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As non-precious catalysts, Ni-based catalysts play a significant role in methanol oxidation for energy
conversion technologies. At the same time, the effect of the complicated chemical environment on
catalytic efficiency remains unclear. Here, the coordination environment of Ni active sites in spinel
nickel-manganese (NiMn,O4 and MnNi>O,4) is investigated as a platform to elucidate the correlation with
catalytic performance in methanol electro-oxidation. The occupation of Ni?* ions in these structures
modulates the intrinsic activity of Ni active sites in NiMn spinels, resulting in different catalytic
mechanisms and intrinsic active site efficiency, although they have similar morphology and structure.
The high-symmetry NiOg octahedral structure in inverse spinel MnNi,O4 exhibits superior catalytic
performance and stability compared to the NiO4 tetrahedral structure in normal NiMn,O,4 spinel.
Specifically, at 1.50 V vs. RHE, the MnNi»,O4 inverse spinel delivers mass activity and specific activity for
methanol oxidation that are 1.9 and 3.5 times those of the normal NiMn,O, spinel, respectively.
Furthermore, it also maintains a stable current density of 33.5 mA cm™2 at 1.56 V vs. RHE for 25 hours.
Theoretical calculations reveal that Ni sites in MnNi,O,4 exhibit a significantly lower activation energy
barrier and enhanced CO anti-poisoning capability compared to those in NiMn,O4. The Ni site-
dependent coordination environment in spinel structures provides useful insights into catalyst
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Introduction

Electrocatalytic water splitting holds a pivotal position in
sustainable hydrogen generation.'* Nevertheless, the oxygen
evolution reaction (OER), a multielectron transfer process,
suffers from sluggish kinetics and high energy demands.**
Recent attention has shifted toward the anodic oxidation of
small organic molecules to facilitate hydrogen production, with
a particular focus on the methanol oxidation reaction (MOR).”™
This is mainly due to its low overpotential (0.016 V) and high
energy efficiency (~60%), making it a promising alternative.'***

To fulfil efficient MOR catalysis, attention is directed to non-
noble metal catalysts since platinum group metals (PGMs) are
restricted by high cost and susceptibility to CO poisoning.****
Ni-based materials, in particular, show great promise as MOR
catalysts, including Ni-hydroxides, perovskites, and layered
double hydroxides.*** During the methanol reaction, the active
high-valent NiOOH intermediate is inevitably formed from the
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development and the methanol oxidation mechanism.

pre-catalyst and serves as a chemical oxidant that converts
methanol to carbon dioxide while being reduced to Ni(OH),.*®
Tuning the coordination environment of Ni sites has proven to
be an effective strategy to improve catalytic efficiency, as it not
only determines the electronic structures of Ni active sites but
also governs the reaction mechanisms."”*®* For example, Mo-
doped Ni(OH), with ultralow Ni-Ni coordination enhanced
the interaction between OH™ and CH;OH at the Ni active center,
thereby promoting both the kinetics and durability of methanol
electrocatalysis.” A stable NiSnPH perovskite hydroxide, ob-
tained via selective Sn leaching, optimized the local coordina-
tion environment of NiOOH active sites, resulting in enhanced
selectivity for methanol oxidation to formate.”* Among Ni-based
catalysts, particularly NiMn-based spinel oxides were effective
for the MOR due to their stable crystal structures, controllable
compositions, and polymetallic synergies.”»* For instance,
multi-walled carbon nanotube (MWCNT)- or reduced graphene
oxide (rGO)-supported MnNi,O, showed favourable MOR
activity benefiting from the binary transition metal oxides'
synergism.*»** While Ni sites in the spinel structure serve as
active sites to trigger methanol oxidation, their precise catalytic
mechanism remains unclear. Actually, Ni sites would be an
ideal platform to probe intrinsic activity and reveal the effect of
the Ni coordination environment in the spinels on catalytic
performance. For example, the Ni active sites in spinel nickel-
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manganese (NiO, tetrahedral structure for NiMn,O, and NiOg
octahedral structure for MnNi,0,) could be used to elucidate
the connection between Ni site coordination and catalytic
performance. However, to the best of our knowledge, no rele-
vant reports have specifically addressed this concern.

