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Abstract

:

In this study, gold nanoparticles (AuNPs) were synthesized using the Turkevich method. This article explains the didactic step-by-step synthesis, showing pictures of the entire process, including a well-explained mechanism and characterization study. Synthesis involves the reduction of NaAuCl4 using sodium citrate at high temperatures (approximately 90 °C). The two main mechanisms used to explain AuNPs synthesis via the Turkevich method are also discussed. The first mechanism considers that a nanowire intermediary and the other proposes that aggregate intermediates are not formed at any time during the synthesis. The materials (NaAuCl4 and AuNPs) were characterized using UV-Vis spectroscopy, scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray diffraction (XRD), and dynamic light scattering (DLS). The UV-Vis spectrum exhibits an absorption maximum at 521 nm because of the surface plasmon resonance (SPR) absorption band of the AuNPs. The SEM images of NaAuCl4 show crystals with cubic shapes, while the AuNPs have an average particle size of approximately 16–25 nm and particles that appear mainly spherical. To confirm the particle shapes, AFM was conducted, and it was possible to clearly observe individual spherical nanoparticles and their aggregates, and the average diameter of these AuNPs was approximately 12–19 nm. The XRD pattern of AuNPs showed four main characteristic peaks corresponding to the (111), (200), (220), and (311) planes, confirming the presence of cubic (FCC) gold. The DLS presented an average particle size of 3.3 ± 0.9 nm and a polydispersity index (PDI) of 0.574. AuNPs were synthesized using a simple and rapid method. The resulting spherical and ultra-small particles can be used in several applications.
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1. Introduction


During the 1850s, Faraday fabricated gold slides and examined them using shining light. For this purpose, he used sodium chloroaurate (NaAuCl4) with a reducing suspension, such as phosphorus in carbon disulfide, where the color changed from bright yellow to deep ruby. The resulting liquid is known as Faraday gold [1,2,3]. While shining a beam of light through the liquid, Faraday observed that a portion of the light was scattered, leading to the divergence of the light beam. This was explained by the presence of fine particles of gold dispersed in the liquid “in a state of extreme division”, which was not visible in any microscopy. This behavior is known as the Faraday–Tyndall effect. Faraday’s studies recognized the emergence of nanoscience and nanotechnology [1,2,3].



Gold nanoparticles (AuNPs) of various sizes and shapes have been fabricated using different techniques and routes. AuNPs have attractive physical properties, including surface plasmon resonance (SPR), the ability to quench fluorescence, surface-enhanced Raman scattering (SERS), and redox activity. Over the last decade, these properties have been used in the fabrication of electronic devices, imaging, sensing, printable inks, photodynamic therapy, therapeutic agent delivery, sensors, catalysis, probes, and others [4,5,6,7,8,9,10,11].



In addition, AuNPs exhibit excellent biocompatibility owing to their high binding affinities to biomolecules. Both covalent and noncovalent approaches have been designed to conjugate AuNPs. The most common covalent conjugation is the direct attachment of the thiolate molecule to AuNPs. Non-covalent interactions are usually due to electrostatic interactions, hydrophobic interactions, and specific binding affinities [4,12].



The synthesis of nanoparticles, in general, is usually classified by two methods: top-down and bottom-up approaches. In the top-down method, bulk metals decompose into smaller particles, generating the required nanostructures. The bottom-up method assembles atoms or molecules into larger nanostructures to generate nano-sized materials [11,12,13]. These synthetic approaches have been performed using physical, chemical, and biological methods. Each fabrication method has its own advantages and disadvantages.



The most common approach for synthesizing AuNPs is chemical methods. It usually employs three components: a metal precursor, reducing agent, and stabilizing/capping agents. The metal precursor is a metallic salt, such as gold. Chemical reduction can be performed using various chemical reductants such as sodium citrate (Na3C6H5O7), hydrazine (N2H4), ascorbic acid (HC6H7O6), and sodium borohydride (NaBH4) [14]. In addition, the stabilizing agent was absorbed onto the AuNPs surface to prevent agglomeration. The most common are phosphorus ligands, trisodium citrate dihydrate (C6H9Na3O9), cetyltrimethylammonium bromide (CTAB), chitosan, surfactants, and other polymers [12,13,14,15].



