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ABSTRACT 

1D Pt-based alloy nanostructures have been demonstrated as highly active and durable catalysts 

for oxygen reduction reaction (ORR), which are the key to achieve the sustainability of proton 

exchange membrane fuel cells (PEMFCs). However, the high difficulty in the fabrication of a 

practical catalyst electrode based on these nanostructures has limited their potential for PEMFC 

applications. In this work, we demonstrate a facile approach of Pt alloy nanorod (NR) array gas 

diffusion electrodes (GDE) through in-situ grown on carbon paper gas diffusion layer and Au 

doping utilizing a one-step wet chemical reduction method. The GDE is directly used as the 

cathode in PEMFCs. The excellent catalytic acitivity of the Au doped PtAg NRs and the promoted 

mass transport characteristics of the array electrode structure enable an enhanced power density of 

1.1-fold with an even 30 wt% less Pt loading, compared to the commercial Pt/C and Pt NR array 

GDEs. Density functional theory prediction reveals the increased ORR kinetic resulting from the 

weakening binding energy toward oxygen-containing species on the surface of Au doped PtAg. 

The Au stabilizing effect to minimize the atomic segregation between Pt and Ag is also 

investigated theoretically and experimentally based on the accelerated degradation test under the 

fuel cell operating condition. 

 

KEYWORDS: PEMFC, catalyst, ORR, gas diffusion electrode, nanorod, Au doping, PtAg, PtAu 
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1. INTRODUCTION 

Hybridization of Platinum (Pt) such as alloying with other metals has been intensively explored 

to enhance its catalytic performance toward oxygen reduction reaction (ORR) in proton exchange 

membrane fuel cells (PEMFCs), which offers an efficient, clean energy conversion to assist the 

transition to a low-carbon economy 1,2. The formation of Pt-based hybrid catalysts is preferred not 

only to reduce the use amount of the scarce Pt but also to improve their ORR activities by lowering 

the activation energy at the cathode of the PEMFC 3,4. The hybrid Pt-M nanocatalysts, such as PtCo 

5–7, PtNi 8–10, PtFe 11–13, PtPd 14,15, PtAu 16,17, PtAg 18–20, etc., have been widely reported with their 

improved ORR activities in the literature. Currently, the hybrid PtCo/C has been used as the 

commercial catalyst in Toyota Mirai 21. However, the durability issues remain as the major 

stumbling block to the sustainability of the PEMFC technology, which is mainly directed at the 

dissolution of catalyst nanoparticles (NPs) 22–24, corrosion of carbon support 25–27 and segregation 

of bimetallic Pt-M 28–30. 

The shape-controlled nanostructures have been intensively explored to minimize the 

susceptibility of catalyst NPs toward dissolution. 31–33. Theoretically, the catalyst with lower 

surface energy, defect-free crystal plane and preferential exposure of active sites such as a single-

crystal one-dimensional (1D) nanostructure is a promising feature with enhanced catalytic activity 

34–36. Asymmetric single-crystal 1D nanostructures (e.g. nanowires (NWs) and nanorods (NRs)) 

are the ideal morphology to overcome the drawbacks of zero-dimension (0D) NP catalysts, 

specifically toward the dissolution and Ostwald ripening 34. However, the small electrochemical 

surface area (ECSA) often limits the superiority of single-crystal 1D nanostructure catalysts as a 

consequence of their large bulk volume. To overcome this barrier, the preparation of such 

structures via hybridization has attracted a lot of efforts, which can potentially compensate for the 
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low ECSA with their extremely high surface activity, e.g., PtNi or PtCo NWs, or even ultrathin 

jagged Pt NWs by fully leaching Ni from the PtNi NWs 37,38. Nevertheless, the technical difficulty 

to prepare these hybrid NWs, especially for scale-up production remains a major challenge. The 

requirement of a capping agent such as oleylamine (OAm) to finely controlled chemical reactions 

during the synthesis of 1D nanostructure potentially depresses their catalytic activity in fuel cells 

39. Until today, the fuel cell power densities reported for these highly active 1D nanostructures are 

still less than half of the latest Pt/C catalysts, and no results have been demonstrated for the jagged 

Pt nanowires in the fuel cell test 40. 

