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Abstract: 

Oxygen reduction reaction (ORR) plays a crucial role in electrochemical energy conversion and 
storage devices such as alkaline fuel cells and metal-air batteries. These systems which could employ 
non platinum catalysts for oxygen reduction are cheaper and stable alternatives to their expensive 
counterparts like proton exchange membrane fuel cells (PEMFC) working on platinum based catalysts. 
Various binary and ternary silver nanoalloys have been reported to act as efficient electrocatalysts for 
ORR in alkaline fuel cells and batteries. Herein, we present a critical review on the recent advances 
made in silver nanoalloy electrocatalysts for ORR in alkaline media. The mechanism of ORR on 
nanoalloys is described; the effect of structure and composition of various silver nanoalloys (including 
Ag-Cu, Ag-Pd, Ag-Au, Ag-Co etc.) on their ORR activity and stability is discussed. The rational design 
of electrocatalysts in order to maximize the catalytically active sites on the surface of the electrocatalysts 
for oxygen reduction reaction is also reviewed. Finally, we provide insights into the remaining 
challenges and directions for future perspectives and research. 
 
Keywords 
Metal-Air Batteries, Alkaline Fuel Cells, Oxygen Reduction Reaction, Silver Nanoalloys, 
Electrocatalyst 
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1 Introduction. 
World has seen industrialization at an enormous pace in the past century. This accompanied with the 
tremendous growth of human population has escalated the energy demand at unprecedented levels. The 
traditional approach of burning fossil fuels to meet this thirst for energy has its own implications on the 
environment.1, 2 Growing environmental concerns along with the declining fossil fuel reserves have 
provided the impetus to look for renewable sources of energy which are widely available and 
sustainable.  3, 4  

High energy density metal-air batteries and fuel cells are advanced energy storage and conversion 
systems to meet the requirement of environmentally sustainable energy sources.5-8 Metal-air battery 
systems which have high energy like the Li-air battery is equivalent to gasoline in terms of practical 
energy density. The practical energy density from a gasoline engine with 12.5% conversion is 1700 
Wh/Kg.  In alkaline electrolytes theoretical specific energies for Li-air battery is reported to be 2,353 
Wh/kg in the charged state and 1,905 Wh/kg in the discharged state.9 Also the alkaline Zn-air battery 
has a theoretical energy density of more than three times than the widely used Li-ion battery. The 
specific details for some popular batteries are tabulated in Table 1. However the commercialization of 
metal-air battery is largely impeded by the sluggish ORR at the cathode side along with stability and 
cost of these systems. Similarly the commercialization of alkaline fuel cells (AFCs) remains at large 
because of the safety issues, CO2 sensitivity of electrolyte along with the exorbitant cost of Pt catalyst 
for the cathodic ORR.10, 11 It is with the recent advancements in the field of nanocatalysts and anion 
exchange membranes that the anion exchange membrane fuel cells (AEMFCs) have reemerged as a 
possible alternate to PEMFCs.12-14 The high cost and limited reserves of Pt metal is a major issue 
impeding commercialization of fuel cell technology for widespread use. The U.S. department of energy 
(DOE) has set a target price of 40 USD/KW for a model 80 KW fuel cell system by 2020. Nearly half of 
the cost of PEMFC stack arises from the Pt based electrocatalyst with long term stability still short of the 
DOE target of 40,000 hrs for stationary and 5000 hrs for mobile applications. 15, 16   

Unlike the PEMFC that employ expensive platinum based catalysts for ORR at the cathode end of the 
cell, the alkaline fuel cells and alkaline metal-air battery systems offer the advantage of use of 
inexpensive Pt-free electrocatalysts for ORR. The stability of the metallic catalyst systems in terms of 
potential and pH is described by the pourbaix diagram. 17 The highly corrosive acidic conditions in low 
pH systems make the use of costly platinum group metals and alloys mandatory for the long term 
stability of PEMFC. Increasing the pH broadens the spectrum of metallic systems by allowing the use of 
non-platinum materials as catalysts for ORR. The most significant advantage of ORR under alkaline 
conditions are the faster kinetics and lower overpotentials, potentially allowing use of inexpensive, 
platinum free metal catalysts such as silver and its alloys, doped carbons , transition metal oxides 
including spinels and perovskites  and transition metal macromolecules like metal phthalocyanines  for 
the reduction reaction at the cathode. 18-23 The shift of pH from 0 to 14 improves the ORR kinetics by 
decreasing the adsorption strength of anion species. 24 Surface independent electron transfers processes 
are active in alkaline media resulting in the more facile kinetics of ORR. 25 Silver and its alloys are 
much more stable and highly active for ORR in the alkaline conditions. The price of silver being more 
than 50 times less than platinum makes it an attractive low cost alternative. Improvement of the 
electrocatalytic activity of silver by nanoalloying has been of great significance for the realization of 
economically viable metal-air batteries and alkaline fuel cells. 
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dissociative chemisorption of molecular O2.  On the other hand in electrochemical conditions where 
solvation effects and adsorbed species are present, adsorption of molecular O2 is likely to be weakened. 

