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ABSTRACT: Metal−support interaction (MSI) is pivotal and
ubiquitously used in the development of next-generation catalysts,
offering a pathway to enhance both catalytic activity and stability.
However, owing to the lattice mismatch and poor solubility,
traditional catalysts often exhibit a metal-on-support heterogeneous
structure with limited interfaces and interaction and, consequently, a
compromised enhancement of properties. Herein, we report a
universal and tunable method for supersaturated doping of
transition-metal carbides via strongly nonequilibrium carbothermal
shock synthesis, characterized by rapid heating and swift quenching.
Our results enable ∼20 at. % Ni2FeCo doping in Mo2C, significantly
surpassing the thermodynamic equilibrium limit of <3 at. %. The
supersaturation ensures more catalytically active NiFeCo doping and
sufficient interaction with Mo2C, resulting in the maximized MSI (Max-MSI) effect. The Max-MSI enables outstanding activity
and particularly stability in alkaline oxygen evolution reaction, showing an overpotential of 284 mV at 100 mA cm−2 and stable
for 700 h, while individual Ni2FeCo and Mo2C only last less than 70 and 10 h (completely dissolved), respectively. In
particular, the SD-Mo2C catalyst also exhibits excellent durability at 100 mA cm−2 for up to 400 h in 7 M KOH. Such a
significantly improved stability is attributed to the supersaturated doping that led to each Mo atom strongly binding with
adjacent heteroatoms, thus elevating the dissolution potential and corrosion resistance of Mo2C at a high current density.
Additionally, the highly dispersed NiFeCo also facilitates the formation of dense oxyhydroxide coating during reconstruction,
further protecting the integrated catalysts for durable operation. Furthermore, the synthesis has been successfully scaled up to
fabricate large (16 cm2) electrodes and is adaptable to nickel foam substrates, indicating promising industrial applications. Our
strategy allows the general and versatile production of various highly doped transition-metal carbides, such as Ni2FeCo-doped
TiC, NbC, and W2C, thus unlocking the potential of maximized or adjustable MSI for diverse catalytic applications.
KEYWORDS: oxygen evolution reaction, carbide catalyst, carbothermal shock, nonequilibrium synthesis, supersaturated doping

INTRODUCTION
Among the various strategies for harnessing and storing
renewable energy, electrolytic water splitting to generate
hydrogen stands out as a promising solution.1,2 However, the
efficiency and feasibility of water splitting are heavily
dependent on the performance of catalysts used in the oxygen
evolution reaction (OER), which often show a high over-
potential and rapid performance degradation owing to the
harsh catalytic environment.3,4 Transition-metal-based cata-
lysts have shown good activity and stability for alkaline water
electrolysis, during which they in situ reconstructed into
hydroxides with a large specific surface area and high activity.5,6

However, their demonstrated durability is far from satisfactory

in practice under highly corrosive OER conditions.7,8 As such,
tremendous ongoing research in this field is focused on
developing more efficient and durable OER catalysts to meet
the demands of sustainable energy production.9,10

Metal−support interaction (MSI) is a critical concept in
developing next-generation catalysts and further modulating
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their performances, which stands as a few strategies that can
simultaneously improve the catalytic activity and stability.11,12

While the metal behaves as the primary catalyst, the support
can effectively disperse and stabilize the metal catalyst through
strong structural and electronic interactions and synergistic
effects at the interfaces, thereby improving the activity and
stability.13−16 Carbides have been widely used as support
materials due to their high electrical conductivity.17,18 For
example, Li reported Fe and Ni atoms anchored on the surface
of WCx,

17 which exhibited electronic interactions between
metals and W atoms that help stabilize the FeNi atoms. NiFe-
WCx achieved an overpotential of 237 mV and maintained
stability after the 1000 h test at 10 mA cm−2. Hou reported Ni
single atoms supported on oxygen-incorporated Mo2C via Ni−
O−Mo bonds,18 showing enhanced catalytic activity via the
strong electron coupling between Ni atoms and the Mo2C
carrier. This MSI catalyst exhibits an overpotential of 299 mV
at 10 mA cm−2 and long-term stability over 16 h.
Unfortunately, these catalysts often show a metal-on-top-
support heterogeneous structure and have very limited
interfaces to induce sufficient MSI for property enhancement.
The decorated surfaces are only stable at a low current density
(∼10 mA cm−2) and become drastically unable at industrially
relevant conditions (>100 mA cm−2) because of severe
reconstruction and dissolution of both metal and metal carbide

at elevated potentials. Therefore, enabling more/supersatu-
rated doping into the support would result in pronounced MSI
and activation, enhancing the overall structure stability and
making them suitable for the OER at large current densities or
high potentials.
The limited interfaces and interactions are mainly attributed

