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A B S T R A C T

Formic acid is a chemical with a simple molecular structure containing hydrogen. This liquid at room tem-
perature is easy to handle and has a low toxicity, and is thus in the spotlight as a fuel. In particular, formic acid is
an excellent fuel candidate because it can be operated at low temperatures when applied as a fuel in fuel cells
with a high theoretical open-circuit voltage (1.48 V). However, it has a drawback in that the electrode catalyst is
deactivated due to the generation of CO intermediates when formic acid is oxidized during cell operation.
Therefore, to prevent this, an irreversibly adsorbed Bi on Pt catalyst is applied to a direct formic acid fuel cell
(DFAFC) anode because it is easy to synthesize and economical. Physical analyses such as transmission electron
microscopy (TEM), X-ray diffraction (XRD), and thermogravimetric analysis (TGA) were conducted, and elec-
trochemical evaluations were performed through half-cell and single-cell level tests. The results revealed that the
formic acid oxidation reaction activity of the Bi-modified Pt/C was 13 times higher than that of the conventional
catalyst at 0.58 V. Further, a DFAFC stack was fabricated using the Bi-modified Pt/C, which yielded a power of
300W. These results suggest that a simple synthesis method can be applied to fabricating industrially available
DFAFC stacks.

1. Introduction

Polymer-based electrolyte fuel cells, such as a proton exchange
membrane fuel cell (PEMFC), alkaline exchange membrane fuel cell
(AEMFC), direct formic acid fuel cell (DFAFC), and direct methanol fuel
cell (DMFC), are one of the attractive future energy sources owing to
their low operating temperatures and high efficiencies [1,2]. With the
development of technologies to convert carbon dioxide into formic acid
for reduction of greenhouse gases, DFAFCs are receiving more attention
[3–16]. As an energy storage medium, liquid formic acid can be con-
veniently transported and stored compared to hydrogen gas, which may
explode in case of a minute leakage. For example, the use of liquid
formic acid is advantageous in that it can be used as a fuel for power

source devices in a mountainous area or a small island area where a city
gas piping is difficult to install, and for power sources of portable de-
vices or small-sized transportation vehicles. Formic acid has a low
flammability, having a flash point of 69 °C, which is higher than those
of other fuels like methanol (12 °C) or ethanol (16.6 °C), and its proton
storage capacity by volume is 3.6 times that of compressed hydrogen at
350 bar [17]. In addition, it is less toxic and has lower crossover
properties than methanol does in a fuel cell [18–22].

Formic acid oxidation on platinum (Pt) catalysts in DFAFCs occurs
in two ways: direct reaction (dehydrogenation) and indirect reaction
(dehydration) [23–26]. It is well known that CO intermediates pro-
duced in the indirect reaction pathway act as catalyst poisons and de-
teriorate the activity of Pt catalysts [27]. Direct reactions occur mainly
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in the steps and terraces of Pt nanoparticles (NPs), while indirect re-
actions occur on plain Pt NPs [28]. However, since general Pt NPs have
all these surface features, it is difficult to completely avoid the indirect
reaction. Hence, new strategies are required to avoid indirect reactions.
However, the preparation process of shape-controlled Pt NPs to increase
the density of steps and terraces is complex, and thus, such Pt NPs are
difficult to mass-produce. Therefore, to suppress the poisoning of the
catalyst surface and to improve the performance of the fuel cells by a
simple process, alloys of Pt or Pd with other metals such as Ni, Au, Bi,
Pb, As, and Sb [29–43] or surface-modified catalysts [44–52] were in-
vestigated. Moreover, it has been reported that most Pt- or Pd-based
alloy catalysts improve the performance of DFAFC compared to pure Pt
or Pd. Particularly, the method of irreversibly adsorbing the second
metal on the surface of the electrode, which is one of the strategies for
surface modification of the catalyst, has become an important topic
because it is a simple method in which oxygenated metal anions in-
cluding oxides are strongly adsorbed on the electrode surface by im-
mersing the electrode in the second metal’s precursor solution [53].

Among the above-mentioned metal elements used for suppressing
CO poisoning, Bi is known to greatly improve the electrocatalytic ac-
tivity by geometrically separating adjacent Pt surface sites by the at-
tachment of Bi adatoms to the surfaces of the Pt NPs [54–60]. Feliu and
co-worker reported that Bi adatoms on tetrahexahedral Pt nanocrystals
could contribute to the electronic effect by providing a third-body ef-
fect. They also explained that a higher Bi coverage increases the activity
of formic acid and does not produce CO by dehydration of formic acid
on the surface [61,62]. Kim et al. investigated the relationship between
Bi coverage and formic acid oxidation in a catalyst, where Bi is irre-
versibly adsorbed on Pt NPs [63]. Further, Bi gives an ensemble effect,
which enhances the dehydrogenation path and suppresses the dehy-
dration path, and that the electronic effect is affected by the Pt thick-
ness underneath the adsorbed Bi in previous report [64]. However,
most of the above-mentioned studies focused only on the activity and
poisoning of the catalyst, and studies on application to practical devices
such as the DFAFC stacks is lacking.

