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Dual Catalytic Mechanism of Co-Doped Amorphous Nickel
Phosphate Catalysts in Nucleophilic Oxidation Reactions

Jianhua Shen, Can Hong, Yanbin Qi, Yihua Zhu, Hongliang Jiang,* and Chunzhong Li*

Facing the fossil energy crisis and environmental issues, developing
renewable energy is urgent, with green hydrogen being crucial in energy
transition but electrolytic water hydrogen production has high costs needing
solutions, such as replacing oxygen evolution reaction (OER) with organic
oxidation reactions. Here, Co-doped amorphous nickel phosphate materials
(Co-NiP,O,/NF) are synthesized via electrodeposition and applied as catalysts
for the methanol oxidation reaction (MOR). The 10% Co-doped material
demonstrates remarkable efficacy in catalyzing MOR. When compared to the
OER, it reduced the applied potential required to reach a current density of
200 mA cm~2 by 227 mV. During constant-current electrolysis at current
densities ranging from 20 to 250 mA cm™2, the Faraday efficiencies (FE) of the
formate products consistently exceeded 90%, and the catalysts maintained
stable electrolysis for 120 h. into and discussed the action mechanism of
Co-NiP,O,/NF is delved, proposing a dual-mechanism model involving
hydrogen vacancy oxygen and electrophilic OH" species. These findings
provide a solid theoretical foundation for the rational design and modification
of catalysts, thereby paving the way for the development of a more efficient
and cost-effective electrolytic water-based hydrogen production technology.

(OER)."") The anodic reaction OER involves
four electron transfers, is slow, needs high
overpotentials, and the product, oxygen, has
low economic value!*'°l Replacing OER
with the oxidation of organic matter and
coupling it with the hydrogen evolution re-
action (HER) semi-reaction can reduce the
electricity cost of electrolysis.!"" It can be
implemented at the anode as an effective
strategy for producing high-value-added
products or degrading wastewater.'>-4l

Organic oxidation reactions are called
nucleophilic oxidation reactions (NOR).!"*l
Nickel-based catalysts often exhibit rel-
atively high catalytic activity for organic
oxidation reactions in alkaline media.
They are commonly used in the elec-
trocatalytic oxidation of organic com-
pounds such as monohydric alcohols,!'¢V!
polyols,'81] aldehydes,1?*2!l amines, |22
and amides.|? However, its catalytic
mechanism remains controversial. The

1. Introduction

Fossil energy is crucial for human survival. But the severe en-
ergy shortage and environmental problems from burning fos-
sil fuels make developing and using renewable and clean en-
ergy urgent."?l Green hydrogen from renewable sources is an
important energy carrier for the future.’! Electrolysis of wa-
ter driven by renewable energy will be the main way to prepare
green hydrogen, but it's costly now.¢I The high cost is due to the
high energy consumption of the anode oxygen evolution reaction
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catalytic mechanism is crucial for the

design and modification of catalysts

and for the in-depth understanding of
catalyst selectivity and stability, Cobalt-based materials cx-
hibit relatively high activity in some reactions, such as 5-
hydroxymethylfurfural oxidation!?! and glycerol oxidation,|26:47!
and can be used as dopants or co-catalysts to promote the activ-
ity of nickel-based catalysts. It is necessary to clarify the effect of
cobalt doping on nickel-based catalysts and mechanisms, which
will help to design better and modify the catalysts and to under-
stand issues such as activity, selectivity, and stability.

Chi et al. prepared self-supported ultrathin NiCo layered dou-
ble hydroxide (LDHs) electrodes as an anode for methanol elec-
trooxidation reaction (MOR) to achieve a high formate produc-
tion rate.I?®l They revealed that ultrathin LDHs were beneficial
for the formation of Ni** in hydroxides and introducing oxygen
vacancy in NiCo-LDH could decrease the energy barrier of the
rate-determining step for MOR. Hui et al. further found that in-
terpolated phosphate in LDH can act as a proton transfer inter-
mediate and effectively promote NOR?! In earlier studies, metal
phosphates have displayed many academic interests and techno-
logical applications due to their unique chemical structure and
reactivity for NOR.!*'l In addition, because amorphous mate-
rials are rich in low-corded atoms and defects, they can provide
sufficient catalytic active centers, which is widely concerned./*233!

Here, a series of cobalt-doped amorphous nickel phosphate
materials (Co-NiP,O, /NF) were grown by electrodeposition on
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nickel foam and used as catalysts for NOR. 1t was found that the
10% cobalt-doped material (10Co-NiP,O,/NF) catalyzed MOR
with a 227 mV decrease in the applied potential required to
reach a current density of 200 mA cm~? compared with that of
OER, and the Faraday efliciencies of the formate products dur-
ing constant-current electrolysis at current densities of 20-250
mA cm™’ were above 90%, and the catalysts showed no degra-
dation of performance originating from their own factors during
the 120 h electrolysis process. With the elevated cobalt doping, a
clear separation of the catalyst oxidation process from the MOR
was found, implying that cobalt doping significantly affects the
activity of the sites formed by the oxidation of the catalysts. This
change is clearly associated with a change in the catalytic mech-
anism. For this purpose, we revealed the reaction mechanism of
the catalysts and the effect of cobalt doping on the nickel-based
catalysts by impedance spectroscopy relaxation time distribution
analysis, potential-dependent in situ Raman spectroscopy, time-
dependent Raman spectroscopy, and open-circuit potential test.
We find that MOR on 10Co-NiP,0, /NF follows a dual mech-
anism involving hydrogen vacancy oxygen grabbing and elec-
trophilic OH" species. Density functional theory (DFT) calcula-
tions indicate that the introduction of Co reduces the reaction ac-
tivation energy and enhances the catalytic activity by optimizing
the intermediate adsorption energy. Based on the insights into
the mechanism, further catalyst design ideas for different sub-
strates were proposed.

