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a b s t r a c t

The cyclic voltammetry indicated that the oxygen reduction reaction (ORR) proceeded by the four-electron
pathway mechanism on larger Ag particles (174 nm), and that the ORR proceeded by the four-electron
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pathway and the two-electron pathway mechanisms on finer Ag particles (4.1 nm), simultaneously. The
kinetics towards ORR was measured at a rotating disk electrode (RDE) with Ag/C electrode. The number
of exchanged electrons for the ORR was found to be close to four on larger Ag particles (174 nm) and close
to three on finer Ag particles (4.1 nm). The zinc-air battery with Ag/C catalysts (25.9 nm) was fabricated
and examined.
RR
inc-air battery

. Introduction

The development of fuel cells and metal-air batteries has
roused attention extensively in the world. As the cathode of bat-
ery, the oxygen electrode shows poor reversibility and is difficult
o reduce, which becomes the major obstacle of battery reac-
ion. How to raise O2 electrode activity is always one of the focal
oints in the fuel cell and metal-air battery fields. The overpo-
ential produced by O2 reduction on the surface of traditional
t/C catalysts is as high as 300–400 mV, and the performances of
he fuel cell and metal-air battery are decreased [1–3]. Besides,
t electrocatalysts are not only expensive, but also deficient in
esource. Less expensive materials of carbon, manganese oxides
4–6] and composite compounds [7–9] are successfully used to
eplace expensive Pt metal as O2 electrode catalysts in alkaline
edium.
The kinetics and mechanisms of O2 reduction have been investi-

ated for a wide range of electrode materials and electrolytes. They
ely greatly on the choice of active materials [10]. The reduction of
2 in alkaline electrolytes can be proceeded by two pathways [11],
amely:
Direct O2 reduction to OH− ions, what is called four-electron path-
way (I):

O2 + 2H2O + 4e− → 4OH− (I)
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• Or oxygen reduction to HO2
− ions, what is called two-electron

pathway (II):

O2 + H2O + 2e− → HO2
− + OH− (II)

With subsequent reduction of peroxide ion to OH− ions (III) or the
decomposition of peroxide ion (IV):

HO2
− + H2O + 2e− → 3OH− (III)

2HO2
− → 2OH− + O2 + 2e− (IV)

Ag is one of the typical O2 reduction catalysts, and has a reason-
ably high catalytic activity for O2 reduction in alkaline electrolyte.
Furthermore, it is a good catalyst for perhydroxyl ion decomposi-
tion [12,13]. Ag was used replacing Pt as O2 reduction catalysts in
fuel cell and metal-air battery in early stage. But Ag particles were
easy to accumulate into larger particles in the process of prepara-
tion, this would reduce catalytic activity of Ag. Afterwards Ag was
adopted rarely. The key to the preparation of Ag catalysts lies in
raising the specific surface area of Ag as far as possible [14,15].
Many studies have been reported on the kinetics of O2 reduction
on a bulk Ag electrode, but the ORR seems to vary considerably
[14,16–18]. It is reported that the O2 reduction proceeds by the
four-electron pathway mechanism on the surface of the Ag/C elec-
trode [13,14,19]. In the previous work, we synthesized the single
crystal of [Ag(L)(bbi)] (L = 2-amino-3,5-dimethylbenzenesulf-onate

anion, bbi = 1,1′-(butane-1,4-diyl)diimidazole) [20]. Ag/C catalysts
with different contents of Ag were prepared and physically char-
acterized using the [Ag(L)(bbi)] by Ag(I) single crystal reduction
method (Ag(I) SCRM). The Ag(I) single crystal reduction is the
method of the reduction of Ag(I) ions in single crystals to Ag metal

