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Abstract 

The excellent catalytic activities and stabilities of one-dimensional (1D) AgPt alloy nanostructure 

have been well reported toward oxygen reduction reaction (ORR). However, their real application 

in proton exchange membrane fuel cells (PEMFCs) is still highly challenging due to the large 

difficulties with their preparation and fabrication into practical electrodes. By a facile self-growth 

assisted reduction method, ultrathin single-crystal AgPt alloy nanorods (NRs) with a diameter of 

3-4 nm are uniformly grown on carbon support through a finely controlled ion reduction process 

tuning the nucleation and growth of Pt and Ag. Enhanced power performance is successfully 

demonstrated in the single-cell test. With 50 at% Ag, the AgPt NR/C electrode shows 1.16-fold 

power density and 1.22-fold mass activity over the Pt NR/C electrode, and 1.14 and 1.51-fold to 

the commercial Pt/C electrode, respectively. Comparable durability is also established in fuel cells 

by using the accelerated degradation test, although Ag is included. 
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Introduction 

Known as the most efficient metal in accelerating oxygen reduction reaction (ORR) process at 

low temperature, platinum (Pt) has been employed as a standard ORR catalyst in acidic proton 

exchange membrane fuel cells (PEMFCs) 1. To reduce the high cost from using Pt, the recent 

researches in developing the ORR catalysts have been intensively directed to the reduction of Pt 

loading, and the development of Pt-based alloy nanostructures has been demonstrated as a 

promising strategy 2,3. Currently, the carbon black-supported Pt (Pt/C) catalysts in the form of 

zero-dimensional (0D) nanoparticles (NPs) with a diameter of 3-5 nm are used as the standard 

ORR catalysts in the cathodes of PEMFCs. However, poor stability during the fuel cell operation 

is a critical issue for these NP catalysts. The dissolution of small particles leads to Ostwald 

ripening, which is described as a process of redepositing the dissolved smaller particles onto the 

larger particles, together with the agglomeration susceptibly occurred among NPs, finally reducing 

the available catalyst surface resulting in the low catalytic activities 4. To address these challenges, 

a deliberate modification of the morphology of Pt based-catalysts is required, in particular, 

tailoring novel nanostructures with a high aspect ratio and a low number of the surface defect sites 

to develop highly stable catalysts in the fuel cell operation. 

The development of one-dimensional (1D) nanostructure electrocatalysts such as nanowires 

(NWs), nanotubes (NTs) and nanorods (NRs) has been favored to address the challenges with 0D 

NPs 5–8. According to Koenigsmann et al., Pt-based single-crystal NWs possess significantly high 

activities toward ORR 9. Also, the defect-free surfaces of these nanostructures are expected to 

impart the enhanced stability towards the dissolution and ripening, thereby making them suitable 

for long-term use 10. The highlight of the development and performance of 1D nanostructure 

electrocatalysts for PEMFCs has also been reviewed recently, resuming the impressive progress 



 4 

in the design and synthesis of 1D nanomaterials as the active and durable electrocatalysts for 

PEMFCs 11. 

The integration of Pt with the different metals has also been long studied to reduce the Pt loading 

and improve the catalyst performance 12–14. Alloying Pt to form bimetallic or intermetallic catalysts 

potentially increases the ORR activity by modifying the electronic structure of the surface Pt 15. 

Besides, the addition of less expensive metals will bring an advantage in economic benefit. To this 

end, Pt has often been alloyed with the transition metals such as Ni, Fe, and Co 16–18. However, 

these base metal alloys are highly susceptible towards the oxidation which accelerates the catalyst 

degradation and inducing poor stability for long term use 19,20. 

Noble metals such as Pd, Au and Ag are still favorable alloyed candidates for Pt to achieve 

excellent stability because of their high resistance against oxidation. Among the noble metals, with 

a price similar to Co and less than 2% of Pt, Ag is very popular as a candidate, especially in the 

alkaline media 21. Furthermore, due to the similar ORR kinetics and reaction mechanisms of Ag 

and Pt in alkaline, alloying Ag with Pt also incurs an advantage for the enhanced catalytic activities 

22. In the form of 1D nanostructures, Liang et al. resumed the ORR activities of Pt@M (M = Au, 

Ag and Pd) core-shell nanorods, reporting that Pt@Ag NRs showed the highest stability in 0.5 M 

HClO4 23. In recent studies, the excellent catalytic activities have also been reported by controlling 

PtAg alloy to form NWs, nanochains, and nanotrees 24–26. However, most of these approaches 

remain in the ex-situ half-cell electrochemical measurement in the liquid electrolytes. The complex 

fabrication processes and large difficulties in fabricating them into practical electrodes (because 

of anisotropic morphology) arise as the hindrances to move these novel 1D alloy nanostructured 

catalysts forward to the practical application in fuel cells. Although the ex-situ measurement is 

substantial to define the catalyst activities, the affirmation of the catalyst performance in practical 
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fuel cells is crucial to attenuate the barriers for commercialization, as the catalysts can encounter 

profoundly different severe conditions in the PEMFCs operation 27,28. 

