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Noble metal nanostructures are being used broadly as catalysts for energy conversion in fuel cells. To overcome the future energy crises, fuel cells are anticipated as clean energy sources because they can be operated at low temperature, their energy conversion is high and their carbon release is almost zero. However, an active and stable electrocatalyst is essential for the electrochemical reactions in fuel cells. Therefore, properties of the nanostructures greatly depend on the shape of the nanostructures. Individual as well as interaction properties are greatly affected by changes in the surface area of the nanostructures. By shape controlled synthesis, properties of the nanostructures could be further enhanced by increasing the surface area or active sites for electrocatalysts. Therefore, an efficient approach is needed for the fabrication of nanostructures to increase their efficiency, activity, or durability in fuel cells by reducing the usage of noble metals. Different types of hollow nanostructures until now have been prepared including nanoboxes, nanocages, nanoshells, nanoframes (NFs), etc. NFs are the hollow unique three-dimensional structure which have no walls—they only contain corners or edges so they have large surface area. In electrocatalytic reactions, the molecules involved in the reaction can easily reach the inner surface of the nanoframes, thus noble metals' utilization efficiency increases. NFs usually have high surface area, greater morphological and compositional stabilities, allowing them to withstand harsh environmental conditions. By considering the current challenges in fabrication of noble metal based alloy NFs as electrocatalysts, this review paper will highlight recent progress, design, and fabrication of noble metal alloy NFs through different strategies—mainly photocatalytic template, electrodeposition, Kirkendall effect, galvanic replacement, chemical/oxidative etching, combination of both and other methods. Then, electrochemical applications of NFs in fuel cells toward formic acid, methanol, ethanol, oxygen reduction reaction as well as bifunctional catalyst will also be highlighted. Finally, we will summarize different challenges in the fabrication of highly proficient nanocatalysts for the fuel cells with low cost, high efficiency and high durability, which are the major issues for the highly commercial use of fuel cells in the future.
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INTRODUCTION

Noble metal nanostructures are being used broadly as catalysts for energy conversion in fuel cells. To overcome the future energy crises, fuel cells are anticipated as clean energy sources. Noble metals such as platinum (Pt) as well as palladium (Pd) are the most important and effective catalysts in fuel cells, but increasing the catalyst efficiency as well as cost reduction of catalysts is a great challenge. By tuning the size, composition, and morphology, electrocatalytic activity could be enhanced (Ding et al., 2012; Wang et al., 2013, 2015a; Zhang et al., 2018b). Recent research efforts have been focused on (1) the addition of cheap transition metals to decrease the cost and improve the electronic effect of Pt, (2) tuning the morphologies with high index facets, ultrathin walls and 3D surface accessibility, (3) NF architecture which shows the 3D surface with high catalytic surface area as well as large utilization of precious metals, (4) composition segregation of Pt on the edges and corners of NFs to increase the Pt usage. Furthermore, it is very necessary to fabricate the novel nanocatalyst with both higher activity as well as stability.

Pt content could be reduced without compromising the catalytic properties by changing the solid nanostructures into hollow nanostructures with ultrathin walls and with controlled surface composition. The advantage of hollow structures over the solid particles is that Pt atoms in solid nanoparticles are unexploited because they cannot participate in electrocatalytic reactions. However, the empty interior of nanocages and nanoframe allows the reactants to interact with 3D interior and exterior surfaces in catalytic reactions (Fang et al., 2015). Moreover, atomic scale ultrathin walls below 2 nm can further improve the electrocatlytic applications. In previous studies, a lot of hollow as well as nanocage structures have been fabricated, but NF architectures—especially bi-and multimetallic NFs—have not received more attention. Attaining NFs with controlled size, highly open structure, 3D surface area, control thickness, and stable shell is a more difficult task. In recent years, some groups have been interested in the atomic scale synthesis of bi- and multimetallic NFs due to their excellent electrocatalytic activity as well as durability in fuel cells. In this review, we will highlight the state-of-the-art accomplishments on NFs and will discuss the growth mechanism, which includes the photocatalytic template method, electrodeposition, Kirkendall effect, galvanic replacement reaction, oxidative/chemical etching, and others. In previous years, researchers have fabricated the single component noble metal hollow, nanocages and NFs, but few have focused on the fabrication of noble metal based bimetallic and multimetallic NFs for fuel cells.

SYNTHETIC METHODOLOGIES FOR NANOFRAMES

Photocatalytic Template Synthesis

Template based synthesis has been widely employed for the synthesis of various hollow nanostructures (Bai et al., 2011). Photocatalytic-based hard and soft template synthesis has been used by a few groups to synthesize Pt nanocages. For example, Shi et al. developed Pt nanocages by using the liposomes as a template in which photocatalyst molecules were present. In this protocol, firstly hydrophobic SnIV octaethylporphyrin (SnOEP) has been integrated into unilamellar liposomes. After that, platinum seeds were formed due to photo-catalytic reduction of Pt salts and converted in the form of dendritic Pt-nanosheets. Then these dendritic nanosheets combined with each other inside the bilayer and evolved into nanocages. The dendritic nanosheets after combining with each other adopted the spherical structure of the liposomal template with a 2 nm thick wall and 200 nm nanocages. The synthesized Pt nanocages contain hollow voids and additional porosity, which may be beneficial for extensive applications (Shi et al., 2015). Moreover, Wang et al. developed 3D Pt nanocages by simple photocatalytic template procedure. The synthetic procedure was carried out in the presence of TiO2 NPs that not only worked as photocatalyst but also as template. In synthesis, Pt uniform interlinked branches first formed by the increased amount of Pt precursors and reducing the intensity of light. Then, these nanobranches were photo-deposited on a TiO2 template by irradiating the UV light without any surfactants or capping agents. After template removal, 3D Pt nanocages were attained with high surface area as well as more active sites showing them to be an active catalyst for MOR. By the photocatalytic template method, nanocages of different shapes and sizes could be synthesized by varying the exposure of light, amount of metal precursors, and size of template (Zhu et al., 2015).

Electrodeposition Method

The electrodeposition method consists of the deposition of a substance on substrate by introducing an electric current. This method is used for the fabrication of solid particles with very low porosity. However, for the creation of metal based NFs, this technique is also coupled with other strategies like chemical etching as well as electroleaching. For instance, Moghimi et al. developed FeNi NFs by the electrodeposition and electroleaching technique (Moghimi et al., 2013). The electrodeposition technique combined with chemical etching could be employed to fabricate various NFs. For example, Torimoto et al. synthesized Au NFs by the preferred electrodeposition of Au on the edges and corners of Ag cubic particles treated with the 1-octanethiol, and then chemical etchants (hydrogen peroxide and sulfuric acid) were used to chemically etch Ag particles. In this method, Ag has been used as a template, and dissolution of Ag template has not been observed during the deposition process of Au. This strategy could be used for the fabrication of NFs where simultaneous dissolution of the template needs to be avoided during electro-deposition of second material. Moreover, electrodeposition favors the formation of metal NPs irrespective of metal and their reduction potential. This method has rarely been used for synthesis of noble metal-based alloy nanoframes (Okazaki et al., 2009).

Kirkendall Effect

The Kirkendall effect is a vacancy mediated technique which is based on the net mass flow of faster diffusing species, and it is balanced by the opposing flow of vacancies. This method is useful for the synthesis of hollow and porous NCs because it is a diffusion procedure. González et al. used sequential galvanic replacement reaction or the Kirkendall effect at room temperature to synthesize polymetallic hollow nanocrystals (NCs) with complicated shapes and compositions such as trimetallic Pd-Au-Ag nanoboxes (González et al., 2011), as shown in Figure 1. Han et al. developed the Cu3Pt NFs with unique morphology by a transformation process. The Kirkendall effect is not commonly used for noble metal alloy NFs, so we will focus more on other methods.
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FIGURE 1. (A) TEM images illustrating the stages of formation of hollow nanostructures by sequential action of galvanic replacement and Kirkendall effect. (B) TEM images showing the nanostructures dominated by galvanic replacement using palladium (left) and by Kirkendall effect using gold (right). (C) HAADF-STEM image and corresponding EDX elemental maps. (D) TEM images of multichambered NPs. (E) HAADF-STEM detail and corresponding EDX elemental maps. (F) TEM images of different structures produced by sequential action of galvanic replacement and Kirkendall effect. Adapted with permission from González et al. (2011) Copyright 2011, American Association for the Advancement of Science.



Galvanic Replacement Reaction

The galvanic replacement reaction is extensively employed to synthesize metal NCs with hollow interiors such as nanocages, nanoboxes, and NFs. The template oxidizes and dissolves during the galvanic replacement reaction, meanwhile metal ions reduce, and deposit on the template surface. The discrepancy of the two metals in redox potential is the driving force of the galvanic replacement. However, the structure of the NCs may be controlled by tuning the metal to salt ratio, quantity and the shape of the template. The same sacrificial template facets have the simultaneous removal of template and the deposition of atoms on all the facets. In the template containing distinct facets, the galvanic replacement reaction adopted the facet selectively. Atoms are dissolved at higher surface energy and deposited on the lower energy facets. In addition, template based, and one pot strategy are the two main methods to carry the galvanic replacement reaction (Xia et al., 2013).

Template Based Galvanic Replacement Method

Ag metal has a lower reduction potential in comparison with the other metals such as Pd, Au, etc. Due to this property, it is easy to remove the atoms by the galvanic replacement reaction, and it makes Ag the most efficient sacrificial template for the synthesis of hollow nanostructures. For instance, Mahmoud and El-Sayed have developed the double shell nanocages of different sizes with controlled thickness and used the Ag as template (Mahmoud and El-Sayed, 2012). In this protocol, the Ag template has been employed because at elevated temperatures single-crystalline Ag particles formed, which may produce the single crystalline hollow structures in cases where the lattice of Ag and other metals match well. The size of templates was controllable from a few to 250 nm, which produced the hollow structures of different sizes. Synthesis of Ag template could be done with high yield. PVP is a good capping agent for Ag NC synthesis and it is appropriate for other metals as well, therefore the capping of the Ag template is also suitable for the synthesis of hollow structures and prevents their aggregation. In addition, the bowl-like morphology of PtAuAg nanocages was synthesized by using the seed mediated and galvanic replacement procedure (Xu et al., 2018) in which Ag seeds were used as a template. However, experiments in different optimized conditions were able to fabricate the structures which have time dependence and also depend on cetyltrimethylammonium chloride (CTAC). Due to their structure and synergetic effect of Pt, Au, and Ag, the final PtAuAg nanocatalyst exhibits higher catalytic performance. Furthermore, similar to the Ag template, Pd NCs were also used as sacrificial templates for the fabrication of PdPt hollow nanocages via the galvanic reaction as well as the co-reduction method. In another report, Xia et al. developed PdPt nanocages through a co-reduction approach along hollow centers by a combination of galvanic replacement by using Pd nanocubes as a sacrificial template and K2PtCl4 in presence of citric acid. Meanwhile higher concentrations of bromide and [image: image] at elevated temperatures accelerated the galvanic replacement and produced PdPt alloy nanocages (Zhang et al., 2011). However, by replacing the citric acid with the ascorbic acid (AA), PdPt nanodendrites were gained because of the faster depletion of Pt precursors and the decreased rate of the galvanic replacement reaction. For instance, Han et al. have fabricated PdPt octahedral and cubic nanocages with hollow interiors containing porous walls by using Pd octahedra and cubic NCs as sacrificial templates. Change in the ratio of AA could control the galvanic replacement reaction and gives the PdPd alloys with distinct shapes (Hong et al., 2012a).

In addition to metal templates, metal oxide NCs have also been used as a template. Chen et al. fabricated flower shaped PdCu nanocages by utilizing the corner etched Cu2O octaherda as a template through a facile and simple procedure. By adding the H2PdCl4, Cu2O were hybridized to generate the Cu2O@PdCu core shell, and etching of Cu2O was done by NH3.H2O. These flower shaped nanocages of PdCu were used for the MOR that shows the higher catalytic activity, excellent stability, and more poison tolerance. These alloy nanoarchitectures were developed by the galvanic reaction and disproportionation reaction (Chen et al., 2018). Similar work is also reported by the other research group, where they used Cu2O as a sacrificial template and distinct reducing agents to gain the cubic PtCu nanocage by redox reactions (Tian et al., 2014).

One-Pot Galvanic Replacement Method

Using the pre-synthesized templates like Pd or Ag in the synthesis of hollow nanostructures has more limitations as the synthetic procedure requires more steps such as template synthesis, shell growth as well as template removal, which limits the practical use. Use of the noble metals like Pd or Ag as sacrificial template also wastes the expensive materials and the final morphology is limited to the initial shape of the parent templates. Alternatively, to synthesize metal alloy NFs through one pot procedure is more difficult as compared to monometallic NCs because the insertion of the second metal makes the reduction more difficult. The standard reduction potential of noble metals is higher in comparison with the non-noble metals, while for the alloy NC synthesis the reduction potential difference among the two metals should be decreased. For this purpose, some ligands could be used in order to decrease the reduction rate of the two metals. Another way to reduce the reduction potential is to combine the metal cations with coordinating agents like halide ions, which more strongly coordinate with the noble metals. In one report, Huang et al. (2009) introduced iodide ions to the mixture of Pd(acac)2]/[Pt(acac)2] in solution of DMF, which produced [PdI4]2− as the most dominating precursors, and Pd reduced the Pt ions early. Furthermore, cubic PtCu3 nanocages were also developed by optimizing the reduction rate by the addition of cetyltrimethylammonium bromide (CTAB) as well as Pt and Cu species. From the above explanations, it is noticed that the CTAB in oleylamine works as a co-reductant, which tuned the Pt and Cu species reduction speed, and Cu ions are reduced before the Pt ions while the reduction rate of the Cu pair is more negative than the Pt pair (Xia et al., 2012).

