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Abstract

The objective of this paper is to present the results of experimentations on the custom-made anode
electrocatalysts for direct carbon monoxide fuel cells (DCMFCs) inspired by catalysts commonly used for
direct alcohol fuel cells. Seven different catalysts were fabricated and tested. The uniform and consistent
manufacturing process and the test procedure allowed a meaningful comparison of the developed fuel cells.
The results indicated that homemade Pt-Ru membrane-electrode assembly (MEA) could not compete with
the Pt-Sn MEA. While the performance of the MEAs with Pt-Ru-Ni, Pt-Ru-Sn-Ni, and Pt-Ru-Sn-Co was not
satisfactory, the Pt-Ru-Sn-Co-W MEA achieved the best performance among all MEAs with Nafion® 117
membrane. The last MEA was made of the Pt-Sn anode catalyst and Nafion® 212 membrane and
outperformed all other MEAs by a wide margin. The experiments demonstrated that the performance of the
best-developed MEA was three times better than the performance of the commercial Pt-Ru MEA. This
means the performance of DCMFCs can be significantly improved by developing a suitable anode
electrocatalyst, using a thinner membrane, and operating at optimum conditions. These results are not only
applicable for DCMFCs but also are very useful for other proton exchange membrane fuel cells (PEMFCs)

operating with CO-containing fuels.
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1. INTRODUCTION

Coal is playing and will continue to play a major role
in the electricity generation industry in many countries
throughout the world; therefore, it is vital to improve
the sustainability of this industry by improving the
efficiency of coal-powered electricity generation
systems and reducing their environmental impacts.
While theoretically, direct carbon fuel cells (DCFCs)
are a prime candidate to efficiently convert the
chemical energy of coal to electricity by fuel cells,
they are facing major technical challenges. An
alternative approach is to process coal and other
carbon-bearing fuels into gaseous fuels before
feeding them to fuel cells. This conversion can be
achieved via either the gasification process or partial
oxidation (POX) process. While the gasification
process is industrially developed, it needs a
significant amount of water, which makes it
unsuitable for portable applications. On the contrary,
the POX process in the form of sub-stoichiometric
combustion does not require any water and is simple.
These characteristics make the POX process an ideal
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choice for this particular application. The produced
gas, which contains a high concentration of carbon
monoxide, can be fed to proton exchange membrane
fuel cells (PEMFCs). However, typically, platinum-
based catalysts are used to make electrodes in this
type of fuel cell which can be poisoned in the
presence of CO in the anode. So, the development of
direct carbon monoxide fuel cells (DCMFCs) requires
electrocatalysts with high resistance to CO poisoning.
Since a similar problem exists for direct alcohol fuel
cells (DAFCs), including direct methanol fuel cells
(DMFC), direct ethanol fuel cells (DEFC), and direct
formic acid fuel cells (DFAFC), the catalysts
developed for these fuel cells are used as an
inspiration in this research. This is because during
the alcohol reforming process, carbon monoxide is
generated and the electrocatalyst of these fuel cells
must also cope with the problem of CO poisoning.
While several solutions have been proposed to
address this problem, the most practical and common
approach is to use transition metals to form a
platinum alloy as anode electrocatalysts for fuel cells.
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For this purpose, one, two, or even more other metals
have been added to platinum to create CO-resistant
catalysts.

The originality of this paper stems not only from the
novelty of the idea of feeding PEMFCs with carbon
monoxide-containing fuels but also from the
comparability of the results of a wide variety of
electrocatalysts that were developed and tested at
similar conditions.

2. METHODOLOGY

In this paper, the development and testing of several
binary alloys of Pt and other metals to electrooxidize
carbon monoxide are presented. This is followed by
several ternary and quaternary alloys of platinum.
The procedure to create electrocatalysts and
manufacture MEAs, and the test procedure were
presented in details in the companion paper
(Zabihian et al., 2023). The anodic electrocatalyst
preparation process included dissolving metal
precursors in Ethylene Glycol, adding KOH solution,
synthesizing by the reduction process after the
addition of NaBH4, and filtering, washing, and drying
the solid catalyst particles. For the carbon-supported
catalysts, Vulcan was added. The anodic and
cathodic catalyst solutions were created by mixing
the Nafion® solution and water with the anode
catalyst and Pt black, respectively. The anodic and
cathodic catalyst solutions were painted on 5 cm?
carbon papers and allowed to dry. To creat
membrane-electrode assembly (MEA), a Nafion®
membrane was sandwiched between the painted
carbon papers using the hot-press process for the
duration of six minutes at 140°C. Initially, Nafion®117
by DuPont and later Nafion®212 (to improve the
power density of the fuel cell) were employed. D521
and D1021 Nafion® dispersions, manufactured by lon
Power Inc., were used as the binders. To test the
manufactured MEAs, an 850e Fuel Cell Test System
(Scribner), a fully automated computer-controlled
system, was used. The station can automatically
create the polarization curve of MEAs at controlled
cell operating temperatures, mass flow rates of fuel
and oxidant, and temperature of humidifiers (both
anode and cathode flows) using different fuels and
oxidants.

For simplification, throughout this paper, the
manufactured MEAs are identied by their membrane,
anode, and cathode materials (or anode and cathode
materials). For example, N117/Pt-Sn/Pt or Pt-Sn/Pt
represents an MEA made of platinum (Pt) — tin (Sn),
platinum (Pt), and Nafion®117 as the anode
electrocatalyst, cathode electrocatalyst, and the
electrolyte membrane, respectively. A similar
notification is used to express the temperatures of the
MEA, and anode and cathode humidification flows
(e.g. 90/80/95°C).
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3. RESULTS AND DISCUSSION

3.1 Binary Alloys of Pt and Metals Other Than Ru
Ruthenium (Ru) is not the only metal that can be
alloyed with Pt as electrocatalysts. Other metals have
been tried with varying success levels, including the
Pt-alloy with

* molybdenum (Mo) (Torres-Santillan, et al., 2022;
Molochas & Tsiakaras, 2021; Pillai, et al., 2019;
Wang et al, 2007; Santiago et al., 2003;
Samjeskeé et al., 2002; Neto et al., 2002; Grgur et
al., 1998; Mukerjee et al., 1999),

