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Abstract 
Proton exchange membrane fuel cells (PEMFCs) are a promising technology 
for electric transport; however, their anode and cathode electrocatalysts are 

susceptible to poisoning by airborne impurities (CO, NOx, SO2, H2S) in urban 
environments. In this review, modification strategies aimed at enhancing 
poison tolerance while preserving the electrochemically active surface area 
and activity are organized according to the dominant protective mechanism, 
namely: electronic modulation of Pt via heteroatom incorporation, alloying, 
or strong metal-support interaction (SMSI) effects; bifunctional and cocata-
lytic pathways enabled by transition metal oxides; geometric and physical 
blocking through core-shell architectures and barrier layers; and synergistic 
multicomponent systems that integrate several of these mechanisms. The 
SMSI effect is demonstrated to be pivotal in weakening the bond between Pt 
active sites and impurity intermediates. Multicomponent systems combining 

an oxophilic component with an electrically conductive additive have been 
shown to provide the optimal balance between stability, activity, and the 
conversion rate of catalytic poisons at typical PEMFC operating tempera-
tures. 
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Key findings 
● Heteroatom doping alone enhances structural stability but is insufficient to confer robust 
poisoning resistance. 

● Intermetallics and metal oxides exhibit high catalytic performance; however, combined 
approaches are required to maximize their efficiency 

●Core-shell and barrier-layer strategies remain confined to the laboratory due to scalability 
and cost limitations. 

● Multicomponent architectures provide the optimal balance between catalytic poison tol-
erance and high catalytic performance. 

© 2026, the Authors. This article is published in open access under the terms and conditions of the Creative 
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unrestrict-

ed reuse of the work in any medium provided the original work is properly cited. 

1. Introduction 

1.1. General overview 

Over the past several decades, a significant increase in 

global energy consumption has been observed, leading to 

the depletion of fossil fuel reserves and environmental 

pollution from combustion by-products. To avert a global 

energy and ecological crisis, the establishment of a sus-

tainable, highly efficient, environmentally safe, and af-

fordable energy system is imperative [1–3]. Consequently, 

there has been active global development of alternative 

energy sources and electrochemical power systems, among 

which fuel cells (FCs) occupy a distinct niche [4–8]. A fuel 

cell is an electrochemical device that converts the chemi-

cal bond energy of a fuel and an oxidant directly into elec-

trical energy through electrochemical reactions. In con-

trast to primary and secondary batteries, fuel cells provide 
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stable electric current generation and do not require re-

charging due to the continuous supply and conversion of 

fuel [9]. 

Certain types of fuel cells have already reached com-

mercial implementation and are successfully deployed, 

including as large-scale stationary power plants providing 

backup heat and electricity supply for buildings [3,10–14]. 

This technology is also highly promising for the automo-

tive industry, as proton exchange membrane fuel cells 

(PEMFCs) are currently being introduced as powertrains 

for electric vehicles [15–17]. The growing attention toward 

PEMFCs is driven by their high efficiency, simple design, 

operational safety, rapid start-up and shutdown capabil-

ity, and zero-emission profile [18]. 

The operation of a PEMFC is sustained by two primary 

reactions: hydrogen oxidation at the anode and oxygen 

reduction at the cathode. The oxygen reduction reaction 

(ORR) proceeds at a slower rate than the anodic reaction 

and, as a rule, is the rate-limiting step that governs the 

overall performance of the PEMFC. Consequently, elevated 

requirements are imposed on the cathodic electrocatalyst. 

The key characteristics include a high electrochemically 

surface area (ESA), stability, and durability, while simul-

taneously maintaining economic viability. The most wide-

spread electrocatalysts comprise platinum group metals 

(PGMs) dispersed on carbon support. In commercial 

PEMFC electrocatalysts, metallic platinum nanoparticles 

are typically employed due to their high catalytic activity 

toward the ORR. The selection of carbon supports is dic-

tated by their stability and high electrical conductivity 

within the electrocatalyst composition, as well as by the 

necessity to increase the ESA, reduce the loading of the 

costly noble metal, and enhance the accessibility of plati-

num nanoparticles to the reactant gases owing to the high 

porosity of the support [19–33]. 

During the operation of PEMFCs in electric transport 

within urban environments, a gradual decline in stack life-

time is observed. One contributing factor is the poisoning 

of the cathodic electrocatalyst by the presence of catalytic 

impurities in the ambient air, such as CO, NOx, H2S, and 

SO2, which are generated during the operation of internal 

combustion engine vehicles and are present in exhaust 

emissions. Consequently, the US Department of Energy 

strictly regulates the concentration of poisonous impuri-

ties in the fuel. Specifically, the carbon dioxide content 

must not exceed 2 𝜇mol∙mol-1, carbon monoxide is limited 

to 0.2 𝜇mol∙mol-1, sulfur-containing compounds must re-

main below 0.004 𝜇mol∙mol-1, and ammonia is restricted 

to 0.1 𝜇mol∙mol-1 [34]. In addition to poisoning, structural 

instability contribute to electrocatalyst degradation, and 

these processes can be significantly accelerated under 

non-standard operating conditions [35]. Such alterations 

include the dissolution, agglomeration, Ostwald ripening, 

and detachment of platinum nanoparticles from the sur-

face of the carbon support [36–38]. The support itself is 

also susceptible to oxidation and mechanical deterioration 

during PEMFC operation. Since these phenomena make a 

substantial contribution to the reduction of fuel cell ser-

vice life, modification of both the platinum nanoparticles 

and the carbon support is employed to extend operational 

durability [39]. The most prevalent approaches involve the 

introduction of heteroatoms or metal oxides into the elec-

trocatalyst structure, the use of structured carbon materi-

als, and the development of multicomponent architectures 

[40–43]. 

In contrast to previous reviews that systematize elec-

trocatalyst modification strategies exclusively by material 

class (alloys, oxides, carbon supports), the present work is 

the first to propose a classification based on the dominant 

mechanism of ensuring tolerance to catalytic poisons: 

electronic modulation, bifunctional/cocatalytic oxidation, 

physical barrier blocking, and synergistic multicomponent 

combinations. This approach has enabled not only a criti-

cal comparison of the effectiveness of various methods but 

also the identification of a key trend: in the most effective 

systems (e.g., Pt/Sb+SnO2/C, PtNiW@WOx, Sc–PtNiCo 

KNWs/C), poison tolerance is achieved not through a sin-

gle mechanism but through their synergy, with the combi-

nation of the electronic effect (SMSI) and bifunctional cat-

alytic poison oxidation playing the dominant role. Addi-

tional novelty of this review lies in the extended analysis 

of hydrogen sulfide poisoning mechanisms, which have 

been largely overlooked in prior comprehensive works, as 

well as a critical assessment of the long-term stability and 

scalability of each approach. 

1.2. Poisoning by catalytic impurities 

The most prevalent catalytic poison for platinum-based 

PEMFC electrocatalysts is carbon monoxide. Its concentra-

tion in hydrogen produced via steam methane reforming 

can reach up to 10000 ppm. At the same time, even when 

ultrapure hydrogen (99.999%) is employed as the fuel, the 

concentration of carbon monoxide in the vicinity of road-

ways can reach comparable levels due to the exhaust 

emissions of internal combustion engine vehicles. For 

platinum electrocatalysts, complete deactivation at the 

operating temperature of a PEMFC is attained at a CO con-

tent of 10 ppm in the reactant stream. Moreover, a signifi-

cant deterioration in PEMFC performance is observed 

when the CO concentration exceeds 0.2 ppm [44,45]. 