Although there are many articles discussing the synthesis of gold nanoparticles, to the best of our knowledge, we did not find an article that explained didactic step-by-step synthesis, the role of each reagent, or showed pictures of the entire process, including a well-explained mechanism and characterization study. Therefore, in this study, gold nanoparticles were synthesized using the well-known Turkevich method, and these aspects are considered in the discussions. This classical method was presented by Turkevich in 1951 using trisodium citrate as a reducing agent. Since then, several articles have proposed syntheses using a modified version of the Turkevich method [16,17,18,19].




2. Materials and Methods


2.1. Reagents


Sodium citrate (Na3C6H5O7) was purchased from Synth (Diadema, São Paulo, Brazil). Sodium tetrachloroaurate (III) dihydrate (NaAuCl4) was purchased from Sigma-Aldrich (Barueri, São Paulo, Brazil). All reagents were of analytical purity and all solutions were prepared with purified water using a Millipore Milli-Q system with a resistivity of 18.2 MΩ cm (at 25 °C).




2.2. Synthesis of Gold Nanoparticle


This paper will explain the didactic step-by-step process of the synthesis, showing pictures of the entire process, including a well-explained mechanism and characterization study. The synthetic process is illustrated in Figure 1. The gold nanoparticles were fabricated using classical citrate synthesis, also known as the Turkevich method.



Stock solutions of sodium citrate (10 mg mL−1) and sodium tetrachloroaurate (NaAuCl4) (0.125 mol L−1) were prepared. Subsequently, 420 µL of NaAuCl4 was added to 94.6 mL of deionized water, and the solution was agitated and heated to 90 °C. When the required temperature was achieved, 5 mL of sodium citrate was quickly added. Agitation and heating at 90 °C were performed for 20 min. The color of the suspension changed from light yellow to grey and then to red, indicating the formation of AuNPs. The AuNPs suspension was then slowly cooled to room temperature and maintained at 4 °C.




2.3. Characterization Techniques


NaAuCl4 and AuNPs samples were characterized using different techniques. UV-Vis Spectrometry was performed using a spectrophotometer UV-2550 (Shimadzu, Kyoto, Japan) at 300–800 nm. Both samples were diluted in deionized water using a quartz cuvette.



Scanning electron microscopy (SEM) images were recorded on a JEOL JSM 300-LV instrument (Tokyo, Japan). The measurements were performed by Prof. Dr. Lucas Franco Ferreira of the Federal University of the Jequitinhonha and Mucuri Valleys (UFVJM). X-ray diffraction analysis (XRD) was performed using a Shimadzu model XRD 6000 (30 kV, 30 mA) and Cu-Kα (λ = 1.54 Å) in the 30–90° range. In both techniques (SEM and XRD), the NaAuCl4 and AuNPs samples were placed on an acetate slide and dried at 70 °C.



Atomic force microscopy (AFM) was performed using a Bruker Multimode 8 (MM8) microscope. A scan size of 5.00 µm and amplitude of 5000 mV were used. AFM was conducted only for AuNPs. The sample was dried on a graphite substrate and placed on a circular metallic AFM holder using silver tape.





3. Results


3.1. Synthesis of Gold Nanoparticle


AuNPs were synthesized using the Turkevich method, and photographs of the process are shown in Figure 2a. As observed in the photographs, during synthesis, the color changed from pale yellow to a transparent colorless suspension almost immediately after citrate addition. The suspension remained colorless for 10 s and rapidly turned bluish gray. The next minute, the suspension continued to darken to a dark blue/purple color that was almost black. At this point, the suspension started to turn deep wine red, which is a characteristic of AuNPs. At the end of the synthesis (20 min), the color did not change considerably.



Notably, the suspension must be continuously stirred during the synthesis or agglomeration/precipitation of Au. In addition, the temperature was precisely controlled because it is a defining parameter in the synthesis of AuNPs. Increasing the temperature usually decreases the size of AuNPs. Hence, the chosen temperature was 90 °C, which was kept constant during all syntheses [20].



