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     Abstract: The electrocatalytic activity of Pt-based alloys exhibits a strongly dependence on 

their electronic structures, but a relationship between electronic structure and oxygen 

reduction reaction (ORR) activity in Ag-based alloys is still not clear. Here, a vapor 

deposition based approach is reported for the preparation of Ag75M25 (M=Cu, Co, Fe and In ) 

and AgxCu100-x (x=0, 25, 45, 50, 55, 75, 90 and 100) nanocatalysts and their electronic 

structures are determined by valence band spectra. The relationship of the d-band centre and 

ORR activity exhibits volcanno-shape behaviors, where the maximum catalytic activity 

obtained for Ag75Cu25 alloys. The ORR enhancement of Ag75Cu25 alloys originates from the 

0.12eV upshift in d-band center relative to pure Ag, which is different from the downshift in 

the d-band center in Pt-based alloys. The activity trend for these Ag75M25 alloys is in the order 
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of Ag75Cu25> Ag75Fe25> Ag75Co25. These results provide an insight to understand the activity 

and stability enhancement of Ag75Cu25 and Ag50Cu50 catalysts by alloying.  

 

1.Introduction 

 The oxygen reduction reaction (ORR) is critical for alkaline fuel cells and metal-air 

batteries, Pt and Pt-based alloys are known as the most efficient catalysts for ORR, however, 

their cost and scarcity in the earth crust have hampered their extensive application.[1] To make 

ORR catalysts more economical and viable, there are many problems that should be solved. 

The main one is to find a low cost and highly active catalyst to substitute Pt. Silver has been 

known as an inexpensive catalyst which could achieve this goal because of its acceptable 

catalytic activity, high stability in alkaline solution and low cost (about 50 times less 

expensive than Pt).[2] However, the rational screening of inexpensive, stable and efficient Ag-

based electrocatalysts requires the understanding of the catalysis mechanisms, catalytic 

behavior and intrinsic effect (such as electronic effect) of these catalysts in ORR process.[3]  

 Recently, our group reported that the electronic perturbation to play a key role on 

activity and stability of Ag-Cu metallic glass electrocatalysts with performance comparable to 

Pt/C for zinc–air batteries.[4] Similarly Nørskov et al. identified the electronic effect as a 

factor which determined the ORR activity order of Pt-based alloys and provided a basis for 

the future optimal design of active and stable Pt-based catalysts.[5]  But to the best of our 

knowledge, the ORR activity order has been rarely reported for Ag-based alloys. To this end, 

in 2014, Holewinski et al. reported the Ag-Co alloy had an excellent ORR performance, 

where the subsurface Co atoms provided the electronic perturbation or ligand effect, reaching 

up to almost half ORR activity of Pt at 0.8 VRHE in alkaline media.[6] From the theoretical 

calculations on the Ag-Co near surface alloy (NSA), the free energy diagram for ORR on the 

(111) surface of binary Ag75M25 (M=Cu, Co and Fe) alloys were studied and a activity order 

is obtained as Pt > Ag-Fe >Ag-Co >Ag-Cu >Ag. Nevertheless, this theoretical activity order 
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is still short of the direct experimental support and is not considering the contribution of other 

surface, such as, the (311), (200)/(100) and (220)/(110) facets, which are suggested to be 

more suitable for ORR in Ag-based and Pt-based alloys.[7] Yi et al. reported the activity order 

of binary silver-based nanocatalysts supported on carbon nanotube (CNT) for ORR in alkaline 

media,[8] it is reported that the activity of Ag-based alloys is in order of Ag8Co2/CNT > 

Ag9Cu1/CNT > Ag/CNT, and the activity of Ag9Cu1/CNT is severely deteriorated after a 

single polarization test on rotating disk electrode at 1600 rpm, suggesting a very low ORR 

stability. On the contrary, the theoretical calculations from Kim et al. [3b, 9] and our group[10] 

reported that Ag-Cu alloy nanocatalysts posses higher ORR activity and stability than pure Ag. 

Our recent experimental work also shows that Ag-Cu alloy catalyst has good activity and 

stability for ORR in alkaline media and presents excellent cyclic performance during 

charging-discharging in real zinc–air batteries. [11] It is well-known that CNTs are active for 

ORR in alkaline media, so the activity order of Ag-based alloys supported on CNT is not a 

realistic portrayal of the alloying effect in Ag catalyst.[12]  It can be inferred that the present 

ORR activity order obtained from the (111) facets of Ag-M alloys [6] or from CNT-supported 

Ag-M alloys [8] may be different with the real Ag-based alloys.  

 Herein, we directly deposited the Ag75M25 (M=Cu, Co, In and Fe) and AgxCu100-x (x= 0, 

25, 45, 50, 55, 75, 90 and 100) alloys on glassy carbon electrode via pulsed laser deposition 

(PLD) and measured their activity order via rotating disk electrode (RDE) polarization test. 

As a function of electronic perturbation in ORR, a volcano curve (specific activity vs. d-band 

center ) for Ag-based catalysts was built and a activity order of these alloys was obtained. 

This volcano curve provides guidance for the screening of Ag alloy catalysts, explains the 

enhancement effects from the electronic perturbation, and provides new insight into the 

design of alkaline fuel cells and metal-air batteries. 

 

2. Results and discussion 
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2.1. The ORR activity of the Ag75M25 and AgxCu100-x alloys 

 Figure 1a and Figure S2 show the RDE polarization curves of Ag75M25 alloys 

measured in an O2-saturated 0.1 M KOH, Table 1 list their ORR activities. The Ag75M25 

alloys demonstrate their catalytic activity changes via alloying Ag with the M elements, the 

half-potentials are in the order as:Pt/C-20% (0.88VRHE) >Ag75Cu25 (0.76VRHE) >Ag75Fe25 

(0.73VRHE)> Ag75Co25 (0.70VRHE) > Ag (0.66VRHE)>Ag75In25 (0.56VRHE), indicatind that the 

ORR activity of Ag is significantly changed by alloying with M (M=Co, Fe and Cu) metals. 

