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Abstract: The activity degradation of hydrogen-fed proton exchange membrane fuel cells (H,-
PEMEFCs) in the presence of even trace amounts of carbon monoxide (CO) in the Hj fuel is among
the major drawbacks currently hindering their commercialization. Although significant progress
has been made, the development of a practical anode electrocatalyst with both high CO tolerance
and stability has still not occurred. Currently, efforts are being devoted to Pt-based electrocatalysts,
including (i) alloys developed via novel synthesis methods, (ii) Pt combinations with metal oxides,
(iii) core—shell structures, and (iv) surface-modified Pt/C catalysts. Additionally, the prospect of
substituting the conventional carbon black support with advanced carbonaceous materials or metal
oxides and carbides has been widely explored. In the present review, we provide a brief introduction
to the fundamental aspects of CO tolerance, followed by a comprehensive presentation and thorough
discussion of the recent strategies applied to enhance the CO tolerance and stability of anode
electrocatalysts. The aim is to determine the progress made so far, highlight the most promising
state-of-the-art CO-tolerant electrocatalysts, and identify the contributions of the novel strategies and
the future challenges.

Keywords: Hy-PEMFCs degradation; CO-tolerant electrocatalysts; Hy-PEMFCs anodes; Pt-based elec-
trocatalysis

1. Introduction

In the transition to the hydrogen economy era, hydrogen-fed proton exchange mem-
brane fuel cells (Hy-PEMFCs) are expected to play a prominent role in automotive and
portable applications, due to their high efficiency, high power density, quick startup, low
weight, and silent operation [1,2]. To ensure their optimum performance and simultane-
ously eliminate greenhouse gas emissions, Hy-PEMFCs must be fueled with pure hydrogen;
however, large-scale pure hydrogen production technologies are not preferred, because the
associated cost is still extremely high. Indicatively, currently less than 5% of the globally
produced hydrogen is derived from water electrolysis [3,4].

Today, most of the available hydrogen is derived from methane steam reforming [5].
When PEMECs are fed with the reformate (HC reforming products), the performance of
the anode is significantly degraded due to the presence of impurities, such as CO, H;S,
and NHj3. The most detrimental effect is exerted by CO, which causes severe activity
degradation of the anode, even at minimal concentrations. At the operating temperatures
of PEMFCs, CO strongly binds with anode catalytic sites, blocking the catalytically active
surface area used for Hy adsorption and oxidation. Nevertheless, based on the high cost of
pure hydrogen production and the obstacles involved in on-board and off-board hydrogen
storage, the utilization of reformate seems to be the most favorable choice at the moment.
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As a consequence, CO poisoning of PEMFCs is considered inevitable. Given this situation,
various methods have been investigated to mitigate CO poisoning [6,7].

The typical CO concentration intervals in the reformate feed after processing in a
water—gas shift reactor are 0.5-1 vol.% (5000-10,000 ppm). When reformate is supplied in a
PEMEFC, these concentrations can cause complete activity degradation. It is noted that the
acknowledged maximum CO poisoning limits for the conventional Pt and Pt-Ru anodes
are 10 and 100 ppm, respectively [8]. A typical method for overcoming CO poisoning
is the further purification of the hydrogen fuel after the reforming process, which can
minimize the CO concentration [9]; however, even for the CO concentration limits set by
the International Organization for Standardization (ISO), i.e., 0.2 ppm, the efficiency of
PEMECs is considerably reduced [10,11]. Furthermore, the purification cycles required to
achieve such low CO concentrations prohibitively increase the costs. Alternative methods,
such as on-board preferential CO oxidation [10] or operando oxygen bleeding [12], have
also been thoroughly investigated for mitigating CO poisoning. The former method
refers to the removal of CO from the H; stream through catalytic oxidation, either by a
procedure preceding the fuel supply in the anode or by a process occurring concurrently
with the anodic reaction. In the operando oxygen bleeding, trace concentrations of oxygen
are supplied in the anode during the operation of PEMFCs to promote the oxidation
of CO carried in the H; fuel. The oxygen can be supplied either externally, together
with the hydrogen feed, or internally via the permeation of oxygen from the cathode
through the membrane after applying a pressure difference between the anode and cathode
feed. Both methods have failed so far to eliminate CO poisoning, while they additionally
present important disadvantages, such as high costs and fuel cell potential oscillations,
respectively [10,12]. The most promising strategy that the research community has focused
on is the development of CO-tolerant anode electrocatalysts.

Currently, Pt is the most commonly used element for both electrodes in practical
PEMEFC applications due to its high activity towards hydrogen oxidation reactions (HORs)
and oxygen reduction reactions (ORRs) in acidic environments; however, besides its low
durability, high cost, and scarcity, the major drawback of Pt is its severe activity degradation
in the presence of even traces of CO in the hydrogen fuel, because it tends to chemisorb
CO strongly [13,14]. Conventionally, CO-tolerant electrocatalysts refer to combinations of
Pt with other transition metals. It has been proven that the addition of another metal to Pt
alters its CO adsorption and oxidation properties through the modification of its electronic
structure and the formation of oxygenated species on the catalyst surface [15]. Although
Pt-Ru has been established as the most feasible CO-tolerant electrocatalyst, its low stability
hinders its practical application. Generally, developing an anode electrocatalyst with both
high CO tolerance and stability is a challenging task, due to the vulnerability of non-noble
metals to dissolution under the acidic environment of PEMFCs [7,16]. For this reason, the
CO-tolerant electrocatalysts proposed until recently have not presented commercialization
prospects; therefore, a step forward is needed in this field, especially as we approach the
hydrogen economy era, in which the Hy-PEMFCs are expected to play a leading role.

Recently, efforts have been devoted to Pt-based electrocatalysts, likely due to their
higher HOR activity and stability in acidic environments than non-noble-metal-based
ones. Actually, after extensive research on non-noble-metal-based electrocatalysts, it finally
emerged that the inclusion of even a small amount of a platinum group metal (PGM)
in H2-PEMEFC electrodes is essential to ensure adequate efficiency and stability [17,18].
The strategies used to enhance the CO tolerance of anode electrocatalysts are based on
(i) developing binary and ternary Pt alloys via novel synthesis routes, (ii) exploiting
metal oxides in Pt-based electrocatalysts, (iii) developing Pt-based core-shell-structured
electrocatalysts, (iv) controlling the surface of Pt/C, and (v) substituting carbon supports
with transition metal oxides (TMOs) and carbides (TMCs), as well as with advanced
carbonaceous materials.

Despite ongoing research, the issue of CO poisoning has not yet been settled; therefore,
the progress needs to be monitored at regular intervals. Very recently, Zhao et al. [19]
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and Shabani et al. [20] reviewed the effects of contaminants on PEMFCs. Both studies
comprehensively covered the fundamental mechanisms, mitigation methods, and research
methodologies concerning each contaminant, including CO; however, they did not discuss
the novel CO-tolerant anode electrocatalysts. Following an identical rationale, Valdez-
Lopez et al. [21] recently summarized all of the available CO poisoning mitigation strategies,
focusing exclusively on their fundamental properties. To the best of our knowledge, the
last review on the progress in CO-tolerant electrocatalysts was published by Ehteshami
and co-workers [22]. In their work, they summarized and discussed the novel electrocata-
lysts of that time in terms of the parameters affecting the CO tolerance, i.e., composition,
structure, atomic ratio of elements, supporting materials, and synthesis methods; there-
fore, a gap in the literature can be observed as far as reviewing the recent progress in
CO-tolerant electrocatalysts.

In the present review, we present and thoroughly discuss the strategies that have
been recently implemented to enhance the CO tolerance of anode electrocatalysts for Hp-
PEMEFCs. Furthermore, we summarize and critically evaluate all of the state-of-the-art
CO-tolerant electrocatalysts in terms of their results in three-electrode systems and single
PEMFCs to determine both the progress made so far and the future challenges. Our
discussion aims at providing a fundamental understanding of how the regulation of the
structural and morphological features of materials, through the applied approaches, favors
the enhancement of CO tolerance.

2. Fundamentals of CO Tolerance

Herein, we provide the fundamental theory to evaluate the contributions of the recent
strategies to the development of CO-tolerant anodes and to assess the results presented in
the subsequent overview chapter.

2.1. HOR and CO Poisoning Kinetics

Pt has been acknowledged as the most feasible electrocatalyst for Hy-PEMFCs. When
pure hydrogen is supplied, only a small amount of Pt loading is required at the anode to
sufficiently catalyze the HOR [23,24]. In this case, the overall polarization loss of PEMFCs
is mainly attributed to the sluggish ORR kinetics of the cathode [25,26]. The HOR occurring
in a PEMFC is expressed as follows:

Hy, = 2H' 4 2e™ @

From a mechanistic viewpoint, taking Pt as a reference, HOR can proceed through
two reaction pathways, composed of two of the following three elementary reaction steps
(Tafel-Volmer or Heyrovsky—Volmer reactions) [27,28]:

Tafel reaction: Hp + 2Pt = 2(Pt—H) ()
Heyrovsky reaction: Hp, +Pt =Pt—H+H" +e~ 3)
Volmer reaction: Pt—H=Pt+H" +e” 4)

In the Tafel-Volmer reaction pathway, the dissociative adsorption of H; is followed
by the separate oxidation of H atoms on two Pt sites. In the Heyrovsky-Volmer reaction
pathway, the chemisorption of one H atom and the simultaneous oxidation of the other
is followed by the oxidation of the chemisorbed H atom. Depending on the adopted
reaction model, each of the reaction steps can be considered as the rate-determining step.
Nevertheless, both HOR reaction pathways on Pt surfaces are characterized by rapid
reaction kinetics, with minimal emerging overpotentials [29].

When the hydrogen fuel contains even traces of CO (>10 ppm), the anode polarization
losses rise to impractical levels, due to poisoning of the Pt surface. At standard H,-PEMFC
operating temperatures and potentials, CO competes with Hj for adsorption on Pt active
sites; however, the Gibbs free energy of adsorption for CO on Pt is more negative than
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the corresponding value for Hy; thus, the adsorption of CO is more preferential [13,30].
As such, even small concentrations of CO can suppress the H, adsorption reaction steps
(Equations (2) and (3)), leading to significant HOR rate degradation or even elimination for
completely covered Pt surfaces [31].

CO adsorption on catalyst sites involves linear-bonded CO and bridge-bonded CO. In
the latter, one CO molecule is adsorbed on two adjacent Pt sites, while in the former, one
CO molecule is adsorbed per Pt site. Both types are active, and the dominance of each in
terms of the surface coverage depends on the operating conditions. For a Pt electrocatalyst,
reaction simulations have shown that linear-bonded CO is dominant with high potentials
and surface coverages. The two types of CO adsorption are presented below [16,32]:

Linear-bonded: Pt+ CO = Pt—CO 5)

Bridge-bonded: 2Pt+ CO = Pt; = CO (6)

CO adsorption can occur either on bare Pt sites or on sites already occupied by H
atoms. Referring to linear-bonded CO, the two CO poisoning mechanisms are expressed as
follows [6]:

Pt+CO = Pt—-CO (7)

2(Pt—H) +2CO = 2(Pt—CO) + H, (8)

The adsorbed CO is removed via oxidation. Conventionally, water molecules are di-
rectly oxidized at Pt sites, providing hydroxyl species that react with the adjacent adsorbed
CO to form CO;,. The CO oxidation mechanism is presented below [33]:

Pt+ H,O=Pt—OH+H" +e" )

Pt—CO+Pt—OH =2Pt+CO, +H" + e~ (10)

Theoretically, the magnitude of the CO coverage on a catalyst surface is a function
of CO adsorption, CO oxidation, and contingent CO, reduction, through which CO is
reformed. The severe poisoning of Pt in the presence of CO is ascribed to the oxidation of
CO within a potential range of 0.6 to 0.9 V, whereas HOR in PEMFCs occurs within a range
of potentials up to 0.2 V. HOR is carried out while some of the active Pt sites are blocked by
CO, leading to a significant reduction in the reaction rate and degradation of the overall
PEMEFC activity [34,35]. The high CO oxidation potentials of Pt are attributed to both its
strong binding to CO and its inability to adsorb water molecules and form hydroxyl species
at lower potentials.