* tin (Sn) (Sapkota et al., 2023; Di et al., 2022;
Zhang et al., 2021; Goel & Basu, 2012; Simdes et
al., 2007; Colmati et al., 2006; Rousseau et al.,
2006; Song et al., 2005; Vigier et al., 2004a; Jiang
et al., 2004; Zhou et al., 2004; Vigier et al., 2004b;
Pick, 1999; Gotz & Wendt, 1998),

» cobalt (Co) (Lin et al., 2022; Liang et al., 2019;
Antolini et al., 2006),

« iron (Fe) (Zhang et al., 2022; Litkohi et al., 2020;
Yang et al., 2019; Xu et al., 2006; Li et al., 2004),

* tungsten (W) (Zhou et al., 2004; Ham et al., 2008),

* nickel (Ni) (Litkohi et al., 2020; Yang et al., 2019;

Antolini et al., 2006; Choi et al., 2003),

gold (Au) (Latif et al., 2020; Lee et al., 2008),
osmium (Os) (Santos & Tremiliosi-Filho, 2003),
iridium (Ir) (Li et al., 2023; Gurau et al., 1998),
rhenium (Re) (Goel & Basu, 2012; Vigier et al.,
2004b),

* and lead (Pd) (Yang et al., 2019; Li & Pickup,
2006; Zhou et al., 2004).

Also, metal oxides have been added to Pt to fabricate
electrocatalysts, including

* MoOx (Kurdin et al., 2022; loroi et al., 2002; Wang
et al., 2001; Zhang et al., 1999),

* WOs3 (Tian et al.,, 2021; Brkovic et al., 2020;
Antolini, 2007; Shen et al., 1995),

* NbOx (Ueda et al., 2003),

* TaOx (Gao et al., 2019; Ueda et al., 2003),

* SnOx (Dubau et al., 2020; Spasov et al., 2019;
Jiménez-Morales et al., 2019; Matsui et al., 2006),

* PbOx (Suffredini et al., 2007),

* RuOz2 (Lee et al., 2021a; Eguiluz et al., 2010),

RhOz2 (Eguiluz et al., 2010),

IrO2 (Ahn et al., 2022; Moore et al., 2019).
* ReOx« (Kim et al., 2022)
The general conclusion of most of these studies was
that these catalysts typically were better catalysts
than pure Pt in terms of both electrochemical
activities and CO tolerance. But their performance
was inferior compared to that of Pt—-Ru and Pt-Sn
catalysts. One of the most promising and most
studied Pt-based catalysts is platinum-tin (Pt-Sn)
alloy. Therefore, this catalyst will be investigated
next.
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3.1.1. Platinum (Pt) — Tin (Sn) Electrocatalysts
Among many attempted binary Pt-based catalysts,
the Pt-Sn catalysts have the most potential to
replace Pt—Ru catalysts. It has been reported that Pt-
Sn catalysts have better CO tolerance compared to
Pt-Ru alloys (Di et al., 2022; Matsui et al., 2006; Goel
& Basu, 2012). Rousseau et al. (2006) reported that
alloying platinum and tin in a carbon-supported
electrocatalyst improved the catalytic activity of
carbon-supported Pt from a few mW/cm? to about 30
mW/cm? at 80°C in a direct ethanol fuel cell (DEFC).
Di et al. (2022) studied various combinations of Pt-Sn
catalysts (PtxSny with x=3, 1, 1, 1 and y=1, 1, 2, 4).
They reported that the performance of all
electrocatalysts was superior to that of the
commercial Pt/C. They also showed that x=1 and y=1
had the best performance and stability. Zhou et al.
(2004) demonstrated the superior performance of
carbon-supported Pt-Sn catalysts compared to
carbon-supported Pt-Ru, Pt-W, Pt-Pd, and Pt
catalysts in a single DEFC. The maximum power
density of Pt-Sn doubled that of the second-best
performing catalyst, Pt-Ru. Jiang et al. (2004)
reported that the catalyst preparation method affects
the tin oxidation state and thus the electrochemical
activity of the catalyst. Simbes et al. (2007)
developed and tested various Pt-Sn catalysts for
DEFCs. They developed their DEFC using carbon-
supported Pt-Sn as the anode catalyst, Pt as the
cathode catalyst, and Nafion® 117 as the electrolyte.
While based on the electrochemical characterization,
they reported Pt 60% - Sn 40% as the best catalyst in
terms of activity for ethanol oxidation, the catalyst
with the highest power density (when used to create
the MEA for a DEFC) was Pt 90% - Sn 10%. They
attributed this apparent discrepancy to different
temperatures during the electrochemical
characterization (room temperature) and the
operation of the fuel cell.

In this MEA, first, several tests were conducted to
evaluate the performance of the fuel cell when fed
with CO-N2 and CO as the fuel, and air and oxygen
as the oxidant at the operating temperature of 80°C.
Fig. 1 shows that the fuel cell fueled with CO and Oz
outperformed other cases (with the maximum power
density of 59.4 mW/cm?) followed by when the fuel
cell was fueled with CO and air (with the maximum
power density of 49.2 mW/cm?). The worst
performance was when it was fueled with CO-Nz and
air (with the maximum power density of 44.7
mW/cm?). The performance of the MEA at lower
current densities was close but with an increase in
current densities, the differences grow. It should be
noted that in these experiments the flow rates of the
fuels and oxidants varied, 50/100 mlit/min for CO/Oz,
50/250 mlit/min for CO/air, and 250/1500 mlit/min for
CO-Nz/air. In all these cases, the maximum power
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densities were significantly higher than the values
reported by Rousseau et al. (2006) for Pt-Sn
catalysts used in their DEFCs at the same operating
temperature (about 30 mW/cm?).
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Fig. 1. The polarization curves of MEA with Pt-Sn
anode catalyst fed with the mixture of CO-N2 and CO
as the fuel and air and O: as the oxidant (at the
operating temperature of 80°C): The effects of the fuel
and oxidant composition.

