

  The Promising Features of New Nano Liquid Metals—Liquid Sodium Containing Titanium Nanoparticles (LSnanop)




The Promising Features of New Nano Liquid Metals—Liquid Sodium Containing Titanium Nanoparticles (LSnanop)







Metals 2015, 5(3), 1212-1240; doi:10.3390/met5031212




Review



The Promising Features of New Nano Liquid Metals—Liquid Sodium Containing Titanium Nanoparticles (LSnanop)



Toshio Itami *, Jun-ichi Saito † and Kuniaki Ara †





Innovative Technology Research and Development Section, Fast Reactor Technology Development Department, Oarai Research and Development Center, Section of Fast Reactor Research and Development, Japan Atomic Energy Agency, 4002 Narita, Oarai, Ibaraki 311-1393, Japan









†



These authors contributed equally to this work.






*



Author to whom correspondence should be addressed; Tel.: +81-29-267-4141; Fax: +81-29-266-3675.







Academic Editor: Enrique Louis



Received: 5 January 2015 / Accepted: 19 June 2015 / Published: 14 July 2015



Abstract:

 A new kind of suspension liquid was developed by dispersing Ti nanoparticles (10 nm) in liquid Na, which was then determined by TEM (transmission electron microscopy) analysis. The volume fraction was estimated to be 0.0088 from the analyzed Ti concentration (2 at. %) and the densities of Ti and Na. This suspension liquid, Liquid Sodium containing nanoparticles of titanium (LSnanop), shows, despite only a small addition of Ti nanoparticles, many striking features, namely a negative deviation of 3.9% from the ideal solution for the atomic volume, an increase of 17% in surface tension, a decrease of 11% for the reaction heat to water, and the suppression of chemical reactivity to water and oxygen. The decrease in reaction heat to water seems to be derived from the existence of excess cohesive energy of LSnanop. The excess cohesive energy was discussed based on simple theoretical analyses, with particular emphasis on the screening effect. The suppression of reactivity is discussed with the relation to the decrease of heat of reaction to water or the excess cohesive energy, surface tension, the action as a plug of Ti oxide, negative adsorption on the surface of LSnanop, and percolation.
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1. Introduction

The study of liquid metals has been an interesting fundamental field of physics [1,2,3] since Ziman [4] developed the electron transport theory of liquid metals, in which the Born approximation of electron scattering theory was coupled with the pseudopotential theory. On the other hand, this has also been an important subject in material science and for industrial technologies, such as refining and casting of metals and steels. Furthermore, in the fast reactor technology, liquid Na, a typical example of liquid metals, is an indispensable material for realizing excellent heat exchange. However, as is well known, liquid Na sometimes reacts with water and oxygen explosively, with large heat generation. This high reactivity of liquid Na causes difficult problems if present, such as severe accidents, for which some countermeasures must be prepared beforehand. It is very important to suppress the chemical reactivity of liquid Na to water and oxygen.

Recently, liquids containing nanoparticles (nanometer size) have attracted considerable attention with the goal of obtaining excellent thermal conductors [5]. This kind of liquid has been called a “nanofluid”. The motivation of these fluids is derived from the idea that the poor thermal conductivity of a fluid (or liquid) medium is supplemented by the high thermal conductivity of the suspended nanoparticles. Recent advances in so-called nanotechnology has made the stability of this kind of suspension liquid very rigorous; that is, the sedimentation problem of suspended particles in this kind of liquid might be removed by the adoption of particles of nanometer size instead of millimeter or micrometer size. However, the expectations for this kind of suspension liquid are not limited to only the improvement of thermal conductivity. In fact, development has been made for ferrofluids or magnetic fluids of organic liquid medium, whose fluid behavior can be controlled easily by a magnetic field. In this case, fine particles are coated with lyophilic organic molecules of long C (carbon)–C (carbon) bond chain, by which, together with the avoidance of particle agglomeration, an improvement in wettability is achieved between the fine particles and the organic medium. Even magnetic fluids with liquid metal medium have been reported in several cases [6,7,8], though such a surface coating is not always realized in the metallic medium.

In principle, it is possible to provide many interesting and valuable properties to this kind of suspension liquid through the combination of different nanoparticle and liquid medium materials. Liquid Na is an important thermal medium for fast reactor technology because of its high thermal conductivity. The largest problem to overcome is the danger caused by the high reactivity of liquid Na to oxygen and water. This chemical reactivity of liquid Na is desired to be removed by the introduction of nanoparticles into liquid Na. In fact, Ara and coworkers [9,10,11,12,13,14] succeeded in suppressing the chemical reactivity of liquid Na by introducing Ti nanoparticles. Kim et al. [15] performed theoretical analysis of the stability of this liquid Na containing Ti nanoparticles. In this article, the preparation, physicochemical properties, and stability of liquid Na containing Ti nanoparticles are reviewed, from the fundamental point of view, based on the studies of Ara and coworkers [9,10,11,12,13,14], particularly Saito et al. [13]. Hereafter, liquid Na containing Ti nanoparticles is referred to as “LSnanop” (Liquid Sodium containing nanoparticles of titanium).



2. The Design of LSnanop

The suppression of liquid Na’s chemical reactivity might be realized by introducing, as nanoparticles, elements that are more reactive than Na. The Ellingham diagram, or the standard Gibbs free energy of oxide formation as a function of temperature [16], tells us that this is possible, at least for the suppression of reactivity to oxygen, by the introduction of Ti, Cr, Mn, V, Si, and/or Al into liquid Na, whose standard Gibbs free energy of oxide formation is lower than that of Na. Noting the importance of bonding energy to the stability of nanoparticles in liquid Na, Saito and Ara [12] performed the preliminary density functional calculation of small size clusters composed of Na atoms and 3d- and 4d-transition element atoms; the bond energy and the charge transfer from Na atoms to nanoparticles were systematically analyzed. Ara and coworkers conclusively selected Ti among them.

The next problem is the stability of the suspension liquids. Under the absence of mutual solubility, it is not always easy to keep particles in the suspended state in a liquid medium stable by preventing sedimentation or floating problems. Therefore, the Brownian motion of suspended particles must be considered in detail. We consider the situation that a spherical Ti nanoparticle with radius rN is dropped into liquid Na, whose density and viscosity are ρNa and ηNa, respectively. The suspension of nanoparticles in liquid Na can be realized by the mechanism of Brownian motion; that is, the kinetic energy of dropping nanoparticles with the terminal velocity U does not exceed the thermal energy, (1/2)kBT (kB: the Boltzmann’s constant; T: the absolute temperature), of Na atoms in liquid Na. The upper limit of radius, or the critical radius, rNC for the permanent itinerant motion, is given as follows [17]:
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(1)




In Equation (1), ρNano represents the density of nanoparticle and g is the gravitational acceleration. C indicates the boundary condition dependence of Stokes’ law, Fr = 6πrNUC, for the friction force, Fr, against a falling sphere (radius rN) of velocity U; C = 1 for the stick boundary condition and C = 2/3 for the slip boundary one [18]. In the case of macroscopic spherical particles, the stick boundary condition has been conventionally employed for the derivation of terminal velocity. However, it is known that, in the microscopic case, there is the possibility that the slip boundary condition works well for Stokes’ law, as is shown in the model liquid composed of hard spheres [19]. In addition, since the wettability of Ti to liquid Na is not good, both cases were considered in Equation (1) [13].

The rNC in Equation (1) was obtained for the simple case in which the tendency of aggregation of nanoparticles due to, for example, the magnetic interactions, was left out of consideration. Therefore, by following the implication of Goto [17], the safety critical radius, rNsc, is introduced as rNsc = frNC; the value of f can be taken to be less than 1 to alleviate the danger of sedimentation due to the agglomeration of nanoparticles by the additional inter-particle interaction. Goto [17] implied that the value of f might be near 1/100 if magnetic interactions exist. In the case of LSnanop, Ti nanoparticles do not seem to be ferromagnetic, judging from a simple preliminary experiment in which the LSnanop was not attracted by a rare earth magnet (Nd2Fe14B). Therefore, the value of f = 1/100 should be far to the safe side.

