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ABSTRACT: A nanoporous Ag-embedded SnO2 thin film was fabricated by anodic
treatment of electrodeposited Ag−Sn alloy layers. The ordered nanoporous structure
formed by anodization played a key role in enhancing the electrocatalytic performance
of the Ag-embedded SnO2 layer in several ways: (1) the roughness factor of the thin
film is greatly increased from 23 in the compact layer to 145 in the nanoporous layer,
creating additional active sites that are involved in oxygen electrochemical reactions;
(2) a trace amount of Ag (∼1.7 at %, corresponding to a Ag loading of ∼3.8 μg cm−2)
embedded in the self-organized SnO2 nanoporous matrix avoids the agglomeration of
nanoparticles, which is a common problem leading to the electrocatalyst deactivation;
(3) the fabricated nanoporous thin film is active without additional additives or
porous carbon that is usually necessary to support and stabilize the electrocatalyst.
More importantly, the Ag-embedded SnO2 nanoporous thin film shows outstanding
bifunctional oxygen electrochemical performance (oxygen reduction and evolution
reactions) that is considered a promising candidate for use in metal-air batteries. The
present technique has a wide range of applications for the preparation of other carbon-free electrocatalytic nanoporous films that
could be useful for renewable energy production and storage applications.

KEYWORDS: nanoporous, silver-embedded tin oxide, SnO2, bifunctional electrocatalysts, oxygen evolution reaction,
oxygen reduction reaction

■ INTRODUCTION

The metal-air battery (MAB) is a rapidly emerging technology
that is regarded as the ultimate candidate to replace
nonrenewable energy sources because of its extremely high
energy density, comparable to gasoline.1 In contrast to
conventional rechargeable batteries, the active materials used
in MABs have no direct reaction with the electrolytes and work
as catalysts to reduce the energy barrier for oxygen reduction
reaction (ORR) in discharging and oxygen evolution reaction
(OER) in charging.2 Primarily because of the sluggish kinetics
induced by multistep proton-coupled electron-transfer pro-
cesses (four-electron catalytic reactions) and complex reaction
pathways (different intermediate products) involved in the
oxygen electrochemistry of ORR and OER, it is challenging to
find a bifunctional oxygen catalyst (BOC) with efficient
electrocatalytic activities for both ORR and OER.3 To date,
some precious metals and their oxides such as Pt, IrO2, and
RuO2 are reported and are considered to be the most efficient
BOC.4−6 In addition to their scarcity, RuO2 is thermodynami-
cally unstable while Pt and IrO2 catalysts can easily
agglomerate, resulting in physical characteristics that cause
their bifunctional catalytic activities to markedly diminish with
time.7 Although some precious metal-free oxides have been
developed for BOC, such as spinel Co3O4 and MnO2,

8,9 their
poor conductivity limits their practical applications. Most

recently, various carbon nanostructures, such as graphene, have
been combined with spinel oxides to enhance the conductivity
of those composites. Further doping of Co3O4 or MnO2 with
N, B, or P can afford efficient ORR performance comparable to
Pt.10−13 Unfortunately, the carbon rapidly decays under anodic
oxidizing conditions, which makes the oxygen electrode
stability poor during the charge/discharge cycling in recharge-
able MABs.14

To meet the requirements for MABs, bifunctional oxygen
electrodes need to (1) have open gas diffusion pathways and
hydrophilicity to an electrolyte;15 (2) have catalysts that are
well dispersed on a conductive high surface area (porous)
matrix to avoid aggregation;16 (3) have efficient catalytic
activity, with materials of abundant availability and acceptable
cost for mass production;17 (4) have high surface area in
contact with the electrolyte and O2;

18 and (5) be carbon-free to
avoid the oxidative decay.19 This led us to consider fabricating
BOCs from carbon-free porous thin films. To this end,
anodization is well-recognized as a feasible approach to
synthesize well-controlled porous metal oxide films without
using any templates.20,21 Our recent investigations revealed that
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the anodically formed pores within a small geometrical area
create many more electrocatalytically active sites than their
counterpart compact films.22

