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This article reports two routes, microwave-assisted synthesis and thermal reduction, to deposit silver
nanoparticles on oxidized carbon paper (CP) electrodes. In comparison, as-grown Ag particles, prepared
by the microwave-assisted route, exhibit uniform particle size and well-dispersion over the CP substrate.
Electrochemical behavior of Ag–CP electrodes is characterized by cyclic voltammetry and AC impedance
spectroscopy, incorporated with equivalent circuit. Both the catalyst electrodes display redox reversibility
ilver nanoparticles
lectrochemical catalysts
lkaline fuel cell
icrowave heating

lectrochemical impedance spectroscopy

within the potential region of 0–0.5 V vs. saturated calomel electrode (SCE) in 1 M NaOH. According to
the Randles–Sevcik plot, the diffusion coefficient under voltammetric regime ranges from 9.06 × 10−10

to 3.33 × 10−10 cm2 s−1. These differences of diffusion coefficient and capacitance are ascribed to the
resulting Ag nanocatalysts with small particle size and no aggregation. On the basis of the results, the
microwave-assisted approach for depositing nano sized Ag catalysts on CP electrodes shows the potential
in application of alkaline fuel cells because of its fast synthesis, high activity, and simplicity.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Recently, there has been a resurgence of interest in alkaline fuel
ells (AFCs) due to usage of non-noble metal catalysts and low cost
ass production, compared to other types of fuel cells such as pro-

on exchange membrane fuel cells (PEMFCs) and direct methanol
uel cells (DMFCs) [1,2]. In an AFC, the chemical energy in fuels
e.g., hydrogen, hydrazine, or alcohol) and oxidants (oxygen) can
e directly and efficiently transferred into electricity. This flexi-
ility of fuel selection makes AFCs a promising power device for
arious portable electronic products [3,4]. One of the main advan-
ages of AFCs is the replacement of Pt or Pt-based electrocatalysts
ith non-Pt catalysts (e.g., Au, Ni and Ag), making AFCs a potentially

ow cost technology compared to PEMFCs and DMFCs. It is gener-
lly recognized that the oxygen reduction reaction (ORR) in alkaline
edia is more facile than in acid media, reinforcing the feasibility of

ess expensive catalysts in place of Pt possible. Among these non-
t catalysts, Ag nanoparticle serves as an encouraging candidate
o Pt catalyst due to its high activity in alkaline solutions for ORR.
t is known that silver possesses the highest electrical conductiv-
ty of any element, and is approximately 100 times less expensive
han platinum [1]. Several approaches such as electroless plating

5,6], chemical reduction [3,7–9], electrochemical deposition [10],
on beam assisted deposition [11], have been developed to synthe-
ize Ag nanostructures. However, there are few reports focused on

∗ Corresponding author. Tel.: +886 3 4638800x2577; fax: +886 3 4559373.
E-mail address: cthsieh@saturn.yzu.edu.tw (C.-T. Hsieh).

378-7753/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.03.087
the facile synthesis of Ag nanoparticles on carbon matrix, and their
electrochemical activity in alkaline electrolyte still requires a better
understanding.

To approximate practical application, carbon paper (CP), com-
posed of microscaled carbon fibers, was chosen as support in this
work. Two facile routes, microwave-assisted and chemical impreg-
nation, were applied to deposit nano sized Ag particles on CP
substrate, forming Ag–CP catalyst electrodes. Microwave heating
is fast emerging as a novel processing technology for a variety of
inorganic syntheses [12]. The microwave heating enables the fast
transfer of microwave energy to thermal energy in polar solution.
The penetration property of electromagnetic radiation is capable
of inducing a uniform heating for reaction solution, thus giving
size-controlled synthesis of nanoparticles. Our previous study [13]
has applied a microwave-assisted method, using ethylene glycol
as reducing agent, to deposit Pt nanoparticles onto carbon nan-
otubes. As-deposited Pt particles, with an average size of 3–5 nm,
showed uniform size distribution and high electrochemical activity
in acid electrolyte. In the present work, microwave deposition was
proposed to grow Ag nanoparticles on CP in water. For compari-
son, the other method, chemical impregnation followed by thermal
reduction in hydrogen atmosphere, was also used to prepare Ag
particles on CP substrate. This work intends to clarify not only
structural properties but also electrochemical behavior of Ag–CP
catalysts in alkaline electrolyte by using cyclic voltammetry (CV)

and AC impedance. The aims of this study are to shed some light
on how (i) the preparation methods affects as-grown Ag structures
and loading on CP, and (ii) the electrochemical activity and inner
resistance of Ag–CP catalyst electrodes.

