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Metal nanocrystals with well-controlled shape and unique localized surface plasmon resonance (LSPR) properties have attracted tremendous attention in both fundamental studies and applications. Compared with monometallic counterparts, bimetallic nanocrystals endow scientists with more opportunities to precisely tailor their LSPR and thus achieve excellent performances for various purposes. The aim of this mini review is to present the recent process in manipulating bimetallic nanostructures with tunable LSPR and their applications for sensing. We first highlight several significant strategies in controlling the elemental ratio and spatial arrangement of bimetallic nanocrystals, followed by discussing on the relationship between their composition/morphology and LSPR properties. We then focus on the plasmonic sensors based on the LSPR peak shift, which can be well-controlled by seed-mediated growth and selective etching. This review provides insights of understanding the “rules” involving in the formation of bimetallic nanocrystals with different structures and desired LSPR properties, and also forecasts the development directions of plasmonic sensors in the future.
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INTRODUCTION

Metal nanocrystals with fascinating localized surface plasmon resonance (LSPR) properties have received increasing attention over the past several decades. They have played important roles in a variety of different areas such as sensing, imaging, photocatalysis, photovoltaic devices, and photothermal therapy (Anker et al., 2008; Jain et al., 2008; Rycenga et al., 2011; Wang and Asrtuc, 2014; Li X. et al., 2016). The LSPR of a nanosized metal particle arises from the collective oscillation of conduction electrons in the particle which is excited by electromagnetic radiation. When the incident light matches the resonance wavelength of the metal nanoparticles which are much smaller than the incident wavelength, the photons are able to be absorbed and a localized surface plasmon will be stimulated (Haes and Van Duyne, 2004; Willets and Van Duyne, 2007). Among the numerous metallic elements, only Au and Ag nanoparticles are widely used as plasmonic materials since their LSPR absorption and scattering are located in the visible light region, as well as their stability and easy preparation. Many other metals such as Pd, Hg, Pb, Bi, In, and Sn can also generate LSPR, however, the study of these nanoparticles is hampered by their relatively weak LSPR in ultraviolet region, high susceptibility to oxidation, or the difficulty in shape-controlled synthesis (Xia et al., 2009; Li et al., 2018, 2019b,c; Chen et al., 2019). Except for composition, the LSPR properties of a metal nanostructure are also critically dependent on its physical parameters including size, shape, and internal structure (Murphy et al., 2005; Jain et al., 2007; Tao et al., 2008). For example, the LSPR peak of Au nanoparticles split into two (transverse and longitudinal LSPR) when they transform from zero-dimensional nanospheres into one-dimensional nanorods (Chen et al., 2013). Pd nanoparticles exhibit very weak and broad LSPR in ultraviolet and visible regions (Xiong and Xia, 2007), however, ultrathin Pd nanosheets display well-defined LSPR peaks in the near-infrared region (Huang et al., 2011). Thus, the number of resonant modes or LSPR peak position can be tailored by manipulating any one of these parameters or a combination of them.

Compared to the nanocrystals composed of only one metal, bimetallic nanostructures are more powerful in regulating the LSPR properties (Cortie and McDonagh, 2011; Mayer and Hafner, 2011; DeSantis et al., 2013). On the one hand, the composition of bimetallic nanocrystals (i.e., the ratio of two different metals) can be controlled to achieve the LSPR regulation since the LSPR of different metals locates in different wavelength regions. For example, the LSPR peak of 20-nm Au nanoparticles usually appears around 520 nm and the solution displays a wine red color. However, Ag nanoparticles in the same size usually show the LSPR peak at ~400 nm and a bright yellow solution (Haes and Van Duyne, 2004). Even so, it is inadequate to just use “composition” to describe bimetallic nanocrystals. On the other hand, the LSPR of bimetallic nanostructures is also dependent on their morphology. Namely, the number, position and profile of the LSPR peak are highly sensitive to the spatial arrangement and atomic ordering of the two different types of metal atoms. For instance, although the molar ratio of Ag/Au kept the same, fully alloyed Ag-Au nanoparticles exhibited different LSPR peak position from the Au@Ag core-shell nanoparticles, together with much narrower bandwidth (Gao C. et al., 2014). Single-, double-, and triple-walled nanotubes made of Au-Ag alloy also displayed quite different LSPR spectra involving both peak position and profile (Sun and Xia, 2004a).

