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Facile Synthesis of Pd@PtM (M = Rh, Ni, Pd, Cu) Multimetallic Nanorings as Efficient Catalysts for Ethanol Oxidation Reaction
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Pt-based multimetallic nanorings with a hollow structure are attractive as advanced catalysts due to their fantastic structure feature. However, the general method for the synthesis of such unique nanostructures is still lack. Here we report the synthesis of Pd@PtM (M = Rh, Ni, Pd, Cu) multimetallic nanorings by selective epitaxial growth of Pt alloyed shells on the periphery of Pd nanoplates in combination with oxidative etching of partial Pd in the interior. In situ generation of CO and benzoic acid arising from interfacial catalytic reactions between Pd nanoplates and benzaldehyde are critical to achieve high-quality Pt-based multimetallic nanorings. Specifically, the in-situ generated CO promotes the formation of Pt alloyed shells and their epitaxial growth on Pd nanoplates. In addition, the as-formed benzoic acid and residual oxygen are responsible for selective oxidative etching of partial Pd in the interior. When evaluated as electrocatalysts, the Pd@PtRh nanorings exhibit remarkably enhanced activity and stability for ethanol oxidation reaction (EOR) compared to the Pd@PtRh nanoplates and commercial Pt/C due to their hollow nanostructures.
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INTRODUCION

Direct ethanol fuel cells (DEFCs) are an attractive green power source for portable electronic devices since ethanol is a non-toxic liquid with high energy density and easy to be stored and transported (Antolini, 2007; Brouzgou et al., 2012). So far, platinum (Pt) have proved to be the most active monometallic catalyst for the ethanol oxidation reaction (EOR). Unfortunately, Pt is highly expensive and extremely scare in earth, severely limiting its extensive use in DEFCs. In addition, Pt is vulnerable to some intermediates and reaction byproducts (e.g., CO) during the EOR process, which will dramatically decrease its catalytic activity (Iwasita and Pastor, 1994; De Souza et al., 2002; Farsadrooh et al., 2018). These limitations push us to design advanced Pt-based catalysts with excellent catalytic properties and optimal utilization efficiency of Pt for EOR. One of the most promising strategies is to boost the intrinsic catalytic ability of noble-metal atoms by optimizing the composition, surface structure, and strain distribution (Kua and Goddard, 1999; Rossmeisl et al., 2012). Another method is to improve the specific surface area by lowering the dimension of materials (Zhang et al., 2019).

Recently, hollow nanostructures consisting of noble-metals had received increasing interest as promising electrocatalysts due to their higher specific surface area than that of solid one (Fan et al., 2015; Prieto et al., 2016; Chen et al., 2018; Li et al., 2018). In general, noble-metal hollow nanostructures were synthesized by sacrifice template assisted approaches, which can be classified into two categories depending on removal of template simultaneously with or after the formation of the outer shells (Xia et al., 2013, 2017; Chee et al., 2017). Last decade has witnessed the successful synthesis of noble-metal hollow nanostructures with various shapes through galvanic replacement and Kirkendall effect (Sun et al., 2002, 2004; Yang et al., 2016; Huang et al., 2020). Another effective approach involves the synthesis of core-shell nanocrystals first, and then removal of the core by chemical or electrochemical etching. For instance, Xia and co-workers designed a kinetically controlled method that epitaxially deposit Pt shells on Pd nanocrystals with different shapes, and the Pt nanocages were generated by removing Pd cores via chemical etching with Fe3+ ions in an acidic environment (Zhang et al., 2015; Wang et al., 2016a). Such nanocages exhibited the substantially enhanced catalytic activity for oxygen reduction reaction relative to Pt/C. As a hollow nanostructure, metallic nanorings have received particular interest in electrocatalysis due to their outstanding features including the effective utilization of metal atom of surface and convenient accessibility for the reactants (Fan et al., 2012; Liu et al., 2013; Wang et al., 2016b). To this end, Xie and co-workers have reported one-pot approach for the synthesis of ultrathin PdPtCu trimetallic nanosheets and nanorings, with the nanorings being more active for EOR due to their larger proportion of low-coordinated sites (Wang et al., 2020). Although significant advances have been made in the synthesis of metallic nanorings, it still lacks a universal method to generate Pt-based multimetallic nanorings as advanced catalysts.

