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conversion of electricity and CO2 into 
chemicals and fuels has therefore attracted 
heightened attention as it may contribute 
to a closed technological carbon cycle in 
the future.[2] On the other hand, chemical 
fuels, such as hydrogen, can be recon-
verted to electricity via electrochemical 
reaction processes in fuel cells. The overall 
efficiency of fuel cells is severely hindered 
by sluggish kinetics of oxygen reduction 
reaction (ORR) at the cathode; in addition, 
their wider use has been impeded due to 
the high cost and loadings of platinum-
based electrocatalysts. Electrochemical 
CO2 reduction reaction (CO2RR) is also 
energetically and atomically inefficient 
due to large kinetic overpotentials, and 
difficulties in controlling the chemical 
product selectivity, in particular the com-
petition with the hydrogen evolution reac-
tion in aqueous environments. This calls 
for improved catalysts with high efficiency, 
selectivity, and durability for both the ORR 
and CO2RR. Among the many strate-
gies currently considered such as support 
change, shape, and size control,[3] alloy 
catalysts have proven effective to lower the 

kinetic overpotential and control the selectivity thanks to modi-
fied chemical binding of reactive intermediates on the catalyst 
surface due to changes in the electronic structure, geometric 
strain, and chemical bifunctionality.

The present progress report details progress and achieve-
ments in nanoalloy catalysts for two important catalytic multi-
electron transfer reactions, the ORR and the CO2RR (Figure 1). 
The ORR has two competing pathways toward H2O2 or H2O, 
which are two-electron and four-electron transfer reactions, 
respectively. Pt emerged as one of the most active catalysts for the 
four-electron pathway, and one of the few elements that, at the 
same time, can reasonably withstand the harsh acidic and oxi-
dizing conditions of the ORR environments in proton exchange 
membrane (PEM) fuel cells. On the other hand, the CO2RR has 
a diverse set of chemical reaction pathways, depending on the 
electrode metal employed; for example, a two-electron transfer 
reduction produces CO or HCOO−, an eight-electron transfer 
reduction produces CH4, a sixteen-electron transfer reduction 
produces C2H4, and even more electron transfer reductions are 
possible. Of all metals, Cu has been identified as unique in that 
it is able to produce a number of “beyond CO” product such 

In the face of the global energy challenge and progressing global climate 
change, renewable energy systems and components, such as fuel cells and 
electrolyzers, which close the energetic oxygen and carbon cycles, have 
become a technology development priority. The electrochemical oxygen 
reduction reaction (ORR) and the direct electrochemical carbon dioxide 
reduction reaction (CO2RR) are important electrocatalytic processes that pro-
ceed at gas diffusion electrodes of hydrogen fuel cells and CO2 electrolyzers, 
respectively. However, their low catalytic activity (voltage efficiency), limited 
long-term stability, and moderate product selectivity (related to their Faradaic 
efficiency) have remained challenges. To address these, suitable catalysts 
are required. This review addresses the current state of research on Pt-based 
and Cu-based nanoalloy electrocatalysts for ORR and CO2RR, respectively, 
and critically compares and contrasts key performance parameters such as 
activity, selectivity, and durability. In particular, Pt nanoparticles alloyed with 
transition metals, post-transition metals and lanthanides, are discussed, 
as well as the material characterization and their performance for the ORR. 
Then, bimetallic Cu nanoalloy catalysts are reviewed and organized according 
to their main reaction product generated by the second metal. This review 
concludes with a perspective on nanoalloy catalysts for the ORR and the 
CO2RR, and proposes future research directions.

Nanoalloys

1. Introduction

In modern human society, energy generation and consump-
tion has been largely relying on burning fossil fuels.[1] Due to 
the limited reserves of fossil fuels and due to the long-term 
climatic consequences of the ever-increasing atmospheric 
concentration of the combustion byproduct CO2, alternative, 
environmentally friendly renewable energy systems and energy 
system components are needed that will ensure a sustainable, 
since closed, technological carbon cycle. The electrochemical 
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as hydrocarbons or organic oxygenates such as aldehydes or  
alcohols. Here, we focus on Pt-based and Cu-based alloy cata-
lysts for ORR and CO2RR, respectively. First, we introduce Pt–M 
alloy nanoparticles with transition metal, post-transition metal 
and lanthanides, and alkaline earth (AE) metal, and discuss the 
materials in their characterization and performance in ORR. 
Then, Cu–M alloy with second metals, which are well known as 
CO2RR catalysts, are also reviewed afterward. Finally, we sum-
marize future electrochemical catalyst designs and propose the 
problems to be addressed.

2. Pt-Based Nanoalloys for the Electrochemical 
Oxygen Reduction Reaction

In this section, we address Pt-based alloy nanoparticle catalysts, 
where platinum is alloyed with transition metals (i.e., Ni, Co, Fe, 
Cu, Sc, Y, Zr, Hf, Pd, …), post-transition metals (i.e., Pb), lantha-
nides (La, Ce, Pr, Sm, Gd, Tb, Dy, and Tm), and alkaline earth 
metals (i.e., Ca, Sr). We also include discussions on interme-
tallics (or ordered alloys), shaped alloy particles and core–shell 
structures, nanoframes, and other nanostructured particles, 
which form by dealloying of parent Pt alloy nanoparticles.

Alloying Pt with a second metal is a successful strategy to 
enhance the catalytic real-surface area-based activity (also 
referred to as specific or intrinsic ORR activity) as well as 
the Pt-mass normalized ORR activity (here denoted as mass 
activity, MA) for the purpose of decreasing the geometric elec-
trode Pt loading and hence the total Pt mass in fuel cell stacks 
and ultimately vehicles. The microscopic mechanistic origin of 
Pt alloy effect was linked to electronic ligand effects, structural 
lattice strain effects, as well as ensemble effects.[4,5] In the devel-
opment of these catalysts, the rotating disk electrode (RDE) 
technique plays a central role as an initial screening method 
to characterize and downselect the best performing catalysts 
that will be eventually integrated in the cathode of a single fuel 
cell. Figure 2 compares and contrasts reported Pt mass–based 
activity data as well as their electrochemical surface areas of 
recent Pt alloy ORR catalyst discussed in the following. First, 
we note that comparing RDE data requires much caution due to 
different protocols and parameters employed and the extreme 
sensitivity of this technique to minute changes of any of these 
parameters.[6,7] Nonetheless, the first-of-its-kind comparison 
shown in Figure 2 provides a sense of the range of activity 
enhancement over pure Pt obtained by alloy nanoparticle cata-
lysts. We conclude from Figure 2 that most of the recent works 
on Pt-based alloy nanoparticles report on catalysts with electro-
chemical surface area (ECSA) between 20 and 80 m2 gPt

−1 and 
an initial mass activity evaluated at 0.9 VRHE below 3 A mgPt

−1 
(with few exceptions reaching much higher values, often how-
ever without any published independent reproduction). This 
MA is extraordinarily high, if we consider that state-of-the-art 
Pt/C nanoparticles typically show 1 order of magnitude lower 
MA values (i.e., ≈0.2–0.3 A mgPt

−1),[6] while the ECSA of the 
alloy nanoparticles is in general lower or approaching the one 
of Pt/C (i.e., 60–70 m2 gPt

−1).[6] Stability is a major issue of 
many alloy nanoparticle catalysts and is discussed for the single 
cases. In the following, these works are reviewed and the future 
perspective is given.
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2.1. Pt–Ni Alloys

Pt–Ni alloys constitute some of the most active catalyst candidates 
for the ORR. An enormously wide range of particle sizes, com-
positions, shapes, postsynthesis treatments, and electrochemical 
conditioning protocols have been investigated in recent years. 
Among those, spherical (note that in a stricter sense, spherical par-
ticles are still faceted particle, yet with a high degree of high-index 
facets) Pt–Ni alloyed/dealloyed, core–shell, and porous/hollow 
nanoparticles haven been reported and used for ORR tests since 
the early 1990s. Nanoparticles in different sizes and compositions 

were reported and studied in terms of their activity and stability, 
postsynthesis treatments, and electrochemical conditioning.[8]

