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a b s t r a c t

Thin, lightweight, and flexible gas-diffusion electrodes (GDEs) based on freestanding entangled networks
of single-walled carbon nanotubes (SWNTs) decorated with Ag nanoparticles (AgNPs) are tested as the
air-breathing cathode in a zinc–air battery. The SWNT networks provide a highly porous surface for active
oxygen absorption and diffusion. The high conductivity of SWNTs coupled with the catalytic activity
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of AgNPs for oxygen reduction leads to an improvement in the performance of the zinc–air cell. By
modulating the pH value and the reaction time, different sizes of AgNPs are decorated uniformly on the
SWNTs, as revealed by transmission electron microscopy and powder X-ray diffraction. AgNPs with sizes
of 3–5 nm double the capacity and specific energy of a zinc–air battery as compared with bare SWNTs.
The simplified, lightweight architecture shows significant advantages over conventional carbon-based
GDEs in terms of weight, thickness and conductivity, and hence may be useful for mobile and portable
n–air battery applications.

. Introduction

Zinc–air batteries, both primary [1–3] and rechargeable [4,5],
re promising energy storage devices due to their high specific
nergy (100 Wh kg−1), low cost and environmental friendliness.
hey are presently used in hearing aids and military applications
nd are considered an attractive alternative for powering electric
ehicles and portable electronic devices when compared with high-
ost Li-ion cells which have safety issues [6]. Zinc–air batteries
btain their specific energy advantage over other batteries since
nly one active component, the zinc metal anode, is stored in the
attery; the reactant (oxygen) for the cathode is drawn from the
ir utilizing a gas-diffusion electrode (GDE) or air cathode. During
ell operation (discharge), oxygen adsorbed from the surrounding
ir is reduced (O2 + 2H2O + 4e− → 4OH−) using an oxygen reduc-
ion catalyst at the cathode, while the zinc metal (anode) is oxidized
Zn + 4OH− → 2ZnO + 2H2O + 4e−), and this leads to a usable electric
urrent flow through an external circuit.

Gas-diffusion electrodes, which are vital for good zinc–air bat-

ery performance, are usually composed of carbonaceous powder
ressed on to both sides of a metallic nickel mesh current-collector
Fig. 1), along with a binder for mechanical stability of the car-
on layers, a hydrophobic additive (e.g., polytetrafluoroethylene,
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PTFE) on the air-facing side to avoid flooding of the pores with
electrolyte, and a catalyst layer to promote oxygen reduction. Such
a GDE multilayer electrode architecture is complex and is several
hundred microns thick. Its weight is dominated by the metallic
mesh current-collector that holds the carbon layers together [1].

Single-walled carbon nanotube (SWNT) networks can poten-
tially replace the complex multilayer carbon-based GDE architec-
ture because SWNTs form very thin and freestanding entangled
networks (so called ‘bucky papers’) which are not only highly
conducting and porous but also mechanically robust in terms
of abrasion and bending. Hence, neither current-collectors nor
binders are required, and SWNT networks can be used as the sole
material for GDEs, to give a simplified single-layer electrode archi-
tecture that reduces weight, thickness, and manufacturing costs
(Fig. 1). Studies have demonstrated the bifunctionality of such an
architecture for supercapacitors [7], Zn/MnO2 batteries [8], and fuel
cells [9,10]. Previous investigations on carbon nanotubes for GDEs
[11,12] still employed a conventional multilayer GDE architecture
with binders and nickel mesh current-collectors.

Silver nanoparticles (AgNPs) function as catalysts to enhance
oxygen reduction at the GDE because they are excellent electro-
catalysts for O2 reduction in dilute alkaline solutions [13] and in
highly concentrated alkaline solutions, wherein the electrocatalytic

performance of silver (Ag) is reported to be superior to platinum
[14]. In the present work, a novel cathode material, composed
of SWNTs decorated with AgNPs (AgNP-SWNTs), is evaluated for
use as a lightweight GDE in a zinc–air battery. The large surface
area provided by the SWNTs, in combination with their high con-
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ig. 1. Schematic of novel GDE architecture based on SWNTs (right) compared with
ommercial GDE using pressed carbon on nickel mesh (left).

uctivity, makes such networks an excellent support for catalyst
articles. The application of this novel GDE architecture based on
single-layer AgNP-SWNT cathode is demonstrated, and the effect
f AgNP particle size on the performance of a zinc–air battery is
xamined.

