+ 

ions had entered the Ti sites of the crystal structure and produced adverse lattice distortion. 
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FIGURE 2. (A) TEM IMAGE AND (C) HRTEM IMAGE OF  PURE Li4Ti5O12. (B) TEM IMAGE AND (D) HRTEM IMAGE OF Li4Ti5-

2xCrxSbxO12 (X=0.05). 

Electrochemical impedance spectroscopy (EIS) was performed and the corresponding Nyquist plots of the spectra 

are shown in Fig. 3(a). Compared with Li4Ti5O12, the Cr3+/Sb5+ co-doped Li4Ti5O12 displays lower transfer 

impedance, which means that the doped material has better conductivity than the undoped one. 

 

FIGURE 3. (A) THE AC IMPEDANCE SPECTRA OF THE AS-PREPARED CELLS. (B) INITIAL CHARGE/DISCHARGE CURVES AND (C) 

CYCLING PERFORMANCE OF THE PURE Li4Ti5O12 POWDERS AND DOPED POWDERS Li4Ti5-2xCrxSbxO12 (CURRENT RATE, 1 C). 

The initial charge and discharge galvanostatic curves of all samples at 1 C are shown in Fig. 3(b). It can be seen that 

the Li4Ti5-2xCrxSbxO12 samples displayed the first discharge capacities of 153.1 (X=0), 107.8 (X=0.025), 166.7 

(X=0.05), 143.8 (X=0.075), and 140.55 (X=0.1) mAhg-1, respectively. The flat plateau position of the charge and 
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discharge curves for all samples at about 1.7 and 1.5 V can be attributed to the redox reactions of Ti4+/Ti3+  in 

Li4Ti5O12. In addition, it can be noted that a small discharge plateau is observed at about 1.1 V (vs. Li/Li+). These 

peaks can be ascribed to the phase transformation of impurity. However, there is not any signal in the charging 

process, this may be due to the charging platform of impurity is higher than 2.5 V (vs. Li/Li+). Fig. 3(c) shows the 

cycle performance of the as-obtained samples at 1C rate. The cut-off voltage is set between 1.0 and 2.5 V. The doped 

samples show better cycle performance than the pristine Li4Ti5O12. Among these Cr3+/Sb5+ co-doped samples, 

only the capacity and cycle performance of sample Li4Ti5-2xCrxSbxO12 (x=0.05) is larger than the pure Li4Ti5O12. 

This may due to the interaction of adverse lattice distortion and synergistic effect of doping and compositing. 

Conclusions 

Li4Ti5-2xCrxSbxO12 powders have been successfully synthesized by solid-state reaction method. XRD patterns 

show that all Cr3+/Sb5+ co-doped materials have good crystallinity and high phase purity. With increasing the 

Cr3+/Sb5+ co-doping amount, the lattice parameter is observed to decrease. From the above discussion, it can be 

seen that the Cr3+ and Sb5+ ions had entered the lattice of Li4Ti5O12 without destroying the crystal structure of 

pristine Li4Ti5O12 or forming a new phase. The Li4Ti5-2xCrxSbxO12 (X=0.05) electrode presents a higher specific 

capacity and better cycling performance than the Li4Ti5O12 electrode prepared by the similar process. Li4Ti5-

2xCrxSbxO12 (X=0.05) exhibits a specific capacity of 166.7 mAhg-1 at 1C. All the evidences demonstrate that the 

Li4Ti5-2xCrxSbxO12 (X=0.05) electrode is a promising anode material for Li-ion batteries.  
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Abstract 

In this paper, the stress intensity factor and the initial cracking angle of a crack with an arbitrary oriented direction in a strip 

material are calculated. The aim is to consider the variation of the angle with the orientation of the cracks and their position. 

Firstly, the problem is separated by the superposition principle into several sub-problems which are solved using Fourier 

transformation technique. For the sub-problem of a crack, the unknown dislocation density functions are introduced. Singular 

integral equations are then obtained and solved by a numerical method. The stress intensity factor and the initial angle are 

obtained. The results show that crack tends to propagate to the free boundary and the influence of the existence of other cracks 

on the initial cracking angle can be negligible when the distance between the cracks is larger. 
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Introduction 

Layered structure is a kind of common material, and is used widely because of lower-expense, easy-producing and 

multi-function, and a strip is the basic component. In this structure, there often exist many inevitable problems 

(such as cracking, spallation, debonding and so on). So its fracture and damage mechanics became important and 

complex rather than common single material. For the better understanding of the mechanics, some researchers 

have done many useful studies 1–10 up to now. In the above studies, they did not consider the initial cracking 

angle and its variation when the position and the number of crack are changing. To determine the angle, 

researchers have proposed some different fracture criteria 11–14 and have obtained many useful results which very 

agree with the corresponding experiments. In this paper, the problem about initial cracking angle of an arbitrarily 

oriented crack embedded in a strip with one or several cracks is studied analytically. The aim of this paper is to 

investigate the variation of the angle when the distance between crack tip and interface and the crack direction are 

changing. 

Description of Problem 

Let’s consider a problem of a strip structure in which many or single oriented cracks are embedded (see Fig.1). We 

set coordinate system     to be the global coordinate system. The strip is homogeneous and is infinite along 

 -axis and has thickness   along  -axis.                  are local coordinate systems with origin point    

located at crack center point.   -axis is along the surface of crack and   -axis perpendicular.    
    

   are the 

coordinates of point    in     .    is the angle from   to    and       .     are shear modulus and 

Poisson’s ratio of the material, respectively.  

Applying the superposition principle, the problem can be treated as a sum of two sub-states. One is a strip 

structure with the same dimensions but no crack on it. The other can then be separated into several single crack 

situations. We let                   denote the total displacement, stress components of the problem in    , and 
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  the displacement, stress components without crack in    , and  
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displacement, stress components of single crack problem in       . So  

 

FIGURE 1. GEOMETRY OF A STRIP STRUCTURE WITH SOME CRACKS 
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The total displacement and stress components in coordinate system        can be obtain easily as  
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, superscript    means the inverse operation of matrix.  

In this paper, the loading is acting on the face of cracks. The boundary and continuous conditions can be described 

as following  
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 (8) 

Here    is half length of the  th crack and   
  is dirichet function.  

Basic equations and singular integral equations 

We can set the displacement solutions of the problem as following  
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Here    
   is the  row,  column component of matrix   
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Here,         is for plane strain and                for plane stress. So the total stress components can 

be expressed as  

 

         
 

√  
∫

(

 
 
 
∑   

 

   

  
                  

∑∑  
 

 

   

 

   

   ∑∑   
  

 

   

 

   

   
 

   

 
        

       
)

 
 
   

  

  

         
 

√  
∫

(

 
 
 
∑   

 

   

  
                  

∑∑  
 

 

   

 

   

   ∑∑   
  

 

   

 

   

   
 

   

 
        

       
)

 
 
   

  

  

 (15) 



            Cracking Angle of an Arbitrary Oriented Crack Embedded in a Strip Under I-II Mixed Mode Loading         55 

 

Here    
   is the  row,  column component of matrix   

 .  

Consider the boundary and continuous conditions described in Eq. (6) - Eq. (8), the singular integral equations can 

be obtained as following  
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  is a constant. The value of the integral in Eq. (17) can be derived using Gaussian integral method.  