To investigate the impacts of the operating
temperature on the fuel cell performance, the
experiments were conducted using the mixture of
CO-Nz2 as the fuel and air as the oxidant with various
flow rates (as shown in the diagram) at the operating
temperatures of 80 to 95°C with the increment of 5°C.
The curves in Fig. 2 show that at the high operating
temperatures of 90 and 95°C, the fuel cell operation
was unstable probably due to the drying effect on the
electrolyte. The maximum power densities of the cell
at 80, 85, and 95°C were 44.7, 44.5, and 43.8
mW/cm?, respectively. Lamy et al. (2004) reported
the power density of about 20 mW/cm? at the
operating temperature of 90°C and about 27 mW/cm?
at the operating temperature of 110°C for the Pt-Sn
catalyst in a DEFC. While the developed Pt-Sn
catalyst for this paper outperformed the reported
results by Lamy et al. (2004), it did not demonstrate
the expected strong dependency on operating
temperatures. This might be because of the high
operating temperatures of the MEA (close to the
upper limits of the operating temperature of the
membrane). Also, they reported an open circuit
voltage (OCV) of 0.72 V which is much lower than
that of the developed MEA in this research at about
0.9 V. However, in both the developed MEA and the
reported results by Lamy et al. (2004), the OCVs are
unaffected by the operating temperatures.
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Fig. 2. The polarization curves of MEA with Pt-Sn
anode catalyst fed with the mixture of CO-Nz2 as the
fuel and air as the oxidant: The effects of the
operating temperature.

Comparing the maximum power density of the current
MEA with that of the commercial Pt-Ru DMFC when
fueled with the mixture of CO-N2 and air at the
operating temperature of 80°C (approximately 45 vs.
24 mW/cm?, respectively) indicates that the
homemade MEA with the unsupported Pt-Sn anode
catalyst had a significantly better performance than
that of the commercial Pt-Ru MEA. Similarly, when
fed with CO and O: at the operating temperature of
80°C, the homemade MEA with the unsupported Pt-
Sn anode catalyst performed much better than the
homemade MEA with the unsupported Pt-Ru anode
catalyst (approximately 60 vs. 34 mW/cm?
respectively). Comparing the performance of the
homemade MEA with the unsupported Pt-Sn and Pt-
Ru anode catalysts when fed with CO-N2 and air at
the operating temperature of 95°C indicates similar
results but with a smaller difference (approximately
44 vs. 39 mW/cm?, respectively).

The superior performance of the fuel cell with the
anode catalyst of Pt-Sn compared to that of the fuel
cell with the anode catalyst of Pt-Ru confirms the
similar results reported by Zhou et al. (2004) for
DEFCs although they reported a larger difference in
some cases. Similar results are reported by others
such as Zhou et al. (2003), Song et al. (2005),
Colmati et al. (2006), and Zhou et al. (2004). It should
be noted that the reported results on the superiority of
Pt-Sn anode catalyst were only for DEFCs. For
DMFCs, fuel cells with the anode catalyst of Pt-Ru
have reportedly superior performance compared to
that of fuel cells with the anode catalyst of Pt-Sn
(Zhou et al., 2003; Song et al., 2005; and Colmati et
al., 2006).
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3.1.2. Vulcan-Carbon Nanotubes-Supported Pt-Sn
Electrocatalyst

Catalyst supports are added to electrocatalysts to
improve their catalytic activity, ionic and electronic
conductivity, and porosity. It was shown that the
addition of carbon support (Vulcan) did not improve
the performance of the Pt-Ru anode catalyst. In this
section, the impact of the addition of support to the
Pt-Sn anode catalyst will be investigated. The anode
electrode of the fabricated MEA was the Vulcan-
carbon nanotubes (CNT)-supported Pt-Sn with the
catalyst loading of 6 mg/cm? and the cathode
electrode was the carbon-supported platinum with the
loading of 4 mg/cm? and Nafion® 117 as the
electrolyte.

In these experiments, first, the effect of the fuel type
is investigated. Fig. 3 shows the polarization curves
of the fuel cell when fueled with CO-N2 (20% and
80% volume-based, respectively) and Hz as the fuel
and oxygen as the oxidant with the flow rates of
100/200 mlit/min at the operating temperature of
80°C. The ratio of the maximum power density of the
fuel cell when fueled with hydrogen to that of the CO-
No-fueled fuel cell was 12.8 (136 vs 10.6 mW/cm?,
respectively).
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Fig. 3. The polarization curves of the MEA with the
carbon-supported Pt-Sn anode catalyst fed with the
mixture of CO-N2z and hydrogen as the fuels and
oxygen as the oxidant: The effect of the fuel type.

Fig. 4 depicts how the fuel cell operating temperature
influences the performance of the cell when it was
fueled with hydrogen and oxygen with the flow rates
of 100 and 200 mlit/min, respectively, at two
temperatures, 40 and 80°C. The curves show that the
maximum power density of the cell increases from
108 to 136 mW/cm? when the operating temperature
increases from 40 to 80°C. The difference between
the two curves becomes more significant with an
increase in current density.
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Similarly, Fig. 5 illustrates the polarization curves of
the fuel cell when fueled with CO-N2 and O2 (100/200
mlit/min) at the operating temperatures of 80 and
95°C. Remarkably, the figure indicates that the
maximum power density of the fuel cell more than
doubled when the operating temperature increased
from 80 to 95°C. For comparison, the ratio of the
maximum power density of the fuel cell when fed by
hydrogen and oxygen (Fig. 4) increased by about
26% when the operating temperature increased from
40 to 80°C.
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Fig. 4. The polarization curves of the MEA with the
carbon-supported Pt-Sn anode catalyst fed with
hydrogen as the fuel and oxygen as the oxidant

(100/200 mlit/min): The effect of the operating
temperature.
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Fig. 5. The polarization curves of the MEA with the
carbon-supported Pt-Sn anode catalyst fed with CO-
N2 as the fuel and Oz as the oxidant (100/200
mlit/min): The effect of the operating temperature.

Fig. 6 depicts the effect of the fuel and oxidant flow
rates on the performance of the fuel cell at two
operating temperatures, 80 and 95°C. The curves
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show that at the operating temperature of 80°C, the
performances of the fuel cell with various flow rates
are close. But at the operating temperature of 95°C,
increasing the flow rates significantly improves the
performance of the fuel cell. The reason can be
because of the higher activity of the electrocatalyst at
the higher temperature which increases the rate of
reactions. This means at the high operating
temperature and the low flow rate, the cell is starved.
This behavior is different from what was previously
observed for the MEA with Pt-Sn anode catalyst fed
with the mixture of CO-N2 as the fuel and air as the
oxidant (Fig. 2). This might be an indication that the
MEA with the carbon-supported Pt-Sn anode catalyst
has some room for further performance improvement.
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Fig. 6. The polarization curves of the MEA with the
carbon-supported Pt-Sn anode catalyst fed with CO-
N2 as the fuel and O:2 as the oxidant: The effect of the

fuel and oxidant flow rates.