2. Results and Discussion

2.1. Catalyst Characterization

A series of cobalt-doped amorphous nickel phosphate materials
(denoted as mCoNiPxQOy/NF) were grown by electrodeposition
on nickel foam deposition (Figure 1a). As shown in Figure 1b-d
for the scanning electron microscopy (SEM) and transmission
electron microscope (TEM) characterization of 10Co-NiP, O, /NF,
10Co-NiP,O,/NF exhibits an agglomerated spherical particle
structure and amorphous state. Scanning TEM with energy dis-
persive X-ray (STEM-EDX) showed a uniform distribution of Nj,
Co, P, and O elements on the spherical particles, in Figure le.
Samples with different Co contents also show a similar agglom-
erated spherical particle structure (Figure S1, Supporting Infor-
mation). For CoP, 0, /NF, the surface exhibits more pronounced
pore structures. Table S1 (Supporting Information) presents the
content of each element in different samples. It can be seen that
the stoichiometric ratios of Ni and Co elements in the actual ma-
terial do not differ much from the feed ratios.

In the X-ray photoelectron spectroscopy (XPS) of 10Co-
NiP,O,/NF (Figure 2), the peaks at 856.9 and 874.7 eV are at-
tributed to Ni 2p,, and Ni 2p,,, respectively, and their higher
binding energies are consistent with the chemical state of nickel
in nicke] phosphates.!***| The 786,0 and 789.5 eV peaks are at-
tributed to the satellite peaks of Co?* and Co**, respectively. The
firm Co?* satellite peaks indicate that Co?* is dominant on the
surface of the catalyst, and the presence of Co’* may be related
to the disordered coordination in the amorphous structure of the
catalyst. The peaks at 529.8, 531.6, and 533.1 eV are attributed to
lattice oxygen, oxygen in phosphate, and adsorbed oxygen on the
material surface, respectively. The peaks at 133.5and 134.3 eV in
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the P 2p spectrum are attributed to P 2py;, and P 2p, , in phos-
phate, respectively. Other cobalt-doped nickel phosphate samples
with differentlevels of cobalt exhibit the same X PS characteristics
(Figure S2, Supporting Information). NiP,0, /NF showed multi-
ple Raman peaks at 434.1, 575.2, 961.2, and 1060.0 cm™', which
corresponded to the PO, symmetric bending vibration (v,),
asymmetric bending vibration (v,), symmetric stretching vibra-
tion (v,), and asymmetric stretching vibration (v;), respectively.
The local bonding configuration of the phosphate group (PO,*")
was not significantly altered under low-concentration cobalt dop-
ing conditions (Figure $3, Supporting Information).

2.2, Electrocatalytic Properties

First, we compared the MOR performance of different samples.
As shown in Figure 3a, it can be found that mCo-NiP O, /NF
significantly outperforms the nickel foam substrate, NiP,O, /NF,
and CoP,O, /NF. For mCo-NiP,O, /NF, as the content of doped
cobalt is elevated (m increases), the applied potential required in
the low current density range of the linear sweep voltammetry
(LSV) curve decreases. In contrast, the applied potential required
to reach high current densities (> 250 mA cm~2) does not de-
crease significantly or even increase. In addition, oxidation peaks
can be observed in the low potential range (1.15-1.30 V) when
the cobalt content is high, and we will discuss the cause of this
phenomenon in more detail later, which is linked to the reaction
mechanism of the catalyst. The Tafel plot (Figure 3b) shows that
10Co-NiP, O, /NF exhibits the lowest Tafel slope (23.4 mV dec™),
which is higher than that of the cobalt-free doped NiP,O, /NF,
suggesting that cobalt doping can improve the reaction kinet-
ics of nickel phosphate catalyzed MOR. However, as the cobalt
doping ratio increases, the Tafel slope begins to decrease, indi-
cating that too much cobalt doping seems detrimental to MOR,
CoP, O, /NF exhibits the highest Tafel slope, suggesting that the
catalytic kinetics of CoP, O, /NF for MOR is poor.

As shown in Figures S4 and S5 (Supporting Information), after
evaluating the C; of each sample, it was found that NiP, O, /NF
exhibited the lowest Cy;. In contrast, CoP,O,/NF exhibited the
highest C,, which may be related to the rough and porous
structure of the CoP,O,/NF surface. The overall C, of mCo-
NiP,O,/NF shows an increasing trend with increasing cobalt
content. We normalized the catalytic activity of each sample by
electrochemical active surface area (ECSA) and found that 10Co-
NiP, O, /NF exhibited the highest activity (Figure S6, Supporting
Information). As shown in Figure 3¢, 10% cobalt doping sig-
nificantly reduces the applied potential required for OER and
MOR to reach the same current density compared to cobalt-
free nickel phosphate. For 10Co-NiP,O,/NF, the applied poten-
tial for MOR catalyzed by 10Co-NiPxOy/NF to reach a current
density of 200 mA cm™? decreased by 227 mV compared with
that of OER, which dramatically reduces the potential of the an-
odic reaction. 10Co-NiP, O, /NF also exhibited high selectivity for
formate products, with Faraday efficiencies (FE) above 90% for
formate products during constant-current electrolysis at current
densities from 20-250 mA cm™* (Figure S7, Supporting Infor-
mation). Among the nickel foam self-supported nickel-based cat-
alysts reported in recent years, 10Co-NiP,O, /NF also performs
well (Figure 3d; Table S2, Supporting Information). Compared
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Figure 1. a) Schematic diagram showing the synthesis process of Co-NiP,O, /NF. b) SEM image of the prepared 10Co-NiP, O, /NF catalyst. ) TEM image
of the prepared 10Co-NiP, O, /NF catalyst. d) HRTEM image of the prepared 10Co-NiP,O,/NF catalyst (inset shows SAED spectrum). e) HADDF-STEM
image of the prepared 10Co-NiP, O, /NF catalyst. fj) elemental mappings of 10Co-NiP,O,/NF catalyst,