to the significant differences between the metal and support
structures (e.g. lattice matching), resulting in limited solubility
and MSI.19,20 The solubility limits of metals (Fe, Co, and Ni)
in the support (TiO2, CeO2, MoS2, and WC) are usually
relatively low and affected by the following temperature: Fe
and Co in TiO2 (4 at. % at 800 °C),21,22 Ni in MoS2 (7.5 at. %
at 400 °C),23 and Fe in CeO2 (3 at. % at 1100 °C).24 The
solubility of metal Co in carbide (WC) is too low to be
measured.25 Notably, oxide supports with naturally poor
electronic conductivity would easily lead to increasing
overpotentials and ohmic impedance, while more conductive
supports, such as carbides,26 are often extremely hard to dope
or manipulate during the catalyst synthesis. Thus, developing
heterogeneous catalysts that could largely unlock and maximize
the potential of MSI is both intriguing and a significant
challenge.27,28

In this study, we employ the carbothermal shock (CTS)
method, a strongly nonequilibrium synthesis technique that
involves rapid heating followed by immediate quenching,29−34

Figure 1. (a) Schematic diagram showing the influence of doped atoms in the Mo2C. (b) Pseudo-binary phase diagram of Ni−Mo2C under
equilibrium conditions, where the nonequilibrium process increases the solubility of Ni in Mo2C (red dashed line). (c) Schematic
illustration of the homogeneous SD-Mo2C derived from CTS and the heterogeneous H-Mo2C synthesized by furnace treatment. (d) Effect of
the Ni2FeCo doping ratio on the OER durability. Inset: schematic illustration of the catalyst structure and MSI, where Max-MSI features
mutually interacted Mo and NiFeCo atoms, while other structures have either unaffected Mo or NiFeCo, resulting in less stability under
highly corrosive OER.
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to synthesize a supersaturated doping Mo2C (SD-Mo2C) with
approximately 20 at. % of Ni2FeCo dopants. This level of
supersaturation goes beyond the thermodynamic equilibrium
and scarce doping of Ni into Mo2C (∼8 at. % at 1250 °C, ∼3
at. % at room temperature) and ensures the maximized
interaction between Mo2C and NiFeCo atoms, thereby
augmenting the activity and especially improving the durability
of the carbides catalyst at high current density in the OER.
This pronounced interplay between the metal dopant and the
support is characterized as maximized metal support
interaction (Max-MSI), which is pivotal for achieving optimal
catalytic performance with concurrently high activity and
durability.

RESULTS AND DISCUSSION
Material Synthesis and Characterization. To maximize

the interaction between the dopant and the support atoms, at
least one heteroatom must exist in each cell to activate and
particularly stabilize Mo in Mo2C, which has a dissolution
potential lower than that of the respective oxides or
oxyhydroxide of NiFeCo. As shown in Figure 1a, each surface

Mo atom of orthorhombic Mo2C is encircled by six
neighboring Mo atoms, creating a hexagonal coordination
environment. To ensure that each Mo site within the structure
can be affected by the adjacent heteroatoms, the minimum
doping content of Mo2C is 14.3 at. % for surface Mo atoms.
However, considering the inherent randomness in the doping
process, including the variability in content and the specific
sites occupied by the dopants, the actual doping content
should be higher than 14.3 at. % to ensure comprehensive
coverage and interaction over the entire Mo lattice.
To achieve the presence of more heteroatoms in Mo2C,

supersaturation doping is required (Figure 1b) demonstrates
the nonequilibrium synthesis strategy of the SD-Mo2C.
According to the pseudo-binary phase diagram of NiMo2C,

35

the maximum doping of Ni in Mo2C under equilibrium
conditions is about 8 at. % at 1250 °C. As the temperature
decreases, the second phase of Ni precipitates, leading to a
decline doping content of Ni, as indicated by the blue dotted
line (<3 at. % at room temperature). On the contrary, the CTS
method enables the formation of an SD-Mo2C due to the
nonequilibrium process, represented by the red dotted line. To

Figure 2. (a) Schematic illustration of the preparation process for the SD-Mo2C electrocatalyst. (b) XRD patterns of 20% SD-Mo2C during
the synthesis process. (c) XRD patterns of carbides with different Ni2FeCo ratios (0−100%). Excessive dopant input will lead to the
precipitation of the Ni2FeCo alloy. (d) Variation in diffraction angles of SD-Mo2C with different Ni2FeCo ratios (0−30%). (e) Influence of
Ni2FeCo ratio on the lattice parameter a of SD-Mo2C, with the inset showing a schematic crystal structure of orthorhombic Mo2C. (f−h)
XRD patterns of SD-TiC, SD-NbC, and SD-W2C.
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verify that the thermodynamic information obtained for Ni−
Mo2C can be generalized to the Ni2FeCo−Mo2C system,
phase diagram calculation software Pandat 2022 (database
source: PanNi2022_TH+MB) was used to calculate the
pseudo-binary phase diagrams for Ni−Mo2C and Ni2FeCo−
Mo2C, respectively (Figure S1). Ni and Ni2FeCo both exhibit
very limited solubility in Mo2C, which further demonstrates
the advantage of the carbothermal shock method in preparing
supersaturated doped carbides. As schematically shown in
Figure 1c, the structure derived from the nonequilibrium CTS
has a homogeneous solid solution, where NiFeCo atoms are
uniformly dispersed throughout the Mo2C lattice to ensure
maximized MSI and stabilization. However, the catalysts
synthesized under near-equilibrium conditions via the furnace
treatment, which is composed of phase-separated NiFeCo
particles and less doped Mo2C support, resulting in a
heterogeneous structure, as denoted by H-Mo2C, with limited
MSI and stabilization.
As illustrated in Figure 1d, the doping of NiFeCo into the