For some time, Ag has been considered as a possible
replacement for Pt in electrocatalytic applications because of its
high catalytic activity, high electrical conductivity, better
stability, and longer lifetime. It is ∼100× less expensive than
Pt.23−25 To generate more electrocatalytically active sites as
well as to avoid catalyst deactivation because of aggregation,
various nanostructured Ag particles and composites have been
synthesized. For example, one-dimensional Ag nanowires with
high aspect ratios are reported to have better electrocatalytic
activity than Ag particles in alkaline media.26 Also, 45 nm Ag
nanocubes show higher electrocatalytic performance than Ag
particles.27 However, to prevent any side effects caused by
adding porous carbon supports, porous Ag is preferred for use
as a gas diffusion oxygen electrode.28 Although, to date, several
techniques have been studied to fabricate porous Ag, such as
template-assisted electrodeposition and dealloying, it is still an
enormous challenge to fabricate nanoscale interconnected
porous Ag using those methods.29,30 Even though facile
fabrication techniques such as anodization can convert most
metals into nanoporous structures, Ag is one of the
exceptions.31 To overcome this challenge, we designed a new
fabrication procedure: electrodeposition of a Ag−Sn alloy film,
followed by anodization treatment of the deposited alloy layer.
Sn was chosen to form an alloy film with Ag because Sn can be
converted to a nanoporous structure by anodization.32,33 The
nanoporous layer synthesized by this approach has several
advantages: (1) the nanoscale pores have an average size of
∼10 nm; (2) the nanopores are ordered and interconnected;
and (3) only a trace amount of Ag is needed to be embedded
into the SnO2 matrix, thereby avoiding the aggregation of Ag
and reducing the cost of the electrocatalyst. The fabricated
nanoporous AgSn films show efficient electrocatalytic ORR and
OER performances and can be used as candidates for MABs.

■ RESULTS AND DISCUSSION
The process for fabricating the Ag-embedded SnO2 nanoporous
layers (AgSn NPL) is shown schematically in Figure 1a (see
Supporting Information for details): (1) electrochemically
polished copper foils were used as substrates, followed by (2)
electrodeposition of compact Ag−Sn alloy layers (Figures S1
and S2), and finally, (3) anodization treatment of the alloy
layers to form the AgSn NPL. After anodization, a self-
organized and ordered porous structure with an average pore
size ∼10 nm was observed in the scanning electron microscopy
(SEM) images (Figure 1b). Transmission electron microscopy
(TEM) analyses (Figure 1c and Supporting Figure S3) of the
AgSn NPL also show well-crystallized and ordered pores with
sizes ∼10 nm. The lattice fringes, as indicated in the high-
resolution TEM image (Figure 1c right), is ∼0.35 nm and can
be ascribed to SnO2(110).

34 Moreover, TEM elemental
mapping performed on the AgSn NPL (Figure 1f) shows a
uniform distribution of Sn and Ag throughout the anodized
material. The compositions and atomic ratio between Sn and
Ag in the AgSn NPL were investigated by X-ray photoelectron
spectroscopy (XPS) (Figure 2). The AgSn NPL is mainly
composed of Sn, Ag, and O with Ag/Sn in a 1.7% atomic ratio,
which corresponds to Ag loading of ∼3.8 μg cm−2. The XPS Ag
3d peak at 368.2 eV is ascribed to Ag rather than to Ag
oxides.35 The two peaks at 486.7 and 495.1 eV are attributable
to Sn 3d spin−orbit peaks of SnO2.

36 We used XPS to estimate

the Ag content in different samples such as the surface layer,
the interior (bulk) layer composition of the AgSn NPL, and the
as-deposited Ag−Sn layer as shown in the Supporting Table S1.
The interior bulk of the sample was accessed by carefully
scraping the surface with a knife before doing the XPS analysis.
Those samples have similar Ag content (Supporting Figure S4),
which indicates that anodization treatment has no effect on Ag

Figure 1. Schematic illustration of the fabrication processes and
electron microscopy characterizations of the AgSn NPL. (a) Schematic
illustration of the fabrication processes. (b) SEM images of the AgSn
NPL with different magnifications. The scale bar in b denotes 100 nm.
(c) TEM images of the AgSn NPL with different magnifications. The
lattice fringes, as indicated in the high-resolution TEM image (right),
is ∼0.35 nm and can be ascribed to SnO2(110). (d) TEM image and
elemental mapping of the AgSn NPL. The scale bar in d denotes 50
nm.

