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Abstract

:

The results of X-ray photoelectron spectra (XPS) characterization of the surface of Ag-Au colloidal nanoparticles (Ag-Au NPs), prepared by laser ablation in water before and after interaction with linear carbon chains (LCC), are presented. No additional features appear in high-energy resolved XPS core level spectra of Ag-Au NPs which indicates that surface is not oxidized. The measurements of XPS Ag 3d-spectrum of (Ag-Au)@LCC manifests the additional low-energy structure that is associated with the formation of Ag–C bonds. The charge transfer between Au atoms on the NPs surface and LCC was established. Additionally, some oxidation of the Ag atoms on the surface of (Ag-Au)@LCC is observed which arises during laser ablation in water. We assume that oxidative species will preferably interact with the areas outside the LCC instead of oxidizing the carbon chains which was confirmed by XPS C 1s spectra.
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1. Introduction


In recent years, the interest in study of noble metal nanoparticles (NPs) has increased because of their unusual optical properties and chemical stability which is important for their use in optoelectronics [1,2], catalysis [3,4], biosensors [5], and medicine [6,7]. Silver nanoparticles were found to be effective antibacterial substances and can be used as an additive in food [8] and various medical applications [9]. On the other hand, gold NPs are used in microscopy and cancer therapy [10] because of their optical properties. Combining these unique properties in doped nanoparticles of both elements thereby opens up new areas of interest in research and treatment [11]. In this context, the laser ablation Au-Ag alloys in a liquid gives access to colloidal silver-gold alloy NPs with a uniform ultrastructure. For example, the use of silver NPs in combination with gold NPs could open new possibilities for the connection of antibacterial silver nanoparticles to various biomolecules via covalent bonding to gold atoms. To prevent the nanoparticles aggregation and oxidation, the stabilizing species that bind to the nanoparticle surface are crucial.



It was shown recently that linear carbon chains (LCCs) containing sp-hybridization are good candidates to create the shell that prevents nanoparticles aggregation and oxidation [12,13]. Despite the fact that long 1D carbon wires (carbine) were first obtained in the laboratory in the 1960s [14] and many methods of their preparation have been proposed to date [15,16,17,18,19,20], there is still no method that allows one to obtain pure and stable phases of infinite one-dimensional carbon chains. It is generally accepted that carbyne is unstable due to the exothermic formation of crosslinks between adjacent atomic chains [21]. Significant progress in this area has been achieved with the discovery of polyynes—short sp1 hybridized linear chains with alternating single and triple bonds (–C≡C–C≡C–) [20]. Thus, today there is a sufficient number of studies describing methods of obtaining polyyns and cumulenes (=C=C=C=), as well as methods of their identification. However, the massive synthesis of very long linear carbon chains continues to run into sticking points. However, a number of studies that have appeared in recent years, theoretically and experimentally describing new interesting properties of carbines [22,23,24], forced to reconsider some approaches to the creation of these materials and renewed interest in them. In particular, it was shown that one-dimensional carbon chains can have a strength, elastic modulus, and stiffness greater than any known material, including diamond, carbon nanotubes, and graphene, and make it possible to create new composite materials [22]. It is also assumed that carbines can be used to create field-effect transistors [25], and also show the possibility of possessing one-dimensional carbon chains with interesting magnetic [26] and electrical properties [27,28].



Taking into account the difficulties caused by the synthesis of linear-chain carbon, it is quite understandable that much attention is currently paid to methods that make it possible to obtain sufficiently stable, albeit not very long structures. In particular, in the last 10–15 years, methods of LCC synthesis on the surface of metal nanoparticles (MeNPs) received widespread attention [12,29,30]. In addition to being able to produce stable LCCs, MeNPs@LCC structures also have a number of additional advantages. Thus, as mentioned before the formation of structures of the core@shell type prevents the agglomeration of nanoparticles in colloidal solutions for a long time, which significantly affects the possibilities of using MeNPs. At the same time, the nature of the chemical interaction between MeNPs and LCC remains unclear, in particular, the stability of LCC on the surface of Ag NPs in water is an unexpected manifestation of such interaction [31]. In the latter case, on the surface of silver nanoparticles, a layer of carbon species several nanometers in size (in sp and sp2 hybridization) was found, sometimes forming a bridge between nanoparticles [12,13]. In hybrid LCC-Me nanostructures, the presence of Me-carbon interactions prevents their degradation, which leads to stable systems for several months [32]. Understanding the nature of this chemical stability will satisfy scientific curiosity and will be very useful in improving the chemical stability of low-dimensional systems.