In an attempt to address these limitations, this work focuses on the three aspects: (i) designing a 

facile method to synthesize 1D AgPt alloy ORR catalysts highly transferable to fuel cells. The 

capping agent such as polyvinylpyrrolidone (PVP) for directing the formation of 1D 

nanostructures is eliminated in this method, as it potentially interferes with the catalyst activities 

in fuel cells 29. Instead, formic acid is utilized as a reducing and directing agent. A self-growth 

assisted formic acid reduction method has been well reviewed for the synthesis of monometallic 

1D Pt nanostructures, however, rarely applied for the bimetallic structures 30. Therefore, a broad 

synthesis mechanism is comprehensively investigated in this study for the scale-up preparation for 

the practical application purpose; (ii) Performing the membrane electrode assembly (MEA) testing 

in single-cell PEMFCs to better understand the behavior of 1D AgPt alloy in the fuel cell operation 

condition; and (iii) Pt alloy catalysts often emerge with the stability issues especially under the 

complex and harsh operating conditions in fuel cells, particularly with Ag. Hence, the accelerated 

degradation test (ADT) is also conducted in single-cell PEMFC test to understand the degradation 

behavior of the as-prepared AgPt NR catalysts. 

 

Experimental 

Materials 

Carbon black Vulcan XC-72R was purchased from FuelCellStore (USA). H2PtCl6 (8 wt% in 

H2O), 0.1 M AgNO3 and HCOOH (≥95%) were used as received from Sigma-Aldrich (UK). 

Ethanol and 2-propanol (IPA) were supplied from Fisher Scientific (UK). 10 wt% Nafion® 
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polymer dispersion (D1021) was obtained from Ion Power Inc. (USA). Pt/C catalyst (46.2 wt% Pt, 

TEC10E50E, TKK, Japan) was used as the benchmark catalyst for the in-situ PEMFCs test. 

 

Growing AgPt alloy nanorods on carbon 

For a typical synthesis of AgPt NR/C (1:1) (atomic ratio of Ag:Pt = 1:1), 50 mg of carbon black 

was dispersed in 100 mL of DI water using bath sonication (the water used was deionized (DI) to 

18 MΩ cm using a Millipore water system, Milli-Q). 1 mL of H2PtCl6 (8 wt% in H2O) in 50 mL 

of DI water was added subsequently to the carbon suspension, followed by adding 10 mL of 

HCOOH dropwise. After 5 hours, 2 mL of 0.1 mol L-1 AgNO3 in 50 mL of DI water was added 

under stirring. The solution was then left at room temperature (RT) for a total duration of 96 hours 

to finish the reaction. The washing step was undertaken three times with DI water and ethanol 

using a centrifuge, followed by drying in the oven (60 °C, 2h). The catalyst was finally heat-treated 

at 120 °C for 2 h under 60 mL min-1 of 4% H2/Ar within a quartz tube in a tube furnace (Vecstar 

Ltd., UK). To synthesize catalysts with the various AgPt metal ratios, the varied amount of Pt and 

Ag precursors was applied, but the total amount was kept the same. 

 

Physical characterization 

The structure information and chemical feature of the catalysts were characterized using a 

transmission electron microscope (TEM) (JEOL 1400 TEM, 80 kV) and a high-resolution 

scanning transmission electron microscope (HR-STEM, Talos F200X) operating at 200 kV with 

which the elemental mapping was carried out using the associated super-X EDS system with four 

silicon drift detectors (SDDs) (Bruker, USA). Scanning electron microscope conducted with 

energy-dispersive X-ray spectroscopy (SEM-EDX, Hitachi TM3030) was also used to analyze the 
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cross-sectional element mapping. Thermogravimetric analysis (TGA) was conducted with 

NETZSCH TG209F1 (Germany) between 20-900 °C to estimate the metal loading on carbon and 

the information of thermal stability of the catalysts. The element content of the catalysts was 

analyzed using inductively coupled plasma mass spectrometry (ICP-MS, Perkin Elmer Nexion 

300X, USA) with a plasma strength of 1500 W. Powder X-ray diffractometer (XRD, D8 Bruker) 

equipped with a Cu Kα X-Ray source (λ = 0.15406 nm) was used to understand the crystal structure 

of the catalysts. X-ray photoelectron spectroscopy (XPS) analysis was conducted using Thermo 

Fisher Scientific NEXSA spectrometer with a micro-focused monochromatic Al Kα source (72 

W). All XPS data analysis was performed using the CasaXPS software (version: 2.3.18PR1.0), 

and the sample charging was corrected using C 1s peak at 284.8 eV as reference.  