Another challenge for the hybrid Pt-M nanostructures is rendered by the leaching of the alloyed 

metals and the atomic segregation due to the lattice mismatch with Pt, resulting in poor long-term 

stability during PEMFC operation 41,42. The eminence of the Pt hybridization with other metals is 

mainly related to the surface property modification, which is caused by the change of the Pt-Pt 

bond distance and bonding interaction between Pt and the hybrid metals 43–45. Herein, modification 

of these interactions is the key to stabilizing the Pt-M surface, which has been previously 

demonstrated through the doping method using stable metals such as gold (Au) 46–50. The studies 

suggested that the presence of Au can weaken the binding of oxygen species on the Pt-M catalyst 

surface, suppressing the segregation of the alloyed metals and Pt 47–50. 

In this work, we demonstrate a strategy for the GDE design with a unique catalyst layer structure 

based on Au doped PtAg NR arrays. The technique combines the support-free 1D nanostructures 

and hybridization of Pt and Ag, involving Au to mitigate the segregation and promote stability. 

The alloying with silver (Ag) is inspired by our previous work of AgPt NRs/C catalysts, 

demonstrating the enhanced catalytic performance toward ORR at the cathode of the PEMFC 50,51. 

The theoretical study is also conducted for Au doping on 1D PtAg nanostructure catalysts through 
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density functional theory (DFT) calculation to get a better understanding of the ORR kinetic and 

the segregation phenomena of the Pt hybrid-based catalyst. The self-supported catalyst layer 

constructed from the PtAg-Au NR arrays takes the superiority of the 1D nanostructures and the 

elimination of carbon support to minimize the degradation mechanism. The extended active site 

exposure of the PtAg-Au NRs and the thin catalyst layer based on NR arrays with improved mass 

transfer performance is also the privilege of this unique electrode structure. Hence, improved 

power density and durability are demonstrated from the MEA test in PEMFC single cells. 

 

2. EXPERIMENTAL SECTION 

2.1. Material. All materials were used as received without additional treatment and purification, 

including 2-propanol (IPA) and ethanol purchased from Fisher Scientific, U.K, H2PtCl6 (8 wt% in 

H2O), 0.1 M AgNO3, HAuCl4.3H2O and HCOOH (≥95%) (Sigma-Aldrich, U.K), Sigracet 39 BC 

carbon paper gas diffusion layer (GDL, Fuel Cell Store, USA) and 10 wt% Nafion® polymer 

dispersion (D1021) (Ion Power Inc., USA). Commercial gas diffusion electrode (GDEs, 0.2 mgPt 

cm-2, Fuel Cell Store, USA) was employed as the anode, and Pt/C nanoparticle catalyst (46.2 wt% 

Pt, TEC10E50E, TKK, Japan) was used as the benchmark catalyst. The water used in this work 

was deionized (DI) to 18 MΩ cm using a Millipore water system (Milli-Q). 

2.2. Fabrication of GDEs based on Pt and Pt-M NR arrays. Pt NR array GDE (0.4 mgpt cm2) 

was made by adapting the wet chemical reduction approach based on our previous work 54. Before 

growing catalysts, a piece of 5 x 5 cm2 GDL was first rinsed with H2O and IPA, followed by 

soaking in H2O. The GDL was then immersed in a square petri dish filled with 16.5 mL H2O 

followed by adding 255 µL H2PtCl6 (8 wt% in H2O) and 830 µL HCOOH during bath sonication 

for 1 minute. The reaction was then carried on at 40 °C for 72 hours (or until the solution was 
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colourless) to obtain the Pt NR array GDE. The approach was then modified to fabricate the PtAg 

NR array GDE (0.4 mgPtAg cm2) by adjusting the interval reaction time and the concentration of 

metal precursors with the atomic ratio of Pt : Ag = 7 : 3 as presented in Figure S1. It is crucial to 

control the reaction parameter by reducing Pt before adding Ag in order to obtain 1D 

nanostructures 51. First, 200 µL H2PtCl6 (8 wt% in H2O) and 830 µL HCOOH were added onto the 

petri dish where 5 x 5 cm2 GDL was immersed in 16.5 mL H2O. After the reacttiton was kept at 

40 °C for 3 hours, 185 µL of 0.1 mol L-1 AgNO3 was added during bath sonication for 1 minute, 

and then the reaction was continued at 40 °C. The colourless solution after a total reaction of ca. 

