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H I G H L I G H T S  

• A pore-designed anode catalyst layer for DFAFC is fabricated using pore former. 
• Electrospinning is used to prepare polystyrene fiber (PSF) as pore former. 
• Power density and mass transport rate can be improved by pore forming. 
• Optimal diameter and amount of PSF are found showing high DFAFC power density.  
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A B S T R A C T   

Controlling the mass transport in the anode plays a crucial role in the higher performance of direct formic acid 
fuel cells (DFAFCs) due to the two-phase flow of the liquid fuel reactant with the CO2 gaseous product. A pore- 
designed anode catalyst layer using polystyrene fiber (PSF) as a pore former is fabricated to investigate the 
relationship between the pore properties of the DFAFC and power generation/mass transport characteristics by 
controlling the diameters and amounts of the PSF. PSFs with various average diameters are prepared by the 
electrospinning. The anode catalyst containing the PSFs is coated by spraying method on the membrane. The 
PSFs in the anode catalyst layer are removed by soaking in ethyl acetate, resulting the pore forming in the 
catalyst layer. DFAFC using 3 μm-0.5 PSF as pore former shows the highest crossover flux at the operating 
temperatures of 30 ◦C and 60 ◦C, which results in 25% and 5% increases of the maximum power density 
respectively, as compared to without-PSF. This indicates that the appropriate PSF properties, i.e., diameter and 
amount, can contribute to enhancing the liquid saturation in the catalyst layer by increasing the fuel transport 
and CO2 removal, resulting in a performance improvement.   

1. Introduction 

Hydrogen-fed polymer electrolyte membrane fuel cells (PEMFCs) are 
recognized as a pioneering type of fuel cell that excels in a variety of 
application including the automotive industry. However, because 
hydrogen is a highly flammable gas, its delivery and storage pose 
challenges that must be addressed with caution [1]. Direct liquid fuel 
cells (DLFCs), on the other hand, have advantages in terms of safe fuel 
storage and are more practical, thus leading to their rapidly growing 
interest in portable electronic device applications [2]. 

One of the several types of DLFCs, the direct formic acid fuel cell 

(DFAFC), has gained attention due to its fast electro-oxidation in the 
anode and ability to achieve a higher power density than the direct 
methanol fuel cell (DMFC) [3–5]. Moreover, its lower formic acid 
crossover flux (CF) rate has also enabled it to operate with a thinner 
electrolyte membrane and higher fuel concentrations [2,6]. The DFAFC 
typically consists of anode and cathode electrodes, each of which com-
prises a catalyst layer and a diffusion layer and is separated by a proton 
exchange membrane. It generates electricity when the fuel reaches the 
anode catalyst layer and is oxidized, producing CO2, protons, and 
electrons. The generated protons will then transfer through the polymer 
electrolyte membrane to the cathode, while electrons will pass through 
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the external circuit to generate electricity. In the presence of protons and 
electrons from the anode, O2 is reduced in the cathode to produce H2O. 

Because the DLFC employs a liquid as a reactant, it has been iden-
tified that during cell operation, a two-phase counter flow of the liquid 
fuel reactant with the CO2 gaseous product exists in the anode electrode 
and becomes a critical issue for the higher efficiency of the DLFC per-
formance [7–9]. This is because the removal of the CO2 gaseous product 
from the anode catalyst layer is required to maintain the good dispersion 
of the liquid fuel towards the anode catalyst layer [8–12]. In addition, 
when the rate of CO2 gaseous removal is less than the rate of its pro-
duction, the CO2 gaseous accumulates in the porous electrodes (diffu-
sion layer and catalyst layer) and limits the liquid fuel transport to the 
anode catalyst layer which causes a sluggish electro-oxidation reaction. 
Therefore, several strategies have been carried out since then in an 
attempt to mitigate the mass transport limitation issue of the DLFC 
anode electrode. This includes research of improving the anode flow 
field design [13,14], as well as in the anode diffusion layer [15–18]. 
Despite the focus of research in these two areas, the anode catalyst layer 
is also an important area because the electro-oxidation reaction occurs 
for the cell power generation. 

