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Abstract: Surface dopant engineering has emerged as a 
powerful approach to enhance the catalytic properties of Pt 
and Pd nanomaterials by introducing site-specific 
modifications at the atomic scale. In liquid fuel oxidation 
reactions (LFORs), surface-decorated Pt/Pd catalysts 
demonstrate remarkable activity and durability by providing 
engineered sites that mitigate the long-standing challenge of 
carbon monoxide (CO) poisoning. Transition metal atoms and 
their oxides anchored on Pt/Pd surfaces act as anti-CO centers, 
facilitating more efficient fuel oxidation pathways while 
preserving catalytic stability. This review highlights recent 
advances in surface-decorated Pt/Pd catalysts, emphasizing 
the underlying mechanisms of CO resistance, synthetic 
strategies for dopant incorporation, and the structure-performance correlations that define their electrocatalytic 
behavior. We also summarize the performances achieved in methanol, ethanol, and other liquid fuel oxidation 
systems using dopant-engineered catalysts. Finally, we discuss the remaining challenges and future opportunities 
in rationally designing CO-tolerant catalytic surfaces for next-generation energy conversion devices. 
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1. Introduction 

Renewable energy technology can tackle the current global energy crisis while minimizing environmental 
pollution. As a renewable energy technology, a direct liquid fuel cell (DLFC) has been regarded as one of the 
promising energy conversion devices that can convert the chemical energy of liquid fuels such as methanol, 
ethanol, and formic acid into electrical energy [1–4]. This DLFC system has certain advantages compared to 
hydrogen (H2)-based fuel cells: low cost, plentiful, easy to transport, and safe to store. However, practical 
applications of DLFCs are limited mainly due to the poisoning effect of a reaction intermediate, such as carbon 
monoxide (CO), on the surface of catalysts, resulting in sluggish kinetics of anodic liquid fuel oxidation reaction 
(LFOR) and thus deteriorating the cell performances [5–7]. For example, platinum (Pt) and palladium (Pd) have 
been utilized as excellent LFOR catalysts, but their LFOR performances rapidly decrease owing to the CO 
adsorption (COads) on their surfaces [8–12]. Therefore, from the viewpoint of catalyst poisoning, one way to 
improve LFOR is to develop state-of-the-art catalysts with anti-CO-poisoning sites [13–17]. Interestingly, 
decorating the surface of Pt/Pd catalysts with transition metal dopants, including Ru, Sn, Pd, Ni, and Cu, has been 
reported to create favorable surface-active sites toward LFOR. It is well-known that these dopants could increase 
the catalytic surface roughness, resulting in the non-continuous distribution of CO and thus the tolerance of the 
strong COads behavior [18–20]. In addition, metal dopants on the surface of Pt/Pd promote the water dissociation 
at a lower potential, and the adsorbed OH (OHads) facilitates the oxidation of COads to CO2 [21–24]. These attractive 
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features of surface metal dopants have drawn much attention from the research community. Although there have 
been numerous articles related to the metal dopant strategy, to the best of our knowledge, there is an absence of a 
comprehensive overview of decorating anti-CO poisoning metal dopants on the surface of Pt/Pd nanocrystals for 
LFOR. Therefore, in this review, we discuss the underlying LFOR mechanisms in pristine and decorated catalyst 
surfaces, the metal doping synthesis strategies, advanced techniques to analyze LFOR, and the electrocatalytic 
performances of various LFOR. The liquid fuels discussed in this review are limited to ethanol, methanol, formic 
acid, and ethylene glycol (EG), considering their close feasibility in the practical DLFC systems regarding 
chemical energy density per volume and efficiency (Table 1). It is evident that liquid fuels, despite their higher 
theoretical chemical energy density per unit volume compared to H2, still encounter significant challenges in 
DLFCs. The primary concern with DLFCs is the catalyst poisoning caused by CO. As such, in this review, we 
place emphasis on dopant metals as bifunctional catalytic sites and attribute them as anti-CO poisoning agents to 
tackle this issue. Finally, we outline the future designs of selective and highly stable electrocatalysts toward LFOR 
and provide practical insights for the DLFC applications. 

Table 1. The number of electrons transferred, theoretical energy density normalized with fuel weight (Ws) and volume 
(We), standard redox potential, and theoretical energy conversion efficiency for various liquid fuels [25–27]. 

Liquid Fuel 
Number of 
Electrons 

Transferred 
Ws 

(kWh·kg−1) 
We 

(kWh·l−1) 
Standard Redox 

Potential 
(V) 

Efficiency 
(%) 

Hydrogen  1 32.80 1800 1.23 83 
Formic acid 2 2.08 2086 1.40 99 
Methanol 6 4.69 4820 1.21 97 
Ethanol 12 8.99 6280 1.15 63 

Ethylene glycol 10 5.27 5800 1.22 99 

2. Understanding of LFOR Mechanisms 

A typical working process of a DLFC is illustrated in Figure 1a. Liquid fuel is fed directly to the anode of 
the DLFC, and air/oxygen gas is provided to the cathode for the oxygen reduction reaction (ORR). During the fuel 
cell operation, charged ions pass through the membrane, and the electrons travel via an external circuit, generating 
electricity. To boost the DLFC performance, understanding of COads configuration on the catalyst surface at the 
anode is essential. At the anode, electrocatalytic reactions using Pt-/Pd-based catalysts are generally hampered by 
the presence of COads, as illustrated in Figure 1b. COads can exist in two distinct configurations, namely top-type 
and bridge-type. The COads configuration can be determined by IR analysis, which reveals a decrease in vibrational 
frequencies, indicating a stronger interaction of CO [28]. It has been observed that removing bridge-type COads 
from the catalytic surface is more difficult compared to top-type COads, as evidenced by the decreased vibrational 
frequencies in Figure 1c. Therefore, oxidizing bridge-type COads to CO2 requires more energy, as depicted in 
Figure 1c. Additionally, bridge-type COads tend to be more prevalent on continuous Pt/Pd atom arrangements. 
Therefore, increasing the surface roughness of the catalyst by adding transition metal dopants can generate 
catalytic sites favoring a top-type COads and disrupt the formation of bridge-type COads [29,30]. In addition, 
decorating transition metal dopants (M) on the surface of Pt/Pd assists the dissociation of water molecules at a 
lower overpotential compared to the pristine Pt/Pd surface, and the produced OHads adsorbs preferentially on the 
dopants (M–OHads) [31,32]. Then, the M–OHads facilitates the oxidation of COads to CO2 on the neighboring Pt 
sites (Pt–COads + M–OHads → CO2 + H+ + e− + Pt + M) [33,34]. Therefore, a proper understanding of the reaction 
mechanism at a molecular level on the catalyst surface containing metal-dopants is important to enhance the 
performance of LFOR. 
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Figure 1. (a) A schematic illustration of a DLFC. (b) Indirect pathway during LFOR leading to catalyst poisoning 
by produced COads. (c) Top and bridged COads showing different IR spectra at different potentials. Reproduced with 
permission [28]. Copyright 2005, American Chemical Society. 

2.1. Mechanism for Ethanol Oxidation Reaction (EOR) 

Ethanol oxidation on Pt-/Pd-based catalysts generally proceeds through two competing pathways 
(Figure 2a) [35–37]. The direct pathway involves the complete oxidation of ethanol to CO2, while the indirect 
pathway leads to incomplete oxidation to acetate anion. Both routes begin with the initial dehydrogenation 
of ethanol by breaking the Cα–H and O–H bonds [38], forming the stable *CH3CO intermediate (Figure 2a) [39]. In 
the direct pathway, the Cβ-dehydrogenation of *CH3CO on pure Pt is the rate-determining step (RDS), 
producing intermediates such as *CH2CO and *CHCO. These are ultimately oxidized to *COads, which must 
be removed by OH-assisted oxidation to generate CO2 [38]. However, the strong binding of *CO on Pt/Pd 
surfaces often leads to poisoning, limiting the C1 route. As a result, the reaction frequently diverts toward the 
C2 pathway, where *CH3CO is oxidized to acetate without C–C bond cleavage [40]. 

For example, the DFT calculation of Pt(100) and Rh–O decorated Pt(100) surfaces provides direct evidence 
of their mechanistic differences during ethanol oxidation [41]. The calculated free energy profiles (Figure 2b,c) 
highlight the contrast clearly. On pure Pt(100) (Figure 2b), ethanol sequentially dehydrogenates to *CH3CO, but 
the strong *CO adsorption and high barriers for its removal (Ea ≈ 0.92–0.94 eV) restrict the direct pathway, causing 
poisoning and favoring C2 product formation. By contrast, Rh–O decorated Pt(100) (Figure 2c) not only lowers 
the energy barrier for the potential-limiting step (*CH3CH2OH → *CH3CHOH, ΔG ≈ 0.27 eV) but also facilitates 
C–C scission of *CH3CO. Importantly, Rh–O sites weaken *CO binding and accelerate its OH-assisted oxidation 
(Ea = 0.72 and 0.24 eV), ensuring rapid *CO turnover and enabling near-complete ethanol oxidation to CO2 at 
relatively low potentials. 