72 hours indicates the complete reduction of Pt - Ag and the formation of PtAg NR arrays on the 

GDL. The same process was used to make 2 at% Au doped PtAg NR array GDE, but 60 µL 0.025 

mol L-1 HAuCl4 was added togetther with H2PtCl6 at the beginning, and only 162 µL 0.1 mol L-1 

AgNO3 solution was used. Before conducting the characterizations, all the as-made GDEs were 

washed with H2O and IPA, followed by drying at 40 °C for 2 hours.  

2.3. Physical characterization. Transmission electron microscopy (TEM) analysis was 

conducted on JEOL 1400 TEM, 80 kV, Japan to analyze the structure and morphology of the 

GDEs, along with high-resolution TEM (HR-TEM, Talos F200X, operated at 200 kV) equipped 

with Super-X EDS system with four silicon drift detectors (SDDs) (Bruker, USA). X-ray 

diffraction (XRD) analysis was performed with Bruker D8 Auto-sampler (USA) equipped with a 

Cu Kα X-Ray source (λ = 0.15406 nm). X-ray photoelectron spectroscopy (XPS, Thermo Fisher 

Scientific NEXSA spectrometer) with a micro-focused monochromatic Al Kα source (72 W) was 

employed with the processing software of CasaXPS (version: 2.3.18PR1.0) and sample charging 

corrected using the C 1s peak at 284.8 eV as reference. The catalyst loading measurement was 

carried on using thermogravimetric analysis (TGA, NETZSCH TG209F1, Germany) and thte 
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metal content was evaluated using inductively coupled plasma mass spectrometry (ICP-MS, 

Perkin Elmer Nexion 300X, USA) (plasma strength of 1500 W). 

2.4. Membrane Electrode Assembly (MEA) fabrication and fuel cell testing. The as-made 

GDEs were cut to 4 x 4 cm2 as cathode and then coated with the ionomer solution with a Nafion 

loading of ca. 0.4 mg cm-2. The coating solution was made by mixing 62.5 µL of 10 wt % Nafion 

and 0.2 mL of IPA, followed by bath sonication for 5 minutes. The coated 4 x 4 cm2 cathode and 

anode were then assembled with a 6 × 6 cm2 Nafion® 212 membrane by hot pressing under 4.9 

MPa at 135 °C for 2 minutes. The membrane electrode assembly (MEA) was allowed to cool down 

at room temperature before testing in a PEMFC. 

The MEA single-cell test was carried out on a Biologic-PaxiTech FCT-50S PEMFC test rig 

(France) with polytetrafluoroethylene (PTFE, 254 µm in thickness) gaskets used at both the anode 

and cathode sides. Membrane activation was first run by holding the cell potential at 0.6 V for ca. 

10 hours under fully humidified H2/Air at 80 °C and stoichiometric ratios of 1.3/1.5 with an 

absolute pressure of 1.5/1.5 barabs at the anode and cathode, respectively. The pressure was then 

changed to 2.5/2.3 barabs at the anode and cathode, respectively, followed by conducting the break-

in procedure based on the EU harmonized protocols 55. The polarization curve was then recorded 

between 0 – 2.0 A cm-2 with a step size of 0.02 A cm-2 (90-sec holding) for the low current density 

region between 0 – 0.1 A cm-2 and 0.1 A cm-2 (150-sec holding) for the remaining stepping point. 

Electrochemical impedance spectroscopy (EIS) analysis was then conducted at a low current 

density region of 30 mA cm-2 with the amplitude of 72 mA for the 16 cm2 cell in the frequency 

range of 10 kHz – 0.1 Hz. Applying a Galvano EIS here is to anticipate the voltage fluctuation at 

the open-circuit voltage (OCV). The potentio EIS were then recorded at a fixed potential of 0.65 

V and 0.5 V (medium and high current density, respectively), with an amplitude of 10 mV within 



 8 

the same frequency range of 10 kHz – 0.1 Hz. This method was intended to anticipate the huge 

voltage drop before reaching a certain value at a high current density region. The cathode cyclic 

voltammogram (CV) was also recorded using the EZStat-Pro potentiostat (NuVant Systems Inc., 

USA) between 0.05-1.2 V with a scan rate of 20 mV s-1. The testing was carried out at 80 °C under 

fully humidified H2/N2 of the anode/cathode with the stoichiometry ratios of 2/9.5 and absolute 

pressure of 1.5/1.5 barabs, respectively. The accelerated degradation test (ADT) of the cathode was 

conducted at the same condition using potential sweeping between 0.6-1.2 V at a scan rate of 100 

mV s-1 for 5000 cycles. 

