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Abstract:



Solvents are widely used in crystallization, but their effects on the shape development of crystals are under debate. Here, we report a view on how solvents play their role by considering the viscosity of solvents. We synthesize silver particles in a mixture of alcohol and water. The viscosity of the solvent is changed by varying the volume ratio of alcohol in water. With the variation of viscosity, diverse morphologies of silver particles are synthesized. Small cubic crystals are formed at low viscosity, while hierarchical flower-like particles are formed at high viscosity. Two alcohols are employed, namely ethanol and propanol. No matter which alcohol is employed, the results are similar. Due to the limitation of mass transfer at high viscosity, the particles synthesized in such solvent are smaller and stabilized by the solvent. When the solution containing these particles are dropped onto metal substrates, these tiny particles firstly aggregate, which is followed by classic crystallization, forming flower-like hierarchical structures. These findings show the importance of the viscosity of solvents in shaping particles, which is underestimated previously.
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1. Introduction


Diverse shapes of particles have various properties in catalysis [1,2,3], electronics [4,5,6,7] and molecular sensing [8,9,10], which is impressive when considering the carbon family, including carbon nanotubes, graphene, diamond, and so on. The control of the shape of particles is the big issue in the field of nanoscience, as well as being at the core of the emerging mesoscience [11]. Different approaches have been developed to control the shape of particles, including templating methods [12,13] and kinetic controlling methods [14,15]. When particles are synthesized in solution, the solvent is inevitable. The solvents include hydrophilic (such as water and ethanol) and hydrophobic chemicals (such as tetrachloromethane and bromobenzene). The effect of solvents on the structural evolution of particles has been widely investigated [16,17]. Different opinions have been proposed. Some researchers believe that the solvent molecules selectively adsorb on the crystallographic facets of crystals to hinder the growth of these facets [18], while other researchers believe that the solvent determines the solubility of the solute [19], which affects the supersaturation such that it influences the crystallization. High supersaturation is conducive to the formation of facets with high surface energy [20]. Here, we show a different view of the solvent effect in shaping particles from the perspective of chemical engineering.



Mass transfer is the basic issue of chemical engineering. It is also a dominant factor in the growth of particles [21,22]. Based on the theory of diffusion-limited aggregation, loose structures are normally formed under diffusion limitation [23]. By adjusting the chemical diffusion and reaction rates in calcium carbonate precipitation, we synthesized snow-shaped vaterite particles for the first time [24]. By delaying the feeding of reactants in the reduction of platinum, we synthesized dendritic platinum particles that deviated from the thermodynamic prediction [25]. Although the effect of chemical diffusion on particles is confirmed, the reasons why it influences the shape evolution of particles require further investigation.



In crystallization, the growth of particles follows one of two different pathways, namely classic crystallization and non-classic crystallization. Classic crystallization assumes a discrete nucleation followed by a growth via monomer addition, as was proposed by LaMer [26] and improved by Reiss [27], and has guided many syntheses [28,29]. Recently, substantial evidence has suggested that non-classic crystallization based on coalescence plays an important role in the growth of products [30,31]. Alivisatos et al. suggest that whether particles grow via the classic layer-wise pathway or the coalescence pathway is based on the nucleation period, and a long nucleation favors the coalescence growth pathway [32]. The nucleation process is dependent on the collision frequency of building blocks, which is influenced by the diffusion of chemicals. Therefore, the diffusivity of reactants may determine the growth pathway of particles, which is the main assumption we want to evaluate in this paper.



We employ the solution-based reduction approach to synthesize silver particles. The reduction of silver ions is carried out in a mixture of alcohol and water. The diffusion of chemicals is tuned by adjusting the viscosity of the solvent via changing the volume ratio of alcohol. The reduction of silver ions occurs in two kinds of solvents, namely ethanol-water and propanol-water mixtures. No matter which types of alcohol are used, the shapes of silver particles are similar at the similar diffusivity of silver ions. Small crystals are obtained at high diffusivity, while flower-like hierarchical structures are generated at low diffusivity of silver ions. Further investigation indicates that, at high diffusivity of the reactant, classic crystallization dominates the growth of particles, forming small crystals with a smooth surface. At low diffusivity, tiny crystals are formed in the solution. When the solution is dropped onto copper substrates, the tiny crystals firstly aggregate, which is followed by classic crystallization, forming flower-like hierarchical structures.