Similarly, Zhang et al. reported the synthesis of PtCu yolk-cage like NCs through glycine mediated reduction kinetics. By changing the amount of glycine, morphology as well as composition of the NCs were controlled, and in this method glycine is used as a co-reductant and surface controller. Glycine may coordinate with the metal ions and when the medium is aqueous it strongly coordinates with Pt4+ instead of Cu2+. Subsequently, platinum ions' reaction to reduced copper nanocrysrtals by galvanic replacement leads to a Pt–Cu yolk cage structure. As compared to hollow structures or nanocages, NFs are open, have 3D surface accessibility and more active sites (Zhang et al., 2013). In addition to the above examples of nanocages, we also fabricated the single crystalline octahedral PtCu NFs, which involve the synergetic effect of OH and amine groups of ethanolamine and concentration of glycine also effect the reduction rate. However, here it was also observed that the coordinating ligands changed the reduction rate of metals and make galvanic replacement reaction more feasible (Nosheen et al., 2013) (Figures 2a,b). The same method was also adopted by Zhang's group, and they vary the time of reaction as well as temperature to gain the multiple twinned NFs. It is very rare to fabricate the multiple twined noble metal NFs (Figures 2c,d). Twin defects in the metal nanoarchitecture would modulate their electronic structure as well as surface reactivity and could enhance the catalytic performance. In case of twin configuration, the decahedron is the most compact pentagonal cyclic twined shape along the D5h symmetry and shows excellent catalytic applications. It is also observed that the twin defects act as a nucleation site which induces the generation of a highly anisotropic design and, as a result of symmetry breaking of the crystal lattice, gives more active sites for electrocatalysis. In addition, unique 5-fold twin PtCu NFs were also fabricated along nanothorn protruding from their edges. Meanwhile time dependence experimental analysis shows that pure Cu nanoctahedra were first generated. For the fabrication of anisotropic 5-fold twin PtCu NFs, galvanic replacement reaction among the Cu nanodecahedra as well as Pt precursors in solution and site-specific co-deposition of Pt as well as Cu atoms played a key role. Interestingly, these 5-fold twin PtCu NFs showed the excellent catalytic activity in terms of ORR as well as MOR in alkaline systems (Zhang et al., 2016).
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FIGURE 2. (a) TEM image of as-prepared octahedral Pt-Cu nanoframes the top-right inset shows a high-magnification TEM image of octahedral Pt-Cu nanoframes, and the bottom-left inset shows the corresponding model image. (b) HAADF-STEM image of octahedral Pt–Cu nanoframes; the inset shows the selected-area (red rectangle) element analysis maps of Pt (green) and Cu (orange). Modified with permission from Nosheen et al. (2013) Copyright 2013, Royal Society of Chemistry. (c) TEM images of PtCu nanoframes (NFs). (d) HAADF-STEM image and the corresponding EDS elemental mapping of a typical PtCu NF. Modified with permission from Zhang et al. (2016) Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



Similarly, Huang et al. (2019) have developed the 3D RD Pt26Cu74 bound with multiple index facets through a facile solvothermal strategy. In this synthetic procedure, L-proline in combination with CTAC acted as a co-structure directing agent and modulated the nucleation as well as crystal growth rate. In comparison with the Pt18Cu82, Pt50Cu50, and commercial Pt/C catalyst, these Pt26Cu74 NFs showed a more enhanced catalytic performance toward ORR and HER because of their highly open nanostructure and synergetic effect of two metals. Polyhedral NFs like catalyst shows a more active and stable performance as compared to other NFs structures. For instance, Ding et al. fabricated the rhombic dodecahedral RD PtCu NFS along a highly open nanostructure in higher yield by the facile one pot method. In the synthetic procedure, a higher concentration of cupric chloride, and the combined use of glucose and oleylamine/oleic acid are responsible for the fabrication of PtCu NFs. TEM analysis proved that the formation procedure depends on initial formation of Cu nanoarchitectures and galvanic replacement of Cu nanoarchitecture with the Pt. Because of their highly open structure, these PtCu NFs showed excellent catalytic performance for MOR in comparison with the Pt/C as well as Pt catalysts (Ding et al., 2015).

Chemical/Oxidative Etching

Etching can be defined as the selective removal of definite facets of NCs as well as less stable metals through alloys with modification of remaining atoms in order to control the shape, size, and composition. The porosity of NCs could be controlled by etchant strength and other conditions of reaction. However, most important advantage of etching process is to regulate the selectivity and rate of etching. Other parameters like the power of etchant, which consists of the chemical potential, concentration, and reaction temperature also play an important role, but selective etching includes a difficult mechanism, and it is more challenging to construct the open structure with a 3D surface by selective etching. Chemical etching has some disadvantages like surface atoms that may be removed on haphazard positions and an etching procedure that is sometimes very strong and is difficult to stop, meaning the structure could be damaged. In previous years, a lot of etchants have been used to fabricate nanoframe and nanocage structures (Xiong et al., 2005; Au et al., 2008; Zeng et al., 2009; Zhang et al., 2010; Wu et al., 2012; Xie et al., 2012). Moreover, it is a big challenge to control the etching process, and great efforts are still required to discover the path to choose a suitable etchant for the corrosion process. In addition, NFs gained by the etching method depend on precise anisotropic elemental distribution. However, compositional anisotropy of different components on the corners, edges, or facets is linked with geometrical elemental segregation (Liu et al., 2015).

Two Step Etching

The formation of Pt and Pd based NFs is accomplished by the template-mediated growth of Pt atoms followed by the removal of template with acid etching or thermal annealing. Shape can be controlled by tuning the etching as well as regrowth rate. For instance, Wang et al. (2017b) fabricated palladium NFs by excavating the solid palladium NCs. In this synthetic procedure, etching, and regrowth steps are controlled. Different regrowth rates at corners/edges/faces and etching of Pd atoms at specific sites can be controlled by tuning the rate of etching and regrowth. Without reductant, etching rules over the process, which results in conversion of NCs with more defined structures like octahedral to cuboctahedral NCs. However, when a small quantity of reductant (HCHO) is used, the regrowth rate at corners and edge sites could be controlled, which is equivalent to the etching rate, but the regrowth rate at the face site is lower compared to the etching. So, palladium NFs can be gained if etching occurs on the faces only. By following this synthetic procedure, solid Pd cubic, octahedral, cuboctahedral, and concave cubic structures have been carved to analogous NFs. These excavated Pd NCs with a frame-like structure display excellent activity as well as durability in terms of formic acid oxidation reaction. Park and co-workers fabricated cubic Pt NFs and utilized Pd NPs as a template. Site selective coverage of bromide ions induced the selective deposition of Pt on edges/corners and Pt cubic NFs can be gained by discriminating etching of Pd cubes by using acid and H2O2 (Park et al., 2016).

Nanoframes With Twinned Boundaries, High Index Facets, and Ultrathin Walls

The twin defects, ultrathin shell, and composition control could increase electrocatalytic properties. Zhang et al. synthesized nanocages by depositing a small number of atom layers of Pt as shell on Pd with more regular facets and etching the Pd template. On Pd NPs, Pt atoms were grown which are tuned from 1 to 6 atom layers by the maintained reaction conditions which effect the growth, diffusion, or dissolution behavior of Pt and Pd atoms (Zhang et al., 2015a). However, in the case of many structure sensitive reactions, introducing defects like twin boundaries may reduce the activation energy and enhance the catalytic performance. Therefore, concern has been focused toward the icosahedron, which has a higher density of twins in one NC. One icosahedron has 20 tetrahedrons in it and an individual tetrahedron is linked to another along the twin boundary, which endows the icosahedral nanocage as an efficient catalyst. He et al. (2016) have deposited Pt layer that is a few layers thick on the Pd to produce the icosahedral core shell NPs, and then by discriminating etching of Pd, icosahedral Pt enriches nanocages with layers that are a few atoms thick and defects were gained. In 2016, (Wu et al., 2014) synthesized platinum-based icosahedral nanocages which had a surface bounded by [111] facets as well as twin defects/boundaries and ultrathin walls of up to six atom layers. However, nanocages were derived from Pd@Pt4.5L icosahedra by selective etching of the Pd core by using FeCl3 as well as KBr etchants. In the etching process, the multiple twinned structure was reserved and the Pt atom in the outer layer ws restructured to keep the original twinned structure with the ultrathin wall (Wang et al., 2016).

Nanoframes With Compositional Segregation

Nanoscale compositional segregation, also called compositional anisotropy, has received more attention for the design of nanocatalysts because this procedure leads to 3D NCs with larger surface area as well as precise size and facet control. Depending on this procedure, the Pt component could be fully accessed by reactants and excellent electrocatalytic properties are obtained (Stamenkovic et al., 2006; Li et al., 2018).

In comparison to homogenous alloys, compositional segregation offers a stronger electronic effect of distinct metals, and many Pt sites are available. According to the structural as well as chemical perspective, the main benefit of the compositional segregated Pt NCs is that it allows the formation of highly open nanoarchitectures, nanocages, or NFs, which are the most promising class of nanostructure, with a 3D surface area as well as interconnected edges with high surface area and improved applications in fuel cells. Now researchers are focusing on the synthetic procedure for gaining compositional segregated Pt based nanocatalysts with distinct morphologies. Moreover, many of the previous synthesized Pt dependent NPs with hollow, cage, and frame structures are homogeneous cubic, octahedral, rhombic dodecahedral, etc. But reports on the fabrication of shape controlled with highly compositional segregated features have not been considered more. Moreover, it should be pointed out that in the previous reported analysis, compositional segregated Pt based nanomaterials have a deficiency in structure control, which is vital for the fabrication of noble metal NFs with more advanced applications. However, the synthesis of highly compositional segregated NFs with complex structures is still challenging. For the first time, Chen et al. fabricated rhombic dodecahedra Pt3Ni NFs with 2 nm thin edges from PtNi3 polyhedron by the erosion of Ni followed by annealing. In this strategy, etching was conducted by dissolved oxygen present in air instead of harsh etchants or applied voltage. The open frame structure with surface crystallinity, segregated Pt-skin and 3D structure augmented the availability of the reactants for both inner and outer surfaces. As compared to commercial Pt/C, the open framework design displayed the phase segregation Pt skin structure, which exhibited a 36-fold enhancement in terms of ORR (Chen et al., 2014).

Another group has explained an effective procedure for the synthesis of tetrahexahedral PtNi NCS (THH PtNi NCs) as well as rhombic dodecahedral PtNi NCs (RDH PtNi NCs) with more segregated features (Ding et al., 2016). It has been reported for the first time that THH PtNi NCs have been gained in a simple organic solution system. These THH PtNi NCs as well as RDH PtNi NCS were simply obtained by tuning the ratio of oleylamine and oleic acid while keeping the other conditions constant. The synthetic procedure demonstrated that the use of dodecyltrimethylammonium chloride (DTAC) as well as changing the ratio of oleylamine, oleic acid plays important part for the synthesis of THH PtNi NCs and RDH PtNi NCs. However, by simple acetic acid treatment and removal of Ni template, the THH and RDH PtNi NFs were obtained. Due to their highly compositional segregated design, these solid PtNi NCs were transformed into the PtNi NFs which showed the more open feature. These PtNi NFs presented higher performance toward ORR and for alcohol oxidation due to enhanced consumption of Pt (Figure 3). Another group has proposed the synthesis of tetrahexahedral (THH) PtNi NFs by the removal of the Ni component of tetrahexahedral (THH) PtNi NPs by using carbon monoxide (CO). They demonstrated that the Ni was removed from the [100] direction by using CO molecules. However, these Pt3Ni NFs possess a 3D open structure, high index facets and thin segregated Pt layer. Furthermore, Co could be produced from the carbon support through thermal treatment in the presence of oxygen. This approach could be used for the preparation of industrial level nanocatalysts (Wang et al., 2017a). In the same way, Luan et al. also fabricated Pt-Ni Tetrahexahedral NFs by Co etching.
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FIGURE 3. Morphological and structural characterizations for THH Pt-Ni NFs, RDH Pt-Ni NCs, and RDH Pt-Ni NFs. (a) TEM image, (b) HAADF-STEM image, (c) TEM images and corresponding geometric models of THH Pt-Ni NFs oriented along two typical projections, and (d) HAADF-STEM-EDX elemental mapping results for individual THH Pt-Ni NF. (e) HAADF-STEM image and (f) HAADF-STEM-EDX elemental mapping results for individual RDH Pt–Ni NC. (g) HAADF-STEM image and (h) HAADF-STEM-EDX elemental mapping results for individual RDH Pt-Ni NF. Modified with permission from Ding et al. (2016) Copyright 2016, American Chemical Society.