Thanks to a great deal of effort from many research groups, a large number of bimetallic nanocrystals with well-defined structures and tunable LSPR have been achieved (Hou et al., 2013; Gilroy et al., 2016). The most commonly approaches to the synthesis of bimetallic nanostructures in solution phase are introduced in this review, including co-reduction, seed-mediated growth, and galvanic replacement reaction. Owing to the extensive studies of Au-Ag nanocrystals referring to their synthetic strategies and LSPR-based applications, we will focus on the review of Au-Ag bimetallic nanocrystals with well-defined structures and tunable LSPR. Besides, combined with another plasmonic metal of Cu, Au-Cu, and Ag-Cu nanocrystals can also give rise to strong LSPR. Other metallic elements (e.g., Pd or Pt) are only mentioned in somewhere because they usually lead to drastic dampening or quenching the LSPR of another plasmonic metal. Benefiting from the sensitivity of plasmon resonance toward changes in the local dielectric environment, the peak position and profile of LSPR will be drastically altered when any object gets close to the nanoparticles. Furthermore, the LSPR peak shift will be more sensitive once the object can directly transform the composition or structure of the nanoparticles themselves. Based on these findings, a large number of sensors have been developed by controlled management of the LSPR absorption or scattering of the metal nanocrystals. In this review, we will focus on the plasmonic sensors based on the LSPR peak shift, which can be well-controlled by manipulating the composition and morphology of bimetallic nanostructures. Aggregation-induced LSPR alteration and its related analytical methods will not be concerned herein since bimetallic nanoparticles do not take obvious advantages over single-metallic nanoparticles in this aspect. In addition, the aggregation degree of nanoparticles can hardly be precisely controlled because a number of parameters are able to affect this process.



STRATEGIES TO MANIPULATION OF BIMETALLIC NANOSTRUCTURES

LaMer model is widely used to describe the nucleation and growth mechanism of metal nanocrystals in solution phase (Xia et al., 2009). Metal precursors are firstly transformed into metal atoms via reduction or decomposition, which start to aggregate into small clusters (i.e., nuclei) once their concentration has reached the point of supersaturation. Then, the nuclei grow up to seeds and thereafter formation of shape-controlled nanocrystals under the control of thermodynamics and kinetics. In this section, considering the repeatability and stability of the bimetallic nanocrystals in applications, we focus on the controllable and universal syntheses including co-reduction, seed-mediated growth, and galvanic replacement. Thanks to a great effort of many research groups, a large number of bimetallic nanocrystals with different architectures are available (Sun and Xia, 2004b; González et al., 2011; Chen et al., 2012; Hong et al., 2012; Gao C. et al., 2014; Liu H. et al., 2015; Liu W. et al., 2015) (Figure 1).
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FIGURE 1. Bimetallic nanocrystals with various shapes and structures. (A) Alloyed Au-Ag nanospheres. Reproduced from Gao C. et al. (2014). with permission from American Chemical Society. (B) Core-shell Ag@Au nanoplates. Reproduced from Liu H. et al. (2015); Liu W. et al. (2015) with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) Core-shell Au@Pd nanorods. Reproduced from Chen et al. (2012) with permission from American Chemical Society. (D) Hollow Au-Ag nanoboxes, nanocages, nanoframes, and nanotubes. Reproduced from Sun and Xia (2004b) with permission from American Chemical Society. (E) Octahedral Au-Ag nanoframes. Reproduced from Hong et al. (2012) with permission from American Chemical Society. (F) Double-walled Au-Ag nanoboxes. Reproduced from González et al. (2011) with permission from American Association for the Advancement of Science.