Mo2C lattice at an optimal 20% content significantly boosts the
OER activity and durability of the catalyst. This enhancement

is attributed to the high dispersion of NiFeCo, which ensures a
uniform distribution of active sites across the catalyst’s surface.
Furthermore, the synergistic effect between NiFeCo and Mo2C
optimizes the adsorption of reaction intermediates, leading to a
more favorable catalytic activity.36,37 Importantly, the high-
density NiFeCo dopants within the Mo2C lattice can
dynamically restructure during the electrochemical OER
process, forming a dense oxyhydroxide protective layer that
shields the catalyst from degradation. Meanwhile, FeCoNi−
Mo interactions can modify the electronic structure of the
Mo2C matrix and oxyhydroxide to have elevated dissolution
potentials, which is crucial for the long-term stability of the
catalyst. The above result indicates the importance of Max-MSI
in metal carbide catalysts, where the synergistic effects between
Ni2FeCo and Mo2C are maximized to significantly enhance the
OER activity and durability.
The synthesis procedure for SD-Mo2C is depicted in Figure

2a. A certain amount of precursor solution (MoCl5, NiCl2,
CoCl2, FeCl2, molar ratio 16:2:1:1) was dropped onto the
carbon paper, then dried, and subjected to CTS synthesis
(∼1200 °C, 600 ms) in an argon atmosphere, the temperature

Figure 3. Structural analysis of SD-Mo2C. (a) TEM image of SD-Mo2C. (b) HR-TEM image of SD-Mo2C lattice. (c) TEM image of SD-
Mo2C. (d) HR-TEM images of H-Mo2C lattice. (e, f) EDX mapping image of SD-Mo2C and H-Mo2C. (g) High-resolution Mo 3d X-ray
photoelectron spectroscopy (XPS) spectra of SD-Mo2C, H-Mo2C, and Mo2C. (h) Valence distribution of each metal element in the above
materials.
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curve during CTS process is shown in Figure S2. During the
high-temperature process of CTS, the precursor first generates
Ni2FeCo-doped MoO2, where the oxygen source is mainly
MoOCl3(EtOH) produced by alcoholysis, and rapidly reduces
and carburizes to produce SD-Mo2C. This synthesis process
does not require additional carbon sources; the core carbon
source comes from the carbon paper substrate. After the
subsequent rapid cooling, the high-temperature structure is
rapidly frozen, which keeps the structure of SD-Mo2C. The
crystal structure of the sample at different synthesis times was
tested by X-ray diffraction (XRD). It can be observed that the
sample existed in the form of Ni2FeCo-MoO2 at 200 ms, and
the sample mainly changed into SD-Mo2C with a small amount
of MoO2 residue at 400 ms. After the synthesis time was
extended to 600 ms, SD-MoO2 was completely transformed
into SD-Mo2C (Figure 2b). According to Gibbs free energy
(Figure S3),38,39 the tendency of Mo2C generated by the
reaction of MoO2 with C is greater than that of Mo generated
by the reaction of MoO2 with C. Therefore, reduction and
carburizing are carried out simultaneously in the process of
CTS.
In contrast, the conventional furnace sintering method

necessitates the addition of 2,5-dihydroxyterephthalic acid as a
carbon source and requires a high temperature and long-time
treatment (1000 °C, 6 h) to ensure the formation of Mo2C.

40

XRD patterns of Mo2C samples synthesized using both CTS
and furnace treatment are presented in Figure S4. For the H-
Mo2C samples, the Ni peaks can be observed except for the
peaks of orthorhombic Mo2C, indicating the formation of
metal on Mo2C (i.e. H-Mo2C). The incorporation of Ni2FeCo
atoms is expected to cause a reduction of unit cell parameters
in the Mo2C crystal due to their smaller atom radius compared
to the Mo atoms in Mo2C.
Further investigation about the influences of Ni2FeCo ratios

