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Abstract 

Alloying platinum is an approach to increase the oxygen reduction reaction (ORR) activity and at 

the same time reduce the amount of precious platinum catalyst in proton exchange membrane fuel 

cells (PEMFC). In this work the cathode activity of thin films of rare earth metals (REM) alloys, 

Pt3Y, Pt5Gd and Pt5Tb, produced by sputter deposition onto gas diffusion layers, are evaluated in 

a fuel cell by means of polarization curves in O2/H2, and cyclic- and CO-stripping voltammetry in 

N2/5 % H2. Prior to evaluation, the model electrodes were acid-treated to obtain a Pt skin covering 

the PtREM alloy bulk, as was revealed by energy-dispersive X-ray spectroscopy (EDX) and X-

ray photoelectron spectroscopy (XPS). The core shell alloys of Pt3Y and Pt5Gd catalysts show a 

specific activity enhancement at 0.9 V of 2.5 times compared to pure Pt. The slightly lower 

enhancement factor of 2.0 for Pt5Tb is concluded to be due to leaching of the REM, that resulted 

in a thicker, and subsequently less strained, Pt overlayer. The high activity, combined with the 

minor changes in surface composition, achieved in the fuel cell environment shows that PtREM 

core shell catalysts are promising for the cathode reaction in PEMFC. 

 

Keywords: Proton exchange membrane fuel cell, Platinum rare earth metal alloy, Oxygen 

reduction reaction 

 

Highlights 

• Sputter deposition of Pt3Y, Pt5Gd and Pt5Tb as cathode catalysts in PEMFCs 

• ORR enhancement factor of 2.5 for Pt3Y and Pt5Gd and 2.0 for Pt5Tb 

• Only minor changes in surface composition after fuel cell measurements 
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1. Introduction 

For a sustainable energy society, not relying on combustion of fossil fuels, fuel cells will be 

important alternatives, especially within the transport sector, where high energy density is 

necessary. For fuel cells to reach full scale commercialization, a reduction of total cost is required 

[1]. One of the most expensive components in proton exchange membrane fuel cells (PEMFC) is 

the platinum catalyst.  

High amounts of platinum catalyst are required for the sluggish oxygen reduction reaction (ORR). 

One approach to decrease the amount of platinum is to develop more active catalysts. While 

platinum is an efficient catalyst for ORR, it is not optimal. The kinetics of the ORR on platinum 

catalysts are limited by the strong OH binding energy, and by lowering the binding energy of OH 

on Pt(111) by approximately 0.1 eV, the activity could be increased by an order of magnitude 

[2,3]. The binding energy can be shifted by introducing an alloying material. This has been 

achieved with Ni, resulting in an increase in mass activity, compared to pure platinum, of an order 

of magnitude in rotating disk measurements (RDE) [4–7]. However, PtNi alloys are not completely 

stable in PEMFC, and can dealloy [8,9], leading to a decrease in activity with time and usage. 

Alloying Pt with a rare earth metal (REM) is a promising alternative to PtNi catalysts. Due to the 

more negative energy of formation of the alloy, the REM should be more energetically favored to 

stay in the bulk, which should increase the stability compared to platinum alloys with late transition 

metals [3]. Several PtREM materials have been tested in RDE [2,10–16]. For these the activity 

increase has been reported to be between 6 and 7 times the specific activity of pure platinum, and 

up to an order of magnitude in mass activity, compared to platinum nanoparticles. Further, the cost 

of REM-oxides are several orders of magnitudes lower and their abundance several orders of 

magnitude higher than that of Pt [17]. However, even if the alloy catalysts perform well in RDE it 

is not certain that the same activity increase will be found in a fuel cell, as the conditions in RDE 

are not comparable with the PEMFC environment.  

In our previous study in a real fuel cell setup, we found that model electrodes with sputtered thin 

films of Pt3Y in contact with a Nafion membrane had approximately double the activity compared 

to sputtered platinum [18]. Part of the reason why the Pt3Y films were less active in the fuel cell 

is likely due to the fact that they were sputtered on to the microporous layer (MPL) of the gas 
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diffusion layer (GDL), leading to uneven and non-optimal structure of the alloy. However, it is 

still not clear if this accounts for the whole difference in activity or if there are processes specific 

to the fuel cell environment that are mainly responsible. Previous studies with Pt3Y in fuel cells 

have shown increase in specific activity by a factor between 2 and 3 compared to Pt/C [19,20]. It 

is also of great interest to see if other PtREM alloys, which display high activity in RDE, perform 

similarly under real fuel cell conditions [11].  

In this study, thin film electrodes based on Pt3Y, Pt5Gd and Pt5Tb are evaluated and compared in 

a PEMFC in a similar manner as in our previous work [18]. The thin-film electrodes can be seen 

as a two-dimensional model electrode used to study new catalyst in a more realistic fuel cell 

environment than for instance acid solutions used for RDE measurements. Thin-film electrodes 

allow for more accurate determination of oxygen reduction activity compared to a porous 

electrode, as effects from local mass transport, potential and humidity will not affect the electrodes 

to the same extent. The film thickness of 60 nm was chosen to give a relatively robust film. The 

MPL support was considered porous enough for sufficient supply of oxygen. Pt3Y was chosen due 

to its high performance in our previous study [18], while Pt5Gd and Pt5Tb were chosen due to their 

reported high performance in RDE studies [2,10,21]. Physical characterization of the samples 

confirms the formation of a Pt overlayer after acid treatment, which leads to an increase in 

electrochemical activity. The overlayer and activity persists throughout the electrochemical 

testing, showing that these alloys are stable during fuel cell operation. These results highlight that 

PtREM catalysts are active and stable in an operating fuel cell. 
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2. Experimental 

2.1 Sputter deposition of alloy catalysts 
 

Thin films of Pt, Pt3Y, Pt5Tb and Pt5Gd were deposited using single pure metal or alloy targets 

(from Goodfellow) using magnetron sputtering in a Nordiko 2000 sputter coater onto the MPL of 

the GDL (Carbel Cl). The base pressure of the sputtering system was lower than 1.0×10-6 mbar 

and sputtering was performed in 6.6 mbar under 50 sccm of argon flow. All sputtered films were 

60 nm in thickness and thus the initial platinum loadings of the gas diffusion electrodes (GDEs) 

were 129 µgPt/cm2 for Pt, 99 µgPt/cm2 for Pt3Y, 108.4 µgPt/cm2 for Pt5Gd and 108.8 µgPt/cm2 for 

Pt5Tb. 

 

2.2 MEA assembly 
 

For all PEMFC measurements the following membrane electrode assembly (MEA) preparation 

was used. An 11 mm diameter circular thin-film electrode was punched from the sputtered GDL. 

Prior to MEA assembly the GDE were treated in 0.1 M HClO4 for a total of 45 min, and rinsed 

with water every 15 min. This step is required to remove surface oxides of the REM alloys and 

create a platinum skin on top of the alloy. To avoid the effects of hydrogen crossover in the fuel 

cell measurement, the model electrode was assembled with a double MEA [18]. A schematic of 

the double MEA configuration is shown in Figure S10 in the supporting information. The assembly 

consisted of a Sigracet 25BC GDL (20 mm in diameter) at the anode side, then a commercial MEA 

(loading of 0.45 and 0.4 mgcatalystcm-2) providing both the anode electrode and an interlayer of Pt 

catalyst. Finally, a Nafion 212 membrane was placed between the sputtered GDE and the 

commercial MEA, insulating the interlayer Pt from contact with the cathode GDE. Prior to any 

measurements, the MEA was pressed within the cell house using a clamping pressure of 12 bar at 

80 °C for 30 s. 

2.3 Electrochemical measurements 
 

All measurements were performed using an in-house developed single cell with a spiral flow field 

[22,23]. First the cell was heated to 80 °C, with a humidifier temperature of 80 °C. To avoid 
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condensation, the pipes between humidifier and cell were heated to 84 °C. Activation was 

performed by cycling between 0.9 and 0.6 V, for 2000 cycles with a sweep rate of 20 mVs-1 with 

H2 and O2 gas with flow rates of 14.8 mln min-1 and 29.4 mln min-1. After this the O2 flow was 

lowered to 7.4 mln/min-1 and 100 cycles between 0.9 and 0.3 V were performed. Then the 

polarization curve was obtained by sweeping between 0.9 and 0.3 V with a sweep rate of 1 mVs-1 

three times and taking the average of the forward sweeps. The setup was then cooled with nitrogen 

flow overnight. The next day the gases were switched to 5% H2 in Ar at the anode (counter and 

reference electrode) and N2 at the cathode (working electrode) in order to be able to do cyclic 

voltammetry (CV) and CO-stripping voltammetry in the fuel cell environment. The cyclic 

voltammetry was performed between 0.1 and 1.2 V, with a scan rate of 200 mV s-1 for 20 cycles, 

then with a sweep rate of 100 mV s-1 for 20 cycles, and finally with sweep rate of 20 mV s-1 for 

2 cycles. Afterwards, CO-stripping was done by first recording a baseline CV between 0.1 and 1.2 

V, with a scan rate of 200 mV s-1 for 5 cycles. This was followed by a potential hold at 0.15 V, 

where the gas at the cathode was switched to 2% CO in Ar for 2 min. The gas was then switched 

back to N2 for 5 min purge at the same potential to ensure that all unreacted CO was removed 

before measuring the stripping curve in a CV as described above. The CO-stripping procedure was 

repeated four times. All electrochemical measurements were performed using a PAR 273A 

potentiostat. 

 

2.4  Physical characterization 
 

The X-ray photoelectron spectroscopy (XPS) (PerkinElmer PHI 5000 C ESCA system) analysis 

was used to study the surface composition of the four thin films (Pt, Pt3Y, Pt5Gd and Pt5Tb). The 

surface analysis was performed using a monochromatic AlKα (1486.7 eV) X-ray source and the 

concentric hemispherical analyzer was positioned at a 45° angle with respect to the sample normal. 

Measurements with XPS were performed for as sputtered samples, acid treated, and after 

electrochemical testing in the single cell fuel cell setup. For all samples, the binding energy scale 

was adjusted by shifting the spectra with respect to the Pt 4f7/2-peak at 71.2 eV. We notice that this 

choice of binding energy adjustment placed the C1s peak around 284.4 eV on all samples. 

Scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDX) was used 

to image and characterize the deposited catalysts. SEM was performed using a Zeiss Supra 60VP 
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field-emission microscope at 10 kV acceleration voltage and a working distance around 4 mm. 

EDX was performed in the same microscope with an IXRF spectroscopy unit. The working 

distance of the sample was increased to 23 mm and the acceleration voltage to 20 kV during EDX.  

The synchrotron radiation photoelectron spectroscopy (SRXPS) measurements were carried out at 

the Materials Science Beamline (MSB) at the Elettra synchrotron light source in Trieste on an 

ultra-high vacuum (UHV) end-station with a base pressure below 5×10-10 mbar. With a bending 

magnet source, the MSB provides synchrotron light of a high intensity in the energy range of 21 – 

1000 eV. The UHV experimental chamber is equipped with a hemispherical electron energy 

analyzer (Specs Phoibos 150). Pt3Y, Pt5Gd and Pt5Tb on GDL were measured in the SRXPS before 

acid treatment (as-deposited), post acid treatment and after measurement in fuel cell. While 

conventional XPS allows for surface characterization of the samples the SRXPS measurements 

allow for both more accurate characterization, as well as allowing for depth probing by adjusting 

the photon energies. 

The spectra of interest were Pt 4f, Y 3d, O 1s and C 1s acquired with photon energies of 250, 410, 

650 and 990 eV, respectively. The total spectral resolutions were about 200 meV (h = 250 eV), 

410 meV (h = 410 eV), 650 meV (h = 650 eV) and 1 eV (h = 990 eV). 

Spectra were fitted using KolXPD software. Before fitting, each spectrum was charge corrected 

using the Fermi edge measured with the same photon energy. A linear background was subtracted 

from all data. In case of the core level Pt 4f spectra fitting procedure, the doublet separation for Pt 

4f doublet components was set to 3.33 eV and the area ratio to 1.33 [18, 19], the energy position 

of the 4f7/2 peak was constrained to be between 70 and 71 eV. The metallic component of Pt 4f 

was fitted using a Donaich-Šunjić line shape setting the asymmetry to 0.19 [21]. The asymmetry 

contribution for the adsorbed CO component was allowed to vary from 0 to 0.19 and the oxide 

component was fitted with a Voigt line shape with no asymmetry. 

The core level Y 3d spectra were fitted with Voigt line shapes with a doublet split of 2.1 eV and 

area ratio of 1.5 [22]. The Lorentzian and Gaussian line widths were kept equal for all components. 

The metallic peak (3d5/2) was constrained to be between 155.9 and 156.2 eV and the oxide between 

158 and 158.3 eV [24–28]. Substochiometric oxide was set to vary around 157 eV. Gadolinium 

4d core level spectrum is reported to be composed of a broad multiplet structure but was fitted 
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using a single doublet with a doublet separation of 5.4 eV and doublet ratio of 1.5 for Gd 4d5/2-Gd 

4d3/2 [29] Donaich-Šunjić line shapes were used for the fitting with no asymmetry. The metallic 

Gd peak (4d5/2) was set at 140.6 eV (± 0.2 eV) and the Gd2O3 peak at 142.8 eV (± 0.2 eV), which 

are consistent with previously reported Gd peaks [30–32]. Likewise, terbium 4d spectrum presents 

a complex multiplet structure that was fit using singlets instead of doublets due to the lack of 

reliable literature for the doublet structure. It presents two different oxidation states (Tb3+ and Tb4+) 

composing a mixed oxide (Tb4O7) [29,33,34].Voigt line shapes with no asymmetry were used for 

the fitting of the three states. The metallic Tb peak (4d5/2) was constrained at 147.5 eV, Tb3+ at 

150.7 eV and Tb4+ at 154.6 eV [35,36] . All Tb peaks were allowed to vary by ± 0.2 eV. 
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3 Results and discussion 

3.1 Electrochemical characterization 
 

As the introduction of an alloying element should affect the structure energy of Pt skin, CV and 

CO-stripping were employed to electrochemically investigate the catalyst surfaces. The shape and 

position of the hydrogen adsorption/desorption (HAD) and the PtO redox peaks in the base CV as 

well as the CO-oxidation peak in CO-stripping voltammetry give information about the surface 

structure of the platinum [37–40]. The cyclic voltammetry sweeps for all PtREM samples, 

compared to pure platinum, are shown in Figure 1. As can be seen the general features for all CVs 

are the same. This means that all alloy catalysts have pure platinum on their surfaces. Further, as 

no new peaks are visible in the alloyed samples, the REMs are not electrochemically active in the 

investigated potential region. Nevertheless, the alloyed catalysts have shifts in their potential 

responses, which indicate alterations of the surface properties compared to pure platinum. The 

main change that can be observed is the shift of the oxide reduction peak, which can be seen in the 

negative sweep between 0.9 and 0.6 V, Figure S9. For all alloys there is a negative shift in potential 

for the oxide reduction peak in comparison to pure Pt. For Pt3Y and Pt5Gd this shift is significant, 

on average 20 mV, while Pt5Tb only exhibits a very slight shift of 10 mV to lower potentials. 

The corresponding CO-stripping results are shown in Figure 2. The CO-oxidation peak for the 

pure Pt sample is split into two with a sharp spike at 0.75 V and a small peak at 0.80 V. For the 

alloys the second peak at 0.80 V is much smaller or absent. In most cases there is a slight shift to 

lower potentials for the onset of the CO-oxidation peak, when compared to pure platinum, but the 

variations between samples are relatively high. This is consistent with the shift in the oxide peaks 

and suggests that the surface has been modified by the presence of the alloy bulk. The shift for CO 

is smaller than for the oxides, which is expected. For Pt5Gd and Pt5Tb, samples with a more CO-

oxidation charge at lower potentials had lower activity. This could be due to an increased number 

of surface defects for these samples, which might explain the lower oxygen reduction activity [40]. 

 

The polarization curves for three samples of the Pt3Y and Pt5Gd, and Pt5Tb thin film alloys are 

shown in Figure 3. To ensure proper alloy composition the sputtered films were intentionally made 

flat and thick. This results in low electrochemical active surface area per mass platinum, and 
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subsequently poor platinum utilization. As such these electrodes give a good model system for 

studying catalytic activity in a fuel cell, but are not optimal electrodes for an operating fuel cell. 

As the main focus of the study is primarily the kinetic activity of the catalyst in a fuel cell, all 

results will be reported in specific current density based on the measured Pt electrochemical 

surface area from the CO-stripping measurements, as shown in Figure 2. Polarization curves of 

geometric surface area and mass activity are shown in Figure S6 and Figure S7 in the supporting 

information. CO-stripping was chosen to measure the electrochemical surface area (ECSA) due to 

hydrogen adsorption/desorption (HAD) often underestimates the ECSA, especially when 

measuring alloy catalysts and MEAs [38,39]. For all the investigated samples the ECSA obtained 

from HAD was approximately 50% lower than that obtained from CO-stripping. 

As can be seen, the specific activity for all alloys is higher than that of pure platinum. The activity 

increases, shown in Table 1, are approximately 2.5 times higher for Pt3Y and Pt5Gd, and about 2 

times higher for Pt5Tb. The lower activity for Pt5Tb, compared to Pt3Y and Pt5Gd, could be due to 

the lower stability of Pt5Tb [2]. While the stabilities of the alloy catalysts have not been specifically 

measured, it should be noted that all samples have been cycling between 0.9 and 0.6 V for ~16 h 

before the activity measurement. As seen in Table 1, the activity increase at 0.75 V is lower than 

at 0.9 V. This is most likely due to other effects, such as local mass transport, affecting the 

measurement. Nevertheless, all the alloys show higher activity, at 0.75 V, with improvements of 

1.7 for Pt3Y, 1.5 for Pt5Gd and 1.6 for Pt5Tb. The previously reported activity for Pt/C 

nanoparticles is approximately 200 µAcm-2
Pt  [41]. The sputtered films of pure platinum have a 

higher activity of 280 µAcm-2
Pt , compared to nanoparticles, which was also observed in RDE 

measurements [11]. This is attributed to strains in the platinum films from substrate interactions 

[42]. Comparing the measured alloys to the activity of platinum nanoparticles gives improvement 

factors of 3.5 for Pt3Y and Pt5Gd, and 2.7 for Pt5Tb. The mass activities, at 0.9 V, of the sputtered 

electrodes are 0.011 (Pt), 0.026 (Pt3Y), 0.028 (Pt5Gd) and 0.018 A/mgPt (Pt5Tb). The low values 

compared to 0.15 A/mgPt for Pt/C electrodes [8] is due to that the sputtered 60 nm catalyst has a 

much lower surface to volume ratio compare to nanoparticle catalysts. Even so, the corresponding 

mass-activity increase of the alloyed films at 0.9 V is significant, compared to the platinum film, 

being a factor of 2.8 (Pt3Y), 1.7 (Pt5Gd), and 2.2 (Pt5Tb). 
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Considering the large variation of activity between samples, the activity increase as a function of 

mean oxide peak position and ECSA were investigated more closely. When comparing the mean 

oxide reduction peak position, calculated from the reduction charge from Figure 1, with activity it 

can be seen that the more active samples exhibit a peak position at slightly lower potentials, as 

shown in Figure 4a. However, a shift to lower potentials would indicate an increase in binding 

energy, not the expected decrease [2,3,21]. The shifts detected here are most likely due to the 

presence of several crystal planes of platinum. Exactly what is causing the negative shift in peak 

position is still unclear, but the shift has been reported previously for sputtered PtREM catalysts 

[10,11,43,44]. Figure 4b shows the activity increase as a function of the ECSA. The cause of the 

large in-sample variance of ECSA for the Pt-REM samples is at present not fully understood. 

Possible explanations could be variations of the MPL causing changes in the sputtered layers. The 

results indicate a trend that the lower the ECSA, the higher the measured activity. Previous studies 

have shown that sputter deposition onto an MPL creates particles with varying size, with regions 

that are less than 3 nm [16]. These thin regions fully leach out the REM during acid treatment, and 

become pure platinum. As such, a high ECSA could indicate that the sample has more of these 

pure platinum regions, which lowers the overall activity of the sample. Further, the ECSA value 

is an indication of the surface roughness of the samples, meaning that a low ECSA indicates flatter 

surface. This result suggests that if the surface becomes too rough, the macrostrain caused by the 

alloy become less significant, lowering the expected activity increase. A rougher surface could 

indicate that the surface has more disordered platinum, which is less active compared to the ordered 

structure [40,45]. 

The electrochemical results show that the presence of an alloying element affects the 

electrochemical properties of platinum, which results in higher intrinsic activity. The shifts in 

potential can be seen in the CVs and CO-stripping measurements, however, due to the 

polycrystalline nature of the sputtered films, the exact cause of the shifts is difficult to quantify.   
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3.2 Physical characterization 
 

The samples were physically characterized by energy-dispersive X-ray spectroscopy (EDX), 

which has a sensing depth in the micrometer range and, thus, gives information about the bulk 

composition of the sputtered films. Figure 5a shows the Pt:REM bulk composition ratio of the 

three different alloys as sputtered, after acid treatment, and after electrochemical test. The EDX 

analysis confirms that the bulk nominal composition obtained is very close to that of the sputter 

target alloys with the ratios 3:1 (Pt3Y) and 5:1 (Pt5Gd and Pt5Tb). The spread in REM content after 

acid treatment and fuel cell operation, falls into the EDX error margin expected for samples 

supported onto porous surfaces [46]. Therefore, it appears all alloys maintain their bulk 

composition after acid treatment and fuel cell operation, indicating that the bulk alloy is mostly 

unchanged and the platinum overlayer, which forms after acid treatment, is so thin it does not 

affect the bulk composition.  

