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Abstract

Small fuel cells are considered likely replacements for batteries in portable power applications. In this paper, the performance of a
2cmx 2.4cm x 1.4cm passive miniature air breathing direct formic acid fuel cell (DFAFC) at room temperature is reported. The cell
produced current density up to 250 mAZ=and power density up to 33 mW/émat ambient conditions. The fuel cell runs successfully
with formic acid concentration ranging from 1.8 and 10 M with little degradation in performance. These results show that passive fuel cells
can compete with batteries in portable power applications.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction be a useful alternative power source for portable electronic
applications.
Recently, there has been considerable interest in the use of
miniature fuel cells as replacements for batteries for portable
electronicg1]. The advantages of using miniature fuel cells 2. Experimental
over the conventional batteries are that the miniature fuel
cells have a much higher stored energy density, and the abil- The membrane electrode assemblies (MEA) were fab-
ity to do immediate recharge by replacing a fuel cartridge ricated in house using a ‘direct paint’ technique as it is
[1]. Most investigators are exploring direct methanol fuel described in elsewherf4,5]. The active area is 1ch
cells (DMFC) for this purposé6,7], but in this paper we  The ‘catalyst inks’ were prepared by dispersing the cata-
will show that direct formic acid fuel cells (DFAFCs) have lyst powders into appropriate amounts of Millipore water
considerable advantages over DMFC in portable power ap-and 5% recast NafiShsolution (1100EW, Solution Tech-
plications. nology Inc.). Then both the anode and cathode ‘catalyst
Formic acid is a liquid at room temperature and dilute inks’ were directly painted onto either side of the Nafion
formic acid is on the US Food and Drug Administration list 117 membrane. A commercially available platinum black
of food additives that are generally recognized as fffe ~ (HISPECM 1000 from Johnson Matthey) was used for the
Formic acid has two orders of magnitude smaller crossover cathode catalyst layer at a loading of 12 mgfcrither

flux through a Nafioi membrane than methanfd]. This platinum black or platinum ruthenium black (HiISPEC
low crossover flux of the formic acid allows one to use 6000 from Johnson Matthey) was used for the anode cat-
the highly concentrated fuel solutions in the DFARGS)]. alyst layer at a loading of 4-12 mg/éniThe final catalyst

The formic acid also has a higher electronic motive force layers contained 10% Nafiinby weight.
(EMF), as calculated from the Gibbs free energy, than either An assembly diagram of the miniature air breathing fuel
hydrogen or direct methanol fuel C@ﬂ] and no pumps are cell is shown inFig. 1 Both the anode and cathode current
needed since formic acid produces £Bubbles that can  collectors were constructed out of titanium foil. In order
drive the flow. to protect the titanium from being corroded by the formic
In this study, we describe the design and performance of aacid solutions, they were electrochemically coated with 5
miniature passive air-breathing DFAFC and show that it can #m of gold. A formic acid reservoir was constructed out
of Teflon. The dimensions of the reservoir are 1 cm wide,
1.4 cm high, and 0.56 cm deep. On the top of the reservoir,

* Corresponding author. Tek:1-217-333-6841; fax:-1-217-333-5052. 100 0.010 in. holes were drilled to vent out the £gases.
E-mail address: r-masel@uiuc.edu (R.l. Masel). Two stainless steel holders were constructed &gnl All
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Fig. 1. The miniature air breathing direct formic acid fuel cell diagram. Fig. 2. The cell polarization plot vs. two different anode catalysts: PtBI
and PtRuBl. The anode catalyst loading was fixed at 12 mgfomboth
PtBl and PtRuBI. The cathode catalyst was fixed at 12 m@/eiBl. The

of the components of the miniature fuel cell that are shown cell was operated with 1.8 M formic acid and the ambient air at the room

in Fig. 1 are put together using bolts and nuts on the four temperature.
corners of the miniature fuel cell.