(Figure 2c, additional temperature curves during synthesis
shown in Figure S5) uncovered that additional metal peaks
occurred after Ni2FeCo ratios exceeded 20%. Detailed XRD
analysis of the (200) and (121) peaks for Ni2FeCo ratios
ranging from 0 to 30% revealed a significant shift toward
higher angles for the doping ratios below 20%, suggesting a
contraction of the unit cell as the doping content increased.
However, for the ratios above 20%, the XRD angles remained
scarcely changed, indicating that the lattice has reached its
maximum doping capacity, and further increase of the
Ni2FeCo ratio no longer results in additional lattice
contraction (Figure 2d). The cell parameters of SD-Mo2C
with different doping ratios are graphically represented (Figure
2e), which shows that 20% SD-Mo2C has the lowest cell
parameters. With the further addition of Ni2FeCo, the cell
parameters may have a certain increase, which may be due to
the remaining Ni2FeCo atoms being preferentially deposited
on the second phase surface of the alloy, driven by the lattice
fit.
The element contents of 20% SD-Mo2C samples were

further investigated by inductively coupled plasma optical
emission spectrometry (ICP-OES), and the molar ratio of
dopants in the 20% SD-Mo2C samples was in Figure S6a,
which is consistent with the intended doping ratio,
demonstrating the excellent controlling ability of the CTS
method for composition (Figure S6b). Moreover, a range of
supersaturatedly doped transition-metal carbides can be
generally synthesized by the CTS method. As shown in Figure
2f−h, for different Ni2FeCo-doped carbides, only peaks of the

corresponding carbides can be observed without the metal Ni
peaks, indicating that the Ni2FeCo-doped TiC, NbC, and W2C
samples were generally synthesized by the CTS method.41,42

The three doped carbides all exhibit homogeneous structures
without phase separation, which demonstrates the strong
universality of our nonequilibrium synthesis method.
The nanoparticles with uniform particle size nanoparticles

can be observed by transmission electron microscopy (TEM)
(Figure 3a), which is beneficial for active site exposure,
electrolyte immersion, and electron transfer, improving the
catalytic performance. As shown in Figure 3b, a clear atomic
lattice structure can be observed by high-resolution trans-
mission electron microscopy (HR-TEM), and the d-spacing of
the lattice is 0.212 nm, corresponding to the (200) crystal
planes of the orthorhombic Mo2C crystal. In H-Mo2C samples,
as shown in Figure 3c, larger particles with inconsistent shapes
can be observed, which was caused by the extended sintering
duration. Additionally, compared to the clean surface derived
by the CTS method, using an organic carbon source results in
carbon deposition, which hinders direct contact between the
active site and the electrolyte, deteriorating the overall
performance. As shown in Figure 3d, for H-Mo2C samples,
the d-spacing of the lattice is 0.218 nm. The energy-dispersive
X-ray (EDX) spectroscopy mapping also confirms the
elemental distribution. As shown in Figure 3e, the Mo, Ni,
Co, Fe, and C elements in SD-Mo2C are homogeneous and
distributed across the samples, further indicating that doped
Mo2C samples were successfully synthesized. However, for the
H-Mo2C samples, the signal of the Ni element is separated
from the samples (Figure 3f), indicating that Ni is precipitated
from the Mo2C, confirming less doping and heterostructures
by conventional methods.
The elemental valence states and electronic structures of SD-

Mo2C and H-Mo2C samples are also analyzed by X-ray
photoelectron spectroscopy (XPS). By deconvoluting the Mo
3d5/2 peaks, we gained a deeper understanding of the electronic
environment of Mo within these catalysts. As shown in Figure
3g, the Mo binding energy values of SD-Mo2C samples were
228.43, 229.46, and 232.46 eV, for H-Mo2C they were 228.71,
229.52, and 232.70 eV, and for pure Mo2C, they were 229.5
and 231.2 eV, respectively. The Mo 3d5/2 peaks for SD-Mo2C
and H-Mo2C were significantly shifted to lower binding
energies compared to pure Mo2C, proving that the addition of
Ni2FeCo significantly reduced the Fermi level of Mo.43

Moreover, the peaks of SD-Mo2C further shifted to lower
binding energies compared to those of H-Mo2C, indicating a
stronger interaction between the Ni2FeCo dopant and the
Mo2C support. The 2p XPS spectra of Ni, Fe, and Co in SD-
Mo2C and H-Mo2C were further investigated as shown in
Figure S7. The Ni 2p3/2 spectrum was deconvoluted into three
distinct peaks at 853.1, 856.3, and 861.9 eV, corresponding to
Ni0, Ni−O, and satellite peaks. Similarly, the Co 2p3/2
spectrum exhibited four peaks at 778.4, 781.8, and 787.4 eV,
indicating the presence of Co0, Co−O, and satellite peaks. The
Fe 2p3/2 spectrum was deconvoluted into four peaks at 707.7,
711.0, 714.5, and 717.8 eV, representing Fe0, Fe−O species,
and satellite peaks.44 The valence distribution of the elements
in each sample can be calculated by integrating the areas of the
peaks after deconvolution. As illustrated in Figure 3h, the
average valence states of Mo for SD-Mo2C, H-Mo2C, and pure
Mo2C were determined to be 2.38, 2.91, and 2.56, respectively.
The proportion of Mo0 of SD-Mo2C (53%) is significantly
higher than that of H-Mo2C (38%) and pure Mo2C (36%),
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indicating that more electron transfer from the Ni2FeCo
dopant to the Mo2C host in SD-Mo2C due to the higher
incorporation of Ni2FeCo into the Mo2C lattice, and results in
more metal−support interfaces.
Electrochemical OER Performance. The electrochemical