Beyond single-site decoration, additional metal dopants can further promote full ethanol oxidation (Figure 2d,e). 
Transition metals (M) incorporated into the Pt/Pd surface enhance water dissociation, generating M–OHads that 
accelerate *CO oxidation on adjacent Pt/Pd sites (Figure 2d) [42,43]. This bifunctional effect alleviates poisoning 
and sustains the direct C1 route. Moreover, introducing a second dopant creates a synergistic trimetallic 
environment that stabilizes intermediates in favorable adsorption geometries. For instance, on a Pt–Rh–M surface, 
*CH3CO can adopt a chair-like configuration in which the Cα atom binds to Pt, the Cβ atom strongly interacts with 
Rh, and the O atom coordinates with M (Figure 2e) [38]. This geometry lowers the barrier for C–C bond cleavage, 
making the pathway to CO2 more accessible. Thus, multi-metallic decoration integrates bifunctional OH supply 
with geometric stabilization of intermediates, offering a powerful strategy to overcome CO poisoning and achieve 
complete EOR. 

2.2. Mechanism for Methanol Oxidation Reaction (MOR) 

Pt-/Pd-based catalysts have been reported to possess good activity and stability toward the MOR in acidic 
and alkaline media [44]. Previous studies indicated that electrocatalytic MOR performance is better in alkaline 
than in acidic media. In alkaline media, methanol and OH− are initially adsorbed on the catalyst surface (Figure 3a). 
Subsequently, methanol dissociates into various CHXO species and is continuously oxidized by OHads. The 
continuous supply of OHads comes from the water dissociation. In the final step, COads react with OHads to generate 
CO2 [45]. The MOR mechanism in acidic media differs from the alkaline one (Figure 3b). When the methanol is 
adsorbed on the Pt/Pd surface, the C–H bonds dissociate, leading to the formation of COads intermediates and 
finally generation of CO2 by reacting with OHads. 
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Figure 2. (a) Reaction pathways for the EOR mechanism on the pure Pt/Pd surface. (b) Free energy profile on 
Pt(100), where strong *CO adsorption limits C–C cleavage and favors C2 products. (c) Free energy profile on Rh–
O decorated Pt(100), where weakened *CO binding and faster CO oxidation promote complete oxidation to CO2. 
Reproduced with permission [41]. Copyright 2022, National Academy of Sciences. (d) Bifunctional role of dopant 
atoms (M) in generating M–OHads that oxidize *COads on neighboring Pt/Pd sites. (e) Chair-like adsorption of 
*CH3CO on a trimetallic Pt–Rh–M surface, lowering the C–C cleavage barrier and driving full EOR. 

 

Figure 3. Reaction pathways for MOR in (a) alkaline and (b) acidic media on pure Pt/Pd surface. (c) Bifunctional 
mechanism of transition metal M decorated surface. (d) Stable adsorption configurations of CH3CO* on M–Pt–Rh sites. 



Mater. Interfaces 2025, 2(4), 430–453 https://doi.org/10.53941/mi.2025.100035  

434 

However, these MOR mechanisms are inhibited by strong COads on the Pt/Pd surface, reducing the reaction 
between COads and OHads. Therefore, introducing metal dopants that prefer OHads on the Pt/Pd surface can alleviate 
CO poisoning and increase the surface density of OHads, facilitating the oxidation of COads to CO2 (Figure 3c) [46–48]. 
In addition, selective dopants such as Sn, Ru, and Mo on the Pt/Pd surface can mitigate the bond strength of Pt–
/Pd–COads by donating charge to Pt/Pd and thus increasing their surface electron density. This electron donor effect 
enhances the bifunctional mode, which can dramatically improve the MOR performance (Figure 3d) [49]. 

2.3. Mechanism for Formic Acid Oxidation Reaction (FAOR) 

Depending on the catalytic surface, the FAOR can follow two distinct reaction pathways, termed direct and 
indirect pathways (Figure 4a) [50]. A direct pathway is the direct conversion of HCOOH to CO2 via 
dehydrogenation. However, the indirect or dehydration pathway is dominant since Pt–/Pd–COOH, and sequential 
Pt–/Pd–COads are readily formed due to the difficulty of C-O bond cleavage during FAOR. The poisoning of COads 
can be minimized by decorating the catalyst surface with another metal. Dinesh et al. showed the FAOR 
mechanism on a trimetallic PdRuPt catalyst [51]. Due to the substantial relocation of electrons from Pd and Ru to 
Pt, the binding energy of Pt–COads is suppressed (Figure 4b). Additionally, Ru dopant preferring OHads can affect 
the oxidation of Pt–COads to CO2 formation. Thus, the bifunctional mechanism enables the suppression of CO 
poisoning and hence enhances the FAOR. 

2.4. Mechanism for Ethylene Glycol Oxidation Reaction (EGOR) 

EGOR is promising for direct alcohol fuel cells due to its high theoretical energy density (10 e− per molecule) 
and safer handling compared to methanol. In addition to electricity generation, EGOR can yield value-added C2 
products (e.g., glycolic and oxalic acids), while also serving as a platform to design CO-tolerant catalysts relevant 
for broader electrocatalysis. Mechanistically, complete oxidation to CO2 is rarely achieved because O–H bond 
cleavage is less favorable than C–O cleavage (Figure 4c). In addition, owing to the high activation for C–C bond 
cleavage, the oxidative products of EG are dominantly C2 species (glycolaldehyde, glyoxal, glycolic acid, 
glyoxylic acid, oxalic acid) [42,43,52,53]. Only a tiny amount of EG is oxidized to C1 species, which are further 
oxidized to CO and finally to CO2. The sluggish EGOR can be enhanced by adding metal dopants on Pt or Pd 
surface. The electron charge donor effect of the metal dopant to Pt/Pd facilitates the breaking of the C–C bond and 
increases CO tolerance capacity (Figure 4d). Moreover, the bifunctional effect is also observed on metal dopant-
containing surfaces to boost EGOR. 

 

Figure 4. (a) Direct and indirect mechanisms of the FAOR on Pd/Pt surface and (b) FAOR on dopant-containing 
surface. Mechanism for EGOR (c) on Pt or Pd surface and (d) metal dopant-containing surface. Reproduced with 
permission [54]. Copyright 2009 Elsevier. 
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3. Protocols for Elemental Doping on Nanosurfaces 

Surface doping with metals and metal oxides has become a central strategy for enhancing the electrocatalytic 
activity of Pt- and Pd-based nanocatalysts in liquid fuel oxidation reactions (LFOR). By tuning surface 
composition and introducing new active sites, these modifications alleviate CO poisoning and improve reaction 
pathways. Among the available synthetic approaches, wet-chemical routes are particularly attractive due to their 
scalability, reproducibility, and precise control over morphology and composition. 

Choi et al. demonstrated this strategy by decorating Pt nanocubes with Rh using a two-step wet-chemical 
process [41]. At low Rh precursor loading, atomically dispersed single Rh sites were formed (RhatO–Pt NCs), 
whereas higher Rh input led to clustered Rh species (RhclO–Pt NCs). HAADF-STEM and elemental mapping 
confirmed the uniform cubic morphology with distinct distributions of Pt, Rh, and O (Figure 5a,b). In-situ EXAFS 
at the Rh K-edge further revealed Rh–O coordination for the atomically dispersed case, while additional Rh–Rh 
peaks appeared in the clustered sample (Figure 5c,d). Structural models clearly distinguish isolated Rh–O sites 
from Rh–O clusters on Pt surfaces (Figure 5e,f). 

 

Figure 5. HAADF-STEM images and EDS mapping of (a) RhatO-Pt NCs and (b) RhclO-Pt NCs. k3-weighted 
Rh K-edge EXAFS spectra of (c) RhatO-Pt NCs/C and (d) RhclO-Pt NCs/C. Schematic of (e) RhatO-Pt NCs 
and (f) RhclO-Pt NCs decorated Pt surface obtained from wet-chemical synthesis. Reproduced with 
permission [41]. Copyright 2022, The National Academy of Sciences. (g) Schematic of Au-decorated Pd 
nanocubes showing the different surface composition. Reproduced with permission [55]. Copyright 2016, 
The Royal Society of Chemistry. (h) Schematic illustration for the decoration on the PtW NWs using 
electrochemical etching process. (i) EDS line mapping profile for W-doped Pt NWs. Reproduced with 
permission [57]. Copyright 2022, John Wiley & Sons. 

Du et al. extended the concept to Pd nanocubes by introducing Au decoration via a seed-mediated method [55]. 
Pd nanocubes were first synthesized by ascorbic acid reduction and subsequently coated with Au at controlled 
Pd/Au ratios. The degree of Au coverage strongly influenced morphology: discrete decoration was obtained at 
15:1 and 10:1 ratios, more uniform layers at 8:1 and 5:1, and complete surface encapsulation at 2:1. The 
progressive evolution from sharp cubes to irregular morphologies was clearly observed in TEM and schematic 
models (Figure 5g). EDS mapping further confirmed Au enrichment on Pd surfaces, and the decorated catalysts 
showed enhanced ethanol oxidation activity. 

Beyond chemical synthesis, electrochemical methods offer dynamic restructuring of catalytic surfaces. Yin et al. 
produced PdBi–Bi(OH)3 nanochains by solvothermal synthesis followed by electrochemical cycling in alkaline 
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electrolyte [56]. The surface oxidation of Bi introduced abundant OHad species that promoted CO removal, thereby 
boosting EOR performance. 