Further more, we consider the effect of amount of alloying element by carrying out activity 

measurements for different amount of Cu in AgxCu100-x alloys (see Figure 1a, Figure S3 and 

Table 1). By tuning the composition of Cu, the half-wave potential of AgxCu100-x alloys 

showed a pattern of normal distribution, indicating the ORR activity is tuned by content of Cu. 

However, if the content of Cu become extremly high, the half-wawe potential decreases 

because the excessive Cu atoms would occupy the position of Ag and decreases the activity 

site. In Cu contents ranging 0 to 50 at%, the activity of AgxCu100-x alloys is improved with 

increasing of Cu content, alloying effect play a positive role. In the Cu contents higher than 

50%, the activity of AgxCu100-x alloys is decreased with increasing of Cu content.  

The corresponding Koutecky-Levich (K-L) plots at 0.3VRHE electrode potential shown in 

Figure S4 are used to evaluate the transferred electron number per oxygen molecule in ORR. 

The K-L plots for AgxCu100-x and Ag75M25 catalysts display good linearity. The n values for 

Ag75M25 (M=Cu, Co and Fe ) catalysts as calculated by K-L equations at 0.30 VRHE is 3.86, 

3.82 and 3.84 respectively, demonstrating an apparent quasi-four-electron process in the 

Ag75M25 catalyst.[13] For AgxCu100-x (x=0, 25, 45, 50, 55, 75, 90 and 100) alloys, the highest 

electron transfer number value at 0.30 VRHE is 3.97 for x=50, indicating that Ag50Cu50 alloy 

catalysts favor four-electron reduction process. 

To further determine the acitivity order of Ag75M25 and AgxCu100-x alloys, we 

considered the specific activity and Tafel slopes of them. Figure 1b shows that the 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

5 

 

corresponding specific activity (SA) and mass specific activity (MA) curves of these alloys in 

ORR polarization test at 0.85VRHE. Both SA and MA results indicate that the Ag75Cu25 alloy 

(0.85 mA cm-2 and 89.5 A g
-1 

total ) is the most ORR active alloy among Ag75M25 alloys, and 

Ag50Cu50  alloy (1.57 mA cm-2 and 207.5 A g
-1 

total) is the most ORR active composition among 

AgxCu100-x alloys. For refining these results, we considered the corresponding electrochemical 

surface areas (ECSA) of these Ag75M25 and AgxCu100-x alloys as present in Figure 1c, Figure 

S5 and Table 1. The ECSA of pure Ag (14.05 m2 g
-1 

total) is lower than that of Ag-M alloys 

( range from 15.22 g
-1 

total to 16.49 g
-1 

total),  suggesting a lower specific surface area of Ag 

catalyst(see Table S1). But for Ag-M alloys, the ECSA is almost the same. This result is in 

agreement with the TEM results (support information in Part 4), in which the pure Ag 

nanoparticles are bigger than that of Ag-M alloys and results a lower ECSA. Using the 

polarization curves of Figure 1a, the Tafel slopes (K) were observed for ORR on these 

AgxCu100-x and Ag75M25 alloys. As shown in Figure 1d and Table 1, after alloying with other 

metals, the Tafel slopes in the low overpotential range is in the order of Ag75Cu25(72 mV dec-

1) < Ag75Fe25(76mV dec-1)< Ag75Co25(78 mV dec-1)< Ag75In25(81mV dec-1). This result is in 

concomitant with the orders of specific activity and mass activity. For AgxCu100-x alloys, the 

Tafel slope in the low overpotential range increases with the increasing of Cu content (range 

from 0 to 50%) as Ag (79 mV dec-1) < Ag90Cu10 (78 mV dec-1) < Ag75Cu25 (72 mV dec-1) < 

Ag55Cu45 (69 mV dec-1). When the Cu content is higher than 50%, the Tafel slopes increase 

with the increasing of Cu-content as Ag50Cu50 (64 mV dec-1) < Ag45Cu55 (66 mV dec-1) < 

Ag25Cu75 (75 mV dec-1). Here, the Ag50Cu50 exhibits smallest Tafel slope and is therefore the 

most efficient ORR catalyst among all the catalysts in this study, suggesting an outstanding 

intrinsic ORR kinetics of Ag50Cu50 alloy. Meanwhile, the better ORR catalytic activity of 

Ag50Cu50 alloy compared to other AgxCu100-x (x= 25, 45, 55, 75, 90) alloys catalysts 

demonstrated that the content of  Cu plays an important role in determining the ORR pathway. 
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2.2. The d-band center of the Ag75M25 and AgxCu100-x alloys 

As mentioned above, the alloying of Ag with M (Co, Fe, Cu and In) significantly 

changes the catalytic activity of Ag, the question arises as to why the catalytic property can be 

tuned by chemical composition. Considering that Pt-based alloys employe the d-band center 

to address this question and the role of electronic perturbation has been justified[5], the valence 

band spectra (VBS) of various Ag75M25 alloys were measured by high-resolution X-ray 

photoelectron spectroscopy (XPS). Figure 2a show the VBS spectra of the pure Ag and 

Ag75M25 alloys, and Table 2 listed the d-band center of VBS. It is shown that the surface 

electronic structure of Ag75M25 alloys is different from that of pure Ag, which posses a innate 

d-band center at -5.28eV. This d-band center of Ag coincides with the results of Timo 

Hofmann et al.[3a] Careful inspection of the VBS in Figure 2a reveals that the density of states 

(DOS) of Ag75M25 (Co, Fe and Cu) alloys present a clearly discernible increase near the 

Fermi level, that is, the position of d-band center is upshifted relative to pure Ag. But for 

Ag75In25, the DOS is increased in the far end of VBS which leads to a downshift of d-band 

center to -5.51eV. Hence, the M (Cu, Co, Fe and In) elements modulate the electronic 

structure and affect ORR activity of Ag in Ag75M25 alloys.  