2. Results and Discussion


The silver particles synthesized in different alcohol volume ratios were characterized by electronic microscopy, as shown in Figure 1. The shapes of the particles were different at different alcohol volume ratios. The particles synthesized with 20 vol % ethanol have a defined geometrical shape and smooth surfaces (Figure 1A1). The transmission electron microscopy (TEM) image shows the twin crystallographic structure of these particles, as shown in Figure 1A2. The selected area electron diffraction (SAED) pattern in Figure 1A3 indicates single crystalline features with clear diffraction points. When the ethanol was increased to 50 vol %, the particles obtained showed a flower-like profile with rough surfaces. The low-magnification SEM image in Figure 1B1 indicates the uniform and large yield of this structure. The high-magnification image (Figure 1B2) reveals that these particles were built up by the interconnection of plates. The SAED pattern of these particles exhibited a ring-pattern, as shown in Figure 1B3, indicating their polycrystalline character. A great deal of work has proved that the formation of twinned planes is the result of the energy minimization of crystals [33]. The smooth surface of the small crystals indicates that selective deposition or surface reconstructing took place during crystallization, suggesting that the growth of small crystals was more likely to follow the classic layer-wise growth scenario, while the polycrystalline features of hierarchical structures indicates a different growth scenario. To discover the relationship between the shape of the particles and the diffusion rate of silver ions, the diffusivity of silver ions at various ratios of ethanol was quantified, as shown in Figure 2. Since the amount of ethanol influenced the reduction rate, the reaction rate of silver ions was also quantified, as shown in the inset of Figure 2. It was found that the reaction rates changed slightly, while the diffusivity of the silver ions decreased to approximately one third with an increase in volume ratio of ethanol from 0.2 to 0.5. When the diffusion of chemicals was reduced, both nucleation and growth of particles were impacted, which was likely responsible for the different crystallization scenarios. Hence, we propose different paths of crystallization as a function of chemical diffusion, as shown in Figure 3.


Figure 1. Electron micrographs of silver particles synthesized in the mixture of ethanol and water at the ethanol volume ratios of 0.2 (A) and 0.5 (B). (A1,B1) are SEM images of the samples. (A2,B2) are the magnified TEM and SEM images, respectively. (A3,B3) are selected area electron diffraction patterns of the corresponding particles.
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Figure 2. Bar graphs show the diffusivities of silver ions at different ethanol volume ratios. The inset shows the time-dependent silver ion concentration during the reaction, indicating the similar reduction rates of silver ions at different ethanol volume ratios.
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Figure 3. Schematic illustration of how diffusion rate of silver ions changes the growth pathways of crystals, leading to the formation of distinct shapes of products.
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According to the models proposed in Figure 3, some silver ions are firstly reduced to silver atoms, inducing nucleation. The remaining silver ions participate in the growth of particles by one of two pathways, as determined by the diffusion rate of the silver ions. When the diffusion of silver ions was relatively high (upper layer in Figure 3), the silver ions or their reduction products (atoms) had high mobility, meeting the nuclei where they were incorporated into the lattice, forming small crystals in accordance with the classic layer-wise growth mode [34]. In contrast, when the diffusivity of the silver ions was low, the collision probability between silver ions and the nuclei was lowered. As a result, the remaining silver ions were preferentially reduced to silver atoms in the solution, inducing secondary nucleation. The nuclei are not stable in solution. They tended to aggregate together to reduce the surface energy. But their aggregation was restricted, due to the high viscosity of solvents. When the sample suspensions were dropped on copper substrates, the colloids were compacted to the surface of the substrates, followed by the growth of colloids, resulting in the formation of hierarchical structures.



To confirm the formation process of the hierarchical structures, a suspension of samples synthesized at 50 vol% ethanol was dropped onto different substrates, as shown in Figure 4. When the suspension was dropped onto a copper grid, the water was quickly left out, and silver particles with sizes of less than 10 nm were observed in the grid, as shown in Figure 4A. When the suspension was dropped onto a dense copper foil, the liquid remained on the foil for several hours at room temperature until it was completely dried. Flower-like hierarchical structures were formed on the copper substrate, as shown in Figure 4B. Therefore, the evaporation process is significant for the formation of flower-like particles.


