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팔라듐을 연료극 촉매로 이용한 개미산 연료전지에서의 성능과 팔라듐 촉매의 전기화학적 특성 분석을 수행하였다. 

연구를 위해 사용된 팔라듐 촉매는 직접페인트법에 의해 제조되어 전해질 위에 코팅되었다. 개미산 연료전지를 연속

적으로 반복 운행 했을 때, 팔라듐 촉매의 활성 및 개미산 연료전지의 분극 곡선 성능이 지속적으로 감소하였다. 이러

한 거동은, 연료전지의 운행동안 팔라듐 촉매와 포매이트 및 수산화 이온간 전기화학적 반응에 의한 결합에 따른 팔

라듐 촉매의 활성 저하 때문인 것으로 생각된다. 이러한 팔라듐 촉매의 활성 저하를 설명하고, 팔라듐 촉매와 개미산 

연료전지의 활성을 되살리려는 실험이 선형 전압 인가법에 의해 수행되었다. 1.0볼트의 최대 전압을 가진 역방향 선형 

전압 인가 실험 후에 팔라듐 촉매의 활성 및 개미산 연료전지의 분극 곡선 성능이 되살아났다. 이는 역방향 선형 전압 

인가법에 의해, 포매이트 및 수산화 이온들과의 결합되어 있던 팔라듐 촉매의 결합이 끊어지면서 팔라듐 촉매의 활성

이 되살아났기 때문인 것으로 분석되었다. 

We investigate the cell performance and characteristics of a direct formic acid fuel cell (DFAFC) using palladium (Pd) as 

a catalyst for anode. Pd is deposited on the electrolyte using the “direct paint” method. From a continuous three time-test 

of the polarization curve of the DFAFC, it is found that the catalytic activity of Pd and the cell performance of DFAFC 

steadily degrade as the tests are proceeded. This behavior may be due to the deactivation of Pd by formate (COOH) and 

hydroxyl (OH) groups, which are electrochemically dissociated from formic acid solution. Estimations of the degradation, fol-

lowed by reactivation in activity of Pd catalyst and DFAFC cell performance are implemented by linear voltage sweep tests 

going in both positive and negative directions. When the maximum voltage of 1.0 V versus DHE is applied to the cell while 

a linear voltage sweep test going in negative directions, the activity of Pd catalyst and the DFAFC cell performance recover 

by the rehabilitation in activity of the deactivated Pd. 
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1. Introduction
1)

At present there is considerable interest in developing miniaturized 

fuel cell systems as battery replacements for a variety of consumer and 

military electronic devices. Direct formic acid fuel cells (DFAFCs), 

which use liquid formic acid directly as a fuel to generate power, have 

great potential for use as miniaturized fuel cell systems[1-4]. Formic 

acid has several advantageous properties that favor its use over other 

fuel candidates (e.g., H2 and MeOH)-lower crossover flux through 

Nafion electrolytes because of its anionic effect, high open circuit 

voltage caused by electromotive force (EMF) of 1.45 V, and excellent 

† 교신저자 (e-mail: kwony@inhatc.ac.kr)

non-toxicity at the levels required for use as a food additive-making 

it possible to use highly concentrated formic acid solutions and thinner 

membranes[2-10].

Although platinum (Pt)-based catalysts are generally regarded as the 

main candidates for formic acid electrooxidation[5,7,11-15], the cell 

performance of DFAFCs incorporating Pt-based catalysts has been 

unsatisfactory to date because of the production of strongly bound 

intermediates (e.g., CO) during fuel cell operation and the difficulty in 

stripping them in ensuing processes. Reactions (1)-(3) summarize the 

main electrooxidation reactions of formic acid under Pt-based catalysis.

Pt + HCOOH → Pt-CO + H2O (1)
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Figure 1. Cell polarization curves of DMAFCs incorporating a Pd 

catalyst-deposited anode. The cell polarization tests were performed 

three times and were conducted at 30 ℃. The current density was 

measured with a change in the cell potential in direction of decrease 

in the cell voltage and then in the opposite direction without pause 

three times. The overall processing time was 90 min. For the clear 

analysis, the cell polarization curve data attained in direction of 

decrease in the cell voltage were used.