The surface of Pt3Ni particles can be tuned from a very 
Pt-rich, balanced Pt–Ni alloy surface to a quite Ni-rich sur-
face using thermal reduction at different temperatures for 
different times as reported by Zhang et al.[9] The Pt-skin sur-
face catalyst exhibits a 3.4× greater MA than pure Pt, which 
they attribute to the enhanced catalyst surface structure and the 
influence of their porous graphitic carbon support. Gan et al. 
developed a robust and simple synthesis approach that allows 
for the synthesis of sub-10 nm low Pt-content particles in dif-
ferent sizes and revealed a Volcano-shaped dependence of ORR 
activity and stability as a function of particles size.[10] Recently, 
boron-doped Pt3Ni alloys have been reported to enhance the 
electrochemical ORR activity in comparison to their undoped 
counterparts which the authors attribute to the slightly inten-
sified adsorption strength of O-containing species.[11] A large 
improvement of electrocatalytic durability was gained by 
Pt-alloy core–shell nanostructures with gold nanoparticles as 
core and Pt–Ni alloys as shells.[12] Porous hollow nanoparticles 
were investigated with varying Ni content, lattice parameters, 
and specific surface areas, providing evidence for the positive 
influence of structural defects such as grain boundaries on the 
ORR kinetics.[13] Up to date, spherical Pt–Ni alloy nanoparticles 
are still the most promising candidates for practical applica-
tions in fuel cell cathodes.[14] This is because it was possible to 
reproduce their ideal RDE MA in a realistic layered electrode 
of a catalyst-coated membrane interfacing with a microporous 
layer, something that has not been possible with other shape 
controlled catalysts.[15] Sets of catalyst particles have been inves-
tigated in order to transfer knowledge from RDE tests to the 
real MEA device. Small particle sizes and less-oxidative acid 
treatments in combination with annealing reduce Ni leaching 
and nanoporosity formation during MEA operation, resulting 
in a good and stable catalyst performance of dealloyed PtNi3 
catalysts.[15]

Adv. Mater. 2018, 1805617

Figure 1. The oxygen reduction reaction (ORR) and the carbon dioxide reduction reactions (CO2RR) exhibit close conceptual links as coupled 
multi-electron reduction processes for electrolytic and galvanic cells catalyzed by Pt-based catalyst (ORR) and Cu-based catalysts (CO2RR), 
respectively. 

Figure 2. Recent achievements in oxygen reduction reaction mass activity 
for Pt-based alloys. Data points represent results obtained by rotating 
disk electrode and extracted from the recent works that are discussed 
in this perspective. The data were divided per alloy element and plotted 
as a function of the electrochemical surface area, either measured by 
hydrogen under potential deposition (Hupd-ECSA, blue) or by CO stripping 
(CO-ECSA, red). The dashed line corresponds to the specific activity of 
11.5 mA cm−2. For Pt–rare earth alloys the abbreviation PtRE is used.
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Since Stamenkovic et al. reported about their findings on 
Pt3Ni single crystals and their remarkable ORR performance in 
2007,[16] a lot of effort was attempted in order to develop tunable 
and robust synthesis protocols for octahedrally shaped Pt–Ni 
catalysts enclosed entirely by {111} facets.[17,18] This shows that 
single crystal studies continue to remain of great importance to 
learn about detailed surface characteristics of alloy facets and to 
use these insights for the design innovative nanoscale catalyst 
materials.[19]

The growth and degradation of PtNi-alloy nanoparticles have 
been compared and contrasted for octahedral particles produced 
by a solvothermal[18] and a wet-chemical synthesis. Figure 3a 
shows the structural and composition evolution model for the 
wet-chemical synthesis approach.[20] Both growth mechanisms 

start from initial cuboctahedral Pt–Ni alloy seeds. Under solvo-
thermal conditions, the {100} directions grow fastest producing 
transient hexapod-shaped nanoparticles with very Pt-rich arms, 
before a preferred Ni deposition sets in and fills the octahedra 
in all eight {111} crystallographic directions, until a self-termi-
nated complete, yet a compositionally anisotropic octahedron is 
obtained.[21]

Several works report on postsynthesis surface conditioning 
of Pt–Ni octahedra which includes besides strong acid or base 
treatment[22] annealing as a powerful tool to induce octahedral 
facet healing[23] and surface segregation[24] to further improve 
the catalytic activity and electrochemical stability.[25]

Pt–Ni octahedra suffer from rapid performance losses 
during electrochemical operation limiting their application 
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Figure 3. Pt-late 3d transition metal alloys: PtNi, PtCo, and PtFe. a) Growth of Pt–Ni octahedral nanoparticles prepared via a wet-chemical synthesis 
approach. Model shows the structural and composition evolution: i) spherical pure Pt seeds, to ii) truncated octahedron with small amounts of Ni, 
to iii) small octahedral particles with a Pt–Ni shell, to iv) the Pt–Ni octahedral in its final size and composition. Reproduced with permission.[20] 
Copyright 2017, American Chemical Society. b) MA and specific activity of highly active Pt3Co/ nanowires in their initial state, after 10 000, 15 000, and 
20 000 potential cycles between 0.6 and 1.1 VRHE with 100 m s−1. Reproduced with permission.[47] Copyright 2016, Springer Nature. c) Pt-based mass 
activity of different ORR catalysts measured in MEA as a function of cycle number. d) ECSACO/ECSAHupd ratio as function of cycle number. Cycling was 
performed with 500 mV s−1, 100% RH in H2/N2 cell. c,d) Reproduced with permission.[49] Copyright 2016, ECS. e) Carbon-supported and N-doped 
carbon-coated ordered fct–PtFe nanoparticles: systematic synthesis diagram and HAADF-STEM image of a resulting particle. In A first step disordered 
fcc–PtFe particles are synthesized and supported on carbon. The fcc–PtFe/C was then coated with polydopamine and thermally annealed at 700 °C, 
forming the ordered fct–PtFe with the N-doped carbon shell. Reproduced with permission.[73] Copyright 2015, American Chemical Society.
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in real MEA devices.[14] A crucial step to improve the stability 
of octahedral Pt–Ni alloy catalysts is to maintain the integ-
rity and morphology of the active Pt–Ni {111} facets by pro-
tecting the less noble compound Ni from dissolution during 
electrochemical cycling in corrosive environments. Xia and 
co-workers reported improved stabilities and good activities 
for octahedral Pt–Ni@Pt1.5L particles. After 10 000 cycles of 
electrochemical stress protocol, their Pt–Ni@Pt1.5L lost only 
25% of Ni, whereas their Pt–Ni references lost 75% of Ni.[26] 
The group of Huang presented a systematic study on octahe-
dral Pt–Ni particles doped with a set of transition metals and 
found a great enhancement in ORR activity (6.98 A mgPt

−1) 
and durability in terms of shape and ORR performance 
after 8000 potential cycles (6.60 A mgPt

−1) for Mo–PtNi.[27] 
Doping with several other elements such as rhodium,[28] 
halides[29] or gallium[30] has been described to be efficient to 
improve the durability. Besides surface doping with a third 
element, trimetallic systems were discussed. For example, 
Pt2CuNi octahedral particles show a promising ORR activity 
(2.35 A mgPt

−1) and a remarkable durability after 10 000 cycles 
(1.60 A mgPt

−1).[31]

Several other shapes were described to be excellent ORR 
catalysts as well. Duan and co-workers reported on ultrafine 
jagged platinum nanowires with a previously unreported, yet 
to the authors knowledge never publicly reproduced MA of 
13.6 A mgPt

−1. Using reactive molecular dynamics simulations 
they could assign this enormous improvement to undercoordi-
nated rhombus-rich surface configurations.[32] Another family 
of shaped nanoparticles is nanoframes and nanocages that were 
studied extensively in terms of their growth mechanism, ORR 
activity and durability, and degradation mechanisms.[33]

2.2. Pt–Co Alloys

Pt–Co alloys were extensively studied in terms of synthesis 
parameters, particles sizes and shapes, compositions, post-
synthesis annealing treatments, and ORR activities in RDE 
and MEA setups.[34–37] In contrast to Pt–Ni alloys, Pt–Co alloys 
can easily be converted into ordered alloys (intermetallics) by 
annealing at temperatures of 700 °C or higher. Pt3Co core–shell 
particles were discussed by several groups as very active and 
stable ORR catalysts.[35,38,39] The degradation mechanism of 
Pt3Co/C nanocatalysts in MEAs after and during 10 000 cycles 
operation conditions was studied by Rasouli et al.[40] Just 
recently, Wang et al. reported on ordered Pt3Co interme-
tallic nanoparticles derived from metal-organic frameworks. 
They obtained highly ordered Pt3Co particles after annealing 
at 900 °C in vacuum. Their particles showed significantly 
enhanced durability in RDE and MEA testing, strong resistance 
against metal dissolution, and good chemical stabilization on 
the carbon support.[41] Hollow Pt3Co/C particles were reported 
to exhibit a good ORR activity of 0.68 A mgPt

−1 and a remark-
able durability after 5000 potential cycles.[42]