Figure 1 shows the safety critical radii, rNsc’s, for three cases, f = 1, f = 1/10 and f = 1/100, of LSnanop as a function of temperature. The dependence of boundary condition for Stokes’ law on the critical radii is also shown in this figure by open circles for the slip boundary (A) and solid circles for the stick boundary condition (B). The difference of boundary condition is not so significant. Ara and coworkers [9,10,11,12,13,14] introduced Ti nanoparticles of 10 nm diameter into liquid Na (LSnanop).

Figure 1. Temperature dependence of safety critical radius, rNsc, for titanium nanoparticles in liquid Na; open circle: slip boundary condition (A); and solid circle: stick boundary condition (B).
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As can be seen in Figure 1, Ti nanoparticles of 10 nm diameter can be safely suspended in liquid Na, even if the inter-particle interaction is strong (f = 1/100), like in magnetic fluids. In addition, the LSnanop with nanoparticles of 10 nm diameter is kept stable, even in higher temperature ranges, such as 800 K. In the case of magnetic liquids with organic solvent medium, magnetic particles are coated with lyophilic organic molecules of long C–C bond chain, which keeps the inter-particle distance longer. This prevents the mutual collision and aggregation of particles in addition to increasing the lyophilic property. The adoption of such a technique is difficult in the case of LSnanop. Therefore, it is essential for the stability of LSnanop to introduce fine particles of nanometer size into liquid Na. As seen in Figure 1, Ti nanoparticles with up to a 20 nm radius may stabilize the LSnanop.



3. Preparation and Characterization of LSnanop

The electrodeposition technique has been adopted for the preparation of magnetic fluids with liquid Hg medium [6,7,8]; the electrolysis of electrolyte solution was applied to the introduction of ferromagnetic Fe and Co nanoparticles into liquid Hg. However, in the case of LSnanop, such a direct technique is not always valid due to the chemical reactivity of liquid Na to the electrolyte solution. Therefore, at present, the LSnanop must be prepared by the combination of two processes: nanoparticle preparation, followed by their introduction into liquid Na.

The Ti nanoparticles were prepared by the vapor deposition method in vacuum [20]. Prepared nanoparticles were always handled in an atmosphere of high purity argon gas (99.9999%). The surface of the prepared nanoparticles was kept clean under the condition of no oxidation. The average diameter of Ti nanoparticles, as determined by TEM (transmission electron microscopy) analysis on a Cu mesh, was approximately 10 nm [13]. The nanoparticles were dispersed into liquid Na at 623 K by using a stirrer and with the addition of ultrasonic sound waves, which were required because of the rather poor wettability of Ti nanoparticles to liquid Na in addition to their tendency to gather. Na metal of high purity grade (4.1 ppm O) was employed. Ti nanoparticles and Na metal were handled in a glove box with the circulation of high purity Ar gas (99.9999%). The concentrations of both oxygen and moisture in the glove box were kept below 0.1 ppm. The concentration of Ti in the obtained LSnanop was analyzed by the ICP-AES (inductively coupled plasma-atomic emission spectrometry). The reason it was necessary to perform concentration determination by ICP-AES is that during the preparation process it was not always easy to retain all the Ti nanoparticles in the LSnanop. The concentration of Ti in the LSnanop supplied to the experiments was found to be 2 at. %; namely, the number fraction (“atomic fraction”) of Ti is 2 atomic % as the binary mixture between Ti atoms and Na ones. The number fraction and the volume fraction of nanoparticles are estimated to be 6.92 × 10−7 and 0.0088, respectively, as described in Section 4.

The dispersed state of nanoparticles was investigated in the solid state using both TEM and AFM (atomic force microscopy). In principle, the observation in the liquid state may be desired. However, both observations were performed for the solidified samples due to the experimental difficulty of observation in the liquid state. To avoid the reaction of the sample to both oxygen and moisture, the preparation of samples for both observations was performed in the glove box described above. The handling for both techniques was done in high purity Ar gas atmosphere (99.9999%). During the TEM observation, the sample was always cooled with the use of liquid N2 to avoid evaporation of Na due to the temperature increase on the electron beam irradiation. Figure 2 shows the dispersed state of Ti nanoparticles in the solidified LSnanop. As can be seen in this figure, Ti nanoparticles are not present in the clustered state, but in the independent particle state.

Figure 2. (a,b) TEM images of solidified LSnanop.
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The cross sectional area of the solidified sample of LSnanop was also investigated using AFM [13]. The phase imaging of noncontact AFM clearly showed Ti nanoparticles as the hard part and Na as the soft part. In addition, the unevenness of the surface was detected using geometrical imaging. Such imaging photographs clearly show that the ~10 nm Ti nanoparticles are dispersed in the LSnanop [13]. Figure 3a shows the superposition of geometrical imaging and phase one for one cross section of the LSnanop. In Figure 3b, the distribution of unevenness in some part (along the red line from the blue spot in Figure 3a) is also shown. As can be seen in this figure, the small convex parts of 5 nm diameter are dispersed on the surface. This also indicates that Ti nanoparticles of nanometer size are dispersed in the LSnanop, though the size of nanoparticles is somewhat arbitrary, depending on the cutting surface and the observation spot.

Figure 3. AFM photograph of a cross section of the solidified LSnanop, (a) superposition of geometrical imaging and phase one; and (b) height distribution along the red line from the blue spot in (a).
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4. Fundamental View Point of LSnanop

As described in Section 3, we already have information about the LSnanop, such as the Ti atomic fraction (2 at. %), the shape (spherical) and the size of Ti nanoparticles (10 nm diameter). Therefore, it is very important to grasp the fundamental view point of LSnanop for the discussion of the physicochemical properties and excess cohesive energy . For liquid Na, the system is considered to be composed of one mole of Na (total atoms, via Avogadro’s number, NA (6.022 × 1023)). Similarly, the system considered for the LSnanop contains Na atoms of Avogadro’s number, NA, and Ti atoms of 2 at. % ((1/49) NA), as 10 nm diameter nanoparticles. For simplicity, the radius of Ti nanoparticles, rN, is assumed to be 5 nm only, which is almost supported by the direct observation of nanoparticles by TEM [13]. Then, the number of Ti atoms in one Ti nanoparticle, nTi, is estimated to be 2.95 × 104 (2.99 × 104) by assuming the density data of Ti metal [21]. The value of nTi is slightly dependent on the input data values, such as temperature and data sources. For example, in the present review, the estimation is performed at 500 K instead of 473 K, which was adopted in the previous paper [13]. Therefore, a slightly different value from the previous paper [13] was estimated in this review. The previously estimated values in Ref. [13] are written in parentheses in this section. The number of Ti nanoparticles, NNano, is 4.17 × 1017 (4.11 × 1017). The volume fraction of Ti nanoparticles is 0.0088 (0.007). The number fraction of Ti nanoparticles, XNano, is 6.92 × 10−7 (6.83 × 10−7); namely, the LSnanop is an extremely dilute mixture of Ti nanoparticles. We can define the nanoparticle spheres, whose radius, RN, is defined as VMLSnanop = (4π/3)RN3NNano; VMLSnanop is the volume of LSnanop containing Na atoms of the Avogadro’s number, NA, and Ti atoms of 2 at. %. The value of RN for the LSnanop is 24.2 (24.6) nm. On average, Na atoms can be considered to exist between two concentric spheres of radii RN and rN. This spherical shell, with the thickness of 19.2 (19.6) nm (RN-rN), contains 1.473 × 106 (1.465 × 106) Na atoms. This thickness, 19.2 (19.6) nm, is far larger than the correlation length of the liquid structure in liquid Na, which can be estimated from the distance of disappearance of oscillatory behavior on the radial distribution function, about 1 nm [22]. The system of LSnanop seems to still be a considerably large system for molecular simulations, such as ab initio molecular dynamics.