Electrochemical etching provides yet another doping route. Electrochemical etching is a process that removes 
a metal component from the catalyst surface via electrochemical treatment. For example, Huang et al. utilized EC 
on amorphous WOx-coated ultrathin PtW nanowires (PtW@AWOx NWs) to form W-doped PtW NWs [57]. For 
the synthesis, Pt NWs in OAm solution containing W species were heated at 300 °C to obtain the PtW@AWOx 
NWs (Figure 5h). Then, etching was performed on PtW@AWOx NWs using linear sweep voltammetry in 1.0 M 
KOH solution for 7 cycles. EDS line scanning revealed that the W was doped on the PtW NWs after EC etching 
(Figure 5i). Despite the negative reduction potential of W6+/W0 (E0 = −1.1 V vs. RHE), the WOx species was 
reduced to W0 and doped into Pt NWs. The preformed Pt NWs created strongly reductive species of Pt–H by an 
autocatalytic surface reduction process, which led to the reduction of W6+ to W0 and finally doped on the surface 
of Pt NWs. 

Together, these studies demonstrate how surface doping through noble metals, oxides, or electrochemical 
modification enables precise control over catalytic interfaces and enhances resistance to CO poisoning. While 
electrochemical treatments provide mechanistic insights and dynamic modification, wet-chemical synthesis 
remains dominant due to its reproducibility and scalability. Integrating both strategies, supported by advanced 
characterization tools, will be crucial for designing next-generation nanocatalysts with optimized activity and 
durability for LFOR. 

4. Surface Decorated Pt/Pd Catalysts Toward LFOR 

The decorated nanocatalysts with anti-CO poisoning sites demonstrated their superior electrocatalytic 
performance toward LFOR over pure Pt/Pd surfaces. This section discusses the activity, stability, and in-operando 
techniques to electrochemically characterize the catalytic performance of the decorated surfaces toward LFOR. The 
extensively studied liquid fuels discussed in this paper include methanol, ethanol, formic acid, and ethylene glycol. 

4.1. MOR Performance 

In direct methanol fuel cell (DMFC), the hydrogen oxidation reaction (HOR) at the anode of proton exchange 
membrane fuel cells (PEMFCs) is replaced by the MOR. DMFCs are suitable for small portable electronic devices 
due to their easily exchangeable fuel cartridges, high energy density, and fast charging rate [58–60]. Despite the 
advantages described above, the practical use of the DMFC is laden with several challenges. One of the major 
problems is the partial oxidation of the methanol, leading to sluggish oxidation reaction kinetics that reduce the 
number of transferred electrons [59–61]. Moreover, the partial oxidation of methanol produces CO, which 
deteriorates the cell performance [62,63]. 

Nanocatalysts containing anti-CO sites on the surface have been proven to be an effective strategy to address 
the problem and improve the MOR performance significantly [64,65]. For instance, Lin et al. reported a facile 
synthesis of Ru-decorated Pt icosahedra and cubes as highly active electrocatalysts for MOR [66]. Ru-decorated 
Pt catalysts have been identified as a promising candidate for MOR due to their excellent catalytic activity and 
improved CO tolerance arising from the bifunctional and ligand effects between the two metal elements [67–69]. 
Figure 6a,b show HAADF-STEM images with atomic resolution and EDX mapping images of the PtRu 
icosahedron and cube enclosed by (100) and (111) facets, respectively. From the EDX mapping of the icosahedron 
and cube, Ru (red color) was found to be decorated on the Pt surface (green color), suggesting a Ru-decorated Pt 
structure. Figure 6c compares the CVs of the catalysts for MOR performed in a solution containing 0.5 M H2SO4 
and 0.5 M CH3OH. The higher If/Ir value of 1.50 and 2.02 for PtRu icosahedra and cubes than that of a typical 
PtRu alloy catalyst (Pt7Ru/C) indicates that the decoration of Ru on the surface of Pt can improve CO tolerance 
during MOR. Accordingly, the Ru-decorated Pt icosahedra exhibited enhanced specific (0.76 mA·cm−2) and mass 
(74.4 mA·mgPt

−1) activities toward MOR, which were about ~6.7 and ~2.2 times higher than those of the Pt7Ru/C, 
respectively (Figure 6d). The enhanced performance of the Ru-decorated Pt nanocrystals can be explained by the 
bifunctional mechanism discussed in Section 2.2 [70,71]. In terms of stability, the Ru-decorated Pt icosahedra 
showed ~10% current retention (0.05 mA·cm−2) and the Pt cubes showed ~5% retention (0.01 mA·cm−2) after 
2000 s of continuous operation, confirming improved but still limited stability. Although PtRu alloys also exhibit 
bifunctional behavior, surface Ru decoration provides a greater improvement. This is because Ru atoms in alloys 
may be buried in the bulk lattice and thus unavailable for catalysis, while surface-decorated Ru remains fully 
accessible at the reaction interface. Generally, the presence of Ru on the Pt surface can activate the water to form 
oxygenated species such as OHads [72]. The OHads species on Ru sites further oxidize and finally remove the COads 
intermediates on Pt sites, which enhances the electrocatalytic properties of Ru-decorated Pt catalysts towards 
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MOR. Moreover, Pellicione et al. showed that on a Ru-decorated Pt surface, the removal of CO species on Pt sites 
is limited, and CO can co-adsorb on Ru sites with OH species through the migration from Pt sites [73]. Oxidation 
of CO species with co-adsorbed OH species on Ru sites is also a critical step for the enhanced activity towards 
MOR. This analysis also supports the bifunctional mechanism towards MOR for such Ru-decorated Pt bimetallic 
catalysts, where surface decoration ensures a higher density of exposed Ru–OH sites compared to alloyed PtRu, 
thereby enabling more effective CO oxidation. 

 

Figure 6. EDX mapping images of (a) Ru decorated Pt bimetallic icosahedra and (b) Ru decorated Pt bimetallic 
cubes. (c) CV of three different catalysts, including Ru-decorated Pt icosahedra, Ru-decorated Pt cubes, and 
Pt7Ru/C for MOR. (d) MOR specific and mass activity at the peak position of forward curve. Reproduced with 
permission [66]. Copyright 2016, The Royal Society of Chemistry. (e) HRTEM images of PtFe and PtFeAu nanocrystals, 
the discontinuous lattice circles of PtFeAu (yellow circles) indicate the decoration of Au atoms. (f) Schematic illustration 
of the binding strength between CO molecule and the Pt centers of Pt, PtFe, and PtFeAu catalysts. (g) The model of 
adsorption of CO on top-site of Pt (111), PtFe (111), and PtFeAu (111). (h) Simulation of adsorption energy (Eads) 
of CO on these three catalysts. (i) CO stripping curves of PtFeAu, PtFe, and Pt/C nanocrystals. (j) MOR curves of 
the catalysts in an electrolyte containing 0.5 M H2SO4 and 1.0 M CH3OH. Inset shows the specific activities for 
MOR. Reproduced with permission [74]. Copyright 2016, The Royal Society of Chemistry. (k) HAADF-STEM 
with EDX mapping images of RuOx-decorated RuPtCu nanocages. (l) CVs of RuOx-decorated RuPtCu nanocages, 
state-of-the-art PtRu/C and Pt/C normalized by ECSACO in solutions containing 0.1 M HClO4 and 1.0 M CH3OH 
with a scan rate of 50 mV·s−1. (m) CVs of RuOx-decorated RuPtCu nanocages at different potential range in a 
solution containing 0.1 M HClO4 and (n) their corresponding MOR performance [78]. Copyright 2018, The Royal 
Society of Chemistry. 

Surface decoration of a bimetallic alloy with a third metal, forming a trimetallic surface, can also enhance 
MOR performance. For instance, Cai et al. reported that Au-decorated PtFe nanocatalysts show high resistance to 
CO poisoning owing to the role of Au as the anti-CO poisoning site [74]. HRTEM images showed the highly 
crystalline nature of PtFe nanocubes (NCs), whereas the Au-decorated PtFe NCs showed a discontinuous structure 
(indicated by yellow circles) (Figure 6e). The adsorption energy (Eads) of CO on the (111) plane of bare Pt, Pt1Fe1, 
and Pt5Fe4Au1 was calculated (Figure 6f–h), showing that Pt(111) exhibited the highest Eads of −1.56 eV, while 
the Pt1Fe1(111) offered a lower Eads (−1.44 eV). Interestingly, Pt5Fe4Au1 reported the reduced Eads of −1.21 eV. 
The electron charge transfer between the Pt atoms surrounded by Fe and Au atoms resulted in a weaker binding 
interaction between the CO and the Pt surface [75,76]. The authors proved their claims by conducting CO stripping 
analysis, showing that the peak potential of ternary PtFeAu (312 mV vs. SCE) is lower by 274 and 201 mV 
compared to Pt/C and PtFe, respectively. This significant negative shift of Au-decorated PtFe reveals the weakest 
CO-binding on Pt centers [74,77]. The anti-CO poisoning capacity of Au-decorated PtFe showed a mass activity 
of 1324 mA·mgPt

−1, which was 2.3 and 6.6 times that of PtFe and commercial Pt/C catalysts, respectively (Figure 6j). 
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Moreover, these Au-decorated PtFe catalysts retained ~35% of their activity (~1.0 mA·cm−2) even after 5000 s of 
operation, indicating superior long-term stability compared to PtFe and Pt/C. 