Few studies have reported that modifying the anode catalyst layer to 
account for pore structure enhancement through the use of a pore 
forming agent has improved the mass transport balance in the anode 
electrode [19–23]. Tucker et al. [19] reported that by introducing 50% 
Li2CO3 particle as a pore forming agent in the DMFC anode catalyst 
layer, which was then removed by soaking it in H2SO4, they were able to 
achieve a more open pore structure in the catalyst layer. They also stated 
that the decrease in the concentration overpotential observed in the 
polarization curve is due to the increased mass transport caused by 
increasing the pore size. However, particle size optimization is still 
necessary to achieve the optimal size for the maximum cell performance. 
In another DMFC study, Liu et al. [20] used a dual-layer catalytic anode 
with different porosities with the inner layer being less porous than the 
outer layer to improve the methanol permeation resistance through the 
membrane. To create the porous outer layer, NH4HCO3 particles were 
used which resulted in a 40% performance improvement for their 30 ◦C 
cell operating temperature. Bauskar et al. [21] discovered the optimal 
amount of the pore forming agent in the DFAFC study by varying two 
different amounts of Li2CO3 (17.5% and 50%) particles on their anode 
catalyst layer for the improvement of the formic acid transport. They 
also stated that the increased mass transport had no effect on the formic 
acid CF, but no experimental details related to the fuel transport were 
provided in their study. Later, in another DMFC study, Lee et al. [22] 
optimized the different particle sizes of the SiO2 pore forming agent. It 
was discovered that larger pores provided a better performance than the 
smaller pores due to their ability to easily convey fuel to the catalyst 
particle, which caused improvement in the activation loss, leading to an 
enhanced cell performance. Huang et al. [23] found that the combina-
tion of the pore structure improvement of the anode catalyst layer along 
with a microporous layer prepared by adding the MgO sacrificial pore 
former had greatly enhanced the DMFC performance due to better 
catalyst utilization demonstrated by the CV measurements. Although 
some of these studies have demonstrated that pore properties, such as 
the pore diameters, amounts and/or shape, have a significant impact on 
the DLFC performance, the relationship between the pore properties and 
the CF, which defines the quantitative rate of mass transport, has not 
been reported, particularly for the DFAFC. In this context, the effect of 
the pore properties in the anode catalyst layer created by the pore 
former on the DFAFC power generation characteristics and formic acid 
fuel CF were investigated in this study. In order to control the shape, 
size, and amount of the pore, polystyrene fibers (PSFs) having different 
diameters were prepared as pore formers by electrospinning. In contrast 
to the previously mentioned particle pore former, which can only con-
trol its diameter, the fiber has the advantage that it can easily be ob-
tained by electrospinning, which can control both the diameter and the 
length. 

Electrospinning has been widely used as a promising technique to 
fabricate micro- and nanofibers, which provides excellent control over 
the properties of the fiber formed, such as the fiber diameters, that are 
derived from various polymer solutions under a very high electrical field 
[24]. In the present study, by using polystyrene (PS) as a polymer so-
lution, which has been chosen due to its characteristic of being easily 
removed via chemical treatment [25], as well as the fact that it is clas-
sified as a polymer compound that is suitable to form a fiber using 
electrospinning [24], we fabricated PSF with different diameters using 
an electrospinning technique [26,27], which is the first to be used as a 
pore forming agent for modification of the anode catalyst layer’s porous 
structure. The power generation characteristics and crossover flux of the 
DFAFC was investigated at different operating temperatures (30 ◦C and 
60 ◦C) and formic acid concentrations (3 M, 5 M and 7 M) by using 
several anodes prepared with different diameters of the PSF (1-μm, 3-μm 
and 5-μm) containing different amounts of PSF (0.3 and 0.5) in order to 
discuss the relationship of the pore properties to the power generation 
and the mass transport characteristics. 

2. Experimental methods 

2.1. Fabrication of pore-designed anode catalyst layer 

2.1.1. Fabrication of PSF by electrospinning 
Electrospun PSF with different diameters of 1-μm, 3-μm and 5-μm 

were fabricated by electrospinning (Nanon-01B, MECC Co., Ltd.). The PS 
polymer (Mw ~ 280,000, Sigma) was used, and a PS solution was pre-
pared by dissolving the PS into a solvent mixture containing N,N- 
dimethylformamide (DMF) and tetrahydrofuran (THF) in the weight 
ratio of 50:50. By using different concentrations of the PS solution and 
different electrospinning operating conditions, the different diameters 
of the PSF were obtained [26,27]. To obtain a PSF of 3-μm and 5-μm 
average diameters, a 23 wt% PS solution was used, while the 0.025 wt% 
tetrabutylammonium bromide (TBAB) salt was added to a 20 wt% 
concentration of the PS solution to obtain the 1-μm diameter PSF. All of 
the PS solutions were then stirred for 6 h at room temperature using a 
mechanical stirrer to achieve a homogeneous solution. 

The homogeneous PS solutions were then transferred to a syringe 
equipped with a tube and a needle tip. For the electrospinning, the sy-
ringe was horizontally clamped on the syringe pump. A grounded cyl-
inder collector was covered with aluminum foil for the collection of the 
PSF, and was rotated at 100 rpm with the tip-to-collector distance 
varying from 15 to 20 cm. The flow rates and the voltage of the elec-
trospinning were varied from 0.5 to 2 mL/h and 15 to 30 kV, respec-
tively, to obtain 1-μm, 3-μm and 5-μm diameter PSFs. The diameters 
were confirmed by scanning electron microscopy (SEM, SU1510 
Hitachi). 