 

The samples were also characterized by X-ray photoelectron spectroscopy (XPS), which has a 

probing depth of a few nanometers, meaning only the surface elemental composition of these films 

is determined. The XPS results for all tested alloys are shown in Figure 5b. The as-sputtered 

samples all showed a much larger Pt:REM surface relative amount than given by nominal ratios, 

which is also considerably larger than the ratio measured in EDX, thereby suggesting that there is 

a surface enrichment of REM during sputtering. During acid treatment the surface REMs that 

oxidized, due to contact with air, were removed. This is the cause for the large reduction of REM 

seen in the XPS, more pronounced than in EDX. After the electrochemical tests, all alloys show a 

decrease in their total surface REM content to only between 5 and 7% remaining close to the 

surface. This can be attributed to the further leaching of the alloy and an increase in overlayer 

thickness as a result of the exposure to the acidic fuel cell environment and the electrochemical 

reactions taking place during fuel cell evaluation [11,18].  

 
 

 

 

 

 

 

 

 

 

 

To present the oxide and metallic REM XPS data in more detail, the fitted spectra for the REM 

components Y 3d (Pt3Y), Gd 4d (Pt5Gd) and Tb 4d (Pt5Tb), as sputtered, after acid treatment, and 

after fuel cell measurements are shown in Figure 6. For all alloys, similar trends can be observed. 

The as-sputtered samples all have peaks corresponding mainly to the non-metallic state of the 
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REM. The non-metallic peaks in the as-sputtered samples are attributed to the formation of oxides 

as a result of exposure to ambient atmosphere after sputter deposition [13]. After acid treatment, 

the amount of REM to platinum decreases as oxidized REM is removed from the surface resulting 

in a significant reduction in intensity of the Y 3d, Gd 4d, and Tb 4d core level peaks. Before 

treatment, all REM in contact with the air is oxidized so the surface contains mostly REM-oxide 

and some metallic REM in the layers below. Acid treatment removes the REM-oxides, leaving 

only metallic REM in the bulk material. Thus, a layer of platinum is formed where the REM-

oxides were leached. This is also in accordance with previous results showing the formation of a 

protective Pt overlayer when PtREM samples are immersed in an acidic solution, in accordance 

with previous RDE studies [2,21,43]. The REM peaks in the XPS spectra of Pt5Gd and Pt5Tb are 

reduced in amplitude as they contain much less REM than Pt3Y. Additionally, the XPS cross-

sections for Tb and Gd are also lower than Y which further decreases signal making quantitative 

analysis of the peak constituents difficult to perform. The amount of oxides remaining after acid 

treatment seems to be higher for Pt5Gd and Pt5Tb, compared to Pt3Y, which can be attributed to 

either subsurface REM-oxides present also after acid treatment or some REM–O coordination in 

the thin film surface [10,47].  

 

After fuel cell operation, the amount of REM-oxide decreases for all samples. This result suggests 

that the electrochemical measurements cause additional leaching from beneath the surface. There 

were no significant changes observed in the Y 3d and Gd 4d peaks for Pt3Y and Pt5Gd, only a 

slight reduction in the total amount of REM near the surface. For Pt5Tb, a slight decrease in the 

total and metallic amount of Tb is observed. The relatively low amount of metallic Tb observed in 

XPS, compared to the others, might explain the somewhat lower fuel cell performance of this 

alloy. The differences between the XPS data after acid treatment and electrochemical 

measurements suggest that the alloys are affected differently by the fuel cell environment. As such, 

there might be different optimal activation strategies for each type of alloy, which can lead to 

higher ORR activities. 

 

In general, the overlayer thickness increases after fuel cell use as the total amount of REM 

decreases for all alloys. Films sputtered on a porous and particulate GDL are not flat and have 

thickness variation, this is shown in Figure S4 and Figure S5 in the supporting information, so 
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some areas of the sputtered films are thin and allow complete oxidation of the REM [18]. Regions 

under 3 nm in thickness are less active, as the REM leaches from the bulk to become pure Pt after 

acid treatment [11]. Fuel cell operation causes further leaching and an increase in the areas of pure 

Pt. Hence, catalyst layers sputtered onto GDL have lower increases in activity, compared to the 

RDE measurements of the same alloys on flat glassy carbon substrates [11].  

 

Synchrotron radiation can provide a depth profile of the surface composition through changing 

beam energy and can reveal surface impurities. In a synchrotron, lower photon energies than in 

lab-XPS are used to reduce the depth probed and gain more surface sensitivity. In general, Tb and 

Gd produce less signal than Y as they have lower photoionization cross-sections, so it is harder to 

measure them with low photon energies provided by a synchrotron, especially in the low alloy 

concentrations used in this study. Therefore, it was only possible to measure Pt3Y in this manner. 

Measurements of the Y 3d core level peak in Pt3Y samples are presented in Figure 7.  

Before acid treatment, all yttrium at the surface is oxidized, as indicated by the two oxide doublets 

present in the Y 3d core level in Figure 7a, that are seen at higher eV compared to metallic yttrium. 

Pure yttrium oxide is the doublet at 158.3 eV and a substochiometric oxide is the doublet at 157.5 

eV. As photon energy is increased there is more contribution from metallic yttrium as the relative 

amount of substochiometric oxide is reduced. Notably there is still a large contribution from 

yttrium oxide even at 990 eV corresponding to a depth of approximately 2.4 nm. 

The acid treatment in 0.1 M HClO4 removes most of the yttrium from the surface, shown in Figure 

7b, as higher photon energies show only metallic yttrium remains due to the yttrium oxide being 

leached out. This confirms the formation of the platinum overlayer. Our previous work studying 

flat sputtered Pt3Y in the synchrotron showed more yttrium underneath the surface compared to 

the porous GDL substrates in this study [28]. This is due to the GDL structure, where Pt3Y will 

also be sputtered around the edges of the carbon particles [11]. Acid treatment removes more 

yttrium on a GDL substrate compared to a flat substrate, as described above alongside lab-XPS 

[28]. Subsequent fuel cell exposure appears to remove a little more yttrium, nevertheless, the 

surface is mostly unchanged by the electrochemical testing and no additional surface impurities 

were observed. 
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Comparing the content of the surface for each photon energy reveals features of the catalyst layer 

on the GDL. Figure 8 summarizes the results of the fitting of the spectra showing the relative 

amount of Pt 4f and Y 3d corrected using the spectrometer transmission and elemental cross-

section. There is an enrichment of surface REM and REM-oxides in the as-deposited sample, in 

agreement with the conventional XPS results presented in Figure 5b. At 990 eV the stoichiometry 

of the alloy is as expected. There is little difference between the amount of Pt:Y in the acid treated 

and fuel cell tested sample. On first glance it seems that there is slightly less yttrium in the fuel 

cell tested sample, observed by no REM being detected at 650 eV. However, due to the large noise 

and error in fitting it can be concluded that both samples have a very similar surface. Fuel cell tests 

conducted in the manner presented in this paper do not alter the catalyst surface significantly.  

 

The presented results show that the specific activity for sputtered thin-film PtREM catalysts is 

superior to that of a thin film of pure Pt. The electrochemical and physical characterization both 

show that an overlayer has been formed, and that it remains after electrochemical testing. Further, 

after testing additional leaching of REM is minor. This leaching is most likely occurring in areas 

of the MPL where the deposited film is thinner and results in areas of pure Pt, which may be one 

of the explanations to the lower activities observed in the fuel cell compared to RDE. This is 

supported by the depth profiles in Figure 8, where no increase in overlayer thickness was observed. 

Further, the electrochemical measurements do not cause a significant change in the Pt3Y, which 

has a nearly constant composition before and after the electrochemical testing. This suggests this 

alloy is stable in the operating range of a fuel cell. This is further supported by the SEM images, 

Figure S5 in supporting information, where no significant changes in morphology is observed after 

electrochemical testing. The effect of acid treatment and electrochemical evaluation in the fuel cell 

on the Pt3Y surface properties was evaluated in detail by transmission electron microscopy (TEM) 

in our previous paper [18]. We expect that the other alloys have a similar behavior as Pt3Y in that 

case. A more in-depth evaluation of the surface changes of Pt3Y films during long-term fuel cell 

measurements including TEM and SRXPS is currently being carried out. Pt5Gd shows similar 

trends as Pt3Y with a similar amount of metallic REM before and after electrochemical testing. 

The lower measured activity of Pt5Tb is most likely due to leaching of the REM, which causes a 

thicker, and subsequently less strained, Pt overlayer. Further studies are required to fully determine 

the stability of these materials. The large variation between samples as well as the similar values 



16 

 

between the investigated PtREM alloys suggests that the uneven substrate and the presence of 

undefined areas with no REM content are significantly affecting the catalyst activity. If these 

regions could be removed, even higher activities should be obtainable. Nevertheless, all evaluated 

alloy samples have higher activity compared to pure platinum, indicating that PtREM alloy 

catalysts can achieve high activity in an active fuel cell. 
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4 Conclusion  

In this work the activity of sputtered thin films of Pt3Y, Pt5Gd and Pt5Tb in a PEMFC were 

evaluated. It was found that the specific activity of Pt3Y and Pt5Gd were approximately 2.5 times 

that of pure platinum. The slightly lower activity enhancement of Pt5Tb, approximately 2 times 

that of pure platinum, was due to lower amounts of metallic REM found after the electrochemical 

tests, most likely due to the formation of a thicker platinum layer. This suggests that Pt5Tb is less 

stable than Pt5Gd and Pt3Y in PEMFC environment. Cyclic voltammetry and CO-stripping curves 

showed small potential shifts to higher binding energies for the oxide peaks. This is attributed to 

changes in the bulk composition of the alloys, caused by the introduction of the alloying element. 

XPS and EDX measurements showed that acid treatment removes surface REM-oxides. However, 

after electrochemical tests all alloys had different amounts of REM as well as different ratios 

between metallic and oxidized REM, suggesting that there might be different optimal activation 

strategies for the different alloys. If these strategies can be found, even higher activities could be 

achieved. Pt3Y showed no significant change in the surface composition, suggesting that this alloy 

is the most stable under the experimental conditions. The high activity, combined with the low 

changes in surface composition, achieved in an operating fuel cell shows that PtREM catalysts are 

promising as ORR catalysts in PEMFC.  
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Figure 1: Cyclic voltammetry for three repetitions of a) Pt3Y b) Pt5Gd c) Pt5Tb. The values in the legend are the specific activity 

increase at 0.9 V for each sample compared to thin-film platinum. Measured with 5% H2 in Ar and N2, a cell temperature of 30 °C 

and 100% RH, and a sweep rate of 200 mVs-1.  
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Figure 2: CO-stripping curves for three repetitions of a) Pt3Y, b) Pt5Gd, and c) Pt5Tb. The values in the legend are the specific 

activity increase for each sample compared to thin-film platinum. Measured with 5% H2 in Ar and N2, a cell temperature of 30 °C 

and 100% RH, and a sweep rate of 200 mVs-1. 
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Sample I0.9V µAcm-2
Pt I0.75V mAcm-2

Pt Improvement factor 

compared to thin film Pt 

Pt 280 ± 30 12.6 ± 1.5 - 

Pt3Y 692 ± 200 21.3 ± 4.3 2.48 ± 0.78 

Pt5Gd 699 ± 140 18.4 ± 4.6 2.50 ± 0.56 

Pt5Tb 539 ± 100 19.8 ± 2.6 1.93 ± 0.41 

Table 1: Mean specific current density, at 0.9 V and 0.75 V, and standard deviation between repeated experiments for different 

samples. The improvement factor is compared to sputtered platinum and calculated from the specific activity at 0.9 V. 

 

 

Figure 3: Specific activity of the different tested alloy catalysts, a) Mean value for all measurements. Error bars show the standard 

error for each alloy. b-d) Specific activity for three repetitions of b) Pt3Y c) Pt5Gd d) Pt5Tb. Measured with 14.8 mlnmin-1 H2 and 

7.4 mlnmin-1 O2, a cell temperature of 80 °C, 100% RH, and a sweep rate of 1 mVs-1. The electrochemical surface area was 

calculated from CO-stripping. The error bars represent the standard deviation of the three forward sweeps. 
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Figure 4: Activity increase as a function of mean oxide reduction peak position (a) and the electrochemical active surface area (b). 

Measured with 5% H2 in Ar and N2, a cell temperature of 30 °C and 100% RH, and a sweep rate of 200 mVs-1. The different shades 

of the same color correspond to the same colors in Figure 1, Figure 2, and Figure 3. Trend line is for visual aid only.  

 

Figure 5: (a) The bulk content of Pt:REM for each sample measured by EDX. Gray colored columns indicate Pt and blue the 

REM of each alloy. (b) The surface content of Pt:REM for each sample measured by XPS. Gray corresponds to Pt, orange 

metallic REM and purple REM-oxide. Numeric percentages of each alloy are found in Table S2 in Supporting Information. 

Dashed white lines indicate the composition of the sputter target for the different alloys. 
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Figure 6: XPS spectra of a) Y 3d (Pt3Y) b) Gd 4d (Pt5Gd) and c) Tb 4d (Pt5Tb) for as sputtered, acid cleaned and post 

electrochemical measurements. All 3d orbitals shown correspond to 3d5/2 orbitals. The red line corresponds to the fitted spectrum, 

pink the metallic REM and blue and purple the REM oxide. 

 

Figure 7: The catalyst surface seen through the Y 3d core level; a) as sputtered Pt3Y, b) acid treated and c) post-fuel cell test. 

Yttrium oxide (orange), substochiometric oxide (light purple) and metallic yttrium (dark purple) are present in the as-deposited 

sample. Only metallic yttrium (dark purple) is present in the acid treated and fuel cell tested samples. 
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Figure 8: The percentage content of Pt 4f (gray) and Y 3d (purple) for a) as-deposited, b) acid treated and c) post-fuel cell test at 

each photon energy.  

 



Supporting information 

 

Specific activity and electrochemical surface area 

The specific activity towards the oxygen reduction reaction and electrochemical active surface 

area (ECSA) for each sample is shown in Table 1.  

Sample ECSA I0.9V µAcm-2
Pt I0.75V mAcm-2

Pt 

Pt 5.33 ± 0.07 287 ± 17 14.3 ± 0.2 

Pt 5.06 ± 0.14 245 ± 7 11.4 ± 0.2 

Pt 4.38 ± 0.12 304 ± 4 11.9 ± 0.2 

Pt3Y 4.44 ± 0.09 515 ±33 17.6 ± 0.2 

Pt3Y 3.87 ± 0.09 647 ± 80 20.1 ± 0.3 

Pt3Y 3.04 ± 0.08 914 ± 18 26.0 ± 0.3 

Pt5Gd 3.67 ± 0.07 800 ± 46 22.6 ± 0.2 

Pt5Gd 4.66 ± 0.14 755 ± 124 19.1 ± 0.2 

Pt5Gd 4.80 ± 0.10 542 ± 60 13.5 ± 0.2 

Pt5Tb 4.13 ± 0.21 649 ± 40 22.8 ± 0.3 

Pt5Tb 3.85 ± 0.17 462 ± 29 18.9 ± 0.3 

Pt5Tb 2.66 ± 0.04 505 ± 47 17.8 ± 0.3 

Table S1: ECSA and specific activity towards the oxygen reduction reaction for all tested samples. 

  



Fitting of XPS data 

X-ray photoelectron spectroscopy (XPS) peak fitting was used to quantify the amount of oxide 

and metallic rare earth metal (REM) (Figure S1) and thus facilitate comparison among samples 

before and after electrochemical measurement. Nonetheless, it is necessary to mention that there 

is a lack of a well-stablished validated model for the fitting of the XPS REM peaks and this might 

lead to an erroneous quantification of both metallic and oxide REM. While the peak positions of 

both metallic (156 eV) and oxide (158 eV) yttrium 3d doublets is well known [1–4], Gd and Tb 

peak energies still remain unexplored. It has been demonstrated before that Gd 4d peak is 

composed of a complex broad multiplet structure resulting from both core spin-orbit and spin-spin 

interactions with a broadening resulting from the 4d-4f-4f decay process [5–7]. Due to the high 

spectra complexity such a complex multiplet, other methods for peak fitting utilized in the 

literature have been used instead [8–11]. Thus, the binding energies for both Gd and Gd2O3 have 

been set at 140.6 eV and 142.8 eV respectively, and the results obtained agree with previous 

articles reporting similar studies [12,13]. Similarly to Gd 4d, Tb 4d peak exhibits a complex 

multiplet structure arising from the spin-orbit coupling between its 4d core-hole and the open 4f-

shell [14,15] and they present a two different oxidized states (Tb3+ and Tb4+) that result from its 

mixed oxide (Tb4O7)[16]. Again, previous articles deconvoluted Tb 4d have been used to carry 

out fitting [17–19]. 

 

 

Table S2: Percentage of Pt, metallic REM and REM oxide of each sample for every allow. 

Sample 

As sputtered Acid Treated FC Tested 

% Pt 
%REM 

(metal)  

%REM 

(oxide) 
% Pt 

%REM 

(metal)  

%REM 

(oxide) 
% Pt 

%REM 

(metal)  

%REM 

(oxide) 

Pt3Y 61.30 7.74 30.96 90.3 6.9 2.8 95.91 4.09 0.0 

Pt5Gd 76.10 5.58 18.32 90.9 4.1 5.0 98.2 1.5 0.3 

Pt5Tb 83.50 5.10 11.40 91.05 3.33 5.62 96.7 1.0 2.4 

 



 

 

Figure S1 XPS spectra deconvolution of (a-c) Y 3d (Pt3Y) (d-f) Gd 4d (Pt5Gd) and (g-i) Tb 4d (Pt5Tb) for as sputtered (a, d, g), 

acid cleaned (b, e, h) and post electrochemical measurements (c, f, i). 

  



Most of the platinum at the surface of Pt3Y is metallic in all samples, shown in the Pt 4f spectra in 

Figure  S2. Additionally,  all samples show an additional doublet that is attributed to adsorbed CO. 

The very small shoulder at after acid treatment and post-fuel cell testing indicates that some 

platinum oxide is present only at the very surface. After acid treatment and post-fuel cell tests the 

signal from the Pt 4f is approximately the double of that as-sputtered which is due to the formation 

of the platinum overlayer (not seen as all the spectra have been normalized for image clarity).  

 

Figure S2: The Pt 4f core level of the surface of as-deposited (a), acid treated (b) and post-fuel cell (c) Pt3Y sputtered on GDE. 

Metallic platinum (dark blue) and adsorbed CO (light blue) are present in the surface of all samples. The acid treated and fuel cell 

tested GDL shows platinum oxide (orange) at the lower photon energies. 



 

 

Figure S3. The O 1s spectra from synchrotron XPS measurements on Pt3Y films sputtered onto 

GDL, (a) as deposited, (b) after acid treatment and (c) post fuel cell tests. The peaks are 

normalized to the maximum intensity. 

 

The corresponding O 1s spectra from synchrotron XPS measurements on the Pt3Y samples 

presented in the manuscript are shown in figure S3. These are the same samples as presented in 

figure S2 also. Figure S3(a) shows the as-deposited material, the O 1s peak seems to be organic 

oxygen from adsorbates (large peak above 530 eV) and yttrium oxide which falls around 530 eV 

[3,19–22]. After acid treatment in (b) and post-fuel cell testing (c), there is less signal from the 

oxygen in total, little to no contribution from yttrium oxide as it has been leached. There is an 

appearance of a peak shoulder towards higher binding energies which could be organic molecules 

on the surface, which corroborates the adsorbed CO present in the Pt 4f spectra in figure S2. Only 

the 650 eV and 990 eV photon energies produced O 1s signal as these binding energies cannot be 

measured using synchrotron radiation with lower energies. 



The scanning electron microscope (SEM) image of the microporous layer of the gas diffusion layer 

(GDL) (Carbel CL) is shown in Figure S4. As can be seen the morphology of the electrode is due 

to the microporous layer (MPL) structure. The SEM images for all samples are shown in Figure 

S5. As can be seen no significant changes have occurred for any samples. 

 

Figure S4: SEM images of a) Carbel Cl and b) Pt3Y as sputtered.  



 

Figure S5: SEM images of Pt (a,b,c) Pt3Y (d,e,f), Pt5Gd(g,h,i), and Pt5Tb(j,k,l) samples as sputtered (a,d,g,j), after acid treatment 

(b,e,h,k) and after fuel cell testing (c,f,i,l). 

  



 

 

 

Figure S6: Mass activity of the different tested alloy catalysts, a) Mean value for all measurements. Error bars show the standard 

error for each alloy. b-d) Specific activity for three repetitions of b) Pt3Y c) Pt5Gd d) Pt5Tb. Measured with 14.8 mlnmin-1 H2 and 

7.4 mlnmin-1 O2, a cell temperature of 80 °C, 100% RH, and a sweep rate of 1 mVs-1. The mass of platinum was calculated from 

the initial deposited mass. The error bars represent the standard deviation of the three forward sweeps. 

 



 

Figure S7: Polarization curves of the different tested alloy catalysts, a) Mean value for all measurements. Error bars show the 

standard error for each alloy. b-d) Specific activity for three repetitions of b) Pt3Y c) Pt5Gd d) Pt5Tb. Measured with 14.8 mlnmin-1 

H2 and 7.4 mlnmin-1 O2, a cell temperature of 80 °C, 100% RH, and a sweep rate of 1 mVs-1. The error bars represent the standard 

deviation of the three forward sweeps. 

 

 

Figure S8: CV (a) and CO-stripping curves (b) for three repetitions of Pt. The values in the legend are the specific activity increase 

for each sample compared to the average of thin film platinum. Measured with 5% H2 in Ar and N2, a cell temperature of 30 °C 

and 100% RH, and a sweep rate of 200 mVs-1. 



 

Figure S9: Cyclic voltammetry in the oxide region for three repetitions of a) Pt b) Pt3Y c) Pt5Gd d) Pt5Tb. The values in the legend 

are the specific activity increase at 0.9 V for each sample compared to thin-film platinum. Measured with 5% H2 in Ar and N2, a 

cell temperature of 30 °C and 100% RH, and a sweep rate of 200 mVs-1.  