2.2. CO Tolerance Mechanisms

CO poisoning can be mitigated by shifting the CO oxidation to lower potentials
through weakening the CO bond or promoting the formation of hydroxyl species on the
catalyst surface. Previous studies have established that combining Pt with a transition
metal can increase the CO tolerance while maintaining high HOR activity. The synergistic
effect of the combined metals introduces two CO tolerance mechanisms: (i) the bifunctional
mechanism and (ii) the electronic (or ligand) effect [36].

The bifunctional mechanism is activated when an oxophilic metal is combined. The
added metal oxidizes water at lower potentials than Pt, forming hydroxyl species on
its surface, which react with the adsorbed CO on the adjacent Pt sites to oxidize it to
CO; [7,37]. The bifunctional mechanism is expressed in the following reaction equations
and is qualitatively illustrated in Figure 1.

Pt + CO = Pt — CO (11)

M+H,0O=M-OH+H" +e" (12)
Pt—CO+M-OH=Pt+M+CO; + H" + e~ (13)
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Figure 1. The bifunctional mechanism in a CO-tolerant Pt-M electrocatalyst.

The lower the potential at which the bifunctional mechanism is activated, the more
CO-tolerant the electrocatalyst is. Optimally, the hydroxyl species should be formed within
the potential range where HOR takes place (E < 0.2 V) so that the Pt sites are liberated for
hydrogen adsorption. In reality, water adsorption for hydroxyl formation simultaneously
competes with CO adsorption on the surface of the added metal [38,39].

Regarding the bifunctional mechanism, the CO tolerance can be foreseen through the
potential at which hydroxyl species are formed and the CO adsorption tendency (Gibbs
free energy of adsorption) of the added metal.

Additionally, the additive metal induces the electronic effect, relating to the modifica-
tion of Pt’s electronic structure. In this case, the CO tolerance enhancement is attributed to
the weakening of the Pt-CO binding strength. The nature of the mechanism can be revealed
by presenting the electronic interactions between Pt and CO and the changes in the surface
density of states (DOS) of CO during bond formation. The projected DOS of Pt and the
changes in the DOS of CO are qualitatively illustrated in Figure 2a, based on the analysis
by Hammer et al. [40]. Their model and most of the adopted Pt-CO binding models in the
literature are principally based on the theory introduced by Blyholder [41].
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Figure 2. (a) The projected Pt and CO surface density of states (DOS) values and the corresponding changes in the CO DOS
for each coupling with metal s and d-states. (i,ii) The electronic interactions between Pt and CO for each coupling step.

(b) Qualitative interpretation of the electronic effects in terms of Pt d-state energy in a Pt-M CO-tolerant electrocatalyst.

Blyholder [41] suggested that the chemisorption of CO to Pt occurs due to the distri-
bution of electrons between their valence states. The orbitals of CO that are close to the
oxygen atom (40 and 17) are considered to have low impact on the binding. As such, we
should focus on the interactions between the 50 and 27* CO states with the s and d Pt
states. At an atomic level, the chemisorption can be visualized in two steps (Figure 2a):

1. The adsorbate orbitals are hybridized with the s-state of Pt. This interaction results
in the energy downshifting and broadening of both 27* and 50 CO states, as shown
in Figure 2a. Schiros et al. [42] suggested that this type of hybridization positively
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polarizes the metal s-state due to an electron distribution (Figure 2a(i)); therefore, the
orbital of the adsorbate is coordinated through an attractive electrostatic interaction,
promoting to some extent the bond formation;

2. Two stabilization effects occur synergistically between the renormalized CO states
and Pt d-state. Through this interaction, the respective bonding and antibonding
states of 50 and 27* states are formed. The contribution of the 50 antibonding state
is considered minimal. First, an electron transfer arises from the highest occupied
molecular orbital (HOMO) of CO, the filled 50 bonding state, to the Pt d-state, increas-
ing its electron density. To compensate for this effect, electrons are back-donated from
the Pt d-state to the lowest occupied molecular orbital (LUMO) of CO, the empty
2m* antibonding state (Figure 2a(ii)); therefore, total charge stabilization between the
interacted DOS is achieved, leading to the Pt-CO binding [43—45].

The contribution of the first adsorption step to the bond formation is essentially the
same for all the transition metals because they present similar featureless and broad s-states;
therefore, the CO binding strength on metal surfaces is determined by the coupling of the
CO valence states with the metal d-states. Since the 50 state is overwhelmingly occupied
(negatively shifted relative to the Fermi level) when CO binds with transition metals, the
binding strength specifically depends on the occupation of the 27t* antibonding state, which
is initially empty. The more filled the 27* antibonding state is (negatively shifted relative
to the Fermi level), the weaker the bond, due to destabilized interactions between the CO
and the metal. According to Figure 2a, it becomes apparent that the more occupied the
metal d-band, the lower its energy relative to the Fermi level and the emptier the CO 27*
antibonding state during CO adsorption. Conclusively, the Pt-CO binding strength can be
weakened by reducing the Pt d-band energy (or the d-band center) [43—45].

When Pt is combined with another metal, the energy of Pt’s d-state can be decreased
via the hybridization of the d-states and a strain effect, such as lattice contraction-expansion
or generation of surface defects. As explained previously, the decreased energy of Pt d-
states leads to a more positive CO binding energy (CO binding weakens), meaning the
CO desorption rate is facilitated. Consequently, the CO surface coverage is decreased and
eventually the CO tolerance is improved [46,47]; this is the so-called electronic effect. In
Figure 2b, the electronic effect is qualitatively illustrated with respect to the Pt d-band
center, highlighting the energy of the Pt d-state [48].

It is noted that the electronic structure of a catalyst is in general related to its adsorption
properties; therefore, a possible simultaneous strengthening of the catalyst-OH bond would
additionally promote the bifunctional mechanism [47].

The two CO tolerance mechanisms can be concurrently responsible for CO tolerance
improvement. Generally, the electronic effect predominates at low potentials (<0.2 V),
where CO adsorption is favored, while the bifunctional effect is activated at higher poten-
tials, where CO oxidation occurs [49]. The dominance of each mechanism depends on the
electronic and physicochemical properties of the additive metal. Furthermore, the structure
architecture, surface morphology, composition, and alloying degree of catalysts affect the
function of CO tolerance mechanisms and the mitigation of CO poisoning [18,50,51].

2.3. Energetic View of CO Tolerance

A quantitative view of CO tolerance can be obtained by evaluating the energetic
parameters of the materials relative to the reactants associated with CO poisoning in Hj-
PEMEFC anodes. Commonly, the energetic descriptors of CO tolerance towards HOR are
the adsorption energies of H, (AEy), CO (AEco), and OH (AEopp) of catalysts [52-54].
Alternatively, the Gibbs free energy of adsorption can be used as an energetic descriptor
with the same validity, as the two parameters are fundamentally related between them
with the following thermodynamic equation [55]:
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AGaqs = AHaqs — TAS,4s < 0 (14)

Here, AG,4s is the Gibbs free energy of adsorption, AH,4s is the adsorption enthalpy,
AS,4s is the adsorption entropy, and T is the temperature relative to the absolute value.
Practically, the adsorption energy originates from the adsorption enthalpy. In the equation,
the thermodynamic parameters are denoted as changes relative to the standard state.
It is noted that for fuel cell reactions, the AG,45 and AH,4s are negative, as the related
adsorption processes are spontaneous and exothermic. It becomes apparent that the more
negative the adsorption energy, the stronger the adsorption.

When Pt is combined with another metal, an increment in AEco, corresponding
to smaller CO coverage, is required for CO tolerance enhancement. Concurrently, the
AEy is also expected to change, as is the Hy coverage, as the electronic modification of
Pt by the additive metal generally influences the adsorption properties of the catalyst;
therefore, an optimal correlation between AEco and AEy is required for both high HOR
activity and CO tolerance achievement. Additionally, a stronger binding of OH (or oxygen)
on catalysts, resulting in a more negative AEgy (or AEp), indicates acceleration of CO
oxidation and shifting of CO oxidation at more negative potentials [47,56]. Conclusively,
taking Pt as a reference, a positively shifted AEco of a modified catalyst indicates the
introduction of the electronic effect, while a negatively shifted AEoy indicates an active
bifunctional mechanism. Both mechanisms can be active in a CO-tolerant catalyst, although
the dominance of each in terms of the overall CO tolerance can vary.

The adsorption energies of the molecules and atoms involved in the reactions for
the electrocatalyst of interest are determined with the aid of quantum simulation models.
The most widely applied computational method involves the density functional theory
(DFT) calculations, through which the adsorption energies of the reactants are calculated
on specific catalyst surface facets. Commonly, the selected facets for simulation are those
where the reaction dominantly occurs, meaning that the results represent the activity of
the catalyst as a whole. The simulation results of DFT calculations have been proven to
satisfactorily agree with the experimental results [57-59]; therefore, the DFT calculations
method can either be applied before the experimental procedure to predict the CO tolerance
in advance or after to validate the energetic aspects and the dominance of each CO tolerance
mechanism of an electrocatalyst.

Back et al. [60] used open-access DFT calculation databases relating to the Hy and
CO adsorption on intermetallic crystals to propose promising cost-effective materials for
the development of electrocatalysts with high HOR activity, CO tolerance, and stability in
acidic media. The used DFT databases do not include information for all of the active sites
of the materials. For credible simulation, the surfaces are modeled with all unique facets
for each intermetallic crystal.

Based on the literature, the researchers argued that the DFT calculations correlate
sufficiently with the experimental results when the Gibbs free energy of adsorption is used
as an activity descriptor. Considering that the exploited DFT databases are available in
terms of adsorption energies, they converted their final results into Gibbs free energies
of adsorption by applying enthalpic and entropic corrections originated by Equation (14).
For optimal HOR activity, they referred to the AGy = 0 eV, based on published results
on the most efficient Pt(111) facet. For high CO tolerance, they took as a reference AGco
values that were more positive than they were vulnerable to poisoning Pt(111). Finally, the
electrochemical stability was predicted via pH-potential (Pourbaix) diagrams. Pourbaix
diagrams are designed through thermodynamic calculations; thus, the electrochemical
stability can be evaluated in terms of eV /atom (AGpgoyurbaix). When AGpoyibaix tends to zero
for pH = 0, the material can be considered stable in acidic environments (Figure 3).
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Figure 3. Summarized DFT results of all examined material surfaces in terms of CO tolerance, HOR
activity, and stability in acidic environments. Reproduced with permission from [60].

Based on the abovementioned, their DFT calculations revealed eighteen promising
materials, with four of them additionally being low in cost and stable. The best candidate
was CuzAsSey, as it presented an optimum correlation between H; and CO binding free
energies, as well as suitable price and stability (Figure 3). In this work, the aim of energetics
determination process is to predict a practical stable and CO-tolerant electrocatalyst for
further experimental validation.

In contrast, Kwon et al. [61] applied DFT calculations to evaluate the experimentally
proven enhanced CO tolerance of Pt-Ir/C compared to Pt/C in terms of electronic and
thermodynamic aspects. The DFT model, based on (111) surface facets, confirmed that CO
binding is weaker on Pt/Ir(111) than Pt(111), with AEco values of —1.63 and —1.89 eV,
respectively. This result indicates that the addition of Ir to Pt enhances the CO tolerance
through an electronic modification. Furthermore, OH was found to adsorb more strongly
on Pt/Ir(111) than Pt(111), with AEgy values of —1.91 and —1.67 eV, respectively, implying
a higher CO oxidation rate through a bifunctional mechanism.