2.1.2. Controlling the length of PSF 
The PSFs were then shortened to a similar average length that was 

controlled by using an ultrasonic homogenizer (Sonifier SFX250, Bran-
son). The electrospun PSF was weighed in two different weight ratios, i. 
e., weight of PSF to the carbon of Pd/C, which is used as the anode 
catalyst, of 30:70 and 50:50, before being placed in a 50-mL beaker 
containing isopropyl alcohol as the homogenizing medium. It was then 
homogenized in the ultrasonic homogenizer. The homogenizing time 
was varied from 15 to 40 min while the power output was varied from 
20% to 70% to achieve an average PSF length of 5 to 20 μm for all the 
PSF diameters (1-μm, 3-μm and 5-μm). The shortened PSFs for all the 
diameters of the PSF were then observed by using SEM. 

2.1.3. Catalyst coated membrane (CCM) preparation using PSF as a pore 
former to form a pore-designed anode catalyst layer 

The anode catalyst ink was prepared by mixing the Pd/C catalyst (40 
wt% Pd, Ishifuku Metal Industry Co., Ltd.) with deionized water and a 5 
wt% of Nafion solution (Wako Pure Chemical Industries, Ltd.). The 
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previously shortened PSF, which is in the isopropyl alcohol, was then 
added to the anode catalyst ink and homogenized in an ultrasonic bath 
(W-113A, Honda Electronics, Co., Ltd.) for 13 min. The homogenized 
catalyst ink was then sprayed (ExactaCoat, SONO-TEK) on the mem-
brane (Nafion 212) with an active area of 5.29 cm2 (2.3 cm × 2.3 cm) 
forming a 1.2–1.4 mg-Pd/cm2 loading. The loading of the Nafion ion-
omer was controlled by the proportion of I/C, i.e., the weight ratio of 
ionomer and carbon was 1.0. 

For the cathode electrode, Pt/C (46.5 wt% of Pt, TEC10E50E, Tanaka 

Holdings Co., Ltd.) was used as the catalyst and mixed with the same 
components as the anode, but without the pore forming agent (PSF). The 
cathode catalyst ink was then sprayed on the other side of the membrane 
containing the anode catalyst layer to form a CCM. To avoid flooding, a 
hydrophobic microporous layer (MPL) was then coated on the cathode 
catalyst layer by spraying, with the composition of carbon black (Vulcan 
XC-72R, Fuel Cell Store), deionized water, isopropyl alcohol, and 12 wt 
% PTFE dispersion to achieve a 0.3 mg-C/cm2 carbon loading. 

In order to form pores, the PSF was removed from the anode catalyst 

Fig. 1. Morphological images of the pore-designed anode catalyst layers of; a) 1 μm-0.3, b) 1 μm-0.5, c) 3 μm-0.3, d) 3 μm-0.5, e) 5 μm-0.3, f) 5 μm-0.5 and g) 
without-PSF. 
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layer by soaking the CCM in ethyl acetate for 2 h. The excessive ethyl 
acetate was then removed by putting the CCM in 80 ◦C hot water for 1 h. 
The CCM was then dried in the oven at 80 ◦C. To prepare the CCMs with 
different pore-designed anode catalyst layers, different diameters and 
PSF amounts as the pore forming agent were introduced and labeled as 
follows: 

Without-PSF: Anode catalyst layer without PSF. 
1 μm-0.3: Anode catalyst layer containing 30:70 wt ratio of PSF to C 

of 1-μm PSF. 
1 μm-0.5: Anode catalyst layer containing 50:50 wt ratio of PSF to C 

of 1-μm PSF. 
3 μm-0.3: Anode catalyst layer containing 30:70 wt ratio of PSF to C 

of 3-μm PSF. 
3 μm-0.5: Anode catalyst layer containing 50:50 wt ratio of PSF to C 

of 3-μm PSF. 
5 μm-0.3: Anode catalyst layer containing 30:70 wt ratio of PSF to C 

of 5-μm PSF. 
5 μm-0.5: Anode catalyst layer containing 50:50 wt ratio of PSF to C 

of 5-μm PSF. 

2.2. Characterization of pore-designed anode catalyst layer 

The morphological images of the pore-designed anode catalyst layers 
before and after the PSF removal were observed using an SEM. The 
properties of the pores formed by the PSFs, i.e., the diameter and length, 
on the pore-designed anode catalyst layers were also measured using an 
SEM by averaging the information of 50 pores. A micrometer and an 
SEM were used to measure the thickness, and it was confirmed that there 
is a slight difference in the thickness of the catalyst layer measured by a 
micrometer and an SEM. The overall porosity was calculated using the 
following equation, which was based on the thickness of the catalyst 
layer and weight loading of the catalyst layer components [28]: 

ε= tcl − tcompact

tcl
Eq.1  

where tcl is the thickness of the catalyst layer, [cm], and the tcompact was 
calculated based on the weight loading of the catalyst layer components, 
[cm], calculated as follows: 

tcompact =
mN

ρN
+

mc

ρc
+

mPd

ρPd
Eq.2  

where mN, mC, and mPd are the weight loadings of Nafion, carbon, and 
palladium, [g/cm2], respectively. ρN, ρC and ρPd are the densities of the 
Nafion, carbon and palladium, and are considered to be 2.00, 1.80 and 
12.02, [g/cm3], respectively [28,29]. 