In the presence of carbon monoxide in the reactant 

stream, competitive adsorption occurs on the surface of Pt 

nanoparticles, proceeding via two distinct mechanisms: 

linear and bridged bonding, which are governed by the 

two π-bonds of the CO molecule (Reactions 1-2) [46]. 

Linear mechanism: 

Pt • + CO → Pt • = COads         (1) 

Bridging mechanism: 

2 Pt • + CO → Pt •  − COads • Pt       (2) 

The linear mechanism involves the chemisorption of 

carbon monoxide onto a single platinum atom, whereas in 

the bridged mechanism, the adsorbate molecule binds to 

https://doi.org/10.15826/chimtech.9942


Chimica Techno Acta 2026, vol. 13(3), No. 9942 REVIEW 

 3 of 18 DOI: 10.15826/chimtech.9942  

two adjacent atoms. It is noteworthy that the linear mech-

anism is the predominant poisoning pathway, and the re-

sulting interaction between CO and Pt is stronger than 

that observed for the bridged mechanism [46]. 

The detrimental effect of CO poisoning on Pt nanopar-

ticles can be mitigated either by weakening the adsorption 

binding energy or by facilitating the formation of hydrox-

ides on the electrocatalyst surface, which promote the 

subsequent oxidation of adsorbed CO to carbon dioxide. 

This process can be enabled through the modification of 

the electrocatalyst with transition metal oxides possessing 

hydrophilic properties. 

Additionally, alternative methods exist for preventing 

the irreversible poisoning of platinum electrocatalysts. For 

instance, short-duration, high-temperature annealing cy-

cles (~150 ℃) can induce the desorption of chemisorbed 

CO from the surface of Pt nanoparticles [47,48]. Another 

approach involves increasing the oxygen concentration in 

the reactant stream supplied to both the cathode and an-

ode of the PEMFC which facilitates the oxidation of CO to 

CO2. Finally, the introduction of modifying components 

can alter the CO–Pt binding energy through electronic ef-

fects or via the formation of barrier layers that impede CO 

adsorption. 

Despite carbon monoxide is one of the most common 

catalytic poisons, H2S exhibits a more severe deactivating 

effect. Similar to CO, hydrogen sulfide adsorbs onto the 

active sites of platinum to form strongly bound chemi-

sorbed intermediates. The mechanism of hydrogen sulfide 

oxidation on platinum is illustrated as follows [49]: 

Pt + H2S → Pt − H2Sads  E = 0.625 V vs RHE [34]   (3) 

Pt + SH− ⇌ Pt − SHads (fast)        (4) 

Pt − H2Sads

𝑘1
→  Pt − SHads + H+ + e−      (5) 

Pt − SHads 

𝑘2
→ Pt − Sads + H+ + e−      (6) 

where 𝑘1 = 10–7 and 𝑘2 = 1.2∙10–13. 

According to the presented equations, the chemisorp-

tion of sulfur-containing intermediates proceeds signifi-

cantly faster than their subsequent further oxidation. 

A similar platinum electrocatalyst poisoning mecha-

nism occurs when SO2 impurities are present in the fuel. 

The primary contribution to the reduction in electrocata-

lyst efficiency stems from the formation of chemisorbed 

sulfur within the potential range of 0.5–0.7 V vs. RHE. A 

distinctive feature of this poisoning impurity is its ability 

to react with H2O2 generated at the cathode. This peroxide, 

in turn, forms due to the degradation of the catalytic activ-

ity of Pt nanoparticles, which consequently drives the oxy-

gen reduction reaction via a two-electron pathway. As a 

result of this poisoning, sulfate ions are formed, inevitably 

leading to the overall degradation of the PEMFC compo-

nents [50]. 

Several strategies are being pursued to mitigate this 

problem: fuel ultra-purification, hydrogen purging during 

fuel cell operation under open-circuit voltage conditions 

for oxidative desorption of sulfur [51], ozone purging [52], 

and the development of poison-tolerant electrocatalysts. 

While many electrocatalyst regeneration methods 

achieve over 90% efficiency, they are often cost-

prohibitive and technically complex to implement, such as 

ultra-deep fuel purification, extended OCV hydrogen purg-

ing, or ozone treatment. 

Although carbon monoxide and hydrogen sulfide exert 

a significant adverse effect on the efficiency of Pt electro-

catalysts in PEMFCs, they are typically present as impuri-

ties in the hydrogen fuel. Consequently, the poisoning ef-

fect of these pollutants is cumulative, leading to an accel-

erated yet gradual degradation of the PEMFC operational 

lifespan. A distinct challenge arises, however, when the 

fuel matrix inherently contains poisoning agents that can-

not be separated. 

Thus, ammonia and its derivatives are frequently con-

sidered promising and safe hydrogen carriers that could 

potentially replace high-pressure cylinders, liquid organic 

hydrogen carriers, and metal-organic frameworks [53,54]. 

However, hydrogen conversion remains a critical chal-

lenge, which can be addressed either through thermo-

chemical processes or via the direct oxidation of ammonia 

and its derivatives in PEMFCs over platinum electrocata-

lysts. Since the direct utilization o NH3 as a fuel represents 

the most straightforward and cost-effective approach, it is 

the most widely considered method (direct ammonia fuel 

cells) [55]. Nevertheless, a major drawback arises from 

the poisoning of the platinum electrocatalyst by ammonia 

oxidation intermediates, which significantly reduces the 

operational lifespan of the device. Regardless of whether 

ammonia serves as the fuel or as a catalytic poison impuri-

ty, the mechanism of Pt electrocatalyst poisoning is de-

scribed by the following reactions [56]: 

Pt + NH3 + OH− → Pt − NH2 + H2O + e−     (7) 

Pt − NH2 + OH− → Pt = NH + H2O + e−     (8) 

Pt = NH + OH− → Pt ≡ N + H2O + e−     (9) 

Pt ≡ N + N ≡ Pt → 2Pt + N2        (10) 

As with any other poisoning impurities, the degree of 

ammonia-induced electrocatalyst poisoning directly de-

pends on its concentration in the fuel. This, in turn, dic-

tates the appropriate method for Pt nanoparticle regenera-

tion. For instance, the performance of the PEMFC can be 

restored with an efficiency of 98.4% through periodic 

purging of the cell with pure hydrogen followed by elec-

trochemical cycling [57]. Another intriguing approach in-

volves replacing the perfluorinated PEM containing sul-

fonic acid groups with sulfonimide-based membranes fea-

turing electronegative end-groups [58]. However, the 

most prevalent method remains the optimization of the 

electrocatalyst composition and structure to enhance their 

poisoning tolerance [59]. 

Consequently, the widely investigated strategies for re-

covery PEMFC performance after exposure to catalytic 

poison impurities in the fuel still require substantial re-

finement due to their complexity, duration, low efficiency, 
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or prohibitive costs. The most rational approach is the 

direct optimization of the electrocatalyst subjected to poi-

soning. Moreover, modification also enables the improve-

ment of electrochemical characteristics and a reduction in 

precious metal loading. Subsequently, the most prevalent 

approaches to modifying platinum electrocatalysts to en-

hance their poisoning tolerance will be discussed. 