Co-reduction is the most straightforward way to synthesize bimetallic nanocrystals, where two metal precursors are simultaneously reduced into metal atoms and then nucleation and growth together. Different bimetallic nanostructures can be generated by varying experimental parameters such as the reduction potentials of metal precursors, strength of reducing agent, coordination ligands, reaction temperature, and capping agent. It should be pointed out that the reduction potential of metal ions involved plays a pivotal role in their formation. Generally, metal ions with similar reduction potential should be selected to get alloyed structures by co-reduction. For example, Pd2+ and Pt2+ can be readily coreduced to form Pd–Pt alloyed nanocrystals since they have adjacent reduction potentials (Pd2+/Pd, +0.9 V; Pt2+/Pt, +1.18 V) (Liu Y. et al., 2011a,b; Liu N. et al., 2011c). If there is a large gap of the reduction potentials between two metal ions (e.g., Au3+/Au, +1.5 V; Ag+/Ag, +0.8 V), the more noble metal will be reduced first followed by the other. This problem might be overcome by varying the molar ratio of the two metal precursors, as well as using a very strong reductant and introducing appropriate coordination ligands to achieve the synchronized reduction of metal ions (Wang et al., 2009, 2015a; Kim et al., 2014; Lohse et al., 2014).

Seed-mediated growth is a powerful and versatile means to synthesize bimetallic nanocrystals with core-shell structures. In this process, preformed metal seeds with well-defined characteristics serve as primary sites for the deposition of newly formed atoms that generated from reduction or decomposition of another metal precursor (Xia et al., 2016). The first example of seed-mediated growth for bimetallic nanostructure was reported at 2002, where Ag nanowires were prepared from the Pt seeds (Sun et al., 2002b). Thereafter, this approach was further expanded to other bimetallic systems such as Pt-Pd, Au-Ag, Au-Pd, Pd-Cu, Pd-Ag, Pd-Rh, Pd-Ir, and so on (Habas et al., 2007; Ma et al., 2010; Jin et al., 2012; Li et al., 2012; Zeng et al., 2012; Xie et al., 2013; Xia et al., 2014). The morphologies of the bimetallic nanocrystals obtained by this method were also expanded from core-shell structure to alloyed, core-frame, branched, and heterostructured ones (DeSantis and Skrabalak, 2012, 2013; Xie et al., 2012b; DeSantis et al., 2013; Gao C. et al., 2014; Bai et al., 2017). Compared with co-reduction route, seed-mediated growth is readily to elaborately engineer the morphology and thus properties of the bimetallic nanocrystals. Moreover, it can also serve as a model system to elucidate the mechanisms involved in nanocrystal synthesis since the nucleation and growth processes are divided in this approach.

Galvanic replacement is an electrochemical process that can fabricate complex hollow bimetallic nanostructures with well-controlled properties. It usually occurs in the system involving the oxidation of one metal (acts as a sacrificial template) by the ions of another metal having a higher reduction potential (Xia et al., 2013). As a result, the template will be oxidized and gradually dissolved into the solution while the second metal ions will be reduced into metal atoms and plated onto the outer surface of the template. Xia et al. conducted the galvanic replacement reaction on nanocrystals for the first time in 2002, where Ag-Au hollow nanostructures were achieved using Ag nanoparticles as sacrificial templates (Sun and Xia, 2002; Sun et al., 2002a). Thereafter, a lot of research groups extended the galvanic replacement to many other bimetallic or trimetallic nanocrystals (e.g., Ag-Pd, Ag-Pt, Pd-Pt, and Pd-Au-Cu) as well as more complex structures (e.g., nanoframe, yolk–shell nanocage, nanorattle, and multiple-walled nanoshells/nanotubes) (Métraux et al., 2003; Sun and Xia, 2004a; Chen et al., 2005; González et al., 2011; Zhang et al., 2011; Xie et al., 2012a), and also systematically studied on the mechanism in this process (Sun and Xia, 2004b; Sun et al., 2004; Chen et al., 2006; Skrabalak et al., 2007b). Galvanic replacement provides a simple and maneuverable approach for precisely tuning the LSPR peaks of plasmonic metal nanostructures by adjusting the amount of another metal ion relative to the template (Skrabalak et al., 2007a, 2008; Wang et al., 2013a,b; Xia et al., 2020). The limitation of this approach is no more than the requirement of a favorable difference in the reduction potentials of the two metals.