Single crystal studies revealed a strong dependence of the 
Co content on the ORR activity in Pt-skin/Pt100−xCox(111) elec-
trodes. A remarkable 25× improvement in the catalytic ORR 
activity in comparison to the reference Pt(111) was observed 
at an atomic Co content of x = 25%.[43] In another study, the 

authors compared different low index surface orientations and 
found the best ORR activity for Pt–Co (111) facets, but also the 
strongest dependence of Co contents.[44]

Motivated by the results from Pt–Co single crystal studies, 
shape-selected Pt–Co nanoparticles were investigated. Chen 
et al. reported on excavated octahedral Pt–Co alloy nanocrys-
tals, which besides being excellent ORR catalyst also show 
superior activities for the HER and MOR.[45] Becknell et al. 
reported on the synthesis of polyhedral PtCo3 nanoparticles 
and their evolution to Pt3Co frames.[36] High-index Pt–Co alloy 
surfaces were obtained by producing concave octahedron and 
cubes, correlating them with enhanced ORR activities.[46] Pt3Co 
nanowires attracted attention because of the highest ORR 
activity (3.71 A mgPt

−1) achieved for Pt–Co-based systems at 
that time and their outstanding durability after 20 000 potential 
cycles (3.41 A mgPt

−1). Figure 3b shows the changes in mass 
and specific activity of the particles in the initial state and after 
several cycles degradation protocol and a representative TEM 
image in the inset. Density functional theory (DFT) calculations 
suggest that the high ORR activities origin from the hollow 
side of the high-index facets.[47] Just recently, Kongkanand and 
co-workers reported a breakthrough strategy to boost fuel cell 
performances by an optimal combination of ORR catalyst and 
support material. Pt–Co alloy catalysts supported on porous 
carbons with a preferred pore openings of 4–7 nm show opti-
mized performance per gram Pt can be achieved.[48] They also 
presented a comparative study on electrochemically active sur-
face area measurements of aged Pt-based catalysts in a PEM 
fuel cell. They compared the ECSA values obtained by CO strip-
ping and hydrogen adsorption/desorption, studied tempera-
ture effects on the resulting ECSA values, and Pt mass–based 
performances of different Pt-based materials, namely, Pt on 
Vulcan (Pt/V) and high surface area carbon (Pt/HSC), Pt–Co 
leached in nitric acid at different temperatures (PtCo/C-50, 
PtCo/C-80), and octahedral PtNi/C (Oh-PtNi). Figure 3c shows 
the ORR kinetic Pt-based mass activities of the different mate-
rials as a function of cycle number. PtCo/C-50 shows a good 
and stable performance over the whole number of cycles, while 
the other materials either show low initial activity or rapid 
performance losses. They also show that the ratio between 
ECSACO and ECSAHupd is not directly indicating the ORR 
activity (see Figure 3d).[49]

For Pt–Co-based alloys, several trimetallic systems are 
described. Pd@Pt3Co/C was tested in MEA devices and out-
performs the tested reference materials Pt/C and Pd@Pt/C 
in activity and stability.[50] Pt–Au–Co and Pt–Ir–Co alloys have 
been studied by Mitlin and co-workers. They kept the Pt–Co 
atomic ratio constant and systematically studied the ORR per-
formance as a function of the Au and Ir amount and found 
an improved ORR activity for Pt72.5Au2.5Co25 and dramatically 
improved corrosion stability with increasing amounts of Au 
and Ir.[51]

2.3. Pt–Ni–Co Alloys

Pt–Ni–Co systems were described as stable and active 
ORR electrocatalysts and present a well-investigated group 
of trimetallic Pt-based catalysts.[52,53] Zhao et al. found 
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for optimized PtNi0.55Co0.1/C octahedra (2.8 A mgPt
−1) a 

14.7 time improvement of MA in comparison to commercial 
Pt/C (0.19 A mgPt

−1).[53] Recently, Jiang et al. presented a facile 
synthesis of uniform Pt-based nanowires, which are very stable 
and offer an excellent initial activity of 4.20 A mgPt

−1 for the 
trimetallic Pt–Ni–Co system.[54] The Pt mass–based activity of 
PtNiCo outperforms significantly in comparison to Pt/C and 
their Pt monometallic (1.06 A mgPt

−1) and Pt–Ni bimetallic 
(2.97 A mgPt

−1) nanowires. A molten salt synthesis was used 
by Lokanathan et al. to produce ordered Pt2CoNi alloys with an 
exceptional ORR activity (0.93 A mgPt

−1) and record-breaking 
durability after 15 000 (2.81 A mgPt

−1) and 25 000 (2.2 A mgPt
−1) 

potential cycles. The excellent activities are supported by DFT 
calculation, suggesting an optimal ratio of d/valance electron 
and valance center.[55]

2.4. Pt–Cu and Pt–Fe Alloys

Pt–Cu-based alloys have been widely investigated in terms 
of their morphology, composition, and size.[37,56] Monteverde 
Videla et al. studied the influence of the preparation method 
of Pt3Cu particles supported on multiwall carbon nanotubes 
on the resulting ORR activity. They compared a thermal 
reduction method, a chemical reduction method, and an 
alloy method. The best ORR activity was found for the par-
ticles obtained by the chemical reduction method, which 
the author attribute to the lowest average particles size.[57] 
Another group reported on the implementation of a second 
reduction step in the synthesis using NaBH4 and were able to 
significantly enhance the Cu content in their nanoparticles.[58] 
Sohn et al. systematically investigated the effect of postsyn-
thesis annealing and acid leaching on the resulting catalyst 
structure and ORR performance.[59] A PtCu3 system was 
also described by Lee et al. who used Cu cores as seeds and 
deposited a Cu3Pt shell on top of them. With that excellent 
ORR and MOR activities were reached which they attribute 
to the preferentially exposed {111} facets of the Cu3Pt 
shell.[60] Onion-like Pt-terminated Pt–Cu bimetallic electro-
catalysts, consisting of a Pt core surrounded by a Pt–Cu alloy 
layer and a Pt-enriched shell, showed higher ORR activities 
(0.54 A mgPt

−1) than Pt/C (0.21 A mgPt
−1). In single-cell ADT 

degradation tests, the particles show superior stability in con-
trast to Pt/C.[61]

Trimetallic systems have been compared to their bime-
tallic counterparts. Pt3Cu10Ag showed enhanced activity in 
comparison to the other bi- and trimetallic systems, which 
have been investigated in a study by Zhou and Zhang.[62] 
The same is true for trimetallic Pt–Cu–Ni materials. Li et al. 
investigated Pt–Cu–Ni trimetallic systems with different com-
positions in terms of their ORR. They found the best perfor-
mance for Pt23Cu51Ni26/C with 0.9 A mgPt

−1 which shown a 2× 
enhancement in comparison to Pt–Cu/C (0.45 A mgPt

−1).[63]

Just recently it was shown that doping PtCu nanoparticles 
with Mo leads to 2–4× higher ORR performance and great 
durability as shown in a microlaminar fuel half-cell. DFT 
studies suggest that the exceptional electrocatalytic perfor-
mances can be attributed to the Mo atoms, which are resistant 
to oxidation.[64]

PtCu2 hexapods with dimensions of around 20 nm 
exhibit the highest ORR activities reported for Pt–Cu alloys 
(2.4 A mgPt

−1). Li et al. introduced a synthesis protocol allowing 
the preparation of various Pt/Cu ratios and revealed the growth 
mechanism of the hexapods.[65] PtCu octahedral nanoparticles 
show an excellent ORR activity (1.2 A mgPt

−1), fabricated by a 
facile one-pot method. Doping with traces of gold lowers its ini-
tial activity (1.0 A mgPt

−1) and greatly improves its stability (8% 
vs 32% loss after 10 000 cycles).[66]

Chemically ordered Pt–Fe nanoparticles have been mostly 
described as hard magnetic materials and for data storage.[67] 
Earlier studies have shown that the ordered structure is not only 
more robust against leaching in acid, but also shows enhanced 
electrocatalytic ORR activity.[68,69] A heat treatment is necessary 
in order to transform the disordered face-centered cubic (fcc) 
structure, obtained after synthesis, to the chemically ordered 
face-centered tetragonal (fct) structure to unfold the real poten-
tial of the Pt–Fe alloy material. During heat treatment at tem-
peratures >500 °C, the challenge is to protect the nanoparticles 
from aggregation by embedding them in a thermally stable 
matrix that can easily be removed by washing afterward.[68,70] 
There is constant progress in designing new protocols com-
pletely converting the disordered structure to the ordered.[71]