 

MEA fabrication and fuel cell testing 

The as-prepared catalysts with a loading of 0.2 mgPt cm-2 were dispersed into 0.5 mL of IPA 

containing 45.7 µL of 10wt% Nafion® solution for making catalyst ink, which was then painted 

onto a piece of 4 × 4 cm2 Sigracet 35BC GDL and then left to dry for 2 hours at 35°C (This low 

dry temperature was used for reducing cracks formed across the catalyst layer with GDEs while 

balancing the drying time.). Commercial gas diffusion electrodes (GDEs, 0.2 mgPt cm-2, 

FuelCellStore USA) were used as anodes for all MEAs. The MEA was fabricated by assembling 

the cathode with the as-prepared catalysts, 6 × 6 cm2 Nafion® 212 membrane and the commercial 

anode, then hot pressed at 135 °C under an 1800 lb load for 2 minutes. The MEA was allowed to 

cool down at room temperature before testing in PEMFCs. 

The MEA was tested using a Biologic-PaxiTech FCT-50S PEM fuel cell test rig (France) with 

polytetrafluoroethylene (PTFE, 254 µm in thickness) gaskets used at both the anode and cathode 
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sides. The MEA activation (membrane hydration) was carried on at 0.6 V for 12-14 hours to reach 

a stable current at a cell temperature of 80 °C with fully humidified H2/air at an absolute pressure 

of 1.5/1.5 bar and stoichiometric ratios of 1.3/1.5, respectively. Polarization curves were then 

recorded following the harmonized EU protocols with H2 and air at absolute pressures of 2.5/2.3 

bar, respectively. The electrochemical impedance spectroscopy (EIS) measurement was conducted 

in the frequency range of 10 kHz–0.1 Hz at 0.03 A cm-2 and 0.5 V with an amplitude of 72 mA 

and 10 mV, respectively (0.5 V rather than a large current density was selected here because for 

some poor catalysts/GDEs, a large current density (e.g. 1.0 A cm-2) could not be reached.).  

For ORR mass activity evaluation in the MEA, the test was carried out with the same condition 

as in H2/air testing however the cathode gas was switched to O2 and the stoichiometry ratio of 

anode/cathode was changed to 2/9.5 with an absolute pressure of 1.5/1.5 bar respectively. The 

corrections were conducted to the resistance loss taken by running EIS at high frequency. 

Meanwhile, the H2-crossover current was obtained by holding the potential at 0.5 V with cathode 

fully saturated under N2 for 30 minutes. The cathode cyclic voltammetry measurement was then 

performed using EZStat-Pro (NuVant Systems Inc., USA) between 0.05-1.2 V with a scan rate of 

20 mV s-1, which is further used to measure the electrochemical surface area (ECSA). Additionally, 

the ADT of the cathodes was performed with 5000 potential sweep cycles between 0.6-1.2 V at a 

scan rate of 100 mV s-1 to understand the stability of the catalysts in the fuel cell environment. The 

polarization curves and CVs were recorded after the ADT to compare with the initial power 

performance and ECSA in PEMFCs. 

 

Results and Discussion 
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In this work, AgPt alloy NRs were grown on the carbon support in the aqueous solution using 

hexachloroplatinic acid and silver nitrate as the metal precursors. Based on the slow reaction rate 

to configure 1D Pt nanostructure with formic acid as a reducing agent, the modified aqueous 

conditions have been used to derive the crystal nucleation and growth of both Pt and Ag on the 

carbon support 31. In the formic acid reduction process, the parameters such as the reaction 

temperature and duration play the essential roles in the formation of 1D Pt nanostructures with a 

high crystallinity 30,32. Considering this condition, a good understanding of the influence 

mechanisms of the reaction temperature and duration is important in this work, in order to restrain 

the kinetic rate and interaction of Ag and Pt in the aqueous solution. 

 

 

Fig. 1 a) The reaction schemes of Pt and Ag growth on the supported carbon black conducted at 

room temperature with a total reaction duration of 96 hours. b-e) TEM images of the catalysts 

obtained from reactions shown in Schemes 1-4 in (a). 
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The reaction mechanisms are schematically illustrated in Fig. 1a. In the aqueous formic acid-

reducing process, the metal salts are reduced by formate anion species produced from the 

dehydration of formic acid. This dehydration process is favoured on the Pt surface except for Pt 

[111] crystal facet 33. Thus, with the balance of undissociated formic acid and formate anion 

species, the system condition automatically assists the growth of Pt along the <111> direction to 

form 1D nanostructures. This growth has been widely reported and is illustrated in Scheme 1 with 

the TEM image of the catalyst shown in Fig. 1b. Pt and Ag ions have very close standard reduction 

potential (SHE) (E0(Pt (+IV)/Pt (+II)) = 0.68 V vs SHE; E0(Pt (+II) /Pt (0)) = 0.75 V vs SHE, and E0(Ag(+)/Ag(0)) 

= 0.79 V vs SHE). So, the formate anion is also able to reduce Ag+ into Ag metal at room 

temperature. However, it cannot control the formation of Ag NPs along a specific direction due to 

the less attraction of Ag surface towards formate anion species compared to Pt. As a consequence, 

in the absence of Pt ions, the conformation of large Ag nanoparticles is inevitable as shown in 

Scheme 2 and Fig. 1c. When Pt and Ag precursors are mixed together from the beginning of the 

reaction, as the formation of Ag NPs dominates the early stage of the reaction (due to the faster 

reduction rate of Ag ions), the large agglomerates of NPs are still observed (Scheme 3 and Fig. 

