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Toward Electrocatalytic Methanol Oxidation Reaction:
Longstanding Debates and Emerging Catalysts

Jianmei Wang, Bingxing Zhang, Wei Guo, Lei Wang, Jian Chen, Hongge Pan,

and Wenping Sun*

The study of direct methanol fuel cells (DMFCs) has lasted around 70 years,
since the first investigation in the early 1950s. Though enormous effort has
been devoted in this field, it is still far from commercialization. The methanol
oxidation reaction (MOR), as a semi-reaction of DMFCs, is the bottleneck
reaction that restricts the overall performance of DMFCs. To date, there has
been intense debate on the complex six-electron reaction, but barely any
reviews have systematically discussed this topic. To this end, the e
controversies and progress regarding the electrocatalytic mechanisms,
performance evaluations as well as the design science toward MOR
electrocatalysts are summarized. This review also provides a comprehensive
introduction on the recent development of emerging MOR electrocatalysts
with a focus on the innovation of the alloy, core—shell structure,
heterostructure, and single-atom catalysts. Finally, perspectives on the future
outlook toward study of the mechanisms and design of electrocatalysts are

provided.

1. Introduction

Compared to H,, methanol can be easily handled and dis-
tributed via the existing infrastructure for gasoline. In this re-
gard, the direct methanol fuel cell (DMFC) can be applied as a
promising electrochemical power source and triggered intense
research interests since the early 1950s.l! The theoretical energy
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density of DMFCs is 6.13 kW h kg!,
which is tenfold higher than that of lithium-
ion batteries.[*] Furthermore, the volumet-
ric energy density of methanol is around
17.28 MJ L1, several times higher than that
of H, (1.9 MJ L™! at 20 MPa, 4.7 MJ L™! for
liquid H,).[*] In DMFCs, methanol is oxi-
dized at the anode, producing CO,, H*, and
(methanol oxidation reaction (MOR):
CH,0H + H,0 - CO, + 6H* + 6e").
At the cathode, O, combines with H* and
e”, being reduced into H,O (oxygen re-
duction reaction (ORR): O, + 4H™ + 4e”
— 2H,0).1% It should be noted that the
ORR as a key reaction in fuel cells and
metal-air batteries, has a relatively mature
development.”"1% In contrast, the poor sta-
bility and sluggish kinetics make MOR be-
come the bottleneck of DMFCs and restrict
their commercialization.[!'13]

The thermodynamic equilibrium poten-
tial for MOR is 0.04 V, which means
the theoretical output potential is around 1.2 V for a standard
methanol/oxygen fuel cell.™ Although the equilibrium poten-
tial for CH;OH oxidation to CO, is very close to that of H, oxida-
tion, the rate of the MOR is slowed down by multi-step reaction
pathways. Pt-based (active in both acid and basic solution) and
Pd-based (only active in basic solution) materials are the main
active electrocatalysts for the MOR (Figure 1). Usually, Pt- and
Pd-based catalysts demand the onset potential of around 450 and
550 mV (versus reversible hydrogen electrode (RHE)) to trigger
the MOR, respectively.['] A number of non-noble-metal catalysts
have also been reported to be active toward the MOR, but the high
MOR onset potential makes them impractical in DMFCs.[>16-18]
Nevertheless, these non-noble metal-based materials have been
proposed to catalyze MOR for replacing the more sluggish an-
odic oxygen evolution reaction in electrolyzer for hydrogen gen-
eration, and in many cases, value-added products (e.g., formate)
can be obtained.>1%2] Overall, the Pt group metal based MOR
electrocatalysts seem to be the only choice for DMFCs. Unfortu-
nately, their application is stifled by the high cost, sluggish ki-
netics, and poisoning issues. Since more than 95% of the noble
metal is recoverable at the end of a fuel cell life,[?!) how to conquer
the limited catalytic behaviors is more challenging than the price
issue for DMFCs as promising green power conversion devices.

Although significant efforts have been devoted to design-
ing high-performance MOR electrocatalysts, their develop-
ment is still lagging far behind. Herein, we aim to give a
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Figure 1. lllustration for the Pt-, Pd-, and non-noble-metal-based MOR catalysts and their corresponding applications. HER: hydrogen evolution reaction.

comprehensive review on the longstanding debates and the evo-
lution of the advanced catalysts toward the MOR. Recent develop-
ment and limitations of the catalytic mechanisms are first intro-
duced. Afterward, the controversial criteria to evaluate the dura-
bility and anti-CO ability of electrocatalysts are discussed. We
then focus on the recent progress of advanced MOR electrocata-
lysts: from nanosized to single-atom ones. The evolution of the
emerging alloy, core—shell, and heterostructured catalysts is high-
lighted. For single-atom catalysts (SACs), the debates on their
capabilities toward the MOR and the current developments are
systematically discussed. Finally, perspectives on the challenges
and opportunities of the mechanism study and electrocatalysts
design are emphasized.

2. Development and Limitations of the MOR
Mechanism

The rational design and synthesis of MOR electrocatalysts should
rely on a thorough understanding of the reaction mechanism.
However, in the last 10 years, most efforts have been focused
on the design of advanced MOR electrocatalysts, and the under-
standing of corresponding mechanisms still mainly owes to pio-
neering works from 20 years ago. Therefore, in this section, the
development and limitations of the MOR mechanisms will be
introduced to provide deep insights for propelling its further de-
velopment.

2.1. Methanol Oxidation Pathway

Though the exploration of MOR has a history of around a
century, its electrocatalytic mechanism was uncovered till the
1980s with the development of in situ infrared spectroscopy and
mass-spectrometry-related techniques such as differential elec-
trochemical mass spectrometry (DEMS).?2] Based on the col-
lected chemical information of adsorbates and intermediates in
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the processes of the MOR, a well-accepted dual-pathway mecha-
nism was raised (Figure 2). In detail, the MOR, ideally involving
six-electron transfer, proceeds via either a CO pathway or a CO-
free pathway, as shown in Figure 2.

In the CO pathway (indirect pathway), CO* is formed after
the deprotonation of COH* or CHO* (red arrows). Then CO*
combines with a surface hydroxyl (OH*, blue highlighted in
Figure 2) and converts to COOH*, which is further oxidized to
CO,. It should be noted that the OH* is from water dissocia-
tion in the acid solution and OH~ ions in the basic solution.?!
In the CO-free pathway or direct pathway, instead of direct de-
protonation, the possible intermediates like CHO*, COH*, or
CH,O0* would interact with OH* to form CHOOH?¥*, C(OH),*,
or H,COOH¥, respectively. These di-oxygenated species then
go dehydrogenation to produce CO, through either COOH* or
CHOO*.[*l Notably, two different viewpoints regarding the for-
mation of HCOOCH;, are proposed by researchers: 1) from the
homogeneous reaction between CHOOH* and CH,;OH;?>2¢] 2)
from the nucleophilic attack of the CH;OH on CHO*.?’] In al-
kaline media, the easier formation of OH* would efficiently re-
move the adsorbed carbonous species and result in faster kinet-
ics. However, the inevitable precipitation of formed carbonate or
bicarbonate in the catalyst pores and the induced pH changes
would result in a gradual activity decay for DMFCs operating un-
der alkaline media.[?+2829]

Among all the possible intermediates, CO* is the most sta-
ble one, which could block the active sites and prevent the pro-
ceeding of the reaction at low potentials.*%! Yet no catalysts have
ever thoroughly conquered the anode poisoning problem. Nor-
mally, changing the binding energies (BEs) of different interme-
diates to lower the further oxidation barrier of CO* or switch-
ing the reaction to a CO-free dominated pathway are the most
commonly applied strategies to solve the CO poisoning issues.
However, to the best of our knowledge, no clear BE-reaction rela-
tion has been established yet stemming from their complex ad-
sorption energy scaling relations (please check Section 5.1 for the
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Figure 2. A dual-pathway mechanism for electrocatalytic MOR, where *
the CO pathway, and the others the CO-free pathway.

details).3!l Moreover, the specific relationship of the methanol
oxidation pathway with potential, solution, catalyst, and OH* re-
mains largely elusive which will be discussed in the following
section.

