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Abstract

:

Nanoporous Au (NPG) prepared by dealloying is one of the most used substrates for surface-enhanced Raman scattering (SERS). The morphology tailoring of the NPG to obtain both ultrafine pores and suitable Au/Ag ratio is of great importance for the acquiring of enhanced SERS performance. Compared with the chemical dealloying, the electrochemical dealloying can tailor the NPG to be more flexible by the additional adjustment of dealloying voltage and current. Thus, further understanding on the morphology evolution of NPG during the electrochemical dealloying to obtain enhanced SERS performance is of great importance. In the presented work, the morphology and composition evolution of the NPG film during the electrochemical dealloying was investigated. NPG films with a stable pore diameter of approximately 11 nm as well as diverse compositions were obtained by electrochemical dealloying an Au-Ag alloy film. The prepared NPG film exhibits an enhanced SERS activity with an enhancement factor (EF) of 7.3 × 106 and an excellent detection limit of 10−9 M. This work provides insights into the morphology and composition evolution of the NPG during the electrochemical dealloying process to obtain enhanced SERS performance.
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1. Introduction


It is of great importance to recognize and detect trace molecule in medicine, catalysis, and material sciences [1,2]. Surface-enhanced Raman scattering (SERS) provides a high-precision alternative technique to achieve this goal [3,4,5,6]. Electromagnetic enhancement and chemical enhancement are the two main mechanisms for the origin of the SERS activity [7]. The electromagnetic enhancement is mainly caused by the localized electromagnetic field of the surface plasmon resonance (SPR), and the chemical enhancement is mainly induced by the charge transfer between the adsorbed molecule and the SERS substrate [7,8,9]. Commonly, the electromagnetic enhancement is much higher than the chemical enhancement [9]. The electromagnetic enhancement on the whole SERS substrate is usually not uniform, and the areas with high electromagnetic enhancement are usually called “hot spots”, where the localized electromagnetic fields are achieved [10,11]. The hot spots are affected by the size, distance, distribution, and the shape of the particles. Especially, the shape and arrangement of the particles are most important, and the hot spots are usually created by sub-10-nm gaps or sharp edges [3,7,12]. Au, Ag, and Cu exhibit better SERS actively than the other metals, but the Ag and Cu are easier to oxidize than Au. Thus, nanoporous Au (NPG) is one of the most widely used substrates due to its excellent and stable SERS activities [13,14,15]. To obtain better SERS performance, it is of great importance to investigate the morphology evolution to achieve the controllable adjustment of the pore size of the NPGs.



Chemical dealloying is one of the most employed methods for preparing NPG films [16,17]. By changing the dealloying time, temperature, and solution concentration, the morphology of the NPG can be adjusted, and relatively high SERS performance can be obtained. For example, Xue [18] et al. reported the detection limit of 10−6 M of NPG by dealloying an Au-based metallic glass. Hu [16] et al. obtained a high enhancement factor (EF) of 2.4 × 105 by dealloying an Au-Ag alloy. By employing electrochemical dealloying, the morphology of the NPG can be further effectively adjusted by introducing new controllable variables of potential and current [19]. This will benefit the improvement of the SERS performance of the NPG. In addition to that, the dealloying speed can be promoted due to the applied potential. However, the morphology evolution of the NPG during electrochemical dealloying is still lacked.



In the presented work, NPG films with fine pore diameters of approximately 11 nm were obtained by electrochemical dealloying a sputtered Au-Ag film. The dealloying morphology and composition evolution of the prepared NPG films were investigated. Enhanced SERS activity with an enhancement factor (EF) of 7.3 × 106 and detection limit of 10−9 M was obtained. This work provides insights into the morphology and composition evolution of the NPG during the electrochemical dealloying process to obtain enhanced SERS performance.