OER performance of as-prepared samples was assessed by a
typical three-electrode system in a 1 M KOH electrolyte. In
order to prove the necessity of multielement doping, Ni4−
Mo2C, Ni3Fe−Mo2C, Ni2FeCo−Mo2C, and NiFeCoMn−
Mo2C were prepared and tested by linear sweep voltamperes
(LSV) (Figure S8a). The results show that multielement
codoping can improve the catalytic activity better than single-
element doping, and Ni2FeCo−Mo2C shows the best catalytic
activity. Then, we prepared NiFe−Mo2C, NiCo−Mo2C, and
FeCo−Mo2C and verified the catalytic active sites, as shown in
Figure S8b. The NiFe combination is considered the main
source of catalytic activity, with Co as an additive that can

further reduce the overpotential. Meanwhile, to optimize the
ratio between Ni, Fe, and Co, samples with Ni:Fe:Co ratios of
1:1:1, 1:2:2, and 2:1:1 were prepared and subjected to LSV
testing. The results showed that the sample with a ratio of
2:1:1 exhibited the best OER performance (Figure S8c).
To demonstrate the advantage of Ni2FeCo doping in Mo2C,

compared to CTS-prepared SD-Mo2C, furnace-prepared H-
Mo2C, CTS-prepared Ni2FeCo alloy, and CTS-prepared pure
Mo2C samples, the SD-Mo2C exhibited the best OER activity,
as shown in Figure 4a, and the LSV curve without IR
correction is shown in Figure S9. SD-Mo2C exhibited a
significantly lower overpotential of 214 mV at 10 mA cm−2 and
284 mV at 100 mA cm−2, compared to that of H-Mo2C (263
mV at 10 mA cm−2 and 332 mV at 100 mA cm−2) and
Ni2FeCo (292 mV at 10 mA cm−2 and 358 mV at 100 mA
cm−2). Moreover, the Tafel slope value of SD-Mo2C is 51.8
mV dec−1, which is lower than that of H-Mo2C (57.2 mV

Figure 4. Electrochemical performance and analysis of various electrocatalysts in a 1 M KOH electrolyte. (a) LSV curves and (b) Tafel slope
of different electrocatalysts. (c) Nyquist plots for different samples at 1.52 V; the inset shows the fitted circuit diagram. (d) Statistical
comparison of Cpseudo and Cdl for the different catalysts. (e) LSV curves of different Ni2FeCo ratios SD-Mo2C. (f) ECSA-normalized activity
for catalysts with different Ni2FeCo ratios SD-Mo2C at 1.50 V. (g) Stability of the OER at 100 mA cm−2 for materials with different Ni2FeCo
ratios, with schematic diagrams representing the dissolution trends of the various materials. (h) Activity and durability comparison of
different carbide-based electrocatalysts.
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dec−1), Ni2FeCo (61.9 mV dec−1), and Mo2C (127 mV dec−1),
indicating a faster intrinsic reaction kinetic rate for SD-Mo2C
samples (Figure 4b). The charge transfer efficiency of the
catalysts was investigated by electrochemical impedance
spectroscopy (EIS).45 As shown in Figure 4c, the charge
transfer resistance (Rct) for SD-Mo2C was significantly lower
than that for H-Mo2C and Ni2FeCo, indicating a faster charge
transfer rate for SD-Mo2C samples. The electrochemical active
surface area (ECSA) was determined by the double-layer
capacitance (Cdl), as shown in Figure S10. The relatively high
Cdl value observed for the SD-Mo2C composite indicated an
enhanced surface roughness.
The coverage of OH− on the catalyst surface is an important

factor in explaining the catalytic performance at high current
density.46 The adsorption quantity of the reactant species
(OH−) on the catalyst surface was investigated by pulsed
voltammetry, which can directly measure the surface coverage
by the reactant species via quantification of the total charge on
the electrocatalyst surface (Figure S11). The relationship
between the total charge accumulated (Q), current density (J),
and the applied potential (E) was established in Figure S12.47