In this study, we take NiMn-based spinel catalysts (NiMn,O,
and MnNi,0,) as a platform to explore the correlation between
the Ni coordination environment in various spinel structures
and catalytic performance for the MOR. MnNi,0, spinel, with
Ni sites in an octahedral configuration, exhibits significantly
enhanced performance compared to the normal NiMn,O,
spinel. Specifically, at 1.50 V vs. RHE, the MnNi,O, inverse
spinel delivers mass activity and specific activity that are 1.9 and
3.5 times those of the normal NiMn,O, spinel, respectively.
Furthermore, it also maintains a stable current density of 33.5
mA cm > at 1.56 V vs. RHE for 25 hours. This enhancement
stems from the presence of highly active Ni sites in the NiOg
octahedral coordination environment of MnNi,O,, contributing
to excellent intrinsic catalytic efficiency. Theoretical analysis
demonstrates a lower activation threshold and superior CO
anti-poisoning ability of Ni sites in MnNi,O, compared to
NiMn,0,. The Ni site-dependent coordination environment in
spinel structures provides new insights into catalyst develop-
ment and the methanol oxidation mechanism.

Experimental

Materials fabrication

In the synthesis of MnNi,O, spinel (Fig. S1t), 1.49 g (5.98 mmol)
of Ni(CH3C00),-4H,0, 1.47 g (5.95 mmol) of Mn(CH3;COO),-
-4H,0, and 80 mL of ultrapure water were added into a 100 mL
beaker under magnetic stirring. The pH of the solution was
adjusted to 10 by the dropwise addition of 5 mol per L NaOH
solution, followed by stirring at room temperature for about 15
minutes. Then, the mixture was transferred to a 150 mL Teflon-
lined autoclave and heated at 150 °C for 12 hours. After natural
cooling to room temperature, the synthesized product was
collected by centrifuging, washed several times with ultrapure
water and anhydrous ethanol, and then dried under vacuum at
60 °C for 8 hours. Finally, the dried powder was annealed in air
at 800 °C for 2 hours and cooled to room temperature to obtain
MnNi,O, spinel. The NiMn,O, spinel was synthesized by
a similar method with different molar ratios of nickel acetate
tetrahydrate and manganese acetate tetrahydrate. The NiO and
Mn,0; samples were fabricated for performance comparisons
(Table S17).

Materials characterization

The crystal structure was probed using powder X-ray diffraction
(XRD) patterns which were obtained on a Bruker D8 Advance
with a Cu K,, radiation source (A = 1.5405 A) under operating
conditions of 40 kv and 40 mA, with a scan rate of 5° min~"'. The
morphology of the NiMn,0, and MnNi,O, spinels was analyzed
by using a scanning electron microscope (SEM, Hitachi, S-4800
I, Japan) and transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) measurements (TECNAI G2
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operating at 300 kV). The energy-dispersive X-ray detector
spectrum (EDS) was obtained on a TECNAI G2 transmission
electron microscope equipped with an EDXA detector. The
chemical state of the surface was probed using X-ray photo-
electron spectroscopy (XPS) with a K, radiation source.

All the electrochemical tests were done using a Bio-Logic VSP
electrochemical workstation (Bio-Logic Co., France) in
a conventional three-electrode system. The working electrode
was obtained by dropping catalyst ink over a glassy carbon
electrode (3.0 mm diameter, 0.07 em?). The catalyst ink was
prepared by ultrasonically mixing 4.5 mg of catalyst, 0.5 mg of
carbon black, 950 pL of ethanol, and 50 uL of Nafion solution.
10 pL of the catalyst ink was coated over the electrode and dried
naturally before electrochemical testing. A graphite rod and
saturated calomel electrode (SCE, Hg/Hg,Cl,) were used as the
counter and reference electrodes, respectively. All the potentials
were converted to the reversible hydrogen electrode (RHE).