Solution of singular integral equations and the initial cracking angle 

In this paper, the numerical solution of the singular integral Eq. (16) will be obtained by using the method 

described in Ref.15. According to the theory,   
     can be written as  
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    are Jacobi polynomials. So the stress intensity 

factors only calculated at the upper tip of the  th crack are as following  
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In Ref.16, Moes pointed out that the asymptotic near-tip circumferential and shear stresses in the local polar 

coordinate system take the following form under general mixed-mode loadings  
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Use the maximum circumferential stress criterion, which states that the crack will propagate from its tip in a 

direction    so that the circumferential stress     is maximum. The circumferential stress in the direction of crack 

propagation is a principal stress. Therefore, the critical angle    defining the radial direction of propagation can be 

determined by setting the shear stress in Eq. (23) to zero. After a few manipulations, the initial cracking angle can 

be obtained as following  
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), (24) 

  
  is the initial cracking angle at      . To investigate the variation of   

  with the angle   , the distance    

which is from the upper tip of the  th crack to the upper boundary of the strip. In Eq. (24), we make some simple 

variable substitutions which are described as following  
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Results and Discussions 

To investigate the validity of the method described above, here consider a simple example which is a homogeneous 

strip with two cracks (See Fig.2). The cracks are under constant normal traction   . The normalized stress intensity 

factors of the left crack are only calculated and compared with that obtained in Ref. 18. The agreement of the 

results in Table 1 shows that the above method is believable.  

TABLE 1. STRESS INTENSITY FACTOR FOR A STRIP WITH TWO CENTERLINE CRACKS 

      
Zhou et al. Present 

    √         √         √         √     

0.9 0.55 1.88188 2.12466 1.88102 2.12473 

0.8 0.6 1.67217 1.65257 1.67292 1.65288 

0.7 0.65 1.48364 1.44443 1.48392 1.44451 

0.6 0.7 1.29357 1.27218 1.30058 1.27263 

0.5 0.75 1.10538 1.09732 1.105221 1.09786 

0.4 0.8 0.924887 0.922574 0.925002 0.922697 

0.3 0.85 0.753472 0.752981 0.753918 0.753008 

0.2 0.9 0.585505 0.585439 0.585814 0.585392 

0.1 0.95 0.400829 0.400826 0.401258 0.401214 

 

FIGURE 2. CONFIGURATION OF A STRIP WITH TWO CENTERLINE CRACKS 

In the following content, we propose two examples to show the influence of    and    on   
  . The strip is also 

with two cracks, i.e.    . For simplicity, we set   to be unit 1 and all crack half length to be 0.1, then other 

length parameters become the ratio coefficients about H. The first case is the strip with a single crack and the 

second is with two cracks. The material of the strip is Al.  

 
 
 and   

 on   
 
 

The variation of   
   versus    and     is presented in Fig.3 (a). The result shows that no matter increasing    

or    for the same crack orientation will both decrease the initial cracking angle   
 , and it also demonstrates that 

the cracking direction tends to free boundary. Fig.3 (b) shows the influence of the existence of other cracks to   
 . 

Here only the case,     , is investigated. The result illustrates that the initial cracking angle will increase when 
2  becomes bigger or    becomes smaller. The interaction of cracks may be negligible when the distance between 

the two crack centers is larger than ten times of the half length of the cracks. The variation of    also has influence 

on   
  but it is non-significant.  

 

FIGURE 3. VARIATION OF THE INITIAL CRACKING ANGLE 
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Abstract 

The polyamine groups were successfully modified in the pores of hierarchical mesoporous bagasse carbon through nitric acid 

oxidation and ethylenediamine(EDA) polymerisation. The influence of nitric acid concentration, oxidation time, EDA dosage, 

and modification time on the Pb(II) adsorption ability of the modified mesoporous carbon were discussed in an L9(34) 

orthogonal experiment as well as the adsorption characteristics and mechanisms. The results suggested that EDA modification 

conditions significantly affected the Pb(II) adsorption ability. The modified carbons, under different conditions, showed a Pb(II) 

adsorption difference of 35%; the nitric acid concentration exerted the greatest influence, followed by EDA dosage, and 

modification time. The carboxylic acid group content in the pores of the biomass carbon was proved as the key agent controlling 

the Pb(II) adsorption ability of the modified carbon. The Pb(II) adsorption was consistent with the Langmuir model, suggesting 

that the energy was distributed evenly on the surface of the modified carbon. 

Keywords 

Porous Carbon; EDA; Orthogonal Adsorption; Lead Ion 

Introduction 

Owing to its developed pore structure, natural characteristics, and environmentally protective properties, activated 

carbon has been widely applied to fields including air purification, water treatment, poison protection, catalytic 

carrier, solvent decolourisation, etc..1-3Lead is one of the common elements used in a variety of industrial 

processes. Lead ions are toxic, non-biodegradable, and can lead to the anaemia, nerve dysfunction, renal injury, etc. 

once entering the human body through the food chain.4 Therefore, lead is listed as a priority pollutant which 

should be controlled in water in many countries.5-6 Adsorption is favoured by researchers due to its advantages 

such as the recycling ability for valuable metals, good selectivity, and ease of use.7-9 Activated carbon’s adsorption 

to heavy metals is both environmentally friendly and convenient. 

Surface chemistry is important in the adsorption by activated carbon of heavy metals. During the adsorption 

process, the functional groups on the external surface, or in the pore surface of the activated carbon, chemically 

react with heavy metals through ion exchange or chelation.10 Since the chemical actions are different owing to 

differences in the functional groups on the surface, the adsorption ability of activated carbon to specific metal ions 

can be effectively improved by functional groups with corresponding adsorption ability.11-13 Research has proved 

that the alkaline groups introduced on the surface of activated carbon can provide it with alternative surface 

diversity and meet requirements for the wider application in separation, catalysis, material science, biotechnology, 

etc..11 Xie12 found that the adsorption ability of starch to Pb(II) was greatly enhanced after EDA modification; 

Gao13 successfully prepared a polyamine chelating resin through diethylenetriamine(DETA) modification and 

found that the resin prepared presented a favourable Cu(II) adsorption performance; Zhang14 et al. successfully 

grafted amino functional groups onto the surface of the resin. The Cd2+ and Ni2+ adsorption abilities of the resin 

obtained were greatly strengthened; Li15 pointed out that EDA modification effectively enhanced the adsorption 

properties of biomass-based mesoporous carbon for lead. 

This study prepared biomass activated carbon with high and medium porosity using bagasse as the raw material, 

phosphoric acid as an activating agent, and a one-step activation method. Through an L9 (34) orthogonal 
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experiment, it further discussed the influences of nitric acid concentration, oxidation time, EDA dosage, and 

modification time on the Pb(II) adsorption ability of biomass-based carbon with EDA modification and related 

influencing mechanisms. Moreover, the properties and mechanisms in biomass-based bagasse carbon samples with 

polyamine modification which affected the Pb(II) adsorption isotherm were analysed under different conditions 

according to the orthogonal experimental data. The results obtained would provide data support and a theoretical 

basis for preparing polyamine-modified biomass carbon with high Pb(II) adsorption. 

Experimental Procedure 

Reagent and Instrument 

The chemical reagents used, including bagasse, phosphoric acid, nitric acid, EDA, N, N- dicyclohexyl carbon 

phthalimide(DCC), and lead nitrate, were all analytically pure. The water used was deionised. The main 

instruments used included an Amicus X-ray photoelectron spectrometer (SHIMADZU) and the TENSOR27 FT-IR 

infrared spectrometer produced by Bruker, Germany, the 3H-2000Ps2 specific surface and pore size analyser 

(Beijing Persee Instrument Technology Co., Ltd), a flame atomic adsorption spectrophotometer (A3 Type, Beijing 

Purkinje General Co.), an intelligent microwave carbon material preparation system (Nanjing Yudian Automation 

Technology Co., Ltd), a pH meter (PHS-2C, Shanghai Kang Instrument Co., Ltd), and a collector type magnetic 

stirrer (DF- II, Jintan Jinxianglong Electronics Co., Ltd), etc.. 