1.3. Modification strategies 

Various modification methods are employed to enhance 

the performance characteristics of electrocatalysts. As a 

rule, the objectives of modification are to improve degra-

dation resistance, catalytic activity, and tolerance to cata-

lytic poisons, as well as to reduce the consumption of cost-

ly noble metals. Depending on the desired effect of the 

modification, different approaches are used: the formation 

of intermetallic compounds (PtCu, PtNi, PtRuMo, etc. 
[60]), the application of structured carbon materials, the 

modification of the carbon support (Pt/C-N, Pt/C-S, etc.), 

and the fabrication of multicomponent structures 

(Pt/SiO2/C, Pt/SnO2/C, Pt/Sb+SnO2/C [61]). Modification 

can be applied either to the catalytic nanoparticles or to 

the carbon support. 

Modification of the active nanoparticles of the electro-

catalyst is employed to enhance their stability and reduce 

the loading of platinum group metals. The most wide-

spread approach is the formation of Pt intermetallic com-

pounds with transition or base metals (PtM, where M = 

Zn, Co, Cu, Ni). Alongside bimetallic compounds, composi-

tions comprising three or more metals are under develop-

ment (e.g., PtCoNiGaCu); however, such systems are chal-

lenging to synthesize in a controlled manner, exhibit un-

satisfactory performance characteristics, and are costly. 

Consequently, due to the absence of an optimal compro-

mise composition, these remain at the stage of laboratory 

research. A more economical strategy for extending ser-

vice life involves support modification, wherein degrada-

tion resistance is enhanced by the incorporation of het-

eroatoms into the carbon material (C–N, C–S) or by the 

formation of a composite support consisting of a carbon 

matrix and oxides (SiO2, SnO2, Ti4O7). In the latter case, 

the modifiers act as a mechanical barrier, partially pre-

venting direct contact between the support and the plati-

num particles, and a three-phase Pt‑MxOy‑C system is of-

ten established, characterized by electronic effects among 

the components (including the SMSI effect) [62–64]. 

1.4. Methodology 

To ensure comprehensive and systematic coverage of 

the relevant literature, this review employed a structured 

search strategy. The following keywords were used: 

"PEMFC" or "proton exchange membrane fuel cell" and 

"electrocatalyst degradation" or "catalyst poisoning" and 

"CO tolerance" or "carbon monoxide tolerance" and 

"strong metal-support interaction" or "SMSI" and "multi-

component architectures" or "multicomponent catalysts" 

and "oxygen reduction reaction" or "ORR". Additional 

keywords included "heteroatom doping", "transition metal 

oxides", "core-shell structures", "barrier layers", "block-

ing adsorption", "hydrogen oxidation reaction" or "HOR", 

"H2S poisoning", "sulfur tolerance", "platinum alloys", 

"intermetallics", and "electrocatalyst durability". The 

search was performed across three major scientific data-

bases: Scopus, Web of Science Core Collection, and Google 

Scholar. The search period was restricted to 2021–2026 to 

capture the most recent advances, with selected seminal 

works published prior to 2021 included where essential 

for providing foundational context. Retrieved articles were 

screened based on their relevance to modification strate-

gies for enhancing the poisoning tolerance and degrada-

tion resistance of Pt-based PEMFC electrocatalysts. Priori-

ty was given to original research articles, with review pa-

pers consulted to identify additional references through 

citation tracking. This methodology ensures that the re-

view satisfies the criteria for a systematic literature anal-

ysis while maintaining the breadth and depth required for 

a comprehensive overview of the field. 

2. Heteroatom modification 

One of the simplest approaches to electrocatalyst modifi-

cation involves the incorporation of heteroatoms into its 

structure, specifically into the carbon support. The most 

common heteroatoms employed for support modification 

are boron, oxygen, phosphorus, sulfur, and nitrogen (Fig-

ure 1) [65,66]. 

 
Figure 1. A schematic illustration of the possible combinations of 
metal-heteroatom-doped carbon with 28 transition metals and 

five heteroatoms when the coordinated heteroatoms are either 

the same or different at a ratio of 3:1. The gray, orange, blue, and 

yellow balls represent carbon, metal, host heteroatom, and do-

pant heteroatom, respectively [66]. Copyright 2022, Frontiers. 
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First, heteroatom modification is aimed at inducing a 

strong metal-support interaction between the catalytic 

metal and the modified carbon support. This, in turn, pre-

vents degradation processes directly associated with Pt 

nanoparticles and gives rise to various electronic effects 

that influence the ORR efficiency [67]. 

For example, the incorporation of boron into the elec-

trocatalyst enhances oxygen chemisorption on the carbon 

support surface and facilitates O=O bond cleavage, which 

favorably affects the ORR rate. The enhancement in elec-

trocatalytic activity is attributed to the presence of a va-

cant 2𝑝𝑧 orbital on the boron atoms, which accumulates 𝜋∗ 

electrons from the conjugated carbon support. According-

ly, a series of platinum-free electrocatalysts based on car-

bon nanotubes modified with various boron contents have 

been developed. These samples demonstrate prominent 

catalytic activity toward the ORR, which scales with in-

creasing boron loading, alongside excellent tolerance to 

CO poisoning [68]. 

For instance, modification with phosphorus enhances 

the resistance of the carbon support to electrooxidation 

through the formation of a C–P donor-acceptor bond. 

Moreover, the incorporation of phosphorus atoms into the 

carbon support structure alters the charge density distri-

bution, turning the emerging defects into new centers of 

strong adsorption. The presence of phosphorus lowers the 

energy barrier required for the stable anchoring of other 

heteroatoms onto the modified support surface. For in-

stance, when combining multiple heteroatoms, such as 

phosphorus and nitrogen, phosphorus acts as an electron 

donor and promotes the formation of graphitic nitrogen. A 

distinctive feature of these adsorption centers is the elon-

gation of O=O bonds, which enhances the ORR perfor-

mance of the electrocatalyst [69]. 

Sulfur is an equally common modifier, and consequent-

ly, a wide variety of physical and chemical methods exist 

for incorporating this atom into the structure of carbon 

materials [70]. Sulfur modification improves the porosity, 

wettability, and electronic conductivity of carbon sup-

ports, thereby promoting a more uniform dispersion of Pt 

nanoparticles. Furthermore, it favorably influences the 

oxygen reduction reaction by facilitating more efficient 

reactant transport and removal of the generated water 

[71]. Thus, it was established that the incorporation of 

sulfur into the carbon support for a PEMFC platinum elec-

trocatalyst leads to an increase in long-term stability dur-

ing 30,000 accelerated stress testing (AST) cycles. Specifi-

cally, the mass activity loss of the modified sample with 

the optimal sulfur content reached only about 6%, com-

pared to nearly 43% for the unmodified Pt/C [70]. 

The incorporation of nitrogen atoms into the structure 

of the carbon support induces changes in its structural 

properties, thereby enabling optimization of the overall 

electrocatalyst morphology. More importantly, the interac-

tion of Pt nanoparticles with the nitrogen-doped carbon 

support exhibits the SMSI effect, which promotes a shift in 

electron density from the catalytic metal toward the sup-

port. This effect can facilitate the selective adsorption of 

oxygen, thereby enhancing the efficiency of the electrocat-

alyst toward the ORR, while simultaneously weakening the 

adsorptive binding of poisoning species on the Pt active 

sites. As a result, a twofold increase in the tolerance of the 

modified electrocatalyst to catalytic poisons is achieved on 

average compared to the unmodified counterpart [72]. 

