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Abstract−We investigated the effect of temperature, oxidant and catalyst loading on the performance of direct formic

acid fuel cell (DFAFC). When oxidant was changed from air to oxygen, the power density was increased to 17.3 mW/

cm2 at 25 oC. The power density of DFAFC operated with oxygen showed a maximum value of 40.04 mW/cm2 with

the temperature rise from room temperature to 70 oC. The highest power density of DFAFC using air was observed

for Pt-Ru black catalyst with loading of 8 mgPt/cm2 at room temperature. At 70 oC; however, the performance of cat-

alyst with the loading of 4 mgPt/cm2 was higher than that of 8 mgPt/cm2. The DFAFC, operated with oxygen and cat-

alyst of 4 mgPt/cm2 loading, showed the best performance at all temperature range. The enhancement of cell perfor-

mance with an increase of catalyst loading is believed to come from an increase of catalyst active sites. However, op-

erated at higher temperature or with oxygen, the cell with higher catalyst loading showed lower performance than ex-

pected. It is speculated that the thick catalyst layer inhibits the proton transport.
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INTRODUCTION

A direct methanol fuel cell (DMFC) can operate well at rela-

tively low temperature, and has high efficiency, simple design and

no leakage of electrolyte. So, DMFC has been extensively studied as

a promising power and energy supplier for portable power devices.

However, DMFC using methanol as a fuel has several problems,

such as fuel crossover and CO poisoning of cathode catalyst [Cruick-

shank and Scott, 1992; Heinzel and Barragan, 1999; Lee et al., 1998;

Nakagawa and Xiu, 2003; Park et al., 2004; Son, 2004; Yang et al.,

2002; Yoon et al., 2003]. As a solution for these problems, formic

acid was proposed as a substitute fuel for miniature fuel cells [Rice

et al., 2002]. In the previous work, we confirmed that formic acid

can be used as a fuel of fuel cell [Kim et al., 2004].

Formic acid exists as a liquid phase like methanol at room tem-

perature. It is easily found in nature, and it is not harmful to humans,

so it is approved by the US Food and Drug Administration (FDA)

for use as a food additive. Also, the theoretical open circuit poten-

tial (OCP) for formic acid is 1.45 V, which is higher than that of

hydrogen with 1.23 V and methanol with 1.18 V. Because formic

acid is a strong electrolyte, it is expected to facilitate both electron

and proton transfers. In addition to these advantages, formic acid

partially dissociates in solution, forming a formate anion. The for-

mate anion diffuses very slowly through Nafion® membrane. On

the contrary, methanol dissociates cation diffusing rapidly through

Nafion® membrane. Slow diffusion of formic acid is expected to

result in low fuel crossover and enable use at high concentrations.

In the work reported by Rhee and co-workers, permeation of for-

mic acid through Nafion membrane is sharply slower than that of

methanol [Rhee et al., 2003]. Also, Rice and co-workers obtained

current density of 134 mA/cm2 and power density of 48.8 mW/

cm2 using catalyst developed in-house [Rice et al., 2002]. This pre-

vious work supports that formic acid has potential as fuel of a fuel

cell. Though research on the DFAFC started in USA at the end of

2001, sufficient work has not been carried out yet in comparison

with DMFC.

In this study, we investigated the effects of temperature, oxidant

and catalyst loading on the performance of DFAFC. Temperature was

changed from 25 oC to 70 oC and the oxidants were air and oxygen.

The anode catalyst loaded on the membrane was 4 mgCatalyst/cm2,

4 mgPt/cm2 and 8 mgPt/cm2, respectively. The purpose of this study

is to understand the significance of various parameters in DFAFC

system.

EXPERIMENTAL

In this study, Nafion® 117 (Dupont) was used as a polymer elec-

trolyte membrane. To remove impurities, Nafion® membrane was

preconditioned prior to fabrication of membrane electrode assem-

bly (MEA). First, it was boiled in 5% hydrogen peroxide at 80 oC.

Then, it was boiled in 0.5 M H2SO4 at 80 oC to let protons change

to form of hydrogen ion. Finally, the treated membranes were stored

in millipore water prior to use [Rhee et al., 2003].

The electrode support plays a role that sustains electrode and helps

diffusion of fuel and oxidant. Therefore, it should have high poros-

ity, and high electron conductivity to accumulate current generated

at electrode [Cho and Lim, 2004; Jung, 2004; Lee and Won, 2003].

In this study, carbon cloth (Torey Co.) was used as an electrode sup-

port. The electrode support of cathode side was particularly treated

teflon to manage water.

The catalyst inks were prepared by dispersing the catalyst nanopar-
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ticles into appropriate amount of millipore water and 5 wt% Nafion®

solution (EW 1100, Aldrich). To disperse particles, the solution was

stirred by ultrasonic waves. Then, both the anode and cathode cat-

alyst inks were directly painted by using a ‘direct painting’ tech-

nique onto either side of a Nafion® 117 membrane [Rice et al., 2002,

2003; Ha et al., 2002, 2004; Zhu et al., 2004]. A carbon cloth dif-

fusion layer was placed on top of both the anode and cathode cat-

alyst layers. The active cell area was 2.25 cm2 (1.5 cm×1.5 cm).