The total charge capacitance (Ctotal) can be derived from the
slope of the linear region in the Q-E plot. Ctotal is composed of
pseudo-capacitance (Cpseudo) and Cdl, and the Cpseudo is

obtained by OH− adsorption. The Cpseudo values for SD-
Mo2C, H-Mo2C, Ni2FeCo, and Mo2C are 2464.7, 817.8, 588.4,
and 112.4 mF cm−2, respectively (Figure 4d), suggesting a
substantial coverage of the SD-Mo2C catalyst surface by the
reactant species, which is crucial for facilitating a robust OER
process, especially at higher current densities.
To explore the influence of the MSI on the intrinsic catalytic

activity of the electrocatalysts, linear sweep voltammetry (LSV)
was performed on a range of SD-Mo2C samples with varying
Ni2FeCo ratios from 5 to 30%, as shown in Figure 4e. The SD-
Mo2C samples with a 20% Ni2FeCo ratio exhibited the most
reactive among the tested materials, underscoring that the
optimal doping (or Max-MSI) content is critical for improving
the catalytic performance. As illustrated in Figures 4f and S13,
the 20% SD-Mo2C displayed a significant ECSA-normalized
current density, indicating the 20% SD-Mo2C with high
intrinsic activity due to the Max-MSI between Ni2FeCo with
Mo2C. EIS was utilized to further elucidate the kinetics of
charge transfer during the OER. A comparison of the Nyquist
plots, as presented in Figure S14, demonstrated that 20% SD-
Mo2C exhibited the smallest semicircle, indicating superior
electronic conductivity and a more rapid charge transfer rate.
The alignment between the Cpseudo on the catalyst surface and
the normalized activity with increasing ratio substantiates that

Figure 5. Stability analysis of various electrocatalysts. (a) Chronopotentiometry stability tests at 100 mA cm−2 for different catalysts in 1 M
KOH. (b) Metal leaching rates of SD-Mo2C and H-Mo2C during the initial 100 h of stability measurement. (c) Polarization curves of SD-
Mo2C, H-Mo2C, Ni2FeCo, and Mo2C. (d) Statistical diagram of the vacancy formation energy shift of Mo around different heteroatoms.
Inset: vacancy formation energy of Mo around the heteroatom calculated. The red sphere indicates the increase of vacancy formation energy,
and the blue sphere indicates the decrease of vacancy formation energy. (e−h) TEM morphology images and EDX mapping images of
reconstructed SD-Mo2C and H-Mo2C.
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the material transport capacity on the catalyst surface is the
principal determinant of catalytic activity at higher potentials
(Figures S15−S17). These results highlight the importance of
Max-MSI in tailoring the electronic structure and surface
properties of the catalyst to optimize both the intrinsic reaction
kinetics and the charge transfer processes.
The investigation into the impact of Max-MSI on the

durability of SD-Mo2C during the OER involved assessing
samples with varying Ni2FeCo ratios at a constant current
density of 100 mA cm−2. The results, as depicted in Figure 4g,
show that the durability of 5−30% Ni2FeCo feed ratio SD-
Mo2C is 100, 212, 700, and 484 h, respectively. For samples
with 5 and 10% Ni2FeCo doping, the doping levels were
insufficient to affect all Mo sites within the Mo2C structure.
This incomplete interaction resulted in the partial dissolution
of Mo2C during the OER process. Conversely, when the
Ni2FeCo doping level exceeded 20%, excess Ni2FeCo formed
undoped Ni2FeCo clusters that were less influenced by the
Mo2C support. These clusters were more prone to dissolution
during the OER, leading to a destabilization of the catalyst.
This observation highlights the importance of achieving the
right balance in the doping levels to maintain the optimal Max-
MSI and the stability of the catalyst. The SD-Mo2C catalyst
with 20% doping was found to achieve this optimal balance,
offering the best synergistic effect between the support and
active site. This optimal Max-MSI structure not only enhances
the catalytic activity but also provides the necessary stability for
long-term operation in OER applications. The findings
underscore the significance of precise control over the doping
process and the Max-MSI in the design of highly efficient and
stable electrocatalysts for energy conversion technologies.
Among the recent carbide-based materials, 20% SD-Mo2C
demonstrated comparable activity and durability toward the
OER (Figure 4i). It should be noted that almost all reported
carbide catalysts are tested at 10 mA cm−2, while the durability
test in this work was done at 100 mA cm−2. Subsequently, to
demonstrate the scalability of the preparation method, 20%
SD-Mo2C with three different areas of 4, 9, and 16 cm2 were
prepared (Figures S18 and S19a). All samples exhibited good
OER performance by LSV testing (Figure S19b) and showed
small particles and uniform morphology (Figure S19c). SD-
Mo2C can be prepared not only on carbon paper but also on
metal substrates, such as nickel foam (NF), an additional
carbon source is required. The XRD pattern of SD-Mo2C/NF
is shown in Figure S20a. Meanwhile, we tested the OER
performance of SD-Mo2C/NF, which also exhibited good OER
activity and stability after 400 h at 100 mA cm−2 in 7 M KOH,
and the potential only increased by 5.1% (Figure S20b,c),
demonstrating the good durability of the material. Addition-
ally, SEM and EDX characterizations showed that the SD-
Mo2C nanoparticles were evenly distributed and uniform in
size on the NF surface (Figure S20d). This indicates that the
thermal shock preparation method can be applied to a variety
of substrate materials.
The stability of electrocatalysts is critical for their practical