EFFECT OF COMPOSITION AND MORPHOLOGY ON LSPR OF BIMETALLIC NANOSTRUCTURES

The LSPR peak position and profile of metal nanocrystals is determined by a number of parameters including composition, size, shape, internal structure, and the dielectric constant of the surrounding environment. For bimetallic nanostructures, one of the most important factors that can profoundly impact on the LSPR properties is their composition, which involves both the elemental ratio and atomic spatial distribution of two different metals. El-Sayed et al. synthesized Au–Ag alloy nanoparticles with varying Au/Ag mole fractions by coreduction of HAuCl4 and AgNO3 with sodium citrate. They observed a linear blue shift of the LSPR peak with increasing Ag content while an exponential decrease of the extinction coefficient with increasing Au content (Link et al., 1999). Other groups further confirmed this finding (Mallin and Murphy, 2002; Moskovits et al., 2002; Kim et al., 2003; Shore et al., 2010). Similarly, the Au–Cu and Ag–Cu alloy nanocrystals also displayed varying LSPR according to the stoichiometry of the different two elements in a particle (Smetana et al., 2006; Cattaruzza et al., 2007; Motl et al., 2010; Kim et al., 2014; Hajfathalian et al., 2015). As compared to Au–Ag nanoparticles, the syntheses and applications of Cu-involved bimetallic nanocrystals were limited due to the chemical instability of Cu. On the other side, when a plasmonic metal combined with Pd or Pt to generate an alloyed nanocrystal (e.g., Ag–Pd, Ag–Pt, and Au–Pt), the initial LSPR could be inhibited or completely quenched (Zhang S. et al., 2013; Cargnello et al., 2015). The quench of LSPR might be attributed to a different electronic structure of the two metals and/or to the presence of inhomogeneous doping/alloying.

The spatial distribution of different types of atoms in a bimetallic nanocrystal also significantly affects the LSPR. For instance, a number of studies have found that bimetallic heterostructures exhibit more complex LSPR behavior compared to the alloys containing the same metals. Taking core-shell nanostructures as an example, their LSPR is mainly determined by both the element and thickness of the shell, while the contribution of the core to LSPR is relatively limited. For example, Xia et al. synthesized Au@Ag core–shell nanocubes and found that the LSPR rapidly blue-shifted as the thickness of Ag shell increased. The LSPR signal of Au core was completely masked by that of Ag once the Ag shell exceeded 3 nm (Ma et al., 2010). Consistent conclusions were also obtained by other groups, including the case that switching Ag as the core and Au as the shell (Zhang et al., 2008; Kahraman et al., 2009; Zhang W. et al., 2013; Tsao et al., 2014; Liu H. et al., 2015; Liu W. et al., 2015). When other metals with no LSPR in the visible region (e.g., Pd or Pt) served as the core and plasmonic metals (e.g., Au, Ag, or Cu) served as the shell, the LSPR properties of the core-shell nanoparticle were also dominated by its shell. The studies on many cases of Pd–Ag, Pd–Ag, Pt–Au, and Pd–Cu bimetallic nanocrystals provided direct experimental evidences (Henglein, 2000; Lahiri et al., 2005; Jin et al., 2012). In contrast, coating a plasmonic nanocrystal (e.g., Au, Ag, or Cu) with Pd or Pt resulted in the attenuation even quenching of the initial LSPR signal (Mandal et al., 2004; Khanal and Zubarev, 2009; Chen et al., 2012; Chiu et al., 2014).