In conclusion, the knowledge of the energetic properties of materials can be a powerful
tool for determining CO tolerance with respect to electronic properties and atomistic
interactions. Furthermore, it can provide information about the function insights of CO
tolerance mechanisms when Pt is combined with another metal; therefore, an in-depth
understanding of the correlation between thermodynamics, electronic structures, and
reaction kinetics is essential to evaluate the experimental results.

3. Overview of State-of-the-Art CO-Tolerant Electrocatalysts

Herein, we categorize the recent strategies for the development of CO-tolerant anode
electrocatalysts for Hy-PEMFCs and thoroughly discuss the most influential studies related
to each strategy. The discussion aims to provide a fundamental understanding of the
correlation between the physicochemical properties of the materials and the CO tolerance
mechanisms and stability.

3.1. Pt-Based Electrocatalysts Supported on Carbon
3.1.1. Alloys

Alloying Pt with other metals has been established as an effective strategy for en-
hancing CO tolerance. Generally, the synergism between the alloyed metals can improve
the electrocatalytic activity by: (i) altering the active surface area; (ii) modifying the elec-
tronic properties, thereby changing the adsorption energies of the reaction intermediates;
(iii) causing the strain effect, as well as influencing the adsorption properties; (iv) modifying
the catalyst structure [62-64]. Regarding CO tolerance, alloying Pt with oxophilic metals
activates the bifunctional mechanism, through which oxygenated species are formed on
the surface of the added metal at lower potentials than those of Pt, resulting in accelerated
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CO oxidation [65]. Concurrently, considering that the adsorption energy of CO on the
catalyst’s surface is defined by the coupling between the CO valence states and the metal
d-states, the modification of the electronic properties of Pt induced by the added metal
activates the electronic effect. The electronic effect results in a weakened Pt-CO bond and
in decreased CO coverage on the catalyst surface. It is pointed out that concurrently the
Pt-H bond strength should be optimal to ensure an efficient HOR [66,67].

Motivated by the abovementioned aspects, several Pt-M (M = Ru, Mo, Co, Sn, Pd,
Au, Fe, Ni, W, Ir, etc.) alloys have been investigated for their CO tolerance in Hy-PEMFCs
anodes, with PtRu/C being established as the most feasible option [35,68,69]; however,
conventional Pt alloys do not present commercialization prospects due to their sensitivity
at relatively high CO concentrations and their poor stability.

Recently, new synthesis routes have been applied to upgrade both the CO tolerance
and stability of conventional Pt alloys by adjusting their physicochemical properties. For
example, Gonzalez-Hernandez et al. [70], for the development of a Pt-Ru-Mo ternary
alloy, examined the impact of the presence of Li(C;H5)3BH (LBH) on the modified polyol
synthesis method, followed by thermal treatment (TT) at 600 °C under H; atmosphere. Po-
larization PEMFC curves for H; and 100 ppm CO/H; feed revealed that ternary PtRuMo/C,
both in the presence and absence of LBH, presents milder CO poisoning effects than PtRu/C
(Figure 4a). Interestingly, the presence of LBH was proven to increase further than the
CO tolerance.

The increment was ascribed to physicochemical modifications introduced by LBH.
XRD and XPS measurements showed that the alloying degree decreases in the presence of
LBH; hence, the content of Mo** oxidation states on the catalyst surface correspondingly
increases (Figure 4b, inset). Specifically, the enhanced CO tolerance was ascribed to
an upgraded bifunctional mechanism and water—gas shift reaction, due to the higher
contents of formed oxygenated species attributed to Mo** oxidation states. On-line mass
spectroscopy measurements at the anode outlet revealed that the larger the content of Mo**,
the higher the oxidation rate of CO to CO; (Figure 4b); however, metal-oxidized species are
generally more vulnerable to dissolution in acidic environments than metallic components,
due to their low redox potential [71,72]. This fact was demonstrated by comparing the
cell potential at 0.6 A cm~2, before and after aging tests of 1000 cycles, for elevated Mo**
contents (Figure 4c). It was confirmed that the higher the Mo*" content on the catalyst
surface, the lower the alloying degree and the lower the stability.

Hassan and co-workers [73] followed the opposite path, i.e., increasing the alloying
degree of PtMo/C by including a heat treatment step (600 °C for 1 h under H, atmosphere)
in the formic acid reduction synthesis method. It was found that the heat-treated catalyst
(denoted as PtMo/C-ht) presented both higher CO tolerance (Figure 4d) under 100 ppm
CO poisoning and higher stability compared to the corresponding untreated catalyst. The
stability was revealed via accelerated stress tests (AST) at 25 °C for various numbers of
cycles (Figure 4e).

The decrease in the oxidation peak at 0.4 V, representing the change of the Mo**
oxidation state to Mo*®, was stabilized after 1000 cycles for PtMo/C-ht, while for the
respective untreated catalyst continuously declined. This behavior was associated with
less Mo dissolution in the PtMo/C-ht and with improved stability.

The authors [73] attributed the improved CO tolerance and stability to the higher
alloying degree induced by the heat treatment under H, atmosphere. Previous studies
have demonstrated that heat treatment under the forceful reducing H, atmosphere causes
sufficient reduction of metal salts, resulting in a high alloying degree and large ratio of
metallic/oxide catalyst surface states [74]. Since the content of the easily leached Mo-
oxidized species on the catalysts surface is reduced, the stability of the catalyst is improved.
Additionally, the structure is well-ordered due to the efficient incorporation of Mo into
the Pt lattice, as well as the stable and larger mean nanoparticle size arising from sintering
during heat treatment, explaining the improved stability [71,74]. This result is in accordance
with the findings of the former study, whereby stability degradation was reported for lower
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alloying degrees. Nevertheless, it is noted that even a small amount of leached Mo can be
deposited at the cathode catalyst layer due to crossover, which can block its active surface
area, leading to degradation of the overall PEMFC performance.

As a first approach, considering that Mo oxidation states have been established as a
determining factor for the activation of the bifunctional mechanism, their smaller content
on the catalyst surface due to the more sufficient alloying could indicate a suppression of
CO tolerance [75,76]. This assumption is in opposition to the results of the discussed study
(Figure 4d); however, there are supplementary factors that should be considered.
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Figure 4. (a) Polarization curves for Hy and 100 ppm CO/H, feed at 85 °C. (b) CO; mass signal dependency on anode
overpotential for 100 ppm CO poisoning. Inset: XPS results in terms of Pt?, Ru’, and Mo amounts in PtRuMo/C and
(c) cell potential at 0.6 A em~2 for Hy and H, /CO feed vs. Mo**/Pt0 ratio, before and after the aging test (1000 cycles at
50 mV s~ 1). Reproduced free of permission from [70]. (d) Polarization curves for Hy and 100 ppm CO/Hj feed at 85 °C.
Data obtained from [73]. (e) On-line mass spectrometry results at the anode outlet at 85 °C for H, and 1000 ppm CO/H,
feed at OCV and (f) CV results of AST at 25 °C and 50 mV s~ for various cycles. Reproduced free of permission from [73].
(g) CO stripping peaks at 60 °C and 10 mV s~! in 0.06 M HCIO, aqueous solution. (h) Cell potential at 0.2 A cm~2 for
various CO concentrations in the Hj fuel. Reproduced with permission from [77].
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For example, it has been proven that Mo sites can activate water molecules for the
direct conversion of CO to CO, through the water—gas shift reaction [78]. This property
of Mo was clearly disclosed by the authors via on-line mass spectroscopy, applied at the
anode outlet of the cell at OCV, where the bifunctional mechanism is inactive (Figure 4f).
When pure H; was replaced with contaminated fuel containing 1000 ppm CO, an instant
increment in the ionic current of CO; was observed for PtMo/C, indicating the oxidation
of CO to CO;. The higher alloying degree can provide more available Mo sites adjacent
to Pt sites, thereby further promoting the water—gas shift reaction. The same applies
to the bifunctional mechanism. Additionally, the higher alloying degree can decrease
the Pt-Pt distance, resulting in downshifting of the Pt d-band center and weaker CO
adsorption [74,79].

Similar redox properties with Mo have been reported for Ru and Sn, which have
also been established as favorable additives for developing CO-tolerant Pt alloys [71,80].
Additionally, it has been demonstrated that the inclusion of a suitable third metal in the
Pt-Ru alloy can further enhance the CO tolerance [81-84]. In this light, Takeguchi et al. [77]
developed the ternary Pt-Ru-Sn/C via a rapid quenching synthesis method, including a
quick heat treatment step in H, at 880 °C for 15 min, in order to promote the formation of a
trimetallic alloy structure. CO stripping voltammetry revealed that the addition of Sn to
the Pt-Ru negatively shifts the onset and peak CO oxidation potentials by 60 and 20 mV,
respectively (Figure 4g). The enhanced CO tolerance was confirmed by a single PEMFC
test, whereby the cell voltage was measured at 0.2 A cm~? for different CO concentrations
in the hydrogen fuel (Figure 4h), ranging from 100 to 2000 ppm. For 100 ppm CO poisoning,
Pt-Ru-5Sn/C exhibited only 28 mV overpotential, while for CO concentrations higher than
500 ppm, it presented much higher tolerance than the PtRu/C anode.

The enhanced CO tolerance was exclusively attributed to a reinforced bifunctional
mechanism arising from the propensity of Sn to nucleate OH species on its surface at low
potentials. An electronic effect was rejected by the authors, because as stated the metallic
Sn cannot introduce influential electronic modifications to Pt; however, previous studies
do not agree on this point. It has been proposed that when Sn is alloyed with Pt, electron
donation occurs from the Sn orbital to Pt orbital, leading to a downshift of the Pt d-band
center and weakened CO adsorption [85,86]; therefore, an electronic effect should not be
disregarded. It is also noted that in the absence of CO, Pt-Ru-Sn/C presented a lower
cell potential than Pt-Ru/C and lower HOR activity (Figure 4h). This was ascribed to
Pt-Sn alloying, which correspondingly decreases the degree of Pt-Ru alloying, resulting in
suppression of HOR activity due to the tendency of Sn to adsorb H,O molecules weaker
than Ru.

The latter study highlights how the inclusion of a third metal in Pt-Ru can further
enhance the CO tolerance through the reinforcement of the CO tolerance mechanisms; how-
ever, since Ru and Sn are prone to dissolution in acidic environments, and also considering
the conventional ternary alloy structure, we could not expect sufficient stability.

3.1.2. Core-Shell Structures

As we noted, Pt alloys are not yet suitable for practical PEMFC applications because
of their thermodynamic and electrochemical instability [63,87]. An alternative approach
to further improve the CO tolerance and simultaneously inhibit the disadvantages of Pt
alloys is to design catalysts with advanced morphologies and structures. The morphologies
and structures define the surface site densities, energy levels, and adsorption properties of
electrocatalysts, and in turn their catalytic activity and stability levels; therefore, by tuning
these features optimally via suitable synthesis routes, highly CO-tolerant and stable anode
electrocatalysts can be obtained [88-90].