Figure 2. X-ray photoelectron spectra of the AgSn NPL. (a) Overview
spectrum. (b) Sn 3d peak. (c) Ag 3d peak. (d) O 1s peak.
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content in the films. On the basis of this, the Ag/Sn ratio is
controlled by adjusting the electrodeposition conditions, for
example, the plating solution concentration. To demonstrate
this assumption, we used a plating solution with lower Ag
concentration to deposit the Ag−Sn layer. We find that the Ag
content in the NPL decreases linearly (Supporting Table S2)
with Ag salt concentration in the plating solution. The sample
with less Ag content shows worse electrochemical performance
(Supporting Figure S5). Considering the advantages of using
extremely low loading mass of Ag, higher Ag content is not
recommended because of cost concerns. Because of the high
surface area of the AgSn NPL, the C−O bond from organic
molecules absorbed in the pores is also detected from the fitted
XPS O 1s peak.37

Roughness factor (RF) is an import parameter, defined as the
ratio of the electrochemically active surface area (EASA) to the
geometric surface area of the electrode, to evaluate the active
sites that may be involved in the electrochemical reactions.38

After forming the nanoporous structure, the RF of the catalyst
increased to 145, >6 times higher than the as-deposited AgSn
alloy layer (RF ∼ 23, for calculation details see Supporting
Information). The greatly improved surface roughness
produces more electrochemically active sites in the AgSn
NPL. With more sites for electrocatalytic reactions, this
material is superior to other nanostructured Ag catalysts.
The bifunctional electrocatalytic activity of the AgSn NPL as

oxygen electrode was examined through testing cyclic
voltammograms (CVs) and linear sweep voltammetry (LSV)
in O2-saturated 0.1 M aqueous NaOH with Hg/HgO (in 0.1 M
NaOH) as the reference electrode. During the electrochemical
testing, the AgSn NPL on Cu foil was used directly as the
working electrode without adding any additives or conductive
carbon. The representative CVs and LSV performed at a scan
rate of 5 mV s−1 are shown in Figure 3 and Supporting Figure
S6. To assess the ORR activity, a comparison between the CVs
(Figure 3a) tested in O2- and Ar-saturated 0.1 M NaOH was

made. The AgSn NPL catalyst exhibited a symmetrical CV
curve in Ar-saturated electrolyte. By contrast, a prominent
catholic ORR peak with an onset potential (defined as the
potential under which the reduction current is observed) of
∼0.87 V (vs RHE) was observed in O2-saturated electrolyte.39