Preparation of the Material 

After shining, cleaning, and drying, the bagasse was crushed using a pulveriser and sieved through a 50 mesh 

sieve. Then 20 g of bagasse was dipped into a phosphoric acid solution in the ratio 1:1.5 (by mass) and then dried at 

105 °C for 6 h. The bagasse thus obtained was activated in a tube furnace at 500 °C for 90 min under the protection 

of a nitrogen gas flow and subjected to atemperature increase at a rate of 5°C·min -1. The activated samples were 

first rinsed for 3 h using hydrochloric acid (0.1 mol·L-1) and then washed using distilled water to pH > 7. After 

drying, the activated carbon obtained was ground and sieved via a 100 mesh to obtain the mesoporous carbon 

bagasse biomass. The biomass carbon obtained showed a methylene blue value of 220 mg·g-1, a BET specific 

surface area of 938 m2·g-1, a total pore volume of 1.49 cm3·g-1, and a mesoporous porosity of 90.7%. 

Modification Method 

The biomass-based carbon in bagasse was placed in a 10% hydrochloric acid solution and stirred for 5 h at 60 °C. 

Then it was washed using water until the pH was greater than 7 and then dried at 105 °C; subsequently, 5g dry 

activated carbon was added to a 300mL nitric acid solution at concentration of 17.5%, 20%, 32.5% and was oxidized 

at 60 °C for 3 to 5 h; 5 g of the oxidized biomass-based mesoporous carbon was dispersed into 125, 150, 175 mL of 

EDA, respectively. The mixture was stirred until uniform. Subsequently, the mixture solution acquired was dosed 

with 5 g DCC and stirred for 24 h to 48 h at 120°C under refluxing conditions. After being filtered and rinsed using 

ethanol and ether, the prepared sample was dried for 8 h at 80 °C. The polyamine-modified activated carbon was 

obtained.  

The reaction mechanism of the polyamine modification was listed as follows: 

  
                                                                       (1) 

                                                      (2)
 

In order to investigate the effects of the preparation parameters on the Pb2+ adsorption of the polyamine-modified 

activated carbon, an L9(34) orthogonal array with four parameters and each in three levels was established. Three 

levels (L1, L2, and L3) of each investigated operational parameter were listed as follows, respectively: nitrate acid 

concentration(parameter A), oxidation time(parameter B), EDA dosage(parameter C), and EDA modification 

time(parameter D). The L9(34) orthogonal array, parameters and their values corresponding to their levels to be 
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studied in this work are shown in Table 1.   

TABLE 1.  L9 (34) ORTHOGONAL ARRAY, PARAMETERS AND THEIR VALUES CORRESPONDING TO THEIR LEVELS 

Parameters 
levels 

1 2 3 

A. Nitrate acid concentration/% 17.5 25 32.5 

B. oxidation time/ h 3 4 5 

C. EDA dosage/mL 125 150 175 

D. modification time/ h 24 36 48 

Characterisation 

The pore structure of the samples was measured using a low nitrogen adsorption/desorption method and the 3 H-

2000 Ps2 specific surface and pore-size analyser produced by Beijing Persee Instrument Technology Co., Ltd at 77 K 

and a relative pressure (P/P0) of 10-3 to 1.0. Before the test, the samples were degassed at 300 °C for 12 h. The total 

specific surface of the mesoporous carbon was calculated using the BET method, while the mesoporous volume 

(VH-K) and micropore volume (VBJH) of the mesoporous carbon were computed using the Horvath-Kawazoe (H-

K) equation and the BJH equation. The sum of the mesoporous volume (VH-K) and micropore volume (VBJH) was 

noted as the total volume (Vtotal). The overall pore size distribution of the mesoporous carbon was characterized 

using the DFT equation. The BET specific surface area and total pore volume were 816 m2·g-1 and 1.184 cm3·g-1, 

respectively; the pore volume of the mesopore/total pore volume was as high as 89%. Thus, the sample I8 was 

mesoporous. The surface area, pore volume and mesoporosity of modified I8 were decreased to 721 m2·g-1, 0.784 

cm3·g-1 and 73%, respectively. The data showed that the modified carbon I8 belonged to typical mesopourous 

carbon too. 

A PHI 5000 Versa Probe type X-ray photoelectron probe (Ulvac-Phi Co., Japan) was used to measure the XPS 

spectrograms of the mesoporous biomass carbon and polyamine-modified biomass carbon before and after Pb(II) 

ion adsorption 

Adsorption 

.e 0 eQ ( ) /V C C m 
                                                                               (3) 

where, C0 and Ce are initial, and adsorption equilibrium, concentrations of adsorbate in solution (mg·L-1) 

respectively; V is the volume of solution (L); m is the mass of absorbent (g). 

Results and Discussion 

The Effects of Modifying Parameters the Adsorption 

Research shows that EDA modification can greatly enhance the Pb(II) adsorption ability of the mesoporous carbon, 

and polyamine groups played a major role in the adsorption.15, 16 However, sufficient carboxylic groups should 

be modified on the surface of the carbon before EDA can be effectively grafted onto the surface of carbon through 

the copoly-condensation reaction as shown in equations (1) and (2). The grafting effectiveness of the EDA on the 

carbon is subject to many factors such as nitrate acid concentration, oxidation time, EDA dosage, and modification 

time. According to the orthogonality principle, an L9(34) orthogonal table was designed to analyse the influences of 

the factors on Pb(II)adsorption ability (see Table 1). 

Table 2 lists the analytical results of the orthogonal experiment on the EDA-modified bagasse carbon. As shown in 

table 2, the EDA-modified carbon samples I1-I9 presented a much higher Pb(II) adsorption capacity than the 

pristine bagasse carbon I, which proved that the EDA modification significantly enhanced the Pb(II) adsorption 

capacity of bagasse mesoporous carbon. The adsorption amount increased for the modified carbon from 37 mg·g-1 

for I5 to the highest 85 mg·g-1 for I8 than the pristine carbon I. This result indicated that the type and level of 

modification parameter have a great effect on the adsorption capacity. The values of k and R from range analysis 

can reflect the extent of influence of the parameter type and level on the Pb(II) adsorption, respectively. Through 

comparing R values for different parameters, it can be inferred that nitrate acid concentration exerted the largest 
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influences, followed by EDA dosage, EDA modification time and nitric oxidation time in turn. The optimum level 

of the influence factors were determined as A1B3C1D3 under prevailing experimental conditions according to k 

value, indicating that the most suitable modification conditions were at nitric acid concentration of 17.5%, nitric 

acid oxidation time of 5 h, EDA dose of 125 mL, and EDA modification time of 48 h. 

TABLE 2. ORTHOGONAL EXPERIMENTAL DESIGN AND RANGE ANALYSIS 

 

N. 