with previously reported Ni, NiP,, NiMn, and NiCo-derived cata-
lysts, the 10Co-NiP,O, /NF electrode requires a potential of only
1.370 V at 5 mA cmgeg, ™% in 1 M KOH + 1 M MeOH, exhibiting a
decrease of 14-26 mV relative to Ni-NF-Af, MoO,/Ni(OH),, and
NiP, R. Additionally, this electrode ranks first at 2 mA cmgcs, ™
with a low potential of 1.348 V. 10Co-NiP,O,/NF also showed
good stability, as shown in Figure 3e, during the electrolysis at
100 mA cm~2 for 120 h, the electrolyte was changed every 12 h
to exclude the performance degradation caused by the decrease
of KOH concentration due to the rapid depletion of KOH. It
can be seen that there is almost no degradation of the catalyst
activity before and after 120 h of electrolysis. After long-term
stability testing, the 10Co-NiP,O,/NF catalyst retained its ag-
glomerated spherical particle morphology(Figure S8, Supporting
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Information). As shown in Figure S9 (Supporting Information),
the Ni 2p spectrum obtained from the catalyst surface after sta-
bility testing revealed that the binding energy of Ni 2p, , shifted
from the initial value of 856.9 to 855.6 eV. This negative shift of
the main peak indicates a reduction in the average oxidation state
of Ni, corresponding to an increase in electron density. Addition-
ally, the satellite peak position for Co* moved from 786.0 to 785.7
eV, and that for Co** shifted from 789.5 to 788.9 eV, demonstrat-
ing that partial reversible reduction of Co’* species occurred dur-
ing prolonged methanol oxidation. In the P 2p spectra, the dis-
appearance of surface phosphorus signals was observed. These
surface characteristics remained essentially consistent with the
state after MOR, demonstrating the long-term structural stability
of the catalyst.

© 2025 Wiley-VCH GmbH
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Figure 2. XPS spectra of 10Co-NiP,0,/NF, a) Ni 2p spectrum, b) Co 2p spectrum, c) O 1s spectrum, and (d) P 2p spectrum,

2.3. Analysis of Electrochemical Processes

Nickel foam substrates have poor catalytic performance due to .

the lack of electroactive components on the surface. As shown
in Figure $10 (Supporting Information), the Ni*+-O vibrations of
nickel foam during the MOR process are weak, indicating that it
is difficult to form a high-valent nickel surface on the nickel foam
surface when methanol is present. Due to the lack of high-valent
nickel adsorption sites, the formation of OH" is hindered. At this
point, the MOR is more likely to follow the hydrogen vacuolar
oxygen-robbing mechanism.1**l For the OER process on nickel
foam, the Bode plot after 1,36 V exhibits a typical dual-process
feature, with the response biased toward the high-frequency side
corresponding to the catalyst’s electro-oxidation process and the
response biased toward the low-frequency side corresponding to
the OER (Figure S11a, Supporting Information). For the nickel
foam substrate, it can be seen that a high-frequency reaction is
present, which is related to the lack of electrically active mate-
rial on the nickel foam surface, which is difficult to oxidize. As
the potential increases, it can be seen that the low-frequency re-
sponse related to OER almost disappears due to the difficulty in
oxidizing the catalyst, resulting in a very high percentage of the
impedance of the catalyst oxidation process. In contrast, the per-
centage of OER in the total reaction impedance decreases with
the potential increase and is eventually no longer significantly re-
flected in the impedance spectrum. From Figure S11a (Support-
ing Information), it can be observed that the response frequency
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of the bilayer capacitance and the catalyst's own electro-oxidation
is low, probably due to the large capacitance caused by the vast
surface area of the nickel foam, For the MOR process on the Ni
foam substrate (Figure S11b, Supporting Information), it can be
seen that the MOR occurs in the high-frequency region, which
is consistent with the conclusion derived from the in situ Raman
spectroscopy, suggesting that the MOR on the Ni foam substrate
mainly follows the hydrogen vacuolar oxygen-hydrogen grabbing
mechanism.

Based on the study of the electrochemical impedance spec-
troscopy (EIS) characteristics of the nickel foam substrate, we
further analyze the impedance spectral characteristics of 10Co-
NiP,0,/NF, which exhibits good catalytic activity for MOR, As
shown in Figure 4a—d, it can be seen that 10Co-NiP, O, /NF ex-
hibits strong Ni*+-O vibrations in both OER and MOR processes,
indicating the oxidation of the catalyst and the formation of high
valence surfaces, which is related to the surface nature of the
amorphous material that is prone to oxidation, as well as the
strong charge transfer capability between the material and the
nickel foam substrate, However, the appearance of the strong
Ni’**-0 vibrational signal in the MOR process is significantly later
than that of the OER, indicating that there is an inhibitory ef-
fect of the presence of methanol on the electrooxidation of the
catalyst, which is brought about by the filling of hydrogen va-
cancies formed by hydroxyl deprotonation on the catalyst sur-
face by methanol. As shown in Figure S12 (Supporting Infor-
mation), with increasing cobalt content, the intensity of the Ni

© 2025 Wiley-YCH GmbH
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Figure 4. a) In situ Raman spectra of 10Co-NiP, O, /NF collected in T M KOH electrolyte. b) Bode plots of 10Co-NiP,O,/NF in 1 M KOH electrolyte.
c) DRT plot of EIS for OER process on '|0C0~N|P O ,[NF catalysts. d) In situ Raman spectra of 10Co-NiP,O,/NF collected in1mKOH + 1 m MeOH
electrolyte. e) Bode plots of 10Co-NiP,O,/NF in 1 Y] "koH + 1M MeOH electrolyte. f) DRT plot of EIS for MOR process on 10Co-NiP, O, /NF catalysts.

