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a b s t r a c t

A microfluidic glucose/O2 biofuel cell, delivering electrical power, is developed based on both laminar
flow and biological enzyme strategies. The device consists of a Y-shaped microfluidic channel in which
fuel and oxidant streams flow laminarly in parallel at gold electrode surfaces without convective mixing.
At the anode, the glucose is oxidized by the enzyme glucose oxidase whereas at the cathode, the oxygen is
eywords:
iofuel cell
nzymes
aminar flow
icrofluidics

reduced by the enzyme laccase, in the presence of specific redox mediators. Such cell design protects the
anode from interfering parasite reaction of O2 at the anode and works with different streams of oxidant
and fuel for optimal operation of the enzymes. The dependence of the flow rate on the current is evaluated
in order to determine the optimum flow that would provide little to no mixing while yielding high current
densities. The maximum power density delivered by the assembled biofuel cell reaches 110 �W cm−2 at
0.3 V with 10 mM glucose at 23 ◦C. This research demonstrates the feasibility of advanced microfabrication

cien
techniques to build an effi

. Introduction

Enzymatic Biofuel Cells (BFC) convert chemical energy into elec-
rical energy via specific enzymes as catalysts. Biofuel cells are
trong candidates to supply power for miniature portable electronic
r biomedical devices. Indeed, renewable energies (biofuels) and
nzymes constitute interesting sustainable sources for greatly lim-
ting environmental impact and having a strong growth in market
hare. A recent trend in the development of biofuel cells working
ith enzymes is the use of glucose as fuel and O2 as oxidant [1,2].
lucose is electrooxidized to gluconolactone by the enzyme glu-
ose oxidase (GOD) at the anode and dioxygen is reduced to water
t the cathode by the specific enzymes such as laccase or bilirubin
xidase. Redox mediators are usually introduced in the system to
ediate electron transfer from the biocatalytic active sites to the

lectrodes.
However, although dissolved O2 reacts with the cathodic
nzyme, it also acts as interfering substance for anode reactions:
2 intercepts electrons from the anode by reacting with GOD and
onsequently lower the electron flow and the delivered power. Such
henomenon was reported by the decreases of the power density of
0% [3] and 50% [4] for biofuel cells in O2-saturated solution com-
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pared to air-saturated solution because of the undesirable electron
transfer from GOD to the dissolved O2. To decrease the O2 flux to
the bioanode, strategies have been developed based on the physi-
cal design of the devices by using a separator between anode and
cathode electrodes [5] or compartmentalized porous electrodes
[4]. However, these systems are not suitable to miniature power
sources.

To develop power supply for portable electronics, microfluidic
fuel cells working from hydrogen, methanol or formic acid as fuel
have recently attracted significant attention [6–9]. These systems
exploit the laminar flow of fluids in microchannel at low Reynolds
number that contribute to limit convective mixing [10–12]. In
such devices, streams of fuel and oxidant flow in parallel within
the microchannel without needing a membrane to minimize the
ohmic drop and then maximize the current density. Protons dif-
fuse through the liquid–liquid interface created by the contacting
streams of fuel and oxidant. The electrochemical reactions take
place at the anode and cathode located within the respective
streams. The performances of the devices are evaluated from volt-
age, current density and delivered power density. As summarized
by authors [11,13], the two processes that determine the perfor-
mance of microfluidic fuel cells are (i) cross-diffusional mixing of

fuel and oxidant at the interface between the two streams and
(ii) the formation of depletion boundary layers at the surface of
the electrodes as the result of the reaction of fuel and oxidant.
Interesting papers have presented theoretical and experimental
works to describe the role of flow rate, microchannel geometry, and