We tested our miniature fuel cell with and without the . .
presence of the carbon cloth on the anode side. We also Fig. 4 shows the effect of the d'ffe“:‘”t type_s of the an-
varied the type of the carbon cloth that we used on the ode carbon cloth on the cell polarization profile. We used
anode side. We used three different types of the carbon cloth.three different type_s of the anode carbon (T‘IOth’ and they are
They are an ETEK ELAT V2 single sided diffuser, ETEK the carbon clo'gh Wlth_ no Teflon layer (plain carbon cloth),
plain carbon cloth type A, and oxygen plasma treated Carboncarbon cloth with a single side Teflon layer (Teflon carl_a_on
cloth. We also tested the cell with and without 1 & cm cloth), and oxygen plasma tre_a_ted carbon_ cloth (modified
pieces of Alpha Aesar #40931 gold mesh on both sides of ce_xrbon cloth). InFig. 4, the m'”'?t“fe cell is ?"30. lested
the MEA. The gold mesh was placed between the currentWlth no carbon cloth for a comparison. Accordingfiy. 4

collector and the MEA on both the anode and cathode sidesth? mm'atlt”; ce[lt with n(zhcarbct)'n Clmn getnertgtles the h'_lg_E'
as it is shown irFig. 1 est current density over the entire cell potential range. The

Both cell polarization curves and constant voltage tests miniature cell with the modified carbon cloth generates a

were acquired using a fuel cell testing station (Fuel Cell \S,ngﬁrirclgircrzgsd;n;ti/hjsmtggiﬁzﬂl x:gorr:oclccft;]b?j?)ecslo:\ho’t
Technologies Inc.). Double distilled 88% formic acid (GFS) imbose anv sianificant formic acid mass transport limita-
was diluted with the Millipore water to give a final con- 'mp Y signit ' ! P Ml

centration ranging from 1.8 to 13.2 M. The formic acid was tlo:]r' i?rdthr? :?lnlat:JVre 3?" W'thhthre Flaf'rn ;arii)or;)(é%th\,/ tre
injected into the fuel reservoir using a micro syringe. The curre ensity curve drops sharply 1ro S alue

cathode was opened to air. No carbon cloth was used on theanOI generates less than 10 mAfcof current density. The

cathode for this paper. The membrane was used without any

prior conditioning. 900
800 —A— 4 mg/c?® PtRuBl
S 700 -m-12 mg/cn? PtRuBI
3. Results E
8
Fig. 2 shows the performance of our fuel cell in 1.8 M E
formic acid using either platinum black or platinum ruthe- °
. : o
nium (PtRu) as the anode catalyst. In either case an open =
cell potential (OCP) of nearly 800 mV is observed. The po- 3
tential goes down as current is drawn from the cell, and
interestingly the performance is better on the reverse scan. 0 ‘ ‘

At low cell potential, PtBl catalyst gives a higher current
density than the PtRuBI catalyst. However, in overall cell
performance, there is relatively little difference between the j (mA/cm?)

two anode catalystsElg. 3shows the effect of two dlﬁe.rent Fig. 3. The cell polarization plot vs. two different anode catalyst loadings:
anode catalyst loadings on the cell performance. Notice that4 and 12 mg/crh PtRuBI. The cathode catalyst was fixed at 12 md/cm
the anode catalyst loading has very little effect on the fuel of ptBI. The cell was operated with 1.8 M formic acid and the ambient
cell performance between 4 and 12 mgfcm air at the room temperature.
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Fig. 4. The cell polarization plot vs. the different anode wicking materials.  (A) j (mA/cm®)
Anode was 4-12 mg/cfnPtRuBl and cathode was 12 mg/&mRtBI. The
cell was operated with 5M formic acid and the ambient air at the room 20
temperature. 18
S 16 -
miniature cell with the Teflon carbon cloth generates less % 14 1
than 2mA/cnd of current density due to the high mass < 12
transport limitation of the formic acid through the hy- 'é 10 1
drophobic layer of Teflon. According feig. 4, the cell with K 8 1
. . . . 6 - ——1.8MFA
no carbon cloth gives the highest OCP while the cell with % = 44MFA
the Teflon carbon cloth gives the lowest OCP. 3 4 & s +§'§M Eﬁ
Fig. 5A shows the effect of the different formic acid % 2 g T 13oMFA
concentration on the cell polarization curve profile. The 0 *
cell polarization curves were acquired by using the formic 0 50 100 150