. Experimental

.1. AgNP decoration of SWNTs

An SWNT suspension was prepared using 0.8 g of functional-
zed SWNTs (P3, Carbon Solutions, Inc., Riverside, CA) in 15 ml
f deionized water, followed by 20 min ultrasonication (120 kW).
he SWNT suspension was then mixed with 0.15 M AgNO3 solu-
ion (99.99 wt%, Aldrich, St. Louis, MO), and various amounts of
.1 M NaOH (99 wt%, Merck, Whitehouse Station, NJ) were added to
djust the pH in a range from 4.3 to 7.3. Mixtures at different pHs
ere stirred for different times (15–120 min) in order to control

he size of the AgNPs. The decorated SWNTs were separated from
he solution by centrifugation (15,000 rpm, 10 min), and excess Na+,
g+ and NO3

− were removed by multiple washing steps with deion-
zed water. The final product was then re-dispersed in deionized

ater.

.2. Electrode fabrication

A suspension containing AgNP-decorated SWNTs (AgNP-
WNTs) with a concentration of 0.2 mg ml−1 in deionized water
as filtered through a membrane (Whatman, 20 nm pore size,

7 mm diameter). The SWNTs (bare or Ag-decorated) were trapped
n the surface of the filter to form an entangled interconnected
etwork. After drying, the SWNT network was peeled from the
lter film and used as a freestanding GDE without further treat-
ent.

.3. Characterization

AgNP-SWNTs were characterized by transmission electron
icroscopy (TEM, JEOL 2100F) in a high resolution mode operating

t 200 kV, and by X-ray diffraction (XRD) using a Shimadzu diffrac-
ometer (Cu K�) with step scanning (0.02◦, 0.6 s dwell time) over a
� range of 10◦ to 140◦. A four-point probe configuration was used
o measure the resistivity and conductivity.

.4. Electrochemical testing

Potentiodynamic polarization of the GDEs was performed by
eans of a potentiostat (GillAC, ACM instruments, Grange-Over-

ands, UK) in a three-electrode set-up. An Ag|AgCl electrode with
double junction and a platinum sheet were used as the refer-
nce electrode and counter electrode, respectively, and 6 M KOH
99.9 wt%, Aldrich) was used as the electrolyte. The scan rate was
mV s−1 for the potentiodynamic polarization and 20 mV s−1 over
potential range of −0.5 to +0.5 V for cyclic voltammetry.
rces 195 (2010) 4350–4355 4351

2.5. Device fabrication and testing

The zinc anode was prepared by mixing zinc powder with
polyvinylidene fluoride binder using 1-methyl-2-pyrrolidone
(NMP) as solvent (weight ratio of Zn:PVDF:NMP = 4:1:9). The paste
was heated to 85 ◦C for 4 h and then pressed into a pellet with a
thickness of around 35 �m. The zinc–air battery was assembled
by stacking the Zn-anode and AgNP-SWNTs air cathode separated
by a Celgard 2400 polypropylene (PP, Celgard, LLC, Charlotte, NC)
film wetted thoroughly with 6 M KOH electrolyte. The performance
of various devices having SWNT-GDEs with AgNPs of different
sizes was evaluated by discharging through a constant resistance
of 1 k�. The voltage was monitored using a potentiostat (AFBP1,
Pine Instrument Co., Grove City, PA). For comparison, commercially
available GDEs (conventional GDEs) based on pressed carbon and
catalyst on a nickel mesh (E4A Air Cathode, Electric Fuel Limited,
Israel; ELAT® GDE product line, BASF, Germany) were also tested.

