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This paper reports the media flexibility of membraneless sodium perborate fuel cell (MLSPBFC) using acid/alkaline bipolar
electrolyte in which the anode is in acidic media while the cathode is in alkaline media, or vice versa. Investigation of the cell
operation is conducted by using formic acid as a fuel and sodium perborate as an oxidant for the first time under “acid-alkaline
media” configurations. The MLSPBFC architecture enables interchangeable operation with different media combinations. The
experimental results indicate that operating under “acid-alkalinemedia” conditions significantly improves the fuel cell performance
compared with all-acidic and all-alkaline conditions. The effects of flow rates and the concentrations of various species at both the
anode and cathode on the cell performance are also investigated. It has been demonstrated that the laminar flow basedmicrofluidic
membraneless fuel cell can reach amaximum power density of 28.2mWcm−2 with a fuel mixture flow rate of 0.3mLmin−1 at room
temperature.

1. Introduction

The portable multifunctional electronic devices with high
speed operations necessitate better energy storage and supply
options that deliver increased power and energy density.
Current battery technologies appear to be approaching a
performance plateau, insufficient to meet the needs of future
devices. Portable fuel cells, while being a battery alternative
that shows good potential to meet future needs, have yet to
resolve a number of technical challenges. As a result, several
microfabrication techniques are developed to increase the
power density becauseminiaturization of fuel cells stacks and
components increases the electrochemically active surface
area to volume ratio, which is an important consideration to
improve performance.

A novel microfabrication method—fabrication inside
capillaries using multistream laminar flow—provided the
idea for a new type of fuel cell, which eliminates several of
the technical issues related to the use of proton exchange
membrane fuel cells (PEMFCs), such as fuel crossover [1],
membrane degradation, long startup time, ohmic losses,
size, fabrication, and water management limited durability of

catalysts [2]. A membrane, as used in membrane-electrode
assemblies (MEAs), brings about a resistance to the transport
of ions through the electrolytes. Furthermore, MEAs are
expensive components at present.Therefore, the cell structure
without the membrane has two merits, decrease of electrical
resistivity in the cell and inexpensive material cost.

A membraneless fuel cell is a device that does not
contain membrane, and it converts chemical energy from
a fuel and an oxidant into electric energy, by means of
oxidoreduction reactions. It eliminates the above problems of
PEMFCs associated with membranes. Membraneless micro
fuel cells use liquid reactants (fuel and oxidant) that flow side
by side in a laminar fashion in a single channel without a
membrane. Anode and cathode electrodes are positioned on
the opposing channelwalls and themixing of fuel and oxidant
in the channel occurs only by diffusion. Apart from the
conventional fuel cells (PEMFCs), the membraneless micro
fuel cell does not need anode or cathode humidification and
maintains the water level in the cell because flowing stream
can automatically remove water out of the cell. As a result,
the water management is not needed [3]. Furthermore, the
structures of membraneless micro fuel cells are very simple
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Table 1: Theoretical open-circuit potential and maximum efficiency of various fuels.

Fuel Reaction 𝑛 (e) −Δ𝐻∘ (kJ/mol) −Δ𝐺∘ (kJ/mol) 𝐸rev
∘ (V) Maximum efficiency (%)

Ethanol CH3CH2OH + 3O2 → 2CO2 + 3H2O 12 277.7 174.9 1.15 62.98
Hydrogen H2 + 1/2 O2 → H2O 2 286 237.3 1.23 82.97
V2+ V2+ + VO2+ + 2H+

→ V3+ + VO2+ + H2O 1 431.8 404.2 1.19 93.61
Methanol CH3OH + 1/2 O2 → CO2 + 2H2O 6 726.6 702.5 1.21 96.68
Formic acid HCOOH + 1/2 O2 → CO2 + 2H2O 2 270.3 285.5 1.48 105.6

and easy to miniaturize [4], so that light and stackable fuel
cells can be fabricated with simple microelectromechanical
systems (MEMS) [5, 6]. The flexibility and the performance
implications of operating membraneless sodium perborate
fuel cell (MLSPBFC) under “acid-alkaline media,” that is, one
electrode is acidic and the other one is alkaline condition, will
be the focus of this study.