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:hanjj20032000@yahoo.com.cn
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(174 nm) prepared by Ag2O RM in alkaline electrolyte in Fig. 2. The
current peak observed at −0.17 V corresponds to the O2 reduction
reaction. The single reduction potential peak supports the four-
electron pathway mechanism.
86 J.-J. Han et al. / Journal of Po

sing NaBH4 as reductant. Their electrochemical performances
ere investigated by using Ag/C as O2 reduction electrocatalysts

n alkaline electrolyte. The electrocatalytic activity of Ag/C cata-
ysts prepared by Ag(I) SCRM is significantly enhanced compared

ith that of Ag/C catalysts prepared by Ag2O reduction method
Ag2O RM) under the same content of Ag [21]. In this study, the
otating disk electrode (RDE) method and the cyclic voltammetry
ere used to study the kinetics and mechanism of O2 electrode

eactions, using Ag/C as the catalysts. The performance of the
inc-air battery with Ag/C catalysts prepared by Ag(I) SCRM was
xamined.

. Experimental

.1. Preparation of air electrodes

A rotating disc electrode with a glassy carbon electrode (5 mm
iameter) was used. Ag/C catalysts were dispersed in 0.1 wt.%
olytetrafluoroethylene (PTFE) solution (Cabot, US) and resultant
uspension was agitated in an ultrasonic bath for 30 min. The sus-
ension was coated on the glassy carbon electrode, which was
ir-dried for 1 h. Ag/C electrodes for a three-electrode cell were pre-
ared. 1.5 g of Ag/C catalysts was weighed and added to 0.5 ml of
0 wt.% PTFE solution, the mixture was mixed fully and pressed into
round sheet of 2.0 cm in diameter. The nickel net was pressed onto
ne side of the round sheet, and a thin layer of PTFE film was coated
venly on another side. Ag/C electrodes prepared were dried in a
acuum drying oven at 40 ◦C for 72 h. The cathode of the zinc-air
attery was prepared using 10 wt.%Ag/C (25.9 nm) prepared by the
g(I) SCRM as the catalysts according to the steps detailed in [21].
g loading of the cathode was 30 mg cm−2. The carbon support used
as VulcanXC-72R carbon (produced by Cabot, US), and its BET area
as 254 m2 g−1.

.2. Cyclic voltammetry

The reduction of O2 from air was studied in a three-electrode
ell (made of PMMA organic glass) that contained a Pt counter
lectrode, a Hg/HgO, OH− reference electrode and a Ag/C elec-
rode as a working electrode. The electrolyte was 5.0 mol L−1

OH aqueous solution. Cyclic voltammograms were conducted
ith a CHI660A electrochemical workstation system (Shanghai
henhua Instrument Company). The experiments were performed
ver the potential range of −0.4 to 1.3 V at a scanning rate of
0 mV s−1.

.3. Measurement of the kinetics

The kinetics of oxygen reduction was studied in O2-saturated
.0 mol L−1 KOH solution in a three-electrode cell (made of PMMA
rganic glass) with the Ag/C glassy carbon electrode as the working
lectrode, Hg/HgO, OH− electrode as the reference electrode, and
latinum spiral wire as the auxiliary electrode. The electrochemi-
al measurements were performed by the CHI660A electrochemical
orkstation system (Shanghai Chenhua Instrument Company) and

he rotation rates were controlled by the AFMSRXB Model Analyti-
al Rotator (Pine Instrument Company, USA).

.4. Measurement of the polarization

The anode of the zinc-air battery was an zinc electrode which

ontained automatic packed cuneiform bed (right inverted trape-
oid shaped chamber) made of the nickel mesh. The case of battery
as made of PMMA organic glass. The area of the electrode in one

ide was 5.0 cm × 3.0 cm. The upper slit of the cuneiform trough was
.0 mm in width and the lower slit was 0.5 mm in width. The zinc
Fig. 1. Schematic diagram of the zinc-air battery.

grains (1.0 mm diameter) were used as the fuel. Under the action of
gravity, the zinc grains automatically entered the cuneiform trough
from the upper slit with the flowing electrolyte. The discharge prod-
ucts (ZnO) of zinc were carried by the flowing electrolyte from the
lower slit. A schematic diagram of the zinc-air battery is shown
in Fig. 1. The polarization data of the battery and electrodes were
recorded at a constant current using a LK2000B charge–discharge
system (Tianjin LK Company). The flowing alkaline electrolyte was
6.5 mol L−1 KOH aqueous solution (2.0 ml min−1) and the reference
electrode was a Hg/HgO, OH− electrode.

