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In this study, a non-noble metal based CuCoNi medium-entropy alloy (MEA) catalyst is innovatively applied for
hydrogen production via ammonia borane (AB) methanolysis. The optimized component of the CuCoNi MEA is
determined through theoretical calculation by tuning the d-band center of alloys, and the catalysts are synthe-
sized using rapid carbothermal shock (CTS) method, enabling the formation of MEA nanoparticles with small size
and uniform composition. The CuCoNi MEA catalyst exhibits superior catalytic activity in AB methanolysis, with

an activation energy of 35.1 kJ mol~! and a turnover frequency value (TOF) of 32.65 moly2 mol{alt min~! at
30 °C, outperforming the relevant binary and unary counterparts. The exceptional catalytic activity and stability
are attributed to the multi-component alloy structure and increased mixing entropy of Cu/Co/Ni. This study
provides guidance for designing high-performance catalysts for AB methanolysis and promotes the integrated
device application of AB in rapid hydrogen production at room temperature.

1. Introduction

Hydrogen energy is regarded as a promising substitute for fossil
energy to solve the energy crisis. An important application of hydrogen
is in hydrogen fuel cells, which can be used for powering vehicles [1-5].
Ammonia borane (NH3BHj3, hereafter abbreviated as AB) has the po-
tential to serve as a safe hydrogen storage material due to its high
hydrogen content (19.6 wt%), solid-state form, and stability at room
temperature [6,7]. Hydrogen generation from AB can be achieved via
pyrolysis, hydrolysis, and methanolysis. Among these methods, pyrol-
ysis requires high temperatures, whereas both hydrolysis and meth-
anolysis can proceed at room temperature using catalysts [8-10].
Compared to hydrolysis, AB methanolysis avoids the production of
ammonia gas, which is detrimental to hydrogen fuel cells. Additionally,
AB has higher solubility in methanol than in water. Moreover, the low
freezing point of methanol (-97.8 °C) endows hydrogen generation via
AB methanolysis with application potential in extremely cold areas
[11-14]. Based on the above advantages, AB methanolysis is a

promising technology for hydrogen production.

Abundant active and durable catalysts for hydrogen generation via
AB methanolysis have been extensively studied and reported over the
past few decades [15-18]. Although the low cost of non-noble metal
catalysts endows the potential for large-scale application compared to
noble metal catalysts, their catalytic performance is often hindered by
the intrinsic poor atomic activity. To overcome this limitation, multiple
components have become an important approach to enhance the per-
formance of non-noble metal catalysts. Nanoscale high-entropy alloys
(HEAs) and medium-entropy alloys (MEAs) have shown great potential
in the field of catalysis, including water splitting [19-22], CO4 reduction
[23], and dye degradation [24], etc., due to their extraordinary catalytic
activity and stability promoted by the unique “high entropy effects” and
“cocktail effects” [25-29]. HEAs provide numerous active sites for cat-
alytic reactions, enabled by their multi-element composition and
random atomic arrangement. Additionally, the varying atomic sizes in
HEAs lead to lattice distortion, further generating more active sites [30,
31]. The carbothermal shock (CTS) synthesis method reported by Hu
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and coworkers has greatly promoted the development of nanoscale
HEAs in catalysis [32]. Therefore, enhancing the catalytic activity of
non-noble metal catalysts through the multi-component strategy offers a
promising approach for designing high-activity and low-cost catalysts,
enabling the potential of large-scale hydrogen production via AB
methanolysis.