In this study, the performance of the oxidizing catalyst was im-
proved through the irreversible adsorption of Bi, and the feasibility of
commercialization was confirmed by the optimized manufacturing
process of a membrane electrode assembly (MEA). Electrochemical
experiments were performed on a half-cell and single-cell using a cat-
alyst in which Bi was irreversibly adsorbed on 40wt% commercial Pt/
C. The results demonstrate the excellent electro-oxidation performance
of formic acid with Bi adatoms, and shows that the DFAFC performance
could be greatly improved by a much smaller amount of Pt as compared
with previous studies where a large amount of catalyst was used, as
shown in Table 1 [23,65–67]. Furthermore, a stack of 35MEAs was
successfully fabricated, which yielded 300W of power, and the strategy
is expected to contribute to the commercialization of DFAFCs.

2. Experimental

2.1. Preparation of Bi-modified Pt supported on carbon black

Bi2O3 (99.999%, Sigma-Aldrich, USA) was added to 0.5 M H2SO4

(95–97%, Merck, Germany), and 40% Pt/C (Johnson Matthey, HiSPEC®
4000) was added to the solution. The mixture was stirred for 48 h to

irreversibly adsorb Bi3+ on the Pt surfaces. At this time, the amount of
adsorbed Bi is controlled by the concentration of the Bi3+ solution and
the Bi3+ concentration of the solution was 5mM. After stirring, the
remaining Bi3+ ions in the solution were removed by washing with
distilled water. A NaBH4 solution was added to the washed catalyst, and
the adsorbed Bi3+ ions on the Pt NPs were reduced by stirring for
30min. Then, it was washed several times with distilled water using a
Buchner funnel-filtering apparatus (with a filter paper pore size of
2.5 μm) and finally dried in an oven at 60 °C for 3 h to obtain a Bi-
modified Pt catalyst.

2.2. Physical characterization

The morphology of the prepared catalysts and the particle size of the
catalysts were confirmed by TEM (Tecnai F20 at RIAM). In addition, the
distribution of the irreversibly adsorbed Bi was confirmed by Cs-cor-
rected high-resolution TEM (JEOL ARM200 F at KBSI) and energy dis-
persive X-ray spectroscopy (EDS, SDD type 80 T) using a high-angle
annular dark-field scanning transmission electron microscope (HAADF-
STEM). The crystal structure of the prepared Bi-modified Pt catalyst
was analyzed by XRD (DMAX-2500 H) and the size of the NPs was
calculated. The atomic ratio of the irreversibly adsorbed Bi was con-
firmed by inductively coupled plasma atomic emission spectroscopy
(ICP-AES, OPTIMA 4300DV at NCIRF). Thermogravimetric analysis
(TGA, TA Q600) was conducted to investigate the adsorption amount of
Bi. To analyze the electronic state of the catalysts, X-ray photoelectron
spectroscopy (XPS, SIGMA PROBE) was performed with an Al-Kα X-ray
beam (1486.6 eV). The XPS peak deconvolution was obtained using the
CasaXPS software. The Pt 4f7/2 and Pt 4f 5/2 doublet was constrained to
have a 4:3 integrated peak area ratio and an equal full width at half
maximum (FWHM) value with a Shirley background. The fitting con-
straints for the peak area and FWHM of the Bi 4f were same as for Pt 4f
[68]. The splitting values for Pt 4f7/2 - Pt 4f5/2 and Bi 4f7/2 - Bi 4f5/2
were 3.33 and 5.30 eV, respectively. The binding energies were cali-
brated with respect to C 1s at 285.0 eV.

