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1. Details of material synthesis 
For ionizing radiation induced synthesis, Cs-137 gamma source, MDS Nordion 1000 Elite, was 
used. The total absorbed dose was controlled by irradiation duration. The dose rate estimated 
with ferrous sulfate dosimetry was 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 were 
purged with N2 (99.999 % purity, Linde) for 30 min and sealed with a septum in glass vials. The 
irradiation time was 40 hours for all samples. It corresponds to the total irradiation dose of 21.6 
kGy. The initial pH of the solution was about 5.5, after irradiation pH decreased to about 3. The 
obtained Ni precipitates were separated from solutions by using a magnet in the glovebox under 
Ar atmosphere (oxygen content < 0.1 ppm). The Ag-contained precipitates were separated by 
centrifugation at 8000 rpm for 15 min, then washed with IPA/Milli-Q water three times and 
dispersed in IPA.

2. Material characterization and analysis details

2.1 Details of 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 errors 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 makes 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. The 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.

2.2 Details of ICP-OES analysis 
To obtain an accurate electrochemically active surface area (ECSA) value, the actual amount of 
catalyst on modified glassy carbon (GC) electrode was quantified by ICP-OES before and after 
electrochemical tests. Specifically, 100 µL of freshly prepared nanoparticle suspension was taken 
and digested with 2 mL aqua regia (prepared using HCl and HNO3) for 24 hours. The solution was 
then diluted to 10 times as the testing solution. After the electrochemical test, the working 
electrode was disassembled from the RDE rotating lever and immersed into a glass vial 
containing 0.5 ml H2O. Catalyst layer on GC electrodes was then exfoliated via ultra-sonication 
and re-dispersed in 0.5 mL H2O. 2 mL aqua regia was then added and digested for 24 hours. The 
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analyzing solution sample was then prepared similarly with 10 times dilution. Standard ICP 
solutions of each element were prepared and measured prior to the real samples to calibrate 
and obtain the standard curves. The composition of bimetallic Ag-Ni samples and metal amount 
on GC are shown in Table S5.

3. Calculation of potential–pH diagram of Ni-Ag system  
The chemical and electrochemical equilibria of the Ni–Ag–NO3

––AcO––H2O system is calculated 
based 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.1 The standard Gibbs energy of formation of nickel 
hydride Ni2H was taken from the literature.2  

3.1 Phase equilibria in the Ag–Ni system at 25 oC. 
According to the phase diagram of the Ag–Ni system,3 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:

{𝜇(𝐴𝑔)
𝐴𝑔 = 𝜇(𝑁𝑖)

𝐴𝑔 ,
𝜇(𝐴𝑔)

𝑁𝑖 = 𝜇(𝑁𝑖)
𝑁𝑖 , �

where  is the chemical potential of component i in the phase (j), the subscript i denotes the 𝜇(𝑗)
𝑖

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:
𝜇(𝑗)

𝑖 = 𝜇0,(𝑗)
𝑖 + 𝑅 ∙ 𝑇 ∙ 𝑙𝑛 𝑥(𝑗)

𝑖 + 𝜇𝐸, (𝑗)
𝑖 ,

where  is the chemical potential of the pure substance i in the phase (j).  is the mole 𝜇0,  (𝑗)
𝑖  𝑥(𝑗)

𝑖

fraction of the component i in the phase (j), and   is the excess chemical potential of the 𝜇𝐸, (𝑗)
𝑖

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:

{𝜇0,(𝐴𝑔)
𝐴𝑔 = 𝜇0,(𝑁𝑖)

𝐴𝑔 ,
𝜇0,(𝐴𝑔)

𝑁𝑖 = 𝜇0,(𝑁𝑖)
𝑁𝑖 . �

Moreover, the excess Gibbs energies of both phases are also the same:
𝐺𝐸,(𝐴𝑔) = 𝐺𝐸,(𝑁𝑖) = 𝐺𝐸.

According to ref.3, the excess Gibbs energy of the fcc solid solution in the Ag – Ni system might 
be expressed in form of Redlich-Kister power series:4

𝐺𝐸 = 𝑥𝐴𝑔 ∙ 𝑥𝑁𝑖 ∙ (𝐿1 ∙ (𝑥𝐴𝑔 ‒ 𝑥𝑁𝑖) + 𝐿0).

