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ABSTRACT 
 

A highly active and durable Ag-Co catalyst was 

synthesized by optimizing the catalyst nano-structures for 

realization of fast electron-transfer and ion-transfer. De-

alloying process was used to remove excess of cobalt in 

Ag-Co sample and form nano-dendrimers. The activity of 

the Ag-Co materials is dependent on the Co content; and 

the Co/Ag ratio in 0.10 (a/a) gives the best performance for 

oxygen reduction reaction (ORR). Further enhancement of 

activity is achieved by addition of graphene nano-platelets 

(GNP) as a catalyst support into the Ag-Co material, and 

followed by a process of heat-treatment. Oxygen reduction 

at the Ag-Co nano-catalyst belongs to a 4-electron reaction 

process to produce water in alkaline media. Finally, the 

catalytic activity was compared with a commercially 

available Ag nano material (20 – 40 nm). There is a 170 

mV decrease in over potential; and 6-times enhancement in 

current density at 0.75V (versus RHE) and 1600 rpm 

rotation rate for ORR in oxygen saturated 0.1M KOH 

solution. 
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1 INTRODUCTION 
 

The state of the art catalysts for fuel cell are expensive 

noble metals, including platinum black and platinum-based 

metal alloys. For a polymer electrolyte membrane fuel cell 

(PEMFC), the catalyst covers about 60% of the cost of a 

fuel cell stack in automobile application [1]. The quest for 

more efficient fuel cell technologies necessitates the 

development of low cost, highly active and stable catalyst 

materials. The fast improvement of catalytic activity in 

recent years is benefit from the emerging of 

nanotechnology for material synthesis and processing [2-4], 

such as carbon nanotube, nanofiber, mesoporous carbon], 

and graphene. These nano materials can either be used as a 

catalyst support or directly used as a catalyst. In recent 

years, a lot of nano-structured noble metals and alloys [5-

8], such as metal nanoparticles, nanowires, nanoframes, 

nanohollows, and nano-coreshells, have been successfully 

synthesized, and tested for fuel cell catalysts. Optimization 

of particle size and particle’s nano-structure at the atomic 

level can precisely and effectively tune catalytic properties 

of materials, and enabling enhancement in both catalytic 

activity and stability. It is well known that silver is used for 

catalytic oxygen reduction in alkaline media [9-10]. The 

cost of silver is around 1% of Pt, and the abundance of it is 

approximately 1500% of Pt. After alloying with transition 

metals, such as Co, it gives better catalytic activity [11]. 

Holewinski et al [12] synthesized an Ag-Co surface alloy 

nano particles at high temperature (500 C), having activity 

around fivefold improvement over pure silver 

nanoparticles. In this article we report a different approach 

to synthesize Ag-Co nanoparticles at low temperature. 

Interestingly, we obtained Ag-Co nano-dendrimers by 

precisely controlling the size, shape, architecture, and 

composition. The dendritic nanoparticles showed much 

higher activity and stability than pure Ag nano particles for 

catalytic oxygen reduction reaction (ORR) in alkaline 

media.  

2 EXPERIMENTAL 

2.1 Synthesis of nanostructured catalysts 

Graphene nano-platelets (GNP) with a BET surface area 

between 600 – 650 m2/g were purchased from Cheap Tubes 

Inc. Some commercially available catalysts were purchased 

from Johnson Matthey, including 40% Pt nano catalyst 

supported on 60% active carbon (JM’s 40% PtC), and Ag-

nanopowder (JM’s Ag-nano, particle size 20–40 nm). 

Nano-structured Ag-Co was synthesized by reducing a 

mixture of silver and cobalt compounds in the presence of 

GNP. Silver ammonia complex was formed by adding ~ 1g 

AgNO3 and 5 ml ammonia hydroxide, and moved in a 250 

ml flask containing 80 ml water. On the other hand, 

different quantity of CoC2O4·2H2O was suspended in 40 ml 

water and 5 ml ammonia hydroxide, and moved in the same 

flask. The reducing reagent was NaBH4 solution by 

dissolving NaBH4 in 40 ml water. The Ag-Co was 

synthesized by slowly dropping NaBH4 solution into the 

flask and fast stirring. The amount of Co in the Ag-Co alloy 

was adjusted by a de-alloying process in 1M HCl and 

controlling Co/Ag ratio by a specific time period. The Ag 

content in the Ag-Co alloy was determined by gravimetrical 

analysis, in which hydrochloric acid was used to thoroughly 

remove the cobalt existed in the Ag-Co alloy, and 

weighting the dry Ag powder. The pure Ag fine power was 

synthesized with the same method of making Ag-Co but 

without adding cobalt oxalate in the reaction solution. GNP 

supported Ag-Co (Ag-Co/GNP) was synthesized with the 

same method of making Ag-Co and controlling Co/Ag 

atomic ratio 0.10. A quantitative amount of GNP was added 
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in the reaction solution before dropping NaBH4 solution in 

the flask. The Ag-Co/GNP contained 30% Ag-Co alloy and 

70% GNP. The Ag-Co/GNP was further heat-treated to 

enhance the catalytic activity at 500 C in argon 

atmosphere. We called the heat-treated catalyst as HT-Ag-

Co/GNP. 

