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Abstract 

Precise control over catalyst surface composition and structure is necessary to improve the 

function of electrochemical systems. To that end, bulk metallic glass (BMG) alloys with 

atomically dispersed elements provide a highly processable, nanoscale platform for 

electrocatalysis and surface modification. Here we report on nanostructures of Pt-based 

BMGs that are modified with various subtractive and additive processes to improve their 

electrochemical performance. Subtractive dealloying from multi-component BMGs yields 

three-dimensional nanoporous structures with increased electrochemical surface area and 

superior durability for hydrogen oxidation and oxygen reduction. Additive modification by 

underpotential deposition or galvanic displacement enriches BMG surfaces with elements that 

are not possible to integrate otherwise (i.e. Ru) for improved methanol oxidation. 

Electrodeposition of MnOx for pseudo-capacitance capitalizes on the high surface area of 

BMG nanorod scaffolds for enhanced charge storage. Applying these various surface 
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modification techniques to nanostructured bulk metallic glasses provides a new strategy for 

the development of electrochemically active surfaces. 

  

Introduction 

Electrocatalysts play a central role in energy conversion and storage technologies including 

fuel cells[1], electrolysis cells[2] and metal–air batteries[3]. The most effective of these catalysts 

(i.e. Pt, Pd), however, are expensive and scarce, limiting their practical use. Much effort has 

been devoted to minimizing or eliminating precious metals[4], frequently through the design of 

alloys with metal-metal or metal-metal oxide interfaces[5]. Conveniently, multi-component 

catalysts can be designed to promote reactant adsorption or product desorption on their 

surfaces while simultaneously improving material utilization[6]. In this report, we present a 

unique strategy to create and tune electrochemically active surfaces using a platform of 

metallic glass nanostructures. 

 

Designing multi-component catalytic surfaces to improve activity, utilization, efficiency and 

durability has traditionally been conducted through bulk nanoparticle synthesis[7] or surface 

modification[8]. While nanoparticle catalysts are preferred for their large surface areas and 

high activities, generating new multi-component particles with a desired morphology, 

composition and atomic surface structure remains more art than science[9]. Well-mixed 

(atomically-disperse) alloys[10] and core-shell nanoparticles[11] have shown promise for 

various electrochemical reactions including hydrogen evolution, oxygen reduction, and 

alcohol and CO oxidation, yet close control over particle surfaces during synthesis is difficult 

to achieve. Modifying these surfaces by post-synthesis processing is another route to enhance 

activity, but may yield unstable structures[12]. Here we show that it is possible to improve the 

catalytic function and durability of nanostructured bulk metallic glasses through 

compositional and morphological control. 
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Bulk metallic glasses (BMGs) are amorphous metallic alloys produced in volume by melting 

and thermal quenching. BMGs exhibit desirable properties like high strength and good 

formability (at reduced temperatures vs. pure metals), which make them ideal for applications 

like nanoimprint lithography[13], plastic-replacement components[14], and field electron 

emission devices[15]. The ability to nanomold BMGs[13] is particularly interesting for catalytic 

applications where high surface areas are necessary. We previously demonstrated Pt-BMG 

nanorod arrays as catalysts for oxygen reduction and Pd-BMG arrays for alcohol oxidation[16-

18, 19]. Other groups have similarly demonstrated the use of Pd-based BMGs for 

electrocatalysis[20],[21]. While BMGs are typically composed of 3-5 elements including Pt, Pd, 

Au, Si, Ni, Cu, P, and Zr, many favorable BMG compositions may yet be discovered[22, 23]. 

We recently demonstrated a high throughput screening technique to identify some of these 

systems[24]. Nevertheless, the discovery of new electroactive BMG surfaces should not be 

limited by bulk synthesis techniques. 

 

In this work, we demonstrate several strategies of subtractive and additive surface 

modification on BMG surfaces to form unique morphologies and compositions by post-

processing. Subtractive modification involves dealloying of non-functional components to 

enrich Pt-BMG surfaces with Pt and increase surface areas through pore formation. Additive 

modification is accomplished with underpotential deposition, galvanic displacement and 

electrodeposition to introduce new species (Ru and MnOx) to the BMG surface. We 

demonstrate the efficacy of these methods for the catalysis of hydrogen oxidation (HOR), 

oxygen reduction (ORR) and methanol oxidation (MOR), and in pseudo-capacitive electrodes. 