3. Results and discussion

3.1. Deposition of AgNPs on SWNTs

Deposition of AgNPs on SWNTs was carried out using AgNO3
as the metal salt precursor and NaOH as the reductant. Transmis-
sion electron microscopic (TEM) images of AgNP-SWNTs (Fig. 2a–d)
reveal a uniform AgNP distribution on the SWNTs. The AgNP size
is dependent on pH and ageing time at a constant AgNO3 concen-
tration (0.15 M). Initially, the pH of the SWNT suspension drops
from 5.6 to 3.4 on addition of AgNO3 to the SWNT dispersion. This
change in pH is due to the interaction of Ag+ ions with the car-
boxyl functional groups (–COOH) of SWNTs to form –COO−Ag+

groups [15] and the subsequent release of H+ ions. Addition of
NaOH, which provides hydroxyl ions (OH−), results in the reduc-
tion of Ag+ ions which leads to Ag0 precipitation according to
the reaction 4 –COO−Ag+ + 4OH− → 4 –COO− + 4Ag0 + 2H2O + O2↑.
A higher concentration of OH− at pH 6.3 results in the precipitation
of smaller AgNPs (6–8 nm; Fig. 2b), whereas pH 4.3 yields an AgNP
size of 12–15 nm (Fig. 2a). Decreasing the reaction time from 120 to
60 min at pH 6.3 causes a further reduction in AgNP size to 3–5 nm
(Fig. 2d). The decrease in AgNP size at higher pH may be due to a
reaction between excess OH− ions and Ag+ ions in the suspension
(2Ag+ + 2OH− ↔ Ag2O + H2O), thus decreasing the concentration of
Ag+ ions available for deposition and thereby lowering the growth
rate of nucleated Ag metals. At lower pH values, more Ag+ ions
are available, potentially leading to a faster growth rate and larger
particles.

The presence of AgNPs on the SWNTs was further confirmed by
XRD (Fig. 2c). Diffraction peaks at 2� = 38◦, 45◦, 64◦, 78◦, and 82◦, in
addition to the SWNT peak at 26◦, show the formation of cubic Ag0

nanoparticles (cubic space group Fm3̄m or 225). These reflections
are in excellent agreement with previously published data on Ag-
decorated multi-walled carbon nanotubes (MWNTs) [16].

3.2. Gas-diffusion electrode (AgNP-SWNT) characterization

The weight, thickness and conductivities of bare SWNT net-
works and AgNP-SWNT networks were compared with those
of a conventional GDE based on pressed carbon on a nickel
mesh, see Fig. 3. The weight and thickness of the SWNT samples
are 0.005 mg cm−2 and 0.05 mm, respectively, as compared with

0.79 mg cm and 0.49 mm for the conventional carbon-based elec-
trode. Apparently, weight and thickness are reduced by more than
one order of magnitude for the SWNT electrodes because of their
single-layered architecture. Thus these electrodes would be of par-
ticular interest for portable devices where weight and space are
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ig. 2. Transmission electron microscopic images of SWNTs decorated with AgNP
RD pattern of AgNP-SWNTs showing characteristics peaks of Ag.
rucial factors. The conductivity of the SWNT electrodes increases
y around three orders of magnitude as compared with the con-
entional carbon-based GDEs, owing to the high conductivity of
WNTs. Among the GDEs based on SWNTs, the conductivity is

ig. 3. Comparison of SWNT-based GDEs with commercial GDEs in terms of thick-
ess, weight and conductivity.
ious sizes (a) 12–5 nm, (b) 6–8 nm, and (d) 3–5 nm, and (c) representative powder

significantly higher for the AgNP-decorated material (bare SWNT
films: ∼1000 S cm−1; decorated SWNT films: 2000–3000 S cm−1).
The highest conductivity (∼3000 S cm−1) is obtained with the
smallest Ag-particle size (3–5 nm), which can be explained by addi-
tional and less resistive current paths within the SWNT network
provided by AgNP.