Here we demonstrate a simple and general approach for the synthesis of Pd@PtM(M = Rh, Ni, Pd, Cu) core-shell nanorings in benzaldehyde (BAL) with Pd nanoplates as the templates. The synthesis of the Pd@PtM nanorings with a hollow interior involves in selective epitaxial growth of PtM on the periphery of the as-preformed Pd nanoplates in combination with oxidative etching of Pd in the interior. Compared to the Pd@PtRh nanoplates and commercial Pt/C, the Pd@PtRh nanorings exhibited the substantially enhanced activity for EOR.



EXPERIMENTAL SECTION


Chemicals

Palladium(II) acetylacetonate [Pd(acac)2, 99%], platinum(II) acetylacetonate [Pt(acac)2, 97%], nickel(II) acetylacetonate [Ni(acac)2, 95%], rhodium(III) acetylacetonate [Rh(acac)3, 97%], copper(II) acetylacetonate [Cu(acac)2, 99.9%], poly(vinylpyrrolidone) (PVP, MW≈29000), oxalic acid (OA), hexadecyltrimethylammonium bromide (CTAB), oleylamine (OAm), and tungsten hexacarbonyl [W(CO)6] were all purchased from Sigma Aldrich. Commercial Pt black and Pt/C (20 wt%) were purchased from Alfa Aesar. Benzaldehyde (BAL), benzyl alcohol (BA), dimethylformamide (DMF), ethanol, acetone, chloroform, and toluene were purchased from Sinopharm Chemical Reagent. All syntheses were carried out in a glass flask (25 mL, Shuniu) or home-made 15 mL Teflon-lined stainless-steel autoclave. Deionized water (18.2 MΩ/cm) was used in all experiments. All the chemicals were used as received without further purification.



Synthesis of 18 nm Pd Nanoplates

Pd nanoplates with average edge length of ~18 nm were synthesized by using a modified protocol based on our previous report (Li et al., 2015b). Typically, 18 mg of Pd(acac)2, 30 mg of PVP, 60 mg of CTAB, and 30 mg of OA were dissolved in 10 mL of DMF and the solution was stirred for 1 h at room temperature. Under protection of argon atmosphere, transfer the dissolved red solution to a 25 ml single-necked flask and then add 100 mg of W(CO)6. The sealed flask was heated at 60°C under magnet stirring for 3 h and then cooled to room temperature. After then, the solution was stored in argon for future use.



Synthesis of Pd@PtM (M = Rh, Ni, Cu, Pd) Nanorings

For the synthesis of Pd@PtRh nanorings, 300 mg of PVP, 0.015 mmol of Pt(acac)2 and 0.005 mmol of Rh(acac)3 were dissolved in 10 mL of BAL. Four mL of the solution containing Pd nanoplates was separated by centrifugation with acetone for two times, and re-dispersed in the above-mentioned solution. After that, the resulting mixture was stirred for 1 h and then transferred into a 15 mL Teflon-lined stainless steel autoclave. The autoclave was heated at 200°C for 12 h and then cooled at room temperature. The product was washed and centrifuged with ethanol, repeated three times. Pd@PtNi, Pd@PtCu, and Pd@PtPd nanorings were also synthesized by varying the types and the amount of the metal precursors with other conditions remaining identical one.



Synthesis of Pd@PtRh Nanoplates

Pd@PtRh nanoplates were synthesized by using a protocol based on our previous report (Yan et al., 2016). In a typical procedure, 300 mg of PVP, 0.015 mmol of Pt(acac)2, and 0.005 mmol of Rh(acac)3 were dissolved in 10 mL of BA. Four mL of the solution containing Pd nanoplates was separated by centrifugation with acetone, and re-dispersed in the above-mentioned solution. After that, the resulting mixture was stirred for 1h and then transferred into a 15 mL Teflon-lined stainless steel autoclave. The autoclave was heated at 200°C for 12 h and then cooled at room temperature. The product was washed and centrifuged with ethanol, repeated three times.



Synthesis of Pd@PtRh/C Catalysts

In a standard procedure, the resulting products were phase-transferred into hydrophobic solvent first. The resulting Pd@PtRh nanorings/nanoplates were precipitated by centrifugation with ethanol, and then dispersed in a mixture of ethanol, toluene, and OAm with a volume ratio of 1:1:6. The mixture was heated at 80°C for 12 h in the flow of Ar. The colloidal products were collected by centrifugation, washed with chloroform/ethanol mixture for two times and then was re-dispersed in chloroform. The specific metal content was measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES). Then carbon black (XC-72R) was dispersed in chloroform and sonicated for 30 min. The Pd@PtRh nanorings/nanoplates in chloroform was added to this dispersion. This mixture was further sonicated for 10 min and stirred for 24 h. Then, the resultant was collected by centrifugation and re-dispersed in tert-butylamine. Afterwards, the mixture was stirred for 3 days, and then centrifuged and washed three times with methanol. The resulting catalysts were re-dispersed in deionized water and dried by freeze-drying. The metal loading of the catalysts were determined by thermogravimetric analysis.