From this expression the excess chemical potentials of the components might be expressed as 
follows:
𝜇 𝐸

𝐴𝑔 = 𝐴1 ∙ 𝑥 2
𝑁𝑖 + 𝐵1 ∙ 𝑥 3

𝑁𝑖,

𝜇 𝐸
𝑁𝑖 = 𝐴2 ∙ 𝑥 2

𝐴𝑔 + 𝐵2 ∙ 𝑥 3
𝐴𝑔.

where,
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𝐴1 = 𝐿0 + 3 ∙ 𝐿1,

𝐴2 = 𝐿0 ‒ 3 ∙ 𝐿1,

𝐵1 =‒ 4 ∙ 𝐿1,

𝐵2 = 4 ∙ 𝐿1.

According to the data of ref.3:

𝐿0 = (3,1 ∙ 𝑇 + 54620,4), 𝐽 𝑚𝑜𝑙,

𝐿1 = 2800, 𝐽 𝑚𝑜𝑙.

By substituting aforementioned equations into the equilibrium condition, the following system of 
equation might be derived:

{𝑅 ∙ 𝑇 ∙ ln 𝑥(𝐴𝑔)
𝐴𝑔 + 𝐴1 ∙ (𝑥(𝐴𝑔)

𝑁𝑖 )2 + 𝐵1 ∙ (𝑥(𝐴𝑔)
𝑁𝑖 )3 = 𝑅 ∙ 𝑇 ∙ ln 𝑥(𝑁𝑖)

𝐴𝑔 +  𝐴1 ∙ (𝑥(𝑁𝑖)
𝑁𝑖 )2 + 𝐵1 ∙ (𝑥(𝑁𝑖)

𝑁𝑖 )3,
𝑅 ∙ 𝑇 ∙ ln 𝑥(𝐴𝑔)

𝑁𝑖 + 𝐴1 ∙ (𝑥(𝐴𝑔)
𝐴𝑔 )2 + 𝐵1 ∙ (𝑥(𝐴𝑔)

𝐴𝑔 )3 = 𝑅 ∙ 𝑇 ∙ ln 𝑥(𝑁𝑖)
𝑁𝑖 + 𝐴1 ∙ (𝑥(𝑁𝑖)

𝐴𝑔 )2 + 𝐵1 ∙ (𝑥(𝑁𝑖)
𝐴𝑔 )3,

𝑥(𝐴𝑔)
𝐴𝑔 + 𝑥(𝐴𝑔)

𝑁𝑖 = 1,
𝑥(𝑁𝑖)

𝐴𝑔 + 𝑥(𝑁𝑖)
𝑁𝑖 = 1.

�
Solving this system at T = 298,15 K gives the following values: 

{𝑥(𝐴𝑔)
𝑁𝑖 = 6,004 ∙ 10 ‒ 11,

𝑥(𝐴𝑔)
𝐴𝑔 ≈ 1,

𝑥(𝑁𝑖)
𝐴𝑔 = 5,758 ∙ 10 ‒ 10,

𝑥(𝑁𝑖)
𝑁𝑖 ≈ 1.

�
The activities of the components of both solid solutions might be calculated as follows:
𝑅 ∙ 𝑇 ∙ 𝑙𝑛 𝑎𝐴𝑔 = 𝑅 ∙ 𝑇 ∙ 𝑙𝑛 𝑥𝐴𝑔 + 𝐴1 ∙ 𝑥 2

𝑁𝑖 + 𝐵1 ∙ 𝑥 3
𝑁𝑖,

𝑅 ∙ 𝑇 ∙ 𝑙𝑛 𝑎𝑁𝑖 = 𝑅 ∙ 𝑇 ∙ 𝑙𝑛 𝑥𝑁𝑖 + 𝐴2 ∙ 𝑥 2
𝐴𝑔 + 𝐵2 ∙ 𝑥 3

𝐴𝑔.

According to calculations:

{𝑎(𝐴𝑔)
𝑁𝑖 ≈ 1,

𝑎(𝐴𝑔)
𝐴𝑔 ≈ 1,

𝑎(𝑁𝑖)
𝐴𝑔 ≈ 1,

𝑎(𝑁𝑖)
𝑁𝑖 ≈ 1.

