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Abstract

:

In this research, our team used a rare electrochemical method to obtain gold nanoparticles (GNPs). The growth solution has been added with nitric acid in order to observe the effect of GNPs. The solution also included cetyltrimethylammonium bromide (CTAB) and acetone. All reactions involved the oxidation of acetone and chain polymerization. Therefore, the GNPs changed to a su pramolecular structure. In addition, our team measured absorption wavelength via ultraviolet/ visible spectrophotometer and found an obviously blue shift. This short absorption wavelength is obviously different from other GNPs.
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1. Introduction


In the past decade, nanotechnology has been extensively studied because of the unique characteristics of nanoparticles. Due to the quantum size effect, nanoparticles have many unique characteristics when they are smaller than a certain size. This study focuses on gold nanoparticles (GNPs). The studies on gold nanoparticles are the most abundant in the current literature [1,2,3,4,5,6,7,8], mainly because of the wide range of applications of such nanoparticles. Gold has unique physical and chemical properties, such as small size, large surface area and mass ratio, fluorescence [8,9], surface plasmon resonance (SPR) effect [2,3,4,5], surface-enhanced Raman scattering [10], and electrochemistry. After the GNPs’ surface is specially labeled, it can be used to bond with small molecules to expand the application of GNPs and can be used in biomedical research and clinical applications [11,12].



The manufacturing methods of GNPs are very diverse, including the laser ablation method [13], metal vapor synthesis, the chemical reduction method, and the electrochemical method [14]. The most commonly used method is chemical reduction. In this study, the researchers used a rare electrochemical method. In 1994, Reetz, M.T. and Helbig, W. [14] demonstrated the use of electrochemical methods to generate certain metal nanoparticles. The particle size can be adjusted simply by controlling the current or voltage of the electrolysis device. When electrolysis is performed electrochemically, the bulk metal of the anode is oxidized and produces metal ions; these metal ions will migrate to the cathode, and then the cathode will perform reduction and finally form atoms on the surface of the cathode. These atoms will be coated with a surfactant to form nanoparticles. The surfactant in the growth solution acts like an electrolyte and a stabilizer. The molecules that interact with each other will gather to form a micelle template to control the size and shape of the nanoparticles [15,16]. Therefore, the surfactant plays an important role. In addition, when an organic solvent is added to the surfactant solution, the organic solvent can usually decompose the polar group of the microcell at the interface of water and hydrocarbon so that the organic solvent will reduce the surface of the ionic micelles. The charge density changes the geometry of the surfactant cell template [17,18]. Therefore, adding organic solvent acetone during the electrolysis process may cause changes in the shape of the microcell template [19,20,21,22]. In this study, the research team developed various types of nanoparticles using this method [19,20,21,22,23]. This study mainly explores the effect of strong acids on gold nanoparticles. In the experiment, acetone is added as an organic solvent; the surfactant is cetyltrimethylammonium bromide (CTAB). Surfactant molecules align to form an electric bilayer on the surface of GNPs. The thickness of this electric bilayer will affect the electrostatic force between the particles. A proper thickness can stabilize the entire environment. The strong acid used is nitric acid. The final result will consider the absorption spectrum, full width at half maximum (FWHM), solution color, particle size, and shape.



As gold has good biological compatibility and the nano-gold surface has special effects (easy to bind with sulfur- and hydrogen-based components), nano-gold is often used in biomedical detection, disease diagnosis, and genetic detection. GNPs can also be applied to solar cells to improve conversion efficiency through doping. This study expects that short-wavelength GNPs can make a greater contribution to solar cells.




2. Experimental Process and Method


2.1. Material


	(a)

	
The growth solution of 0.08 M was prepared by powder species: cetyltrimethylammonium bromide (CTAB, Fluka, 98%), liquid species:deionized water (DI water, 18.2 MΩ) of 3 mL, acetone (CH3COCH3, J. T. Baker), and nitric acid (HNO3, Fluka) of 30, 50, 70, and 90 μL in test tubes.




	(b)

	
Aqua regia (nitric acid hydrochloride) solution was prepared by nitric acid (HNO3, Honeywell Fluka) and hydrochloric acid (HCl, J. T. Baker, 37%) at the volume ratio of 1:3.