Pt + H2O → Pt-OH + H
+
 + e

–

(2)

Pt-CO + Pt-OH → 2Pt + CO2 + H
+
 + e

–

(3)

The CO intermediate is absorbed strongly to Pt, blocking its active 

sites and preventing further reactions, thereby limiting the activity for 

anodic oxidation of Pt[5-7]. To overcome this problem, it is necessary 

to develop catalysts, enhancing the cell efficiency and power density 

while minimizing the amount of catalyst consumed. For that purpose, 

palladium (Pd) has been considered a catalyst[3,4,6,16-18]. Indeed, the 

single cell using Pd catalysts showed much higher cell performance 

than that using Pt-based[2,16,18]. For instance, according to Zhu et al. 

[16], the performance of a DFAFC incorporating a Pd catalyst could 

even reach that of a H2 fuel cell. It is believed that the enhanced 

performance of Pd-containing DFAFCs is due to a unique role of Pd 

for the electrooxidation of formic acid-namely, that formic acid is 

electrooxidated on the Pd catalyst to produce CO2 directly through 

dehydrogenation, with little formation of the CO. Because deactivation 

of the Pd by absorption of the CO is rare, it is known that the Pd 

catalysts exhibit better activity than Pt-based catalysts in DFAFCs 

[5,16-23]. Nevertheless, the performance of DFAFCs incorporating the 

pure Pd catalyst tends to steadily degrade in continuous multiple 

polarization curve tests, in comparison with other catalysts[18]. This 

implies that the Pd catalyst in the DFAFC is deactivated by a certain 

mechanism other than the adsorption of CO. To date, there is little 

understanding of the causes of the steady deterioration of Pd catalysts. 

In this paper, we suggest explanations for (1) Pd deactivation that 

is attributed to Pd deactivation by the adsorption of formate (COOH) 

and hydroxyl (OH) groups during operation of the DFAFC and (2) Pd 

reactivation by the rehabilitation in activity of the poisoned Pds during 

a linear voltage sweep test going in the negative direction with the 

maximum voltage of 1.0 V. For revealing the deactivation and reactivation 

of Pd catalyst, electrochemical analyses such as polarization curve and 

linear sweep voltammetry are used. 

2. Experimental

For cell testing, membrane electrode assemblies (MEAs) having an 

active area of 9.0 cm
2
 were prepared using a “direct paint” method. 

The Pd black catalyst (High Surface Area, Sigma-Aldrich) was used to 

prepare the anode electrode; Pt black catalyst (HiSPEC
TM

 1000, 

Johnson Matthey) was used for the cathode electrode. The Pd and Pt 

catalyst inks were obtained by dispersing the catalyst powders into 

Millipore water and 5% recast Nafion solution (1100EW, Solution 

Technology, Inc.). The catalyst inks were then painted onto both sides 

of a Nafion 115 membrane. The loadings of the Pd and Pt catalysts 

were 8 and 7 mgcm
‐2
, respectively. The membrane-deposited inks were 

then dried and carbon cloth diffusion layers (E-Tek) were added to 

cover both the anode and cathode catalyst layers. The completed 

MEAs were placed between two graphite plates featuring serpentine 

flow channels. 

Prior to performing cell polarization tests, the MEA-included fuel 

cell configuration was subjected to a two-step pre‐conditioning process: 

(i) feeding deionized (DI) water into the fuel cell at 95 ℃ for 1 h and 

(ii) flowing H2 gas (200 sccm) past the anode while flowing air (500 

sccm) past the cathode and then maintaining these flows for 2 h at a 

fixed cell potential of 0.6 V at 80 ℃. The two-step pre-conditioning 

tests were conducted in a fuel cell testing station (Fuel Cell Control 

System, CNL, Inc.).

Cell polarization tests, using formic acid and air, were performed in 

the same fuel cell testing station as that used for pre-conditioning. 3 M 

Formic acid was fed to the anode at a constant feed rate (5 mLmin
‐1
), 

while air (500 sccm) was fed to the cathode. All fuel cell tests were 

conducted at 30 ℃. In detail explanation, we measured the current 

density with a decrease in the cell potential without pause three times. 