Metal oxides can also improve the CO tolerance capability when utilized as a dopant on the Pt surface. For 
instance, Park et al. reported the CO-tolerant RuOx decorated RuPtCu trimetallic nanocages (HRPCE/C) with 
highly improved MOR performance [78]. Representative HAADF- STEM with EDX mapping images of RuOx 
decorated ternary nanocages are shown in Figure 6k. Since the OH (OHad) adsorbed on RuO2 sites adjacent to Pt 
could promote the CO tolerance, MOR activity was expected to be enhanced [79–81]. For this, MOR activities of 
HRPCE/C, state-of-the-art PtRu/C, and Pt/C were recorded in solutions containing 0.1 M HClO4 and 1.0 M 
CH3OH with a scan rate of 50 mV·s−1 from 0.08 to 1.29 V (vs. RHE) (Figure 6l). The MOR mass activity of 
HRPCE/C (1.73 A·mg−1) was about 2.5 and 5 times that of PtRu/C (0.69 A·mg−1) and Pt/C (0.37 A·mg−1), 
respectively. In order to understand the role of RuO2, the authors controlled the amount of RuO2 formed on the 
surface of the catalyst by conducting CV cycling at different potential ranges (Figure 6m). When the HRPCE/C 
was pre-cycled at a vertex potential of 1.20 V (vs. RHE), a larger amount of RuO2 was formed, resulting in the specific 
activity of 4.52 mA cm−2, which was 2.6 and 3.1 times higher than the catalysts pre-cycled at 0.80 V (1.76 mA·cm−2) 
and at 1.00 V (1.48 mA·cm−2) (Figure 6n), respectively. Importantly, these RuOx-decorated RuPtCu nanocages 
maintained ~19% activity (~0.8 mA·cm−2) even after 4000 s of testing, highlighting their stable long-term 
performance. The authors concluded that the enhanced MOR performances of HRPCE/C are linked to the synergy 
between the decorated RuO2 and Pt sites [78]. A comparison of the MOR performance of the catalysts, including 
stability, is listed in Table 2. These results demonstrate that the MOR performance can be significantly improved 
by enhancing the anti-CO poisoning capability by decorating a suitable third metal atom on the surface. 

Table 2. Comparison of MOR performance of various decorated nanocatalysts. 

Catalyst MA a 
(A·mgPt/Pd−1) 

MA Enhancement 
vs. Pt/C 

SA b 
(mA·cm−2) 

SA 
Enhancement 

vs. Pt/C 
CA Stability c Electrolyte Ref. 

Ru-decorated  
Pt cubes 0.41  ~3 0.42  ~2 

~5% (0.01 mA·cm−2) 
activity retention 

after 2000 s 

0.5 M CH3OH + 
0.5 M H2SO4 [66] 

Ru-decorated  
Pt icosahedra 0.75 ~5 0.76 ~4 

~10%  
(0.05 mA·cm−2) 
activity retention 

after 2000 s 

0.5 M CH3OH + 
0.5 M H2SO4 [66] 

Pt decorated  
Ru NWs 0.36 4 0.36 3 N/A 0.5 M CH3OH + 

0.1 M HClO4 [82] 

Au-decorated PtFe 1.32 6.6 3.01 7.34 

~35%  
(~1.0 mA·cm−2) 
activity retention 

after 5000 s 

0.5 M CH3OH + 
0.5 M H2SO4 [74] 

Au decorated PtNi 1.48 5 3.84 2 ~10% activity 
retention after 4000 s 

1.0 M CH3OH + 
0.5 M H2SO4 [49] 

RuOx-decorated 
RuPtCu nanocages 1.73 5 4.52 8 

~19%  
(~0.8 mA·cm−2) 
activity retention 

after 4000 s 

1.0 M CH3OH + 
0.1 M HClO4 [78] 

a Mass activity, b Specific activity, c Chronoamperometry. 

The recent progress in decorated Pt/Pd catalysts clearly shows that surface dopant engineering is a powerful 
strategy for enhancing MOR activity and CO tolerance. In particular, surface-exposed dopants, compared to 
alloyed or buried atoms play a significant role by supplying abundant OHad species and weakening CO adsorption. 
However, long-term stability remains a major limitation, as most catalysts still show decreased activity under 
continuous operation. In this view, future MOR catalysts should prioritize stabilizing the dopant-Pt interface, 
preventing dissolution, and maintaining accessible bifunctional sites. 

4.2. EOR Performance 

Ethanol is often discussed as a promising fuel candidate for the large-scale applications of fuel cells due to its 
high energy density (Table 1), low toxicity, and easy storage and transportation for practical uses compared to H2 
gas; however, its practical feasibility is still under active investigation [83,84]. Though pure Pt/Pd nanocatalysts are 
usually utilized for EOR, CO poisoning during EOR severely affects their durability performance. Therefore, a series 
of modifications to pure Pt/Pd surface by adding transition metals as co-catalysts in various structures and 
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compositions, including adatoms, adlayers and intermetallic Pt–M assemblies, bimetallic alloys, metal oxides, and 
core-shell nanostructures were introduced to improve EOR performance [9,78,85–89]. However, those Pt-/Pd-based 
catalysts could not perform the total oxidation of ethanol to CO2 at moderate positive potentials and were poisoned 
by CO species over time [90–92]. These led to the investigation of decorating pure Pt or Pd surface with metal dopants 
as anti-CO sites. For example, Zhong et al. demonstrated that the EOR activity of Au-decorated Pd heterogeneous 
nanocubes strongly depends on Pd/Au molar ratios ranging from 15:1 to 8:1 (Figure 7a,b) [55]. Their results indicated 
that Pd5Au1 exhibited the highest EOR mass activity which is around 2.2 times higher than that of monometallic Pd. 
The possible EOR enhancement was due to the addition of Au to Pd nanocubes, resulting in a tensile strain in the 
structure of the surface of Pd and an upper shift in the d-band center of Pd [93,94]. It was also reported that the 
improved OH− adsorption onto the surface of the catalyst promoted the elimination of ethoxy intermediates from the 
catalyst surface and enhanced EOR performance [95]. They also suggested that the optimal ratio of Pd5Au1 showed 
a higher ECSA value due to the presence of more active sites, which might significantly affect EOR. Therefore, it is 
expected that maximum EOR can be achieved by decoration and optimal surface composition. However, Pd–Au 
catalysts still showed limited durability, with only ~5% activity retained after 2000 s. 

Occasionally, a stable surface is projected to behave as an excellent catalytic site for EOR. The surface 
decoration strategy, including heterogeneous atomic doping, can stabilize the initial morphology and prevent the 
loss of transition metals during electrocatalysis. In particular, morphology such as one-dimensional (1D) 
nanowires (NWs) can benefit from surface decoration due to its exceptional surface area and intrinsic activity to 
improve catalytic performance. For example, Li et al. investigated lavender-like Ga-doped Pt3Co NWs on EOR, 
where optimized surface energy derived from the doping of Ga atoms improved EOR activity [96]. The surface 
energy of the Ga-doped Pt3Co (111) surface was measured and further compared to the Pt3Co (111) and pure Pt 
surfaces (Figure 7c). Surface energy indicates an approximate measure of energetic surface stability and the lower 
the surface energy, the more stable the catalyst’s surface. The surface energy of the Pt3Co was calculated to be 
1.29 J·m−2, which is 11% lower than that of the pure Pt surface (1.45 J·m−2). Interestingly, doping of Ga into the 
Pt3Co surface further lowers its surface energy to 1.17 J·m−2, rendering the Ga-doped Pt3Co surface even more 
stable. Yuge et al. showed that the stable alloy surfaces exhibited weaker CO binding compared to the pure Pt 
surface [94]. Therefore, Ga doping on Pt3Co surface can act as anti-CO poisoning sites for improved EOR 
performance. Consequently, the 4% Ga–Pt3Co/C delivered the highest electrocatalytic performance with a specific 
activity of 4.2 mA·cm−2 and a mass activity of 2.0 A·mg−1, respectively (Figure 7d). Moreover, Ga–Pt3Co NWs 
retained ~60% of their activity after 36,000 s, highlighting their remarkable durability. Mao et al. reported the Mo-
doped PtNi NWs with a diameter of ~2.5 nm, where the addition of Ni produces surface defects and Mo can 
stabilize Ni and Pt atoms, leading to superior EOR performance [97]. The incorporation of 3d transition metals 
(Ni) into the Pt lattice to form ternary Pt–Mo–Ni NWs can promote the adsorption of hydroxyl species from water 
and remove the poisoned CO intermediates at a lower potential compared to Pt/C catalysts. Spatial confinement 
and energetic preference allow Mo to be permanently retained in Pt–Ni NWs. Hence, the subsurface Mo atoms 
will increase the cohesive atomic energies of the Ni by 0.27 eV and the Pt by 0.29 eV. This indicates that Mo has 
a stabilizing effect on undercoordinated sites of Pt–Ni NWs, which are the available sites for reactions. 