Herein, we selected the transition metals Cu, Co, and Ni as the active
component to synthesize alloy catalysts for AB methanolysis, owing to
their low cost and considerable catalytic activities [33-35]. Further-
more, their similar atomic radii and lower heat of formation facilitate
the formation of stable MEA structures [36]. The electronic properties of
Cu/Co/Ni alloys were investigated using the first-principles calculation
based on density functional theory (DFT). By adjusting the d-band center
of the catalyst to be located between the HOMO site of AB and the LUMO
site of methanol, rapid electron transfer between AB and methanol can
be achieved, resulting in high catalytic dehydrogenation efficiency. DFT
simulation results indicate that the CuCoNi equimolar alloy component
can exhibit the highest catalytic activity compared with their pure metal
and binary alloy counterparts in AB methanolysis. Based on these
guidelines, we further prepared CuCoNi medium-entropy alloy nano-
particles (MEA NPs) supported on CO-activated carbon nanospheres
(CAC) with an average diameter of 15.8 nm using the CTS method and
introduced them into the AB methanolysis process. It is demonstrated
that the CuCoNi MEA NPs@CAC catalyst possesses excellent catalytic
ability in hydrogen generation with a TOF value of 32.65 moly, molg:
min~! at 30 °C and an activation energy of 35.1 kJ mol ™. The TOF value
of CuCoNi MEA NPs@CAC is 1.6, 1.4, and 2.5 times that of CuNi
NPs@CAC, CoNi NPs@CAC and Ni NPs@CAC samples respectively.
Furthermore, the cyclic catalytic stability of the CuCoNi MEA NPs@CAC
is significantly improved compared to the Ni NPs@CAC catalyst. In this
work, we introduce MEA NPs as an advanced catalyst in AB meth-
anolysis for the first time, significantly enhancing hydrogen energy ap-
plications, particularly in fuel cell vehicles.

2. Experimental section
2.1. Materials

All the chloride precursors, copper (II) chloride dihydrate
(CuCly-2 H50, 99.99 %), cobalt (II) chloride hexahydrate (CoCly-6 H50,
99.9 %), nickel (II) chloride hexahydrate (NiCly-6 H20, 99.99 %), AB
(NH3BH3, >97 %) were purchased from Aladdin Chemical Co. Ltd
without further purification. Carbon nanospheres (BP-2000, Cabot
Corporation), carbon cloth (W0S1009, CE-Tech Co. Ltd.), sodium
borohydride (NaBH4, >96 %, Sinopharm Co. Ltd.), ethanol absolute
(C2HgO, GR, Sinopharm Co. Ltd.), Methanol (CH40, AR, Sinopharm Co.
Ltd.), Methanol-D (CH30D, >99 atom % D, Sigma-Aldrich Co. Ltd.) were
used as received.

2.2. Carbon support preparation

The CAC supports were prepared according to a previously reported
procedure [37]. The carbon nanospheres were placed in a tubular
furnace and heated to 800 °C at a ramp rate of 10 °C min~! and then held
for 1 h in a CO5 flow. After cooling to room temperature, the black
powder was collected to obtain COj-activated carbon nanospheres,
which are denoted as CAC.

2.3. Catalyst preparation

The CuCoNi MEA NPs@CAC samples were synthesized by the CTS
method, where high temperatures generated from an electric pulse
generator were used to shock the mixed metal precursors to form MEAs
and generated on the carbon supports. The metal precursor solution was
obtained by mixing CuCly-2 H0, CoCly-6 H50, and NiCly:6 Hy0
(0.025 M, respectively) in a molar ratio of 1:1:1, and then absolute
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ethanol was added, followed by magnetic stirring to dissolve. After
metal chlorides were completely dissolved, each metal ions solution
with the same volumes (0.67 mL, 2 mL, and 6 mL) was added to 72 mg of
CAC and mixed well to obtain the metal precursors mixture with
different total metal amounts (0.05, 0.15, and 0.45 mmol). Coating the
mixture evenly on a rectangular carbon cloth of 4 * 6 cm size, then dried
and divided into 12 equal parts. Take one piece of 1 * 2 cm carbon cloth
and connect it to the self-made controllable circuit. A DC power supply
and an electric pulse generator (capacitor) were connected to the circuit.
The charging current was kept at 3.6 A, and the charge voltage was
adjusted to change the electrical pulse. In an argon atmosphere, the
electric pulse generator quickly discharged to achieve high-temperature
thermal shock on carbon cloth, and the metal precursor decomposed to
form MEAs. The powder on the carbon cloth was scraped off to obtain
the supported MEA NPs catalyst CuCoNi;) MEA NPs@CAC (n is the total
mole amounts of added CuCoNi metal with the unit of mmol). The bi-
nary CuCo/CuNi/CoNi alloy and the unary Cu/Co/Ni alloy NPs@CAC
catalysts were prepared similarly, except that the precursor solution was
replaced with the corresponding components. To ensure an accurate and
scientific comparison, the total molar amount of metal precursor in
preparing unary and binary alloy NPs was the same as that of CuCoNi
MEA NPs.

