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The methanol oxidation reaction is a key reaction in direct methanol fuel cells. Prior research indicates that if
oxygen vacancies in NiOOH serve as the active sites, the methanol oxidation mainly proceeds through the
formate-involving pathway, which is a CO-free pathway, distinct from the conventional path over transition
metal catalysts, though the fundamental reason for this suppressed CO formation is unclear. Herein, we
report density functional theory calculations, through which we uncover the underlying reasons for this
alternate path of methanol oxidation over the oxygen vacancies in NIOOH. We find that the existence of
oxygen vacancies in NiOOH affects the adsorption configuration of adsorbates and that the interfacial
charge transfer is minimal for CHO and CO intermediates. In addition, CHO, a key intermediate to form
CO, adsorbs at the oxygen vacancy through the oxygen atom, leading to low stability due to the
incomplete valence saturation of the carbon atom. This weak electronic interaction and instability
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Introduction

The methanol oxidation reaction (MOR) is critical in direct
methanol fuel cells (DMFCs), which directly convert chemical
energy from methanol into electrical energy, offering a sustain-
able energy source.'” This MOR is of great interest due to its
potential applications in portable electronics and automotive
industries, driven by the need for sustainable, compact, and
environmentally friendly power solutions.

Recent advances in catalysis have improved the MOR
activity; however, efforts to address the destructive activity loss
caused by unavoidable CO generation and surface passivation
over transition metal catalysts during the MOR have been
a challenge.*® Among the non-noble catalysts, nickel has
garnered significant attention due to its good catalytic activity,
high tolerance to CO poisoning, cost-effectiveness, and earth
abundance, making it a promising candidate for the MOR
under alkaline conditions.'*"* A variety of Ni-based catalysts for
the MOR have been developed, such as Ni(OH),," Ni alloys,***®
carbon-supported Ni catalysts,”” Ni-based core-shell struc-
tures,”®** spinel structures,”> and NiO nanosheets,* all exhib-
iting improved catalytic performance, stability, and resistance
to CO poisoning. Notably, the onset potential for the MOR on
monometallic Ni catalysts remains excessively high, hindering
their effectiveness in DMFCs.>* A detailed understanding of the
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guidance for the development of efficient and CO-tolerant catalysts for methanol oxidation.

MOR mechanism and the nature of the active sites over Ni-
based catalyst surfaces is thus valuable.

It has been shown that undercoordinated Ni can improve
electronic conductivity and methanol adsorption, enhancing
the overall electrocatalytic MOR performance,’®* and the
oxidation of the alcohol is often accompanied by a change in the
valence of the Ni cations (Ni**, Ni**, and Ni*").?* Oxygen vacancy
formation has also been considered valuable for electro-
oxidation of alcohols.”**” For example, it has been shown that
a vacancy-driven oxidation of benzyl alcohol over a Ni-Fe cata-
lyst has a lower overpotential than the redox reaction mecha-
nism.”® We recently demonstrated that oxygen vacancies could
form on the NiOOH surface concurrently at the onset potential
of the MOR and that these vacancies could serve as active sites.*
We showed that the MOR towards formate and (bi)carbonates
could proceed through multiple routes and that none of the
routes involved are thermodynamically favourable. Our
previous work necessitates a deeper understanding of the
mechanism underlying this behaviour of the MOR over the
oxygen vacancies of NiIOOH. Particularly, it is valuable to explore
the fundamental reason that oxygen vacancies prohibit the CO
formation.