A color change was clearly observed when comparing the stock solutions of NaAuCl4 and the synthesized AuNPs, as shown in Figure 2b. For spherical particles of approximately 30 nm, the AuNPs absorbed light in the blue-green portion of the spectrum, reflecting red light. This results in a AuNPs red suspension, which is characteristic of stable AuNPs suspensions of gold nanoparticles. However, as the particle size increased, absorption shifted to higher wavelengths. Red light is absorbed, and blue/purple light is reflected [21]. Hence, the formation of red AuNPs during the synthesis indicated that the nanoparticles were approximately 30 nm in size.



Several authors have discussed the mechanisms of AuNPs synthesis. Two mechanisms are generally used to explain the Turkevich method. Both are discussed in this section and are related to the synthesis performed in this study. The first mechanism, presented in Figure 3, considers that an intermediary is formed during the synthesis. The second mechanism, shown in Figure 4, proposes the formation of non-aggregate intermediates.



Pong et al. studied the growth mechanism in the citrate reduction of gold(III) salt and proved the formation of a Au nanowire intermediate via transmission electron microscopy (TEM) [22]. Zhao et al. also reported the formation of wire-like aggregates as an intermediate step [23]. First, a NaAuCl4 solution was prepared in water. The pale-yellow color was due to the presence of gold salt, which is a yellow-gold powder. After the addition of sodium citrate, the Au3+ species was rapidly reduced to metallic Au (Au0) and formed small clusters. This process was observed during the colorless phase. The nanoclusters then coalesced to form a network of nanowires, turning the suspension bluish-gray. This initial stage was extremely rapid, as shown in Figure 2a. Therefore, the blue/purple color observed during the synthesis is related to the formation of gold nanowires as an intermediate step during AuNPs growth [23,24,25].



As the suspensions became darker, the diameter of the nanowires increased linearly, owing to coalescence. This refers to the process in which particles merge during contact, thereby decreasing the number of particles. Simultaneously, the extensive network begins to cleave, leaving fragments of spherical particles. This process is clearly observed because it gives the suspension a red color [23,24,25].



Another mechanism explains the Turkevich method. Polte et al. proposed that aggregate intermediates are not formed at any time during the Turkevich synthesis [22,26]. Wuithschick et al. refined this theory and explained the bluish color in the middle of their synthesis [27]. The first step involved the rapid reduction of NaAuCl4 by sodium citrate and the formation of small clusters. These steps occurred during the first 10 s of synthesis. Then, the cluster grew owing to coalescence, forming citrate-capped AuNPs. According to Wuithschick et al., the blue/purple color observed during synthesis is caused by the adsorption of NaAuCl4 on the nanoparticle surface, which influences the surface chemistry or dielectric constant of the surrounding medium. Therefore, after a few minutes, NaAuCl4 is completely reduced, resulting in ruby red [12,18,22,26,27,28].



Therefore, in this study, we consider both the mechanisms proposed for the synthesis of AuNPs and the perspectives of different authors. This was chosen because there is no consensus among researchers regarding the underlying mechanisms.



However, both these mechanisms involve the reduction of AuCl4− using citrate. Figure 5 illustrates the proposed mechanism involved in this reduction. This mechanism involved two steps. First, trivalent gold (Au3+) is reduced to monovalent gold (Au+) by citrate. Simultaneously, citrate (Cit3+) is oxidized to acetone dicarboxylate (ACDC2−). The second step involves a disproportionation reaction in which metallic gold (Au0) and trivalent gold (Au3+) are produced. The overall reaction is shown in Figure 5 [29,30,31,32].



Previous studies have suggested that acetone dicarboxylate (ACDC2−) is rapidly degraded to acetone at a synthesis temperature of approximately 100 °C, as shown in Figure 6. The degradation products reduce trivalent gold (Au3+) and lead to a complete conversion to Au0. Therefore, ACDC2− acts as an auxiliary reducing agent [29,31].




3.2. UV-Vis Spectroscopy


Gold nanoparticles exhibit localized surface plasmon resonance (LSPR), which results in a strong absorbance band in the visible region (500–600 nm) that can be measured using UV-Vis spectroscopy. The spectra obtained are shown in Figure 7. As expected, AuNPs exhibited an absorption maximum at 521 nm, owing to the SPR absorption band [33].



