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a b s t r a c t

A miniature air-breathing direct formic acid fuel cell (DFAFC) based 4-cell stack, with a gold coated
printed circuit board as the end plate and current collector, and with an independent fuel reservoir to
avoid undesired interlaced electrolysis between different cells, is designed and investigated. Emphasis
in the investigation is placed on design details, cell performance, dynamic response, and the stability
eywords:
ir-breathing
irect formic acid fuel cell (DFAFC)
tack
ynamic response

of both the stack and individual cells. The striking difference in our cell configuration as compared with
constructions reported in the literature is the existence of independent cavities as fuel reservoirs for each
single cell. The outstanding merit of this particular design is the avoidance of water hydrolysis between
electrodes, which is inevitable in stacks built with a shared fuel tank. A maximum power density of
56.6 mW cm−2 is achieved and 5.0 M is considered as the optimum concentration for this 4-cell stack. A
single cell can discharge at 20 mA for 70 h with a voltage decline rate of only 2.7 mV h−1 while sufficient

to the
formic acid is pumped in

. Introduction

The swiftly growing market for portable electronic products
such as smart phones, tablet PCs, digital cameras, laptops, and so
n) has stimulated the rapid development of long-lasting power
evices. Such devices, with their high energy density and compact-
ess, are the base on which the sophisticated functions of these
lectronic products are carried out. One of the power options is the
irect liquid fuel cell (DLFC), since it has very high power density
relative to a lithium battery) and theoretically can run as long as
iquid fuel is fed into the cell. In this regard, direct alcohol (methanol
nd ethanol) fuel cells have been extensively investigated and some
f these have progressed to the frontier of commercial applica-
ion. However, methanol is toxic and permeable through Nafion

embrane (the main reason for decreased performance). Ethanol
xidation on the catalysts is a very slow process since it is a
-electron reaction. In comparison, direct formic acid fuel cells
DFAFCs) display a wide spectrum of advantages because of formic

cid’s inherent characteristics, including fast electro-oxidation [1],
ow fuel crossover through Nafion membrane [2,3], nonflamma-
ility, and ease of fuel availability [4–6]. The passive air-breathing
FAFC in particular is more attractive and competitive [7–9] due to

∗ Corresponding author at: South China University of Technology, School of
hemistry and Chemical Engineering, Wushan, Guangzhou 510641, China.
el.: +86 20 8711 3586; fax: +86 20 8711 2906.
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© 2011 Elsevier B.V. All rights reserved.

the added advantage of operation without auxiliary devices (such
as pumps for feeding fuel and air fans for system cooling, which
are used in active fuel cells) [10]. These benefits make the passive
DFAFC lighter and smaller relative to its active counterpart.

The inherent properties of printed circuit boards (PCBs), such
as high strength, good machinability, and light weight, make them
suitable candidates for use as end plates and current collectors.
Previous studies [11–13] have demonstrated the successful appli-
cation of PCB technology in direct methanol fuel cells (DMFCs) and
proton exchange membrane fuel cells (PEMFCs). Our recent studies
[14,15] also confirmed that using a gold layer coated PCB as an end
plate and current collector was feasible in a passive DFAFC.

The output voltage or power for an electrical appliance has to
reach a certain threshold value to operate and this is normally car-
ried out by combining single cells together in series or in parallel.
Of the different connection methods reported, the majority involve
the use of either a bipolar or a monopolar plate. The bipolar struc-
ture was mainly adopted in active mode fuel cells. Miesse et al.
[16] reported a DFAFC portable power system with 15 cells inter-
connected using bipolar plates, and found that the hybrid system
produced 30 W at 60 mW cm−2 and powered a laptop computer for
over 150 min. However, a bipolar plate cannot be used in a passive
mode DLFC since one end of the polar plate has to breathe air [17].

A monopolar plate structure is a conventional stack design mode
for a passive DLFC [17–20]. Chan et al. [20] reported a small DMFC
stack using monopolar plates, with 6 cells sharing one fuel tank.
To ensure the even distribution of methanol, individual cells were
interconnected to achieve uniform fuel concentration. The authors

dx.doi.org/10.1016/j.jpowsour.2011.03.014
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:chsjliao@scut.edu.cn
dx.doi.org/10.1016/j.jpowsour.2011.03.014
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was connected to the cathode wire of Cell X + 1 (for example, the
anode wire of Cell 1 was connected to the cathode wire of Cell 2
and so forth) and the remaining two wires were connected to the
external circuit for performance testing. The stack was 7.5 cm long,
Fig. 1. Illustrations of the fuel re

n this work also designed a twin-cell stack that consisted of 2 “face-
o-face” single cells with one shared fuel reservoir [15]. The output
oltage could be maintained at 1.14 V for about 5 h (discharging at
0 mA by being fed 3.5 ml 5.0 M formic acid solution) and this per-
ormance could almost be reproduced when fresh fuel was injected.