Recent catalysis and fuel cell research has indicated that
formic acid may be a good alternative to the common
fuels of hydrogen and methanol [7, 8]. Even though formic
acid has a lower energy density than methanol, 7.49 and
17.5 J/mL, respectively, the possibility for a significant increase
in performance with the correct catalyst exists [9]. Compared
to hydrogen and methanol, formic acid has a higher overall
theoretical open circuit potential and maximum efficiency
as indicated in Table 1. In sum, formic acid seems to be a
promising fuel for fuel cells and thus will be explored as the
fuel with the membraneless fuel cell in this paper.

However, since the previous researchers used oxygen
solution as the oxidant, the performance of these micro fuel
cells was found to be restricted severely by the low transport
efficiency of oxygen in the cathode stream.

In this communication, for the first time we introduce
sodium perborate (NaBO

3

⋅ 4H
2

O) as an oxidant under
“acid-alkaline media” to demonstrate the performance of
a membraneless sodium perborate fuel cell (MLSPBFC).
Sodium perborate is a true peroxo salt and is a convenient
source of hydrogen peroxide [10, 11]:

[B(OH)
3

(O
2

H)]− +H
2

O 󴀕󴀬 [B(OH)
4

]
−

+H
2

O
2

(1)

The sodium perborate fuel cell (MLSPBFC) is unique
from previous fuel cells using H

2

O
2

; as mentioned in our
earlier study sodium perborate can be used not only as an
oxidant but also as a reductant [12, 13].

TheMLSPBFChas some advantages; for example, sodium
perborate is a cheap, nontoxic, and large scale industrial
chemical which is used primarily in detergents and as a mild
oxidant [14]. The cell being more environmentally friendly
than the other fuel cells and the sodium perborate can
be handled more simply than hydrogen, as it is a well-
known fact that sodium perborate solution is a widespread
safe disinfectant. On the performance side, the MLSPBFC
generates electric power comparable to a typical air-breathing
DMFC when operated in a microchemical channel at room
temperature. In addition, the MLSPBFC requires no mem-
brane electrode assemblies. Thus, the cost for the materials is
low and the structure of the cell is simple.

Table 2: Summary of the theoretical energy densities for different
fuels.

Fuel Gravimetric energy
density (Wh kg−1)

Volumetric energy
density (WhL−1)

Formic acid 2086 1710
Sodium borohydride 2925 2840
Methanol 4690 6400
Ethanol 6100 7850

Since formic acid fuel cells are capable of delivering
higher energy densities than the most competitive recharge-
able batteries [15] and can easily be obtained from fossil
fuels, such as natural gas or coal, as well as from existence
sources through fermentation of agricultural products and
from biomasses, we use formic acid as a fuel to study the
performance of MLSPBFC in this work. This is an important
metric in the development of converged electronic devices
as the operating time is becoming limited by conventional
battery technology. Table 2 provides relevant data about
the alternative fuels and their theoretical energy densities.
These fuels exhibit higher volumetric and gravimetric energy
densities than batteries. Many works are under progress on
the development of microfluidic direct formic acid fuel cells
[16–19].

Moreover, in recent years, the effect of operating lam-
inar flow based fuel cells in all-acidic, all-alkaline, and
acidic/alkaline medium is highly focused [20, 21]. Since
certain hydrocarbons such as formic acid and methanol can
easily be stored in liquid form under ambient conditions
are known to give safer high energy densities. As for the
acid/alkaline bipolar electrolyte, Ayato et al. used a polymer-
electrolyte membrane consisting of acid and alkaline ion-
exchange layers for a HFC [22]. The function of their bipolar
membrane wasmainly to keep the power stable bymodifying
water management. On the other hand, we use the bipolar
electrolyte to force reactions (3) and (5) to proceed. Thus,
the use of perborate in the acid/alkaline bipolar electrolyte
is characteristic of the MLSPBFC.

In this study a new branch of simplified architectures that
is unique from those that have been reported in the literature
has been developed by eliminating and integrating the key
components of a conventional MEA. With these advantages,
membraneless sodium perborate fuel cells (MLSPBFC) can
be used as an alternative for portable power applications.
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2. Experimental

2.1. Materials and Reagents. The materials and chemicals
used during the tests are listed as follows: HCOOH
(98%, Merck), NaBO

3

⋅4H
2

O (99%, Riedel), NaOH
(98%, Merck) and H

2

SO
4

(98%, Merck), PDMS
poly(dimethylsiloxane) (99.9%, Chemsworth), and PMMA
poly(methylmethacrylate) (92%, G. Khanna & Co.), graphite
plates (Kriti Graphite), and silicon tubes (Shree Gaurav
Rubber Products). All experiments were conducted at room
temperature using formic acid in deionised water as a fuel
and sodium perborate in deionised water as an oxidant
and 0.5M NaOH and 0.5M H

2

SO
4

in deionised water as
electrolytes.