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:sophie.tingry@iemm.univ-montp2.fr
dx.doi.org/10.1016/j.jpowsour.2009.04.066
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ocation of electrodes within microfluidic systems on their perfor-
ance [13–16].
Similarly to microfluidic fuel cells, advanced microfabrication

echniques can be applied to build components of microflu-
dic enzymatic biofuel cells. As described earlier, microfluidic
nzyme biofuel cells have been developed based on both lami-
ar flow within a microchannel and biological enzyme strategies.
almore and co-workers [17,18] have developed a microfluidic
uel cell working from the direct oxidation of 2,2′-azinobis (3-
thylbenzothiazoline-6-sulfonate) (ABTS) at the anode, and the
eduction of ABTS by the enzyme laccase at the cathode. A trans-
ort model was developed to describe the optimal conditions for
aximizing both the average current density and the percentage

f fuel utilized. The maximum power density of the device was
nhanced by 25% by designing the suitable length and spacing of
he electrodes within the microchannel. Another enzyme-based

icrofluidic biofuel cell has been developed that generated electric
ower from glucose oxidation with an anode coated by immobilized
lucose deshydrogenase and a bilirubin oxidase-adsorbed O2 cath-
de [19]. The originality of the work was the electrode-arrangement
n a single flow channel. Dissolved O2 was pre-reduced at an
pstream cathode to protect the downstream anode from oxida-
ive environment. The maximum cell current was increased by 10%
ith this cell configuration.

In this paper, we describe a glucose/O2 biofuel cell based on
Y-shaped microfluidic channel to deliver electrical current. The

bjective is to exploit the laminar flow of the streams to protect the
node from interfering parasite reactions of O2 and to use different
edia for optimal operation of the enzymes. The dimensions and

perating conditions of the microfluidic device were such that fluid
ow was pressure driven and characterized by a Reynolds num-
er less than 2000. At the anode, the glucose was oxidized by the
nzyme GOD in presence of the redox mediator hexacyanoferrate
Fe(CN)6

3−), whereas at the cathode, the oxygen was reduced by
he enzyme laccase in presence of the redox mediator ABTS. Elec-
rochemical characterizations of the device were performed as a
unction of the flow rate of the streams through the microchan-
el. The device was evaluated for its use as a functional glucose/O2
iofuel cell to generate maximum power density.

. Experimental

.1. Chemicals

ABTS, hexacyanoferrate, GOD from Aspergillus Niger
198 000 U mg−1 solid) and laccase from Trametes Versicolor
20 U mg−1 solid) were purchased from Sigma–Aldrich and used
ithout further purification. Buffers were prepared with sodium
ihydrogen phosphate monohydrate (NaH2PO4·H2O) and di-
odium hydrogen phosphate (Na2HPO4) salts (pH 7.0) from Merck,
nd with citric acid (Prolabo) and NaH2PO4·H2O salt (pH 3.0).
-d-Glucose was from Prolabo and was prepared in phosphate
uffer 0.1 M pH 7.0 at least 24 h before its use. Aqueous solutions
ere prepared using 18.2 M� cm MilliQ water (Millipore).

.2. Fabrication of microchannel

The microfluidic chip was fabricated using a two-part
oly(dimethylsiloxane) (PDMS) elastomer and a standard soft

ithography method. Firstly, a master was obtained using an Etectec
Q-6100 negative dry film photoresist, as published elsewhere
20]. Typically, a glass slide was preliminary cleaned, modified by
35 �m Etertec HQ-6100 first film layer and exposed to UV light.
wo photoresist layers of 35 �m thickness were then sequentially
aminated on the firstly exposed layer. After exposition to UV light
hrough a photomask, the structure was then developed by spray-
Fig. 1. Scheme of the glucose/O2 biofuel cell consisted in a Y-shaped microfluidic
channel in PDMS with two inlets and two outlets.

ing an aqueous solution of sodium carbonate (1 wt%) during 4 min.
The structure was hardened by a second irradiation. The master was
then replicated in PDMS [21] at 70 ◦C during 2 h. After cooling, the
PDMS slab was peeled off from the master and holes were punched
using a 1.2 mm diameter tube, to provide an access for Teflon tubing.
The PDMS slab was then aligned with a glass slide containing elec-
trodes. The device consisted of a Y-shaped channel in PDMS with
two inlets and two outlets (Fig. 1). The microchannel dimensions
were: L = 25 mm, w = 2 mm and h = 75 �m.