. 2
acid concentration ranging from 1.8 to 13.2M. For these () J (mAjem’)

tests, no carbon cloth was used on the anode or cathoderig. 5. Formic acid/ambient air current density vs. the formic acid concen-
Above a cell potential of 200mV, the current densities tration at the room temperature. (A) Cell potential and (B) power density
slightly decrease as the formic acid concentration increasescurves. Anode was 12mg/énPtRuBl and cathode was 12 mg/&mtBl.

from 1.8 to 8.8M. Below 200mV, the current densities "¢ ambientair was used as oxidant.

are very similar for the same concentration range. From

Fig. 5A, 113mA/cnt is the maximum current density at The changing of the formic acid concentration from 1.8 to
room temperature. At 13.2 M formic acid, the current den- 13.2M causes the OCP to drop nearly 200 rRlg. 6 also

sity decreases sharply over the entire cell potential range. Ashows the high frequency cell resistance. The cell resistance
key feature to note frorfig. 5is the high operational con-  is not influenced much by the formic acid concentration
centration range for our miniature air breathing DFAFC. As changing from 1.8 to 8.8 M, while the OCP of the cell de-

seen from the cell polarization curvesFiy. 5A, the minia- creases by 93 mV for the same concentration change. As the
ture cell can operate without a major performance drop in
the formic acid concentration between 1.8 and 8.8 M. 800 0.7

In Fig. 5B, the results frontig. 5A are plotted in terms 8
of power density for the different formic acid concentration. 750 7 §
Between the formic acid concentration of 1.8 and 8.8M, _ 799 - 2~
the power density plots are twisted at around 75 mAlcin z & g
further study is needed to understand these twisting behav- g 650 1 = £
iors. Because of these twistings, at the fuel concentration § 600 - C‘: @
between 4.4 and 8.8 M, the maximum power density occurs e
at two different current density points. FroRig. 5B, the 550 - <
maximum power density of 16.6 mW/cns observed at the
formic acid concentration of 1.8 and 4.4 M. 500 0 5 1‘0 15 0.4

Fig. 6 shows the effects of the different formic acid con-
centration on the apparent OCP of our miniature fuel cell. Concentration (M)
AL formlg acid concentration of 1'8. M, a maximum O,CP (,)f Fig. 6. Plot of formic acid concentration vs. OCP (l&faxis) and area
0.756V is observed. As the formic acid concentration in- cell resistance (rightv-axis) for the cell at the room temperature. The
creases from 1.8 to 13.2 M, the OCP of the cell decreases.ambient air was used.
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Fig. 7. Plot of constant cell potential test vs. different formic acid con-
centration at the room temperature. The cell potential was fixed at 0.26 V.
The ambient air was used.

formic acid concentration increases from 8.8 to 13.2 M, the
cell resistance increases significantly while the OCP of the
cell drops further more.

In Fig. 7, the constant cell voltage tests are reported with

various formic acid concentrations. For these tests, no carbon
cloth was used on the anode or cathode. The voltage of the,

miniature cell was set constant at 0.26V. At 2M formic
acid, the power density increases initially as the operation
time increases. However, as soon as it reaches the maximu
power density after a short while, its power density output
drops. After 2h of operation, its power output at 0.26V
goes down to zero when all of the fuel is used. Between
the fuel concentration of 5 and 8.8 M, the power densities
initially increase until they reach the steady statefig. 7,
the operation time is proportional to the fuel concentration.
As the fuel concentration increases, the cell operation time
at 0.26 V increases too. At the fuel concentration of 8.8 M,
the miniature fuel cell generates 10 to 11 mW#cof the
power density up to 4 h.

Fig. 8shows the effect of the cell potential on its operation

time. For this test, no carbon cloth was used on the anode

or cathode. InFig. 8 the constant cell voltage tests were
conducted at 0.26 and 0.46V with 5M formic acid. The
average power density output is about 10 and 6.6 m\&&m

- 5M FA (0.26V)
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Fig. 8. Plot of constant cell potential tests at two different cell potential

values. The cell potential was fixed at 0.26 and 0.46V in each test. The
cell was operated with 5M formic acid and the ambient air at the room

temperature.
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0.26 and 0.46V, respectively. By integrating the areas under
the curves irFig. 8 we calculate the total energy generation
for the cell operating at each voltage. The cell operating
at 0.26 V produces a total of 113J, and the cell operating
at 0.46V produces 151V. A keynote here is that the cell
operating at a higher voltage generates a greater total energy,
and works more efficientlyfig. 9 shows the results of a
run where pieces of gold mesh were inserted between the
current collector and the MEA on both sides of the MEA.
In this case the maximum power increases to 33 m\W/cm
and the maximum current increases to 250 mA/cm