Duan et al. investigated the impact of different ratios of Pt–Fe 
and found an optimized ORR activity for Pt75Fe25 over Pt55Fe45, 
PtFe/C, and Pt/C. Their particles were remarkable stable even 
though they were not supported.[72] Highly durable and active 
PtFe nanoparticles were obtained by thermal annealing of poly-
dopamine-coated PtFe NPs. The particles were in situ coated 
with a 1 nm N-doped carbon shell during annealing which pro-
tects the particles from detachment, agglomeration, and disso-
lution during fuel cell operating conditions. Figure 3e shows 
the systematic synthesis diagram and an HAADF-STEM image 
of the carbon-supported and N-doped carbon-coated ordered 
fct–PtFe nanoparticles. The authors tested their particle in 
RDE and MEA and found good ORR activities (1.6 A mgPt

−1) 
and excellent durability in MEA tests for the fct–PtFe/C cata-
lyst. They attribute the good catalytic activity and durability to 
the formation of an ordered fct–PtFe alloy, which exhibits a 
narrow distribution of vacancy formation energy, inhibiting the 
removal of Fe atoms from the catalyst surface.[73]

Hollow Pt–Fe alloy nanoparticles were prepared by the direct 
transformation from solid Pt–Fe NPs into hollow Pt–Fe parti-
cles with a Pt-skin surface. The hollow particles reached initial 
MA of 0.99 and 0.72 A mgPt

−1 after 20 000 cycles durability test. 
DFT calculations suggest a decrease of the d-band center of 
the Pt shell accompanied by a weakened adsorption of nonre-
active oxygen species, which leads to an improvement in ORR 
activity.[74]

2.5. Platinum–Rare Earth (Pt–RE) Alloys Including Early 
Transition Metals (Sc, Y, Zr, and Hf ) and Lanthanides 
(La, Ce, Pr, Sm, Gd, Tb, Dy, and Tm)

Pt–rare earths (RE) including early transition metals (Sc, Y, Zr, 
and Hf) and lanthanides (La, Ce, Pr, Sm, Gd, Tb, Dy, and Tm) 
alloys are characterized by a heat of formation (or alloying 
energy, Ealloy) which is much more negative than that of any 
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Pt-late transition metal alloys such as Pt3Ni and Pt3Co.[75,76] This 
is expected to improve the stability of these catalysts against 
degradation by dealloying since Ealloy should substantially con-
tribute to the diffusion barrier of RE atoms to the surface of 
the Pt–RE alloy. Among the Pt-early transition metal alloys, 
sputter-cleaned polycrystalline electrodes of intermetallic Pt3Y 
were found to be the most active.[76,77] Following these prom-
ising results, other intermetallic compounds were investigated, 
among Pt5La and several Pt-lanthanides.[75,78] In a systematic 
study by Escudero-Escribano et al., Pt5Tb displayed the initial 
highest specific activity (SA), while Pt5Gd showed the highest SA 
after stability test.[78] Interestingly, it was found that a Sabatier 
Volcano–type relation holds for the ORR activity when plotted 
as a function of the lattice parameter a of the hexagonal crystal 
structure (Figure 4a). This relation was recently confirmed by 
Garlyyev et al. showing that Pt5Pr follows the same trend.[79] 
The high ORR activity was proposed to originate from the 
optimal binding energy for the OH* intermediate caused by 
compressive strain exerted to the Pt surface by the underlying 
bulk alloy.[78] In the last decade some of these materials have 
been investigated as single crystal,[80] polycrystalline,[75,77,78] and 
sputter-deposited electrodes.[81] However, only recently a highly 
promising candidate from this catalyst family was synthesized 
as nanoparticles with methods suitable for scale-up production 
to the gram scale[82] due to a number of formidable challenges 
in part associated with the high oxophilicity of RE such as Y 
(and Gd). This and the much more negative standard reduction 
potential compared to Pt require the formation of the alloy to 
occur in absolute absence of molecular oxygen, and chemically 

bonded oxygen, in particular water. In addition, high tempera-
ture might be necessary for structurally ordered intermetallic 
compounds. Favorable conditions for formation of alloy nano-
particles via a physical method were obtained by Chorkendorff 
and co-workers.[83,84] They synthesized nanoparticles of PtxY[83] 
and PtxGd[84] on planar glassy carbon electrodes using a mag-
netron sputter gas aggregation source combined with mass 
filtering under ultrahigh vacuum (UHV) conditions. As for 
the polycrystalline electrodes, a Pt surface overlayer is formed 
under operation. The particle size dependence on the activity 
and stability was investigated (Figure 4b).[84] While the forma-
tion of intermetallic PtxRE via other synthesis routes appeared 
to be very challenging, PtRE alloy nanoparticles with face-cen-
tered cubic structure or RE-containing Pt nanoparticle catalysts 
were synthesized by different chemical methods.[85] Notably, 
Kanady et al. synthesized intermetallic Pt3Y nanoparticles by a 
solution process using molten borohydride (MEt3BH, M = Na, 
K) as both reducing agent and reaction medium but unfortu-
nately their activity for ORR has not been reported yet.[86] Asen 
et al. investigated electrochemical deposition of Pt, Y, and La 
in ionic liquid as preliminary work with the aim of developing 
a codeposition procedure for Pt–rare earth alloys.[87] Several 
challenges were highlighted including competitive passiva-
tion reactions, solubility of precursors, and effect of interfacial 
structure of ionic liquids at the electrode surface on the ions 
approaching the electrode. Recently, Roy et al. synthesized a 
carbon-supported intermetallic PtxY nanoparticle catalyst using 
a metal reactor setup for high-temperature synthesis and Pt/C 
nanoparticles as precursor.[82] Intermetallic PtxY formation was  
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Figure 4. PtRe from polycrystalline electrodes to supported nanoparticles, PtPb intermetallic alloys, and PtPd alloys and core–shell. a) Vulcano curves 
obtained by plotting the kinetic current densities of PtRe polycrystalline electrodes versus their lattice parameters. The data points corresponding to Pt5Pr 
(blue)[79] follow the same trend as the data points (black).[78] Reproduced with permission.[79] Copyright 2018, Elsevier. Copyright 2016, AAAS. Copyright 2018, 
Elsevier. b) Mass activity of PtxGd and PtxY nanoparticles that were deposited on planar GC electrodes. Reproduced with permission.[84] Copyright 2014, 
Elsevier. c) Mass activity of carbon-supported PtxY nanoparticles. Reproduced with permission.[82] Copyright 2018, American Chemical Society. d) TEM image 
of PtPb hexagonal nanoplates with inset showing the schematic atom models. e) Mass and specific activity changes after different potential cycles for the 
PtPb nanoplates supported on carbon. d,e) Reproduced with permission.[91] Copyright 2016, AAAS. f) Scheme showing the role of Br− ions in the formation 
of Pd@Pt core–shell octahedra and Pd–Pt alloy nanocubes. Reproduced with permission.[98] Copyright 2016, American Chemical Society.
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confirmed by XRD. The most active catalyst showed lower 
performance than the corresponding PtxY catalyst obtained 
from the magnetron sputter gas aggregation source (Figure 4c). 
Their catalytic activity was also clearly lower than that of deal-
loyed or spherical Pt–Co/Ni nanocatalysts. This was suggested 
to be due to the presence of multiple solid alloy phases rather 
than a desirable single Pt3Y phase[77] combined with a nonop-
timal particle size.[83,84] Nonetheless this study showed for the 
first time the improved catalytic activity with respect to Pt/C of 
carbon-supported PtxY synthesized in the gram scale.