The comparison of the experimental results for the
carbon-supported Pt-Ru and Pt-Sn  anode
electrocatalysts indicates that the performance of the
two MEAs is consistent when fed with CO and O2. At
the operating temperature of 80°C, the power density
of 10 to 13 mW/cm? and at the operating temperature
of 95°C the power density of 18 to 22 mW/cm? were
observed in these two catalysts. For
hydrogen/oxygen-fed MEAs at the operating
temperature of 80°C, the power densities of 194 and
136 mW/cm? were achieved for the carbon-supported
Pt-Ru and Pt-Sn anode catalysts, respectively.
However, the comparison of the performance of the
MEAs made of the supported and unsupported Pt-Sn
anode catalysts indicates a significantly inferior
performance of the former. The power densities of
the supported and unsupported Pt-Sn anode
catalysts when fueled with CO-N2 at the operating
temperature of 80°C were approximately 10 and 45
mW/cm?, respectively. In fact, the carbon-supported
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Pt-Sn anode catalyst had the worst performance
among all the developed and tested anode catalysts
(Liu et al., 1998).

3.2. Adding Other Metals to Pt-Ru

Many researchers have tried to add a third metal to a
Pt-Ru catalyst to create a ternary catalyst anticipating
an improvement in the electrochemical characteristics
of the catalyst as well as reducing the consumption of
platinum and ruthenium (Yang et al., 2021).

It is reported that in the ethanol oxidation reaction,
most ternary Pt-Ru-based and Pt-Sn-based
electrocatalysts outperformed Pt—-Ru and Pt-Sn
electrocatalysts (Antolini, 2007). However, some of
these catalysts have suffered from problems due to
the lack of durability and stability (Wang et al., 2007).
Some of the ternary Pt—Ru, Pt-Sn, and Pt-Ni based
electrocatalysts reported in the literature are listed in
Table 1. It should be noted that some researchers
added metal oxides to create anode electrocatalysts.

Table 1: The list of articles in the literature that studied multiple-metal anode electrocatalysts

Anode

electrocatalysts PtRu

Pt-Sn Pt-Ni

Hang et al., 2020; Rousseau et al., 2006;

Sn Aramata & Masuda, 1991; Zhou et al.,
2004
Lee et al., 2021b; Wang et al., 2006; Choi
Ni et al.,, 2003; Pasupathi & Tricoli, 2008;
Zhou et al., 2004; Ye et al., 2007;
Martinez-Huerta et al., 2006
Gonzalez-Hernandez et al.,, 2020;
Mo Pasupathi & Tricoli, 2008; Zhao et al.,
2014; Zhou et al., 2003
W Zhou et al., 2003: Zhou et al., 2004 Wang ol
Os Ley et al., 1997; Chu & Jiang, 2002 Goel & Basu, 2012
Mukherjee et al.,, 2022; Pasupathi &
Co Tricoli, 2008; Zhang et al., 2004; Moreno
et al., 2009
Pb Li & Pickup, 2006
Pd He et al., 1997
Ir Ravichandran et al., 2022; Pasupathi & 5,01 ¢ Bagy 2012 Lin etal., 2020
Tricoli, 2008
Re Choudhary & Pramanik, 2020 Goel & Basu, 2012
Fe Litkohi et al.,
2020
WOs Shen et al. 1995; Jusys et al., 2002; Lasch
etal., 1999
MoOx Jusys et al., 2002; Lasch et al., 1999
VOx Jusys et al., 2002; Lasch et al., 1999
SnOx Matsui et al., 2006

3.2.1. Pt-Ru-Ni Electrocatalysts

Wang et al. (2006) experimentally demonstrated that
the catalytic activity and CO tolerance of carbon-
supported Pt—Ru-Ni anode electrocatalysts were
higher than those of the carbon-supported Pt-Ru.
Similar results were reported by Ye et al. (2007) and
Martinez-Huerta et al. (2006) for the higher catalytic
activity and stability of the CNT-supported Pt-Ru-Ni
catalysts in DMFCs. However, Pasupathi and Tricoli
(2008) reported that the addition of “even trace
amounts of nickel” in Pt-Ru anode electrocatalysts
deteriorated the performance of DMFCs and reduced
the catalytic activities of the catalysts toward
methanol. The reason for this discrepancy might be
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the different fabrication methods used in these
studies. While most studies used the chemical
reduction method to synthesize catalysts, Pasupathi
& Tricoli (2008) used the vapor deposition of Ni-
precursor onto Pt-Ru catalysts for this purpose.

For this part, the anode electrocatalyst was made of
the Pt-Ru-Ni with the loading of 6 mg/cm?, and the
cathode electrocatalyst was made of carbon-
supported platinum with the loading of 4 mg/cm? and
Nafion® 117 as the electrolyte. To evaluate the
performance of the developed Pt-Ru-Ni MEA, first,
the polarization curves when the cell was fueled with
hydrogen are presented. Fig. 7 illustrates the effect of
the operating temperature of the cell on the
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polarization curves when the cell was fed with
hydrogen as the fuel and oxygen as the oxidant (flow
rates of 100/200 mlit/min) at the operating
temperatures of 40 and 80°C. Similar to previous
cases, the fuel cell performance was improved with
an increase in the operating temperature. Comparing
the performance of this MEA and those of the
commercial and homemade Pt-Ru anode catalyst
MEAs in similar operating conditions (the maximum
power densities of 184 vs. 278 and 208 mW/cm?,
respectively, at an operating temperature of 40°C)
indicates that when fueled with hydrogen, the Pt-Ru-
Ni MEA performance was inferior to the Pt-Ru MEA
performance for both the homemade and the
commercial ones. However, the Pt-Ru-Ni
outperformed the carbon-supported Pt-Ru and the
carbon-supported Pt-Sn with a wide margin when fed
with hydrogen and oxygen at the operating
temperature of 80°C (the maximum power densities
of 304 vs 194 and 136 mW/cm?, respectively).
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Fig. 7. The polarization curves of the Pt-Ru-Ni MEA
fed with Hz and Oz (100/200 mlit/min): The effect of
the operating temperature.