dx.doi.org/10.1016/j.jpowsour.2011.03.087
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cthsieh@saturn.yzu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2011.03.087
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ig. 1. FE-SEM images of as-grown silver nanoparticles over oxidized CP substrate
agnification.

. Experimental

The CP samples (10BA, SGL Carbon Group, Germany) used here
erved as carbon substrates. This type of carbon material has been
xtensively used as gas diffusion layer due to its high mechanical
trength and porous structure. Basically, this paper, with a 400 �m
hickness, consists of irregular carbon fiber that has a diameter of
pproximately 8–10 �m. Prior to Ag deposition, chemical oxidation
as adopted by impregnating the CP sample in 1 N HNO3 at 90 ◦C

or 6 h. After drying, acid-oxidized CP samples with an area of 4 cm2

ere soaked in 30 ml silver nitrate solution and stirred at room
emperature for 1 h. The silver-containing solution consisted of 1 ml
.04 M AgNO3, 1 ml 0.04 M KOH, and 28 ml ethylene glycol. The
g–CP slurry was placed in a household microwave oven (Sampo,
00 W) and heated under microwave power of 720 W for 3 min. The
repared Ag–CP sample was then separated from the Ag+ solution
nd subsequently dried in vacuum oven at 50 ◦C overnight. The
g–CP sample was designated to Ag–CP–M catalyst.

The chemical impregnation method was to directly soak oxi-
ized CP in 10 ml 0.5 M silver nitrate solution and 10 ml 5 wt%
olyvinylpyrrolidone (PVP). Here PVP served as a stabilizer agent.
o ensure adsorption equilibrium, the ionic adsorption on the CP
urface took place at room temperature for 1 h. After that, the Ag-
dsorbed CP sample was filtered from the ionic solution through
filtration apparatus. The treated CP was then put in a vertical

urnace, having an inner diameter of 6 cm and a length of 20 cm.
he furnace temperature was ramped from room temperature to
50 ◦C at a heating rate of 10 ◦C min−1. A thermal reduction treat-
ent was performed in 7 vol% H2 atmosphere for 40 min, giving

g–CP–T catalyst.

The structural observation of Ag CP samples was investigated
y using field-emission scanning electron microscope (FE-SEM,
EOL 2010F) and high-resolution transmission electron microscope
CP–M at (a) low and (b) high magnification, and Ag–CP–T at (c) low and (d) high

(HR-TEM, JEOL, JEM-2100). The chemical composition of as-grown
Ag particles was characterized using X-ray photoelectron spec-
troscopy (XPS). The XP spectra were recorded with a Fison VG
ESCA210 spectrometer and Mg-K� radiation. The crystalline struc-
ture of Ag–CP samples was characterized by X-ray diffraction (XRD)
with Cu-K� radiation, using an automated X-ray diffractometer
(Shimadzu Labx XRD-6000).

Three-electrode electrochemical system was used to investi-
gate the electrochemical activity of Ag–CP samples using 1 M NaOH
as the electrolyte solution. Pt wire and saturated calomel elec-
trode (SCE) were used as counter electrode and reference electrode,
respectively. Two types of Ag–CP samples, Ag–CP–M and Ag–CP–T,
served as working electrodes, prepared by pressing the CP samples
on stainless steel foils (as current collector). The CV measurement
of the CP electrodes was made within the potential range of −1.0
to 0.5 V vs. SCE at different sweep rates of 1, 5, and 10 mV s−1. The
CV scans of the CP electrodes were continuously operated for more
than 200 cycles to study their electrochemical durability. An elec-
trochemical impedance spectrum analyzer (CH Instrument, Inc.,
CHi 608) was used to analyze the AC electrochemical impedance
spectra. In this work, the potential amplitude of ac was equal to
5 mV, and the frequency was from 100 kHz to 10 mHz. All electro-
chemical measurements in the present work were conducted at
ambient temperature.