The surface plasmon (SP) phenomenon is the oscillation of free electrons on the surface of a solid material. Surface plasmons exist in two forms: localized and propagating. The localized surface plasmon resonance (LSPR) is supported by metal nanoparticles. LSPR occurs when the frequency of incident light matches the natural frequency of surface electrons [33,34].



The oscillating field of the incident light induces the free electrons to oscillate coherently, causing a disturbance in the electron cloud in the AuNPs, leaving a portion of the particle positively charged. The electron cloud oscillates at the dipolar plasmon resonance frequency [35,36,37]. This phenomenon is illustrated in Figure 8.



The band intensity and wavelength depend on the properties of AuNPs, including their structure, shape, metal, and size [33,36,38]. Typically, the surface plasmon band for spherical AuNPs of 10 nm presents peaks at approximately 521 nm in the UV-Vis spectrum. The wavelength shifts to higher values with an increase in the NP diameter [38]. The synthesized AuNPs exhibited a strong, broad peak at 521 nm. This result indicated that the obtained AuNPs had a diameter of approximately 10 nm.




3.3. Scanning Electron Microscopy and Atomic Force Microscopy


Scanning electron microscopy (SEM) is a valuable tool for examining the surfaces of materials [39]. In this study, SEM was used to confirm the production of AuNPs and study the topography of NaAuCl4 and the obtained AuNPs. Images were viewed at magnifications of 2000× and 30,000×. The obtained images are shown in Figure 9. The images of tetrachloroaurate(III) dehydrate (NaAuCl4) present cubic crystals. At a magnification of 30,000×, there were two crystals of 0.38 µm and 0.67 µm [40,41].



The SEM results revealed the structure of AuNPs. The image shows a uniform distribution of AuNPs; however, the surface indicates some degree of aggregation, generating random aggregates of several sizes and irregular shapes. In addition, a high-magnification image shows the formation of larger particles and more agglomerations [42,43]. The average particle size was not determined in this study.



The image also shows particles that appear to be mainly spherical [44,45,46]. However, because of the limited resolution of SEM, a clear shape and size of the obtained AuNPs could not be observed. Therefore, the morphology of the AuNPs was characterized by atomic force microscopy (AFM).



Atomic force microscopy (AFM) is a powerful technique for investigating surface morphology. AFM scans the sample surface with a sharp tip, producing a three-dimensional topography. This provides a higher level of detail for these surfaces [47]. The obtained images are shown in Figure 10. In these images, it was possible to observe individual spherical nanoparticles and their aggregates. The average diameter of the AuNPs measured from the images was approximately 11–19 nm [48,49].



These results are in agreement with the SEM images. The size was close to that observed in SEM, and it was possible to observe the shape more clearly. This indicated the effective synthesis of AuNPs from the precursor NaAuCl4 [46]. It also shows that the particles have a spherical shape with an average diameter of approximately 15 nm.




3.4. X-ray Diffraction Analysis


The crystallinity of the synthesized AuNPs was investigated by X-ray diffraction (XRD). The corresponding XRD patterns are shown in Figure 11a. The typical XRD pattern of NaAuCl4 exhibits several sharp, intense crystalline peaks [50,51]. As expected, the obtained diffractogram showed this behavior.



The AuNPs pattern exhibited four distinct peaks at 38.24°, 44.47°, 64.71°, and 77.79°. All the peaks correspond to the (111), (200), (220), and (311) lattice planes indexed to the face-centered cubic (FCC) structure [52,53]. There is another intense unassigned peak at 53.17° which might have resulted from some organic compounds in the nanoparticles during the synthesis, such as sodium citrate. However, the presence of these external peaks did not alter the Bragg reflection peaks of AuNPs [54,55]. The XRD results provided strong evidence for the synthesis of AuNPs from NaAuCl4.