Chen et al. (2019) studied the reaction procedure of seeded co-reduction for the fabrication of PtNi seeded core frame structures. By controlling the shape of seeds, rhombic dodecahedra structures were obtained by depositing the Pt on their corners and edges. Different Pt salts and the ratio of Pt and Ni salts affected the shapes of seeds as well as the final morphology. Moreover, the Ni core of these hierarchical nanoarchitectures could be etched by the acetic acid which forms the concave structure and finally hollow NFs. In addition, the morphology and composition of the product could be manipulated by controlling the rates of etching and interdiffusion between two metals. The final Pt3Ni NFs are more stable in acidic environments and show distinct electronic properties that are different from the primary core frame nanoarchitectures because of the alloying of Pt with Ni. However, this seeded co-reduction strategy can be extended for the fabrication of other Pt-based complex core frame rhombic dodecahedral NPs. Moreover, hollow NFs used low acetic acid etching, which provides a simple means to change the phase segregation of bimetallic polyhedra for hollowing out the alloyed structure with more unique morphologies. Stamenkovic et al. explained that the 3D Pt anisotropy of PtNi rhombic dodecahedra can be controlled by changing the ratio between Pt or Ni salts; as a result, hollow, and excavated NFs can be gained after Ni corrosion. In excavated NFs, at the interior of excavated NFs Pt rich sheets were extended while hollow NFs had voids inside Pt rich edges. The excavated NFs had higher ORR performance which was due to the higher Ni amount in the near surface and the stretched 2D sheet-like structure within the NFs, which exposed Pt sites (Becknell et al., 2017).

In another example, Pt was coated on the surface of Cu nanocubes in order to synthesize the rhombic dodecahedral NFs (RD NFs). Moreover, growth in the [100] direction of Cu nanocubes leads to the RD. However, with the addition of Pt salts [100], vertices of Cu-CuPt rhombic dodecahedra NCs could be stretched to the spiny CuPt RD NCs. By removing the Cu content from the seed, CuPt RD as well as spiny CuPt RD NFs were gained. Because of their open frame design, both of these NFs showed a higher catalytic performance (Lyu et al., 2017).

The additional component to the binary catalyst serves as an efficient and robust means of structural as well as compositional stability of electrocatalyst. Kwon et al. (2018b) reported that the insertion of Co to PtCu alloy NFs gives ternary PtCuCo rhombic dodecahedral NFs along the reinforced vertex of PtCuCo ternary NFs. The Pt deposited on the edges of the Cu template leads to the formation of PtCu alloy, and then this PtCu alloy enables the in situ decay of the third constituent, i.e., Co that penetrates into the PtCu segment to make the desired PtCuCo phase. Furthermore, the final Co-doped PtCu rhombic dodecahedral NFs (Co-PtCu rhombic nanoframe) display the vertex strengthened structure, suggesting that the deposition of Co-occurs in the region of the vertices of PtCu NFs (Figure 4). Similarly, Huang et al. (2018) fabricated the PtCuNi rhombic dodecahedra NFs (NFs) by a two-step etching method. Firstly, PtCuNi concave rhombic dodecahedra formed by oxidative etchant and then PtCuNi NFs formed through the acid etchant. By controlling the reaction time and Ni precursors, PtCuNi solid rhombic dodecahedra seeds' shape can be controlled. To investigate the evolution of PtCuNi NF, atomic ratios, particle size, and morphology of ternary Nfs are precisely examined. In another report, Ye and co-workers (Ye et al., 2017) synthesized the Pt4PdCu0.4 NFs by the Cu-assisted deposition etching process, and these NFs showed improved electrocatalytic properties due to structural and electronic effects.


[image: image]

FIGURE 4. Schematic illustration for the formation process of Cu@PtCu rhombic dodecahedral nanocrystals (PtCu RNC), PtCu rhombic dodecahedral nanoframes (PtCu RNF), Co-doped Cu@PtCu rhombic dodecahedral nanocrystals (Co-PtCu RNC), and Co-doped PtCu rhombic dodecahedral nano-frames (Co-PtCu RNF). Adapted with permission from Kwon et al. (2018b) Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



One Pot Etching

Using pre-synthesized templates like Pd or Ag NPs in the synthesis of hollow nanostructures has some limitations. (1) The synthetic procedure requires more steps such as template synthesis, shell growth as well as template removal, which limits practical use. (2) Most of the synthetic procedures utilize pre-synthesized templates, which are based on the noble metals like Pd or Ag as sacrificial template and waste expensive materials. (3) The resultant shape of hollow nanocages and NF structure is limited to the initial shape of the pre-synthesized templates. So, in order to overcome these disadvantages, for the tuning of surface energies, nanoscale phase mixing or segregation, in situ template formation has been proposed for the fabrication of novel hollow NCs. For the synthesis of a wide variety of binary and multimetallic NPs with more defined morphology, one pot synthesis is more preferable. Moreover, binary NCs are metastable, allowing the synthesis of NCs in situ phase segregation or even the removal of template leads to the hollow nanoarchitectures to be accomplished in one step.

Carbon corrosion and leaching of transition metals during electrochemical cycling may degrade the catalyst and may decrease its durability. To overcome this problem, an active and stable catalyst is needed. Currently, polyhedral PtNi NFs have been fabricated and show the promising electrocatalytic performance for fuel cells. However, these NF catalysts have been mostly developed by the multi-step synthetic procedure, which made cost saving massive production a big challenge toward practical applications. So, engineering of self-supported as well as high-performance NF catalysts through one pot procedure is of great importance. To synthesize stable and active catalysts, Luo and Shen described a one-pot procedure for the construction of concave PtCu2 octopod NFs (CONFs) with higher index facets in which CTAB is used as a structure directing agent. The CONF nanoarchitectures meet the critical design requirements for more efficient nanocatalyst-like highly open nanoarchitectures with 3D catalytic surface and a stepped surface composed of multiple index facets which showed enhanced catalytic activities. The self-supported CONFs catalyst removed the carbon erosion and facilitated the reaction by enhanced mass transport. Furthermore, CONFs are assembled by the eight symmetry feet that showed excellent physical and electrochemical stability. The evolution mechanism indicates that the octopod NFs formed from solid octapods by sequential erosion, and the overgrowth from concave cubic structure to concave octopods is comparatively slow (Figure 5) (Luo and Shen, 2017).
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FIGURE 5. Representative TEM images of the intermediates obtained at different reaction time during the synthesis of concave PtCu2 octopod nanoframes: (a) 0.5, (b) 1, (c) 12, and (d) 18 h, respectively. (e) Schematic of the major steps involved in the formation of PtCu2 CONFs. Adapted with permission from Luo and Shen (2017) Copyright 2017, American Chemical Society.



By using the one pot solvothermal strategy, Huang et al. (2018) reported 3D PtCu alloy nanocages with an open structure, large exterior and interior surfaces that are accessible for the reactants. Arginine and cetyltrimethylammonium chloride (CTAC) performed as the co-structure directing agent as well as the stabilizer. In this method, Cl−/O2 and oleylamine served as the etchant and co-reductant, respectively. These frame-like nanocatalysts showed greater activity and stability.

Structurally Fortified Nanoframes

More definite 3D NF design displays well-defined features like corners, edges, and facets but they degrade in harsh conditions (Park et al., 2018). However, the catalytic active surface could be preserved by the fortification of the most vulnerable sites, such as vertices through alloying and heterostructure formation, and the insertion of supported materials into NFs to maintain the overall higher surface area of the structure without losing the surface area of the exposed sites. For the formation of NFs, higher surface energies and vertices of NFs are vulnerable to the structural degradation in the chemical etching process as well as in electrocycling tests. Many groups reported the synthetic procedure in order to reduce the vulnerability of vertices by the growth of additional metals on the active vertices, which results in hetronanostructure formation at the vertices or at the alloying of vertices. However, sometimes etching and galvanic replacement reaction could take place in one process. For instance, Wu and co-workers grew Au islands on vertices of PtNi NFs. They used a protocol based on the selective galvanic replacement reaction and preferred etching, in which the role of etching was more obvious for NF synthesis. The etching was regulated by dimethylglyoxime as Pt was stable to dimethylglyoxime, therefore NFs with protected Pt edges were obtained even after etching. During MOR, the overgrowth Au sites impeded the structural deformation of PtNi NFs and the catalytic activity of Pt3Ni NFs with the 10% Au remains unchanged after the 3,000 cycles.

Insertion of Structural Support Into the Nanoframes

The inherently weak NFs can be brutally damaged when subjected to long cycling time in electrochemical reaction, due to which a reduction in electrocatlytic performance may be observed. Hence, fabrication of NFs with strong structure support is most important and challenging. We have synthesized PtCu ultrathin NFs by the one-pot method, and these ultrathin NFs were abbreviated as hexapod backbones with thin stretchers (thinHBS). In addition to thinHBS, some other partially etched complex polyhedral hollow structures have also been synthesized. CuCl2 and NaI were responsible for etching to modify the shape, whereas ethanolamine, and amino acids stabilized the [111] the domains. The combination of growth and the etching process smoothly controlled the shape. The transmission electron microscope image showed a two-dimensional picture which looks exactly like hexagonal snowflakes, and the adjacent trunks have a few stretchers which are attached to the trunks symmetrically. The trunk length was found to be 40 nm, the diameter was 5 nm and thickness of the stretchers was about 1.3 nm. The synthesized structures may be beneficial for electrocatlytic applications with enhanced activity and stability owing to ultrathin stretchers and internal trunks which provide support for stability (Figures 6a–d).
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FIGURE 6. (a) TEM images of hexapod backbones with thin stretchers (thinHBS). (b) Element mapping results of thinHBS. (c) HRTEM image of thinHBS. (d) The anatomic structure of thinHBS. Modified with permission from Nosheen et al. (2016) Copyright 2016, The Royal Society of Chemistry. (e–g) Temporal TEM images and (h,i) elemental mapping analysis obtained at (e,h) 5 min, (f,i) 10 min, and (g,j) 30 min. Scale bars in (h–j) are 30 nm. (k) Schematic illustration of formation of PC@PCN dendrite@frame. Modified with permission from Park et al. (2017a) Copyright 2017, American Chemical Society.



Moreover, trimetallic catalysts are more active and stable than bimetal alloys. In a recent study, Kwon et al. (2018a) explained the idea of a dendrite@frame-like nanostructure in which the outer PtCuNi NFs are supported by inner PtCu dendrite. Moreover, branches network as well as attached joints can reinforce the multiframe structure and could maintain the same structure during harsh conditions. In order to boost the consumption of Pt, it is necessary to have a more active PtNi alloy part for both the interior support as well as for the outer multiframes. Furthermore, the presence of nanopores in multiframes can be advantageous to entrap the gaseous reactant into nano-confined space and can show higher catalytic performance. Burst reduction and deposition of Ni after the PtNi alloying/dealloying created multiple PtNi bridges among the PtNi and superimposed interfused multiframes. By the Ni erosion, PtNi multiframes with embedded PtNi dendrites of 72 nm were gained. However, these PtNi multiframes showed a higher electrochemical active surface area and ORR performance owing to porous, more active sites, and higher index facets. Similarly, Park et al. (2017a) fabricated firm robust PtCuNi NFs, supported with an interior PtCu dendritic structure. In the formation process, first a PtCu cubic dendritic structure was formed, which evolved into PtCu@Ni dendrite@shell structures after constant deposition of Pt on the surface, and after etching process, PtCu@PtCuNi dendrite@frame (PC@PCN) formed. The detailed process showed that the morphological development into rhombic dodecahedral NCs requires Pt for the growing Ni layer (Figures 6e–k).

Other Uncommon Methods

In addition to the above-mentioned methodologies, a cage/frame nanostructure has been developed by the other synthetic procedures such as control decomposition kinetics, long chain alcohol (Jeyadevan et al., 2014), Ostwald ripening (Zhang et al., 2018a), etc.

Nanoframes Other Than Pt and Pd Metals

Noble metal NFs other than Pt and Pd, including gold (Au), ruthenium (Ru), iridium (Ir), and silver (Ag), have also been synthesized, but these NFs commonly have not been used for electrochemical applications in fuel cells. For their synthesis, etching, the galvanic replacement reaction and Kirkendall effect strategies were used. To cover the NFs' synthesis for all types of noble metals, we have also included a short description of noble metal NFs other than Pt and Pd.

Ultrathin triangular gold NFs have been synthesized through the etching process by Xue's group. In this strategy, Ag nanoprisms were used as the sacrificial template and HAuCl4 was continuously introduced to the solution for the deposition of gold on the Ag nanoprisms. Hydroxylamine was used as the reducing agent, and after deposition of gold on the surface of Ag prism, etchants (H2O2+NH4OH) were used to completely remove the Ag prism for the synthesis of ultrathin NF. H2O2 oxidized the Ag atoms and NH4OH prevented the formation of other particles like AgOH and Ag2O by dissolving the oxidized silver. Etchants were slowly added into the solution because their rapid introduction may destroy the frame structure (Shahjamali et al., 2013). In another example, ultrathin Au NFs with a thickness of 1.6 nm have been synthesized by using the Ag template with decahedral shape, twinned pentagonal rods, and icosahedra to fabricate analogous NFs. H2O2 was used as an etchant for the dissolution of Ag (McEachran et al., 2011).

Rhodium cubic NFs have been synthesized by Xia and co-workers, in which Pd nanocubes have been used as seeds and deposition of Rh at the edges-corners of Pd seeds occurred due to the adsorption of Br−on facets and converted them into bimetallic Pd-Rh core-frame concave cubes. By selective etching of Pd and continuous growth of Rh, they were converted into Rh NFs (Xie et al., 2012). Another group reported the fabrication of Ru NFs by using truncated octahedal seeds, which are converted to PdRu core-frame octahedral structure that are finally converted into Ru octahedral NFs with 2 nm thick frame walls by the selective dissolution of the Pd core by etching (Ye et al., 2016). Very recently, the same group also synthesized Ru cuboctahedral NFs with the face centered cubic (fcc) phase and walls that were a few atomic layers thick by a combination of etching and the galvanic replacement method (Zhao et al., 2019). In addition to monometallic nanoframes, bimetallic nanoframes of Au, Ag, Ru, and Ir have also been synthesized. For instance, Ag/Au nanoshells with voids and pores have been fabricated by utilizing silver NPs as sacrificial templates in the presence of H2O2 as an etchant (Wu et al., 2012). Zhang's group fabricated Rh-based RhCu nanooctahedron frames/C, RhPdCu nanopolyhedral frames/C, and RhNi porous nanopolyhedral frames/C by using 3d metals like Cu and Ni as the sacrificial template by selective etching (Zhang et al., 2015b).