Nitrogen is one of the most prevalent modifiers; con-

sequently, the modification methodologies are character-

ized by considerable variability and accessibility. Nitrogen 

doping is typically accomplished through the pyrolysis of a 

mixture of the carbon material with nitrogen-containing 

precursors (such as pyridines, porphyrins, nitriles, ammo-

nia, and ammonium salts) or by passing gaseous nitrogen 

through the reaction chamber [73]. Owing to this diversity 

of approaches, a challenge arises in controlling the compo-

sition and morphological properties of the modified sup-

port. Incomplete incorporation of nitrogen into the carbon 

structure may fail to exert a positive influence on the 

characteristics of the resulting electrocatalyst due to the 

absence of Pt–N–C interaction. Conversely, excessive ni-

trogen doping can adversely affect the degradation re-

sistance of the electrocatalyst by promoting the formation 

of a continuous film on the support surface, which im-

pedes the anchoring of platinum nanoparticles [74]. 

It has been demonstrated that the co-incorporation of 

nitrogen and sulfur heteroatoms into the electrocatalyst 

composition can enhance its oxygen reduction reaction 

performance by increasing the spin and charge densities 

of carbon support atoms. This, in turn, promotes oxygen 

adsorption and increases the ORR activity of the electro-

catalyst by an average of 12% [75]. Concurrently, it was 

established that upon the simultaneous incorporation of N, 

B, P, and S, the enhancement of ORR catalytic activity is 

primarily driven by the presence of nitrogen atoms. While 

the remaining heteroatoms do not exert a significant posi-

tive effect on the ORR activity directly, they can promote 

the optimization of Pt nanoparticle morphology by creat-

ing structural defects in the carbon support [76]. 

Thus, heteroatom modification exerts a positive influ-

ence primarily on the structural and morphological prop-

erties of the electrocatalyst, though it does not inherently 

prevent the poisoning of platinum nanoparticles. At the 

same time, the incorporation of nitrogen into the support 

which enhances the tolerance of Pt to the effects of cata-

lytic poison necessitates stringent control during synthe-

sis. Moreover, to achieve optimal performance, the intro-

duction of additional stabilizing structures, which will be 

discussed subsequently, is preferable. 

3. Intermetallic compounds 

Recently, the fabrication of intermetallic structures has 

emerged as an equally widespread approach to enhancing 

the poisoning tolerance of PEMFC electrocatalysts [77,78]. 

https://doi.org/10.15826/chimtech.9942


Chimica Techno Acta 2026, vol. 13(3), No. 9942 REVIEW 

 6 of 18 DOI: 10.15826/chimtech.9942  

The key distinction from heteroatom modification lies in 

the formation of alloy-type systems or solid solutions. In 

this approach, atoms of two or more metals are present in 

specific stoichiometric ratios and exhibit a well-defined 

arrangement within the crystal lattice [79,80]. By varying 

these parameters, the morphological and electrochemical 

characteristics of the resulting systems can be effectively 

tailored. 

As previously mentioned in Section 1.2, intermetallic 

compounds of platinum with transition metals represent 

the most prevalent type of such structures [81–85]. 

The incorporation of transition metals within interme-

tallic electrocatalysts is driven by several key factors. 

First, these ordered structures typically exhibit enhanced 

stability under accelerated stress testing alongside high 

activity toward the oxygen reduction reaction. These ef-

fects are fundamentally governed by the d-band center 

shift of platinum, which weakens the binding energy of 

oxygenated intermediates. Concurrently, the modified 

crystal lattice of the intermetallic compound facilitates the 

cleavage of O=O bonds, thereby accelerating the ORR ki-

netics and mitigating the poisoning of platinum active 

sites by intermediate species. Furthermore, the strong 

chemical interaction between Pt and transition metal at-

oms enhances the degradation resistance of the electro-

catalysts; this is achieved through metal redistribution 

and the subsequent formation of thin Pt layer over the 

transition metal core, mutually suppressing their dissolu-

tion. Finally, a reduction in precious metal loading plays a 

crucial role, ultimately leading to a significant increase in 

the mass activity of the electrocatalyst [86]. 

Among transition metals, Fe is one of the most widely 

used modifiers. For instance, a Fe-Pt-based intermetallic 

electrocatalyst encapsulated within a nitrogen-doped car-

bon shell has been developed to prevent platinum poison-

ing and suppress the Ostwald ripening of metals between 

neighboring catalytic nanoparticles. The resulting sample 

demonstrated superior ORR performance: its mass activity 

was 4.4 times higher than that of a commercial Pt/C cata-

lyst, while its specific activity increased nearly sixfold. 

Furthermore, the O-Pt-Fe@NC/C sample exhibited en-

hanced durability during accelerated stress testing, with 

electrochemically active surface area losses below 1%. In 

addition, the electrocatalyst showed increased tolerance to 

poisoning impurities such as CO, NOx, SO2, and PO4
3-, mak-

ing it highly promising for PEMFC-powered electric vehi-

cles operated in urban environments [87]. In addition to 

late transition metals, which are inclined to leaching from 

intermetallic structures, early transition metals and lan-

thanides (e.g., Y, Tb, Gd) are also employed. Specifically, a 

unique electrocatalyst composed of Pt4.31Ga nanowires 

(NWs) was synthesized, exhibiting a specific activity to-

ward the ORR 12 times higher than that of commercial 

Pt/C, alongside a mass activity surpassing the benchmark 

by 10.5 times. Furthermore, the Pt4.31Ga NWs possessed 

high durability during AST, showing an ECSA loss of ap-

proximately 19% compared to 70% for the commercial 

catalyst. When evaluating CO-poisoning tolerance, the 

intermetallic nanowires demonstrated a minor activity 

drop of only 9%, whereas the Pt/C catalyst suffered a 

72.2% reduction. These exceptional ORR performance 

metrics, degradation resistance, and poisoning tolerance 

are attributed to the strong p–d hybridization interaction 

between Ga and Pt. This interaction, in turn, suppresses 

the intensive diffusion of gallium from the crystal lattice 

to the nanowire surface, consequently mitigating metal 

leaching [78].  

Similar effects are observed for Ga-Pt3Co/C electro-

catalysts featuring intermetallic nanowires. Recent inves-

tigations into the optimal Ga content within such interme-

tallic structures have evaluated their electrochemical per-

formance relative to a commercial Pt/C catalyst. The re-

sulting electrocatalyst with the optimized composition 

demonstrates high activity toward the ORR, surpassing 

Pt/C by 5.8 times in specific activity and 6.3 times in mass 

activity. Furthermore, the sample exhibits exceptional 

durability during AST alongside robust tolerance to poi-

soning impurities [88]. 

Thus, despite their numerous advantages, intermetallic 

electrocatalysts suffer from several significant limitations 

regarding their practical application. First, this is attribut-

ed to cost-intensive and poorly reproducible synthesis 

methodologies, which yield only minor amounts of the 

final sample solely sufficient only for laboratory testing. 

Concurrently, scaling up production would inevitably 

compromise the structural integrity and electrochemical 

performance of the resulting materials. Furthermore, the 

stoichiometric ratio of platinum to other components often 

reveals an excessively high content of the precious metal, 

imposing additional constraints on scalability. At the same 

time, completely mitigating the leaching of early and late 

transition metals from the electrocatalyst structure re-

mains an unresolved challenge; this phenomenon not only 

deteriorates its performance but also exerts a negative 

effect on the proton exchange membrane. 