In addition, Pt/Pd-based nanocatalysts with trimetallic surfaces exhibited more anti-CO poisoning properties 
than bimetallic surfaces due to the electron charge donor effect, accelerated C–C bond cleavage, and improved 
selectivity to CO2 formation. For example, Dai et al. showed a set of earth-abundant elements, namely group IIIA 
and IVA metals (Ga, In, Sn, Pb) and late 3d transition metals (Fe, Co, Ni, Cu) to partially dope the noble metals 
such as Pt and Rh surface for the construction of trimetallic Pt–Rh–M nanoalloys and to uncover their EOR 
reactivity and CO2 selectivity [38]. For those alloyed systems, a representative trimetallic Pt3RhSn/C catalyst is 
considered, where HAADF-STEM and EDS line mapping demonstrated that the Pt3RhM/C catalysts shared similar 
elemental distributions (Figure 7e). Pt3RhSn/C is reported to show 67 and 7 times increment in EOR specific 
activity and mass activity, respectively, at 0.45 V (vs. RHE) compared with a commercial Pt/C catalyst in acidic 
conditions (Figure 7f). The group investigated the intermediates and products of EOR utilizing the in-situ FTIR 
(Figure 7g–i). Catalysts were typically swept at a potential ranging from 0.15 V to 0.95 V. The signature peak of 
CO2 (2343 cm−1) corresponds to the complete oxidation of ethanol, which indicates the breakage of the C–C bond 
in ethanol. Among those reported Pt–Rh–M catalysts, the early CO2 peak implied that Pt3RhSn/C performed 
complete EOR at low potential. The anti-CO poisoning property of Pt3RhSn/C was also observed as there was no 
linearly adsorbed CO (COL) located at 2047 cm−1, suggests that the adsorption of poisonous COL was weakened 
by the optimized electronic structure of Pt3RhSn/C (Figure 7i). 

An abundant source of OHads species resulting from decorated metals can accelerate the removal of adsorbed 
CO species from the surface. Therefore, the superior anti-CO poisoning species on the surface can also offer a 
catalytic boost for EOR performance by facilitating the oxidative removal of carbon-containing species. Following 
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this concept, Yuan et al. reported Bi(OH)3 decorated PdBi nanochains where strongly coupled Bi(OH)3 played an 
important role in determining the anti-poisoning property [56]. The OHad species formed on Bi(OH)3 paved an 
efficient way to accelerate the oxidative removal of CO or other intermediates on Pd active sites (Figure 7j). CO 
stripping analysis in the range from 0.7 to 0.8 V indicates that the onset potential of CO oxidation on PdBi-Bi(OH)3 
nanochains shifted 100 mV in the negative direction compared to that of Pd/C, indicating the Pd d-band center 
was downshifted (Figure 7k). The EOR performance of PdBi–Bi(OH)3 and Pd/C was evaluated in 1 M NaOH 
containing 1 M ethanol, as shown in Figure 7l. The ratio between the intensity of the forward scan peak (If) and 
the reverse scan peak (Ir) relates to the degree of EOR and the tolerance toward CO poisoning [96]. The If/Ir value 
of PdBi–Bi(OH)3 nanochains was nearly 2.5, which was much higher than that of Pd/C (0.9), indicating a more 
robust tolerance against poisoning by intermediate species (Figure 7l) [56]. 

 

Figure 7. (a) TEM images of Au-decorated Pd nanocubes (Pd5Au1) and (b) relationship between the composition 
of the catalysts and their corresponding EOR mass activity. Reproduced with permission [55]. Copyright 2016, The 
Royal Society of Chemistry. (c) Surface energy of pure Pt, Pt3Co, and Ga-doped Pt3Co (111) surfaces. Gray, blue, 
green, and red spheres represent Pt, Co, Ga, and O atoms, respectively. (d) Specific activities and mass activities 
of different Ga-doped Pt3Co NWs and commercial Pt/C catalysts in 0.1 M HClO4 containing 0.5 M CH3CH2OH. 
Reproduced with permission [96]. Copyright 2020, American Chemical Society. (e) HAADF–STEM–EDS 
mapping scans (right side) of Pt3RhSn/C catalyst. (f) EOR curves of trimetallic Pt–Rh–M nanoalloys and their 
specific activities at 0.45 V. In-situ FTIR spectra recorded during the EOR on (g) Pt/C, (h) Pt3Rh/C, and (i) 
Pt3RhSn/C at continuous stepped potentials from 0.15 V to 0.95 V in a mixture containing 0.1 M HClO4 and 0.5 M 
CH3CH2OH. Reproduced with permission [38]. Copyright 2018, The Royal Society of Chemistry. (j) Schematic 
illustration of the oxidative removal mechanism of CO on PdBi–Bi(OH)3 nanochains sites in which yellow, blue, 
red, green, and gray spheres represent Pd, Bi, O, H, and C, respectively. (k) Enlarged CO-stripping curves at 
potentials from 0.65 to 0.85 V. (l) EOR performances of PdBi–Bi(OH)3 nanochains and commercial Pd/C catalysts 
in 1 M NaOH containing 1.0 M CH3CH2OH. Chronoamperometric response of (m) commercial Pd/C and (n) PdBi-
Bi(OH)3 nanochains in a solution of 1 M NaOH containing 1 M ethanol at 0.86 V. CO gas was purged into the 
electrolytes at 200 s. Reproduced with permission [56]. Copyright 2019, American Chemical Society. (o) CV 
profiles of the synthesized electrocatalysts measured in Ar-saturated 0.1 M HClO4 solution. (p) EOR curves of 
RhatO-Pt NCs and commercial Pt/C catalysts in 0.1 M HClO4 containing 0.2 M CH3CH2OH. (q) The CO2 selectivity 
of all samples ranging from 0.25 to 1.05 V obtained from in-situ IRRAS spectra. Reproduced with permission [41]. 
Copyright 2022, The National Academy of Sciences. 
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The mass normalized current density of PdBi–Bi(OH)3 nanochains was 5.30 A·mgpd
−1, which was 4.6 times 

higher than that of Pd/C. The authors also tried to demonstrate the enhanced CO tolerance of PdBi-Bi(OH)3 during 
EOR by purging CO gas into the electrolytes at 200 s (Figure 7m,n). The poor CO tolerance for commercial Pd/C 
was observed as the EOR current density swiftly dropped to zero. On the other hand, PdBi–Bi(OH)3 sample 
showed superior tolerance as 50% of the EOR current density could still be observed after 3600 s. In addition, the 
authors showed that the PdBi–Bi(OH)3 could be reactivated electrochemically in a fresh electrolyte after each 
20,000 s stability test. After reactivation, PdBi–Bi(OH)3 could retain its original EOR activity. It was concluded 
that Bi(OH)3 decoration can act as an anti-CO poisoning site which enhances the activity and stability of the EOR 
process. The high EOR activity and excellent stability made PdBi–Bi(OH)3 one of the best reported EOR 
electrocatalysts. 

Metal dopants can also act as the active component for complete EOR process. For example, Qiaowan et al. 
showed that partially oxidized Rh decorated on the Pt nanocube surface could completely oxidize ethanol to CO2 
at a record-breaking low potential of 0.35 V. A controlled decoration of partially oxidized single Rh on the (100) 
surface of Pt nanocubes (RhatO-Pt NCs) was achieved (Figure 5a) [41]. CV curves showed Pt NCs/C with typical 
Pt(100) H adsorption/desorption (0.08–0.45 V vs RHE). RhatO-Pt NCs/C exhibited Pt–O (0.75–1.0 V) and Rh–O 
(0.45–0.65 V) reduction peaks, while RhclO-Pt NCs/C lacked Pt–O reduction, indicating an Rh-dominated surface 
(Figure 7o). EOR analysis indicates that compared to Pt/C, the RhatO-Pt NCs/C nanocatalyst showed negative 
shifts of the main peak and EOR onset potentials by 85 and 350 mV, respectively (Figure 7p). Additionally, the 
EOR current densities of RhatO-Pt NCs/C showed 11.4 times more enhancement than Pt/C at 0.75 V (Figure 7p). 
The role of Rh doping was unveiled by infrared reflection absorption spectroscopy (IRRAS). From the IRRAS 
peak integration, EOR products were quantitatively determined at a potential range of 0.35 to 1.05 V (Figure 7q). 
The Rh decoration remarkably improved the CO2 selectivity. The RhatO-Pt NCs/C catalyst showed CO2 selectivity 
of >99.9% from 0.35 to 0.75 V, revealing its strong C–C bond scission ability of ethanol in a wide range of 
potentials. From the IRRAS results, the authors concluded that Rh is the active component for C–C bond scission 
in ethanol, while Pt is the active center for the overall EOR performance. Therefore, Rh–O–Pt has the combination 
of EOR activity of Rh and Pt and assists in the formation of OHad, which removes the adsorbed COad. Finally, as 
shown in Table 3, decorated nanocatalysts demonstrated superior EOR performances compared to commercially 
available Pt/Pd nanocatalysts. 

Table 3. Comparison of EOR performance of various state-of-the-art decorated nanocatalysts. 

Catalyst MA a 
(A·mgPt/Pd

−1) 
MA 

Enhancement vs. 
Pt/C 

SA b 
(mA·cm−2) 

SA Enhancement 
vs. Pt/C 

CA 
Stability c Electrolyte Ref. 