The crystallite size of the AuNPs scan was measured by X-ray diffraction using the Scherrer equation, as shown in Figure 11b. Where D is the average crystallite size, λ is the X-ray wavelength (0.15406 nm), β is the line broadening at the full width of the peak (FWHM) in radians, and θ is the Bragg angle in degrees (half of 2θ). The Scherrer constant K depends on the width, shape, and size distribution of the crystal. Langford and Wilson discussed K as a function of crystal shape [56]. Therefore, several authors have used a K value of 0.94 for spherical crystals with cubic symmetry [57]. The crystallite size was calculated for all the four peaks, and the results are shown in Figure 11c. The average crystallite size obtained was 7.14 nm.



Generally, the peak width varies inversely with crystallite size. Therefore, when the crystallite size increased, the broadening of the diffraction peaks decreased. However, other parameters affected the results. The value obtained using the Scherrer equation is limited owing to the instrument, structural defects, relationship between the signal and sample, and noise. Therefore, it is difficult to distinguish the broadening due to the crystallite size from other factors [58,59]. The Scherrer equation provides the average nanoparticle size.




3.5. Dynamic Light Scattering


Dynamic light scattering (DLS) was used to evaluate the average size, size distribution, and possible aggregation of the synthesized AuNPs [60,61]. The zeta potentials were also measured. Figure 12a shows a graph of the particle size distribution (differential number % and cumulative number %). The values obtained from the zeta potential graphs are also presented. As observed from the particle size distribution graph, an average particle size of 3.3 ± 0.9 nm and polydispersity index (PDI) of 0.574 were obtained. Regarding the zeta potential, the value found was −2.33 mV.



As discussed previously, AuNPs are small gold particles with diameters of 1–100 nm. Particles smaller than 10 nm can be consider ultrasmall AuNPs; the particle size obtained was 3.3 ± 0.9 nm. Hence, according to DLS, synthesized AuNPs are ultra-small nanoparticles [62,63,64]. In addition, only one peak was observed in the graph, indicating that there were no particles of very different sizes in the colloid [65].



PDI describes the degree of “non-uniformity” of a distribution. This value was calculated based on the width of the size distribution. The range is from 0.0 (a perfect uniform sample) to 1.0 (highly polydisperse sample with multiple particle size) [60]. PDI values above 0.7 indicate a broad particle size distribution profile [66,67]. The obtained PDI of 0.574 had a wide particle size distribution and can be considered medium polydispersity, with an acceptable value indicating moderate homogeneity.



When particles are present in a liquid, an electrical double layer (EDL) is usually formed, consisting of ions in the liquid, as shown in Figure 12b. This model explains the operation of the electrical repulsive force. The EDL surface consists of two layers. The inner layer, known as the stern layer, is composed of oppositely charged particles that are coupled to the core of the central particle. The outer layer, called the diffuse layer, is where the ions diffuse more freely around the particle [68,69,70]. The double-layer properties directly influence the zeta potential of the system. The zeta potential, or ζ potential, is the potential measured at the slipping plane, that is, the difference between the EDL and the layer of dispersant around it [66,71].



The (ZP) is an important parameter that directly affects the stability of nanodispersions [72]. Hence, it can provide a good prediction of the dispersion stability. High potentials (negative or positive) are electrically stabilized; generally, repulsive forces exceed attractive forces, resulting in a stable system. Low potentials tend to coagulate or flocculate [65,73]. Usually, particles with ZP in the range of −30 mV to +30 mV are considered to be normally stable [66].



The ZP of the synthesized AuNPs obtained, −2.33 mV, was slightly small, resulting in a slightly negative surface charge. These results suggest that nanoparticles may be close to the agglomeration threshold. However, the average particle size was very small (3.3 ± 0.9 nm), indicating that large aggregations were not observed. In theory, the zeta potential is not related to the particle size. However, some authors observed a relationship between these two values. According to Nakutuka et al., the absolute negative value of the zeta potential of small particles is greater than that of large particles [74,75]. The smaller the nanoparticles, the easier it is to aggregate [76].



Other authors have also reported a correlation between these values [77,78]. Another important thing to understand is that the zeta potential is not a direct measurement of stability but a guide for the stability or instability of a system. Therefore, a value close to zero does not mean that the nanoparticle becomes unstable and aggregates or collapses [79].