Fig. 8 depicts the effect of the oxidant flow rate, in
this case, air, on the performance of the fuel cell
when it is fueled with hydrogen at the operating
temperature of 80°C. Increasing the air flow rate from
200 mlit/min  to 1000 mlit/min improved the
performance of the single cell. This improvement was
manifested in the maximum power density which
increased from 192 to 215 mW/cm?. Unlike other
similar cases where at low current densities the
difference was very small but with an increase in
current density this difference grows, in this diagram,
the significant difference can be observed even at low
current densities. This indicates the especially
important role of oxidant air flow rate for this fuel cell.
In Fig. 7 and Fig. 8 the fuel cell was fueled with
hydrogen. Next, the fuel cell performance when

64

fueled with different fuels is investigated (Fig. 9 and
Fig. 10). First, the performance of the fuel cell is
compared when it is fueled with hydrogen and carbon
monoxide as the fuel and oxygen as the oxidant (Fig.
9). The maximum power density of the fuel cell, when
fueled with hydrogen, was about 6.4 times greater
than that of when fueled with carbon monoxide (304
vs 47.4 mW/cm?, respectively). This ratio is much
lower than the same ratio for Pt-Ru MEA. The open
circuit voltage of the fuel cell when fueled with
hydrogen was about 1.0 V while it was about 0.8 V
when fueled with carbon monoxide.
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Fig. 8. The polarization curves of the Pt-Ru-Ni MEA
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Fig. 9. The polarization curves of the Pt-Ru-Ni MEA
fed with oxygen (200 mlit/min): The effect of the fuel
type, Hz and CO (100 mlit/min), at the operating
temperature of 80°C.

Comparing the maximum power density of the fuel
cell in Fig. 9 (CO/O2, 100/200 mlit/min, 80°C) with
that of the supported and unsupported Pt-Ru MEAs
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reported at similar operating conditions, 47.4 vs. 33.2
and 12.6 mW/cm?, respectively, indicates that in this
operating condition, this MEA outperforms the Pt-Ru
MEAs. However, the maximum power density of the
unsupported Pt-Sn MEA (59.4 mW/cm?) was higher
than that of the supported Pt-Ru-Ni MEA. Similarly,
Fig. 10 compares the performance of the fuel cell
when fueled with the mixture of CO and N2 (20% and
80% volume-based, respectively) and hydrogen as
the fuel and air as the oxidant at the operating
temperature of 80°C. In this case, the ratio of the
maximum power density of the fuel cell when fueled
with hydrogen to that when fueled with CO-N2 was
about 4.6. It should be noted that the air flow rate for
hydrogen was 200 mlit/min while the flow rate for CO-
N2 was 500 mlit/min. When the air flow rate for
hydrogen fuel was increased to 1000 mlit/min, the
ratio increased to about 5.5. Again, as noted earlier,
this indicates the importance of the oxidant flow rate
for the performance of this fuel cell.
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Fig. 10. The polarization curves of the Pt-Ru-Ni MEA
fed with air: The effect of the fuel type at the
operating temperature of 80°C.

Fig. 11 llustrates the impact of the operating
temperature (80, 95, and 100°C) on the performance
of the fuel cell when it is fueled with a mixture of CO
and N2 (20% and 80% volume-based, respectively, at
the flow rate of 100 mlit/min) as the fuel and Oz as
the oxidant (the flow rate of 500 mlit/min). At low
current densities, as expected, the performance of
the cell improves with the increase in the operating
temperature. At high operating temperatures, for high
current densities, however, the voltage abruptly
drops. This is reflected in the maximum power
density of the fuel cell being 38.9, 37.3, and 36.1
mW/cm?,  respectively, when the operating
temperature is 80, 95, and 100°C. To investigate this
behavior, the same experiments were repeated but at
the higher flow rates of the fuel and oxidant.
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Fig. 12 depicts the polarization curves of the fuel cell
at the operating temperatures of 95 and 100°C for
two cases; the fuel and air flow rates of 100/500 and
250/1500 mlit/min. The figure indicates that with an
increase in the flow rates (from 100 to 500 mlit/min
for the anode flow rate and 500 to 1500 mlit/min for
the cathode flow rate), the sudden drop of voltage at
high current densities is avoided, which means the
drop was due to the starvation of the electrodes
(mainly the anode). Also, the curves in Fig. 12 show
that the performance of the cell at 95°C is better than
that at 100°C (the maximum power density of 44.0 vs
38.2. mW/cm?, respectively, for 250/1500 mlit/min
and 37.3 vs 36.1 mW/cm?, respectively, for 100/500
mlit/min). This might be a result of the drying of the
electrolyte membrane at extremely high operating
temperatures.
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Fig. 11. The polarization curves of the Pt-Ru-Ni MEA
fed with the mixture of N2 and CO and air (100/500
mlit/min): The effect of the cell operating temperature.
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If the maximum power density of the current MEA at
44 mW/cm? and those of the commercial DMFC (Pt-
Ru), homemade Pt-Ru, and Pt-Sn are compared at
similar operating conditions (CO-Nz/air and 95°C),
24.7 and 38.8 mW/cm?, respectively, it can be
concluded that in this operating condition, the current
MEA outperformed both Pt-Ru catalysts. However, at
this operating condition, the Pt-Ru-Ni MEA and
unsupported Pt-Sn MEA performed similarly (44 vs.
43.8 mW/cm?, respectively). It should be noted that at
this operating condition, the maximum power density
of the Pt-Ru-Ni MEA was twice as high as that of the
unsupported Pt-Sn  MEA. At the operating
temperature of 80°C, the Pt-Ru-Ni MEA also
outperformed the Pt-Ru MEAs, but it was inferior to
the Pt-Sn MEA.

To sum up, when fueled with hydrogen, the Pt-Ru-Ni
MEA cannot compete with Pt-Ru MEAs. When fueled
with  CO-containing fuels, the Pt-Ru-Ni MEA
outperforms all the Pt-Ru MEAs but is outperformed
by the Pt-Sn MEA. These findings are aligned with
the results reported by Wang et al. (2006), Ye et al.
(2007), and Martinez-Huerta et al. (2006) and
contradict those reported by Pasupathi & Tricoli
(2008). This discrepancy, as noted earlier, might be
due to the different fabrication methods that were
used to develop the MEAs in the latter research.