The CuCoNi MEA NPs@CAC were also prepared by a traditional wet
chemical reduction method for comparison. Specifically, 72 mg of CAC
were ultrasonically dispersed in 10 mL absolute ethanol for 30 min.
Then, each metal precursor solution of Cu/Co/Ni was added to the
above suspension with a volume of 2 mL. After magnetic stirring for
4 hours, a fresh NaBH4 solution (0.6 M, 2.5 mL) was added with stirring
for a further 1 hour to reduce the metal precursor to deposited on the
CAC supports. The product was washed and collected by centrifugation
and then dried at 50 °C overnight to obtain CuCoNi MEA NPs@CAC-
reduction.

2.4. Catalyst characterization

The microscopic morphology of the samples was observed by scan-
ning electron microscope (SEM, Hitachi SU-70 microscopy). The
microstructure and element distribution of the prepared samples were
investigated by the transmission electron microscope (TEM, FEI Tecnai
F20 microscopy) and (JEOL JEM F200 JEOL, Japan) equipped with two
JEOL energy dispersive X-ray spectrometers (super-EDS) at 200 kV.
Powder X-ray diffraction (XRD, PANalytical/X Pert pro, Cu K, radiation,
40 kV, 150 mA) was used to analyze the phase and structure of mate-
rials. X-ray photoelectron spectroscopy (XPS) was performed on a
Thermo Scientific ESCALAB 250Xi with Al K, radiation to get the
chemical state of the sample. The Ny adsorption-desorption isotherms
were performed on a Quantachrome NOVA 1000e instrument to deter-
mine Brunauer-Emmett-Teller (BET) specific surface area. An infrared
thermometer (Optris CT-3MH3) was used to detect temperature changes
in the CTS method. Inductively coupled plasma atomic emission spec-
troscopy (ICP-OES, Thermo-iCAP6300) was employed to analyze the
actual metal content in the catalyst.

2.5. Catalytic experiments

25 mg of prepared catalyst and 4 mL of methanol were placed in a
50 mL double-necked round bottom flask. One neck of the flask was
equipped with a sealing rubber stopper, allowing the addition of AB
solution into the reactor via a microinjector. The other neck was con-
nected to a 1000 mL sealed glass bottle filled with water through a
condensing tube. The generated hydrogen would drain an equal volume
of water and flow into a glass bottle placed on an electronic balance. The
balance can continuously monitor the mass change in real time and
record it on the computer. Catalytic reaction was carried out in a bath at
30 °C with a rotation rate of 600 r min~'. 30 mg of AB was dissolved in
0.5 mL of methanol and injected into the catalyst solution, which was
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recorded as the start of the reaction. The volume of hydrogen generation
was calculated based on the mass of the drained water, and the catalytic
activity was evaluated by comparing the time required to release the
same amount of hydrogen. The TOF values in the hydrogen generation
reaction via AB methanolysis are calculated by the following equation:

n(Hy)

TOF=— 2
° n(Cu + Co + Ni)-t

@
Here, n(Hy) represents the mole of hydrogen generation during
0-2 mmol, and n(Cu+Co-+Ni) is the total actual metal amount of the
catalyst according to ICP-OES results for the AB methanolysis reaction. t
represents the time required to produce 2 mmol of hydrogen.

To test the durability of the catalyst, a fresh AB solution was injected
after the initial reaction and this procedure would continuously repeat.
Furthermore, the activation energy of the AB methanolysis catalytic
reaction was determined by reactions carried out at different tempera-
tures (20 °C, 25 °C, 30 °C, and 35 °C).