2.2. Limitations of Current Theory Investigations

Whether the dual-pathway mechanism only happens at high po-
tentials on a platinum electrode is very controversial but is of sig-
nificant importance. Stuve’s group observed CO, production on
both Pt (100)321 and Pt (111)33] from 0.5 to 0.65 V (vs RHE) where
the adsorbed CO is quite stable, and they claimed the formed CO,
was from the CO-free pathway. Conversely, Wieckowski and co-
workers argued that a dual pathway occurs at abovementioned
“CO stable” potential range and the sole CO pathway happens
at even lower potentials.®!) Chronoamperometry (CA), fast scan
cyclic voltammetry (CV) and theoretical methods were applied to
study the effect of potential on the MOR pathway. They defined
a parameter r, which equals Qq,/Qcy. Ocy is the MOR charge
obtained from the CA test and Q. is the charge obtained from
the oxidation of CO* which is obtained from the fast scan CV
test. They assumed that in the tested potential range, all the CO*
remained on the electrode surface. When r = 2, the sole CO path-
way occurs and r >2 means the existence of a dual-path mecha-
nism. Figure 3a displays that the sole CO pathway happens at the
potential from 0.2-0.4 V (vs RHE) for Pt (100) and below 0.35 V
for Pt (111) and Pt (110). Chen et al. also reported similar results
that the contribution of the CO pathway to CO, production de-
creased as the potential increased from 0.6 to 0.75 V (vs RHE) on
a Pt film electrode, as revealed by the coupled DEMS and electro-
chemical attenuated-total-reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy results.}) It can be concluded from
these studies that the contribution of the CO-free pathway is
more significant at high potentials and the oxidation mechanism
is also surface structure-dependent. Unraveling the dominant
pathway is of significant importance because if the reaction pro-
ceeds via the CO pathway, further catalyst design should focus on
destabilizing CO*. If, instead, further research should attempt
to improve the kinetics and selectivity of the CO-free pathway.
With the development of advanced techniques, deeper mech-
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represents the adsorption site on the catalyst surface, the red arrows indicate

anism understanding is more accessible and requires specific
attention.

Moreover, it is also recognized that solvent effects may play
a role in the dual-pathway mechanism, though it is not com-
pletely understood yet. Batista and co-workers found that a much
higher MOR current density can be obtained in HCIO, than in
H, SO, solution for Pt (111) (Figure 3b).3*l After electrolysis of
1.0 M methanol on Pt (111) under 0.6 V for 15 min, around
0.028 umol HCHO, 0.0047 umol HCOOH, and 0.039 umol CO,
were detected in 0.1 m HCIO,, and around 0.027 umol HCHO,
0.0044 umol HCOOH, and 0.0017 pmol CO, were detected in
0.5M H, SO, (Figure 3c). The production of HCHO and HCOOH
is practically the same in both electrolytes but the CO, yield
greatly increases in HClO,. Therefore, the authors concluded
that the methanol is mainly oxidized via the CO-free pathway
(through soluble intermediates) in H,SO, but is mainly via the
CO-pathway (without the production of HCHO and HCOOH)
in HCIO, solution. The adsorption of SO,%~ ions on Pt (111) is
much stronger than that of ClO,~ ions, which not only influ-
ence the catalytic behavior but also inhibit the CO-pathway.!*!
The results were also evidenced by Lai et al.**] Undeniable, the
anion adsorption would possibly influence the reaction pathway,
but Varela and co-workers reported that the anion adsorption af-
fects the CO-free pathway more significantly under oscillatory
regimes, as evidenced by the results from on line DEMS.37]

Additionally, Zeng et al. proved that the dual-pathway mech-
anism is Pt lattice strain-dependent.’® They prepared a se-
ries of Pt-Fe—Cu ternary ordered intermetallics (PtFeCu,/C,
PtFe,,Cu,;/C, PtFe,sCu,s/C) and found that the CO-free path-
way increases monotonically with the increase in the lattice con-
traction of Pt. It was assumed that the strained Pt lattice favors
the stabilization of the transition-state intermediates in the CO-
free pathway. The induced lattice strains enable the alteration
of electronic structures of catalysts, which would result in sig-
nificant weakening or strengthening of their adsorption proper-
ties and further lead to the change of the reaction pathway.*%!
It is essential to screen the optimal strain-modified catalysts for
an improved MOR performance, which is discussed in detail in
Section 4.2.

The conclusion about the effect of co-catalysts and the function
of OH* is still ambiguous due to the lack of direct evidence. For
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Figure 3. a) Plots of ras a function of the applied potential in 0.1m H,SO, and 0.1 m CH;OH. Reproduced with permission.[*"l Copyright 2005, American
Chemical Society. b) CV for MOR at Pt (111) in 1 M CH;OH with 0.1 m HCIO,4 or 0.5 M H,SOy,, respectively. c) Products amount obtained at 0.6 V on
a Pt (111) electrode in 1 M CH;OH with 0.1 M HCIO, or 0.5 M H,SOy, respectively. b) Reproduced with permission.[3*] Copyright 2003, Elsevier. (c) is
plotted based on the data obtained from Table 1 in ref. [34]. d) Schematic illustration of the classical bifunctional mechanism of PtRu alloy. ) The CA
currents collected at 0.465 V as a function of the H,O/H,0+D, O ration on the PtRu. f) The MOR peak current of PtRu as a function of pH values. g) The
revised MOR bifunctional mechanism on PtRu. e-g) Reproduced with permission.[] Copyright 2015, Wiley-VCH. h) Schematic illustration of E-R/L-H
theory for MOR. i) Energy profiles for methanol activation on the Pt (111) surface with different states of OH, TS: transition states. i) Reproduced with

permission.[>2] Copyright 2022, American Chemical Society.

example, the bifunctional mechanism is a widely accepted theo-
rem to guide the design of advanced MOR catalysts. This mech-
anism gives the idea that the introduction of oxophilic species
can facilitate the removal of poisoning carbonaceous intermedi-
ates via promoting the adsorption of OH* at a lower potential
(Figure 3d). Take the traditional PtRu alloy as an example, the
synergistic effect of these two metals can be stated in the follow-
ing equation:

Pt—CO+HO—-Ru— Pt' +Ru*+ CO, + H" + e~ (1)
The bifunctional mechanism has been supported by much

strong circumstantial evidence but lacks direct molecular-level
evidence.l[***] Tong et al. proposed a different conclusion based
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on the results from ATR surface-enhanced infrared absorp-
tion spectroscopy (ATR-SEIRAS), DMFC, and isotope-labeling
studies.[*] They found that the performance enhancement of
PtRu in MOR was not accompanied by easier elimination of the
CO* and surprisingly, formate was detected as the reaction inter-
mediate. When the MOR activity was plotted as a function of the
ratio of H,0/(H,0 + D,0) (Figure 3e) and the pH values in alka-
line environment (Figure 3f), it was found that the formation of
Ru—OH still plays an important role in the MOR catalytic process
of PtRu catalysts. Based on the above observations, they proposed
a revised bifunctional mechanism that, instead of facilitating the
removal of CO*, the presence of the Ru in PtRu systems selec-
tively enhances the CO-free pathway, and the corresponding re-
actions are shown below (Figure 3g):

© 2023 Wiley-VCH GmbH
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Ru*+H,0 > Ru—OH + H* + e~ ()

PtRu* + CH,OH — PtRu— OCH, + H* + ¢ (3)

PtRu — OCH; + Ru— OH

— PtRu = OOCH + Ru* + 3(H* + ") (4)
PtRu = OOCH — PtRu* + CO, + H* + e~ (5)

In follow-up studies, Cai and co-workers also proved that the
enhanced MOR performance of SnO,-modified Pt originates
from the revised bifunctional mechanism (selectively enhanc-
ing the CO-free pathway).*¥] Whereas, the classical bifunctional
mechanism (accelerate the CO removal) is still the mainstream
no matter in the advanced PtRu catalysts or other oxophilic-
species-modified Pt systems.*** In our opinion, the bifunc-
tional mechanism or “revised bifunctional mechanism” may be
true under certain conditions, while it might fail to elucidate an-
other system. More advanced in situ and operando characteriza-
tion techniques should be applied to verify the proposed mecha-
nism as highlighted in Section 5.1.