Characterizations

The crystal structure of the Pt-based samples was characterized by X-ray powder diffraction (XRD) using a Rigaku D/max-ga X-ray diffractometer with graphite monochromatized Cu Kα radiation (λ = 1.54178 Å). Transmission electron microscopy (TEM) images of such samples were taken using a HITACHI HT-7700 microscope operated at 100 kV. High-resolution transmission electron microscopy (HRTEM) was performed using a FEI Tecnai F30 G2 microscope operated at 300 kV. High-angle annular dark-field scanning TEM (HAADF-STEM) and Energy dispersive X-ray (EDX) mapping analyses were taken on a FEI Titan ChemiSTEM equipped with a probe-corrector and a Super-X EDX detector system and operated at 200 kV. The percentages of the elements in the samples were determined using inductively coupled plasma atomic emission spectrometry (ICP-AES, IRIS Intrepid II XSP, TJA Co., USA). Gas chromatography mass spectrometer (GC-MS) measurements were performed on a GC-MS 7890A-5975C (Agilent) with molecular ion selective monitoring. All of these samples were diluted with acetone in fixed ratio before the GC-MS measurement.



Electrochemical Measurements

A three-electrode cell was used to take the electrochemical measurement with a CHI760E electrochemical analyzer (CH Instrument, Shanghai). The working electrode was a glassy-carbon rotating disk electrode (GCE) (diameter: 5 mm and area: 0.196 cm2) from Pine Instruments. A platinum wire with the length of 5 cm and a reversible hydrogen electrode (RHE) were used as the counter and reference electrodes, respectively. To prepare the working electrode, water dispersions with 10 μg of pure Pd@PtRh nanorings or Pd@PtRh nanoplates catalysts were dropped on the GCE. After the dispersion was dried by IR-lamp, 3 μL of Nafion solution (0.05%) was deposited on the working electrode. To prepare the inks of the reference catalysts, 5 mg of commercial Pt/C (Alfa Aesar, 20 wt%) were dispersed in a 5 mL of mixed solution containing DI water, isopropanol, 5% Nafion in the volume ratio of 8:2:0.05. After that, the ink was dropped to the GCE and dried in flowing argon. 10 μg metal of all samples was loaded on the GCE. Before the test, the catalysts were electrochemically cleaned by a cyclic voltammogram (CV) process in 0.1 M HClO4 solution for 40 cycles. The electrochemically active surface areas (ECSAs) were determined by integrating the hydrogen adsorption charge on CVs. The ECSAs were tested in an argon saturated 0.1 M HClO4 solution with a scan rate of 50 mV/s. Ethanol oxidation reaction (EOR) was conducted in a mixture solution containing 0.5 M H2SO4 and 0.5 M EtOH. The applied potential range for EOR was 0.3–1.1 V (vs. RHE) at a sweep rate of 50 mV/s. The chronoamperometry (I-t) curves were measured at 0.9 V (vs. RHE) for 1000 s.




