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a b s t r a c t

Au and AuAg electrocatalysts were prepared by chemical reduction and supported on Vulcan XC-72 for
their application in a laminar membraneless microfluidic fuel cell that operates with glucose as fuel in
basic media. Average particle size and lattice parameters were determined by X-ray diffraction technique,
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resulting in 4 and 21 nm for Au and AuAg respectively. The composition ratio of Au and Ag in the mixture
was estimated by X-ray fluorescence. X-ray photoelectron spectroscopy measurements were used to
determinate oxidation states. The electrocatalytic activity of Au/C and AuAg/C materials was investigated
in terms of glucose electrooxidation in 0.3 M KOH. The results obtained by electrochemical studies in a
half cell configuration showed that the onset potential for glucose oxidation on AuAg/C presented a
negative shift ca. 150 mV compared with Au/C. AuAg/C was evaluated in a microfluidic fuel cell operated
with glucose as fuel showing good stability and higher performance when was compared with Au/C.
. Introduction

In the last few years, the energy demand is constantly growing.
everal fuels have been widely studied due to their potential uti-
ization in energy conversion systems such as formic acid, glycerol,
thylene glycol and glucose [1–4]. The main reason is related with
heir low toxicity, facility of storage and environmentally friendly.

In this context, glucose, molecule abundant in nature and whose
heoretical energy density is comparable with methanol, has shown
otential applications in small portable fuel cell applications [4,5].
primary advantage of glucose oxidation reaction is the formation

f non-toxic products (water and CO2). However in the practice,
he reaction is incomplete by the production of gluconate/gluconic
cid, which reduces the performance obtained by glucose-based
uel cell [6]. Other disadvantage is the low performance in electro-
hemical cells due to slow kinetics and poisoning effect by reaction
roducts on electrode surface.
Some studies have shown for instance that Au and Ag catalysts
ave ability to carry out the glucose oxidation reaction [7–11].
et, it has already been reported that AuAg bimetallic nanopar-
icles exhibit good electrochemical activity for glucose oxidation,
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therefore they have been used in order to increase the fuel cell
performance and to reduce catalyst cost [12,13].

There are some studies where glucose is used as fuel and
enzymes as catalysts; however the obtained power densities are
in the order of �W. Yet, we previously reported the state of the
art of glucose-based fuel cells where it was compared the perfor-
mance, materials and characteristics of fuel cells and microfluidic
fuel cells [4].

In this context, laminar membraneless microfluidic fuel cells
(LMMFC) are a kind of devices that operate without a physical bar-
rier or membrane to separate the anode and cathode [4,14,15].
The reagents are introduced at the inlet of the micro-channel
and the electrodes are placed at the opposite walls to complete
the microfluidic fuel cell configuration. The absence of membrane
allows the manufacture of smaller devices for specific mobile appli-
cations or medical instruments [16].

Above described represents significant advantages of LMMFC
compared to proton exchange membrane fuel cells, where prob-
lems such as design, membrane cost or microfabrication difficulties
limit their commercial use [17].

Hence, in this study AuAg nanoparticles supported on Vulcan
carbon material were prepared and characterized by physicochem-

ical and electrochemical techniques. AuAg/C material was used
as anode electrode in LMMFC that operates with glucose as fuel.
AuAg/C is used as an electrode for the first time in a LMMFC, show-
ing stability and higher performance compared with Au/C, used as
a reference.

dx.doi.org/10.1016/j.jpowsour.2011.02.081
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. XRD patterns of (a) Au/C and (b) AuAg/C.

. Experimental
.1. Synthesis of AuAg/C and Au/C electrocatalysts

AuAg nanoparticles were synthesized by chemical reduction
n the presence of NaBH4 (99.9%, Aldrich) as reducing agent.
.25 mM HAuCl4·3H2O and 0.063 mM AgNO3 (J.T. Baker) aqueous

ig. 2. X-ray photoelectron peaks for AuAg/C (a) Au 4f and (b) Ag 3d spectral region.
Fig. 3. SEM images of (a) Au/C and (b) AuAg/C.

solutions were added to tetra-octyl-ammonium bromide (TOAB,
98% Fluka) in toluene (99.98% Aldrich) as phase-transfer agent.
Dodecanethiol (98%, Aldrich) was incorporated to this solution,
followed by the addition of NaBH4 in excess. The reaction was
maintained under constant stirring at 2 ◦C for 2.5 h. After that
time, the solid was separated and washed with plenty ethanol
(J.T. Baker) in order to be purified. Au nanoparticles were syn-
thesized by the same procedure using 0.31 mM HAuCl4·3H2O
[15].

The resulting nanoparticles were dispersed in hexane (99.7%,
J.T. Baker) and supported by the impregnation method on XC-72
Vulcan 30:70 (w/w) ratio. Successively, they underwent a thermal
treatment at 300 ◦C for 3 h.
2.2. Physicochemical characterization of AuAg/C and Au/C

The obtained materials were characterized by X-ray diffrac-
tion (XRD) on an X-pert MPD Phillips diffractometer using
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Fig. 4. Cyclic voltammograms of (a) Au/C and (b) AuAg/C electrodes in N2-satured
0.3 M KOH. Scan rate 20 mV s−1 at room temperature.