Our results show that bulk metallic glass nanostructure modification is an effective and 

versatile platform for the design of electrochemically active surfaces. 
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Results and Discussion 

Subtractive Modification: Dealloying 

The surface modification method known as dealloying has received much attention for its 

potential to change the surface area and composition of catalyst particles[25]. With this method, 

less noble metals (i.e. Cu, Ni, Co) are leached from a surface during electrochemical cycling, 

forming a porous interface enriched with noble metal sites (Figure 1a)[26],[27]. In our previous 

reports, we noted the effect of dealloying a Pt57.5Cu14.7Ni5.3P22.5 BMG (Pt-BMG(57)) on the 

catalytic activity for oxygen reduction and alcohol oxidation[16]. By further tailoring the 

dealloying process in BMGs, we can discover even more effective catalytic surfaces. 

 

To investigate the tuning of catalytic surfaces by dealloying, we started with a Pt-Ni-Cu alloy 

composition similar to the Pt-BMG(57), reported previously. All alloy systems that exhibit 

selective leaching of a less-noble species have a "parting limit," an upper bound of the noble 

metal composition above which selective dealloying does not occur[28]. This limit separates 

the compositions in which pore formation leads to increased surface areas, and the 

compositions in which high surface concentrations of noble metal limit dealloying [29, 30]. To 

map the parting limit for the Pt-Ni-Cu system, we used a compositional spread[24] of discrete 

thin film patches, prepared by co-sputtering. The Pt content ranged from 25 to 82 at%, 

determined by energy dispersive X-ray spectroscopy (EDX). Potentiostatic cycling was 

carried out in 0.5 M H2SO4 on the entire Pt-Ni-Cu combinatorial library to determine the 

extent of noble metal surface enrichment for each composition (Figure 1b). Pt enrichment was 

found to be negligible above 70-80 at% Pt (the parting limit) and is more pronounced for 

lower initial Pt content. The roughly linear relationship between initial Pt content (CPt
0, at.%) 

and the change in Pt content (ΔCPt, at.%) is related to the initial Cu and Ni content since Cu 

and Ni are selectively leached during electrochemical cycling. 
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CPt
0 = 100 - CCu

0 - CNi
0 (1) 

ΔCPt = -(ΔCCu + ΔCNi) (2) 

 

To the best of our knowledge this is the first time a combinatorial approach has been used to 

determine the parting limit of a metallic glass system. Based on these results, we prepared a 

new Pt-BMG composition of Pt42.5Cu27Ni9.5P21 (Pt-BMG(42)) which should exhibit greater 

dealloying than Pt-BMG(57). The DSC curve can be found in the Figure S1. We note that this 

new composition was selected to balance amorphous stability during processing at low 

quench rates and a desirable formability[13].  

 

BMG nanorod arrays of Pt-BMG(57) and Pt-BMG(42) were formed with a previously 

described top-down thermoplastic molding procedure[16, 17, 19, 23, 31] and detached from discs by 

sonication (Figure S1). BMG nanorods were then dealloyed to show the evolution of their 

electrochemical surface area (ECSA) (Figure 1c). Voltammetric profiles (Figure 1d,e) were 

recorded every 100 cycles and the ECSA was calculated from the hydrogen desorption peaks 

located between -0.2 and 0.1 V vs. Ag/AgCl[32]. After only 200 cycles the ECSA of the Pt-

BMG(57) stabilizes and the dealloying rate drops to nearly zero, corresponding to a 

passivation of the surface. In contrast, the ECSA of Pt-BMG(42) continuously increases over 

2000 cycles. This corrosion behavior was also indicated by linear sweeping voltammetry 

(Figure S2). Interestingly, we reveal that after 2000 cycles, the ECSA of Pt-BMG(42) is 

approximately 10 times greater than that of Pt-BMG(57), despite the higher CPt
0 of the latter. 