5. Physicochemical Properties of LSnanop


5.1. Density and Atomic Volume of LSnanop

In Ref. [13], the density, d (/103 kg·m−3), for the LSnanop and liquid Na was given as a linear function of absolute temperature, T (/K), as d = aT + b in the temperature range from 473 to 773 K. The given coefficients are, a = −3.11 × 10−4 and b = 1.12 for the LSnanop and a = −2.23 × 10−4 and b = 1.01 for liquid Na [13]. The density of liquid Na given in Ref. [13] is in excellent agreement with the literature data [23]. This indicates the reliability of measured values of density and the adopted experimental method, the drop image method [13]. Figure 4 shows the comparison of density between the LSnanop and liquid Na in the temperature range from 500 to 873 K. The density of LSnanop is about 4.8% larger than that of liquid Na, as can be seen from the plotted data points, which are situated on the upper region from the slanted line.

Figure 4. Comparison of the densities of LSnanop and liquid Na: The slanted line corresponds to the hypothetical case in which the densities of the LSnanop and liquid Na are the same.
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Similarly, the atomic volume, VM (/10−6 m3·mol−1), which is related to the density as M/d (M: atomic mass), is expressed as a linear function of T as VM = a’T + b’. The coefficients determined in this review are a’ = 0.0087 and b’ = 19.987 for the LSnanop and a’ = 0.0069 and b’ = 22.141 for liquid Na. From the density of LSnanop, the atomic volume of LSnanop is estimated to be about 4.9% smaller than that of liquid Na. It should be noted that this VM for the LSnanop is evaluated as a hypothetical system, with 2 at. % Ti of a binary Na atom–Ti atom system whose total number of atoms is the Avogadro’s number (system A). However, in principle, the LSnanop should be considered a system composed of Na atoms and Ti nanoparticles (system B) whose number fraction of Ti nanoparticles, XNano, is 6.92 × 10−7, as described in Section 4. Therefore, from this fundamental point of view, the LSnanop is a very dilute system of Ti nanoparticles.

The atomic volume of LSnanop shows a negative deviation of 3.9% from the ideal solution (linear law) [13], which is drawn as a function of at. % Ti between the atomic volume of liquid Na and that of Ti metal at 500 K (system A). If the density of Ti nanoparticles is assumed to be same as that of bulk Ti metal [21], a slightly larger negative deviation of 5.7% from the ideal solution (linear law) can be obtained for system B, a binary mixture of Na atom and Ti nanoparticle. With the addition of an extremely small number of Ti nanoparticles (XNano = 6.92 × 10−7), the LSnanop shows a striking shrinkage of 5.7% from the ideal solution. This striking result implies the existence of excess cohesive energy for the LSnanop, which is discussed later in this review.



5.2. Shear Viscosity of LSnanop

In Figure 5 a comparison of shear viscosity between the LSnanop and liquid Na in the temperature range from 423 to 723 K is shown [13]. As can be seen in this figure, in the low temperature range, the data of shear viscosity for the LSnanop is situated slightly on the upper region, namely the shear viscosity of LSnanop is slightly larger than that of liquid Na. However, in the high temperature range, the shear viscosity of LSnanop is lower than that of liquid Na. The shear viscosity of liquid Na itself [13] is comparable to the literature [24]. It should be remembered that, at least partially, this difference seems to be derived from the experimental limitation. In the case of the rotational vibration method adopted for the measurements [13], the range of measurements is officially from 10−5 to 10−2 Pa·s and the experimental error range was ±0.25 × 10−4~±0.38 × 10−4 Pa·s. Therefore, in the previous paper [13], the shear viscosity of LSnanop was concluded to be almost the same as that of liquid Na within the experimental error range. The measured data of shear viscosity should be considered only for the comparison between LSnanop and liquid Na. Anyways, the difference is very small and the shear viscosity of LSnanop may be almost the same as that of liquid Na.

Figure 5. Comparison of the shear viscosities of LSnanop and liquid Na: The slanted line corresponds to the hypothetical case in which the viscosities of LSnanop and liquid Na are equal.
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From the theoretical point of view, the shear viscosity of suspension liquid can be considered by the so-called Einstein’s formula [25,26],
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(2)




In Equation (2), η and η0 are, respectively, the viscosity of suspension liquid and that of medium liquid; ϕ is the volume fraction of suspended particles. The volume fraction can be estimated to be 0.0088, as described in Section 4. By inserting this volume fraction into Equation (2), the obtained viscosity is η = 1.022η0; namely, only a 2.2% increase in viscosity is predicted by Equation (2). As already described in Section 4, the estimation of volume fraction has some ambiguities and it was assumed to be 0.007 in the previous paper [13]. Therefore, the calculated result for η in the present review is slightly different from the previous prediction, η = 1.020η0 [13], though the difference itself is not so significant. The prediction due to the Einstein’s relation is slightly contradictory to the experimental data in the high temperature range; namely, the experimental shear viscosity of LSnanop is slightly smaller than that of liquid Na, as shown in Figure 5. Therefore, from the fundamental point of view, whether Einstein’s relation is valid or not for the LSnanop should be experimentally and theoretically studied in detail.



5.3. Surface Tension of LSnanop

Figure 6 shows the comparison of surface tension between the LSnanop and liquid Na in the temperature range from 500 to 873 K. The measured surface tension of liquid Na was in good agreement with the literature data [27]. This indicates the reliability of the measured data of surface tension and the adopted experimental method, the pendant drop image method [13]. The original data of surface tension was given as γ = −1.119 × 10−4T + 0.2681 for the LSnanop and γ = −9.940 × 10−5T + 0.2323 for liquid Na [13]. In these equations, the unit is N·m−1 for the surface tension, γ, and K (Kelvin) for the absolute temperature, T. The surface tension of LSnanop is 17% larger than that of liquid Na, as can be seen in Figure 6 from the data points, which are situated far into the upper region in comparison to the slanted line. This increase of surface tension of LSnanop also implies the existence of excess cohesive energy, which is clarified experimentally in Section 5.4 and theoretically analyzed in Section 6.

Figure 6. Comparison of the surface tensions of LSnanop and liquid Na: The slanted line corresponds to the hypothetical case in which the surface tensions of LSnanop and liquid Na are equal.
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The surface excess per unit area (or the surface adsorption) of Ti nanoparticles, ΓNano, can be estimated from the concentration dependence of surface tension. The ΓNano of LSnanop is related to the nanoparticle concentration (XNano) dependence of surface tension, γ. This relation is called the Gibbs adsorption formula [28], whose explicit form is written as follows:
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(3)




The larger surface tension of LSnanop compared with liquid Na implies the negative adsorption for the surface layer of LSnanop; Ti nanoparticles are retired from the surface layer. The surface layer of LSnanop may only be covered with Na atoms. The completely inverse situation, positive adsorption, was concluded by a simple theoretical analysis ([1] p. 477) of the surface layer of liquid Hg-K alloys consistently with the concentration dependence of γ. The surface layer of K amalgam is covered with K atoms only, even if the atomic fraction of K is an order of 10−6 less. The negative adsorption, or the absence of Ti nanoparticles on the surface layer of LSnanop, may be deduced by a rather simplistic discussion of the surface layer of liquid mixtures. As is well known, the monolayer approximation is adopted for the Gibbs adsorption formula. Moreover, in the case of LSnanop, the size difference between constituents is extremely large, 5 nm radius for nanoparticles and 0.098 nm (ionic radius) and 0.154 nm (atomic radius) for Na [29]. Up to date, to the authors’ best knowledge, no surface structure analysis has been performed experimentally and theoretically for such mixtures whose size difference between constituents is as large as described above. This seems to be an interesting and important future subject in the surface science. At present, it may be considered that the Gibbs adsorption formula is grasping the essential point of LSnanop; namely, the surface layer of LSnanop may be covered only with Na atom.