2. Experimental Methods


It has been reported that the dealloying processing cannot occur when the content of the noble element is too high, and the dealloying will collapse when the content of the noble element is too low [20,21]. Thus, Au40Ag60 was selected to be the precursor alloy. Au-Ag film with thickness of ~1 μm was sputtered on the (100) plane of a Si wafer with an Au40Ag60 target under an Ar atmosphere of 1.1 Pa and an electric current of 0.1 A. The Si wafer was previously coated by a Cr transition layer with thickness of ~20 nm by sputtering. The detailed procedures can be found elsewhere [16]. Au-Ag film samples with areas of ~10 × 10 mm2 were used for electrochemical dealloying. A standard three-electrode electrochemical cell with a Hg/HgSO4 reference electrode and platinum counter electrode was used to perform the electrochemical dealloying in 0.5 mol/L nitric acid solution. To promote the diffusion of the Au atoms to obtain NPG, the dealloying temperature was set to be 288 K. The samples were first subjected to potentiodynamic polarization, with a potential sweep rate of 1 mV/s to determine the dealloying potentials, then electrochemical dealloying under a different potential for a different time to acquire NPG films.



The structure of the sputtered and dealloyed samples were inspected by X-ray diffraction (XRD, D/max-RB, Rigaku, Tokyo, Japan). The scanning rate was 8 °min−1 and the detecting step was 0.02°. The obtained XRD curves were indexed by a PDF database through the Jade 6. The morphology of the samples was examined by a scanning electron microscope (SEM, LEO-1530, Zeiss, Oberkochen, Germany) with an operating voltage of 10 kV, and the compositions of the dealloyed NPG samples were inspected by energy disperse X-ray spectroscopy (EDS, X-act, Oxford, UK) with an operating voltage of 20 kV. The diameters of the pores were statistically measured by employing Image Pro (Plus6.0). The standard deviation was calculated by the measured data. Analytically purity Rhodamine B (RhB) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The SERS measurement was carried out using the RhB as the probe molecule. RhB aqueous solution with volume of 2 μL was dropped on the as-sputtered Au-Ag film and the NPG samples, respectively, and then dried at 323 K for 30 min in atmosphere. Then, SERS spectra were measured in the center of the droplet by a self-designed microscopic confocal Raman spectrometer. A charge-coupled device (CCD) detector (ivac-316, Andor, Belfast, UK) with a resolution of 1 cm−1 was used to collect the Raman signal. The applied excitation laser wavelength was 532 nm, the laser power was 5 mW, and the diameter of the laser beam was ~5 μm. A scan time of 0.5 s, field lens of fifty times, and accumulation of five times were applied during the SERS measurements.




3. Results and Discussion


Figure 1a shows the XRD diffractogram of the as-prepared sample. Peaks sitting at 2θ = 38°, 45°, 69°, 78°, and 82° were observed. After indexing, it was found that the peak sitting at 2θ = 69° corresponded to the (400) plane of silicon, and the other peaks were very close to the feature peaks of Ag and Au but with a litter shift. Since there was no obvious separation in these peaks, it can be concluded that these peaks should correspond to the Au-Ag alloy. The lone appearance of the peak at 2θ = 69° for silicon should have been caused by the employment of the single-crystal Si substrate. Due to the texturing effect, only the peak corresponding to the (400) plane was observed. The intensity of this peak was quite weak compared with our previous work [16]. This phenomenon may be caused by the relatively thicker Au-Ag film and the defects in the Si wafer.



Two peaks sitting at 0.74 V and 0.93 V were observed in the potentiodynamic polarization curve of the Au-Ag film (Figure 1b). According to the previous report, these two peaks correspond to the oxidation of constituted elements with different oxidation potentials [22]. Therefore, the peak sitting at 0.74 V corresponds to the oxidation of Ag, and the other peak corresponds to the oxidation of Au. According to the potentiodynamic polarization curve, 0.66 V, 0.73 V, and 0.80 V were selected as the electrochemical dealloying potentials. The dealloying parameters are listed in Table 1.