Fig. 5. Cyclic voltammograms obtained on the Au/C and AuAg/C electrodes in 0.01 M
glucose + 0.3 M KOH aqueous solution at 20 mV s−1.

Fig. 6. Polarization and power density curves in 0.01 M glucose + 0.3 M KOH for
LMMFC equipped with Au/C and AuAg/C anode electrodes at 20 mV s−1.
Fig. 7. Comparison of power density curves normalized by Au loading for 0.01 M
glucose + 0.3 M KOH for LMMFC equipped with Au/C and AuAg/C anode electrodes
at 20 mV s−1.

Cu K� radiation operating at 43 kV and 30 mA. X-ray fluores-
cence (XRF) analysis of the electrocatalysts was carried out by
a Bruker AXS S4 Explorer spectrometer operating at 1 kW and
equipped with Rh X-ray source, an LiF 220 crystal analyzer,
and a 0.12◦ divergence collimator. X-ray photoelectron spec-
troscopy (XPS) measurements were performed by using a Physical
Electronics (PHI) 5800-01 spectrometer. A monochromatic Al
K� X-ray source was used at 350 W. A Nova nano-SEM 200
FEI high resolution scanning electron microscope (HR-SEM) on
the other hand, was used to investigate the catalysts morphol-
ogy.

2.3. Electrochemical evaluation of AuAg/C and Au/C

Electrochemical experiments consisted in cyclic voltammetry

(CV) and chronoamperometry (CA) using a BAS Epsilon Poten-
ciostat/Galvanostat (Bioanalytical Systems). A Hg/HgO electrode
(Radiometer®) and a Pt wire as reference and counter electrode
respectively, were used in a standard three-electrode glass cell.

Fig. 8. Polarization and power density curve in 0.05 M glucose + 0.3 M KOH on
AuAg/C anode electrode. Scan rate 20 mV s−1.
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ig. 9. Chronoamperometric curve on AuAg/C electrode at 320 mV vs. NHE for 4 h
n the presence of 0.05 M glucose + 0.3 M KOH.

otentials in the text are referred to the NHE (normal hydrogen
lectrode).

Working electrodes were prepared with inks of AuAg/C and
u/C. The electrocatalysts were dispersed in isopropyl alcohol and
afion® 5% in an ultrasonic bath in 1:73:7 ratio respectively. Subse-
uently, the inks (0.265 mg cm−2 catalyst loading) were deposited
nto glassy carbon electrodes (0.071 cm2 geometric area) previ-
usly polished until mirror-finished and dried under nitrogen flow.
.3 M KOH was used as electrolyte. All solutions were prepared with
eionized DI water (� ≥ 18 M� cm).

.4. Microfluidic fuel cell evaluation

Microfluidic fuel cell setup reported by Morales-Acosta et al.
as used [15]. Two similar microfuel cells were constructed

one for each electrocatalyst). 2 and 4 mg cm−2 of AuAg/C and
u/C respectively, were deposited in the anodic compartment
sing the spray technique. Pt/V XC-72 (30 wt.%, E-TEK) was
sed as catalyst in the cathodic compartment in both cells
ith Pt loading of 2 mg cm−2. The current collectors were con-
ected with aluminum foil to the cell. Alkaline solution of
.05 M glucose in 0.3 M KOH was passed through the anode
ith a flow rate of 0.115 mL min−1. Cathodic compartment is

ed with 0.3 M KOH alkaline solution previously saturated with
xygen using a saturation tower, at 0.319 mL min−1 of flow
ate.

Polarization curves were recorded at 20 mV s−1. In order to
valuate the stability of AuAg/C material in the LMMFC, chronoam-
erometry experiments at 320 mV were carried out in the presence
f 0.05 M glucose in 0.3 M KOH aqueous solution for 4 h. The exper-
ments were carried out at room temperature.

. Results and discussion

.1. Physicochemical characterization

X-ray diffraction patters collected from Au/C are presented in
ig. 1a. The signals correspond to Au crystalline planes (1 1 1),

2 0 0), (2 2 0), (3 1 1) and (2 2 2) located at 38.2◦, 44.3◦, 64.6◦, 77.6◦

nd 81.7◦ with a lattice parameter of 4.080 Å and average parti-
le size of 6.5 nm. Crystalline planes of AuAg-based material are
bserved in Fig. 1b and located at 38.0◦, 44.2◦, 64.4◦, 77.3◦ and
2◦. The value of lattice parameter is 4.089 Å and average parti-
er Sources 196 (2011) 5853–5857

cle size of 21 nm. The observed peaks are characteristic of a single
face-centered-cubic (fcc) crystallographic structure of Au (JCPDS
04-0784). Variation of lattice parameter value suggests the pres-
ence of electronic interactions between outer electron shells of Ag
and Au atoms, reducing the size of Ag atom [18]. This is an indicative
of the formation of one phase in the material.