Herein, we have employed density functional theory (DFT)
calculations to understand how the interaction between the
adsorbates and the O-vacant active site affects the thermody-
namic stability of specific surface species, especially in those
leading to CO formation. We have found that the stability of the
CHO adsorbate on the surface influences the transition from
CH;0 to CHO, which involves dehydrogenation through OH™
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insertion and water removal. We have observed very limited
charge transfer between the oxygen in CHO and the oxygen
vacancy in the NiOOH surface. We show that the particularly
high energy of CHO could be attributed to the insufficient
valence of the carbon, which significantly decreases the ther-
modynamic stability of CHO and thereby obstructs the forma-
tion of CO that demands crossing the CHO intermediate. This
insufficient valence of the carbon in CHO is further determined
by its adsorption configuration at the oxygen vacancy of NiOOH,
which is distinct from the conventional transition metal cata-
lysts like Pt. This work thus provides guidelines for designing
more effective and robust catalysts for CO-free MOR processes.

Computational methods

Spin-polarized DFT+U calculations were carried out using the
Vienna ab initio Simulation Package (VASP),* as we reported
previously.”>** The PBE+U method* was applied with the
effective interaction parameter (Hubbard U-value) set to 6.6 eV
for Ni, as described in the literature.®® The electron-ion inter-
actions were described by the projector augmented wave (PAW)
method, and a plane-wave cut-off energy of 400 eV was set.** The
Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional within the generalized gradient approximation (GGA) was
employed.* The DFT-D3 semi-empirical approach was used to
account for the van der Waals interactions.** A1 x 1 x 1 k-point
mesh centred at the Gamma (I') point was used to perform the
Brillouin zone sampling. A B-NiOOH (0001) supercell (4 x 4)
was constructed using the unit cell described in the literature.*”
The corresponding groups (oxygen or OH) were eliminated from
the surface to generate the oxygen vacancies.” To compare the
transferred charges between the surface and different adsor-
bates, a Bader charge analysis was conducted.*®*** Charge
density difference was calculated as follows:

AP = Ptotal — PO-vacantNiOOH — Pmolecule

where Ptotals PO-vacantNiOOH; and Pmolecule represent the Charge
density of the adsorbate on the O-vacant NiOOH surface, the O-
vacant NiOOH surface, and the adsorbate, respectively; the
latter two structures were kept at their optimized structures.

Results and discussion

Fig. 1 shows several possible reaction paths of the MOR in basic
solutions. Methanol is first oxidized through two dehydroge-
nation steps (two one-electron steps) to form an adsorbed
formaldehyde (CH,O%*), which can then proceed along two
parallel pathways to form CH,(OH)O* and CHO*, respectively,
through OH insertion and dehydrogenation. The subsequent
dehydrogenation process can produce CO* from CHO* or
CH(OH)O* from CH,(OH)O¥*, respectively. The adsorbed CO*
can either desorb from the catalyst surface or undergo further
oxidation to form C(OH)O* which then deprotonates to
produce CO,. In parallel, HCOO* can be generated from the
deprotonation of CH(OH)O* by solvated OH, and then the
HCOO¥* can be further oxidized to CO, and carbonate.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Ilustration of the competing reaction paths of the MOR in basic
solutions. The green species are shared intermediates along the
different reaction paths, and the distinct intermediates are highlighted
in red (CO-involving path), blue (CO-free path), and brown (formic-
free path), respectively.

We previously reported the energy profile of MOR on the O-
vacant NiOOH, showing that conversion of CH,0* to CHO*; the
latter is a precursor to form CO*, which is thermodynamically
impeded over the competing route to form HCOO* through
CH,(OH)O*.*® In addition to this suppressed CHO formation
(and therefore the CO formation), the other challenging step
along the CO-path is the oxidation of CO to form C(OH)O%*,
which also has a very high thermodynamic penalty. In this work,
to understand the fundamental reasons behind and the distinct
role of O-vacancies, particularly why the CO-related intermedi-
ates are destabilized at oxygen vacancies in NiOOH, we first
selected the key surface intermediates (Fig. 1) that determine
the selectivity, including CH,0*, CHO¥*, CO* CH,(OH)O%*,
CH(OH)O*, C(OH)O*, and HCOO¥*, to examine their interac-
tions and interfacial charge transfer with the catalyst surface. It
is anticipated that the thermodynamic instability results from
weak adsorption of the intermediates, which is normally
accompanied by reduced interfacial charge transfer.