Ir-based multi-metallic double layer NFs (DNF) with NF@NF structure were developed by Lee et al. By controlling the kinetics of two types of iridium salts and salts of transition metals like Ni and Cu, firstly core shell alloy@alloy formed in one step and then these structures converted into rhombic dodecahedral IrNiCu DNF by preferential etching. Single-metal NFs formed by the addition of only one type of Ir salt, which showed that for the formation of double layer NFs, two kinds of Ir-metal precursors are important. The structure of Ir-based NCs have also been converted to other double layer NF morphologies, including octahedral NFs and CuNi@Ir core-shell structures, by changing the experiment conditions. The synthesized IrNiCu double layer NFs have been used for an oxygen evolution reaction (OER) in acid medium, which showed enhanced activity as compared to commercial Ir/C. These NFs also showed good stability toward OER that could be due to the frame which stops the growth and aggregation of NPs (Park et al., 2017b).

Galvanic replacement reaction has also been used for noble metals other than Pt and Pd by many groups to synthesize monometallic and bimetallic hollow structures, nanocages, and NFs of different morphologies by using an Ag template of desired shapes (Zeng et al., 2009; Lai et al., 2015). Colloidal gold nanorings (Au NRs) with high monodispersity were synthesized with the one pot method by galvanic replacement by Du and Wang. PVP was used as coating on the cobalt nanoparticles, and then these PVP-coated nanoparticles generated a one-dimensional assemblage of cobalt nanoparticle chains which were used as the sacrificial template and galvanically replaced by Au to form Au NRs (Hu et al., 2014). Li's group reported single crystalline octahedral AuAg alloy nanoframes by the one pot galvanic method in which polyhedral truncated Ag NPs formed in solution (Hong et al., 2012b). The same group has also developed Ru-Cu nanocages and core-shell Cu@Ru NCs by a one-step galvanic reaction (Chen et al., 2016).

An Au@Ag core-shell, Au@void@AuAg nanoshell, and Au@void@Au NF have been reported by Neretina's group. Au@Ag core-shell structures produced a noble metal rattle shape by galvanic reaction where a moveable core was present in the hollow shell. Gold, platinum and palladium templates of Wulff structures were firstly converted into core/shell structures by the reduction of silver ions, which were further converted by the replacement of silver with gold.

The Wulff-shape core could be restricted in a nanoshell/cage/frame by adjusting the shape of the shell, epitaxial correlation to substrate, and the replaced amount of shell. These structures could be considered important as there is a precise gap between the core and shell. The internal side of these structures consist of the core, shell as well as substrate, which may offer good functional potential. Furthermore, the core present in the shell may provide protection and it is also linked with the surrounding reactants due to a porous cage or frame, which may be beneficial for many applications (Hajfathalian et al., 2016). González's group used a sequential galvanic replacement reaction and the Kirkendall effect at room temperature to fabricate double-walled AuAg hollow nanoboxes (González et al., 2011).

In addition to the above-mentioned methods, some other methods have also been used to synthesize hollow structures. Hollow rutehenium (Ru) octahedral (Oh) nanocages have been developed by in situ formed metastable copper octahedrons. Core shell Cu-Ru NPs with meta stability formed by the co-decomposition of copper and ruthenium precursors formed, and a consequent dissolving of copper core dissolution of the core Cu produced hollow octahedron shaped Cu-doped Ru nanocages. These frame structures were also used as electrocatalysts for OER (Yoon et al., 2014). Gu et al. fabricated AuAg shells and porous AuAg NFs by using citrate capped silver nanoparticles by the galvanic replacement reaction. The AuAg nanoshells formed in the presence of AuBr2− and porous AuAg NFs formed in the presence of AuCl4−. The AuBr2− was also used to synthesize Au@AuAg rattles (Bai et al., 2015). Qin's group reported a method to synthesize Ag@AgAu core-frame cubic structures by the co-reduction of two metals in the presence of ascorbic acid (Sun and Qin, 2015).

Electrochemical Properties

In electrocatalytic reactions, there is contact between the reaction and active sites of metal. This interaction is due to various energy levels of the outermost electrons, and the electron transfer takes place to reduce the overall energy of the system. The procedure is generally completed by bond breaking and formation, which include chemical sorption and generation of intermediate species. The metals' d band center in relation to the Fermi level is considered a significant tool for measuring the power of interaction with reaction species. The d band center of the metals could be modified by fabricating alloy nanostructures or heterogeneous atomic layers, which could improve the electrocatalytic properties. The shifts in d band center values could be ascribed to the transfer of charge or lattice change owing to the addition of more than one metal. In case of alloying, the enhancement in electrocatalytic properties could be credited to charge conversion from the transition metal atoms of less electronegativity to the more electronegative platinum atoms, and another reason is the shortening of the platinum-platinum bond distance, known as compressive strain. It may happen due to the variations in elements size of different metals. However, the charge transfer as well as strain may cause the downshifting of d-electronic states of platinum surface atoms relative to the Fermi level of alloys, and hence may reduce the poisoning effect of the oxygen reduction's intermediate species.

Moreover, it has been observed that the occurrence of different kinds of transition metals in the alloy nanostructures provide a chance for maneuvering O2 species on different surface sites and facilitate an additional bi-functional process to accelerate the oxygen reduction kinetics. For improved electrocatalytic performance, alloy NFs with platinum-skin, platinum-skeleton, or frame have been developed as promising candidates. For example, Han and co-workers have synthesized a Pt-Cu alloy octahedral Nfs (PtCu AONFs) having spiny nano-thorns on the tops by the one-step method. The insertion of nickel ions was crucial for NF formation. The synthesized PtCu AONFs showed enhanced activity and stability for ORR. The mass and specific activities were 2.8 and 2.6 times that of commercial platinum-carbon catalysts (Zhu et al., 2019). Furthermore, these PtCu AONFs also showed better results for MOR than Pt/C. In case of PtCu alloy, the surface electronic structure of pure platinum was modified and the electrocatalytic properties enhanced toward oxygen reduction reaction because of a drop of adsorption energy between platinum and oxygen species.

Effect of Surfactants on Electrochemical Properties

For the shape control of nanoparticles, surfactants are usually used, which may also be adsorbed on the exposed crystal facets and thus affect their electrochemical performances. In short, the surface covered with surfactant may suppress the catalyst performance. To overcome this problem, removal of surfactant is necessary. Until now, different kinds of treatments have been developed for the removal of surfactants. First, a simple washing procedure is performed, followed by separation through centrifugation, and then the following treatments:

(i) Thermal annealing: The catalysts are heated in furnace at high temperature in air.

(ii) Chemical washing: The catalysts are dispersed in acetic acid for a suitable time, followed by washing through centrifugation to remove unwanted impurities.

(iii) UV-Ozone treatment. Catalyst is deposited on the glassy carbon electrode, which is then irradiated with UV-Ozone to remove the surfactants after drying in air.

(iv) Electrochemical cyclic voltammetry is used to remove the surfactants covered on the surface of the catalysts.

APPLICATIONS IN FUEL CELLS

Liquid Fuel Oxidation Reaction

In the polyelectrolyte fuel membrane cells (PEMFCS), gaseous hydrogen fuel is replaced by liquid fuels like methanol in direct methanol fuel cells (DMFC), formic acid in the direct formic acid fuel cells (DFAFC) and ethanol in direct ethanol fuel cells (DMFC) (Park et al., 2017a). For the small portable electronic devices, liquid fuels are more suitable because of their easily exchangeable fuel cartridges, higher energy density as well as faster charging rate. Because of their higher number of advantages, which are described above, the use of liquid FCs presents more challenges. The main issue is the partial oxidation of liquid fuels which leads to the sluggish oxidation reaction kinetics, and it causes a reduction in the number of transferred electrons. In DMFC, <30% of the energy can be exploited as electricity. Another major issue is the crossover of fuel molecules from anode to cathode through diffusion by the proton exchange membrane in the cell. Due to the crossover mechanism, it not only reduces the overall cell voltage but also contaminates the cathode catalyst. Due to the partial oxidation of liquid fuel, it forms CO which adsorbs on the surface of the cathode catalyst and effects the ORR performance of the cathode in cell operation. This procedure is called CO poisoning. However, Pt-based alloys are more familiar, tolerate CO poisoning and show the excellent catalytic performance. Mostly, previous studies explained the strategies to synthesize the hollow nanoarchitectures which showed higher electrocatalytic properties.

In addition to the above electroxidation reactions, the hydrogen oxidation reaction (HOR) is also an important reaction in fuel cells. HOR is a rapid one-electron oxidation route that occurs at anode. Until now, noble metals like Pt-, Pd-, Ir-, and Rh-based monometallic and alloy structures have been used as electrocatalysts for HOR, but currently no paper is available on noble metal nanoframes, which is why we will not focus on HOR applications in fuel cells. For deeper understanding of HOR, the reader is directed to related review papers (Cong et al., 2018; Davydova et al., 2018).

Formic Acid Oxidation Reaction (FAOR)

DFAFCs are the devices which catalyze the reactions among formic acid at the anode and O2 at the cathode and change the chemical energy into electricity (Ye et al., 2017). In recent decades, for the energy source formic acid is usually used as a fuel in DFAFCs, which have received more attention. Moreover, formic acid is liquid at room temperature and is the most promising fuel. It replaced molecular hydrogen and assisted storage as well as transportation. DFAFCs show higher power density, faster oxidation rate, and higher cell potential with mild fuel crossover.

In case of FAOR, the main limitation for the Pt catalyst is struggle among the direct dehydrogenation path and indirect oxidation path, which produce CO2 directly and CO as an intermediate, respectively. So, enhancement of the direct pathway is necessary to assist the detachment of CO from the surface. In addition, surface as well as electronic structure play significant roles in the half reaction. However, separation of Pt atoms with others not only suppresses the indirect path but is also helpful for the CO stripping from the platinum surface. In case of alloys, atomic separation is gained, which not only tailors the surface electron densities but also stimulates direct dehydrogenation. However, synthesis of stepped atoms on the surface provides additional chance for enhanced CO stripping. Thus, fabrication of open structures and alloy formation are vital for efficient and durable catalysts for FAOR.

Wang et al. fabricated Pd NFs with more defined morphology by directly excavating the solid NCs. However, in comparison with the solid Pd catalyst, these NFs display good activity as well as durability toward FAOR because of their 3D open structure. Pd NFs displayed high activity in comparison to the Pd octahedra catalyst and a 7.5-fold increase for peak current. Because of their 3D open structure, there is a larger fraction of edges and corner atoms, which lead to good catalytic performance in terms of FAO. Moreover, the long-term stability of catalysts is estimated by the durability test as depicted in Figure 7A. It is noted that the nanostructure of Pd NFs were balanced and showed good stability after 1,000 cycles of durability tests (Wang et al., 2017b).
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FIGURE 7. (A) Electrochemical durability of the Pd octahedral nanoframes and solid Pd octahedra catalysts. The current density was normalized against the corresponding ECSA. Modified with permission from Wang et al. (2016) Copyright 2017, American Chemical Society. (B) Cyclic voltammetric CV profiles of octahedral Pt-Cu nanoframes in a 0.25 M HCOOH + 0.5 M H2SO4 solution (50 mV s−1). The specific current density (J) was normalized to the electrochemically active surface area (ECSA). Modified with permission from Nosheen et al. (2013) Copyright 2013, Royal Society of Chemistry.



In another report, Nosheen et al. (2013) used the one pot method for the fabrication of single crystalline octahedral PtCu NFs in an aqueous system. When compared with the platinum black and platinum/carbon catalyst, these octahedral PtCu NFs showed good specific activity toward FAOR due to their exclusive frame structure and combined effect of Pt and Cu (Figure 7B). Furthermore, comparison of electrocatalytic properties of Pt and Pd-based nanoframes toward FAOR, MOR, EOR, ORR, and bifunctional electrocatalysis is given in Table 1 for better understanding.