2.6. Theoretical computations

The periodic density functional theory (DFT) calculations were
employed using the Vienna ab initio simulation package (VASP) with the
projector-augmented wave (PAW) method [38,39]. The generalized
gradient approximation (GGA) with Perdew, Burke, and Ernzerhof
(PBE) realization was used for the exchange-correlation function. The
energy cutoff was set above 350 eV, and the force and energy conver-
gence criteria were set to 0.02 eV/A and 107> eV respectively. The
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long-range dispersion was accounted for using the DFT-D3 corrections.
The (111) facets of Ni, CuNi, CoNi, and CuCoNi were cleaved, slab
models were created and optimized, and a vacuum of 15 A was used for
each slab to avoid interaction between neighboring slab images. The
DOS of Ni, CuNi, CoNi, CuCoNi, AB, and CH30H were calculated and
corrected with the energy of the vacuum level. The climbing image
nudged elastic band (CI-NEB) method was employed to study the energy
barrier of CH3OH decomposition. In order to compare the electronic
structures of different systems, the density of states for different systems
relative to the vacuum energy level (Epps.vac) were calculated accord-
ing to the following formulas [40]:

®=Fyac- Er (2)
Epos-vac=Epos-F-® 3

Where @ is the electron work function, Eyac is the vacuum energy level,
Eg is the Fermi energy level, Epos.yac is the density of state relative to the
vacuum energy level and Epps.r is the density of state relative to the
Fermi energy level.

3. Results and discussion
3.1. Composition design by theoretical calculation
Hydrogen evolution from AB methanolysis involves the combination

of H" from the O-H in methanol and H™ from the B-H in AB. The O-H3
and B-H2 bonds are activated and subsequently broken by the catalyst
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Fig. 1. a) Mechanism for metal NPs@CAC catalyzing AB methanolysis. The d-orbital PDOS spectrum of the b) methanol and ¢) AB molecular. d) Up and down: The
DOS of the methanol and AB molecules, along with their electrostatic potential distribution diagrams. Middle: The DOS of the CuCoNi, CoNi, CuNi, and Ni alloys
respectively, along with the structure models of these alloys.
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during the AB methanolysis reaction, as shown in molecular models in
Fig. la [15,41,42]. Electron transfer between AB and methanol is
facilitated by the catalyst, promoting dehydrogenation and the forma-
tion of Hy. Specifically, the projected density of states (PDOS) of AB and
methanol indicate that the O and H3 atoms of methanol primarily
contribute to the LUMO site (Fig. 1b), while the B and H2 atoms of AB
mainly contribute to the HOMO site (Fig. 1c). Therefore, the HOMO site
of AB and the LUMO site of methanol are considered the catalytically
active orbitals that determine the catalytic activity of AB and methanol.
When the d-orbital of the catalyst is positioned between the HOMO of AB
and the LUMO of methanol, it can significantly enhance electron transfer
efficiency, thereby improving catalytic activity [43]. Cu/Co/Ni
non-noble metal catalysts are commonly used in AB hydrogen evolution
systems. To study the optimal catalytic structure of Cu/Co/Ni active
components, we construct the Ni, CuNi, CoNi, and CuCoNi models for
DOS calculations, as shown in Fig. 1d. The electrostatic potential dis-
tribution diagrams of methanol and AB reveal that the O-H3 and B-H2
atoms exhibit opposite charges, confirming that charge transfer between
the two reactants would facilitate the H" and H, leading to the
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formation of Hy. The DOS of Cu, Co, and Ni atoms is compared to the
molecular orbital energy levels of AB and methanol. The d-band center
of the Ni unary alloy is closer to the HOMO of AB but is far from the
LUMO of methanol. However, with the addition of Cu or Co atoms, the
d-band center of Ni shifts to a higher energy level, bringing it closer to
the LUMO site of methanol. Moreover, when both Cu and Co are added,
the d-band center of Ni shifts to the position closest to the LUMO site,
compared to the Ni unary alloy and CuNi/CoNi binary alloys. This result
indicates that Ni in the CuCoNi MEA significantly facilitates electron
transfer between the HOMO site of AB and the LUMO site of methanol.
Therefore, the CuCoNi MEA alloy is expected to exhibit the highest
catalytic activity for AB methanolysis among the Ni-based non-noble
metal catalysts discussed. Notably, the order of the three alloy compo-
nents in the CuCoNi MEAs, based on their proximity to the LUMO site, is
Ni, Co, and Cu. Hence, it is proposed that the catalytic activity of the
monometallic components follows the order: Ni > Co > Cu.
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Fig. 2. a) Temperature-time curve of the CTS process with the voltage of 16 V, inserted the schematic illustration of the CuCoNi MEA NPs@CAC generation pro-
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loadings at 16 V. d-f) XPS spectra of Cu 2p, Co 2p, and Ni 2p of CuCoNig 15y MEA NPs@CAC before and after16 V CTS treatment.
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3.2. Synthesis and characterization