2.2. Catalyst Deposition. For all the experiments of
MLSPBFC, unsupported platinum black nanoparticles
are applied to the sides of the graphite plates to act as cathode
and anode that line the microfluidic channel. The catalyst
suspensions for both anode and cathode were prepared
by mixing at a concentration of 6.0mgmL−1 Pt black
nanoparticles (Alpha Aesar) in a 10wt.% Nafion solution
(Nafion stock solution: Dupont, 5% (𝑤/𝑤) solution). This
mixture was sonicated and applied to the side faces of the
graphite plates at a loading of 2mg cm−2. Then solvent was
evaporated by the use of a heat lamp for uniform loading.

2.3. Design of Membraneless Sodium Perborate Fuel Cells
(MLSPBFC). In the MLSPBFC configuration, an E-shaped
laminar flow channel with catalyst-coated graphite plates
of 1mm thickness is used. After subsequent deposition
of catalyst to the cathode and anode, the E-shaped
microfluidic channel structure is molded with PDMS
poly(dimethylsiloxane), typically 1–10mm in thickness, and
finally sealed with a solid substrate such as 2mm thick pieces
of PMMA poly(methylmethacrylate) to provide rigidity and
supportive strength to the layered system. Silicon tubing
is placed to guide the fuel and oxidant into the E-shaped
channel systems at the top and to guide the waste stream out
at the bottom of the channel (Figure 1).

2.4. Test of the Fuel Cell. The solutions of fuel and oxidant
were pumped through the device using a syringe pump
(Schiller India). The flow rate of each of the streams was
0.3mLmin−1 (total flow rate of 0.6mLmin−1). Also, the
cell was allowed to run for an hour for the flow to reach
a steady state. When injected through the inlets, fuel and
oxidant solutionswillmerge at the E-junction and continue to
flow laminarly in parallel over the anode and cathode where
fuel and oxidant are allowed to be oxidized and reduced,
respectively. Cell measurements were conducted using a
CS310 computer controlled potentiostat (ZhengzhouTriangle
Instrument Co., Ltd.) with the associated Thales Z software
package. For each analysed factor, the performance of the
fuel cell was evaluated by recording the cell polarisation and
obtaining the corresponding power density curves. Conse-
quently, the microfluidic cell keeps these fluids stable without
a separation membrane.

Cathode

Anode

Graphite

Oxidant

Fuel

Outlet

PMMA

Figure 1: Schematic of the E-shaped membraneless laminar
flow based fuel cell with graphite plates molded with PDMS
poly(dimethylsiloxane) and sealed with PMMA poly(methylmetha-
crylate).

2.5. Acid-Alkaline Media Flexibility of MLSPBFC. This mem-
braneless microfabrication method eliminates several of the
technical issues related to the use of polymer electrolyte
membrane fuel cells (PEMs) [23, 24]. In addition, lack of a
membrane also allows for operation of MLSPBFC in more
than onemedium.Moreover, the chemical composition of the
cathode and anode streams can be designed individually to
optimize individual electrode kinetics as well as overall cell
potential. Furthermore, the MLSPBFC has the flexibility to
run in all-acidic, all-alkaline media or in an “acid-alkaline
media” mode in which the anode is exposed to acidic media
while the cathode is exposed to alkaline media, or vice
versa. The performance of MLSPBFC in acid-alkaline media
configuration, using an alkaline anode and an acidic cathode
results in a higher overall cell potential than those obtained
from all-acidic and all-alkaline fuel cell experiments.

3. Results and Discussion

Two different approaches have been pursued: the first step
consisted in the flexibility and the performance implica-
tions of operating membraneless sodium perborate fuel
cell (MLSPBFC) under “acid-alkaline media” configuration;
the second step was intended to further improve the cell
performance by characterising themain cell by changing sev-
eral operational parameters, namely, the fuels’ compositions,
oxidants’ compositions, electrolytes’ compositions, distance
effect and flow rate, and to observe their influence on the
polarisation behaviour of the cell.