	(c)

	
Electrochemical synthesis with two electrodes consisting of gold plate (Au, 99%) and platinum plate (Pt, 99%), connected with solid conductors (copper wire, 99%) to a complete electrolyzer system. A power supply (Agilent E3647A) offered a steady operating current through a fixed depth of electrode below the liquid level (8 mm). The detailed information of each material is also listed in Table 1.








2.2. Synthesis of GNPs


	(a)

	
Both Au and Pt were cut into appropriate pieces (30 × 10 × 0.5 mm3) to act as anode and cathode, respectively. After standard cleaning operation, including polishing with fine sandpaper, immersing in aqua regia solution, and washing in DI water for 5 min each, these two electrodes were dried with nitrogen gas, positioned 5 mm apart, and secured using Teflon spacers.




	(b)

	
Afterwards, a test tube containing growth solution was immersed in an ultrasonic oscillator (Hwashin, Model 420) at 40 KHz for 5 min, and the water temperature was kept at 24 ± 1 °C. The electric voltage between two electrodes was set at 2.5 V, and the test tube was electrolyzed and oscillated in the ultrasonic oscillator at 5 mA for 5 min. The complete process of electrochemical synthesis lasted 5 min, and each parameter is listed in Table 2.




	(c)

	
The GNPs in powder form can be obtained using the following steps: (i) After adding toluene into the product solution and centrifuging at 12,000 rpm for 30 min, the interface separation (GNPs, toluene, and surfactant, from bottom to top) is accomplished; (ii) nanoparticles can be acquired through drying in an electric oven at 100 °C for three days, after extracting the CTAB solution that forms as a surfactant in the interlayer.








2.3. Measurement and Calculation of GNPs’ Characteristics


The optical performance of the GNP sample, filled with DI water in a quartz tube of 12.5 × 12.5 × 45 mm3, was measured by ultraviolet/visible (UV–vis) spectroscopy (HITACHI, U-3900) in the spectral region from 350 to 850 nm. The analysis of microstructure morphology was observed by analytical scanning transmission electron microscopy (TEM, JEM-3010, JEOL) at an accelerating voltage of 200 kV. The composition of GNPs can also be obtained by energy-dispersive X-ray spectroscopy (EDS). Through the three steps: mixing, centrifugation, and baking, the TEM sample of GNPs can be obtained. The mixing solution obtained by adding DI water or toluene was centrifuged to extract the hierarchical CTAB solution. Before placing it on standard copper grids (formvar carbon-supported film), with drying in an electric oven at 100 °C, centrifugation and extraction need to be repeated three times.





3. Result and Discussion


As shown in Figure 1, gold nanoparticles were prepared by a two-electrode electrochemical system. In the process, the gold sheet, as the anode, was electrolyzed, and then, the produced ions were reduced to atoms through free radicals generated by oscillation, following four main Equations [14]:


H2O → H+ + OH− (sonolysis)



(1)






    OH  +  +   RH  −  →  R +  +  H 2  O  



(2)






  RH → R +  H     (  sonolysis  )   



(3)






  R +   Au   m +   →   Au   m − 1   +  H +  + R  



(4)







In Equation (1), the bonding of water molecules in the growth solution will be broken by oscillation to produce hydrogen (H) and hydroxyl (OH) ions. These two ions react with a hydrocarbon (RH) to produce the free radical (R+) in Equation (2). The RH generates free radicals under the action of oscillation in Equation (3). Free radicals can reduce the gold ions generated at the gold electrode from one to three valences and then to gold atoms in Equation (4). Eventually, it will move to the cathode to produce gold nanoparticles. To stabilize the entire system, the researchers added the stabilizer CTAB in the growth solution. This is a surfactant. When the critical microcell concentration is reached, it begins to form microcells and coat the gold atoms. Finally, stable gold nanoparticles will be produced. The experimental system is shown in Figure 1. Next, the optical property is discussed.



As shown in Figure 2, the absorption spectrum of GNPs obtained by different additions of HNO3 (30, 50, 70, and 90 μL) was measured from 350 to 500 nm to gain the optical properties. The absorbed peak of GNPs is located at 398 nm. The intensity is obviously increased with the increased addition of HNO3; the highest intensity is achieved with the HNO3 addition of 70 μL. According to our previous research [19,20,21,22,23], it was clearly found that a huge blue shift phenomenon, from 528 to 398 nm, was accomplished unprecedently. The reason for the large blue shift is attributed to the supramolecular structure of oxidation between acetone and HNO3 [24,25,26]. Generally, the variation in GNP size causes the blue or red shift, leading to a short shift distance of 10–15 nm. Compared to other groups [19,20,21,22,23], the blue shift difference of 130 nm is quite unique and large in this study.