It can easily be considered that the existence of excess cohesive energy may enlarge the surface tension of LSnanop. Empirically, the surface tension of liquid metals at the melting temperature is correlated with the heat of vaporization, [image: there is no content], and atomic volume, VM, as follows [30]:
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(4)




This relation was originally obtained for the surface tension γm of pure liquid metals at the melting temperature, γm. However, this relation is assumed to also be valid for liquid mixtures, such as the LSnanop. In the previous paper [13], Equation (4) has already been employed for the analysis of the effect of excess cohesive energy on the surface tension of LSnanop. Unfortunately, the excess cohesive energy was inserted into Equation (4) in place of the heat of vaporization. Therefore, once more, the analysis based on Equation (4) is performed with the use of the heat of vaporization. As described in Section 5.4, the excess cohesive energy of LSnanop is 19.8 kJ·molNa−1, whose unit indicates that the system considered contains one mole of Na. Therefore, the heat of vaporization for the LSnanop is assumed to be 19.8 kJ·molNa−1 larger than that of liquid Na (107 kJ·molNa−1) ([30] p. 8). In Figure 7, a comparison of the ratio, γLSnanop/γliquidNa (γLSnanop: the surface tension of LSnanop; γliquidNa: the surface tension of liquid Na), is shown between the calculation by Equation (4) and the experimental value at the melting temperature. It may be possible to perform the comparison of this ratio of surface tension at any temperature. However, Equation (4) was originally presented for various liquid metals at their melting temperatures [30]. In addition, this ratio of surface tension is almost temperature independent, as can be seen from Figure 6. Therefore, this comparison was performed only at the melting temperature of Na. In Figure 7, the solid circle indicates the calculated result without atomic volume correction, in which only the correction of heat of vaporization is taken into account and the atomic volume of LSnanop is assumed to be same as that of pure liquid Na. The predicted ratio between the surface tension of LSnanop and that of liquid Na, 1.185, is in good agreement with the experimental ratio, 1.17, as can be seen from the solid circle close to the slanted line. It is very interesting that the agreement is worse in the case that the experimental value of atomic volume (shrinkage of 4.9%) is correctly inserted, as shown in Figure 7 by the open circle, which is apart from the slanted line. The calculated ratio of surface tension with atomic volume correction is 1.218. The better agreement with experiments for the prediction without atomic volume correction may correspond to the negative adsorption of LSnanop, which can be speculated from the 17% increase of surface tension with the addition of a small amount (XNano = 6.92 × 10−7) of Ti nanoparticles into liquid Na.

Figure 7. Comparison of the surface tension ratio (γLSnanop/γliquid Na) between the calculation by Equation (4) (indicated by “Cal”) and the experiment (indicated by “Exp”) at the melting temperature of Na; solid circle: the calculation without atomic volume correction; open circle: the calculation with atomic volume correction. The slanted line corresponds to the case on which the calculated values are same as experimental values.
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5.4. The Heat of Reaction to Water of LSnanop

In Figure 8 a comparison of the heat of reaction to water is shown between solidified LSnanop and solid Na. The heat of reaction to water of solidified LSnanop is smaller than that of solid Na, as can be seen from the data point, which is situated in the lower region below the slanted line. The data of heat of reaction to water were obtained for the solidified samples at 303 K, under a high purity argon gas atmosphere, using a Twin Conduction Calorimeter [13]. To perform this measurement, a LSnanop sample containing about 30 mg of Na (1.3 × 10−3 mole) was put in the sample capsule followed by the addition of 2 mL of water (0.11 mole). The calibration of the quantity of heat was performed by measuring the heat of reaction to water of sodium hydroxide (NaOH), whose literature data, −44.51 kJ·mol−1 [31], is known. Because of the exothermic reaction of LSnanop to water, the temperature of the sample increased above the melting temperature of Na. Measured value of heat of reaction to water was corrected by taking into account of the heat losses due to the endothermic melting transition of Na. The employed value for the heat of melting of Na was 2.60 kJ·mol−1 [32]. The measurements of the heat of reaction to water were repeated 32 times for the solidified LSnanop. The measurements were also repeated 19 times for solid Na. In addition, similar experimental results were obtained for the samples of liquid state at 373 K. Also in the liquid state, the decrease of heat of reaction to water of LSnanop was confirmed similarly to the experiments at the solidified state shown in Figure 8. After the measurements, the amount of Na and that of Ti were analyzed by using ICP-AES. In the previous paper [13], it was found that the obtained heat of reaction to water of solidified LSnanop, −156.9 ± 6.9 kJ·molNa−1, is smaller as an absolute value than that of solid Na, −176.7 ± 4.9 kJ·molNa−1. The experimental value for solid Na itself is in agreement with the literature value (−183.7 kJ·molNa−1) [33], judging from the experimental error range. It is very important to compare the heat of reaction to water for a system containing the same amount of Na atoms between the solidified LSnanop and solid Na. Therefore, the heat of reaction to water is shown in units of kJ·molNa−1 by calculating, from the measured heat value of the calorimetry and the number of Na atoms in the calorimetry sample, the quantity of heat corresponding to the system containing Na atoms of Avogadro’s number, NA. The reproducibility of the experimental data was good. In addition, the thermal error sources, for example, the oxidation of impurities, were investigated in detail. Conclusively, there are no error sources to spoil the measurements of heat of reaction to water for the solidified LSnanop and solid Na. Therefore, a considerable reliability is present for the measured difference of heat of reaction to water, −19.8 kJ·molNa−1, between the solidified LSnanop and solid Na. In the next section, this difference is thought to be derived from the existence of excess cohesive energy for the LSnanop.

Figure 8. Comparison of the absolute values of heat of the reaction to water between the LSnanop (solidified) and solid Na: The slanted line corresponds to the case in which the heat of reaction to water is the same for the LSnanop and liquid Na.
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6. Excess Cohesive Energy of LSnanop


6.1. The Determination of Excess Cohesive Energy of LSnanop from the Experimental Data of the Heat of Reaction to Water

It is very surprising that there exists a difference of the heat of reaction to water between solidified LSnanop and solid Na. Therefore, based on Hess’ law [34], the chemical reaction to water was investigated in detail. Conclusively, the existence of excess cohesive energy of LSnanop was found to be responsible for this difference [13]. The reaction to water of liquid Na is written as



Na + H2O → NaOH + 1/2H2:∆Hr(Na)



(5)




The chemical reaction to water of LSnanop is similarly written as follows:



Na(Ti) + H2O → NaOH + 1/2H2 + (Ti):∆Hr(Na(Ti))



(6)




In Equation (6), Na(Ti) and (Ti) indicate the LSnanop and Ti nanoparticles, respectively. The heats of reactions to water for both reactions, ∆Hr(Na) and ∆Hr(Na(Ti)), are, respectively, written as their enthalpies of constituent chemical components:



∆Hr(Na) = HNaOH + 1/2HH2 − HNa − HH2O



(7)




and


∆Hr(Na(Ti)) = HNaOH + 1/2HH2 + H(Ti) − HNa(Ti) − HH2O



(8)




The heat of formation of LSnaop, ∆Hf(Na(Ti)), is defined by the following chemical equation.



Na + (Ti) → Na(Ti):∆Hf(Na(Ti))



(9)




Similar to Equations (7) and (8), the heat of formation of LSnaop, ∆Hf(Na(Ti)), can be written as follows:



∆Hf(Na(Ti)) = HNa(Ti) − HNa − H(Ti)



(10)




Then, applying Hess’ law, the following equation can be obtained.



∆Hr(Na) − ∆Hr(Na(Ti)) = ∆Hf(Na(Ti))



(11)




Inserting the experimental values, −176.7 ± 4.9 kJ·molNa−1 for ∆Hr(Na) and −156.9 ± 6.9 kJ·molNa−1 for ∆Hr(Na(Ti)) into Equation (11), the heat of formation of LSnanop can be determined experimentally, as follows:



∆Hf(Na(Ti)) = −19.8 kJ molNa−1



(12)




Thus, the enthalpy of solidified LSnanop is lower than the sum of enthalpy of solid Na and that of Ti nanoparticles. The similar lowering of enthalpy is also expected for the case of the LSnanop (liquid state) and liquid Na, as mentioned in Section 5.4. Therefore, we can consider the “excess cohesive energy” on the formation of LSnanop.

This result, Equation (12), seems to be valid, because in the analysis, based on the rigorous Hess’ law, there exists no suppositions except for the assumption that the condition of Ti nanoparticles is unchanged before and after the reaction. Though this assumption seems plausible, detailed discussions are given below. We note the experimental result that the heat of reaction to water for the solidified LSnanop is smaller as an absolute value than that of solid Na. This means that the difference between the enthalpy before the reaction to water and that after the reaction is smaller for the solidified LSnanop than for solid Na. This indicates two possibilities: the first possibility is the case in which the enthalpy after the reaction to water of the solidified LSnanop is larger (higher on the energy diagram) than that of solid Na, and the second possibility is the case in which the enthalpy before the reaction to water of solidified LSnanop is smaller (lower on the energy diagram) than that of solid Na.