The overall processing time taken for the three-time cell polarization 

curve test was 90 min. 

Linear voltage sweep tests performed both in the positive and 

negative directions was carried out over a scan range from 0.05 to 1.2 V. 

DI water was fed to the anode (working electrode) at a constant feed 

rate (5 mLmin
‐1
), while H2 (200 sccm) was fed to the cathode. Here, 

the Pt/H2 combination in the cathode side of the cell acted as a DHE 

as well as a counter electrode. 

3. Results and Discussion

Figure 1 displays the cell polarization curves of the DFAFC. To 

evaluate the effect that electro‐oxidation of the anode Pd catalyst had 

on the cell performance, we implemented the polarization curve sweeps 

three times. As we carried out the sweep, the cell performance of the 

DFAFC was steadily degrading. 
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Figure 2. A linear voltage sweep test going in the positive direction, 

showing peaks in intermediates produced during the cell test. DI water 

was introduced to the anode at a flow rate of 5 mLmin
‐1
; H2 was 

introduced to the cathode at a flow rate of 200 sccm to form a DHE. 

Scan range: 0.05∼1.2 V.

Figure 3. Linear voltage sweep tests going in the negative direction 

using the maximum voltages of 0.6 V versus DHE and 1.0 V versus 

DHE, respectively. DI water was introduced to the anode at a flow 

rate of 5 mLmin
‐1
; H2 was introduced to the cathode at a flow rate 

of 200 sccm to form a DHE. 

Although dehydrogenation associated with Pd and formic acid is 

well known, it does not address why the cell performance degrades 

steadily upon increasing the number of sweep. In this study, it is 

believed that one of the most plausible explanations for that behavior 

is related to adsorption of formate species into Pd catalyst during the 

DFAFC cell operation (see reaction (4))[11,24,25]. According to the 

literatures, the foramte species ionized from formic acid can be 

adsorbed into Pd catalysts in the DFAFC cell voltage region, oxidizing 

Pd to Pd-COOH by the following reaction[11,25].

Pd + HCOOH → Pd‐COOH + H
+
 + e

–

(4)

Such produced formate adsorbed Pd catalysts prevent further electro- 

oxidation of the formic acid; i.e., Pd catalysts are deactivated as those 

are adsorbed with COOH. The existence of Pd-COOH is consistent 

with the trend in Figure 1 because of the following reason. The cell 

voltage region of DFAFC that is ranged between 0 and 0.85 V as 

shown in Figure 1 corresponds to anode voltage region that is roughly 

ranged between 0 and 0.5 V vs. DHE[26]. According to data reported 

by Zhu et al.[16] and Rand et al.[27], reaction (4) may also occur in 

voltage region of ∼0.4 V vs. DHE, meaning that the reaction takes 

place during the operation of DFAFC single cell. Based on this 

expectation, the Pd catalyst is likely to be further adsorbed by formate 

whenever sweep carries out and the fraction of Pd-COOHs in the 

overall Pds increases. 

To confirm the existence of Pd-COOH and to evaluate its correlation 

with the DFAFC cell performance, a linear voltage sweep test going 

in the positive direction was performed after the multiple polarization 

curve tests shown in Figure 1. The scan result is shown in Figure 2. 

While the sweep test, DI water was fed to the anode and H2 was fed 

to the cathode. According to the Figure 2, three obvious peaks are 

observed: a large one at a peak potential around 0.4 V versus DHE 

and the other two at the potential ranges of 0.8∼1.1 V versus DHE. 

It is believed that the large one indicates Pd-COOH peak explained 

earlier by reaction (4), while the two smaller ones represent Pd-OH 

peaks that are partly gained from reaction between Pd and DI water 

(see reaction (5)). 