In this direction, the Ru@Pt core-shell-structured electrocatalyst has been widely ex-
plored over the last decade, demonstrating enhanced CO tolerance and stability compared
to the Pt-Ru alloy. Its superior CO tolerance is attributed exclusively to the electronic
effect, arising via the interaction between the Pt shell and the Ru core. A contribution of a
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bifunctional mechanism by Ru is rejected, as the encapsulation of Ru on the Pt shell deters
the formation of hydroxyl species on its surface. Meanwhile, the lack of exposed Ru atoms
on the surface of the electrocatalyst prevents their dissolution, resulting in a significant
stability improvement. Additionally, the development of core-shell structures constitutes
an effective way to reduce the Pt loading, and thus the total catalyst cost [91-93].
Research efforts to date on CO-tolerant core—shell-structured electrocatalysts have
recently led to significant progress. Lee et al. [94] synthesized the ternary PtRuNi/C with a
composition gradient shell via a high-temperature heat treatment method, combined with
a polydopamine (PDA) protective coating technique (Figure 5a). Since high-temperature
annealing is compulsory to achieve a core—shell structure, the formed PDA layer contributes
to prevent sintering of metal nanoparticles (NPs) during heat treatment. Sintering leads to
large metal NPs, small catalyst active surface areas, and consequently to low activity.
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Figure 5. (a) Preparation procedure for PtRuNi/C via the high-temperature heat treatment and polydopamine protective
coating technique. (i-iv) The respective HR-TEM images of the catalyst at each preparation step. Reproduced with
permission from [94]. (b) Polarization curves in the absence and presence of 10 ppm CO in the Hj feed at 75 °C. Inset:
Stability results at 0.5 V. Data obtained from [94]. (c) XPS results for the Pt 4f binding energies of the examined electrocatalysts.
Reproduced with permission from [94].
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HR-TEM images showed (Figure 5a(i,ii)) that the PDA layer was removed after heat
treatment, while concurrently the size of the metal NPs remained unchanged. The signifi-
cance of including a PDA protective coating step in the synthesis method was highlighted
by comparing the HR-TEM images of the same catalysts synthesized in the presence and
absence of a PDA layer (Figure 5a(iii,iv)). In the latter case, the catalyst presented a larger
mean metal NP size with several extensive agglomerates on its surface. The benefit of
the developed ternary composition gradient shell structure in terms of CO tolerance was
demonstrated in a single PEMFC, whereby PtRuNi/C exhibited significant enhanced
properties compared to commercial PtRu/C, with only 11% activity decay at 0.6 V, due to
10 ppm CO poisoning (Figure 5b).

The negative shift of the binding energies of the Pt 4f XPS spectra of PtRuNi/C relative
to Pt/C and PtRu/C indicates that the enhanced CO tolerance is due to an electronic effect,
which is activated by electron donation from the consecutive Ni and Ru cores to the Pt
shell (Figure 5c). Most importantly, the catalyst fully maintained its activity after 100 h of
PEMEFC operation at 0.5 V in the presence of 10 ppm CO (Figure 5b, inset). The excellent
stability was correlated with the protection of the susceptible to dissolution Ni and Ru
cores by the consecutive Ru and Pt shells, respectively.

We should note that despite the superior CO tolerance and stability, the complicated
synthesis method implemented for the development of the ternary catalyst with the gra-
dient composition shell may hinder its wide reproducibility for commercial purposes.
Nevertheless, this approach has not yet been thoroughly investigated; thus, there is still
room for further progress. Indicatively, simpler pathways for the development of core—shell
structures could be explored, or metals that have demonstrated more intense electronic
effects than Ru and Ni, such as Co and Fe, could be used.

Sun and co-workers [95,96] managed to enhance the CO tolerance of commercial
PtRu/C and Pt/C by encapsulating them within multilayer graphitic hexagonal boron
nitride (h-BN) 2D shells via an ammonia borane dehydrogenation process (Figure 6a). First,
the 2D h-BN shells were found to protect the embedded metal cores from sintering during
the heat-treatment synthesis step, providing high stability under oxidative atmospheres.
This effect was disclosed by comparing the TEM images of the core—shell-structured
electrocatalysts and the corresponding commercial ones after thermal treatment at 600 °C
in H, for 10 h (Figure 6b). Additionally, it has been proven that after long-term tests in
acidic solution, h-BN cells offer exceptional electrochemical stability [97].

Regarding CO tolerance, the modified catalysts showed significant improvement
in a PEMEC test for 30 ppm CO and 25 vol.% CO; contamination (Figure 6¢c). PtRu@h-
BN/C [95] exhibited minimal overpotentials due to poisoning. The enhanced CO tolerance
was attributed to the 2D h-BN shells, which were considered to confine the CO adsorption
on the surface of encapsulated electrocatalysts.

CO stripping voltammetry proved that in a complimentary manner to the slightly
negatively shifted CO oxidation peak potentials, the CO oxidation charges of the core-
shell-structured catalysts were significantly suppressed (Figure 6d). This fact indicates
smaller CO coverage on the surfaces of the catalysts. Additionally, the identical PEMFC
activities of the modified and commercial anodes in the absence of CO justified that the
weak interactions between the 2D multilayer h-BN shells and the metal cores only impede
CO and not H; adsorption.



Catalysts 2021, 11, 1127 14 of 38
.FthOﬁ -BN/C
o ?
NH:BHs3 NHs ‘
( - L .
Room High
Temperature Temperature h-BN/C
Pt or PtRu NPs Carbon p-NH;BHs onm
C
)1 .0 1.0 d) 5
s 8-—ptfc
0.8 0.84 £ =] s Pt@h-BN/C
S é 4- = PtRU/C 64
| £ == PRU@h-BN/C
3 06 0.6 ] i
- @
g 04 0.44 &7 1
2 £ 14 24
0.24 4, Ha/30 ppm COs25% €0, | 0.2 M2 Hz/30 ppm CO-25% cO: | £ o
-B-PtRu/C -O-PtRW/C PY/C Pyc e 04
0.0 A-PtRu@h-BN/C /- PtRu@h-BN,/C 0 Pt@h-BN/C Pt@h-BN/C
A T T T T o T T T T LA | T T T T LA | T - T - L T
00 04 08 12 16 2000 04 08 12 16 2.0 02 0 06 08 P;.o . :-2 °.4RHE 0.6 0.8 10 12
Current density (A cm™?) bantial (¥ ve-REE)
€) - After CO poisoning -+ After ADT f) g
100 500 -1.27—r . T —-2.4 100
£ 994 —_ 450 S _q.0- w——-——"—'_"j -22 3 § 957 555
5 A s > £ 90
£ 80 " " 400 3 = _o.5 / 20 5 §
- 1 e - . o .8
g i A 350 & § — 18 & T 851 2:\'/-
5 704 < § -0.61 g 2 33
300 5, £ t-1.6 § = 801
£ 60 £ 2 -04 g P
5 250 2 E - l-1.4 2 5 754 16.8
T s0; o0 & 8 -02] 1 [ 124 70
o i g g .’/‘,// e
© 40 1502 £ 00 g—m—=—* P10 [ 109 2 654
T " -a-PL(111)
30 L 100 24— T T —-0.8 60
% %'( 43:1 Q)P ,e' % ,3:‘ AEP Atomic Co (%) / Particle size (nm)
% i . "/(.. %, . e, L
% T % e “ <
L. o % S 5. %
(o s (o - <

Figure 6. (a) Ammonia borane dehydrogenation process. (b) TEM images after the thermal stability test. Reproduced with
permission from [95,96]. (c) Polarization curves at 70 °C in the absence and presence of 30 ppm CO + 25 vol.% CO,. Data
obtained from [95,96]. (d) CO stripping oxidation peaks. Reproduced with permission from [95,96]. (e) HOR, CO tolerance,
and stability results for Pty -PtM/C (M = Fe, Co, Ni) in 0.1 M HCIOy at 70 °C. (f) DFT calculation results for Ptysr -PtM/C
(M = Fe, Co, Ni). (g) CO tolerance results for Ptxar-Ptjg0—xCox/C for various Co atomic percentages and particle sizes in
0.1 M HCIOy at 70 °C. Data obtained from [98-100].

The benefits of 2D nanomaterials towards electrocatalysis have very recently been
explored; therefore, since research developments are ongoing regarding this topic, we
can expect significant progress for CO-tolerant core—shell-structured electrocatalysts in
the future. Furthermore, 2D nanomaterial shells protect the embedded metal cores from
dissolution; thus, PGM loading can be reduced, as the use of non-noble metals is not
prohibitive in terms of stability [101]. Reducing the PGM loading is essential to decrease
the overall PEMFC cost and to promote commercialization.

Shi et al. [98,99] investigated the CO tolerance of Pt alloys with non-noble metals (Fe,
Co, Ni), which were additionally embedded on uniform and thin Pt skins of two atomic
layers. The HOR activity results at 70 °C after 1000 ppm CO pre-adsorption revealed that
all Ptpar-PtM/C (M = Fe, Co, Ni) compounds exhibited much higher CO tolerance than
PtRu/C (Figure 6e). Notably, Ptyo1 -PtFe/C presented 90% HOR activity retention after
contamination. It is noted that the same order of catalyst activity was observed for the
HOR in the absence of CO. Moreover, after durability tests over 2500 cycles, it was verified
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that the novel catalysts exhibited considerable improvements in stability compared to
PtRu/C (Figure 6e). The authors suggested that the non-noble metal core is protected from
dissolution due to its encapsulation on the Pt skin.

The HOR activity results, in the presence and absence of CO, were rationalized
with the aid of DFT calculations. It was proven that the adsorption energies of catalysts
for the on-top CO and V configuration involving two H atoms was consistent with the
trend revealed from the CO tolerance and HOR results, with Ptys; -PtFe/C presenting
the most positive values for all Pt skin step edges (Figure 6f); therefore, the CO tolerance
enhancement was ascribed exclusively to the electronic modification of the Pt skin by the
embedded alloy.

The same group evolved its research [100] by investigating the effects of the core-alloy
composition and particle size of Ptxar-Ptjgo—_xCox/C on CO tolerance. The optimum HOR
activity results after 1000 ppm CO pre-adsorption were obtained for 31% atomic Co with a
mean particle size of 2.2 nm (Figure 6g). Both catalysts presented equivalent or even higher
CO tolerance relative to all Pt)o1-PtM/C (M = Fe, Co, Ni). Furthermore, their stability
remained high. The enhanced CO tolerance was attributed to an upgraded electronic effect,
resulting in even weaker CO binding on Pt skin sites; thus, the effects of the morphology
and metal composition on CO tolerance should be considered in future studies.

3.1.3. Combinations with Metal Oxides

Typically, metal oxides exhibit better thermodynamic stability and higher corrosion
resistance in acidic environments than their corresponding metallic forms. Regarding
CO tolerance, besides introducing the electronic effect, the abundant oxygen species on
their surfaces can effectively promote the bifunctional mechanism [102,103]. As such, the
combination of Pt with TMOs is still being investigated as an alternative approach for
developing CO-tolerant anode electrocatalysts for Hy-PEMFCs.

Takeguchi et al. [104] negatively shifted the onset and peak CO oxidation potentials of
Pt-Ru/C by 150 and 70 mV, respectively, by modifying it with SnO,. The enhanced CO
tolerance was demonstrated in a PEMEFC test in the presence of different CO concentrations,
ranging from 100 to 2000 ppm. Pt-Ru/SnO,/C exhibited higher cell potentials at 0.2 A
cm ™2 than Pt-Ru/C for CO concentration in H, feed (Figure 7a). The influence of SnO; on
CO tolerance is highlighted for the case of 500 ppm CO, where Pt-Ru/SnO, /C presented
an overpotential of only 60 mV due to poisoning, while the respective overpotential of
Pt-Ru/C was 130 mV higher.

The authors argued that the inclusion of SnO, in Pt-Ru boosts the bifunctional mecha-
nism through the propensity of the metal oxide to form OH molecules on its surface sites.
Furthermore, an electronic effect was observed with in situ surface-enhanced infrared absorp-
tion spectroscopy (SEIRAS) experiments after CO adsorption. The weakened CO binding on
the surface of the novel catalyst was indicated by the positive shift of the peak CO-adsorbed
wavenumber over the whole potential range between 0 and 250 mV (Figure 7b).