1d). Therefore, to facilitate the formation of 1D AgPt nanostructures, the whole process still needs 

to be dominated by Pt reduction. Considering the faster reduction rate of Ag ions (cf. Pt), it is 

necessary for Pt to be reduced at first to form crystal seeds to mediate the epitaxial growth of both 

metals into a specific direction. Due to the relative lower standard reduction potential of Pt ions 

(Pt4+ and Pt2+) than that Ag+, a slower kinetic of Pt reduction is expected compared to Ag under 

the identical aqueous condition. Thus, Ag precursor is introduced to the reaction system after a 

controlled duration of Pt reduction (i.e. 5 hours). In this case, the early reduction of Pt ions allows 

the formation of Pt seeds introducing the shape and size-controlled effect for further reduction, 



 11 

finally achieve 1D AgPt nanostructure with an average diameter of  3-4 nm and length of ~15 nm 

(Scheme 4, Fig. 1e for an atomic ratio of Ag:Pt = 1:1, for Ag1Pt1 NR/C). 

A single NR for the Ag1Pt1 NR/C catalyst by the high-resolution TEM analysis (Fig. 2a) 

indicates the single-crystal feature of the 1D nanostructure with a lattice spacing of 0.23 nm, which 

is assigned to {111} planes between the bulk Pt (JCPDS: 04-0802) and Ag (JCPDS: 04-0783) 

(0.227 nm and 0.235 nm, respectively). The lattice orientation confirms the anisotropic growth of 

1D nanostructure along the <111> direction. The element mapping analysis by STEM-EDX (Fig. 

2c-e) shows the distribution of Ag and Pt along NRs. The good overlapping of both maps without 

a high content of Ag at the boundary confirms the alloy structure of the AgPt NR/C catalyst 26. 

The similar results are observed for the Ag1Pt4 NR/C catalyst with Ag to Pt atomic ratio of 1:4 

(Fig. S1). The ICP-MS and SEM-EDX analyses were both performed to determine the elemental 

contents of the catalysts. The results are listed in Table S1 along with the TGA data, showing a 

good consistency with the expected metal ratios deposited on carbon. 

 

Fig. 2 a) High-resolution TEM image of Ag1Pt1 NR/C (atomic ratio of Ag:Pt = 1:1), b-e) show the 

element mapping by STEM-EDX analysis. 
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The investigation on the influence of Ag content on the NR morphology is shown in Fig. S2. 

The introduction of Ag reduces the length of the 1D catalyst nanostructures, and it decreases with 

the increasing Ag, signifying a faster kinetic reaction with the less concentration of Pt ions. Finally, 

the formation of NPs dominates the catalyst with a higher atomic ratio of Ag (Ag:Pt = 2:1) (Fig. 

S2e). However, if the metal ratio of Ag:Pt is kept at 2:1 (Ag2Pt1 NR/C -ii catalyst) but the 

concentration of the metal precursors is doubled toward formic acid, the reaction rate can be 

slowed down and NRs are achieved again, as shown in the TEM image in Fig. S2f. The domination 

of NRs here probably results from the reduced Ag content in the formed alloy phase because a big 

part has been consumed in formation of AgCl phase (as detected by XRD shown in Fig. S4). The 

detailed mechanism can be possibly clarified with further expeirments but beyond this work with 

a focus on the AgPt alloy NRs. This finding suggests that the parameters deployed for ion reduction 

method work effectively to form 1D alloy nanostructure with the optimum ratio of Ag:Pt =1:1. 

Otherwise, the acid leaching and the high-temperature treatment, e.g. 250 °C are required to 

remove Cl formed in the high Ag content 34,35. However, treatment at high temperature leads to 

the morphology change of the NRs structure, as shown in Fig. S5 that even a treatment temperature 

of 150 oC induces the sintering of the 1D structures forming the large particles. Therefore, the heat 

treatment temperature of 120 oC was selected for all the AgPt NR/C catalysts to minimize the 

impurities and optimize the properties of the catalysts. 
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Fig. 3 XRD patterns of Pt NR/C and AgPt NR/C catalysts with the varied Ag and Pt atomic ratios. 