3.1. Performance of MLSPBFC in All-Acidic and All-Alkaline
Media. The pH of the electrolyte has an effect on reaction
kinetics at the individual electrodes, as well as the electrode
potential at which oxidation or reduction occurs [25–29].
Equations (2) and (3) represent the half-cell reactions and
standard electrode potentials of formic acid oxidation and
peroxide reduction in acidic media and (5) and (6) represent
the alkaline media. Equation (7) shows the overall cell



4 International Journal of Electrochemistry

0 2 4 6 8 10 12

0.2

0.0

0.4

0.6

0.8

1.0

All-acidic

Po
te

nt
ia

l (
V

)

Current density (mA cm−2)

(a)

0 2 4 6 8 10 12 14 16 18 20

All-alkaline

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Po
te

nt
ia

l (
V

)

Current density (mA cm−2)

(b)

Figure 2: Polarisation curves for overall cell performance of MLSPBFC operating in (a) all-acidic and (b) all-alkaline media at room
temperature. For both experiments the fuel stream is 2M formic acid + 0.5M NaOH (a) and in 0.5M H

2

SO
4

(b) and the oxidant stream
is 0.1M perborate + 0.5M NaOH (a) and 0.5M H

2

SO
4

(b). Stream flow rates: 0.3mLmin−1.

reaction, in all-acid or all-alkaline media. Both the alkaline-
alkaline media and the acidic-acidic media have a maximum
theoretical open circuit potential (OCP) of 2.156V and 1.56V,
respectively. Consider the following.

Formic acid/perborate in acidic media:
Anode:

HCOOH 󳨀→ CO
2

+ 2H+ + 2e− 𝐸
∘

= 0.22V (2)

Cathode:

3H
2

O
2

+ 6H+ + 6e− 󳨀→ 6H
2

O 𝐸
∘

= 1.78V (3)

Overall reaction, all-acidic media:

HCOOH + 3H
2

O
2

+ 4H+ + 4e− 󳨀→ CO
2

+ 6H
2

O

𝐸
∘

= 1.56V
(4)

Formic acid/perborate in alkaline media:
Anode:

2HCOO− + 6OH− 󳨀→ 2CO
3

2−

+ 4H
2

O + 4e−

𝐸
∘

= −1.17V
(5)

Cathode:

3H
2

O
2

+ 6e− 󳨀→ 6OH− 𝐸
∘

= 0.986V (6)

Overall reaction, all-alkaline media:

2HCOO− + 3H
2

O
2

+ 2e− 󳨀→ 2CO
3

2−

+ 4H
2

O

𝐸
∘

= 2.156V
(7)

A comparison of the performance of an MLSPBFC
in all-acidic and all-alkaline media is exhibited in

Figures 2(a) and 2(b), respectively. Initially at low current
densities both the polarization curves are identical, and
thus the performance of MLSPBFC is independent of the
medium. The mass transport limitation region is around
6mA cm−2 in the MLSPBFC running for both alkaline and
acidic media. The MLSPBFC were run over several days
without any drop in their performance at a wide variety of
test conditions. No issues with carbonate formation were
encountered in these MLSPBFC at room temperature, as any
carbonate that does form is immediately removed from the
system by the flowing streams.

3.2. Performance of MLSPBFC in Acid-Alkaline Media
1: Acidic Anode, Alkaline Cathode. The performance of
MLSPBFC using a fuel stream of 2M Formic acid in 0.5M
H
2

SO
4

and an oxidant stream of 0.1M perborate in 0.5M
NaOH was investigated. The measurements were carried out
at room temperature for two configurations: acid-alkaline
media 1: acidic anode, alkaline cathode and acid-alkaline
media 2: alkaline anode, acidic cathode. In these acid-alkaline
media configurations the neutralization reaction of OH− and
H+ to water occurs at the liquid-liquid interface between the
fuel and oxidant stream. In the first configuration, the overall
cell reaction, (10), can be obtained from (2) and (6).

Acid-alkaline media 1: acidic anode and alkaline cathode:
Anode:

HCOOH 󳨀→ CO
2

+ 2H+ + 2e− 𝐸
∘

= 0.22V (8)

Cathode:

H
2

O
2

+ 2e− 󳨀→ 2OH− 𝐸
∘

= 0.986V (9)
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Figure 3: Polarisation curves of MLSPBFC with an alkaline anode
and acidic cathode (acid-alkaline media) at room temperature. For
comparison, also the polarisation curves of theMLSPBFC run in all-
alkaline and in all-acidicmedia are included. [Fuel]: 2M formic acid
+ 0.5M NaOH. [Oxidant]: 0.1M perborate + 0.5M H

2

SO
4

. Stream
flow rates: 0.3mLmin−1.