Fig. 2 shows that the charge density redistribution between
these intermediates and the surface is very pronounced via
transforming CH,O* into CH,(OH)O* as opposed to that during
dehydrogenating CH,O* to CHO®*. In the next step, the
conversion of CH,(OH)O* to CH(OH)O* reduces the charge
density redistribution, while the formation of CO* from CHO*
does so minimally. In the following steps, both transformations

CH(OH)0*

CH,(OH)0O" HCOO’

Fig. 2 Charge density differences of CH,O* CHO*, CO*, C(OH)O*,
CH,(OH)O*, CH(OH)O*, and HCOO* adsorbates at the O-vacant
NiOOH. The charge density difference is displayed at iso-surfaces of
4+0.002 e A=>. Yellow and cyan colours are associated with electron
accumulation and depletion, respectively.
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from CO* to C(OH)O* and from CH(OH)O* to HCOO* result in
a higher degree of the adsorbate-surface interaction.

To understand the origin of this distinct interfacial charge
redistribution, we quantified the difference in the Bader charge
analysis of the O of the adsorbate bonding with the O-vacant
active site and that of the neighbouring Ni atoms to the
vacancy, referenced to the atomic charge of corresponding
atoms in the gas-phase species and the clean surface. Fig. 3
shows that the greater difference in the charge density of the
relevant atoms corresponds to the more pronounced adsorbate-
surface charge redistribution observed in Fig. 2. For instance,
the negative charge at the O of CH,(OH)O* and the positive
charge at the neighbouring Ni accumulated significantly,
showing pronounced electron transfer from the Ni to the
adsorbate. In this case, the partially reduced Ni cation, because
of the formation of an oxygen vacancy in its proximity, serves as
an electron reservoir to stabilize the electronegative surface
species. In contrast, the Bader charge difference of the O and
the Ni atoms is negligible in the case of CHO*, which is in line
with minimal electronic interactions between CHO* and the
surface shown in Fig. 2. The consistent trend indicates that the
strength of the adsorbate-surface electronic interaction is
mainly attributed to the charge transfer between the O of the
adsorbate and the neighbouring Ni atoms, which appears to
determine the thermodynamic stability of the corresponding
surface species.

Next, we explored the reaction that leads to this reduced
interfacial charge transfer and the interaction of HCO* that
drives the reaction to proceed via CH,(OH)O* to form HCOO*.

0.3
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Fig.3 Bader charge analysis of charge transfer upon adsorption of the
atoms primarily involved in the electronic interaction between the
adsorbate and the surface, which are referenced to the charges of
corresponding atoms in the gas-phase species and on the clean
surface. The relevant atoms include the O of the adsorbate bonding
with the O-vacant active site (solid square symbol) and the neigh-
bouring Ni at the oxygen vacancy (open circle symbol). Because one
O-vacant active site is coordinated with three Ni atoms, the data
associated with the Ni is averaged over that of the three. The positive
and negative values indicate electron depletion and accumulation,
respectively.
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The interfacial charge transfer and stability of the surface
intermediates can be partially attributed to the C-O bond
strength within the intermediates. In general, inserting an OH
(e.g., CH,0* — CH,(OH)O*) weakens the C-O bond, which
allows the O to interact more strongly with the oxygen vacancy
(and the neighbouring Ni atoms) and thus stabilize the adsor-
bate at the vacancy, promoting interfacial charge transfer as
shown in Fig. 2. In contrast, eliminating a proton (e.g., CH,O*
— CHO*) results in strengthened bonding between the C and
the O within the adsorbate, leading to a lower degree of the
adsorbate-surface interaction and minimizing charge transfer.
However, such an explanation based on bond addition cannot
explain the very unstable CHO* relative to CO*.> Both CHO*
and CO* show similar charge transfer (Fig. 2 and 3), and the
C-H bond formation in CHO* is expected to strengthen its
adsorption as compared to CO*. In the following, we discuss the
origin of this case (and a similar case of C(OH)O¥). The typical
Pt catalyst, on which CO formation and poisoning occur via
partially hydrogenated CO adsorbates,* represents a well-
known challenge® and is used below as a comparison.