3.2.2. Pt-Ru-Sn-Ni Electrocatalyst

To further improve the performance of anode
electrocatalysts, several attempts have been reported
in the literature to fabricate quaternary Pt-based
electrocatalysts and beyond, including Pt—-Ru—Pd-
Rh—Au (Mints et al., 2022), Pt-Ru-Mo-W (Choi et al.,
2002), Pt-Ru-Os-Ir (Reddington et al., 1998), and Pt-
Ru-Sn-W (Arico et al.,, 1995). In the previous
experiments, it was shown that when Ni was added to
Pt-Ru, the performance of the catalyst was improved.
Also, it was observed that the Pt-Sn catalyst has the
best performance for CO-containing fuels among all
developed MEAs so far. Furthermore, Spinacé et al.
(2005) reported that the carbon-supported Pt-Sn-Ni
electrocatalyst has a better performance than that of
the carbon-supported Pt-Sn electrocatalyst in direct
ethanol fuel cells. All these observations indicate that
the next logical step is to fabricate quaternary
electrocatalysts containing platinum, ruthenium, tin,
and nickel (Pt-Ru-Sn-Ni).

Fig. 13 illustrates the performance of the Pt-Ru-Sn-Ni
MEA when fed with either hydrogen or carbon
monoxide as the fuel and oxygen as the oxidant
(100/200 mlit/min) at the operating temperature of
80°C. The ratio of the maximum power density of the
fuel cell when fueled with hydrogen to that when
fueled with carbon monoxide is 2.9 (95.7 vs 33.0
mW/cm?). This ratio is much smaller for this catalyst
compared to those of the previous ones. This

indicates that the performances of the fuel cell when
fed with hydrogen and carbon monoxide are getting
closer but this does not necessarily mean that the
fuel cell was performing better when fueled by CO but
its performance got worse when fueled with
hydrogen.

Fig. 14 depicts the polarization curves of the fuel cell
when it was fueled with CO and Oz (500/1000
mlit/min) at two operating temperatures, 80 to 95°C.
The curves show that the performance of the fuel cell
improves with an increase in the operating
temperature, as expected. The maximum power
density increases from 26.7 to 33.7 mW/cm? when
the operating temperature increases from 80 to 95°C.
The instability in the operation of the fuel cell at high
temperatures should be also noted.
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Fig. 13. The polarization curves of the Pt-Ru-Sn-Ni
MEA fed with Oz as the oxidant at the operating
temperature of 80°C: The effect of the fuel type (H2
and CO) (100/200 mlit/min).
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Fig. 15 shows the polarization curves of the fuel cell
fed with CO and Oz (100/200 mlit/min) at the
operating temperature of 80°C. In these experiments,
the humidification temperature of the cathode was
80°C and the humidification temperature of the anode
was 80 and 90°C. The figure indicates that the
performance of the fuel cell was slightly improved
when the temperature of the humidification process
was increased from 80 to 90°C from 33.0 to 34.0
mW/cm? (about 1.3% increase in the maximum
power density).
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Fig. 15. The polarization curves of the Pt-Ru-Sn-Ni
MEA fed with CO as the fuel and Oz as the oxidant
(100/200 mlit/min) at the operating temperature of
80°C: The effect of the anode humidification
temperature.

At the operating temperature of 80°C when the MEAs
were fed with CO and Oz, the maximum power
densities of the Pt-Ru-Sn-Ni MEA, Pt-Ru MEA, Pt-Sn
MEA, and Pt-Ru-Ni MEA were 33.0, 33.2, 59.4, and
47.4 mW/cm?, respectively. A similar pattern can be
seen when the fuel cells were fed with carbon
monoxide and oxygen at the operating temperature of
80°C, where the Pt-Ru-Sn-Ni catalyst demonstrated
the most inferior performance. When fueled with
hydrogen, the Pt-Ru-Sn-Ni MEA had the lowest
maximum power density among all the experiments
conducted so far. Collectively, all these values
indicate that contrary to the initial expectations, the
Pt-Ru-Sn-Ni MEA was inferior compared to the other
MEAs. The good performances observed in Pt-Ru,
Pt-Sn, and Pt-Ru-Ni MEAs did not result in the
exceptional performance of the Pt-Ru-Sn-Ni MEA.

3.2.3. Pt-Ru-Sn-Co Electrocatalyst

Mukherjee et al. (2022), Pasupathi & Tricoli (2008),
Zhang et al. (2004), Antolini et al. (2006), and Moreno
et al. (2009) all experimentally demonstrated that the
addition of cobalt (Co) to Pt-Ru electrocatalyst can
positively impact the catalytic activity of the

electrocatalyst, particularly towards  methanol
oxidation. In an attempt to improve the anode
catalyst, the Pt-Ru-Sn-Co electrocatalyst was
developed and used as the catalyst in the MEA. The
anode electrocatalyst was made of the Pt-Ru-Sn-Co
with the loading of 6 mg/cm? and the cathode
electrocatalyst was made of the carbon-supported
platinum with the loading of 4 mg/cm? and Nafion®
117 as the electrolyte. Fig. 16 depicts the polarization
curves for the fuel cell with the Pt-Ru-Sn-Co anode
electrocatalyst at two operating temperatures of 80
and 95°C when the cell was fueled with the mixture of
20% CO and 80% N2 as the fuel and air as the
oxidant (250/1000 mlit/min). As with the other cases,
the increase in the operating temperature improves
the performance of the fuel cell, and the maximum
power density increases from 25.8 to 30.6 mW/cm?
when the operating temperature increases from 80 to
95°C.
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Fig. 16. The polarization curves of the Pt-Ru-Sn-Co
MEA fed with CO-Nz2 as the fuel and air as the
oxidant: The effect of the operating temperature.
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Fig. 17 illustrates the impact of the fuel and air flow
rates on the performance of the fuel cell when it was
fed with CO-N2 (20% and 80%, respectively) as the
fuel and air as the oxidant. The curves indicate that
the performance of the fuel cell is mostly unaffected
by the variation of the flow rates. In this figure, the
maximum power density is in the range of 25.7 and
26.1 mW/cm?.

