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The use of three-dimensional flow-through nanoporous oxygen-breathing cell with nanoporous electrodes focusing on the
electrodes and the merging of a flow-through & air-breathing s improvement of power density by combining oxygen from air
cathode were explored and successfully applied in a formic with a dissolved oxygen solution in a novel low-cost nanofluidic

10 acid air-breathing nanofluidic fuel cell. The effects of fuel fuel cell which employs a flow-through & air-breathing cathode.
concentration, reaction stoichiometry and catalyst mass
loading were investigated resulting in power densities ranging
from 28 to 100 mW cm™.

15 The energy requirements of portable devices and other low power
applications have thus far been supplied primarily by batteries.
Microfluidic fuel cells have recently been investigated as power
sources for these applications due to their potentially high power
density."" > Among the microfluidic fuel cell technologies being

20 developed, membraneless co-laminar flow cells (CLFC) which
use laminar flow dynamics to maintain separation of reactants,
have gained considerable attention. * The first of the CLFCs to
be demonstrated consisted of two vanadium redox streams
flowing over flat deposited electrodes.” Other cells have since

s been demonstrated using formic acid as fuel and dissolved
oxygen as oxidant, with typical power densities between 0.1 to 5
mW em™.%7 Much greater performance of 26 mW e was later
demonstrated through the use of an air-breathing cathode ® and
later improved to 55 mW cm?® with a pure oxygen-breathing

w0 cathode.* ° Another concept which has been shown to
substantially increase the performance of co-laminar flow cells
has been the use of three-dimensional flow-through porous
electrodes.'” It has also recently been shown that higher
performance and new functionality can be achieved with higher

3s surface area materials such as nanoporous carbon foam.'" '* The
first nanofluidic fuel cell, featuring nanoscale flow of vanadium
redox electrolyte within the electrodes combined with a

microfluidic cell design, demonstrated vastly enhanced
Inlet Oxidant” Inlet Fuels

electrochemical kinetics and fuel cell efficiency.'!

40 Although many groups rely on lithography for their cell
construction, our group, among others, often uses inexpensive
fabrication techniques such as a Control Numerical Computer
(CNC) and cutting plotter. Recently, we reported a direct formic
acid air breathing microfluidic fuel cell (Figure 1a) where the

45 fuel and the oxidant flow through a flat anode and porous carbon
paper as an air breathing cathode obtaining a power density of

29.3 mW cm™."> Combining all of the above concepts, the same s F igure 1 Scheme of a a) classic flow-over air breathing microfluidic fuel
fabrication technique was used in this work to create a unique cell, b) flow-through air breathing nanofluidic fuel cell.

) \
Cathode [Pt/Nanofoam) Anode {Pd/NYnofoam)
\

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1



w

20

25

Lab on a Chip

The cell design used in this study is derived from Goulet et al,"*
and is depicted in Figure 1b (see SI for a full description of the
fabrication procedure). Electrodes were made using commercial
carbon nanofoam (Marketech Inc) by spray coating of Pd/C
(ETEK, 20% wt) and Pt/C (ETEK, 30% wt) as the anode and
cathode electrocatalysts respectively, with a base metal loading of
0.3 mg. The anolyte and the catholyte were prepared using 0.5 M
H,SO, as electrolyte. The cathodic stream was bubbled with pure
oxygen before entering the cell, where it was combined with
oxygen from air in the nanofluidic air-breathing cathode (open
window of 0.22 cm?, see Figure S1-d and S3). The density
measurements presented are normalized by the electrode area
cross-sectional to the flow of reactants. To avoid ambiguity for
three-dimensional electrodes, it has also been recently
recommended to use the entire volume of the cell chamber.® In
our device, both cross-sectional area and the entire volume
conveniently have almost the same value (0.02 cm’ and 0.019
cn’). The flow rates were kept at 100 uL min™' for almost all
experiments. In the case of the flow rate effect (2:1, 1:1 and 1:2,)
the flow rates were 200:100, 100:100 and 100:200 uL min™ for
cathodic/anodic streams, respectively.
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Figure 2 Polarization and power density curves as function of a) the

formic acid concentration, b) the flow rate fed in the cathodic and anodic
streams (2:1, 1:1 and 1:2), and c) Pd effective metal loading.

80

Three parameters were investigated in order to evaluate the
performance of this new cell: fuel concentration, flow rate and
anode Pd metal loading (Figure 2). In terms of formic acid
concentration (Figure 2A), the highest performance was obtained
at 3 M: 70 mW cm™ The open circuit voltage increased to 0.9 V
due to the increase of fuel concentration and also a slightly
improvement of the ionic conductivity by increasing the formic
acid concentration. Concluding that reactant crossover is reduced
with this cell design, as shown by the increasing OCV with
increasing fuel concentration (see Figure S2 and S4). The flow
rate effect (Figure 2B) was analyzed using an intermediate
concentration of 0.5 M formic acid in order to avoid poisoning
the electrode surface. The flow rate was also varied between
cathode and anode to understand the limiting behavior of each
reactant. The highest power density of 68 mW cm™ was obtained
with a 2:1 cathode to anode flow rate. This performance was
obtained due to an enhancement of the oxygen mass transport. In
regards to catalyst loading, the highest performance of 100 mW
cm seen in Figure 2C was achieved with three times the base
loading (0.6 mg, Pd effective metal loading). This last power
density is substantially greater than any previously reported
number for a co-laminar cell based on formic acid (see SI Table
S1) and can be attributed to the combination of customized
electrocatalysts on high surface area carbon nanofoam (450 m* g’
") and the addition of both dissolved and gaseous oxygen in the
nanofluidic cathode.

Conclusions

In summary, a simple and reliable air breathing nanofluidic fuel
cell was built and the concept of flow-through system was
merged with an air-breathing cathode. For this novel fuel cell, the
power density can be achieved due to the high surface area of
carbon nanofoam (450 m® g') where the fuel and the oxidant
flow through and due to a drastic reduction of the crossover effect
because the physical barrier is formed by the reaction by-products
instead of the reagents. This and the combination of two sources
of oxygen (air and aqueous solution) demonstrated the maximum
power density 100 mW cm™ reported thus far for membraneless
formic acid fuel cells.
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1 Electronic Supplementary Information (ESI) available: Figure S1.
Scheme of a a) classic flow-over air breathing microfluidic fuel cell, b)
flow-through air breathing nanofluidic fuel cell, ¢) assembled AB-NFC
and d) three-dimensional nanoporous electrode and air window
dimensions. Figure S2. Top view photograph of the nanofluidic fuel cell.
Methylene blue was used as colorant at 200 pL min" flow rate. Figure
S3. Schematic representation of a) closed and b) open nanofluidic fuel
cell. Figure S4. Polarization and power density curves of open (NFC) and
closed (AB-NFC) nanofluidic fuel cells using 0.5 M formic acid as fuel.
Figure S5. Stability curve at 0.42 and 0.01 V for 0.5 M formic acid in an
AB-NFC. Table S1. Current density and power density values for air-
breathing formic acid microfluidic fuel cells reported in the literature
compared to the present results. See DOI: 10.1039/b000000x/
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