According to Figure 2a, the Au-Ag film was quite dense, and no obvious pores or cracks were observed, but some granular structure can be observed, which is a typical morphology of the sputtered surface [23]. Very fine nanopores form after dealloying under 0.66 V for 2 min. The average pore diameter was measured to be 10 ± 6 nm. With extending the dealloying time or increasing the dealloying potential, the average diameter of the pores kept stable around 10~12 nm, while the density of the pores increased and cracks started to form. The cracks may have been induced by the stress created during the dealloying processes [24,25,26,27].



The composition of the as-sputtered alloy is measured to be ~Au32Ag68 by EDS. As shown in Figure 2g,h, the content of Au in the porous film rapidly increases in the very early stage of the dealloying, then increases slowly and gradually turns stable with the extending dealloying time. The composition variation tendency is very similar to that in chemical dealloying [16]. With increasing the dealloying potential, the content of Au in the porous film also rapidly increases when the potential is less than 0.73 V, while further increasing the dealloying potential results in a decrease of Au content. According to Figure 1b, it can be found that the polarization current starts to drop when the potential exceeds 0.73 V. Since the peak sitting at 0.74 V corresponds to the oxidation of Ag, the current dropping means the reducing of Ag oxidation. In addition to that, the potential 0.8 V is close to the oxidation peak of Au (0.93 V). Thus, Au may also be oxidized and dissolved at 0.8 V. The reducing oxidation as well as the oxidation of Au together lead to the decreasing of Au in the nanoporous film under high dealloying potential.



Figure 3 shows the SERS spectra of the dealloyed samples with 10−5 M RhB adsorbed. According to the previous literature [3,28,29], the main shifts of the RhB molecule were indexed, and the results are listed in Table 2. The intensity of the feature shifts (@1646 cm−1) increases with extending the dealloying time (1#, 2#, and 3# samples). The composition and the number of hot spots are the main affected factors to determine the SERS activity of the substrate. The hot spots are commonly contributed by the sub-10-nm gaps [3,16]. It can be seen from Figure 2 that the density of the fine nanopores increases with the dealloying, which may lead to the increasing of hot spots. The newly formed cracks may also create some new hot spots. In addition to that, the Au content also increases with the dealloying time. Due to the relatively easy oxidization of Ag [3,25,26], the increasing of Au content in the Au-Ag substrate improves the SERS performance. It is also noticed that the SERS activity of the sample first increases and then decreases with the increasing dealloying potential (2#, 4#, and 5# samples). The decreasing SERS activity may be caused by the decreasing Au content under high dealloying potential.



Figure 4 shows the SERS spectra of RhB with concentrations from 10−5 M to 10−9 M on 3# sample. The intensity of the Raman shifts keeps decreasing with decreasing RhB concentration. After the Lorentz fitting, the intensities of the Raman shift @1646 cm−1 were measured. As listed in Table 3, the intensity of the Raman shifts of RhB concentrations of 10−5 M, 10−6 M, 10−8 M, and 10−9 M were 17,795 counts, 6137 counts, 2279 counts, and 1243 counts, respectively. Thus, the detection limit of the sample was lower than 10−9 M, which was much better than the previous reports [16,30,31]. The Raman spectrum of the Au-Ag film with 10−1 M RhB adsorbed was also measured, as shown in Figure 4.



The SERS activity of the substrate can be evaluated by EF, which is usually calculated by the formula [3,12,16]:


EF = (ISERS/NSERS)/(IR/NR)



(1)




where ISERS and IR are the intensities of the Raman shifts in the SERS and bulk Raman spectra, respectively, and NSERS and NR are the number of probe molecules contributing to the SERS signal and the bulk Raman signal, respectively.



Since the SERS tests are prepared under the same conditions, the equation can be written as:


EF= (ISERS/IR)·(CR/CSERS)·(ASERS/AR),



(2)




where CR and CSERS are the concentrations of the RhB on the Au-Ag film and the dealloyed samples, respectively, and AR and ASERS are the RhB droplet diameter on the Au-Ag film and the dealloyed samples, respectively. According to Equation (2), it was calculated that 3# sample possesses a SERS EF as high as 7.3 × 106, which is much higher than the nanoporous Au prepared by chemical dealloying and the Au/MSiO2/Ag hybrid SERS substrate [16,18,30].