We attribute this difference to the formation of a highly nanoporous surface through selective 

dissolution of Cu and Ni[17, 30, 33], as opposed to a dendritic surface structure shown in one of 

our previous studies with a Pd-BMG[17].  
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We studied the compositional structure and electronic state at the surface (~10 nm depth) of 

Pt-BMG(42) nanorod arrays over the course of the dealloying process by X-ray photoelectron 

spectroscopy (XPS) (Figure 2a-d). The Pt 4f spectra show a positive shift (+0.7 eV) of the 

deconvoluted Pt0, Pt2+ and Pt4+ peaks from 0 to 1000 cycles, after which peak positions are 

maintained up to 2000 cycles (Figure 2a). We find that the Pt2+ peaks do not increase much in 

intensity with dealloying, consistent with our previous result[16], and we therefore expect no 

significant formation of PtO on the surface. Two small peaks near 73.5 eV and 78 eV are 

slightly increased after 2000 cycles, which corresponds to further oxidation to Pt4+. The XPS 

spectra of Ni, Cu and P show that these elements are all removed from the Pt-BMG(42) 

surface after 1000 cycles through selective leaching (Figs. 2b-d). The positive shift of Pt0, Pt2+ 

and Pt4+ peaks after 1000 cycles is therefore attributable to the decreased coordination with Ni, 

Cu and P, causing outer shell Pt electrons to be more strongly bound to their own nuclei. In 

contrast, our previous study with Pt-BMG(57) showed that Ni and Cu gradually dissolve but 

remain on the surface after 2000 cycles[16]. Although Pt-BMG(42) contains less Pt initially, its 

surface after cycling appears to exhibit more available Pt sites than the comparable Pt-

BMG(57), agreeing with the higher ECSA values for Pt-BMG(42) seen in Figure 1c. 

 

We also investigated the structural and compositional changes in Pt-BMG(42) nanorods using 

transmission electron microscopy (TEM) (Fig.2e-g) and EDX line scans (Figure 2h-j) at 

different dealloying states. We observe that dealloying of Pt-BMG(42) nanorods occurs from 

the surface inward and leads to fully porous nanostructures after 2000 cycles. Previous studies 

have indicated that when dealloying two-component nanoparticles, porous structures may 

collapse and lose the benefit of their high surface areas[34]. We confirm no significant collapse 

with our dealloyed Pt-BMG(42) nanorod arrays, suggesting good long-term durability. From 

EDX line scans (Figure 2h-j), we observe that Ni and Cu are progressively leached away from 

the BMG nanorod structure over 2000 cycles while Pt and P largely remain (Figure 2e-g). 
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Contrasting the presence of P after dealloying in line scan data with its absence in XPS data, 

we attribute this discrepancy to a bulk vs. surface concentration effect. Phosphorus may be 

less stabilized by inter-atomic coordination at the nanorod surface than in the interior, making 

it more prone to removal at the surface during electrochemical cycling. Taken together, the 

XPS and EDX data verify that Pt-BMG compositions further from the parting limit result in 

significantly higher ECSAs after subtractive modification due to Pt enrichment and pore 

formation. 

 

We investigated the efficacy of freestanding Pt-BMG(42) nanorods for hydrogen oxidation at 

room temperature and using an accelerated durability test (ADT) at 80°C. Results were 

compared with those from a conventional carbon-supported Pt/C catalyst[35] (Figure 3a). Our 

data show that the nanostructured Pt-BMG is more stable in ECSA over 2000 cycles than a 

carbon-supported catalyst. In fact, due to progressive dealloying, Pt-BMG(42) can be viewed 

as a “self-improving” surface that reveals more active sites in response to corrosion. The 

effect of higher temperatures (80°C vs. 25°C) on material stability provides an even more 

pronounced differentiation. After ~1500 cycles at 80°C no hydrogen desorption peaks are 

present with Pt/C, indicating its complete deactivation. Either complete dissolution or 

electrical isolation of noble metal nanoparticles due to carbon corrosion[36] are likely to blame 

for the poor durability, but this phenomenon is not observed with freestanding Pt-BMG(42) 

nanorods. Given the impressive stability of Pt-BMG(42), modified BMG nanostructures may 

be better able to meet the U.S. Department of Energy 2017 fuel cell commercialization goals 

than conventional catalysts.[5] 

 

Since Pt-containing surfaces are also commonly used to catalyze oxygen reduction, we 

evaluated the effectiveness of Pt-BMG(42) nanorods for this reaction and compared the 

activity to that of Pt/C (Figure 3b). We show that the specific activity for Pt-BMG(42)-
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catalyzed ORR is nearly three times that of Pt/C (~0.3 vs. 0.1 A mPt
-2) and is only slightly 

reduced (by ~15%) after an accelerated durability test (Figure 3b). While mass activity of Pt-

BMG(42) is less than Pt/C initially (~3 vs. ~5 A gPt
-1), after 2000 cycles there is only a 

minimal loss in mass activity for Pt-BMG(42) while Pt/C demonstrates a significant decrease 

(of ~30%). The instability of Pt/C is also illustrated by a negative shift of 73 mV in reduction 

onset potential after 2000 cycles (Figure S3a). For Pt-BMG(42) there is no appreciable 

change in onset, indicating a stable Pt surface. Koutecky-Levich plots of these materials show 

that the preferred ORR mechanism in both materials is a four electron reaction pathway, 

consistent with Pt catalysis of ORR (Figure S3b)[37]. 