2p peaks gradually decreased, while that of the Co 2p peaks
progressively increased. Under alkaline oxygen evolution reac-
tion conditions, the 10Co-NiP, O, /NF catalyst underwent signif-
icant surface electronic reconstruction involving phosphide re-
oxidation.!*! Specifically, the Ni 2p,, and Ni 2p,,, peaks exhib-
ited an overall negative shift of %1.3-1.5 eV (from 856.9 to 855.6
eV and from 874.7 to 873.2 eV, respectively). Concurrently, the
satellite peak of Co?* shifted markedly from 786.0 to 784.1 eV,
indicating a reduced charge transfer energy for cobalt, while
the satellite peak of Co®* shifted slightly upward, corroborating
the occurrence of localized oxidation. After MOR, the positions
of the Ni 2p,,, and Ni 2p,;, peaks in the XPS spectra shifted
from 856.9 to 856.4 eV and from 874.7 to 874.0 eV, respectively.
This distinct negative shift of the Ni 2p main peaks indicates a
partial reduction of Ni’* back to Ni**, Furthermore, the satel-
lite peak of Co?* showed a slight upward shift, whereas that of
Co?* shifted slightly downward. The negligible movement of Co
satellite peaks demonstrates only a minor electronic buffering
effect. The XPS of 10Co-NiP,O,/NF after OER reveals a large
amount of lattice oxygen on the catalyst surface, and cobalt also
exhibits +3 valence, The chemical state of the catalyst surface
after MOR is basically the same as that of the unreacted cata-
lyst after soaking in the electrolyte, which also proves that the
methanol can supply hydrogen atoms to the hydrogen vacancy
oxygen and thus inhibit the catalyst's transition to the high-valent
oxidized surface to some extent. At high potentials, the catalyst
deprotonates faster than the methanol fills the hydrogen vacan-
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cies, and the catalyst oxidizes and exhibits a strong Ni**-O vibra-
tional signal. 10Co-NiP,O, /NF also suffers from the absence of
high-frequency response in the impedance spectrum of the OER
process (Figure 4b), suggesting that the nickel foam substrate
greatly contributes to the electrooxidation process of the catalyst
itself. This indicates that the nickel foam substrate greatly facili-
tated the electrooxidation process of the catalyst itself. As shown
in Figure 4e, the response frequency of MOR was significantly
higher than that of the OER process and lower than that of MOR
on Ni foam substrate, which indicated that the catalytic mecha-
nism of MOR on 10Co-NiP, O, /NF was between the hydrogen va-
cancy oxygen grabbing mechanism and the adsorption of oxygen-
containing species.

In order to characterize the individual processes more intu-
itively, we further analyzed the impedance spectra in terms of
distribution relaxation time (DRT). Figure 4f shows the DRT
plot of 10Co-NiP,O,/NF in 1 M KOH + 1 M MeOH electrolyte.
After reaching the MOR starting potential, there are multiple
peaks in the DRT plot, representing the presence of multiple
processes, which are difficult to visually observe by conventional
impedance analysis and difficult to visualize by traditional analy-
sis of impedance empirical methods. Here, we divide the major
peaks in the DRT plot into four regions. For the peaks in Region
1 and Region 2, it can be seen that as the potential increases,
the peak intensities of the peaks in these two regions decrease
and shift toward higher frequencies, indicating that these two
processes are gradually favored as the potential increases. DRT
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plots tend to present major processes.””! The peaks in Region 2
clearly represent the main process, i.e., the MOR process. The
peaks in Region 1 have higher frequencies and smaller time con-
stants than those in Region 2, and we believe that Region 1 is
related to the electrooxidation process of the catalyst. If the hy-
drogen vacancy oxygen formed by the catalyst deprotonation is
sufficiently reactive, the MOR process will also occur due to hy-
drogen grabbing by the hiydrogen vacancy oxygen. The MOR in
Region 2, which is slightly lower in frequency, is more likely to
be catalyzed by surface electrophilic oxygenated species. After
reaching 1.51 V, a new peak begins to appear in Region 3, and
this potential interval is highly compatible with that of the on-
sct of OER and, therefore, likely represents the onset of the OER
process.

From the DRT plot of 10Co-NiP,O,/NF in 1 M KOH elec-
trolyte shown in Figure 4c, it can be seen that the time con-
stants and frequencies of the peaks associated with the OER pro-
cess and Region 3 fit highly, which verifies our conjecture. It
can be seen that the peak representing the OER process in Re-
gion 3 is not strong, which indicates that OER is not the main
process of anodic reaction. As the potential of the MOR pro-
cess increases, multiple peaks begin to appear in Region 4, and
these low-frequency peaks are associated with the diffusion of
material. In the high potential range of Figure 4c, we also ob-
serve similar low-frequency peaks &5 s. Therefore, we hypothe-
size that the peaks =5 s represent OH-diffusion, which affects
both OER and MOR processes. The peaks ~80 s in the MOR
process can thus be assigned to the methanol diffusion process,
which is related to the rapid consumption of methanol on the
electrode surface at high potentials. The DRT plots of NiP,O, /NF
in the MOR process show characteristics consistent with those
of 10Co-NiPxOy/NF, where the peaks in Region 1 are signifi-
cantly weaker than those in Region 2, suggesting that there is
little obstruction to the catalyst's electrooxidation, while the op-
posite is true for powdered NiP, O, (Figure 813, Supporting Infor-
mation). The opposite is true for powdered NiP,O, (Figure S14,
Supporting Information). The frequencies of the two peaks P1
(catalyst oxidation as well as directly associated MOR) and P2
(electrophilic OH"-associated MOR) associated with MOR dur-
ing MOR of powdered NiP,O, are about an order of magnitude
higher than those of NiP,O,/NF. They are stronger at peak P1
than at peak P2 as the potential rises. The intensity of P1 is higher
due to the poor conductivity of the disordered nickel hydroxide
transformed by NiP,O, in the electrolyte, the difficulty of elec-
trooxidation of the cata(yst itself, and the oxidation process of the
catalyst, which is the main bottleneck limiting the anodic reac-
tion as well as the main process occurring. Due to the limitation
of catalyst electrooxidation, it is challenging to form high-valent
nickel surfaces on a large scale, and there is a lack of active sites
for OER, so the peaks related to OER were not observed. Due
to the low catalytic activity and slow consumption of reactants,
the peaks related to its diffusive mass-transfer process appear
at a higher potential of 1.66 V. From the above analysis, it can
be seen that the DRT method can divide the catalyst oxidation
process, the main reaction process, the competitive reaction pro-
cess and the diffusive mass transfer process more clearly, which
helps to understand the emergence and changes of each process
in depth.
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2.4, In-Depth Knowledge of Catalytic Mechanisms