XRD patterns of the AgPt NR/C catalysts with reference to Pt NR/C are shown in Fig. 3. The 

main peaks are well indexed to (111), (200), (220) and (311) crystal facets, appointed to the face-

centred cubic (FCC) crystal structure. The measured lattice distance of Pt NR/C at (111) is 0.225 

nm, which is close to the bulk Pt (JCPDS: 04-0802). The high peak intensity of Pt NR/C is 

addressed to the high crystallinity of the 1D nanostructure 36, which decreases with the introduction 

of Ag. This can be related to the lattice contraction caused by the different size of the Ag and Pt 

atoms and the reduced NR length, where, the similar XRD pattern behavior is also observed in the 

literature due to the change of concentration between Ag and Pt 37. The width of the XRD peaks 

is broader with the increasing of the Ag content, signifying the increased lattice effect and the size 

change (i.e. shorter NRs), which is in agreement with the TEM analysis (Fig. S2). The alloy with 

Ag also leads to the peak shift from Pt to Ag reference, and the (111) peak of the Ag1Pt2 NR/C 

catalyst shows a shift of 0.47 degree at two-theta compared to the Pt NR/C catalyst, corresponding 
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to an expanded lattice spacing of 0.228 nm. A further increase of the Ag content results in the 

formation of a separate Ag metal phase (e.g. with the AgPt NR/C (1:1) and Ag2Pt1 NR/C catalysts), 

which further indicates the complexity and limitation of using this formic acid reduction method 

for the preparation of 1D AgPt nanostructures. 

 

Fig. 4 XPS spectra of high-resolution a) Pt 4f and b) Ag 3d region of the Pt NR/C and AgPt NR/C 

catalysts. The band deconvolution for Ag1Pt1 NR/C given in the specific high-resolution XPS 

regions: c) Pt 4f and d) Ag 3d. 

The X-ray photoelectron spectroscopy (XPS) analysis was conducted to understand the surface 

composition of the AgPt NR catalysts, and the survey scans are shown in Fig. S6. The high-

resolution Pt 4f region of the Pt NR/C and AgPt NR/C catalysts with the varied Ag and Pt atomic 
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ratios are shown in Fig. 4a. The negative shift is clearly observed for the binding energy with a 

similar trend to the change in the XRD peaks (Fig. 3). A maximum negative shift of 0.41 eV is 

recorded for Pt 4f7/2 peak with the Ag1Pt2 NR/C catalyst relative to pure Pt (70.84 eV), and then 

the peak slightly shifts back with the increasing Ag content to 70.56 and 70.64 eV for Ag1Pt1 NR/C 

and Ag2Pt1 NR/C, respectively. The negative shift of the Pt peaks refers to the change of Pt-Pt 

binding energy induced by the change of the electronic structure of Pt because of the interaction 

with Ag38. The same trend is also shown on the high-resolution Ag 3d spectrum with the largest 

shift observed at the atomic ratio of Ag to Pt = 1:2 (Fig. 4b), confirming the maximum lattice 

contraction with the atomic ratio of Ag:Pt =1:2. The negative shift of Ag 3d peaks observed is an 

indication of the charge transfer phenomena due to formation of the bimetallic Ag and Pt alloy, 

leading to the change of the binding energy of Ag metallic state 39. 

The peak fitting of Pt 4f spectrum for Ag1Pt1 NR/C (Fig. 4c) shows that Pt0 dominates the two 

peaks with a percentage of 94.08%, rendering the metallic state of Pt with ignorable the oxidation 

state of less than 6%. Regarding the high-resolution Ag 3d spectrum, Ag 3d5/2 and Ag 3d3/2 peaks 

locating at 367.66 and 373.70 eV, respectively, are wholly fitted to Ag0, confirming that Ag is 

effectively reduced to its metallic state (Fig. 4d). The Pt 4f and Ag 3d fitting results for the Pt 

NR/C and all the AgPt NR/C catalysts are summarized in Table S2, indicating the domination of 

Pt0 for all the NR catalysts (> 94%) and Ag0 for all the AgPt catalysts (> 97%). These results 

demonstrate the effectiveness of formic acid reduction method to form 1D Pt alloy NRs. 

To understand the catalytic behavior of the as-prepared NR catalysts in the fuel cell operation, 

MEAs with Pt NR/C and AgPt NR/C as cathode catalysts were fabricated and tested in the H2/Air 

single-cells with an active area of 16 cm2. The gas diffusion electrodes (GDEs) were fabricated 

using the as-prepared Pt NR/C, AgPt NR/C and the benchmark Pt/C (TEC10E50E, TKK) catalysts 
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with the same Pt loading of 0.2 mgPt cm-2. The polarization and power density curves for all MEAs 

are shown in Fig. 5a. The similar open-circuit voltages (OCVs) are obtained for all MEAs at about 

0.92 V. A very slightly lower peak power density is achieved for the MEA from the Pt NR/C 

catalyst (0.475 W cm-2) than that of the Pt/C (0.483 W cm-2), which is consistent with our work on 

the nanowire array GDEs 32. When a small amount of Ag is introduced (Ag1Pt4 NR/C), the peak 

power density shows a small decrease, which can be explained by the reduced NR length (Fig. S2) 

resulting in increased mass transfer losses, since the drop mainly exhibits at the large current 

density region. Meanwhile, with the significant increase of the Ag content, the peak power density 

becomes larger, and the maximum power density of 0.549 W cm-2 is achieved for the MEA with 

the Ag1Pt1 NR/C catalyst, which is 1.14-fold over that of Pt/C. The enhanced power density with 

the increase of Ag indicates a positive effect of Ag alloying toward the ORR catalytic activity.  