Nitrate acid 

concentration 

/% 

Nitrate acid 

oxidation time/h 

EDA dosage 

/mL 

EDA modification 

time/h 

Adsorption 

amount 

/mg·g-1 

I … … … … 100 

I1 17.5 3 125 24 175 

I2 17.5 4 150 36 181 

I3 17.5 5 175 48 175 

I4 25 3 150 48 163 

I5 25 4 175 24 137 

I6 25 5 125 36 164 

I7 32.5 3 175 36 164 

I8 32.5 4 125 48 185 

I9 32.5 5 150 24 177 

k1 177 167 175 163 … 

k2 155 168 174 170 … 

k3 

R 

175 

22 

172 

5 

159 

16 

174 

11 

… 

… 

Influence of Solution Ph 

Fig.1 shows the influence of pH value on the Pb(II) adsorption ability of the EDA-modified carbon I8. The Pb (II) 

adsorption ability increased sharply at pH<5.0, stabilized at pH 5.0-8.0, and slowly deceased at pH>8.0. The point 

of zero charge value of the modified carbon is about 4.9. At pH<pHpzc, the surface charge of the modified carbon 

was positive due to the protonation reaction. Obviously, lower positively charged amino groups would come into 

being at higher solution pH since more H+ desorbed from the carbon, which was helpful for coordination by the 

modified carbon because of electrostatic repulsion. However, at pH> pHpzc, the surface charge of the modified 

carbon was negative because of the adsorption of OH- ions through hydrogen bond at high pH. Although the 

solution pH had some effect on Pb(II) adsorption, the capacity was stable in the range of pH 5.0 to 8.0. The slow 

decrease of Pb(II) removal was attributed to the precipitation reaction of Pb(II). 
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FIGURE 1. THE EFFECT OF PH VALUE ON Pb(II) ADSORPTION ON CARBON I8 (CARBON DOSE 0.02 g, SOLUTION VOLUME 100 mL, 

INITIAL Pb(II) CONCENTRATION 30 mg·L-1, SOLUTION TEMPERATURE 25 °C) 

Adsorption Characteristics 

Fig. 2 compares the Pb(II) adsorption ability of the pristine carbon I and the modified carbon I5 and I8. As shown in 

Fig.5, the adsorption capacity of I5 and I8 were higher than that for I, which indicated that modification can greatly 

enhance the Pb(II) adsorption ability of bagasse carbon. In addition, the Pb(II) adsorption ability of I8 was superior 

to that of I5, which implied that the adsorption capacity of EDA-modified carbon varied with its modification 

parameters. 
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FIGURE 2. ADSORPTION ISOTHERMS OF Pb(II) ON CARBON I, I5 AND I8 (CARBON DOSE 0.02 G, SOLUTION VOLUME 100 mL, INITIAL 

Pb(II) CONCENTRATION 30 MG·L-1, SOLUTION TEMPERATURE 25 °C, SOLUTION pH 4.5) 

The isothermal experimental data were fitted with the well-known models of Langmuir and Freundlich to 

investigate the adsorption mechanisms of Pb(II) onto bagasse carbon before and after modification. The linearised 

Langmuir and Freundlich isotherm equations are given as follows. 

                                             

0

0

e

e eC C q

q q b
 

                                                                                      (4) 

e

1
lg lg e lgq C K

n
 
                                                                                (5) 

Where Ce is the equilibrium solution concentration (mg·L -1) and qe is the amount of Pb(II) adsorbed onto 

adsorbent at equilibrium (mg·g-1). q0 and b are the Langmuir constants related to the adsorption capacity (mg·g-1) 

and energy of adsorption (L·mg-1) respectively. K and n are the Freundlich constants related to adsorption capacity 

and energy of adsorption respectively.  

Figures 3a and 3b show the fitting curves of the Pb(II) adsorption isotherm on I, I5 and I8 based on Langmuir and 

Freundlich respectively. The corresponding fitting parameters are shown in Table 3. 

It was found that higher values of correlation coefficient R2 were fitted by the Langumir model than that by 

Freundlich equation for the modified carbon I5 and I8. However, the opposite was true for the pristine carbon I. 

The results implied that the Pb(II) adsorption on the modified carbon could be described well by Langumir while 

the Freundlich fitted well the adsorption for the pristine carbon. The Langmuir isothermal model was mainly 

applied to monomolecular layer adsorption of an adsorbent with a uniform surface. Moreover, the absorbed 

molecules were independent.24 The Freundlich isotherm model was suitable when describing heterogeneous 

adsorption.25, 26 In accordance with the fitted results, the Pb(II) adsorption ability of the modified carbon samples 

was in line with the homogeneous type assumed by the Langmuir model, with equilibrium energy distribution on 

the surface. This result proved that the EDA modified carbon mainly functioned through internal chemical 

adsorption on a monolayer. The saturated adsorption capacities, fitted by the Langmuir model, were 137 mg·g-1 for 

I5 and 189 mg·g-1 for I8, respectively, which were in agreement with actual conditions. Carbon sample I showed 

both a better goodness of fit for the Freundlich, suggesting that the Pb(II) adsorption on I was heterogeneous.24-26 

 

FIGURE 3. LANGUMIR AND FREUNDLICH FIT OF ADSORPTION EQUILIBRIUM DATA OF Pb(II) ON I, I5 AND I8 
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TABLE 3. ISOTHERM PARAMETERS FOR PB(II) ADSORPTION ONTO CARBON I AND EDA-MODIFIED CARBON I5 AND I8 

Model 
Model isotherm 

equation 
Parameter I I5 I8 

Langmuir 
0

0

e

e eC C q

q q b
 

 

q0/ mg·g-1 127 137 189 

b/L·mg-1 2337 49453 527420 

R2 0.960 0.993 0.999 

Freundlich 
 

e

1
lg lg e lgq C K

n
 

 

K/ L·mg-1 22 82 173 

n 1.936 4.209 3.233 

R2 0.981 0.829 0.815 

XPS Analysis 

The surface properties of I8, modified I8, and modified I8 after absorbing Pb(II) were investigated through XPS 

analysis. This technique not only could provide elemental analysis of carbon, oxygen, lead and other elements, but 

also offer valuable information about the valence state of adsorbed ions by analyzing the chemical shift in binding 

energies. The survey spectra are shown in Fig. 8. The XPS spectrums for all samples showed that carbon, oxy-gen 

were the predominant elements observed on the surface from binding energies at 289 eV (C 1s) and 535 eV (O 1s). 

The N 1s peak appeared in the modified I8 sample at the location where the binding energy was 400eV. This result 

implied that after being modified, ethylenediamine was successfully modified on the surface of I8. Lead peaks (138 

and 436 eV) were also observed in the spectra after exposure to lead solution, suggesting that lead was absorbed on 

the surface of I8. Moreover, after the absorption reaction, the N 1s peak displayed an obvious right shift, which 

implies that a reaction occurred between modified carbon I8 and Pb(II) and that the polyamine group had an 

important function in the adsorption process. 