In this study, we present the results of XPS characterization of Ag-Au and (Ag-Au)@LCC nanoparticles prepared by pulse laser ablation (PLA) in water of great interest for some technological applications in which the control of surface functionalization is fundamental to improve material properties.




2. Materials and Methods


The colloidal solutions of metallic gold and silver were separately produced by pulsed laser ablation (PLA) in Millipore water, using the second harmonic (532 nm) output of a Nd:YAG laser operating at 10 Hz [33,34]. In a second step, Au and Ag colloids were mixed at the volume ratio of 50/50. The as mixed dispersions were obtained from the same parental solutions and irradiated with the same laser source at constant power density (0.2 J/cm2) and at different irradiation times. The irradiations were performed in order to illuminate the entire system with the same beam. Linear carbon chains (LCCs) containing sp-hybridization as alternating triple and single bonds (polyenes, (–C≡C–)n) were synthesized by arcing between two graphite electrodes in water. Two cylindrical graphite rods (99.995%) with a diameter of about 6 mm were connected to a DC supplier. The voltage was set at 30 V and the measured current was about 10 A. The discharge time was 10 min. The solution of LCCs was filtered with a 0.22 mm filter (Millipore Millex in PES) to remove the large amount of carbon dust formed during the discharge process. To test the formation of Au-Ag nanoalloys the optical transmittance spectrum was immediately recorded, with a double beam spectrophotometer (Perkin-Elmer Lambda 750) through their characteristic absorption peak (400–520 nm). Scanning Transmission Electron Microscopy (STEM) images of kV are shown in Figure 1. Besides coalescence, the lack of an apparent core-shell structure in the STEM picture strongly suggests that the nanoparticles are alloys rather than core-shell composites. Recently Fazio et al. [35] simulated the extinction spectra of Ag-Au alloyed nanoparticles produced by pulsed laser ablation in liquid of elemental targets followed by reirradiation of suitable mixtures of the obtained colloidal suspensions. When we make use of the optical constants of Ag-Au alloys, our theoretical approach, developed in the framework of the T-matrix formalism, accurately reproduces the experimental features of the extinction spectra of laser-produced nanoalloys with compositions that span the entire composition range. Additionally, thanks to the simulation of the optical absorption data, Fazio et al. [35] excluded the formation of core-shell structures and validated the formation of Au-Ag alloys.



As seen from the histogram (Figure 2) the size of the rounded nanoparticles is about 8 nm and tails down to 2 nm and up to 13 nm.



The XPS core-level and valence band (VB) measurements were performed using a PHI 5000 Versa Probe XPS spectrometer (ULVAC Physical Electronics, Chanhassen, MN, USA) based on a classic X-ray optic scheme with a hemispherical quartz monochromator and an energy analyzer working in the range of binding energies from 0 to 1500 eV. This equipment uses electrostatic focusing and magnetic screening to achieve an energy resolution of ΔE ≤ 0.5 eV for Al Kα radiation (1486.6 eV). Pumping of analytical chamber was carried out using an ion pump providing pressure better than 10−7 Pa. The XPS spectra were recorded using Al Kα X-ray emission; the spot size was 200 μm, and the X-ray power load delivered to the sample was less than 50 W. Typical signal-to-noise ratios were greater than 10,000:3. XPS spectra were processed using MultiPak 9.9.0.8 software. Finally, the background was taken into account using the Shirley method. A few drops from the nanoparticle suspension was deposited and dried on a monocrystalline silicon substrate to record XPS of the core-levels and valence bands. The presence of metal-carbon bonds is of crucial importance in the solid state analysis since free sp chains air-exposed easily degrade as a consequence of their interaction with atmospheric gases [36]. Thus, we are confident that the obtained LCC species on (Ag-Au) nanoparticles are stable and suitable for XPS analysis.