2.3. Single cell assembly and performance evaluation 

The DFAFC single cell (FC-05-02H2R, ElectroChem, Inc.) was 
assembled by hot-pressing the CCM with untreated carbon cloth (CC 
plain, Fuel Cell Earth) at 140 ◦C and 5 MPa for 3 min to form a mem-
brane electrode assembly (MEA). The MEA was then sandwiched be-
tween a graphite plate containing serpentine flow channel current 
collectors and a silicone sheet. Before conducting the performance test 
of the different MEAs, a single cell pre-treatment was required by per-
forming the current-time (i-t) test for 1 h and subsequently performing 
the current-voltage (i-V) test. The (i-t) and (i-V) tests were repeated 
several times until a stable performance was achieved with at least three 
curves of (i-V)s being completely fitted. The pre-treatment was con-
ducted at the single cell operating temperature of 60 ◦C, 5 M formic acid 
concentration and 500 mL/min dry oxygen using an electrochemical 
measurement system (IT8512C+, ITECH Electronics Co., Ltd.). 

To observe the effect of different pore-designed anode catalyst layers 
containing different PSF diameters and amounts on the DFAFC perfor-
mance characteristics, the DFAFCs were operated at the two different 

temperatures of 30 ◦C and 60 ◦C using 3 M, 5 M and 7 M formic acid 
concentrations and 700 mL/min oxygen gas flow rate. During the per-
formance test, the anode performance will be degraded due to catalyst 
poisoning. Hence, the regeneration process needs to be performed after 
each power generation by washing the anode surface using deionized 
water until the cell voltage was reduced to 0.1 V [30,31]. 

2.4. CF measurement 

The formic acid CF was estimated by measuring the CO2 concen-
tration at the cathode’s outlet [30]. The DFAFC was operated at the 
constant currents of 0 A and 1 A to observe the formic acid transport 
characteristics under open and closed circuit conditions. It was also 
operated under the same operating temperatures and acid concentra-
tions as in the performance test evaluation (Section 2.3). The CO2 gas 
was collected using a sampling bag at the cathode’s outlet through the 
cold trap and the concentration of the collected CO2 gas was then 
determined by using a gas analyzer (GCT-7100, Shimadzu Corporation). 
It was assumed that the formic acid permeated from the anode through 
the electrolyte membrane at the cathode catalyst layer was completely 
and immediately oxidized to CO2. Hence, the CO2 concentration at the 
cathode’s outlet was estimated as the formic acid CF. 

3. Results & discussion 

3.1. The characteristics of the PSF and the pore-designed anode catalyst 
layers 

The morphological images of the different PSF diameters fabricated 
by electrospinning are shown in Fig. S1. It was confirmed that long and 
uniform PSFs were formed with the mean diameters of 1.1 μm, 3.3 μm 
and 5.5 μm. The morphological images of the shortened PSF are also 
shown in Fig. S2. It was found that the mean lengths of the shortened 
PSFs were nearly controlled around 20 μm, i.e., 16.1, 23.1, and 19.3 μm, 
for the 1-μm, 3-μm, and 5-μm PSF diameters, respectively. 

Fig. 1 shows the morphological images of the pore-designed anode 
catalyst layers after removal of the 0.3 and 0.5 amounts of the 1-μm 
diameter PSF (Fig. 1 a and b), 3-μm diameter PSF (Fig. 1 c and d) and 5- 
μm diameter PSF (Fig. 1 e and f). A higher magnification of the 
morphological images for the 1-μm diameter PSF is also demonstrated in 
the box in Fig. 1 a and b, for larger observations. Moreover, further 
morphological images at a higher magnification are shown in Fig. S3 to 
measure the mean pore diameter and length, which are then summa-
rized in Table 1 along with the used PSF properties. According to the 
table, it was found that the mean pore diameter formed on the catalyst 
layers increased as the diameter of the PSF increased, with the 1-μm PSF 
forming 0.7–0.9 μm, and the 3 and 5-μm PSF forming 2.1–2.2 μm and 

Table 1 
The mean diameters and lengths of the PSF and the pores formed in the catalyst 
layer.  