2.6. Pt–Alkaline Earth (Pt–Ca, Pt–Sr) Alloys

Pt–alkaline earth (Pt–AE) alloys can crystallize in the same 
intermetallic structure as Pt lanthanides with 5:1 Pt:X stoichi-
ometry (prototype Cu5Ca) and have similar heat of formation.[88] 
Currently, Pt–AE alloys, more specifically Pt5Ca and Pt5Sr, have 
only been investigated as polycrystalline alloys.[78,88] Both alloys 
showed very high ORR initial activity, comparable or even 
higher than Pt5Gd in the case of Pt5Sr, while stability was much 
lower (43% and 49% loss for Pt5Ca and Pt5Sr, respectively), 
which might be due to the slightly lower heat of formation and 
the leaching of Ca and Sr in the electrolyte.[88]

2.7. Pt–Pb Alloys

Experiments as well as DFT computations have repeatedly 
shown that lattice strain of a Pt alloy surface follows a linear 
relationship with adsorbate chemisorption energy in many Pt 
alloy systems, and in particular compressive strain weakens 
the oxygen chemisorption energy for a Pt(111) surface.[4,89] 
While this is considered the explanation for the enhanced ORR 
activity of the Pt–RE and Pt–AE intermetallic catalysts, Bu et al. 
proposed, supported by DFT calculations, that a large tensile 
strain is responsible for the high activity of a class of Pt–Pb 
intermetallic catalysts.[90,91] They synthesized intermetallic 
Pt55.9Pb44.1 hexagonal nanoplates by a nonaqueous methods 
involving ascorbic acid as the reducing agent.[91] The nanoplates 
showed core–shell structure with a Pt–Pb hexagonal phase in 
the core and a cubic Pt phase in the shell (Figure 4d). A biaxial 
strain composed of 7.5% tensile strain along [001] and com-
pressive strain along [110] was induced in the Pt surface. Large 
tensile strain along the [001] direction on the Pt edge as well as 
bottom and top Pt(110) facets of the Pt shell was predicted by 
DFT calculations to be responsible for the reported high mass 
activity of 4.3 A mgPt

−1, which falls in the activity range of octa-
hedrally shaped Pt–Ni ORR electrocatalysts. The stability was 
also impressive with only a 7.7% loss after 50 000 voltage cycles 
(Figure 4e). In a follow-up work, morphology transitions from 
hexagonal nanoplates to octahedral nanoparticles were demon-
strated by varying the amount of ascorbic acid.[90] In the same 
work, the authors also reported on a novel ternary PtPbNi octa-
hedral nanoparticle catalyst with a core–shell structure where 
Ni was present at the surface forming a PtNi shell on the out-
side of the intermetallic PtPb core. The best performing sample, 
PtPb1.12Ni0.14/C, achieved an MA of 1.92 A mgPt

−1 which was 
superior than other binary PtPb octahedral nanoparticles 

prepared with the same method, and 17.2% activity loss after 
15 000 cycles. Another class of intermetallic PtPb nanoparticles 
was reported by Matsumoto and co-workers.[92] Upon poten-
tial cycling, the ordered intermetallic PtPb phase changed to 
a Pt3Pb phase due to dealloying of Pb. The Pt3Pb phase was 
found more active than the initial phase, while further cycling 
induced the creation of a Pt shell on top of the Pt3Pb phase 
which reduced the activity.

2.8. Pt–Pd Alloys

Well-alloyed disordered Pt–Pd alloys as well as Pt–Pd core–
shell structures were investigated as ORR electrocatalysts, 
including shape-selected Pt–Pd nanoparticles.[93–100] Pd is less 
expensive than Pt, crystallizes in the same fcc structure, and 
has similar but slightly smaller lattice constant. However, Pd 
leaches in the harsh environment of ORR much more readily, 
therefore the formation of a Pt shell has been often envisaged 
as a way to protect the Pd alloy core. On the contrary, in recent 
approaches targeting nanocage and nanoframe structures, the 
Pd core is intentionally leached to give access to the internal 
Pt surface of the Pt shell.[101] Xia and co-workers demonstrated 
Pd@Pt core–shell octahedral nanoparticles with variable Pt 
shell thickness from 2 to 5 atomic layers using impressive 
scanning transmission electron microscopy images and ele-
mental mappings.[96,99] They compared a polyol-based route 
and a water-based route, where Pd seeds are formed in a first 
step and then the Pt shell is grown in a second step.[99] The 
enhancement with respect to Pt/C nanoparticles was explained 
using DFT calculations that revealed destabilization of the 
OHads on the Pt/Pd(111) surface simulating the surface of the 
core–shell nanoparticles with respect to Pt(111). Both ligand 
effects and lattice strain effects were suggested to play an 
important role. In the follow-up work, a one-pot synthesis was 
investigated by the same group.[98] By controlling the amount of 
KBr either Pd core–Pt shell octahedral or PtPd cubic nanopar-
ticles could be obtained (Figure 4f). The Pd@Pt octahedra 
showed the higher MA activity, 1.05 A mgPt

−1, surpassing the 
previous performance.[99] A poly(vinyl pyrrolidone) (PVP)-free 
synthesis method was also investigated.[93] The durability of 
this class Pd@Pt octahedra was systematically investigated in 
a following work.[96] Formation of hollow structures by leaching 
of Pd core was observed after 10 000 potential cycles, at which 
point the mass activity reached its maximum, 1.40 A mgPt

−1, 
before decreasing with further potential cycling. While most of 
the cited octahedral core–shell structure works are based on a 
single element Pd core, multielement PdX alloy cores are also 
under investigation. Liu et al. reported a core–shell nanopar-
ticle catalyst with a ternary Pd6CoCu core and a Pt shell that 
showed an initial MA of 1.46 A mgPt

−1.[95] The Pt shell was 
obtained by spontaneous displacement on a thin Pd rich shell 
formed on the as-prepared Pd6CoCu core. A different design of 
multielement PtPd-based catalyst was adopted by Cho et al.[94] 
They synthesized octahedral core–shell Pt42.6Pd55.9Mo1.5 nano-
particles with the structure consisting in a Mo-doped Pt shell 
on binary PtPd core. When the nanoparticles were supported 
on ionic block copolymer-functionalized reduced graphene 
oxide (IG) a very high MA of 2.46 A mgPt

−1 was measured. 
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Promising durability of the Mo-doped PdPt@Pt/IG catalyst 
was also shown by performing advance degradation test. The 
effect on the ORR catalytic activity of a class of alloy nanoparti-
cles with various Pt–Pd bimetallic composition was investigated 
by Wu et al. combing electrochemistry, DFT calculations, and 
pair distribution function analysis of high-energy X-ray diffrac-
tion patterns obtained at synchrotron.[97] The maximum ORR 
activity was obtained for Pt:Pd ratio of 10:90.

3. Cu-Based Nanoalloys for the Carbon Dioxide 
Reduction Reaction

The elemental metallic electrochemical CO2 reduction catalysts 
are traditionally classified into four distinct groups depending 
on the main chemical reaction product, either formic acid, 
CO, hydrogen, or hydrocarbons, they generate in experiments. 
Figure 5a shows a portion of the periodic table containing ele-
ments that catalyze CO2RR with significant Faradaic efficien-
cies with respect to the four major products.[102,103] Recently, 
based on density functional theory calculations, a theoretical 
justification and explanation was provided for the four groups. 
Calculations indicated that the chemisorption of atomic 
hydrogen provides a suitable descriptor of the experimentally 
observed Faradaic efficiency, the chemisorption energy of CO 
determines whether the catalyst generates CO or “beyond CO” 
products, while the chemisorption of the COOH intermediate 
controls the onset potential of the CO2RR process. Figure 5b 
reports the difference between H* chemisorption and *COOH 
chemisorption as a function of the H* chemisorption energy. 
In the plot the four major groups of elemental CO2RR catalyst 
clearly unfold along the x-axis. Figure 5c demonstrates how 
the experimentally achieved Faradaic efficiency follows almost 
linearly the H* chemisorption. Clearly, the more unstable the 
atomic hydrogen atom is, the larger the kinetic barrier for the 
competing hydrogen evolution process and the more selective 
the formation of carboneous products during the CO2RR.[103]

Copper (Cu) has attracted the most attention as a catalyst 
to produce hydrocarbons[104] because Cu is the only metal that 
uniquely binds CO neither too strong nor too week on the cata-
lyst surface for further reduction into several hydrocarbons. 
Indium (In), tin (Sn), and lead (Pb) metals are known to mainly 
generate formate/formic acid in the electrochemical CO2RR. In 

addition, these metals could largely suppress the competitive 
hydrogen evolution reaction.[105] Bagger et al. showed that the 
formic acid producing metals have no, if not negligible, amount 
of hydrogen adsorbed at relevant potentials. Zinc (Zn) as well 
as precious metals gold (Au) and silver (Ag) are well known for 
their preferential production of CO from the electrochemical 
reduction of CO2.[106] This behavior originates from their rela-
tively low binding strength to *CO, which is readily released 
from the surface, denying any further reduction.[103] The produc-
tion of CO from the electrochemical CO2RR is arguably the tech-
nologically most advanced and commercially most promising 
reaction pathway due to the mechanistic simplicity compared 
to the formation of dimerization products. While this simplicity 
enables a relatively high selectivity for the CO evolution, the 
high cost of the precious metal catalyst is limiting widespread 
application.[107] On the other hand, in the case of platinum (Pt), 
nickel (Ni), and palladium (Pd), it is well known that hydrogen 
under potential deposition (Hupd) and the kinetically facile 
hydrogen evolution reaction are a consequence of the strong 
binding of atomic hydrogen on the catalyst surface. As a result 
of this, the low chemical selectivity, catalytic CO2RR activity, and 
excessive hydrogen gas generation have remained fundamental 
challenges of these elements when used as CO2RR catalysts.