3. Results and discussions

3.1. Mechanism of the ORR

Cyclic voltammograms were repeated five times for a wide range
of potential sweeps for the electrode with 20 wt.%Ag/C catalysts
Fig. 2. Cyclic voltammetric curves for O2 on the electrode with 20 wt.%Ag/C catalysts
prepared by Ag2O RM in 5.0 mol L−1 KOH at a scanning rate of 10 mV s−1 (the active
area of the electrode: 3.0 cm2; Ag loading: 300 mg).
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Fig. 4. Curves of the current–potential for O2 reduction at different rotation rates
on a glassy carbon electrode with 20 wt.%Ag/C catalysts prepared by Ag2O RM in
1.0 mol L−1 KOH (the active area of the electrode: 0.2 cm2; Ag loading: 2 mg).

cluded that the ORR proceeds by the four-electron pathway and the
two-electron pathway, simultaneously. With increasing electrode
potential the rate constant increases.

From Figs. 5 and 7, under the same Ag loadings (2 mg), the cur-
rent increases with decreasing Ag particle sizes. This indicated that

Table 1
Kinetic parameters for catalytic reduction of oxygen at a glassy carbon electrode
with 20 wt.%Ag/C catalysts prepared by Ag2O RM (Ag loading: 2 mg).

E/V (vs. Hg/HgO, OH−) 20 wt.%Ag/C catalysts (particle-size of Ag: 174 nm)

Slope (×103) n (mol) K (×102 M−1 s−1)
ig. 3. Cyclic voltammetric curve for O2 on the electrode with 0.5 wt.%Ag/C catalysts
repared by Ag(I) SCRM in 5.0 mol L−1 KOH at a scanning rate of 10 mV s−1 (the active
rea of the electrode: 3.0 cm2; Ag loading: 7.5 mg).

Fig. 3 shows cyclic voltammogram for the electrode with
.5 wt.%Ag/C catalysts (4.1 nm) prepared by Ag(I) SCRM in alka-

ine electrolyte. The current peaks observed at 0.09 and −0.23 V
orrespond to the O2 reduction reaction. The two reduction poten-
ial peaks support the four-electron pathway and the two-electron
athway mechanisms, simultaneously.

Therefore it can be deduced that the ORR proceeds by the
our-electron pathway mechanism on larger Ag particles (174 nm),
nd that the ORR proceeds by the four-electron pathway and the
wo-electron pathway mechanisms on finer Ag particles (4.1 nm),
imultaneously.

.2. Kinetic of oxygen reduction

The RDE method was used to study the kinetics of air electrode
eaction through a Koutecky–Levich plot. According to the Levich
nd Koutecky–Levich equations:

L = 0.620nFAD2/3
0 ω1/2v−1/6C0 (1)

K = nFAK�catC0 (2)

−1 = i−1
K + i−1

L (3)

−1 = 1
(nFAK�catC0)

+ 1

0.620nFAD2/3
0 �−1/6C0ω1/2

(4)

here iL (A) is the limiting current for the electrode reaction of
eactive species by the diffusion controlled process, iK (A) is the
inetic current for the reaction of reactive species at the electrode
urface, n (mol−1) is the electron transfer number per mole of reac-
ive species, F (C mol−1) is Faraday constant (=96,500 C mol−1) [22],

(cm2) is the electrode area, D0 (cm2 s−1) is the diffusion coeffi-
ient of O2 in 1 mol L−1 KOH solution (=1.76 × 10−5 cm2 s−1) [22],

(s−1) is the rotation rate, � (cm2 s−1) is the kinetic viscosity of
ater (=0.01 cm2 s−1) [22], C0 (mol L−1) is the concentration of O2

n 1 mol L−1 KOH solution at 25 ◦C (=1.103 × 10−3 mol L−1) [22], K
M−1 s−1) is the kinetic rate constant for catalytic reaction, and � cat

mol cm−2) is the quantity of catalyst on the surface of the electrode
=9.26 × 10−5 mol cm−2).