2.3. Microfluidic cell and electrochemical measurements

The gold electrodes (10 mm length and 2 mm wide) were
deposited by sputtering on a glass substrate (Au: 300 nm thick on a
10 nm thick Cr adhesion layer). The separation between the cathode
and the anode was 1 mm.

The catholyte solution consisted of laccase (0.5 mg mL−1) and
ABTS (5 mM) in 0.2 M citrate buffer at pH 3, saturated with oxy-
gen. The anolyte consisted of GOD (0.5 mg mL−1) and Fe(CN)6

3−

(10 mM) in 0.2 M phosphate buffer at pH 7, purged with nitrogen
gas. A syringe pump (Harvad) was used to pump the solutions into
the microchannel at a flow rate varying from 0.1 to 1 mL min−1.

The electrochemical measurements were performed using a
potentiostat Autolab (Eco chemie) connected to a computer. The
fuel cell performance was evaluated at 23 ◦C by measuring the cell
voltage while varying the current density.

2.4. Numerical simulations

In the microchannel, the profile of the flow rate was obtained by
solving numerically the Navier–Stokes equations:

∂2U

∂y2
= 1

�

�P

L
(1)

where U is the fluid velocity along the x direction, � is the dynamic
viscosity of the buffer (assuming the same as water), �P is the
pressure-drop between inlet and outlet and L is the length of the
simulated microchannel. The boundary conditions were chosen
as following: no-slip at the walls and at the electrodes, and �P

adapted to the hydrodynamic resistance of the microchannel [22]
(�P = 236 Pa for a 100 �L min−1 flow).

We chose a 2D approach, due to the very large aspect ratio of
the cross-section of the microchannel (75 �m height and 2000 �m
width), leading to a pseudo infinite-plate flow (steady-state analy-
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Fig. 2. Electron transfer steps at the biocathode and the bioanode.

is). The directions along the length and height of the microchannel
ere indicated as x and y coordinates, respectively. A typical
arabolic rate profile was obtained in agreement with analytical
olution of this problem.

In the microchannel, we determined the profile of the deple-
ion zone attributed to the lowest diffusing redox mediator,
BTS (D = 0.45 10−9 m2 s−1 [23]) by solving numerically the
onvection–diffusion Eq. (2) on FEMLAB 3.1 multiphysics software.
he boundary conditions were chosen as following: C = C0 at the
nlet, “no reaction” at the upper wall, and C = 0 at the electrode
instantaneous reaction at the electrode).

∂C

∂x
= D

(
∂2C

∂x2
+ ∂2C

∂y2

)
(2)

During multistream laminar flow, the diffusion transverse to the
irection of flow results in the mixing of the two streams. The broad-
ning of the mixing layer at a planar electrode surface, ımix, was
iven by Eq. (3) [24]:

mix =
(

Dhx

Uav

)1/3

(3)

here D is the species diffusivity, h the channel height, x the down-
tream distance, Uav the average velocity (m s−1) (Uav = Q/s with Q
he flow rate and s = 1/2wh the microchannel section).

. Results and discussion

.1. Physicochemical analysis

The redox reactions in the BFC are the electro-oxidation of
lucose in gluconolactone at the anode by the glucose oxidase
ith Fe(CN)6

3−, and the electro-reduction of dioxygen in water
t the cathode by the laccase with ABTS (Fig. 2). The media-
ors Fe(CN)6

3−/Fe(CN)6
4− (E′◦ = 0.12 V vs SCE) and ABTS•−/ABTS

E′◦ = 0.4 V vs SCE) have been chosen with a formal potential close

o that of GOD (E′◦ = −0.34 V vs SCE for Aspergillus Niger [25]) and
accase (E′◦ = 0.535 V vs SCE for Trametes Versicolor [26]), respec-
ively.