Overall:

HCOOH + 3H
2

O
2

󳨀→ CO
2

+ 2H+ + 2OH−

𝐸
∘

= 0.766V
(10)

In this acid-alkalinemedia configuration 1, themaximum
theoretical OCP is 0.766V. The energy liberated in the
formic acid oxidation and peroxide reduction reactions is
mostly consumed by the water ionization reaction. In this
configuration, coexistence of the galvanic and methanol
electrolytic reactions has been found to be the reason for
incapability of yielding useful amounts of energy and was not
studied any further.

3.3. Performance of MLSPBFC in Acid-Alkaline Media 2:
Alkaline Anode, Acidic Cathode. In contrast, in acid-alkaline
media configuration 2, the MLSPBFC using a fuel stream of
an alkaline anode and an acidic cathode allows energy to
be obtained both from the formic acid oxidation/peroxide
reduction reactions and from the acid/alkali electrochemical
neutralization reactions, as evident from the overall cell
reaction equation (13).

Acid-alkaline media 2: alkaline anode, acidic cathode:
Anode:

HCOO− + 3OH− 󳨀→ CO
3

2−

+ 2H
2

O + 2e−

𝐸
∘

= −1.17V
(11)

Cathode:

3H
2

O
2

+ 6H+ + 6e− 󳨀→ 6H
2

O 𝐸
∘

= 1.78V (12)
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Figure 4: Power density curves for overall cell performance of
MLSPBFC operating in alkaline (0.5M NaOH), acidic (0.5M
H
2
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4

), and mixed-media (anode: 0.5MNaOH and cathode: 0.5M
H
2

SO
4

) at room temperature. For all experiments the fuel stream is
2M formic acid, and the oxidant stream is 0.1M perborate in the
respective media. Stream flow rates: 0.3mL min−1.

Overall:

HCOO− + 3H
2

O
2

+ 6H+ + 3OH− + 4e− 󳨀→ CO
3

2−

+ 8H
2

O

𝐸
∘

= 2.95V
(13)

In this acid-alkaline media 2 configuration, the com-
bination of two galvanic reactions yields a desirable high
theoretical OCP of 2.95V. Note that the inherent value of the
electromotive force of theMLSPBFC is higher than that of the
HFC (1.23V) and the PEMFC or DMFC (1.21 V). However,
because of the overpotentials resulting from the slow kinetics
of peroxide reduction and formic acid oxidation, the open
circuit potential is reduced to a measured value of 1.81 V
(Figure 3). In the alkaline anode/acidic cathode acid-alkaline
media configuration, both OH− and H+ are consumed at the
anode and cathode, respectively, at a rate of two for each
molecule of formic acid.

Operating in this acid-alkaline media configuration, with
an alkaline anode and an acidic cathode, resulted in a higher
overall cell potential than those obtained for the all-acidic
and all-alkaline MLSPBFC experiments. Figure 4 shows
the power density curves of the MLSPBFC experiments
performed in different media combinations at the anode and
cathode.

In MLSPBFC, the all-acidic and all-alkaline experiments
have maximum power densities of 2.81 and 6.0mWcm−2,
respectively, both at a cell potential of about 1.0 V, whereas
the acid-alkalinemedia experiment results in a power density
maximum of 28.2mWcm−2 at a cell potential of about 1.0 V.
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Table 3: Effect of medium on the performance of the MLSPBFC.

All-alkaline All-acidic Acid-alkaline media 2
Open-circuit voltage (V) 1.16 0.93 1.81
Short-circuit current density (mA cm−2) 18.0 12.0 62.46
Peak power density (mWcm−2) 6.0 2.81 28.2
Cell voltage at peak power density (V) 0.50 0.38 0.71
Current density at peak power density (mWcm−2) 12.0 7.39 39.85
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formic acid + 0.5M NaOH. [Oxidant]: 0.1M perborate + 0.5M
H
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. Stream flow rates: 0.3mLmin−1.