3. Results and discussion

Fig. 1(a)–(d) shows the FE-SEM images of Ag–CP–M and
Ag–CP–T composites with low and high magnifications. The CP

substrate is composed of microscaled fibers with an average size
of 8 �m. The white dots over the carbon fiber represent the
distribution of Ag particles, showing a well dispersion. The com-
position of the dots has been identified as Ag nanoparticles by
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lectron diffraction X-ray spectroscopy. This demonstrates that
oth microwave-assisted and chemical impregnation routes are
ble to deposit Ag nanoparticles onto CP substrates. To inspect the
oading of Ag catalysts, a thermogravimetric analyzer (TGA, Perkin
lmer TA7) was implemented to analyze the amount of catalysts
eposited on the CP substrates. The residual weights, assigned to
he weight of Ag catalysts, can be calculated to the silver loading,
hat is, 0.14 and 0.32 mg cm−2 for Ag–CP–M and Ag–CP–T, respec-
ively. It is worth noting that the sliver loading of Ag–CP–T is twice
s high as that of Ag–CP–M. This information serves as the crucial
eference for designing the catalyst electrodes with high or low
ilver loading in further investigation.

Typical HR-TEM images with low and high magnifications for
g–CP–M and Ag–CP–T samples are depicted in Fig. 2. As was
one for sample preparation, the Ag particles were scratched

nd stripped from the CP matrix under an ultrasonic bath. The
ark spots, assigned to Ag particles, show spherical shape in
anoscale. Uniform Ag nanoparticles obtained by microwave-
ssisted approach are found to have an average diameter of 20 nm.

Fig. 2. HR-TEM images of as-grown silver nanoparticles: Ag–CP–M at (a) low and
ources 196 (2011) 6055–6061 6057

However, the Ag particles prepared by chemical impregnation, fol-
lowed by thermal reduction, tend to grow uneven spheres, thus
forming sphere-stacked aggregation, as observed in Fig. 2(d). It
is known that surface oxides are able to occupy the defects of
carbon surface [14,15]. The CPs display a low degree of graphiti-
zation (e.g., voids or broken bonds), attached with oxide groups
such as carbonyl, carboxyl, and hydroxyl groups. Thus, a number
of surface oxides would act as active sites for adsorption of sil-
ver ions in liquid phase. A major dissimilarity between Ag–CP–M
and Ag–CP–T depends on the reduction route, that is, microwave
heating and thermal reduction. The excessive thermal reduction for
40 min tends to merge Ag deposits on the CP substrate. Therefore,
the aggregation formation can be ascribed to the fact that as-grown
Ag sphere easily combines with neighboring spheres together at
350 ◦C during the reduction period, generating bulky silver islands.

In comparable with microwave heating, a well-dispersion of nucle-
ation would take place on the CP surface due to uniform reduction in
liquid phase under microwave irradiation, inducing the formation
of uniform Ag spheres.

(b) high magnification, and Ag–CP–T at (c) low and (d) high magnification.
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ig. 3. Typical XRD patterns of (a) Ag–CP–M, (b) Ag–CP–T, and (c) fresh CP samples.

Fig. 3 presents the XRD patterns of different CP samples, show-
ng the presence of Ag crystals on CP surface. The peak occurring
t 26.1◦ and 54.8◦ corresponds to (0 0 2) and (0 0 4) reflections of
arbon substrate. Four peaks at 2� angles of 38.4◦, 44.5◦, 64.7◦ and
7.7◦ can be indexed to (1 1 1), (2 0 0), (2 2 0) and (3 1 1) reflection

ines of a face-centered cubic (fcc) crystals of silver, respectively
8,16,17]. This result proves that both the synthesis routes are capa-
le of making fcc crystal structures of Ag nanoparticles deposited
n the CP surface. The average crystalline size can be calculated
rom the broadening of the (1 1 1) reflection by using Scherrer for-

ula. The average grain sizes of Ag nanoparticles for Ag–CP–M and
g–CP–T samples are 32.9 and 31.9 nm, respectively. The results
re in agreement with the HR-TEM observation.