application as it directly determines the longevity and
efficiency of energy conversion devices. In the study, we
explored the origin of stability in SD-Mo2C, and the durability
of various SD-Mo2C samples was tested. As illustrated in
Figure 5a, the SD-Mo2C catalyst demonstrated exceptional
durability, which is significantly longer than that of the H-
Mo2C sample (75 h) and Ni2FeCo, which, despite lasting for
95 h, experienced a notable increase in potential during the

initial 25 h of operation. In contrast, the Mo2C was directly
dissolved during the OER process in 1 M KOH at a positive
potential. These results showed that neither Ni2FeCo nor
Mo2C had durability in an alkaline high-potential environment,
and the simple heterostructural assembly of the two materials
could not enhance durability with very limited MSI. In
contrast, the Max-MSI effect obtained by supersaturated
doping could stabilize Ni2FeCo and Mo2C mutually.
Concurrently, CV aging experiments were used to simulta-
neously demonstrate the stability of 20% SD-Mo2C. After 1000
cycles of CV scanning, the maximum current density decreased
by only 7.6%, further proving the stability of the material
(Figure S21).
The cation leaching from SD-Mo2C and H-Mo2C after 100

h of durability testing was investigated by ICP-OES measure-
ments. As shown in Figure 5b, the dissolution amount of Mo,
Ni, Co, and Fe in SD-Mo2C was 3.29, 0.0171, 0.0282, and
0.526 ppm, significantly lower than the corresponding amount
in H-Mo2C (8.50, 0.0335, 0.0364, and 0.811 ppm), indicating
that SD-Mo2C experiences much slower elemental loss
compared to H-Mo2C. The corrosion resistance of the
catalysts was further evaluated in 1 M KOH using polarization
curves, as shown in Figure 5c. Compared to 0.491 V for H-
Mo2C, 0.518 V for Ni2FeCo, and 0.421 V for Mo2C, SD-Mo2C
exhibited a much higher dissolution potential of 0.651 V,
indicating that SD-Mo2C with greater thermodynamic stability
is less prone to corrosion and degradation in the alkaline
electrolyte. Additionally, the dissolution current of SD-Mo2C is
0.197 mA cm−2, which is lower than that of H-Mo2C (0.292
mA cm−2), and Mo2C (0.284 mA cm−2), further indicating
that the SD-Mo2C with enhanced kinetic stability is less likely
to dissolve or corrode.
In order to investigate the origin of the enhanced stability of

SD-Mo2C, we conducted density functional theory (DFT)
calculations to reveal how the introduction of Ni, Co, and Fe
heteroatoms affects the stability of Mo2C. We utilize a C-
terminated β-Mo2C (200) slab as our model, which has two
distinct Mo sites on the surface: one coordinates with one
surface C and two sublayer C (labeled as Mo), and one
coordinates with two surface C and one sublayer C (Mo2), as
shown in Figure S22a. These findings indicate that Ni, Fe, and
Co prefer to occupy the Mo1 site, with respective formation
energies (Ef) of −1.666 eV for Ni, −1.760 eV for Fe, and
−1.759 eV for Co (as shown in Methods). This indicates the
stable incorporation of these elements into the Mo2C
structure. Next, we examine how these heteroatoms affect
the dissolution resistance of neighboring Mo atoms. The
dissolution process initiates with a Mo atom detaching from
the surface, creating a Mo vacancy, and the dissolution
tendency is directly linked to the changes in the Mo vacancy
formation energy when comparing undoped versus doped
occasions.48 Our calculations show that the presence of a
heteroatom increases the average vacancy formation energy of
six adjacent Mo atoms by 0.1082 eV for Ni, 0.0913 eV for Fe,
and 0.1123 eV for Co, enhancing the overall stability by
resisting Mo atom dissolution in Mo2C (Figure 5d and Table
S3). Although one of the six Mo sites shows a decrease in
vacancy formation energy, potentially accounting for that Mo
dissolution is still observable in the doped Mo2C, the overall
increase in dissolution resistance contributes to enhanced
system stability.
Further investigation into the reconstruction process of SD-

Mo2C during the OER was conducted by examining the XRD
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patterns after 100 cycles of CV at varying potential ranges
(Figure S23). A notable observation was the progressive
decrease in the intensity of the Mo2C peaks with the increase
of potential. These peaks disappear entirely within the
potential range of 1.55−1.70 V vs RHE. However, this
disappearance does not imply the complete dissolution of SD-
Mo2C but is caused by water molecules infiltrating the Mo2C
lattice under high-potential alkaline conditions, and the
formation of an amorphous hydrated molybdenum carbide
species, denoted as Mo2Cx(H2O)y.

