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Fig. 3. (a) Glucose oxidation current of downstream glucose anode (Lgtucose
at downstream) vs. Oz reduction current of upstream BOD cathode (lo, at
upstream), and (b) O, reduction current of downstream BOD electrode (o,
at downstream) 'vs. O, reduction current of upstream BOD electrode (lo, at
upstream), measured in the phosphate bufter (pH 7) containing 0.1 M NaCl,
10mM glucose and 1 mM NAD* at room temperature, with a flow rate of
0.3mL min~}. Channel height: 1 mm.

pre-reduction current (o, at upstream)- This linear relationship can
be expressed as the equation,

. .0 .
Idownstream = Ldownsiream — V¢ upstream 1)

where igownmeam is the current at the downstream electrode
when iypgeam =0, and N is the efficiency of O, elimination
estimated as 0.065 from the decay of the plot. The experimen-
tal N value (0.065) is unfortunately inferior to the theoretical
one (Nth=0.13) calculated by the equation for the channel
flow electrode system [31], probably because of unknown fac-
tors affecting NV: e.g., the thickness (several tens of pwm) and
roughness of the KB electrodes. The Nth is the function of
.only electrode configuration [31], and suggests that a higher
Nth would be obtained by a narrower electrode gap and smaller
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Fig. 4. (a) V-I curve of microfluidic biofuel cell (—), and (b) E-I curves of anode
(+-) and cathode (- - -) operating under air-saturated phosphate buffer (pH 7)
containing 0.1 M NaCl, 10 mM glucose and 1 mM NAD* at room temperature,
with a flow rate of 0.3 mL min~!. The cells were operated with upstream cathode
(@) or downstream cathode (W). Channel height: 1 mm.

upstream cathode, while the small cathode has the disadvantage
for generating larger power.

3.3. Microfluidic biofuel cell performance

By connecting enzymatic anode and cathode through exter-
nal resistance, biofuel cell performance was evaluated for
0.3 mL min~!. Fig. 4a shows the cell performance (V~I curve)
in an air-saturated solution with an open circuit voltage (Vqc)
of around 0.8 V and maximum current (/yax) of over 20 pA.
This is in agreement with the prediction from performance of
each anode and cathode (Fig. 2). The V-I curve obtained with
the upstream-cathode cell (@) was bigger than that with the
downstream-cathode cell (A), especially in the higher current
region. The /.y increased 10% by placing the cathode upstream,
mainly reflecting the improved anode as judged from the analogy
between the shape of the V- curve of the cell (—) and the E-I -
curve of the anode (- - -). The E-I curve of the cathode (- - -) was
also somewhat changed, indicating the consumption of O3 at the
upstream anode by the adverse reaction with enzymes and medi-
ators. Another separate experiment with an O»-bubbled solution
brought smaller /54 (ca. 20 wA) due to the larger O; flux to
the upstream anode, which was improved 15% by pre-reduction
of O, at the upstream cathode. These results have proven that
the cell design with upstream cathode is effective in protect-
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Fig.5. (a) V-Icurves of sandwich type microfluidic biofuel cell (—), and (b) E-/
curves of anode (- - -) and cathode (- - -) operating under air-saturated phosphate
butfer (pH 7) containing 0.1 M NaCl, 10 mM glucose and 1 mM NAD* at room
temperature, with a mean flow rate of 10cm min~!. Channel height: 1 mm (@)
and 0.1 mm (W).

ing the anode from the oxidative environment and consequently
improving cell performance.

We also studied the performance of microfluidic biofuel
cells having electrodes on both bottom and upper walls of the
channel (Fig. 5). These were constructed by sandwiching a sil-
icone rubber spacer of 0.1 mm or 1 mm thickness between two
electrode-patterned glass slides. Both glass slides have a set of
upstream cathode and downstream anode. The Inyax of the 1 mm-
height cell (44 LA) was almost twice that for the case of a single
set of electrodes as shown in Fig. 4. This result directly cor-
responds to the increased electrode area. In contrast, the Ipax
of 0.1 mm-height cell (A) composed of two sets of electrodes
became rather small mainly because of depletion of Oy in the
narrower flow channel, as presumed from the degraded cathodic
I-E curve. Theoretically, at the maximum diffusional flux (c=0
at the electrode surface), the thickness of the diffusion bound-
ary layer 8 (cm) formed on the electrode within a tube-shaped
channel is expressed as [32],

1 DRx)‘/3 2
_m Yo

where D is the diffusion coefficient (cm?s™!), R the radius of
the tube, x the distance measured downstream from the leading
edge of the electrode (cm) and vy is the maximum velocity at the

axis of the tube (r=0) (cms™!). From Eq. (2), the thickness of
the O depletion layer under the flow condition of 10 ¢cmmin~—!
(0.3 mL min—!) is calculated to be about several hundred pm at
a position 1 mm-downstream from the leading edge of the cath-
ode, which can fully cover the 0.1 mm-height fluidic channel
and lower cell performance. On the other hand, from the view-
point of the “volume density”, the 0.1 mm-height narrower cell
is superior to the 1 mm-height cell; the volume density of /max
and Ppax of the 0.1 mm-height cell was 3.8 times and 2 times,
respectively, as large as those of the 1 mm-height cell. The opti-
mum efficient operation with the hi ghest density of output would
be at the flow condition forming depletion layer comparable to
the channel height.

4. Conclusion

We constructed an enzyme-based microfluidic biofuel cell
to study the effects of pre-electrolysis of O, at the upstream
cathode on the performance of the downstream anode under
regulated fluidic conditions. The upstream cathode successfully
reduced the Oz flux to the anode, and consequently improved
the glucose oxidation performance. The maximum cell current
with the upstream-cathode cell was about 10% higher than that
with the downstream-cathode cell. It was experimentally demon-
strated that, we need to take into account the depletion of fuel and
oxidant within the channel that depends on the channel height
and flow rate in addition to the electrode configuration. One
of the optimum operating conditions would be when the flow
forming depletion layer is comparable to the channel height.
The active O, supply from external air through the channel
wall should be effective in improving the cell performance. In
such an O;-concentrated condition, the cell construction with
upstream cathode would become more significant to maintain
anode’s performance.
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