Fig. 4(a) and (b) shows XPS spectra of Ag 3d for Ag–CP–M and
g–CP–T samples, respectively. Basically, silver is a metal that is
nomalous in binding energy shifts while being oxidized, that is,
he Ag 3d peaks shift to lower binding energy. The Ag 3d spectra
how two distinct primary peaks for Ag 3d5/2 and Ag 3d3/2 binding
nergies. Both Ag 3d5/2 peaks display an asymmetric shape, which
an be attributed to appearance of three components, metallic Ag,
gO, and Ag2O, located at 368.1, 367.3 and 367.7 eV, respectively

6,18]. It can be seen that the two high intensity primary peaks
epresent elemental silver, showing that metallic Ag is in majority
mong these components. The ratios of metallic silver, determined
rom the integration area of Ag 3d5/2 peaks, are found to be 66.7
nd 76.5% for Ag–CP–M and Ag–CP–T samples, respectively. This
esult indicates that both synthesis routes show fairly good ability
or the reduction of metallic silver. However, it should be noticed
hat the period of microwave heating only takes 3 min, which is

uch shorter than the thermal reduction (40 min). On the basis
f the above results, the microwave-assisted approach provides
facile pathway to deposit metallic Ag nanoparticles with time-

aving benefit.
Typical cyclic voltammograms of Ag–CP electrodes in 1 M NaOH

olution, in the potential region of −1.0 to 0.5 V vs. SCE at 10 mV s−1

re shown in Fig. 5. It should be noted that the redox current of
g–CP–T approximates closely to that of Ag–CP–M electrode. As
eported in literature, three anodic peaks would appear within the

otential range of 0–0.5 V vs. SCE, associated with silver dissolu-
ion and formation of surface monolayer of Ag(OH)2

− (1st peak),
ormation of bulk phases of Ag2O (2nd peak) and AgO (3rd peak)
3,19–21]. The reaction for the first anodic peak, related to elec-
Fig. 4. XPS spectra of Ag 3d peak for (a) Ag–CP–M, and (b) Ag–CP–T samples, decon-
voluted by using a symmetric multiple Gaussian function.

trodissolution of Ag to Ag(OH)2
−

ads through adsorption of OH− and
desorption and diffusion of soluble Ag(OH)2

−, can be expressed as
[21]:

Ag + 2OH−
ads ↔ Ag(OH)2

−
ads + e− (R1)

Ag(OH)2
−

ads ↔ Ag(OH)2
−

aq (R2)

However, the peak intensity seems to be imperceptible, imply-
ing that less dissolution of metallic silver occurs on the carbon
surface.

The second anodic peak can be ascribed to the thickening of a
completed basal monolayer, that is, the electroformation of a mul-
tilayer of Ag2O. The thickening process occurs through nucleation
and growth mechanisms according to [20,21]:

2Ag + 2OH− ↔ Ag2O + H2O + 2e− (R3)

The third anodic peak originates from the electrooxidation of

Ag2O and the formation of AgO according to the overall chemical
reaction [21]:

Ag2O + 2OH− ↔ 2AgO + H2O + 2e− (R4)
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Fig. 6. Typical CV profiles for (a) Ag–CP–M and (b) Ag–CP–T electrodes at different
sweep rates of 1, 5, and 10 mV s−1.
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ig. 5. Typical CV profiles for Ag–CP–M and Ag–CP–T electrodes at 10 mV s−1.