In ESI analysis, we found that the MOR mechanism on
NiP,O,/NF and 10Co-NiP O, /NF is likely to be a composite cat-
alytic mechanism involving both hydrogen vacancy oxygen and
electrophilic OH" species. The MOR in the hydrogen vacancy
oxygen mechanism is directly related to the catalyst's own elec-
trooxidation. In the electrophilic OH” mechanism, the MOR is
indirectly related to the catalyst’s own electro-oxidation, and there
is a certain separation between the catalyst oxidation current and
the catalytic current. However, we found that even in the presence
of 1 M high methanol concentration, the oxidation current of the
catalyst seems to have a tendency to be independent of the MOR
current (Figure 3a,b), and to visualize this phenomenon more,
we compared the step cyclic voltammetry (SCV) curves with the
LSV curves (Figure S15, Supporting Information). Steady-state
SCV testing allows for the circumvention of charge/ discharge
currents other than reaction currents, which include those con-
tributed by catalyst oxidation. The LSV and SCV curves for 10Co-
NiP,O, /NF are almost coincident, and as the cobalt content in-
creases, the catalyst oxidation current becomes more and more
obvious in the LSV curve. This implies that the oxidation process
of the catalyst is separated from the MOR process as the cobalt
content increases, which also means that the interaction between
methanol and hydrogen vacancy oxygen becomes more difficult.

During the MOR reaction, active sites or active species are
formed on the catalyst surface, and no new active sites or active
species are generated when the potential is no longer applied.
At this time, the reaction substrate will still interact with the re-
maining active sites or active species on the catalyst surface, thus
causing a change in the catalyst surface, which will result in a
change in the open-circuit potential of the catalyst. When the ac-
tive sites or active species on the catalyst surface are depleted, the
catalyst surface remains stable, and the open-circuit potential no
longer changes significantly. Therefore, we can form active sites
or active species on the catalyst surface by applying a short-time
constant potential and clarify the reaction between the reaction
substrate and the catalytic sites or catalytic species according to
the change of the open-circuit potential with time.

We also take 10Co-NiP,O,/NF as an example, as shown in
Figure 5a, immediately after applying a constant potential of
1.51 V for 15 s, the open circuit was kept open, and the change
in open circuit potential with time was recorded. In the 1 M
KOH electrolyte (red dotted line), the open-circuit potential de-
creased slightly after the constant potential and gradually stabi-
lized around =1.3 V. The open-circuit potential was then adjusted
to a constant potential of 1.51 V at 900 s. The open-circuit po-
tential was then adjusted to a constant potential of 1.3 V. When
methanol was added to the standing 1 M KOH electrolyte at 900
s (in the amount that would form a 1 M concentration after com-
plete dissolution), the open-circuit potential began to drop signif-
icantly and stabilized at #1600 s. Therefore, it can be concluded
that the significant change in open-circuit potential is related to
the depletion of active sites or active species on the catalyst sur-
face by methanol. In the 1 M KOH + 1 M MeOH electrolyte (pur-
ple dotted line), the open-circuit potential exhibits a rapid de-
crease after constant potential and stabilizes and remains ~0.5 V
at~340s. Inthe 1 M KOH + 1 M MeOH electrolyte (purple dotted
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Figure 5. a) The effect of the presence or absence of methanol on the open circuit potential. b) The variation of open circuit potential of different samples
over time after applying a constant potential of 1.51V for 15 sin 1M KOH + 1 M MeOH electrolyte. c) Comparison of Ni**-O vibration signals of different
samples. d) Time-dependent Raman spectra of different samples in an open circuit state after applying a constant potential of 1.51V for 15 s in 1M
KOH + 1 m MeOH electrolyte. e) Flow diagram of Co-NiP, O, and NiP, O, catalyzed Gibbs free energy. f) The structures of various MOR intermediates

on Co-NiP,0,.

line), the open-circuit potential decreases rapidly and stabilizes
~0,5 V after a slight decrease. In the 1 M KOH electrolyte (blue
dotted line), the open-circuit potential stabilizes after a slight drop
in the first period, which is due to the lack of strong KOH in
the electrolyte. This is due to the lack of strong nucleophilic sub-
strates in the electrolyte, and the Co-NiOOH formed by oxida-
tion of the catalyst during the OER process can stably exist, so
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the open-circuit potential remains stable and maintains at a high
level of ~1.3 V. The open-circuit potential of the catalyst in the
1 M KOH electrolyte (blue dotted line) remains stable after a slight
drop in the early stage.