ore single cells are needed in series to obtain a higher voltage.
owever, water electrolysis in the fuel is a possibility since the
otential between the two electrodes is higher than 1.2 V [21]. The-
retically, water electrolysis will take place if more than 3 single
ells are connected in series with one shared fuel reservoir [15,20].
ompared with a DMFC, the situation in a DFAFC would be much
orse because formic acid is a good electrical conductor. Therefore,
aving an independent fuel reservoir for each single cell is better
han a combined fuel tank design, and is probably the key for a

ulti-cell passive DFAFC stack to operate in practice.
It is understandable that the capability of a stack in series is

etermined by the cell that provides the worst performance, and
tack degradation can be ascribed to that single cell [12]. Previous
tudies [12,17,20] have reported this observation and attributed
t to the non-uniform distribution of the contact pressure between
ells. We think this non-uniform distribution probably results from
he uneven distribution of hold-down bolts, in other words, this
neven distribution may be the origin of the problem. A tailor-made
tack structure is needed to provide symmetry for each cell, includ-
ng the fuel and air supply, applied pressure, and so on. Against this
ackground, we designed a fuel reservoir with four separated cav-

ties for each single cell and then assembled a 4-cell stack based
n PCB technology. This design is apparently advantageous over a
tack simply constructed using 4 single cells in series, as in ref. [14],
ince it significantly reduces cell volume and weight. Symmetrical
onstruction guarantees even distribution of pressure and ensures
he uniformity of each single cell. We also studied the dynamic per-
ormance of the stack and long-term performance of a single cell
hile sufficient formic acid was fed by pumping.

. Experimental
.1. Fuel reservoir design and stack assembly

The functions of the fuel reservoir were to store the fuel and
rovide support for each single cell. Fig. 1 shows illustrations of
he fuel reservoir, created by AutoCAD software. The illustrations
r, created by AutoCAD software.

present different viewgraphs of the reservoir from left and right. In
this work, four cavities were placed back-to-back in the two sides of
the fuel reservoir, as shown in Fig. 1. They were all independent and
not interconnected, thus preventing possible electrolysis of water
in the fuel. The volume capacity of each cavity was 3.5 cm3 (length:
2.1 cm, width: 2.1 cm, and depth: 0.8 cm). In the top of each cavity,
two circular holes (Ø2 mm) were used as the fuel entrance and gas
exit. A syringe was used to inject the reactant, formic acid, through
the holes to the cavity, while CO2 created during the reaction was
released to the environment via the holes.

The 4 single cells, gaskets, and fuel reservoir were assembled
using 13 stainless steel bolts inserted through small circular holes,
as shown in Fig. 2. Gold coated PCBs were used as the current col-
lectors and end plates. More details about the stack design and
the function of the gold coated PCBs can be found in our previous
reports [14,15]. Fig. 3 shows a zoomed-in view of the assembled
4-cell stack. For quick reference, a single cell is denoted as Cell X
where X is from 1 to 4. The anode wire of Cell X (X = 1, 2, or 3)
Fig. 2. Schematic of the 4-cell stack.
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3.2. Effects of formic acid concentration on stack performance

Fig. 5 shows the performance of the 4-cell stack operated with
different formic acid concentrations, from 2.0 M to 8.0 M. In the
zoomed-in view it can be seen that the OCV decreased from 2.72 V

0.0
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Fig. 3. Miniature air-breathing DF

.0 cm wide, and 4.0 cm high. The 4 single cells could discharge
ndividually as the wires were not connected together.

.2. Membrane electrode assembly

The membrane electrode assembly (MEA) was prepared using
“direct catalyst spraying” technique developed in our group [22].
he catalyst used at the anode and cathode was 40 wt.% Pt/C
ourced from Johnson Matthey and the catalyst loading was kept at
.0 mg cm−2 in each electrode. The effective area of each MEA was
cm2. Pristine and hydrophobic carbon paper was used as a diffu-

ion layer in the anode and cathode respectively. More details about
he MEA and diffusion layer preparation can be found elsewhere
15].