Additionally, a direct electrooxidation of Ag to AgO may occur
ith the potential range of the third peak, which can be expressed

s [21]:

g + 2OH− ↔ AgO + H2O + 2e− (R5)

In the other hand, two typical cathodic peaks take place within
he potential region. The first one is attributed to the electroreduc-
ion of AgO to Ag2O according to [21]:

AgO + H2O + 2e− ↔ Ag2O + 2OH− (R6)

Accordingly, this peak is conjugated to the third anodic peak,
or example (R4). After that, the more negative cathodic peak is
scribed to the electroreduction of Ag(I) oxygen species [21].

As observed in Fig. 5, both Ag–CP electrodes exhibit very small
rst, and obvious second and third anodic peaks in the anodic
can. In the cathodic scan, there are two apparent peaks for both
g–CP electrodes, showing the reversibility of redox reactions on

he surface of silver catalysts. Fig. 6(a) and (d) shows the cycle
oltammograms of Ag–CP electrodes at different sweep rates of 1, 5,
nd 10 mV s−1. The redox peaks are found to show a position shift at
high sweep rate, reflecting that diffusion is the rate-determining

tep. For a diffusion-controlled process under potentiodynamic
onditions, diffusion coefficients (D) can be calculated through
andles–Sevcik equation [22]:

p = (2.69 × 105)n3/2AD1/2C ∗ v1/2 (1)

here ip is the anodic peak current (A), n is the number of
lectrons produced in oxidation process, A is the geometric area
f electrode (cm2), C* is the bulk concentration of electroac-
ive species (mol cm−3), and v is the sweep rate (V s−1). Fig. 7
hows the linear plots of ip vs. (v1/2) for Ag–CP–M and Ag–CP–T
lectrodes, respectively. The linear plots of both catalyst elec-
rodes with high correlation factors (r2 > 0.990) demonstrate the
iffusion-controlled process [23]. The D values, determined from
he slopes of the plots, were found to be 9.06 × 10−10 (Ag–CP–M)
nd 3.33 × 10−10 cm2 s−1 (Ag–CP–T). On the basis of the result, the

g particles, prepared by the microwave heating, display higher
iffusion coefficient than that by thermal reduction, that is, the pro-
otion of D values: ∼3 times, compared with Ag–CP–T electrode.

his difference can be supported by the reasonable explanations

v0.5/V0.5s-0.5

Fig. 7. Randles–Sevcik plots of different Ag–CP electrodes.
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Fig. 9. Proposed equivalent circuits for Ag–CP electrodes within (a) high and (b) low
frequencies.

Table 1
Components and related parameters of the equivalent circuits (Fig. 9) for the Ag–CP
electrodes in 1 M NaOH (deviation for each component <9.8%).

Electrode Rs (�) Rc (�) Cb (�F cm−2) RF (�) Cdl ± Cp (F g−1)
ig. 8. Nyquist plots of different Ag–CP electrodes for (a) Ag–CP–M and (b) Ag–CP–T.

hat as-grown silver in Ag–CP–M electrode possesses well disper-
ion, facilitating the diffusion of ions in the electrode.

The AC impedance spectroscopy was further applied to analyze
he electrochemical behavior of the Ag–CP electrodes. Fig. 8 shows
he Nyquist plots of both electrodes, presenting a similar profile
f impedance spectra. Basically, the impedance spectra for both
g–CP electrodes can be divided into three parts: (i) an intersection

n the real axis in high-frequency region, (ii) a single depressed
emicircle in the frequency region between 100 kHz and 1 Hz, and
iii) an almost-vertical line with decreasing frequency. The almost-
ertical lines at low frequencies can be assigned to the capacitive
esponse of the carbon electrodes [24,25].