Table 1. Comparison of electrocatalytic properties of Pt and Pd-based nanoframes toward FAOR, MOR, EOR, ORR, and bifunctional electrocatalysis.
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Methanol Oxidation Reaction (MOR)

In the case of DMFCs, MOR occurs at the anode with the multistep reaction, and it depends upon adsorption as well as oxidation of methanol on the catalyst. For the MOR, Pt is usually used as a catalyst due to its higher activity toward adsorption of methanol. In addition, pure Pt surface suffers from CO poisoning, which reduces the catalytic performance. Researchers have focused on the fabrication of Pt-based nanocatalysts, which not only reduces the CO poisoning but also displays good activity and stability. For instance, Luo and Shen (2017) fabricated the PtCu NFs along higher index facets by the one pot method, which showed good catalytic performance. In addition, by tuning the ratios of Pt as well as Cu precursors, two different octopod NFs like PtCu2 concave octopod NFs and ultrathin PtCu octopod NFs were synthesized. Because of their 3D surface area and higher index facets, these PtCu2 concave octopod NFs displayed good catalytic performance and more CO tolerance. Regarding MOR, these PtCu2 concave octopod NFs showed a 7-fold enhancement in activities as compared to the commercial Pt/C catalyst. However, in a severe environment of electrocatalytic reaction, these PtCu2 concave octopod NFs are more conserved as shown in Figures 8A,B. In another report (Zhang et al., 2013), PtCu nanocages were developed by using the glycine mediated reaction kinetics, which showed good activity and stability for the MOR in comparison to the Pt/C and Pt black catalysts. The current density value specific activity of PtCu yolk-cage nanoalloy was 2.8 mA cm−2, which was four- and 6-fold higher than Pt black and Pt/C, respectively. Similarly, Ding et al. fabricated rhombic dodecahedral PtCu NFs by using the one pot method. In comparison with the Pt/C as well as Pt black, these PtCu NFs presented good catalytic performance toward MOR due to their highly open nanostructure and synergetic effect among two metals (Ding et al., 2015). Moreover, Xia et al. (2012) synthesized the PtCu3 nanocages by the one pot method in organic solution. Toward MOR, these PtCu3 nanocages depicted excellent catalytic activity when compared to solid PtCu NPs as well as with single component Pt catalysts. The excellent catalytic performance was due to the special nanostructure as well as the synergetic effect among Pt as well as Cu. In addition to Pt metal, Pd alloy NFs have also been used for MOR. For instance, Chen et al. have synthesized the PdCu flower-like nanocage by using the galvanic reaction and disproportionation reaction, and in the synthetic procedure Cu2O octahedra were used as template. These PdCu flower shaped nanocages showed more catalytic activity in comparison with the Pd NPs in terms of MOR, which was 2.7 times greater than the commercial Pd/C. The higher catalytic properties were because of their large surface area and effect of Pd and Cu metals. In addition, these PdCu nanocages have shown good stability as well as excellent poison tolerance. For MOR, the presence of 10% Au on Pt3Ni NFs may increase the catalytic activity, and the structure was preserved even after 3,000 cycles. The Pt skinned surface of NFs that is formed via the etching process is the cause of enhanced durability, which prevented further etching of the Ni content. Furthermore, the addition of Au islands to the PtNi frame could fade the bindings of poisonous and adsorbed species on the surface, which may further enhance durability Figures 8C,D.
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FIGURE 8. Cyclic voltammetry (CV) curves of different electrocatalysts for methanol oxidation reaction. (A) recorded at scanning rate of 50mV s -1 in 0.5M H2SO4+1M CH3OH solution, and formic acid oxidation reaction (B) Mass activity of PtCu2 CONFs, PtCu UONFs, Pt black, and Pt/C electrocatalysts for methanol oxidation reaction. Modified with permission from Luo and Shen (2017) Copyright 2017, American Chemical Society. (C) Cyclic voltammograms of methanol oxidation on different catalysts in 0.1M HClO4 containing 1M MeOH. (D) Loss of peak current density in a forward scan as a function of cycling numbers. Modified with permission from Wu et al. (2014) Copyright 2014, American Chemical Society.



Ethanol Oxidation Reaction (EOR)

Ethanol is also a type of liquid fuel and used in direct ethanol fuel cells. For instance, Wang et al. developed 3D Pt4Ni NFs as well as PtNi4 porous octahedra by the corrosion of PtNi10 solid nanoctahedra and compared their ethanol electrooxidation under alkaline media. Current density values at the −0.1 V in the positive scan are the 5.50 and 5.90 mAcm−2 for the PtNi4 porous PtNi4 octahedra and Pt4Ni NFs which both display a higher value as compared to the commercial Pt/C value (4.01 mAcm−2). However, the corroded Pt4Ni NFs as well as the PtNi4 porous octahedra electrocatalyst were confirmed by mass activities, which are shown in the Figures 9A,B. The mass activity of Pt4Ni NFs exhibited an improvement factor of 4.5 vs. PtNi10 octahedra, and in the case of Pt4Ni porous octahedra the improvement factor was 4.1, which are much better as compared to the commercial Pt/C.
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FIGURE 9. Cyclic voltammograms of commercial Pt/C, PtNi4 porous octahedra, and Pt4 Ni nanoframes in (A) 0.5 M KOH + 1 M ethanol (scan rate: 50 mVs−1); the current density was normalized to the ECSAs. (B) Mass activities measured at −0.1 V for ethanol oxidation on commercial Pt/C and three Pt-Ni catalysts; the current density was normalized to the weight of Pt loaded on the working electrode. Modified with permission from Wu et al. (2014) Copyright 2015, Tsinghua University Press and Springer-Verlag Berlin Heidelberg.



According to these analyses, it is proved that ethanol electrooxidation displays improved catalytic activities after corrosion from solid PtNi10 nanoctahedra to Pt4Ni NFs as well as PtNi4 porous octahedra. Among these, Pt4Ni NFs showed outstanding catalytic performance because of their higher surface area to volume ratio. In addition, PtNi4 porous octahedra, a transparent structure with more voids and Pt-rich surface, shows superior catalytic activity. That is why the corroded nanocatalyst is superior to parent NCs in which mostly Pt atoms are buried inside, as shown in Figure 9.

Oxygen Reduction Reaction (ORR)

Pt-based nanocatalysts have been the most promising electrocatalysts toward ORR. But the main issue for platinum oxygen reduction is due to their lower abundance as well as higher price of Pt (Escudero-Escribano et al., 2018; Wang et al., 2018b). It is necessary to improve the efficacy of Pt atoms in catalysis by reducing Pt usage and to improve the ORR activity which is gained by both the surface and electronic structure. In terms of surface structure, hollow as well as open nanoarchitectures like nanocages and frames boost the number of Pt atoms on the edges and show higher activity for electrocatalysis. However, electronic effects act as another way for tuned ORR activity. As mentioned in the previous studies, the best method to tune the electronic structure is the alloying of Pt with other metals. In addition, Pt and Pd work differently, accumulate more electrons at Pt sites and may improve the catalytic performance in terms of ORR. However, noble metal-based NFs show higher catalytic activity and durability as compared to others. Park et al. (2016) reported the fabrication as well as catalytic activities of Pt cubic NFs with wall thickness <2 nm. The as synthesized Pt cubic NFs displayed a 6-fold enhancement in ORR mass activity over 20,000 cycles of repeated potential sweeping in comparison with Pt/C.

The morphology-based catalytic activities of several PdPt NCs in terms of ORR were studied, and their results have been compared with the commercial catalyst. For instance, Hong et al. synthesized nanocages of different shapes and compared them with the Pd@Pt core shell as well as NCs without hollow structure and commercial catalyst, and the as synthesized hollow structures showed enhanced ORR properties (Hong et al., 2012a). Similarly, Zhang et al. (2015a) developed Pt cubic and octahedra nanocages having [100] and [111] facets, respectively, which showed higher electrocatalytic activities in terms of ORR.

However, in case of many structure sensitive reactions, introducing defects like twin boundaries may reduce the activation energy and enhance the catalytic performance (He et al., 2016). For example, Pt-enrich few atom thick nanocages showed the mass activity 7 times larger in comparison with the Pt/C catalyst as well as 4 times larger when compared with the PdPt core shell/C catalyst. However, specific activity of Pt-enrich nanocage/C was 10 times that of the Pt/C catalyst and 3.5 times that of the PdPt core shell/C catalyst. By accelerated degradation testing, the stability of Pt-enriched nanocage/C was also studied. Pt-enriched nanocage/C displayed nearly no degradation after 10,000 cycles and icosahedral Pt-enriched nanocages were stable after accelerated degradation testing.

In addition, Wang et al. (2016) benchmarked the ORR performance of Pt based icosahedral nanocages in contrast to the Pt/C catalyst. The mass as well as specific activities of Pt icosahedral nanocage showed 6.7 and 10-fold enhancement, respectively, which is ascribed to the exposure of [111] facets, twin defects, and higher distribution of Pt. However, mass activity of Pt icosahedral nanocages was enhanced 4 times after 5,000 cycles of ADT when compared with the commercial catalyst before the durability tests.

In addition to single metal NFs, fabrication of Pt based bi-and multimetallic alloy NFs could display superior activity in terms of ORR. So, alloying of Pt with transition metals like Co, Cu, Ni, etc., could induce the compressive strain on NPs' surface because of shorter Pt-Pt distance as well as downshifting of d-band center of the Pt. Additionally, downshift of the d-band center weakens the adsorption of OH species that are intermediate to ORR, facilitates the dissociation of water molecules from catalyst surface and increases the ORR reaction rate of NPs.

Dhavale and Kurungot (2015) developed a CuPt nanocage via the galvanic displacement reaction. These CuPt NCs display 2.9-fold and 2.5-fold higher levels of mass activity as well as specific activity toward oxygen reduction reaction at 0.9 V vs. reversible hydrogen electrode. In addition, stability of CuPt nanocages was investigated by a durability test under alkaline conditions. So, CuPt NCs have higher surface area and provide additional active sites for the dissociative adsorption of oxygen and improved the ORR performance. The combination of Pt and Cu play a very important role in facilitating the dissociative adsorption of O2. Similarly, rhombic dodecahedral Cu3Pt NFs synthesized by the Han group are more active toward the ORR as compared to the CuPt core shell nanostructure (Han et al., 2014).

For instance, uniform PtCu alloy hollow cubic NFs were synthesized by Wang et al., and these 3D nanoarchitectures show the larger specific as well as mass activities and improved durability toward ORR in comparison with the Pt nanocubes, commercial Pt/C as well as Pt black catalyst under alkaline solution (Wang et al., 2018a).

Lyu et al. (2017) developed the CuPt alloy RD as well as spiny CuPt RD NFs. The 3D hollow structure of both sets of NFs and abundant surface defects make them active catalysts. Toward ORR, spiny RD NFs have shown the specific activity of 1.3 and 3 times as compared to the RD NFs and Pt/C catalyst. Huang et al. (2019) have fabricated 3D RD Pt26Cu74 NFs bound with multiple index facets that were synthesized by the effective facile robust solvothermal synthetic procedure. Due to exclusive morphology and the combined effect of the two metals, these Pt26Cu74 catalysts have shown higher activity as well as stability toward ORR in comparison with the Pt18Cu82, Pt50Cu50 NC, and Pt/C catalysts.

Controlling the structure at the atomic level can tune the catalytic performance of materials and may enhance the activity as well as durability. Han et al. developed highly active and durable Pt3Ni NFs as catalysts with a 3D surface and 2 nm thin platinum skin. Both internal and external surfaces of frames are available for reactants, the and presence of segregated platinum skin demonstrate the excellent ORR activity. These Pt3Ni NFs have exhibited enhanced mass activity and specific activity that are 36 and 22 times those of the Pt/C, respectively. Furthermore, the frame structure was retained after 10,000 cycles, even during harsh electrochemical conditions as exhibited in Figures 10A–E (Chen et al., 2014). In another report, dendrite implanted PtNi multiframes display the ECSA of 73.4 m2gPt−1 and mass activity of 1.51 A mgPt−1 that is the 30 time higher than the Pt/C catalyst. It is noted that the ECSA as well as ORR performance of these dendrite embedded PtNi multiframes/C are due to their porous design, several active sites, and higher index facets Figure 10F.


[image: image]

FIGURE 10. Electrochemical properties of Pt3Ni nanoframes. (A,B) Specific activities (A) and mass activities (B) measured at 0.95 V, and improvement factors versus Pt/C catalysts. Because of the high intrinsic activity of the Pt3Ni nanoframes, the ORR activity values are given at 0.95 V in order to avoid the extensive error margin at 0.9 V introduced by the close proximity of current values to the diffusion-limited current. IL, ionic liquid. Electrochemical durability of Pt3Ni nanoframes. (C) ORR polarization curves and (inset) corresponding Tafel plots of Pt3Ni frames before and after 10,000 potential cycles between 0.6 and 1.0 V. (C) ORR polarization curves of the Pt-Ni multiframes/C before and after 5,000 and 10,000 cycles in an O2-saturated 0.1M HClO4 solution. The inset showing changes in mass activities of the Pt-Ni multiframes/C before and after potential cycles. (D,E) Bright-field STEM image (D) and dark-field STEM image (E) of Pt3Ni nanoframes/C after cycles. Modified with the permission from Chen et al. (2014) Copyright 2014, American Association for the Advancement of Science. (F) ORR polarization curves of the Pt-Ni multiframes/C before and after 5,000 and 10,000 cycles in an O2-saturated 0.1M HClO4 solution. The inset showing changes in mass activities of the Pt-Ni multiframes/C before and after potential cycles. Modified with permission from Kwon et al. (2018a) Copyright 2018, American Chemical Society.



3D Pt anisotropy of PtNi RD was tuned by controlling the ratio of Pt and Ni precursors—as a result, entire hollow NFs and excavated NFs were gained. These excavated NFs display the ~10 times greater specific as well as ~6 times larger mass activity in terms of ORR as compared to the Pt/C and double the mass activity of hollow NFs. However, the higher activity is due to more Ni content in the near-surface region and 2D sheet structure within the NFs, which minimized the number of buried Pt sites (Becknell et al., 2017). Wang et al. explained the preferential removal of Ni components of the tetrahexahedral (THH) PtNi NPs by using the CO. These PtNi (THH) NF structures demonstrated 8-fold higher ORR mass activity than in commercial Pt/C. In another report, PtNi NFs along (THH) and RD morphologies were used for the ORR. The as synthesized PtNi (THH) NFs display more enhanced ORR activity that shows 20.9 times larger mass activity in comparison with the commercial Pt/C.