4. Modification with oxides 

The incorporation of transition metal oxides as modifying 

components for PEMFC electrocatalysts is of considerable 

interest compared to heteroatoms, owing to the versatility 

of achievable effects and economic advantages. This class 

of materials is characterized by a broad spectrum of elec-

tronic properties ranging from dielectrics (e.g., ZrO2) and 

semiconductors (e.g., SnO2) to conductors (e.g., ReO2) as 

well as the capacity to participate in charge exchange with 

adsorbed molecules [63,89,90]. Incorporating metal oxide 

nanoparticles into the support matrix is a common strate-

gy to maximize the interfacial Pt–support interaction. This 

is accomplished either by employing pre-synthesized na-

noparticles or via precursor-based synthesis, including 

polyol or alternative synthetic routes (Table 1)
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Table 1. Oxide-modified, poison-tolerant electrocatalysts.

 

The principal mechanism that facilitates the formation 

of a durable electrocatalyst with optimal electrochemical 

characteristics involves the establishment of an electronic 

SMSI effect. This effect manifests through the formation of 

a three-phase Pt‒MxOy‒C interaction, resulting in a shift 

of the Pt d-band center toward an optimal value of –0.2 eV 

relative to pure Pt [91]. Consequently, the adsorption en-

ergy of oxygen intermediates is reduced, leading to an 

improvement in the kinetic performance of the electrocat-

alyst in the ORR. Furthermore, oxygen vacancies facilitate 

a stronger binding affinity of platinum to the modified 

carbon support, thereby enhancing the degradation re-

sistance associated with structural and morphological al-

terations of the electrocatalyst [92]. Additionally, the 

modifier nanoparticles can exert a geometric effect, which 

is attributed to the physical protection of the support 

against reactive oxygen species through surface coverage 

by the modifier [93]. 

As noted previously, the presence of CO impurities in 

hydrogen at levels as low as 10 ppm leads to an irreversi-

ble reduction in the operational lifetime of PEMFCs. This 

is attributable to the pronounced affinity of carbon mon-

oxide for adsorption onto the surface of platinum nano-

particles via a concerted electron transfer mechanism. 

This mechanism involves the simultaneous donation of 

electrons from the d-orbital of Pt to the 2π* orbital of CO, 

coupled with back-donation from the 5σ orbital of CO to 

the orbital of Pt [94]. The development of electrocatalysts 

resistant to poisoning by CO impurities can be achieved 

through the interaction mechanisms. In particular, the  

downshift of the Pt d-band center resulting from the in-

teraction with a modifier promotes weaker CO adsorption, 

where the optimal shift value ranges from 0.2 to 0.3 eV 

[44,95]. The CO tolerance comparison of the metal oxide-

modified electrocatalysts is summarized in Table 1. 

The predominant bifunctional mechanism implies the 

introduction of an additional oxophilic component to en-

sure the availability of –OHads species in the vicinity of the 

active center, concurrently with a modification of the elec-

tronic configuration of the platinum nanoparticles. This 

mechanism relies on oxygen-containing surface groups (‒

O• or ‒OH•) present on the electrocatalyst surface, which 

facilitate the electrooxidation of carbon monoxide to CO2 

[46]. Substances that provide protection to the electrocat-

alyst via the bifunctional mechanism include SnO2, V2O5, 

RuO2 and others [96]. Due to the spillover effect, carbon 

monoxide intermediates migrate from the platinum nano-

particle surface to the adjacent modifier/platinum inter-

face, where further oxidation and desorption occur [97–

100]. 

Herein, the process of CO oxidation can proceed via 

three distinct mechanisms: the Langmuir–Hinshelwood 

(L–H) mechanism, the Eley–Rideal (E–R) mechanism, and 

the Mars–van Krevelen (MvK) mechanism. The L–H mech-

anism involves a reaction between two adsorbed species 

on the surface (–CO• and –OH•), with the surface reaction 

between these adsorbed species being the rate-limiting 

step. The E–R mechanism consists of a direct reaction be-

tween a free molecule of the poisoning species from the 

gas phase or electrolyte and a pre-adsorbed oxygen-

Electrocatalyst Modification 
method 

Modifier Modifier 
concentration

, wt. % 

CO oxidation peak 
potential, mV vs. 

RHE 

Details  Ref. 

Pt/ 

Ti0.8Sn0.2O2/C 
(Pt – 20 wt. %) 

sol-gel Ti0.8Sn0.2

O2 

25 775 (Pt/C – 795) ECSA retention is 10% higher 

than that of commercial Pt/C 
after 10,000 cycles. 

 [106] 

Pt/ 

Ti0.8Mo0.2O2/
C 

(Pt – 20 wt. %) 

sol-gel Ti0.8Mo0.2

O2 

25 775 (Pt/C – 795) ECSA drop is 9.1 % (12.7 % 

for Pt/C) after 500 cycles 

 [107] 

Pt/TiO2 
(Pt – 16 wt. %) 

sol-gel TiO2 84 690 (Pt/C – 780) The SMSI effect of TiO2 en-
hances CO oxidation 

 [108] 

Pt/WO3/C 

(Pt –16 wt. %) 

mechanical 

mixing 

WO3 65 780 (Pt/C – 795) The modifier accelerates the 

CO oxidation at potentials 
above 0.3 VRHE due to the 

formation of fully oxidized 

WVI. 

 [109] 

Pt/SnO2/C 

(Pt – 26 wt. %) 

polyol SnO2 14 690 (Pt/C – 810) SnO2 nanoparticles exhibit an 

SMSI effect, thereby acceler-

ating the rate of CO removal 

 [110] 

Pt/CeO2/C 

(Pt – 40 wt. %) 

polyol CeO2 20 772 (Pt/C – 832) The use of CeO2 facilitates CO 

oxidation via a bifunctional 

mechanism and a spillover 
effect. 

 [111] 

Pt/ZrO2-GNPs 

(Pt – 20 wt. %, 
GNP – graphene 

nanoplates) 

polyol (mi-

crowave-
assisted) 

ZrO2 2 790 (Pt/C – 930) The modified electrocatalyst 

showed high catalytic activity 
for the ethanol electro-

oxidation reaction 

 [112] 

Pt/Ru@RuO2/C 
(Pt – 40 wt. %) 

thermal 
oxidation 

Ru@RuO2 20 470 CO tolerance with a ~10-fold 
improvement under 1% CO in 

RDE 

 [97] 
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containing species (‒Oads., ‒OHads.) on the surface. The MvK 

mechanism presumes a reaction between lattice oxygen 

atoms on the oxide surface and carbon monoxide, wherein 

the oxygen atoms are subsequently replenished by O2 mol-

ecules from the gas phase [101–103]. 

The realization of the bifunctional mechanism typically 

occurs via the L-H pathway, wherein adsorbed carbon 

monoxide reacts with oxygen-containing surface groups to 

yield CO2, H+, and an electron, as described by equations 

(11-13): 

Pt + CO → Pt = COads          (11) 

M + H2O → M − OHads + H+ + e−      (12) 

Pt = COads + M − OHads → Pt + M + CO2 + H+ + e− (13) 

where M represents an oxophilic metal introduced as 

an auxiliary component of the electrocatalyst to impart CO 

tolerance [45]. 

The efficiency of tin dioxide in enhancing the tolerance 

of electrocatalysts to poisoning renders it one of the most 

widely employed modifiers [104]. It exhibits pronounced 

hydrophilic properties but is an n-type semiconductor, 

which leads to a diminution of the electrochemical per-

formance of the electrocatalyst [94]. However, the intro-

duction of donor atoms (with a valence exceeding IV) and 

additional electrically conductive additives, which will be 

discussed in greater detail subsequently, enables a sub-

stantial enhancement of the electronic conductivity of the 

modified electrocatalyst [105]. 