4, Discussion

The results here provide further evidence that DFAFCs
are quite attractive for portable power applications. The re-
sults inFig. 9 show that passive devices running at ambi-
ent conditions (20C) produce 33 mW/cf By comparison
Chang et al[6] reports that his passive DMFC produced
about 5 mW/cr under conditions similar to those reported
here and 10 mW/chwhen the cathodes were modified ap-
propriately. Blum et al[7] report that their passive DMFC
roduced 12.5 mW/cfwith continuous recharge. Clearly,
ur passive DFAFC competes quite well with other’s pas-
sive DMFC in terms of power output.

Our DFAFC also compares well with DMFC in terms of
fuel power density. The direct formic acid fuel cell reported
here runs successfully with 10 M solutions as it was shown
in Fig. 9. By comparison, Chang found that his DMFC ran
poorly at methanol concentrations above 2 M. While neat
formic acid has a lower theoretical energy density than neat
methanol (2086 Wh/I for formic acid versus 4690 Wh/| for
methanol), a 10 M formic acid solution has a higher energy
density than a 2 M methanol solution (787 Wh/I for 10 M
formic acid versus 380 Wh/I for 2 M methanol).

Finally, OCP of the fuel cell is quite reasonable. The
passive cell inFig. 5 shows an OCP of 756 mV with about
2 M formic acid. By comparison Chang reports an OCP for a
passive DMFC below 700 mV, while Scott et ] report an
OCP of 640 mV for the DMFC at 363 K with a compressed
air at 2 bar and a forced feed of 2M methanol. Overall, the
passive DFAFC shows a quite good performance compared
to a passive DMFC, and dilute formic acid is edible and
generally recognized as sdf§.

There are some surprises in the data. First the cell per-
formance was relatively insensitive to the fuel concentration
(Fig. 5(A)), the anode catalyst compositioRig. 2), or the
anode catalyst loadingr{g. 3). Gold mesh on the anode im-
proved the fuel cell performanc&if. 9). Yet the addition
of the plain or Teflon coated carbon cloth on the anode sig-
nificantly reduced the fuel cell performanceid. 4). The
fuel cell operated well on 10 M formic aciéig. 9), but per-
formed poorly on 13.2 M formic acid. By comparison, Rice
et al.[4,5] found that an actively pumped DFAFC shows that
performance depends on the catalyst composition and the
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Fig. 9. Effect of gold meshes on the cell performance at the room temperature. (A) Cell potential and (B) power density curves. The anode was 4 mg/cm
PtRuBI and the cathode was 12 mgfcitBl. 6 M formic acid was used for the cell without gold meshes and 10 M formic acid was used for the cell
with gold meshes. The ambient air was used for both cells.

fuel concentration. While Teflon coated carbon clothreduced Fig. 6 shows that the cell resistance of the passive cell
the performance of the actively pumped cells, plain carbon is similar to that of the active cell at formic acid concen-
cloth seemed to have no significant effect on the cell per- trations below 10 M. However, the cell resistance suddenly
formancg4,5]. The actively pumped cells worked at formic rises if 13M (51% formic acid, 49% water) solutions are
acid concentrations up to 20 M. Also the open cell potential used. By comparison, in the actively pumped cells, the cell
was about 0.1V higher in the actively pumped cells than in resistance slowly rose as the formic acid concentration in-
the passive cells. Evidently, there are some significant dif- creased, but with 20 M solutions, the cell resistance was still
ferences between the performance of the passive DFAFCsbelow 0.62 cm. Evidently, more water is needed in the fuel
and actively pumped DFAFCs that need to be explained. with the passive cells than with the active cells.