One of the strategies to address these selectivity and activity 
issues is designing electrocatalysts by combining one metal 
with another, i.e., alloys, rather than single elemental metals. 
The various nanoalloy catalysts have been developed and 
applied to electrochemical CO2RR,[108] and we address recent 
progress on Cu-based alloy catalysts with formate-producing 
metals (In and Sn), CO-producing metals (Au, Ag, and Zn), 
and H2-producing metals (Pd and Pt) in the following sections. 
We summarize this section with a discussion of tunable activity 
and selectivity of the CO2RR catalyzed by these materials.

3.1. Cu–In/Sn Alloys

This section covers Cu-based alloy catalysts incorporating for-
mate-producing metals as a promising strategy in electrochem-
ical CO2 reduction. We show why the combination of copper 
with other metals can show different reactivity and selectivity 
through synergistic effects such as bifunctional, geometric, and 
electronic structure changes.

Adv. Mater. 2018, 1805617

Figure 5. Classification of various metal depending on formation of major products in electrochemical CO2 reduction. a) Periodic table and Faradaic 
efficiency of major product from experimental data by Hori.[102] H2 (red), CO (blue), formate (yellow), hydrocarbon (green). b) The experimental product 
classification of H2, CO, and HCOOH by the ΔEH* − ΔECOOH* and the ΔEH*. c) Faradaic efficiency of CO2 reduction reaction by ΔEH*. a–c) Adapted with 
permission.[103] Copyright 2017, John Wiley and Sons.
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3.1.1. Cu–In

Copper–indium alloys were repeatedly proposed as promising 
CO2 reduction catalyst systems. Cu–In alloy electrodes were 
prepared by electrodeposition, electrochemical reduction, and 
chemical reduction. Rasul et al. reported a Cu–In alloy catalyst 
synthesized by electrochemical deposition on the oxide-derived 

Cu (OD-Cu), which showed 95% CO Faradic efficiency in elec-
trochemical CO2 reduction (Figure 6a).[109] Although In does 
not have a significant effect on the Cu electronic structure, DFT 
calculations show that In atoms, which preferentially located 
on the edge sites, affected the adsorption properties of neigh-
boring Cu terrace atoms, which in turn inhibited H adsorp-
tion. In a subsequent study, the authors reported Cu–In alloys 

Adv. Mater. 2018, 1805617

Figure 6. Core@shell structure of various Cu-based bimetallic catalysts. a) HR-TEM images and DFT calculation of Cu–In alloy. Reproduced with 
permission.[109] Copyright 2015, Wiley-VCH. b) HAADF-STEM images and XRD pattern of Cu-rich@In(OH)3 from CuInO2- and In2O3-supported Cu 
nanoparticles. Reproduced with permission.[111] Copyright 2016, American Chemical Society. c) TEM image of Cu@SnO2 with difference thickness and 
its electrochemical CO2 reduction. Reproduced with permission.[114] Copyright 2017, American Chemical Society.
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that consisted of bimetallic Cu11In9, Cu7In3 and Cu by using 
a unique generation method of electrochemical reduction of 
mixed metal oxide, CuInO2.[110] These alloys showed a higher 
CO2 conversion to HCOOH and CO, wherein H2 Faradaic 
efficiency remained under 10%.

Cu-rich core–In(OH)3 shell nanostructures were also derived 
from over several electrochemical cycling of CuInO2 and 
In2O3-supported Cu nanoparticles (Figure 6b).[111] The evolved 
Cu–In(OH)3 core–shell catalyst exhibited high CO yield, indi-
cating that In(OH)3 has a crucial role in CO selectivity for 
CO2RR. Recently, Hoffman et al. investigated electrodeposited 
dendritic Cu–In alloys of various compositions and their elec-
trocatalytic CO2 reduction activity.[112] At 40 at% indium, high 
formate was produced at −1.0 VRHE, and an optimal syngas 
ratio was obtained. Furthermore, maximum of 62% formate 
Faradaic efficient was obtained at 80 at% indium.

3.1.2. Cu–Sn

Tin is also a metal that strongly inhibits hydrogen generation 
through low chemisorption energies, and this is why Cu–Sn 
alloys attracted attention as efficient CO2RR catalysts. Sarfraz 
et al. reported Cu–Sn bimetal catalyst that was prepared by elec-
trodeposition of Sn on the OD-Cu. This electrode exhibits high 
selectivity and stability of over 90% CO Faradaic efficiency for 14 h 
at −0.6 VRHE.[113] The authors claimed similar geometric effects to 
Cu–In bimetal catalyst through DFT calculation and suggested 
that replacing a single atom with a Sn atom at a specific site can 
destabilize H adsorption to inhibit H2 formation while CO binding 
sites were mostly unchanged. Recently, Cu@SnO2 core–shell 
nanostructure catalysts synthesized by a seed-mediated method in 
wet chemistry (Figure 6c) were reported.[114] Li et al. suggested that 
a thin layer of SnO2-coated Cu nanoparticles has tunable activity 
and selectivity depending on Sn thickness in electrochemical CO2 
reduction. The thicker Cu@SnO2 shell (1.8 nm) behaves more Sn-
like in activity to produce formate while a thinner Cu@SnO2 shell 
(0.8 nm) shows high CO activity and selectivity, resulting in 93% 
Faradaic efficiency at −0.7 VRHE. Theoretically, they suggested that 
the thin layer shell of SnO2 is likely an alloy with Cu, forming a 
uniaxially compressed SnO2 lattice for enhanced CO production, 
which indicates a change in electronic structure.

3.2. Cu–Au/Ag/Zn Alloys

Alloying CO-selective metals with Cu constitutes a prom-
ising approach to reduce material cost for CO catalysts while 
achieving higher catalytic activities. Also, studies on segregated 
bimetallic catalysts consisting of a CO-producing metal with Cu 
allowed the analysis of interesting fundamental bifunctional 
effects, such as intermetallic CO spillover.

3.2.1. Cu–Au

The most intensively studied bimetallic system is the Au–Cu 
one. This is, in part, because the Cu–Au forms well defined 
face-centered ordered and disordered alloys. Initial studies 

mainly focused on the production of bimetallic systems by 
galvanic displacement, bulk mixtures of metal melts,[115] and 
electrochemical deposition.[116] While the increase in Au content 
usually resulted in a catalytic signature strongly reminiscent of 
pure Au, some compositions showed enhanced productions of 
C2H4,[117] CO,[115] and even alcohols.[116] Christophe et al. sug-
gested an accelerated desorption of *CO from the gold sites, 
which they proposed is induced by dipole–dipole repulsion 
due to neighboring *CO bound to Cu sites, to be the origin of 
enhanced CO production on the Au/Cu system.[115] For multi-
metal systems, structural stability is an important parameter to 
consider as dynamic phase changes can readily occur, especially 
under applied potentials and in the presence of reactive gases. 
Friebel et al. have investigated the properties of Cu overlayers 
on a gold substrate using in situ XAS in an alkaline electrolyte. 
While a 12.5% expansion of the Cu lattice could be initially 
observed in the Cu overlayer, an applied potential resulted in 
the formation of a Au-rich surface alloy.[118] This study is in line 
with a DFT-based investigation of Lysgaard et al., who discussed 
the stability of nanoalloys on the model of a bimetallic icosahe-
dral composed of 309 atoms. Their simulation shows the seg-
regation of phases into a Cu-rich core and a Au-rich shell due 
to the difference in atomic size of the two metals.[119] Recent 
experimental studies on atomic ordering[120] and size–reactivity 
relationship of Au/Cu particles[121] propose a segregation of Au 
from Au/Cu alloys to the surface and discuss effects of com-
pressive strain and the presence of undercoordinated sites as 
the origin of enhanced CO2RR activity. The effect of strain is 
further discussed in a related study by Monzó et al. who have 
observed that an increasing layer thickness of Cu on a Au core 
was enhancing the protonation pathway, favoring H2 and CH4 
production at the cost of ethylene.[122] Next to strain, geometric 
and electronic alterations are also important parameters pro-
posed to alter catalyst reactivity. Kim et al. varied the Au/Cu 
ratio of spherical particles with a diameter of roughly 10 nm 
to investigate the influence of electronic effects on the CO2RR 
activity (Figure 7a). While confirming the formation of an alloy 
via XRD and surface plasmon resonance (SPR), they observed 
a rising Faradaic efficiency for CO with increasing Au ratio, 
whereas other gaseous products were diminishing. They moni-
tored the shift of the d-band center with varying metal ratios by 
XPS, which showed a decrease with higher Au content, agreeing 
with the witnessed change in product distribution. Interestingly, 
the Au3Cu differed from the trend and showed the highest CO 
mass activity. This deviation was suggested to be caused by a 
geometric effect, stabilizing the *COOH intermediate by simul-
taneously binding the C-end through a Au-atom and the O-end 
through a neighboring Cu atom.[123] This result is similar to 
what Christophe et al. observed earlier, even though they sug-
gested weaker *CO binding to be the cause of the improvement, 
highlighting the importance of geometric arrangements.