Sample The mean 
diameter of PSF 
used (μm) 

The mean 
length of PSF 
used (μm) 

The mean 
diameter of pore 
formed (μm) 

The mean 
length of pore 
formed (μm) 

1 μm- 
0.3 

1.1 16.1 0.9 10.6 

1 μm- 
0.5 

0.7 11.7 

3 μm- 
0.3 

3.3 23.1 2.2 18.8 

3 μm- 
0.5 

2.1 16.9 

5 μm- 
0.3 

5.5 19.3 4.3 14.7 

5 μm- 
0.5 

4.0 17.6  
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4.3–4.0 μm, respectively. Moreover, all the pore-designed anode catalyst 
layers have a somewhat similar mean pore length of 10.6–18.8 μm. 
When comparing the catalyst layer designed from the different pore 
diameters under the same PSF loading (amount), as shown in Fig. 1 a, c, 
and e, and Fig. 1 b, d, and f, the number of pores formed by the PSF in the 
catalyst layers decreased as the diameter of the PSF increased, regardless 
of the PSF amount (0.3 or 0.5). This result is in accordance with the 
study conducted by Lee et al. [22] which demonstrated that the pore 
volume decreased as the diameter of the particle pore former increased. 
On the other hand, the number of pores increased when increasing the 
PSF amount from 0.3 to 0.5 (Fig. 1 a to b), (Fig. 1 c to d) and (Fig. 1 e to 
f). For comparison, there were no additional pores shown in the catalyst 
layer without-PSF, as seen in Fig. 1 g. 

The characteristics of the pore-designed anode catalyst layers are 
summarized in Table 2. It was found that the catalyst loadings were 
controlled to be nearly the same with the highest percentage difference 
being only 13%. However, it was also found that the thickness of the 
catalyst layers increased with the addition of the PSF compared to that of 
without the PSF, regardless of the PSF diameters or amounts. For the 
different PSF diameters, increasing the PSF diameters from 1-μm to 5-μm 
caused a decrease in the thickness of the catalyst layer regardless of the 
PSF amounts used. This could be due to a decrease in the number of 
pores formed by the PSF as the PSF diameter increased, as seen in the 

morphological images of Fig. 1. On the other hand, the thickness of the 
catalyst layer increased as the PSF amounts increased from 0.3 to 0.5 for 
all the PSF diameters, which would be due to an increase in the number 
of pores in the catalyst layer, as seen in the morphological images of 
Fig. 1. 

In addition, the overall porosity of the catalyst layers shown in 
Table 2 also increased as the PSFs were added to the catalyst layers as 
compared to catalyst layer without-PSF, irrespective of the PSF di-
ameters and amounts. We also found that the overall porosity of the 
catalyst layer decreased with the increasing PSF diameters, regardless of 
the PSF amounts. This result is consistent with the morphological images 
shown in Fig. 1 where the number of pores decreased as the PSF di-
ameters increased. On the other hand, the overall porosity slightly 
changed, or no clear trend was observed when the PSF amount increased 
from 0.3 to 0.5 for all the PSF diameters. Furthermore, the correlation 
between the thickness and the overall porosity for the different PSF 
properties has been further summarized in Fig. 2. It was found that a 
highly porous structure containing small pores with a thick catalyst 
layer has been formed by using a smaller PSF diameter, whereas a less 
porous catalyst layer containing larger pores with a thin catalyst layer 
was formed by using a larger PSF diameter. Thus, this indicated that the 
utilization of different PSF diameters and amounts as a pore forming 
agent exhibited different structures and characteristics of the catalyst 
layers. 

3.2. Effect of pore-designed anode catalyst layer on DFAFC power 
generation and mass transport characteristics at 30 ◦C operating 
temperature 

3.2.1. Impact of pore-forming by PSF on the power generation and mass 
transport characteristics 

The power density and polarization curve of the pore-designed anode 
catalyst layers using different PSF diameters and amounts at a 30 ◦C 
operating temperature are shown in Fig. S4. The maximum power 
density (MPD), limiting current density (LCD) and crossover flux under 
open circuit (CF–O) and closed circuit (CF–C) conditions are further 
summarized in Fig. 3 a, b, c and d, respectively. All the parameters, i.e., 
MPD, LCD, CF-O and CF-C, increased with the increasing formic acid 
concentration for all the MEAs. These results imply that the improve-
ment of the overpotential due to mass transport in the anode is more 
significant compared to the increase in the overpotential due to an in-
crease in the CF, irrespective of with or without pore-forming. 