  



Double MEA configuration 

The difference between a common single MEA and a double MEA configuration used in this work 

is shown in Figure S10. As can be seen the catalyst coated membrane has an additional membrane 

placed at on the cathode catalyst layer (CCL) making that layer a platinum interlayer (IL).  The 

thin film gas diffusion electrode (GDE) is then placed on the additional membrane. The IL reduces 

the effects of hydrogen crossover by chemically allowing hydrogen and oxygen to react.  

 

Figure S10: Schematic of a standard single MEA configuration and a double MEA configuration utilized in this work. 

 

X-Ray diffraction 

XRD spectra were collected on a Bruker D8 Discover equipped with a Cu source and an Eiger2 R 

500K detector. Measurements were carried out in a Bragg Brentano configuration, with 0.04° step 

size and 3s exposure per step. An anti-scatter knife was used to eliminate background at low angles, 

and a motorized primary slit was used to regulate the beam size in order to achieve fixed sample 

illumination area during the entire scan. 2.5° soller slits were used on the source as well as the 

detector side. A 0.02 mm Ni filter on the source side was used to eliminate K-beta radiation. 

The GDL supported Pt, Pt3Y, Pt5Gd and Pt5Tb thin films were structurally characterized by XRD. 

Figure S11 shows the resulting XRD spectra for all as sputtered samples. As can be seen, the 

carbon GDL used as a substrate gives rise to a large diffraction peak at 25° found in all samples, 

as well as a large background signal. Although pure Pt is a very strong X-Ray scatterer, the 

characteristic peaks for pure Pt are rather weak,  due to that the amount of material in a 60 nm film 

is quite low, and probably also that the crystallite size of sputtered Pt is very small [Brown et al. 

ACS Appl. Mater. Interfaces 2020, 12, 4454−4462]. However, the clearly visible diffraction peaks 

of pure Pt are characteristic of an FCC crystal structure, and confirms the presence of crystalline 

domains in this sample. Conversely, the PtREM samples show almost no or very small peaks 

associated with Pt or an alloy crystalline structure. Thus, both the alloy formation and the presence 

of a lattice strain cannot be confirmed from these measurements. However. the fact that the 

characteristic Pt-peaks are not visible in Pt3Y and Pt5Gd indicate that, at least, there are no pure Pt 

domains and that the REM-component is distributed throughout the metal film, likely as an alloy. 



Pt5Tb shows a small peak at around 40° corresponding to a (111) plane, which could indicate the 

presence of pure Pt domains, but in that case much smaller than for the pure Pt sample.  

Whether the absence of clear diffraction peaks in PtREM alloy samples is due to a small grain size 

or to the absence of an ordered crystal structure cannot be elucidated with this type of samples. 

Previous studies on sputtered Pt5Gd thin film alloys with a similar amount of alloy but sputtered 

on a flat substrate have shown the presence of ordered crystal structures.  

 

Figure S11: XRD spectra for 60 nm sputtered films of Pt, Pt3Y, Pt5Gd, and Pt5Tb on GDL.  

 

 

 

 

 

 

 

 

 

 



References 

[1] C. Roy, B.P. Knudsen, C.M. Pedersen, A. Velázquez-Palenzuela, L.H. Christensen, C.D. 

Damsgaard, I.E.L. Stephens, I. Chorkendorff, Scalable synthesis of carbon-supported 

platinum-lanthanide and -rare-earth alloys for oxygen reduction, ACS Catal. 8 (2018) 

2071–2080. https://doi.org/10.1021/acscatal.7b03972. 

[2] P. Malacrida, H.G. Sanchez Casalongue, F. Masini, S. Kaya, P. Hernández-Fernández, D. 

Deiana, H. Ogasawara, I.E.L. Stephens, A. Nilsson, I. Chorkendorff, Direct observation of 

the dealloying process of a platinum-yttrium nanoparticle fuel cell cathode and its 

oxygenated species during the oxygen reduction reaction, Phys. Chem. Chem. Phys. 17 

(2015) 28121–28128. https://doi.org/10.1039/c5cp00283d. 

[3] R. Reichl, K.H. Gaukler, An investigation of air-grown yttrium oxide and experimental 

determination of the sputtering yield and the inelastic mean free path, Appl. Surf. Sci. 26 

(1986) 196–210. https://doi.org/10.1016/0169-4332(86)90005-X. 

[4] P. Hernandez-Fernandez, F. Masini, D.N. McCarthy, C.E. Strebel, D. Friebel, D. Deiana, 

P. Malacrida, A. Nierhoff, A. Bodin, A.M. Wise, J.H. Nielsen, T.W. Hansen, A. Nilsson, 

I.E.L. Stephens, I. Chorkendorff, Mass-selected nanoparticles of PtxY as model catalysts 

for oxygen electroreduction, Nat. Chem. 6 (2014) 732–738. 

https://doi.org/10.1038/nchem.2001. 

[5] E. Talik, A. Guzik, M. Oboz, J. Kusz, P. Zajdel, M. Zubko, Influence of nickel on the 

electronic structure and magnetic properties in Gd7Pd3-xNix, Philos. Mag. 96 (2016) 

1073–1092. https://doi.org/10.1080/14786435.2016.1154620. 

[6] G. van der Laan, E. Arenholz, E. Navas, A. Bauer, G. Kaindl, Magnetic circular dichroism 

and orbital momentum coupling in photoemission from Gd(0001), Phys. Rev. B - 

Condens. Matter Mater. Phys. 53 (1996) R5998–R6001. 

https://doi.org/10.1103/PhysRevB.53.R5998. 

[7] S.P. Kowalczyk, N. Edelstein, F.R. McFeely, L. Ley, D.A. Shirley, X-ray photoemission 

spectra of the 4d levels in rare-earth metals, Chem. Phys. Lett. 29 (1974) 491–495. 

https://doi.org/10.1016/0009-2614(74)85076-1. 

[8] J. Vinoth Kumar, R. Karthik, S.M. Chen, K. Natarajan, C. Karuppiah, C.C. Yang, V. 

Muthuraj, 3D flower-like gadolinium molybdate catalyst for efficient detection and 

degradation of organophosphate pesticide (Fenitrothion), ACS Appl. Mater. Interfaces. 10 

(2018) 15652–15664. https://doi.org/10.1021/acsami.8b00625. 

[9] D.N. Durgasri, T. Vinodkumar, P. Sudarsanam, B.M. Reddy, Nanosized CeO2-Gd2O3 

mixed oxides: Study of structural characterization and catalytic CO oxidation activity, 

Catal. Letters. 144 (2014) 971–979. https://doi.org/10.1007/s10562-014-1223-7. 

[10] Y. Luo, A. Habrioux, L. Calvillo, G. Granozzi, N. Alonso-Vante, Yttrium 

oxide/gadolinium oxide-modified platinum nanoparticles as cathodes for the oxygen 

reduction reaction, ChemPhysChem. 15 (2014) 2136–2144. 

https://doi.org/10.1002/cphc.201400042. 



[11] P. Terzieff, K. Lee, Electron spectroscopy studies on amorphous GdFe and GdCo alloys, 

J. Appl. Phys. 50 (1979) 3565–3569. https://doi.org/10.1063/1.326302. 

[12] A. Velázquez-Palenzuela, F. Masini, A.F. Pedersen, M. Escudero-Escribano, D. Deiana, 

P. Malacrida, T.W. Hansen, D. Friebel, A. Nilsson, I.E.L. Stephens, I. Chorkendorff, The 

enhanced activity of mass-selected PtxGd nanoparticles for oxygen electroreduction, J. 

Catal. 328 (2015) 297–307. https://doi.org/10.1016/j.jcat.2014.12.012. 

[13] M. Escudero-Escribano, A. Verdaguer-Casadevall, P. Malacrida, U. Grønbjerg, B.P. 

Knudsen, A.K. Jepsen, J. Rossmeisl, I.E.L. Stephens, I. Chorkendorff, Pt5Gd as a highly 

active and stable catalyst for oxygen electroreduction., J. Am. Chem. Soc. 134 (2012) 

16476–9. https://doi.org/10.1021/ja306348d. 

[14] H.O. and A. Kotani, Lifetime effect on the multiplet structure of 4d x-ray-photoemission 

spectra in heavy rare-earth elements., 50 (1994) 332–341. 

[15] L.M.W. and D.J.F. B. D. Padalia, W. C. Lang, P. R. Norris, X-Ray photoelectron core-

level studies of the heavy rare-earth metals and their oxides, Proc. R. Soc. Lond. A. 425 

(1989) 73–90. 

[16] D.D. Sarma, C.N.R. Rao, XPES studies of oxides of second- and third-row transition 

metals including rare earths, J. Electron Spectros. Relat. Phenomena. 20 (1980) 25–45. 

https://doi.org/10.1016/0368-2048(80)85003-1. 

[17] H. Taz, T. Sakthivel, N.K. Yamoah, C. Carr, D. Kumar, S. Seal, R. Kalyanaraman, 

Transparent ferromagnetic and semiconducting behavior in Fe-Dy-Tb based amorphous 

oxide films, Sci. Rep. 6 (2016) 1–8. https://doi.org/10.1038/srep27869. 

[18] H. Yin, Y. Gao, H. Guo, C. Wang, C. Yang, Effect of B2O3 content and microstructure on 

Verdet constant of Tb2O3-doped GBSG magneto-optical glass, J. Phys. Chem. C. 122 

(2018) 16894–16900. https://doi.org/10.1021/acs.jpcc.8b04989. 

[19] Y. Uwamino, T. Ishizuka, H. Yamatera, X-ray photoelectron spectroscopy of rare-earth 

compounds, J. Electron Spectros. Relat. Phenomena. 34 (1984) 67–78. 

[20] J. Moulder, W. Stickle, P. Sobol, K. Bomben, Handbook of X-ray photoelectron 

spectroscopy, Perkin-Elmer Corp., Physical Electronics Division, Eden Prairie, 

Minnesota, USA, 1992. https://doi.org/10.1002/sia.740030412. 

[21] O. Durand, Characterization of multilayered materials for optoelectronic components by 

high-resolution X-ray diffractometry and reflectometry: Contribution of numerical 

treatments, Thin Solid Films. 450 (2004) 51–59. https://doi.org/10.1016/j.tsf.2003.10.052. 

[22] T. Gougousi, Z. Chen, Deposition of yttrium oxide thin films in supercritical carbon 

dioxide, Thin Solid Films. 516 (2008) 6197–6204. 

https://doi.org/10.1016/j.tsf.2007.11.104. 

 



γ

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



1 
 

-Radiation Induced Engineering of Interfaces in Bimetallic Ag-Ni 

Nanocomposites for Oxygen Reduction in Alkaline Media 

Yi Yang1*, Gerard Montserrat-Sisó2, Björn Wickman2, Pavel Anatolyevich Nikolaychuk3, Inna L. 

Soroka1* 

 
1Applied Physical Chemistry, Department of Chemistry, School of Engineering Sciences in 

Chemistry, Biotechnology and Health, KTH Royal Institute of Technology, S-100 44 Stockholm, 

Sweden 
2Chemical Physics, Department of Physics, Chalmers University of Technology, 412 96 Gothenburg, 

Sweden 
3Microhydrodynamic Technologies Laboratory, Tyumen State University, 625003 Tyumen, Russian 

Federation 
*Corresponding Authors 

 

Abstract 

Anion exchange membrane fuel cells (AEMFCs) are currently receiving increasing attention since 

the alkaline conditions allow the usage of cheaper catalysts, such as Ag. However, monometallic 

Ag is generally not sufficiently active for the oxygen reduction reaction (ORR). Herein, using a 

facile γ-radiation induced synthesis approach, bimetallic Ag-Ni nanocatalysts of two types: core 

shells, Ag@Ni and heterostructures, Ag/Ni are fabricated. Due to the introduced interfaces both 

bimetals materials demonstrate a similar but enhanced alkaline ORR activity as compared to the 

monometallic nanocatalysts. Detailed structural, compositional and electrochemical analyses on 

the as-prepared nanocatalysts are presented. The Ag@Ni catalyst consists of an amorphous Ni 

oxide layer about 2 nm thick as a shell and a crystalline facetted Ag particle as a core, the average 

size of Ag core is about 160 nm. The enhanced ORR activity of core-shell nanoparticles is 

attributed mainly to a ligand effect that originates from the changing atomic surroundings at the 

Ag-Ni interface. Meanwhile, Ag/Ni heterostructures comprise polycrystalline Ni-based clusters, 

with diameters ranging from 10 to 205 nm, adjacent to the surface of metallic Ag particles 

(average size of 45 nm). As confirmed by structural analysis, the composition of the clusters 

corresponds to metallic Ni covered with Ni (oxy-hydro) oxides, Ni(OH)2/Ni2O3/NiOOH. The large 

lattice mismatch between Ni (oxy-hydro) oxides and Ag, of about 11%, may imply a significant 

lattice strain of the Ag surface layers, which in turn, is responsible for the enhanced catalytic 

activity of Ag/Ni heterostructures. Moreover, Ag/Ni exhibits good stability under the operation 

conditions, that is attributed to the existence of stable crystalline Ni3+ compounds (Ni2O3/NiOOH) 

in the heterostructures. Our study brings up fundamental and practical insights into the 

electronic effects in alkaline ORR electrocatalysis and highlights an unconventional approach to 

the controllable synthesis of active and durable nanocatalysts. 

 

1. Introduction  

Anion exchange membrane fuel cell (AEMFCs) are considered as the next generation fuel cell and 

show great potential to be an alternative for acidic proton exchange membrane fuel cells 

(PEMFCs).1 The alkaline conditions in AEMFCs allow the usage of less expensive, non-platinum 
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based catalysts for the oxygen reduction reaction (ORR). Possible candidates include many 

abundant transition metals, which dramatically reduces the cost per kilowatt of power in fuel cell 

devices.2 One such candidate is Ag, that has a market price approximately 50 times lower than Pt 

and 90 times lower than Pd and Au.3 Moreover, it has been reported that Ag can display a high 

electrocatalytic activity for the ORR, especially for HO2
− disproportionation.4–6 In addition, Ag has 

good electrochemical stability in alkaline solutions according to the Pourbaix diagram.7 For ORR 

in alkaline medium, it is believed that two dominant factors will govern ORR catalytic activity: (i) 

adsorption strength of the oxygen species on the catalyst surface and (ii) O−O bond breakage 

tendency.8,9 However, with fully occupied d-band, pure Ag is difficult to provide unpaired 

electrons from the d-band for bond formation with oxygen, thus leading to low oxygen 

coverage.10 Meanwhile, Ag shows slow kinetics of the O−O bond split.9 These facts result in much 

lower ORR activity of Ag than that of e.g. Pt.  

 

To decrease d-band charge density in Ag and realize an improved ORR activity, a lot of efforts 

have been done, among which, introducing another metal to form bimetallic composites6,7 , using 

carbon5 or metal oxides11 as support, to achieve improved ORR activity. Mixing Ag with other 

metal could result in a lower d-band center. Ni is one of the most widely used elements in metal 

based catalysts.12 Moreover, it is known for its low d-band occupancy and high alloying ability 

with some noble metals as well as with many transition metals. As shown in the literature, 

alloying effect may contribute to the enhanced catalytic activity of the constituents.7,13 Although 

Ag and Ni is a thermally immiscible system, which makes them quite difficult to form the alloy, 

several studies on Ag-Ni alloy nanomaterials synthesis by using different approaches were 

reported14–17. As shown in the literature, during synthesis and operation the metastable AgNi 

alloys may undergo structural reorganization followed by atomic segregation.18,19 Thus, Ag atoms 

tend to segregate at the surface of Co, Cu and Ni, in favor of forming the thermodynamically 

stable phase-segregated structures.20–23 Unlike the metastable alloy of metallic Ag and Ni, a 

mixture of Ag and Ni oxides or mixed oxides, such as AgNiO2 and Ag2NiO2, are stable and 

common compounds in Ag-Ni-O system.24–26 

 

Nanocatalysts with phase segregated structures such as near-surface alloys27, core-shell28,29, 

janus-30,31 and hetero-structures32, demonstrate improved kinetics mainly due to the electronic 

effects induced from the segregated phases. Electronic effect can be categorized into two major 

types9,33: (i) ligand effect originates from the atomic vicinity of two different metal atoms, leading 

to charge transfer between them and results in modification of the electronic structure at the 

interface between two compounds. Thereby surface chemical properties can be altered, for 

instance, O-O breaking is facilitated.27,33 (ii) strain effect, compressive or tensile, caused by the 

lattice mismatch between constituents in the composition. During compressive strain, the 

d-orbital overlapping index increases, resulting in a broadening of the d-band and lowering of its 

average energy, thereafter, the adsorption energies of oxygenated adsorbates are expected to 

decrease.34 Generally, ligand effects together with strain effects can synergistically alter the ORR 

activity of catalysts and the two effects usually co-exist and work as cumulative electronic 

effects.35 Achieving a deconvolution of these two effects with theoretical calculation is feasible 

but generally difficult with experimental methods. 
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In addition to achieve the activity enhancement, stability of the catalyst under operation 

condition is of equal importance. Recently, Bark et al.36 used density functional theory 

calculations to predict the stability and activity of a series of noble-metal supported transition 

metal (oxy-hydro) oxide nanocatalysts. It was suggested the NiOOH|Ag composite is one of the 

most promising candidates for alkaline ORR catalysts with an enhanced activity and stability. 

Given these facts, phase-segregated Ag-Ni nanocomposites with well-defined interfaces could be 

promising candidates for alkaline ORR catalysts with an enhanced activity as well as good stability. 

However, it is still challenging to synthesize Ag-Ni nanocomposites with desired structural 

properties under mild conditions.  

 

In this study, we fabricate bimetallic Ag-Ni nanocomposites (core shell- and hetero-structures) as 

well as monometallic Ag and Ni nanoparticles, using a facile γ-radiation induced synthesis 

method37 in aqueous solutions and at ambient conditions. Essential structural, chemical and 

electrochemical characterizations of the synthesized materials are performed to emphasize the 

effect of compositional and structural modulation on electrocatalytic activity and stability.  

 

2. Materials and methods  

2.1 Chemicals 

Ag nitrate, AgNO3 (≥99.0%), Nickel (II) acetate tetrahydrate, Ni(CH3COO)2·4H2O (98%), Poly vinyl 

alcohol, [-CH2CHOH-]n (PVA, Mw 70000, 87-90% hydrolyzed), propan-2-ol, (CH3)2CHOH (IPA, 

99.9%), KOH (pellets, 99.99%), Pb(NO3)2 (99.999%), Nafion-117 (5% in a mixture of lower 

aliphatic alcohols and water) was purchased from Sigma Aldrich. The water used in all the 

experiment was Milli-Q water (Millipore, 18.2 MΩ cm at 25 °C). 

 

2.2 Synthesis procedure 

For ionizing radiation induced synthesis, Cs-137 gamma source, MDS Nordion 1000 Elite, was 

used. The total irradiation dose was varying by the time of the samples exposure to irradiation. 

The dose rate estimated with ferrous sulfate dosimetry is 0.15 Gy s-1. The nanoparticles were 

synthesized using metal salt solutions with 5 mM of corresponding precursor concentration. IPA 

was added as OH radicals’ scavenger and PVA was used as a surfactant. Prior to irradiation all 

mixtures are deaerated with N2 (99.999 % purity) for 30 min and sealed with septum in glass vials. 

The irradiation time is 40 hours for all samples. It corresponds to the total dose of 21.6 kGy. The 

initial pH of the solution was about 5.5, after irradiation pH decreases to about 3. The obtained 

Ni precipitates were separated from solutions by using magnet in the glove-box under Ar 

atmosphere with oxygen content < 0.1 ppm, Ag-contained precipitates were separated by 

centrifugation at 8000 rpm for 15 min, then washed with IPA/Milli-Q water for three times, and 

dispersed in IPA. 

Ag and Ni nanoparticles were synthesized from the aqueous solution of AgNO3 and 

Ni(CH3COO)2·4H2O, respectively. Core-shell Ag@Ni nanoparticles were synthesized by one-step 

seeding growth, which includes irradiation of mixture containing Ag and Ni salts with 5 mM 

concentration of each precursor. Ag/Ni heterostructures were obtained by successive reduction 

where Ni nanoparticles in a form of suspension were obtained by γ radiation induced reduction 

from the corresponding precursor solution first. Thereafter AgNO3 stock solution (0.1 M) was 

injected dropwise into the sealed vial with the Ni suspension, the concentration of precursor Ni2+ 
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and Ag+ in solution was controlled at the same level 5 mM. The vial then was slightly shaken and 

left for 20 hours in glove-box. 

 

2.3 Structural and compositional characterization 

Powder X-ray diffraction (XRD) patterns were recorded on a PANanalytical X’Pert PRO 

diffractometer with CuKα radiation (λ = 1.5418 Å). Transmission electron microscopy (TEM) and 

high-resolution transmission electron microscopy (HRTEM) images were obtained with FEI Tecnai 

G2 F20 operating at 200 kV. The ratio of Ag/Ni of the bimetallic samples as well as the actual 

amount of Ag on glass carbon (GC) electrode were determined by inductively coupled plasma 

optical emission spectroscopy (ICP-OES) measurements with a iCAP 6000 series instrument 

(Thermo Fisher Scientific). X-ray photoelectron spectroscopy (XPS) was performed with a 

PerkinElmer PHI 5000C ESCA system. Al Kα radiation (hν = 1486.7 eV) as excitation source was 

used, the chamber pressure was kept below 6 × 10-10 Torr. The binding energy of the spectra was 

calibrated using the C 1s core level at 284.8 eV from adventitious carbon. The details of curve 

fitting are described in Supporting Information (SI).  

 

2.4 Calculation of potential – pH diagram of Ni-Ag system   

The chemical and electrochemical equilibria of the Ni–Ag–NO3
––AcO––H2O system is calculated 

basing on the thermodynamic activities of nickel, Ag, nitrate and acetate ions in aqueous 

solutions at T=298.15 K, atmospheric pressure and at solution pH ranging from 1 to 6. The partial 

pressure of methane was considered to be equal to 2×10–6 bar that corresponds to the average 

concentration of methane in the air.38 The standard Gibbs energy of formation of nickel hydride 

Ni2H was taken from the literature39. The calculation details are given in SI. 