3. Results and Discussion


Figure 3 displays the XPS survey spectra of Ag-Au NPs before and after interaction with LCC. The surface composition determined from these spectra is presented in Table 1. These data show that the concentration of noble materials on the surface of the studied samples does not exceed 0.4 at. %. On this basis we conclude that the NPs were successfully deposited onto silicon substrate despite the fact that concentrations of metal NPs in initial solutions were small enough. The estimated concentration of metal colloids in initial water solution was about 0.3 × 10−6 M. On the other hand, the increasing of carbon concentrations supports the conclusion that LCC structures were also deposited.



The high-energy resolved XPS Si 2p (Figure 4a) and O 1s-spectra (Figure 4b) of both samples show the main peak (in O 1s) corresponds to Si–O bond in SiO2. At the same time Si 2p spectra indicate that the main peak corresponds to Si-Si bond of substrate (99.4 eV) while the feature at 103 eV ascribed to a partial oxidation of the substrate. Further, we should note that an additional low-energy fine structure in the 528.2–531.3 eV energy range appears for (Ag-Au)@LCC. Adsorbed oxygen can contribute to spectral range near 531 eV, however, according to [37,38] the contributions of metal-oxygen bonds (the Ag-O and Au-O) are located at the indicated energy range. This means that a surface oxidation of both metal components in (Ag-Au)@LCC prepared by laser ablation in water could take place. To check this conclusion the high-energy resolved XPS Ag 3d and Au 4f spectra were analyzed (see Figure 5a,b).



It emerged that the spectra of both components for (Ag-Au)@LCC nanoparticles show a two-peak structure. In details, XPS spectra of Ag 3d5/2,3/2 (Figure 5a) shows lines at the binding energies of 366.7 and 372.6 eV. We should note that the Ag 3d5/2 lineshape between 366.7 and 368.2 eV could arise from Ag–O bonds (specifically, Ag 3d5/2 located at 367.33 eV for AgO [37] and at 367.62 eV for Ag2O [39]). However, these additional lines cannot be attributed only to oxidation of (Ag-Au)@LCC nanoparticles since XPS Ag 3d lines in oxides have higher binding energies in XPS spectra than 366.7 eV peak. Earlier it was shown that this feature could arise from the formation of Ag–C bond in Ag@LCC NPs [40] and Ag NPs [41] and nanowires [42]. Moreover, we do not exclude that, during the second irradiation, a series of Ag or Au end-capped LCCs are also formed together to the Ag NPs encapsulated in carbonaceous shells [40]. On the other hand, the additional feature appearing at lower binding energy might hint of the electron transfer to Au.



A similar picture could be seen in Au 4f spectra (Figure 5b) where the presence of a low energy band could be associated with Au and C atoms interaction because the similar peaks were observed in the Au 4f spectra of Au@LCC [43]. The lower-energy shift of Au 4f peak position is a known for metal nanoparticles (including Au) on various substrates [44,45,46,47] due to strong metal–substrate interactions. It should be noted that some authors refer to the low-energy shift to negatively charged gold atoms organized in clusters [48]. Liu et al. [49] associated the same shift of Au 4f binding energies for Au-Pd NPs (Au core–Pd shell) to an increase in the surface to volume ratio as the Au core became smaller. In our case we suggest that gold atoms located at NPs surface strongly interacted with LCC shell. For this reason, the gold atoms located on the NPs surfaces show a significant shift to lower binding energy while atoms located in the core of NPs show the peak position close to the Ag-Au alloy. Such electronic properties of (Ag-Au)@LCC NPs provide the opportunities to develop the novel catalytic systems with unusual properties.