3.2.2. Cu–Ag

Distinct analogies to the Cu–Au system are apparent in the 
Ag–Cu system as well. Chang et al. synthesized particles com-
posed of Cu overlayers of varying thickness on a silver core. 
They could observe an increased CO production for silver-rich 
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Figure 7. Cu-based bimetallic catalysts showing various alloying effects. a) Influence of variation in Cu/Au ratio on the surface valence band. 
Reproduced with permission.[123] Copyright 2014, Springer Nature. b) Change in CO2RR selectivity with increasing Cu overlayer thickness on Ag 
particles. Reproduced with permission.[124] Copyright 2017, American Chemical Society. c) Proposed “CO-spillover” mechanism for a Cu/Zn system. 
Reproduced with permission.[126] Copyright 2016, American Chemical Society. d) The geometric effect from atom arrangement in the Cu–Pd system. 
Reproduced with permission.[138] Copyright 2017, American Chemical Society.
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particles and an enhanced ethylene formation for copper-rich 
particles with respect to the monometallic cases, and claimed 
those “synergistic” effects to originate in the geometric distri-
bution. A stronger CO binding caused by Cu-lattice expansion 
on the Ag substrate is suggested to enhance the ethylene for-
mation, while the presence of oxygen-affine metals as copper 
is believed to stabilize *COOH, favoring CO formation in the 
silver-rich case (Figure 7b).[124] In contrast, Bell and co-workers 
studied a Ag/Cu alloy, which showed surface enrichment in Cu 
under applied electrode potential. Here, the resulting Cu-rich 
surface was proposed to be compressively strained, lowering 
the binding of *H and *O. An observed increase in the for-
mation of oxygenated products at the expense of hydrogen 
and hydrocarbons was suggested to be the result of reduced 
amounts of adsorbed *H, limiting the cleavage of the CO 
bond.[125] Noteworthy, there are some studies proposing a 
remarkable effect of alloying, suggesting a two-site mechanism 
in which one metal, as in Zn or Ag, is producing CO, which 
can be further reduced at neighboring Cu sites.[126,127] For the 
case of Ag, Hoang et al. deposited Cu/Ag wires on a carbon 
paper substrate. While EXAFS results were suggesting an alloy 
formation, the relatively low content of 6% Ag showed a strong 
beneficial effect for ethylene selectivity, achieving almost 60%. 
They claimed this enhanced ethylene selectivity originates 
first from Ag stabilizing the Cu2O phase, as well as from Ag 
acting as a CO source, which can locally enhance the reactant 
concentration.[127]

3.2.3. Cu–Zn

Most studies on the Cu–Zn catalyst system report a high selec-
tivity for 2e− transfer products such as CO. After alloying with Cu, 
a “two-site” catalyst was claimed to form, where Zn site served 
as CO producer and adjacent Cu site for further reduction.[128] 
Ren et al. electrodeposited Cu/Zn films and showed remarkably 
high Faradaic efficiency of up to 29% for ethanol. This excep-
tional selectivity for ethanol was suggested to origin from a spill-
over of CO, which is produced at Zn sites and further reduced 
at Cu sites (Figure 7c). It is striking, however, that no similar 
observations were made in other studies of the Zn/Cu system 
suggesting the geometric arrangement of the active sites to be of 
utmost importance for the observed effect.[126]

3.3. Cu–Pd/Pt Alloys

Cu alloys, which contain group VIII metals such as Pt and Pd, 
have been under much investigation as CO2RR catalysts. The 
competition between CO2RR and HER is controlled by the 
chemisorption of the key intermediates during the reactions, 
i.e., *CO in CO2RR and *H in HER. Although Pt and Pd adsorb 
atomic hydrogen readily more positive of the thermodynamic 
standard potentials, and therefore present relatively low kinetic 
barriers and overpotentials for the HER,[129] the copresence 
of *CO can actually suppress the absorption of *H.[130] Com-
pared to Pt, Pd plays a somewhat special role due to its unique 
property of absorbing hydrogen atoms in its bulk structure. 
It is known to exhibit high selectivity toward CO and formate 

due to the lower adsorption affinity of *CO intermediates, 
which could also act as a catalytic self-poisoning species during 
CO2RR.[131,132] The surface palladium hydride (PdHx) phase is 
considered to be an active phase for formate formation.[132,133]

3.3.1. Cu–Pd

By alloying Cu with Pd, the chemisorption strength of inter-
mediates on the catalyst surface can be tuned thanks to geo-
metric and electronic effects, enabling an optimal activity and 
selectivity toward CO2RR. Li et al. reported a well-defined 
mesoporous Pd–Cu alloy with Faradaic efficiencies of CO, FECO, 
exceeding 80% on Pd–Cu alloy at −0.8 VRHE.[134] The charge 
density is altered in Pd–Cu alloy structure compared to the 
single component. Pd, which serves as an electron donor, was 
suggested to provide the active sites for the electron acceptors 
such as COOH* and more favorable for CO desorption in the 
presence of Cu. On the other hand, Cu atoms only contribute 
to the activity by affecting the electronic structure of their 
neighboring Pd atoms and adjust the surface atoms construc-
tion. Moreover, the larger surface area created by mesoporous 
structure provides more active sites for CO2RR. Yin et al. sug-
gested that the undercoordinated step or adatom sites could be 
another reason for highly selective CO production on Pd–Cu 
alloy catalyst.[135] The tunable size and composition of the bime-
tallic nanoparticles are crucial to CO2RR activity and CO selec-
tivity. Pd–Cu alloy with a smaller particle size of 5 nm and a Pd 
to Cu ratio of 85–15 could significantly improve the catalyst per-
formance, which is further explained by the CO binding energy 
on the catalyst surface.

The difference in lattice constant between Cu and Pd causes 
lattice strain effects, exacerbating differences in CO2RR per-
formance.[136,137] Zhu et al. developed a facile synthesis route 
for Pd–Cu bimetallic nanoparticles with various structures.[136] 
The concave rhombic dodecahedral with exposed high-index 
facets exhibits an enhanced CH4 current density compared to 
Cu foil, while the flower-like Pd3Cu shows high FECO in a wide 
overpotential range (−0.7 to 1.3 VRHE). A very different selec-
tivity toward C1 and C2 products in CO2RR is also observed 
by Ma et al. on three Cu–Pd mixing patterns, namely ordered, 
disordered, and phase-separated (Figure 7d).[138] The ordered 
Cu–Pd (Cu:Pd = 1:1) catalyst shows the highest C1 selectivity 
(over 80%), while the sample with the same Cu–Pd content 
but alternating Cu–Pd arrangement favors CH4 formation, 
indicating a geometric effect, rather than an electronic effect, 
seems to be the key factor to determine the selectivity of bime-
tallic Cu–Pd catalysts. The phase-separated pattern behaved 
quite differently on ordered and disordered catalysts, where it 
achieved higher C2 selectivity (over 60%). The main reason for 
this is believed to be the geometrically phase-separated system, 
where the Cu-rich sites are suitable for *CO generation and 
C–C coupling while the adjacent Pd-rich side attracts suffi-
cient protons for further protonation step. This observation is 
in agreement with previously reported “two-site” mechanism 
on Cu–Ag[127] and Cu–Zn[128] systems. On the other hand, 
unlike Cu–Pd catalysts in which Pd participates in catalysis to 
change the activity and selectivity, Weng et al. reported that Pd 
atom induces continuous morphological and compositional 
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restructuring of the Cu surface to clean the Cu surface during 
the electrolysis and shows high durability of CO2 reduction to 
hydrocarbons.[139]

Cu–Pd alloys could also be coupled with organic molecules 
or carbon supporters, serving as dual catalysts.[140] Liu et al. 
dispersed Cu–Pd alloys on graphene homogeneously.[141] Com-
pared to monometallic Cu/graphene catalyst, bimetallic Cu–
Pd/graphene catalyst shows higher CO2RR activity, mainly 
attributed to the higher electrical conductivity of the increased 
graphitic carbon content. Yang et al. developed a pyridine 
(PYD) immobilized Cu–Pd catalyst.[142] It produces 26% meth-
anol and 12% ethanol Faradaic efficiencies, respectively. They 
claimed that the PYD in the catalyst favors methanol produc-
tion while Cu component facilitates the generation of ethanol.  
This bifunctional catalyst also shows remarkable stability  
over 14 h.