 
Figure 2 Linear sweep voltammograms of Pt/C and Ag/C catalysts for the oxygen reduction reaction in O2-saturated 
0.1M KOH. Scan rate: 10mV/s; rotation rate: 2500rpm; collection efficiency: 0.23; room temperature. (A) Ring current; (B) 

Steady state polarization curves; (C) Tafel plots. Adapted with permission from ref. 20. 

2.1 Facet Effect 
Blizanac et al. investigated the structural sensitivity of silver towards ORR by using RRDE. 71 The 
activity towards ORR increases in the order (110)>(111)>(100) at the same temperature and 
overpotential. Activation energies for the ORR on each of these facets were estimated at three different 
overpotential from three different temperatures using the Arrhenius plots. At all the overpotentials the 
activation energy for ORR was found to be maximum for (100) plane and minimum for the (110) plane. 
The different activity of these surfaces can be explained in terms of a balance between the adsorption 
strengths of OH and O2 on these facets. Ag(110) has the highest attraction for OH, and should therefore 
show suppressed ORR activity due to higher OH coverage but also because of the relatively high affinity 
of Ag(110) for O2 it leads to a higher ORR activity. On the other hand the effects of the lower affinities 
of OH and O2 for adsorption on Ag(100) was established to result in lower ORR activity on this surface. 
The observation that the facet with the highest affinity for OH has the highest ORR activity may be 
explained by noting that the surface OH coverage remains fairly low as compared with the OH coverage 
on Pt on all three Ag surfaces. The major difference in OH adsorption on Ag(hkl) and Pt(hkl) surfaces is 
that whereas the OH adsorbed layer on Ag(hkl) is reversible, on Pt(hkl) the reversible adsorption is 
followed by an irreversible adsorption of OH. 77 As a result of this reversible/irreversible transition the 
hysteresis found in Pt(hkl) in the current between the anodic and cathodic sweeps is not observed on 
Ag(hkl). The reversible voltammetric features as well as the lack of hysteresis in the ORR currents on 
Ag(hkl) manifests the weaker adsorption of OH on Ag as compared to Pt. The affinity of Ag for oxygen 
was found to be good enough to break the O-O bond and lead to four-electron oxygen reduction 
reaction.  
Silver nanodecahedra and nanocubes were explored for the effect of facet on ORR by using a 
combination of computational and experimental approach by Wang et al. 78 Nanodecahedra were 
surrounded by ten Ag (111) facets, while nanocubes were surrounded by six Ag (100) facets. Koutecky 
Levich plots revealed the electron transfer number of 3.8 for the nanodecahedra while 3.1 and 3.7 for 
nanocubes. 4 electron transfer for ORR on decahedra was proposed while the 2 electron path was 
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ORR by CV. Smaller nanocluster showed superior ORR because of a 150 mV positive onset potential 
and a five times higher current density as compared to the larger counterpart. However, Li et al. reported 
a 4 electron pathway on the larger 174 nm Ag NPs while a 2 electron transfer path to be prevailing on 
the 4.1 nm size NPs. 21 

2.5 Morphology Effect 
Morphology of the silver nanoparticles has a pronounced effect on the ORR mechanism. Ohyama et al. 
investigated reaction mechanism on three distinct NPs shapes such as smooth, worm like with oxidized 
surface and angular particles with surface Ag2CO3. 

87 The ORR proceeded with an exchange electron 
number of 3.8, 3.6 and 3.5 respectively. However the current density based on electrochemical surface 
area was lower for smooth particles as compared to the particles with a defective surface. Ohyama et al. 
attributed this to the stronger binding of ORR intermediated on the surface of irregular shape particles as 
compared to the smoother particles. Wang et al. synthesized nanoparticles, nanowires and nanobelts by 
redox reaction of silver acetate and o-anisidine(OA) . 88 Nanobelts were found to be superior as ORR 
catalyst based on CV and RDE measurements. The electron exchange number for the nanobelts was 
calculated to be 3.82 showing a 4 electron dominant pathway. Lee et al. synthesized Ag nanosheets onto 
Ti/TiO2 by electrodeposition and studied their ORR behavior. 89 Nanosheets revealed a larger 
electrochemical specific area and mass activities as compared to the Ag NPs. Moreover the Tafel plots 
revealed 2 distinct slopes -60 mV/dec and -120 mV/dec at low and high overpotential respectively. The 
electron exchange number from RDE tests was found to be 3.97. All this supporting a 4 electrons 
transfer path. One dimensional silver rods were synthesized and characterized by Chen et al.90 The Ag 
nanorods with the ligand-free surface revealed better oxygen reduction characteristics based on CV and 
RDE studies. The nanorods with surface polyvinylpyrrolidone (PVP) were marked with two plateaus 
due to peroxide formation while the PVP-free nanorods had a single plateau in their rotating disc 
polarization plots. Similar one dimensional structure such as silver nanowires was also found to be 
active and stable towards ORR in alkaline media. 91         