However, a further increase of Ag causes a big drop of the power performance, and the peak power 

density is only 0.428 W cm-2 for the MEA with the Ag2Pt1 NR/C catalyst. This outcome can be 

ascribed to the dominated nanoparticle morphology (Fig. S2e), losing the catalytic advantages of 

the 1D nanostructure catalysts. 
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Fig. 5 MEA testing results of the as-prepared Pt NR/C and AgPt NR/C catalysts in comparison to 

Pt/C with the same Pt loading of 0.2 mgPt cm-2: a) polarization and power density curves, and b) 

EIS plots recorded at 0.03 A cm-2 with an amplitude of 72 mA in the frequency range 10k–0.1 Hz. 

(the measurements were recorded at a cell temperature of 80 °C and fully humidified H2/air at a 

pressure of 2.5/2.3 bar with the stoichiometry of 1.3/1.5, respectively). 

EIS analysis was conducted at 0.03 A cm-2 corresponding to the low current density region to 

further understand the catalytic behavior of the AgPt NR/C catalysts (Fig. 5b). At the low current 

density with high potential, the charge transfer resistance shown by the diameter of the semi-circle 
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are comparable for Pt NR/C, and AgPt NR/C with the different Ag contents of up to 50 at%, 

indicating a similar kinetic reaction rate. A larger charge transfer resistance is observed for Ag2Pt1 

NR/C and Pt/C, confirming their relative low ORR activity. EIS measured at a low potential of 0.5 

V (Fig. S7) shows the mass transport losses for the MEAs with different catalysts. Ag1Pt1 NR/C 

exhibits the lowest value, followed by Ag2Pt1 NR/C and Pt/C. In particular, at the low-frequency 

region, both NR catalysts show the lower impedance than Pt/C, further demonstrating the 

advantages of 1D nanostructure electrodes in reducing the mass transfer losses in operated fuel 

cells. The similar phenomena can also be observed for Ag1Pt4 NR/C and Pt NR/C. Despite a close 

impedance obtained at the high-frequency region for both catalysts, Pt NR/C still displays a smaller 

impedance than Ag1Pt4 NR/C at the low-frequency region because of the longer NR length (Fig. 

S2). The largest mass transfer losses are shown for Ag2Pt1 NR/C due to the dominated nanoparticle 

morphology. The trend for the charge and mass transfer resistances fully agrees with the change 

of the polarization curves shown in Fig. 5a. The improved power performance of the NR catalysts 

at the large current density (low potential) region can be firstly ascribed to the open catalyst layer 

structure afforded by the 1D NR catalysts enhancing gas transport through a smaller mean free 

path 11. Secondly, the improved electrical conductivity of the 1D metal nanostructures in addition 

to the inclusion of Ag provides the highest conductivity among the metals facilitating the electron 

transfer within the catalyst layer 40. 

To understand the enhancement mechanisms of the heat treatment, a comparison with the MEAs 

made from the AgPt NR catalysts without the heat treatment is shown Fig. S8. It can be seen that 

the heat treatment improves the power performance for all MEAs with the AgPt NR catalysts, and 

the influence becomes large with the increase of the Ag content. A power increase of 6.6% is 

observed for the Ag1Pt1 NR/C catalyst. The TEM analysis shows the same NR structure upon 
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treatment at 120 °C (Fig. S5). XPS analysis results are compared in Fig. S9, with which Pt 4f peaks 

do not show any change, but Ag 3d peaks exhibit a tremendous positive shift of ca. 0.3 eV after 

the heat treatment. These phenomena are potentially related to the increase of Ag conductivity due 

to the heat treatment, suggesting the higher susceptibility of the heating process towards Ag 

property 41. Finally, this reduces the charge transfer resistance and leads to improved electron 

transport throughout the catalyst layers. 

The cathode cyclic voltammetry (CV) plots of the MEAs with the Pt/C, Pt NR/C and Ag1Pt1 

NR/C catalysts are shown in Fig. 6a. The lower H2 absorption/desorption (Hab/Hdes, below 0.4 V) 

peaks are observed for the 1D NR/C catalysts (cf. Pt/C) which is mainly caused by the 1D 

morphology of NRs leading to the decreased surface area. The electrochemical surface area 

(ECSA) obtained for the Pt NR/C catalyst is 14.68 m2 gPt-1, which is very close to the data reported 

in the previous study 32. The alloying with Ag reduces the NR length (Fig. S2), and also leads to 

an increase in ECSA with a value of 24.26 m2 gPt-1 for the Ag1Pt1 NR/C catalyst, which further 

confirms the contributing factor in upgrading the power performance obtained in Fig. 5a. 