An equivalent circuit was proposed to characterize the electro-
hemical behavior of the Ag–CP electrodes. The circuit elements

onsist of the bulk solution resistance, RS; the double-layer capac-
tance, Cdl; the Faradaic resistance, RF, corresponding to the
eciprocal of the potential-dependent charge transfer rate in redox
eactions; a pseudocapacitance, Cp, associated with the potential
Ag–CP–M 1.69 11.5 3.50 2.23 250
Ag–CP–T 1.68 10.2 3.85 2.33 177

dependence of redox-site concentration; and Cb and Rb due to
the impedance between the catalyst composites and the backing
plate for the electrical connection. The combination of the cir-
cuit elements is proposed and shown in Fig. 9(a). Accordingly, the
overall impedance, Z, of the equivalent circuit can be expressed as
[13,14,25]:

Z = RS + Rb

jωRbCb + 1
+ 1

jωCdl +
(

jωCp/(jωRFCp + 1)
) (2)

Basically, Eq. (2) can be divided into two limiting cases: low- and
high-frequency regions. At sufficiently high frequencies, Eq. (2) cor-
responds to a locus showing the solution, the electrical connection
resistance, and the charge transfer resistance, that is, RS, Rb, and RF.
The overall resistance determined is the so-called equivalent serial
resistance (Res = RS + Rb + RF), which is composed of bulk solution
resistance, connection resistance, and charge transfer resistance
[26]. As shown in Fig. 9(b), the impedance in low-frequency region
suggests the pure capacitive behavior [24], where the overall capac-
itance (Ct = Cdl + Cp), of the electrodes can be estimated.

By using Z-view computer software, the fitting parameters for
both electrodes are summarized in Table 1. This table clearly shows
that both the RS values are found to be small (∼1.68 �), show-
ing little variation with both electrodes. The presence of Rb values
originates from the connection of conductive materials (i.e., metal-
lic Ag and CP) to the current collector (i.e., stainless foil). The Rb
value of Ag–CP–M electrode shows a slight increase compared
with Ag–CP–T electrode, that is, 10.2 and 11.5 � for Ag–CP–T and
Ag–CP–M electrode, respectively. This result is presumably due to
low Ag density on Ag–CP–M electrode. The Res values for Ag–CP–M
and Ag–CP–T electrodes are estimated to be 15.42 � and 14.21 �,
respectively. It is worth noting that the Rb value can account for a
major proportion of the equivalent series resistance, whereas the
value of RF plays a minor role in the Res value for both electrodes.

As observed from Table 1, both Cb values can be insignificantly
small compared to the overall capacitance. The overall charge
transfer (Cdl + Cp) obtained from the impedance analysis indicates
that Ag–CP–M electrode exhibits an electrochemical activity higher
than Ag–CP–T electrode. Since pure CP electrodes are expected to
have an identical Cdl value, the pseudocapacitance (Cp) thus con-
tributes to the major portion in improving the overall capacitance.
This capacitance, contributed from charge transfer reaction, is anal-

ogous to the electrochemical activity of silver catalysts in alkali
electrolyte. On the basis of the above results, as-grown Ag catalysts,
prepared by microwave heating, offer the better redox activity due
to the effects of particle size and no aggregation. Accordingly, the
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icrowave-assisted route shows a commercial feasibility to rapidly
ynthesize Ag nanoparticles with high electrochemical activity,
nducing the potential application for AFCs.

. Conclusions

The results presented in this work unambiguously provide
facile route to synthesize nano sized Ag particles by using
icrowave-assisted and thermal reduction approaches. Both two

outes enabled the deposition of crystalline Ag particles onto the
xidized CP surface. Metallic silver nanoparticles by microwave
eating were found to have a narrow size distribution, compared
o thermal reduction. The CV analysis indicated that (i) both sil-
er catalysts possess the redox reversibility in alkali electrolyte
nd (ii) the diffusion coefficients under voltammetric regime
re 9.06 × 10−10 (Ag–CP–M) and 3.33 × 10−10 cm2 s−1 (Ag–CP–T).
he AC impedance spectroscopy incorporated with analysis of
quivalent circuit showed that Ag–CP–M catalyst exhibits higher
lectrochemical activity than Ag–CP–T. This increase of capacitance
an be attributed to as-grown Ag with small particle size and no
ggregation, leading to a great activity in the redox reaction. On
he basis of the results, the microwave-assisted route for deposit-
ng nano sized Ag catalysts on CP electrodes delivers the feasibility
or AFCs application due to its fast synthesis, high activity, and
implicity.
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