Within this condition, the acid-alkalinemedia fuel cell clearly
outperforms both the all acidic and all-alkaline fuel cell
(Table 3). The higher power densities in the acid-alkaline
media MLSPBFC are a direct result of higher overall cell
potentials due to the unprecedented ability to operate the
cathode and anode at different pH in an MLSPBFC.

3.4. Influence of Fuel Composition. The effect of fuel on the
performance of MLSPBFC has been observed by varying
the formic acid concentration between 0.5M and 2.5M
(Figure 5).

When fuel concentration is high, the limiting current
density and the maximum power density are larger. As more
reactants enter the cell, the mass transport to the electrodes
increases. Accordingly, the current density and power density
increases. However, the transport rate is limited by the deple-
tion region [30]. Thus the current density did not increase
significantly, while increasing the fuel concentrations beyond
2M, which also suggests that the performance of the mem-
braneless fuel cells is limited by slow anode/cathode kinetics
or slow diffusion of reagents to the electrode surface due to
the formation of a concentration boundary layer. From this
we conclude that the concentration of formic acid as low as
0.5M did not result in a reduction of the cell performance,
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Figure 6: Effect of perborate concentration on the current and
power density of the MLSPBFC at room temperature. [Fuel]: 2M
formic acid + 0.5M NaOH. [Oxidant]: 𝑥M perborate + 0.5M
H
2

SO
4

. Stream flow rates: 0.3mLmin−1.

which indicates that the cell is cathode limited [3]. In the
present study, experimental results show that the fuel cell
performance is maximum at 2M and further increase in the
formic acid concentration has no significant effect on the fuel
cell.

3.5. Influence of Oxidant Composition. The effects of perbo-
rate concentration on the cell performance were investigated
at 0.01, 0.025, 0.05, 0.075, and 0.1M. The power density
increased in correlation to increased sodium perborate con-
centration in MLSPBFC and reached the maximum of 1.81 V
at 0.1M sodium perborate. Peak power densities of 2.28,
6.58, 12.10, 19.70, and 28.21mWcm−2 were obtained at 0.01,
0.025, 0.05, 0.075, and 0.1M, respectively (Figure 6). Further
increase in the oxidant concentration shows no improvement
in the cell performance.Therefore the value of 0.1M has been
fixed for the perborate concentration in the oxidant solution.

The data of the exchange current density for anode and
cathode also indicates that the activation losses are primarily
due to the lower chemical activity at cathode. Accordingly
we may conclude that the cell performance well be enhanced
profoundly if the concentration of oxidant in cathodic stream
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can be increased to raise concentration flux or the exchange
current density at the cathode can bemade as high as possible.

Likewise, the effect of H
2

SO
4

compositions on the oxi-
dant solution has also been analysed. The H

2

SO
4

concentra-
tion was varied between 0.01M and 0.5M. The maximum
power density (28.2mWcm−2) was obtained at 0.5M H

2

SO
4

(Figure 7). Further increase in the H
2

SO
4

concentration
shows no improvement in the cell performance.Therefore the
value of 0.5M has been fixed for the H

2

SO
4

concentration in
the oxidant solution.

3.6. Influence of Distance Effect on the Performance of
MLSPBFC. In order to find the potential benefit from a
reduced diffusion length of reacting species moving between
the anode and cathode, the fuel cell test was conducted for
different distances between 1 and 100mm.When the distance
between the anode and cathode decreased, the maximum
power density increased as shown in Figure 8. Considering
the role of a charge carrier, a shorter diffusion length is
believed to give a faster electrochemical reaction because
the diffusion time of reacting species would be shorter.
Therefore, more reactions can take place at a given time,
which increases the total number of charges involving the
electrochemical reactions at the anode and cathode. This
finding provides a good evidence of the presence of a charge
carrier moving between the anode and cathode in the fuel
mixture to complete redox reactions of the fuel cell [31].
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Figure 8: Effect of distance between anode and cathode on the
maximum power density of the MLSPBFC at room temperature.
[Fuel]: 2M formic acid + 0.5M NaOH. [Oxidant]: 0.1M perborate
+ 0.5M H

2

SO
4

. Stream flow rates: 0.3mLmin−1.