2.2 Instrumental Analysis 

Transmission electron microscope (TEM) was obtained 

with a high-resolution JEOL 2100 FE instrument equipped 

with an EDAX X-ray detector. Selected area electron 

diffraction (SAED) patterns and energy-dispersive X-ray 

spectroscopy (EDS) analyses were also obtained during the 

measurements. Scanning electron microscope (SEM) image 

was obtained with FEI QUANTA 200F instrument. 

X-Ray diffraction analysis (XRD) results were obtained 

from a Rigaku Ultima III instrument with Cu Kα radiation 

(λ = 1.5418 Ǻ) using a Bragg-Brentano Configuration. The 

measurements were conducted with scan rate of 1.0 degree 

(2θ) per minute and each diffraction data point was 

collected at the interval of 0.02 degree (2θ) for the total 

spectrum range of 10 to 90 degree (2θ). 

2.3 Electrochemical Analysis 

A Pine Bipotentiostat RDE4 was used for 

electrochemically analyzing the synthesized catalysts by 

depositing the catalyst samples from ink mixtures onto a 

glassy carbon (GC) disk electrode. The catalyst ink in 1:1 

water/1-propanol solution was prepared by ultrasonically 

treatment with a Branson Sonifier 450 at a duty cycle 40 

and out-put control 8 for 10 minutes. The final content of 

Ag or Ag-Co ink was 4 mg/ml after excluding the mass of 

supporting GNP. Next, 5 l of catalyst ink was coated on 

the GC disk working electrode (0.196 cm2), and dried at 

40°C for ~60 minutes. The final coating on the GC disk 

electrode contained 95% total catalyst and 5% Nafion with 

an Ag or Ag-Co loading of 0.1 mg/cm2. The inks for JM’s 

40% PtC and JM’s Ag-nano were prepared separately with 

the same procedures. The final coating on the GC electrode 

was 95% Nafion and 5% catalyst with a Pt loading 0.02 

mg/cm2, and Ag loading 0.10 mg/cm2. All voltammetrical 

experiments were performed in argon (Ar.) or O2 saturated 

0.1M potassium hydroxide (KOH) solution at room 

temperature (20 ± 1°C). A three electrode glass cell was 

used for electrochemical study containing three 

compartments separated by a porous ceramic layer. A 

platinum wire counter electrode and a saturated calomel 

reference electrode (SCE) were used in the cell. The 

experimental results are reported based on reversible 

hydrogen electrode (RHE).  

3 RESULTS AND DISCUSSION 

3.1 TEM and SEM results 

Fig. 1 shows TEM and SEM images of various 

catalysts obtained by chemical synthesis. The particle size 

of Ag-Co is significantly reduced in comparison of pure Ag 

without alloying, although they are synthesized in the same 

experimental conditions. The particles of graphene 

supported Ag-Co/GNP are dispersed on the large surface of 

GNP. After heat-treatment, the particles of HT-Ag-Co/GNP 

seem embedded in the GNP, and less Ag-Co particles can 

be seen. Interestingly, the unsupported Ag-Co looks like a 

dendritic material, where the particles are first joined 

together to form short wires, and then, the wires are 

connected to form dendrimers. The SAED image indicates 

that the dendrimers have good crystal structure, which is 

judged from the multiple clear rings and the bright dots on 

the rings in the dark field. The Ag and Co elements are 

detected by EDS analysis (not shown in the figure). The 

elemental maps (also not shown in the figure) demonstrate 

a uniform distribution of Ag and Co. The elemental map of 

Co has the same shape with that of the Ag, which is an 

evidence of Ag-Co alloy, instead of an Ag and Co mixture.  

 

 

  
 

 

  
 

 

 
 

Fig.1 TEM and SEM images of nanostructured catalysts 

prepared at different conditions. A. SEM of Ag-nano 

particles by chemical synthesis; (B) SEM of Ag-Co with 

Co/Ag ratio 0.10 (atomic); (C) GNP (70%) supported 

Ag-Co (30%, Co/Ag=0.10); D. HT-Ag-Co/GNP (HT at 

500 C); (E) TEM of Ag-Co (Co/Ag = 0.10); and (F) 

SAED of Ag-Co. 