   

2.4 Electrochemical Measurement 

Rotating disc electrode (RDE) measurement was used to evaluate the ORR performance and 

carried out on mirror polished glassy carbon electrodes (GC) with the surface area of 0.196 cm2. 

The catalyst ink was prepared by mixing 10 μL Nafion-117 with specific volume of the 

as-prepared nanoparticle dispersions. The metal concentration of the nanoparticle dispersions 

was measured by ICP-OES before ink preparation. Then a specific volume of the ink (10-20 μL) 

was taken with a pipette and casted on GC mirror surface. The electrodes were then dried 

naturally at ambient environment. To obtain a relatively accurate electrochemically active surface 

area (ECSA) value, the actual amount of catalyst on modified GC was quantified by ICP-OES using 

solutions obtained via ultrasonic stripping and dissolution in acid of the catalyst layer after the 

electrochemical test. ECSA of Ag-contained samples was determined by Pb under potential 

deposition (Pbupd) stripping method7,40,41. Specifically, the electrolyte solution 0.1 M KOH was 

purged with high purity N2 for 30 minutes followed by adding 125 µM Pb(NO3)2, hold the 

potential at 0.20 V for Pb underpotential deposition for 300 s and sweep to 0.7 V at 10 mV s−1. 

The area under the Pbupd stripping peak of the stable voltammogram was integrated to calculate 

the electrochemical surface area using the theoretical Pbupd surface charge on Ag of 280 µC 

cm−2.7 The calculated surface area (cm2) and surface area are then normalized to mass of Ag (m2 

g-1). ECSA measurement of Ni can refer to our previous work42, hydrogen underpotential 

deposition (Hupd) method43 was used to measure the ECSA of commercial Pt/C. All 

electrochemical measurements were performed in a three-electrode system using a potentiostat 
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(BioLogic SP-300) with a graphite rod as a counter electrode and Ag/AgCl in saturated KCl solution 

as a reference electrode. All the potential reported here were corrected with 85% 

iR-compensation and calibrated to reversible hydrogen electrode (RHE) according to E(RHE) = 

E(Ag/AgCl) + 0.964 V in 0.1 M KOH.  

 

3. Results and discussions 

3.1 -radiation induced synthesis of nanoparticles 

General concept: Synthesis of materials by -radiation induced methods involves the redox 

reactions of metal precursor salts with the products of water radiolysis. Upon absorbing ionizing 

radiation, water molecules undergo decomposition to form free radicals and active molecular 

species. The main radicals products formed as a result of water radiolysis are hydroxyl radicals, 

OH•, and solvated electrons, eaq
−. In neutral water those radicals are formed in equal amounts, of 

0.28 mol J-1 and readily react with each other.44,45 OH radicals are strong oxidants while solvated 

electrons are strong reductants (Table S1). Thus, in order to tune redox conditions of the solution 

to either reductive or oxidative, the undesired radical needs to be scavenged. To produce metallic 

nanomaterials reductive conditions are created by adding, for example, propan-2-ol as an OH 

radical’s scavenger. The reaction between propan-2-ol and OH• results in formation of reductive 

2-hydroxyl-2-propyl radicals, which standard potential vs SHE is -1.8 V.46 

HO• + (CH3)2CHOH → H2O + (CH3)2COH•        (1) 

These radicals together with solvated electrons are main agents which are responsible for metal 

atoms formation from monovalent metal ions.47   

Me+ + eaq
− / (CH3)2COH• → Me0          (2) 

For divalent ions the reduction may occurs by the following sequence: 

Me2+ → Me+ → Me0               (3) 

Considering the oxidation state of Ag and Ni in the precursor solutions, the reduction of Ag+ ions 

and Ag atoms formation occurs via Reaction (2), while the reduction of Ni2+ to Ni0 may follow the 

route shown in Reaction (3). The details on -radiation induced synthesis of metallic Ni are given 

elsewhere (Ref.42). Since the binding energy between metal atoms is stronger than that between 

atom and solvent, the metal atoms tend to form dimers and subsequently clusters. Metal ions in 

solution can also adsorb to the clusters and be reduced on the cluster surface.48 The size of the 

metal clusters can be controlled by adding polymers and surfactants.49 The final size of the 

clusters or nanoparticles is dependent on the initial polymer/ion ratio and thus, polymer 

concentration in solutions.  

  

3.2 Structural and compositional investigation 

To approach the aim of the current study, the following samples were produced and analysed: 

monometallic nanoparticles (Ag, Ni) and bimetallic composites: core-shells, Ag@Ni, and 

heterostructures, Ag/Ni. The morphology and structure of the obtained nanomaterials are 

investigated using TEM and XRD, respectively, and the surface atomic composition is obtained by 

XPS.  

3.2.1 Electron microscopy studies. 

Ag nanoparticles: 

X-ray diffraction studies performed on the material synthesized from aqueous Ag nitrate solution 

reveal that the obtained precipitate consists of fcc Ag (see Figure 1d). The lattice constant 
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calculated from XRD pattern is a = 4.096  0.008 Å, which is slightly larger than that for the bulk 

Ag (a = 4.086 Å)50. The Ag precipitate consists of spherical particles which diameters follow a 

bimodal size distribution where the smaller particles, with average size of 7.4 ± 1.6 nm coexist 

stably with the larger ones with average diameters 18.0 ± 2.5 nm. The particles size distribution 

fitted to a lognormal function is shown in Figure 1b. Such a bimodal ensemble may occur in 

solutions containing surfactants (in our case it is PVA) and is attributed to the difference in 

interaction energies of polymers with particles which have different diameters.51 The obtained Ag 

nanoparticles show five-fold twinned morphology. These structures are often noticeable in fcc 

noble metals.15,52,53 The shape of such crystals can be described as five single crystal fcc subunits 

sharing their {111} planes54 and leads to a tensile lattice strain and surface defects. Both defects 

types may contribute for the enhanced ORR activity of the catalyst.55–57   

 

Figure 1 a) TEM image of Ag nanoparticles. b) Sizes distribution histogram calculated from TEM 

images, fitted to lognormal function. c) HRTEM image of Ag nanoparticle, dash lines reveal the 

stacking faults and five-fold twined structure. d) XRD patterns of Ag and Ni, Miller indices of 

corresponding planes in fcc Ag and fcc Ni are labeled.  

 

Ni nanoparticles: 

Ni nanomaterial was synthesized from Ni acetate aqueous solution in a form of a black 

precipitate. In Figure 1c, X-ray diffractogram recorded from the obtained Ni precipitate is 

presented. As seen in the figure, the XRD pattern contains peaks that belong only to fcc Ni, no 

other XRD peaks are present, indicating the absence of any other crystalline phases in the 

precipitate. Thus, one can assume that the synthesized material contains mainly metallic fcc Ni. 

The detailed description structure, composition, morphology, magnetic and electrochemical 
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properties of the metallic Ni nanoparticles obtained by the -radiation induced synthesis is 

provided in our previous study. As shown in Ref.42, Ni precipitate consists of metallic Ni 

nanoparticles with diameters of about 3 nm agglomerated to larger clusters. The clusters sizes 

are between 15 and 40 nm. The surfaces of Ni agglomerates are covered with NiO/Ni(OH)2 

poor-crystalline/amorphous layers.  

 

Core-shell nanoparticles, Ag@Ni: 

 
Figure 2 a) TEM image of the synthesized core-shell Ag@Ni nanoparticles. b) HRTEM image 

recorded from the marked region in a), the interface between Ag core and Ni-based shell is 

schematically denoted with dashed white line. Miller indices of corresponding fcc Ag planes are 

denoted. Insert image is FFT patterns taken from the circle-marked region in (b). C) Selected 

area diffraction (SAED) pattern of the nanoparticles. Miller indices are denoted for fcc Ag. (d) 

HAADF-STEM image and EDS elemental mappings (e-g), elemental Ag and Ni are labeled with 

red and green colors, respectively.  

 

Core-shell Ag@Ni nanostructures were obtained in a form of black precipitate by irradiating a 

mixture containing Ag and Ni salts in equal amount. The morphology of the precipitate was 

studied using TEM and the results are presented in Figure 2. The core-shell structure is confirmed 

by EDS mapping shown in see Figure 2(d-g), where the Ag-containing core and Ni-containing shell 

are clearly visible. The Ag@Ni nanoparticles consist of large (162 nm on average) faceted 

particles (core) surrounded by thin layer/shell (of about 2 nm thick), as demonstrated in Figure 

2(a-b). The composition of the core corresponds to metallic Ag, that has fcc structure as 

determined from SAED pattern (Figure 2c). The presence of fcc Ag is confirmed by XRD studies 

(Figure 4a). The interatomic distances determined from high resolution image and FFT pattern, 

shown in Figure 2b, correspond to (111) and (200) planes in metallic Ag. The lattice parameter of 

Ag core calculated using the XRD pattern is 4,105  0.007 Å, (all lattice parameters of Ag obtained 

from XRD and SAED are presented in Table S2). The shell represents an adjacent Ni containing 

amorphous layer/shell of about 2 nm at the surface of the Ag core. As demonstrated in Figure 2b, 



8 
 

the interfaces between the crystalline Ag core and amorphous Ni-based shell are continuous and 

do not contain any pores or voids.  

 

Ag-Ni heterostructures, Ag/Ni: 

 

Figure 3. Ag-Ni heterostructures: a) TEM image; b) HRTEM image, the insert is FFT patterns 

taken from the circle-marked region in (b). The crystallographic planes and corresponding 

Miller indices are denoted, the interface between and Ni compound is schematically denoted 

with dashed red line; c) SAED pattern. The reflection indices corresponding to fcc Ag are labeled 

d) HAADF-STEM image and EDS mappings (e-g), elemental Ag and Ni are denoted with red and 

green color, respectively.  

 

Ag/Ni heterostructures constitute of single crystal Ag nanoparticles (the average size of 45 nm) 

with adjacent Ni-containing polycrystalline clusters, as seen in Figure 3. These clusters, which 

diameters are ranging from 10 to 20 nm, consist of primary particles (with the size of 3 nm).  

SAED pattern shown in Figure 3c corresponds solely to the diffraction pattern from metallic fcc Ag. 

No clear signal from Ni compounds is registered by the electron diffraction technique. However, 

the interatomic distances of Ni-containing crystals, determined from HRTEM image (Figure 3b), 

are 0.231 nm and may correspond to either (101) planes in Ni(OH)2, or (102) planes in Ni2O3 / 

NiOOH, while d = 0.197 nm corresponds to Ni (111).58,59 Thus, the epitaxial relationship between 

Ag and Ni (oxy-hydro) oxide can be the following: Ag [100] // Ni(OH)2 [101] or/and Ag [100] // 

Ni2O3(NiOOH) [102]. The calculated lattice mismatch is about 11 %, where Ni (oxy-hydro) oxide 

undergoes a compressive strain at the surface of Ag. Except for the conventional lattice plane, a 

Moiré pattern is observed (the area is labeled with a rectangular in Figure 3b). Moiré pattern is 

an optical phenomenon that indicates the coexistence of two sub-lattices which are either 
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disoriented with respect to each other or have slightly different lattice constants.60 Thus, the 

appearance of Moiré pattern can be ascribed to interferences from two randomly oriented Ag 

crystals and/or from the heterostructure formed at the interfaces between the Ag nanoparticles 

and the Ni-based nanoclusters.  

 

3.2.2. X-ray diffraction study 

The X-ray diffraction patterns of Ag@Ni core-shell, Ag/Ni heterostructure and reference Ag 

samples are presented in Figure 4. The high intensity diffraction peaks corresponding to fcc Ag50 

are visible for all samples. Meanwhile several low intensity peaks at 2 range from 20 to 37 have 

been detected only on the diffractograms recorded from the bimetallic samples but not from the 

reference ones. Although, the main crystalline phase formed during the synthesis is metallic Ag, 

the low intensity XRD peaks recorded for both Ag@Ni and Ag/Ni samples indicate the presence 

of other, Ag- and/or Ni-based compounds. Thus, XRD peaks at 2  34° and 36.2°, shown in 

Figure 4b, can be ascribed to Ag oxides Ag2O6
61, Ag2O (Ag2F type)62 and/or to a mixed oxide 

Ag2NiO2
63. While in Ag/Ni sample the low intensity peaks at 2 = 27.6° and 31.9° can be 

attributed to rhombohedral Ni2O3
64. Possible compounds detected with XRD are listed in Table S3. 

Note, the diffraction peaks neither from metallic Ni nor from NiO are observed. This may happen 

due to the fact that the main XRD peaks positions for fcc Ni65 and fcc NiO66 are overlapping with 

those for Ag. Thus, diffraction peak from Ni (111) appears at 2 = 44.5 and almost overlapping 

with that from Ag (200) (2 = 44.3). As confirmed by TEM, Ni-based compounds in our samples 

have much poorer crystallinity as compared to Ag: Ni-based compounds are present in the 

samples either as thin amorphous layers (Ag@Ni) or as clusters which consist of primary particles 

with 2-3 nm in diameters. Therefore, X-ray diffraction is less sensitive to the Ni-based compounds 

in our samples. 

In addition, as seen in the insert to Figure 4a, the positions Ag(111) peaks recorded from Ag@Ni 

and Ag/Ni are shifted by 0.09 towards lower 2 with regard to that recorded from the metallic 

Ag sample (used as a reference). This indicates the presence of small crystal lattice distortions in 

Ag-Ni samples. Those distortions correspond to Ag crystal lattice expansion of 0.65% in Ag@Ni 

and Ag/Ni as compared to the reference Ag sample. Thus, the X-ray diffraction study reveals that 

both Ag-Ni nanocomposites consist of crystalline Ag and phases with low crystallinity which 

contain Ag- and Ni-based oxides.  

 

Figure 4 (a) X-ray diffraction patters of Ag@Ni, core-shell and Ag/Ni heterostructure. Miller 
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indices of corresponding Ag peaks are denoted. The details of Ag (111) peaks are presented in 

the insert. Black dashed curve corresponds to XRD pattern recorded for Ag nanoparticles. (b) 

The magnified (2 = 20-50) part of XRD patterns containing low intensity peaks, recorded from 

Ag@Ni, Ag/Ni and Ag nanoparticles. Possible compounds with low density peaks are labeled in 

Figure 4b. 

 

3.2.3. XPS analysis 

To further verify the composition and structure of the studied samples, XPS analysis was 

performed and the resulting spectra are shown in Figure 5. The binding energies (BE) of O1s, Ag 

3d and Ni 2p core levels and atomic ratio of Ag and Ni in the samples measured with XPS are 

given in the Table S4. The structural and compositional studies of free standing Ni nanoparticles, 

produced by -radiation induced synthesis, were given in our previous work. Therefore, we 

suggest using Ref.42 Y. Yang et al. for further details on XPS analysis of Ni nanoparticles presented 

in the current study.    

 

Figure 5 XPS spectra of Ag@Ni and Ag/Ni sample for Ni 2p (a), Ag, Ag@Ni, and Ag/Ni NPs for 

Ag 3d (b) and O 1s (c). The black solid lines are the original spectra and red dot lines are the fits 

to the data. The dash lines in (b) at 368.1 eV and 367.7 eV correspond to the BEs of bulk Ag0 

and Ag+, respectively. 

 

Ag nanoparticles: As reported in the literature, the binding energy (BE) that corresponds to Ag 

3d5/2 spectral line is 368.1 eV for bulk Ag67. For bulk Ag2O this energy is shifted towards lower 

values, 367.7 eV67. In nanomaterials, such as thin films, nanoparticles, atomic clusters and others, 

Ag 3d5/2 BE level for both Ag0 and Ag+ have tendency to shift towards the higher values due to 

changes in the electronic structure, by 0.4-0.8 eV68–72. Deconvolution of the Ag 3d spectral lines 

performed in the current study reveals binding energies of 368.8 and 368.2 eV for the Ag 3d5/2, 

which may correspond to Ag0 and Ag+, respectively. However, both values are higher as compared 

to those for the bulk metallic Ag and Ag2O. Since the BE shift is rather large, an unambiguous 

interpretation of the spectra is difficult, therefore, the results from the structural studies should 

be considered here. The shift in BE may be partially attributed to the size effect73 since the 
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studied Ag sample consists of nanoparticles which have bi-modal size distribution with average 

diameters of 7.4 nm and 18.0 nm. So far as the sizes of the nanoparticles presented in our study 

are still rather large to significantly affect the energy of core level electrons74, other factors are to 

be considered. Thus, as shown by structural analysis, Ag nanoparticles possess five-fold twinned 

morphology which may lead to an induced tensile strain that may, in turn, contribute to the BE 

shift towards higher values. Thus, Ag nanoparticles consist of metallic Ag with Ag2O formed at the 

surface. Another possibility is the formation of non-stoichiometric surface and sub-surface Ag-O 

compounds. The latter statement is supported by the fact that oxygen signal at 532.1 eV may 

correspond to the BE for the adsorbed/absorbed oxygen on the Ag surface67,75. Note that the 

existence of AgO can be neither confirmed nor disproved since AgO may be reduced by the X-ray 

beam. The existence of Ag0 in all studied samples is further confirmed by the presence of 

plasmon-loss structures at 371.5 and 377.4 eV which are exclusive to metallic Ag75,76. 

 

Ag@Ni core-shell structures: Analysis of the XPS spectra reveals Ag 3d5/2 BE peaks located at 

368.6 eV and 368.2 eV. Note, that the lower value is close to the BE of Ag-Ag bonds in bulk67. 

Since the diameter of the Ag@Ni core-shell structures is much larger than that of Ag 

nanoparticles, the size effect on the electronic structure can be neglected. Hence, BE 368.2 eV is 

attributed to metallic Ag. The higher energy peak may belong to Ag in bimetallic compounds. As 

reported in the literature, binding energies for Ag 3d in Ag-Ni(OH)2 composites may shift between 

0.2 eV to 0.55 eV towards higher energies77,78 with respect to those in a pure Ag. Ni 2p3/2 

photoelectron lines exhibit a shoulder towards high BEs which is characteristics of NiO79. The 

asymmetry of the peak arises from the partial overlapping of the multiplet splitting of NiO, and 

its 2p3/2 peaks found at 854.7 eV and 856.5 eV together with its 2p1/2 peaks at 872.4 eV and 874.2 

eV are in good agreement with literature80.  

 

Ag/Ni heterostructures: The deconvoluted spectrum of Ni 2p for Ag/Ni sample presents several 

photoelectron peaks, both primary and secondary. There are three primary peaks resulting from 

the ejection of a core level electron located at 852.4 eV, 854.3 eV, and 856.5 eV. The first peak are 

attributed to 2p3/2 spectral line from metallic Ni81 ,while second and third peaks may belong to  

Ni (oxy-hydro) oxides (Ni2O3 and/or NiOOH)82,83. Likewise, primary peaks at 869.7 eV, 871.8 eV, 

and 874 eV are attributed to 2p1/2 peaks of the same compounds. Higher energy singlet broad 

peaks at 859.4 eV, 863.1 eV, 877.6 eV and 881.8 eV are reported to correspond to a plasmon-loss 

peak from metallic Ni and shake-up satellite peaks emerging from Ni-O-H compounds83. 

Integration of the primary peaks reveals that 90% of the Ni found within the probing depth, of 

about 6 nm, corresponds to Ni2+/Ni3+ and the remaining 10% to metallic Ni. It is known that Ni is 

easily oxidized by water, consequently, Ni2+/Ni3+ oxide/hydroxide layers cover the surface of 

metallic Ni particles.42 Note, that the other Ni compounds such as Ni2O3
84 or mixed oxides 

Ag-Ni-O24,63, which Ni 2p BEs are within the same range as those for Ni-O and Ni-O-H, may also be 

present in both Ag@Ni and Ag/Ni nanomaterials. Peaks at BEs of 367.9 and 368.2 eV are 

attributed to Ag 3d5/2 of Ag2O and metallic Ag, respectively.67 Plasmon-loss satellites at 371.5 and 

377.4 eV confirmed the existence of metallic Ag as described above. The presence of the Ag2O 

may be ascribed to the adjacent Ni (oxy-hydro) oxides (Ni(OH)2/Ni2O3/NiOOH) with strong 

electronic affinity which would promote the electron-depleted Ag to be oxidized.11  
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3.3 Bimetallic nanoparticles formation 

To understand the bimetallic Ag-Ni compounds formation in aqueous solutions, the chemical and 

electrochemical equilibria of the Ni–Ag–NO3
––AcO––H2O system is calculated and shown in Figure 

6. The chosen pH range at the diagram covers the experimental pH values, between 5.5 and 3, 

measured before and after irradiation, respectively. As seen in the diagram, no hydrolysis of 

metal cations occurs at the chosen pH range. No bimetallic Ag-Ni compounds or mixed oxides are 

formed as a result of homogeneous reactions in solutions, indicating the interactions between Ag 

and Ni species occurs heterogeneously via the surface reactions. The redox potential values for 

Ag and Ni calculated using actual experimental conditions correspond to 0.67 and -0.29 V, 

respectively. This indicates affinity of the ions for the electrons and the species’ tendency to be 

reduced is much higher in Ag as compared to that in Ni. The calculation details and parameters 

are presented in SI.  

 

Figure 6 The potential – pH diagram calculated for Ni–Ag–NO3
––AcO––H2O system containing 5 

mM of Ni2+ and Ag+ ions at T=298,15 K and at atmospheric pressure of 1 bar.  

Ag@Ni nanoparticles formation: Core-shell nanoparticles were synthesized by co-reduction 

method where the aqueous solution containing both Ag and Ni salts are subjected to -radiation. 