2.6 Alloying Effect 
The mechanism of ORR on a catalyst surface is significantly affected by alloying. X-ray absorption 
near-edge spectroscopy (XANES) and Extended X-ray absorption fine structure (EXAFS) 
measurements indicate that alloying Pt with metals such as Cr, Co, and Ni take away the charge from Pt 
and lead to reduced adsorption strength. 92 As a result the coverage by OH from water activation 
decreases which results in increase in the number of free sites for O2 adsorption. Furthermore, the 
weaker adsorption on Pt in the Pt alloys implies a quicker reduction of the oxygenated intermediates 
during the ORR. The enhanced ORR of Pt3M (M=Ni, Co) was explained as a result of the enhanced d-
band vacancy. Norkosov et al. put forward a comprehensive theory, i.e., d-band center, in determining 
the catalytic activity of metal surfaces, the strength of adsorption of a catalyst was related to its d-band 
center. 93 The catalytic activity of alloys can be tuned by the adjustment of their d-band centers. This 
proposition of relationship of activity of a catalyst with its d-band center has been confirmed in both 
platinum and non-platinum alloys. 94-100 Lima et al. found that the platinum group metal (PGM) along 
with Ag displayed a volcano-type relationship between the alkaline ORR activity and the d-band 
center. 101  The volcano relationship and the similar Tafel behavior, reveals the similar mechanism of 
oxygen reduction on these metals. On surfaces with low-energy d-band centers such as Ag, adsorption 
of oxygen is relatively weak, leading to poor O2 bond scission. On the other hand surfaces with high-
energy d-band centers can readily break O2 bonds, but results in forming strongly bound O and OH 
species. Pt and Pd, having intermediate adsorption characteristics, therefore have the highest ORR 
activity of the Pt-group metals. It is widely regarded that a 0.1 eV decrease in oxygen binding of Pt will 
lead to the optimum ORR characteristics by DFT and experiment. 32, 42, 102 On the other hand ORR on 
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silver is sluggish because of its too weak binding with ORR intermediates. To develop active and stable 
electrocatalysts for ORR a myriad of multi-metallic alloy compositions have been proposed in a variety 
of structures such as core-shell, skin alloys, thin films, ordered intermetallic and solid solutions. Skin 
alloys have been widely popular because of their superior activity as compared to the bulk alloys with 
minimum loading of precious metal which imparts both activity and stability. The enhancement in the 
activity of these skin alloys is attributed to the geometric and ligand effect of the subsurface atoms on 
the skin. Subsurface monolayer has also been reported to improve the ORR performance of the silver 
based alloys.103 The subsurface transition metal layer has been observed to modulate the surface 
electronic structure in a manner which improves the ORR kinetics in near surface alloys of silver. The d-
band center of the surface in skin alloys is altered by the underlying core because of geometric and 
ligand phenomenon. The geometric effect can be understood in terms of increase orbital overlap if the 
skin is in compression. This increase orbital overlap lowers the d-band center and consequently 
decreases the adsorption energy of adsorbates on the surface of the catalyst. 104-106 The tension in the 
skin will lead to the opposite i.e. decreased overlap and raised d-band center. The ligand effect results 
because of the difference in electronegativity of the skin and core.107, 108 Electrons can migrate towards 
or away from the skin depending of the electronegativity difference and as a result, occupancy of the 
local d-band can be varied with the associated change in the adsorption strength of adsorbates. Bard et 
al. proposed guidelines for the design of multimetallic systems for ORR. 109 The model employs the 
mechanism in which one of the constituent metals easily breaks the O=O bond and the second metals 
reduces the M-O formed. Based on thermodynamic guidelines a variety of compositions were identified 
and evaluated by scanning electrochemical microscopy (SECM). Addition of 10-30% of Co to M (M= 
Ag, Pd and Au) was found to improve the catalytic activity for ORR of these alloys.   