Fig. 4 illustrates the binding configurations of representative
surface intermediates of the MOR (see Fig. 2) on a Pt surface
and an oxygen vacancy of NiOOH. On the Pt surface, the
adsorbates typically bind with the active site via the C atom.
Instead, on a NiOOH surface with an O-vacancy, the surface
species adsorb on the active site through the O of its carbonyl
group.”®**>*t We find that this difference in the preferential
binding mode determines the valence fulfilment of the C atom
in the carbonyl group, which in turn affects the system stability.

In particular, the C atom of the CHO* or the C(OH)O* on a Pt
surface can reach its full valence state by forming a strong o
bond with the metal surface. In contrast, over the NiOOH
surface with an oxygen vacancy, the C atom of CHO* or C(OH)
O* is unable to achieve its full valency as these species adsorb
via the oxygen atom. Regardless of the possible configurations,
the C in the carbonyl group CHO* remains unsaturated (Fig. 4,
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Fig. 4 Schematic illustration of the binding configurations of repre-
sentative surface intermediates of the MOR (see Fig. 2) on a Pt surface
and an oxygen vacancy of NiOOH. From the CH,O intermediate, the
reaction can proceed with a CO-involved pathway, which is favourable
on Pt, and a CO-free pathway on defective NiOOH.
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middle path) with an unpaired electron, which destabilizes the
structure. This unsaturated valence of the C in CHO* is the
origin of its instability, which thermodynamically impedes the
transformation of CH,O* into CHO* on the O-vacant NiOOH
(the potential-limiting step for forming CO*).

The competing path to form HCOO* avoids such low-valence
intermediates. To reach the full valence of carbon in the key
surface intermediates over an oxygen vacancy in NiOOH, the
sequence of the OH insertion and deprotonation steps should
be altered; the OH insertion into CH,O* occurs first to form
CH,(OH)O* followed by deprotonation, forming CH(OH)O* and
HCOO* without leaving an unpaired electron in the carbon
(Fig. 4 blue path). Therefore, the stability of intermediates and
the reaction path is determined by the nature of the active site.
Over the O-vacancies, the preferential binding configuration is
different from metal catalysts to reach the full valence of the
intermediates. Such preferential adsorption can also be applied
to the electro-oxidation of other alcohols, such as benzyl
alcohol, over Ni-based catalysts.” It should be noted that our
current discussion is based on Ni*" in NiIOOH and can explain
the observation of the CO-free pathway in our prior experi-
ments.* The role of oxygen vacancies (and the under-
coordinated Ni) in the MOR over Ni*" in Ni(OH),,"* and Ni**
sites* at different electrode potentials could be different and
remains to be explored.

Conclusions

This study provides key insights into the methanol oxidation
reaction over the oxygen-vacancy active sites of NiIOOH. The CO
path involves a very unstable intermediate, CHO*, which shows
minimum charge transfer with the oxygen vacancy and its
neighbouring Ni atoms. CHO* adsorbs at the oxygen vacancy
through its oxygen atom, leading to minimum interfacial
charge transfer and incomplete valence saturation of the carbon
in the carbonyl group. This instability effectively prevents CO
formation, as confirmed by experimental results in a prior
work.” Overall, the findings here highlight the crucial role of
oxygen vacancies in promoting a CO-free MOR pathway by
affecting the adsorption configuration and thermodynamic
stability of key surface intermediates, thus offering valuable
guidance for designing more effective and CO-tolerant catalysts
in direct methanol fuel cells.
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