Referring to the effect of the pore-forming on the power generation 
and mass transport in the DFAFC, a higher MPD was obtained when 3- 
μm and 5-μm PSFs were used as the pore former. Similarly, the LCD, CF- 
O and CF-C also increased in these cases suggesting that the mass 
transport in the anode catalyst layer could be improved by selecting the 
appropriate PSF properties, such as a 3 or 5-μm PSF diameter. A similar 
(at 0.3) or lower (at 0.5) MPD was observed when a 1-μm PSF was used 
compared to that of without-PSF. In these cases, LCD and CF-O were also 
similar at 0.3, and lower at 0.5 compared to that of without-PSF. On the 
other hand, the 1-μm PSF showed a higher CF-C compared to the case of 
the without-PSF. This would be related to the thickness of the catalyst 
layer and the liquid saturation in these catalyst layers. CO2 is produced 
by the electrochemical reaction, and it is transported through the anode 
electrode, which consists of a catalyst layer and diffusion layer, to the 
channel under the closed circuit condition. On the other hand, there is 
no production of CO2 during the open circuit condition. Therefore, the 
liquid saturation, which is the liquid volume fraction in the open pores 
in the catalyst layer, decreases under the closed circuit condition. 
Without-PSF, the CF-C was significantly lower than the CF-O. This is 
attributed to not only the reduction in the fuel concentration due to the 
consumption of the fuel by the electrochemical reaction, but also the 
reduction in the liquid saturation in the anode catalyst layer by the 
accumulation of the CO2 produced by the electrochemical reaction. The 
fact that the increase in the CF, i.e., the improvement of the mass 

Table 2 
The characteristics of the pore-designed anode catalyst layers prepared by the 
different PSF diameters and amounts.  

Sample Catalyst and ionomer loading 
in catalyst layer 

Thickness of 
catalyst layer 
(μm) 

Overall porosity 
of catalyst layer 
(%) 

Pd loading 
(mg-Pd/ 
cm2) 

Ionomer 
loading (mg/ 
cm2) 

Without- 
PSF 

1.29 1.61 57.6 65.9 

1 μm-0.3 1.27 1.60 72.5 72.7 
1 μm-0.5 1.36 1.70 74.1 71.7 
3 μm-0.3 1.28 1.60 62.2 68.5 
3 μm-0.5 1.35 1.70 66.7 68.6 
5 μm-0.3 1.22 1.53 58.9 68.0 
5 μm-0.5 1.40 1.75 63.1 66.5  

Fig. 2. Correlation between thickness and overall porosity of the different pore- 
designed anode catalyst layers. 
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transport in the anode by PSF, is more significant under the closed- 
circuit condition than under the open-circuit condition, irrespective of 
the PSF diameters, supports the above consideration. On the other hand, 
the thickness of the catalyst layer was greater in the case of the 1-μm PSF 
than the without-PSF. The thick catalyst layer causes an increase in the 
diffusion distance which causes a significant decrease in the concen-
tration. Due to this result, the concentration of fuel in the anode catalyst 
layer significantly decreased for the 1-μm PSF and the overpotential of 
the anode also increased resulting in a lower MPD. Based on this situ-
ation, it is considered that the pores made by the appropriate PSF could 
contribute to preventing the decrease in the liquid saturation caused by 
the CO2 removal. 

3.2.2. Effect of PSF diameter on the power generation and mass transport 
characteristics 

As shown in Fig. 3, the MPD increased with the increasing PSF di-
ameters, irrespective of the PSF amounts (0.3 or 0.5) and formic acid 
concentrations (3 M–7 M). On the other hand, the CF-O and CF-C were 
the highest for the 3-μm PSF diameter. This would be related to the 
capillary force. The capillary force is high for the small pores; hence, the 
liquid transport improves and the saturation in the catalyst layer in-
creases [32]. Due to this result, CF at 3-μm was higher than that at 5-μm 
irrespective of the PSF amounts. On the other hand, the MPD of the 5-μm 
was higher compared to the 3-μm irrespective of the concentration and 
amount as seen in Fig. 3 a. This is due to a higher CF, which causes a 

potential drop by the mixed potential at the cathode for a 3-μm PSF. A 
higher CF also causes an increase in the liquid saturation at the cathode, 
which causes a potential drop in the cathode, either by the formic acid 
crossed-over itself or by the generated water from the direct oxidation of 
the formic acid that crossed-over; thus, the LCD of the 3-μm PSF would 
be lower than that of the 5-μm PSF one, despite the fact that the 3-μm CF 
was higher. Considering these situations, a liquid saturation of 1-μm 
should also be considered high. However, the thickness of the catalyst 
layer of the 1-μm PSF was much higher compared to the other PSF di-
ameters, resulting in a lower MPD and accompanied by a lower transport 
rate of the formic acid. 

3.2.3. Effect of PSF amount on the power generation and mass transport 
characteristics 

Referring to the effect of the PSF amount, it was found that a higher 
PSF amount (0.5 PSF loading) showed a higher CF and LCD resulting in 
the higher MPD in the case of the 3-μm and 5-μm PSF diameters. This 
result suggested that MPD was improved by the improvement of the 
mass transport due to the increased PSF amount in the anode catalyst 
layer. However, the thickness of the catalyst layer and porosity shown in 
Table 2 only slightly varied. Therefore, the increase in the mass trans-
port rate would be considered to be caused by a decrease in the tortu-
osity of the pores and/or an increase in the amount of the through pores 
with the increasing PSF amount. This needs to be clarified in a future 
study. 