To verify the DFT simulation results and further investigate the
catalytic performances of CuCoNi MEA, a series of CuCoNi MEA NPs
catalysts was prepared by the CTS method. The schematic diagram of
CuCoNi MEA NPs@CAC synthesis is shown in Fig. S1. Initially, metal
precursor solutions were homogeneously mixed with CAC and coated
onto carbon cloth. With a rapid temperature rise and fall achieved by
capacitor discharge (Fig. 2a), the metal precursor ions (Cu2+/C02+/
Ni%*) transformed into MEAs and generated on CAC to form the CuCoNi
MEA NPs@CAC. The synthesis temperature was measured by an
infrared thermometer and the temperature-voltage relationship is
depicted in Fig. S2. As shown in Fig. 2b, under the same metal loading,
increasing the discharge voltage led to the generation and intensifica-
tion of diffraction peaks at 44.2°, 51.6°, and 76.2°, corresponding to the
(111), (200), and (220) planes of the FCC single-phase CuCoNi MEA [44,
45]. Notably, the broad diffraction peak around 43° is corresponding to
the CAC support, which can be confirmed by the XRD comparison in
Fig. S3. Fig. S4 shows the TEM images of CuCoNi NPs@CAC prepared at
discharge voltages of 12 V, 16 V, and 20 V. At 12 V, only a few scattered
particles were observed. As the voltage increases to 16 V, numerous
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round particles are generated evenly on the CAC support. Further
increasing the voltage to 20V led to significant particle growth.
Considering that excessively high temperatures promote particle
growth, which can be detrimental to catalytic activity, it is necessary to
determine an optimal discharge voltage to yield well-formed MEA NPs
of suitable size. The 16 V discharge voltage, where alloy diffraction
peaks first appeared during the ramp-up experiment, was selected for
further investigation.

The metal loading also affects the formation of MEA NPs. Fig. 2c
shows the XRD patterns of CuCoNi MEA NPs prepared at 16 V with
varying metal precursor additions. Distinct diffraction peaks appeared
when the metal precursor amounts were 0.05 mmol and 0.15 mmol,
confirming the formation of MEAs. However, when the loading was
increased to 0.45 mmol, no significant diffraction peaks were observed,
due to the insufficient heat generation at the same voltage to convert the
excess metal ion precursors into MEAs. Based on the XRD results, a
theoretical metal loading of 0.15 mmol was selected for subsequent
study to balance a higher metal loading with the stable MEA formation.
Figs. 2d-2f present the XPS spectra of the CuCoNi(y 15y MEA NPs@CAC
before and after CTS treatment. All three metal elements before CTS
completely show a divalent chemical state, corresponding to the

(d') Average size: 33.4£6.4 nm (e') Average size: 15.8%2.5 nm (fl) Average size: 16.4+2.7 nm
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Fig. 3. a-b) SEM and TEM images of the CuCoNi MEA NPs@CAC. c¢) HR-TEM image of a CuCoNi MEA NP located in the CAC support, inserted the lattice spacing. d-f)
HAADF-STEM images and size distribution plots of the CuCoNi MEA NPs@CAC prepared with different metal loadings at 16 V. g-j) HAADF-STEM image and EDS
mappings of the CuCoNig 15y MEA NPs@CAC prepared at 16 V.
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precursor metal ions [46,47]. After the CTS process, the appearance of
zero-valence peaks for all three elements indicated the successful for-
mation of CuCoNi MEAs. A little oxidation state in the XPS signal can be
attributed to the charge flowing among the Cu, Co, and Ni atoms and the
electronic interactions with CAC [48].