�
Both solid solutions exhibit strong positive deviations from ideal behavior. 
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 
oxides,5 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
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Ref.6 Ref.7 Ref.8 Ref.9

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

 (aq)𝑁𝑖(𝑂𝐻) ‒
3 –590 500 – – –

–590 500

Ni2OH3+ (aq) –268 200 – –268 300 – –268 300

 (aq)𝑁𝑖4(𝑂𝐻)4 +
4 –974 600 – –972 600 –

–972 600

 (aq)𝐻𝑁𝑖𝑂 ‒
2 – –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)𝐴𝑔(𝑂𝐴𝑐) ‒
2 – – – –665 200

–665 200

AgOH (aq) – – –93 000 –92 000 –93 000

 (aq)𝐴𝑔(𝑂𝐻) ‒
2 – – –258 300 –260 200

–258 300

 (aq)𝑁𝑂 ‒
3 –110 800 –110 900 – –108 700

–110 800

HNO2 (aq) – –55 700 – –50 600 –55 700

 (aq)𝑁𝑂 ‒
2 – –36 800 – –32 200

–36 800

 (aq)𝑁𝐻 +
4 – –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
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3.4 Thermodynamic activities of aqueous species
The extended Debye – Hückel equation parameters:10

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

,

   

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 ions:11

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 mol0,005 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 mol0,010 0,871 0,00871 .
L L

a

















      
    

 

  

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 mol0,005 0,861 0,0043 .
L L

a
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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 mol0,005 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
𝐶𝐻3𝐶𝑂𝑂𝐻 (𝑎𝑞)⇌𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞) + 𝐻 +  (𝑎𝑞)

the pKa value is equal to 4,76.12 This means that at pH < 4,76 the predominant form in solution is 

, and at pH > 4,76 the acetate-ion  predominates. 𝐶𝐻3𝐶𝑂𝑂𝐻 (𝑎𝑞) 𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)

For the equilibrium
𝐶𝐻3𝐶𝑂𝑂𝐴𝑔 (𝑠)⇌𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞) + 𝐴𝑔 +  (𝑎𝑞)

the solubility product value Ksp is equal to 1,94.12 Using the activities of silver and acetate ions, 
calculated afore, one might calculate that

𝑎
𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)

∙ 𝑎
𝐴𝑔 +  (𝑎𝑞)

= 0,00871𝑚𝑜𝑙
𝐿 ∙ 0,0043𝑚𝑜𝑙

𝐿 = 1,78 ∙ 10 ‒ 5𝑚𝑜𝑙2

𝐿2 < 𝐾𝑠𝑝(𝐶𝐻3𝐶𝑂𝑂𝐴𝑔 (𝑠)),

and, consequently, silver acetate does not precipitate at the reaction conditions. Solid silver 
acetate is excluded from further consideration.

For the equilibria

{ 𝐴𝑔 +  (𝑎𝑞) + 𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)⇌𝐶𝐻3𝐶𝑂𝑂𝐴𝑔 (𝑎𝑞),
𝐶𝐻3𝐶𝑂𝑂𝐴𝑔 (𝑎𝑞) + 𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)⇌𝐴𝑔(𝐶𝐻3𝐶𝑂𝑂) ‒

2  (𝑎𝑞),
𝐻 +  (𝑎𝑞) + 𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)⇌𝐶𝐻3𝐶𝑂𝑂𝐻 (𝑎𝑞) �

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:

{
𝑎𝐶𝐻3𝐶𝑂𝑂𝐴𝑔 (𝑎𝑞)

𝑎
𝐴𝑔 +  (𝑎𝑞)

∙ 𝑎
𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)

= 5,021 𝐿 𝑚𝑜𝑙,

𝑎
𝐴𝑔(𝐶𝐻3𝐶𝑂𝑂) ‒

2  (𝑎𝑞)

𝑎𝐶𝐻3𝐶𝑂𝑂𝐴𝑔 (𝑎𝑞) ∙ 𝑎
𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)

= 1,470 ∙ 10 ‒ 5 𝐿 𝑚𝑜𝑙,

𝑎𝐶𝐻3𝐶𝑂𝑂𝐻 (𝑎𝑞)

𝑎
𝐻 +  (𝑎𝑞)

∙ 𝑎
𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)

= 5,594 ∙ 104 𝐿 𝑚𝑜𝑙,

𝑎
𝐴𝑔 +  (𝑎𝑞)