Similar to monometallic nanocrystals, the morphology (e.g., geometrical shape, internal structure, and surface state) of bimetallic nanostructures is also crucial to their LSPR properties. Compared to spherical-like nanoparticles, the anisotropic nanostructures can exhibit more than one LSPR peak as the number of peaks directly corresponds to the number of polarized ways (Gilroy et al., 2016). Taking nanorod as a typical example, it shows transverse and longitudinal resonant modes at shorter and longer wavelengths, respectively, corresponding to the polarization of free electrons along the short and long axis of the nanorod. Each of the two modes and thus the wavelength of LSPR peaks can also be readily tuned through adjusting the aspect ratio of the rods (i.e., increase their thickness or length). Yin et al. synthesized fully alloyed Ag-Ag nanospheres and nanorods by controlled high-temperature annealing in confined spaces. The nanospheres exhibit only one LSPR peak, while the nanorods have both transverse and longitudinal LSPR peaks (Gao C. et al., 2014; Bai et al., 2017). Wang et al. prepared Au@Ag core–shell nanorods by seeded growth of Ag mainly on the sides of Au nanorods. Along with increasing the amount of Ag precursor, Au@Ag nanorods with decreased aspect ratio were obtained. They found that the two LSPR bands of the seeds (Au nanorods) transformed into four bands when the Au@Ag core–shell nanorods were formed, where the lowest- and second-lowest-energy peaks belong to the longitudinal and transverse dipolar plasmon modes, respectively, and the two highest-energy peaks are ascribed to octupolar plasmon modes (Jiang et al., 2012). Subsequently, Liz-Marzán and co-workers achieved the synthesis of Ag–Au–Ag nanorods by depositing Ag at both ends of each Au nanorod. They could precisely control over the length of the bimetallic nanorods from ~210 nm to several micrometers and meanwhile kept their thickness almost unchanged. As a result, the longitudinal LSPR peak could be tuned in the range of 1,100–2,250 nm while the transverse peak stayed relatively constant (Mayer et al., 2015). The case of anisotropic Ag–Au bimetallic nanoplates also demonstrated the correlation of morphology and LSPR, where the shift direction of LSPR band was dependent on the deposition of Au on the {111} or {100} facets (Liu H. et al., 2015; Liu W. et al., 2015).



PLASMONIC SENSORS BASED ON LSPR PEAK SHIFT OF BIMETALLIC NANOSTRUCTURES

The LSPR of metal nanoparticles are sensitive to their local dielectric environment. When other substances are brought into the proximity of metal nanoparticles to alter their surrounding environment, their LSPR properties will change. McFarland and Van Duyne found that the LSPR scattering peak of individual Ag nanoparticles greatly shifted when they were in solvents with different refractive indexes. Based on this concept, an optical sensor for 1-hexadecanethiol detection was developed with zeptomole sensitivity (McFarland and Van Duyne, 2003). Huang et al. also proved this conclusion in Au nanoparticles (Liu Y. et al., 2011a,b; Liu N. et al., 2011c; Liu and Huang, 2013a). Another typical example of this concept is the LSPR hydrogen sensor. Owing to the hydrogen atoms can be reversibly absorbed into the lattice of Pd nanocrystals (Baldi et al., 2014), Alivisatos et al. designed a model system consist of a triangular Au nanoplate in the proximity of Pd nanoparticles to sensing H2. The sensing was achieved based on the hydrogen-induced change in dielectric function of the Pd nanoparticles, which further decreased the near-field enhancement of proximal Au nanoplates (Liu Y. et al., 2011a,b; Liu N. et al., 2011c). Later studies on the adsorption/desorption behavior of H2 on bimetallic single Au@Pd core–shell naoparticles further demonstrated that the LSPR of the Au core was sensitive to the adsorption and desorption of H2 on the surface of the Pd shell, which enable fast sensing of H2 at low concentrations (Tang et al., 2011). Recently, Han et al. found that colloidal clusters of Au@Pd core–shell nanoparticles exhibited remarkably enhanced sensitivity for H2 detection compared to their Au@Pd nanoparticle counterparts. Simulations verified that LSPR-induced intense near fields are localized around their interparticle gaps (Wy et al., 2018). Although great achievements had been made, almost of these studies could only record the variation of LSPR signal on single-particle level. In other words, the changes in the collective LSPR properties of nanoparticles are hard to detect by this way. Moreover, extension of this strategy for sensing applications is also limited due to the specificity between Pd nanocrystals and H2.