2.3. Half-cell test

A saturated calomel electrode (SCE) was used as the reference
electrode (RE), and a Pt mesh was used as the counter electrode (CE).
As a working electrode, 5 μL of the prepared catalyst slurry was coated
on a glassy carbon electrode (area 0.196 cm2) to prepare a rotating disk
electrode (RDE) wrapped in Teflon. The catalyst slurry was prepared by
mixing the catalyst (5 mg) with 500 μL of isopropyl alcohol (IPA,
Sigma-Aldrich) and 24.75 μL of 5% Nafion solution (Sigma-Aldrich) and
dispersing in a sonic bath (Model 8510, Branson). The catalyst loadings
were 0.1 mgPt cm−2 in all half-cell tests. Cyclic voltammetry (CV) was
performed using the RDE to analyze the hydrogen adsorption/deso-
rption of the prepared Bi-modified Pt/C catalyst in the range of
0.05–1.05 V in 0.1 M HClO4 solution. The oxygen reduction reaction
(ORR) and hydrogen oxidation reaction (HOR) of the catalysts were
measured in 0.1M HClO4 solution at a scan rate of 10mV/s and an
electrode rotation rate of 1600 rpm. To compare the catalytic activity of
formic acid oxidation reaction (FAOR) of the catalysts, Ar-saturated
0.1 M HClO4 with 0.5M HCOOH aqueous solution was used at a scan
rate of 50mV/s in the range of 0.05–1.05 V. CO stripping [69] was

Table 1
Catalysts and performances of DFAFC single-cell electrodes reported in literature.

Reference Number Anode catalyst Catalyst loading (mg cm−2) Cathode catalyst Catalyst loading (mg cm−2) Maximum power density (mW cm−2)

[23] Pt Black 4.0 Pt Black 7.0 48.8
[65] Pt Black 4.0 Pt Black 7.0 119
[66] 60% PtRu/C 3.0 mgPtRu cm−2 Pt Black 5.0 122
[67] 40% Pt-Au/C 4.0 40% Pt/C 4.0 184.8
Our results 40% Bi-modified Pt/C 1.2mgPtBi cm−2 Pt Black 3.0 191
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conducted via linear sweep voltammetry (LSV) in a HCOOH-free 0.1 M
HClO4 solution (Ar saturated) at a scan rate of 10mV/s from 0.05 to
1.2 V. Before CO stripping, electrodes were immersed in a 0.1 M HClO4

solution containing 0.5M HCOOH at an open circuit voltage (OCV) for
6 h.

2.4. Single-cell test and stack performance

MEAs were prepared by a catalyst-coated membrane (CCM) method
for the PEMFC by directly spraying the anode and cathode layers on
both sides of the membrane (NR212) using a manual air-brush system
(GP2, Japan), and a catalyst-coated substrate (CCS) method in which
the catalyst layer is coated by directly spraying the gas diffusion layers
(GDLs) for the DFAFC, again using the manual air-brush system. The
catalyst ink used for spraying was prepared by mixing 30mg of the
catalyst with 120 μL of deionized (DI) water, 130 μL of 5% Nafion so-
lution, and 3mL of isopropanol (IPA) (Sigma Aldrich). To verify the
ORR performance, commercial 40% Pt/C (0.2 mgPt cm−2) and the
prepared catalyst (0.2 mgBiPt cm−2) were applied to the anode and
cathode of the MEAs, respectively. Similarly, to confirm the HOR per-
formance, the prepared catalyst (0.2 mgBiPt cm−2) and commercial 40%
Pt/C (0.2 mgPt cm−2) were applied to the anode and cathode, respec-
tively. The GDL (JNTG-30-A3, JNTG) was assembled by placing both
the anode and cathode sides. Hydrogen (150ml min-1) and air (800ml
min-1) were supplied to the anode and cathode at a constant flow rate in
a humidified state (70 °C, relative humidity (RH): 100%). For the FAOR
activity, the catalyst ink for the anode was prepared by mixing 50mg of
the catalyst (Pt/C, Pt black, and Bi-modified Pt/C) with 500 μL of DI
water, 50mg of 5% Nafion solution, and 3.8 mL of IPA. In addition, the
Pt black ink for the cathode was prepared by mixing 50mg of the Pt
black with 500 μL of DI water, 80mg of 5% Nafion solution, and 1.6 mL
of IPA. Bi-modified Pt/C (1.2 mgBiPt cm−2) and Pt black
(3.0 mgPt cm−2) were applied at the anode and cathode, respectively.
The GDL was assembled by placing TGP-H-060 (Toray, Japan) and SGL
10BC (Sigracet, Germany) on the anode and cathode sides, respectively.
The performance of the single cell was measured at 60 °C by supplying
6M FA (5ml min−1) to the anode and humidified air (500ml min-1) to
the cathode. For comparison, a commercial catalyst was applied to both
the anode and cathode to fabricate a conventional MEA. The geometric
electrode area of the MEAs used in all the single-cell tests was 5 cm2. To
fabricate the DFAFC stack, 35MEAs with a geometric electrode area of
50 cm2 were prepared using the manual air-brush system. Ten times as
much catalyst ink as that used in the single-cell test was prepared. Bi-
modified Pt/C (1.2 mgBiPt cm−2) and Pt black (3.0 mgPt cm−2) were
applied to the GDL for anode and cathode, respectively, and the sol-
vents composed of 50mg of Nafion solution with 166mg of DI water
and 420 μL of IPA (for anode) or 350 μL of 1-propanol (for cathode)
were additionally sprayed to form the outer layer. Then MEAs with a N-
117 membrane placed between the CCSs for the anode and cathode
were hot-pressed at 140 °C with a pressure of 4MPa for 5min. The
performance of the stack was measured at 60 °C by supplying 6M FA
(50mlmin-1) to the anode and humidified air (5000ml min−1) to the
cathode.