Cyclic voltammetry (CV) tests were conducted in 1 M KOH
solution or 1 M KOH + 1 M CH;OH solution with a voltage range
of 1.06-1.66 V vs. RHE at 50 mV s '. The electrochemical
impedance spectra (EIS) were recorded at frequencies ranging
from 1000 kHz to 10 mHz with an amplitude of 5 mV in the
above electrode system. The electrochemical surface area
(ECSA) was calculated using the redox peak of Ni**/Ni** in the
backward scan of CV curves in the KOH solution. The charge
during the cathodic reduction peak of Ni**/Ni*" was calculated
using a factor of 0.257 mC em™? (0.257 mC cm ™ is the charge
required to form a monolayer of Ni**). The chronoamperometry
(CA) experiment was performed at 1.56 V vs. RHE for 25 hours in
1 M KOH + 1 M CH;OH solution. The materials, some formulae
for the performance calculation, and the theoretical analysis
can be found in the ESL}

Results and discussion

The three-dimensional (3D) spinel structures of NiMn,0, and
MnNi,0, are illustrated in Fig. 1a. Both crystallize in the Fd3m
space group and feature a characteristic structure where metal
cations (Ni and Mn) are distributed across tetrahedral and
octahedral coordination sites. The coordination structure in
these compounds varies slightly with oxidation states due to
their mixed valency. In NiMn,O,, Ni*" ions typically occupy
tetrahedral (A) sites, where each metal ion is coordinated to four
oxygen atoms, while Mn** ions reside in octahedral (B) sites,
coordinated to six oxygen atoms. These metal cations are
bridged by oxygen ions (O*>7). In the simplified structure, the A
sublattice contains Ni*" ions in tetrahedral sites (A), while the B
sublattice contains Mn** ions in octahedral sites (B). MnNi,O,
adopts a similar spinel-type structure to NiMn,O, but exhibits
an inverse cation distribution because of its different stoichi-
ometry. In this simplified structure, Ni** ions preferentially
occupy octahedral (B) sites, while Mn*" ions reside in tetrahe-
dral (A) sites.

During fabrication, as Ni is added, Ni*" ions progressively
replace Mn®" ions at octahedral positions, facilitating the
formation of the inverse spinel structure. Upon transformation
of NiMn,O, into MnNi,0,, the MnNi,O, inverse spinel phase
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Fig. 1 (a) Structure models of NiMn,O,4 and MnNi,O,4 spinels: the

transformation of Ni?* from tetrahedral to octahedral coordination. (b)
The partial density of states (PDOS) of NiMn,O,4 and MnNi,O, surfaces.
(c) Diagram of the reaction process of the MOR on the MnNi,O4—Ni
site. (d) The Gibbs free energy diagram for the MOR of NiMn,O,4 and
MnNizo4.

with a high-coordination NiOg octahedral structure exhibits
enhanced crystal symmetry and stabilizes the spinel structure.
Moreover, the increased number of Ni*" ions in octahedral
geometry generates more active Ni oxidation sites. Conversely,
the low-coordination NiO, tetrahedral structure in NiMn,O,
destabilizes the spinel structure. Thus, the occupation of Ni**
ions in these structures modulates the intrinsic activity of Ni
active sites in NiMn spinels.>