The same research group [77] demonstrated that the inclusion of SnO; in Pt-Ru results
in both higher CO tolerance and HOR activity than the inclusion of metallic Sn in a ternary
alloy system. The discrepancy in CO tolerance was attributed to the presence of different
valence states of Sn in each catalyst surface, arising from heat treatment at alternative
atmospheres during the synthesis process. The valence state in Pt-Ru/SnO, /C treated in
He was four, while that in Pt-Ru-Sn/C treated in H, was zero. The Sn in the valance state
of four was correlated with attenuated CO adsorption and strengthened H,O adsorption,
indicating both a pronounced electronic effect and bifunctional mechanism, respectively.
Based on the stronger H,O adsorption, it was also assumed that the H, adsorption was
altered, justifying the improved HOR activity of Pt-Ru/SnO,/C.
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Figure 7. (a) PEMFC voltages for various CO poisoning concentrations at 70 °C. (b) Potential dependency on peak
frequencies of SEIRAS for adsorbed CO. Reproduced with permission from [104]. (c) LSV for HOR in the presence of
300 ppm CO in 0.1 M HCIOy4. Data obtained from [105]. (d) CO oxidation onset potentials after subtracting the CO stripping
voltammograms conducted in Np- and H, 0.1 M HpSO4-saturated solutions, respectively. (e) Chronoamperometry test used
to examine CO oxidation at 0.1 V in 0.1 M HpSOy. (f) Integrated peak areas of Raman spectroscopy and the respective
formed species. Reproduced with permission from [106].

Although it was not stated by the authors, we should present our suspicion that
the discrepancy in CO tolerances may additionally be due to the different structures of
the catalysts. Heat treatment in an inert atmosphere represses the formation of an alloy
structure and favors the presence of metal oxide species on the catalyst surface, in contrast
to heat treatment in the strong reducing atmosphere of Hy; thus, it could be assumed that
in Pt-Ru/5Sn0O, /C, the active sites of the Pt-Ru alloy are unaffected [79]. Consequently, we
can claim that the bifunctional mechanism due to Ru is not inhibited, while electronic and
bifunctional effects are additionally introduced by SnO,. In contrast, when Sn is mixed
with Pt-Ru in a ternary alloy structure, Pt-Ru sites may be partially restricted, suppressing
to some extent the bifunctional mechanism through Ru. This behavior could explain the
worse CO tolerance of Pt-Ru-Sn/C than Pt-Ru/SnO, /C.

Takimoto et al. [105] modified PtRu/C with metallic Ru nanosheets derived after
hydrogen reduction of the corresponding RuO; ; nanosheet-modified catalyst at 200 °C.
Firstly, both modified electrocatalysts exhibited appreciably improved CO tolerance for
300 ppm CO poisoning compared to PtRu/C (Figure 7c).

As a first approach, the CO tolerance enhancement was attributed to the reinforcement
of the bifunctional mechanism due to the incorporation of the Ru and RuO, ; nanosheets.
Based on the similar HOR activities of both modified catalysts in the absence of CO, it
was concluded that the inclusion of nanosheets does not obstruct the Pt-Ru alloy structure,
meaning the enhanced CO tolerance can also be ascribed to suppression of CO adsorption.
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Comparing the two modified catalysts, Ru(ns)-PtRu/C presented 21% higher HOR
current density values than RuO; ;(ns)-PtRu/C at 200 mV in the presence of 300 ppm
CO (Figure 7c). Considering that CO oxidation initiates at potentials above 200 mV, the
higher CO tolerance of Ru(ns)-PtRu/C was due to a more effective suppression of CO
adsorption, attributed to a more intimate contact of metallic Ru nanosheets with the PtRu
NPs. Moreover, it was proven that the more intimate contact of nanosheets with the Pt-Ru
alloy reduces the dissolution degree of Ru. ADT for 3000 cycles showed that Ru(ns)-PtRu/C
retains 10% more of its initial activity relative to RuO; 1 (ns)-PtRu/C.

This discussion has so far demonstrated that the structure of catalysts plays a key role
in the optimal exploitation of metal oxides in achieving high CO tolerance and stability.
Stewart and co-workers [106] proposed a physical mixture catalytic system of commercial
Pt/C and synthesized WOj3 as a cost-effective development approach for a CO-tolerant
anode electrocatalyst. The subtraction of the CO stripping voltammograms conducted in
N,- and Hj-saturated solutions, respectively, showed that the addition of WO3 negatively
shifts the onset CO oxidation potential by ca. 100 mV (Figure 7d). This method excludes
the overlapping oxidation of tungsten oxide to tungsten bronze. Additionally, a chronoam-
perometry test reflected the slow oxidation of CO even at the low potential of 0.1 V for
Pt/C/WOj3 (Figure 7e). It is noted that this property could not be determined by cyclic
voltammetry due to the slow kinetics of CO oxidation at such low potentials.

Based on the fact that the physical mixture causes minimal electronic modifications,
the enhanced CO tolerance was exclusively ascribed to a bifunctional mechanism induced
by WOs. In situ Raman spectroscopy proved that the predominant CO oxidation step at
potentials lower than 0.1 V is due to the presence of tungsten bronze, while the dominant
step at potentials higher than 0.3 V is attributed to the hydroxyl species formed on WOs,
derived from the reduction of the preformed tungsten bronze (Figure 7f). As such, in
this study, CO tolerance was achieved close to the practical operational potentials of Hj-
PEMEFCs by taking advantage of the redox properties of a metal oxide, without the need
to develop a sophisticated catalyst structure through a complicated synthesis method;
however, in light of the established dissolution issues of tungsten in acidic environments
and the exposed WOj3 on the catalyst surface, we must note our reservations regarding the
adequate stability.

In general, recently published studies have highlighted the beneficial effects of com-
bining metal oxides with Pt in terms of CO tolerance and the further progress that can
be achieved by developing the appropriate structures; however, the novel CO-tolerant
electrocatalysts need to be further investigated in regard to their stability.

3.1.4. Surface-Modified Pt/C

By exploiting the surface-sensitive nature of the CO electrooxidation reaction, enhance-
ment of the CO tolerance of the Pt/C anode can be achieved after appropriately modifying
its conventional morphology and structure. Ciapina et al. [107] highlighted the effects of
the type and size of the crystallographic planes as well as the size and distribution of NPs
on CO oxidation. For example, they demonstrated that by synthesizing a Pt electrocatalyst
with exposed (100) facets on its surface, the CO tolerance can be improved. The explanation
lies in the propensity of hydroxyl species to form on Pt(110) facets rather than on Pt(111)
and Pt(100). Proportionally, CO adsorption is preferential on Pt (110) facets; therefore,
considering that CO oxidation follows the Langmuir-Hinshelwood mechanism (reaction
involving two different species, see Equation (10)), the accumulation of the reactants at a
specific facet facilitates the reaction; therefore, the CO tolerance is enhanced. The domi-
nance of Pt(110) on OH formation and CO adsorption could be fundamentally based on the
fact that crystallographic facets exhibit different surface energies. The higher the surface
energy of a facet, the smaller its thermodynamic stability; consequently, the more preferred
the adsorption (or dissociation) of the reactants on the facet, then correspondingly the
higher its catalytic activity [108].
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Recently, Ramos et al. [109] restricted the CO poisoning of Pt/C by adjusting its con-
ventional surface and structural properties via a novel synthesis approach. This approach
involved the reduction of a Pt precursor with sodium borohydride under the assistance
of a 90° pulse magnetic field in a time-domain nuclear magnetic resonance spectrometer
(TD-NMR). In a CO stripping experiment, Pt/C (denoted as Pt/C MFP90°) presented
multiple CO oxidation peaks over a broad potential range, with oxidation initiation being
300 mV more negative than for the commercial Pt/C (Figure 8a). The recurring release of
Pt/C MFP90° active sites from the adsorbed CO at lower potentials than for the respective
commercial catalyst was ascribed to the surface defects and terrace adlayers introduced by
the synthesis procedure, which promote the OH formation and CO oxidation.
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Figure 8. (a) CO stripping voltammetry results for Pt/C and Pt/C MFP90° in 0.5 M H,SO,. (b) XRD patterns of Pt/C
and Pt/C MFP90° and (c) polarization curves of Pt/C and (d) Pt/C MFP90° for H, and 100 ppm CO/Hj; feed at 80 °C.
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obtained from [110]. (f) The model proposed by DFT calculations for DAcPy reduction on the Pt(111) surface and pyridine
ring function on CO tolerance enhancement. Reproduced with permission from [110].
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Furthermore, XRD patterns revealed that Pt facet peaks of Pt/C MFP90° were posi-
tively shifted, indicating a compression of the lattice strain of the Pt crystalline structure
(Figure 8b). This result was correlated with the negative shift of the Pt d-band center and
with weakened CO adsorption; therefore, the early initiation of CO oxidation was due to
an electronic effect, while the CO oxidation at higher potentials was due to a bifunctional
mechanism. To reveal the improved CO tolerance, a PEMFC fed with 100 ppm CO/H; was
employed, in which a maximum power density decrease of only 12% was observed after
the CO poisoning (Figure 8c).

A noteworthy approach was reported by Wang et al. [110], who chemically modified
Pt/C by engineering an organic molecular architecture on its surface. Particularly, they
coated 2,6-diacetylpridine (DAcPy), a pyridine derivative with two carbonyl groups, on
the Pt/C surface and examined its stability for 100 ppm CO poisoning via a chronoamper-
ometry test at 0.1 V. After 5 h of continuous contamination, the modified catalyst retained
87% of its initial current density, while the commercial Pt/C retained only 24% (Figure 8d).
Notably, the CO tolerance of the Pt/C coated with DAcPy was even higher than that of
commercial PtRu/C. A corresponding CO tolerance was observed for Pt/C and PtRu/C
electrocatalysts tested in solutions containing 10 mM DAcPy; however, this approach
was not recommended for PEMFC anodes due to the eventual detachment of the organic
additive from the produced water.

The authors argued that when DACcPy is reduced, it is strongly adsorbed on the Pt
surface, forming pyridine rings that act as a canopy. DFT calculations showed that the
narrow space between the pyridine rings and Pt atoms inhibits the adsorption of the large
CO molecules on catalyst sites below the pyridine ring, while concurrently permitting the
adsorption of the smaller H, molecules (Figure 8e); therefore, the high HOR activity of Pt
is retained and CO poisoning is simultaneously prevented. Conclusively, CO tolerance is
based solely on hindering CO adsorption and not on CO oxidation at all. This approach is
extremely promising, as in an optimal situation a complete mitigation of CO poisoning
could be achieved.

3.2. Pt-Based Electrocatalysts Supported on Alternative Materials

Depositing metal NPs on supporting materials has been acknowledged as an efficient
strategy to improve the activity and durability of bulk metal electrocatalysts. The narrow
distribution and homogenous dispersion of the metal NPs onto the support lead to a
large electrocatalyst active surface area and to high catalytic activity with a small metal
loading requirement. Furthermore, supporting materials with high electronic conductivity
contribute to the reduction of the electrical resistance, facilitating electron transfer and
reaction kinetics. Decreasing electrical resistance is vital in fuel cell applications, as most of
the total polarization loss is ascribed to ohmic limitations [111,112].

Carbon black is the most widespread catalyst support, as it adequately satisfies
the above requirements, including having low cost and wide availability; however, its
surface is prone to electrochemical oxidation at the high operating potentials of PEMFCs.
The oxidation of support causes corrosion, which is associated with the dissolution of
metal from the catalyst layers and the agglomeration of metal NPs during operation,
leading to catalytic instability [111,112]. As such, alternative nanomaterials have been
explored to substitute carbon black supports. Among them, two types of materials have
been distinguished: (i) advanced carbonaceous materials with modified structures, such
as carbon nanofibers (CNFs), carbon nanotubes (CNTs), multiwalled carbon nanotubes
(MWCNTs), and graphene; (ii) TMOs and TMCs. Both types were found to further increase
the catalytic activity through their larger surface area and more mesoporous structure
compared to carbon black. Concurrently, their electrical conductivity is usually more than
adequate [113].
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Focusing on the subject of the current study, we highlight the contribution of the
above materials to CO tolerance. More insights are revealed in the following discus-
sion regarding the most promising CO-tolerant, Pt-based electrocatalysts supported on
alternative materials.