3. Results and discussion

3.1. Physical characterization

Fig. 1(a) is a schematic illustration that the surfaces of the Pt NPs
are partially covered by irreversibly adsorbed Bi atoms. Since Bi ions
(Bi3+) are reduced after adsorption on the Pt surface in the solution, Bi
atoms are formed in an irregularly shaped monolayer band; these ad-
sorption patterns have been reported in previous studies [70]. The ir-
reversibly adsorbed Bi monolayer consists of oxygenated species. The
second layer can be deposited on the pristine layer; however, during the
reduction process, it moves randomly into the voids, eventually forming

an irregular monolayer. Fig. 1(b) and (c) show the TEM images of
commercial Pt/C and the prepared catalyst, respectively. In both the
cases, the metal catalyst is uniformly dispersed on the carbon support.
Because Bi atoms exist as a single layer on the Pt surface, there is no
significant difference in morphology. The average particle sizes, which
were determined by counting 100 NPs on each catalyst, were 3.593 nm
and 3.810 nm for the commercial Pt/C and Bi-modified Pt/C, respec-
tively. Since Bi was partially adsorbed on the surface of the bulk Pt, the
size of the metal particles slightly increased after the adsorption of Bi.
HAADF-STEM was performed to confirm the distribution of Bi and Pt in
the Bi-modified Pt/C, and the images are shown in Fig. 1(d). In addi-
tion, EDS mapping was conducted on the area enclosed by the white
square box shown in Fig. 1(d), and the result is shown in Fig. 1(e–g). As
expected, it is mainly consisted of Pt (green) surrounded by Bi (ma-
genta). As previously reported [60], Bi atoms were dispersed on the Pt
NP surface as monolayers and formed an irregular area.

The amount of adsorbed Bi was determined by TGA and is shown in
Fig. 2(a). In both the catalysts, oxidation of the carbon support occurred
at about 300 °C. After oxidation of the support, residual values of 38.9%
and 43.6% were obtained for the commercial Pt/C and the prepared
catalyst, respectively. This indicates that both the catalysts contain
38.9% of Pt, and 4.7% of Bi is adsorbed on the surface of Pt in the
prepared catalyst (Bi/Pt ratio= 0.12). For detailed information on
metal composition, ICP-AES analysis was conducted and the results are
shown in Table 2 As expected, the catalysts are mostly composed of Pt
(91.46%), with a small amount of Bi (8.54%) (Bi/Pt ratio= 0.093). The
results obtained by TGA include the carbon support as well as the oxide
formed on the metal surface because it was heated in an air atmosphere.
On the other hand, since ICP-AES detects the metal itself, the result may
be slightly different from the TGA result. XRD was conducted to de-
termine the crystallinity and particle size of the metals in the catalysts
using the Scherrer equation, and the results are shown in Fig. 2(b). In
both the cases, mainly Pt peaks were observed. Depending on the ele-
ment, the detection limit of XRD is known to range from 0.5–10 wt%. In
the case of prepared catalyst, Bi was not detected in XRD analysis be-
cause the amount of Bi adsorbed on the Pt surface was less than 5wt%.
The average particle sizes of the calculated metal NPs are 3.026 nm and
3.103 nm for commercial Pt/C and the prepared catalyst, respectively.
The particle sizes of the catalysts were slightly smaller than those ob-
tained from the TEM analysis (Fig. 1), but showed a similar tendency.
To obtain the surface information of the prepared catalyst, XPS analysis
was carried out and the results are shown in Fig. 2(c) and (d). The Pt
spectrum (Pt 4f) was composed of a doublet (Pt 4f7/2 and Pt 4f5/2) due
to spin-orbit, while the peaks were deconvoluted into three components
(Pt metal (orange), Pt2+ in PtO (blue), and Pt4+ in PtO2 (green)). The
Bi spectrum (Bi 4f) was also composed of a doublet (Bi 4f7/2 and Bi 4f5/
2) with the peak deconvoluted into two components (Bi metal (orange)
and Bi3+ in Bi2O3 (blue). For commercial Pt/C, the relative proportions
of Pt, PtO, and PtO2 were 76.52%, 17.63%, and 5.85%, respectively
(Fig. S1). Because the Pt NPs were exposed to air before the XPS
measurement, a certain amount of oxide was present, even if nothing
had been treated with this commercial catalyst. However, the propor-
tion of Pt (74.30%) decreased and those of PtO (19.48%) and PtO2