We first consider the first possibility. A crystalline state can be considered for the Ti nanoparticles in the LSnanop with the evidence of the moiré fringe [13], as described in Section 8. If, after the reaction to water of solidified LSnanop, the crystalline state of Ti nanoparticles are changed into another state, such as an amorphous (non-crystalline) state (case A) or, in an extreme case, an independent atomic state (case B), the enthalpy after the reaction to water of solidified LSnanop may be increased. As a simplest approximation, the enthalpy of amorphous (non-crystalline) state may be assumed to be nearly the same as that of a liquid state. Therefore, the enthalpy increase of case A can be estimated by the heat of melting of Ti metal ([21] p. 11). This heat of melting, 4.45 kJ·mol−1, and Ti concentration (2 at. %) gives the enthalpy increase of 0.396 kJ. This estimated value is far smaller than the 19.8 kJ·molNa−1 given by Equation (12). Similarly, the enthalpy increase of case B can be estimated, as a simplest approximation, from the heat of vaporization of Ti metal ([21] p. 11). From the sum of the heat of melting, 4.45 kJ mol−1, and the enthalpy of vaporization, 397 kJ·mol−1, the increase of enthalpy after the water reaction can be estimated to be 8.02 kJ, which is far lower than 19.8 kJ·molNa−1. We must remember that case B is a too extreme case. Even such an unlikely case can only explain 41% of the 19.8 kJ·molNa−1 given by Equation (12). That is, it is very unlikely that the first possibility, the increase of the enthalpy after the reaction to water, is responsible to the origin of the difference of the enthalpy of reaction to water between the solidified LSnanop and solid Na. Thus, it may be allowed to assume that the condition of Ti nanoparticles may be unchanged. Of course, further detailed experimental studies must be done for the characterization of Ti after the reaction to water of solidified LSnanop, though the preliminary studies were performed for the reaction products, as described in Section 5.

Thus, only the second possibility may be important: The difference of heat of reaction to water may be derived from the difference of the initial state (before the reaction to water) between the solidified LSnanop and solid Na. The enthalpy of solidified LSnanop seems to be smaller than the simple sum of the enthalpy of solid Na and that of Ti nanoparticles. Thus, the formation of LSnanop from liquid Na and Ti nanoparticles is an exothermic reaction. At present, the authors believe that the negative heat of formation may be derived from the existence of the excess cohesive energy for the LSnanop, defined by Equations (9) and (10). The existence of excess cohesive energy may be also supported by the shrinkage of atomic volume (Section 5.1) and the increase of surface tension (Section 5.3). This excess cohesive energy corresponds to 3.3% of the cohesive energy of liquid Na ([2] p. 110). Therefore, in the next section, the origin of this excess cohesive energy is discussed from the theoretical point of view.



6.2. Theoretical Analysis of Excess Cohesive Energy of LSnanop

It seems to be clear, from the experimental point of view, that the excess cohesive energy for the LSnanop exists. To the best of the authors knowledge, this experimental discovery of excess cohesive energy is the first case in the field of colloidal solutions or suspension liquids, though inter-particle interactions have been discussed traditionally by the so-called DLVO (Derjaguin, Landau, Vervey, and Overbeek) theory [35]. The DLVO theory considers the problem of aggregation of charged colloidal particles by the inter-particle potentials derived from the Coulomb repulsion (short distance) and the van der Waals’ attraction (long distance). However, in the case of LSnanop, the role of conduction electron must be considered in any method. Thompson [36] performed the first theoretical discussion of the interaction of suspended metallic bodies in a liquid metal medium. His analysis was essentially based on the DLVO theory. In Thompson’s analysis, the inter-body interaction was taken into account by the theory of Hamaker [37] and Lifshitz [38] based on the van der Waals’ interactions. In addition, the existence of conducting medium was considered by taking into account the screening effect caused by the electron gas. Kim et al. [15] presented a similar approach for the inter-particle interaction of LSnanop. The effect of the existence of conduction electrons is taken into account by the ab initio DFT (density functional theory) calculation, which is also discussed in detail in Section 8.

The essential feature of LSnanop may exist in the problem of bimetallic interface, which has been discussed based on the density functional theory [39] and the periodic planar jellium approximation [40]. In the case of a Na-Al bimetallic interface, with a large difference of electronegativity, the electron transfer was predicted to occur from Na (0.93) with a smaller electronegativity to Al (1.61) with a larger one [39]. The numerical value in the parentheses indicates the Pauling’s electronegativity [41]. Therefore, the electron transfers may occur from liquid Na (0.93) to Ti nanoparticles (1.54). These electron transfers produce the electrical double layer in the interfacial region. Such an effect contributes to the interfacial energy as the electrostatic energy. Lang and Kohn [42] performed a jellium model analysis of surface energy based on the inhomogeneous electron gas theory. They showed that the contribution of this electrostatic energy is 25% of the surface energy in the case of electron density corresponding to Na metal. Based on the knowledge described above, the excess cohesive energy of LSnanop is discussed below.


6.2.1. The Analysis Based on the Born Model

Because of the charge transfer from liquid Na to Ti nanoparticles, Ti nanoparticles carry negative charges derived from the transferred electrons. These negatively charged nanoparticles are screened by the removal of conduction electrons or the positively charged Na+ ions. This situation can be approximately considered by the Born model [43], which successfully reproduces the solvation energy of charged ions in electrolyte solutions or water. In this review, some attempt has been made to apply the Born model to the LSnanop.

The assembly considered contains NNano ions immersed in a medium whose dielectric constant is εr, which is defined by the ratio of dielectric constant of material, ε, to that of vacuum, ε0. Each ion (nanoparticle) has an electric charge, [image: there is no content] and radius, rN; the symbol [image: there is no content] is the absolute value of electronic charge. According to the Born model [43], which was derived from the charging process for ions of interest, the stabilization of these ions in the dielectric medium is evaluated by the following gain of Gibbs free energy due to the solvation.



[image: there is no content]



(13)




In principle, the solvation of positive Na+ ions should also be considered. However, it can be shown that the solvation energy of positive Na+ ions can be neglected. As for the εr, εr = 8 was assumed for a rough estimation, consulting the data of Ag [44], though some arbitrariness is included due to its wave length dependence. Thereefore, we use the Equation (13) as the starting point of the consideration for the screening effect in the LSnanop. If the value of ∆Z is known, the stabilized energy due to the solvation can be estimated. At present, no rigorous method is present for the estimation of ∆Z. Therefore, the previous knowledge and the studies are employed for the estimation of the number of transferred electrons per Ti atom, ∆n [13]. The ∆n is related to ∆Z with the relation, ∆Z = nTi∆n; the symbol nTi means the number of Ti atoms in one Ti nanoparticle, as defined in Section 4. The value of ∆n is given to be 0.10 (case A) from the Pauling’s diagram [41], by which the degree of ionic character can be estimated by the knowledge of the electronegativity difference between constituent elements. This method was originally proposed for a diatomic molecule. The value of 0.05 (case B) was also estimated for ∆n from the ab initio calculation of VASP (Vienna Ab initio Simulation Package) code for the model of an Na-Ti-Na sandwich system [9], and the value of 0.22 (case C) was also given from the calculation due to the DFT for the Na atom–Ti cluster system [12]. These three cases give, respectively, −74.2 kJ·molNa−1 (case A), −18.6 kJ·molNa−1 (case B) and −359.1 kJ·molNa−1 (case C) as the gain of Gibbs free energy, according to Equation (13). The calculation of case B is in the best agreement with the experimental value, −19.8 kJ·molNa−1. The value of ∆Z, which reproduces the experimental value of excess cohesive energy, −19.8 kJ·molNa−1 by Equation (12), is 1.54 × 103. The corresponding value of ∆n is 0.052. The Born model tells us that the solvation or screening effect is important for the excess cohesive energy of LSnanop.