3.2.1. Advanced Carbonaceous Supports

Besides the corrosion issues related to carbon black, its relatively microporous and
dense structure impedes the accessibility of the reactants to the metal NPs, reducing the
catalytic activity and stability [111,112]. Recently, Narischat et al. [114] investigated the
effects of carbon support structures on CO tolerance. For this purpose, PtRu NPs supported
on resorcinol formaldehyde carbon gels (RFC) of different porosity densities were tested in
a single PEMFC poisoned with various CO concentrations, ranging from 100 to 2000 ppm.
The porosity of the supports was controlled by varying the resorcinol-to-catalyst molar
ratio (RC =200, 800, and 1000 mol/mol) during the preparation. N, adsorption isotherms
showed that the larger the molar ratio, the more mesoporous the carbon structure.

Substituting the conventional carbon support with carbons containing larger meso-
porous volumes, i.e., RC1000 and RC800, led to significant enhancements in CO tolerance.
PtRu/RC1000 exhibited 67% and 63% smaller overpotentials at 0.2 A cm 2 than PtRu/C for
500 and 2000 ppm CO poisoning, respectively (Figure 9a). Notably, the catalyst supported
on RC200, containing the smallest mesoporous volume, was completely deactivated in the
presence of only 100 ppm CO. The authors showed that the diffusion rate is proportional to
the mesoporous volume of carbon and inversely proportional to CO poisoning, as proven
by the PEMFC results for 500 ppm CO contamination (Figure 9b). Based on this, they
concluded that water and CO easily diffuse on the sites of electrocatalysts with carbon sup-
ports containing the largest mesoporous volume and modal mesopore diameter; therefore,
the water—gas shift reaction (CO + H,O = CO, + H,) rate increases, decreasing the CO
concentration and improving the CO tolerance. We additionally argue that the facilitated
diffusion on PtRu anodes supported on RC1000 and RC800 can also be presumed from the
higher PEMFC performance observed in the absence of CO, indicating higher HOR activity
through more facilitated Hy mass transfer (Figure 9a). It is noted that the mesoporous
volume decreased after the deposition of the metal NPs on the supports and the mixing of
the catalytic samples with Nafion to fabricate the membrane electrode assemblies (MEAs).
In Figure 9b, the mesoporous volumes and the diffusion rates calculated via the Knudsen
equation using the modal mesopore diameters correspond to the catalytic samples after
mixing with Nafion.

Another factor determining the effectiveness of catalyst—supports is the functionality
of their surfaces. Carbonaceous materials have relatively inert surfaces [115]; therefore,
surface functionalization is required to achieve high dispersion of metal NPs and effective
catalyst-support interaction. The functionality can be accomplished via surface doping, as
this introduces defects into the carbon lattice, leading to strong interactions between the
catalyst and support [116,117]. The efficient stabilization of metal NPs onto the support
alters the electronic interplay between the valance states of the support and the deposited
metal, resulting in weaker CO binding and higher stability. Furthermore, specific doping
elements such as boron can enhance the CO tolerance via the bifunctional mechanism,
because of their ability to adsorb oxygenated species [118,119].

Gonzalez-Hernandez et al. [120] examined N-doped graphene nanoplatelets (N-GNPs)
as alternative supports for PtRu and PtRuMo CO-tolerant anodes. Both catalysts supported
on N-GNP exhibited higher CO tolerance than PtRu/C in a single PEMFC fed with 100 ppm
CO-contaminated H; (Figure 9c).
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potentials at 0.5 A cm~2 for 100 ppm CO before and after accelerated stability test. (e) TEM images before and after stability
test. Reproduced with permission from [120]. (f) Polarization curves in the absence and presence of 10 ppm CO in the H,
feed at 60 °C. Data obtained from [121]. (g) FTIR spectra of each carbonaceous support and the respective surface oxygen

groups. Reproduced with permission from [121].

The authors suggested that the Pt-N bonds facilitate the formation and subsequent
dissociation of oxygenated species on the catalyst surface; thus, CO oxidation is facilitated
through the bifunctional mechanism. In their next study [122], where catalysts supported
on N-doped and undoped GNPs were compared, they also presumed that strong binding
between Pt and N causes an energy decrease in the d-state of Pt, resulting in a weakened
CO adsorption. Furthermore, N-GNP supported anodes presented higher stability than



Catalysts 2021, 11, 1127

22 of 38

PtRu/C after aging tests for 5000 cycles (Figure 9d). The presence of defects introduced by
N-doping was considered to sufficiently stabilize the metal NPs on the support. The higher
stability was demonstrated by TEM, whereby the N-GNP-supported catalysts showed a
minimal particle size increase after the aging test, contrary to PtRu/C (Figure 9e).

The PtRuMo/N-GNP exhibited lower CO tolerance than PtRu/N-GNP (Figure 9c),
while the same research group in a former study [70] stated the opposite for the same
catalysts supported on carbon black. This fact was ascribed to a reduced amount of Mo**
states on the surface of PtRuMo/N-GNP, indicating a weaker bifunctional mechanism.
Seizing this opportunity, we highlight the strategies used for developing efficient materials
for Hy-PEMFCs anodes, which should guarantee (i) high CO tolerance, (ii) high HOR
activity, and (iii) high stability. For this reason, an in-depth understanding of the correla-
tion between the CO tolerance mechanisms and physicochemical properties of materials
is required.

The surfaces of carbon supports can be alternatively functionalized by chemical pre-
treatment. In this case, the CO tolerance is mainly attributed to the bifunctional mechanism.
Escudero-Cid et al. [121] functionalized MWCNTs in a sulfuric-nitric mixture to support
a Pt catalyst. The Pt/MWCNT anode showed a decrease in maximum power density
of only 19% after 3.5 h of exposure to 10 ppm CO, whereas the Pt—Vulcan exhibited a
loss of 63% (Figure 9f). FTIR spectra showed that several carbonyl, alcohol, and phenol
compounds were present on the surface of MWCNTs due to OH species anchoring after
functionalization (Figure 9g). These oxygenated groups, which facilitate the oxidation of
CO to CO; on the sites of Pt NPs, explain the significant improvement in CO tolerance
after substituting Vulcan carbon with MWCNTs; however, the mean particle size of Pt
NPs supported on MWCNTs was 2-fold larger than those supported on Vulcan carbon,
resulting in lower maximum power density in the absence of CO due to a less active HOR
(Figure 9f). This side effect is common for metal NPs supported on advanced carbons.

3.2.2. Transition Metal Oxides and Carbides

The high electrochemical and thermochemical stability of TMOs and carbides prevent
their corrosion in acidic environments. In particular, the oxides and carbides of Mo, Tij,
W, and their combinations have been confirmed to optimally meet these requirements,
in addition to presenting adequate electronic conductivity. As such, these materials are
endeared as alternative supports for Hy-PEMFC electrocatalysts [123,124]. Regarding CO
tolerance, water is dissociated on the active sites of these metals, forming hydroxyl species,
through which the CO oxidation is promoted. Concurrently, the strong metal-support
interaction causes electronic modifications in the supported catalysts, resulting in CO
adsorption suppression [125,126].

We have seen [70,73,106,127] that the inclusion of Mo and W enhances the CO tolerance
through the bifunctional mechanism, which is ascribed to their redox properties. In this
manner, Mo and W oxide and carbide composites have recently been explored as supports
for CO-tolerant electrocatalysts. The aim is to mitigate the CO poisoning and to avoid the
use of carbon black, which is vulnerable to corrosion.

Brkovic et al. [128] significantly improved the CO tolerance of the PtRu anode by re-
placing the carbon support with non-stoichiometric tungsten carbide-oxide (WxCyO,). For
the CO-contaminated Hj stream, the PtRu/WxCyO, exhibited a loss of 18% in maximum
power density due to CO poisoning, while PtRu/C showed a loss of 32% (Figure 10a).
Using a rotating disk electrode (RDE) test in a 2 vol.% CO/Hj,-saturated solution, it was
revealed that WCyO, contributes to the initiation of CO oxidation at potentials smaller
than 0.3 V (Figure 10b). The CO oxidation at such low potentials was correlated with
the formation of hydrogen bronze on the surface of the tungsten oxide—carbide support.
Through this process, oxygenated species are donated to the conjoint metal NPs, promoting
the bifunctional mechanism; however, in the absence of CO, the maximum power density
of PtRu/WxCyOy; is 7% lower than that of PtRu/C, probably due to the lower conductivity
of the tungsten oxide—carbide support. Furthermore, although no information about the
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stability is provided, we express our skepticism based on the easy dissolution of Ru and W
in acidic environments.
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Figure 10. (a) Polarization curves for Hy and H; /CO feeds at room temperature. (b) LSV in 2 vol.% CO/H,-saturated 0.5 M
HCIO, solution. Data obtained from [128]. (c) LSV in Hj-saturated 0.5 M solution after CO adsorption and subsequent
electrode polarization at (i) 250, (ii) 350, (iii) 450, (iv) 550, and (v) 1000 mV. (d) Limiting current of LSV conducted in
Hj-saturated 0.5 M solution after CO adsorption and subsequent electrode polarization before and after aging test for
500 cycles. (e) Mo 3D XPS spectra normalized to the integrated intensity of Pt 4f before aging test, after 10 cycles and after

the aging test of 500 cycles. Reproduced with permission from [129,130]. (f) CO stripping voltammograms in 0.5 M H»SOy.
Reproduced with permission from [131].
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Vass et al. [130] achieved exceptional HOR activity under CO poisoning conditions by
depositing Pt on the TixMo;_xO,-C composite. The method applied to examine the CO
tolerance at low potentials is worth mentioning. Briefly, CO and subsequent H, adsorption
on catalyst sites were followed by electrode polarization at 250 mV in Hy-saturated solution.
Eventually, HOR linear sweep voltammetry (LSV) measurements were conducted. The
same experiment was performed for 350, 450, 550, and 1000 mV electrode polarization
potentials (Figure 10c(i—v)). Pt/ Tip Mog 40O,-C achieved significant HOR activity after only
250 mV electrode polarization, while Pt/C and PtRu/C were fully poisoned. Notably,
Pt/ TipsMop.40,-C exhibited 70% of its HOR activity in the absence of CO. A similar activity
order for catalysts was presented for electrode polarization at 350 mV.

The CO oxidation at such low potentials was attributed to some extent to the electronic
modification of Pt, through its strong interaction with the transition metal oxide—carbide
support, and mainly to the bifunctional mechanism provoked by the redox properties of
Mo oxides.

Specifically, Mo in oxidation states lower than 6+ at potentials smaller than 250 mV
dissociates water molecules to form MoO(OH), species, which in turn promote the oxida-
tion of the weakly adsorbed CO on the adjacent Pt sites. At higher potentials, the Mo active
species are oxidized into the less active Mo®*, meaning the CO oxidation is mainly ascribed
to Pt. The shift of CO oxidation to the potential range where the HOR occurs in practical
H,-PEMFC applications (<250 mV) highlights the prospect of using the TixMoy_10;,-C
composite as an alternative support for CO-tolerant anode electrodes; however, some
issues must be addressed to allow practical utilization.

In the absence of CO (Figure 10c(v)), Pt/ Tip sMog 4O;-C exhibited 20% and 30% lower
HOR activity levels than Pt/C and PtRu/C, respectively (Figure 10c), due to the lower
conductivity of TixMoy_10,-C than carbon. Furthermore, as the same research group
showed in their subsequent study [129], TixMoy_10;-C is unstable in acidic environments.
The stability was examined by comparing the HOR activity levels after CO poisoning with
the previous method, before and after aging tests of 500 cycles, observing considerable
degradation rates (Figure 10d). It was noted that the instability was more intense for the
HOR activities taken after the polarization of electrode at low practical potentials. During
the first 10 cycles, XPS measurements (Figure 10e) revealed a significant reduction of Mo®*
to lower oxidation states, indicating the leaching and redistribution of the Mo species that
were not incorporated into the TiO; lattice. During the next cycles and until the completion
of the stability test, the oxidation states were relatively unaffected, as the incorporated
Mo species were relatively stable; thus, a preparation method that can allow optimal
incorporation of Mo species into the TiO; lattice would lead to a both CO-tolerant and
stable anode.