Since the reduction potential of Ag is much more positive than that of Ni (Table S1), there will be 

a thermodynamic driving force to selective reduction of Ag ions first, reduction of Ni will take 

place only when the system is depleted of Ag+ ions.85 Hence, the reduction of Ni2+ in solution and 

homogeneous nucleation of Ni cluster occurs in a less extent. The nucleation of Ag particles 

occurs according to the following reactions48: 

Ag0 + Ag0 → Ag2      (4) 

Ag0 + Ag+ → Ag2
+      (5) 

Dimers formed in Reaction (4) later coalescent into the larger clusters. The unreacted remaining 

Ag ions adsorb on the cluster surface (Reaction 5) and are reduced provided that the reducing 

agents are continuously supplied into the solution. Moreover, the reduced Ag particles act as 

seeds over which the Ni-rich phase nucleates and grows. The resulting particles will have a core 
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with noble metal (Ag) and a shell layer with less noble metal (Ni). This is in agreement with the 

mechanism of bimetallic nanoparticles formation in solutions exposed to -irradiation proposed 

by Belloni et al.48,86, that implies at low dose rate the electron transfer from less noble metal to 

more noble one and core-shell structures form. The strong oxidative ability of Ag+ lead to 

oxidation of metallic Ni in the shell and Ni oxide formation, the latter is confirmed by XPS studies. 

The reaction between Ni and Ag can be described as Reaction (6) 

2Ag+ + Ni0 → (Ag2Ni)2+ → 2Ag0 + Ni2+  (6) 

The formation of Ni oxide can occur due to reaction of Ni species with molecular oxygen, the 

latter is formed as a result of decomposition of H2O2 (one of the products of water radiolysis) on 

the solid surface.   

 

Ag/Ni heterstructures formation: Heterostructures were obtained by a successive reduction 

where Ni nanoparticles were obtained first by γ-radiation induced reduction from the 

corresponding precursor solution. The details about γ-radiation induce synthesis of Ni 

nanoparticles performed under the similar conditions as in current study, are given in our 

previous work42. Thereafter Ag acetate solution was added and no further irradiation has been 

performed. Thus, Ni-containing clusters can act as seeds for heterogeneous nucleation and 

further growth of Ag nanoparticles. The charge transfer between Ag and Ni, Reaction (6) that 

results in oxidation of Ni surface layers, leads to formation of Ni (oxy-hydro) oxides clusters.  

  

3.4 Electrochemical studies 

To verify the effect of structural and compositional modifications on the catalytic activity of the 

Ag-Ni composites, detailed electrochemical studies were performed.  

 

3.4.1 Cyclic voltammetry (CV)  

CV measurements were conducted in N2 saturated 0.1 M KOH solution at a scan rate of 50 mV s-1. 

The results are presented in Figure 7a. As can be seen in the CV curve for the nickel nanoparticles, 

there are distinct peaks at around 1.35 V and 1.5 V which can be ascribed to redox potentials of a 

Ni(II)/Ni(III) couple in alkaline media87,88. The CV curve measured for the Ag sample exhibits a pair 

of peaks at around 1 V and 1.35 V corresponding a Ag/Ag(I) redox couple.89 The cyclic 

voltammetry curves for both bimetallic samples have distinct double oxidation peaks indicating 

sequential oxidation Ni and Ag. The electrochemical surface areas of Ag, Ag@Ni and Ag/Ni 

samples determined from Pbupd-stripping voltammogram are shown in Figure 7b, where a pair of 

typical Pb-stripping peaks appear between 0.2 – 0.5 V. The ESCA for Ag/Ni and Ag@Ni is found to 

be 41.90 m2 g-1 and 30.38 m2 g-1, respectively. The ECSA of monometallic Ag is a bit larger (43.6 

m2 g-1), which could be ascribed to decreased particle sizes (bimodal particle size distribution 

with 7.4 nm and 18.0 nm) in the monometallic Ag sample (Table S5 shows the ECSA of Ni and 

detailed calculation parameters). Besides that, the five-fold twinned structure of Ag 

nanoparticles may also contribute to their electrochemical activity due to the increased amount 

of active sites because of the additional edges appearing between twins and induced lattice 

strain90. 
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Figure 7. a) Cyclic voltammetry (CV) curves of the Ag, Ag@Ni, Ag-Ni and Ni recorded in 0.1 M 

N2 saturated KOH solution at a scan rate of 50 mV s-1, Inset is the magnifying curves showing 

onset oxidation potential of Ag, Ag@Ni, and Ag/Ni. b) Stripping voltammogram of Pbupd on Ag, 

Ag@Ni, Ag-Ni in N2 saturated 0.1 M KOH + 125 µM Pb(NO3)2 solution at scan rate of 10 mV s-1, 

the current was normalized with ECSA. 

 

3.4.2 Oxygen Reduction Reaction 

The electrocatalytic performance for ORR of the obtained catalysts was investigated. The ORR 

polarization curves of different catalysts are shown in Figure 8a. The measurements are done at 

the scan rate of 10 mV s-1 and rotation speed of 1600 rpm. The ORR onset potential, Eonset, and 

half-wave potential, E1/2, derived from polarization curves are presented in Figure 8b. The data 

were summarized in Table 1. Eonset of both bimetallic Ag-Ni samples (around 0.82 V) is higher than 

that for the monometallic Ag and Ni, although it is lower than that of commercial Pt/C. This result 

can be confirmed with the onset oxidation potentials of Ag@Ni, and Ag/Ni (shown in the insert in 

Figure 7a). It is clear that the onset oxidation potentials of the bimetallic Ag-Ni are lower 

compared to these in a pure Ag, thus, indicating that the surface of bimetallic Ag-Ni nanoparticles 

is oxidized more readily than that of Ag. The increased Eonset for Ag@Ni and Ag/Ni could be 

attributed to the enhanced water-activation ability of Ni compounds (NiO and Ni (oxy-hydro) 

oxides in Ag@Ni and Ag/Ni samples, respectively).33,91 Similarly, the two bimetallic samples also 

show larger E1/2 values than that of monometallic materials. However, the difference is no as 

distinct as that in Eonset. 
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Figure 8 Electrocatalytic performance of Ag, Ag@Ni, Ag/Ni, Ni, Commercial Pt/C (20 wt. %, 

ETEK) used as a reference. a) ORR polarization curves obtained at the rotation speed of 1600 

rpm in O2-saturated 0.1 M KOH. b) Histograms of onset potentials (Eonset) and half-wave 

potentials (E1/2) for all studied samples, c) K−L plots at 0.5 V, d) Tafel plots for geometric surface 

area normalized kinetic oxygen reduction current with absolute slope values labeled. All the 

polarization curves were recorded at the scan rate of 10 mV s-1. e) Chronoamperometric 

responses (percentage of the current retained versus operation time) of Ag@Ni and Ag/Ni at 

0.65 V in O2-saturated 0.1 M KOH. 

The ORR kinetics were investigated by collecting polarization curves at various rotation speeds 

(Figure S1(a-d)). Based on those polarization curves, the electron transfer number (n) that 

reflects the first order ORR kinetics is then calculated using the Koutecky−Levich (K−L) equation43. 

K-L plots at 0.5 V for the studied samples, including commercial Pt/C (20 wt. %, ETEK) used as a 

reference, are shown in Figure 8c. The calculation details and K-L plots at different potential 
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(inserts in Figure S1 (a-d)) are shown in SI. The calculated electron transfer number is listed in 

Table 1. As seen in the table, all Ag-based samples including Ag, Ag@Ni and Ag/Ni possess an 

electron transfer number over 3.5, demonstrating a mainly four-electron oxygen reduction 

pathway, which is comparable to that of Pt. A commercial Pt/C was used as the reference catalyst 

in this work and it has been confirmed in our previous study92 that the obtained electrochemical 

parameters are within the normal region of Pt/C catalyst (Eonset=0.94 V, E1/2=0.82 V). The diffusion 

limiting current density, Jd values (shown in Table 1) for bimetallic Ag@Ni and Ag/Ni are higher (at 

about 5.0 mA cm-2) than those for the monometallic compounds and are quite close to that for 

Pt/C. The specific activity, SA, the current per unit catalyst surface area, is commonly used to 

reflect the intrinsic activity of the catalysts.93 SA for all prepared samples is calculated at 0.65 V. 

The bimetallic Ag-Ni display an enhanced SA which was around 3× times improvement relative to 

monometallic Ag and 175× times higher than that of Ni prepared with the same condition. SA for 

Pt/C is calculated at 376 µA cm-2
Pt at 0.85 V, a commonly used potential to evaluate SA.94 It should 

be noted that the catalytic performance of the as-prepared samples may be affected by PVA, 

used as a surfactant in the Ag nanoparticles production, which is difficult to remove completely 

from the catalysts surface (see Figure S2 in SI). Examples of similar effects of protecting 

surfactants on the ORR was reported by Lu et al.95, where they found that the ORR current 

density of Ag nanorods was remarkably enhanced when the surfactant had been removed from 

the material surface. Therefore, the intrinsic ORR activity of our samples is likely to be a bit higher 

after complete removing the surfactants. The surfactant removal is a complicated procedure96 

that could influences physical and chemical parameters of the materials and thus, it may be a 

matter of a separate study. Therefore, to minimize the systematic uncertainty in the experiment, 

in the current work we provide similar post-irradiation treatment for all the samples.   

 

Table 1 Electrochemical parameters of the studied nanocatalysts and Pt/C, used as a reference. 

The parameters are derived from Figure 8a.  

Catalyst 

Onset 

Potential 

Eonset (V) 

Half-wave 

Potential  

E1/2 (V) 

Diffusion Limiting 

Current Density id  

(mA cm-2
GEO) 

Specific Activity 

@0.65V 

(µA cm-2
ECSA) 

Electron 

Transfer 

Number n 

Ag 0.75 0.55 3.76 21.58 3.5 

Ag@Ni 0.83 0.59 4.86 60.84 3.9 

Ag/Ni 0.82 0.60 4.94 72.61 3.6 

Ni 0.62 0.52 0.65 0.39 2.2 

Pt/C 0.94 0.81 5.01 376 (@0.85V) 4.0 

Tafel plots, used for further analysis of the ORR kinetics of all catalysts, are presented in Figure 8d. 

Tafel slope of pure Ag was -81.81 mV dec−1, which was within the reported range of -80 to -120 

mV dec−1 for Ag-based catalysts.97 The absolute value of Tafel slope decreased in the following 

sequence: Ag > Ag/Ni ≈ Ag@Ni > Pt/C, indicating the faster oxygen reduction dynamics of 

bimetallic Ag-Ni catalysts as compared to the monometallic Ag. From the practical application 

point of view, in addition to the activity, the catalysts should possess a good stability under 

operation conditions. Chronoamperometry (CA) method was used to evaluate and compare the 

stability of the obtained two bimetallic Ag-Ni samples. As seen in Figure 8e, Ag/Ni showed 

superior stability with only 7.2% current decay after 25000 s at 0.65 V in O2-saturated 0.1 M KOH, 

mailto:Ag@Ni
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which is around 5 times lower that in Ag@Ni (37.5 % decay).  

 

4. Discussion on the mechanisms of the enhanced ORR performance on Ag-Ni 

nanocatalysts 

The electrochemical studies reveal that both bimetallic Ag-Ni and monometallic Ag catalysts, 

demonstrate close to four electron transfer pathway. Meanwhile, bimetallic Ag-Ni compounds 

showed enhanced specific activity compared to that of the separate Ag and Ni catalysts. Evidently, 

the modulation of the catalysts’ structures carried out in the current study is the main reason for 

the enhanced electrochemical performance. Although the electrochemical parameters measured 

for both bimetallic samples are quite close to each other, the cause behind the enhanced ORR 

activity may be different.  

 

As shown above, the Ag@Ni core shell structure consists of metallic Ag nanoparticles covered by 

amorphous NiO layers. The interactions at the Ag-Ni interfaces imply changes in the atomic 

surrounding which leads to either partial alloying or to new structures, like mixed oxide Ag-Ni-O, 

formation. The introduced modifications the electronic structure of the constituents may lead to 

a ligand effect, which would accelerate the charge transfer between Ag and NiO, thus changing 

the interface chemical properties. Since the Ni-based shell layers are amorphous, the introduced 

Ag lattice strain at the interfaces is negligible. However, the individual atoms around the interface 

may still experience a strain-like environment, and therefore, display a different activity than a 

crystalline film, as has been observed on Pt in acidic solution.98 Besides, an amorphous film will 

have very different interactions with species on the surface compared to a crystalline one, which 

can affect the rate of catalytic reactions. To sum up, in the Ag@Ni sample, both electronic effects 

are assumed to contribute to the improved ORR activity, while the strong ligand effect induced by 

the amorphous Ni-O layers may play the prominent role. 

 

Ag/Ni heterostructures, as revealed by the structural analysis, contain clusters of metallic Ni 

covered by Ni (oxy-hydro) oxides. These clusters are attached to the surface of Ag nanoparticles. 

Since Ag and Ni-based clusters are crystalline, and they may grow epitaxial with respect to each 

other. The large lattice mismatch, of about 11%, established between Ag and Ni2O3/NiOOH 

(oxy-hydro) oxides may result in a tensile lattice strain of silver surface layers which, in turn, leads 

to changes in electronic structure of Ag. Note that an interface induced ligand effect in the Ag/Ni 

sample would also contribute to the catalytic performance even though the interface sites are 

disrupted. Moreover, a high-valence Ni ( 2) with even less d-electrons forming in a Ag/Ni sample 

would imply changes in the electronic structure of a metal-adsorbate type and, thus, might also 

contribute to the enhanced ORR activity.99 The latter would need detailed investigation that is 

beyond the scope of the present study. Therefore, in Ag/Ni sample, the improved ORR activity 

could be also attributed to a cumulative effect of both ligand and strain effects. Because of the 

large lattice mismatch between Ag and Ni (oxy-hydro) oxides, strain effect may be considered as a 

dominant contribution to the activity enhancement. 

 

The superior ORR stability of the Ag/Ni heterostructure as compared to core-shell Ag@Ni, could 

be ascribed to the possible presence of a stable crystalline NiOOH compound in the former. The 
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result is consistent with the prediction from DFT calculation by Bark et al.36, where the authors 

claimed that the presence of a stable NiOOH compound results in the enhanced stability of the 

catalyst for ORR. Indeed, in the Ag@Ni sample, the metallic Ag nanoparticles are covered by 

amorphous Ni oxide, that is a metastable phase may undergo recrystallization under the 

operation conditions, which in turn can lead to the lower stability of the catalyst. 

 

It should be noted that monometallic Ag has been widely reported as an ORR catalyst with 

two-electron transfer pathway in alkaline solution because of the weak affinity to oxygen.98,100,101 

In this work, however, the electron transfer number was calculated at 3.5, indicating a close to 

four electron transfer pathway. The increased ORR kinetics in metallic Ag observed in the current 

study could be attributed to surface defects originated from the five-twinned structure and the 

induced tensile lattice strain.55 

 

5. Conclusions 

The effects of structure and composition on catalytic performance of Ag-Ni nanocomposites are 

investigated. For this purpose, bimetallic Ag-Ni nanocomposites and monometallic Ni and Ag 

nanoparticles were fabricated using γ radiation induced synthesis approach. The following types 

of structures are obtained: (i) metallic Ni nanoparticles with diameters of about 3 nm 

agglomerated to larger clusters, which surfaces are covered with Ni oxide/hydroxide 

poor-crystalline layers; (ii) The Ag nanoparticles which diameters follow a bimodal size 

distribution with average diameters of 7.4 ± 1.6 nm and 18.0 ± 2.5 nm. The obtained 

nanoparticles possess five-fold twinned morphology, typical for fcc Ag (iii) core-shell structure 

Ag@Ni with metallic Ag with average diameter of about 160 nm, as a core covered by an 

amorphous Ni oxide (Ni(II)) layer of about 2nm thick; (iv) Heterostructures Ag/Ni which consist of  

Ag nanoparticles (average diameter of 45 nm) and Ni-containing clusters with the sizes ranging 

from 10 to 20 nm attached to the Ag surface. The clusters consist of metallic Ni covered with Ni 

(oxy-hydro) oxide (Ni (II)/Ni (III)) layers. The lattice mismatch at the interfaces between Ag and 

Ni(oxy-hydro) oxide layers in Ag/Ni heterostructures is about 11%. Basing on the potential – pH 

diagram calculated for the real Ni–Ag–NO3
––AcO––H2O system, a possible formation mechanism 

of bimetallic Ag-Ni compounds induced by -radiation in solutions was discussed.  

 

The catalytic activities of those 4 types of catalysts were compared. Electrochemical studies 

showed that both monometallic Ag and bimetallic Ag-Ni nanocatalysts demonstrated a close to 

four electron transfer pathway. Comparing with conventional Ag with a two electron transfer 

pathway, Ag nanoparticles prepared in this work display faster ORR kinetics due to the defects 

and lattice strain originated from the five-twinned structure. The bimetallic Ag-Ni display an 

enhanced SA which is around 3× times improvement relative to monometallic Ag and 175× times 

higher than that of Ni prepared with the same condition. 

 

The enhanced ORR activity of core-shell Ag@Ni nanoparticles is attributed mainly to a ligand 

effect that originates from the changing atomic surroundings at Ag-Ni interfaces. Meanwhile a 

tensile strain induced at Ag surface in Ag/Ni heterostructures leads to the changes in the 

electronic structure of the constituents, thus, causing the enhanced activity of the catalyst. In 

addition, good stability of Ag/Ni under the operation conditions as compared to that of Ag@Ni 
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may be ascribed to the existence of a stable crystalline Ni3+ (oxy-hydro) oxide in the 

heterostructures. The findings presented in the current study demonstrate, among others, the 

advantages of using -radiation induced approaches for the engineering of bimetallic 

nanocatalysts with a well-defined interfacial structure, an enhanced catalytic activity and good 

operational stability.  
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Table S1 Reduction potential of chemicals involved in the material synthesis. 

Reduction Potential H2O/eaq
- HO•/H2O (CH3)2C·OH/(CH3)2CHOH Ag+/Ag0 Ni2+/Ni0 

E0 / V(vs SHE) –2.7 +1.8 –1.8 +0.799 –0.257 

 

 

 

Table S2 Structural parameters of Ag-Ni compounds obtained from XRD and TEM studies      

Catalyst Composition/morphology Lattice parameter, a in [Å], 

from SAED  

Lattice parameter, a in 

[Å] from XRD 

Ag, fcc  Ag, fcc 

Ag@Ni Ag – core;  Ni – based - shell 

(core-shell structure) 

4.1770.018 4.1050.007 

Ag/Ni  Ag large monocrystalline 

particles and Ni-based small 

particles forming clusters 

( heterostructures) 

4.1750.047 4,1050.007 

Ag  Metallic Ag particles having five 

twinned structure 

 4.0960.008 

 

   

 

Table S3. XRD peak positions indicated in 2 range from 20 to 45 and corresponding Ag- and 

Ni-based compounds.  

Ag/Ni Ag@Ni 

2 Theta Compound 2 Theta Compound 

27.6 Ni2O3 1 29.6 Ag(NiO2) (29.2)2 

31.9 Ni2O3 
1 31.2 N/A 

34.0 Ag6O2(33.7)3;Ag2O(33.7)4; 

Ag2NiO2 (33.5) 5  

34.0 Ag6O2(2=33.7)3;Ag2O(33.7)4;  

Ag2NiO2 (33.5) 5 

36.2 Ag6O2(36.3)3, Ag2O(36.4)4; 

Ag2NiO2 (36.2) 5 

36.3 Ag6O2(2=36.3) 3; Ag2O(36.4) 4; 

Ag(NiO2) (36.1) 2; Ag2NiO2 (36.2) 5 

37.9 Ag metal 6 37.9 Ag metal 6 

44.0 Ag metal 6 44.1 Ag metal 6 

 

 

Table S4 Binding energies (BE) of O, Ag and Ni core levels measured with XPS on Ag, Ag@Ni 

core-shell and Ag/Ni heterostructure nanocatalysts 
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 Ag BE, eV Ag@Ni BE, eV Ag/Ni BE,eV Possible Compounds 

O 1s  

 

532.1 

 

532.8 

529.8 

531.4 

 

 

532.5 

529.9 

531.5 

 

 

532.6 

Ni-O; Ni-OOH, Ag-O 7 

Ag-O, Ni-O, Ni-OH 

O adsorbed 8, Ag-O 9, Ag-OH 10 

 

Adsorbed H2O 9 

Ag 

3d5/2 

 

      

 

    

3d3/2 

 

368.2 (50%) 

368.8 (50%) 

371.5 

 

374.2 

374.8 

377.4 

 

 

 

 

 

 

 

 

Ag(I); AgOx  7 

Ag (0) metal  11 

Plasmon-loss satellite 12 

 

Ag  

3d5/2 

 

 

    

3d3/2 

 

 

 

368.2 (17 %) 

368.6 (19 %) 

371.5 

 

374.2 

374.6 

377.4 

 

 

 

 

Ag (0) 8,   

Ag in Ag-Ni compounds 13 14 

Plasmon-loss satellite 

Ag  

3d5/2 

 

   

 

3d3/2 

 

  367.9 (32 %) 

368.2 (30 %) 

371.5 

 

373.9 

374.2 

377.4 

Ag (I) (Ag2O) 8 

Ag (0) 8 

Plasmon-loss satellite 

Ni 2p3/2 

 

 

 

     

2p1/2 

 854.7; 856.5  

(64 %) 

 

859.6; 862.5 

 

872.4;  

874.2 

877.6; 881.0 

 

 

 

Ni (II) multiplet (NiO) 15 

 

 

Shake-up satellites 16 

Ni 2p3/2 

 

 

 

2p1/2 

  

  852.4 (4 %) 

854.3; 856.5 (34 %) 

859.4; 863.1 

 

869.7 

871.8; 874 

877.6; 881.8 

Ni0 (metal) 17 

Ni(II)/Ni(III) 18  

Shake-up satellites 16 
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Table S5 Ag, Ni molar ratio, metal amount on electrode (mGC) and the calculated ECSA based on 

the data from Pb-stripping and ICP-OES. ECSA of Ni was measured and calculated by the 

double-layer capacitance (Cdl) method, hydrogen underpotential deposition (Hupd) method was 

used to measure the ECSA of commercial Pt/C.  