 

Subtractive modification of BMGs by dealloying offers the potential to create large area, 

enriched surfaces that are active for a number of electrocatalytic applications. Though we 

have concentrated here on Pt-BMGs, similar design and tailoring can be conducted with 

BMGs containing a combination of noble and non-noble elements. 

 

Additive Modification: Underpotential Deposition 

Additive surface modifications can be made with several different chemical and 

electrochemical methods where the conditions and order of techniques have a profound 

influence on the final chemistry. Such modifications applied to the large compositional family 

of BMGs can produce a wide variety of catalytic surfaces. Techniques such as underpotential 

deposition, galvanic displacement and electrodeposition all allow fine control over 

morphology and composition. By tailoring Pt-BMG catalysts with additive modifications we 

reveal that it is possible to create electrocatalytic surfaces having elements outside of the 

metallic glass formability regime (i.e. Ru). 
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PtRu bimetallic nanoparticles, with superior activity and CO poisoning tolerance compared to 

Pt, have been identified as promising methanol oxidation catalysts for use in direct methanol 

fuel cells (DMFCs)[38]. The mechanistic advantage of Ru originates in ligand, geometric, or 

ensemble effects[39] where Ru is capable of providing oxygenate species at lower 

overpotentials than Pt, thus facilitating alcohol oxidation[40]. In the absence of previous 

reports demonstrating the synthesis of Pt- and Ru-containing metallic glasses, we investigated 

several methods to incorporate Ru onto Pt-BMG(42) nanorod surfaces for enhanced methanol 

oxidation activity and stability. Ru was added to dealloyed BMG nanorods by underpotential 

deposition (UPD) and to pristine BMG nanorods by (electroless) galvanic displacement (GD) 

with Ni and Cu (Figure 4a). Nanorods were then characterized by XPS, TEM and EDX to 

determine the nature of Ru integration. XPS spectra of the Ru 3d region verify that Ru/RuOx 

(~281.6 eV)[41] is successfully deposited onto the Pt-BMG surface using the UPD and GD 

methods (Figure 4b). Since Pt is still detectable by XPS in the ~10 nm nearest the nanorod 

surface, we conclude that only a limited amount of Ru is added by UPD (Figure S4). We also 

note that the EDX signal from Ru, though low in intensity, is constant across the Ru-Pt-

BMG(42) nanorod, indicating uniform coverage (Figure 4c). 

 

The methanol oxidation activity of Ru-Pt-BMG(42) was evaluated by cyclic voltammetry in a 

solution of 0.5 M H2SO4 containing 2 M methanol (Figure 4d). A negative shift in onset 

potentials (by 20 mV) is consistent with the presence of Ru-promoted oxygenate groups 

discussed in previous reports[42], and suggests good dispersion of Ru and Pt across the BMG 

surface. We also highlight a ~60% increase in MOR current density after UPD, which 

confirms the efficacy of Ru addition. The electrochemical stability of Ru-Pt-BMG(42) was 

evaluated using an accelerated durability test and compared to commercially available PtRu/C 

(1:1 Pt:Ru ratio) (Figure S5). As with Pt-BMG(42)-catalyzed ORR, we show a higher specific 

activity for the BMG-based catalyst compared to the supported catalyst (23 vs. 7.9 A mgPt
-2) 
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(Figure S5b). We suggest that additive modification of BMGs with UPD and GD yields better 

surface dispersion of active elements than traditional bimetallic nanoparticle synthesis 

methods. Though Ru deposition is used as a model additive process here, a number of 

elements (i.e. Rh, Ir) could also be combined in this way to enhance catalytic properties. 

 

Additive Modification: Electrodeposition 

Among numerous nanostructured pseudo-capacitive electrode architectures, one-dimensional 

(1D) core-shell designs stand out for their high interfacial area, facilitating electron transport 

and ion diffusion[43],[44]. Benefitting from the excellent formability of Pt-BMGs, we 

demonstrate the potential of MnOx-coated Pt-BMG(57) nanorod arrays for pseudo-capacitive 

applications. Manganese oxide (MnOx) is a particularly attractive material for this study due 

to its high specific capacitance and low cost vs. more common RuO2 
[45]. 