The OER activity of the AgSn NPL investigated by CV
(Supporting Figure S7) demonstrates pronounced oxygen
evolution current. A pair of redox reaction peaks (represented
by Ag2O + 2OH− ⇆ 2AgO + H2O + 2e−), labeled as A2 (1.6 V
vs RHE) and C2 (1.3 V vs RHE) in Figure 3b, is attributed to
the formation and reduction of AgO, respectively.40 Figure 3b
also shows the complete electrocatalytic reactions (ORR and
OER) and redox reactions (oxidation of Ag and reduction of
silver oxides). An additional pair of redox reaction peaks
(represented by 2Ag + 2OH− ⇆ Ag2O + H2O + 2e−) at 1.28 V
(vs RHE, A1) and 0.96 V (vs RHE, C1) is ascribed to the
formation and reduction of Ag2O, respectively, whereas the
presence of a shoulder (1.22 V vs RHE) close to A1 is
ascribable to the AgOH intermediates.41 The silver oxides
formed during the anodic scan are recognized as OER active
materials in the nanoporous layer. Moreover, the high ORR
activity is also evident from the electron-transfer number (n, the
number of electrons exchanged per oxygen molecule for the
ORR) and the kinetic current density (Jk) obtained on the basis
of the Koutecky−Levich (K-L) eqs (Supporting Informa-
tion).42 To do this, LSV obtained by rotating disc electrode
(RDE) analysis (Figure 3c) of the catalyst with electrode
rotation rates from 400 to 1600 rpm was investigated.
Therefore, the corresponding K-L plots (J−1 vs ω−1/2) were
then obtained at various potentials. The n was determined to be
∼3.1 at different potentials, demonstrating that the AgSn NPL
was mainly dominated by a four-electron transfer pathway
(with oxygen being directly reduced to water). To our
knowledge, many carbon-supported Ag catalysts have two-
electron transfer dominated ORR pathways producing H2O2
that is further reduced to water by two more electrons. These
are commonly encountered when using carbon as the
conductive substrate.43 This complicated substrate issue is
caused by the two-electron transfer ORR process on the carbon
surfaces. In the present work, by embedding Ag into the self-
organized SnO2 nanoporous layer, the catalytic activity is
enhanced by avoiding the influence of carbon substrates.
Moreover, the Jk is determined to be 1.54 mA cm−2 at 0.4 V (vs
RHE). The bifunctional oxygen electrode activity of the AgSn
NPL (porous thin film) is also demonstrated by LSV (Figure
3d) obtained through RDE analysis at 900 rpm. As expected,
cathodic current for ORR and anodic current for OER are
observed.
To demonstrate the advantages of the nanoporous structure

in the AgSn NPL (porous thin film), control experiments were
performed by CV analysis of the as-deposited Sn−Ag alloy layer
(compact film) and porous SnO2 (porous thin film) in O2-
saturated 0.1 M NaOH (Supporting Figure S8). The porous
SnO2 layer has sluggish oxygen electrochemistry, and no
distinguished ORR or OER current can be observed, which
would not have any negative effects on the catalytic activity of
Ag, unlike carbon supports. Even though the as-deposited Ag−
Sn compact alloy layer delivers some oxygen electrode catalytic
activity, the observed ORR and OER currents are ∼50% and
∼80%, respectively, less than the AgSn NPL. The high
performance of the AgSn NPL is attributed to the greater
number of electrochemically active sites for catalytic reactions,
to the open channels for molecular transport created by the

Figure 3. Bifunctional electrocatalytic performance of the AgSn NPL
as oxygen electrode measured at scan rate of 5 mV s−1. (a) ORR
performance tested by CV in Ar (black line) and O2 (red line). (b) CV
tested in a wide potential range to demonstrate the ORR and OER
performance. (c) LSV tested by rotating disk electrode at rotation
rates from 400 to 1600 rpm shows the ORR performance. The inset in
c is Koutecky−Levich (K-L) plots at different overpotentials. (d) LSV
performed at 900 rpm shows bifunctional ORR and OER perform-
ance.
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formation of the self-organized nanoporous structure, and to
the well-dispersed Ag in the porous layer. We also tested the
CV of the AgSn NPL for 2000 cycles, and we found increased
catalytic currents in both ORR and OER (Supporting Figure
S9). This means that the porous layer goes through a gradual
activation of the interior layer during the cycling test and
demonstrates good performance for long-term utilization
without decay. Despite the extremely low Ag loading (∼3.8
μg cm−2, which is equal to 280 μg cm−2 calculated on the basis
of the entire film), the catalytic activity of the AgSn NPL is
better than most state-of-the-art nanostructured Ag, Ag-based
alloy and Ag composites (for detailed comparison, see
Supporting Table S3), and can be considered as a competitive
candidate for use as bifunctional oxygen electrodes in MABs.

■ CONCLUSION
In summary, we demonstrated a facile approach to fabricate
bifunctional oxygen electrodes with low concentrations of Ag
embedded in SnO2 nanoporous layers. After forming the highly
porous structure, the roughness factor of the catalyst was
greatly improved to provide more electrocatalytically active
sites for ORR and OER and open pathways for transport of gas
molecules. The synthesized AgSn NPL is a carbon- and
additive-free catalyst that could be used in MABs, which can
resolve the poor cyclability problem raised by the side reactions
of carbon in the common carbon-containing oxygen electrodes.