Figure 4. Dropping the suspension on different substrates leads to the formation of different morphologies of silver products. (A) When the suspension was dropped on the copper grid, small silver particles with sizes of less than 10 nm were observed; (B) When the suspension was dropped on copper substrates, flower-like particles were observed after evaporation at room temperature.
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The evaporation had at least two effects. First, it increased the saturation of the solution in the droplets, which induced the growth of silver particles in the droplets. Second, it created a concentration gradient at the surface of the droplets. The outside surface had a high concentration of chemicals, while the inside surface had a low concentration, owing to the evaporation of the solvents [35,36]. Under the concentration gradient, the silver particles aggregated tended to grow towards the surface, forming plate-like particles. The interconnection of the plate-like particles formed flower-like structures. To verify this formation process, we synthesized silver particles at an ethanol volume ratio of 0.5. Then, the suspension was dropped onto copper substrate. The evaporation of the solvent was stopped at different times, and the samples on the substrates were washed with ethanol. Then, the samples were subjected to electron microscopy, as shown in Figure 5. After 1 h evaporation, small dendritic particles were formed, distributed randomly on the substrate, as shown in Figure 5A. With the prolongation of evaporation, the dendrites grew, forming branch-like particles (Figure 5B). Later, these particles formed feather-like plates (Figure 5C). On the edge of the feather particles, fractal structures predominated, indicating growth on the edges. With further prolongation of evaporation, the feather particles interconnected together, forming flower-like particles with rounded outer profiles (Figure 5D). Here, the replacement reaction may have been involved in the formation of silver particles, whereby the surface of the copper plate was oxidized and the silver ions were reduced at the growth front of the silver plate. When we dropped the suspension onto an alumina substrate, silver aggregates with thick brick-like particles as building blocks were obtained. Therefore, substrates play an important role in the formation of hierarchical structures.


Figure 5. The morphology of samples dropped onto copper substrates after different evaporation times (A) 1 h; (B) 2 h; (C) 3 h and (D) 5 h.
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For the formation of flower-like particles, silver ions are assumed to have largely been reduced in the solution. Therefore, silver atoms or their clusters should be present in greater numbers in the solution during the reaction. To quantify the silver atoms and clusters in the solution, we designed a setup to separate silver atoms and clusters from the solution. The details of this setup were described in the experimental section. To start with, silvers in the solution were in the form of silver ions, silver atoms, clusters, nuclei and large silver particles. Here, clusters refer to the unstable aggregates of silver atoms that are small enough to pass through the filter. The liquid samples taken from the suspension initially went through the filter, which entraped the nuclei and large particles of the solution, leaving silver ions, atoms and clusters in the outflow. Then, the outflow was injected into a cation exchange chromatographic column, in which the silver ions were selectively adsorbed in the column via the ion exchange process. Therefore, after these treatments, only silver atoms and clusters remained in the outflow, and these were then subsequently subjected to atomic absorption spectroscopy, as shown in Figure 6. When the reaction was carried out for a low volume ratio of ethanol (20%), approximately 0.2~0.4 ppm silver atoms was detected in the solution. When the reaction took place at a high ethanol volume ratio of (50%), the silver atom concentration reached approximately 1 ppm. Therefore, the amount of silver atoms in the solution increased with the volume ratio of ethanol, confirming the previous assumption that more silver atoms or clusters are formed in solution under decreased diffusion conditions, thus favoring the coalescence growth model.


Figure 6. Concentration of silver atoms in the solvent changes with the reaction time with different ethanol volume ratios (AVR).
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To exclude the chemical effect on the morphologies of silver products, we used propanol to replace ethanol, and synthesized silver particles at different propanol volume ratios. Since the viscosity of propanol is similar to that of ethanol, the diffusivity of silver ions at the same volume ratio was similar to that of ethanol. At the propanol volume ratio of 0.2, smooth crystals were formed, while flower-like hierarchical structures were formed at a volume ratio of 0.5, as shown in the insets of Figure 7A. The morphologies obtained for the propanol solution were similar to those formed in the ethanol solution. This indicates that the change in silver morphology is independent on the type of alcohol. Furthermore, we quantified the atom concentration in the propanol solution, as shown in Figure 7B. At the higher propanol volume ratio of 0.5, the atom concentration was higher than that for the ratio of 0.2, which is in good agreement with the results for the ethanol solution. Therefore, regardless of the alcohol employed, the low diffusivity of silver ions led to a high concentration of silver atoms in the solution, favoring the initial coalescence and subsequent classical growth and formation of hierarchical structures.


Figure 7. Diffusivity of silver ions at different volume ratios of propanol, and the silver morphologies formed in each solvent: (A) Concentration of silver atoms in the solution changes with reaction time at different propanol volume ratios; and (B) AVR means alcohol volume ratio.
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3. Materials and Methods


3.1. Synthesis of Silver Particles in Different Solvents


Reagents (analytical grade) used in the experiment were purchased from Sigma (Beijing), and purified water with a resistivity higher than 18 mΩ/cm was used. A solution of AgNO3 (0.1 M) was prepared by dissolving analytically pure AgNO3 reagent in purified water. A solution of sodium citrate (3.5 mM, 100 mL) was prepared in a flask by dissolving sodium citrate in the mixture of alcohol and water at different alcohol volume ratios (0.2, 0.5). The flask was heated to boiling for 30 min under vigorous stirring. Then AgNO3 solution was injected into the flask to initiate the reaction. The solution changed color gradually from colorless to yellow, and to turbid. After 50 min, the reaction was stopped and the products were sampled.