49 In situ Raman spectros-
copy, as depicted in Figure S24, supports the presence of
oxyhydroxide on the surface of the catalysts under high alkaline
potentials due to reconstruction.
Importantly, TEM images of the SD-Mo2C and H-Mo2C

samples after the reconstruction process provide compelling
evidence of the transformations, as shown in Figure 5e,5g. A
dense layer of oxyhydroxide was observed at the edges of SD-
Mo2C. Such a complete encapsulation is a result of
supersaturated doping of NiFeCo into Mo2C with a high
doping level, and their reconstruction to oxyhydroxide leads to
such dense encapsulation. The dense encapsulation of
oxyhydroxide can prevent the alkali solution from eroding
Mo2Cx(H2O)y, thereby enhancing the dynamic stability of the
material. The EDX analysis of the post-reconstructed SD-
Mo2C catalyst confirms the continued presence of Mo within
the material and a uniform distribution of Mo, Ni, Fe, Co, C,
and O elements, indicating the core is composed of NiCoFe-
doped Mo2Cx(H2O)y and the shell is composed mostly of
NiCoFeMo oxyhydroxide. In contrast, the TEM images and
EDX of the post-reconstructed H-Mo2C sample show
significant dissolution and permeable and broken surfaces
with varying thicknesses (Figure 5f,5h). The presence of
numerous small particles at the edge of the material is also
observed, indicating that strong leaching occurred. This is
because the doping level of NiFeCo in conventional H-Mo2C
by furnace heating is limited; thus, their reconstruction to
oxyhydroxide can not build a sufficient encapsulation barrier to
protect the vulnerable Mo2C from serious dissolution, leading
to a largely compromised stability for H-Mo2C as compared to
SD-Mo2C. Finally, to verify the potential application of SD-
Mo2C in industrial water electrolysis, we tested the durability
in a 7 M KOH solution. After being subjected to a current
density of 100 mA cm−2 for 400 h, the potential of SD-Mo2C
increased by only 6.5%, demonstrating the excellent stability of
SD-Mo2C (Figure S25).

CONCLUSIONS
In conclusion, our research has successfully presented a typical
synthesis approach for creating a supersaturated doping Mo2C
with Ni2FeCo, alongside proposing a structural configuration
that optimizes or maximizes the interaction between the metal
and the support (i.e., Max-MSI). The Ni2FeCo-Mo2C with a
Max-MSI structure can improve the activity and durability of
the OER. Through meticulous control over the Ni2FeCo
doping levels, we have established the relationship between the
degree of doping and the resulting catalytic performance and
durability. Notably, the Mo2C doped with 20% Ni2FeCo
stands out as the most effective catalyst, offering an
overpotential of 284 mV at 100 mA cm−2, and demonstrating
the capability to operate stably at this current density for an
impressive 700 h. Our findings underscore that a super-
saturated doping level is essential for achieving the most
beneficial interaction between the Ni2FeCo active sites and the

Mo support, thereby bolstering the overall efficacy. This study
not only illuminates the potential of this high-performing OER
catalyst but also provides an alternative approach for the design
of advanced catalyst structures through a finely controlled MSI.

METHODS
Synthesis of 20% SD-Mo2C. 0.2 M Ethanolic solutions of

MoCl5, NiCl2, CoCl2, and FeCl2 were prepared. 400 μL of MoCl5, 50
μL of NiCl2, 25 μL of CoCl2, and 25 μL of FeCl2 solutions were
mixed. Then, the mixture was dropped on a carbon paper cut to
dimensions of 3 cm × 0.5 cm. The carbon paper was dried with a
precursor at 105 °C. After drying, the carbon paper was CTS for 600
ms at 13A under the constant current mode in an argon atmosphere.
The synthesis of other samples is similar to the above steps. Refer to
the Supporting Information.
Material Characterizations. The diffraction parameter of the

materials was characterized by the XRD diffractometer (XRD-7000,
Shimadzu, Japan) with the Cu Kα radiation (λ = 0.15406 nm). The
morphology and fine structure of the material were characterized by
the TEM images. The HR-TEM images were obtained using a
JEMARM300F2 microscope (JEOL, Ltd., Japan) at 300 kV. The
elementary dispersity was measured by the ICP-OES instrument
(720ES, Agilent). The binding energy of each element of the materials
was analyzed by XPS (K-α, Thermo).
Electrochemical Measurements. The OER performance was

tested in a three-electrode system at room temperature by an
electrochemical station (CX310X, Corrtest, China), the Hg/HgO
electrode and a graphite rod were used as the reference electrode and
counter electrode, respectively. Twenty cycles of CV activation were
applied from 1.12 to 1.62 V vs RHE at a scan rate of 100 mV s−1
before all electrochemical measurements in 1 M KOH. The scan rate
of LSV was 2 mV s−1, and the polarization curves were 90% IR-
corrected.
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