Given the superior MOR performance of MnNi,O, to
NiMn,0, (vide infra), density functional theory (DFT) calcula-
tions were performed on optimized surface models of Ni and
Mn sites in MnNi,O, to evaluate the catalytic efficiency of
distinct active sites (Fig. $2-S47).2° Both Ni*" ions preferentially
occupied octahedral (B) sites, forming a Mn*‘[Ni,*>"]0,>~
valence structure.>’” The octahedral NiOg structure showed
significantly higher MOR performance than the MnO, struc-
ture, consistent with previous studies (Fig. S51).2% To elucidate
the influence of the Ni site coordination environment on elec-
trocatalytic performance, we compared the Ni d-band centers of
MnNi,O, and NiMn,O,. The Ni d-band center in MnNi,O,
(—2.02 eV) was more negative than that in NiMn,0, (—1.79 eV),
moving further from the Fermi level owing to the robust
synergistic effect between Ni d orbitals and O p orbitals
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(Fig. 1b). This shift enhances charge transfer efficiency and
reduces intermediate adsorption.*® The carbon monoxide
intermediate (CO*) adsorption energy (Eco+) is also a key
descriptor of MOR catalytic performance. MnNi,O, exhibited
a lower Eco+ value (—1.13 eV) relative to NiMn,0, (—1.24 eV),
indicating enhanced CO poisoning resistance capacity
(Fig. S6t). The widely accepted mechanism for the MOR cata-
lyzed by Ni-based catalysts follows a stepwise process (Fig. 1c):
Ni sites first serve as active centers for methanol adsorption,
followed by a sequence of deprotonation steps leading to the
formation of multiple bonded intermediates, all of which are
formed at Ni sites and eventually convert to CO,.** The overall
MOR pathway can be described as follows: *OCH; — *OCH, —
*OCH — CO* — *COOH — CO,. Gibbs free energy analysis
revealed that the CO* — *COOH conversion was the rate-
determining step (RDS) in the MOR pathway (Fig. 1d). The
energy barrier for this step in MnNi,0, (0.52 eV) was signifi-
cantly lower than that in NiMn,O, (1.05 eV), indicating more
favorable MOR kinetics. Consequently, changes in the coordi-
nation environment of Ni active sites not only modulate MOR
activation energies but also influence CO poisoning resistance.

The crystal structures of NiMn,O, and MnNi,O, were
confirmed by powder X-ray diffraction (XRD), with both
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Fig. 2 (a) XRD patterns of NiMn,O,4 and MnNi,Oy4. (b) SEM image, (d)
TEM image, (f) HRTEM image and SAED pattern of MnNi,O4. (c) SEM
image, (e) TEM image, and (g) HRTEM image of NiMn,O4. Ni 2p (h) and
Mn 2p XPS spectra (i) of NiMn,O4 and MnNi;O4.
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belonging to the face-centered cubic (fcc) structure and Fd3m
(227) space group (Fig. 2a). The characteristic peaks of MnNi,O,
closely resembled those of NiMn,0,, but were slightly shifted to
high angles at 43.2°, 57.1°, and 62.7°, indicating that Ni** ions
successfully occupied octahedral positions. Scanning electron
microscopy (SEM) images revealed that both NiMn,O, and
MnNi,0, exhibited irregular aggregated particles (Fig. 2b and
c). Transmission electron microscopy (TEM) images showed
a similar morphology, with irregular hexagonal planes observed
for both samples (Fig. 2d and e). High-resolution TEM (HRTEM)
images showed distinct lattice fringes with a d-spacing of
0.253 nm, assigned to the (311) planes of MnNi,O, and
NiMn,0, spinel structures (Fig. 2f and g). Energy dispersive X-
ray spectroscopy (EDS) confirmed the Ni, Mn, C, and O within
the samples (Fig. S71). The elemental mapping images showed
the uniform distribution of Ni, Mn, and O elements in the
MnNi,O, spinel (Fig. S87).