RESULTS AND DISCUSSION


Characterization of Pd@PtM (M = Rh, Ni, Pd, Cu) Nanorings

Pd@PtM multimetallic nanorings were synthesized by a simple solvothermal approach in BAL containing the metal precursors and PVP with the Pd nanoplates as the templates. The Pd nanoplates were synthesized by using a similar protocol according to our previous report (Li et al., 2015b). The sizes of the nanoplates were calculated from the TEM image (Supplementary Figure 1), showing the average edge length of ~18.4 nm and thickness of ~1.1 nm. Morphological, structural and compositional characterizations of Pd@PtRh multimetallic nanorings were shown in Figure 1. For better observation, the nanorings were transfer to oil phase. TEM image in Figure 1A shows that most of Pd@PtRh nanorings have a hexagonal shape with an irregular inner hole and present a good morphology uniformity. The HAADF-STEM image (Figure 1B) of an individual planar Pd@PtRh nanoring shows a lattice spacing of 0.23 and 0.19 nm, which can be indexed to {111} and {200} planes of Pd or Pt. The EDX mapping images (Figures 1C,F) of a planar and vertically upstanding Pd@PtRh nanoring show that Pd, Rh, and Pt elements were distribution uniformly, indicating the formation of Pd@PtRh multimetalli c nanorings. The typical HAADF-STEM image (upside of Figure 1E) of a vertically upstanding Pd@PtRh nanoring indicates the continuous lattice fringes from the Pd core to PtRh shell. The inner lattice spacing of 0.23 nm is indexed to {111} planes of Pd, which indicates the epitaxial growth of the PtRh shells on {111} planes of the Pd nanoplates. Moreover, the HAADF-STEM image in Figure 1E upside shows the contrast of both sides is obviously brighter than that of the middle part, which is caused by the central hole of the nanoring structure. The HAADF-STEM image (downside of Figure 1E) shows a clear contrast difference between the Pd core (~5 atomic layers) and PtRh shell (~1–2 atomic layers), further confirming the core-shell structure. Since the thickness of the PtRh alloyed shells is too thin, it is difficult to accurately differentiate the characteristics of the core-shell structure in the EDX mapping image of a Pd@PtRh nanoring in the cross-section view (Figure 1F) and XRD pattern (Supplementary Figure 2).


[image: Figure 1]
FIGURE 1. (A) TEM, (B) atomic-resolution HAADF-STEM, (C) EDX mapping images of the planar Pd@PtRh nanorings. (D) TEM, (E) HAADF-STEM, (F) EDX mapping images of the vertically upstanding Pd@PtRh nanorings.


Other multimetallic 2D nanorings such as Pd@PtM (M = Ni, Pd, Cu) can also be synthesized by such approach, only varying the type of the metal salt precursors in the synthesis. TEM, HAADF-STEM, and EDX mapping images of vertically standing and planar nanorings were shown in Figure 2 and Supplementary Figure 3, confirmed the epitaxial growth of PtM (M = Ni, Pd, Cu) alloy shells on the periphery of the Pd nanoplates with a core-shell structure. However, the TEM images of Pd@PtPd and Pd@PtCu nanorings (Figures 2B,C) show that the Pd in the central part has not been etched completely, leaving some small fragments of Pd. For the Pd@PtPd nanorings, the Pd atoms can be epitaxially deposited on the entire Pd nanoplates due to the homogeneous growth, leading to the increase in the thickness of the Pd nanoplates. For Pd@PtCu nanorings, the introduction of Cu2+ ions often induces underpotential deposition of Cu and subsequent galvanic replacement between Cu and Pt2+ ions, resulting in the formation of alloys in the central of the Pd nanoplates (Jiang et al., 2015). These two cases lead to the difficulty in complete removal of the Pd nanoplates in the interior. XRD patterns in Supplementary Figure 2 show that all of the diffraction peaks of these nanorings were corresponding to Pd or Pt with an fcc structure. ICP-AES data (Supplementary Table 1) show that the atomic ratios of Pt/Rh, Pt/Ni, and Pt/Cu in the multimetallic nanorings are less than the feeding molar ratios of the metal precursors due to the different reduction potential between Pt2+ ions and Ni2+, Cu2+, and Rh3+ ions. In summary, these results confirm the universality of the presented approach about using Pd nanoplates as the templates to synthesize Pt-based multimetallic nanorings.


[image: Figure 2]
FIGURE 2. TEM and HAADF-STEM-EDX mapping images for (A,D) Pd@PtNi nanorings, (B,E) Pd@PtPd nanorings, and (C,F) Pd@PtCu nanorings, respectively.




Formation Mechanism of Pd@PtRh Nanorings

Our previous study showed that Pd nanoplates can promote the decomposition of BA into BAL and CO by dehydrogenation in combination with decarboxylation reaction (Yan et al., 2016). The in-situ generated CO facilitated the co-reduction and epitaxial growth of Pt-based alloys on Pd nanoplates by remarkably reducing their surface energy through strongly selective adsorption of CO (Eichler, 2002). Here BAL instead of BA was employed as the solvent for the synthesis of Pt-based multimetallic nanorings. Figure 3A shows GC-MS data of residual solutions in the synthesis of the Pd@PtRh nanorings and nanoplates, respectively. It is indicated that much more benzene and benzoic acid were detected in the synthesis of the Pd@PtRh nanorings rather than the corresponding nanoplates. From the possible reaction pathways (Figure 3B), benzene was formed through the decarboxylation of BAL catalyzed by Pd, simultaneously leading to the same molar ratio CO. The appearance of BA in the synthesis of the nanorings indicates that benzoic acid was formed not only through the dehydrogenation process activated by residual water, but also direct decomposition of BAL (Keresszegi et al., 2005; Enache et al., 2006). The in-situ generated CO and benzoic acid were critical for the formation of the Pt-based core-shell nanorings.