However, a higher atomic ratio of Ag (e.g. Ag:Pt = 2:1) induces the less exposure of the Pt active 

sites, resulting in a slightly reduced surface area (Fig. S10). 
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Fig. 6 a) Cathode CVs recorded between 0.05-1.2 V with a scan rate of 20 mV s-1 (the cathode is 

saturated with N2) and b) polarization curves obtained under H2/O2 testing at a pressure of 1.5/1.5 

bar with stoichiometry ratios of 2/9.5, respectively. The inset compares the current density at 

around 0.9 V. The measurements were recorded at a cell temperature of 80 °C with fully 

humidified gases. 

The mass activity of the Ag1Pt1 NR/C catalyst towards ORR in the MEA was evaluated under 

O2 with a high stoichiometry of 9.5 as defined by the U.S. DOE to minimize the influence of mass 
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transport, and the recorded polarization curve was corrected with the ohmic resistance loss and H2-

crossover (Fig. 6b). The corresponding mass activity (MA) of the catalysts are summarized in 

Table 1. The current density recorded at 0.9 V is 0.019 A cm-2 for Ag1Pt1 NR/C, much higher than 

0.013 and 0.016 A cm-2 for Pt/C and Pt NR/C, respectively. Normalized to the Pt loading, Ag1Pt1 

NR/C shows 1.22 and 1.51 fold of mass activities over Pt NR/C and Pt/C, respectively, signifying 

the enhancement for a better ORR activity by alloying Pt with Ag. At the high current density 

region above 0.3 A cm-2, due to the reduced mass transport losses resulting from the longer NRs 

8, better power performance is achieved for Pt NR/C compared to Ag1Pt1 NR/C. The Tafel slopes 

based on the three polarization curves (Figure 6b) plots are indicated in Fig. S11. Because this 

measurement is conducted within MEAs, not as the pure environment as that with half-cell 

measurement by the rotating disk electrode (RDE) technique in liquid electrolyte, so the influence 

of mass transfer cannot be fully mitigated. The obtained slope for Pt/C is 75 mV dec-1, which is 

still in a close agreement with the value report in literature42. The lowest slope of 68 mV dec-1 is 

found for the MEA with the Pt NR/C catalsyts resulting from the improved mass transport owning 

to the long NRs. The Ag1Pt1 NR/C catalyst generates a Tafel slope of 72 mV dec-1, indicating more 

favorable ORR kinetics as compared to 0D Pt/C, but still higher than the long Pt NRs 32. Thus, 

optimizing the approach to obtain uniformly longer 1D AgPt alloy based catalysts is important for 

the future work. 

Table 1. Comparison of the mass activities for the catalysts in the MEA test 

Catalyst I0.9 V / A cm-2 MA0.9 V / A mgPt
-1 

Pt/C 0.013 0.065 

Pt NR/C 0.016 0.080 
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Ag1Pt1 NR/C 0.019 0.098 

 

In acidic media as in PEMFCs, the only reaction pathway observed for Ag is limited two-

electron reduction resulting in a very low ORR catalytic activity 43. Together with the nearly 

ignorable cost of Ag (cf. Pt), so the mass activity normalized to Pt is highly sensible in practical 

application, with which Ag1Pt1 NR/C exhibits strong superiority. 

The enhancement in the catalytic activity towards ORR is related to the modified Pt surface, 

deriving mainly from the 1D structure and the involvement of the alloyed Ag. The formation of 

single-crystal along the <111> direction facilitates a preferential exposure of the highly active 

crystal facets with the improved ORR activities 9. Cathode CV plots in Fig. 6a shows a positive 

shift of the Pt-O reduction peak for Pt NR/C at 0.889 V as compared to 0.805 V for Pt/C. This shift 

(0.084 V) indicates the weakening bond of the O-containing species on the smooth atomic surface 

of 1D NRs, which is expected to contribute to the enhanced ORR activity 44. This improvement is 

boosted by the synergy effect between Ag and Pt interaction in the alloy form. The introduction of 

Ag induces more positive shift as observed from the Ag1Pt1 NR/C catalyst (Fig. 6a), for which the 

Pt-O reduction peak position is 0.913 V (with a shift of 0.108 V), indicating a higher ORR catalytic 

performance compared to Pt NR/C catalyst. The alloy causes a tensile strain on the Pt lattice 

because of the different lattice constants of Pt and Ag (3.92 and 4.09 Å, respectively), changing 

the Pt d-band center and modifying the electronic structure, which is confirmed by the XPS 

analysis (Fig. 4) 45,46. These changes lead to weaker binding of Pt surface with O-containing 

species formed in the ORR process, thus facilitating the desorption of oxygen for the increased 

ORR kinetic 47. Furthermore, the fewer surface defects of NRs (cf. NPs) also contributes to the 

less interaction with O-contained species. Therefore, a good balance of Ag and Pt in the alloyed 
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NR catalysts (i.e. Ag1Pt1 NR/C) provides a harmony of the O-H bonding formation and O-O 

bonding cleavage, finally leading to the enhanced catalytic activities. 