AuAg/C composition was estimated by XRF analysis, Au in
44.4 wt.% and Ag in 55.6 wt.% (0.30 and 0.70 molar ratio, respec-
tively).

XPS results for AuAg nanoparticles are shown in Fig. 2. The bind-
ing energies of Au are 84.5 eV (4f7/2) and 88.3 eV (4f5/2), while for Ag
are 368.6 eV (3d5/2) and 374.6 eV (3d3/2). According with Lubarda
these binding energy values correspond to zero-oxidation state
[19]. The results suggest the possible formation of AuAg alloy.

SEM images presented in Fig. 3a and b show the presence of
Au and AuAg nanoparticles on Vulcan surface, respectively. Both
images reveal good dispersion of metallic nanoparticles on Vulcan
surface with relative narrow particle size distribution.

3.2. Electrochemical evaluation of AuAg/C and Au/C

Fig. 4 compares the electrochemical responses of Au/C and
AuAg/C in 0.3 M KOH measured in the potential range between
−750 and 750 mV vs. NHE. The comparison of both voltammetric
profiles shows some differences. For AuAg/C electrocatalyst are not
observed the peaks corresponding to Ag oxides reduction, this fact
supports the idea that the bimetallic material are composed by a
solid solution [20].

Electrocatalytic properties of Au/C and AuAg/C for glucose oxi-
dation reaction were investigated in 0.01 M glucose + 0.3 M KOH
aqueous solution by cyclic voltammetry. Fig. 5 compares the elec-
trochemical responses measured at 20 mV s−1 between −750 and
750 mV vs. NHE. The peaks associated with the glucose oxidation
process were recorded in both forward and reverse scans [21]. The
onset potential for glucose electrooxidation on AuAg/C electrocat-
alyst showed a negative shift ca. 150 mV compared with Au/C. The
first peak observed in −225 and −380 mV vs. NHE for Au/C and
AuAg/C respectively, is related with the transfer of two electrons to
form gluconic acid or similar species. The second peak is attributed
to successive oxidations of organic molecules [21,22].

Above result indicates that AuAg/C electrocatalyst favors the
glucose electrooxidation as compared to Au/C. This behavior could
be attributed to the interaction between bimetallic material and
glucose. Yet, the mechanism of glucose oxidation involves adsorp-
tion of OH− ions and according to Marichev this process is
facilitated on Ag surfaces [23].

Furthermore, in Fig. 5 can be seen that the maximum cur-
rent density associated with glucose electrooxidation on Au/C and
AuAg/C is 1.5 and 3.75 mA cm−2 (at 150 mV vs. NHE) respectively.

3.3. Microfluidic fuel cell evaluation

Fig. 6 compares the polarization and power density curves of
LMMFC that uses glucose as fuel, equipped with Au/C and AuAg/C
as anode electrodes. OCP recorded with Au/C is slightly higher than
that obtained with AuAg/C (0.6 V and 0.55 V respectively). The same
tendency is followed by the power density: 0.52 and 0.32 mW cm−2

(40% less power density with AuAg/C), although the Au loading is
4 times less in AuAg/C material than Au/C.

Fig. 7 compares the power density curves normalized by Au
loading. By using of AuAg/C as anode electrode was obtained 2.5

times higher power density than that reached when Au/C was used
as anode, confirming the increment of Au activity attributed to the
interaction with Ag.

In order to increase the power density and evaluate the stabil-
ity of LMMFC at high current densities, glucose concentration in
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he cell was increased from 0.01 M to 0.05 M (shown for AuAg/C
node electrode). The polarization and power density curves are
resented in Fig. 8, where can be seen that maximum power density

s near to 0.4 mW cm−2, almost 25% higher than that value obtained
ith 0.01 M glucose.

Chronoamperometry experiments at 320 mV were carried out
n the presence of 0.05 M glucose in 0.3 M KOH aqueous solution
or 4 h. Fig. 9 shows the current density behavior for the glucose
xidation as a function of the time. It can be observed that the
urrent density decreases in an exponential way and remains prac-
ically constant. This result demonstrates that AuAg/C electrode has
lectrocatalytic stability for the glucose oxidation reaction under
MMFC operation conditions.

. Conclusions

In summary Au/C and AuAg/C were synthesized by chemical
eduction and physicochemically characterized by XRD, XRF, XPS
nd SEM techniques. XPS corroborated the presence of Au and Ag
n zero oxidation state, suggesting the formation of AuAg alloy.
he electrocatalytic properties of the synthesized materials were
valuated for the glucose electrooxidation. AuAg/C exhibits good
tability in basic media and higher current density and more neg-
tive anodic potential (ca. 150 mV) associated with this reaction
han that achieved with Au/C electrocatalysts. This increment in
he activity of Au nanoparticles is attributed to the presence of Ag,
uggesting the formation of alloying material.

The performance of AuAg/C and Au/C was evaluated in glucose-
MMFC, where the incorporation of Ag in the electrocatalyst,
ontributes to increasing the AuAg/C activity using low Au load-
ng. Further work is carried out in order to describe the glucose
xidation mechanism in AuAg/C electrode material.
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