 

 

 

 

 

 

 

 

FIGURE 4. XPS OF I8, MODIFIED I8 BEFORE AND MODIFIED I8 AFTER PB(II) ADSORPTION 

Conclusions 

Bagasse carbons were modified with EDA for adsorbing Pb(II) from aqueous solution by nitric acid oxidation and 

EDA polymerisation. The effects of concentration of nitric acid, nitric acid oxidation time, EDA dosage, and EDA 

reaction time on the adsorption of Pb(II) on the modified mesoporous carbon were investigated. The results 

showed that the modification conditions of EDA greatly influenced the Pb(II) adsorption ability. The optimal 

modification conditions are at nitric acid concentration of 17.5%, nitric acid oxidation time of 5 h, EDA dose of 125 

mL, and EDA modification time of 48 h according to the result of an L9(34) orthogonal experiment. The EDA-

modified carbon I8, prepared under optimal conditions, achieved a Pb(II) adsorption ability of 185 mg·g-1, which 

was 85% higher than the pristine I8. The range analysis showed that nitrate acid concentrate has the most influence 

on Pb(II) adsorption ability, followed by EDA dosage, EDA modification time, and nitrate acid oxidation time in 

turn. Before modification, the isotherm for Pb(II) adsorption of carbon I was in line with the Freundlich isotherm 

model, while those of EDA modified carbons I5 and I8 were consistent with the Langmuir isotherm model. This 

result suggested that the Pb(II) adsorption on the modified carbon was mainly monomolecular with a uniform 

energy distribution on the surface. 
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Abstract 

With the rapid increase of car ownership in China, the quality of the end-of-life vehicle (ELV) is growing rapidly. Since the ELV 
recycling is helpful for environmental protection and cost reduction of the enterprise in the green supply chain, it is important 
for the government to design a proper strategy to strengthen the goodness of the green supply chain coordination. In this paper, 
a green supply chain system with one supplier, one automobile manufacturer, one retailer, one third-party recycler and one 
government in automobile industry is suggested. In this green supply chain, the third-party recycler can sold the recycled parts 
that can be reused to manufacturers, sold the rest dismantled parts to the suppliers, and can get a subsidy from the government. 
Then, game theory was applied and two different scenarios were analyzed for different pricing strategies with government 
subsidy for the third-party recycler, i.e. an independent decision scenario and joint decision scenario by cooperative game 
model. Based on the pricing analysis of the third-party recyclers of closed-loop supply chain pricing, it is found that in the joint 
decision scenario the profit is higher than the non-cooperative decision scenario and the government subsidy has no effect on 
the coordination of the green supply chain in ELV recycling system, so in order to reduce the automobile production cost, 
obtain high corporate profits and social benefits, each part of the supply chain should try their best to cooperate, formulate the 
pricing strategy jointly and the government needs to design more effective strategy to involved in the coordination of green 
supply chain. 

Keywords 

Green Supply Chain; ELV Recycling; Government Subsidy; The Third-Party Recycler; Game Theory 

Introduction 

In recent years, with the rapid development of the economic and society, China has become the biggest automaker 
and the largest automobile market all over the world. According to China Automotive Industry Yearbook 2011, the 
production of motor vehicle and small passenger car were more than 18 million and 9 million. 1 Given the stricter 
regulation on the end-of-life vehicle (ELV) standard issued by the Ministry of Commerce in 2012, the number of 
ELVs will increase rapidly in next decades. Legislative ELV recycling systems were established in the EU, Japan, 
Korea, and US, especially in the US, ELV recycling is managed under existing laws on environmental protection.2 
As a significant part of renewable resources, the circulation of the scrap automotive recycling work is difficult to 
implement, and automobile recycling quantity is in deficiency.3 The phenomenon that the scrap cars go into the 
market in an unfair way is more serious, which may not help the environment but discriminate arbitrarily and 
unjustifiably. In foreign countries, automotive recycling has aroused extensive attention due to environmental 
requirements, and also because there is a huge opportunity. But in China, due to people’s different ideas, 
legislation lags behind, the domestic government also does not have the corresponding policy to support, resulting 
in ELV recycling have not been given the attention. 

With the development of enterprises in today's world economy, some serve issues are explored, such as the 
massive resource consumption, the waste production beyond natural limits, and the absence of flows from waste to 
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resources, cause serious damage to the environment, especially in developing countries. In order to improve the 
resource utilization efficiency, increase profits, a proper treatment of the re-source and environment problems in 
the supply chain is particularly urgent and necessary. By now, there are many research methods for solving 
environmental problems in the supply chain. Green Supply Chain Management is an over-seas platform to 
promote green low carbon supplier management.4 Now it has evolved into a fusion of traditional supply chain 
management idea and the concept of green environment independent integrated supplier re-source management 
platform.5 Its main goal is to reduce resource consumption and waste generation at every stage of the supply chain. 
It uses the enterprise alliance game theory to achieve the target that a single enterprise can’t achieve cost reduction 
or increase the profit of enterprises.6 

In order to improve the utilization of non-renewable resources, reduce the production cost, the policy-makers can 
not only strengthen the management of ELV, but also can make the ELV recycling price increase, the quantity of 
ELV recycled improve and the pollution of the environment reduce by subsidies to the automotive recyclers or 
consumers. Such subsidies has been provided as financial and technical support for projects, such as the R&D 
government subsidies for SMEs’ development and technical innovation, which caused great impact and promote 
the development of small and medium enterprises.7 

Notations and Problem Description 

Notations 

The following notations are used for the following analysis. 

 the demand function of the automobile market 
α the price elasticity of the automobile market, where α<0 
β  the initial demand of the automobile market 

 the quantity function of the ELV recycled from the automobile 
market 

γ   the price elasticity of the ELV recycled from the automobile market, where 
γ <0 

q  the initial quantity of the ELV recycled from the automobile market 
δ1  the profit margin of the directly reused part of the recycled ELV 
δ2  the profit margin of the dismantled part of the recycled ELV 

 the rate of the directly reused part of the recycled ELV, where 
(0,1) 

 the rate of the dismantled part of the recycled ELV, where (0,1) and 
 

1sc  the unit cost of the newly produced part by the automobile parts 
supplier 

2sc  the unit cost of the part made from the dismantled part of the recycled 
ELV 

1mc  the unit cost of the newly produced automobile by the automobile parts 
supplier 

2mc  the unit cost of the automobile with parts from the third-party 
recycler 

cr  the unit sale cost of automobile retailer of the automobile retailer 
ct the unit processing cost of ELV recycling of the third-party recycler 
u  the price of the automobile parts supplied of automobile parts 

supplier 
w  the whole price of the automobile sold to the automobile retailer 
pr the retail price of the automobiles in the market 
pc  the recycling price of the third-party recycler for the recycled ELV 
ptm the prices of the directly reused part of the recycled ELV 

D

Q

1λ 1λ ∈

2λ
2λ ∈

1 2 1λ λ+ <
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pts the prices of the dismantled part of the recycled ELV 
b the government subsidy for the third-party recycler 

Problem Description and Model Assumption 

In this paper, the closed-loop supply chain is composed of one supplier, one automobile manufacturer, one retailer, 
one third-party recycler and one government, as showed in Fig. 1. In this system, the third-party recycler can sold 
the reusable parts that can be re-used by the automobile manufacturer, and sold the rest dismantled parts to the 
suppliers, i.e. the third-party recycler has an ability of decomposition, and the recycled parts are partially and 
directly reused. And in order to improve the utilization rate of non-renewable resources, reduce the production 
cost of enterprise, the government can give a one-off subsidy to the third-party recycler, i.e. the third-party re-
cycler will get a subsidy when it carry out its ELV recycling business and decompose the recycled ELV as the 
reusable parts and the rest dismantled parts. 

Therefore, in this case, the price of the automobiles in the market, recycling price of the third-party recycler, the 
prices of the directly reused part of the recycled scrap automobile, the prices of the dismantled part of the recycled 
scrap automobile, the price of the automobile parts of the automobile parts sup-plier and the subsidy of the 
government should be analyzed to increase the profit of the node enterprises of this supply chain system. 

 
FIGURE 1. GREEN SUPPLY CHAIN COORDINATION IN ELV RECYCLING SYSTEM WITH GOVERNMENT SUBSIDY FOR THE THIRD-

PARTY RECYCLER 

In order to simplify the analysis, it is assumed that the recycled parts from the third-party recycler have the priority 
of being selected for reusing, and the unit production cost of the automobile parts made from the dismantled part 
of the recycled scrap automobile and newly produced are not equal.  