(6.22%) increased after the Bi adsorption, and the binding energy of Pt
4f slightly increased (˜0.1 eV) compared to that of Pt/C due to the in-
teraction with Bi in the prepared catalyst. Unlike the results of Pt, a
large difference was observed in the surface results of Bi. Bi 4f peaks,
which were absent in the spectrum of conventional Pt/C, appeared in
the spectrum of Bi-modified Pt/C. A small amount of adsorbed Bi was
not detected in XRD; however, in XPS, information on the change in the
binding energies of the Pt surface and adsorbed Bi were obtained. The
proportions of Bi and Bi3+ in Bi2O3 were 43.93% and 56.07%, re-
spectively. The adsorbed Bi3+ ions were reduced to metallic Bi with
NaBH4, but like the Pt NPs in commercial Pt/C described above, they
appear to be partially oxidized by exposure to air before XPS mea-
surement. Therefore, the above-mentioned analyses revealed that the
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amount of Bi adsorbed (including carbon support) on the Pt surface was
less than 5wt%, and that the adsorbed Bi influenced the electronic state
of Pt in the prepared catalyst.

3.2. Electrochemical half-cell tests

To explore the electrochemical applicability of commercial Pt/C and
Bi-modified Pt/C, half-cell tests were conducted under various condi-
tions, and the results are shown in Fig. 3. For both the catalysts, CV was
performed in HClO4 solution (Fig. 3(a)). The area (charge, Q) of the
hydrogen (Hupd) adsorption/desorption peaks of Bi-modified Pt/C from
0.05 to ˜0.45 V was much smaller than the hydrogen adsorption/des-
orption peak area of Pt/C and it is also possible to calculate the elec-
trochemical surface active area (ECSA) under half-cell conditions from
this hydrogen charge. Hupd due to the oxidation of H2 is maximized in
pure Pt/C, but is greatly reduced in the prepared catalyst due to the
irreversibly adsorbed Bi on the Pt/C surface. The calculated ECSAs of
the Pt/C and Bi-modified Pt/C are 79.34m2 g−1 and 19.43m2 g−1,
respectively. In addition, the Bi coverage is a quantitative value of the
amount of adsorbed Bi on the surface of the Pt NPs. The adsorption of Bi
greatly inhibits the dehydration path of Pt/C, although, little amount of
Bi cannot provide sufficient Pt ensembles, and too much Bi can block

dehydrogenation Pt sites, or be oxidized itself at high voltage. Also, it is
generally known that the coverage between 0.18 and 0.33 exhibits high
FAOR activity [44,54,55]. Moreover, since three Pt atoms are blocked
by one Bi atom theoretically, the coverage of Bi atoms on Pt nano-
particles can be calculated as follows: (Q Pt/C,- Q Bi-modified Pt/C)/(3Q Pt/

C) [63,71]. The Bi coverage calculated from the hydrogen charges is
0.25 which is proper value for high activity. Furthermore, an increase
in the oxidation peaks was observed after the adsorption of Bi. There-
fore, it was confirmed from the electrochemical CV results that Bi
(coverage= 0.25) successfully adsorbed on the Pt surface. Fig. 3(b)
shows the ORR results for the catalyst. After the adsorption of Bi on the
catalyst surfaces, the on-set potential reduced and the half-wave po-
tential negatively shifted from 0.92 V (Pt/C) to 0.86 V (Bi-modified Pt/
C), which implies that the ORR performance of Bi-modified Pt/C is
lower than that of conventional Pt/C. This is because although Pt is the
best single metal for ORR activity, its active sites are blocked by the
adsorbed Bi in the prepared catalyst. Fig. 3(c) shows the HOR activity of
the Bi-adsorbed catalyst. Unlike ORR, a similar performance to that of
conventional Pt/C was observed for HOR. HOR involving two electrons
in the reaction is faster than ORR because of the presence of four
electrons in the reaction and a large number of reaction intermediates.
Therefore, it showed a high activity by Pt regardless of the adsorption of