 To obtain the further insight of the d-band center of Ag75M25 alloys, the density 

functional theory (DFT) calculations are performed on pure Ag, Ag75Cu25, Ag75Co25, 

Ag75Fe25 and Ag75In25 (Details of model and calculation methods are shown in the Supporting 

Information.). As present in Figure S6 and Table S2, after alloying with the M with the 

exception of In element, the densty of state (DOS) near Fermi level of Ag75M25 alloys, 

between 1eV and 2.5eV, present a clearly discernible increase with addition of Cu, Fe and Cu 

elements. The change of the d-band centers is in the order as: AgIn(-4.65eV) <Ag(-4.61eV) 

<AgCu(-4.51eV) <AgFe(-4.41eV) <AgCo(-4.34eV). Although the calculated d-band center 

from DFT is different from the experimetal d-band centers from VBS, the trends of d-band 

center change and the increasing of DOS near fermi level between 0 and -2.5 eV are coincide 
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with the experimetal XPS results in Figure 2a and 2c, demonstrating the electronic 

perturbation plays a critical role on the d-band center of the Ag75M25 alloys. 

 As shown in Figure 1a, the ORR activity of AgxCu100-x alloys depend on the Cu 

content. To explore the overall consequence of both the alloying element M and the content of 

M with the aim to create a more efficient catalyst than pure Ag, we considered the effects of 

Cu content on VBS of the AgxCu100-x alloys. Figure 2b present the VBS spectra of the pure 

Ag and AgxCu100-x alloys. As present, the degree of alloying significantly affected the VBS of 

AgxCu100-x alloys. The DOS near Fermi level, between 1eV and 3eV, is increased with the 

increasing of Cu content (at.%) in AgxCu100-x alloys, which indicates that the position of d-

band tend to upshift along with the increasing Cu content. 

2.3 The volcano curve for the Ag75M25 and AgxCu100-x alloys 

These d-band centers of VBS allow us to directly correlate the variations in the ORR 

catalytic activity with the alloying element variations in Ag75M25 alloys. Figure 2c indicates 

that the d-band center of Ag75M25 versus the specific activity at 0.85VRHE exhibit a volcano 

curve. After alloying with M (Cu, Co and Fe) metallic element, all of the d-band center of 

Ag75M25 alloys are upshifted relative to pure Ag while the ORR activity of Ag catalyst is 

modified by alloying with M (Cu, Co and Fe) metals. Nevertheless, the relationship of d-band 

center and ORR activity in Ag75M25 alloys is not merely a linear one. Here, the d-band center 

of Ag75Cu25, Ag75Fe25 and Ag75Co25 is at -5.16 eV, -4.71 eV and -4.45 eV, respectively, 

whereas their ORR specific activity is 0.23 mA cm-2, 0.177 mA cm-2 and  0.112 mA cm-2, 

respectively, indicating that the ORR activity decreases when the position of the d-band 

center of Ag75M25 becomes extremely close to the Fermi energy, due to that the higher 

binding energy of OCS (oxygen containing species, such as O2, OH-, OOH-) on Ag surface 

which blocks the catalytic active site on the surface.[5a, 5b] But for Ag75In25 alloy, the 

downshift of d-band center decreases the binding energy of Ag-OCS which would weaken the 

ORR activity of Ag.[5a, 5b] This leads to the maximum possible catalytic activity obtained for 
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the Ag75Cu25 alloy, which binds the OCS neither too weakly nor too strongly, indicating a 

balance between the adsorption energies of reactive intermediates and surface coverage by 

blocking species. It is interesting to note that, the ORR enhancement of Ag75M25 alloys 

originates from the upshift in d-band center and the upshift amount in d-band center of the 

most active Ag75Cu25 is about 0.12eV relative to pure Ag, but for Pt-M alloys, the ORR 

enhancement comes from the downshift in the d-band center, for example, the d-band center 

of the most active Pt-Y,[5a, 14]  Pt-Co alloy[15] and Pt-Ni alloy[16] downshifts relative to pure Pt 

about 0.14eV, 0.20eV and 0.19 eV, respectively, indicating that the tuning of the catalytic 

enhancement via electronic perturbation in Ag-M alloys is opposite to that of Pt-M alloys.  

  As shown in Figure 2d, the relationship between the specific activity at 0.85VRHE and the 

d-band center positions on AgxCu100-x alloys exhibits a volcano shape too, with the maximum 

catalytic activity obtained for Ag50Cu50 (1.57 mAcm-2), indicating that ORR activity of 

AgxCu100-x alloys is depends on the alloying degree and the position of d-band states relative 

to Fermi level. In Cu content range lower than 50 at%, the ORR activity of AgxCu100-x alloys 

increases with the upshifting of d-band center, which enhances the Ag-OCS bond interaction 

and the ORR activity.[3b] For high Cu content regime ( higher than 50%), the ORR activity of 

AgxCu100-x alloys exhibit a significant decrease from 1.57 mA cm-2 to 0.55 mA cm-2 with 

increasing Cu content. Further study of XPS surface composition analysis indicates that the 

content of Cu is 72.11% on the surface of Ag25Cu75 alloys and these excess surface Cu atoms 

get easily oxidized in alkaline solution, which lead to higher dissociation energy for ORR, 

block the activation site of the Ag atoms, and decrease the ORR activity of AgxCu100-x 

alloys.[3b] The ORR activity of Ag50Cu50 is at the top of volcano curve and suggests that this 

alloy composition has the best balance of the d-band center and surface active site of Ag, 

which renders it the highest activity for ORR among all compositions. 
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2.4.The typical microstructure and activity order of the Ag75M25 alloys 

As measured above, the activity order of these Ag75M25 alloys (Ag75Cu25> Ag75Fe25> 

Ag75Co25) in this work is different with the activity order predicted from the (111) surface 

(Ag75Fe25> Ag75Co25> Ag75Cu25).
[6] To evaluate this argument, we measured the surface 

characters of these alloys. Figure 3a and Figure S7 present the typical microstructure of these 

as-prepared catalysts measured by high resolution transmission electron microscope 