It is observed that in addition to structure, composition also plays a very important role for the enhanced catalytic performance. For instance, RD PtCuNi NF catalysts display 6-fold higher mass activity as compared to commercial Pt/C in terms of ORR. Hollow PtPdRu dendrite nanocages with porous structure not only showed 3D surface active sites from both interior and exterior surfaces but also improved the resistance to particle aggregation. In addition, mass transfer of species inside the porous nanocages also increased. However, electronic as well as strain effect of three metal components also enhanced the activity. Therefore, trimetallic dendritic nanocages accelerate the kinetics of oxygen reduction. In comparison with the Pt/C, ECSA, mass activity as well as specific activity of PtPdRu dendritic nanocage were higher (Huang et al., 2018).

The PtPdNi mesoporous truncated octahedral nanocage showed higher catalytic performance toward the ORR relative to the core shell mesoporous truncated octahedra and Pt/C catalyst due to their mesoporous surface, hollow design, polyhedral shape (Wang et al., 2019).

Bifunctional Catalysts

As mentioned above, the Pt based alloy nanoarchitectures show excellent catalytic performance toward ORR and MOR. However, the bifunctional catalysts show more importance because they function as active catalysts in both anodes as well as cathodes of DMFCs. Among different hollow structures, NFs have received more attention because of their open 3D nanoframe structure. For instance, Zhang et al. (2016) synthesized the highly anisotropic 5-fold twin CuPt NFs, which shows more ORR as well as MOR activity, with a specific activity of 1.71 mA [image: image] toward ORR and 18.2 mA [image: image] for MOR. However, the rich concave site along with a higher coordination number demonstrated superior ORR activity. The most important point in this research is that the nanothorns on the edges as well as higher index facets provided extra active surface area.

In another report, Kwon et al. (2018b) fabricated Co-doped CuPt RD NFs which displayed a higher MOR specific activity of 13.3 mA [image: image] as well as a mass activity of 4.11 A [image: image]. In addition, ORR performance was also boosted with a specific activity of 5.03 mA [image: image] as well as a mass activity of 1.56 A [image: image]. However, protruded vertices also play a most important role in boosting the durability, which is confirmed by the study with the un-doped CuPt NFs (Figure 11). Another example is the highly composition-segregated PtNi NFs with open frame structure transformed from solid PtNi NCs. According to the catalytic results it is proven that these PtNi NFs have shown excellent catalytic performance toward ORR as well as alcohol oxidation in comparison with the commercial Pt/C catalyst. Other Pt based nanoarchitectures have been studied which are active as bifunctional catalysts in terms of ORR at the cathode as well as other fuel oxidation reactions at the anode like formic acid, ethanol, glycerol and ethylene glycol (Ye et al., 2017).
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FIGURE 11. (A,B) ORR mass and specific activities of electrocatalysts, before and after 10,000 ORR ADT cycles. (C) CVs of Co-PtCu RNF/C, PtCu RNF/C, and Pt/C catalysts in 0.1 M HClO4+1 M CH3 OH solution. (D) Mass activity of electrocatalysts for the MOR, before and after the ADTs. Modified with permission from Kwon et al. (2018b) Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



Pt3Ni tetrahexaherdal NFs were developed by CO etching which is highly open, stable as and has a higher index microstructure which consists of a segregated Pt thin surface and downshifted d-band center, which is revealed by the Density Functional Theory (DFT). These NFs showed excellent catalytic performance, such as higher stability in harsh reaction conditions, which promoted direct electrooxidation of formic acid to CO2 and enhanced ORR activities. FAOR occurs on the Pt based electrode and proceeds via a dual path mechanism. In the first pathway, direct oxidation generates CO2 and in the second pathway there is a generation of CO adsorption and then oxidation of COads to CO2 at higher potentials. Very recently, Wang et al. used Co etching at higher temperatures for the fabrication of Pt3Ni tetrahexahedron NFs by using the facile as well as efficient method. So, these NFs revealed excellent stability under prolonged electrochemical potential cycles (Wang et al., 2017a).

CONCLUSION AND PERSPECTIVES

In recent years, noble metal-based NFs have received more attention because of their special structure as well as their physicochemical properties. For controlled synthesis and advanced applications of noble metal-based NFs, great efforts have been devoted in recent years. According to this review, we explained distinct methods such as the photocatalytic template method, electrodeposition, the Kirkendall effect, galvanic replacement, oxidative/chemical etching, and other methods for the fabrication of noble metal-based alloy NFs. In addition, different shapes of noble metal-based NFs have been developed and focused with ultrathin walls, high index facets, twin boundaries compositional segregation, and inner structural support. These noble metal-based NFs show excellent performance in fuel cells.

However, for the fabrication of noble metal-based NFs still more challenges are present such as tuning the porosity, voids, elemental composition as well as the thickness of ridges and atomic arrangement. For catalytic properties, controlling the ridge thickness with segregated Pt skin of metal-based NFs is of great importance and challenging. To preserve the stability of NFs after electrocatalytic cycling is a difficult task. To improve the stability of such nanostructures, the addition of dopant, or another stable structure inside NFs may secure the atomic arrangements and stability as well. The addition of a doping material can enhance the exposed atoms on the surface. NFs with more than three or four metals and other doping materials can further increase the activities and stabilities.

Furthermore, the implementation of theoretical studies must be considered to gain an understanding of the actual basis of the catalytic properties of multimetallic NFs. Additionally, theoretical studies should focus on the calculation of surface energies of the exposed atoms. It should also calculate the binding energies of reaction intermediates and surfaces of the electrocatalyst for multi-metallic structures. Density Functional Theory studies have been used for the few faceted bimetallic structures, but for the multimetallic NFs these studies are very rare. There is an urgent need to find easy calculation strategies for understanding multimetllic NFs with complex atomic arrangements, which can help to clearly identify the reasons behind their enhancement of activity and stability. Another necessity is to understand the rearrangements of atoms at atomic scale during the process of electrocatalysis. For this purpose, in situ study of electrochemical reactions may be a solution for the deep understanding of phase segregation and arrangement of atoms. Additionally, these catalysts should be reproducible at industrial level and should withstand the real operating environment.

Sometimes, the thermodynamic stability of alloy phases varies during synthesis and electrochemical cycling. Few efforts have been made to perform elecrocatalysis at higher potentials and temperatures to check the stability of catalysts under real operating conditions. In addition, hollow structures show a different electrochemical active surface area at different over potentials due to mass transportation and make its use limited in real applications. At low over potential, O2 diffuses inside the inner part of hollow structures, and at high over potential, O2 diffuses slowly inside the voids. Some groups proposed that the use of ionic liquids in place of aqueous liquids could fill the interior void of NFs and offer more O2 solubility that could be beneficial for a real operating environment for fuel cells.

AUTHOR CONTRIBUTIONS

FN has substantial contributions to the conception, drafting and writing of this work. AS helped in writing the draft. TA contributed to the writing and revising it critically for important intellectual content. NH reviewed it and contributed in its revision. All authors read and agreed the final version of the manuscript.

REFERENCES

 Au, L., Chen, Y., Zhou, F., Camargo, P. H. M., Lim, B., Li, Z. Y., et al. (2008). Synthesis and optical properties of cubic gold nanoframes. Nano Res. 1, 441–449. doi: 10.1007/s12274-008-8046-z

 Bai, F., Sun, Z., Wu, H., Haddad, R. E., Xiao, X., and Fan, H. (2011). Templated photocatalytic synthesis of well-defined platinum hollow nanostructures with enhanced catalytic performance for methanol oxidation. Nano Lett. 11, 3759–3762. doi: 10.1021/nl201799x

 Bai, T., Tan, Y., Zou, J., Nie, M., Guo, Z., Lu, X., et al. (2015). AuBr2—engaged galvanic replacement for citrate-capped Au–Ag alloy nanostructures and their solution-based surface-enhanced Raman scattering activity. J. Phys. Chem. C 119, 28597–28604. doi: 10.1021/acs.jpcc.5b10095

 Becknell, N., Son, Y., Kim, D., Li, D., Yu, Y., Niu, Z., et al. (2017). Control of architecture in rhombic dodecahedral Pt-Ni nanoframe electrocatalysts. J. Am. Chem. Soc. 139, 11678–11681. doi: 10.1021/jacs.7b05584

 Chen, C., Kang, Y., Huo, Z., Zhu, Z., Huang, W., Xin, H. L., et al. (2014). Highly crystalline multimetallic nanoframes with three-dimensional electrocatalytic surfaces. Science 343, 1339–1343. doi: 10.1126/science.1249061

 Chen, S., Wu, H., Tao, J., Xin, H., Zhu, Y., and Chen, J. (2019). Pt–Ni seed-core-frame hierarchical nanostructures and their conversion to nanoframes for enhanced methanol electro-oxidation. Catalysts 9:39. doi: 10.3390/catal9010039

 Chen, Y., Yu, Z., Chen, Z., Shen, R., Wang, Y., Cao, X., et al. (2016). Controlled one-pot synthesis of RuCu nanocages and Cu@Ru nanocrystals for the regioselective hydrogenation of quinoline. Nano Res. 9, 2632–2640. doi: 10.1007/s12274-016-1150-6

 Chen, Z., He, Y. C., Chen, J. H., Fu, X. Z., Sun, R., Chen, Y. X., et al. (2018). PdCu alloy flower-like nanocages with high electrocatalytic performance for methanol oxidation. J. Phys. Chem. C 122, 8976–8983. doi: 10.1021/acs.jpcc.8b01095

 Cong, Y., Yi, B., and Song, Y. (2018). Hydrogen oxidation reaction in alkaline media: from mechanism to recent electrocatalysts. Nano Energy 44, 288–303. doi: 10.1016/j.nanoen.2017.12.008

 Davydova, E. S., Mukerjee, S., Jaouen, F., and Dekel, D. R. (2018). Electrocatalysts for hydrogen oxidation reaction in alkaline electrolytes. ACS Catal. 8, 6665–6690. doi: 10.1021/acscatal.8b00689

 Dhavale, V. M., and Kurungot, S. (2015). Cu–Pt nanocage with 3-D electrocatalytic surface as an efficient oxygen reduction electrocatalyst for a primary Zn–air battery. ACS Catal. 5, 1445–1452. doi: 10.1021/cs501571e

 Ding, J., Bu, L., Guo, S., Zhao, Z., Zhu, E., Huang, Y., et al. (2016). Morphology and phase controlled construction of Pt-Ni nanostructures for efficient electrocatalysis. Nano Lett. 16, 2762–2767. doi: 10.1021/acs.nanolett.6b00471

 Ding, J., Zhu, X., Bu, L., Yao, J., Guo, J., Guo, S., et al. (2015). Highly open rhombic dodecahedral PtCu nanoframes. Chem. Commun. 51, 9722–9725. doi: 10.1039/C5CC03190G

 Ding, L. X., Wang, A. L., Li, G. R., Liu, Z. Q., Zhao, W. X., Su, C. Y., et al. (2012). Porous Pt-Ni-P composite nanotube arrays: highly electroactive and durable catalysts for methanol electrooxidation. J. Am. Chem. Soc. 134, 5730–5733. doi: 10.1021/ja212206m

 Eid, K., Wang, H., Malgras, V., Alothman, Z. A., Yamauchi, Y., and Wang, L. (2015). Trimetallic PtPdRu dendritic nanocages with three-dimensional electrocatalytic surfaces. J. Phys. Chem. C 119, 19947–19953. doi: 10.1021/acs.jpcc.5b05867

 Escudero-Escribano, M., Jensen, K. D., and Jensen, A. W. (2018). Recent advances in bimetallic electrocatalysts for oxygen reduction: design principles, structure-function relations and active phase elucidation. Curr. Opin. Electrochem. 8, 135–146. doi: 10.1016/j.coelec.2018.04.013

 Fang, Z., Wang, Y., Liu, C., Chen, S., Sang, W., Wang, C., et al. (2015). Rational design of metal nanoframes for catalysis and plasmonics. Small 11, 2593–2605. doi: 10.1002/smll.201402799

 González, E., Arbiol, J., and Puntes, V. F. (2011). Carving at the nanoscale: sequential galvanic exchange and kirkendall growth at room temperature. Science 334, 1377–1380. doi: 10.1126/science.1212822

 Hajfathalian, M., Gilroy, K. D., Golze, S. D., Yaghoubzade, A., Menumerov, E., Hughes, R. A., et al. (2016). A wulff in a cage: the confinement of substrate-based structures in plasmonic nanoshells, nanocages, and nanoframes using galvanic replacement. ACS Nano 10, 6354–6362. doi: 10.1021/acsnano.6b02712

 Han, L., Liu, H., Cui, P., Peng, Z., Zhang, S., and Yang, J. (2014). Alloy Cu3Pt nanoframes through the structure evolution in Cu-Pt nanoparticles with a core-shell construction. Sci. Rep. 4:6414. doi: 10.1038/srep06414

 He, D. S., He, D., Wang, J., Lin, Y., Yin, P., Hong, X., et al. (2016). Ultrathin icosahedral Pt-enriched nanocage with excellent oxygen reduction reaction activity. J. Am. Chem. Soc. 138, 1494–1497. doi: 10.1021/jacs.5b12530