Alternatively, record of collective LSPR signal of bimetallic nanoparticles for colorimetric detection is more convenient, practical, and cost-effective than that of monitoring LSPR on single particles. Figure 2A represents two typical plasmonic sensing strategies based on LSPR peak shift of bimetallic nanostructures, namely, seed-mediated growth and selective etching. Seed-mediated growth can generate bimetallic nanocrystals with controlled composition and structure, where the LSPR is facile to be manipulated for plasmonic sensing. For example, Stevens et al. employed an enzyme to control the nucleation rate of Ag on plasmonic Au nanostars and thus developed an LSPR sensor for the detection of cancer biomarker (Rodríguez-Lorenzo et al., 2012). Specifically, Ag ions were able to be reduced to Ag atoms by H2O2 which generated from the enzymatic reaction of GOx. When the concentration of GOx was low, epitaxial growth of Ag on Au nanostars occurred due to the relatively low reduction kinetics, leading to an obvious blue-shift of the LSPR of the nanostars. When the concentration of GOx was high, self-nucleation of Ag in solution was instead of the epitaxial growth on Au nanostars, which displayed a small LSPR shift. It should be highlighted that ultrasensitive detection was achieved (down to 10−18 g mL−1) since the LSPR shift was oppositely proportional to the concentration of analyte. Recently, our group also developed a series of sensors for the detection of antioxidants in food and cosmetics based on the concept of seed-mediated growth. Employing either hollow Au nanocages or solid Au nanorods as the seeds to grow Ag shell, we observed continuous blue shift of their LSPR as increasing the concentration of antioxidants (Figure 2B) (Wang J. et al., 2016; Wang Y. et al., 2016; Li L. et al., 2018; Wang et al., 2018a,b). It means that one can precisely tailor the LSPR of Au@Ag core-shell nanostructures for sensing through the controlled seeded growth, in which the concentration of Ag precursor and the reduction kinetics are both important. Similar approaches were also reported by several other groups, which had been achieved in the detection of perishable products (Zhang C. et al., 2013), phosphatase activity (Gao Z. et al., 2014), and influenza virus (Xu et al., 2017). Except for the studies on the collective LSPR by spectroscopy, individual bimetallic plasmonic nanoparticles were also monitored by dark-field microscopy for real-time sensing. For example, in situ formation of alloyed bimetallic nanoparticles (e.g., Ag-Hg and Au-Hg) was successfully monitored in real-time by dark-field scattering microscopy (Liu and Huang, 2013b; Wang J. et al., 2016; Wang Y. et al., 2016). Generation of Au@Ag “nanosnowman” by heterogeneous nucleation was recorded on single-particle level for ultra-sensitive microRNA detection (Zhao et al., 2019). Also, the dark-field scattering microscopy and spectroscopy of single bimetallic plasmonic nanoparticles had been extended to various targets detection (Mashtalir et al., 2013; Hao et al., 2014; Lei et al., 2015).
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FIGURE 2. (A) Schematic representation of the plasmonic sensing strategies based on LSPR peak shift of bimetallic nanostructures: (i) seeded growth, and (ii) selective etching. (B) Plasmonic sensor based on the seed-mediated growth of Au@Ag nanobox: (i) Schematic illustration, (ii–v) transmission electron microscope (TEM) images and (vi) spectral evolutions of the LSPR sensor for antioxidants detection. Reproduced from Wang et al. (2018a) with permission from Elsevier. (C) Plasmonic sensor based on the selective etching of Ag in Au-Ag nanoshells: (i) Schematic illustration, (ii, iii) TEM images and (iv) spectral evolutions of the LSPR sensor for glucose detection. Reproduced from He et al. (2012) with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.