Fig. 4 shows the curves of the current–potential for O2 reduction
t the electrode with 20 wt.%Ag/C catalysts prepared by Ag2O RM at

ifferent rotation rates. The current of O2 reduction increases with

ncreasing rotation rates. Fig. 5 shows the Koutecky–Levich plots
btained from the data in Fig. 4 .The analysis results of ORR kinetic
ere summarized in Table 1. The number of exchanged electrons for

he ORR was found to be close to four. It is concluded that the ORR is
Fig. 5. Koutecky–Levich plots for 20 wt.%Ag/C catalysts prepared by Ag2O RM at
different potentials.

a direct four-electron process. With increasing electrode potential
the rate constant increases.

Fig. 6 shows the curves of the current–potential for O2 reduction
at the electrode with 0.5 wt.%Ag/C catalysts prepared by Ag(I) SCRM
at different rotation rates. The current of O2 reduction increases
with increasing rotation rates. Fig. 7 shows the Koutecky–Levich
plots obtained from the data in Fig. 6. The analysis results of ORR
kinetic were summarized in Table 2. The number of exchanged
electrons for the ORR was found to be close to three. It is con-
0.5 5.45 3.80 6.3
0.6 5.57 3.72 7.4
0.7 5.40 3.83 8.6
0.8 5.35 3.87 9.7
0.9 4.97 3.75 10.7
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Fig. 6. Curves of the current–potential for O2 reduction at different rotation rates
on a glassy carbon electrode with 0.5 wt.%Ag/C catalysts prepared by Ag(I) SCRM in
1.0 mol L−1 KOH (the active area of the electrode: 0.2 cm2; Ag loading: 2 mg).
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Fig. 8. Polarization curves of the anode and cathode in 6.5 mol L−1 KOH (the active
area of the electrode: 30 cm2; Ag loading: 30 mg cm−2; measurement time: 1 min
per point).
ig. 7. Koutecky–Levich plots for 0.5 wt.%Ag/C catalysts prepared by Ag(I) SCRM at
ifferent potentials.

he electrocatalytic activity was enhanced with increasing specific
urface area of Ag.

.3. Polarization curves of electrodes

Fig. 8 shows the polarization curves of electrodes obtained
or the zinc-air battery in the temperature range between 35 ◦C
nd 80 ◦C. The curves indicated that the zinc-air battery is
athode-limited. The polarization of the cathode decreases with
ncreasing temperature. This could be due to the increased reaction
inetics.
.4. Polarization curves of the battery

Fig. 9 shows the polarization curves of the zinc-air battery
btained at different temperature. With increasing temperature the

able 2
inetic parameters for catalytic reduction of oxygen at a glassy carbon electrode
ith 0.5 wt.%Ag/C catalysts prepared by Ag(I) SCRM (Ag loading: 2 mg).

/V (vs. Hg/HgO, OH−) 0.5 wt.%Ag/C catalysts (particle-size of Ag: 4.1 nm)

Slope (×103) n (mol) K (×102 M−1s−1)

.5 7.03 2.94 18.3

.6 7.36 2.81 21.4

.7 7.26 2.85 25.9

.8 6.90 2.99 38.1

.9 6.80 2.90 40.9

[

Fig. 9. Polarization curves of the zinc-air battery in 6.5 mol L−1 KOH (the active area
of the electrode: 30 cm2; Ag loading: 30 mg cm−2; measurement time: 1 min per
point).

power density increases. Power densities of 34 mW cm−2 at 35 ◦C
and 72 mW cm−2 at 80 ◦C have been obtained.

4. Conclusions

The ORR proceeds by the four-electron pathway and the two-
electron pathway on Ag/C catalysts, simultaneously. The larger Ag
particles are favourable to the four-electron reduction of O2; the
finer Ag particles are favourable to the two-electron reduction of O2.
The zinc-air battery has the power densities of 34 mW cm−2 at 35 ◦C
and 72 mW cm−2 at 80 ◦C with 10 wt.%Ag/C (25.9 nm) prepared by
the Ag(I) SCRM as catalysts.
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