We further investigated the trend of open-circuit potential with
time after constant potential for other samples, as shown in
Figure 5b. For nickel foam, the open-circuit potential decreased
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rapidly, minimized at ~60 s, and remained stable, Since it is dif-
ficult to oxidize the surface of nickel foam to form a high-valent
nickel surface, and there is no large amount of hydrogen vacancy
oxygen and OH" species present on the surface, its open-circuit
potential can be rapidly decreased and stabilized. As the amount
of cobalt doping in nickel phosphate is elevated, it can be noticed
that the time required for the open-circuit potential to decrease
and reach stability grows progressively, which implies that the
structure of the high-valent oxides formed by the catalyst oxida-
tion is more stable. We further demonstrate this point by Raman
spectroscopy. Figure §16 (Supporting Information) shows the
in situ Raman spectra of different cobalt-doped samples for the
MOR process. It can be seen that the vibrational signals of Ni*+-O
appeared in the MOR process, whether it was 10Co-NiP,O, /NF,
20Co-NiP, O, /NF, 30Co-NiP, O, /NF or 50Co-NiP,O,/NF. The dif-
ference is the potential at which the Ni*+.O vibration signal ap-
pears. The higher the cobalt content, the higher the intensity of
the Ni**-O vibration signal at the very beginning, which means
that the hydrogen vacancy oxygen formed by the deprotonation of
the hydroxyl group on the surface of the catalyst during the elec-
trooxidation is more likely to accumulate and induce the catalyst
to transform into a hydroxyl oxide structure,

The post-reaction XPS shows that 30Co-NiP,O,/NF (Figure
S17, Supporting Information) and 50Co-NiP, O, /NF (Figure S18,
Supporting Information) have a large amount of lattice oxygen
on the surface after MOR and the surface cobalt mainly exhibits
+3 valence, and the characteristics of post-MOR XPS are similar
to that after OER, which also proves that the accumulation of hy-
droxide vacancy oxygen is easy to accumulate under high cobalt
content. The accumulation of hydrogen vacancy oxygen may orig-
inate from the low substrate concentration, the substrate's reac-
tivity, and the catalyst's nature. In the case discussed, where the
substrates are all methanol and the concentrations are uniformly
high at 1 M, the large accumulation of hydrogen vacancy oxygen
is obviously closely related to the nature of the catalyst itself, as
the cobalt content increases, the ability of the hydrogen vacancy
oxygen formed by hydroxyl deprotonation on the surface of the
catalyst to capture hydrogen atoms in the methanol molecule de-
creases. Figure 5c shows that the bending and stretching vibra-
tional modes of Ni**-O are gradually red-shifted with elevated
cobalt content, suggesting that the introduction of cobalt signif-
icantly affects the electronic structure of nickel, which may lead
to a decrease in the electron-deficient nature of the hydrogen va-
cancy oxygen and a subsequent decrease in the ability to capture
hydrogen atoms.

Figure 5d illustrates the time-dependent Raman spectra of dif-
ferent samples at different open-circuit durations after 15 s 1.51
V constant potential. The bending vibration and stretching vi-
bration signals of Ni**-O of NiP,O, /NF disappear rapidly after
constant potential, indicating that the hydrogen vacancies on the
high-valent nickel oxides are filled rapidly after the oxidation of
the catalysts, resulting in the reduction of the high-valent surface
of the catalysts, The length of time required for the disappearance
of the Ni’*-O vibration signal gradually increases as the cobalt
content is elevated. For 50Co-NiP, O, /NF, there is no significant
change in the intensity of Ni**-O vibrational signals during the
observation of 900 s. This indicates that the catalytic reactivity of
50Co-NiP,0,/NF in the MOR process toward methanol oxidation
is very low. Its own hydrogen vacancies are difficult to fill up by
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the hydrogen in the methanol molecule, and thus, the structure
can exist in a relatively stable manner. It can be seen that the re-
sults of Raman spectroscopy are consistent with the trend of the
open-circuit potential with time.

So far, in the previous performance tests, shown in Figure 519
(Supporting Information), we learned that the 10Co-NiP,O, /NF
electrode exhibited an operating potential of only 1.370 V vs,
RHE, which is 61 mV lower than that of the cobalt-free sample.
Correspondingly, its Tafel slope significantly decreased from 37.2
to 23.4 mV dec"!, demonstrating effective charge compensation
while maintaining a high density of active Ni sites. Consequently,
oxygen species at hydrogen vacancies readily acquire electrons,
achieving synergistic catalysis, The 20Co-NiP, O, /NF catalyst dis-
played a slightly higher operating potential (1.373 V) and Tafel
slope (29.8 mV dec™') than the 10Co sample, yet it still outper-
formed both pure Ni and catalysts with higher cobalt loadings.
As the cobalt content increased further, catalytic performance de-
teriorated; for instance, the operating potentials of the 30Co and
50Co samples rose to 1.378 V, with their Tafel slopes increasing
to 43 and 58.3 mV dec™, respectively. Pure CoP,O, /NF exhibited
an even higher potential of 1.587 V and a Tafel slope of 66 mV
dec!. Elevated cobalt content facilitated earlier oxidation of Ni
sites but simultaneously weakened the electrophilicity of the oxy-
gen species formed at neighboring hydrogen vacancies. Under
these conditions, the MOR mechanism involving electrophilic
OH" species became dominant. With the progressive depletion
of unoxidized Ni sites and cobalt sites, oxidation of remaining
Ni sites less influenced by cobalt became increasingly dominant,
thus hindering the electro-oxidation efficiency of the catalyst.

[t can be seen in Figure Se that the free energy of the methanol
adsorption state is below 0 eV for both catalysts Co-NiP,0, and
NiP,O,. The free energy of the methanol adsorption state of Co-
NiP,O, is slightly lower than that of NiP,0,. Co-NiP,O, may
have a more robust adsorption capacity, resulting in lower free
energy of its methanol adsorption state. Methanol undergoes a
dehydrogenation reaction in the presence of a catalyst, remov-
ing one hydrogen atom to form "CH;0. This process involves
overcoming specific energy barriers so the free energy rises. Co-
NiP,O, catalysts may be more conducive to lowering the acti-
vation energy of this reaction so that the energy rise is rela-
tively small. The structures of various MOR intermediates on Co-
NiP, O, are shown in Figure 5f. Methanol adsorbs via its oxygen
atom onto Ni**.OH sites, forming *CH,OH species. Assisted
by surface hydroxyl groups, the a-H is abstracted, generating
“CH,0. Subsequently,"CH,0 undergoes further dehydrogena-
tion to form *CH,0, which is then converted to "“CHO through
f-H abstraction. The adjacent OH~ then attacks "CHO, forming
an "HCOOH complex. Among these steps, the initial deproto-
nation from *CH;OH to *CH,0 exhibits the highest adsorption-
free energy, thus being identified as the rate-determining step for
the MOR. Notably, the Co-NiP, O, catalyst presents a substantially
lower energy barrier than the undoped NiP, O, .