+ 𝑎𝐶𝐻3𝐶𝑂𝑂𝐴𝑔 (𝑎𝑞) + 𝑎
𝐴𝑔(𝐶𝐻3𝐶𝑂𝑂) ‒

2  (𝑎𝑞)
= 0,0043𝑚𝑜𝑙

𝐿,

𝑎𝐶𝐻3𝐶𝑂𝑂𝐻 (𝑎𝑞) + 𝑎
𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)

+ 𝑎𝐶𝐻3𝐶𝑂𝑂𝐴𝑔 (𝑎𝑞) + 2 ∙ 𝑎
𝐴𝑔(𝐶𝐻3𝐶𝑂𝑂) ‒

2  (𝑎𝑞)
= 0,00871𝑚𝑜𝑙

𝐿.

�
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 𝐴𝑔(𝐶𝐻3𝐶𝑂𝑂) ‒
2  (𝑎𝑞)
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outside the diagram range.

3.5.2. Equilibria involving nickel-acetate complexation
For the equilibria

{ 𝑁𝑖2 +  (𝑎𝑞) + 𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)⇌𝐶𝐻3𝐶𝑂𝑂𝑁𝑖 +  (𝑎𝑞),
𝐶𝐻3𝐶𝑂𝑂𝑁𝑖 + + 𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)⇌𝑁𝑖(𝐶𝐻3𝐶𝑂𝑂)2 (𝑎𝑞),

𝐻 +  (𝑎𝑞) + 𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)⇌𝐶𝐻3𝐶𝑂𝑂𝐻 (𝑎𝑞) �
the activities of the species are related to each other according to the following equations:

{
𝑎

𝐶𝐻3𝐶𝑂𝑂𝑁𝑖 +  (𝑎𝑞)

𝑎
𝑁𝑖2 +  (𝑎𝑞)

∙ 𝑎
𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)

= 23,254 𝐿 𝑚𝑜𝑙,

𝑎𝑁𝑖(𝐶𝐻3𝐶𝑂𝑂)2 (𝑎𝑞)

𝑎
𝐶𝐻3𝐶𝑂𝑂𝑁𝑖 +  (𝑎𝑞)

∙ 𝑎
𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)

= 48,067 𝐿 𝑚𝑜𝑙,

𝑎𝐶𝐻3𝐶𝑂𝑂𝐻 (𝑎𝑞)

𝑎
𝐻 +  (𝑎𝑞)

∙ 𝑎
𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)

= 5,594 ∙ 104 𝐿 𝑚𝑜𝑙,

𝑎
𝑁𝑖2 +  (𝑎𝑞)

+ 𝑎
𝐶𝐻3𝐶𝑂𝑂𝑁𝑖 +  (𝑎𝑞)

+ 𝑎𝑁𝑖(𝐶𝐻3𝐶𝑂𝑂)2 (𝑎𝑞) = 0,00279𝑚𝑜𝑙
𝐿,

𝑎𝐶𝐻3𝐶𝑂𝑂𝐻 (𝑎𝑞) + 𝑎
𝐶𝐻3𝐶𝑂𝑂 ‒  (𝑎𝑞)

+ 𝑎
𝐶𝐻3𝐶𝑂𝑂𝑁𝑖 +  (𝑎𝑞)

+ 2 ∙ 𝑎𝑁𝑖(𝐶𝐻3𝐶𝑂𝑂)2 (𝑎𝑞) = 0,00871𝑚𝑜𝑙
𝐿.

�
The dependencies of thermodynamic activities of ions on pH value are shown on the diagram 
below.
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The diagrams in above sections 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 Section 4.4. The diagram is presented below. The partial 
pressure of methane according to its average atmospheric concentration1 is equal to 2 .10–6 bar. 
The standard Gibbs energy of formation of nickel hydride Ni2H was taken from Ref13. 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.