.3. Stack performance test

Formic acid (Enox®, 88% analytical grade, China) was diluted
ith deionized water to form aqueous solutions ranging from 2.0

o 8.0 M. A given solution was then fed into each cavity at the
ame time. Before the performance measurement, the stack was
eft to condition for 10 min at room temperature. The open circuit
oltage (OCV) of the stack and each single cell was recorded by
high-precision cell testing system (Neware®, CT-3008W-5V1A-

4, China). The cell performance curve (I–V) was recorded on a
omemade electrochemical workstation in galvanostatic discharg-

ng mode with a current range of 5 to 440 mA at uneven intervals.
t each step, the cell was discharged for 20 s, followed by a rest

or 60 s before the next step. Voltage data were collected at 0.5 s
ntervals and then averaged to plot the I-V curve.

.4. Dynamic and long-term performance tests

Dynamic and long-term performance was determined through
high-precision cell testing system using galvanostatic testing. For

he dynamic test, the current was set at 60 mA, 40 mA, or 20 mA, and
he stack was allowed to discharge for 30 min at each current. The
ong-term discharging test was performed using a constant current
f 20 mA. The voltages of the stack and single cells were recorded
n-line during these processes. To investigate cell stability and
liminate the effect of gradual fuel consumption, 2 L 5.0 M HCOOH
as fed circularly by pumping while the voltage was recorded as

he single cell discharged at 20 mA.

. Results and discussion
.1. OCV behavior

The diffusion layers and MEAs were all dried before the perfor-
ance tests, formic acid solution was injected into the fuel reservoir
cell stack developed in this study.

within 3 s. The OCVs of the stack and single cells were recorded at
the moment of fuel injection, as in Fig. 4. It can be seen that the OCV
of the stack jumped from zero at the beginning to approximately
3.20 V in 60 s, then dropped to a stable value of 2.75 V in 140 s. The
OCV curves of the single cells showed a similar behavior. OCV peak
formation is a combined result of MEA humidification, formic acid
crossover, and cell temperature. The previously dried MEAs became
wet when the fuel was injected into the reservoir at the anode,
and the OCV accordingly changed quickly to a peak value. With
the injection of formic acid, permeation of formic acid from anode
to cathode became inevitable and the permeated formic acid then
reacted with oxygen in the cathode, leading to a decrease in OCV
by producing a mixed potential. In the meantime, cell temperature
increased due to the reaction. The increased temperature enhanced
the electrochemical kinetics at both electrodes and increased the
rate of fuel crossover [23]. The combined effect led to a relatively
stable OCV. Fig. 4 also shows that the OCV of each single cell in
the stack almost overlaps, an indication of cell uniformity (at 500 s,
Cell 1: 0.63 V, Cell 2: 0.68 V, Cell 3: 0.67 V, Cell 4: 0.68 V). It has been
reported that cell uniformity in a stack is a prerequisite for yielding
similar performance in the single cell [20]. Hereafter, stable OCVs
for the single cell were collected to detect cell uniformity after the
stack was left to condition for about 10 min.
5004003002001000

Time / s

Fig. 4. OCV of the stack and single cells after fuel supply at room temperature (5.0 M
HCOOH).
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cell stability as sufficient formic acid was fed, we used a circula-
tion pump to provide fresh fuel for Cell 1. The experiment was
carried out by pumping 2 L 5.0 M HCOOH (stored in a volumetric
flask) into the cell with a circulating rate of 3 ml min−1 while the
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ig. 5. The effect of formic acid concentration on the performance of the stack.

o 2.60 V with increasing formic acid concentration. The maxi-
um power density increased from 47.6 mW cm−2 at 2.0 M to

6.6 mW cm−2 at 5.0 M, then decreased to 43.8 mW cm−2 at 8.0 M.
ossible explanations for these differences are the combined effects
f fuel crossover, stack temperature, and fuel supply rate. It is
nown that the rate of formic acid crossover from anode to cathode
ncreases with formic acid concentration [2,3]. The mixed poten-
ial on the cathode side is prorated in proportion to the permeated
ormic acid, consequently lowering the stack’s OCV. However, this
dverse effect should be negligible at low concentrations. Mean-
hile, the heat generated by the exothermic reaction between

he permeated formic acid and oxygen results in increased stack
orking temperature, which is beneficial for increasing the rate of

ormic acid oxidation and oxygen reduction. The abovementioned
ros and cons are conducive to better performance at 5.0 M than at
.0 M, especially at high current densities. Decreased performance
ccurred at 8.0 M because the effect of mixed potential predomi-
ated over the effect of temperature increase. This indicated that
.0 M might be the optimum concentration for this 4-cell stack.
hereafter in this study we used 5.0 M formic acid as the electrolyte.