2.7 Support Effect 
Catalyst support plays a crucial role in stability and functionality of catalyst during ORR. Stability is 
imparted to the catalyst by avoiding nanoparticle agglomeration under fuel cell operating conditions. 110  
Catalyst support such as carbon black allows gas diffusion to the active sites along with electronic 
conductivity which permits electron transfer from catalytic sites to the conductive electrodes. The 
dispersion of catalyst particles on a carbon support maximizes the contact area between catalyst and 
reagents. ORR occurs only at those sites where the three phases i.e. reactant-electrolyte-catalyst meet. 
This is because of the fact that the solubility and diffusivities of oxygen in aqueous electrolytes is low. 
Porous gas diffusion electrodes are employed in the aqueous Zn-air battery to optimize the three phase 
contact and sustain high current density. 111-113 Silver nanoparticles on graphene oxide (GO) and 
graphene oxide/carbon were developed to investigate their ORR performance in alkaline 
environment. 114 The composites were facialy synthesized by the reduction of AgNO3 with graphene 
oxide with or without the presence of Vulcan XC-72 carbon black. The average particle size of 
Ag/GO/C composites (ca d = 12.9 nm) was found to be almost twice of Ag/GO composite (ca d = 6.9 
nm). The nanocatalysts were electrochemically characterized which revealed the superior performance 
of Ag/GO/C for ORR as compared to Ag/GO.  RDE analysis revealed that the onset potential and the 
half wave potential shift positively for Ag/GO/C as compared to Ag/GO. This enhancement in ORR 
performance was attributed to the 3D composite support which not only improves the electrical 
conductivity but also facilitated the mass transport in the catalyst layer. A similar beneficial effect of 
catalyst support was observed in the case of Ag/Mn3O4/C catalysts (Figure 4). 98 The catalyst 
performance for ORR in alkaline media was found to be superior to the simple Ag/C catalyst. This 
improvement was ascribed to the Mn3O4 support which perturbed the electronic structure of the silver 
particles. Charge was transferred to Mn3O4 support from Ag which was manifested by the lowering of 
the binding energy of the Ag 3d electrons in X-ray photoelectron spectroscopy (XPS) measurements. 
This was accompanied with the rise of the d-band center of Ag in the Ag/Mn3O4/C catalyst as compared 
to the Ag/C catalyst. Higher current density, electron transfer numbers and more positive onset 
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potentials have been found for the co-support of Ag with MnxOy  or Co3O4  on carbon compared to 
only Ag/C. 72, 115-119 

 
Figure 4 Oxygen reduction polarization curves for Ag/C, Ag/Mn3O4/C, and Pt/C premetek at 1600 rpm in O2-saturated 

0.1 M KOH at 10 mV/s, and (inset) Koutecky–Levich plots for ORR in the presence of Ag/C, Ag/Mn3O4/C, and Pt/C 
premetek at 0.32 V vs. RHE. Reprinted with permission from ref. 98. Copyright 2015 American Chemical Society. 

3 Silver Nanoalloys. 

3.1 Ag-Cu Nanoalloys 
The Ag-Cu system is an interesting system because of the fact that silver and copper are immiscible in 
the bulk, but possibly miscible in the nanoscale. In the nanometer size range the system preferentially 
adopts the AgshellCucore arrangement. 120, 121 Theoretical studies performed on the Agy-x-Cux nanoalloy 
system have been performed for all compositions of 13, 34, 38 and 98 atoms Ag-Cu nanoalloy clusters. 
These studies showed that the most stable structures are generally core-shell polyicosahedra for x= 1, 7 
and 6 and y= 13, 34 and 38 having a Cu core embedded in a Ag shell. 121, 122 The stability of 
polyicosahedra core-shell geometry originates from the interplay of size mismatch, bond order-bond 
length correlation, and the tendency for surface segregation of Ag, due to the lower surface energy of Ag 
compared to Cu. 123  

Ag-Cu nanoalloy clusters have revealed improved ORR activity as compared to pure Ag and Cu. 35, 36, 

124, 125 Ma et al. performed first principle calculations for the ORR process in alkaline media on the 13 
atom pure Ag and Cu doped Ag clusters. 124 13 atom Ag-Cu nanoalloy clusters have been previously 
identified as a potential catalyst for ORR. 35 Pure Ag13 and Ag12Cusurface clusters with cuboctahedron 
(COh) symmetry were used for these calculations. The doping of copper significantly improves the ORR 
process. The ORR reaction was observed to occur by the efficient four electron transfer mechanism. 
Doping of silver with copper atom on the surface improves the binding of the intermediates such as O, 
OH, and OOH on the nanoalloy cluster. This optimum binding is critical for the efficient ORR. The 
stronger binding of the intermediates on Ag12Cu cluster compared to pure Ag is the reason behind the 
better ORR performance of Ag12Cu cluster. The Ag38-xCux cluster  has been studied for the ORR by Lee 
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