4. Details of electrochemical analysis

4.2 Details for the evaluation of electrochemically active surface area (ECSA) 
To obtain a relatively accurate electrochemically active surface area (ECSA) value, the actual 
amount of catalyst on modified GC was quantified by ICP-OES. ECSA of Ag-contained samples 
was determined by Pb underpotential deposition (Pbupd) stripping method.14–16 Specifically, the 
electrolyte solution 0.1 M KOH was purged with N2 (purity 99.95%) for 30 minutes, thereafter 
125 µM Pb(NO3)2 was added. The potential was held at 0.20 V for Pb underpotential deposition 
for 300 s and swept 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−2.14 The estimated surface area (cm2) and 
surface area were then normalized to the mass of Ag (m2 g-1). ECSA measurements of Ni have 
been described in our previous work.17 The hydrogen underpotential deposition (Hupd) method18 
was used to measure the ECSA of the commercial Pt/C. 

4.3 Koutecky−Levich plots and calculation of electron transfer number.
The ORR measurement was performed in 0.1 M KOH by using a rotating disk electrode (RDE) 
setup. 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) equation:19 
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1
𝑖

=
1
𝑖𝑘

+
1
𝑖𝑑

=
1

𝑛 ∙ 𝐹 ∙ 𝜅 ∙ 𝐶0
+

1

0.2 ∙ 𝑛 ∙ 𝐹 ∙ 𝐶0 ∙ 𝐷2/3
0 ∙ 𝑣 ‒ 1/6 ∙ 𝜔1/2

                            

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.

5. Introduction of -radiation induced synthesis method
Ionizing radiation induced processing is a safe, cost-effective, and environmentally friendly way 
to produce nanomaterials. The use of radiation in the high frequency range of the 
electromagnetic spectrum allows direct energy transfer from the source to the final product, 
thus minimizing the energy losses.20 A Cs-137 gamma cell setup used in the current study is a 
self-sustaining system since it does not require an external power source. The instrument is 
relatively compact, it does not need cooling, and is well shielded. Up to 8 samples can be placed 
into the chamber and irradiated simultaneously. The sample delivery to the processing position 
occurs automatically so that the probability of receiving a radiation dose by the user is excluded. 
Since the radiation induced synthesis is based on redox reactions of ions in precursors solutions 
with active species, water radiolysis products, the use of potentially harmful reactants (initiators, 
crosslinking agents, acids, etc.) is minimized. The radiolysis stops immediately (after 10-6 s) when 
the reaction mixture is removed from the radioactive source. Therefore, the number of reacting 
species, and thus the amount of obtained precipitate, is controlled by the total irradiation dose, 
which is proportional to the irradiation time with high accuracy. In addition, no temperature 
control is required during the synthesis procedure. Thus, ionizing radiation induced processes 
open the possibility for in-situ, one-step, room-temperature production of complex compounds, 
such as catalysts on supports,21,22 bi-functional materials,23 nanostructures in a confined media,24 
etc. Moreover, considering the large penetration depth of γ rays, this method is suitable for the 
scale-up production of nanomaterials.

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     

Lattice parameter, a in [Å], 
from SAED 

Lattice parameter, a in 
[Å] from XRD

Catalyst Composition/morphology

Ag, fcc Ag, fcc
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Ag@NiO Ag – core;  Ni – based - shell 
(core-shell structure)

4.1770.018 4.1050.007

Ag/Ni Ag large monocrystalline 
particles and Ni-based small 
particles forming clusters ( 
heterostructures)

4.1750.047 4,1050.007

Ag Metallic Ag particles having 
five twinned structure

4.0960.008

Table S3. XRD peak positions indicated in 2 range from 20 to 45 and corresponding Ag- and 
Ni-based compounds. 

Ag/Ni Ag@NiO
2 Theta Compound 2 Theta Compound
27.6 Ni2O3

25 29.6 Ag(NiO2) (29.2)26

31.9 Ni2O3
25 31.2 N/A

34.0 Ag6O2(33.7)27;Ag2O(33.7)28; 
Ag2NiO2 (33.5)29 

34.0 Ag6O2(2=33.7)27;Ag2O(33.7)28; 
Ag2NiO2 (33.5)29

36.2 Ag6O2(36.3)27, Ag2O(36.4)28; 
Ag2NiO2 (36.2)29

36.3 Ag6O2(2=36.3)27; Ag2O(36.4)28; 
Ag(NiO2) (36.1)26; Ag2NiO2 (36.2)29

37.9 Ag metal30 37.9 Ag metal30

44.0 Ag metal30 44.1 Ag metal30
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Figure S1 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. 