It is also well-accepted that the electrocatalytic MOR starts
from C-H or O-H bond scissions and forms either CH,OH* or
CH, 0% and the role of OH is believed to oxidize specific adsorbed
carbonaceous intermediates (Figure 2). In acidic electrolytes, due
to the deficiency of OH™ ions, the OH from water dissociation
should first adsorb on the active sites to take part in the reac-
tion via the Langmuir—Hinshelwood (L-H) way. In alkaline elec-
trolytes, it is believed that besides L-H mechanism, the abun-
dant OH™ ions are able to participate in the reaction through the
Eley-Rideal (E-R) mechanism (Figure 3h).?*5%31 Very recently,
Mekazni et al. came up with different views that on platinum,
MOR only takes place with the presence of OH* and the O-H
bond of methanol would always break in the first place, produc-
ing H,CO*.>2l They claimed that the OH* is involved in the
mechanism rather than only oxidizing the already existing CO*,
because it was found that CO* from MOR is only formed when
OH* is already present on the electrode surface. The DFT calcu-
lations show that the adsorption of methanol on Pt (111) is sig-
nificantly favored with the assistance of OH* and the nonadja-
cent OH* will quickly transit to the most favorable co-adsorbed
location (Figure 3i). Moreover, the presence of OH* favors the
scission of the O—-H bond instead of the C-H bond because the
C-H bond is less polarized. If this proposal can be further evi-
denced and accepted, the understanding of MOR will be renewed
from at least two aspects: 1) the E-R mechanism does not exist
in MOR because OH™ ions cannot directly participate in the re-
action; 2) the adsorbed OH should always be considered when
conducting DFT calculations. However, most of the abovemen-
tioned experimental and theoretical results were obtained based
on single-crystal electrodes. The case is more complicated in poly-
crystalline catalysts, since the behaviors of different catalyst facets
differ significantly, but have been rarely studied yet.

In practical cases, the rate-determining step (RDS) of MOR for
a specific electrocatalyst also remains inconclusive. Take Pt as an
example, whose RDS depends on the exposed facets.[2¢>3] Accord-
ing to the difference of the Tafel range for MOR, Herrero and co-
workers suggested the first C-H bond splitting from CH,OH*
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to CH,OH* is the RDS in MOR on Pt (111) and (110) surfaces,
while the C—H bond break of CH,OH* is the RDS for Pt (100).]
However, Stuve’s group applied a L-H kinetic model and indi-
cated the dehydrogenation of either adsorbed HCOO or adsorbed
COOH is the RDS for Pt (111) and the CO oxidation is the RDS
for Pt (100).1°] More recent computational studies also revealed
that the overall MOR activity was determined by the removal of
CO for the Pt (100) surface with[>®! or without!*”! tensile strains.
In addition, Farias et al. applied isotope labeling and in situ FTIR
techniques proving that even for the same exposed facet, step
sites and terrace sites show different methanol electrooxidation
pathways.[>]

It has to be mentioned that in some cases, researchers place
much reliance on the DFT calculations to explore the MOR
pathways of the designed catalysts. However, the mechanism of
methanol decomposition could be different between ultrahigh
vacuum and electrochemical reaction environments.*) More-
over, due to the complexity of electrochemistry, the RDS may
change accordingly with the process of reaction.[*®] Thus, it is al-
most impossible for DFT calculations to simulate the real electro-
chemical conditions with the consideration of all the effects such
as local pH values, methanol concentrations, solution ions, elec-
tric field differences, and the evolution of the electrode/solution
interface during the reaction. Therefore, DFT calculations should
always couple with rigorous experimental verification to uncover
the science behind relevant experiments. With regard to the cat-
alyst design, current efforts are mainly focused on lowering the
oxidation barrier of CO* or switching the reaction to a CO-free
dominated pathway. From the perspective of the d-band center
theory, the engineered electronic structures of electrocatalysts are
expected to regulate the BEs of the adsorbates on the active sites
which can finally lead to different reactivity.[®*-63] Typically, alloy-
ing, inducing strain, and tuning the interaction at heterostruc-
tured interfaces are the most efficient strategies applied to reg-
ulate the d-band center of electrocatalysts. In addition, different
components from a heterostructured electrocatalyst may also fa-
vor the MOR by the synergistic effect. The recent development of
advanced MOR electrocatalysts will be discussed in Section 4.

3. Controversial Criteria

In the lab, a three-electrode system is usually used to replace the
tedious membrane electrode assembly (MEA) for rapidly evalu-
ating and screening a given MOR electrocatalyst. Mass activity
(MA), specific activity (SA), overpotential, anti-poisoning capa-
bility, selectivity, and stability are well-accepted criteria to evalu-
ate the electrocatalysts. Here, we only discuss the highly contro-
versial criteria used to estimate the anti-poisoning capability and
stability of MOR electrocatalysts. Also, we would like to stress the
importance of the characterization of electrocatalysts during tests
and the qualitative analysis of reaction products at the end of this
section.

3.1. Ig/l,, for Evaluating the CO Anti-Poisoning Capability

There are two oxidation peaks in a typical CV of methanol elec-
trooxidation (Figure 4a). The current ratio of these two peaks

© 2023 Wiley-VCH GmbH
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in the forward and backward scan (I;/I;) has been intensively
used to evaluate the CO anti-poisoning capability of MOR elec-
trocatalysts. The origin of this criterion should trace back to
an early study of MOR reported by Goodenough’s group in
1992.1% They contributed the I; to the oxidation of freshly
chemisorbed methanol while I, was suggested to the oxidation
of residual intermediates. Following this research, Liu and co-
workers proposed that the ratio of I;/I, could be used as an
important criterion to estimate the degree of CO tolerance of
electrocatalysts.l%] Under this interpretation, a high ratio means
a sufficient methanol electrooxidation process during the forward
scan with fewer carbonaceous residues left. Further, they sug-
gested the high I;/I, peak ratio of PtRu electrocatalysts is associ-
ated with their high efficiency toward methanol electrolysis. Till
recently, this criterion is still adopted and used in many studies.

However, the current ratio criterion has been questioned by
many other researchers. Tong et al. proposed an opposite con-
clusion for the first time based on in situ FTIR that both the
I; and I, comes from the oxidation of methanol,[®! because
the CO* signals on Pt/C and PtRu/C electrocatalysts all disap-
peared at above 0.8 V (vs Ag/AgCl). Furthermore, Sung and co-
workers presented more detailed investigations to debate the ori-
gin of I;/I; via the study of CV and electrochemical impedance
spectroscopy.*®] They stated that the changed RDS in the forward
and backward scans resulted in peak hysteresis (Figure 4b). In
detail, from 0.4 to 0.5 V (vs RHE), the Pt surface is totally cov-
ered with CO* which inhibits the progress of the reaction. In the
next region (0.6-0.75 V), the slow reaction between CO and OH
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becomes the RDS. Following that, with the enhancement of the
reaction kinetics for intermediates oxidation, the RDS turns into
the oxidation of methanol to intermediates. However, with the
potential increases further, the coverage of extra OH would block
the available active sites on the Pt surface for methanol adsorp-
tion and results in a decreased current density. In the back scan
process, the Pt surface is almost completely covered by OH, and
thereby the methanol dehydrogenation is the RDS. With the in-
crease of anodic limit potential, the oxidized Pt surface is harder
to be reduced, leading to negatively shifted backward scan curves,
and this trend is consistent with the case of ORR (Figure 4c). Af-
ter all, the authors concluded that a higher I, for Pt compared
to PtRu is due to its easier OH reduction nature and the value
of I;/I, does not represent the CO anti-poisoning capability but
the degree of oxophilicity of electrocatalysts. This viewpoint has
been supported by many other researchers.l%° Therefore, un-
less new evidence can be provided to further prove the relevance
of I¢/I, to the anti-poisoning capability of electrocatalysts, this
criterion is not suggested to be used anymore. Instead, the CO-
stripping test is reasonable to assess the anti-CO poisoning ability
of the electrocatalysts.[”]

3.2. CV for Stability Test
After long-term electrolysis, electrocatalysts may suffer from irre-

versible structural damage (aggregation or Oswald ripening pro-
cess), slow dissolution, significant surface reconstruction, and
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poisoning, which can lead to performance degradation. There-
fore, catalyst durability is a critical parameter that needs to be
considered for practical applications.”!) While, the catalyst stabil-
ity in the three-electrode system is usually characterized via the
CA, chronopotentiometry, or CV test with desired operating con-
ditions for at least hours. In most cases, all of these three tests can
refer to the stability after a long-term operation and the catalytic
activity degradation often cannot be restored.