6.2.2. The Screened Nanoparticles with Negative Charge in Liquid Sodium (SNP in Liquid Na)

The screening effect must be considered for the negatively charged nanoparticles of Ti under the influence of a plentiful amount of conduction electrons derived from the liquid Na medium. Unfortunately, no theory is available to apply to the LSnanop. The van der Waals interaction, which is one important basis of the standard theory of colloidal or suspension liquids, DLVO theory, does not always seem valid for the excess cohesive energy of a metallic system, such as LSnanop. Under these conditions, the excess cohesive energy of LSnanop was considered based on the proposed model, the screened nanoparticles with negative charge in liquid sodium (“SNP in liquid Na”) [13], though it remains a crude approximation. First, the Ti metal has been considered to be a monovalent metal [45], similar to liquid Na. Therefore, only transferred electrons to Ti nanoparticles from liquid Na can be treated as an excess charge if they are observed from their outside region. Then, we consider the screening of negatively charged Ti nanoparticles in liquid Na. The excess charge in metals is always screened quickly by a plentiful amount of conduction electrons. Around the positively charged particle or positive ion, the conduction electrons gather in the surrounding narrow range to cancel their excess charge. For example, the screening distance is 0.068 nm for metallic sodium [46]. However, the screening of a negatively charged particle is different from that of a positively charged one. The screening of a negatively charged particle in liquid Na medium is only possible by exposure to positive Na+ ions in its surrounding region. This can be established by the retirement of conduction electrons from this surrounding region. The screening distance for the negative charge may be larger than that for the positive one because of the reason that the size of electron is thought to be absent and that of positive Na+ ion is finite. Therefore, it can be assumed that the negatively charged nanoparticle of Ti always accompanies the screening shell of finite thickness, rOSC −rN, in which rOSC is the outer boundary radius of screening shell and rN is the radius of the nanoparticle.

In this screening shell, there are no conduction electrons and, as a result, positive ions are assumed to be exposed to a uniform density of ρ+ (jellium model for positive ions). Then, the attractive energy, ∆ESC, appears between the negatively charged Ti nanoparticle and the positively charged screening shell. The repulsive energy, ∆EREP, also works among transferred electrons on the Ti nanoparticle from liquid Na. The inter-nanoparticle interaction can be assumed to be neglected due to the complete screening. In the SNP in liquid Na model, the consideration is not necessary for the repulsive interaction among positive ions in the screening shell, because its appearance is cancelled by the disappearance of repulsive interactions among conduction electrons in this region. Under the assumptions described above, the excess cohesive energy, ∆E, can be written as the sum of ∆ESC and ∆EREP.



∆E = ∆ESC + ∆EREP



(14)




The transferred electrons on Ti nanoparticles may be rather localized in the d-band or may be itinerant in the sp-d overlapping band [45] of nanoparticles. For simplicity, in the present model, transferred electrons are assumed to be distributed uniformly (free electron) on the Ti nanoparticles. Then, the LSnanop contains NNano nanoparticles of Ti in liquid Na. By the charge transfer, each Ti nanoparticle of radius rN possesses an excess charge, [image: there is no content], in which [image: there is no content] is the absolute value of the electronic charge. The movement of conduction electrons in liquid Na screens this transferred excess charge in Ti nanoparticles quickly. The excess negative charge, [image: there is no content], itself should be determined by the condition that the chemical potential, or the Fermi energy, of Ti nanoparticle must be equal to that of liquid Na medium. In the present study, it is assumed that the employed magnitude of [image: there is no content] has already been determined in this manner. Under the given [image: there is no content], the energy change on the formation of LSnanop, or the excess cohesive energy, can be considered based on the free electron model for excess electrons on Ti nanoparticles and the jellium model of the number density, ρ+, for Na+ ions in the screening shell.

By following Raims’ procedure ([2] p.109), the repulsive energy among negative charges on the Ti nanoparticles, ∆EREP, can be given for the LSnanop. The explicit form is given as follows:



[image: there is no content]



(15)




By using Gauss’ theorem, the expression for the attractive energy between the negatively charged nanoparticle and the positively charged screening shell, ∆ESC, is given as



[image: there is no content]



(16)




The condition for the complete screening of every Ti nanoparticle by its screening shell is written as follows:



[image: there is no content]



(17)




It can be assumed that the thickness of the screening shell is thin. Therefore the attractive energy, ∆ESC, is written as



[image: there is no content]



(18)




Hence, the excess cohesive energy of LSnanop, ∆E, can be written as follows:



[image: there is no content]



(19)




The Rydberg energy unit was employed in Equations (15)–(19).

If the number of transferred electrons on the Ti nanoparticle from liquid Na, ∆Z, is known, the excess cohesive energy of LSnanop can be calculated by the “SNP in liquid Na” model. The previous three cases for ∆n or ∆Z are once again adopted (∆Z = nTi∆n). The ∆n = 0.10 (case A), which is estimated from the Pauling’s diagram [41], gives −84.9 kJ molNa−1. The ∆n = 0.10 (case B), which is derived from the ab initio MD (molecular dynamics) simulation for the model of Na-Ti-Na sandwich system [9], provides −21.2 kJ·molNa−1. The ∆n = 0.22 (case C), which is derived from the DFT calculation for the Na atom–Ti cluster system [12], gives −410 kJ·molNa−1. The calculated result of case B is in the best agreement with the experimental excess cohesive energy. The value ∆n = 0.048 is obtained to reproduce the experimental excess cohesive energy, −19.8 kJ·molNa−1 according to Equation (19). Thus, a similarly good result was obtained between the Born model and the “SNP in liquid Na” model. This implies the importance of the screening of negatively charged nanoparticles by the positive charges.

The “SNP in liquid Na” model seems to be based on too many simplistic assumptions, such as uniform distribution of transferred electrons on the Ti nanoparticle, the jellium model for Na+ ions in the screening shell, the equality of the excess negative charge on Ti nanoparticles to the transferred electrons from liquid Na, etc. However, the distribution of transferred electrons on the Ti nanoparticles can be assumed to be uniform with consideration of the Coulomb interactions, even if they are in d-states (or d band) of Ti. This assumption may be supported, at least for the evaluation of ∆ESC, because of Gauss’ theorem. In addition, at least the jellium model was successfully adopted for the explanation of the magic number of nanoparticles [47] and the surface energy of metals [42]. The assumption about excess negative charges on the Ti nanoparticle may also be supported by the study of electron transport properties of liquid transition metals, which states that the valence of liquid transition metals can be considered to be monovalent in the nearly free electron model [48], similar to the case of solid transition metals [45], though some arbitrariness has been reported for the valence of liquid transition metals [49]. These points are to be discussed elsewhere in near future.

In the “SNP in liquid Na” model [13], the inner boundary and the outer one of the screening shell are assumed to be sharply defined. However, an oscillatory behavior has been found for the electron density profile in the metallic interface in many previous theoretical calculations [39,40,42] based on precise quantum mechanical theories. It may be possible to assume a decaying function of oscillatory behavior for the electron density profile of excess charge on the theoretical analysis. Though this oscillatory behavior may be derived essentially from the wave nature of electrons, in the present “SNP in liquid Na” model, the sharply defined boundary of screening shell was simply adopted as a simplest approximation for a rather long screening distance of the negatively charged nanoparticles. Therefore, the contribution of electron density profile at the boundary was neglected for the estimation of excess cohesive energy. This simplification may be possible because of the reason that the Coulomb energies, ∆ESC and ∆EREP, may be dominant compared to the contribution of electronic structure for the considerably large charge transfer case. Such a simplification was also adopted for the theoretical analysis of the isolated Coulomb fission of charged nanoparticles ([47] p. 78), referred to in Section 8.