Though they have similar morphology and structure, varia-
tions in the coordination environment likely alter the chemical
states of Ni sites. X-ray photoelectron spectroscopy (XPS) was
thus conducted to explore the chemical states. The XPS survey
spectra revealed the presence of C, O, Ni, and Mn, with the
binding energy calibrated to the C-C bond reference peak at
284.8 eV (Fig. S9t). The high-resolution Ni 2p spectrum dis-
played two distinct peaks, corresponding to Ni 2p,, and Ni 2p3,
(Fig. 2h). MnNi,O, showed prominent double peaks of Ni**
located at 854.5 and 872.1 eV, while the weak double peaks at
856.1 and 873.7 eV were attributed to Ni** (Table S27). The Ni
peak shifted from 854.8 eV in NiMn,0, to 854.5 eV in MnNi,O,,
indicating that more Ni** species occupied the octahedral
sites.*® The Ni*'/Ni*" intensity ratio increased from NiMn,O,
(0.89) to MnNi,O, (1.38), which was attributed to easier surface
oxidation and an increased oxidation state at the octahedral
sites (Table S21). For the Mn 2p spectrum, the deconvoluted
spectrum of MnNi,0, displayed two major peaks at 644.8 and
656.4 €V, corresponding to Mn**, whereas for NiMn,O,, the
peak positions were shifted to lower energies at 642.7 and
654.3 eV, assigned to Mn®" (Fig. 2i and Table $37).*> The high-
resolution O 1s spectrum exhibited three characteristic peaks
at 529.8, 531.0, and 532.4 eV, assigned to metal-oxygen bonds,
adsorbed hydroxide groups, and adsorbed water molecules,
respectively (Fig. S107).

To investigate the catalytic performance in different coordi-
nation environments, electrochemical experiments were con-
ducted on the synthesized catalysts for the MOR. CV
measurements of MnNi,O,, NiMn,0,, NiO, and Mn,0O; elec-
trodes in 1 M KOH with and without 1 M CH;OH indicated that
Ni-based electrodes exhibited higher MOR performance, while
the Mn,0; electrode showed negligible activity, suggesting that
Ni sites served as the active sites for the MOR (Fig. S117). For
MnNi,0,, the oxidation peak was assigned to the Ni**/Ni**
redox transition, followed by a rapid increase in the anode
current density for both OER and MOR processes (Fig. 3a). The
onset potential for the MOR was more negative relative to the
OER, and the methanol oxidation closely coincided with the
redox peak, while water oxidation occurred after the Ni**
oxidation, suggesting the high energy efficiency of the MOR.*
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Fig. 3 (a) Cyclic voltammetry curves of MnNi,O4 measured in 1 M

KOH with and without 1 M CHsOH at 50 mV s™% (b) CV curves of
NiMn,O4 and MnNi,O4 measured in 1 M KOH with 1 M CHzOH at
50 mV s7* (inset: current density at 1.50 V vs. RHE). (c) Tafel plots of
NiMn,O4 and MnNi,O4. (d) Nyquist plots of NiMn,O,4 and MnNi,O,4 at
1.56 V vs. RHE (inset: an equivalent circuit model used for fitting the EIS
data). (e) Mass activity and specific activity. (f) TOF of NiMn,O4 and
MnNi,O4 at 1.45, 1.50, and 1.55 V vs. RHE.

By comparing the MOR performance of MnNi,0, and NiMn,0,
electrodes, MnNi,O, displayed a much higher forward current
density of 40.7 mA cm 2 at 1.50 Vvs. RHE compared to NiMn,O,4
(11.0 mA em™?) (Fig. 3b). Among state-of-the-art non-precious
catalysts for methanol oxidation, the MnNi,O, spinels ranked
the top in their family (Table S4t).

The MOR kinetics were evaluated by using the Tafel slope
and electrochemical impedance spectroscopy (EIS). MnNi,0,
exhibited a lower Tafel slope of 61 mV dec ' compared to
NiMn,0, (124 mV dec ') (Fig. 3c), indicating different catalytic
mechanisms, namely, Eley-Rideal (E-R) and Langmuir-Hin-
shelwood (L-H) mechanisms, respectively.** Additionally, the
E-R mechanism for the MnNi,O, electrode supported the
notion that the absorbed CO* interacted directly with OH™ from
the alkaline solution and was subsequently oxidized to CO,,
which was consistent with the reaction mechanism discussed
earlier. The charge transfer resistance (R.) for the MnNi,O,
electrode was 128 Q, much lower than that of NiMn,0, (253 Q)
(Fig. 3d and Table S57), indicating faster reaction kinetics due
to the highly active octahedrally occupied Ni** in MnNi,O,4. The
electrochemical stability of the as-prepared -catalysts was
assessed through a long-term chronoamperometric (CA) test
conducted at 1.56 V vs. RHE for 25 hours (Fig. S127). Initially,
the current density of both MnNi,O, and NiMn,0, declined
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rapidly due to the diffusion-controlled MOR, but MnNi,O,
maintained a higher current density of 33.5 mA cm™> over time
than NiMn,O,, indicating good stability for the MOR. Moreover,
the structure and morphology of MnNi,O, catalysts after the
stability test exhibited no evident changes, confirming their
good anti-corrosion ability for long-term operation (Fig. S137).