■ ASSOCIATED CONTENT
*S Supporting Information
. The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.5b04887.

Experimental procedures, characterization methodology,
electrochemical measurements, SEM, XRD, TEM, and
XPS spectra (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: tour@rice.edu.
Present Addresses
1NanoScience Technology Center, University of Central
Florida, 12424 Research Parkway Suite 400, Orlando, Florida
32826, USA.
2KU-KIST Graduate School of Converging Science and
Technology, Korea University, Seoul 136-701, Korea.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank the Peter M. and Ruth L. Nicholas Post-Doctoral
Fellowship of the Smalley Institute for Nanoscale Science and
Technology for financial support (Y. Yang). Additional funding
was provided by the AFOSR (FA9550-14-1-0111).

■ REFERENCES
(1) Girishkumar, G.; McCloskey, B.; Luntz, A. C.; Swanson, S.;
Wilcke, W. Lithium-Air Battery: Promise and Challenges. J. Phys.
Chem. Lett. 2010, 1, 2193−2203.
(2) Zhang, T.; Zhou, H. A Reversible Long-Life Lithium-Air Battery
in Ambient Air. Nat. Commun. 2013, 4, 1817.
(3) Sasikala, N.; Ramya, K.; Dhathathreyan, K. S. Bifunctional
Electrocatalyst for Oxygen/Air Electrodes. Energy Convers. Manage.
2014, 77, 545−549.

(4) Lu, Y. C.; Xu, Z.; Gasteiger, H. A.; Chen, S.; Hamad-Schifferli, K.;
Yang, S. H. Platinum-Gold Nanoparticles: A Highly Active Bifunc-
tional Electrocatalyst for Rechargeable Lithium-Air Batteries. J. Am.
Chem. Soc. 2010, 132, 12170−12171.
(5) Kong, F. D.; Zhang, S.; Yin, G. P.; Zhang, N.; Wang, Z. B.; Du, C.
Y. Preparation of Pt/Irx(IrO2)10‑x Bifunctional Oxygen Catalyst for
Unitized Regenerative Fuel Cell. J. Power Sources 2012, 210, 321−326.
(6) Jian, Z.; Liu, P.; Li, F.; He, P.; Guo, X.; Chen, M.; Zhou, H. Core-
Shell-Structured CNT@RuO2 Composite as a High-Performance
Cathode Catalyst for Rechargeable Li-O2 Batteries. Angew. Chem., Int.
Ed. 2014, 53, 442−446.
(7) Gorlin, Y.; Jaramillo, T. F. A Bifunctional Nonprecious Metal
Catalyst for Oxygen Reduction and Water Oxidation. J. Am. Chem. Soc.
2010, 132, 13612−13614.
(8) Ryu, W. H.; Yoon, T. H.; Song, S. H.; Jeon, S.; Park, Y. J.; Kim, I.
D. Bifunctional Composite Catalysts Using Co3O4 Nanofibers
Immobilized on Nonoxidized Graphene Nanoflakes for High-Capacity
and Long-Cycle Li-O2 Batteries. Nano Lett. 2013, 13, 4190−4197.
(9) Meng, Y.; Song, W.; Huang, H.; Ren, Z.; Chen, S. Y.; Suib, S. L.
Structure-Property Relationship of Bifunctional MnO2 Nanostruc-
tures: Highly Efficient, Ultra-Stable Electrochemical Water Oxidation
and Oxygen Reduction Reaction Catalysts Identified in Alkaline
Media. J. Am. Chem. Soc. 2014, 136, 11452−11464.
(10) Liang, Y.; Li, Y.; Wang, H.; Zhou, J.; Wang, J.; Regier, T.; Dai,
H. Co3O4 Nanocrystals on Graphene as A Synergistic Catalyst for
Oxygen Reduction Reaction. Nat. Mater. 2011, 10, 780−786.
(11) Wu, Z. S.; Yang, S.; Sun, Y.; Parvez, K.; Feng, X.; Müllen, K. 3D
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