The electrochemical behaviours of the AgNP-SWNT GDEs were
investigated using cathodic potentiodynamic polarization and
cyclic voltammetry with one side exposed to air and the other in
contact with KOH electrolyte. The results were compared with a
bare SWNT film and a conventional GDE electrode. The results for
potentiodynamic polarization curves are shown in Fig. 4. The cur-
rent is normalized by weight to account for any sample-to-sample
variance while the area of all GDEs is kept constant (∼1 cm2). In
general, the current densities of the AgNP-SWNTs are significantly
higher than those of both bare SWNTs and the commercial air elec-
trode. This is due to the high catalytic activity of Ag towards O2
reduction on the AgNP-containing GDEs [3,17]. Also, it is observed
that higher current densities are obtained for SWNT-GDEs con-

taining smaller-sized AgNPs, which can be explained by the larger
surface area. Upon examination of the relevant voltage for O2
reduction at around 0.3 V (see also cyclic voltammograms in Fig. 5),
it is apparent that the current density of the GDE containing the
smallest Ag nanoparticles (3–5 nm) is larger by roughly a factor of
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ig. 4. Potentiodynamic polarization curves of bare SWNTs, commercial air elec-
rode, and AgNP-SWNTs with different AgNP particle sizes.

0, than that of the bare SWNT electrode. In addition, the size of
he silver particles is known to affect the mechanism of oxygen
eduction that can proceed in alkaline electrolytes by two overall
athways, as follows:

irectfour-electronpathway : O2 + 2H2O + 4e− → 4OH− (1)

wo-electron(orperoxide)pathway : O2 + H2O + 2e−

→ HO2
− + OH− (2)
eroxide formed in the two-electron pathway undergoes subse-
uent reduction or decomposition to OH− ions:

O2
− + H2O + 2e− → 3OH− (3)

Fig. 5. Comparison of cyclic voltammograms (vs. Ag|AgCl) of AgNP-SWNTs w
rces 195 (2010) 4350–4355 4353

2HO2
− → 2OH− + O2 (4)

The four-electron and the two-electron reduction occur at different
active sites on the AgNP particles. For smaller AgNP particles, the
two-electron pathway becomes dominant leading to higher current
densities [18], which is consistent with our findings.

Cyclic voltammetry (CV) was employed to investigate the
electrochemical redox behaviour of bare and AgNP-decorated
SWNT GDEs (Fig. 5). For all samples, an O2 reduction peak (RO2 ;
O2 + 2H+ + 2e− → H2O2 [19]) was observed at −0.2 V vs. Ag|AgCl
for GDEs containing AgNPs of 6–8 nm and 12–15 nm, and at
−0.3 V vs. Ag|AgCl for AgNP of 3–5 nm and for the bare SWNT-
GDE. The difference in potentials between decorated and bare
SWNTs can be explained by a higher overpotential of the dif-
ferent materials towards O2 reduction (for AgNP: E = −0.2 V; for
SWNT: E = −0.3 V). The reduction potential of E = −0.3 V for the
SWNT sample decorated with 3–5 nm AgNPs can be explained by
a less pronounced coverage of the SWNTs by the AgNP, which
allows the electrochemical properties of the SWNTs to dominate.
For all AgNP-SWNT films, an additional oxidation and two reduc-
tion peaks are also observed. The oxidation peak appearing at
around 0.3 V (labeled with ‘OAg’) is attributed to the oxidation
of Ag to Ag2O (2Ag + 2OH− → Ag2O + H2O + 2e−). The first reduc-
tion peak at around 0.28 V (RAg) indicates the reduction of Ag2O
to Ag [20], while the second peak corresponds to the O2 reduc-
tion discussed before. As for the bare SWNT sample, an additional
peak is observed at around −0.1 V (Fig. 5, peak “C”) and is due to
the reaction of oxygen-containing functional groups [21]. Further-
more, it is also observed that the total current density (mA cm−2)
for all reduction processes increases when the Ag-particle size is
decreased, which is in agreement with the cathodic polarization

results described previously (Fig. 4). For a more detailed analysis,
the total charge for O2 reduction is analyzed by integrating the
corresponding peaks of the CV, and the results are presented in
Fig. 6. Hence, it is quantitatively observed that the charge for O2
reduction increases significantly on Ag decoration of SWNTs, com-

ith different particle sizes at scan rate of 10 mV s−1 in 6 M KOH (a–d).
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Table 1
Characteristics of zinc–air cells utilizing GDEs based on SWNT films decorated with
Ag nanoparticles of different sizes.