Pd + H2O → Pd-OH + H
+
 + e

–

(5)

Following turning out the deactivation reactions of Pd catalyst and 

DFAFC cell performance, their regeneration effect by electrochemical 

reaction of the deactivated Pds was evaluated with a linear voltage 

sweep test going in the negative direction. Then, the polarization curve 
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Figure 4. The regeneration test of cell performance; Cell polarization 

curve sweeps were initially implemented three times. After that, a 

linear voltage sweep test going in the negative direction using voltage 

of 0.6 V versus DHE and 1.0 V versus DHE were conducted consecutively

and then the cell polarization tests were performed using the same 

process as that used to obtain Figure 1. When the sweep test using 

voltage of 0.6 V versus DHE was carried out, the cell performance of 

the DFAFC was further degraded, while the cell performance of the 

DFAFC was regenerated almost the same level as that in Figure 1 

after the sweep test using voltage of 1.0 V versus DHE.

was measured again to determine whether the activity of Pd catalyst 

and the DFAFC cell performance were regenerated.

In theory, if Pd-COOH and Pd-OH are main deactivation sources of 

Pd, when linear voltage sweep test going in the negative direction is 

performed, maximum peak for reaction (6) may take place in 0.7∼0.9 

V versus DHE by the results previously reported by Miyake et al.[25] 

and Pavese et al.[28] and Pd catalysts are reactivated. 

Pd-COOH + Pd-OH → 2Pd + CO2 + H2O (6)

Hence, according to the above estimation, when the linear voltage 

sweep is conducted at more potential than 0.7∼0.9 V versus DHE, 

reaction (6) occurs and it is likely that activity of Pd catalyst and 

DFAFC cell performance are reactivated.

To the contrary, if the test is performed at less potential than 0.7 V 

versus DHE, in theoretical prospect, Pd-COOH and Pd-OH will not be 

reacted and the activity of Pd catalyst will not recover. Therefore, it 

is expected that the cell performance of the DFAFC returns to the 

same level as that of the first sweep of Figure 1 after a linear voltage 

sweep test going in the negative direction in which the voltage is more 

than 0.9 V versus DHE. 

As values for the linear voltage sweep test, we chose two potentials, 

0.6 V versus DHE (less potential than 0.7∼0.9 V versus DHE) and 

1.0 V versus DHE (more potential than 0.7∼0.9 V versus DHE). 

Figure 3 displays results of the two linear voltage sweep tests and 

Figure 4 reveals the DFAFC cell performances measured after 

implementing the scan tests. Based on the results of Figures 3 and 4, 

when the test using a voltage of 1.0 V versus DHE is conducted and 

then the cell performance test is performed using the same process as 

that used to obtain Figure 1, the DFAFC cell performance is almost 

the same as that in Figure 1, indicating that the Pd-COOH and Pd-OH 

are all but reacted as pure Pds in the voltage range of 0.7∼0.9 V 

versus DHE as shown in Figure 3[25,28] and the Pd catalyst has 

become reactivated. On the other hand, when the test is conducted at 

0.6 V versus DHE and then the cell performance test is implemented, 

the Pd catalyst is not reacted during the test and further deactivates by 

the subsequent DFAFC cell performance test. As a result of that, the 

DFAFC cell performance is further degraded than it was in Figure 1. 

4. Conclusions

In this work, we describe the performance and characterization of 

DFAFCs incorporating Pd as a catalyst for anode and Pt as a catalyst 

for cathode, and propose Pd deactivation scenario caused by poisoning 

of Pd catalysts through the adsorption of formate ions and Pd reactivation 

scenario by reaction of the oxidized Pds during a linear voltage sweep 

test going in the negative direction with maximum voltage of 1.0 V. 

From multiple sweep tests of the polarization curve, we observed 

activity of the Pd catalyst and DFAFC cell performances were degraded. 

It was because the Pds were oxidized into Pd-COOH and Pd-OH 

during a linear voltage sweep test going in the positive direction and 

the deactivated Pds prevented further electro‐oxidation of formic acid. 

The dependence of the degradation on presence of the deactivated Pds 

is verified through linear voltage sweep tests going in the negative 

direction. When the maximum voltage is 1.0 V versus DHE, the 

activity of Pd catalyst is revived because of the reaction of Pd-COOH 

+ Pd-OH → 2Pd + CO2 + H2O with the recovery of DFAFC cell 

performance. 
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