Since MnNi,0, contained two Ni sites, a fair comparison of
intrinsic catalytic activity was necessary. To verify the correla-
tion between the oxidation equivalence of Ni active sites and
intrinsic catalytic activity for the MOR, commonly used
methods for intrinsic activity comparison, including mass
activity (MA), specific activity (SA), and turnover frequency
(TOF), were employed. By normalizing the current to the Ni
mass amount on the electrode, MnNi,O, exhibited enhanced
electrocatalytic mass activity compared to NiMn,O,
(Fig. S14at).**° The electrochemical active surface area (ECSA)
was calculated from the characteristic Ni redox peaks (Table
S61). MnNi,O, showed a higher ECSA value of 0.39 cm” than
NiMn,0, (0.37 c¢m?), indicating slightly greater exposure to
active Ni species. More significantly, when normalizing the
current to the ECSA, MnNi,O, still showed higher specific
activity than NiMn,0, (Fig. S14b¥). The typical performance
comparison for both mass activity and specific activity at 1.45,
1.50, and 1.55 V vs. RHE is shown in Fig. 3e and Table S6.t
Specifically, at 1.50 V vs. RHE, the mass and specific activities of
MnNi,O, were 1.9 and 3.5 times those of the NiMn,O, elec-
trode, respectively. Assuming that all the Ni sites were in the
active phase, the TOF was calculated (Fig. S157). At 1.45, 1.50,
and 1.55 V vs. RHE, the MnNi,O, electrode exhibited values of
0.0078, 0.0129, and 0.0165 s~ , respectively, about 2.2, 1.9, and
1.5 times those of NiMn,O, (Fig. 3f and Table S7t). These
results conclusively showed that Ni sites in MnNi,O, have
significantly higher intrinsic activity than those of NiMn,O,.

As mentioned in the above theoretical calculation, the Mn
sites are not active for the MOR, but the different Mn oxidation
states would influence the performance, as they contribute to
the different coordination states of Ni active sites. Additionally,
the XPS analysis revealed that the high-valent Mn** in MnNi,O,
induced a stronger electronic interaction with Ni sites,
promoting the formation of high-valence Ni species and further
improving the MOR catalytic performance. Furthermore, it
should be pointed out that due to the surface oxidation driven
by high potentials, the valence state of Ni sites is increased as
can be seen in the Ni redox peaks. In the current study, we
revealed the effect of the coordination environment of Ni active
sites in nickel-manganese spinels on methanol -electro-
oxidation. It would be more interesting to correlate the surface
chemical state changes with the catalytic ability in future
studies.

Conclusions

In summary, the Ni active sites in nickel-manganese spinels
were probed for methanol oxidation catalysis. Though they have
similar morphology and structure, changes in the coordination
environment of Ni sites influence their catalytic performance in
the MOR. The inverse spinel MnNi,O,, characterized by Ni
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active sites in octahedral coordination, offers a high density of
exposed Ni sites with superior intrinsic activity, thereby
achieving exceptional catalytic performance and durability.
Notably, MnNi,O, exhibits mass and specific activities more
than twice those of NiMn,O,. Theoretical calculations reveal
a significantly lower activation energy barrier and enhanced CO
anti-poisoning capability of Ni sites in MnNi,O, compared to
NiMn,0,. The dependence of catalytic efficiency on the coor-
dination environment of Ni sites provides critical insights into
the catalytic mechanism of the methanol oxidation reaction.
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