The microfluidic biofuel cell exploits the laminar flow of fluids
n the microchannel at low Reynolds number Re = UavDh/� (with Dh

ig. 3. 2D profile of ABTS concentration in the microchannel at the inlet and outlet cross-
onsumed in the proximity of the electrode.
ources 193 (2009) 602–606

is the hydraulic diameter = 2 h, � the kinematic viscosity of water
10−6 m2 s−1), that contributes to limit convective mixing [12]. For
flow rates in the range 100–1000 �L min−1, the Reynolds number
varies between 3.33 and 33.3. In such conditions, the mass trans-
port is achieved by both diffusion and convection transport. The
ratio of diffusive to convective time scales is denoted as the Peclet
number Pe (Pe = Uavh/D) [27]. For low Peclet numbers (�1), diffu-
sion dominates and it is the main transport regime. On the other
hand for high Peclet numbers (�1), convection dominates. In our
case, the Pe number varies from 3700 to 37 000 for a flow rate in
the range 100–1000 �L min−1, for the lowest diffusing redox medi-
ator ABTS, and the diffusive transport along the microchannel can
be thus neglected.

To check the possibility that diffusive crossover contributes to
the loss of current, we calculated the width of the mixed region ımix
using Eq. (3). For a 1-cm-electrode length and the lower flow rate
100 �L min−1, ımix was 24.8 �m. As the electrodes are separated by
1 mm, diffusive crossover does not decrease the performance of the
fuel cell.

Rapid transport of reactants to the electrodes is essential to pro-
vide high power densities. When a heterogeneous reaction occurs
at electrode surface, depletion of the reactant results in formation
of a depletion zone near the electrode surface where lower conver-
sion rates occur as the reactant concentration is lower than in the
bulk region. Under convective flow conditions, the thickness of the
depletion zone at the surface of the electrode is a function of the
distance from the inlet edge. As shown by simulated concentration
profiles (Fig. 3) evaluated from Eq. (2), during the operation of the
biofuel cell, depletion zones at the inlet and outlet cross-sections
of the microchannel are created near the surface of the electrode
(length 1 cm). The concentration of ABTS decreases next to the sur-
face along the electrode. The current density decreases because of
the concomitant increase of the depletion zone. The thickness of
the depletion layer in outlet of the electrode is 37 �m for a flow
rate 100 �L min−1 and 17 �m for 1000 �L min−1.

3.2. Influence of the flow rate

The performance of the microfluidic system can be affected by
the flow rate of the streams, which regulates the depletion layer
thickness. Fig. 4 shows the polarization curves of the biofuel cell as
a function of the flow rate. The flow rate varies depending on geom-
etry and composition/concentration of fuel and oxidant streams.
The optimum flow rate would, therefore, provide little to no fuel
crossover while yielding high reactants consumption. In our oper-
ating conditions, maximal current densities increase with flow rate
from 0.35 to 0.69 mA cm−2. The open circuit voltage (OCV) of the
device varies slightly between 0.52 and 0.55 V. The impact of mass

transport limitations, from the bulk solution to the electrode sur-
face, is thus reduced by enhanced convective transport at high flow
rates. The polarization curves at high flow rate (700 �L min−1 and
1000 �L min−1) separate only at high current densities, which indi-
cates that the mass transport predominates in this current range.

sections (along 150 �m of the electrode). Depletion zones are generated as ABTS is
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ig. 4. Polarization curves of the microfluidic glucose/O2 biofuel cell at different
ow rates.

ased on the experiments, an operating flow rate of 1000 �L min−1

as chosen to evaluate the performance of the biofuel cell.
In a regime controlled by convective transport, the maximal cur-

ent density varies as linearly with the cubic root of flow rate as
upported by the well-known Levich Eq. (4):

max = 0.925nFLC◦(wD)2/3(4Uav/h)1/3 (4)

here n is the number of electron exchanged, F is the Faraday con-
tant, C◦ is the ABTS concentration, w and h are the width and the
eight of the channel and uav is the average rate (ratio of the flow
ate to the microchannel section).

In our case, the calculated values of normalized current density
I) obtained experimentally vary linearly with the cubic root of flow
ate (Q) (Fig. 5). This result confirms thus that the current is limited
y convection transport. Based on numerical simulations (from Eqs.
1) and (2)), the simulated values of normalized current density (I)
losely match the experimental data.