 

3. RESULTS & DISCUSSION 

3.1 Physical Characterization. TEM images in Figure 1a-b show the structure of Au doped 

PtAg arrays scrabed from the GDL surface. The average NR diameter is ~ 4 nm with a length of 

ca. 20 nm, which is also comparable to the size of the Pt-alloy NRs grown on the carbon support 

with a similar composition 50. The crystallinity of the 1D nanostructure with a measured interplanar 

space of 0.23 nm is assigned to the Pt [111] crystal facets as shown in the HR-TEM image (Figure 

1c), which also emphasizes the anisotropic growth of the NR along the <111> direction. The 

element mapping by STEM-EDX (Figure 1d-g) confirms the presence of Pt, Ag and Au, assigning 

the alloying formation within the NRs.  
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Figure 1. Images of PtAg-Au NR arrays scrabled from the GDE obtained by (a-b) TEM, (c) HR-

TEM, (d-g) the element mapping by STEM-EDX. (h) a visualized structure of the PtAg-Au NR. 

The XRD peaks in Figure 2 are indexed to (111), (200), (220) and (311) planes, appointed to 

the face-centered cubic (FCC) crystal structure of bulk Pt (JCPDS-04-0802), Ag (JCPDS-04-0783) 

and Au (JCPDS: 04-0784), respectively. The high peak intensity at 26.6° is associated with the 

graphitic carbon of the GDL component as typically observed in the previous work employing the 

same GDL 56. The peaks of the PtAg and PtAg-Au NR array GDEs exhibit a negative shift of ca. 

0.1° compared to the Pt NR array GDE (Figure 2). The main (111) peak of the PtAg-Au NR is in 

alignment with the PtAg NR (Figure 2b), indicating a similar lattice space due to alloying with 

Ag. The PtAg-Au NR array GDE also shows a higher peak intensity for (111) than that of the PtAg 

NR array GDE, which potentially refers to the longer NRs and higher degree of crystallinity after 

the Au doping. 
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Figure 2. XRD patterns of the Pt NR, PtAg NR and PtAg-Au NR array GDEs and the GDL with 

the references of Pt, Ag and Au. 

Generally, the structure of the Pt and PtAg NR array GDEs is similar (Figure S2), which is 

comparable to our previous works utilizing the preferential growth in a specific direction forming 

1D nanostructures 51,54. However, with a higher Ag content (Pt1Ag1 NR) the formation of the shorter 

NRs of ca. 10 nm are observed as shown in Figure S2. In agreement, the XRD analysis results 

(Figure S3) confirm the broadening Pt peaks with the increasing Ag loading of up to 50 at%, which 

can be ascribed to the domination of the shorter NRs especially in the Pt1Ag1 NR array GDE. 

Furthermore, the Ag peaks are detected and becoming more distinguished with the increasing Ag 

content, suggesting the presence of pure Ag phase than the Pt-Ag alloy on the GDL surface. 

Nevertheless, the Ag metal phase peaks are disappeared on the pattern of the PtAg-Au NR array 

GDE shown in Figure 2. This outcome suggests that the insertion of Au also effecttively improves 

the alloying degree of Ag with Pt. 

TGA was employed to determine the metal loading of the GDEs (Table S1). A catalyst loading 

of 0.39 – 0.41 mg cm-2 is obtained for the three GDEs, which is in agreement with the theoretical 
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loading of 0.40 mgcatalyst cm-2. This result demonstrates the high efficiency for directly growing 

catalysts on the GDL surface by using this facile approach. ICP-MS analysis was also conducted 

to accurately quantify the metal content ratios with the GDEs, which detects 2.48 at% Au for the 

PtAg-Au NR array GDE (Table S1). Further evaluation by the XPS analysis reveals a significant 

change of the surface composition compared to the bulk elements (Figure 3). A very low Au 

concentration of ca. 0.3 at% is measured from the XPS survey scan in Figure 3a, suggesting that 

most Au are deposited beneath the surface of the NRs. The XPS analysis result shows 57.24 at% 

of Ag and 42.76 at% of Pt on the surface for the PtAg NR array GDE (Table S1). After alloying 

with ~2 at% of Au, Pt dominates the surface composition of 65.46 at%. These changes further 

confirm the effectiveness of Au alloying to control the arrangement of Pt and Ag along with the 

NR array GDE, resulting in a high Pt deposition on the NR surface. 