3.2. Characterization on the Morphologies of Samples


The shape of samples was examined by a JSM-6700F scanning electron microscope fitted with a field emission source at an accelerating voltage of 20 kV. Samples were spread on double-sided carbon wafer tapes and coated with gold prior to the microscopic characterization. The products were further investigated by transmission electron microscopy (TEM) using a JEM-2100 (UHR) high-resolution transmission microscope at an accelerating voltage of 200 kV.




3.3. Quantification on the Diffusivity of Silver Ions in Different Solvents


The diffusivity of silver ions in alcohol/water mixtures was determined on the basis of the Nernst-Einstein equation:


[image: ]



(1)




where, Di is the diffusivity of species i (cm2/s), R is the gas constant (8.314 J/(mol·K)), T is the absolute temperature (K), z is the charge of species i, F is the Faraday constant (96,500 C/mol), [image: ] is the molar conductivity of all conductive species at infinite dilution, and ti is the transference number of species i. The transference number of Ag+ in aqueous solution of AgNO3 is taken as 0.468 [21]. The conductivities of silver salt in the mixture of alcohol and water were measured by a pH/conductivity meter (Mettler-Toledo S470 Seven Excellence, Zurich, Switzerland). On the basis of this measurement, we firstly obtained the molar conductivity [37] of AgNO3 at different concentrations; then, by extrapolating the conductivity curve to infinite dilute concentration, we obtained the molar conductivity of AgNO3 at its infinite dilution. Subsequently, it was possible to calculate the diffusivity of silver ions using Equation (1).




3.4. Quantification of Reaction Rate of Silver Ions in Different Solvents


The reduction rate of silver ions was determined by tracking the concentration evolution of silver ions during the reaction. 1 mL of the solution was removed after designated reaction times, and cooled in ice water immediately to stop the reaction. Silver particles were eliminated from the sample by filtering via porous cellulose membranes with pore size of 1–2 nm. Then, the concentration of silver ions in the sample was measured by an ion meter equipped with a silver ion selective electrode (Metrohm, perfect ION™ comb Ag/S2 Combination Electrode, Zurich, Switzerland).




3.5. Measurement of Free Silver Atoms or Clusters in the Reaction Solution


1 mL solution was taken out from the reactor at designated reaction times, and immediately cooled in ice water to stop the reaction. Before measuring the silver atoms, the solution samples containing silver ions, atoms, clusters, and larger particles was introduced into a filtration setup, as demonstrated in Figure 8. After passing through a filtering device containing porous cellulose membranes, the silver particles in the solution were trapped inside. As a result, only silver ions, atoms, and clusters were left in the outflow solution. Subsequently, the outflow solution was injected into a cation exchange chromatography column, where the silver ions were selectively detained in the column via the ion-exchange process. Then, the purified water flowed through the column to carry out the silver atoms and clusters. The outflow showed no detectable optical absorption peak in the UV-vis scanning mode, confirming the removal of silver particles from the solution. The removal of silver ions was confirmed by adding ion-selective agents into the outflow, while showing no signal. Then, the concentration of free silver atoms and clusters in the outflow was determined by flame furnace atomic absorption (AA) spectrometry (Varian AA240).


Figure 8. Schematic demonstration on the procedure of removing silver particles and silver ions from the reaction solution.



[image: Crystals 07 00357 g008]








4. Conclusions


This paper investigated the role of chemical diffusion on the shape development of silver particles. At a high diffusivity of silver ions, small cubic silver crystals were generated, while flower-like hierarchical structures were formed at a lower diffusivity. Further investigation indicated that high diffusivities of silver ions favored classic crystallization via discrete nucleation, followed by a layer-wise growth process. At low diffusivity, the movement of silver ions was restricted, and they were liable to be reduced in the solution and stabilized by the solvent. When the suspension was dropped onto a copper substrate, the colloids in the solution were deposited onto the surface of the substrate. Under the evaporation of solvent, the aggregated colloids grew via classic crystallization, forming interconnecting, plate-like units, which generated flower-like structures. This study confirms that chemical diffusivity plays an important role in crystallization, and describes new understanding of the formation of hierarchical structures. Additionally, the synthesized flower particles look like the desert rose stones, which were found in the desert, but formed thousands of years ago. Their formation history and environment are the subject of great conjecture. This study shines light on the formation mechanisms of these beautiful stones [38].
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