(HRTEM). As an example, the Ag75Cu25 particles are ranged from 1 nm to 3.5 nm and present 

many clearly lattice fringes on the surface. In Figure 3b, the inverse FFT of a particle exhibit 

that the surface of nanoparticles possess several difference lattice plane with d-spacing = 

0.238 nm, 0.147 nm and 0.203 nm, which can be indexed to (111), (220) and (200) facets, 

respectively. As shown in Figure 3c, diffraction rings in selected area electron diffraction 

(SAED) also present the rings from (111), (220) and (200) faces, which is in agreement with 

the inverse FFT results. These results indicated the Ag75Cu25 catalysts have various facets as 

the active surface. Previous research suggests that the catalytic reaction is not limited to (111) 

face but occurs also on (200)/(100), (220)/(110) and other faces.[7d, 17] These various active 

facets in Ag75Cu25 alloys may result in a difference activity order with that calculated via DFT 

on (111) facet.16 Meanwhile the surface composition and stability of as-prepared Ag-M 

catalysts were measured by XPS. As present in Figure 3d and 3e, all samples exhibited a 

clear Ag peak and doping element (M) peaks which can be index to Ag0 and M0 metallic state 

(more details of XPS are shown in supporting information, see Figure S8).[18] These results 

suggest that the Ag-M alloys used in this work have a clean and well alloyed surface. 

2.5. The long-term stability of the typical Ag75M25 catalysts 

Considering the low stability of Ag9Cu1/CNT as reported by Yi et al,[8] the long-term 

stability of Ag75Cu25 alloys was measured in this work. The electrochemical durability of the 

Ag75Cu25 catalyst was evaluated by using a line scan voltammetric accelerated stability test 

(LSV-AST) between 0.6 and 1.0 V (vs RHE) in O2-saturated 0.1 M KOH at a scan rate of 50 
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mV s-1. The ORR polarization curves of the Ag75Cu25 catalyst after 9000 cycles are shown in 

Figure 4a. (details after each 1000 cycles were showed in supporting information, Figure S9). 

As present, after 9000 cycles, there was a slight decrease in half-wave potential for Ag75Cu25 

alloy from 0.76 VRHE to 0.75 VRHE. The ORR polarization curve after 9000 cycles present a 

peak at 0.3VRHE, indicating an obvious difference of the diffusion limiting current. Similar 

phenomena [6] has been reported in Ag-Co system that the Ag catalyst is sensitive to the 

electrolyte purity and the long term LSV-AST would influence the limit current of ORR 

polarization curve. Figure 4b and Table S3 shows the the specific activity and ECSA of the 

Ag75Cu25 catalyst investigated every 1000 cycles by Pb-stripping measurement, the ECSA 

decrease from 16.49 m2 g
-1 

total to 14.24 m2 g
-1 

total after LSV-AST cycles, the specific activity of 

Ag75Cu25 alloy decreases from 0.851 mA cm-2 to 0.834 mA cm-2 during the LSV-AST cycles, 

its final specific activity was still as high as 0.834 mA cm-2, which is 2.8-fold higher than the 

initial value of pure Ag catalyst, suggesting that the Ag75Cu25 catalyst has excellent long-term 

durability.  

3. Conclusions 

We have demonstrated that the relationships between specific activity and d-band center 

values in Ag75M25 and AgxCu100-x alloys exhibit a volcano shape. From the volcano curve of 

Ag75M25 alloys, we have established a new activity order for these alloys as Ag75Cu25 > 

Ag75Fe25 > Ag75Co25> Ag> Ag75In25. The activity study shows that the slight upshift in d-

band center, approximately 0.12 eV, is beneficial for ORR activity in Ag75M25 system. This 

result is in contrast to Pt-based alloys where the slight downshift (approximately 0.14 eV for 

Pt-Y) of d-band center improves ORR activity. For Ag75M25 alloys, the Ag75Cu25 exhibits the 

most activity with the best balance of the binding energy of oxygen and anions. We also 

studied the effect of copper content in the AgxCu100-x alloys and found a volcano curve for 

activity plot relative to Cu content. These results indicate that activity enhancement of 

AgxCu100-x alloys depend on the degree of alloying. Though Cu is suitable for modifying the 
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d-band center of Ag, excessive Cu on surface will block the active sites on AgxCu100-x surface 

and deteriorate the catalytic activity. Our results indicate that the Ag50Cu50 alloy is most 

active among AgxCu100-x alloys due to best balance between d-band position and the surface 

Cu content. Moreover, the LSV-AST results confirm that the Ag75Cu25 catalyst is stable in 

alkaline solution even after 9000 cycles, indicating its excellent ORR stability. This work 

suggests that it is feasible to increase the catalytic activity and stability of the Ag-based 

nanoparticles by tuning the electronic properties, resulting in a new generation of Ag-Cu 

systems with engineered alloying. 

4. Materials and methods 

4.1. Catalyst preparation.  

We prepared polycrystalline nanoalloy catalysts of the type Ag75M25 (M=Cu, Co, Fe and 

In ) and AgxCu100-x (x=0, 25, 45, 50, 55, 75, 90 and 100) via the pulse laser deposition (PLD, 

Figure S1) technology. This non-equilibrium vapor deposition technique ensures the 

consistency of these alloys by exactly controlling target composition, evaporating temperature 

and deposition time (details of this experiment have been shown in supporting 

information).[19] 

The Ag-M alloys were in-situ deposited on glassy carbon electrode (GC, 0.196cm-2) via 

PLD at 1.0×10-5 Pa atmospheric pressure. No binding materials (such as PTFE) and substrates 

(such as carbon) were used between GC and Ag-M alloys. The GC was first cleaned in dilute 

sulphuric acid for 5 mins, followed by washing in deionized water for 30 mins and drying in 

vacuum oven (1 hours). The GC was then directly set on the side of adjustable rotation rate 

sample platform (ARRSP) of the PLD. The Ag75M25 (M=Fe, Co, Cu and In) and AgxCu100-

x(x=0, 25, 45, 50, 55, 75, 90, 100) sputtering targets were mounted on the side of adjustable 

rotation rate target platform (ARRTP). Both the ARRSP and ARRTP rotated at the speed of 5 

rpm and cooled by flowing Ar during the deposition process. The distance of the ARRSP - to 

- ARRTP was 6 cm. To clean the surface of the targets, a nanosecond Q-switched Nd laser 
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irradiation (YAG laser beam with a wavelength of 266 nm and a pulse duration of 3-6 ns, 

beam diameter 1 mm with an energy density 200 mJ/pulse, EKSPLA, Lithuania) was 

performed on the targets for 5 minutes at 2Hz. After this steo, the Ag-M targets were allowed 

to deposit onto the GC at 9 Hz. All of the catalyst samples were deposited with 4400 laser 

pulses and the thickness and loading of Ag-M alloys on GC is 12µg cm-2 as monitored by the 

quartz crystal oscillation. 