The corresponding high-resolution XPS spectra of the Pt 4f and Ag 3d regions are shown in 

Figure 3c-h. Au 4f peaks are also detected for the PtAg-Au NR array GDE within the high-

resolution Pt 4f region (Figure 3g). Compared to the Pt NR array GDE (Figure 3c), the Pt 4f peaks 

of the PtAg NR and PtAg-Au NR array GDEs (Figure 3e, g) shift more negatively (~ 0.2 eV), 

referring to the change of the Pt binding energy. This outcome confirms a similar change as before 

in the electronic structure of Pt because of the interaction with Ag/Au, inducing modification of 

the Pt surface after the formation of 1D Pt alloy nanostructures 19. Similarly, Ag 3d peaks of the 

PtAg NR and PtAg-Au NR array GDEs are shifted negatively by about ~0.1 eV from the referenced 

Ag (Figure 3d, f, h), indicating charge transfer phenomena due to the formation of the bimetallic 

Ag and Pt alloy, causing the change of the binding energy of Ag0 57. Furthermore, the peak fitting 

(blue circles) on the high-resolution Pt 4f and Ag 3d spectrum in Figure 3g-h show that PtAg-Au 

NR array GDE is entirely composed of Pt and Ag metallic states. 
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Figure 3. (a) XPS survey of the GDL, Pt NR, PtAg NR and PtAg-Au NR array GDEs, (b) 

comparison of quantitative measurement of PtAg-Au NR using XPS and ICP-MS analyses. (c-h) 

High-resolution XPS spectra of Pt 4f and Ag 3d regions of the as-made GDEs. 

3.2. MEA Single-Cell Performance. The as-made GDEs were tested as cathodes in H2/Air 

single cells along with the commercial Pt/C GDE as the benchmark, and the metal loading was set 

the same for all the GDEs at 0.4 mgmetal cm-2. The polarization and power density curves were 

recorded under H2/Air and are shown in Figure 4a-b. The power density trend of the GDEs at 0.6 

V follows PtAg-Au NR > Pt NR > Pt/C > PtAg NR (Figure 4c). The peak power density of the 

PtAg-Au NR array GDE reaches 0.61 W cm-2, which is slightly higher than that of the Pt NR array 

GDE (0.58 W cm-2) and commercial Pt/C (0.56 W cm-2). The result reveals the superiority of the 

PtAg-Au NR array GDE considering about 30 wt% less Pt within the catalysts than the GDE made 

of monometallic Pt NR array and Pt/C. Such an eminence is further confirmed after normalizing 
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to the Pt mass (Figure S5) showing that about 1.9 W mgPt
-1 is achieved for the PtAg-Au NR array 

GDE compared to 1.35 and 1.25 W mgPt
-1 for the Pt NR array and Pt/C GDEs. The power 

performance of the PtAg NR array GDE is relatively low, which can be ascribed to the relatively 

heavier agglomeration of the PtAg NRs and the lower Pt content within the catalyst in particular 

the high ratio of Ag distributed on the NR surface which further reduces the ORR catalytic activity. 

Due to the higher Pt content, the Pt NR array GDE still shows the best power performance at the 

high voltage region above 0.7 V, which is also demonstrated by the lowest impedance represented 

by the smallest semicircle diameter of the EIS spectra recorded at the low current density of 30 

mA cm-2 (Figure 4d), but the PtAg-Au NR array GDE still shows a very close semicirle. The EIS 

recorded at 0.5 V shows the lowest impedance of the PtAg-Au array NR GDE (Figure S6b) due to 

the much-reduced mass transfer resistance, resulting from the good distribution of the NR arrays 

formed on the GDL surface as shown in Figure 1a. Therefore, the introduction of this small 

amount of Au improves the morphology, structure and distribution of the PtAg NR arrays, 

enhancing the intrinsic catalytic activity towards ORR. It also facilitates the mass and charges 

transfer characteristics during the fuel cell operation for a better power performance as further 

confirmed by MEA testing results in H2/O2 presented in Figure S8 and Table S2. 