3.7. Influence of Fuel Mixture Flow Rate. Since maximum
power density is dependent on the transport time of reacting
species it can be controlled by its flow rates. In this exper-
iment, flow rates of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9,
and 1.0mLmin−1 were tested. The cell potential and current
were measured with different external loads as a function of
the flow velocity of fuel mixture. Using the flow rate applied
and the cross-sectional area of the channel, a flow velocity
can be calculated. In this work, the maximum power density
is obtained at about 0.3mLmin−1; after that the maximum
power density decreases with increase in flow rate as shown
in Figure 9. It is believed that more electrochemical reactions
would take place at a given time and a greater output current
could develop in the end.

3.8. Stability Test. Durability of the MLSPBFC was examined
under continuous test considering its practical applications.
Short-term stability of MLSPBFC under acid-alkaline media
configurations was tested by monitoring the cell voltage
change during the galvanostatic discharge of 62mA cm−2
of the MLSPBFC in a period of about 100 h (Figure 10).
The MLSPBFC maintained a relatively stable performance
with a little decay of cell voltage over the test period. The
fluctuation in the cell voltage was due to addition of the new
fuel solution, restarting the experiments, or small variation in
cell temperature.The possible reasons for the gradual decline
in cell performance with time may be due to the formation
of Na

2

CO
3

. The result of the durability test showed that
the MLSPBFC in our research has good stability at room
temperature which is able to satisfy the necessary conditions
as portable power sources.

4. Conclusions

A microscale membraneless sodium perborate fuel cell
(MLSPBFC) was fabricated on PDMS and its performance
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acid + 0.5M NaOH. [Oxidant]: 0.1M perborate + 0.5M H

2

SO
4

.

20 40 60 80 100
1.2

1.4

1.6

1.8

2.0

Po
te

nt
ia

l (
V

)

62mA cm−2

Time (100h)

Figure 10: Performance stability of the MLSPBFC operating at
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was evaluated under different operating conditions. Standard
microfabrication techniques were used to develop the device.
In this membraneless fuel cell, formic acid is used as a fuel
at the anode and sodium perborate is used as an oxidant at
the cathode for the first time under “acid-alkalinemedia.”The
experiments described in this study show that membraneless
sodium perborate fuel cells are media flexible; they can
be operated in all-acidic, all-alkaline, or even acid-alkaline
media configurations.

In this work, we observed that the alkaline anode/acidic
cathode acid-alkaline media configuration leads to a very

high measured OCP of 1.81 V, while other combinations will
result in very low OCPs as a result of the pH dependence of
standard electrode potentials. TheMLSPBFC operated in the
alkaline anode/acidic cathode acid-alkalinemedia configura-
tion; the measured OCP of 1.81 V is in good agreement with
the theoretical OCP of 2.95V.

At room temperature, the laminar flow-based microflu-
idic fuel cell produced a maximum power density of
28.2mWcm−2 under alkaline anode/acidic cathode acid-
alkaline media configurations. We concluded that acid-
alkaline media MLSPBFC seems to outperform the all-
acidic and all-alkaline MLSPBFC. The effects of flow rates of
the fuel and oxidant, variation of concentrations of formic
acid, perborate, and electrolytes were evaluated under acid-
alkaline media configurations. The performance was charac-
terized by V-I curves and anode polarization plots.

The results demonstrated that the performance of the
developedmembraneless fuel cell enhanced profoundly if the
concentration of oxidant in cathodic stream is 10 times larger,
and the current density is also increased approximately ten
times.

Thus, the present experimental findings have confirmed
that this membraneless micro fuel cell is cathode limited
and suggest that it is a crucial factor in improving cell
performance to increase the concentration of oxidant in
the cathodic stream. The flexibility of membraneless fuel
cells to function with different media allowed the successful
operation of mixed alkaline and acidic fuel cells. The mem-
braneless micro fuel cell system investigated in this study
seems to be a good candidate for feasible application because
its performance is comparable to an air-breathing DMFC.

In addition, the development of metal catalysts to accel-
erate the efficiency of MLSPBFC is in progress. Some further
experimental works towards themicrochannel design and the
flow rate of MLSPBFC with various fuels will be beneficial
to verify the present predictions and fulfill the practical
utilization in portable power sources.

The MLSPBFC have the advantages of their miniature
sizes, simplicity of fabrication, use of aqueous fuel, and good
cost efficiency. Furthermore, perborate is cheap, nontoxic,
stable, easily handled, environment-friendly, and large-scale
industrial chemical and is a convenient source of hydrogen
peroxide. We expect that the MLSPBFC may be a promising
candidate for practical fuel cells to establish a clean and
sustainable energy future.
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