Fig. 1. Preparation of Bi-modified Pt/C. (a) Schematic diagram of adsorption of Bi on Pt/C. (b,c) TEM images of (b) commercial 40% Pt/C and (c) Bi-modified Pt/C.
(d) HAADF-STEM image of Bi-modified Pt/C. (e–g) EDS maps of (e) Pt NP, (f) adsorbed Bi atoms, and (g) Pt and Bi. Scale bars are 10 nm.
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Bi. In other words, Bi does not affect the HOR activity. Next, to obtain
the FAOR activity, CV was performed in the presence of FA in the
electrolyte, and the result is shown in Fig. 3(d). In the forward scan, a
very small current density is observed in the case of conventional Pt/C,
which indicates a low FAOR performance. A small and broad peak at
˜0.58 V was observed, which is related to dehydrogenation. This is
because Pt is poisoned by the CO intermediates formed when formic
acid was oxidized via an indirect pathway. Therefore, FAOR hardly
occurs on the passivated Pt surface, which results in a low current
density. (A peak with a relatively large current density at ˜0.98 V is a
poison stripping peak.) On the other hand, in the case of Bi-modified
Pt/C, the on-set potential (the potential at which a current of
1.89mA cm-2 is reached) of FAOR was less than 0.2 V, which was ne-
gatively shifted compared to Pt/C. At 0.58 V, the activity was ˜13 times
higher than that of the conventional catalyst. This evidences that the
formation of poisoning CO intermediates is inhibited and that formic
acid is oxidized through direct pathways. The adsorption of CO on Pt is
a site demanding reaction [52]. However, because of the irreversible
adsorption of Bi, the CO poisoning (indirect route of FAOR) is mostly
inhibited. In other word, Bi does not act on the electrochemical cata-
lysis itself, but acts as a third body because the direct route is promoted.
Also, Bi enables the formation of Pt ensembles, and, therefore, it is
considered that the desired FAOR reaction is selectively occurred in the
presence of Bi adatoms. The turnover frequency (TOF) was derived
from both the charge obtained in Fig. 3(a) and the dehydrogenation
current at 0.58 V (Fig. 3(d)) of the two catalysts, as follows: (jat 0.58 V

Aelectrode)/Q), where jat 0.58 V and Aelectrode are the current density of the
electrode at 0.58 V and the area of the electrode, respectively. The TOF
of Bi-modified Pt/C (21,354 h−1) was ˜52 times higher than that of Pt/
C (408 h−1). The high TOF of Bi-modified Pt/C is due to the high
electrochemical FAOR current, despite the low hydrogen charge of Pt.
This high FAOR activity is because of the ensemble effect [63,64,70].
By the irreversible adsorption of Bi atoms, the surfaces of the Pt NPs are
partially covered, as shown in Fig. 1(a). As a result, the Pt surface ex-
posed to the electrolyte substantially decreases, and the Pt surface is
only locally available for reaction. The exposed Pt forms a Pt ensemble,
which is large enough for the direct path but too small for the indirect
path for the oxidation of formic acid (ensemble effect). Therefore, the
formation of poisoning CO intermediates was inhibited by the ensemble
effect in Bi-modified Pt/C, and its FAOR activity was higher than that of
conventional Pt/C. Additionally, as shown in Fig. 2c, the electronic
interaction between the Bi and Pt may have made a small contribution
to the catalytic activity [62]. Furthermore, CO stripping was performed
to confirm the role of Bi adsorbed on the Pt surface as shown in Fig. S2.
Since it was considered that the direct adsorption of CO gas on Pt NPs
may be different from the adsorption of CO by the dissociation of
HCOOH (formic acid), CO stripping using HCOOH solution was per-
formed. The amount of CO oxidation can be determined from the in-
tegrated area of the peak, and the position of the stripping peak is an
indicator of the ease of CO oxidation [38]. For example, a negative shift
of the peak means that CO oxidation can easily occur on the surface of
the catalyst, and a positive shift means the opposite. In the case of Bi-

Fig. 2. Physical characteristics of the catalysts. (a) TGA profiles of Pt/C (black) and Bi-modified Pt/C (red). (b) XRD profiles of Pt/C (black) and Bi-modified Pt/C
(red). (c) XPS spectra (Pt 4f) of Pt/C (top) and Bi-modified Pt/C (bottom). (d) XPS spectra (Bi 4f) of Pt/C (top) and Bi-modified Pt/C (bottom). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article).
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modified Pt/C, the area of CO was remarkably smaller than that in the
case of Pt/C. However, the position of the peak of Bi-modified Pt/C
(0.96 V) was positively shifted compared to that of Pt/C (˜0.77 V). This
is an evidence that Bi blocks CO adsorption directly, rather than facil-
itating CO oxidation.