[image: Figure 3]
FIGURE 3. (A) GC-MS spectra of three residual solutions including the reaction solution of Pd@PtRh nanorings, nanoplates, and the standard sample containing (1) benzene, (2) toluene, (3) BAl, (4) BA, and (5) benzoic acid. (B) Possible reaction pathways for BAL under the solvothermal process in the presence of the Pd nanoplates. (C) Scheme for the epitaxial growth and in-situ etching of Pd@PtM (M = Rh, Ni, Cu, Pd) nanorings realized by interface catalytic reactions.


As well-known, the growth of Pt or Pt-based alloy on a metal (e.g., Pd) thermodynamically adopts an island growth mode instead of epitaxial growth mode because of the restriction from the high surface energy of Pt. Many previous reports confirmed that CO can strongly adsorb on the {111} plane of Pt and Pt-based alloys, leading to the decrease in the surface energy (Ertl et al., 1977; Pick, 1996). This demonstration was supported by the successful epitaxial growth of Pt and Pt-based alloy on Pd nanoplates realized by in-situ generated CO through interfacial catalytic reactions (Yan et al., 2016). In this work, more CO was generated through interfacial catalytic reactions by replacing BA with BAL. Such in-situ generated CO restricts the deposition of Pt-based alloys on the entire Pd nanoplates due to obstacle effect (Huang et al., 2010; Li et al., 2015a). As such, the epitaxial growth of Pt-based alloys only takes place on the periphery of the Pd nanoplates. This demonstration was supported by the control experiments as follows. Supplementary Figure 4A shows TEM image of the deposition of PtRh on Pd nanoplates prepared in BA by direct inflowing CO at a rate of 50 mL/min into the solution. As observed, PtRh only grows on the periphery of the Pd nanoplates, confirming the obstacle effect from sufficient CO. Simultaneously, the synthesis of Pd@PtRh nanorings was conducted in air atmosphere. The oxygen in air atmosphere in combination with H+ ions arising from benzoic acid is a well-known oxidative etching reactant (Yan et al., 2018). The Pd in the interior of the nanoplates without the PtRh shells was removed by H+/O2 pairs through oxidative etching. When this synthesis was carried out in Ar atmosphere, the Pd in the central of the nanoplates was almost remained, as shown in Supplementary Figure 4B. This result indicates the important role of O2 and benzoic acid in the formation of the nanorings. Figure 3C summarizes the formation process of Pd@PtM (M = Rh, Ni, Pd, Cu) nanorings. First, a large amount of CO was produced by decarboxylation of benzaldehyde accompanied by the formation of benzoic acid through dehydrogenation or direct decomposition of BAL. Second, the in-situ generated CO facilitated not only the co-reduction of the metal precursors, but also the epitaxial growth of PtM alloy on the periphery of the Pd nanoplates. Finally, the Pd in the interior of the nanoplates was removed by oxiditive etching with H+/O2 pairs, leading to the formation of the nanorings. Compared to the synthesis of the Pd@PtM nanoplates, the use of BAL and existence of oxygen in the solution are critical to the formation of the Pd@PtM nanorings.