This improvement demonstrates a promising attempt on the Au insertion to optimize the 1D 

structure and atomic arrangement of Pt and its alloy for growing NR array GDEs. However, a 

higher amount of Au doping of about 5 at% results in decreased power performance for the PtAg-

Au NR array GDE (Figure S9). Similar behavior is also observed from our previous work on 

carbon supported Au doped PtAg NR catalyst 50, which is rendered by the less favorable Au surface 

toward ORR 46. 
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Figure 4. MEA testing results recorded under fully humidified H2/air at the anode/cathode at 80 

°C with stoichiometric ratios of 1.3/1.5 and absolute pressure of 2.5/2.3 barabs, respectively: (a) 

polarization and (b) power density curves of the commercial Pt/C, Pt NR, PtAg NR and PtAg-Au 

NR array GDEs. (c) Comparison of the corresponding peak and power density at 0.6 V and (d) the 

corresponding EIS spectra recorded at 30 mA cm-2. 

3.4. Accelerated Degradation Testing. The ADT was performed in single-cell PEMFCs to 

evaluate the durability of the GDEs. It was conducted with 5000 potential cycles between 0.6 – 

1.2 V at a sweep rate of 100 mV s-1 under the N2-saturated cathode with the hydrogen anode. As 

shown in Figure 5, the peak power density losses of the NR array GDEs after ADT are lower than 

that of the Pt/C GDE, even with Ag which has been considered a highly unstable element under 
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the acidic PEMFC operating conditions. This is mainly attributed to the anisotropic 1D 

nanostructure of the NRs and carbon support-free NR array GDE feature. The AgPt NR array GDE 

exhibits a larger decline ratio of 45.67% compared to 43.62% of the Pt NR array GDE, of course, 

due to the instability of Ag leading to the segregation of Ag and Pt. Nevertheless, such loss is 

prevented with the doping of 2 at% Au (PtAg-Au NR), endowing the lowest decline ratio of 

37.09% after the ADT. It is even much lower than that of the monometallic Pt NR array GDE 

(43.62%), which further signifies the positive contribution of the Au doping towards electrode 

durability. 

Figure 5. (a) Comparison of polarization curves and (b) the corresponding power density decline 

ratio from different GDEs after the ADT recorded under fully humidified H2/air of the 

anode/cathode at 80 °C with the stoichiometric ratios of 1.3/1.5 and absolute pressure of 2.5/2.3 

barabs, respectively. 

The minimum power density decline of the PtAg-Au NR array GDE is related to the least ECSA 

loss, as presented in Figure S10. The trend of decreased ECSA values from the CVs is in agreement 

with the decline of the power performance output, suggesting the surface area loss is the main 

contributing factor to the poor ORR activity after the ADT. The larger ECSA decline with the Ag 
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is related to the stability of Ag in acidic media, which has also be reported in the previous works 

51,58. The ECSA loss of the PtAg NR array GDE after the ADT is reduced by ~14% with the 

presence of Au. This finding further suggests the stabilization effect of Au in minimizing the 

atomic segregation and surface oxidation during the potential cycling. 

3.4. Density Functional Theory. The effect of Au doping on PtAg NR surface toward the ORR 

activity and durability is further investigated using the DFT calculation based on the norm-

conserving pseudopotentials and optimized pseudoatomic localized basis function implemented in 

the OPENMX code 59–62. The exchange-correlation functional was treated within the Perdew-

Burke-Ernzerhof generalized-gradient approximation 63,64. The basis function was expanded by a 

linear combination pseudoatomic orbital generated using a confinement scheme, where two s-, two 

p-, two d-, and one f- orbitals were used for the metal atoms (Pt, Ag, and Au) and two s-, two p-, 

two d-orbitals for the oxygen atom 60–62. An energy cut-off of 350 eV was applied for the plane-

wave expansion of the electronic eigenfunctions. A (3 × 3 × 1) Monkhorst-Pack mesh of k points 

was used to calculate geometries and total energies for the Brillouin zone integration.  