  

We show a schematic illustration of the generation of MnOx-Pt-BMG(57) nanorod arrays 

(Figure 5a). The core-shell nanostructure is fabricated by electrodepositing MnOx from 

dissolved Mn(CH3COO)2 precursor at 0.4 V (vs. SCE) onto a Pt-BMG(57) array. SEM 

images show that  electrodeposited MnOx around 20nm conformally covers the BMG 

nanostructure, resulting in a high surface area electrode (Figure 5b and 5c). XPS spectra of the 

Pt 4f region were obtained before and after Ar ion milling of the MnOx to show that the MnOx 

coating is defect-free (Figure S6). The presence of Mn 2p peaks (Figure 5d) along with the 

appearance of multiple features in the O 1s spectrum (Figure 5e) indicate that the MnOx layer 

is composed of Mn in several states of oxygen coordination (i.e. Mn-O and Mn-OH), a 

product of the aqueous-based deposition procedure. 

 

Cyclic voltammograms of the MnOx-Pt-BMG(57) nanorod array exhibit a rectangular 

charge/discharge profile, suggesting good charge storage capability (Figure 5f). Due to the 
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use of a high surface area BMG nanorod scaffold, the coated array exhibits a specific 

capacitance 2.1 times higher than that of a MnOx-Pt-BMG(57) flat disc (17.95 vs. 8.54 

mF/cm2 at 5 mV/s) (Figure 5g). A similar trend is found with bare Pt-BMG(57) arrays and Pt-

BMG(57) flat discs, although the behavior in this instance involves double-layer capacitance 

and not pseudo-capacitance (Figure S7). 

 

Though Pt-BMGs are known to exhibit some of the best forming abilities of any metallic 

glass, they are not an ideal scaffold for pseudo-capacitors in terms of cost. Nevertheless, with 

the development of new lower-cost BMG compositions, the electrodeposition method shown 

here could provide a viable route to the high-throughput generation of these and similar 

devices requiring large surface areas. Furthermore, adding active material onto nanomoulded 

BMG arrays provides a tunable parameter to control feature sizes and shapes merely by 

exchanging the BMG template. 

 

Conclusions 

In summary we demonstrate and characterize the precise control over catalyst surface 

composition and structure of free standing platinum based metallic glass nanorods formed 

using a scalable top-down thermoplastic forming process. Through both subtractive 

(dealloying) and additive modification techniques (underpotential deposition, galvanic 

displacement and electrodeposition), we extend the electrochemical applications with 

elements outside the glass forming ability range. We show that the metallic glass can serve as 

an ideal platform as a highly active and durable catalyst for hydrogen evolution, oxygen 

reduction, and methanol oxidation reactions. Furthermore, we suggest that superb formability 

of metallic glass could open up new application areas as a high surface area support for 

pseudocapacitor applications. We believe this is just the beginning of numerous possibilities 

for metallic glass nanostructures and techniques demonstrated here can be further extended 
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for a wide variety of target reactions ranging from other electrochemical reactions to sensors 

to surface coatings for enhanced durability or biocompatibility. 

 

Experimental Section  

BMG Nanostructure 

Bulk metallic glass nanorods were fabricated using a top-down process for all the samples. 

First, high purity platinum, phosphorous, copper, and nickel were melted in vacuum-sealed 

silica tubes to form an amorphous disc, as described in our previous work.[16, 17, 18] The 

fabricated disc was then hot pressed against an anodized aluminum oxide (AAO) template 

with 200 nm diameter pores. The BMG disc with attached wires/rods was removed from the 

AAO template using a KOH etch. In order to remove the wires from the disc and make them 

free-standing, the molded sample was immersed in isopropyl alcohol and water in a 5:1 ratio 

and placed in a bath sonicator for 4 hours. The free-standing material remained dispersed in 

the solution and used as an ink. Aliquots of 5, 10 or 20 μL were deposited on top of a glassy 

carbon electrode and dried at room temperature to form the electrodes for electrochemical 

characterization. 