However, MOR catalysts, basically the Pt- or Pd-based catalysts,
are very prone to be poisoned by the intermediates such as CO
during the methanol oxidation process. The strongly adsorbed
carbonaceous species usually block the active sites and cause a
fast decay of the catalytic performance. For MOR, this specific
reaction, the CV test seems to be much more stable than the CA
test: most of the reported catalysts suffer more than 70% current
drop within 1 h during the CA test while they can perform more
than hundreds of CV cycles without obvious decay.*®’>7%] This
is because the toxic species can be removed in a high-potential
region during the CV scan but will accumulate during the CA
test. The DMFCs are operated at a certain potential in practical
use, therefore, we would like to emphasize that the CA test is
more reasonable to evaluate the long-term durability of the MOR
electrocatalysts.

Notably, monitoring the evolution of the electrocatalysts dur-
ing the electrochemical tests is also important. Newly developed
in situ/operando characterization methodologies including elec-
trochemical liquid cell transmission electron microscopy (TEM)
and X-ray absorption spectroscopy are powerful tools to provide
morphology, composition, valence state, and chemical bonding
information during the reaction process.l”®! Besides the complete
oxidation product of CO,, a significant amount of byproducts
like HCOOH, HCHO, and HCOOCH, are also produced, which
highlights the importance of assessing the catalyst selectivity.
Furthermore, qualitative analysis of the reaction intermediates
and products from methanol oxidation, which is usually ignored
in most studies, is crucial for the validity of the catalyst bench-
marking, the proposed mechanism, and the conducted theoreti-
cal studies. It is of necessity to combine different techniques like
ATR-SEIRAS, in situ Raman spectroscopy, online DEMS, NMR
spectroscopy, and high-performance liquid chromatography for
accurate detection of different kinds of species involved in the
reaction (like adsorbed surface species, dissolvable, and volatile
products).[7678]

In practical DMFCs, the operation conditions are very different
compared with the lab-scale test, and more factors can affect the
performance of catalysts. Previous studies demonstrated that the
MA values of catalysts at the MEA level could decrease by one
order of magnitude compared with the values measured by the
lab three-electrode system.I””! In addition, the shape geometries
of nanostructured catalysts may suffer great damage in practical
applications.® Therefore, it is urgent to build new criteria to link
the lab-scale research and the practical DMFC applications.

4. Advanced Electrocatalysts for MOR: From
Nanosized Catalysts to SACs

The MOR is a complex six-electron transfer process, which in-
volves multiple steps and many carbon-containing intermediates
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Figure 5. Advanced electrocatalysts toward the MOR.

with the final product of CO,. The catalysts for MOR should fol-
low the rules that enable to adsorb methanol, favor the scission of
the C-H/O-H bond, and speed up the conversion from carbona-
ceous intermediates to CO,. It should be noted that if an active
site is highly active toward methanol dissociation, it is usually un-
able to access the CO oxidation at low potentials. In this respect,
increasing the multifunctionality of electrocatalysts has been rec-
ognized as the key strategy to breaking the scaling relationship
of single-component catalysts. In this part, recent progress of ad-
vanced nanosized and single-atom MOR electrocatalysts will be
summarized with emphasis on the fundamental design science
(Figure 5).

4.1. Emerging Alloy Catalysts

Alloying Pt/Pd with one or more of the oxophilic elements
such as Ru,[81-85) Nji [3386-88] Co [8688-90] Cyy [8491-93] Fe [9496] apd
Agl”%1 is the most traditional method to improve their MOR
activity. A great challenge for the alloy system is that the intro-
duced metals may dissolve into the reaction solution during the
electrocatalysis process. Many studies suggest that the ordered
intermetallic catalysts show higher catalytic activity and dura-
bility than their disordered phases.[1%-13] Compared with ran-
dom alloyed and ordered intermetallic catalysts which have been
discussed in many previous reviews,[1%1%7] high-entropy alloys
(HEAs) and single-atom alloys (SAAs) are two new emerging al-
loy systems and have attracted intense research interests toward
methanol electrocatalysis.

4.1.1. HEAs

HEAs are alloys consisting of five or more elements in high con-
centrations (5-35 at%) and have many superior advantages, such

© 2023 Wiley-VCH GmbH
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Figure 6. a) The images of elemental mapping toward Pt;gNi,gFe;5Co,4Cu,; NPs (scale bar =5 nm). b) CV curves of Pt/C and Pt;gNi,gFe;5Co14Cu,;/C
in 1™ KOH with 1 m CH;OH electrolyte. c) The calculated energetic pathway of the MOR steps. a—c) Reproduced with permission.l"""l Copyright 2020,
Springer Nature. d) TEM image, the atomic arrangement and structural models (insets of (d)), and e) aberration-corrected HAADF-STEM image of
PtRhBiSnSb HEI nanoplates. f) CV curves and g) long-term CA tests for different catalysts in 1 M KOH with 1 M methanol. h) The electronic structure
and i) adsorption energy for methanol, CO,, and CO for PtBiSnSb and PtRhBiSnSb nanoplates. d—i) Reproduced with permission.[''2] Copyright 2022,

Wiley-VCH.

as robust corrosion resistance, abundant atomic interfaces, and
high mechanical strength.[1%-11% Wang’s group successfully syn-
thesized Pt;4Ni, Fe;;Co,,Cu,, nanoparticles (NPs) with a size
of around 3.4 nm via a one-pot oil phase synthesis method
(Figure 6a).''!) Inspiringly, the as-prepared HEAs exhibit ten-
fold higher MA (15.04 A mg!},,) than that of commercial Pt/C
(1.45 A mg™';,) and a much lower onset potential (Figure 6b).
DFT calculations display that the 3d orbitals of Ni and Co ele-
ments serve as electron depletion centers during the MOR pro-
cess. Meanwhile, the Cu-3d, Co-3d, and Fe-3d orbitals alleviate
the reaction barrier and facilitate the stabilization of methanol
oxidation intermediates. Furthermore, it can be observed from
Figure 6¢ that, compared with CO-pathway, the MOR process
prefers a CO-free pathway on the HEAs active sites which greatly
suppresses the CO poisoning.

The hcp PtRhBiSnSb HEI nanoplates synthesized by Chen
et al. also exhibited robust MOR performance.''?] Figure 6d
shows the hexagonal nanoplates with an average edge length of
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around 6.2 nm. The atomic arrangement and crystalline unit
models of the HEI nanoplates (insets of Figure 6d) illustrate
that the as-prepared catalysts are ordered hcp quinary nanoplates
with Rh atoms inserted into Pt columns and Sn/Sb atoms in-
serted into Bi columns. The high-angle annular dark-field scan-
ning TEM (HAADF-STEM) image shows that the lattice spac-
ing (0.361 nm) on the edge of nanoplates is located between
that of (100) planes in the intermetallics of PtBi, PtSn, and PtSb
(Figure 6e). The consistent lattice spacing of 0.204 nm ensures
the identical hcp crystal structure of the nanoplate. The MOR
performance in Figure 6f shows that the HEI nanoplates achieve
a record-high MA of 19.529 A mg~';,, . 8.6 times higher than
that of Pt/C and obviously higher than that of PtBiSnSb and PtBi
catalysts. Moreover, in the long-term CA test (20 000 s) for MOR
at 0.7 V (vs RHE), the as-obtained PtRhBiSnSb HEI nanoplates
exhibit a much higher current density compared with Pt/C, in-
dicating their excellent durability (Figure 6g). DFT calculations
prove that after the introduction of Rh, the overall d-band center

© 2023 Wiley-VCH GmbH
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Figure 7. a) Schematic diagram of SANi-PtNWs. b) CV curves were tested in 1 M KOH and 1 M methanol. ¢) CA MOR test at 0.65 V vs RHE.
d) Model illustration of the different CO adsorption sites (T1, T2, T3, and T4) on the SANi-PtNWs surface. e) CO adsorption energies on different
sites. a—d) Reproduced with permission.l'"] Copyright 2019, Springer Nature. (e) is plotted based on data obtained from ref. [115]. f) SA and MA of
Ru;Pt,-SAA, Pt NPs, and Pt/C-JM. g) Ru K-edge EXAFS spectra of Ru;Pt,-SAA, RuO,, and Ru foil. h) Calculated optimal MOR pathways on Pt (117),
PtRu-alloy (111), and Ru;Pt,-SAA (111). f-h) Reproduced with permission.['1] Copyright 2022, American Chemical Society.

of PtRhBiSnSb has distinctly increased to improve its electron
transfer efficiency. In contrast, the d-band center of surface Pt
sites slightly decreased, suppressing the over-binding of the inter-
mediates to guarantee efficient electrocatalysis (Figure 6h). Addi-
tionally, the strengthened adsorption of CH;OH and CO,, and
unpreferred adsorption of CO on PtRhBiSnSb HEI nanoplates
guarantees a CO-free pathway during the MOR process, leading
to a much-improved catalytic durability (Figure 6i).