.3. Dynamic response test

Fig. 6 shows the dynamic response of the stack voltage under
discharging current decreasing from 60 mA to 20 mA as 3.5 ml

.0 M HCOOH was fed into each single cell. The stack was able
o work at different constant currents with relatively stable volt-
ges. The stack discharged at 60 mA after the initial 30 min, and
he voltage went from 1.56 V to a relatively stable plateau (1.62 V),
hen dropped to 1.59 V. However, the voltage at a lower discharg-
ng current decreased as time proceeded (40 mA: from 1.79 V to
.70 V; 20 mA: from 1.98 V to 1.91 V). The voltage could be main-
ained at a relatively stable level perhaps because the temperature
ose rapidly, which contributed to fast formic acid oxidation and
xygen reduction. It is noteworthy that the supply of formic acid
t the beginning should be abundant and pose no limitation to
he reaction rate increase. Possible reasons for the voltage decline
t low discharging current could be limited heat generation from
he formic acid oxidation reaction and a high over-potential that
xidizes adsorbed poisoning species on the anode catalyst [24,25].

.4. Stack long-term performance
Fig. 7 shows the long-term performance of the stack discharg-
ng at a constant current of 20 mA as 3.5 ml 5.0 M HCOOH was fed
o each single cell. The voltages of individual cells were recorded
t the same time. It can be seen that the voltage decrease can be
Time / min

Fig. 6. Dynamic response of 4-cell stack under decreasing current steps (from 60 mA
to 20 mA).

divided into three distinct stages. The voltage dropped quickly from
2.56 V to 2.10 V in the first few minutes, then decreased gradu-
ally from 2.10 V to 1.75 V during the following 7 h at a rate of ca.
0.05 V h−1. Finally, the voltage dropped quickly again from 1.75 V
to 1.20 V in 3 h at an average rate of ca. 0.18 V h−1. Cell perfor-
mance degradation is a combination of many contributing factors,
including decreased formic acid concentration, catalyst dissolu-
tion and poisoning, fuel crossover, and water accumulation at the
cathode [7,26]. These factors are interrelated and optimized cell
performance can be obtained when a fine balance of these factors
is maintained. Fig. 7 also shows the voltage contribution of each
single cell during the stack discharging process. The similar per-
formance further confirmed the uniform performance of the single
cells, probably due to the symmetrical stack design.

3.5. Single cell discharging stability as cyclic fuel was fed

A practical fuel cell stack should be capable of providing sta-
ble and sustainable performance for a long time. As mentioned
in Section 3.4, many reasons for stack performance degradation
have been proposed. Limited fuel supply in the reservoir may be
the prevailing reason. To confirm our hypothesis and to study the
1086420

Time  / h

Fig. 7. Voltages of stack and each single cell as the stack discharged at a constant
current of 20 mA.
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ig. 8. The constant current discharging performance of a single cell when 2 L 5.0 M
COOH was supplied circularly by pumping.

ell discharged at a constant current of 20 mA after 10 min of con-
itioning. At the same time, the voltage was recorded, as is shown

n Fig. 8. The insert figure in the bottom left of Fig. 8 clearly shows
he OCV behavior, which was similar in shape to the OCV in Fig. 4.
fter conditioning for 10 min, the cell discharged at 20 mA, exhibit-

ng an initial voltage of 0.60 V. Voltage decline occurred from 0.60 V
o 0.41 V at a degradation rate of 2.7 mV h−1 during the following
0 h, whereas the formic acid concentration decreased slightly from
.0 M to 4.8 M, as measured by titration. It therefore can be con-
luded that under the condition of a minor and negligible decrease
n formic acid concentration, decay in cell performance was most
robably due to degradation of the catalysts and/or MEA structural
hange during the long-term discharging process. On the other
and, the experiment provided indirect proof of the reason for
he performance degradation described in Section 3.4, i.e. fuel con-
umption. A passive stack may discharge for a long time, provided
hat it is fed sufficient fuel. Future work focusing on in-depth anal-
sis of cell degradation is still in progress, but the experimental
esults demonstrated in this study have provided new insight into
he design of viable DFAFCs.

. Conclusions

A miniature air-breathing DFAFC stack consisting of 4 single cells
n series was designed and tested. The effect of formic acid concen-
ration on cell performance was studied and it was found that 5.0 M
ight be the optimum concentration for this 4-cell stack. The stack
oltage decreased only about 20% (from 2.56 V to 1.20 V) in 10 h at
constant discharging current (20 mA), an indication of good sta-
ility. Each single cell displayed a similar voltage profile, probably
esulting from the symmetrical stack design. The main reason for

[
[

[

[

rces 196 (2011) 5913–5917 5917

stack performance degradation was found to be fuel consumption.
It is therefore concluded that the stack design reported in this work
is viable for practical situations and can potentially be applied in
the portable electronic device market.
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