Then the demand function of the market is addressed as . The quantity function of the recycled ELV from 
the market is assumed as , the quantity of the dismantled parts and the quantity of the dismantled parts of 
the recycled ELV can be noted as  and  respectively. The ELV recycling price for the sale from third-party 
recycler to automobile manufacturers and the automobile parts supplier can be assumed as and , 
respectively. 

Under above hypothesis and analysis, for a given recycling prices value 
cp , the profits of the automobile parts 

supplier, the automobile manufacturer, the automobile retailer, the third-party recycler, and total profit of the 
closed-loop supply chain system can be addressed as follows. 

The profit of automobile parts supplier can be expressed as: 

[ ] [ ]1 2 2 2 2 1 1 2( ) ( ) ( ) ( ) ( )s r c c c s c s r c cp p q p q p c p q c p p q p quπ α β λ γ λ γ δ λ γ α β λ γ λ γ= + − + − + − + − + − + − +                                      (1) 

The automobile manufacturer's profit can be expressed as: 

[ ] [ ]1 1 1 2 1 1 1( ) ( ) ( ) ( ) ( )m r r c c c m c m r cp w p p q p q p c p q p pu c qπ α β α β λ γ λ γ δ λ γ α β λ γ= + − + − + − + − + − + − +                                     (2) 

The automobile retailer's profit can be expressed as: 

( ) ( ) ( )r r r r r rp p p w p cπ α β α β α β= + − + − +                                                                   (3) 

The third-party recycler's profit can be expressed as: 

automobile 
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1 1 2 2( ) ( ) ( ) ( )t c c c c c c c tp q p p q p p q p p q cπ λ γ δ λ γ δ γ γ= + + + − + − +                                                      (4) 

And the total system profit of the closed-loop supply chain can be noted as: 

**
s m r tπ π π π π= + + +                                                                                  (5) 

Model Formulation and Analysis 

Joint Decision Scenario 

Under the joint decision situations situation, the total profits of the closed-loop supply chain system can be 
expressed as: 

( )
( ) ( ) ( )

**

2 2
1 1 2 1 1 1 2 2 2 2

1 1 1 1 2 1 1 1 2 2 1 2 1 1

     

        

s m r t

c s s m s m t c r

s m r r s s m s m t s m r

p c c c c c c q p p

c c c p q c c c c c c c c c

π π π π π

γ λ γ λ γ λ γ λ γ λ γ γ α

β α α α λ λ λ λ λ β

= + + +

= − + + + − − − − +

+ − − − + + + − − − − + +

                                  (6) 

To make the closed-loop supply chain system get the maximum total profit, it can be seen as the dual function of 

cp  and rp , so the optimal condition of the first order can be addressed as following. 

( )

( )

*

1 1 1 2 1 2 2

*

1 1

2 ( ) 0

2 0

c s m s s m t
c

r s m r
r

p c c c c c c q
p

p c c c
p

π γ λ γ λ γ γ

π α β α α α

∂
= − + + + − − − − =

∂

∂
= + − − −




∂


=






                                            (7) 

Then the solution of Eq.(1), i.e. *
cp  and *

rp , can be concluded as: 

( )1 1 2 1 1 1 2 2 2 2*

* 1 1

2

2 2

s s m s m t
c

s m r
r

c c c c c c q
p

c c cp

λ γ λ γ λ γ λ γ λ γ γ
γ

β
α

+ + − − −



−
=

+ +
= −



                                             (8) 

And, finally, the total profits of the closed-loop supply chain system in joint decision scenario can be noted as: 

( ) ( )

( ) ( )

2 2
1 1 2 1 1 1 2 2 2 2 1 1*

1 1 2 1 1 1 2 2 1 2 1 1

4 4
       

s s m s m t s m r

s s m s m t s m r

c c c c c c q c c c

b q c c c c c c c c c

λ γ λ γ λ γ λ γ λ γ γ α α α β
π

γ α
λ λ λ λ λ β

+ + − − − − + + −
= −

+ + + + − − − − + +

                                     (9) 

Independent Decision Scenario 

In an independent decision-making situation, it is supposed that the automobile manufacturer acts as the leading 
factor, under the condition of complete information symmetry, after the automobile retailer and the third-party 
automobile recyclers have learnt the decision of the manufacturer, and then make their own pricing decisions of 
the retail price and the recycling price. As for the automobile retailer, to maximize its revenue, the optimal 
condition is: 

2 0r
r r

r

p c w
p
π α β α α∂

= + − − =
∂

                                                                          (10) 

As for third-party scrap car recycling, to maximize its revenue, the optimal condition is: 

( ) ( )1 1 2 2 1 1 2 22 0t
c t

c

p b q q c q
p
π λ γδ λ γδ γ λ δ λ δ γ∂

= + − + + + − − =
∂

                                                  (11) 

Then it can get the following results: 

**

2
r

r
c wp α α β

α
+ −

=                                                                                 (12) 

( )
** 1 1 2 2

1 1 2 22
t

c
c q q q bp γ λ δ λ δ

λ γδ λ γδ γ
+ − − −

=
+ −

                                                                       (13) 
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Eq.(13) means that with the given wholesale price w  of the manufacturer, the retailer will set the wholesale prices 
as the **

cp  in Eq.(13), and can be seen as the reactions of the retailer to the manufacturer’s wholesale price strategy, 
i.e. the retailer's reaction function. 

Bring the Eq.(12) and Eq.(13) into Eq.(1), then the profit function of the automobile parts supplier, in the 
independent decision, can be obtained as: 

( )
2 1

2
1 1 2 22 2 2 1 2

t sr
s

c b cc qw w Buγ αα βαπ
λδ λ δ

 ++ −
= + − +  −+ − 

                                                       

(14) 

where                            ( ) ( )*
1 1 1 2 1 2 2

1 1 2 2

1
2 1

t
s c s

c bB c p c q γλ λ λ δ
λ δ λ δ

 + = + − + +   + − 

, ( ) ( )2 1 1
1
2 s rB B w u w c cα α β= + − − −  

. 

Bring the Eq.(12) and Eq.(13) into Eq.(2), then the profit function of the automobile manufacturer, in the 
independent decision, can be obtained as: 

( )
2 1 11

2
1 1 2 2

( )
2 2 2 2 2 1

r m tr
m

c c c bc qw w wu u Cα β α γ λα β λα απ
λδ λ δ

 + − ++ −
= + − − − +  + − 

                                           (15) 

where                                  ( )*
1 1 1 2 1

1 1 2 2

1
2 1

t
m m c

c bC c c p q λλ δ
λδ λ δ

 +
= − − + + − 

, ( )2 1 1
1
2 m rC C c cα β= − + . 

It is evident that the automobile parts supplier 's decision variable is the supplier’s parts selling price u , the 
automobile manufacturer’s decision variable is the wholesale price w . Therefore, for the automobile parts 
supplier's maximum profit, the optimal condition of first order can be addressed as following: 

( )1 1 2 2

1

0
2 2 2 1

0
2 2

s tr

m r m

c bc qw
u

c cw u
w

π γα βα
λδ λ δ

π α β α αα

  ∂ ++ −
= + − =    ∂ + − 

∂ + −
= − − = ∂

                                                           (16) 

So get the following formula: 

( )
**

1 1 2 2 1
t rc b c qw γ α β

α λδ λ δ α
+ + −

= −
+ −

                                                                      (17) 

** 12 r mc cu w α β α
α

+ −
= −                                                                           (18) 

Eq.(18) represent that given the wholesale price of manufacturers, i.e. **w , the supplier will set its optimal decision 
with the price of **u . Then bring the Eq.(17) into Eq.(18), it can obtain the supplier and the manufacturer's optimal 
pricing in the independent decision-making, leading by manufacturer. That is: 

                                                           (19) 

Bring the Eq.(12) and Eq.(13) into Eq.(5) , it can obtain the system profit under the closed-loop supply chain, which 
is in the independent decision leaded by automotive manufacturers. 