Zn–air cells utilizing a
GDE based on

Conductivity
[S cm−1]

Specific capacitya

[mAh g−1]
Specific energy
densitya [Wh kg−1]

Bare SWNTs 1025 270 125
12–15 nm
AgNP-SWNTs

1840 170 85

6–8 nm AgNP-SWNTs 3020 340 180
3–5 nm AgNP-SWNTs 3090 515 300
Conventional GDEs 2.74 200–600 250–400
ig. 6. Plot of charge from oxygen reduction reaction (ORR) of various GDEs obtained
rom their respective cyclic voltammograms (Fig. 5), showing dependence of total
harge consumed for O2 reduction on size of AgNPs.

ared with bare SWNTs. Decreasing AgNP size increases the total
harge for the O2 reduction reaction, which corroborates our earlier
bservation.

.3. Device testing

For device testing, the AgNP-SWNT networks were used as
DE electrodes in a zinc–air battery configuration. Note that no
inder, conductive additives, or water repellents such as PTFE
ere added to these proof-of-concept electrodes. The discharge

haracteristics using a 1 k� resistor are presented in Fig. 7. For
ll devices tested, the weight of Zn-containing anodes is con-
tant, and therefore the observed differences in electrochemical
ehaviour can be attributed to differences between the AgNP-
WNT GDEs. The open-circuit voltages are around 1.2 V, which
s in good agreement with the values for commercially avail-
ble devices [22,23]. After connecting the device to a 1 k� load,
he voltage drops according to the different conductivities of the
DEs.

Among the AgNP-SWNT GDEs, the smallest particle size seems
o be favourable over the other particle sizes investigated. Not only
s the voltage drop smaller due to the higher conductivity, but
lso the discharge curve is the flattest when compared with the

ther samples, indicating a less pronounced concentration polar-
zation. In Table 1, the performances of all devices are summarized
n terms of the conductivity of the SWNT film, specific capacity, C,
nd specific energy, E, using C = I·t·m1

−1 and E = I·V·t·m2
−1, respec-

ig. 7. Discharge with constant resistance of Zn–air batteries using GDEs based on
gNP-SWNTs with AgNPs of different sizes.

[
[

[

a Specific capacity is normalized to the mass of the Zn-anode while specific energy
is normalized to the mass of the entire device including electrodes, separator and
electrolyte. For comparison, the performance range of commercially available GDEs
[20–22] is listed.

tively, where I is the discharge current, t is the discharge time,
V is the operating voltage, m1 is the mass of the Zn-anode, and
m2 is the weight of the entire device including electrodes, separa-
tor and electrolyte. Compared with GDEs based on bare SWNTs,
it is obvious that both C and E are improved by decoration of
the SWNTs with Ag nanoparticles with diameters less than 8 nm.
The best performance is achieved for GDEs with the smallest Ag
nanoparticles (3–5 nm) investigated, with both the specific capac-
ity and specific energy doubled. The improved performance with
the smallest Ag-particle size can be explained by the fact that
a larger electroactive surface leads to more catalytically active
sites for O2 reduction and, subsequently, to a higher current den-
sity.

In general, the performance of the GDEs based on AgNP-SWNTs
is already comparable with commercial devices, where it is typical
to observe capacities of 200–600 mAh g−1 and specific energies of
300–400 Wh kg−1 [22–24]. Hence, further optimization of the novel
SWNT-based GDEs decorated with AgNPs is a promising approach
to expand the application range of Zn–air batteries towards higher
performance demands.

4. Conclusions

GDEs based on SWNT networks lead to a significant weight
reduction when compared with carbon-based GDEs. In addition,
decoration of SWNTs with Ag nanoparticles promotes O2 reduc-
tion and thereby provides a significant improvement in terms of
the specific capacity and specific energy of zinc–air battery. The
optimum AgNP catalyst particle size is found to be the smallest
(3–5 nm) among the samples investigated, resulting in a doubling of
the specific capacity and specific energy when compared with bare
SWNT-based GDEs. Hence, SWNTs decorated with Ag nanoparticles
are promising materials for GDEs in lightweight applications with
higher performance demands.
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