However, unlike the Ag 3d spectra, the formation of the Au–O bond could not be confirmed with certainty since, in the Au 4f7/2,5/2 spectra, Au2O3 peaks are shifted to an opposite side to 85.9 and 89.5 eV [50,51]. Otherwise, the formation of Ag–C and Au–C bonds are also evidenced by XPS C 1s spectra (Figure 6) where their low-energy features are detected for (Ag-Au)@LCC structure. It should be noted that C 1s line for pure LCC is also located at the same energy region [52] of the (Ag-Au)@LCC sample. Due to relatively low concentrations of metal nanoparticles, we conclude that the main contribution to this energy range arises from carbon-carbon sp-hybridized bonds in LCC. This result is important because it indicates the stability of the obtained LCC which is crucial for their applications. We did not observe the signals referred to C–O and (C=O) bonds, generally observed at higher binding energy with respect to C–C bonds in the C 1s lineshape. Thus, we can conclude that the linear carbon chains in investigated samples are not oxidized.



The observed two-peak structure of the XPS Ag 3d and Au 4f-spectra is absent in Ag-Au NPs. This confirms the conclusions about the formation of bonds between LCC and Ag/Au atoms. It is important to note that the binding energies of high-energy peaks differ from those in pure metals [53] and are close to the energies of Ag-Au alloys [54]. This leads to the conclusion that the used method of sample preparation ensures the formation of Ag-Au alloy nanoparticles.




4. Conclusions


The nanostructured core@shell composites, in which the inner noble metal nanoparticle is encapsulated and protected from agglomeration, adsorption, or chemical reactions by the outer shell, attract a lot of attention due to their unique physical, chemical, biological, and catalytic properties. The thickness of the outer shell plays a huge role in the formation of the functional properties of nanocomposites and, therefore, the nanometer scale, which can be implemented using carbon materials with one or several layers, is of particular interest. The use of two successive processes during ablation, that is the formation of noble metal nanoparticles and subsequent carbon deposition, allows to obtain noble metal nanoparticles in a homogeneous and ultrathin carbon layer. In the present work, the surface of Ag-Au alloys colloidal nanoparticles, obtained by laser ablation in water was characterized by XPS and the formation of Ag–C bonds was established. We found low-energy chemical shift for the Au 4f doublet which has previously been observed for Au NPs on different substrates. Despite the existence of various interpretations of such a shift in the literature, we assume that low-energy shift of Au 4f levels in (Ag-Au)@LCC could be attributed to a size-induced gold-LCC charge transfer. It is shown that agglomeration can be eliminated by the interaction of colloidal nanoparticles with linear carbon chains and formation of (Ag-Au)@LCC nanostructures.
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Figure 1. STEM image of the alloy (50:50): (a) Au-Ag NPs, (b) and (c) (Au-Ag)@LCC. 






Figure 1. STEM image of the alloy (50:50): (a) Au-Ag NPs, (b) and (c) (Au-Ag)@LCC.



[image: Applsci 11 00685 g001]







[image: Applsci 11 00685 g002 550] 





Figure 2. The histogram of Ag/Au@LCC nanoparticles size distribution. 






Figure 2. The histogram of Ag/Au@LCC nanoparticles size distribution.



[image: Applsci 11 00685 g002]







[image: Applsci 11 00685 g003 550] 





Figure 3. XPS survey spectra of Ag-Au and (Ag-Au)@LCC. 
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Figure 4. XPS spectra of Ag-Au and (Ag-Au)@LCC: (a) Si2p and (b) O 1s. 
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Figure 5. XPS spectra of Ag-Au and (Ag-Au)@LCC: (a) Ag 3d and (b) Au 4f. Label “Au-shell ct” designates charge transfer between Au atoms and LCCs shell. 
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Figure 6. XPS C 1s spectra of Ag-Au and (Ag-Au)@LCC. 
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Table 1. Surface composition of Ag-Au and (Ag-Au)@LCC nanoparticles (in at. %).
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	Sample
	C
	O
	Si
	N
	Ag
	Au





	(Ag-Au) NPs
	39
	31
	29.1
	0.7
	0.1
	0.1



	(Ag-Au)@LCC
	61.8
	20.3
	16.6
	0.8
	0.4
	0.1
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