( )
[ ] ( ) ( )

2 2
** 1 1 2 2 2

1 2 2 1
1 1 2 2

2 2
1 2 2 1 2

1 2 2 2 1 2 2

2 (1 )
4 1 2

        ( ) ( )
4 4

t b r r
t

t r
m s s t r

c q p c w cc b

c q c
q c q c c qc c

γ λ δ λ δγπ λ λ α
γ λ δ λ δ

λ γ λ γ γ α α β
λ λ β

γ α

 + − − − + −∆ − = − − ∆ − ∆ − + +   + −   

∆ + ∆ − − ∆ + −
+ − + ∆ − + − − − ∆ +

                                   (20) 

where                                                                    
1 1 2 2s s mc c c∆ = − − , 

2 1 1s mc c∆ = + . 

Comparing the system profit of joint decision system and independent decision, i.e. Eq.(9) and Eq.(20), the 
following inequation can be obtained. 

( )

( )

*

1 1 2 2

* 1

1 1 2 2

1
2 3 3 2

1

t r

t r m

c b c qw

c c q cu

γ α β
α λδ λ δ α

γ α β α
α λδ λ δ α

+ + − = − + −
 + − − = −
 + −
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* **π π>  

By the above comparison, it is evident that the system profit of the independent decision is lower than the profit of 
the joint decision system. And it is evident that there is no impact of the government subsidy for the third-party 
recycler on the relation of *π  and *π , because the subsidy for the third-party recycler is not a function of the 
quantity of the ELV recycled from the automobile market, so this kind of subsidy has no effect on the coordination 
of the green supply chain coordination in ELV recycling system.  

Conclusion 

In this paper, the coordination of the green supply chain coordination in ELV recycling system with government 
subsidy for the third-party recycler is analyzed with the method of game theory and the related mathematical 
methods. Though the analysis of the independent decision scenario and the joint decision scenario, it is found that 
the total system profit is higher in the joint decision scenario than that in the independent decision scenario, and 
the subsidy strategy design in this paper has no effect on the coordination of the green supply chain coordination 
in ELV recycling system. Therefore, each enterprise in the closed-loop supply chain system should try their best to 
cooperate and work together, then set the price strategy together, and the government needs to design more 
effective strategy to involved in the coordination of green supply chain. 
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Abstract 

Nanostructured nickel phosphides were synthesized via a thermal decomposition approach. The effect of synthetic conditions 

such as P:Ni precursor mole ratio, reaction temperature, reaction time, reductant oleylamine quantity and species of additive on 

the crystalline phase and size of the as-synthesized nickel phosphides was discussed systematically. The results show that lower 

P:Ni precursor mole ratio, higher reaction temperature, shorter reaction time and the addition of oleic acid were beneficial to 

form Ni12P5 phase with large size. In contrast, higher P:Ni precursor mole ratio, lower reaction temperature, longer reaction 

time and the addition of octadecene were beneficial to form Ni2P phase with small size. The variety of oleylamine quantity 

cannot realize the phase-controlled synthesis, but the size can be controlled. These synthetic method also can be used to 

synthesize others transition metal phosphides. 

Keywords 

Initials in Capitals; Separate with Semicolons 

Introduction 

The controllable synthesis of transition metal phosphides has been regarded as a hot topic because their many 

properties are connected with different nanostructures, such as crystalline phase, size and morphology1, especially 

nanostructured nickel phosphides, which have more comprehensive application in catalysis field2. For example, Li 

et al.3 synthesized and compared electrocatalytic activity of Ni2P nanorods and nanoparticles. Ni et al.4 synthesized 

nickel phosphide nanocrystals (NCs) with two different phase (Ni2P and Ni12P5) and compared their photocatalytic 

degradation ability. Layan Savithra et al.5 reported the size-dependent catalytic activity of Ni2P NCs for 

hydrodesulfurization (HDS). Therefore, it is necessary to synthesize nanostructured nickel phosphides with 

different phase, size and morphology. However, trioctylphosphine (TOP) often used as phosphorus source to 

synthesize nickel phosphides in published reports, the large scale application is limited due to the high price. 

In this work, we report the controllable synthesis of nickel phosphides by using low-cost triphenylphosphine (TPP) 

as phosphorus source. The influence of reaction conditions including P:Ni precursor mole ratio, reaction 

temperature, reaction time, reductant oleylamine (OAm) quantity and species of additive on phase and size of 

nickel phosphides were investigated systematically. These synthetic method also can be used to synthesize others 

transition metal phosphides. By comparing our results with already published reports, in our study, not only the 

TPP with low cost was used as P source, but also the controllable synthesis can be achieved easily. 

Expeimental 

Synthesis of Nickel Phosphide Nanocrystals 

In a typical synthesis, Ni(acac)2 (0.256 g, 1 mmol), OAm (5-20 mL, 15.2-60.8 mmol) and TPP (0.5-4 g) were placed in 

a flask and stirred magnetically under a flow of argon. The mixture was raised to 280-340oC by a heating jacket and 

kept at this temperature for 10-120 min. After cooling down to room temperature, the product was collected, 

centrifuged, washed with a mixture of hexane and ethanol, and finally dried in vacuum at 60oC for 24 h. The 

crystalline phase and size of nickel phosphides can be controlled by changing reaction condition, including P:Ni 

mailto:panyuan6690366@126.com
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precursor mole ratio, reaction temperature, reaction time, reductant OAm quantity and species of additive. 

Characterization 

X-ray diffraction (XRD) was carried out on a Rigaku D/max-IIA diffractometer with Cu Kα radiation at 45 kV and 

40 mA. Transmission electron microscopy (TEM) was conducted on a JEM-2100 UHR microscope (JEOL, Japan) 

performed at 200 kV. 

Results and Discussion 

In our reaction system, Ni(acac)2 as Ni source, TPP as P source and OAm as reductant, the nickel phosphide NPs 

can be synthesized by thermal decomposition of the above mixed solution under Ar. By changing the reaction 

conditions, including the P:Ni precursor mole ratio, reaction temperature and time, reductant OAm quantity and 

the addition of different additive, different crystalline phase and size of nickel phosphides were obtained easily. 

Therefore, we tried a variety of single factor experiments, as shown in Table 1. The obtained products were 

characterized by XRD and TEM. 

  

  

FIGURE 1. XRD PATTERNS (a) AND TEM IMAGES OF THE PRODUCT AT DIFFERENT P:Ni PRECURSOR MOLE RATIO FOR (b) P:Ni = 

0.57 (c) P:Ni = 0.95 (d) P:Ni = 7.6 (e) P:Ni = 15. 