At the operating temperature of 95°C when the fuel
cells were fed with CO-N2 (20% and 80%,
respectively) and air, the maximum power densities
of the Pt-Ru-Co-Sn, commercial and homemade Pt-
Ru, Pt-Sn, and Pt-Ru-Ni MEAs are 30.6, 24.7, 38.8,
438, and 37.3 mW/cm? respectively. The
performance of the Pt-Ru-Sn-Co and Pt-Ru-Sn-Ni
MEAs are of the same magnitude. A similar trend is
observed at the operating temperature of 80°C when
the fuel cells were fed with CO-N2z and air, however in
this case the Pt-Ru-Sn-Ni MEA outperforms the Pt-
Ru-Sn-Co MEA. All these values indicate that the Pt-
Ru-Sn-Co MEA is inferior to the previous MEAs,
except for the commercial Pt-Ru.

3.2.4. Pt-Ru-Sn-Co-W Electrocatalyst

Several research teams have reported that the
addition of tungsten to catalysts can improve their
activity. This can be achieved by forming Pt-W (Zhou
et al., 2004; Ham et al., 2008), Pt-Ru-W (Zhou et al.,
2004; Zhou et al., 2003), or Pt-Ru-Sn-W (Arico et al.,
1995). As a last attempt to improve the performance
of the MEA by manipulating the anode
electrocatalyst, the Pt-Ru-Sn-Co-W electrocatalyst
was developed and used as the anode catalyst for
the MEA. The anode electrocatalyst was Pt-Ru-Sn-
Co-W with the loading of 6 mg/cm?. The cathode
electrocatalyst and the electrolyte were similar to the
previous MEAs.

First, several experiments at the operating
temperature of 95°C were conducted to evaluate the
impacts of fuel and oxidant types, i.e. CO-N2 (20%
and 80%, respectively) or CO and air or oxygen, on
the performance of the MEA. Fig. 18 indicates that
while the effect of using CO-N2 or CO is negligible,
the impact of the oxidant type is the dominant factor.
As expected, the performance of the fuel cell was
much better when fed with O2 compared to that when
fed with air. The maximum power density of the fuel
cell when fed with O2 was about 50% higher than that
when fed with air. When fueled by CO, the maximum
power density of the fuel cell with oxygen and air is
78.5 and 53.2 mW/cm?, respectively. When fueled by
CO, these values are 73.5 and 53.3 mW/cm?,
respectively. Considering a different point of view,
when the oxidant is air, the maximum power density
of the fuel cell with CO and CO-N2 are 53.2 and 53.3
mW/cm?, respectively. When the oxidant is oxygen,
these values are 785 and 735 mW/cm?

68

respectively. Similarly, Fig. 19 shows the polarization
curves of the fuel cell when fueled with CO-N2z and H2
as the fuels and oxygen as the oxidant at the
operating temperature of 80°C. The maximum power
density when the fuel cell was fueled with hydrogen is
about 5.1 times greater than that when it was fueled
with CO-N2 (320 vs 62.2 mW/cm?). Fig. 20 depicts
the polarization curves of the fuel cell when fed with
CO-Nz2 (20/80%) as the fuel and O2 as the oxidant at
two operating temperatures, 80 and 95°C. The figure
shows that when the operating temperature was
increased from 80 to 95°C, the maximum power
density increased from 62.2 to 73.5 mW/cm?.
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On this particular MEA, a short-term (30 minutes)
performance stability test was conducted where the
current density was repeatedly switched between 10
and 250 mA/cm? and the cell voltage cycles were
recorded. The results indicated that no degradation
was evident in the short-term output stability
experiment. Also, the experiment showed that
increasing the cathode humidification temperature
had a stronger effect on the performance than
increasing the anode humidification temperature. This
can be attributed to the significant thickness of the
used membrane.
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Fig. 20. The polarization curves of the Pt-Ru-Sn-Co-
W MEA fed with CO-N:2 as the fuel and Oz as the
oxidant: The effect of the operating temperature.

At the operating temperature of 95°C when the fuel
cells were fed with CO-N2 and air, the maximum
power densities of the Pt-Ru-Sn-Co-W, commercial
and homemade Pt-Ru, Pt-Sn, Pt-Ru-Ni, Pt-Ru-Sn-Ni,
and Pt-Ru-Co-Sn MEAs are approximately 53, 25,
39, 44, 44, 34, and 31, respectively. Clearly, the Pt-
Ru-Sn-Co-W MEA has the highest power density at
this operating condition among all the MEAs
developed so far. Similarly, when the fuel cell was fed
with CO-N2 and oxygen at the operating temperature
of 80°C, the maximum power density of Pt-Ru-Co-W-
Sn MEA was higher than all the other MEAs. A
similar trend can be observed when the MEAs were
fed with hydrogen and oxygen at the operating
temperature of 80°C. All these values indicate that
the current MEA achieved the best performance
among all the fabricated and tested MEAs so far.

3.3. Reducing The Thickness of The Electrolyte
Membrane

Up to this point, the composition of anode
electrocatalysts and the operating conditions of the
cells were manipulated to achieve the best
performance. In the rest of this paper, the impact of
the electrolyte membrane thickness will be studied.
Electrolytes in MEAs have two major functions: to
conduct ions between two electrodes and to prevent

the direct mixing of the reactants. While using a
thinner membrane can improve its ionic conductivity
and thus the performance of the MEA, it can also
increase fuel crossover, particularly for liquid fuels.
Peighambardoust et al. (2010) listed the following
advantages for thinner membranes:

e lower water crossover

lower membrane ionic resistance

higher membrane ionic conductivity

lower cost

faster hydration

They reported that lower durability and higher fuel
bypass as the main problems of thinner membranes.
For the rest of this work, one of the previously
developed catalysts is redeveloped by employing a
much thinner membrane.