3.3. Single-cell and stack tests

Since the system configuration is simple compared to full cells
(single-cell or stack), the half-cell is a suitable device for measuring the
electrochemical performance of the catalyst because it can exclude
other factors such as ohmic resistance or mass transfer. Although the
full-cell system is complex and the preparation of MEA is difficult, it is
important to measure the full-cell performance after manufacturing the
MEA for practical applications of the fuel cell. This is because the
electrochemical performance of an actual full cell is largely dependent
on various parameters such as the anode, cathode, membrane, ionomer,
and GDL, and the full cell includes a large current compared to the half-
cell. Therefore, full-cell studies using MEAs are essential for practical
applications and full commercialization of fuel cells. Fig. 4 shows the
results of single-cell tests after manufacturing the MEAs. Similar to the
results of the half-cell, although the same amount (0.2 mg cm−2) of
catalyst was applied to the MEAs, the ECSA calculated from the ad-
sorption/desorption area of hydrogen (in the range of 0.05 ˜0.45 V) in
the electrode comprising Bi-modified Pt/C was small (31.08 m g-1)
compared to that of the MEA with conventional Pt/C (51.62m g-1), as
shown in Fig. 4(a). This is due to the adsorption of Bi, as described
above in the half-cell results, and is an indirect evidence of successful Bi
adsorption. To confirm the possibility of the prepared catalyst as an
ORR catalyst, its performance was evaluated in H2/air atmosphere and
the result is shown in Fig. 4(b). Commercial Pt/C was applied to the
anode in both the MEAs. The current density at 0.6 V was 27.1% lower
than that of conventional MEA (reduced by 21.0% based on maximum
power density). This appears to be an adverse effect of the adsorption of
Bi on ORR activity in the cathode of the MEA. Fig. 4(c) shows the results
obtained by applying the Pt/C catalyst (black) and the prepared catalyst
(red) to the anode. For comparison, in both the cases, the cathode was

prepared under the same conditions with commercial Pt/C. The max-
imum power density difference was only 2.4% between the MEA with
Bi-modified Pt/C (653mW cm−2) and the conventional MEA (669mW
cm−2). Besides, it showed almost the same electrochemical perfor-
mance as that of the conventional MEA, even though another catalyst
was applied to the anode of the MEA. As can be seen from the results of
this experiment, even if the anode is changed while the cathode con-
ditions are the same, there is little difference in the single-cell perfor-
mances. This is because it is not the anode but the cathode that influ-
ences the overall performance of the fuel cell. Thus, when a catalyst
with Bi is applied to an electrode (anode or cathode), the use of a
common gaseous fuel (H2 or O2) causes a decrease in the performance
of the fuel cell. However, Bi-modified Pt/C can play a role in the fuel
cell where CO poisoning occurs due to the reaction intermediates, as
confirmed in the half-cell studies. Therefore, the performance of the
prepared catalyst for FAOR was confirmed in the MEA state, and the
results are shown in Fig. 4(d). In this case, experiments were conducted
on commercial Pt black NPs, commonly used for DFAFC anode, in ad-
dition to commercial Pt/C and Bi-modified Pt/C. Significant activation
loss was observed in both the MEAs, except for the MEA with the
prepared catalyst. The performance degradation is due to the adsorp-
tion of CO on the surface of Pt NPs due to the oxidation of the fuel
(formic acid) through an indirect path. However, in the prepared cat-
alyst with a small Pt ensemble formed by the partial adsorption of Bi
atoms, CO generation was reduced, and thus, the performance of the
MEA remarkably improved. The maximum power density of the MEA
was 2.85 and 2.65 times higher than that of Pt/C and Pt black-applied
MEA, respectively. In addition, the MEA exhibited a high voltage over
the entire current density range, especially twice as high as that of the
other two MEAs in the high current density region (340mA cm−2 at
0.5 V). This implies that when the same amount of current is needed in
a fuel cell application, it maintains a higher voltage than the other
MEAs do. Therefore, Bi-modified Pt/C, which demonstrated electro-
chemical applicability in the half-cell tests, was subjected to an actual
fuel cell operating condition and exhibited an excellent performance in
a DFAFC single cell.