Furthermore, the contribution of difference of work function, or contact potential, was not considered explicitly in the “SNP in liquid Na” model [13]. This contribution was not so dominant for the surface energy of metallic Na [42]. As for the electrostatic contribution of interfacial effect or double layer, it is possible to consider that it may be partially taken into account in the “SNP in liquid Na” model. Until now, in this model many challenging subjects to be resolved remain, such as the incorporation in a self-consistent manner of the profile of electron density in the Ti nanoparticles and around their boundary regions, the distribution of Na+ ions around the screening layers, and the difference of work functions between constituent species. These subjects may be resolved by the application of an ab initio DFT calculation of electronic structure for the LSnanop. As already described, the system size of LSnanop is still considerably large for an ab initio DFT calculation. We believe that some essential points are included in the “SNP in liquid Na” model. Therefore, it is very important to solve the charge transfer per atom (nanoparticles) and the excess cohesive energy in a self-consistent manner in the “SNP in liquid Na” model. Anyway, it is important, for the better understanding of LSnanop, to improve this model by incorporating the subjects described above, together with the endeavor for an ab initio DFT calculation and MD simulation. The “SNP in liquid Na” model reminds us of the idea of Popplewell et al. [50]: the space charge layer coating, or the Coulomb repulsive layer coating. The fitted value to Equation (19), ∆n = 0.048, corresponds to a depth of 0.195 nm for the positively charged Na+ screening shell. In Ref. [13], the thickness of the screening shell was given as 0.20 nm due to the slightly different input data. The contribution of screening shell to the stability of LSnanop is discussed later (Section 8).

To end this section, a summary is given below for the process along which the excess cohesive energy may be considered to exist in the LSnanop.


	Experimentally, a difference of heat of reaction to water was found between solidified LSnanop and solid Na. This experimental result is reliable, judging from the reproducibility of experiments and the preliminary error analysis of the thermal analysis.


	A similar decrease in the heat of reaction to water of LSnanop was also confirmed experimentally for the samples in a liquid state.


	The decrease of heat of reaction to water of LSnanop seems to be derived, not from the raise of the enthalpy of final state, but from the lowering of the enthalpy of initial state before this reaction.


	Based on Hess’ law, this difference is thought to be derived from the existence of excess cohesive energy for the LSnanop. Hess’ law is a rigorous law in thermodynamics based only on the fact that the enthalpy is a quantity of state.


	The experimentally estimated excess cohesive energy can be explained theoretically by the Born model and the “SNP in liquid Na” model. The transfer of electrons to Ti nanoparticles from Na atoms, which is the fundamental viewpoint of these models, is revealed by the ab initio DFT calculation [12] and ab initio MD simulation [9].








7. The Suppression of Reaction to Water and Oxygen of LSnanop

As already described, the generated heat on the exothermic reaction to water of solidified LSnanop is smaller than that of solid Na. This leads us to expect the possibility of suppression of chemical reactivity to water and oxygen. This suppression of chemical reactivity was investigated in Refs. [11,14]. In this Section is given a review of this subject, in which new important factors to be considered are pointed out.


7.1. The Suppression of Reaction to Water

Figure 9 shows a photographic comparison between the time variation of reaction to water for the solidified LSnanop and that for solid Na in the interval from the onset of reaction to 0.9 s after the onset. The hydrogen bubbles generated by the reaction (Equation (5) or (6)), are observed as the white part in water on the surface of the sample in these photographs. In the case of solid Na, the reaction to water becomes remarkable at 0.3~0.4 s and continues until 0.9 s, the end of experimental time, with an almost constant vigor. On the other hand, in the case of solidified LSnanop, the reaction to water is far milder compared to the solid Na case over the whole experimental interval. This difference of reactivity to water should be studied in detail. The accumulation of Ti nanoparticles on the surface layer of LSnanop may play an important role in the suppression of chemical reactivity to water. Ara et al. [11] investigated the time variation of hydrogen pressure generated by the reactions (Equations (5) and (6)). The water is dropped from a nozzle to the solid Na in a vessel. A similar experiment was also performed for solidified LSnanop. In the case of solid Na, in the first stage, the hydrogen pressure increased abruptly up to the maximum value with an almost constant increasing rate; then, it remained at an almost constant value until the end of the experimental time. On the other hand, in the case of solidified LSnanop, in the initial short period (first stage), the hydrogen pressure increased abruptly, similar to the solid Na case; however, in the second stage, the hydrogen pressure was suppressed, though its increasing tendency continued; and in the third stage this increasing tendency became moderate and it took a long time for the hydrogen pressure to reach the maximum pressure, which was the same as the maximum pressure for the solid Na case. These behaviors also clearly show the suppression effect of LSnanop to the chemical reaction to water. It is important to clarify the role of Ti nanoparticles in the reaction interface of chemical reaction to water. It should be noted that the experiments for the reaction to water were performed in the solid state due to the reaction rate being too fast. In the case of the liquid state experiments, the difference of surface tension and the negative adsorption in the LSnanop may play a significant role in the difference of reactivity to water between LSnanop and liquid sodium. A detailed discussion is to be given elsewhere for the difference of mechanism of the reaction to water between LSnanop and Na. The suppression of reaction to water for the LSnanop is a significant advantage for the safety of heat exchange system composed of liquid Na and water, for example, for fast reactor technology.

Figure 9. A comparison of the reaction to water between the solidified LSnanop and solid Na.
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7.2. The Suppression of Reaction of LSnanop to Oxygen

Figure 10 shows the photographic comparison of the time variation of burning, or reaction to oxygen, between the LSnanop and liquid Na in the time interval from the onset of burning to 20 s after the onset. The burning experiment was performed by using a gas mixture of N2-20 vol. % O2. The initial temperature of the sample pool was kept at 773 K. In the case of liquid Na, the burning continues up to the final experimental time, 20 s. Observing Figure 10 in detail, the burning of liquid Na seems to be the hardest at 4 s, followed by a slightly moderate decrease of vigor until 20 s. On the contrary, the burning of LSnanop becomes weaker at 4 s, and almost stopped at 10 s. That is, the capability of self-extinction for the LSnanop was found to exist.

Figure 10. A comparison of reaction to oxygen between the LSnanop and liquid Na.
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The integrated heat of combustion was also measured with the use of a specially designed apparatus [11]. The Na sample weight was 2 g. Figure 11 shows a comparison of the integrated heat of combustion [11] between LSnanop and liquid Na. Until 1.5 min from the onset of burning, the heat generation was the same for LSnanop and liquid Na. However, at 2 min, the integrated heat of combustion for the LSnanop was decreased to be 75% of that for liquid Na. At 3 min, this decrease of generated heat was 68%.

Figure 11. A comparison of the integrated heat of combustion between the LSnanop and liquid Na: The slanted line indicates the hypothetical case in which the integrated heat of combustion is same for the LSnanop and liquid Na.
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Nishimura et al. [14] provided a detailed explanation of the difference of burning tendency between LSnanop and liquid Na. There are too many factors that relate to the burning phenomena, as described in Ref. [14]. Here, only important points and new views are explained. The burning mechanism is schematically shown in Figure 12. In the case of liquid Na, the connection of a channel in the oxide layer (or column) grows at the crack of the oxide film. Liquid Na is pumped up through these channels to the top of the oxide layer, at which the burning occurs. Together with the progress of burning, the temperature of liquid Na is increased. This causes an increase on the solubility of oxygen in liquid Na and a decrease of surface tension, which causes an increase on the spread of liquid Na at the outlets of channels on the top of the oxide layer. At these outlets, burning occurs in terms of the evaporation of liquid Na, which proceeds significantly at higher temperatures. Thus, the burning phenomenon grows violently with the progress of burning. On the other hand, in the case of LSnanop, as shown in Figure 12, some channels are blocked by Ti oxide plugs (blue bars in Figure 12). These Ti oxide plugs are formed in the channel by the oxidation of Ti nanoparticles; oxygen is supplied from the dissolved oxygen in liquid Na or the gas transport of O2 from the atmosphere through the fine pores or fine cracks of the oxide layer (or column). Thus, the transport of liquid Na through the channel is interrupted by these plugs. As a result, the burning at the top part of the oxide layer is suppressed.

Figure 12. A comparative schematic of the reaction to oxygen of LSnanop and liquid sodium; blue bars: titanium oxide plugs; small dots of red and bitter orange: burning points.
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Therefore, in the case of LSnanop, the temperature is kept low and the solubility of oxygen in liquid Na is also kept low. This keeps the surface tension of liquid Na large. As a result, the spread of liquid Na is limited at the outlet of channel on the top of the oxide layer. Thus, the burning is limited due to the decrease of the evaporation of liquid Na. In the extreme case, self-extinction occurs. The negative adsorption of LSnanop seems to work effectively for the formation of Ti oxide plugs because, in the inside of LSnanop, Ti nanoparticles are enriched due to the retirement of Ti nanoparticles into the inside of LSnanop.