The overall micromorphology of the catalyst is coral-like as observed
in Fig. 3a, which is mainly composed of stacked spherical CAC particles.
Unlike the previous CTS method, in which the metal chlorides were
directly loaded onto carbon cloth, CAC here serves as a three-
dimensional catalyst support with excellent electrical conductivity and
high specific surface area. As shown in Fig. S5, the CAC support has a
specific surface area of 1309 m? g~! with a pore volume of 2.02 cm® g 1.
After loading, CuCoNi MEA NPs occupied the surface pores of CAC,
reducing the specific surface area significantly to 884 m? g~1. The TEM
image (Fig. 3b) shows that many NPs were formed and attached to the
CAC surface, which also confirms the decrease in specific surface area.
The high-resolution TEM image in Fig. 3c reveals the interplanar spacing
of the alloy particle is 0.2067 nm, which is located between the lattice
spacings of FCC Cu (0.2088 nm), Co (0.2046 nm) and Ni (0.2034 nm)
alloys. These TEM results confirmed the successful synthesis of FCC
single-phase CuCoNi MEA. Figs. 3d-3f are the high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) images
of the MEA NPs@CAC prepared with different theoretical metal loading,
along with the corresponding particle size distribution plots. The
average particle size of CuCoNi(g o5y MEA NPs is 33.4 nm, while the
CuCoNig.15) (15.8 nm) and CuCoNig 45) (16.4 nm) MEA NPs are much
smaller. Notably, the dispersibility of CuCoNi(o.1s) is significantly better
than that of CuCoNig.45), and CuCoNi(g 45) exhibits more irregular par-
ticle shapes, as the inserted enlarged views depicted. This indicates that
the metal loading substantially affects the micromorphology of MEA
NPs. By controlling the discharge voltage at 16 V, a consistent energy
input is provided to the metal precursors with different loadings. When
the loading is 0.05 mmol, the precursors receive a higher average en-
ergy, resulting in the formation of larger NPs. As the loading increases to
0.15 mmol, particle size decreases significantly, maintaining good dis-
persibility on the CAC surface. In sharp contrast, for the CuCoNig 45)
sample, the energy input becomes insufficient to fully convert the
excessive metal precursors into a stable MEA alloy, which can also be
confirmed by the XRD result in Fig. 2¢c. Furthermore, the overabundant
metal precursor addition caused severe particle agglomeration, which is
one of the factors that negatively affect the performance of the NPs
catalysts.

Herein, an optimized strategy for obtaining CuCoNi MEA NPs with
superior micromorphology through adjustments in the discharge
voltage and metal loading can be summarized as follows: (1) For a given
metal loading, a higher discharge voltage provides greater energy input,
promoting sufficient alloying but also driving particle growth; (2) With a
constant discharge voltage, a lower metal loading endows more energy
is available for each metal particle, resulting in larger particle sizes.
However, an excessive amount of metal precursors will result in the
energy input being unable to completely convert all the metal precursors
into MEAs, leading to poor dispersion of the generated NPs. In conclu-
sion, the degree of alloying and average particle size of CuCoNi MEA NPs
are determined by the combined effect of discharge voltage and metal
loading.