In this study, commercial catalysts were used. All of cathode cat-

alysts were Pt black (HISPECTM 1000, Johnson-Matthey), and the

amount of Pt loaded on membrane was 7 mg/cm2. The anode cat-

alyst was Pt-Ru black (HISPECTM 6000, Johnson-Matthey), and

different amounts of catalyst for each experiment were used.

96% A.C.S. grade formic acid (Aldrich) was used as a fuel and

was diluted to 9 M. The oxidant was air or oxygen. Initially, the

MEA was conditioned within the testing fixture at 70 oC with air

and then with formic acid at room temperature for several hours.

The anode/cathode flow fields were machined into conductive graph-

ite blocks. Formic acid was supplied to the anode side of MEA at a

flow rate of 1 ml/min. humidified oxidant was supplied to the cath-

ode at a flow rate of 200 ml/min.

The single-cell test fixture was designed for use with formic acid.

In this study, we evaluated fuel cell performance in terms of poten-

tial and power density vs. current density according to the tempera-

ture, oxidant and catalyst loading. A schematic diagram of the ex-

perimental system is shown in Fig. 1.

RESULTS AND DISCUSSION

Fig. 2 shows the effect of oxidation gas, air or oxygen, on the

performance of DFAFC. The fuel cell was operated at room tem-

perature with anode catalyst loading of 4 mgPt/cm2. The OCP of

fuel cell operated with air was 0.552 V. The maximum current den-

sity and power density were 130 mA/cm2 and 27.72 mW/cm2, re-

spectively. On the other hand, the fuel cell operated with oxygen

showed OCP of 0.625 V, and the maximum current density and pow-

er density were 240 mA/cm2 and 48.51 mW/cm2, respectively. Name-

ly, the change of oxidant enhanced the performance of the DFAFC

system by 48%. Nakagawa et al. reported the effect of oxidant gas

at direct methanol fuel cell (DMFC) system. According to the re-

port, the power density with air feeding was almost twice as high

as that with air feeding. They explained that the increase of fuel cell

performance may be related to the mass transfer of oxygen at the

cathode because the mass transfer, like gas diffusion and surface

diffusion, responds at a relatively high frequency. The reason for

the increase of DFAFC performance may be explained by the same

consideration since the DFAFC system is similar to DMFC system

[Nakagawa and Xiu, 2003]. An increase of oxygen concentration

will make the mass transfer of oxygen easier and faster. And the

faster mass transfer of oxygen will enhance the reaction rate. As a

result, the DFAFC with oxygen feeding will show better perfor-

mance than that with air feeding. Reactions at anode and cathode

sides of DFAFC may be represented as follows:

(1)

(2)

(3)

Also, we might assume the total reaction rate be generally ex-

pressed by Eq. (4) as follows:

(4)

Here, k is the reaction rate constant, and [HCOOH]ads and [O2]ads
are mean concentrations of formic acid and oxygen adsorbed on

the active sites of catalyst, respectively. The concentration of oxygen

adsorbed on the active sites of catalyst will increase with changing

of oxidant from air to oxygen, causing faster reaction rate. As a re-

sult, the oxidant change from air to oxygen will enhance the fuel

cell performance.

Fig. 3 shows the fuel cell performance with an increase of temper-

ature. Anode catalyst was loaded with 4 mgPt/cm2, and oxygen was

used as an oxidant. Operating temperature of fuel cell was changed

anode: HCOOH 2H
+

 + CO2 + 2e
−

→

cathode: 2H
+

 + 

1

2
---O2 + 2e

−

H2O l( )→

overall: HCOOH + 

1

2
---O2 H2O l( ) + → CO2

v = k HCOOH[ ]ads O2[ ]ads

1/2

Fig. 1. Schematic diagram of experimental system.

Fig. 2. Effect of oxidation gas on the performance of fuel cell (9 M
HCOOH, 25 oC, Pt-Ru black 4 mgPt/cm2).
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from 25 oC to 70 oC. The fuel cell performance increased with the

increase of operating temperature. The fuel cell showed a maxi-

mum current density of 420 mA/cm2 and power density of 88.6 mW/

cm2 at 70 oC. The increase of the fuel cell performance can be ex-

plained by the Arrhenius relation shown in Eq. (5).

k=A exp(−E
a
/RT) (5)

Here the reaction rate constant k is an important factor for the

reaction rate. According to Eq. (5), the reaction rate constant k in-

creases with increasing temperature. As a result, the reaction rate

of the fuel cell increases, and fuel cell performance increases as well.

However, the degree of increase of cell performance decreases with

the increase of temperature as shown in Table 1. OCP, maximum

current density and maximum power density of fuel cell were sum-

marized for the fuel cell with catalyst loading of 4 mgPt/cm2 at dif-

ferent temperatures. The fuel cell showed a maximum power den-

sity difference of 15.5 mW/cm2 between 25 oC and 40 oC. On the

other hand, the difference in power density was only 5.1 mW/cm2

between 60 oC and 70 oC. The reason for this may be that Nafion®

membrane demonstrates relatively better proton conductivity at 55-

70 oC lessening the temperature effect. In this temperature range,

the conductivity is highest in the case of minimum water content,

too. This may be related to the movement of the main loop of poly-

mer in Nafion® membrane. The movement of the main loop is most

active in this temperature range so that the proton can be much more

easily transported [Reike and Vanderborgh, 1987].