 Hong, J. W., Kang, S. W., Choi, B. S., Kim, D., Lee, S. B., and Han, S. W. (2012a). Controlled synthesis of Pd–Pt alloy hollow nanostructures with enhanced catalytic activities for oxygen reduction. ACS Nano 6, 2410–2419. doi: 10.1021/nn2046828

 Hong, X., Wang, D., Cai, S., Rong, H., and Li, Y. (2012b). Single-crystalline octahedral Au–Ag nanoframes. J. Am. Chem. Soc. 134, 18165–18168. doi: 10.1021/ja3076132

 Hu, Y., Chou, T., Wang, H., and Du, H. (2014). Monodisperse colloidal gold nanorings: synthesis and utility for surface-enhanced Raman scattering. J. Phys. Chem. C 118, 16011–16018. doi: 10.1021/jp504190d

 Huang, L., Jiang, Z., Gong, W., Wang, Z., and Shen, P. K. (2018). Two-step etching fabrication of tunable ternary rhombic dodecahedral nanoframes for enhanced oxygen reduction electrocatalysis. J. Power Sources 406, 42–49. doi: 10.1016/j.jpowsour.2018.10.041

 Huang, X., Zhang, H., Guo, C., Zhou, Z., and Zheng, N. (2009). Simplifying the creation of hollow metallic nanostructures: one-pot synthesis of hollow palladium/platinum single-crystalline nanocubes. Angewandte Chem. 121, 4902–4906. doi: 10.1002/ange.200900199

 Huang, X. Y., You, L. X., Zhang, X. F., Feng, J. J., Zhang, L., and Wang, A. J. (2019). l-proline assisted solvothermal preparation of Cu-rich rhombic dodecahedral PtCu nanoframes as advanced electrocatalysts for oxygen reduction and hydrogen evolution reactions. Electrochim. Acta 299, 89–97. doi: 10.1016/j.electacta.2019.01.002

 Jeyadevan, B., Cuya, J. L., Inoue, Y., Shinoda, K., Ito, T., Mott, D., et al. (2014). Novel nickel–palladium catalysts encased in a platinum nanocage. RSC Adv. 4, 26667–26672. doi: 10.1039/C4RA03091E

 Kwon, H., Kabiraz, M. K., Park, J., Oh, A., Baik, H., Choi, S. I., et al. (2018a). Dendrite-embedded platinum–nickel multiframes as highly active and durable electrocatalyst toward the oxygen reduction reaction. Nano Lett. 18, 2930–2936. doi: 10.1021/acs.nanolett.8b00270

 Kwon, T., Jun, M., Kim, H. Y., Oh, A., Park, J., Baik, H., et al. (2018b). Vertex-reinforced PtCuCo ternary nanoframes as efficient and stable electrocatalysts for the oxygen reduction reaction and the methanol oxidation reaction. Adv. Funct. Mater. 28:1706440. doi: 10.1002/adfm.201706440

 Lai, W., Zhou, J., Jia, Z., Petti, L., and Mormile, P. (2015). Ag@Au hexagonal nanorings: synthesis, mechanistic analysis and structure-dependent optical characteristics. J. Mater. Chem. C 3, 9726–9733. doi: 10.1039/C5TC02017D

 Li, J., Li, L., Wang, M. J., Wang, J., and Wei, Z. (2018). Alloys with Pt-skin or Pt-rich surface for electrocatalysis. Curr. Opin. Chem. Eng. 20, 60–67. doi: 10.1016/j.coche.2018.01.006

 Liu, H. L., Nosheen, F., and Wang, X. (2015). Noble metal alloy complex nanostructures: controllable synthesis and their electrochemical property. Chem. Soc. Rev. 44, 3056–3078. doi: 10.1039/C4CS00478G

 Luo, S., and Shen, P. K. (2017). Concave platinum–copper octopod nanoframes bounded with multiple high-index facets for efficient electrooxidation catalysis. ACS Nano 11, 11946–11953. doi: 10.1021/acsnano.6b04458

 Lyu, L.-M., Kao, Y.-C., Cullen, D. A., Sneed, B. T., Chuang, Y.-C., and Kuo, C.-H. (2017). Spiny rhombic dodecahedral CuPt nanoframes with enhanced catalytic performance synthesized from Cu nanocube templates. Chem. Mater. 29, 5681–5692. doi: 10.1021/acs.chemmater.7b01550

 Mahmoud, M. A., and El-Sayed, M. A. (2012). Metallic double shell hollow nanocages: the challenges of their synthetic techniques. Langmuir 28, 4051–4059. doi: 10.1021/la203982h

 McEachran, M., Keogh, D., Pietrobon, B., Cathcart, N., Gourevich, I., Coombs, N., et al. (2011). Ultrathin gold nanoframes through surfactant-free templating of faceted pentagonal silver nanoparticles. J. Am. Chem. Soc. 133, 8066–8069. doi: 10.1021/ja111642d

 Moghimi, N., Abdellah, M., Thomas, J. P., Mohapatra, M., and Leung, K. T. (2013). Bimetallic FeNi concave nanocubes and nanocages. J. Am. Chem. Soc. 135, 10958–10961. doi: 10.1021/ja405504q

 Nosheen, F., Ni, B., Xu, X., Yang, H., Zhang, Z., and Wang, X. (2016). Facile synthesis of complex shaped Pt–Cu alloy architectures. Nanoscale 8, 13212–13216. doi: 10.1039/C6NR03511F

 Nosheen, F., Zhang, Z. C., Zhuang, J., and Wang, X. (2013). One-pot fabrication of single-crystalline octahedral Pt-Cu nanoframes and their enhanced electrocatalytic activity. Nanoscale 5, 3660–3663. doi: 10.1039/c3nr00833a

 Okazaki, K. I., Yasui, J. I., and Torimoto, T. (2009). Electrochemical deposition of gold frame structure on silver nanocubes. Chem. Commun. 28, 2917–2919. doi: 10.1039/b901469a

 Park, J., Kanti Kabiraz, M., Kwon, H., Park, S., Baik, H., Choi, S.-I., et al. (2017a). Radially phase segregated PtCu@PtCuNi Dendrite@Frame Nanocatalyst for the oxygen reduction reaction. ACS Nano 11, 10844–10851. doi: 10.1021/acsnano.7b04097

 Park, J., Kwon, T., Kim, J., Jin, H., Kim, H. Y., Kim, B., et al. (2018). Hollow nanoparticles as emerging electrocatalysts for renewable energy conversion reactions. Chem. Soc. Rev. 47, 8173–8202. doi: 10.1039/C8CS00336J

 Park, J., Sa, Y. J., Baik, H., Kwon, T., Joo, S. H., and Lee, K. (2017b). Iridium-based multimetallic Nanoframe@Nanoframe structure: an efficient and robust electrocatalyst toward oxygen evolution reaction. ACS Nano 11, 5500–5509. doi: 10.1021/acsnano.7b00233

 Park, J., Wang, H., Vara, M., and Xia, Y. (2016). Platinum cubic nanoframes with enhanced catalytic activity and durability toward oxygen reduction. ChemSusChem 9, 2855–2861. doi: 10.1002/cssc.201600984

 Saleem, F., Ni, B., Yong, Y., Gu, L., and Wang, X. (2016). Ultra-small tetrametallic Pt-Pd-Rh-Ag nanoframes with tunable behavior for direct formic acid/methanol oxidation. Small 12, 5261–5268. doi: 10.1002/smll.201601299

 Shahjamali, M. M., Bosman, M., Cao, S., Huang, X., Cao, X., Zhang, H., et al. (2013). Surfactant-free Sub-2 nm ultrathin triangular gold nanoframes. Small 9, 2880–2886. doi: 10.1002/smll.201300200

 Shi, H., Ouyang, S., Peng, M., Wang, T., and Wang, S. (2015). Photocatalytic template synthesis of Pt nanocages with enhanced electrocatalytic performance. ECS Electrochem. Lett. 4, 38–42. doi: 10.1149/2.0061508eel

 Stamenkovic, V. R., Mun, B. S., Mayrhofer, K. J., Ross, P. N., and Markovic, N. M. (2006). Effect of surface composition on electronic structure, stability, and electrocatalytic properties of Pt-transition metal alloys: Pt-skin versus Pt-skeleton surfaces. J. Am. Chem. Soc. 128, 8813–8819. doi: 10.1021/ja0600476

 Sun, X., and Qin, D. (2015). Co-titration of AgNO3 and HAuCl4: a new route to the synthesis of Ag@Ag–Au core–frame nanocubes with enhanced plasmonic and catalytic properties. J. Mater. Chem. C 3, 11833–11841. doi: 10.1039/C5TC03002A

 Tian, L., Zhong, X., Hu, W., Liu, B., and Li, Y. (2014). Fabrication of cubic PtCu nanocages and their enhanced electrocatalytic activity towards hydrogen peroxide. Nanoscale Res. Lett. 9:68. doi: 10.1186/1556-276X-9-68

 Wang, A.-J., Zhang, X.-F., Jiang, L.-Y., Zhang, L., and Feng, J.-J. (2018a). Bimetallic alloyed ptcu nanocubic frames with three-dimensional molecular accessible surfaces for boosting oxygen reduction and glycerol oxidation reactions. ChemCatChem 10, 3319–3326. doi: 10.1002/cctc.201800188

 Wang, A.-L., He, X.-J., Lu, X.-F., Xu, H., Tong, Y.-X., and Li, G.-R. (2015a). Palladium–cobalt nanotube arrays supported on carbon fiber cloth as high-performance flexible electrocatalysts for ethanol oxidation. Angew. Chem. Int. Edn. 54, 3669–3673. doi: 10.1002/anie.201410792

 Wang, A.-L., Xu, H., Feng, J.-X., Ding, L.-X., Tong, Y.-X., and Li, G.-R. (2013). Design of Pd/PANI/Pd sandwich-structured nanotube array catalysts with special shape effects and synergistic effects for ethanol electrooxidation. J. Am. Chem. Soc. 135, 10703–10709. doi: 10.1021/ja403101r

 Wang, C., Zhang, L., Yang, H., Pan, J., Liu, J., Dotse, C., et al. (2017a). High-indexed Pt3Ni alloy tetrahexahedral nanoframes evolved through preferential CO etching. Nano Lett. 17, 2204–2210. doi: 10.1021/acs.nanolett.6b04731

 Wang, H., Li, Y., Deng, K., Li, C., Xue, H., Wang, Z., et al. (2019). Trimetallic PtPdNi-truncated octahedral nanocages with a well-defined mesoporous surface for enhanced oxygen reduction electrocatalysis. ACS Appl. Mater. Interfaces 11, 4252–4257. doi: 10.1021/acsami.8b18696

 Wang, X., Figueroa-Cosme, L., Yang, X., Luo, M., Liu, J., Xie, Z., et al. (2016). Pt-based icosahedral nanocages: using a combination of {111} facets, twin defects, and ultrathin walls to greatly enhance their activity toward oxygen reduction. Nano Lett. 16, 1467–1471. doi: 10.1021/acs.nanolett.5b05140

 Wang, Y., Chen, Y., Nan, C., Li, L., Wang, D., Peng, Q., et al. (2015b). Phase-transfer interface promoted corrosion from PtNi10 nanoctahedra to Pt4Ni nanoframes. Nano Res. 8, 140–155. doi: 10.1007/s12274-014-0603-z

 Wang, Y.-J., Long, W., Wang, L., Yuan, R., Ignaszak, A., Fang, B., et al. (2018b). Unlocking the door to highly active ORR catalysts for PEMFC applications: polyhedron-engineered Pt-based nanocrystals. Energy Environ. Sci. 11, 258–275. doi: 10.1039/C7EE02444D

 Wang, Z., Wang, H., Zhang, Z., Yang, G., He, T., Yin, Y., et al. (2017b). Synthesis of Pd nanoframes by excavating solid nanocrystals for enhanced catalytic properties. ACS Nano 11, 163–170. doi: 10.1021/acsnano.6b06491

 Wu, H., Wang, P., He, H., and Jin, Y. (2012). Controlled synthesis of porous Ag/Au bimetallic hollow nanoshells with tunable plasmonic and catalytic properties. Nano Res. 5, 135–144. doi: 10.1007/s12274-012-0194-5

 Wu, Y., Wang, D., Zhou, G., Yu, R., Chen, C., and Li, Y. (2014). Sophisticated construction of Au Islands on Pt–Ni: an ideal trimetallic nanoframe catalyst. J. Am. Chem. Soc. 136, 11594–11597. doi: 10.1021/ja5058532

 Xia, B. Y., Wu, H. B., Wang, X., and Lou, X. W. (2012). One-pot synthesis of cubic PtCu3 nanocages with enhanced electrocatalytic activity for the methanol oxidation reaction. J. Am. Chem. Soc. 134, 13934–13937. doi: 10.1021/ja3051662

 Xia, X., Wang, Y., Ruditskiy, A., and Xia, Y. (2013). 25th anniversary article: galvanic replacement: a simple and versatile route to hollow nanostructures with tunable and well-controlled properties. Adv. Mater. 25, 6313–6333. doi: 10.1002/adma.201302820

 Xie, S., Lu, N., Xie, Z., Wang, J., Kim, M. J., and Xia, Y. (2012). Synthesis of Pd-Rh core–frame concave nanocubes and their conversion to rh cubic nanoframes by selective etching of the Pd cores. Angew. Chem. Int. Edn. 51, 10266–10270. doi: 10.1002/anie.201206044