Finally, the approach of modifying metal oxide supports with polymers is worth
mentioning. Liu et al. [131] supported Pt NPs on hexagonal tungsten oxide modified with
polyethyleneimine (PEI). The aim of the modification with PEI was to positively charge
the support, so that when combined with the negatively charged Pt colloid this would
uniformly disperse the small (<3 pm) Pt NPs via an electrostatic interaction.

Although Pt/PEI-hex-WOj3 exhibited similar CO oxidation potential levels to commer-
cial Pt/C, its CO charge was 14-fold smaller (Figure 10f), implying considerably smaller
CO coverage. The suppression of the CO charge was attributed to an electron donation
from the support to Pt due to a strong metal-support interaction. Additionally, a shoulder
CO oxidation peak at lower potentials (ca. 0.25 V vs. RHE) was observed, which was
attributed to the promotion of CO oxidation via the formed hydroxyl molecules on the
WOj3 surface.

4. Outlook

In this paper, we have summarized and critically discussed the results presented in
studies published over the last decade to gain a broader view of the progress made so far
and to distinguish the most promising state-of-the-art CO-tolerant anode electrocatalysts.
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Figure 11 summarizes the CO stripping voltammetry results for the Pt-based electro-
catalysts investigated over the last decade in three-electrode electrochemical cell systems
in acidic media.
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Figure 11. CO stripping voltammetry results in three-electrode electrochemical cell systems relative to the onset and

peak (CO oxidation) potentials: (a) Pt-based electrocatalysts supported on carbon (A: alloys; A: core-shell structures;

M: combinations with oxides; ¢: modified surfaces); (b) Pt-based electrocatalysts supported on alternative materials

(V: advanced carbonaceous supports; 4: TMOs and carbides supports). Red symbol: 60-70 °C, otherwise room temperature.

Regions (i) and (ii) correspond to CO oxidation potentials (onset and peak potentials) smaller than those of PtRu/C and

Pt/C, respectively. The numerical values of each symbol correspond to the catalysts and the respective studies summarized

in Table 1.

Commercial Pt/C and PtRu/C [132] are additionally presented as benchmarks. For
comparison reasons, only the values of the main CO oxidation peaks were considered,
although less pronounced oxidation peaks, which may precede the main peaks, usually
indicate a contribution to CO poisoning mitigation [133]. Furthermore, to ensure objectivity
of the comparison, the catalysts tested at 60-70 °C are highlighted because the standard
free energy of CO adsorption on catalyst sites decreases at elevated temperatures, resulting
in milder CO poisoning [134]. Finally, we note that CO oxidation is accelerated to some
extent in HClO4 solution compared to H;SO, and at higher scan rates [135]. Although
their influence is not considered significant for our discussion, for validity reasons, both
the experimental conditions and electrocatalysts corresponding to the data in Figure 11 are
listed in Table 1.

Table 1. The corresponding electrocatalysts and experimental conditions for the data shown in Figure 11.

Electrocatalyst Eéﬁij‘;‘g::l (giiz) Electrocatalyst Eéﬁiﬁ;?if::l (gf‘fz)
PtRu@h-BN/C H(2?l5052(())1n1\\/§ e [95] (1) WO /Pty H(211504C5(())1n% e [136] (18)
Pt -PtegCos1 /C Hg?OfZ(())inl\\/; P [100] ) Pt-BeO/C u (315052(())1111\\/; e [137] (19)
Ptys; —PtFe/C Hg?OSZ%inl\\/; e [99] (3) Pt/C+WO, chlacl oo P [138] (20)
Pty —PtCo/C Hg?ofzginh\g e [99] (4) P/CRuOHy 2255005'2%; v e [139] 21)
Pty —PENi/C Hg?of;())}nl\\/; P [99] 5) Pt/C/WOs5 u 225051?)1111\\//[ e [106] (22)
Pt/ TIWN/C o éfOfS% e P [140] (6) P{RuNi,/C u 2255(;5'1%; v e [94] (23)
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——
Pt/TIWC/C . (%15055%;1\6 e [140] (7) Pt/Rug;TinsO2 (211504(12(());% e [141] (24)
Ru@ms}PRa/C 28 [105] (8) Pt-H,MoO; o0 2 Vs [142](25)
RuOyns PRu/C éf’oflg N e [105] 9) PuRus/Sb-Sn0; c?ofz% N p [143] (26)
Ru@PEL5(ms)/C (7;15051% /e [144] (10) PRu/W\CyO, éi)fl 0y /s [128] (27)
PenBN/C AN [96] (1) PyPELhexWO; 2 0N [131] 28)
Pt-Ru-Sn/C H?:(iof oM e [771 (12) PL/Tig/Wos02C 2235005'1%1 v P [145] (29)
Ru@Pt/C o0 10 /s [146] (13) PUTiosMons02C e 00 [145] (30)
PL/CMFPO® 22555'1%'; v p [109] (14) Ru@P/CTIO;, 22555'1%; v p [147] (31)
Pt/ITO/CB . éfofz%inh\g P [148] (15) Pt/TigeMonsOrC |, 2255(;5'1(0"; v e [130] (32)
PRu/Sn0,/C (6??051(())111% e [104] (16) Pt/N-GNP . 225555'1%; 12’[/ e [122] (33)
RuO, (ns) /Pt . éfOSS%inl\é e [149] (17) PUTIONGSC 225555%; 1\\//[ e [150] (34)

The results are presented relative to the onset potential and peak (CO oxidation)
potential values. We chose to evaluate the results in terms of CO oxidation potentials
because the peak oxidation current strongly depends on the experimental conditions,
making it difficult to draw a valid comparison. At the onset potential, the CO adsorbed on
the catalyst surface starts to oxidize, providing free active sites for occupation by hydrogen
molecules and subsequent initiation of the HOR; therefore, the onset potential indicates the
minimum potential in which HOR can be activated. At the peak potential, the rate of CO
oxidation reaches a maximum value; therefore, even the strongest bonded CO molecules
are oxidized. At higher potential values, the current starts to decline until the overall
consumption of the absorbed CO occurs [151]. As such, the peak potential indicates the
potential at which the overall HOR activity can be achieved. It becomes obvious that the
more negative the onset and peak potentials, the faster the CO oxidation kinetics and the
more CO-tolerant the electrocatalyst.

Although the results of CO stripping voltammetry tests offer a general view of an
electrocatalyst’s CO tolerance, they cannot predict the behavior of an electrode in a Hj-
PEMFC anode. CO stripping is conducted in an inert environment to allow the oxidation
of pre-absorbed CO within a potential range of ca. 1 V. In contrast, in a PEMFC, a mixture
of Hy/CO gas is supplied at the anode, where H, competes with CO for oxidation within
a potential range of 0.2 V. For example, Pt/C MFP90° (datum 14 in Figure 11a) shows a
100 mV lower onset potential and a 150 mV higher peak potential than PtRu/C. Since the
CO oxidation is not initiated or completed with the potential range in which HOR occurs
in Hy-PEMFC:s for either electrocatalysts, we cannot reach a decision; a PEMFC test is
required for this purpose. Nevertheless, the higher CO tolerance of Pt/C MFP90° than
Pt/C is apparent; therefore, herein we analyzed the CO stripping voltammetry results to
gain a fundamental outlook on the materials and methods that are favorable for improving
the CO tolerance of Pt/C.

The electrocatalysts in Figure 11 can be grouped into two regions: region (i) en-
compasses the electrocatalysts that present higher CO tolerance than PtRu/C; region (ii)
includes the electrocatalysts that exhibit negatively shifted CO oxidation potentials relative
to Pt/C. At first glance, it is obvious that the CO oxidation potentials of most novel electro-
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catalysts are significantly shifted at more negative potentials than Pt/C; therefore, their
higher CO tolerance is directly apparent. Even the electrocatalysts presenting CO oxidation
potentials close to those of Pt/C [96,106,131,136,138,140,150] indirectly demonstrate en-
hanced CO tolerance. For example, Pt/TiO,NCs-C [150] presents a less intense preceding
CO oxidation peak, while Pt/PEI-hex-WO3 [131] shows a negligible CO oxidation charge,
indicating very weak CO adsorption.

In conclusion, we can argue that at this stage, the research goes far beyond improving
the CO tolerance of the most commonly used Pt/C anode. Our statement is further
confirmed by the fact that most of the electrocatalysts developed over the last decade have
shown CO oxidation potentials close to those of PtRu/C, which is a well-established CO-
tolerant catalyst; however, even at those potentials, CO oxidation still deviates significantly
from the range of potentials in which HOR occurs in practical Hy-PEMFC applications (ca.
0.1 V). The question that arises of whether the CO oxidation of an anode electrocatalyst can
occur at such low potentials and which strategies can effectively accelerate CO oxidation.

Focusing on Figure 11a and Table 1, we can observe that the smallest CO oxidation
potentials are presented by the electrocatalysts involving Ru in various structures, such
as core—shell structures [95,144,146] and ternary alloys [77,104]. Considering the verified
superiority of Pt-Ru towards CO electro-oxidation compared to other alloys, it could be said
that this is an expected outcome. Slightly more positive CO oxidation potential values than
those presented by PtRu, yet much smaller than those presented by Pt/C, are presented by
electrocatalysts involving combinations of Pt with non-precious metals and metal oxides,
such as Fe, Co, and Ni; the accelerated CO oxidation is mainly attributed to the electronic
effect. Finally, the electrocatalysts exhibiting similar CO oxidation potentials to Pt/C mainly
contain combinations of Pt with W and WOy. The significant contribution of tungsten to
the CO tolerance enhancement is not apparent via CO stripping voltammetry. The reason
for this is that tungsten mitigates CO poisoning through sluggish CO oxidation occurring
at very low potentials.

Analyzing the results of Pt-based electrocatalysts supported on alternative materials
in a similar way (Figure 11b), it can be seen that the most negative CO oxidation potentials
are exhibited by electrocatalysts, including Ru, either in the deposited metal NPs [143,147]
or in the supporting material [141]. Most of the other electrocatalysts deal with Pt NPs
supported on Mo or W oxides and carbides [130,142,145]. In this case, the CO oxidation
potentials are considerably shifted to more negative values compared to Pt/C, although
are still more positive than PtRu/C.

The analysis presented above indicates that the CO tolerance of a Pt-based catalyst
depends on the metals combined with Pt. The CO tolerance of conventional Pt alloys
has long been established via both theoretical [47,152] and experimental studies [15,22,36].
Theoretically, the greater the ability of the metal combined with Pt to activate the electronic
effect or the bifunctional mechanism, the more CO-tolerant the electrocatalyst is expected
to be. Indicatively, in Figure 12, the electronic effect (Figure 12a) and the bifunctional
mechanism (Figure 12b), which are activated by various metals when combined with Pt,
are illustrated as functions of the Pt d-band center shift and dissociation energy of the
oxygen-metal bond, respectively.

According to Figure 12 and Table 1, one can observe that the state-of-the-art electrocat-
alysts are mainly based on Pt combinations with the most favorable metals (Ru, Fe, Co, Ni,
Mo, W, Sn, Ti) used to enhance CO tolerance. Note that extremely negative shifts in the Pt
d-band and excessively strong metal-O bond energy values are not preferred, as they are
correlated with hindered hydrogen adsorption and with low HOR activity. Furthermore, the
reactivity order of catalysts towards CO oxidation revealed from Figure 11 is in agreement
with the previous results published for conventional alloys [15,22,36]. This outcome is
clearly confirmed by the fact that Ru is still the most appropriate metal for combination
with Pt in order to enhance the CO tolerance.
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Figure 12. Results from simulation studies. (a) Pt d-band center shift after coverage of the Pt skin with a metal monolayer.
Data obtained from [53,153]. (b) Difference between metal-O dissociation and Pt-CO energies. Data obtained from [152].