Here, authors stress that many Ti oxide plugs are not always required for the suppression of burning. The liquid Na is supplied through the inter-dendritic channel up to its outlet on the top of the oxide layer, at which burning occurs. The inter-dendritic channel is composed of many branches and turning points, as shown in Figure 12. According to the percolation theory, obstruction of the supply of liquid Na up to the burning site at the top is realized if only some branches, for example, 17% [51,52,53,54], are blocked by Ti oxide plugs. This is the reason why a small amount of Ti nanoparticles in the LSnanop is very effective in the suppression of burning. In other words, the role of Ti nanoparticles may be very effective for the self-extinction of burning.




8. The Stability of LSnanop

The LSnanop contains some difficult points as a suspension liquid: the density difference between liquid Na and Ti nanoparticles is large; and it is almost impossible to adopt surface coating, which has been applied to magnetic fluids and in which suspended particles are coated with organic molecules with long bond chain to reduce the aggregation and the sedimentation and to improve the lyophilic property. Nevertheless, the LSnanop seems to be a very stable suspension liquid. Therefore, the stability of LSnanop must be discussed in detail. One important reason for this stability seems to be the existence of excess cohesive energy. The stability of LSnanop seems to be guaranteed thermodynamically by lowering (or the stabilization) of its energy state. The suspension mechanism due to the Brownian motion works effectively for particles of nanometer size, such as Ti nanoparticles in liquid Na in the case of LSnanop. Due to the absence of mutual solubility between liquid Na and Ti nanoparticles, the mechanism of Ostwald ripening does not work; Ostwald ripening is caused by the curvature dependence of chemical potential of matter. By this mechanism, small particles dissolve into a liquid medium and large particles grow. The LSnanop is irrelevant to this mechanism. The very dilute concentration of Ti nanoparticles in the LSnanop also has the advantage of the inhibition of mutual collision and the agglomeration of Ti nanoparticles, and the sedimentation due to such aggregations.

In addition, the existence of excess cohesive energy leads to the LSnanop being more stable by another mechanism, the space charge layer coating, or the Coulomb repulsive layer coating, which was proposed by Popplewell et al. [50]. They planned the improvement of suspension tendency by the Na addition to an Hg based ferrofluid containing Fe particles. The formation of a Na+ layer around Fe particles was expected to keep the inter-particle distance larger due to the Coulomb repulsion among Na+ layers. The “SNP in liquid Na” model tells us the possibility that each Ti nanoparticles of 10 nm is coated with the positively charged screening shell of 0.195 nm thickness, as described in Section 6.2.2. It is possible to consider that the Coulomb repulsive layer coating seems to be realized in the LSnanop.

The excess cohesive energy of LSnanop is derived from the charge transfer from liquid Na to Ti nanoparticles. As is well known, the accumulation of electric charge with the same sign causes the Coulomb fission. On the other hand, from Equation (19), any charge transfer gives the negative value of excess cohesive energy. Therefore, the Coulomb fission may be irrelevant to the LSnanop. However, because the theory of excess cohesive energy of LSnanop, Equation (19), is still in a very primitive stage, the possibility of Coulomb fission must be discussed a little in detail from another point of view [13]. The Coulomb fission has been reported for liquid drops of isolated metallic nanoparticles experimentally and theoretically [47(p. 78),55,56]. For example, the fission event in vacuum, Ag212+ →Ag9+ +Ag12+, was reported [57,58]. In this equation, the Coulomb fission occurs around the critical ratio, z/N = 0.095 (z: charge on nanoparticles in unit of the electronic charge, [image: there is no content]; N: number of atoms). In addition to the existence of excess cohesive energy, also from the ratio, z/N ≈ 0.05, given by fitting Equation (19) to the experimental excess cohesive energy, may indicate the absence of Coulomb fission, judging from this critical ratio. The Coulomb fission event was originally obtained for isolated “charged liquid drop” of metallic nanoparticles. It is well known that, with the decrease of diameter of nanoparticles, particularly under 10 nm, the melting temperature, Tm, decreases abruptly and is far lower than the Tm of bulk metals [59,60]. Therefore, there is the possibility that the Ti nanoparticles in the LSnanop may be melted, or at least surface softening may occur. In the TEM image of solidified LSnanop, the moiré fringe was found on the Ti nanoparticles [13]. This fact may indicate that the Ti nanoparticles in the LSnanop may be present in a crystalline state. This discussion also weakens the possibility of Coulomb fission. The LSnanop seems to be free from such a Coulomb fission. In addition, the existence of excess cohesion energy, given by Equation (19), also serves to keep the essential stability of LSnanop without the Coulomb fission.

Recently, Kim et al. [15] studied theoretically the stability of LSnanop in terms of the inter-nanoparticle interaction between Ti nanoparticles with 10 nm diameter in liquid Na. They assumed that the major interactions are the van der Waals interaction of Hamaker type [37] and the solvation potential. The solvation potential between spherical Ti nanoparticles was evaluated by the Derjanguin approximation [61]. The force exerted on Na atoms from the surface of Ti nanoparticle was needed for this approximation. This was calculated by the ab initio DFT (density functional theory). The model system was composed of one Na atom and 60 Ti atoms in five layers, in which the first three layers near to Na atom were relaxed and the next two layers were taken to be the same as bulk Ti. The total interaction between Ti nanoparticles shows that an attractive interaction works only when the distance between Ti nanoparticles is very short and the repulsive interaction works in almost all ranges of inter-particle distance. The maximum height (barrier) becomes about 9630 kBT, which means that no aggregation occurs. This result seems to guarantee the stability of LSnanop. The large repulsive inter-particle interaction may be caused by the overlapping of solvation layers. It is very interesting, from such an ab initio theoretical study, to reveal the vivid pictures for the origin of this large barrier against the mutual approach of Ti nanoparticles, the solvation, the degree, and the role of charge transfer, the role of screening effect due to the conduction electrons.

At present, some experimental evidence has been obtained for the long-term stability, which is extremely important in a thermal medium for the practical operation of technologies requiring highly efficient heat removal, such as fast reactors. One piece of evidence is the fact that measured physical properties, such as surface tension and viscosity, of LSnanop showed similar values irrespective to the passage of time (up to 100 h) since the preparation time. Another piece of evidence is the fact that these physical properties showed almost the same values, even if the solidified samples were supplied to repeated measurements after they were melted again [13]. Anyway, long-term stability must be confirmed experimentally, though the stability of various origins described above is expected to work.



9. Conclusions

A review of the preparation, physicochemical properties, and the suppression of chemical reactivity to water and oxygen of LSnanop (Liquid Sodium containing nanoparticle of titanium) was given. Despite the addition of only a small amount of Ti nanoparticles (2% as the atomic % of Ti, 6.92 × 10−7 as the number fraction of Ti nanoparticles, and 0.0088 as their volume fraction), physicochemical properties changed considerably, compared to liquid Na. The surface tension of LSnanop is 17% larger than that of liquid Na. The viscosity of LSnanop is almost the same as that of liquid Na. The heat of reaction to water of solidified LSnanop is 11% smaller than that of solid Na. This difference of heat of reaction to water seems to be derived from the existence of excess cohesive energy for the LSnanop. The LSnanop is a very stable suspension liquid, for many reasons including, the Brownian motion due to the movement of liquid Na atoms, the existence of excess cohesive energy, the absence of the mutual collision and the aggregation among nanoparticles due to the extremely dilute character and the Coulomb repulsive layer coating, and the absence of Ostwald ripening. Finally, from the fundamental point of view, it must be stressed that using ideas similar to LSnanop, it is possible to produce many interesting and valuable materials and technologies. Together with the suppression of reactivity to water and oxygen, ferromagnetism can be given to liquid Na with the choice of suspended particles. It may also be possible to establish power generation of high efficiency by coupling MHD (Magneto-Hydrodynamics) power generation with fast reactors.
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