 

The ternary (Pt-Cu-Ni) wafer library was made by co-deposition magnetron sputtering onto 

100 mm diameter Si(100) wafers using three 50 mm diameter elemental targets, as described 

in our previous work.[24] Briefly, the base pressure before sputtering is less than 10-5 Pa, and 

the working pressure is kept constant at 0.3 Pa. The compositional gradient was controlled by 

the target-to-substrate geometry based on the deposition rates measured with a quartz crystal 

thickness monitor. The thickness of the film library was controlled by the deposition time on 

the base of deposition rate measurement. Compositions of the library were measured using 

energy dispersive X-ray spectrum attached to a scanning electron microscope. 
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Loading measurements were accomplished by analyzing the free-standing material (dissolved 

in concentrated HNO3 and HCl) by an inductively coupled plasma mass spectrometer (ICP-

MS) (Table S1), as previously calibrated.[37] 

 

Dealloying Procedure 

The dealloying procedure was carried out in 0.5 M H2SO4 purged with nitrogen using cyclic 

voltammetry at a sweep rate of 50 mV/s between -0.2 V and 1.2 V vs. Ag/AgCl at room 

temperature. The scans were recorded every 100 cycles at 50 mV/s and every 200 cycles at 20 

mV/s. Since the contribution to the ECSA from the gradually dissolved Cu and Ni is 

relatively trivial than Pt (Figure 1d-e), the electrochemically active surface area was 

calculated from the H2 desorption peak of the CV cycle, from the coulombic charge for 

hydrogen desorption, assuming a value of 210 μC.cm-2 Pt for the oxidation of adsorbed 

atomic H on a smooth Pt surface.13 

 

Deposition of Ru 

Ruthenium underpotential deposition was conducted using a chronoamperometric technique 

with dealloyed Pt-BMG(42) after 2000 cycles. The dealloyed nanorods were deposited on a 

glassy carbon electrode and dipped into a solution of 0.5 M H2SO4 and 5 mM of RuCl3. The 

potential was fixed at 0.58 V vs. Ag/AgCl for 5 minutes. Subsequently the electrode was 

thoroughly washed with DI water and used for methanol oxidation.  

  

The galvanic displacement reaction with ruthenium followed a similar procedure as UPD, but 

without the application of voltage. The reaction was monitored by reading the open circuit 

voltage of Pt-BMG(42) nanorods deposited on a glassy carbon electrode and immersed in a 

solution of 10 mM RuCl3 in 0.1 M HCl. After displacement the electrode was thoroughly 

washed with DI water and subsequently cycled in 0.5 M H2SO4 to eliminate adsorbed chloride 
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and to perform the dealloying of the surface until a constant voltammetric profile was reached. 

The resulting electrode was used for methanol oxidation. 

 

Pseudo-capacitive Electrodes 

Pseudo-capacitive electrodes were prepared by applying a positive potential of 0.4 V (vs. 

SCE) to an array of Pt-BMG(57) nanorods in a solution mixture of 0.1 M manganese acetate 

and 0.1 M sodium sulfate at room temperature. The residual solution in nanorod arrays was 

removed by rinsing with DI water. Cyclic voltammetry curves were measured in a three-

electrode cell at different scan rates with a Ag/AgCl reference electrode and a platinum 

counter-electrode in a potential range between 0 and 0.8 V in a 1 M Na2SO4 electrolyte. 

 

Electrochemical Characterization 

Electrochemical investigations were carried out in 0.5 M H2SO4 solution purged with nitrogen 

using cyclic voltammetry with a sweep rate of 50 mV/s between -0.2 V and 1.2 V vs. 

Ag/AgCl at room temperature. All the experiments were made in a three-electrode 

configuration using a pure platinum mesh as a counter electrode, an Ag/AgCl reference 

electrode from Pine Instruments and a glassy carbon working electrode. The oxygen reduction 

reaction (ORR) was performed in an O2 saturated 0.5 M H2SO4 solution. The curves were 

recorded on a rotating disc electrode from 400 to 2500 rpm by sweep voltammetry with a rate 

of 5 mV/s from 1.2 V to -0.1 V vs. Ag/AgCl. For the methanol oxidation reaction a solution 

of 0.5 M H2SO4 containing 2 M methanol, purged with nitrogen, was used. The reaction was 

investigated by recording the voltammetry profile at 50 mV/s between -0.2 V and 1.2 V vs. 

Ag/AgCl. 