Based on the above analysis, one might state that the range of potentials in which CO
oxidation occurs is principally determined by the metals used catalysts; therefore, regarding
the practical limits of CO oxidation, as a first approach, the probability of achieving
complete CO oxidation in the potential range where HOR occurs in PEMFCs seems limited,
as studies have already shown conclusive evidence on this matter. As such, a degree of
degradation of PEMFC activity due to CO poisoning should be considered inevitable. For
reliability, we note that the very low CO oxidation potential of Pt-Ru/SnO, /C [104] can
be attributed both to the high test temperature and specific experimental conditions, as
the results slightly deviate for the results of similar electrocatalysts published in other
studies [77,154].

Although the behavior of Pt combinations with other metals towards the CO oxidation
is more or less specific to each combination, the continuous innovations being achieved
through research give hope that a stable CO-tolerant electrocatalyst with practical appli-
cation prospects could be developed in the near future. As we have shown, noteworthy
progress has been made recently in this direction through the implementation of novel
approaches, mainly regarding the design of advanced morphologies and structures, as well
as the use of TMOs and carbides supports. According to Figure 11, core—shell-structured
catalysts and the utilization of TMO and TMC supports are the approaches that are cur-
rently in the spotlight. More importantly, strategies devoid of the need to combine Pt with
other metals to achieve high CO tolerance have emerged, such as the encapsulation of
electrocatalysts within organic compounds [110] or 2D material shells [95,96]. In such cases,
the CO tolerance enhancement is attributed to the hinderance of CO adsorption through
the protection of the catalyst sites by the alternative material shell; therefore, since the CO
tolerance is not based on the oxidation of CO, we can assume that in an optimal situation,
even complete elimination of CO poisoning could be achieved. We have to wait on the
forthcoming studies in order to draw a conclusion on this topic.

Having identified the progress made so far and the limits that are being set, we can
conclude that the current principal objective of research is to eliminate CO poisoning as
much as possible by utilizing the acknowledged beneficial combinations of Pt with other
metals. Simultaneously, stability improvement is crucial, as most of the metals that can
effectively enhance the CO tolerance when combined with Pt are susceptible to leaching
under the harsh acidic conditions of PEMFCs.

In order to distinguish the most promising and up-to-date CO-tolerant anodes, in
Figure 13 we summarize the results regarding CO poisoning of the anodes tested in
single PEMFCs. The electrodes are compared in terms of their ability to exhibit anode
overpotential due to CO poisoning at 0.2 A cm~?2 (activation polarization region) and
0.6 A cm~2 (ohmic polarization region). Additionally, the PGM loading of the examined
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anodes is presented relative to the PGM loading target (<0.1 mg cm~2) set by the US
Department of Energy (DOE) in 2020 [155]. For credibility, we note that the operation of
PEMEFCs depends strongly on the experimental conditions, such as their humidity levels,
flow rates, and gas pressures.
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Figure 13. Single PEMFC results in terms of the overpotential due to CO poisoning of (a) Pt-based electrocatalysts supported
on carbon and (b) Pt-based electrocatalysts supported on alternative materials. The anode PGM loading is presented with
respect to the DOE target (A: 100 ppm CO/H, at 80—85 °C; l: 100 ppm CO/H; at 70—75 °C; 4: 30 ppm CO+25% CO,/H,
at 70—80 °C; o: 10 ppm CO/H; at 60—75 °C; ¥: 100 ppm CO/H; at 25 °C). Cathode: Pt/C in any case. Data obtained
from [70,73,77,94-96,104,109,114,120,121,127,128,139,145,146,150,156,157].

From Figure 13, it is obvious that none of the recently developed anode electrodes
meet the DOE target limit for PGM loading. The mean PGM loading for the state-of-the-
art anodes is ca. 4-fold greater than the desired value; therefore, the challenging task of
reducing the PGM loading should be considered in future studies so that the developed
anodes can be commercialized. Moreover, we can observe that the CO poisoning is more
severe in the ohmic polarization region, as the exhibited overpotentials are bigger than
the corresponding ones in the activation polarization region. This fact is logical if we
consider the fact that as the current increases, the diffusion of reactants on the electrode
surface is disturbed because the mass transport rate is slower than the reaction rate, which is
especially true for blocked catalyst surface sites due to CO poisoning. On the other hand, the
current in the activation polarization region is determined by the charge transfer reaction
kinetics (mainly the ORR), meaning the CO poisoning effect is less detrimental [158].

The most promising state-of-the-art CO-tolerant anode electrocatalysts are presented
in Table 2. It is obvious that the highest CO tolerance rates were achieved in studies
based on (i) evolving the core-shell structure approach (utilization of 2D material shell,
formation of ternary composition gradient shell, embedded Pt alloys on Pt skins), (ii)
utilizing novel synthesis methods (reduction of metal precursor in TD-NMR) or materials
(organic compounds) to modify the catalyst surfaces, and (iii) substituting the carbon
support with TMOs and TMCs (TixMo;.4O,-C).

All of the above approaches that achieved significant results emerged in the last
decade. This fact indicates that there is still room for further advancements in the future,
giving hope that CO poisoning could be eliminated at practical levels soon; however, at
this stage, even the most promising CO-tolerant electrocatalysts present several challenges
that have to be overcome to proceed with commercialization. These challenges mainly
relate to the need for stability improvements and reductions of PGM loading.
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Table 2. The most promising state-of-the-art CO-tolerant electrocatalysts.

Electrocatalyst Advantages Challenges Refs
PtRuNi/C - Only 11% performance decay - Unknown CO tolerance under
(composition after 10 ppm CO poisoning poisoning with greater than 10 ppm CO [94]
ra dign t shell) - Complete stability after 100 h of concentrations
& operation for 10 ppm CO/H, feed - Complicated synthesis method
- 95% HOR activity retention after
1000 ppm CO poisoning at 70 °C ) .
Ptyar-PtgoCoz1 /C - 78% HOR activity retention after Unknown C O tolerance behav1or. [100]
1000 ppm CO poisoning and after under practical Hy-PEMFC operation
a durability test of 4000 cycles
- Only 18 and 26 mV potential loss
at0.2 and 0.6 A cm~2, respectively, - Unknown stability for long-term
PtRU@h-BN /C after 30 ppm CO + 25% CO, H,-PEMEFC operation under CO [95]
poisoning poisoning
- Thermochemically and - Complicated synthesis method
electrochemically stable
- CO oxidation at potentials - Lower HOR activity in the absence of
Pt/TixMo1.,O0,-C smaller than 250 mV Scl)q:lhilejit/C/ due to lower support [129,130,145]
(x =0.8-0.6) - 130 mV overpotential at 1 A cm ™2 ondu ty - . . T
after 100 ppm CO poisoning - Inadequate stability due to dissolution
of non-incorporated Mo
Pt/C MEP90° - Only 12% loss in maximum power Hieh PGM loadin [109]
density after 100 ppm CO poisoning & ° &
- 87% HOR activity retention after - High PGM loading .
Pt/C coated 5 h of contintous poisoning with - Unknown CO tolerance behavior [110]
with DAcPy p & under

100 ppm CO

practical Hy-PEMFC operation

5. Concluding Remarks

The development of a stable CO-tolerant anode electrocatalyst with the potential
for practical utilization in Hp-PEMFCs remains a challenging research task. Recently,
noteworthy progress has been achieved through the implementation of novel strategies.
The contribution and perspective of each strategy can be summarized as follows:

1.  The optimal regulation of the alloying degree of Pt alloys via appropriate synthesis
pathways can considerably improve CO tolerance and stability; however, since the
added non-noble metals are exposed on the catalyst surface in the alloyed structures,
Pt alloys do not generally present adequate stability for practical utilization. Never-
theless, examination of the Pt alloys is essential to reveal the correlations between the
physicochemical properties, stability, and CO tolerance mechanisms;

2. The combination of Pt-based electrocatalysts with TMOs can enhance the CO tolerance
through the promotion of the bifunctional mechanism via the oxygenated species
on their surfaces; however, to avoid the blockage of the Pt’s active surface and the
dissolution of metal oxides, the structure of the developed electrocatalysts should be

suitably controlled;

3. The surface-sensitive nature of CO electrooxidation enables the enhancement of the
CO tolerance of Pt/C (susceptible to CO poisoning) by controlling its morphology
and structure through suitable synthesis routes. The regulation of the lattice strain,
electronic structure, metal NP size, terraces adlayers, surface defects, and exposed
crystalline facets can positively affect the CO adsorption and CO oxidation;
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4.  The substitution of conventional the carbon black support with advanced carbona-
ceous materials can improve the CO tolerance through better electronic interactions
between the deposited metal NPs and the support. Additionally, the functionalization
of the carbon surface via chemical pre-treatment or doping with elements promotes
the bifunctional mechanism, accelerating CO oxidation;

5. The utilization of Mo and W oxides and carbides as alternative catalyst supports can
help avoid the use of the corrosive carbon and enhance CO tolerance, mainly through
the bifunctional characteristics of Mo and W; however, to ensure adequate stability,
Mo and W atoms must be incorporated sufficiently in the composite;

6.  Core—shell-structured CO-tolerant electrocatalysts are the most promising for practical
applications. Generally, the encapsulation of non-noble-metal-based core within the Pt
shell prevents its leaching, resulting in excellent stability improvements. Concurrently,
through the electronic modification introduced by the core to the Pt shell, the CO
adsorption is significantly suppressed. Novel approaches related to 2D material shells,
such as the use of hexagonal boron nitride, present exceptional potential for further
research. Similar behavior can be obtained with 2D material shells by modifying the
surfaces of conventional electrocatalysts with organic compounds.

Following the above approaches, several promising CO-tolerant electrocatalysts have
been developed (Table 2); however, there is still significant progress to be made in order to
overcome the limitations to ensure practical utilization. The main challenges are related to
the stability improvement and PGM loading reduction of CO-tolerant Hy-PEMFC anodes.
We noticed that many studies have used synthesizing materials to enhance CO tolerance,
ignoring the need to reduce the PGM loading and acquire adequate stability. As we
approach the hydrogen economy era, future studies should consider the PGM loading
reduction and stability improvement in the same way as the CO tolerance of electrocatalysts
in order to proceed with the commercialization of PEMFCs. Our study has revealed that the
development of core-shell-structured catalysts is currently the most promising approach
in this direction. Various alternative approaches taken to reduce the PGM loading of
electrodes and improve stability are summarized in several comprehensive reviews in
the literature [159-162]. At this point, it should be noted that we do not underestimate
the significance of studies that focus solely on revealing the fundamental aspects of CO-
tolerant electrocatalysts. Such studies provide important knowledge about designing
targeted strategies for the development of practical CO-tolerant catalysts.

Finally, we note that alternative strategies, such as hydrogen purification, can contribute
to the restriction of CO poisoning in Hy-PEMFCs. Prass et al. [163] investigated platinum
catalyst layers with ultralow metal loadings (50, 25, and 15 pg cm~?2) in order to mitigate
CO contamination according to the Hydrogen Quality Standard ISO 14687-2:2012 limits for
PEMEFCs. The authors, based on the relatively high overpotentials that occurred due to CO
poisoning and their assumption that the use of slightly anodic loadings is inevitable for
PEMFC commercialization, suggested that the research community should consider focusing
on reducing the CO concentration limits of the Hydrogen Quality Standard.

Conclusively, we point out that simultaneous progress toward other CO poisoning mit-
igation methods could allow corresponding advancements for CO-tolerant electrocatalysts,
accelerating the commercialization of PEMFCs.
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