 

Catalyst AgxNiy mGC  
ECSA 

cm2 m2 g-1 

Ag / 10 µg Ag 4.36 43.60 

Ag@Ni Ag4Ni1 18 µg Ag 5.47 30.38 

Ag/Ni Ag3Ni1 11 µg Ag 4.61 41.90 

Ni / 50 µg Ni 19.56 39.20 

Pt/C / 2 µg Pt 0.86 43.1 

 

 

 

 

 

Figure S1 ORR Polarization curves of Ag (a), Ag@Ni (b), Ag/Ni (c) and Ni (d) at different 

rotation speed with K−L plots insert at 0.3 V, 0.4 V and 0.5 V respectively. 

mailto:Ag@Ni
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Figure S2 Typical Ag@Ni nanoparticles covered with surfactant PVA (layer with light color) on 

the surface. 

 

 

1. Details for XPS fitting  

For the curve fitting of both Ni-2p and Ag-3d a standard Shirley background was used, together 

with a Gaussian-Lorentzian peak profiles. All peaks emerging from core level photoelectrons were 

fitted using a doublet with a ratio suitable for the orbital (2:1 for Ni-2p and 2:3 for Ag-3d). The 

binding energy values were allowed to shift by ±0.3 eV to account for error associated with 

referencing to adventitious carbon. The study of the oxidation state of the Ni 2p core level 

spectrum is known to be compromised by the presence of secondary peaks emerging from 

multiplet splitting, plasmon loss structures and satellite peaks overlapping with the primary 

structure of the spectrum. Overlapping of the high binding energy satellite and plasmon-loss Ni 

structures with the 2p1/2 photoelectron lines make the curve fitting by doublets very problematic. 

The deconvolution is focused on the fitting of the 2p3/2 lines to ensure secondary photoelectrons 

are not taken into account for the quantification. Similarly, Ag-3d peaks also show the presence 

of plasmon-loss structures at higher binding energies, but they do not interfere with Ag primary 

peaks. All these secondary peaks were fitted with singlets and were not taken into account for 

the quantification of the oxidation states. To further prove the existence of the oxidation states 

found by fitting Ni and Ag peaks, deconvolution of the O-1s peak could also be carried out. This 

option has been dismissed due to the presence of too many oxygenated compounds in Ni and Ag, 

as well as adsorbed oxygen.  

Study of Ag-3d spectra is much less problematic due to the sufficient energy difference between 

primary and secondary peaks. However, the close proximity of all its oxide peaks can make the 

peak assignment deceptive. 

 

2. Details for Koutecky−Levich plots and calculation of electron transfer number. 

The ORR measurement was performed in 0.1 M KOH by using rotating disk electrode (RDE) setup. 
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The ORR kinetics of the freestanding catalysts was investigated by collecting polarization curves 

at various rotation speeds. Based on those polarization curves, the electron transfer number (n) 

which reflects the first order ORR kinetics was then calculated using the Koutecky−Levich (K−L) 

equation19:  

 

where i is the current density measured experimentally, iK and id represent the kinetic and the 

limiting diffusion current density, respectively, F is the Faraday constant (96485 C·mol-1), κ is the 

electrochemical rate constant for O2 reduction (cm s-1) at a specific potential, C0 is the dissolved 

concentration of O2 (1.2 × 10-6 mol·cm-3), D0 is the diffusion coefficient of O2 (1.9 × 10-5 cm2 s-1), v 

is the kinetic viscosity of the electrolyte (0.01 cm2 s-1) and ω is rotating rate (rpm) of the 

electrode. 

 

 

3. Details for calculation of potential vs pH diagram of Ni-Ag system 

3.1 Phase equilibria in the Ag – Ni system at 25 oC 

According to phase diagram of the Ag–Ni system20, silver and nickel are only very slightly soluble 

in each other in the solid state. Both solid solutions of Ag in (Ni) and Ni in (Ag) have the same face 

centered cubic crystal structure. 

The maximum solid solubility at 298 K might be estimated by considering the equilibrium 

condition of equality of chemical potentials of both silver and nickel in both solutions: 

 

where  is the chemical potential of the component i in the phase (j), the subscript i denotes 

the component (Ag or Ni), and the superscript (j) denotes the solvent in the solid solution ((Ag) or 

(Ni)). 

Any chemical potential might be expressed as: 

 

where  is the chemical potential of the pure substance i in the phase (j).  is the mole 

fraction of the component i in the phase (j), and   is the excess chemical potential of the 

component i in the phase (j). 

Because both solid solutions have the same crystal structure, the chemical potentials of both 

pure silver and nickel in both phases are equal to each other: 
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Moreover, the excess Gibbs energies of both phases are also the same: 

 

According to 20, the excess Gibbs energy of the fcc solid solution in the Ag – Ni system might be 

expressed in form of Redlich-Kister power series21: 

 

From this expression the excess chemical potentials of the components might be expressed as 

follows: 

 

 

where, 

 

 

 

 

According to the data of 20: 

 

 

 

By substituting aforementioned equations into the equilibrium condition, the following system of 

equation might be derived: 

 

Solving this system at T = 298,15 K gives the following values:  
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The activities of the components of both solid solutions might be calculated as follows: 

 

 

According to calculations: 

 

Both solid solutions exhibit strong positive deviations from ideal behaviour.  

As calculations show, at the standard temperature the solid solubility of both components in each 

other is vanishingly small. Even despite nanosized particles usually are more soluble than bulk 

phases, this solubility might be definitely neglected. Therefore, both solid silver and nickel will be 

treated as pure compounds in further calculations. 

 

3.2 The oxides of silver and nickel 

 

Silver forms a variety of oxides, namely, Ag2O, Ag2O2 and Ag2O3. Nickel forms a continuous series 

of oxides with the formula NiOx, where 1 ≤ x ≤ 2. Silver and nickel could form a variety of mixed 

oxides22, including AgNiO2, Ag2NiO2 and Ag3Ni2O4. However, there is a lack of thermodynamic 

information concerning these compounds, and, therefore, the ternary silver–nickel oxides will be 

excluded from further thermodynamic calculations. 

 

3.3 Thermodynamic data on silver and nickel oxides and aqueous species 

 

Compound 

The standard Gibbs energy of formation, J/mol 

Ref.23 Ref.24 Ref.25 Ref.26 

Value used in 

further 

calculations 

Ni2+
 (aq) –45 800 –46 400 – –45 600 –45 800 

NiO (s) –211 700 – –212 300 –211 700 –211 700 

NiOH+ (aq) –228 500 –227 300 –226 500 –227 600 –227 300 

Ni(OH)2 (aq) – – –399 400 –360 200 –399 400 

Ni(OH)2 (s) –457 100 –446 900 –457 600 –447 200 –457 600 
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 (aq) –590 500 – – – 
–590 500 

Ni2OH3+ (aq) –268 200 – –268 300 – –268 300 

 (aq) –974 600 – –972 600 – 
–972 600 

 (aq) – –350 000 – – 
–350 000 

NiOOH (aq) – –316 900 – – –316 900 

Ni(OAc)+ (aq) – – – –422 900 –422 900 

Ni(OAc)2 (aq) – – – –801 900 –801 900 

Ag+ (aq) – 77 100 77 100 77 100 77 100 

Ag2+ (aq) – 268 600 – 269 000 268 600 

AgO– (aq) – –22 600 – – –22 600 

Ag2O (s) – –11 300 –11 400 –11 200 –11 300 

Ag2O2 (s) – 27 600 – 27 600 27 600 

Ag2O3 (s) – – – 121 400 121 400 

AgNO3 (aq) – –33 500 – –32 500 –33 500 

AgOAc (s) – – – –307 700 –307 700 

AgOAc (aq) – –296 200 – –296 400 –296 200 

 (aq) – – – –665 200 
–665 200 

AgOH (aq) – – –93 000 –92 000 –93 000 

 (aq) – – –258 300 –260 200 
–258 300 

 (aq) –110 800 –110 900 – –108 700 
–110 800 

HNO2 (aq) – –55 700 – –50 600 –55 700 

 (aq) – –36 800 – –32 200 
–36 800 

 (aq) – –79 500 – –79 300 
–79 500 

NH4OH (aq) – –264 000 – –263 700 –264 000 

AcO– (aq) – –369 500 – –369 300 –369 500 

AcOH (aq) – –396 600 – –396 500 –396 500 

CH4 (g) – –50 600 – –50 500 –50 600 

 

3.4 Thermodynamic activities of aqueous species 

 

The extended Debye – Hückel equation parameters27: 

T = 298.15 K. 

4 2 6 3

87,74 0,4008 ( 273,15)

9,398 10 ( 273,15) 1,41 10 ( 273,15) 78,3294.− −

= −  − +

+   − +   − =

 T

T T
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( ) ( )

1
2

1
2

6 6

L
3 3

mol
2 2

1,825 10 1,825 10
0,5114

78,3294 298,15

 
= = =

 

A

T

, 

( ) ( )

1
2

1
2

11 11
9 L

1 1
m mol

2 2

5,029 10 5,029 10
3,291 10

78,3294 298,15


 
= = = 

 

B

T

. 

 

The electrostatic radii of the individual ions28 

 

Ion ai, Å 

Ag+ (aq) 2,5 

Ni2+ (aq) 3,0 

 NO3
–(aq) 3,0 

AcO– (aq) 4,5 

 

The ionic strength of the solution: 

2+ 2+ + 2+
3 3

2 2 2 2

Ni Ni AcO AcO Ag Ag NO NO
z c + z c + z c + z c

I =
2

4 0,005 M + 1 0,010M + 1 0,005 M+ 1 0,005 M
= 0,020 M

2

− − − −   
=

   
=

. 

 

 The thermodynamic activities of the ions: 

1
2

12+ 1
2 2

1
2

2+

2+

mol
L2L

Ni 9 10mol molL
L

m mol

0,254

Ni

Ni

0,020
lg 0,5114 ( 2) 0,254,

1 3,291 10 3,0 10 m 0,020

10 0,557,

mol mol
0,005 0,557 0,00279 .

L L
a





−



−

= −  +  = −
+    

= =

=  =

 

 

1
2

1 1
2 2

1
2

mol
L2L

AcO 9 10mol molL
L

m mol

0,0598

AcO

AcO

0,020
lg 0,5114 ( 1) 0,0598,

1 3,291 10 4,5 10 m 0,020

10 0,871,

mol mol
0,010 0,871 0,00871 .

L L
a





−

−

−

−



−

= −  −  = −
+    

= =

=  =
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1
2

1+ 1
2 2

1
2

+

+

mol
L2L

Ag 9 10mol molL
L

m mol

0,0648

Ag

Ag

0,020
lg 0,5114 ( 1) 0,0648,

1 3,291 10 2,5 10 m 0,020

10 0,861,

mol mol
0,005 0,861 0,0043 .

L L
a





−



−

= −  +  = −
+    

= =

=  =

 

1
2

1 1
23 2

1
2

3

3

mol
L2L

NO 9 10mol molL
L

m mol

0,0637

NO

NO

0,020
lg 0,5114 ( 1) 0,0637,

1 3,291 10 3,0 10 m 0,020

10 0,864,

mol mol
0,005 0,864 0,00432 .

L L
a





−

−

−

−



−

= −  −  = −
+    

= =

=  =

 

3.5 Chemical equilibria in aqueous solution 

 

3.5.1. Equilibria involving silver-acetate complexation 

 

For the equilibrium 

 

the pKa value is equal to 4,7629. This means that at pH < 4,76 the predominant form in solution is 

, and at pH > 4,76 the acetate-ion  predominates.  

For the equilibrium 

 

the solubility product value Ksp is equal to 1,9429. Using the activities of silver and acetate ions, 

calculated afore, one might calculate that 

 
and, consequently, silver acetate does not precipitate at the reaction conditions. Solid silver 

acetate is excluded from further consideration. 

For the equilibria 

 
the standard Gibbs energies of reaction and the corresponding equilibrium constants might be 

calculated from the data, presented afore. 

The activities of the species are related to each other according to the following equations: 
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By solving this system of equations, the dependencies of thermodynamic activities of ions might 

be expressed as the functions of pH value. These dependencies are shown in the diagram below. 

The activity of the complex ion  is very low, and the corresponding line lies 

outside the diagram range. 

 

 

 

3.5.2. Equilibria involving nickel-acetate complexation 

For the equilibria 

 
the activities of the species are related to each other according to the following equations: 
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The dependencies of thermodynamic activities of ions on pH value are shown on the diagram 

below. 

 

 

The diagrams in sections 5.1 and 5.2 show that at the reaction conditions simple nickel, silver and 

acetate-ions (or undissociated acetic acid) predominate in a solution, and complex ions are 

present in very small quantities and do not affect the electrochemical reactions of metals. 

 

3.5.3 Electrochemical equilibria in aqueous solution 

 

The chemical and electrochemical equilibria in the Ni–Ag–NO3
––AcO––H2O system were 

calculated at 298,15 K, air pressure of 1 bar and the activities of nickel, silver, nitrate and acetate 

ions in the solution as was calculated in the section 4. The diagram is presented below. The 

partial pressure of methane according to its average atmospheric concentration30 is equal to 

2 .10–6 bar. The standard Gibbs energy of formation of nickel hydride Ni2H was taken from31. This 

shows that at the reaction conditions no hydrolysis of metal cations or formation of metal oxides 

occurs. The nickel and silver ions are reduced independently of each other. 
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Abstract 

Pd-based catalysts are considered to be among the most promising electrocatalysts for both the 

hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR) in alkaline media. Although 

major progress in finding effective catalysts has been made, the reasons for the activity enhancement 

in alkaline conditions remain to be elucidated. Herein, we report the fabrication of alloyed PdNi thin 

films as important Pt-free catalysts for HOR and ORR reactions. Annealing of physically evaporated 

PdNi thin films resulted in different surface compositions, which led to a range of HOR and ORR 

activities in 0.1 M KOH. Moreover, all annealed samples were acid treated to remove the surface Ni 

and the HOR and ORR were investigated in terms of subsurface composition. For the HOR, it was found 

that the addition of Ni induces an electronic effect that modifies the hydrogen binding energy (HBE) of 

Pd, whose role as the main HOR descriptor was confirmed. In addition, it was found that surface Ni 

also had a positive effect on the HOR activity by providing OH- adsorption sites. In contrast to HOR, it 

was concluded that surface Ni was disadvantageous for the ORR. However, subsurface Ni was found 

to induce an electronic effect on the electronic structure of Pd that resulted in a boosting of the ORR 

kinetics by improving its oxygen desorption. These results provide insights for the more tailored design 

of electrocatalysts in alkaline media by lightening the mechanisms through which the HOR and ORR 

kinetics are improved in alkaline media.  

 

 

 

 

 

 

 

 

 

 



1. Introduction 

Low-temperature fuel cells have been recognized during the last decades as promising power 

generation technologies for both stationary and portable applications. Because of their high energy 

density, small size, and lightweight, Polymer Electrolyte Membrane Fuel Cells (PEMFC) have 

become the current leading low-temperature fuel cell for automotive applications1,2. However, the 

widespread commercialization of PEMFC in automotive vehicles is currently impeded by their high 

cost and limited lifetime. Both limitations are greatly attributed to the catalyst layer, whose 

contribution to the total cost of the fuel cell stack for large-scale energy production is nearly half3,4. 

This high cost is due to the scarcity of platinum, of which high amounts are needed to catalyze the 

hydrogen oxidation reaction (HOR) in the anode and to improve the sluggish oxygen reduction 

reaction (ORR) kinetics in the cathode5,6. Thus, the problems of Pt-based catalysts rely on their 

limited availability and activity in acidic media far from being sufficient to meet the required 

efficiency7,8. In contrast to acidic media, the rather mild alkaline conditions in the Alkaline 

Electrolyte Membrane Fuel Cell (AEMFC) allow the use of Pt-free electrocatalysts, which brings up 

new possibilities of finding abundant and inexpensive electrocatalysts without compromising the 

power density of the fuel cell9,10. A high pH environment implies different electrode reaction 

mechanisms. The kinetics of the ORR in alkaline media is remarkably more facile than in acid11 and 

the overpotential for the ORR is substantially diminished at high pH environments, which allows 

the use of non-Pt metals12. Despite the activity enhancement in alkaline media, the ORR activity is 

still far from being optimal and affordable catalyst with high activity and stability are yet to be 

found.  

Similar to that in acidic media, an ideal catalyst for the ORR in alkaline media would weaken the 

adsorption energy of hydroxides by about 0.1 eV compared to pure Pt13. One strategy to modify 

the OH- adsorption is through alloying with metals with different d-orbital occupancies. It has been 

reported that through changes in the d-orbital overlap that change the d-band center, the breakage 

of the O–O bond, as well as the desorption of oxygenated intermediates, can be tuned14. By 

coupling a metal with low occupancy of d-orbitals with another highly occupied d-orbital metal, 

the d-band center of the fully occupied d-orbital metal is lowered, resulting in an ORR 

enhancement15. This enhancement is caused by the significant decrease in the  Gibbs free energy 

of key electron transfer steps, which results in an optimal balance between the O2 bond breaking 

and the adsorption of oxygenated species15,16. Thus, this electronic effect induced with alloying 

plays a crucial role in the enhancement of the ORR activity of metals in both alkaline and acidic 

conditions. 



In contrast to the ORR, the HOR kinetics at the anode is greatly hindered in alkaline conditions 

compared to acidic17. The anodic reaction on Pt under alkaline conditions is around two orders of 

magnitude slower than that in acid18,19. Although the HOR mechanism in alkaline media is not fully 

understood, it is believed to proceed through either Tafel-Volmer or Heyrovsky-Volmer 

mechanism: 

(Tafel) H2 + 2
∗
                     
→       2Had (1) 

(Heyrovsky) H2 + OH
− + ∗ 

                     
→       Had + H2O + e

− (2) 

(Volmer) Had + OH
−
                     
→       H2O + e

− + ∗ (3) 

   

Regardless of the mechanism, it is known that one reason behind the much slower HOR mechanism 

is the adsorption of oxygenated species blocking H2 adsorption sites20. However, the hydrogen 

binding energy (HBE) is considered to be a highly important factor controlling the HOR kinetics. The 

reason for this is that the initial dissociative adsorption of hydrogen is likely to be the rate 

determining step, also in the presence of oxygenated species10,21,22. Thus, finding catalysts with 

both oxophilic sites that facilitate the OH- adsorption and with an optimal HBE is crucial to boost 

the HOR kinetics at the anode. 

Palladium has been intensively investigated as a potential candidate to substitute Pt in high pH 

environments and several reviews of Pd-based catalysts have been published to date23–25. Pd 

represents a good alloying material for ORR due to its fully occupied d-orbitals that could promote 

the electronic effect, as well as for HOR because of its close to optimal HBE26. To improve both 

anodic and cathodic kinetics, Pd needs to be alloyed with a metal with low d-orbital occupancy to 

optimize the oxygen adsorption for ORR and enough oxophilicity to promote the adsorption of 

hydroxide and avoid the blockage of Pd sites for hydrogen adsorption in HOR. Nickel is a very 

inexpensive and abundant metal that fulfills both requirements. Thus, a catalyst containing both 

Pd and Ni could potentially exhibit promising electrocatalytic activity for both reactions27–31. 

Both structural and electronic effects play a crucial role in enhancing the electrocatalytic activity 

of PdNi catalysts. The mechanism through which the HOR activity is enhanced in alkaline media 

when alloying Pd with Ni remains to be elucidated. The role of Ni in boosting the HOR kinetics is 

believed to occur either by providing oxophilic sites for the adsorption of hydroxyl species 

(structural effect) or by tuning the HBE (electronic effect)32–34. It has been found that the HOR 

activity is dependent on the coverage of Ni oxidated species because of their higher oxophilicity 

when compared to metallic Ni35,36. Thus, structural effects need the correct surface distribution of 



Pd and Ni if the bifunctional electrocatalytic mechanism is meant to be observed, with OH- binding 

on Ni and hydrogen binding on adjacent Pd27,37. For ORR, instead, the electronic effects require Pd 

to be on the surface and Ni in the contiguous subsurface for the correct bimetallic synergy and thus 

an enhancement of the oxygen adsorption on Pd29. With the aim to corroborate the mechanisms 

of bifunctionality for HOR and bimetallic coupling for ORR, PdNi alloys27,28, core-shells37, and PdNi 

nanoparticles38 have been well investigated in the literature. However, there are still many 

questions regarding the mechanisms through which the enhancement takes place in both 

reactions, whose exploration is hindered by the lack of knowledge about the elementary steps. For 

HOR it is often claimed that the HBE is the only descriptor affecting the alkaline activity39, while 

other investigations suggest that the adsorption of OH also influences the activity, albeit to a lesser 

extent40. Thus, the role of adsorbed H and OH is crucial to completely understand the HOR 

mechanism in alkaline media41. For the ORR, instead, the discussion arises from which are the 

mechanisms through which the intermediate species promote the desired 4-electron pathway 

rather than the 2-electron pathway42,43. Using PdNi thin films model electrodes should be a good 

strategy to answer these questions. Thin films present the advantage of being well defined, making 

the fabrication of different alloy stoichiometries more facile due to the high control over 

composition. They also have large surface areas with minimized loadings compared to their 

polycrystalline analogs and they are straightforward to characterize, which means they offer a 

good platform for mechanistic studies.  

This study presents a comprehensive electrochemical and compositional characterization of PdNi 

annealed thin film alloys linked with their catalytic activity for both HOR and ORR reactions in 0.1 

M KOH. Physically evaporated thin films are annealed at different temperatures and the 

differences in electrocatalytic activity for HOR and ORR are discussed for different XPS surface 

compositions. The results suggest that, although HBE is the main descriptor, the presence of 

surface Ni is still favorable for the HOR activity, while the ORR is impeded by Ni present on the 

surface. Instead, the ORR activity can be improved by an electronic effect if Ni is situated in the 

subsurface layers.  