.3. Performance of the microfluidic biofuel cell

Fig. 6 presents the power density at 1000 �L min−1 using the

xidant stream saturated with oxygen at pH 3 and the fuel stream
urged with nitrogen gas at pH 7. The maximum power density
elivered by the biofuel cell is 110 �W cm−2 at 0.3 V at 23 ◦C. This
alue is higher than previous reported values of 64 �W cm−2 at

ig. 5. Normalized maximum current density (I) as a function of the cubic root of
ow rate (Q) for a glucose/O2 microfluidic biofuel cell.
Fig. 6. Power density vs voltage plot generated from the microfluidic glucose/O2

biofuel cell, at 23 ◦C at 1000 �L min−1.

0.4 V at 23 ◦C for a miniaturized glucose biofuel cell with immobi-
lized enzymes [28], and of 26 �W cm−2 at 0.15 V at 23 ◦C [17].

From the performance of the fuel cell, the fill factor (defined as
the ratio of the actual maximum obtained power to the theoretical
power) is approximately 28% based on a maximum power density
of 110 �W cm−2, an OCV of 0.55 V and a short-circuit current of
690 �W cm−2. This value is twice higher than the one reported for a
microfluidic biofuel cell [17] that used only one enzyme (laccase) in
the catholyte stream. This observation suggests that the use of two
enzymes, both in the catholyte and the anolyte stream, improves
the biofuel cell performance.

3.4. Optimization of electrode length by numerical simulations

For electrochemical reactions under laminar flow, the thickness
of the depletion boundary layer is not constant and increases along
the electrode leading to a decrease in current density. One way to
reduce depletion layer limitation and to maximize the current den-
sity, is to reduce the electrode length. Simulations were exploited
to optimize the electrode length corresponding to the maximum
current density. We calculated the diffusive flux at the electrode,
defined as:

Jdiff(x) = D
∂C

∂y

∣∣∣∣
electrode

(5)

And, therefore, the total current is expressed as:

Itot =
∫

electrode

nFJdiff(x) dx = nFD

∫
electrode

(
∂C

∂y

∣∣∣∣
y=0

)
dx (6)

where n is the number of electrons exchanged, and F is the Faraday
constant.

Fig. 7 shows for different flow rates the evolution of Jdiff along the
electrode. Between 0 and 1 mm, Jdiff decreases dramatically from 1.8
to 0.35 mol m−2 s−1 and slowly between 1 and 10 mm. It shows that
the depletion layer effect is more significant at the upstream of the
microchannel.

Using Eq. (6), we calculated the variation of current density
between 1 and 10 mm. It was found that whatever the flow rate, the
current density at 1 mm was four times higher than at 10 mm. These
results suggest that the performance of microfluidic cell should be

better for shorter electrodes. This is in agreement with the work
described by Palmore and co-workers [18]. However, by limiting the
electrode surface, the power delivered may be limited. To resolve
this problem, we are currently working on the optimization of a
microchannel based on multi-entries with short electrodes.
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. Conclusion

This work has demonstrated the feasibility of a microfluidic
lucose/O2 BFC to operate by taking into account laminar flow.
treams of fuel and oxidant flow laminarly in parallel at gold elec-
rode surfaces without convective mixing. The goal was to design
n efficient device that protects the anode from interfering para-
ite reaction of O2 at the anode and works with different streams
f oxidant and fuel for optimal operation of the enzymes.

Experimental and theoretical results have shown that the per-
ormance of the biofuel cell is limited by the transport of reactants
hrough the depletion layer along the electrode surface. Improve-

ents have been realized by enhancement of the convective
ransport of reactants in the microchannel at an optimum flow rate.
he current density was increased to 0.69 mA cm−2. The maximum
f power density delivered by the assembled biofuel cell reached
10 �W cm−2 at 0.3 V with 10 mM glucose at 23 ◦C. Numerical sim-

lations demonstrated that the use of shorter electrodes decreased
he depletion layer limitation, but decreased at the same time elec-
rode surface and consequently the delivered power.

This research demonstrates the feasibility of advanced micro-
abrication techniques to build efficient microfluidic glucose/O2

[
[

[

ources 193 (2009) 602–606

biofuel cell device compared to standard miniaturized glucose bio-
fuel cell.
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