To apply the MEA with Bi-modified Pt/C to practical fuel cells,

Fig. 3. Electrochemical half-cell tests. (a) CV, (b) ORR, (c) HOR, and (d) FAOR profiles (inset: TOFs) of Pt/C (black) and Bi-modified Pt/C (red) (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article).
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several MEAs were electrically connected to manufacture a fuel cell
stack. When a fuel cell is used in an industrial field such as an auto-
mobile or a generator, most of it is applied in a stack to meet the vol-
tage, current, or electric power requirements. Therefore, demonstrating
and studying the performance of the stack is crucial for practical ap-
plications of the theoretical research results. As the number of MEAs
increases, the voltage of the stack increases, and as the area increases,
the output of the stack increases. Therefore, an enlarged MEA with Bi-
modified Pt/C was prepared for the stack. Since the catalyst with Bi was
prepared using an easy synthesis method (irreversible Bi adsorption)
with the same quality, it was possible to increase the area of the MEA by
using a decal transfer method easily. Thereafter, many identical MEAs
were prepared to fabricate a DFAFC stack, and the relevant results are
shown in Fig. 5. Fig. 5(a) shows a photograph of the fabricated DFAFC

stack with Bi-modified Pt/C. The geometric area of each MEA is 50 cm2,
and 35MEAs are stacked. The total dimension including the MEA, GDL,
gasket, and bipolar plate (excluding the end plate) is 15.6 (width) ×
11.6 (depth) × 9.8 (height) cm, and the total volume is about 1.76 L.
The performance curve of the stack is shown in Fig. 5(b). OCV was
measured above 31 V and no significant activation loss was observed in
the low current region, similar to the performance of the single cell with
Bi-modified Pt/C. Furthermore, the maximum power was 301W. This
is, as we know, the result of the stack showing the highest power with
an electrode using a Pt-based catalyst in the DFAFC stack. To observe
the behavior of each cell in the stack, the voltages were measured and
the results are shown in Fig. 5(c). The cell was numbered from the point
where the fuel was supplied, and the cell near the air inlet was named
cell 35. In this case, no large activation loss was observed in all the

Fig. 4. Electrochemical evaluations of single
cell with MEAs. (a) CV profiles measured in N2

atmosphere. Performance curve of Bi-modified
Pt/C applied to (b) cathode and (c) anode of
the MEAs in air atmosphere. (d) Performance
curves of DFAFC single cell with Pt/C (black),
Pt black (blue), and Bi-modified Pt/C (red)
applied to the anode (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article).

Fig. 5. DFAFC stack. (a) Detailed photo, (b) performance curve, and (c) individual MEA performance curves of the homemade DFAFC stack.
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MEAs, and the performances of most cells were similar to that of the
DFAFC single cell (Fig. 4(d)). However, relatively low performances
were observed for cells 1, 2, and 3 compared with the other cells. This is
because air was insufficiently supplied to the cell close to the anode,
resulting in a low potential of the cell [72]. In particular, cell 1 showed
a drastic decrease in performance at currents of 0.1 A cm−2 or more,
and even after 0.25 A cm−2, a reverse voltage was observed. This seems
to be caused by an insufficient supply of fuel to cell 1 [73]. As the anode
potential increases due to fuel starvation, the total potential of the cell
is reversed. The same results were observed when several tests were
conducted. This is because the liquid fuel was not supplied to the anode
of cell 1 due to the high flow rate, or probably due to the failure of the
flow field design of the homemade cell. Overall, we have successfully
manufactured a DFAFC stack with 300W power by applying a Bi-
modified Pt/C catalyst to the anode. Although low potentials have been
observed in some cells, our ongoing research is likely to improve the
performance through stack electrode optimization and cell design.

4. Conclusion

In this study, we have prepared a Bi-modified Pt/C catalyst by a
simple and easy method. Physical analyses confirmed that Bi was ir-
reversibly adsorbed on the surface of Pt. Furthermore, the electro-
chemical hydrogen adsorption/desorption results confirmed that the
adsorbed Bi restricts the activity of Pt. Therefore, the ORR activity was
lower than that of the conventional Pt/C. However, the FAOR activity
of the prepared catalyst was 13 times higher than that of Pt/C. This is
because most of the FAOR occurs through a direct route due to the
adsorbed Bi as a third body which makes Pt ensembles, and thus, the
generation of CO intermediates is significantly reduced. Further, the
single-cell performance after MEA fabrication was improved when the
prepared catalyst was applied to a DFAFC anode than when applied to a
PEMFC anode and cathode. The MEA with Bi-modified Pt/C showed a
power density of over 2.5 times that of the MEA with commercial
catalysts (Pt/C and Pt black). The DFAFC stack was successfully man-
ufactured by scale-up and duplicating 35 of the MEA, and 300W of
electric power was achieved on this stack. This achievement may pro-
vide the basis for the commercialization of DFAFCs.
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