The XRD pattern and TEM images of the as-synthesized product at different P:Ni precursor mole ratio (from 0.57 

to 15) are shown in Fig. 1. We found that an interesting phenomenon occurs. The crystalline phase of the product 

was changed with the increase of P:Ni precursor mole ratio (Fig. 1a). When the ratio was 0.57, the product was 

pure Ni12P5 (PDF # 03-065-1623). The peaks at 32.8 °, 35.7 °, 38.4 °, 41.7 °, 44.4 °, 46.9 °, 49 °, 53.9 °, 56.1 °, 68.9 °, 74.2 

°, 79.8 ° and 88.7 ° can be attributed to the (310), (301), (112), (400), (330), (240), (312), (510), (501), (161), (004), (262) 

and (552) crystalline faces. TEM image indicates the as-synthesized Ni12P5 exhibits solid spherical nanoparticles 

morphology (Fig. 1b). The size distribution histogram indicates the average size of nanoparticles was 9.49 ± 0.86 

nm (inset in Fig. 1b). Increasing the ratio led to the variation of crystalline phase. When the ratio was increased to 

0.95, the product was the mixture phase of Ni2P (major) and Ni12P5 (minor). The peaks at 38.6 ° and 49 ° belong to 

the (112) and (312) crystalline face of Ni12P5. Similarly, TEM image also displays the solid spherical morphology 

(Fig. 1c), but the size was decreased to 7.95 ± 1.24 nm (inset in Fig. 1c). Further increasing the ratio to 1.9, the peak 

at 38.6° disappeared, and the peak intensity of 49° was weakened. Until the ratio was 7.6, the product was pure 

Ni2P (PDF # 03-065-3544). The peaks at 40.8 °, 44.5 °, 47.4 °, 54.3 °, 75.1 °, 80.2 ° and 88.9 ° can be assigned to the 

(111), (201), (210), (300), (211), (400) and (321) crystalline faces. The average size of Ni2P NPs was 7.27 ± 1.13 nm at 

this point (inset in Fig. 1d). When we further change the ratio to 15, the phase was not changed, but the average 

size was decreased to 6.63 ± 0.98 nm (inset in Fig. 1e). This is due to TPP not only acted as a P source, but also a 

surfactant, which can adsorb on the surface of NPs and restrain the growth and aggregation of NPs. 
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FIGURE 2. XRD PATTERNS (a) AND TEM IMAGE AT DIFFERENT TEMPERATURE OF (b) 280oC (c) 320oC (d) 340oC. 

TABLE 1 DETAILED SYNTHETIC CONDITIONS OF THE SINGLE-FACTOR EXPERIMENT 

 P: Ni T/℃ t/min OAm/mL Additive Product 

A 

 

0.57 300 120 5 - Ni12P5 

0.95 300 120 5 - Ni12P5+Ni2P 

1.9 300 120 5 - Ni12P5+Ni2P 

 
7.6 300 120 5 - Ni2P 

15 300 120 5 - Ni2P 

B 

 

7.6 280 120 5 - Ni2P 

7.6 300 120 5 - Ni2P 

7.6 320 120 5 - Ni12P5+NiP 

7.6 340 120 5 - Ni12P5+NiP 

C 

 

7.6 300 10 5 - Ni12P5+NiP 

7.6 300 30 5 - Ni12P5+NiP 

7.6 300 60 5 - Ni12P5+NiP 

7.6 300 300 5 - Ni2P 

D 

 

7.6 300 120 5 - Ni2P 

7.6 300 120 10 - Ni2P 

7.6 300 120 20 - Ni2P 

E 

 

7.6 300 120 5 OA Ni12P5 

7.6 300 120 5 ODE Ni2P 

 

We further study the effect of reaction temperature from 280 to 340°C, the corresponding XRD and TEM results 

were shown in Fig. 2. From Fig. 2a, it can be concluded that the crystalline phase is pure Ni2P at the low 

temperature (≤300 °C). When further increasing the temperature, a weak peak appeared at 49 °, which can be 

assigned to the (312) crystalline face of Ni12P5. This reason can be attributed to the loss of P source at high 

temperature. TEM images (Fig. 2b-d) display that the as-obtained NPs were monodisperse at low temperature. 

When the temperature was 340°C, the NPs were agglomerate. In addition, the size distribution histogram also 

indicates that the size can be controlled from 6.36 ± 1.01 nm to 17.6 ± 3.28 nm. 

Generally, the reaction time was used to study the growth mechanism of nanocrystal. But in our experimental 

process, we found that the time was also a key factor to influence the crystalline phase of the product. Fig. 3a 

shows the XRD patterns of the product at different time. The product was the mixture of Ni2P and Ni12P5 at low 

reaction time, and the pure Ni2P can be obtained until the reaction time reached 2 h, which indicates that longer 

reaction time was beneficial to the phosphorization process, thus, Ni2P phase was formed. However, TEM images 

(Fig. 3b) and size distribution (inset in Fig. 3b-d) show that the average size of NPs nearly no changed, which 

indicates that the size of NPs could not be controlled by changing reaction time. However, we also can be found 

that the dispersity of nickel phosphide NPs was poor with the increase of reaction time. 

Because the reductant can influence the nucleation rate of nanocluster, therefore, we tried to control this reaction 

by changing the reductant quantity. From the XRD patterns (Fig. 4a), it can be seen that the variation of OAm 

quantity cannot change the phase of the product. All the products at different OAm quantity were Ni2P phase, 

which suggests that the phase cannot be controlled by changing the OAm quantity. TEM results (Fig. 4b-c) suggest 

that the size of the Ni2P NPs decreased from 8.03 ± 1.08 to 6.91 ± 0.86 nm with the increase of OAm quantity from 

10 to 20 mL. The excess OAm in reaction system was beneficial to the nucleation process, and limited the 

aggregation of Ni2P NPs. However, because of the strong intermolecular forces and high surface energy of 

nanoparticles in solution, the Ni2P NPs were aggregated at low OAm quantity, the large size NPs obtained. 
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FIGURE 3. XRD PATTERNS (a) AND TEM IMAGES OF THE AS-SYNTHESIZED PRODUCT AT DIFFERENT REACTION TIME FOR (b) t= 

10 min (c) t = 30 min (d) t= 60 min (e) t=300 min. 

  
FIGURE 4. XRD PATTERNS (a) AND TEM IMAGES AT DIFFERENT OAm QUANTITY FOR (b) 10 mL (c) 20 mL. 

  
FIGURE 5. XRD PATTERNS (a) AND TEM IMAGES AT DIFFERENT SPECIES OF ADDITIVE FOR (b) OA (c) ODE. 

We further study the effect of the species of additive. Fig. 5a shows the XRD patterns of the product at different 

additive, including oleic acid (OA) and octadecene (ODE). It can be easily found that the crystalline phase was 

changed. When the additive was OA, the product was Ni12P5, which also exhibits solid sphere-like morphology but 

with large average size of 19.28 ± 4.36 nm (Fig. 5b). When the additive was replaced using ODE, the product was 

Ni2P, which exhibits small average size NPs of 8.27 ± 1.26 nm. Results suggest that OA was not beneficial to the 

phosphorization of TPP. 

Conclusions 

In summary, lower P:Ni precursor mole ratio, higher reaction temperature, shorter reaction time and the addition 

of OA were beneficial to form Ni12P5 phase with large size. In contrast, higher P:Ni precursor mole ratio, lower 

reaction temperature, longer reaction time and the addition of ODE were beneficial to form Ni2P phase with small 

size. However, the variety of OAm quantity cannot realize the phase-controlled synthesis, the product of each 

variety was Ni2P phase, but the size can be controlled. The small size NPs can be obtained at lower OAm quantity. 

These synthetic method also can be expanded to synthesize others transition metal phosphides. 
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