Catalytic Property of Pd@PtRh in Ethanol Oxidation Reaction

The Pd@PtRh nanorings were selected as catalysts for EOR in acid media with the Pd@PtRh nanoplates and commercial Pt/C as references. TEM images in Supplementary Figure 5 show the well dispersion of Pd@PtRh nanoplates and nanorings on carbon supports. The electrochemically active surface areas (ECSAs) of these three catalysts were calculated from the adsorption and desorption charge of a single layer of HUPD in CV curves performed in an Ar-saturated HClO4 solution (Figure 4A). As observed from Supplementary Table 2 and Figure 4E, the Pd@PtRh nanoplates and Pt/C had a closed ECSAs, while the Pd@PtRh nanorings exhibited much larger ECSAs than others. This result can be attributed to the unique ring-like structure with both exterior and interior catalytic surfaces. In addition, two-dimensional nanostructures (e.g., nanoplates and nanorings) thermodynamically tend to be assembled in a face-to-face way in an aim to reduce the surface energy, which was supported by TEM images in Supplementary Figure 6. This self-assembly can reduce their ECSAs to some content. However, the hollow structure in the nanorings can dramatically weaken the loss of ECSAs, leading to the much larger ECSAs of the nanorings than nanoplates. Figures 4B,C compare CV curves of these three catalysts in a mixed solution containing 0.5 M H2SO4 and 0.5 M EtOH at a scan rate of 50 mV/s for EOR normalized by ECSA and Pt mass, respectively. The corresponding specific and mass activities are summarized in Figures 4E,F and Supplementary Table 2. Compared to the commercial Pt/C, both Pd@PtRh nanoplates and nanorings showed the substantially enhanced catalytic activities for EOR. Specifically, the Pd@PtRh nanorings show the highest specific (0.802 mA/cm2) and mass (3.07A/mgPt) activities, which are ~1.4- and ~4.9-times higher than those of Pd@PtRh nanoplates and ~1.9- and ~8.7-times higher than those of commercial Pt/C, respectively. The enhanced EOR activities of Pd@PtRh nanoplates and nanorings can be understood by well-known bifunctional mechanism (Yajima et al., 2004; Zhu et al., 2016). The introduction of oxophilic Rh and Pd can dissociate water to form the oxygenated species such as OHads, thereby improving the catalytic activity through alleviating CO poisoning on Pt active sites. In addition, the interior part of the nanorings contains a large number of active sites, unsaturated bonds and high-index facets, which are mainly responsible for the difference in specific activities between Pd@PtRh nanorings and nanoplates. This demonstration was supported by our previous report in which such edge sites have proved to be highly active for catalytic reaction (Yan et al., 2018). The much larger ECSAs of the Pd@PtRh nanorings rather than the nanoplates eventually leads to the huge difference in mass activity.


[image: Figure 4]
FIGURE 4. Electrochemical characterization of carbon supported Pd@PtRh nanorings, Pd@PtRh nanoplates, and Pt/C catalysts: (A) CV curves in 0.1 M HClO4 solution at a scan rate of 50 mV/s; (B,C) CV curves normalized with ECSAs and Pt mass, respectively, in a mixed solution containing 0.5 M H2SO4 and 0.5 M EtOH at a scan rate of 50 mV/s; (D) i-t curves at 0.9 V (vs. RHE) for 1000 s; (E) specific activities and ECSAs; (F) mass activities normalized with metals and Pt mass, respectively.


The stability of these three catalysts toward EOR was tested by chronoamperometric experiments performed at 0.9 V for 1000 s. Current-time (I-t) curves (Figure 4D) shows that the Pd@PtRh nanorings exhibit the higher steady current density than Pd@PtRh nanoplates and Pt/C, respectively. This result indicates the superior durability of the nanorings. In addition, the Pd@PtRh nanoplates have more performance degradation than commercial Pt/C. From TEM images of the Pd@PtRh nanoplates and nanorings after the electrochemical measurements (Supplementary Figure 7), some Pd@PtRh nanoplates were turned into fragments by etching, while most of Pd@PtRh nanorings retained their shapes. This result indicates that the structural damage of multimetallic nanoplates with atomic thickness under electrochemical test conditions is the main reason for their performance degradation.




CONCLUSION

In summary, we have designed a general approach for the synthesis for Pt-based multimetallic nanorings with tunable compositions through epitaxial growth in combination with oxidation etching using Pd nanoplates as the templates. The key to such ring-like structure is in situ production of CO and benzoic acid from BAL through interface catalytic reactions catalyzed by Pd nanoplates. Sufficient CO promotes the epitaxial growth of Pt-based alloys on the periphery of Pd nanoplates by decreasing the surface energy through strong adsorption. Simultaneously, the Pd in the interior of the Pd nanoplates was removed by oxidation etching arising from benzoic acid and oxygen, eventually leading to the formation of the nanorings. The Pd@PtRh multimetallic nanorings show substantially enhanced catalytic performance in terms of activity and durability toward EOR compared to the benchmark catalysts such as Pd@PtRh nanoplates and Pt/C due to the unique hollow structure. This work not only provides a general approach for the synthesis of the nanorings made of multi-metals, but also o?ers a fresh impetus for the rational design of advanced catalysts with rich active sites.
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