The catalyst is constructed with a face-centered cubic Pt (111) surface composed of a hexagonal 

(3 × 3) surface unit cell with six atomic layers, each of which contained nine atoms, which is based 

on the (111) facet as confirmed by TEM and XRD analysis (Figure 1 and Figure 2). A periodic 

slab to model the surface was integrated, where a sufficiently large vacuum layer (20 Å) was 

applied in order to avoid the spurious interaction between slabs. The PtAg (111) surface was 

modelled by introducing Pt skin layers in the top three surface layers supported on a PtAg (111) 

substrate. While Au-doped Pt skin layers supported on the ordered PtAg (111) substrate were 

prepared by substituting a single Pt atom in each Pt skin layer with an Au atom. During the 

structural relaxation, the energy convergence criterion was set to 10-9 eV. The lattice and positions 
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of the atoms were optimized until the Hellmann-Feynman force components acting on each atom 

were less than 1 meV/Å. 

 

Figure 6. (a) Optimized atomic structures resulted from the DFT calculations; (a) pure Pt (111), 

(b) PtAg (111), and (c) Au-doped Pt skin layers supported on the PtAg (111). The oxygen binding 

energies (Eb) calculated for each model are shown together. 

The ORR activity is first evaluated by considering the oxygen binding energy, Eb, which is 

expressed by: 

𝐸" = 𝐸$%&"/( − 𝐸$%&" − 𝐸(,        (1) 

where 𝐸$%&"/(, 𝐸$%&" , and 𝐸( are the total energy of the slab on which atomic O is adsorbed, a 

clean slab, and the gas-phase O system, respectively. As shown in Figure 6, the optimized Au-

doped PtAg (Eb = -5.46 eV) surface shows the weaker oxygen binding energy than that of PtAg 

(Eb = -5.63 eV) and pure Pt (Eb = -5.53 eV) surfaces. This calculation confirms the effectiveness of 

Au in reducing the binding affinity of the O-containing species on the Pt (111) surface, which has 

been considered a potential strategy to boost the kinetic activity of Pt-based catalysts 65. It has been 

reported that for the surface having weaker oxygen binding energy, the removal of dissociated O 

adsorbed at the surface is favorable by protonation 66. Therefore, it is expected that the rate-limiting 
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step of the ORR is accelerated for the surface with a lower oxygen binding energy, which is, in 

fact, reflected by the theoretical prediction of the Au-doped PtAg surface in this work. 

Furthermore, the DFT calculation is in agreement with the experimental results where the 

improved catalytic activity of Pt-based surface is achieved under the influence of Au doping. 

 

Figure 7. (a). Evolution of the atomic configuration of Ag segregation in (a) PtAg and (b) Au-

doped PtAg. (c) The segregation and (d) binding energies as a function of Ag position in PtAg and 

Au-doped PtAg slabs at oxygen condition. 

The durability of Pt-based catalysts was also examined by evaluating the segregation energy for 

the migration of the Ag atoms on the surface. The segregation energy is calculated by the following 

equation: 



 19 

∆𝐸+→+-. = 𝐸+ − 𝐸+-.         (2) 

where n is the vertical position of the Ag atom in the atomic layer of the PtAg or Au-doped PtAg 

slab (for example, n = 1 indicates the presence of the Ag atom on the first layer), 𝐸+ is the total 

energy of the PtAg or Au-doped PtAg slab when the Ag atom is located at the nth layer under the 

oxygen-adsorbed condition, and ∆𝐸+→+-. is the segregation energy for the migration of the Ag 

atom in the nth layer toward the (n-1)th layer. 

The optimized structures of the surface with the migration of Ag atoms are shown in 
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Figure 7a-b for the PtAg or Au-doped PtAg surfaces, respectively. While the calculated 

segregation energy (ΔE) is shown in 

 

Figure 7c. The positive value of ΔE means that the surface migration of Ag is not favored, while 

a negative value indicates that the migration is favored 48,67. Therefore, it is confirmed that the 

surface migration of Ag is not favored for the migration of Ag atom from the 4th to 3rd layers, while 
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it is more favored for the migration from the 3rd to the 2nd  and the 2nd to the 1st layers (

 

Figure 7c). Importantly, the introduction of Au doping on the PtAg surface enhances the 

segregation energy for the migration of Ag atom by about 0.2 eV, indicating that Au-doping can 

suppress the Ag leaching during the ORR. This is also supported by the fact that the migration of 

the Ag atoms in these layers increases the oxygen binding energy on the surface when the Au 
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doping is applied (

 

Figure 7d). Accordingly, suppressing the Ag leaching by Au-doping during the ORR effectively 

enhances the durability of the surface catalyst, which further explains the improved stability of the 

Au doped PtAg NR array GDE after the ADT compared to that without Au (Figure 5). 