5. Core-shell structures 

Core-shell structures represent a promising solution for 

optimizing architecture, enhancing durability, and reduc-

ing the loading of platinum group metals in electrocata-

lysts (Figure 2) [99]The fabrication of such architectures 

is typically achieved through the controlled leaching or 

acid etching of specific components from an alloy precur-

sor (e.g., PtCoPt, Au@FePt3, PtSe2@Pt among others) to 

enrich the surface with platinum. In this process, the Pt 

shell must be sufficiently dense and stable to prevent fur-

ther dissolution of the underlying non-noble metals during 

potential cycling. It is noteworthy that the formation of 

core-shell structures is primarily directed toward mitigat-

ing structural degradation of the electrocatalyst, exerting 

virtually no influence on its tolerance to catalytic impuri-

ties. Nonetheless, there are studies that are focused on the 

development of such structures with enhanced poisoning 

resistance [113–116]. 

It has been established that carbides and nitrides of 

early transition metals (such as Ti, Fe, Co, or Ni) are 

among the most promising materials for forming core-

shell structures resistant to catalytic poisons [117]. This is 

attributed to their thermal and chemical stability, as well 

as their commercial availability. In the case of carbides 

(e.g., Pt/TiWC/C), the platinum nanoparticles form strong 

interfacial bonds with the metal atoms present on the core 

surface, while the carbide lattice prevents alloy formation. 

Nitrides (e.g., Pt/TiWNC/C) offer a distinct advantage due 

to an increase in the total number of d-electrons available 

for bonding; moreover, the enhanced electronegativity 

resulting from the incorporation of nitrogen atoms facili-

tates improved charge transfer from platinum to the core. 

Owing to these electronic effects, a reduction in the elec-

tron energy at the core levels occurs, leading to a weaken-

ing of the binding energy of poisoning intermediates. At 

the same time, such structures possess significant draw-

backs, including complex and costly synthesis methodolo-

gies, as well as diminished electrochemical performance 

stemming from the lack of control over the size of the cat-

alytically active nanoparticles (Figure 3) [118].  

Another approach to constructing a core-shell architec-

ture involves the encapsulation of platinum group metal 

nanoparticles or their intermetallic compounds with tran-

sition metals within functionalized carbon (e.g., 

PtRu@NC, O–Pt–Fe@NC/C) [72,119]. The presence of a 

nitrogen-doped carbon layer on the surface of the catalyti-

cally active metal enhances the tolerance of the electro-

catalyst to poisoning through both a physical barrier effect 

and an electronic effect. The more electronegative nitro-

gen within the carbon shell promotes charge transfer 

within the N–C–Pt system, thereby hindering the adsorp-

tion of poisoning species. 

 
Figure 2. Synthetic scheme of H-Pt-W3O/WC [99]. Copyright 2025, Nature. 
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Figure 3. Synthesis mechanism of the core-shell structure [118]. 

Copyright 2017, Wiley. 

Another approach involves the formation of core-shell 

structures containing not only platinum but also other 

precious metals. For example, an Au@PtNiAu-COCS elec-

trocatalyst demonstrates a more than 11-fold enhancement 

in ORR mass activity compared to the unmodified sample. 

Furthermore, it exhibits high stability during AST, with 

activity losses nearly 9 times lower than those of Pt/C. In 

the methanol oxidation reaction, Au@PtNiAu-COCS also 

outperforms the unmodified sample by more than 3 times, 

indicating its high tolerance to poisoning [120]. 

The primary mechanism for enhancing the long-term 

durability and poisoning resistance of core-shell struc-

tures often relies on the “self-healing” effect. A critical 

condition for activating this effect is the presence of iden-

tical atoms within both the core and the shell. These at-

oms must be capable of dissolving from the core and sub-

sequently redepositing into the shell during its progressive 

degradation. Provided that the shell contains PGMs, elec-

trocatalysts featuring this architecture exhibit high per-

formance in the ORR. Conversely, in the case of non-PGM 

shells, the appearance of various electronic effects is ob-

served [121].  

Although this approach demonstrates a threefold in-

crease in tolerance to catalytic poisons and durability 

compared to the unmodified counterpart, the industrial-

scale application of such systems is currently unfeasible. 

The primary limitations stem from the complexity of the 

synthesis methodology and the inability to precisely con-

trol the morphology and structure of the resulting materi-

al; consequently, catalytic systems of this architecture 

remain at the stage of laboratory research [87]. 

6. Blocking the adsorption of catalytic 

poisons 

A novel approach to enhancing the tolerance of PEMFC 

electrocatalysts to the adsorption of catalytic poisons in-

volves the creation of a blocking layer [122]. This method 

is predicated on the formation of a physical barrier that 

impedes CO molecules from accessing the active sites of 

platinum nanoparticles. The blocking agents employed 

may be of   ither inorganic or organic nature [45]. In the 

case of organic substances, the primary mechanism for 

improving poisoning tolerance lies in the creation of a 

highly ordered structure that spatially separates atoms, 

modulates the electronic state of platinum, and generates 

isolated active sites. The use of bulky nitrogen-containing 

organic molecules results in the formation of a tridentate 

bond (comprising two Pt–C bonds and one Pt–N bond). 

This molecular architecture permits the unhindered ad-

sorption of small hydrogen molecules while simultaneous-

ly obstructing the adsorption of larger poisoning species 

(Figure 4). However, this approach is subject to two sub-

stantial limitations. First, the strength of the Pt–COads in-

teraction frequently exceeds that of the bonds between Pt 

and the modifying functional molecules. Accordingly, the 

interaction between the organic molecules and the plati-

num surface must be sufficiently strong to compete with 

poisoning adsorbates. Second, the size of poisoning ad-

sorbate molecules is merely 2–5 Å, enabling them to ad-

sorb onto isolated metal atoms created by the molecular 

structures, as well as to partially penetrate the film of the 

adsorbed organic substance [123]. 

 
Figure 4. Illustration of the barrier effect. 
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Figure 5. Illustration of the barrier effect achieved through the 

application of platinum group metal oxides [124].Reprinted with 

permission from [124]. Copyright 2024 American Chemical Socie-

ty. 

Porous adsorption layers of platinum group metals, de-

posited onto a substrate of the same metal (e.g., 
Ru@RuO2/TiO2) can modulate the selectivity and stability 

of the oxygen reduction reaction while simultaneously 

suppressing the diffusion of CO to the surface of the active 

metal (Figure 5). The protective mechanism afforded by 

oxides resides in their capacity for hydration owing to a 

low adsorption energy for water. The hydrated oxide film 

impedes the free adsorption of catalytic poisons by sub-

stantially increasing the energy barrier. As a result of such 

modification, electrocatalysts demonstrate enhanced tol-

erance to catalytic poisons, typically exceeding that of 

unmodified samples by an average of two orders of magni-

tude. However, despite the relatively straightforward 

mechanism of action and accessible synthesis methodolo-

gies, this approach is not without drawbacks. Among the 

most significant limitations concerning the applicability of 

oxides as barriers against the adsorption of catalytic poi-

sons are the stringent requirements imposed on the mor-

phology of the oxide layer on the active metal surface, as 

well as the susceptibility of the formed system to reduc-

tion. Specifically, upon reduction of the oxide to its metal-

lic form, the barrier properties of the surface layer are 

substantially diminished. Furthermore, oxide formation 

necessitates rigorous control during the nucleation stage 

to prevent the development of impermeable films [124]. 