 

The accelerated durability test also employed a cyclic voltammetry technique, cycling 

between 0.4 V and 0.9 V vs. Ag/AgCl at 50 mV/s for a total of 2000 cycles at room 



     

16 

 

temperature and a more severe experiment at 80°C for a total of 3000 cycles. Voltammograms 

were recorded at every 50 cycles, between -0.2 V and 1.2 V vs. Ag/AgCl in both experiments, 

to account for the electrochemically active surface area derived from the hydrogen desorption 

peaks. 

 

Physical Characterization 

Physical characterization of pristine and cycled electrodes was conducted using an FEI Tecnai 

Osiris 200 kV transmission electron microscope (TEM) and a Hitachi SU-70 scanning 

electron microscope (SEM) with energy dispersive X-ray spectroscopy (EDX) functions. X-

ray photoelectron spectroscopy (XPS) measurements were performed at Brookhaven National 

Laboratory on a SPECS GmbH instrument under ultrahigh vacuum (UHV) conditions. The X-

ray source was Al Kα at a power of 300 W. Data were collected for C 1s, O 1s, Pt 4f, and Ru 

3d with a pass energy of 25 eV. Binding energies were calibrated to the C 1s photoemission 

peak of adventitious hydrocarbons at 285.0 eV. Peak locations and peak widths were obtained 

using a Shirley background subtraction and by fitting the data to mixed Gaussian−Lorentzian 

line shapes (CasaXPS). 

 

Supporting Information  

Supporting Information is available from the Wiley Online Library 
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Figure 1 Evolution of the Pt-BMG surface as a result of dealloying:  (a) Schematic drawing 

showing nanopore formation upon dealloying. (b) The change in Pt content due to dealloying 

(ΔCPt) as a function of initial Pt content (CPt
0), characterized in a high-throughput manner by 

EDX. Insets (left) Pt-Ni-Cu alloy compositional spread on Si wafer, (right) co-sputtering 
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system. (c) Evolution of the electrochemical surface area (ECSA) of Pt-BMGs during cycling 

in 0.5 M H2SO4. (d-e) Cyclic voltammograms of Pt-BMGs over 2000 cycles. 
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Figure 2 Surface characterization of dealloyed Pt-BMGs: X-ray photoelectron spectra (XPS) 

for (a) Pt 4f, (b) P 2p, (c) Ni 2p and (d) Cu 2p of Pt-BMG(42), Pt-BMG(42) after 1000 cycles 

and Pt-BMG(42) after 2000 cycles. (e-g) HAADF images taken at 0th, 1000th and 2000th 

cycles, (h-j) EDX line scans of free-standing nanorods corresponding to the HAADF images 

above. 

 

 

Figure 3 (a) Hydrogen desorption ECSA change at 25°C and 80°C, cycling performed in 0.5 

M H2SO4. (b) Mass and specific activities of Pt-BMG(42) and Pt/C, measured with a rotating 

disc electrode at 0.8 V vs. RHE before and after accelerated durability testing (ADT). 

 

 



     

24 

 

 

Figure 4 (a) Schematic drawing showing the two methods for surface modification over the 

original Pt-BMG(42) leading to the Ru incorporation. (b) Ru 3d XPS spectra of dealloyed Pt-

BMG(42), after UPD and GD. (c) TEM picture coupled with an EDX-line scan of dealloyed 

Pt-BMG(42) after UPD indicating Pt and Ru signals. (d) Cyclic voltammograms for methanol 

oxidation on the Pt-BMG(42) nanorods after Ru deposition by UPD and GD. 
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Figure 5 (a) Schematic illustration for the fabrication processes of MnOx-Pt-BMG(57) 

nanorod arrays. (b) SEM image of Pt-BMG(57) array. (c) SEM image of MnOx-Pt-BMG(57) 
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array. (d) XPS Mn 2p spectrum of MnOx-Pt-BMG(57) array. (e) XPS O 1s spectrum of 

MnOx-Pt-BMG(57) array with deconvoluted peaks. (f) Cyclic voltammograms in 1M Na2SO4 

at a scan rate of 50 mV/s. (h) Specific capacitance vs. scan rate for MnOx-coated BMG array 

and flat discs. 

 

Electrochemical devices such as fuel cells, electrolyzers, lithium-air batteries, and 

pseudo-capacitors are expected to play a major role in energy conversion/storage in the 

near future. We demonstrate how desirable BMG compositions can be obtained using a 

combinatorial approach and show that these alloys can serve as a platform technology for a 

wide variety of electrochemical applications through several surface modification techniques.  
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