Absorption intensity generally involves the uniformity and average particle size of the overall particles. Basically, we can evaluate the uniformity of the overall GNPs by calculating the value of FWHM. Figure 3 shows the FWHM of different additions of HNO3 (30, 50, 70, and 90 μL). It is found that the FWHM presented under different amounts of HNO3 is similar; the lowest value was obtained at 70 μL HNO3, that is to say, the uniformity obtained when adding 70 μL is the best. Figure 3 also shows the average particle size of the GNPs produced by HNO3 under different amounts. When HNO3 is initially added, there is a significant decrease in particle size, which indicates that the particle size is suppressed after the addition of HNO3. When we added 70 μL of HNO3, we get the GNPs with the smallest particle size.



Figure 4 shows the TEM images of different amounts of HNO3. GNPs with small particle size are shown in the 30 μL figure, and it was found that there are aggregation conditions; 70 and 90 μL amounts of HNO3 are aggregated into an island structure. This may be one of the reasons for the decrease in absorption strength. In addition, a shell-like substance was found in the 30 μL figure; thus, EDS was used for analysis.



Figure 5 shows the EDS analysis results of a specific area of the 30 μL sample. In this analysis, because the added nitric acid contains nitrogen, gold and nitrogen are selected to analyze the results. The results are displayed in places with more shell-like materials (green squares); the main element distribution is nitrogen. The material in the red square is mainly the aggregation of gold. Therefore, it is reasonable to speculate that nitrogen-related compounds generate and coat GNPs. Figure 6 shows that the irregular GNPs formed by the aggregation of particles are caused by numerous particles that are combined. The boundaries of these particles have different directions, resulting in defects. The reason for the aggregation may be due to the chain polymerization reaction. The chain polymerization reaction between acetone and nitric acid has been described in other studies. The initial step of acetone oxidation can be to extract H atoms from the methyl group of the ketone form of acetone by HNO3 molecules or to add HNO3 molecules to the double bond in the enol form of acetone, and then reduce nitric acid to nitrous acid. The equilibrium shifts from NO2 to N2O3, then to HNO2, and, finally, to NO2−, according to the following equations [24,25,26]:


    CH  3  C  ( O )    CH  3  +   HNO  3   →      CH  3  C  ( O )      C ·  H   2  +  H 2  O +   NO  2   



(5)






  3   NO  2  +  H 2  O  ↔    NO + 2      HNO   3   



(6)






  NO +   NO  2   ↔     N 2   O 3   



(7)






   N 2   O 3  +  H 2  O  ↔    2   HNO  2   



(8)






    HNO  2  +  H 2  O  ↔     H 3   O +  +      NO   2    −   



(9)







With the development of the process, these reduced nitrogen-containing molecules appear in the system. When the Equations (6)–(9) moves to the left, NO2 is formed, and these reactions lead to chain branching. The following describes the chain polymerization reaction [24,25,26], which consumes NO2 to form acetone oxidation products.


    CH  3  C  ( O )    CH  3  +   NO  2   →      CH  3  C  ( O )      C ·  H   2  +      HNO   2   



(10)






    CH  3  C  ( O )      C ·  H   2  +   NO  2   →      CH  3  C  ( O )    CH  2    O ·   + NO  



(11)






    CH  3  C  ( O )    CH  2    O ·    →      CH  3    C ·    ( O )  +   CH  2  O  



(12)






    CH  3    C ·    ( O )  +      NO   2   →         CH   3  C  ( O )  ONO  



(13)






    CH  3  C  ( O )  ONO +  H 2  O  →      CH  3  COOH +    HNO   2   



(14)






    CH  2  O +      NO   2   →      C ·  HO  +   HNO  2   



(15)







With the acid-base equilibrium in Reaction (5), the NO2 concentration in the process will increase. For the two NO2 molecules consumed in Reactions (10) and (11), three NO2 molecules were regenerated by balancing (5). The formed NO2 molecules can enter the oxidation reaction again to form NO and HNO2. This process can be formally regarded as a branched-chain reaction. The above reproducible reactions will form supramolecular structures (Figure 7). For detailed principles and proofs, please refer to other literature.