2,5, Nuclear Oxidation Properties of Different Substrates
We chose ethylene glycol, glycerol, and furfural as reaction sub-

strates to demonstrate that cobalt doping indeed leads to a de-
crease in the oxygen-deficient electronegativity of the hydrogen
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Figure 6, a) HOMO/LUMO energy levels and nucleophilicity indices of different molecules. Changes in open circuit potential of 10Co-NiP,0, /NF (b) and
50Co-NiP,O, /NF (c) over time in electrolytes containing different substrates. d) Comparison of LSV curves of 10Co-NIP,O,/NF and 50Co-NiP,O, /NF

in electrolytes containing different substrates.

vacancies. As shown in Figure 6a, the nucleophilicity indices
of water, methanol, ethylene glycol, glycerol, and furfural are
0.037, 0.068, 0.072, 0.078 and 0.085 Hartree, indicating that
their electron-donating ability increases in that order (electron-
donating ability is not fully linked to nucleophilicity, factors such
as spatial site resistance also significantly affect the actual nu-
cleophilicity of the substrate). When furfural (100 mm), glycerol
(300 mm), and ethylene glycol (300 mm) were used as the re-
action substrates, the trends of the open-circuit potentials were
significantly different compared to the methanol substrate. As
shown in Figure 6b,c, we investigated the change of open-circuit
potential with time after a short period of constant potential for
10Co-NiP, O, /NF and 50Co-NiP, O, /NF. The open-circuit poten-
tial decreases rapidly when the substrates are furfural, glycerol,
and ethylene glycol, much faster than when methanol is the sub-
strate. This suggests that the more electron-donating furfural,
glycerol, and ethylene glycol can interact rapidly with hydrogen
vacancy oxygen on the catalyst surface. Even with a cobalt con-
tent of #50%, furfural, glycerol, and ethylene glycol can consume
the oxidation sites on the catalyst surface more efficiently than
methanol, showing strong nucleophilicity. As shown in Figure
$20 (Supporting Information), the characteristics of the oxida-
tion peaks in the LSV curves of 50Co-NiP,0,/NF in electrolytes
with 1  KOH and containing different organic substrates also
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show significant differences. The LSV curves of the MOR process
show a Ni?* to Ni** oxidation peak. But this oxidation peak is not
reflected in the LSV curves of ethylene glycol oxidation (EGOR),
glycerol oxidation (GOR), and furfural oxidation (FOR), which
coincide with Ni** to Ni** oxidation, suggesting that hydrogen
vacancy oxygen can easily capture hydrogen atoms from these
nucleophilic organic substrates. Methanol, which is less nucle-
ophilic, does not readily supply hydrogen atoms to the hydrogen
vacancy oxygen on 50Co-NiP,O,/NF but readily supplies hydro-
gen atoms to the hydrogen vacancy oxygen on 10Co-NiP,O, /NF.
Furfural, glycerol, and ethylene glycol, which are more nucle-
ophilic than methanol, readily provide hydrogen atoms to the hy-
drogen vacancy oxygen on 50Co-NiP, O, /NF, and these phenom-
ena indicate that the electrophilicity of the hydrogen vacancy oxy-
gen is decreased at high cobalt content.

While cobalt doping significantly reduces the Ni?* to Ni** oxi-
dation potential, it also reduces the electrophilicity of the hydro-
gen vacancy oxygen. When the substrate is not strongly nucle-
ophilic, too much cobalt doping leads to difficulties in the hy-
drogen vacancy oxygen mechanism, and the catalytic mechanism
mainly follows the electrophilic OH® species mechanism, which
leads to a significant reduction in the role of cobalt doping in low-
ering the reaction potential. When the substrate is more nucle-
ophilic, the organic substrate can more easily attack and provide
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hydrogen atoms to the less electrophilic hydrogen vacancy oxy-
gen, at which time the oxidation reaction of the organic substrate
can be fused with the catalyst clectro-oxidation process to realize
the decreased reaction potential. As shown in Figure 6d, the on-
set potentials of FOR, EGOR, and GOR on 50Co-NiP, O, /NF are
all Tower than 10Co-NiP,O, /NF, but the advantage of FOR and
EGOR activity is no longer apparent at higher potentials. In the
case of FOR, the reason is mainly due to substrate diffusion limi-
tation that hinders the performance enhancement; in the case of
EGOR, it is mainly due to insufficient nucleophilicity of the sub-
strate. When the substrate concentration is high enough and nu-
cleophilic enough, the performance on 50Co-NiP,O,/NF tends
to be superior to that on 10Co-NiP,O, /NF, even at high current
densities (such as GOR).

Compared with MOR, EGOR, GOR, and FOR differ in that
these latter reactions involve C—C bond cleavage steps. When
substrates contain more carbon atoms, higher cobalt content
in the catalyst corresponds to increased current density, more
closely adhering to the electrophilic OH" catalytic mechanism.
In alkaline media, at high cobalt contents, oxygen species asso-
ciated with hydrogen vacancies cannot efficiently participate in
C—C bond cleavage. Consequently, oxygen sites formed at hydro-
gen vacancies during electro-oxidation of the catalyst struggle to
promptly abstract hydrogen atoms from substrates. This leads
to the accumulation of oxidized structural states, thereby provid-
ing adsorption sites for electrophilic oxygen species. At this stage,
electrophilic OH" species formed on the catalyst surface act as the
active catalytic species. Interaction of ethylene glycol molecules
with electrophilic OH" facilitates C—C bond cleavage, generat-
ing intermediates such as “CH,0H and *COOH, ultimately pro-
ducing formate ions.!*!! Similarly, glycerol undergoes sequential
fragmentation of its three-carbon backbone into C, products (pri-
marily formate ions).*?) Moreover, in the furfural oxidation re-
action, electrophilic OH species can attack side-chain carbons to
induce C—C bond cleavage.!*!