To conclude, HEAs enable multiple active sites which enhance
the chance to properly tune the adsorption energy of key inter-
mediates toward multi-electron-involving MOR. However, the al-
most infinite possible combinations of elements make it hard
to dig out the real structure-activity relationship. The applica-
tion of HEAs as active electrocatalysts in MOR is by far very
limited and the explanation for the function of each element to-
ward the enhanced catalytic behavior is hard to be thoroughly
explored.[113114]
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4.1.2. SAAs

SAAs have isolated metal atoms dispersed in another metal,
which will ensure the smallest number of surface active sites
be blocked when the isolated metal atoms serve as co-catalysts.
Li et al. engineered single Ni atoms on Pt nanowires (SANi-
PtNWs) by partial electrochemical dealloying PtNi alloy NWs
(Figure 7a).l'"] Seven times higher MA (7.93 + 0.45 A mg™' )
and 144 mV decreased overpotential were obtained for SANi-
PtNWs compared with commercial Pt/C (Figure 7b). Impres-
sively, compared to the rapid current decay of Pt/C during a
3600 s CA test, the SANi-PtNWs show a quite stable catalytic
performance (Figure 7c). Figure 7d shows SANi-PtNWs have
four different adsorption sites for CO (labeled as T1, T2, T3,
and T4). Moreover, all of the adsorption sites on the SANi-
PtNWs surface show a weaker COBE than that of Pt/C, facili-
tating the final step conversion from CO to CO, (Figure 7e). The
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Ru,Pt, SAA (single Ru atoms dispersed in Pt nanocrystals) de-
veloped by Liang’s group also exhibited superior MOR activity
with a high SA of 23.59 mA cm™2 and MA of 2.805 mA pg oz,
which is 21.0 and 3.84 times higher than that of Pt/C, respec-
tively (Figure 7f).''®) The absence of Ru—Ru scattering in the
Fourier transformed-extended X-ray absorption fine structure
(FT-EXAFS) curves of Ru K-edge indicates that Ru is atomically
dispersed in Pt nanocrystals (Figure 7g). XAFS, X-ray photoelec-
tron spectroscopy (XPS), as well as the DFT results show that
electrons transferred from Ru atoms to Pt atoms in Ru, Pt,-SAA.
Therefore, the elevated Fermi level of Pt atoms results in a de-
creased COBE and the lowered Fermi level of Ru atoms leads to
an increased OHBE, which greatly enhanced the MOR kinetics of
Ru, Pt,-SAA (Figure 7h). Recently, Kong and co-workers have suc-
cessfully deposited atomic Ru on the surface concavities of PtNi
NPs.[%] The obviously upshifted d-band center induced by Ru sin-
gle atoms causes an increased OHBE which boosts the removal of
CO* and results in a high MA activity of 2.01 Amg~!;,. The above
studies have shown that single-atom promoter enables effective
regulation of the d-band center of their adjacent sites. Therefore,
SAAs have significant potential in accelerating the MOR kinetics
with the minimum blocking of surface active sites and deserve
specific research attention in the future.

4.2. Core-Shell Catalysts

Precisely regulating the strain effect is important but difficult
to be achieved in alloy systems. In this regard, the core—shell
structure is an efficient model to study the strain effect on MOR
performance, because the strain can be accurately modulated by
controlling the thickness of the shell or changing the nature of
the core.l''”18] The modification of core-shell catalysts can alter
the electronic structure through tuning the lattice strain at the
heterointerface.['*12] The changed electronic structure would
modulate the interaction with adsorbates which can be inter-
preted by the d-band theory.[11%121122] Ag illustrated in Figure 8a,
increased atom distance will result in a tensile strain and an
upward-shifted d-band center. Meanwhile, the antibonding states
will be less filled, causing a stronger interaction between the ad-
sorbates and the catalysts. In contrast, compressive strain de-
creases atomic distance and pushes the d-band center downward,
leading to a weaker adsorbate—catalyst interaction.

Considering the strong CO adsorption on Pt/Pd is one
of the key problems for MOR, compressive lattice strain
was usually considered to accelerate the sluggish reaction by
pushing the d-band center downward, allowing a weaker CO
adsorption.[1%123124] On the other hand, it has also been re-
ported that the tensile strain effect can be beneficial to activ-
ity enhancement.['2127127] For example, in the Pt;Ga intermetal-
lic nanocrystals with two-to-three atomic-layer Pt on the surface
(AL-Pt/Pt;Ga),>% the formed tensile strain makes all the inter-
mediates (CO* + OH*) binding more strongly for easily acti-
vating water and removing CO*. The Au@PdPt core—shell cata-
lysts prepared by Yang et al. also exhibit a significantly improved
MOR performance compared with Pt/C.1'2l The enhanced cat-
alytic behaviors were attributed to the strengthened adsorption
of *CH,OH and the lowered reaction barriers induced by tensile
strain.
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Although core—shell catalysts have been developed for many
years, it is important to map in detail the strain—activity correla-
tions toward the MOR.['28] To this end, Jin et al. recently deposited
ultrathin Pt shells on Pd-based nanocubes. A strain change rang-
ing from —5.1% to 5.9% can be obtained via a phosphorization
and dephosphorization process (Figure 8b,c). They found that the
electrocatalytic activity of the Pt shells follows an M-shaped curve
with continuous strain changes (Figure 8d,e). DFT calculations
give further insight into above observations. The increased ten-
sile strain strengthens the OHBE, benefiting the removal of CO*
to some degree, but too much tensile strain would also result in
strongly adsorbed CO*. Whereas, the opposite effect occurs with
compressive strain. The strong compressive strain not only weak-
ens CO* binding (Figure 8j) but also weakens the OH* adsorp-
tion (Figure 8f) making it difficult to oxidize CO*. Therefore, the
authors proved that only moderate lattice strains, either tensile
smaller than 4.7% or compressive smaller than 3.9%, promote
the MOR catalytic activity of Pt via boosting CO removal. This
approach has a great significance in strain-engineering enhanced
electrocatalytic performances.

4.3. Heterostructured Catalysts

Heterostructured catalysts with abundant interface enable
boosted MOR kinetics via the synergistic effect from differ-
ent components. Moreover, electron transfer and charge redis-
tribution also commonly exist in the interface of heterostruc-
tured catalysts which can tune the electronic structures of ac-
tive sites and further modulate their adsorption energies with
adsorbates.[129:130]

4.3.1. Heterostructured Catalysts with Functional Substrates

Placing Pt/Pd units on the oxophilic substrates is a well-studied
system. A typical example is the Pt-Ni(OH),—-graphene elec-
trocatalysts designed by Huang et al.’®) The highly defective
Ni(OH), nanostructures adjacent to Pt sites are believed to speed
up the oxidation of carbonaceous poison species via promot-
ing the adsorption of OH*. Many other heterostructured electro-
catalysts such as Pt—Ce(CO,)OH/reduced-graphene-oxide (rGO)
electrocatalyst,[*!l Pt/MnO, /graphene,32] Pt/Mn,0,/rGO,!!*I
Pd-V,0,/C,[*** Pd/Co~Ce0,,['**] Pd-PdO porous nanotubes,”*!
and Pd-Mn;0,/MWCNTI!3¢] were also prepared based on the
similar mechanism. Apart from the bifunctional mechanism,
the interface between supported metals with metal oxide sub-
strates may also exist electron transfer.['! For example, Wang’s
group prepared the oxygen vacancies-rich CeO, nanorods via
plasma etch.['¥”] The defective CeO, affords surplus electrons to
the loaded Pt NPs and reduces its chemisorption with CO* which
is beneficial for MOR.