4.2. Catalyst characterisation. 

 X-ray photoelectron spectroscopy (XPS) were measured on an ULTRA 

(ESCALAB 250, Al Kα,ultrahigh vacuum is 10-9，hν = 1486.6 eV ). High-resolution 

O1s, Cu2p and Ag3d spectra were acquired. No charge compensation was necessary. 

The origin of the binding energy Eb was set to the Fermi energy Ef of the Au plate. The 

Shirley background is subtracted from the measured spectra. The d-band center of the 

valence band (VBS) is given by ∫R(ε)εdε/∫R(ε)dε, where the R(ε) is the XPS-intensity 

after background subtraction.[14] The structural of the synthesized catalysts were 

determined using an FEI Tecnai F30 transmission electron microscope (300 kV), a JEOL 

JSM-6700F field-emission scanning electron microscope. 

 All electrochemical measurements were carried out by a classic three electrode set-up. 

The Hg/HgO (0.1M) electrode was used as a reference electrode, a Pt wire electrode was 

employed as a counter electrode. The working electrodes were fabricated by directly 

depositing Ag-M alloys on GC. The catalyst loading was 12 µg cm-2. Electrolyte solutions of 

0.1 M KOH were prepared from ultrapure water (18.1MΩ cm-1) and 99.999% potassium 

hydroxide. All solutions were freshly prepared  before use and stored in a glove box to avoid 

the contamination from the air (such as CO2). We considered IR-dropping in all of the tests. 

All potentials are reported relative to the Reversible Hydrogen Electrode (VRHE = VNHE + 

0.0591pH).[6] The rotating disk electrode (RDE) and CHI660C electrochemical workstation 

were performed to measure the electrocatalytic activity of the catalysts. The linear 
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voltammetry scanning (LSV) and rotating disk electrode (RDE) polarization curves were 

studied at room temperature in 0.1 M KOH(O2 saturated). The scanning rate of these 

experiments were set as 10 mV s−1 and the rotation rates were controlled at 400, 900, 1600 

and 2500 rpm. 

Pb-stripping voltammetry was performed immediately after ORR measurements in 0.1M 

KOH+125μM Pb(NO3)2 solution. Before Pb-stripping voltammetry test, the solution was 

purged with Ar for 30 minutes. The initial potential were set at 0.2VRHE and the final potential 

is 0.6 VRHE. The stable voltammograms were integrated assuming 280uC/cm2, which was 

established based on Ag faces.[20]  

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Table 1． The ORR activity parameters: half-wave potential(Ehalf), kinetic currents(jkc), 

mass-corrected kinetic current(jmass), electrochemical surface areas (ECSA, m2g
-1 

total) and 

Tafel slopes (mV dec-1)of the Ag75M25 and AgxCu100-x catalysts in O2-saturated 0.1 M 

KOH in positive direction at scan rate of 10 mVs-1 and with electrode rotation 

frequency of 1600 rpm.  

 

Catalyst 

Half-

wave 

potential 

(VRHE) 

Current density 

(mA cm-2) 

Mass-corrected 

kinetic current 

at 0.85VRHE 

(A g
-1 

total) 

ECSA 

(m2 g
-1 

total) 

Tafel plots 

(mV dec-1) 

  

Ehalf j jd jkc 

jmass A Low 

overpotentials 

High 

overpotentials 

 Ag 0.66 0.3 4.12 0.32 26.7 14.05 79 138 

 Ag75In25 0.56 0.01 4.20 0.01 0.8 15.22 81 147 

Ag75M25 Ag75Co25 0.70 0.64 4.14 0.76 63.3 15.79 78 131 

 Ag75Fe25 0.73 0.75 4.15 0.92 76.7 15.65 76 129 

 Ag75Cu25 0.76 0.85 4.19 1.07 89.5 16.49 72 108 

 Ag90Cu10 0.69 0.47 4.16 0.53 44.2 15.56 78 110 

 Ag55Cu45 0.81 1.28 4.21 1.85 154.2 15.93 69 106 

AgxCu100-x Ag50Cu50 0.82 1.57 4.21 2.49 207.5 16.90 64 104 

 Ag45Cu55 0.81 1.49 4.15 2.33 194.2 16.43 59 106 

 Ag25Cu75 0.71 0.55 4.13 0.63 52.5 15.93 75 112 

 Pt/C-20% 0.88 1.72 4.23 2.90 241.6 -- 58 64 

j of Ag75M25 and AgxCu100-x catalysts is the total current density at 0.85 VRHE, j of Pt/C-20% is the 

total current density at 0.90 VRHE.  

jd is the diffusion limited current density  

jkc is the kinetic current at 0.85VRHE. 

jmass is the mass-corrected kinetic current at 0.85VRHE.  
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Table 2． The position of d-band centre and specific activity (SA) of the Ag75M25 and 

AgxCu100-x catalysts 

Catalyst 
Position of d-band 

center, Ed (eV) 

Up-shift d-band 

Center, ΔEd (eV) 

SA at 0.85VRHE 

Js (mA cm-2) 

Improvement of SA 

ΔJs (mA cm-2) 