To enhance the tolerance of platinum electrocatalysts, 

a barrier oxide layer of RuO2 can be formed on the surface 

of PtRu/CNFs, yielding a composite PtRu-RuO2/CNFs elec-

trocatalyst. The introduction of the oxide phase increases 

the specific surface area of the material by more than six-

fold and induces a downshift of the Pt d-band center 

through electron density transfer from RuO2, which sub-

stantially weakens CO adsorption. As a result, the modi-

fied electrocatalyst exhibits high conversion of alkynyl and 

phenyl groups in the presence of 500 ppm CO. Thus, the 

oxide barrier layer strategy enables the enhancement of 

CO tolerance and hydrogenation efficiency [125]. 

It is also feasible to construct PtNiW@amorphous WOx 

nanowires featuring multi-level protection against CO, 

which combines a kinetic barrier (the amorphous WOx 

shell acting as a molecular sieve), thermodynamic weak-

ening of the Pt–CO bond (through Ni and W alloying), and 

bifunctional oxidation of CO by hydroxyl groups generated 

on the oxophilic tungsten. This system enables the reten-

tion of over 90% of the hydrogen oxidation reaction cur-

rent density in the presence of 1000 ppm CO for 4000 s, 

outperforming the majority of known Pt-based electro-

catalysts. However, the reproducibility of the synthesis of 

such a complex architecture and the long-term stability of 

the amorphous WOx phase remain open questions [126]. 

The concept of blocking molecular layers involves, as 

previously noted, the formation of a molecular blocking 

layer on the platinum surface, for example, 2,6-

dihydroxymethylpyridine (DhmPy). According to DFT cal-

culations, DhmPy molecules form a coronal layer with a 

steric confinement height of 1.82 Å, which exhibits higher 

adsorption energy on Pt compared to closely related ana-

logues (DcaPy, DAcPy) and effectively blocks the access of 

the larger CO and H2S molecules without impeding hydro-

gen diffusion. The modified electrocatalyst delivers a pow-

er density of 1.18 W/cm2 in a PEMFC after poisoning with 

10 ppm CO and 1.32 W/cm2 after poisoning with 5 ppm 

H2S, significantly outperforming commercial Pt/C. Never-

theless, the question of the long-term stability of the or-

ganic DhmPy layer under harsh electrochemical conditions 

(potential, temperature, humidity) remains unresolved, 

which is critically important for practical applica-

tion [127].  

Thus, the concept of blocking molecular layers on the 

platinum surface, based on the principle of steric re-

striction, represents a potentially universal solution to the 

problem of electrocatalyst poisoning by both carbon mon-

oxide and hydrogen sulfide. However, the key and yet un-

resolved obstacle remain the long-term stability of barrier 

layers in the aggressive electrochemical environment of a 

PEMFC, where the combination of high potential, tempera-

ture, and humidity can induce gradual desorption, oxida-

tive degradation, or structural rearrangement of the modi-

fier molecules. The solution to this problem may lie in 

transitioning from physically adsorbed monolayers to co-

valently grafted or crosslinked frameworks, which should 

become the focus of further targeted research. 

7. Multicomponent architectures 

An equally widespread approach involves the fabrication 

of multicomponent architectures capable of integrating 

the modifications detailed in Sections 2–6. In many cases, 

the development of multicomponent electrocatalysts is 

more justifiable in terms of electrochemical and commer-

cial efficiency. Through a rational combination of the 

aforementioned approaches, the inherent drawbacks of 

each individual method can be mutually counterbalanced 

(Figure 6) [128,129]. 
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Figure 6. Schematic diagram of the CO poisoning and removal process on different catalysts [129]. Copyright 2024, Nature. 

Such architectures include RE–PtNiCo KNWs (where 

KNWs denotes trimetallic knotted nanowires, and RE rep-

resents rare-earth elements, among which Sc exhibits the 

most optimal properties). The formation of trimetallic 

nanowires gives rise to electronic effects among the con-

stituent elements, thereby mitigating electrocatalyst deg-

radation associated with structural and morphological 

alterations of platinum nanoparticles. The incorporation 

of Sc promotes the formation of isolated active sites, 

which restructure the electronic configuration of the re-

sulting cluster and modulate the energy required for the 

adsorption and strong binding of poisoning species. Con-

sequently, the Sc–PtNiCo KNWs/C electrocatalyst demon-

strates an approximately twofold enhancement in poison-

ing tolerance, while also exhibiting increased mass activi-

ty compared to a commercial benchmark [130]. However, 

despite the high electrochemical performance and en-

hanced poisoning tolerance, this electrocatalyst necessi-

tates the use of rare-earth metals, which, in conjunction 

with the platinum content, substantially increases its cost 

and imposes constraints on commercial viability.  

Another notable structure is the electrocatalyst with 

the composition Pt/Co–MnO/NCNTs, where NCNTs de-

notes nitrogen-doped carbon nanotubes. In this system, 

protection against catalytic poisons is conferred by cobalt, 

which, being a transition metal, possesses vacancies that 

facilitate the formation of oxygen and hydroxyl groups on 

its surface. Modification with manganese oxide is em-

ployed due to the presence of its inherent oxygen-

containing moieties and its capacity for oxygen storage, a 

property derived from its unique spatial structure that 

accommodates transitions between the +2 and +4 oxida-

tion states during electrochemical reactions [128]. An elec-

trocatalyst with this architecture not only features a re-

duced Pt content but also exhibits enhanced stability and 

poisoning tolerance owing to the subsequent oxidation of 

CO to CO2. This protective mechanism is the most preva-

lent and is widely applied to electrocatalysts in electro-

chemical devices operating in environments containing 

catalytic poisons. 

Transition metal oxides can exert such an influence; 

however, owing to their semiconducting or dielectric 

properties, the additional introduction of electrically con-

ductive dopants (e.g., Sb, Ta, Nb, In, etc.) is required [131–

134]. In this context, the multicomponent electrocatalyst 

of composition Pt/Sb+SnO2/C may represent a highly 

promising and optimal compromise among electrochemi-

cal performance, poisoning tolerance, stability, and cost. 

It has been established that such systems can demon-

strate stability exceeding that of commercial Pt/C by a 

factor of five under potential cycling conditions [135]. This 

effect arises from the modification of the electronic state 

of Pt via a shift in its electron density induced by tin diox-

ide, in accordance with the mechanisms described previ-

ously. In addition to superior stability, the incorporation 

of tin dioxide and antimony enhances the efficiency of the 

electrocatalyst toward the ORR by an average of an order 

of magnitude compared to the sample modified solely with 

tin dioxide [136]. The improvement in electrochemical 

characteristics is attributed to the presence of Sb as an 

electrically conductive additive. Consequently, electron 

transfer from the Pt nanoparticles through the modifier to 

the support, and vice versa, is substantially facilitated. 

Concurrently, the tolerance of the multicomponent elec-

trocatalyst to CO poisoning is enhanced by an average fac-

tor of 1.3 compared to commercial Pt/C, which is ascribed 

to the SMSI effect between SnO2 and Pt [94]. 
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Table 2. Comparison of Pt-based electrocatalyst modification strategies. 