Recent theoretical studies have expanded the mechanistic un-
derstanding of MOR from a single-pathway process to a complex
parallel reaction network. Zhu et al. first identified the syner-
gistic correlation between the dynamic cycling of Ni**-OOH «
Ni?*-OH and indirect oxidation of adsorbed CO intermediates
(CO") on NiMn-LDH.!*' Tian et al. employed '*O-labeled Raman
spectroscopy to quantitatively elucidate how OH coverage on
NiCo-OOH surfaces dynamically regulates the coupled reaction
rates of direct a-H abstraction and CO-mediated pathways.|*?l
While most nickel-based catalysts predominantly follow the hy-
drogen vacancy mechanism, this study incorporates cobalt dop-
ing into the nickel-based catalyst, thereby activating nickel ox-
idation states and establishing synergy between the “hydrogen
abstraction via oxygen at hydrogen vacancies” and “electrophilic
OH*" pathways. This cooperative mechanism significantly en-
hances the oxidation efficiency for multi-carbon substrates.

In addition, we found that for the same catalyst 50Co-
NiP,O, /NF, the onset potentials of the different oxidation reac-
tions were significantly different, with FOR having a lower on-
set potential than GOR and GOR having a slightly lower on-
set potential than EGOR and a significantly lower onset poten-
tial than MOR. For 10Co-NiP,O, /NF, there was not much dif-
ference in the onset potentials of the reactions. After cobalt is
doped into the material, it affects the surrounding nickel sites to
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different degrees, According to the phenomenon that the higher
the cobalt doping, the lower the oxidation potential from Ni**
to Ni** and the weaker the electrophilicity of the hydrogen va-
cancy oxygen, we speculate that the nickel sites which are more
affected by cobalt are more prone to oxidize earlier. Still, the elec-
trophilicity of the hydrogen vacancy oxygen formed around them
is wealker as well. The broadening of the Ni** to Ni** oxidation
peaks upon elevated cobalt doping may be a visualization of this
speculation (Figure 521, Supporting Information). Since each
nickel site is not affected by cobalt to the same extent, the hydro-
gen vacancy oxygen generated at different potentials has differ-
ent reactivity. Hydrogen vacancy oxygen formed at high poten-
tial is less influenced by cobalt. It is more electrophilic, which
is more favorable for catalyzing the oxidation of the substrate
with weaker nucleophilicity, so the substrates with different nu-
cleophilicity will have the phenomenon of different starting po-
tentials of the oxidation reaction. When the nucleophilicity of the
substrate makes it difficult to match the electrophilicity of the
hydrogen vacancy oxygen, the MOR mechanism involving elec-
trophilic OH" species becomes dominant, such as the MOR pro-
cess on 50Co-NiP,O, /NF. As shown in Figure S22 (Supporting
Information), with the increase of cobalt doping in nickel phos-
phate, the response frequency of MOR at 1.36 V gradually shifts
to a lower frequency, and the time constant also increases, which
also indicates that electrophilic OH" species are involved in the
MOR to a greater extent.

A large amount of cobalt-doped nickel-based powder materials
often have poor stability in the process of organic oxidation reac-
tions, and we have observed similar phenomena in many pub-
lished studies.[***S] In this study, we found that the nickel-cobalt
interface material and cobalt-doped nickel-based material on the
foam nickel collector electrode showed good long-term stability.
As shown in Figure $23 (Supporting Information), even if the
content of cobalt reaches x50%, there is no active attenuation
due to its own factors in the long-term test of MOR (the decline
in performance in each cycle is caused by the decrease in KOH
concentration). We speculate that this is due to the rapid electri-
cal oxidation process of the catalyst on the foam nickel. Compared
with powder materials, more thorough oxidation can occur faster,
complete the phase transformation to hydroxyl oxide, and reach
a stable state. The active site occupies less, so the performance is
more stable (Figure 524, Supporting Information). In the early
stage of the constant current test, it can be seen that the potential
increases rapidly from a low value, and the impedance spectrum
also shows the phenomenon of high-frequency response miss-
ing, which confirms the rapid occurrence of catalyst oxidation on
foam nickel.

3. Conclusion

In summary, we prepared a series of nickel foam-loaded cobalt-
doped nickel phosphate materials (mCo-NiP, O, /NF) as catalysts
for nucleophilic oxidation reactions by electrodeposition. 10Co-
NiP,O,/NF exhibited good MOR activity and can be stabilized
at a current density of 100 mA cm=?2 for at least 120 h with-
out self-induced performance degradation and also exhibited
high selectivity (>90%) for formate products. Empirical and DRT
analyses of in situ electrochemical impedance spectra revealed
that MOR on 10Co-NiP,O, /NF follows a dual mechanism of

© 2025 Wiley-VCH GmbH
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hydrogen vacancy oxygen grabbing and involvement of elec-
trophilic OH" spedies. DFT calculations indicate that the intro-
duction of Co reduces the reaction aclivalion energy and en-
hances the catalytic activity by optimizing the intermediate ad-
sorption energy.It was further investigated and found that cobalt
doping reduces the electrophilicity of the hydrogen vacancy oxy-
gen sites formed by hydroxyl deprotonation on the catalyst sur-
face by open-circuit potential testing technique as well as Ra-
man spectroscopy. When the substrate is not highly nucleophilic,
substantial cobalt doping is detrimental to the hydrogen vacancy
oxygen-grabbing mechanism, and the catalytic mechanism is
more favorable 1o the electrophilic OH" species mechanism. The
findings of the present work provide new ideas for the design of
efficient catalysts for the oxidation reactions of different organic
nucleophilic substrates.
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