 Xiong, Y., Wiley, B., Chen, J., Li, Z.-Y., Yin, Y., and Xia, Y. (2005). Corrosion-based synthesis of single-crystal Pd nanoboxes and nanocages and their surface plasmon properties. Angew. Chem. Int. Edn. 44, 7913–7917. doi: 10.1002/anie.200502722

 Xu, H., Yan, B., Li, S., Wang, J., Song, P., Wang, C., et al. (2018). Highly open bowl-like PtAuAg nanocages as robust electrocatalysts towards ethylene glycol oxidation. J. Power Sources 384, 42–47. doi: 10.1016/j.jpowsour.2018.02.067

 Ye, H., Wang, Q., Catalano, M., Lu, N., Vermeylen, J., Kim, M. J., et al. (2016). Ru Nanoframes with an fcc structure and enhanced catalytic properties. Nano Lett. 16, 2812–2817. doi: 10.1021/acs.nanolett.6b00607

 Ye, W., Chen, S., Ye, M., Ren, C., Ma, J., Long, R., et al. (2017). Pt4PdCu0.4 alloy nanoframes as highly efficient and robust bifunctional electrocatalysts for oxygen reduction reaction and formic acid oxidation. Nano Energy 39, 532–538. doi: 10.1016/j.nanoen.2017.07.025

 Yoon, D., Park, S., Park, J., Kim, J., Baik, H., Yang, H., et al. (2014). One pot synthesis of hollow Cu-doped Ru octahedral nanocages via an in situ generated metastable Cu nanoparticle template. Nanoscale 6, 12397–12402. doi: 10.1039/C4NR03308F

 Zeng, J., Zhang, Q., Chen, J., and Xia, Y. (2009). A comparison study of the catalytic properties of Au-based nanocages, nanoboxes, and nanoparticles. Nano Lett. 10, 30–35. doi: 10.1021/nl903062e

 Zhang, H., Jin, M., Liu, H., Wang, J., Kim, M. J., Yang, D., et al. (2011). Facile synthesis of Pd-Pt Alloy nanocages and their enhanced performance for preferential oxidation of co in excess hydrogen. ACS Nano 5, 8212–8222. doi: 10.1021/nn202896q

 Zhang, L., Roling, L. T., Wang, X., Vara, M., Chi, M., Liu, J., et al. (2015a). Platinum-based nanocages with subnanometer-thick walls and well-defined, controllable facets. Science 349, 412–416. doi: 10.1126/science.aab0801

 Zhang, Q., Cobley, C. M., Zeng, J., Wen, L.-P., Chen, J., and Xia, Y. (2010). Dissolving Ag from Au–Ag alloy nanoboxes with H2O2: a method for both tailoring the optical properties and measuring the H2O2 concentration. J. Phys. Chem. C 114, 6396–6400. doi: 10.1021/jp100354z

 Zhang, X.-F., Wang, A.-J., Zhang, L., Yuan, J., Li, Z., and Feng, J.-J. (2018a). Solvothermal synthesis of monodisperse PtCu dodecahedral nanoframes with enhanced catalytic activity and durability for hydrogen evolution reaction. ACS Appl. Energy Mater. 1, 5054–5061. doi: 10.1021/acsaem.8b01065

 Zhang, Z., Liu, G., Cui, X., Chen, B., Zhu, Y., Gong, Y., et al. (2018b). Crystal phase and architecture engineering of lotus-thalamus-shaped Pt-Ni anisotropic superstructures for highly efficient electrochemical hydrogen evolution. Adv. Mater. 30:1801741. doi: 10.1002/adma.201801741

 Zhang, Z., Luo, Z., Chen, B., Wei, C., Zhao, J., Chen, J., et al. (2016). One-pot synthesis of highly anisotropic five-fold-twinned PtCu nanoframes used as a bifunctional electrocatalyst for oxygen reduction and methanol oxidation. Adv. Mater. 28, 8712–8717. doi: 10.1002/adma.201603075

 Zhang, Z., Yang, Y., Nosheen, F., Wang, P., Zhang, J., Zhuang, J., et al. (2013). Fine tuning of the structure of Pt–Cu alloy nanocrystals by glycine-mediated sequential reduction kinetics. Small 9, 3063–3069. doi: 10.1002/smll.201203200

 Zhang, Z.-P., Zhu, W., Yan, C.-H., and Zhang, Y.-W. (2015b). Selective synthesis of rhodium-based nanoframe catalysts by chemical etching of 3d metals. Chem. Commun. 51, 3997–4000. doi: 10.1039/C4CC10050F

 Zhao, M., Hood, Z. D., Vara, M., Gilroy, K. D., Chi, M., and Xia, Y. (2019). Ruthenium nanoframes in the face-centered cubic phase: facile synthesis and their enhanced catalytic performance. ACS Nano. doi: 10.1021/acsnano.9b02890

 Zhu, C., Du, D., Eychmüller, A., and Lin, Y. (2015). Engineering ordered and nonordered porous noble metal nanostructures: synthesis, assembly, and their applications in electrochemistry. Chem. Rev. 115, 8896–8943. doi: 10.1021/acs.chemrev.5b00255

 Zhu, G., Liu, J., Li, S., Zuo, Y., Li, D., and Han, H. (2019). Nickel-ion-oriented fabrication of Spiny PtCu alloy octahedral nanoframes with enhanced electrocatalytic performance. ACS Appl. Energy Mater. 4, 2862–2869. doi: 10.1021/acsaem.9b00205

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Nosheen, Anwar, Siddique and Hussain. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/inline_1.gif
PtCl?





OPS/images/fchem-07-00456-t001.jpg
Electrolyte Types of electrocatalyst ~ *ECSA (Hypq) ~ *Massactivity ~ *Mass activity ~ Type of electro- *Specific  Specific activity ~ Stability (%)  Reference
enhancement  chemical reaction  activity  enhancement vs. vs. PUC
vs. PUC PYC
0.5M HCOOH + Pd NFs _ _ 752 FAOR _ _ 80° Wang et al., 2017b
0.5M HCIO4
0.25M Octaherdral PtCu NFs 45 _ _ FAOR _ 4.55° _ Nosheen et al., 2013
HCOOH+0.5M
HpSO04
05MH2S04 +1M  PtCup CONFs, PICu 45 _ 3355.6 MOR 165.9 75 72 Luo and Shen, 2017
CHgOH UONFs 524 539
05MHpS04+2M  Pt-Cu yolk cage alloy NCs 83 07 N MOR _ 2.8° _ Zhang etal., 2013
CHgOH
0.1MHCIOg + Pt-Cu NFs 493 098 1.72° MOR 235 2.77° _ Ding etal., 2015
1.0M CHzOH
0.1MHCIOg +1M  PtCug nanocages 35.7 _ MOR _ 14149 N Xia et al., 2012
CH3OH
05MKOH PdCu Alloy Flower-like: 221 823 27° MOR » _ _ Chen et al., 2018
+1M CHzOH Nanocages
O5MKOH+ 1M PisNiNFs, PtNig - = 45 EOR - 590550 - Wang et al,, 2015b
ethanol porous octahedra 4.4
0.1MHCIO, Pt cubic NFs . 045 0.82 ORR 053 147 140 Park etal., 2016
0.1MHCIOg PdPt NCs Octahedral 403 764.7 178.1 267" ORR _ _ _ Hong et al,, 2012a
nanocages (ONGs), Cubic 423 393.9824.4 1,399
nanocages (CNCs), 415 1.38f
Octahedral dendritic 398 2529
hollow (ODH) NCs, Cubic
dendiic hollow
(CDH)NCs
0.1MHCIO4 Cubic nanocage 468 _ 075 ORR _ 1.98 361 Zhang et al., 2015a
Octahedral nanccage 382
0.1MHCIOg Uttrathin icosahedral 450 _ 1.420 ORR _ 2.48" 1.98.0.82 _ He etal, 2016
Pt-enriched nanocages, 075
octahedral nanocage, 0.38
cubic nanocages
0.1MHCIOg Pt-Based Icosahedral 365 _ _ ORR _ 35011.98 18 Wang et al,, 2016
Nanocages, Pt-based
octahedral nanocages
0.1MKOH Cu-Pt nanocage 68 _ 032 ORR _ 047 _ Dhavale and
Kurungot, 2015
0.1M HCIO4 Alloy CugPt NFs 302 - _ ORR _ _ _ Han etal., 2014
0.5MKOH PICu hollow cubic NFs 234 _ 0732 ORR _ 312 19 Wang et al,, 2018a
0.1M HCIO4 Spiny rhombic 39.09 = 0.58 ORR = 219 247 Lyuetal., 2017
dodecahedral CuPt NFs, 53.87 081
CuPtalloy RD NFs
0.5MKOH Cuerich rhombic 19.18 _ 1.4% ORR _ 27k 212 Huang et al,, 2019
dodecahedral PtCu NFs
0.1MHCIOg PtgNi NFs 1.52 _ 09 ORR _ 15 40 Chenetal., 2014
0.1MHCIOg PLNi multiframes 734 N 151 ORR 7.06 209 623 Kwon et ., 2018a
0.1MHCIOg Excavated NFs Hollow 48.1 _ 06 ORR _ 1.35' 055 _ Becknell et al., 2017
NFs 602 03
0.1MHCIOg PICUNi thombic _ _ 0.86 ORR _ 1.65 57 Huang et al,, 2018
dodecahedra NFs
0.1MHCIOg PtPRu dendritic 96.8 _ 261m ORR _ 1.81m 87 Eid etal, 2015
nanocages
0.1MHCIOg PIPANi truncated 557 _ 1440 ORR _ 1.52 85 Wang et al,, 2019
octahedral nanocages
M KOH PtCu NFs 12.4 _ 0211 ‘ORR MOR - 171182 64.4 Zhang et al., 2016
0.5MKOH+1M 226
CHZOH
0.1MHCIO4 Co-PtCu rhombic 31 - 1.66° ORR MOR - 5.08° 13.3° 731 Kwon et al., 2018b
0.1MHCIO4 + 1M dodecahedral NFs 4.11° 63.5
CH3OH
0.IMHCIOs 0.1M  PtzPdGug 4 Alloy NFs _ _ 1.04 ORRFAO _ 241870 9.2 Kwon et al., 2018b
HCIO4 +0.1M 10.2
HCOOH
SM HCIO, PtgNialloy . - 047 ORR HCOOH " 25 = Wang etal,, 2017a
tetrahexahedral NFs 42
05MH280442M  Pt-Pd-Rh-Ag NFs N 300 3 MOR HCOOH _ 28 = Saleem et al., 2016

CHgOH
0.25M HOOOH +
0.5MHpSO4

“Units used for Pt based nanoframes are: ECSA (Hypa) (m? g;), mass activity (A mgiz), specific activity (mA cmiz?) While in case of PtPd NCs electrochemical values were calculated and compared with both Ptand Pd content, so
units used mA MGpL, p, etc. In case of Pd based NCs, electrochemical values were calculated, and compared with Pd content, so units used mAmgp,, efc.
*Compared with Pd octahedal catelyst (unit used: uA cm2).
bCompared with the pristine Pd octahedral NCs.
©Also compared with Pt black.

9Compared with PtCux nanoparticles and the commercial Pt electrocatalyst.

°Compared with commercial Pd/C.

Compared with OD NCs.

9Compared with CD NCs.

PAlso compared with Pd-Pt core-shell/C.
ICompare with Pt-besed octahedral nanocages.
iCompared with the pristine PY/C.

Klso compared with the Pt1gCugz NCs, PtsoCuso NCS.

!Compared with hollow NFs.

™ Also compared with PtPGRu nanodendiites.
"Also compared with PA@PtPANi MTOs.
°Also compared with PtCu RNF/C.





OPS/images/inline_3.gif
cmy





OPS/images/inline_2.gif
cmy





OPS/images/fchem-07-00456-g011.gif
20

JmAcm?)

o

00 02 04 08 08 10
E-IR(V VS RHE)

12

E5 =
B S EF—
s
e & |
S
£
[ <2 e
o '
2 o o Ll
os
e
N
= SRt At
£
<
2
<
=
o






OPS/images/fchem-07-00456-g010.gif
" wiomesmnv J[omeossv

o SR R ¢
i ¢ £ H
i i % 3
H ;

5 I H g






OPS/images/cover.jpg
’ frontiers
in Chemistry

Noble Metal Based Alloy
Nanoframes: Syntheses and
Applications in Fuel Cells









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Chemistry





OPS/images/fchem-07-00456-g005.gif
¢ oxidgation
5 " etching





OPS/images/fchem-07-00456-g006.gif





OPS/images/fchem-07-00456-g003.gif





OPS/images/fchem-07-00456-g004.gif
PtCu RNC PtCu RNF

Co-PtCu RNC Co-PtCu RNF






OPS/images/fchem-07-00456-g009.gif
£ o o)
g os oy

3 0

Za

H

2w

08 <06 04 02 G0 02 o4
E(V)vs RH 00-





OPS/images/fchem-07-00456-g007.gif
o o7 e o e g8 1o
€/ (vs. SCE)





OPS/images/fchem-07-00456-g008.gif
160]—PtCuz CONFs’
| —picu uones

120]—ptbiack
"

MOR

1 0 Y
e

E/vis.scE v donas

[mresscows oo | L

{-8: .
-l
L mianin

"Mass activity t -





OPS/images/fchem-07-00456-g001.gif





OPS/images/fchem-07-00456-g002.gif





OPS/images/inline_5.gif
mgy





OPS/images/inline_4.gif
cmy





OPS/images/inline_7.gif
mgy





OPS/images/inline_6.gif
cmy