 Ag -5.28 0 0.3 0 

 Ag75In25 -5.51 -0.23 0.01 -0.29 

Ag75M25 Ag75Co25 -4.45 0.83 0.64 0.34 

 Ag75Fe25 -4.71 0.57 0.75 0.45 

 Ag75Cu25 -5.16 0.12 0.95 0.65 

 Ag90Cu10 -5.21 0.07 0.47 0.17 

 Ag55Cu45 -4.98 0.30 1.28 0.98 

AgxCu100-x Ag50Cu50 -4.92 0.36 1.57 1.27 

 Ag45Cu55 -4.8 0.48 1.49 1.19 

 Ag25Cu75 -4.7 0.58 0.55 0.25 
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Figure 1. (a) The ORR polarization curves of Ag75M25 (M: Cu, Co, Fe and In) alloys, 

AgxCu100-x (x= 0, 25, 45, 50, 55, 75, 90 and 100) alloys ; Electrolyte: O2 saturated 0.1M KOH 

solution, room temperature; sweep rate, 10 mV s−1; rotation rate, 1600 rpm; loading of 

Ag75M25 and AgxCu100-x : 12 µg cm-2. (b) Relationships between experimentally measured 

specific activity (SA) and mass activity (MA) of Ag75M25, and AgxCu100-x alloys at 0.85VRHE 

versus the compositions of M. (c) The corresponding electrochemical surface areas (ECSA) of 

Ag75M25 and AgxCu100-x alloys. (d) The mass-transport corrected kinetic current Tafel plots 

for the Ag75M25 and AgxCu100-x alloys. 
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Figure 2. Valence band spectra (VBS) of (a) the Ag75M25 and (b) AgxCu100-x alloys as 

measured by high-resolution X-ray photoelectron spectroscopy. (c) Relationships between 

experimentally measured specific activity (SA) at 0.85VRHE versus the d-band center position 

for Ag75M25 alloys with various kinds of alloy composition. (d) Relationships between 

specific activity (SA) at 0.85VRHE versus the d-band center position for AgxCu100-x alloys with 

various content of Cu. 
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Figure 3. (a) Typical HRTEM images of the Ag-M (Ag75Cu25) alloy, (b) the inverse FFT for 

the particle b, (c) typical selected area electron diffraction (SAED) of the Ag-M alloy 

(Ag75Cu25) alloy, (d) XPS of Ag3d regions for pure Ag, Ag75Fe25, Ag75In25, Ag75Co25 and 

Ag75Cu25 alloys, (e) XPS of Ag 3d, Fe 2p, Co 2p, Cu 2p and In 3d regions for Pure Ag, 

Ag75Fe25, Ag75Co25, Ag75In25, Ag75Cu25 and Ag50Cu50 alloys. 
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Figure 4. (a) A comparison of ORR polarization curves before and after 9000 cycles of line 

scan voltammetric accelerated stability tests (LSV-AST) for the Ag75Cu25 catalysts in O2-

saturated 0.1 M KOH; sweep rate was 10 mVs-1 and rotating rate was 1600 rpm. (b) The 

corresponding electrochemical surface areas (ECSA) and specific activity (SA) of Ag75Cu25 

catalysts on each stage of LSV-AST. 

 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

21 

 

The ORR activity trends of binary silver alloy nanocatalysts were discussed, which is 

highly dependence on the d-band center of valence band spectrum. The results present that the 

up shift d-band center is benefit for ORR and the optimal Ag50Cu50 catalyst (0.1eV) shows 

highly activity and durability for ORR in alkaline media, which is comparable to the 

commercial Pt/C-20% catalyst. 
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Part 1. Preparation of the Ag-M alloys. 

 
Figure S1. Preparation of Ag-M electrodes. 

   

   To ensure the accuracy of the experimental results, the Ag-M alloys were in-situ 

deposited on glassy carbon electrode (GC, 0.196cm-2) via pulse laser deposition (PLD) 

at 1.0×10-5 Pa atmospheric pressure. No binding materials (such as PTFE) and 

substrates (such as carbon) were used between GC and Ag-M alloys. The GC was first 

cleaned in dilute sulphuric acid for 5 mins, followed by washing in deionized water for 

30 mins and drying in vacuum oven (1 hours). The GC was then directly set on the side 

of adjustable rotation rate sample platform (ARRSP) of the PLD. The Ag75M25 (M=Fe, 

Co, Cu and In) and AgxCu100-x(x=0, 25, 45, 50, 55, 75, 90, 100) sputtering targets were 

fixed on the side of adjustable rotation rate target platform (ARRTP). Both the ARRSP 

and ARRTP rotated at the speed of 5 rpm and cooled by flowing Ar during the 

deposition process. The distance of the ARRSP - to - ARRTP was 6cm. To clean the 

surface of the targets, nanosecond Q-switched Nd laser irradiation (YAG laser beam 

with a wavelength of 266 nm and a pulse duration of 3-6 ns, beam diameter 1 mm with 

an energy density 200 mJ/pulse, EKSPLA, Lithuania) was performed on the targets for 

5 minutes at 2Hz. After this process, the Ag-M targets were allowed to deposit onto the 

GC at 9 Hz. All of the catalyst samples were deposited with 4400 laser pulses(The 

loading of Ag-M alloys on GC is 12µg cm-2). 
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Part 2. Electrochemical measurements 

 

Oxygen reduction reaction tests (ORR)  

All electrochemical measurements were carried out by a classic three electrode set-up. 

The Hg/HgO (0.1M) electrode was used as a reference electrode, a Pt wire electrode was 

employed as a counter electrode. The working electrodes were fabricated by directly 

depositing Ag-M alloys on GC. The catalyst loading was 12 µg cm-2. Electrolyte solutions of 

0.1 M KOH were prepared from ultrapure water (18.1MΩ cm-1) and 99.999% potassium 

hydroxide. All solutions were freshly prepared  before use and stored in a glove box to avoid 

the contamination from the air (such as CO2). We considered IR-dropping in all of the tests. 