Au-decorated Pd 1.74 2.2 (vs. Pd) 2.85 ~1 
~5% (0.02 A·mg−1) 

activity retention after 
2000 s 

1.0 M C2H5OH + 
1.0 M KOH [55] 

Pt3RhSn 0.02  7 0.09  67 
~10% (0.01 mA·cm−2) 
activity retention after 

36,000 s 

0.5 M C2H5OH + 
0.1 M HClO4 

[38] 

Ga-doped Pt3Co 
NWs 2.00 4 4.20 4 

59.8% (0.01 mA·cm−2) 
activity retention after 

36,000 s 

0.5 M C2H5OH + 
0.1 M HClO4 

[96] 

Mo-doped PtNi 
NWs 0.87 6.3 2.57 13.4 

~17% (0.4 mA·cm−2) 
activity retention after 

1500 s 

2.0 M C2H5OH + 
0.5 M H2SO4 

[97] 

Ni(OH)2 decorated 
Pt–Cu octahedra 1.97 5 8.40 ~13 N/A 1.0 M C2H5OH + 

0.1 M HClO4 
[98] 

Bi(OH)3 decorated 
PdBi nanochains 5.30 4.6 (vs. Pd/C) N/A N/A 

36% (1.00 A·mg−1) 
activity retention after 

20,000 s 

1.0 M C2H5OH + 
1.0 M NaOH [56] 

SnO2 patched 
ultrathin PtRh NWs 3.16 5.3 5.63 4.3 

~10% (0.05 A·mg−1) 
activity retention after 

1000 s 

1.0 M C2H5OH + 
1.0 M NaOH [99] 

SnO2 decorated 
PtRhNi nanoframes 0.13 6 0.72 10 

~20% (0.03 A·mg−1) 
activity retention after 

1500 s 

0.5 M C2H5OH + 
0.1 M HClO4 

[100] 

Single Rh 
decorated Pt 
nanocubes  

0.21 5 0.73 11.4 ~24% activity retention 
after 600 s 

0.2 M C2H5OH + 
0.1 M HClO4 

[41] 

a Mass activity, b Specific activity, c Chronoamperometry. 

Surface decoration has proven to be one of the effective routes for improving EOR kinetics by facilitating 
C–C bond cleavage, enhancing OHad availability, and suppressing CO poisoning intermediates. This review 
summarized that electronic modulation of the Pt/Pd surface can dramatically shift reaction pathways toward 
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complete EOR oxidation. However, achieving high CO2 selectivity at low potentials while maintaining long-term 
stability remains challenging. We believe that future research should focus on new metal dopant that stabilize 
active facets, suppress metal leaching, and enable rapid desorption of carbonaceous intermediates. 

4.3. FAOR Performance 

Direct formic acid fuel cells (DFAFCs) are regarded as one of the most promising liquid fuel cells due to the 
high power densities, nontoxicity, and low fuel crossover through the Nafion membrane [9,101–104]. Pt-/Pd-based 
catalysts have been considered the most suitable catalyst for the anodic FAOR in DFACFs. FAOR proceeds on 
the surface Pt and Pd through a widely accepted dual-path mechanism [105–107]. A detailed mechanism has been 
discussed in Section 2, which revealed that decorated metal and metal oxide species could play a key role as anti-
CO poisoning species during FAOR. Moreover, in acidic conditions, monometallic Pd and Pt catalysts suffer from 
deactivation and shape deformation during FAOR. Surface decoration can improve activity, preserve the shape, 
and enable superior stability during FAOR. For instance, Rettenmaier et al. reported SnO2 decorated Pd 
(SnO2@Pd) NCs, improving the electrocatalytic FAOR activity compared to Pd NCs due to a decrease in the 
oxidizing potential of CO intermediates while maintaining the Pd sites free of poisoning [108]. Figure 8a shows 
HRTEM images of SnO2@Pd NC supported on carbon powder where the SnO2 agglomerates were found on Pd 
cubes. The authors demonstrated that with SnO2 decoration, the Pd oxidation state does not change during FAOR. 
To support their claim, the authors conducted in-operando X-ray absorption fine structure (XAFS) measurements 
during FAOR to obtain the chemical state of Pd and Sn (Figure 8b–d). The X-ray absorption near edge structure 
(XANES) analysis at the Sn K-edge (Figure 8b) reveals that the local structure and oxidation state around Sn in 
the SnO2@Pd NC catalyst can be related to the SnO2 reference material, and no change occurred during the FAOR 
operation. An analysis of the Pd K-edge data in Figure 8c indicates that the Pd oxidation state and local structure 
do not alter during FAOR, revealing superior stability SnO2@Pd NC during FAOR. It was also revealed that Pd 
in the Pd NCs and SnO2@Pd NCs catalysts were in a reduced state and matched with metallic fcc-Pd. Similar to 
the XANES data analysis, the Fourier-transform extended X-ray absorption fine structure (FT-EXAFS) analysis 
(Figure 8d) revealed that before the FAOR and during the FAOR, catalysts are in the reduced state and match with 
a local structure similar to that of pure metallic Pd. This analysis shows that the decorated SnO2 can stabilize the 
Pd surface and the electron relocation effect remains intact during and after FAOR. As a result, the SnO2@Pd NC 
exhibited good FAOR performance, as revealed by the CV (Figure 8e). 

From the CV, the peak potential for SnO2@Pd NCs was found at 0.55 V (vs. RHE), which was shifted by 100 mV 
lower potential than that of Pd NCs. SnO2@Pd NCs showed a 5.8-fold enhanced current density at 0.55 V (vs. RHE) 
compared to the Pd NCs. Moreover, the authors performed in-situ FTIR during FAOR and compared the CO2 evolution 
(Figure 8f–h). The vibrational frequency of dissolved CO2 was recorded at 2345 cm−1 (C–O stretch) [109]. It can be seen 
that the CO2 signal generated from FAOR starts to evolve at 0.21 V for Pd NCs (Figure 8f), while the CO2 signal can be 
observed at 0.01 V for the SnO2@Pd NCs (Figure 8g). Interestingly, the advantages of in-situ FTIR measurements for 
FAOR can be realized as the onset potentials for the catalytic activities were 140 mV lower than the onset potentials 
measured by the CV technique (Figure 8h). This analysis reveals the higher sensitivity of the in-situ FTIR measurements 
for FAOR, which can be utilized for detecting the catalytic activity of SnO2@Pd NC at a lower potential. 

The superior FAOR performance of the catalyst was also attributed to improved CO tolerance. Therefore, the 
authors have demonstrated CO stripping analysis to evaluate the anti-CO properties of the catalyst utilizing 
conventional CO stripping analysis and in-situ FTIR analysis. From the CO stripping analysis (Figure 8i), similar 
peak potentials were observed for both the catalysts (0.86 V), suggesting the absence of strain effect by decorating 
SnO2 on the Pd lattice. Interestingly, the onset potential for CO oxidation was lower for SnO2@Pd NCs (0.61 V) than 
Pd NCs (0.73 V). The potential was lowered due to the oxophilic sites providing oxygen at a lower Sn oxidation 
potential. Also, the oxidative current in the potential range of 0.6 to 1.0 V (vs. RHE) indicates a more facile CO 
oxidation, surface heterogeneity, and a slower CO surface diffusion toward the reactive Pd sites on SnO2@Pd 
NCs [110–113]. Additionally, the vibrational frequency of bridge-bonded COB (C–O stretch) is recorded between 
1900–1955 cm−1. In the case of Pd NCs (Figure 8j), the COB band primarily appears at 1945 cm−1 and starts shifting 
as the potential changes from 1951 cm−1 (0.16 V) to 1958 cm−1 (0.71 V). The shifting is also observed for SnO2@Pd 
NCs (Figure 8k), but the peak intensity starts to decline at 0.66 V (vs. RHE), suggesting the earlier CO oxidation of 
the SnO2@Pd NCs. The integrated band intensities of the CO2 formation in Figure 8l also suggest the lowered onset 
potential for SnO2@Pd NCs (0.66 V) than Pd NCs (0.71 V), matching with previous CO stripping data. 

Scofield et al. reported ultrathin Fe-doped PtRu NWs and utilized the decorated material toward FAOR [114]. 
They prepared several PtRuFe compositions and investigated their performance toward MOR and FAOR. Among 
those prepared ultrathin Fe-doped PtRu NWs catalysts, Pt7Ru1.5Fe1.5 NWs showed the highest FAOR performance. 
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The authors concluded that the corresponding Fe content primarily impacts FAOR within the ternary metal alloy 
nanowire. Vidal-Iglesias et al. reported that the highest FAOR could be achieved for Pt(100) electrodes decorated 
by Pd adatoms, owing to the decreased CO poisoning and the lowering of the onset potential for FAOR at 0.12 V 
(vs. RHE) [115]. A comprehensive FAOR performance comparison of previously reported catalysts with the 
metal-doped surface is shown in Table 4. 

Decorated Pt/Pd catalysts have shown clear advantages in FAOR by lowering CO oxidation potentials, 
stabilizing active surfaces, and preserving the morphology of the catalysts during extended operation. These 
findings confirm that controlled electronic tuning of the surface can shift the FAOR pathway toward efficient 
dehydrogenation while minimizing poisoning. Future studies should include a deeper integration of in-
situ/operando XAFS, FTIR, and SEIRA techniques to directly correlate surface chemistry with FAOR activity. 