 

 

3.2. XRD results 
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Fig. 2A shows XRD patterns of unsupported Ag-Co 

alloys with different Co/Ag atomic ratios. Five typical 

peaks of pure Ag can be seen. When Ag is alloyed with Co, 

the positions of these peaks have only a slight movement; 

but all of the peaks become wider. The parameters of the 

highest peak with Miller index at plane (111) are examined. 

With increasing the content of Co in the alloy, the half-

wave width of the peaks increases, which is a sign of 

decrease in crystallite size; and the peak position moves to 

higher degree (2). Simultaneously, the perpendicular 

distance between adjacent lattice planes (d-spacing) 

becomes decreased, which implies that the Ag lattice 

structure shrinks after alloying with Co. The shrink in Ag 

lattice structure may cause a defect of Ag crystal, and 

change the catalytic property. Fig. 2B shows XRD pattern 

of Ag-Co supported on GNP. The GNP was introduced in 

the synthetic process. A small new peak appears at 26.76 

degree (2) for Ag-Co/GNP, which is a typical peak of 

graphite structure. For the Ag-Co/GNP, the peak position at 

plane (111) further increases to higher 2 value, and lower 

d-spacing. 

 
 

 
Fig. 2 XRD patterns of various catalysts. (A) XRD of 

Ag-Co with different Co/Ag ratios; and (B) XRD of Ag-

Co with and without GNP support.  

 

3.3 Electrochemical results 

The activity of original Ag-Co alloy was not satisfied. 

Higher activity was achieved by a de-alloying process 

acidic solution to remove excess of cobalt in the Ag-Co. 

Fig. 3 shows electrochemical behaviors of Ag-Co coated 

electrodes and their catalytic activity for oxygen reduction. 

In argon saturated solution (Fig. 3A), the oxygen was 

removed from the electrolyte; and the cyclic 

voltammograms (CVs) show typical electrochemcial 

surface waves. The original Ag-Co alloy has a small 

cathodic peak and two small anodic peaks. After de-

alloyed, only one anodic peak is seen; and both the cathodic 

and anodic peaks become about two times larger. About 

70–100 mV positive potential shift is observed versus pure 

Ag nano catalyst (JM’s Ag-nano). The catalytic activity 

was measured with a rotating disk electrode in O2 saturated 

electrolyte solution (Fig. 3B). The highest catalytic activity 

was obtained from the de-alloyed Ag-Co catalyst, and its 

polarization curve has the most positive half-wave potential 

(0.74V vs. RHE). Unfortunately, the Co content in the de-

alloyed Ag-Co is difficult to control accurately. Therefore, 

we changed the Co content in the synthetic process by more 

accurately control the Co/Ag ratio. When the Co/Ag atomic 

ratio as 0.10, the best activity was obtained, which has the 

same electrochemical performance as that of the de-alloyed 

Ag-Co. 

 

 

 
 

Fig. 3. Electrochemical behaviors of Ag-Co coated 

electrodes and their catalytic activity for oxygen reduction. 

10 mV/s. 1600 rpm. (A) Cyclic voltammograms in argon 

saturated 0.1M KOH; (B) Polarization curves in O2 

saturated 0.1M KOH; 

 

Further enhancement of activity is achieved by addition 

of graphene nano-platelets (GNP) as a catalyst support into 

the Ag-Co material, and followed by a process of heat-

treatment. The performance of the best catalyst is evaluated 
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by comparison with commercially available catalysts. 

Fig.4A shows polarization curves of HT-Ag-Co/GNP and 

some commercial catalysts coated electrodes for catalytic 

oxygen reduction. In comparison of JM’s Ag-nano, the HT-

Ag-Co/GNP catalyst has raised 170 mV in half wave 

potential. In comparison of JM’s 40% PtC, the HT-Ag-

Co/GNP catalyst has only 20 mV lower in half wave 

potential. Fig. 4B shows Tafel plots of the polarization 

curves. The HT-Ag-Co/GNP catalyst has even lower Tafel 

slope than that of the JM’s PtC. The quantitative 

comparison of catalytic activity for a series of catalysts is 

shown in Fig. 4C. There is 170 mV decrease in half wave 

potential, and 6 times improvement in current density at 

0.75V (vs. RHE). 

 

 

 

 
Fig. 4 (A) Polarization curves of HT-Ag-Co/GNP 

catalyst and commercial catalysts coated electrodes in 

O2 saturated 0.1M KOH. 10 mv/s, 1600 rpm. (B) Tafel 

plots of the data in A. (C) Comparison of catalytic 

activity versus JM’s Ag nano-particles (20-30 m). 
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