The result on the change of catalyst loadings was quite interest-

ing. The performance curves of fuel cell were compared by chang-

ing catalyst loadings, oxidant and temperature. Fig. 4, 5, and 6 show

the effect of anode catalyst loading on the performance of fuel cell

with air feeding at different temperatures. Catalyst loadings were

4 mgPt/cm2 and 8 mgPt/cm2, respectively. The fuel cell with cata-

lyst loading of 8 mgPt/cm2 demonstrated very good performance

Fig. 3. Effect of temperature on the performance of fuel cell (9 M
HCOOH, O2, Pt-Ru black 4 mgPt/cm2).

Table 1. Comparison of OCP, maximum current density, maximum
power density at different temperatures (9 M HCOOH,
O2, Pt-Ru black 4 mgPt/cm2)

Temperature

(oC)

OCP

(V)

Max. current

density (mA/cm2)

Max. power

density (mW/cm2)

25 0.625 240 48.51

40 0.669 310 63.99

50 0.677 360 73.66

60 0.685 400 83.49

70 0.687 420 88.55

Fig. 4. Effect of catalyst loading on the performance of fuel cell at
25 oC (9 M HCOOH, Air, Pt-Ru black).

Fig. 5. Effect of catalyst loading on the performance of fuel cell at
40 oC (9 M HCOOH, Air, Pt-Ru black).

Fig. 6. Effect of catalyst loading on the performance of fuel cell at
70 oC (9 M HCOOH, Air, Pt-Ru black).
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at 25 oC as shown in the previous research of our laboratory [Kim

et al., 2004]. One might expect the better performance with higher

catalyst loading. However, a fuel cell with the increase of tempera-

ture demonstrated better performance with less catalyst loading of

4 mgPt/cm2 as shown in Figures. In low temperature, a fuel cell with

larger amount of catalyst will show better cell performance since a

larger amount of catalyst plays a more significant role in accelerating

the reaction rates. On the other hand, since the reaction rates will be

rapidly increased according to Eq. (5), the proton will be produced

more rapidly. At the same time, the transfer of proton through the

membrane may be inhibited by a thick catalyst layer, diminishing

the effect of increasing temperature. This is considered in terms of

a trade-off between kinetic and mass transfer limitation, indicating

the importance of using the proper amount of catalyst. This effect

of catalyst loadings was confirmed in fuel cell by using oxygen as

an oxidant, too.

Figs. 7 and 8 show the effect of catalyst loading with oxygen as

an oxidant on the fuel cell performance. Anode catalyst loadings

were 4 mgCatalyst/cm2, 4 mgPt/cm2, and 8 mgPt/cm2, respectively.

The fuel cell with anode catalyst loadings of 4 mgPt/cm2 showed

the best performance in all temperature ranges. This result is dif-

ferent from cell performance with air as an oxidant as shown in Fig. 4,

6. This result implies that the proton produced rapidly by increasing

oxygen concentration cannot transport effectively through Nafion®

membrane due to the thick catalyst layer. At low temperature, the

fuel cell with catalyst loadings of 8 mgPt/cm2 showed better per-

formance than that with catalyst loadings of 4 mgCatalyst/cm2. It is

speculated that catalyst loading of 4 mgCatalyst/cm2 was not sufficient

for oxidation of formic acid. As the temperature increased, however,

the fuel cell performance with catalyst loadings of 4 mgCatalyst/

cm2 showed better than that with catalyst loadings of 8 mgPt/cm2.

This may be explained by the same reasoning. Namely, the thick

catalyst layer inhibits the transfer of protons, causing poor perfor-

mance of the fuel cell. The DMFC system has an optimum catalyst

loading according to the research of Nakagawa et al. [Nakagawa

and Xiu, 2003]. Likewise, it is obvious from our results that the se-

lection of optimum catalyst loading will be very important in DFAFC

system, too.

CONCLUSIONS

The concentration of oxygen had a significant effect on the di-

rect formic acid fuel cell performance. The fuel cell with oxygen

feeding showed the maximum power density of 48.51 mW/cm2 at

25 oC. This result corresponds to 17.31 mW/cm2 improvement when

compared to a fuel cell operated with air at the same condition. Also,

the operating temperature of the fuel cell had a great effect on the

DFAFC performance. The DFAFC with oxygen feeding generated

the maximum power density of 88.55 mW/cm2 at 70 oC, which cor-

responds to about 82.5% enhancement compared to that obtained

at 25 oC.

Higher catalyst loading of anode resulted in better cell perfor-

mance at low temperature. However, higher catalyst loading caused

the inhibition of proton transfer at high temperature with oxygen,

lessening the temperature increasing effect. Therefore, it is impor-

tant to select optimum catalyst loading in designing the DFAFC

system.
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