Fig. 3. MPD a), LCD b), CF-O c) and CF-C d) using 3 M, 5 M and 7 M formic acid concentrations at 30 ◦C of DFAFC operation.  
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In the 1-μm case, the CF, LCD and MPD decreased with the increasing 
PSF amount, suggesting that the performance decreased by the poor 
mass transport in the anode when the PSF amount was increased. 
Moreover, the thickness and porosity of the catalyst layer shown in 
Table 2 only slightly varied when the PSF amount increased from 0.3 to 
0.5, similar to those of 3 and 5-μm PSFs. As previously stated in Section 
3.2.2, the capillary force is high when the pore size is small. In other 
words, CO2 was difficult to exhaust to the diffusion layer through the 
pore-filling liquid since the capillary pressure is low, i.e., the liquid 
pressure was high. Under such a situation, the accumulation of CO2 in 
the pores would be enhanced even though the pore volume, tortuosity 
and/or amount of the through pores varied. The accumulated CO2 in the 
pores blocks the fuel delivery, which causes a decrease in the mass 
transport and catalyst-fuel contact. Therefore, the performance was not 
improved when the PSF amount increased for the 1-μm PSF. 

3.3. Effect of pore-designed anode catalyst layer on DFAFC power 
generation and mass transport characteristics at 60 ◦C operating 
temperature 

The effect of the different diameters and PSF amounts on the DFAFC 
power generation and mass transport characteristics was further inves-
tigated at the operating temperature of 60 ◦C. The power density and 
polarization curve are shown in Fig. S5, and its MPD, LCD, CF-O and CF- 
C are summarized in Fig. 4 a, b, c and d. Based on these figures, a similar 

trend can be seen as at the low operating temperature as shown in Fig. 3, 
where the MPD, LCD and CF increased with the increasing concentration 
of formic acid for all the MEAs. Comparing the LCD and CF between the 
MEAs with PSF and without the PSF, they increased when the 3-μm and 
5-μm PSFs were used. This means that the mass transport rate increased 
by using the 3-μm and 5-μm PSFs. On the other hand, the MPD was not 
improved by adding the PSF except for the case of 3 μm-0.5 ones. In 
these situations, the effect of the improvement of the mass transport at 
the anode would be less significant compared to the performance 
decrease in the cathode due to the higher CF. However, in the case of the 
3 μm-0.5, the mass transport rate and liquid saturation significantly 
increased, as mentioned in Section 3.2 compared to the other cases, 
resulting in the highest MPD of 331 mw/cm2 with a 5% increment 
compared to without- PSF. Moreover, the 1-μm PSF diameter showed the 
lowest MPD with a lower or similar LCD, irrespective of the PSF 
amounts, similar to that at the low operating temperature, generally due 
to a lower mass transport rate when compared to the other MEAs. 

Interestingly, it was noted that in Fig. 4 d, the without-PSF showed a 
higher CF-C at 60 ◦C when compared to the 1-μm PSF. However, the CF 
of the without-PSF was lower at the low operating temperature of 30 ◦C 
as seen in Fig. 3 d. This would be due to the higher vapor pressure as the 
cell operating temperature was increased. Since increasing the cell 
operating temperature raises the fuel vapor pressure [33,34], and the 
vapor-phase transport is greater than the liquid-phase during the low 
liquid saturation (closed circuit condition) [35]. Therefore, due to this 

Fig. 4. MPD a), LCD b), CF-O c) and CF-C d) using 3 M, 5 M and 7 M formic acid concentrations at 60 ◦C of DFAFC operation.  
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reason, and the lower thickness of the without-PSF than that of the 1-μm 
PSF one, the CF of the without-PSF was higher at the 60 ◦C operating 
temperature under the closed circuit condition. On the other hand, the 
CF of the without-PSF decreased at the low operating temperature of 
30 ◦C caused by the lower vapor pressure (liquid phase). Based on this, it 
was suggested that increasing the cell operating temperature could 
reduce the capillary force, which is equal to the capillary rise of a liquid 
level, thereby improving fuel transport by reducing the two-phase flow 
caused by the higher fuel vapor pressure. This finding is consistent with 
Jung et al. [35], showing the effect of fuel transport due to the capillary 
force being higher at a low operating temperature while it is reduced as 
the cell operating temperature increased. 

Referring to the effect of the PSF diameter on the power generation 
and mass transport characteristics, the MPD, LCD and CF were the 
highest for the 3-μm PSF diameter among all the cases (MEAs), although 
the MPD of the 5-μm PSF was the highest among all the MEAs at a low 
cell temperature, as shown in Fig. 3 a. As previously mentioned, liquid 
saturation was lower at the higher temperature, hence the liquid 
transport and/or the saturation due to the capillary action become more 
significant at the higher cell temperature. Moreover, the improvement in 
the overpotential caused by the higher mass transport in the anode is 
more influential than the increase in the cathode overpotential due to 
the higher CF; thus, the MPD of the 3-μm one was higher following a 
higher CF at the higher temperature. 