All potentials are reported relative to the Reversible Hydrogen 

Electrode(VRHE=VNHE+0.0591pH).[1] The rotating disk electrode (RDE) and CHI660C 

electrochemical workstation were performed to measure the electrocatalytic activity of the 

catalysts. The linear voltammetry scanning (LSV) and rotating disk electrode (RDE) 

polarization curves were studied at room temperature in 0.1 M KOH(O2 saturated). The 

scanning rate of these experiments were set as 10 mV s−1 and the rotation rates were 

controlled at 400, 900, 1600 and 2500 rpm.  
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Figure S2. The ORR polarization curves of Ag75M25 alloys.  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

25 

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2
-6

-4

-2

0

E (V vs.RHE)

(a)

C
u
rr

e
n
t 
d
e
n

s
it
y
 (

 m
A

 c
m

-2
)

 

 

 400   rpm

 900   rpm

 1600 rpm

 2500 rpm

Ag
90

Cu
10

ORR

0.3V

0.0 0.2 0.4 0.6 0.8 1.0 1.2
-6

-4

-2

0

 

 

C
u
rr

e
n
t 
d
e
n

s
it
y
 (

 m
A

 c
m

-2
)

(b)
ORR

0.3V

 400   rpm

 900   rpm

 1600 rpm

 2500 rpm

Ag
55

Cu
45

0.0 0.2 0.4 0.6 0.8 1.0 1.2

-6

-4

-2

0

E (V vs.RHE)

 

 

 

 400   rpm

 900   rpm

 1600 rpm

 2500 rpm

Ag
50

Cu
50

ORR

0.3V

(c)

C
u
rr

e
n
t 
d
e
n

s
it
y
 (

 m
A

 c
m

-2
)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
-6

-4

-2

0

(d)

C
u
rr

e
n
t 
d
e
n

s
it
y
 (

 m
A

 c
m

-2
)

E (V vs.RHE)

 

 

ORR

0.3V

 400   rpm

 900   rpm

 1600 rpm

 2500 rpm

Ag
45

Cu
55

0.0 0.2 0.4 0.6 0.8 1.0 1.2
-6

-4

-2

0

E (V vs.RHE)

 

 

ORR

0.3V

 
 

 400   rpm

 900   rpm

 1600 rpm

 2500 rpm

Ag
25

Cu
75

(e)

C
u
rr

e
n
t 
d
e
n

s
it
y
 (

 m
A

 c
m

-2
)

-0.4 0.0 0.4 0.8 1.2

-4

-2

0

Pure Cu

 

 

ORR

0.1V

(f)

C
u
rr

e
n
t 
d
e
n

s
it
y
 (

 m
A

 c
m

-2
)

E (V vs.RHE)

 400   rpm

 900   rpm

 1600 rpm

 2500 rpm

 

Figure S3. The ORR polarization curves of AgxCu100-x alloys.  

Koutecky-Levich (KL) analysis and Tafel plots  

The Koutecky-Levich equation was applied to calculate kinetic current density based on 

ORR polarization curve. The number (n) of electrons transferred in the ORR process can be 

obtained from the slope of the Koutecky-Levich plot.[2]  

j-1=jk
-1+ (0.62nFCD2/3v-1/6ω1/2)-1                       (1) 

Where j is the measured electrode current density, jk is the kinetic current density, and ω 

is the electrode rotation rate. The value of D is 1.9×10−5 cm2/s, C0 is 1.2×10−6 mol/cm3, ν is 

1.1×10−2 cm2/s, and F is 96485 C/mol. 
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Figure S4. Koutecky-Levich plots collected from corresponding RDE polarization curves of 

Ag-M alloys at 0.3VRHE. 

 

Tafel plots analysis 

The catalyst film on GC was made thin and smooth via PLD, so that its effect on the 

kinetic parameters was negligible. Tafel plots were constructed from the corresponding 

polarization curves, in which the kinetic current densities were calculated by mass-transport 

correction as follows:[3] 

               Jkc=(Ji × J)×( Ji – J )-1                            (2) 

where Ji is the diffusion limited current density and J is the real current density as 

measured in ORR polarization curves. 
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Electrochemically active surface area (ECSA) analysis 

Pb-stripping voltammetry was performed immediately after ORR measurements  in 0.1M 

KOH+125μM Pb(NO3)2 solution. Before Pb-stripping voltammetry test, the solution was 

purged with Ar for 30 minutes. The initial potential were set at 0.2VRHE and the final potential 

is 0.6 VRHE. The stable voltammograms were integrated assuming 280μC/cm2, which was 

established based on Ag faces.[4] The ECSA were calculated by equation as follow： 

ECSA=Qh/280                            (3) 

Where the Qh is surface charge that can be calculated from the area under the CV by 

equation as follow： 

Qh=∫j(E) dE×(V × m)-1                         (3) 

Where the j(E) is the real current density as shown in Figure S5, V is the scan rate. In this 

work, the scan rate is 10mV/s. 

Table S1. Comparisons of Pb-stripping area, surface charge and ECSA of Ag75M25 and AgxCu100-x 

catalysts. 
 

Catalyst 

Area of Pb-

stripping 

(A) 

Surface charge 

(Qh) 

ECSA Change of ECSA 

relative to pure Ag  

ΔECSA  

  
∫j(E)dE 

×106 uC m2/gAg m2/gAg 

 Ag 472.1 39.33 14.05 0 

 Ag75In25 511.4 42.62 15.22 1.17 

Ag75M25 Ag75Co25 530.5 44.21 15.79 1.74 

 Ag75Fe25 525.9 43.83 15.65 1.60 

 Ag75Cu25 554.0 46.16 16.49 2.44 

 Ag90Cu10 521.3 43.45 15.56 1.51 

 Ag55Cu45 535.4 44.61 15.93 1.88 

AgxCu100-x Ag50Cu50 568.4 47.33 16.90 2.85 

 Ag45Cu55 552.2 46.02 16.43 2.38 

 Ag25Cu75 535.4 44.61 15.93 1.88 
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Figure S5. (a) the corresponding electrochemical surface areas (ECSA) of Ag-M alloys. (b) 

the corresponding ECSA of Ag75Cu25 alloy after 100, 600, 1000, 2000, 3000, 4000, 5000, 

6000, 7000, 8000 and 9000 cycles accelerated stability test. 
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Part 3. The model and calculation methods. 