 

Figure 8. (a) HRTEM images of SnO2@Pd NCs. XANES spectra at the (b) Sn K-edge of SnO2@Pd NCs and (c) Pd 
K-edge for the Pd NCs, and SnO2@Pd NCs in the as-prepared state and in-operando spectra collected during 3 h of 
the FAOR in 0.1 M HClO4 + 0.5 M HCOOH at 0.45 V vs. RHE. (d) Fourier-transformed (FT) k2-weighted Pd K-
edge EXAFS spectra for both catalysts in the as-prepared state and during the reaction. (e) CV for FAOR of the 
SnO2@Pd NC and Pd NC (gray) in 0.1 M HClO4 + 0.5 M HCOOH at 50 mV·s−1. In-situ FTIR of FAOR showing 
CO2 bands during FAOR for (f) Pd NCs and (g) SnO2@Pd NCs; (h) integrated band intensities of the CO2 bands 
during FAOR. Reference spectra were taken at −0.04 V vs. RHE on glassy carbon electrode in 0.1 M HClO4 and 25 mM 
HCOOH. (i) CO-stripping voltammograms of SnO2@Pd catalysts (red) and Pd catalysts (gray) in 0.1 M HClO4 at 
20 mV·s−1. In-situ FTIR of the CO-stripping experiments in the CO regime of (j) Pd NCs and (k) SnO2@Pd NCs; (l) 
integrated intensities of the corresponding CO2 bands. Reference spectra taken at 0.06 V vs. RHE taken on Au foil 
in 0.1 M HClO4. Reproduced with permission [108]. Copyright 2020, American Chemical Society. 
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Table 4. Comparison of FAOR performance of various decorated nanocatalysts. 

Catalyst MA a 
(A·mgPt/Pd−1)

MA 
Enhancement 

vs. Pt/C or 
Pd/C 

SA b 
(mA·cm−2) 

SA 
Enhancement 

vs. Pt/C or Pd/C 
CA Stability c Electrolyte Ref. 

SnO2 decorated 
Pd cubes 2.46  5.8 27  ~5 ~60% mass activity 

retention after 10,800 s 
0.5 M HCOOH + 

0.1 M HClO4 [108] 

Fe-doped PtRu 
NWs N/A N/A 2.15 4 (Pt NWs) N/A 0.5 M HCOOH + 

0.1 M HClO4 [114] 

Au decorated 
PtNi 3.44 9.5 4.54 2.52 ~40% mass activity 

retention after 4000 s 
0.5 M HCOOH + 

0.1 M HClO4 [49] 

Pd adatom 
decorated Pt N/A N/A ~1.5 ~5 ~20% specific activity 

retention after 600 s 
0.1 M HCOOH + 

0.5 M H2SO4 [115] 

Pt decorated 
PdFe 1.93  1.52 (vs. 1.52) N/A N/A  ~20% mass activity 

retention after 2100 s 
0.5 M HCOOH + 

0.1 M HClO4 [110] 

Sn-doped PdCu 
2.42 3.94 N/A N/A  

102.3 times mass 
activity than Pd/C after 

3600 s  

0.5 M HCOOH + 
0.5 M H2SO4 [116] 

(Y–Pt)–PtTe2 
HPNT/C 6.4 49.2 5.4 25.7 ~80.4% mass activity 

retention after 36,000 s 
0.5 M HCOOH + 

0.5 M H2SO4 [117] 

Sb-decorated Pt 
octahedral NPs NA NA ~2.8 NA 88% mass activity 

retention after 600 s 
0.5 M HCOOH + 

0.5 M H2SO4 [118] 

a Mass activity, b Specific activity, c Chronoamperometry. 

4.4. EGOR Performance 

Ethylene glycol (EG), produced from cellulose, is an attractive energy carrier for electrocatalytic applications. 
Due to its high boiling point of 198 °C, coupled with theoretical capacity (4.8 Ah/mL) and a higher boiling point 
than methanol (64.7 °C), it renders an advantageous and safe candidate alternative to methanol and ethanol, which 
can be fed in direct alcohol fuel cells [54,119,120]. In addition, EG is less volatile than ethanol, reducing raw-
material wastage [121]. Pt has been considered a promising electrocatalyst for EGOR, and there are two pathways 
for EGOR, which we have discussed in chapter 2.4 [42,122,123]. However, one pathway will lead to poisoning 
the catalyst surface and making the Pt surface inactive for further reaction. These led to studies on surface 
decoration protocols with various metal atoms, which not only enhance the EGOR but also act as anti-CO sites for 
long-time stability of EGOR. 

One current strategy to improve the electrocatalytic activity of Pt is to generate a catalytic surface with high-
index facets (HIFs). Reports reveal that HIFs with high-density steps and kinks improve LFOR by lowering the 
potential for CO oxidation [124–127]. For example, Wang et al. unveiled that doping non-noble metal or nonmetals 
into the near-surface of the Pt-based nanocrystals bound with HIFs exhibits high activity and stability toward 
EGOR [124]. The metal dopant in the catalytic surface of Pt can change the electrochemical properties. 
Furthermore, the metal dopants also assist in stabilizing the crystal surface structure of Pt-based nanocrystals. The 
group also reported Mo doping on the HIF of Pt3Mn catalyst, which showed advantages such as easier C–C 
cleavage of EG, the direct conversion of carbonaceous species to CO2, and suppressing COL poison formation 
species [128]. A schematic illustration of Mo-doped Pt3Mn is shown in Figure 9a, where the Mo component is 
doped into the surface lattice of Pt3Mn outer layer. 

EGOR analysis for different Mo-doped Pt3Mn and commercial Pt/C was conducted in 0.1 M HClO4 solution 
containing 0.5 M EG. It was found that the specific activities (Figure 9b) of 1.8%Mo/Pt3Mn, 0.4%Mo/Pt3Mn, and 
0.07%Mo/Pt3Mn were 0.95, 1.23, and 0.86 mA·cm−2, which are 2.2, 2.9, and 2.0 times higher than that of Pt3Mn 
catalyst (0.43 mA·cm−2), respectively. It is evident from the above results that an optimum amount of Mo doping 
is necessary for maximizing EGOR performance. In-situ FTIR spectroscopy was utilized to measure the effects of 
Mo doping for EGOR performance in 0.1 M HClO4 + 0.5 M EG solution, and the results are displayed in Figures 
9c and d, for Pt3Mn and 0.4% Mo-doped Pt3Mn, respectively. The negative band at 2343 cm−1 represents the CO2 
formation found after applying more than 0.6 V (vs. RHE) [129,130]. Moreover, the band observed at about 2050 cm−1 
corresponds to the linearly bonded CO (COL) [130–132], which was undetectable for 0.4% Mo-doped Pt3Mn, 
confirming that the formation of CO was deterred. Therefore, no signals of COL in 0.4% Mo-doped Pt3Mn spectra 
imply that the catalyst follows a direct pathway where the C1 species are directly oxidized to CO2 without forming 
COL species. To confirm the above claim, the authors also analyzed attenuated total reflection surface-enhanced 
infrared absorption spectroscopy (ATR-SEIRA) during EGOR at 0.5 V (vs. RHE) (Figure 9e,f). First, the intensity 
of CO2 signals at 2343 cm−1 for 0.4% Mo-doped Pt3Mn is higher than Pt3Mn, revealing better EGOR performance. 
The authors have collected CO2 after 35 s, and the amount per unit catalyst surface area is nearly two times higher 
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for the 0.4% Mo-doped Pt3Mn catalyst than Pt3Mn catalyst. Secondly, the COL band at 2050 cm−1 broadens at 
Pt3Mn surface with time, while the band is suppressed on the 0.4% Mo-doped Pt3Mn surface. Therefore, Mo 
doping inhibits COL species formation and acts as anti-CO sites on Pt3Mn surface. 

Interestingly, authors have analyzed CV curves of Pt3Mn and 4% Mn-doped Pt3Mn after the 
chronoamperometric test (Figure 9g,h) and correlated the voltammetric profile peaks with surface structure 
evolution. During the first cycle, the hydrogen adsorption/desorption peaks were weaker, and two apparent peaks 
at 0.11 and 0.24 V belong to (110) and (100) facets, respectively. For Pt3Mn catalyst (Figure 9g), the (100) peak 
(terrace) exhibits a rapid downtrend with time, compared with the (110) peak (step). This phenomenon may 
originate from the fact that in bimetallic Pt nanocrystals, Pt atoms tend to be located on peaks and edges while 
transition metal atoms occupy the crystal facet [124]. On the contrary, 4% Mn-doped Pt3Mn showed a gentler 
downtrend with time for the peaks related to (110) and (100) facets (Figure 9h). Also, at 0.7 V, Pt3Mn shows a 
shift in onset potential for OH adsorption with time, signifying the leaching of Mn from the Pt surface. But, on the 
4% Mn-doped Pt3Mn, the slight changes reveal that doped Mo can stabilize Pt3Mn during the stability test. To 
further confirm the stabilizing effect, the authors have conducted DFT calculations on different Mo-doped surfaces 
(Figure 9i). When Mo was doped on Pt3Mn alloy, the binding energy of Pt changed from 5.82 to 5.84 eV (Mo 
doping on the surface) or 5.71 eV (Mo doping on the subsurface), while the binding energy of Mn changed from 
5.14 to 6.49 eV (Mo doping on the surface) or 6.30 eV (Mo doping on the subsurface). Based on the binding 
energy, the authors expressed that Mo doping on Pt3Mn creates strongly bonded Mo-Mn instead of Pt-Mn and Pt-
Mo bonds, and this phenomenon leads to the anti-dissolution of Mn during EGOR. 