Graphene and its carbon derivatives are the most frequently
used supports for anchoring active catalysts. It has been re-
ported that heteroatom with low electronegativity like B-doped
(2.0)(138139] and P-doped (2.1)[*%*!] carbon materials can in-
crease the electron density of Pt/Pd and lower their d-band cen-
ter. Therefore, the lowered adsorption energy of CO* will benefit
the MOR kinetics at low potentials. In addition, the heteroatom-
doped carbon itself can also assist the MOR. For example,
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Figure 8. a) lllustration of the strain effect on the change of d-band center and adsorbates—catalysts interactions. b,c) Profiles describing the increasing Pt
lattice tensions (b) and the increasing Pt lattice compressions (c) induced by phosphorization and dephosphorization process. d) CV curves of different
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N atoms with larger electron affinity could provide abundant OH
sources to oxidize CO.['**1*2] Besides the abovementioned tradi-
tional supports, intensive efforts have been devoted to engineer-
ing supports for increasing the interface complexity.

Recently, our group introduced single Co atoms to functional-
ize the N-doped carbon nanosheets (Co-N-C).l*3] Pt NPs with an
average size of around 3.0 nm were then loaded on Co—N-C sub-
strate via ethylene glycol reduction. The introduction of Co single
atoms caused a decreased electron density of Pt NPs. In this case,
though the upshift of the d-band center of Co-N-C/Pt increased
its adsorption with CO*, the stronger interaction of OH* facil-
itates the desorption of CO* and results in a greatly promoted
MOR performance (Figure 9a). In all, the incorporated Co sin-
gle atoms not only optimize the electronic structure of adjacent
Pt NPs but also boost the adsorption of OH* on Co sites, as-
sisting the removal of CO* accordingly (Figure 9b). Graphdiyne
(GDY) with sp and sp? hybrid electronic structure and good elec-
tron/proton conductivity, has triggered intensive research inter-
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ests since its first investigation in 2010.'*4 Recently, GDY has
also been used in the MOR catalyst system.['*>1%] Li and co-
workers anchored Pt, ,Cu NPs into the GDY nanochannel as il-
lustrated in Figure 9¢.['*5] The superior protophilic ability of GDY
favors the proton migration during MOR which not only reduces
the energy barriers in each reaction step but also leaves more ac-
tive sites for the reaction proceeding (Figure 9d). It can be ob-
served in Figure 9e that in the DMFC system, the power densi-
ties of GDY@PtCu surpass commercial PtRu/C at all the tested
temperatures.

MXenes as a new member of 2D materials, feature good
conductivity and rich functional groups and have attracted in-
tense research interests as promising support materials.'*’l Zhu
et al. synthesized 3D Ti;C,T, MXene balls supported Pt clusters
(Ptc/Ti,C,T,) by a spray-drying method.['®] It can be seen from
the HAADF-STEM image (Figure 9f) that the size of Ptcis around
1.5 nm and evenly distributed on the substrate. The DFT calcu-
lation demonstrates that 2.17 electrons transfer from the Ptc to

© 2023 Wiley-VCH GmbH
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the promotion mechanism of Co—-N—C/Pt catalysts. a,b) Reproduced with permission.['3] Copyright 2022, Wiley-VCH. c) Schematic illustration of
GDY@PtCu. d) Free energy diagrams of MOR on the Pt,Cu (111) surface with and without the presence of H*. ) The power density for the GDY @ PtCu
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of Ptc/Ti; C, T, and the inset shows the calculated charge density difference. g) Schematic illustration of the proposed MOR mechanism on Ptc/Ti;C,T,.
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1.0 M methanol solution. i-k) Reproduced with permission.['*] Copyright 2019, American Chemical Society.
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Figure 10. a)

Schematic illustration of the preparation of BiO, (OH),—Pt inverse interface via electrochemical reconstruction for boosted MOR. b) DFT

calculation of the COBE and OHBE on the surfaces of Pt (111) with and without BiO, (OH), decoration. c) CV curves of Pt/C and Pt,Bi before (_I) and
after (_A) electrochemical treatment in 1.0 M KOH with 1.0 M methanol. a—c) Reproduced with permission.l'® Copyright 2020, American Chemical
Society. d) HRTEM image of PANW@cCuO,. e) High-resolution elemental XPS spectra of Pd 3d and Cu 2p for different catalysts. f) MOR CV curves and
g) CO-stripping voltammograms in 1.0 M KOH with and without 1.0 M methanol, respectively. d—g) Reproduced with permission.['®1] Copyright 2019,
Wiley-VCH. h) HAADF-STEM image and corresponding SAED pattern (inset) of 22% YO, /MoO,—Pt NWs. i) MOR CV curves tested in 0.1 m HCIO,
with 0.5 M methanol. j) Free desorption and oxidation energy changes of CO* on pure Pt, MoO,—Pt, and YO,/MoO,—Pt surfaces; the corresponding
adsorption strategies for CO* and COOH* on pure Pt and YO,/MoO,~Pt surfaces are shown below. h—j) Reproduced with permission.[”2] Copyright

20271, Wiley-VCH.

the substrate, resulting in a positively charged Pt and negatively
charged Ti,C,T, (inset of Figure 9f). The authors inferred that
the introduced repulsion force between OH™ and electron-rich
Ti,C, T, would provide a high local OH™ concentration around
positively charged Ptc and enhance the removal of adsorbed CO*
(Figure 9g). In all, with the assistance of Ti,C, T, the Ptc/Ti;C,T,
exhibits a high MA of 7.32 A mg™';,, which is nearly three times
higher than that of Pt/C (Figure 9h). Zhou and co-workers also
proved that the electronegative terminations of Ti;C,T, enable
strong metal-support interactions which will optimize the elec-
tronic structure of loaded Pd and favor the adsorption and oxida-
tion of methanol molecules.['*]

In addition, graphitic carbon nitride (g-C;N,) has high nitro-
gen content and good chemical and thermal stability, but its appli-
cations are greatly restricted by low conductivity. However, many
reports have proved that the marriage of g-C;N, with conductive
carbon materials can serve as advanced substrates for accelerated
MOR.[150-153] For example, Zhang et al. covalently coupled g-C;N,
with carbon nanotubes to support Pt clusters and the prepared

Adv. Mater. 2023, 35, 2211099
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hybrid has strong catalyst-support interactions (Figure 9i).1>*

XPS and theoretical calculations identify that compared with Pt—
CNT, the z-bonded planar g-C;N, keeps the immobilized Pt with
more metallic properties and makes it more energetically favor-
able in multi-step reaction pathways (Figure 9j). As a result, Pt—
g-C;N,—CNT shows higher MOR activity and decent poison tol-
erance compared with Pt—-CNT (Figure 9Kk).

4.3.2. Inverse Heterostructured Catalysts

Inverse heterogeneous nanostructures with oxides or other com-
pounds decorated on the noble metal surface have attracted in-
tensive research interests but have rarely been studied in MOR
systems.[>>"°] Zhang and co-workers designed a BiO,(OH),~
Ptinverse heterostructured electrocatalyst via electrochemical re-
construction (Figure 10a).[1%] The electron redistribution at the
heterostructure interface leads to a weakened CO adsorption and
strengthened OH adsorption at the interface region (Figure 10b).
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As a result, the obtained BiO,(OH),~Pt electrocatalyst exhibits a
superior MA which is 5.96 times higher than that of 20 wt% Pt/C
(Figure 10c). The merged two components at the inverse het-
erostructure interface may result in the formation of new chemi-
cal bonds. Chen et al. successfully decorated the crystalline CuO,,
layer on the Pd nanowire (PANW@cCuO,, Figure 10d).[**1] XPS
spectra (Figure 10e) show the existence of electron-deficient Pd’*+
species and rich Pd-O-Cu interfaces in PANW@cCuO,, system.
The detailed analysis reveals that the greatly enhanced MOR ac-
tivity (Figure 10f) and stability of the PANW @cCuO,, are ascribed
to the strong Pd-O—Cu interaction and the weakened CO* bond-
ing (Figure 10g). Moreover, the introduction of oxophilic metal
species on the active metal may also alleviate the intermediate
poisoning issue via a decoupling mechanism. For instance, Guo
and co-workers decorated sub-monolayer YO, /MoO, on ultra-
thin platinum nanowires (YO, /MoO,—-Pt NWs, Figure 10h).”7!
It can be observed from Figure 10i that the 22% YO, /MoO,-
decorated Pt NWs exhibit the best MOR performance with the
SA of 3.35 mA cm~2 and MA of 2.10 A mg~';,, exceeding those
of Pt/C by 2.21 and 3.75 times, respectively. The in situ FTIR
spectroscopy shows that CO,, the final product of MOR, appears
at a much lower potential (0.40 V) for YO, /MoO,—Pt NWs than
that of commercial Pt/C (0.60 V), indicating that the decoration of
YO, /MoO, can induce the CO* thermodynamically transferred
from linear mode (CO,) to bridge mode (COy) and lower the bar-
rier of its further oxidation. DFT calculations further evidence
a decoupling mechanism to restricting the CO poisoning issue,
where YO, and MoO, decoupled with CO* and COOH*, bring-
ing in lowered free energy barriers for their oxidation reaction
(Figure 10j). Above studies indicate that the rational fabrication
of inverse heterostructured electrocatalysts can be a promising
strategy for fabrication of high-performance MOR electrocata-
lysts.