X-ray diffraction studies performed on the synthesized Ag nanoparticles reveal that the obtained 
precipitate consists of fcc Ag (Figure S1d). The lattice constant 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).30 The Ag 
precipitate consists of spherical particles which diameters follow a bimodal size distribution 
where the smaller particles, with the average size of 7.4 ± 1.6 nm co-exist stably with the larger 
ones with average diameters 18.0 ± 2.5 nm (Figure S1a, 1b). The particles size distribution fitted 
to a lognormal function is shown in Figure S1b. 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 that have different diameters.31 The obtained Ag 
nanoparticles show five-fold twinned morphology (Figure S1c). These structures are often 
noticeable in fcc noble metals.32–34 The shape of such crystals can be described as five single 
crystal fcc subunits sharing their {111} planes35 and leads to a lattice strain and surface defects. 
Both defects types may contribute to the enhanced ORR activity of the catalyst.36–38  

Ni nanoparticles were synthesized from Ni acetate aqueous solution in the form of a black 
precipitate. In Figure S1d, an 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. 
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The detailed description structure, composition, morphology, magnetic and electrochemical 
properties of the metallic Ni nanoparticles obtained by the -radiation induced synthesis is 
provided in our previous study. As reported, Ni precipitate consists of metallic Ni nanoparticles 
with diameters of about 3 nm agglomerated to larger clusters. The cluster sizes are between 15 
and 40 nm. The surfaces of Ni agglomerates are covered with NiO/Ni(OH)2 poor-
crystalline/amorphous layers.17 

Table S4. Binding energies (BE) of O, Ag and Ni core levels measured with XPS on Ag, Ag@NiO 
core-shell and Ag/Ni heterostructure nanocatalysts. Numbers in brackets are the calculated 
molar percentage of corresponding species.

Ag BE, eV Ag@NiO 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-O39

Ag-O, Ni-O, Ni-OH
O adsorbed40, Ag-O41, Ag-OH42

Adsorbed H2O41

Ag 
3d5/2

     

    
3d3/2

368.2 (50%)
368.8 (50%)
371.5

374.2
374.8
377.4

Ag(I); AgOx
39

Ag (0) metal43

Plasmon-loss satellite44

Ag  
3d5/2

   
3d3/2

368.2 (17 %)
368.6 (19 %)
371.5

374.2
374.6
377.4

Ag (0)40  
Ag in Ag-Ni compounds45,46

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)40

Ag (0)40

Plasmon-loss satellite

Ni 2p3/2 854.7; 856.5  
(64 %)

859.6; 862.5

Ni (II) multiplet (NiO)47

Shake-up satellites48
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2p1/2 872.4; 

874.2
877.6; 881.0

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)49

Ni(II)/Ni(III)50 
Shake-up satellites48

XPS analysis of 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 Ag.40 For bulk Ag2O, this energy is 
shifted towards lower values, 367.7 eV.40 In nanomaterials, such as thin films, nanoparticles, 
atomic clusters and others, Ag 3d5/2 BE levels for both Ag0 and Ag+ tend to shift towards higher 
values due to changes in the electronic structure, by 0.4-0.8 eV.39,41,51–53 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 effect since the studied Ag sample consists of nanoparticles that have bi-modal size 
distribution with average diameters of 7.4 nm and 18.0 nm.43 So far, as the sizes of the 
nanoparticles presented in our study are still too large to significantly affect the energy of core-
level electrons,54 other factors are to be considered. Thus, as shown by structural analysis, Ag 
nanoparticles possess a 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 surface.40,55 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 Ag.44,55 

Table S5. Ag, Ni stoichiometric ratio, the metal amount on the electrode (mGC) after 
electrochemical test, 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. 
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ECSA
Catalyst AgxNiy mGC 

cm2 m2 g-1

Ag / 10 µg Ag 4.4 43.6

Ag@NiO Ag4Ni1 18 µg Ag 5.5 30.4

Ag/Ni Ag3Ni1 11 µg Ag 4.6 41.9

Ni / 50 µg Ni 19.6 39.2

Pt/C / 2 µg Pt 0.9 43.1

Figure S2. ORR Polarization curves of Ag (a), Ag@NiO (b), Ag/Ni (c) and Ni (d) obtained in O2-
saturated 0.1 M KOH at five 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 S3. Typical Ag@NiO nanoparticles covered with surfactant PVA (layer with light color) 
on the surface.
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