We believe that the absence of water management in  Our suggestion, therefore, is that the membrane is not be-
the passive cells lead them to have slightly reduced perfor-ing adequately hydrated when the passive cells are run with
mance compared to the active cells. Recall that humidified fuel solutions containing high formic acid concentrations
air or oxygen was used in the experiments with the actively and correspondingly low water concentrations. With the cur-
pumped celld4,5], while dry air was used in the experi- rent design, we are limited to 13 M solutions. In order to
ments with the passive cells. Also there was no carbon cloth increase the working formic acid concentration higher than
on the membranes in the passive cdilig( 5), while carbon 13 M, water management seems to be a key issue in passive
cloth was used in the active ce[$5]. Thus, one would ex-  fuel cell design.
pect the membranes in the passive cells to be less hydrated It also appears that mass transfer/diffusion effects are
than the membranes in the active cells. more important in the passive fuel cells than in the actively



124 S Ha et al./Journal of Power Sources 128 (2004) 119-124

i";‘}b'e 1 tact angles of the formic acid with the different ty i the maximum current and power density of 107 mA?and

€ contact angles O e formic acia wi e airreren pes o e . ..
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Thel contact gr‘Z‘Z(’fwe\;v‘/‘e:;“y at  speculate that both the dehydration of the membrane and
angle () ' (mWient) the fuel crossover caused our cell’'s OCP drop. Despite of

A (Tv?tiifff C:;bogscrf;;‘ 0 18 this drop of the OCP at the higher formic acid concentra-
A plain ca¥t?on floth 135 3 tion, our miniature cell at 8.8 M formic acid had 663 mV of

A Teflon coated carbon cloth 155 05 the OCP, which is about the best OCP value the DMFC can
give at a much lower fuel concentration. Dehydration of the
membrane becomes a major issue at higher formic acid con-
centration, as seen by the increase in cell resistance, causing
pumped cell§4,5]. We find that the plain carbon cloth re-  an overall decrease in cell performance. From the presented
duces the performance of the passive cell dramatically as itexperimental results in this paper, the dehydration of the
is shown inFig. 4 We believe that the presence of the plain  membrane started to affect the overall cell performance sig-
carbon clothimposes such reduction in our passive fuel cell’s nificantly at the formic acid concentration between 8.8 and
performance, because it is hydrophobic and the formic acid 13.2 M and higher.
does not wet its surface well due to a high surface tension. We are only at the beginning stage of studying miniature
On the other hand, the presence of the plasma modified car-air breathing direct formic acid fuel cell. Our miniature cell
bon cloth did not show any performance reduction as it is has to be further optimized to enhance cell performance in
shown inFig. 4 The modified carbon cloth in our passive the future. We need to optimize the catalyst loading and the
DFAFC works well because the oxygen plasma makes the Nafiorf® content within the catalyst layer. A water manage-
carbon cloth hydrophili¢7], hence the formic acid solution  ment of the passive DFAFC would be also important. In or-
is easily adsorbed into the plasma modified carbon cloth. der to increase the working fuel concentration, we need to
One might have expected Teflon coated carbon cloths to re-develop a novel method to prevent the Nafiomembrane
duce the fuel cell's performance the most extensively, since from dehydrating when the high concentration formic acid
the Teflon is very hydrophobic and the formic acid solu- s used. For the future research, we also need to consider
tion does not wet it. A contact angle indicates a wettability how to remove the byproduct water from the cathode before
of a liquid on a solid surface. The contact angle is zero if it limits the oxygen transport.
the liquid wets the solid surface fully, and it increases as
the surface tension between the liquid and solid increases.
Table 1shows the relationship between the contact angles Acknowledgements
of the formic acid with the different types of the anode car-
bon cloth and the cell power density at 0.26 V. According  This material is based upon work supported by the De-
to Table 1 the modified carbon cloth gives the contact an- fense Advanced Research Projects Agency under US Air
gle of zero and the highest power density. The Teflon coated Force grant F33615-01-C-2172. Any opinions, findings, and
carbon cloth gives the highest contact angle of°1&ad the conclusions or recommendations expressed in this publica-
lowest power density as we are expected. tion are those of the authors and do not necessarily reflect
Fig. 9 shows that using the gold mesh on both the anode the views of the US Air Force, or the Defense Advanced
and cathode sides increase the passive DFAFC performanceResearch Projects Agency.
We believe that the presences of the gold mesh increase the
performance of the cell by enhancing the electron flow, since
the gold is a good electron conductor. References

The values of the power density are obtained frBig. 4.
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