3.3.2. Cu–Pt Alloys as CO2RR Electrocatalysts

The high activity for the competing HER process and strong 
CO binding on Pt have restricted applications of Cu–Pt alloys 
as CO2RR catalysts.[143] So far, only a few examples have been 
investigated. The Cu–Pt catalyst with an optimized atomic 
molar ratio of 3:1 (Cu:Pt) reported by Guo et al. improves CH4 
formation in 0.5 m KHCO3.[144] The key step for CH4 formation 
is the protonation of adsorbed *CO. While a high atomic Cu 
content in Cu–Pt alloy catalyst surfaces increase the effective 
*CO surface coverage, the atomic proximity of proton-affine Pt 
surface sites should in theory facilitate the protonation process 
of *CO to *CHO. However, the strong interaction between Pt 
and both *CO and H* slows down the protonation. Also, the 
strong binding of *CO causes Pt surface segregation resulting 
in a Pt shell characterized by a reactivity similar to pure Pt; 
therefore, empirically, Cu–Pt catalyst has largely favored the 
HER process over the CO2RR after some transient period.

4. Concluding Future Perspectives on Nanoalloys

We have reviewed recent progress and the current state of 
research on alloy nanocatalysts for the ORR and the CO2RR 
processes. Both electrochemical processes proceed within elec-
trode potential ranges where Pt-based and Cu-based alloys, 
respectively, remain largely metallic in bulk and surface. 
Clearly, atomic proximity of two dissimilar metal atoms at the 
surface and in bulk remains one of the most important strat-
egies to modify the interfacial reactivity of metallic surfaces. 
Phenomena such as surface segregation, bulk alloy ordering, 
surface spinodal demixing and island formation, or shape-con-
trol effects will continue to play important roles in the discovery 
of novel bimetallic alloy catalysts at the nanoscale.

4.1. Pt-Based Nanoalloy Catalysts for the ORR

Compositional and morphological tuning of Pt-based nano-
alloys has resulted in remarkable performance increases over 
conventional pure Pt nanoparticles during the past decade. 

More specifically, using electrode environments suitable for 
activity screening, shape-selected octahedral Pt–Ni particles as 
well as roughened Pt–Ni surfaces of leached bimetallic nanow-
ires have demonstrated double digit improvements in ORR 
Pt mass activity and have generally by large surpassed pub-
lished technology activity targets for hydrogen–oxygen/air fuel 
cells, such as Pt mass activity. What remained somewhat of a 
puzzle about bimetallic Pt nanoalloy ORR catalysts, however, 
was the fact that compositionally uniform and structurally 
ordered Pt–Ni nanoalloys, such as well-defined alloy octa-
hedra or cubes, showed comparably high catalytic ORR activi-
ties as morphologically, compositionally, and structurally very 
disordered, nonuniform nanoalloys, such as hollow spheres, 
octahedra with concave facets, corrugated dealloyed Pt–Ni 
nanowires or highly porous unsupported PtNi aerogels.[145] 
Recently, progress was achieved on this issue by realizing that 
morphologically and structurally highly disordered alloy parti-
cles feature a wide distribution of surface sites on their rough 
solid surface, which includes Pt surface atoms with a concave 
local atomic coordination, such as Pt atoms at the bottom of a 
surface pit, at the bottom of a surface step, or Pt atoms exposed 
at concavely shaped facets of corrosively degraded Pt alloy octa-
hedra. Computational studies predicted that such concave-type 
coordinated Pt surface atoms exhibit higher generalized coor-
dination numbers and significantly larger ORR activity, which, 
on average, makes the disordered structures perform as active 
as the ideal ordered nanoalloys.[146] While a reliable experi-
mental quantification of Pt surface atoms with concave coordi-
nation has remained a challenge, an experimentally accessible 
descriptor to quantify the degree of local structural disorder, 
referred to as surface distortion, was recently put forward.[145]

A major current challenge of highly active Pt-based nano alloys 
catalysts relates to the translation from extremely thin powder 
catalyst film tests (tens of nanometer thick films, and a few 
micrograms Pt per cm2 electrode area) to thicker electrode layer 
formats (several tens of micrometers with hundreds of micro-
gram Pt per cm2 electrode area), such as typically used in a mem-
brane electrode assembly of a fuel cell stack, without any loss in 
their high catalytic Pt mass activity. Despite much recent effort, 
the generation of highly active electrode layers in real MEAs 
using advanced nanoalloy catalysts has remained unsuccessful. 
This is because there are many conditions to consider in the 
actual MEA, unlike the ORR in the RDE test. Recently, floating 
electrode experiments have been introduced considering mass 
transfer.[147] We expect to be able to measure the ORR activity in 
the MEA more accurately through the floating electrode experi-
ment. In the absence of MEAs with optimal activity performance, 
performance stability data of advanced Pt nanoalloys in MEA 
layers have remained unknown either. Current challenges involve 
the prevention of electrochemical leaching of the less noble alloy 
component, which results in lowering of the proton conductivity 
of the ionomer in electrode layer and membrane. Again, limited 
performance losses reported in RDE tests are no reliable pre-
dictor for the catalytic performance and stability in MEA formats. 
Nonetheless, an acid-leached Pt-rich Pt–Co nanoalloy has been 
incorporated as cathode electrocatalyst in the “Mirai” hydrogen 
fuel cell vehicle commercialized by the Toyota Motor Company. 
More advanced Pt-based nanoalloys will likely be deployed in the 
next generations of hydrogen fuel cell vehicle stacks.
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4.2. Cu-Based Nanoalloy Catalysts for CO2RR

Cu surfaces are uniquely reactive catalysts for the CO2RR due to 
their broad spectrum of “beyond CO” hydrocarbon and oxygenate 
reaction products. Structure sensitivity of pure Cu surface has 
been well studied and led to the discovery of the unique reactivity 
of {100} facets toward ethylene, which resulted in heightened 
interests in Cu nanocube catalysts. Cu-based alloys represent 
a diverse family of CO2RR, the structure sensitivity of which is 
large unexplored. A large majority of Cu-based alloys in CO2RR 
have proved to favor chemical reduction products of two-electron 
transfer processed, which suggests that the chemisorption of 
intermediates of Cu surfaces is masked by minute amounts of 
dopant dissimilar metal atom in the surface. Another challenge 
relates to the time stability of activity and selectivity. Faradaic effi-
ciencies evolve over the first few hours of catalysis and, in most 
cases, the competing hydrogen evolution reaction outperforms 
the CO2RR processed due to deposition of metal ion contami-
nants in the electrolyte which boost hydrogen evolution.

Similar to the Pt nanoalloy world, a majority of catalyst 
studies are performed in H-cell screening cells that suffer from 
massive CO2 mass transport losses at the electrode interface. 
These mass transfer limitations are often cited as a barrier for 
projections to large-scale CO2 electrolyzer performances. To 
address this problem, a gas diffusion layer-based gas–liquid 
flow electrolyzer cell proved most suitable to test novel Cu alloys 
under conditions relevant for commercial-scale electrochemical 
reactors. The continuously circulated gas and liquid flows in 
electrolysis flow cell reactors, moving reactants and products 
to and away from the reactive interfaces and electrodes, help 
break the mass transport limitations. Therefore, future investi-
gations of new Cu-based nanoalloys, perhaps of all CO2RR cata-
lysts, should focus on multilayer gas–liquid flow cells.

Looking beyond Cu-based nanoalloys for the CO2RR, metal–
nitrogen-dopant high surface carbon catalysts, referred to as 
MNC electrocatalysts in literature, have emerged as alternative 
cost-efficient, highly active and selective CO2RR electrocatalyst 
for CO production and the generation of “beyond CO” prod-
ucts. In particular, NiNC was reported as highly active and 
selective CO-producing electrocatalyst rivaling and surpassing 
the efficiency of Ag or Au catalysts. In addition, MNC catalysts 
with sufficient chemisorption strength of the *CO interme-
diates, such as M = Fe, Co, or Mn, allow for CO protonation 
and formation of methane. Current challenges involve the syn-
thetic preparation of bimetallic M1–M2NC nitrogen-doped car-
bons that could enable the production of C2 products such as 
ethylene.
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