4.4. SACs

SACs with single metal atoms functioning as the primary active
sites have been applied in many electrocatalytic reactions,!16216]
however, they are believed to be inactive toward the MOR for a
long time. It is well known that reducing the size of catalysts
would increase the number of exposed active sites and lead to im-
proved MOR performance.[1°1¢7] However, the catalytic activity
cannot always be enhanced by reducing the size of catalysts.[1%8]
It has been proved experimentally that when the size is smaller
than 4.5 nm, the specific MOR activity decreased with decreas-
ing Pt particle size.'®”! Additionally, 3-10 nm was found to be
the optimum size range for Pt particles to obtain CO,, and the
particle smaller or larger than that size will result in partial oxi-
dation products.'7!

In 2006, Cuesta modified Pt (111) electrodes with cyanide and
obtained four possible kinds of reactive sites: 1) a single Pt atom,
2) two adjacent Pt atoms, 3) three Pt atoms arranged linearly,
and 4) three Pt atoms arranged forming a chevron with a 120°
angle.['”!l Because barely any CO can be detected during the
MOR test, the author claimed that the minimum atomic ensem-
ble for the oxidation of methanol to CO, needs three contiguous
Pt atoms for the CO pathway and two adjacent Pt atoms for the
CO-free pathway. This result has been proved by many other re-
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Downloaded for personal academic use. https://kxdigital.pages.dev/

2211099 (14 of 20)

www.advmat.de

searchers that SACs consisting of Pt single atoms dispersed on
carbon nanotubes,!*”?] carbon black,!'”3] and MXene!**®! are all in-
active toward the MOR.

However, in 2021, Ciucci’s group reported that atomically dis-
persed Pt atoms on RuO, (Pt;/RuO,, Figure 11a) are highly ac-
tive toward the MOR with a MA of 6766 mA mg™',, which is al-
most 15.3 times higher than that of Pt/C.1'73] Interestingly, one of
the control samples, single Pt atoms on metallic Ru (Pt, /RuO,—
H, prepared by reducing Pt,/RuO, via H, at low temperature)
shows no MOR activity (Figure 11c). The EXAFS spectra show a
prominent peak at 1.62 and 2.49 A for Pt,/RuO, and Pt,/RuO,—-
H, which corresponds to Pt-O and Pt-Ru coordination, respec-
tively (Figure 11b). In addition, XPS results also show that the
RuO, in Pt;/RuO, has a new peak at 531.3 eV which can be at-
tributed to the appearance of oxygen vacancies on the surface.
DFT calculations reveal that in Pt; /Ru0O,, the CH;OH molecules
would preferentially adsorb on the coordinatively unsaturated Ru
(Ru,,) and the undercoordinated bridging O (O,,) makes the
scission of the O—H bond spontaneously (Figure 11d). However,
for the single Pt atom on carbon or metallic Ru, the weak adsorp-
tion of CH,;OH and higher energy barriers for the O-H and C-H
bonds scission make Pt, /VXC-72 and Pt, /RuO,-H inert toward
the MOR (Figure 11e). In all, the authors claimed that the RuO,
substrate turns Pt single atoms into MOR-active.

More recently, Poerwoprajitno et al. synthesized single Pt
atoms on Ru NPs by annealing Pt-island/Ru NPs at 200 °C in 5%
H,/N,.[%] During the annealing process, the Pt islands can ther-
modynamically spread on Ru surface and the spreading process
is observed via in situ TEM (Figure 11f). The single-Pt-atom-on-
Ru catalyst shows high catalytic activity for MOR with a MA of
1.58 A mg~!,, which is around two times and five times greater
than Pt-island-on-Ru catalyst and commercial PtRu, respectively
(Figure 11g). Moreover, the single-Pt-atom-on-Ru catalyst also
exhibits a high resilience to CO. The performed DFT calcula-
tions show that stronger adsorption of CH;OH and weaker ad-
sorption of CO leads to the superior MOR performance of the
single-Pt-atom-on-Ru catalyst than Pt-island-on-Ru and PtRu cat-
alysts (Figure 11h,i). The authors highlighted that the DFT cal-
culation results were obtained under the modeling at 0.6 V (vs
RHE) and the surfaces of the catalysts were covered fully with
OH groups. However, the catalyst surface adsorption state is
potential-dependent which greatly affects the DFT results. In ad-
dition, it has been reported that SACs may be reconstructed into
cluster structures as true catalytic active sites and then return
to the initial atomic dispersion under working conditions.!174175]
Though significant breakthroughs in the field of active Pt SACs
toward the MOR have been achieved, more attention still needs
to be paid to exploring the dynamic structure evolution of SACs
under working conditions and conquering the limitations of DFT
calculations.

5. Conclusions and Perspectives

Recent development and limitations of MOR regarding the
mechanism, evaluation criteria, and advanced electrocatalysts are
summarized in this review. The MOR performance of recently re-
ported advanced electrocatalysts is listed in Table 1. Despite the
extensive research on MOR, challenges still remain and hinder
its practical implementation in DMFCs. To impetus the further
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Figure 11. a) HAADF-STEM image of Pt;/RuO,; the inset shows the intensity profile along with the dashed rectangle. b) Ru k3-K edge EXAFS spectra
of Pt;/RuO,, Pt;/RuO,—H, and Pt foil. c) CV curves collected in 0.1 M KOH with 1 M methanol. d,e) Free energy diagrams for methanol oxidation to CO
at Pt-RuO, (110) and RuO, (110) (d), and PtRu (0001) (e). a—e) Reproduced with permission.l'73] Copyright 2021, Springer Nature. f) HRTEM images
of the evolution of Pt-island-on-Ru branch catalyst over time. Scale bar = 2.5 nm. g) MA of different catalysts. The inset shows an HAADF-STEM image
demonstrating the position of Pt atoms in relation to Ru facets. Scale bar = 0.5 nm. h,i) Free-energy diagrams for adsorption of *CH;OH (h) and *CO

(i) on the active sites of different catalysts. The inset of (h) shows the calculated stable configuration of a single Pt atom on Ru (1010). f-i) Reproduced
with permission.l”>] Copyright 2022, Springer Nature.

developments of this field, we highlight that future research can

be focused on the following aspects.

5.1. Strengthening the Understanding of the Mechanism for the

MOR

For the methanol electrooxidation process, a two parallel paths
mechanism is well accepted. The previous mechanism study was

Adv. Mater. 2023, 35, 2211099

mainly based on platinum crystal electrodes; however, the evolu-

tion of the interaction between intermediates and active sites, the
detailed competitive adsorption process, and even the RDS are

ment of efficient MOR catalysts.
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poorly understood in polycrystalline and multimetallic systems.
A deeper insight into the mechanism is crucial for the develop-

1) Discovering the Adsorption Energy Scaling Relations: An ideal
electrocatalyst should have an optimal BE, neither too weak

© 2023 Wiley-VCH GmbH
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Table 1. Summary of recently reported advanced electrocatalysts for the MOR.