As there are a large number of free radicals in the chain polymerization reaction, it indirectly affects the reduction and growth of GNPs. Therefore, it is speculated that gold ions cannot be successfully reduced. The GNPs in this experiment will likely exist in the form of monovalent (colorless), trivalent (light yellow), or atomic (Figure 8a) nanoparticles. The nitrogen compound produced by the final reaction of acetone and nitric acid is basically red or colorless. The final product made in this experiment is light yellow (Figure 8b), which can be speculated to be the form of trivalent gold. Therefore, the addition of nitric acid not only hinders the reduction of gold but also suppresses the particle size. In addition, for nitrogen compounds, including nitric acid, nitrate, and nitrite, the absorption wavelength is about 350~450 nm, which is the main reason for the blue shift.




4. Conclusions


In this study, a breakthrough was successfully made for the electrochemical manufacture of gold nanoparticles. A large blue shift is a very rare result. This result may be caused by the change of the dielectric constant around the GNPs, which will directly affect the change in the absorption wavelength of the SPR effect. Although the absorption strength is insufficient, it can be further improved, and stable manufacturing methods and formulations can be found in the future. Here, we only need a moderate amount (70 μL) to get the best result. In addition, it also explains the phenomenon of agglomeration, which is mainly related to acetone, nitric acid, and free radicals. It has a chain growth effect and grows into a supramolecular structure. It may be used in thin films and solar cells in the future. Macromolecular GNPs can enhance the scattering and optical path. In the use of small molecules, if absorption intensity is improved, this phenomenon can be used in the absorption layer, absorbing the short wavelength; combining with other materials will help form a large range of absorption wavelength solar cells. The application of this material is very promising.
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Figure 1. Schematic diagrams for gold nanoparticles (GNPs) via electrochemistry preparation: (a) the preparation of grown solution; (b) HNO3 added as a catalyst, forming a micelle template of condensation reaction; (c) electrolysis and oscillation are kept working in the interim. 
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Figure 2. Light absorbance spectra of GNP solutions obtained at different HNO3 additions of 30, 50, 70, and 90 μL within a growth solution. 
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Figure 3. Average diameter and full width at half maximum (FWHM) of GNP solutions obtained at different HNO3 additions of 30, 50, 70, and 90 μL within a growth solution. 
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Figure 4. Growth solution is added to (a) 30, (b) 50, (c) 70, and (d) 90 μL HNO3 solution. 
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Figure 5. Energy-dispersive X-ray spectroscopy (EDS) analysis of GNP solutions was obtained with an HNO3 addition of 30 μL within a growth solution (Sample A). In addition, red and green square represent the distribution of nitrogen and gold, respectively. 
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Figure 6. (a) Transmission electron microscopy (TEM) analysis of GNPs observed a defect in Sample D. (b) TEM analysis of GNPs observed many GNPs were combined with large GNPs by the chain polymerization reaction. 
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Figure 7. The growth process module of the supramolecular structure (a)→(b)→(c), produced in the reaction of acetone and nitric acid. (a) Initial structure generation. (b) chain polymerization reaction starts. (c) The chain polymerization reaction ends and becomes a supramolecular structure. 
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Figure 8. The growth solution with and without nitric acid. (a) The growth solution color without nitric acid. (b) The growth solution color with nitric acid. (c) The absorption wavelength without nitric acid. (d) The absorption wavelength with 30 μL nitric acid. 
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Table 1. Detailed information on the materials.
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	Item
	Value
	Unit





	Au plate
	30 × 10 × 0.5
	mm3



	Pt plate
	30 × 10 × 0.5
	mm3



	CTAB powder (0.08 M)
	87.5
	mg



	DI water
	18.2
	MΩ



	Acetone
	500
	μL



	HNO3
	30/50/70/90
	μL



	Aqua regia (HNO3 per HCl)
	1:3
	volume
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Table 2. Parameters for sonoelectrochemistry fabrication.






Table 2. Parameters for sonoelectrochemistry fabrication.





	Parameter
	Value
	Unit





	Depth of electrode below the liquid level
	8
	mm



	Oscillated frequency
	40
	KHz



	Oscillated temperature
	24 ± 1
	°C



	Operated current
	5
	mA



	Oscillated and operated time
	5
	min
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