 The DFT calculations are carried out by using the Dmol3 package. The exchange-

correlation potential is treated with the GGA-PBE functional. The orbital cutoff range was set 

to 5.0 Å and the Fermi smearing was set to 1.0×10-5 Ha. The DFT semi-core pseudo potential 

was used to treat the core electrons of heavy Ag and Cu atoms. The convergence tolerances of 

energies, forces and displacements were 1.0×105 Ha, 0.002 Ha/Å and 0.005 Å, respectively. 

We used a periodic slab to model the clean and Cu-decorated Ag(111) surfaces, which were 

repeated in a (2 × 2) surface unit cell while having four atomic layers and a vacuum gap of 14 

Å in the z-direction.  
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Figur S6. (a) Valence band spectra (VBS) of (a) Ag75M25 alloys calculate by density function 

theory(DTF). (b) Valence band spectra (VBS) of (a) AgxCu100-x alloys calculate by density 

function theory(DTF). (c) VBS of Ag13,Ag38,Ag55 and Ag147 measured by DFT.(d) The VBS 

of nano-Ag, etched nano-Ag and Ag plate measured by XPS. 
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Table S2. Comparison of the position of d-band centre and change of DOS(near 

fermi level)  

 

Catalyst 

Position of d-

band center 

  

Ed (eV) 

Up-shift d-band  

center  

 

ΔEd (eV)  

Intensity of DOS 

(between 0eV to -3eV )  
∫R(ε)dε 

Change of DOS 

(between 0eV to -

3eV )  
Δ∫R(ε)dε 

Position of DOS 

Centre (between 0eV 

to -3eV ) 

E(eV)  

Ag -4.61 0 3.83 0 -2.47 

Ag75In25 -4.65 0.04 2.94 -0.89 -2.50 

Ag75Co25 -4.35 0.26 10.46 6.63 -1.84 

Ag75Fe25 -4.42 0.19 8.46 4.63 -1.90 

Ag75Cu25 -4.49 0.12 10.12 6.29 -1.90 

*ε is the binding energy; R(ε) is the intensity of DOS.  
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Part 4. TEM results of Ag catalyst 
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Figure S7. TEM images and selected area diffraction patterns (SAED) of the Ag-M 

alloys, (a) Ag75Fe25, (b) Ag75In25, (c) Ag75Co25, (d) Ag50Cu50, (e) Pure Ag, (f - i) 

particle size distribution of the Ag-M catalysts corresponding to TEM images.  
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Part 5. XPS results of Ag-M catalyst 

Surface electronic structure properties  

X-ray photoelectron spectroscopy (XPS) measurements were performed on an 

ULTRA (ESCALAB 250, Al Kα，ultrahigh vacuum is 10-9，hν = 1486.6 eV ). The 

data obtained is the typically of the samples. High-resolution O1s, Cu2p and Ag3d 

spectra were acquired. No charge compensation was necessary. The origin of the 

binding energy Eb was set to the Fermi energy Ef of the Au plate. The Shirley 

background is subtracted from the measured spectra. The d-band center of the valence 

band (VBS) is given by ∫R(ε)εdε/∫R(ε)dε , in this work, the R(ε) is the XPS-intensity 

(DOS-intensity) after background subtraction.[5]  
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Figure S8. (a) Full survey scan XPS after Ar ion etching for the Ag, Ag75Co25, Ag75Cu25, 

Ag50Cu50, Ag75Fe25 and Ag75In25samples. (b) O1s region in Ag-M alloys. 
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Part 6. Long-term stability analysis  

Long-term stability of the Ag75Cu25 catalysts was assessed by accelerated testing, which 

was applied to the catalyst films in the same rotating disc electrode setup. The ORR curves at 

1600 rpm, were recorded after 100, 600, 1000, 2000, 3000, 4000, 5000, 6000, 7000, 8000 and 

9000 cycles. The Pb-stripping measurements was not performed at different cycle stage for 

one sample because we noted that the Pb- sripping measurements would pollute the catalyst 

surface, as shown in Figure S8c.[1] Hence, we prepared 14 different samples, in similar 

conditions, and performed the long-term stability test for each pattern in same way by 

measuring the ORR polarization curve of Ag75Cu25 alloys after different cycles. 

 

Table S3. Comparisons of Pb-stripping area, surface charge and ECSA of Ag75Cu25 alloy after 100, 

600, 1000, 2000, 3000, 4000, 5000, 6000, 7000, 8000 and 9000 cycles accelerated stability test.  

 

Catalyst 

Area of Pb-

stripping 

(A) 

Surface charge 

(Qh) 

ECSA Change of ECSA relative to the 

first cycle  

ΔECSA  

 
∫j(E)dE/V 

×106 uC/gAg m2/gAg m2/gAg 

1 554.0 46.16 16.49 0 

100 553.73 46.14 16.48 -0.01 

-0.08 

-0.11 

-0.39 

-0.54 

-0.79 

-1.02 

-1.27 

-1.44 

-1.79 

600 551.38 45.95 16.41 

1000 547.94 45.66 16.30 

2000 541.02 45.09 16.10 

3000 535.84 44.65 15.95 

4000 527.50 43.96 15.70 

5000 520.07 43.34 15.47 

6000 511.68 42.64 15.22 

7000 505.81 42.15 15.05 

8000 493.94 41.16 14.70 

9000 478.42 39.87 14.24 -2.25 
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Figure S9. (a-b) The ORR polarization curves of Ag75Cu25 alloy after 100, 600, 1000, 2000, 

3000, 4000, 5000, 6000, 7000, 8000 and 9000 cycles. (c) the ORR polarization curve of 

Ag75Cu25 alloy after Pb-stripping voltammetry test. 
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