Modification 

classification 

Modifiers Tolerance 

Mechanisms 

Key Advantages Limitations & Disad-

vantages 

Future Prospects 

Heteroatoms N, P, B, S, F, O 
etc. 

Electronic 
effects 

- low cost 
-wide range of 

synthesis methods 

 

Do not significantly en-
hance poisoning tolerance 

In combination with 
other modification 

approaches, can con-

tribute to enhancing 
ORR activity and miti-

gating the degrada-

tion of Pt nanoparti-
cles 

Intermetallics PtNi, PtRu, 

Pt4.31Ga NWs, 
Ga-Pt3Co/C, 

PtCoNiGaCu 

etc.  

Electronic 

and geomet-
ric effects 

-wide range of 

synthesis methods 
-high stability 

-expensive precursors 

-complex synthesis proce-
dures 

-poor reproducibility 

-scalability challenges 

Upon the optimization 

of synthesis proce-
dures and in combina-

tion with other ap-

proaches, are capable 
of reducing the elec-

trocatalyst cost 

Oxides TiO2, WO3, 
SnO2, CeO2, 

ZrO2, RuO2 

etc. 

Electronic, bi-
functional 

and geomet-

ric effects 

-low cost 
-wide range of 

synthesis methods 

-tunable properties 
-high stability 

Poor electronic conductivi-
ty necessitating complex 

conductive sup-

ports/additional compo-
nents 

A promising transi-
tional strategy to 

achieve robust impu-

rity tolerance and 
reduced Pt consump-

tion 

Core-shell struc-
tures 

PtCoPt, 
Au@FePt3, 

PtSe2@Pt, 

PtRu@NC, O–
Pt–Fe@NC/C 

etc.  

“Self-
healing”, 

electronic 

and geomet-
ric effects 

-wide range of 
synthesis methods 

- high stability 

-high electrochem-
ical performance 

-high tolerance to 

catalytic poisons 

-expensive precursors 
-complex synthesis proce-

dures 

-poor reproducibility 
-scalability challenges 

The quest for innova-
tive architectures 

with ultra-low pre-

cious metal content 
and the optimization 

of synthetic method-

ologies may make 
them highly effective 

for local application 

Barrier systems RuO2, WOx Barrier effect -high degree of 
protection 

-high electrochem-

ical performance 

-electrocatalyst synthesis 
complexity 

-reproducibility 

-durability/long-term sta-

bility 

With a reduction in 
synthetic complexity 

and a shift in research 

focus toward the long-

term durability of the 
barrier layer, this 

approach could be-

come one of the most 
effective methods for 

protecting electrocat-

alysts against poison-
ing. 

Multicomponent 

architectures 

Sc–PtNiCo 

KNWs/C, 
Pt/Co–

MnO/NCNTs, 

Pt/ATO etc. 

Electronic, bi-

functional 
and geomet-

ric ef-fects 

-wide range of 

synthesis methods 
- high stability 

-high electrochem-

ical performance 
-high tolerance to 

catalytic poisons 

-good reproducibil-
ity 

-scalability 

-counterbalancing 
the drawbacks of 

concurrently ap-

plied approaches 

The integration of these 

approaches requires fur-
ther optimization 

When properly com-

bined, these diverse 
approaches can lower 

the PGMs loading 

while simultaneously 
maintaining high elec-

trochemical perfor-

mance and poisoning 
resistance 

 

A promising strategy involves replacing carbon sup-

port, which is susceptible to electrochemical oxidation, 

with aerogels composed of a mixture of transition metal 

oxides and electronically conductive additives. For in-

stance, a Pt/ATO-aerogel electrocatalyst demonstrated a 

25% increase in ORR activity during am long-term dura-

bility test, whereas the benchmark sample lost 50% of its 

activity. Furthermore, the presence of tin dioxide within 

the support architecture also provides robust resistance 

against CO poisoning [137]. 

The mass fraction of ATO in multicomponent systems 

typically varies from 5 to 20 wt.%, which is governed by 

an optimum balance between high long-term durability, 

CO tolerance, and electrochemical performance. Concur-

rently, the ratio between the transition metal oxide and 

the electronically conductive additive generally ranges 

from 10n to (0.1–1)n, where n = 1, 2, 3. This specific ratio 
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represents a trade-off between enhancing electronic con-

ductivity and preserving the SMSI effect between Pt and 

the oxide component [94]. 

Consequently, multicomponent architecture represents 

the most promising strategy for developing highly efficient 

PEMFC electrocatalysts. The ability to vary the composi-

tion and structure enables the fine-tuning of essential per-

formance characteristics, while the diversity of combina-

tions and materials ensures that the synthesis remains 

accessible and reproducible. 

8. Summary and outlook 

Table 2 presents a summary overview of the modification 

strategies. The final column outlines potential avenues for 

future research and highlights the directions that merit 

attention. 

9. Limitations 

Despite significant advances in the modification strategies 

surveyed herein, several critical challenges and unre-

solved issues remain that warrant further investigation. A 

primary limitation lies in the trade-off between enhanced 

poisoning tolerance and the preservation of high electro-

chemical performance; for instance, oxide modifiers such 

as SnO2 invariably reduce overall conductivity, necessitat-

ing the addition of dopants (e.g., Sb) which complicates 

scalable synthesis. Furthermore, the precise control of 

interfacial electronic effects (SMSI) and the long-term 

durability of multicomponent architectures under realistic 

urban operating conditions characterized by fluctuating 

potentials and complex gas mixtures—remain insufficient-

ly explored. Core-shell and organic barrier-layer ap-

proaches, while mechanistically elegant, currently suffer 

from poor synthetic reproducibility and prohibitive costs 

that preclude industrial translation. Future research 

should therefore prioritize the development of robust, 

one-pot synthesis routes for ternary and quaternary sys-

tems (e.g., Pt/MOx/C hybrids) and the application of ad-

vanced operando characterization techniques to elucidate 

degradation pathways at the atomic scale. Addressing 

these gaps is essential for bridging the divide between 

laboratory-scale innovations and the commercial deploy-

ment of durable, poison-tolerant PEMFC cathodes in next-

generation electric vehicles. 

10. Conclusions 

For the successful scale-up of PEMFC technology within 

the automotive industry, mitigating the poisoning of the 

platinum electrocatalyst at the cathode remains a critical 

challenge. Modification, as a method for enhancing toler-

ance to poisoning species, must also satisfy the require-

ments of achieving a balanced set of electrocatalyst per-

formance characteristics, while additionally being cost-

effective and reproducible. 

The incorporation of heteroatoms, while enabling im-

provements in structural degradation resistance, generally 

does not confer resistance to catalyst poisoning. The ap-

plication of this method is promising when combined with 

other techniques and modifiers. Actively investigated core-

shell structures and protection via the barrier effect, alt-

hough capable of demonstrating enhanced poisoning tol-

erance, are not currently competitive solutions due to 

their inherent complexity, high cost, and compromises in 

electrochemical performance. 

Consequently, the formation of multicomponent struc-

tures represents an effective compromise for enhancing 

electrocatalyst poisoning tolerance without sacrificing 

electrochemical properties. In this approach, one compo-

nent serves to increase the resistance of platinum nano-

particles to catalytic poisons, while another is responsible 

for maintaining or enhancing activity and the electro-

chemically active surface area. This arrangement fosters a 

strong interaction among the components through elec-

tronic effects, which further prolongs the overall opera-

tional lifetime of the device. Moreover, the versatility in 

the selection of modifiers renders this method the most 

commercially viable and readily reproducible. 
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