In the opposite direction of seed-mediated growth, selective etching of the metallic nanocrystals is also an effective approach to LSPR adjustment (Wang et al., 2015b; Zhang et al., 2020). A metallic component from the preformed bimetallic nanocrystals is especially suited to fabricate plasmonic sensors benefiting from the difference between two metals. Along with the target-induced etching proceeds, element ratio and morphology (e.g., formation of hollow or porous structures) of the bimetallic nanocrystals both changes, where tunable LSPR can be managed as sensing signal. Jin et al. constructed GOx enzyme-immobilized Ag-Au bimetallic hollow nanoshells for glucose detection through this idea (He et al., 2013; Chen et al., 2015). As shown in Figure 2C, enzymatic oxidation of glucose in air produced H2O2, which could selectively dissolve Ag from the preformed Ag/Au bimetallic nanoshells. In that case, porous nanoshells with decreased Ag/Au ratio were obtained, resulting in the red shift of their LSPR peak. This kind of bimetallic nanoshells was also applied to in vitro visual discriminate and photothermal killing of cancer cells (Jin, 2014; Chen et al., 2015). Xia et al. fulfilled the fine tuning of LSPR of Au–Ag nanocages through the selective etching by oxygen and water-soluble thiol (Cho et al., 2009), and also employed this strategy to measure the concentration of H2O2 (Zhang et al., 2010). Lin and Wang et al. prepared a new type of Au–Ag nanorods with an Au seed at one tip of the rod, and monitored the selective etching of Ag from another tip for hypochlorite detection (Li et al., 2019a). The strategy of etching surface Ag of Au–Ag nanoparticles with different shapes (e.g., spheres, rods, and bipyramids) were also applied for sensing of a variety of different analytes such as cyanide (Zeng et al., 2014; Li Y. et al., 2016), iodide (Qi et al., 2017), Hg2+/Pb2+ (Yang et al., 2015; Xing et al., 2018), permanganate (Ye et al., 2018), benzoyl peroxide (Lin et al., 2018), MicroRNA (Gu et al., 2017) and proteins (Liu H. et al., 2015; Liu W. et al., 2015).



CONCLUSION AND PERSPECTIVES

Great progress in synthesis and characterization of bimetallic nanocrystals in recent years gives better insight into the relationship between their composition/morphology and LSPR properties. Understanding of the “rules” involving in their formation is of great significance to design desired structures and LSPR for sensing applications. To this end, improved theoretical models in combination with systematic experimental studies are needed to achieve the “design” instead of “explore” the well-defined bimetallic nanostructures with good plasmonic performances. Moreover, advanced in-situ monitoring technologies such as liquid transmission electron microscopy and dark-field scattering microscopy/spectroscopy will play important roles in real-time observing the formation or evolution of the bimetallic nanostructures (Shan et al., 2018; Ye et al., 2018; Zhou et al., 2018). For sensing purpose, bimetallic sensors take advantage of their component and spatial distribution of different metals. Thus, manipulating the bimetallic nanoprobes and precise tuning their LSPR signal can provide improved sensitivity and reproducibility of the sensor. Although a variety of plasmonic sensors or analytical methodologies have been established based on the LSPR peak shift of bimetallic nanostructures, further investigations on the detection mechanism involved and their practical applications are still challenging. Specificity may be another question that needs to be resolved before the bimetallic plasmonic sensors walking from laboratories to application. Surface modification or capping of the bimetallic nanoprobes with any ligands may achieve the specific recognitions between ligands and target analytes (e.g., antigen-antibody, aptamer-target molecule, and host-guest molecule). In addition, exploring the LSPR tunability of Cu (Chen et al., 2019) and other low-cost metals as well as improving their chemical stability will be of great benefit to reduce the cost of bimetallic plasmonic sensors in the future.
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