 

 

 

 

 



2. Experimental 

2.1. Fabrication and Annealing of PdNi Thin Films 

Fabrication of thin films was carried out in cleanroom facilities of Fed. Std.209E Class 10-100. Electron-

beam evaporation (PVD 225/Lesker) was used to evaporate PdNi thin films on glassy carbon substrates 

(5 mm diameter diamond polished Sigradur G disks from HTW Gmbh). The carbon disks were first 

sonicated-cleaned in acetone, isopropanol, and Milli-Q water for 10 minutes in each solvent followed 

by plasma-etching cleaning with O2 at 150 W (Plasma-Therm). In order to avoid oxidation of Ni in air, 

12 nm of Ni was first evaporated on the carbon substrate followed by evaporation of 28 nm of Pd, 

resulting in a 40 nm thin film with an atomic ratio of 1:1. In order to induce alloy formation, the 

samples were subsequently annealed at different temperatures in a flow reactor for 48 h in 4% H2 in 

Ar carrier gas at a flow rate of 500 mL min-1 to avoid oxidation as depicted in Fig. 1. Annealed samples 

were additionally acid treated with 0.1 M HCl for 10 min with the aim of forming a protective Pd 

overlayer by removing Ni oxide on the surface. Below, we shall refer to the samples as PdNi-X for 

annealed samples (being “X” the annealing temperature) and PdNi-X-AT for acid treated samples 

annealed at the same temperature. Both annealed and annealed + acid treated samples were 

electrochemically characterized in RDE for both HOR and ORR activity. 

 

Figure 1 Schematic illustration of the fabrication, annealing and acid treatment of PdNi thin films. 

 

2.2. Electrochemical Measurements 

A three-electrode rotating disk electrode (RDE) cell was used to perform all the electrochemical 

measurements. The RDE cell (Pine Instruments) was equipped with a graphite rod (Sigma-Aldrich, 150 

mm length and 3 mm diameter) as a counter electrode (CE). Graphite was chosen as CE to avoid metal 

contamination of the working electrode (WE), a very likely event in alkaline electrolytes44–46. A PTFE 

HydroFlex® Hydrogen Reference Electrode (Gaskatel) was used as a reference electrode (RE) and all 

the potentials in this study refer to that of the RHE. The reliability of the RHE potential was 

continuously tested experimentally by bubbling H2 over a Pt WE in the same electrolyte and measuring 

the intersection of zero current by cycling the potential between -0.02 V to 0.02 V vs RHE at 2 mV/s. 



The setup was also equipped with a gas inlet on the side of the cell to allow the electrolyte to be 

saturated with gasses. The potentiostat used was an SP-300 from Bio-Logic® controlled with the EC-

lab software. The samples were mounted on an RDE PTFE tip from Pine Instruments using PTFE U-

cups. Although the recommended practice is using a PTFE cell for alkaline electrolytes22, a glass cell 

was used for the RDE measurements due to the short period and rather mild alkaline conditions of 

the measurements.  

The electrochemical cell and the glassware were cleaned prior to the measurements in piranha 

solution (98% H2SO4 (Sigma-Aldrich, Emsure) and 33% H2O2 (VWR Chemicals, Technical), 3:1 v/v) for 

at least 24h. The cell was then thoroughly rinsed with ultrapure water (18.2 MΩ cm,  <3 ppb TOC, 

Milli-Q® IQ 7000, Merck) at least 10 times before each measurement. The electrolyte used for ORR 

and HOR measurements consisted of 0.1 M KOH prepared from KOH pellets (KOH hydrate ≥99.995%, 

Suprapur®, Merck) and ultrapure water. The electrolyte was prepared and stored in a PFA volumetric 

flask (BRAND®) to prevent contamination over time from glass corrosion47. A 0.1 M HCl solution 

prepared from 30% HCl (Suprapur®, Merck) was used for the acid treatment of the samples. The Ar 

used for de-oxygenation of the electrolyte was supplied by AGA with instrument 5.0 purity, O2 by 

Strandmøllen ( 99,6 vol %) and H2 by Air Liquide (≥ 99,999 mol %). 

In order to measure on a stable surface free of impurities, a conditioning scheme was conducted for 

every sample before every measurement. Conditioning was conducted under inert atmosphere  after 

Ar purging, no rotation and consisted of 150 cycles between 0.1 and 1.2 V vs RHE at 150 mV/s. A cyclic 

voltammetry between 0.05 and 1.35 V vs RHE at 50 mV/s until stabilization of the voltammogram was 

recorded after conditioning. After CV, the electrolyte was saturated with either H2 or O2 and HOR/ORR 

polarization curves were measured at 50 mV/s at different electrode rotation speeds varied between 

400 and 2500 rpm. The electrolyte was then Ar-saturated and another CV under the same conditions 

was recorded to evaluate changes of the surface from HOR/ORR. All potentials were corrected for 

ohmic losses by iR-compensation. The Ohmic resistance was determined by electrochemical 

impedance spectroscopy (EIS) from the intercept in the Nyquist plot48. The intersection of the 

imaginary impedance between 10 and 20,000 Hz on the real impedance is used to calculate the 

uncompensated resistance of the solution, which depends on the ionic conductivity of the electrolyte 

and geometry of the cell49. The typical measured resistance in 0.1 M KOH ranged from 40 to 50 Ω and 

was measured prior to each experiment in Ar-saturated electrolyte with no rotation. The iR-

compensation was applied after obtaining the I-V polarization curve. 

 

 



2.3. Physical Characterization 

Scanning electron microscopy (SEM) was used to image the annealed samples. SEM was performed 

using a Zeiss Supra 60VP field-emission microscope with an in-lens detector at 5 kV acceleration 

voltage and a working distance around 3 mm. 

A PHI 5000 VersaProbe III Microprobe X-ray Photoelectron Spectroscopy (XPS) instrument (Physical 

Electronics) was used to study the surface composition of the thin films. The instrument is equipped 

with a monochromatic Al K-α X-Ray excitation source (1486.6 eV) operated at 50 W as well as a dual 

charge compensation: an electron neutralizer (negative charge compensation) and an ion gun 

(positive charge compensation). Surface composition was evaluated by a survey scan in the binding 

energy range between 0 and 1400 eV with an energy step width of 0.4 eV. The chemical states of Pd-

3d, Ni-2p, C-1s and O-1s core level spectra were studied in the narrow scan, which were recorded with 

an energy step of 0.1 eV and a pass energy of 55 eV. The measuring area was about 200 µm in 

diameter. The chamber pressure was always lower than 5.0 × 10−7 Pa during measurements. XPS 

measurements were performed for annealed samples, after dipping in 0.1 M HCl and after RDE testing. 

For all samples, the binding energy scale was corrected by shifting the spectra with respect to the 

adventitious C-1s peak of the C–C bond to 284.8 eV. Depth profiling was used in the same XPS 

instrument to map the elemental composition through the layers of the thin films and detect a 

potential thickness loss after RDE measurement. It was carried out by successive 2 kV Ar+ ion etchings 

over a 2 x 2 mm2 area at a rate of 4 nm/min. Both survey and narrow scans were recorded every 5 nm 

throughout a 45 nm depth. For the layer analysis narrow scans were recorded with 69 eV pass energy 

and 0.2 eV/step.  

Relative sensitivity factors from the PHI-Multipak software were used for the concentration 

quantification. Concentrations were determined with the effective peak areas after Shirley 

background subtraction. For the electronic structure and chemical state analysis, the core level spectra 

of Ni-2p and Pd-3d were curve-fitted with the Multipak software. The fitting routine of the peaks was 

performed using an asymmetric Gaussian-Lorentzian sum function with a Shirley background.   

 

 

 

 

 



3. Results & Discussion 

3.1. Characterization of annealed and acid treated PdNi Thin Films 

Physically evaporated PdNi thin films were thermally annealed in 4% H2 in Ar at temperatures between 

350 and 600 °C. Different Pd:Ni surface and subsurface atomic compositions were obtained as a result 

of different diffusion behaviors at different annealing temperatures. Fig. 2 shows the Pd:Ni atomic 

concentrations throughout the annealed thin films investigated by ion etching depth profiling in XPS. 

The depth profile shows the effect of annealing temperature on both surface and subsurface Pd:Ni 

concentrations. The as-prepared samples were fabricated with a 28 nm Pd film evaporated on top of 

a 12 nm Ni film to achieve 50/50 atomic ratio of Pd and Ni. The sample annealed at 350 °C shows a 

Pd:Ni composition at the surface of about 60% Pd (40% Ni), which indicates that Ni diffuses through 

the Pd film and reach the surface already at this temperature. The PdNi-350 profile shows that the Ni 

content decreases when going from 0 to 5 nm depth, indicating the preference of Ni to be at the 

surface at 350 °C. After depths of 10 nm, the amount of Pd gradually decreases. At 45 nm depth the 

amount of Pd is over 40%, confirming that at this temperature Pd mobility is already sufficient to 

diffuse throughout the entire film. At 400 °C a similar behavior is observed, with Ni accumulating on 

the surface rather than in subsurface layers and increasing concentration throughout the sample 

depth. This lower Ni content on the subsurface can be explained by the preferential sputtering event 

in XPS depth profiling. Ion sputtering of binary alloys gives rise to surface enrichment of the heavier 

component due to lighter elements having a larger cross-section and consequently, more of them are 

set into motion when hit by an incoming Ar+ ion50. Thus, concentration profiles recorded after ion 

etching in Fig. 2 display larger Pd atomic concentrations than as-annealed samples. 

 

Figure 2 Pd:Ni composition profile of thin films at different annealing temperatures obtained from Ar+ ion etching depth 
profile in XPS. 



Higher annealing temperatures resulted in similar concentration profiles. Very similar compositions 

were achieved between 5 and 45 nm after annealing at 450 °C, where depth profiles revealed Pd:Ni 

subsurface stoichiometries close to 1:1 throughout the film. From 400 to 450 °C the amount of Pd on 

the surface significantly increased, indicating that Pd has a stronger driving force to be at the surface 

at this temperature. Further Pd enrichment on the surface was limited after annealing from 450 to 

550 °C. The attained surface ratio of Pd and Ni is explained by their difference in surface energy51. At 

600 °C there is an abrupt increase of surface Pd to 75% while subsurface concentrations remain 

unchanged. 

The effect of temperature on the grain size of annealed samples is evidenced by SEM images (Fig.3). 

As shown in the insets, the grains increase as increasing annealing temperature. The grain size ranged 

from 20 nm (PdNi-350) to 200 nm (PdNi-600).  

 

Figure 3 SEM images of samples annealed at (a) 350 °C; (b) 400 °C; (c) 450 °C; (d) 500 °C; (e) 550 °C and (f) 600 °C. 

Cyclic voltammograms (CVs) of Pd, Ni, PdNi-400, and PdNi-400-AT in Ar-saturated 0.1 M KOH solution 

are shown in Fig. 3. All samples were annealed at 400 °C to relax the surface and enable better 

comparison. As seen, the PdNi-400 CV, set as a representative example, differs from that of pure Pd 

and pure Ni. Firstly, although only Pd is active for hydrogen adsorption, the annealed PdNi alloy 

exhibited a higher amount of charge involved in the hydrogen adsorption/desorption region (between 

0.05 and 0.4 V vs. RHE). Possible reasons for this are either the alloying effect, which leads to an 

increase in lattice spacing and hence may facilitate the hydrogen absorption into the metal lattice52; 

or the overlapping of Ni(II) reduction currents with hydrogen adsorption53. Secondly, the peaks 

emerging at 0.7 – 0.8 V exhibit different intensities and shapes for PdNi and pure Pd. This peak 



corresponds to the chemisorption of OH- ions on Pd, followed by plateau-shaped currents ascribed to 

the oxidation of Pd-OH to higher valence Pd oxides (both PdO and Pd(OH)2)54,55. This plateau also 

comprises currents attributed to the formation of a β-Ni(OH)2 layer53,56. The formation of other Ni(II) 

species is not displayed in the CV due to a potential window not wide enough to entail the potential 

at which these processes occur57. Although the surface of PdNi-400-AT is composed solely of Pd, it 

does not present the OH- adsorption peak. In addition, the reduction peak at 0.7 V is attributed to the 

reduction of Pd(II) compounds during the cathodic sweep53–55. As seen, the Pd(II) reduction takes place 

at different potentials for pure Pd, PdNi-400 and PdNi-400-AT. As expected, PdNi-400 shows a lower 

amount of charge involved on the Pd(II) reduction, indicating less amount of surface Pd. Upon acid 

treatment, the reduction peak increase in intensity due to the removal of Ni species from the surface, 

forming a completely Pd covered surface. The reduction peak for PdNi-400-AT is shifted negatively 

with respect to pure Pd. This suggests that the Pd on the surface of the PdNi-400-AT is affected by the 

Ni in the alloy below the surface. 

 

Figure 4 Cyclic voltammograms in Ar-saturated 0.1 M KOH of Pd, Ni, PdNi annealed at 400 ◦C and acid treated 40 nm thin 
films. Scan rate 50 mV/s; room temperature. 

Fig. 4 shows both the Pd:Ni XPS atomic concentration and Pd electrochemical active surface area 

(ECSA) before and after the acid treatment. Since the hydrogen adsorption is accompanied by the 

absorption of hydrogen into the palladium bulk, ECSA of Pd alloys cannot be readily calculated from 

the hydrogen underpotential deposition region (HUPD)58,59. Instead, we chose to derive the Pd surface 

area from the charge corresponding to surface oxide reduction region. Hence, the Pd ECSA was 

calculated by measuring the charge involved in the surface PdO reduction from the peak at 0.7 V vs. 

RHE and dividing it by the charge density associated to the reduction of a PdO monolayer (424 

µC/cm2)60,61. As seen in Fig. 2, Pd atomic concentration on the top layers of the films increased with 



increasing annealing temperature, ranging from 60 to 75%. After HCl cleaning for 10 min, all samples 

exhibited an increase of surface Pd regardless of the Pd:Ni atomic concentration prior to the acid 

treatment. Pd atomic concentration increased to about 80 % of the total surface composition. Pd 

ECSA, instead, is not dependent on the annealing temperature and it exhibits its maximum at 450 °C. 

The Pd ECSA increase between 350 and 450 °C can be confidently assigned to a surface Pd enrichment. 

Nevertheless, it must be mentioned that surface roughness decreases with increasing temperature, 

making the decrease of the Pd ECSA after 450 °C attributable to a smoothening of the total surface 

area. The effect of temperature on the surface roughness can be seen on the Pd ECSA of the acid 

treated samples. Since HCl effectively removes oxidated Ni species, it is assumed that the surfaces of 

all acid treated samples are entirely composed of Pd. Hence, the constant decrease of Pd ECSA with 

increasing temperature in the acid treated samples is utterly ascribed to a decrease of the total surface 

area. In this way, for annealed samples the contribution of the surface smoothening on the decrease 

of the Pd ECSA after 450 °C can be subtracted from the decrease due to Pd diffusion into the 

subsurface. Hence, it is easily observable that increasing temperature above 500 °C results in a Pd 

withdrawal from the surface as evidenced by the more pronounced decay of Pd ECSA for the annealed 

samples. Surface atomic distributions can be inferred by comparing surface compositions obtained in 

XPS with Pd ECSA profiles. For annealed samples, Pd concentration in both surface layers and on the 

total surface area increases proportionally until 450 °C, indicating similar atomic distributions in both 

regions. After 450 °C, the amount of Pd in the outermost layers keeps increasing while Pd ECSA 

decreases drastically after 500 °C. This trend indicates the formation of a Ni-rich surface with a Pd-rich 

subsurface at high annealing temperatures. For the acid treated samples, the amount of surface Pd 

remains constant and the decrease in Pd ECSA is merely attributed to smoothening of the surface with 

thermal annealing.  

 

Figure 5 Pd:Ni surface concentrations from XPS and Pd ECSA of annealed samples before and after the acid treatment. 



3.2. HOR 

Fig. 6a shows the cathodic scan of HOR polarization curves of the annealed PdNi thin films together 

with a pure Pd thin film as a reference. The polarization curve of pure Ni is not shown as the HOR 

activity of pure Ni is more or less negligible27. With an onset potential at 0.17 V, the pure Pd film shows 

very low HOR activity, which is most likely due to a weaker HBE on Pd hydride that forms in H2 

atmosphere62,63. All annealed thin films show very low onset potentials, close to 0 V vs RHE. The HOR 

electroactivity exhibits slightly different potential responses, which are caused by slightly different 

Pd:Ni surface alloy compositions as a consequence of the different varying rates of Pd and Ni atoms 

throughout the film at the different annealing temperatures.  

 

Figure 6 HOR activity of PdNi samples and a pure Pd thin film in 0.1 M KOH: a) geometric currents of annealed samples at 
1600 rpm, 50 mV/s; b) geometric activities of annealed and annealed + acid treated samples at 0.1 V; c) specific currents of 
annealed samples at 1600 rpm, 50 mV/s; d) specific activities of annealed and annealed + acid treated samples at 0.1 V. 

At 0.1 V, the geometric activities of annealed samples increase with increasing annealing temperature 

until 500 °C, after which they show a decay (Fig. 6b). Although the surface Pd % in Fig. 5 also follows a 

volcano-type trend, the rise and decline tendency in activity cannot be justified by the surface Pd. If 

the activity was dependent on the amount of Pd on the surface, PdNi-400 would have the highest 

activity since it has the largest Pd ECSA and higher surface roughness than PdNi-500. Instead, this 

trend at low overpotentials can be explained by both the degree of alloying and crystallite size. The 



degree of alloying in PdNi mixtures has been reported to increase up to 500 °C and remain almost 

constant thereafter64–66. Annealed thin film alloys typically exhibit the highest defect-mediated 

interdiffusion at annealing temperatures around 0.3 of the melting temperatures67,68. Thus, for Ni 

(1455 °C) and Pd (1555 °C)69, 500 °C falls into the temperature range at which the highest atomic 

mixing through diffusion takes place, resulting in the largest degree of surface alloying. The HOR 

activity would then depend on both Pd and Ni atomic surface distribution, which a priori could be an 

indication of the bifunctional mechanism through which the HOR is believed to be enhanced in alkaline 

media27,70. Similarly, the crystallite size of thin films also increases with increasing annealing 

temperature71–73, which might be the reason behind the activity decay after 500 °C. Grain 

agglomeration at higher annealing temperatures (Fig. 3), which is not favorable for electrochemical 

reactions73,74, may also be the underlying reason for the lower HOR activity at higher temperatures. 

Thus, from the results presented above it is reasonable to infer that the rise and decay of the HOR 

geometric activity with increasing temperature demonstrates the relationship between Pd and Ni 

surface atomic distribution and the high HOR activity.  

Specific activities (SA) expressed as current density per Pd ECSA (Fig. 6c) show that all PdNi alloys 

exhibit a  higher activity than pure Pd, confirming the role of Ni in the enhancement of the HOR activity 

in alkaline media. Up to 500 °C, all samples reach the same limiting current density although they have 

different half-wave potentials, which increase with increasing annealing temperature. The highest SA 

at 0.1 V vs. RHE (Fig. 6d) corresponds to the PdNi-550 sample, which shows the best utilization of 

surface Pd. Although XPS revealed a rather high Pd content on the surface at 550 °C, the difference 

between the Pd ECSA before and after acid treatment shown in Fig. 5 suggests that PdNi-550 most 

likely has the highest Ni content at the very surface.  

Acid treated annealed samples entirely composed of a Pd overlayer over the PdNi alloy were also 

evaluated in RDE. All annealed samples show a decrease in the geometric activity after acid treatment 

(Fig. 6b), which provides further evidence on the beneficial effect of the added oxophilicity provided 

by surface Ni. Similar to annealed samples, the resulting geometric activities reveal a volcano-type 

dependence on temperature. PdNi-500 shows the highest geometric activity at 0.1 V vs. RHE (0.80 

mA/cm2
geo), which is 5 times higher than that of PdNi-350, the sample with the lowest geometric 

activity at 0.1 V vs. RHE. The activity decrease after PdNi-500 is attributed to the steep decrease of the 

total surface area due to the effect of temperature on the surface roughness. The effect of decreasing 

total surface area with increasing temperature is further evidenced by the trend in SAs (Fig. 6d). The 

trend in activities in acid treated samples shows a better Pd utilization as annealing temperature 

increases, with PdNi-600 exhibiting the highest activity per Pd atom (1.84 mA/cm2
Pd), most likely due 

to a much lower Pd ECSA evidenced by its CV (Fig. S1l, Supporting Information). As previously shown 



in Fig. 5, smoothening of the surface with increasing temperature also takes place at low annealing 

temperatures, although it shows a less prominent decrease. Thus, the increase in geometric activity 

between PdNi-350 and PdNi-500 cannot be explained by the surface smoothening effect. Instead, this 

increase in activity is ascribed to a ligand effect, which is induced in the Pd overlayer by the Ni 

underneath. The presence of a Ni in the Pd lattice results in an alteration of the d band structure and 

electron density of the latter, thereby changing its catalytic properties75,76. Thus, the amount of Ni in 

the underlying alloy establishes how much the electronic properties of the covering Pd differ from 

that of electronically unaltered Pd. However, the modification of the Pd electronic properties can also 

be attributed to a lattice strain effect. This effect is also caused by the addition of Ni to the Pd lattice, 

which results in an alteration of the Pd-Pd bond distance and thus a modification of the electronic 

properties of the Pd overlayer75,77. The extent of both effects relies on the compositions of the 

underlying alloy, which result in different enhancements of the HOR activity.   