In a similar study by Wang et al., Bi-decorated Pd concave nanocubes (CNCs) exhibited improved EGOR 
performance by following the C1 pathway compared to bare Pd CNCs in a 1 M NaOH + 1 M EG solution [133]. 
The Bi-decorated Pd CNC showed an increased specific activity of 2.44 times compared to the Pd CNC electrode 
toward EGOR in alkaline media. Earlier, OHad was regarded as a reactive pair in the LFOR in alkaline media [134,135]. 
Therefore, the promoted EGOR on Bi-decorated Pd CNCs may be ascribed to the modification of the electronic 
state of Pd by oxophilic Bi adatoms, assisting in the formation of OHads. Finally, the bifunctional mechanism is 
followed for eliminating COads species to CO2. However, the authors also pointed out that the formation of 
adsorbed COads during the EGOR should not be simply defined as a poisoning species rather than an active 
intermediate to be converted to CO2 (HCO3

− and CO3
2−) [136]. 

 

Figure 9. (a) Surface Illustration of the Mo-doped Pt3Mn catalyst. (b) CV for EGOR of Pt3Mn, 0.4% Mo-doped 
Pt3Mn, and commercial Pt/C in 0.1 M HClO4 + 0.5 M EG solution at a scan rate of 50 mV·s−1. In-situ FTIR spectra 
for EGOR on (c) Pt3Mn and (d) 0.4% Mo-doped Pt3Mn catalyst in 0.1 M HClO4 + 0.5 M EG solution. Real-time 
ATR-SEIRA spectra of (e) Pt3Mn and (f) 0.4% Mo-doped Pt3Mn catalyst in 0.1 M HClO4 + 0.5 M EG solution at 
500 mV vs. RHE (temporal resolution 0.95 s/spectrum). CV curves of (g) Pt3Mn and (h) 0.4% Mo-doped Pt3Mn 
after different chronoamperometric tests. (i) Geometrical structures of Pt (410) surface (left top), Pt3Mn step edge 
(right top), surface Mo-doped Pt3Mn step edge (left bottom), subsurface Mo-doped Pt3Mn step edge (right bottom). 
The indigo, purple, and grass green balls denote the Pt, Mn, and Mo atoms, respectively. Reproduced with 
permission [124]. Copyright 2019, American Chemical Society. 



Mater. Interfaces 2025, 2(4), 430–453 https://doi.org/10.53941/mi.2025.100035  

446 

Interestingly, Ir decoration on Pd nanosheet can also lead to higher EGOR performance, which was discussed 
by Wang et al. [137]. The introduction of Ir as a dopant into the Pd surface can effectively reform the Pd–Pd bond, 
favoring the downshift of the d-band center. These led to the faster adsorption of H2O, and COads was removed 
easily from the surface during EGOR. An overall comparison of the EGOR performance of various decorated 
nanocatalysts is shown in Table 5. 

Table 5. Comparison of the EGOR performance of various decorated nanocatalysts. 

Catalyst MA a  
(A·mgPt/Pd−1)

MA 
Enhancement 

vs. Pt/C or Pd/C 
SA b  

(mA·cm−2) 
SA 

Enhancement 
vs. Pt/C or Pd/C 

CA Stability c Electrolyte Ref. 

Mo doped Pt3Mn 0.23  ~2 1.23  ~3  
~20% specific 

activity retention 
after 2000 s 

0.5 M (CH2OH)2 
+ 0.1 M HClO4 [124] 

Bi decorated Pd 
CNC N/A N/A N/A ~2.44 (apparent 

SA vs. Pd CNC) N/A 1.0 M (CH2OH)2 
+ 1.0 M NaOH [133] 

Ir doped Pd 
NSAs 4.32 3.64 (vs. Pd/C) 3.29 2.78 (vs. Pd/C) ~30% mass activity 

retention after 4000 s 
1.0 M (CH2OH)2 

+ 1.0 M KOH [137] 

Pt3Mn–Ru CNCs 0.24 2.05 1.32 3.77 N/A 0.5 M (CH2OH)2 
+ 0.1 M HClO4 [138] 

Se doped Pd-
PdSe HNSs 8.60 6.6  15.7 5.5  ~60% mass activity 

retention after 5000 s 
1.0 M (CH2OH)2 

+ 1.0 M KOH [139] 

Au-Doped PtBi 28.72 8.65 N/A N/A ~20% mass activity 
retention after 3600 s 

0.5 M (CH2OH)2 
+ 1.0 M KOH [140] 

a Mass activity, b Specific activity, c Chronoamperometry. 

Surface decoration significantly enhances EGOR by weakening C–C bond in EG, stabilizing high-index 
facets, and suppressing strongly adsorbed CO-like species. Studies demonstrate that dopant placement can shift 
the mechanism toward direct oxidation with minimal poisoning. Nonetheless, the structural evolution of decorated 
surfaces under EGOR conditions-especially dissolution or migration of dopants remains an unresolved challenge. 
In this view, designing dopants that anchor strongly to step/kink sites and resist leaching will be the key to 
overcome EGOR. Future work should also combine DFT insights with real-time spectroscopic tracking to fully 
understand the mechanism between dopant distribution, surface reconstruction, and EGOR pathway selectivity. 

5. Conclusions and Outlook 

We have summarized synthesis protocols and outlined the properties of anti-CO sites affecting the LFOR of 
catalysts to achieve maximum performance. The indirect pathway or failure to split the C–C bond in liquid fuel 
will result in CO adsorption on the catalytic surface. Continuous Pt or Pd sites are more favorable for bridge COads, 
which require more energy to free the catalyst surface from COads. As discussed in this review, this phenomenon 
can be minimized by decorating the Pt surface with metal dopants. To date, synthetic strategies have made 
impressive progress in decorating noble metal and non-noble metal catalysts for efficient LFOR. Figure 10 delivers 
an overview of the reported metal dopants for decorating Pt or Pd surface utilized for LFOR. The scientific 
community is still investigating LFOR performance enhancement for the vast commercialization of DLFCs. 

 

Figure 10. Overview of reported metal dopants for decorating Pt or Pd surface utilized for various LFOR. 
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To provide insight into the influential roles of those anti-CO sites on LFOR, we have compared all the 
catalysts that have been reported so far. As the experimental operation conditions are different for each study, one 
way to compare nanocatalysts is in terms of the shift in the onset of the CO stripping experiment versus mass 
activity enhancement compared to commercial Pt/C. It is evident that the more the deviation from the CO stripping 
onset compared to Pt/C, the better the LFOR performance of the catalyst. Although a decorated nanocatalyst has 
shown improved LFOR performance, many challenges remain to be addressed regarding (i) synthesis, (ii) optimization 
of catalytic performance, (iii) dissolution of metal during electrocatalysis, and (iv) combination of theoretical and 
experimental approaches to further understand the reaction mechanisms. As an outlook for the field, we highlight 
a few crucial challenges for further developing decorated nanocatalysts toward LFOR. 
(i) Easier regeneration of active sites after stability test. Catalyst deactivation is the most common and consistent 

issue for LFOR. This review shows that the deactivation of catalysts during LFOR stability performance can 
be minimized by decorating the catalyst’s surface, but cannot be eliminated entirely. CO can still be adsorbed 
on the decorated surface and deteriorate the electrocatalytic performance over time, as seen in every 
chronoamperometric stability test. Therefore, a catalyst with easier regeneration of active sites may address 
the problem. For example, Bi(OH)2 decorated PdBi showed that the active anti-CO species could be 
regenerated easily on cycling in 1M NaOH solution while retaining its activity. Therefore, developing such 
nanocatalysts for long-term LFOR performance is desirable. 

(ii) Multi-metallic surface decoration. The anti-CO poisoning effect can be enhanced by decorating three or more 
transition metals on the noble metal surface. For example, Rh and Sn decorated Pt toward EOR, Au decorated 
PtFe, Fe-doped PtRu NWs for FAOR, and Mo-doped Pt3Mn for EGOR have been investigated. Interestingly, 
these catalysts showed superior electrocatalytic performance than commercial Pt/C. Therefore, it is an endless 
possibility to explore different decorated structures suitable for LFOR. Of course, the theoretical analysis 
would reveal if the catalyst is ideal for breaking C–C bonds of liquid fuels and the reaction pathways before 
practical research is conducted. 

(iii) Synthesis protocol. Although hundreds of studies are pouring in for bimetallic surface synthesis toward LFOR, 
only a few are good enough to design and tailor electrocatalysts with a preferentially decorated structure. 
That is to say, that synthesis may have resulted in a decorated surface, but if there is too much active site 
coverage by anti-CO sites, it may interrupt the whole reaction, as reactants will not adsorb on the catalyst 
surface. Therefore, the degree of decoration or optimal surface composition must be considered when 
decorating the catalytic surface with dopants. 

(iv) Robust analytical techniques for the determination of roles of anti-CO-sites. With current cutting-edge 
technology, it is possible to identify the doped/decorated metal using XPS, ICP-AES, HRTEM, and EDX 
analysis. However, detecting the decorated metal acting as an anti-CO poisoning species would be interesting 
to analyze and report. Few studies reported in-situ FTIR analysis during LFOR, but the metal oxidation state 
was unknown during the reaction. In-situ XAS, which has often been used to reveal the structural changes 
(including the metal oxidation state, bond distances, and coordination numbers) and their dependence on 
potential, might also become a powerful tool in disclosing the role of decorated metal as anti-CO poisoning 
sites for improved activity and stability. 
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