Catalyst Onset MA SA CA performance Electrolyte Reference

potential [Amg™] [mA cm~?] [Current loss]

Au@PdPt ~0.5 4.830 6.9 e 1.0 M CH;0H + 1.0 m KOH [12]
PtBi Nanorings ~0.53 6.42 11.93 ~50% after 10 000 s 1.0 M CH;0H + 1.0 m KOH [13]
AL-Pt/Pt;Ga ~0.46 1.094 7.195 ~75% after 1000 s 1.0 m CH;0H + 0.5 m H,SO, [56]
YO,/MoO,~Pt NWs ~0.5 2.10A 335 ~60% after 3000 s 0.5 M CH;OH +0.1M HClO, (72]
Pd—PdO nanotubes ~0.6 1.1113 46.9 ~71.5% after 10 000 s 1.0 M CH;OH + 1.0 M KOH [73]
Pt;gNiygFeq5Coq,Cuyy /C ~0.41 15.04 — ~14% after 5000 s 1.0 M CH;0OH + 1.0 m KOH [111]
PtRhBiSnSb nanoplates ~0.5 19.529 — ~28% after 20 000 s 1.0 M CH;OH + 1.0 M KOH [112]
SANI-PtNWs ~0.45 7.93 £0.45 — ~31% after 3600 s 1.0 M CH;0H + 1.0 m KOH [115]
Ru, Pt,-SAA ~0.5 2.805 23.59 ~80% after 5000 s 1.0 M CH;OH + 0.1 m HCIO, [116]
Ru-ca-PtNi ~0.55 2.01 ~5 ~77% after 1000 s 0.5 M CH;OH + 0.1 m HCIO, [45]
Pt/CeO,-P ~0.5 0.714 8.06 ~75% after 5000 s 1.0 M CH;0H + 0.5 M H,SO, [137]
Co-N-C/Pt ~0.45 5.6 10.8 ~48% after 4000 s 3.0 M CH;0H + 1.0 m KOH [143]
GDY@PtCu ~0.65 0.70 0.82 ~95% after 5400 s 1.0 M CH;OH + 0.5 M H,SO0, [145]
Pt/NGDY ~0.47 1.4493 — ~87% after 50 000 s 1.0 m CH;OH + 1.0 m KOH [146]
Pt/NGDY ~0.69 0.296 29 >72% after 6000 s 1.0 M CH;OH + 1.0 M H,SO, [146]
Pt NW/PDDA-Ti;C, T, ~0.70 — 17.2 >90% after 2000 s 1.0 M CH;OH + 0.5 m H,SO, [147]
Ptc/Ti,C, T, ~0.4 7.32 38 ~/56% after 3000 s 1.0 M CH;OH + 1.0 M KOH [148]
Pd/MXene ~0.6 0.40 124 — 1.0 M CH;OH + 1.0 M KOH [149]
Pt-g-C3;N,—CNT ~0.5 — 19.45 ~60% after 3500 s 1.0 m CH;0H + 0.5 m H,SO, [154]
Pt,Bi-A ~0.52 4.611 — ~35% after 10 000 s 1.0 M CH;OH + 1.0 m KOH [160]
PANW/cCuO, ~0.66 ~0.55 6.14 ~96% after 3000 s 1.0 M CH;OH + 1.0 m KOH [1671]
Pt,/RuO, ~0.55 6.766 — — 1.0 M CH;OH + 0.1 M KOH 73]
Single-Pt-atom-on-Ru ~0.4 1.58 0.75 ~66% after 14 400 s 1.0 M CH;OH + 0.1M HCIO, [75]

Note: Onset potential: potential vs RHE; MA: the activity per mass of Pt+Pd-+Rh; Ru-ca-PtNi: Ru single atoms on the surface concavities of PtNi NPs; Pt NW/PDDA-Ti; C,T,:
Pt nanoworms grown on poly(diallyldimethyl ammonium chloride)-functionalized Ti;C, T, nanosheets.
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to activate the reactants nor too strong to desorb the products.
Scaling relations regarding the BE between the active sites
and different adsorbed species open the possibility of using
only a few descriptors to map the rate of catalytic reactions.[*”®]
For complex catalysis reactions, it is hard to achieve a bal-
ance by breaking the restriction of the scaling relation be-
tween the multiple reaction intermediates which limits the
optimization of catalysts.!'””] The processes of MOR involve
the adsorption/desorption of multiple reaction intermediates,
which makes it urgent to unveil adsorption-energy scaling re-
lations and build a paradigm guiding catalyst design.[!7]

Unveiling the Electrocatalytic MOR Process at the Molecular
Level: In situ and operando characterizations under real cat-
alytic conditions should be explored to monitor the intricate
chemical transformation and the evolution of active sites dur-
ing the catalytic process, which is crucial to verify the pro-
posed mechanisms, but are barely achieved yet. For example,
the combination of in situ liquid phase-TEM with in situ mi-
crospectroscopic techniques to monitor the structure evolu-
tion of the active sites as well as the chemical reactions of ad-
sorbed molecules. Online electrochemical mass spectrometry
and in situ electron paramagnetic resonance are also powerful
tools for the accurate detection of adsorbates and intermedi-
ates, which would take us one step closer to the fundamental
nature of MOR. At present, the sensitivity, selectivity, and time

Downloaded for personal academic use. https://kxdigital.pages.dev/

resolution of the abovementioned techniques are needed to be
further improved.

Congquering the Limitations of DFT Calculations: From the per-
spective of DFT calculations, it is hard to mimic the complex
electrochemical system. Therefore, the catalyst model should
be built accurately and based on the real state of active sites
during the catalytic process. In addition, the effect of poten-
tial, the adsorption of water molecules, cations, and anions on
the material surfaces should be carefully considered to ensure
the results are reliable.

5.2. Rational Design of Advanced Electrocatalysts

1)

2211099 (16 of 20)

Modulating the Advanced Heterointerfaces to Break the Scaling
Relations and Improve the Stability in the MOR: Heterostruc-
tured electrocatalysts are distinguished by their structure in-
homogeneity and complexity. Ngrskov and co-workers have
suggested that the optimized adsorption of the multiple in-
termediates at the abundant heterointerfaces makes it possi-
ble to break the scaling relation based on the first-principle
calculations,'”°l which is supported by many recent exper-
imental studies.!'®-182] The introduction of abundant inter-
faces would provide additional active sites for balancing inter-
mediate adsorptions, 13183l substantially improving the MOR
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kinetics and alleviating the poisoning issues. Heterostruc-
tures, multimetal SACs, and HEAs have adjustable compo-
sition and interface chemistry, and are potential choices for
high-performance MOR catalysts.['®] Moreover, enhancing
the strong metal-support interactions or inducing spatial con-
finement effect at the heterointerfaces can efficiently prevent
the catalysts from agglomeration and detachment.

2) Exploring Catalysts based on Non-Platinum Group Metals:
Pt/Pd-based materials are the most intensively studied MOR
electrocatalysts with an overpotential from 0.4-0.6 V (vs RHE)
to trigger the reaction. However, nearly all the reported non-
noble metal catalysts require a high potential of over 1.2 V,
which is impractical for DMFCs because the theoretical po-
tential for the cathodic reaction is 1.23 V. Wang et al. suc-
cessfully synthesized a strain-stabilized Ni(OH), nanoribbons
(NR-Ni(OH),) with alternating 4- and 6-coordinated nickel
edges atoms in a periodic manner.'®> Inspiringly, the pre-
pared NR-Ni(OH), exhibits outstanding MOR activity with
an overpotential of 0.55 V and negligible CO poisoning.[!8]
Both experimental and theoretical investigations show that
the four-coordinated Ni atom of NRcNi(OH), enables the elec-
tron transfer on the valence band near the Fermi energy level,
which is forbidden in traditional six-coordinated Ni atom.
The formed charge-transfer orbital finally facilitates the multi-
electron transfer process during MOR. This work not only
shows the importance of atomic coordination environment to
catalytic nature but also indicates the feasibility of the applica-
tion of non-precious metals for DMFCs that deserve specific
attention.

Moreover, in practical DMFCs, the operation conditions are
very different compared with the lab-scale test, and many more
factors can affect the activity and stability of catalysts. It is urgent
to build new criteria and evaluate directions to link the lab to the
practical DMFCs applications.
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