Referring to the different PSF amounts on the CF, it shows a similar 
behavior as at the low operating temperature in which the CF increased 
as the PSF amount increased for the 3-μm and 5-μm PSFs. On the other 
hand, the CF was reduced for the 1-μm PSF. This is due to the small 
diameter of the pores which had a significant impact on increasing the 
capillary pressure difference for the CO2 removal, thus lowering the CF 
and resulting in a lower performance. Based on these results, it is sug-
gested that the 3 μm-0.5 PSF is the appropriate PSF properties for the 
higher mass transport rate with the higher performance compared to 
that of the without-PSF at the high operating temperature of 60 ◦C. 

3.4. Comparison of the impact of pore-forming on the power generation 
characteristics in DLFC with the other related studies 

Table 3 shows a comparison of the performance improvement by the 
pore formers and characteristics of pore formers, i.e., shape, diameter, 
and amount, in the anode catalyst layer for DLFC reported in the liter-
ature with the present study. From the previous studies, a significant 
improvement in the cell performance were shown as the particle pore 
formers were added to the anode catalyst layer, regardless of the pore 
former diameter and amount or cell operating condition. The improve-
ment of the cell performance was discussed due to the higher catalyst 
utilization caused by higher mass transport with higher catalyst layer 
porosity. Comparing to the previous study, we have successfully formed 
a PSF pore former with various diameters using electrospinning, and the 
maximum power density was the highest compared to the previous 
studies, even though the percentage of the performance improvement 

showed a modest increase. Considering the fact that the properties of 
PSF such as the length and diameter can be easily controlled, the PSF is a 
promising pore former that can enhance the cell performance with 
enhancing the mass transport in the anode catalyst layer. However, the 
effect of the pore former shape, such as the fiber length and aspect ratio, 
etc., on mass transport and cell performance should be discussed to 
improve the performance more. Moreover, a numerical simulation will 
be also needed to visualize the mass transport, such as a distribution of 
the liquid saturation and vapor pressure since they will significantly 
affect to the DFAFC performance. Hence, these will be reported in near 
future. 

4. Conclusions 

The utilization of different PSF properties (diameter and amount) as 
pore formers, which were fabricated by electrospinning, has formed 
different characteristics of the anode catalyst layers. The increase in PSF 
diameter caused a decrease in the number of pores formed in the catalyst 
layer and the thickness of the catalyst layer. The results found that the 
appropriate PSF properties (3 μm-0.5) achieved the highest CF at the 
operating temperatures of both 30 ◦C and 60 ◦C, which improved the 
MPD by 25% from 138 mW/cm2 to 172 mW/cm2 and by 5% from 316 
mW/cm2 to 331 mW/cm2, respectively, in comparison to the without- 
PSF. It was due to the characteristics of the catalyst layer having an 
appropriate pore diameter and catalyst layer thickness, which became a 
crucial factor for the higher fuel transport and CO2 removal. It was also 
suggested that the capillary factor became significant as the operating 
temperature increased, which enhanced the fuel transport by reducing 
the two-phase flow caused by the higher fuel vapor pressure, resulting in 
a higher CF as well as a higher MPD. Thus, this work demonstrated that a 
pore-designed anode catalyst layer formed by PSF that was fabricated by 
electrospinning is a promising technique that can be a great incentive for 
further research on pore-forming structure for higher cell performance 
caused by higher mass transport. 
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Table 3 
Comparison findings using various pore formers in the anode catalyst layer of DLFC.  

References Type of 
Fuel Cell 

Pore former Properties of pore former Cell operating 
temperature, [oC] 

Max. power 
density, [mW/ 
cm2] 

Percentage performance 
improvement, [%] 

Analysis related to 
mass transport study 

[19] DMFC Li2CO3 particle Amount: 0 and 50% 65 120 33 – 
[20] DMFC NH4HCO3 

particle 
Dual layer: inner layer less 
porous than outer layer 

30 45 40 – 

[21] DFAFC Li2CO3 particle Amount: 0, 17.5 and 50% 40 114 (17.5%) 21 – 
[22] DMFC SiO2 particle Diameter: 0, 18, 42 and 500 

nm 
60 125 (500 nm) 89 – 

[23] DMFC MgO particle Combination of porous 
anode and MPL 

25 43.7 45 – 

This study DFAFC Polystyrene 
fiber (PSF) 

Diameter: 0, 1, 3 and 5 μm 
Amount: 30 and 50% 

30 and 60 172 and 331 (3 
μm-50%) 

25 and 5 Formic acid crossover 
flux  
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