4. Conclusions


In the presented work, the morphology and composition evolution of the NPG during the electrochemical dealloying process were investigated. By adjusting the electrochemical dealloying parameters, fine pores and enhanced SERS performance were achieved. The following conclusions can be drawn:




	(1)

	
NPG films with a fine pore size of approximately 10~12 nm were prepared by the electrochemical dealloying of sputtered Au-Ag alloy film;




	(2)

	
The diameter of the pores was relatively stable but the density of the pores increased with the extending dealloying time or increasing dealloying potential;




	(3)

	
The Au content in the NPG films first rapidly increased, then slowly increased, and gradually became stable with extending the dealloying time, while it rapidly increased when the potential was less than 0.73 V, and then decreased when the potential was higher than 0.73 V;




	(4)

	
The electrochemical dealloyed NPG films exhibited enhanced SERS activity with a high EF of 7.3 × 106 and an excellent detection limit of 10−9 M, which were much better than that of the NPG prepared by chemical dealloying;




	(5)

	
This work provides insights into the morphology and composition evolution of the NPG during the electrochemical dealloying process, which can help to prepare a new substrate with enhanced SERS performance for trace molecule detection.
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Figure 1. Characterization of the as-prepared Au-Ag film. (a) XRD diffractogram. (b) Potentiodynamic polarization curve. 
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Figure 2. SEM images and composition variation of the dealloyed samples. (a) SEM image of the Au-Ag film. (b–f) SEM images of the 1#–5# samples with the statistical analysis of the pore diameter in the insert, respectively. (g) Composition variation of the dealloyed sample against the dealloying time. (h) Composition variation of the dealloyed sample against the dealloying potential. 
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Figure 3. SERS spectra of the electrochemical dealloyed samples dealloyed for different times with 10−5 M RhB adsorbed. 
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Figure 4. SERS spectra of RhB with different concentrations on the 3# sample and SERS diffractogram of RhB with 10−1 mol/L RhB on the Au-Ag film. 
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Table 1. Chemical dealloying parameters for the samples.
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	Sample No.
	Dealloying Potential (V)
	Dealloying Time (min)





	1
	0.66
	2



	2
	0.66
	5



	3
	0.66
	15



	4
	0.73
	5



	5
	0.80
	5
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Table 2. Experimental and the literature SERS shifts of RhB molecules.
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Raman Shift (cm−1)

	
Assignments [3,28,29]




	
Literature [3,28,29]

	
Experimental






	
619

	
619

	
Aromatic bending




	
776

	
776

	
C-H out of plane




	
933

	
934

	
-




	
1009

	
1012

	
-




	
1080

	
1085

	
-




	
1132

	
1130

	
C-H in plane




	
1195

	
1196

	
Aromatic C-H bending




	
1275

	
1280

	
C-C bridge bands stretching




	
1356

	
1359

	
Aromatic C-C stretching




	
1433

	
1433

	
-




	
1507

	
1506

	
Aromatic C-C stretching




	
1526

	
1527

	
-




	
1563

	
1564

	
Aromatic C-C stretching




	
1596

	
1595

	
C=C stretching




	
1648

	
1646

	
Aromatic C-C stretching
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Table 3. EF of the 3# with different RhB concentrations.
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Spectra

	
Area (mm2)

	
CRhB (mol·L−1)

	
Average Intensity @1646 cm−1

	
EF






	
3# Sample

	
14.2

	
10−5

	
17,795

	
1.0 × 104




	
14.0

	
10−6

	
6137

	
3.5 × 104




	
13.1

	
10−8

	
2279

	
1.2 × 106




	
14.6

	
10−9

	
1243

	
7.3 × 106




	
As-sputtered Au-Ag film

	
41.2

	
10−1

	
5994

	
-
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