3.3.1. Pt-Sn Electrocatalyst with Nafion® 212

For this MEA, the anode and cathode electrocatalysts
were similar to the previously developed Pt-Sn MEA.
But in this case, Nafion® 212 with a thickness of 50.8
micrometers (2 mil) is used instead of Nafion® 117
with a thickness of 183 micrometers (7.2 mil) to
fabricate the MEA. Fig. 21 shows the effect of the
operating temperature on the performance of the fuel
cell. The operating temperatures of 60, 80, and 95°C
were tested. The polarization curves show that
generally, the increase in the operating temperature
improves the performance of the fuel cell. However,
at high current densities, the voltage of the fuel cell at
the operating temperature of 95°C is less than that of
the fuel cell at 80°C. This is also reflected in the
maximum power densities of the cells when 117, 130,
and 77 mW/cm? are recorded at the operating
temperatures of 60, 80, and 95°C, respectively. This
might be because of the drying of the membrane at
high operating temperatures.
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Fig. 21 The polarization curves of the Pt-Sn
electrocatalyst with Nafion® 212 MEA fed with CO/O2
(100/100 mlit/min): The effect of the operating
temperature
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Fig. 22 depicts the polarization curves of the fuel cell
when fueled with CO and air at the operating
temperature of 95°C at different flow rates of the fuel
and the oxidant. It can be observed that increasing
the flow rates from 100/200 to 500/1000 mlit/min
significantly improves the performance of the fuel cell
(the maximum power density of 85 vs. 119 mW/cm?,
respectively). But at high flow rates, increasing the
flow rates from 500/1000 to 1000/2000 mlit/min
slightly improves the performance of the fuel cell (the
maximum power density of 119 vs. 128 mW/cm?,
respectively).

11

1.0 = 100/200 mlit/min
= = 500/1000 mlit/min
------ 1000/2000 mlit/min

09

08

0.7

0.6

05

=128 mW/cm?
T

E e .. i
“"ﬂ--. |
S X Pou=119 mW/em?
\ T T
<l |
02 =

0.3 - P,,=85 mW/em?*
el
. \ =T
01

04

Cell Voltage (V)

0.0

T T T T |
0 100 200 300 400 500 600 700
Current Density (mA/cm?)

Fig. 22 The polarization curves of the Pt-Sn
electrocatalyst with Nafion® 212 MEA fed with CO/air
at the operating temperature of 95°C: The effect of
the reactant flow rates
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Fig. 23 The polarization curves of the Pt-Sn
electrocatalyst with Nafion® 212 MEA fed with CO/Oz
at the operating temperature of 95°C: The effect of
the reactant flow rates

Fig. 23 shows similar results when the MEA was fed
with CO and O: at the operating temperature of 95°C.
The curves demonstrate that when the flow rates of

the fuel and the oxidant are increased from 100/100
to 500/500 mlit/min, the maximum power density of
the fuel cell increases from 117 to 144 mW/cm?.
Comparing the performance of the MEAs with the
anode catalyst made of Pt-Sn and the electrolytes of
Nafion® 117 and 212 membranes at the operating
temperature of 80°C when fed with CO and O:
indicates that the maximum power density of the
latter is more than twice that of the former. A similar
pattern can be observed when the MEA was fed with
CO and air at the operating temperature of 95°C. In
fact, the performance of the Pt-Sn electrocatalyst with
Nafion® 212 membrane MEA was the best among alll
the MEAs that were developed and tested in this
work.

4. CONCLUSION

The results of the experiments presented in this
paper indicate that PEMFCs can be fueled with
carbon monoxide-containing fuels if suitable anode
electrocatalysts are used at the optimum operating
conditions. Among various anode electrocatalysts
that were studied, Pt-Ru-Sn-Co-W demonstrated the
best performance. More specifically the following
conclusions can be made from the presented
experimental results:

= Direct alcohol fuel cells were used as the source
of inspiration for the development of the anode
catalysts. The results proved that this strategy
was successful. All homemade MEAs used the
carbon-supported Pt cathode catalyst and the
Nafion® 117 membrane, except the last MEA
that used Nafion®212.

= The Pt-Sn anode catalyst significantly improved
the performance of MEA when the cell was
fueled with CO-containing fuels.

= For the Pt-Sn anode electrocatalyst, using
carbon as the support for the anode catalyst
deteriorated the performance of the MEA.

= The addition of nickel to the Pt-Ru catalyst to
develop the Pt-Ru-Ni electrocatalyst improved
the performance of the Pt-Ru catalysts when
fueled with CO-containing fuels but could not
compete with the Pt-Sn MEA.

= Two quaternary Pt-based electrocatalysts, i.e.
Pt-Ru-Sn-Ni and Pt-Ru-Sn-Co, were developed
and tested. The performance of both catalysts
was inferior compared to previous MEAs.

= Unlike previously developed ternary and
quaternary anode electrocatalysts, the Pt-Ru-
Sn-Co-W anode catalyst demonstrated superior
performance compared to all other MEAs made
using the Nafion®117 membrane.

* Finally, the Pt-Sn MEA with the Nafion®212
membrane not only outperformed the Pt-Sn
MEA with the Nafion®212 membrane but also
was superior to all other MEAs with a very wide
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margin. This indicates the critical importance of
membrane thickness.

= The performance of all MEAs was improved
when their operating temperature increased but
the magnitude of improvement was different.

= The performance of the MEAs was improved by
increasing the flow rates of the reactants;
however, this improvement was limited to a
certain level.

= Feeding the MEAs with CO typically provided
better performance compared to that of CO-No.
Similarly, Oz rather than air as the oxidant
provided better performance. However, the
magnitude of the impact depended on other
operating conditions.

= Some of the experiments indicated that DEFCs
are closer to DCMFCs than other fuel cell types
in terms of the similarity of the cell performance.

Overall, the results demonstrated that the
performance of DCMFCs can be significantly
improved by developing a suitable anode

electrocatalyst, using a thinner membrane, and
operating at optimum conditions. These results are
not only applicable for DCMFCs but also are very
useful for other PEMFCs operating with CO-
containing fuels.

5. FUTURE WORK

The long-term steady-state and dynamic operation
tests should be conducted on the best performing
MEAs to evaluate the stability, longevity, and
degradation rate of these MEAs. Due to their higher
tolerance for CO, easier water management, easier
thermal management, and less cooling load, and no
need for external humidifiers, high-temperature
PEMFCs are potentially suitable for this application
and their performance should be investigated. When
the single-cell units are optimized, the next step will
be to fabricate fuel cell stacks and integrate the
balance of the plant, including a dedicated gasifier.
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