 

Fig. 7 Comparison of the Pt/C, Pt NR/C and Ag1Pt1 NR/C cathodes after the ADT using 5000 

potential sweeping cycles in the MEA test: a) polarization and b) power density curves, c) peak 

power density showing the declines after the ADT, d) cathode CVs and corresponding ECSA 

declines after the ADT. 

Besides the low ORR activity, Ag is also commonly reported with low stability in the acidic 

environment 48, so the durability of the Ag1Pt1 NR/C cathode is further examined using accelerated 

durability test (ADT) in the single-cell test. The polarization and power density curves after the 

ADT are shown in Fig. 7a-b. The MEA with the Ag1Pt1 NR/C cathode still demonstrates the 
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highest peak power density after the ADT compared to Pt/C and Pt NR/C. However, it exhibits a 

slightly higher decline rate of 46.32% compared to 44.19% and 41.41% for two others, 

respectively (Fig. 7c, the error bar was obtained considering the fluctuation of the potential 

obtained in repeat expeirments while holding at the same current density). The immense power 

performance loss of the Ag1Pt1 NR/C catalyst after the ADT is addressed to the dissolution of Ag, 

as shown in Fig. S12. Regardless of a close lattice constant of Ag and Pt, nevertheless, the 

segregation of Ag cannot be avoided in the severe acidic environment in the PEMFCs operation 

condition 49. Finally, it leads to redeposition of Ag at the interface between the cathode and 

electrolyte membrane inducing a huge performance drop after the ADT. 

The surface area loss also contributes to the power performance decline after the ADT, which is 

shown by the CV analysis and the corresponding ECSA change in Fig. 7d. Ag1Pt1 NR/C exhibits 

a declining ratio of 62.03%, much smaller than 76.61% of Pt/C, but higher than 52.04% of Pt NR/C 

(Fig. 7d). These indicate better stability of Ag1Pt1 NR/C than Pt/C and reasonable electrode 

durability for applications in practical devices. In addition, the significant loss observed can 

potentially be contributed also to the corrosion of the carbon support in potential cycling, which 

induces severe degradation of the catalysts and this challenge has been extensively reviewed in 

literature 44,50. Therefore, the elimination of carbon support for developing 1D alloy catalyst should 

be considered for future works, such as electrodes with self-stand 1D alloy nanostructure arrays. 

 

Conclusions 

In this work, an efficient approach for growing AgPt alloy nanorods on carbon support is 

demonstrated. The morphology characterization showed that the time interval (i.e. 5 hours) of 

mixing both metal precursors is a crucial step to achieve uniform 1D nanostructures. In the formic 
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acid reduction process, Pt works not only a size control role in Ag reduction, but also providing 

shape inducing effect leading the growth of AgPt alloy to form single-crystal nanorods along the 

<111> direction. The atomic ratio of Ag to Pt (from 1:4 to 2:1) affects a change on the morphology 

and distribution of AgPt NRs on the carbon support, which also delivers an enormous impact on 

their catalytic activities. The  MEA test in PEMFCs shows an enhanced power density of 0.549 W 

cm-2 for the AgPt alloy catalyst due to the superiority of 1D metal nanostructure and high electrical 

conductivity of Ag, which is 1.14- and 1.16-fold over that of Pt/C and Pt NR/C, and the mass 

activity tested under oxygen is 1.51- and 1.22-fold higher, respectively. The ADT testing also 

convinces that alloying Pt with Ag (atomic ratio of Ag:Pt = 1:1) in NRs is less an issue towards 

the stability under the harsh operational conditions in fuel cell operation, although slightly lower 

compared to 1D Pt NR, but better than 0D Pt NP. 

 

Electronic Supplementary Information 

HRTEM images and STEM-EDX analysis of Ag1Pt4 NR/C, TEM images of AgPt NR/C with 

varied atomic ratio. The quantitative result obtained from TGA, ICP-MS and EDX with the EDX 

spectrum of AgPt NR/C with varied atomic ratio. Additional XRD pattern for Ag2Pt1 NR/C -ii, 

TEM images of Ag1Pt1 NR/C with different annealing temperature. XPS survey with the table 

summarizing the composition state of the as-made catalysts. EIS spectra measured at 0.5 V of the 

as-prepared catalysts and additional MEA testing result due to heat treatment effect with 

corresponding EIS measured at 0.03 A cm-2 and 0.5 V and XPS spectra of Ag1Pt1 NR/C. The 

cathode CVs of the as-prepared catalysts and corresponding measured ECSA and Pt-O reduction 
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peak. The Tafel plot and the cross-sectional SEM-EDX mapping of Ag1Pt1 NR/C after the ADT. 

This material is available free of charge via the Internet at http://pubs.rsc.org. 
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