Determination of the HBE is a good strategy to determine whether the enhancement of the HOR 

activity occurs through an electronic effect that modifies the HBE of Pd, or through a bifunctional 

effect where Ni(OH)2 provides oxophilic sites for the OH- adsorption. The HBE can be calculated 

experimentally from the hydrogen desorption peak on a metal surface by using the following equation 

derived in the literature78,79:  

 𝐸𝑀−𝐻 = −𝐹𝐸𝐻 −
1

2
𝑇𝑆𝑜 (4) 

where  𝐸𝑀−𝐻 is the hydrogen binding energy, 𝐹 is the Faraday’s constant, 𝐸𝐻 the hydrogen desorption 

peak potential, 𝑇 is the temperature and 𝑆𝑜 the entropy of H2 at standard conditions. The H desorption 

peak potential can be obtained from the CV profiles of the annealed samples (Fig. S1, Supporting 

Information) between 0.25 and 0.35 V vs. RHE to calculate the HBE. All the annealed samples show H 

desorption peaks at lower potentials than pure Pd (0.48 V). The SA at 0.1 V vs. RHE was plotted against 

the HBE calculated from the H desorption peak (Fig. 7a, black fitted line). The plot shows a linear 

relationship between the SA and the HBE, with the activity increasing as the binding energy becomes 

weaker. This monotonic increase of the SA with decreasing HBE confirms that the latter is a descriptor 

for the HOR in alkaline electrolytes. Since it has been reported that the reason behind the sluggish 

HOR for PGMs in alkaline media is the increase of the HBE with increasing pH17,80, these results confirm 

that the weakening of the HBEs is crucial to enhance the HOR kinetics on PGMs in alkaline conditions. 

Moreover, the fact that PdNi-550 shows the highest SA is in good agreement with DFT studies on the 

electronic structure of Pd-Ni systems, which affirmed that equal amounts of Ni and Pd result in the 

weakest HBE81.  



 

Figure 7 (a) Specific activities of annealed and annealed + acid treated samples against the hydrogen binding energy and (b) 
Tafel plots and slopes of PdNi annealed samples. 

Electronic effects on the HOR activity are further evidenced by the linear relation between the SA of 

acid treated samples and the HBE (blue fitted line in Fig. 7a). Since all surfaces are entirely covered by 

Pd, the relation between the activity of acid treated samples and their HBE proves once again that the 

weaker HBE is the main reason behind the improved HOR kinetics in PdNi alloys. However, the lower 

slope in the fitted curve of acid treated samples shows that the activity increase with the weakening 

of the HBE is less pronounced in the absence of surface Ni. This proves the favorable role of surface 

Ni in catalyzing the HOR reaction. As explained above, the weakening of the HBE is ascribed to lattice 

and electronic effects caused by the addition of Ni to the Pd lattice, which results in an alteration of 

the electronic properties of Pd and thus its HBE. However, the significant decrease in HOR activities 

after the removal of surface Ni authenticates that adding oxophilic sites translates into a boosting of 

the HOR kinetics, although to a much lesser extent than the HBE.  

Tafel analysis of the annealed samples revealed Tafel slopes between 108 and 146 mV/dec (Fig. 7b). 

The slopes follow the same volcano-type dependence with temperature as the geometric activities, 

with PdNi-500 showing the lowest slope and thus faster HOR kinetics. The intercepts of the Tafel plots 

were used to calculate the exchange current densities. When normalizing to the Pd ECSA, PdNi-550 

showed the highest exchange current density among all annealed samples (0.41 mA/cm2
Pd), which 

agrees with its SA at 0.1 V (Fig. 6d). The high Tafel slopes indicate that the charge transfer step 

(Heyrovsky or Volmer) is the rate determining step (RDS) on all surfaces19,76. This is in good agreement 

with previous studies claiming that the HOR rate is controlled by the Volmer step on PGMs, where OH- 

affects its rate merely through hindering the H adsorption rather than being an active participant82,83. 

The results presented above provide evidence of the extensively discussed role of Ni in improving the 

HOR kinetics in alkaline media. It has been broadly argued that the reason behind the increased HOR 



activity is lowering of the energy barrier of the Volmer step through added oxophilicity from surface 

Ni/Ni(OH)2 atoms, which provides crucial adsorption sites for the OH- adsorption27,37,84. However, we 

conclude that the HBE is the dominant descriptor of the HOR activity on Pd-based catalyst, although 

the so-called bifunctional mechanism is also accountable for the enhanced HOR activity. The HBE is 

tuned by ligand effects that change the electronic structure of Pd and lattice strain effects caused by 

the addition of Ni/Ni(OH)2 atoms into the Pd lattice. Thus, the role of Ni in catalyzing the HOR 

comprises a major electronic effect that modifies the HBE of Pd and, to a lesser extent, a structural 

effect through added oxophilicity. This is in good agreement with previous studies stating that in PGMs 

the reason for slower HOR kinetics is attributed to a stronger HBE in base, which affects both H and 

H2O adsorption and thus the rate of the Volmer step17,80,82,83.  

 

3.3. ORR 

Fig. 8a shows the cathodic scan of ORR polarization curves of the annealed PdNi thin films together 

with a pure Ni and pure Pd thin films as a reference. The curves show two different sets of onset 

potentials, with pure Pd and samples annealed at low temperatures (350 – 450 °C)  showing the 

highest onset potential. Annealing at temperatures above 450 °C results in a significant decrease of 

the half-way potential, although they all exhibit very similar limiting current densities below 0.6 V vs 

RHE. PdNi-400 and PdNi-450 present the highest onset and half-wave potentials. The higher activities 

at low annealing temperatures seem to correlate well with the ratio of Pd surface area to subsurface 

Pd (Fig. 5), with PdNi-400 and Pd-450 showing the largest amount of surface Pd per subsurface Pd. In 

other words, high amounts of surface Pd and subsurface Ni result in substantial ORR activities. This 

correlation is evidenced when comparing PdNi-400 and PdNi-500. As shown in Fig. 5, these samples 

have very similar Pd surface areas (0.151 cmPd
2 vs. 0.154 cmPd

2), although PdNi-400 has 5% more 

surface Ni derived from XPS measurements. The slightly higher surface Ni content in PdNi-400 is 

responsible for the 50 mV higher half-wave potential compared to PdNi-500, thereby corroborating 

the beneficial effect of subsurface Ni on the ORR. Thus, the significant decrease in activities above 450 

°C is attributed to the major decrease in Ni beneath the PdNi layer (Fig. 5). Whereas the presence of 

Ni underneath a Pd layer seems to result in higher activities, surface Ni seems to be disadvantageous 

for enhancing the ORR kinetics because there is no annealed sample performing remarkably better 

than Pd at any potential.   

ORR specific activities of annealed samples also show a substantial decrease in activities at annealing 

temperatures above 450 °C (Fig. 8c), most likely also attributed to Ni content in the top layers. 

However, when normalizing for the Pd surface area, PdNi-350, PdNi-400 and PdNi-450 show a better 



Pd utilization than pure Pd at 0.8 V vs. RHE (Fig. 8d). Again, the higher SAs follow the trend of higher 

surface Pd and higher subsurface Ni. All annealed samples reach much higher limiting current densities 

than pure Pd, with PdNi-600 showing the largest limiting current due to a much lower Pd surface area. 

 

Figure 8 ORR activity of PdNi samples and a pure Pd thin film in 0.1 M KOH: a) geometric currents of annealed samples at 
1600 rpm, 50 mV/s; b) geometric activities of annealed and annealed + acid treated samples at 0.8 V; c) specific currents of 
annealed samples at 1600 rpm, 50 mV/s; d) specific activities of annealed and annealed + acid treated samples at 0.8 V. This 
potential has been chosen for comparing activities because at 0.8 V all samples were found at the kinetic and mass transport 
mixed region.  

The geometric activities of acid treated samples demonstrate a positive effect of a Pd overlayer for 

the ORR (Fig. 8b). After acid treatment, all samples are composed of a pure Pd layer over the PdNi 

alloy and they all exhibit higher geometric activities than before the acid treatment. PdNi-350, PdNi-

400 and PdNi-450 show higher activities than Pd at 0.8 V. However, acid treated samples annealed at 

temperatures above 450 °C show ORR activities markedly lower than Pd and the low-temperature 

annealed samples after acid treatment. Again, this is attributed to the higher subsurface Ni content 

(Fig. 5). The reason behind the positive effect of subsurface Ni is ascribed to a d-orbital coupling effect 

between the two transition metals, which has been reported to result beneficial in bimetallic catalysts 

for the ORR in numerous studies16,85–87. By alloying a metal with low occupancy in its d-orbitals such 

as Ni with a metal with fully occupied d-orbitals such as Pd, the d-band of the resulting alloy is shifted 

downwards. The d-orbital coupling between the two metals results in a decrease of the Gibbs free 

energy of the electron transfer steps in the ORR, thereby enhancing the reaction by weakening the 



desorption of oxygenated intermediates on Pd14,15. Therefore, since Pd already exhibits a good O-O 

bond breakage, alloying with Ni results in a boosting of the ORR activity through an electronic effect. 

In the same way, since the kinetics of the O-O breakage on Ni is very slow, addition of Ni into a Pd 

lattice is beneficial only if the former is not present at the surface. Thus, the remarkable activity of 

PdNi-350-AT, PdNi-400-AT and PdNi-450-AT is assigned to a higher subsurface Ni content lowering the 

d-band center of the Pd layer above. The lower activity at higher temperatures could also be attributed 

to a lower surface area owing to a higher surface smothering at those temperatures. However, their 

also low SAs (Fig. 8d) confirm that it is not attributable to a smoother surface. SAs provide even 

stronger evidence of the better Pd utilization in PdNi alloys compared to pure Pd.  

The kinetics of the ORR were studied by collecting ORR polarization curves at different rotation speeds 

(Fig. S2, supporting information). The data was analyzed by extracting the Koutecky-Levich (K-L) plots 

from the mass-transport region of the corresponding ORR polarization curves (i.e. 0.4 V). The 

transferred electron number (n) was obtained using the K-L equation88:  

 1

𝑗
=
1

𝑗𝑘
+
1

𝑗𝑑
=
1

𝑗𝑘
+

1

𝐵𝜔1/2
 (5) 

 
[𝐵 = 0.2𝑛𝐹(𝐷𝑂2)

2
3(𝜈)−

1
6𝐶𝑂2] (6) 

where 𝑗 is the measured current density, 𝑗𝑘 and 𝑗𝑑 are the kinetic and diffusion-limited current 

densities respectively, 𝑛 is the number of electrons transfer per O2 molecule, ω is the electrode 

rotation rate,  𝐹 is the Faraday constant (96485 C/mol), 𝐷𝑂2 is the diffusion coefficient of O2 in KOH 

0.1 M (1.9 × 10-5 cm2/s), ν the kinetic viscosity (0.01 cm2/s) and 𝐶𝑂2 is the bulk concentration of O2 (1.2 

× 10-6 mol/cm3)38,89. The constant 0.2 is used when the rotation rate is expressed in rpm.   

 

Figure 9 K-L plots derived from the ORR polarization curves at 0.4 V of (a) annealed samples and (b) acid treated samples. 



Fig. 9a shows the K-L plots for ORR on the annealed samples. All samples studied present linear and 

parallel K-L plots, which indicate first order kinetics with respect to molecular oxygen90. The 

transferred electron number was calculated from the K-L slopes and it was found to be 4.30-4.50 for 

all annealed samples (Table S1, Supporting Information). These 𝑛 values confirm that the ORR is 

governed by a 4-electron pathway, thereby reducing O2 to OH- during the reaction. A dominant 4-

electron pathway was also observed in previous studies for Pd-based catalysts in alkaline 

conditions38,91. K-L analysis of acid treated samples (Fig. 9b) also exhibit parallel and linear plots, but 

much more similar intercepts indicating very similar kinetic current densities (𝑗𝑘). The 𝑛 value was also 

found to be around 4 for all acid treated samples, indicating the same reduction pathway as annealed 

samples. 

The results presented in this section support the picture of a beneficial effect of alloying transition 

metals with different d-orbital occupancy to enhance the ORR kinetics, which has been discussed in 

earlier studies. The overall increase in the ORR activity when surface Ni is removed by acid treatment 

evidences the detrimental effect of Ni as a direct active site in this reaction. However, the activities of 

acid treated samples surpassing the activity of pure Pd justify the electronic effect induced by the Ni 

underneath. Hence, we confirm the positive effect of lowering the d-band center of transition metals 

with excellent O-O breakage and unfavorable desorption of oxygenated species.    

 

3.4 XPS  

To further investigate the reasons behind both the overall decrease in HOR activities and the increase 

in ORR activities after the acid treatment, the surface elemental composition and the chemical state 

of both Pd and Ni were investigated by XPS on both annealed and acid treated samples, as well as 

after the electrochemical tests. For the Ni-2p XPS spectra, only the 2p3/2 splitting was deconvoluted 

(Fig. 10a) and the sensitivity factor corresponding to only one peak doublet was used for 

quantification. Three binding energies of three Ni species are distinguished in the core level spectra: 

Ni (2p3/2: 852.6 eV); Ni2+ in NiO (2p3/2: 853.7 eV); and Ni2+ in Ni(OH)2 (2p3/2: 855.6 eV)92–94. Shake-up 

satellite peaks at higher binding energies (∼857 eV, ∼861 eV and ∼863 eV)93–95 were also considered 

for fitting of Ni-2p3/2 spectra, although their relative intensities were not taken into account for 

quantification of Ni species. Pd-3d spectra (Fig. 10b) was deconvoluted using three d-doublets 

corresponding to: Pd (3d5/2: 335.5 eV); Pd2+ in PdO (3d5/2: 336.8 eV); and Pd4+ in PdO2 (3d5/2: 338.3 

eV)96,97. Gaussian-Lorentzian peaks were used for the deconvolution of all Ni species and Pd oxides, 

whereas metallic Pd peaks were fitted using asymmetric peaks. An iterated Shirley background was 

subtracted from all data and all Ni and Pd deconvoluted peaks were allowed to vary by ±0.3 eV. 

 



 

Figure 10 XPS deconvoluted spectra of (a) Ni-2p3/2 and (b) Pd-3d for annealed and annealed + acid treated samples; (c) 
averaged Pd:Ni composition and content of (d) Ni species and (e) Pd species extracted from XPS before and after annealing, 
acid treatment and electrochemical tests. 

The relative content of Pd and Ni species was obtained by integrating their respective peak areas in 

their XPS spectra. Fig. 10c shows the Pd:Ni composition average of all samples after the indicated 

treatments. The results show that annealed and acid treated samples are composed of a Pd-rich 

surface, especially after acid treatment due to the effective removal of surface Ni in the form of oxide. 

HOR and ORR measurements of both annealed and acid treated samples result in a Ni enrichment of 

the surface. This provides evidence for the Ni diffusion to the surface triggered by its stronger OH- 

adsorption energy compared to Pd98. After HOR measurements the averaged compositions result in 

almost equal amounts of superficial Pd:Ni. However, after ORR, annealed samples exhibit a much 

higher increase in surface Ni than ORR-measured acid treated samples, evincing the more hindered 

diffusion of Ni through a Pd overlayer in the presence of oxygen.  

Both Pd and Ni oxidated species were quantified from XPS deconvoluted spectra and averaged after 

every treatment as shown in Fig. 10d and Fig. 10e respectively. As shown, the higher metallic Pd on 

surface is observed after both annealing and acid treatment, whereas oxidated Pd species (Pd2+ and 

Pd4+) are formed during electrochemical testing. However, spectra of acid treated samples show the 



ineffectiveness of HCl in the removal of Pd oxides. HOR measurements mainly result in the higher 

valence oxides, indicating the formation of Pd4+ species (PdO2) from the oxidation of both Pd and, 

partially, PdO. ORR testing also leads to Pd oxidation, although the resulting alloys are primarily 

composed of a Pd2+ oxide. In contrast to Pd, Ni oxidated species are highly present already in the 

annealed samples due to the ease by which Ni to oxidizes in air. Annealed samples show a major 

amount of Ni(OH)2, which increases drastically after HOR and ORR measurements due to contact with 

the alkaline electrolyte. Acid treatment results in a severe decrease of Ni hydroxide, causing a rise of 

30% in the relative amounts of both Ni and NiO. Since both Ni and NiO dissolves in acidic media and 

Ni forms a hydroxide in aqueous solutions99, the remaining Ni and NiO is attributed to subsurface Ni 

that is not reachable by neither the electrolyte nor the HCl. This supports the formation of a Pd 

overlayer due to Ni removal upon contact with acid. The amount of Ni(OH)2 becomes again significant 

after ORR and HOR testing, suggesting the diffusion of Ni through the Pd layer owing to the higher 

affinity of Ni for OH- 97. 

 

4. Conclusions 

In this study, we investigated the electronic and structural effects in alloyed PdNi thin films and in a 

Pd layer over a PdNi alloy influence both HOR and ORR activity in alkaline media. HOR measurements 

revealed that both electronic and structural effects play a role in accelerating the HOR kinetics. It was 

found that the main responsible for the activity enhancement observed in PdNi alloys is the weaker 

HBE of Pd as a result of the Ni addition. Removal of surface Ni by acid treatment resulted in an overall 

decrease of the HOR activities, thereby providing strong evidence that surface Ni/Ni(OH)2 is also 

boosting the HOR kinetics by providing oxophilic sites for OH- adsorption, i.e. a bifunctional 

mechanism. ORR measurements also displayed a beneficial effect of alloying Pd with Ni. In contrast to 

the HOR, surface Ni has a detrimental effect on the ORR kinetics in alkaline media, as evinced by the 

overall activity increase after forming a Pd overlayer by acid treatment. The resulting protective Pd 

layer turned out to be a more effective ORR catalyst due to electronic effects induced by a modified 

d-band, which favors the desorption of oxygenated species. Therefore, we confirm that structural 

effects are crucial if the electronic effects are meant to be observed, which in turn are the main reason 

for the observed HOR and ORR activity enhancement in alkaline media. 
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Figure S1 Cyclic voltammograms in Ar-saturated 0.1 M KOH of a)-f) annealed samples and g)-l) acid treated samples. 



1. Koutecky-Levich plots and electron transfer number 

 

Figure S2 ORR polarization curves of a)-f) annealed samples and g)-l) acid treated samples at different rotation rates used for 
Koutecky-Levich plots. 



Table S1 Electron transfer number (n) extracted from Koutecky-Levich plots for all annealed and acid treated samples. 

 
Electron Transfer Number (n) 

Sample Annealed Acid Treated 

PdNi-350 4.35 4.16 

PdNi-400 4.33 4.17 

PdNi-450 4.34 4.18 

PdNi-500 4.53 4.34 

PdNi-550 4.39 4.33 

PdNi-600 4.26 4.31 

 

 

2.  Fitting of XPS Data 

X-ray photoelectron spectroscopy (XPS) peak fitting was used to quantify the amount of metallic and oxide 

Pd and Ni species in annealed samples, acid treated, and after HOR and ORR measurements in the same 

samples (Table S2). The curve fitting of both Pd-3d and Ni-2p was carried out using the Multipak software, 

with a standard Shirley background and Gaussian-Lorentzian peak profiles. All peaks emerging from core 

level photoelectrons were fitted using a doublet with a ratio suitable for the orbital (2:1 for Ni-2p and 2:3 

for Ag-3d). The study of the oxidation state of the Ni-2p core level spectrum is known to be compromised 

by the presence of secondary peaks emerging from multiplet splitting, plasmon loss structures and satellite 

peaks overlapping with the primary structure of the spectrum. Thus, only the 2p3/2 was considered for 

quantification of Ni species because overlapping of the secondary electron peaks with the 2p1/2 

photoelectron lines make the curve fitting by doublets very problematic. For Pd-3d, instead, both d peaks 

were used for peak area integration and were compared to Ni-2p3/2 to obtain the ratio of Pd and Ni species 

by using sensitivity factors that accounted for the different peak areas considered for quantification. The 

binding energy values were allowed to shift by ±0.3 eV to account for error associated with referencing to 

adventitious carbon. Besides metallic Ni (852.7 eV), two Ni species with the same oxidation state (Ni2+) 

were identified in the Ni-2p spectrum: NiO (853.6 eV) and Ni(OH)2 (855.6 eV)1–6. Similarly, besides metallic 

Pd (335.5 eV), two Pd oxides were found when deconvoluting the Pd-3d peak: PdO (336.6 eV) and PdO2 

(337.9 eV)7–10. 

 

 

 



Table S2 Quantification of Pd and Ni species from XPS spectra deconvolution for annealed, acid treated samples and after 
both HOR and ORR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pd PdO PdO2 Ni NiO Ni(OH)2 Pd PdO PdO2 Ni NiO Ni(OH)2 Pd PdO PdO2 Ni NiO Ni(OH)2

PdNi-350 89 11 - 18 8 73 81 19 - 8 - 92 69 31 - 24 - 76

PdNi-400 86 14 - 17 8 74 80 20 - 6 - 94 74 - 26 8 4 88

PdNi-450 82 18 - 16 23 61 73 21 6 6 - 94 75 25 - 10 - 90

PdNi-500 81 19 - 15 20 65 60 - 40 3 - 97 88 12 - 8 - 92

PdNi-550 77 23 - 21 26 53 85 - 15 8 - 92 73 27 - 8 - 92

PdNi-600 70 30 - 22 22 56 41 - 59 10 - 90 55 19 26 7 - 93

Average 81 19 - 18 18 64 70 10 20 7 - 93 72 19 9 11 1 89

Pd PdO PdO2 Ni NiO Ni(OH)2 Pd PdO PdO2 Ni NiO Ni(OH)2 Pd PdO PdO2 Ni NiO Ni(OH)2

PdNi-350-AT 79 21 - 37 38 25 57 37 6 9 - 91 60 35 5 12 - 88

PdNi-400-AT 78 22 - 30 39 31 47 35 18 11 - 89 46 37 17 12 - 88

PdNi-450-AT 76 24 - 42 25 33 50 32 18 10 - 90 67 28 5 25 - 75

PdNi-500-AT 73 27 - 45 25 30 69 19 12 10 - 90 57 35 8 14 - 86

PdNi-550-AT 73 27 - 48 23 29 38 37 25 13 - 87 65 30 6 9 - 91

PdNi-600-AT 69 31 - 40 20 40 43 36 21 8 - 92 69 35 5 12 - 88

Average 75 25 - 40 28 31 51 33 17 10 - 90 61 33 8 14 - 86

Ni (%)Pd (%)

ORR

Sample

Acid Treated

Ni (%)Pd (%)

ORR

Ni (%)Pd (%)Ni (%)Pd (%)

HOR

Ni (%)Pd (%)

Annealed HOR

Pd (%) Ni (%)
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