Therefore, it can be concluded that: the improvement of Au doping on the PtAg NR array GDE 

can be identified as below: (i) a small amount of Au can effectively control the reduction reaction 

rate during the NR growth and adjust the atomic arrangement and alloying degree to optimize the 

active site number on the NR catalyst surface. (ii) The presence of Au weakens the binding of the 

oxygen species on the catalyst surface, suppressing the segregation of Pt and Ag. Such phenomena 
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induce the charge transfer effect, which potentially reduces the formation of unstable high-energy 

Pt sites, improving their stability under ORR conditions. 

 

4. CONCLUSIONS 

The development of the hybrid PtAg-Au NR array GDE has been successfully demonstrated via 

a facile formic acid reduction method, while the presence of 2 at% Au derives the reduction 

reaction rate leading to harmonized Pt hybrid structure with a high degree deposition of Pt on the 

NR surface. The MEA test in H2/Air has shown an enhanced peak power density of 0.61 W cm-2, 

even with 30% less Pt loading, surpassing the monometallic Pt NR array and commercial Pt/C 

GDEs. In agreement, the DFT calculation confirms the weakening binding affinity of O-containing 

species on the Pt surface after the Au doping, which further explains the increased ORR kinetics 

of the Au doped PtAg NR array GDE. The DFT prediction on Au stabilization effect toward 

segregation is further approved by the ADT showing significantly improved durability and 

preventing the ECSA loss of up to ~8 and ~14% less than that of the monometallic Pt NR and 

PtAg NR array GDE, respectively. These outcomes demonstrate a successful approach to 

combining the advanced 1D nanostructures and eliminating the carbon support to develop high 

power performance and durable GDEs. 
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Figure 8. Images of PtAg-Au NR array GDE obtained by (a-b) TEM, (c) HR-TEM, (d-g) the 

element mapping by STEM-EDX and (h) a visualized structure of PtAg-Au NR. 
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Figure 9. XRD patterns of the Pt NR, PtAg NR and PtAg-Au NR array GDEs with the references 

of bulk Pt, Ag and Au and GDL. 
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Figure 10. (a) XPS survey of the GDL, Pt NR, PtAg NR and PtAg-Au NR array GDEs, (b) 

comparison of quantitative measurement of PtAg-Au NR using XPS and ICP-MS analyses. (c-h) 

High-resolution XPS spectra of Pt 4f and Ag 3d regions of the as-made GDEs. 
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Figure 11. MEA testing results obtained under fully humidified H2/air at 80 °C with 

stoichiometric ratios of 1.3/1.5 and absolute pressure of 2.5/2.3 barabs, respectively: (a) polarization 

and (b) power density curves of the commercial Pt/C, Pt NR, PtAg NR and PtAg-Au NR array 

GDEs. (c) Comparison of the corresponding peak and power density at 0.6 V and (d) the 

corresponding EIS spectra recorded at 30 mA cm-2. 
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Figure 12. (a) Comparison of polarization curves and (b) the corresponding power density decline 

ratio from different GDEs after the ADT recorded under fully humidified H2/air at 80 °C with 

stoichiometric ratios of 1.3/1.5 and absolute pressure of 2.5/2.3 barabs, respectively. 
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Figure 13. (a) Optimized atomic structures resulted from the DFT calculations; (a) pure Pt (111), 

(b) PtAg (111), and (c) Au-doped Pt skin layers supported on the PtAg (111). The oxygen binding 

energies (Eb) calculated for each model are shown together. 
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Figure 14. (a). Evolution of the atomic configuration of Ag segregation in (a) PtAg and (b) Au-

doped PtAg. (c) The segregation and (d) binding energies as a function of Ag position in PtAg and 

Au-doped PtAg slabs at oxygen condition. 

 