In conclusion, the materials were characterized using UV-Vis, SEM, and AFM XRD and DLS. UV-Vis spectroscopy exhibited an absorption maximum at 520 nm. This peak is characteristic of AuNPs and is associated with the SPR absorption band, which is the oscillation of the free electrons.



The SEM images show cubic crystals of the NaAuCl4 sample. AuNPs exhibited a uniform distribution with some degree of aggregation, generating random aggregates of several sizes and irregular shapes. The clear shape of the obtained AuNPs could not be observed using SEM. Therefore, the synthesized AuNPs were characterized by AFM. Individual spherical nanoparticles and their aggregates were clearly observed, and the average diameter of the AuNPs was approximately 12–19 nm.



The typical XRD pattern of NaAuCl4 exhibited several sharp intense crystalline peaks. The AuNPs diffractogram exhibited four characteristic peaks associated with the (111), (200), (220), and (311) crystallographic planes, which were indexed to a face-centered cubic (FCC) structure. The average crystallite size was calculated using the Scherrer equation, resulting in 7.14 nm. The DLS presented an average particle size of 3.3 ± 0.9 nm and a polydispersity index (PDI) of 0.574. Regarding the zeta potential, the value found was −2.33 mV.



Comparing the results of each characterization, AFM presented a size of approximately 11–19 nm, while that in DLS was 3.3 nm. According to the Scherrer equation, the average crystallite size is 7.14 nm. Each technique has its own limitations, although all the techniques produce nanoparticles with diameters less than 19 nm.





4. Conclusions


Many articles have discussed the synthesis of AuNPs. However, this paper attempted to explain didactic step-by-step synthesis, the role of each reagent, and to show pictures of the entire process, including a well-explained mechanism and characterization study. In this study, AuNPs were synthesized using the Turkevich method. This process involves the reduction of NaAuCl4 using sodium citrate at high temperatures. A red suspension was obtained, indicating the formation of AuNPs.



Two main mechanisms were used to explain the synthesis of AuNPs via the Turkevich method. The first mechanism considers that a nanowire intermediary is formed during the synthesis that coalesces in a linear-like manner and then cleaves, leaving fragments of spherical particles.



However, another mechanism proposes that aggregate intermediates are not formed at any time during Turkevich synthesis. This includes the reduction of NaAuCl4 and the formation of small clusters that grow due to coalescence, forming citrate-capped gold nanoparticles.



AuNPs were synthesized using a simple and rapid method. The resulting spherical and small particles can be used for several applications. In a subsequent study, AuNPs will be used to modify electrochemical sensors.
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Figure 1. Schematic diagram showing the steps for gold nanoparticles synthesis. 






Figure 1. Schematic diagram showing the steps for gold nanoparticles synthesis.



[image: Analytica 04 00020 g001]







[image: Analytica 04 00020 g002 550] 





Figure 2. (a) Synthesis of gold nanoparticle using Turkevich method during the process; (b) stock solution of NaAuCl4 and the synthesized AuNPs after reach room temperature. 
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Figure 3. Schematic representation of synthesis of gold nanoparticle forming an intermediary during the process. 
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Figure 4. Scheme of AuNPs synthesis without formation of an intermediary during the process. 
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Figure 5. Accepted reduction mechanism of AuCl4− using citrate in two step redox reaction. 
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Figure 6. Decomposition of acetone dicarboxylate (ACDC2−) and reduction of Au3+ by acetone. 
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Figure 7. UV-vis absorption spectrum of sodium tetrachloroaurate and gold nanoparticles. 
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Figure 8. Schematic illustration of surface plasmon resonance (SPR) in gold nanoparticles. 
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Figure 9. SEM images at 2000× and 30,000× magnification of NaAuCl4 and AuNPs samples. 
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Figure 10. AFM phase images of AuNPs on a bare graphite substrate. The circled regions exhibited gold nanoparticles and their diameter (particles around 11–19 nm). 
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Figure 11. (a) XRD pattern of gold nanoparticle and sodium tetrachloroaurate; (b) Scherrer equation; (c) crystallite size obtained from each peak. 
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Figure 12. (a) DLS analysis of particle size distribution and zeta potential; (b) schematic representation of the double layer that surrounds the nanoparticle in aqueous medium. 
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