Figs. 3g-3j present the EDS mappings of the CuCoNig.15) MEA NPs
prepared at 16 V, illustrating that the Cu, Co, and Ni elements precisely
matched with the particles in the STEM image without any composi-
tional inhomogeneity. The EDS area scanning result (Fig. S6) indicates
that the molar ratio of Cu, Co, and Ni is close to 1:1:1. To determine the
actual metal loading and elemental ratios accurately, the CuCoNi MEA
NPs@CAC sample was analyzed using ICP-OES, and the results were
compared with the theoretical loading (Table S1). The actual metal
loading was slightly lower than the theoretical value, due to the
depletion of metal ions while coating the precursor mixture onto the
carbon cloth. Nevertheless, the ICP-OES results indicated that the actual
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ratio of Cu, Co, and Ni elements is 1:1.09:1.09, closely matching the
intended 1:1:1 ratio. Combined with the XRD and XPS patterns in Fig. 2,
it can be concluded that a homogeneous FCC single-phase CuCoNi MEA
NPs@CAC was successfully synthesized.

3.3. Catalytic performance and reaction kinetics

The catalytic activity in AB methanolysis of the CuCoNi MEA NPs
prepared with different discharge voltages and metal loading was
investigated. Fig. 4a shows the hydrogen generation curves of the
CuCoNi(g.15y MEA NPs@CAC catalysts prepared at different voltages.
The corresponding TOF values were calculated based on the actual
metal loading and presented in Fig. 4c. Compared with the sample
prepared at 12 V and 20 V, the CuCoNi( 15-16 V sample exhibits the
fastest hydrogen generation performance, with a TOF of 32.65 min "
Combining the TEM images of these three samples (Fig S3), it can be
concluded that only the MEA NPs with uniform distribution, sufficient
quantity, and appropriately small size can achieve optimal catalytic
activity. Fig. 4b illustrates the hydrogen generation curves of the
CuCoNi MEA NPs@CAC catalysts prepared with different metal loading.
Although the CuCoNi(g 45) sample completed hydrogen release in a
shorter time, this was due to its higher metal loading. Similarly, the
slower hydrogen release rate of CuCoNigg o5) can be attributed to its
lower loading. By calculating their TOF values based on actual metal
amounts (Table S2), the sample with 0.15 mmol loading exhibits the
highest catalytic efficiency. Further analysis of the TOF values in Fig. 4c
reveals that the two samples with the lowest catalytic efficiency are
CuCoNi(g15-20 V and CuCoNi(g 0516 V, with the TOF values of
13.51 min~! and 13.76 min~}, respectively. Microstructure character-
ization indicates that both samples contain relatively large particles (Fig
S4 and Fig. 3d). In comparison, CuCoNi(g,15)-12 V and CuCoNi(g.45)-16 V
display slightly better catalytic efficiency, with the TOF values of
21.89 min~! and 20.82 min !, despite exhibiting indistinct alloy peaks
in their XRD results. This finding suggests that excessively large particle
size has a more detrimental impact than incomplete alloying on
hydrogen generation through AB methanolysis. Based on the above re-
sults, CuCoNi(g.15)-16 V MEA NPs@CAC was selected for further studies,
as it demonstrated the highest catalytic activity and a stable MEA
structure.

The catalytic performance results predicted by DFT simulations were
validated through the following experiments. Under identical discharge
voltage and metal loading conditions, unary Cu, Co, and Ni alloys, as
well as binary CuCo, CuNi, and CoNi alloys NPs, were synthesized using
CTS methods. Figs. 4d-4e present the hydrogen generation curves for the
above samples. Among them, the CuCoNi MEA NPs@CAC demonstrated
the highest catalytic efficiency compared to its unary and binary coun-
terparts, confirming that the multi-component strategy effectively
enhanced catalytic performance by modulating the d-band center. The
actual metal amounts were measured by ICP-OES (Table S3). As shown
in Fig. 4 f, TOF values indicate that the catalytic activity order is
Ni>Co>Cu, with the TOF value of Ni (13.07 min~') being significantly
higher than that of Co (2.87 min_l) and Cu (1.12 min_l). This demon-
strates that Ni is the main catalytic active element in the CuCoNi system.
Importantly, any combination of two components improves the TOF
values compared to their unary counterparts, further validating the
multi-component strategy. However, when Cu and Co, which individu-
ally exhibit lower activities, were combined into a binary alloy, the TOF
of binary CuCo NPs (10.32 min~1) remains lower than that of the unary
Ni NPs (13.07 min~1). This deeply highlighted the superior performance
of Ni in catalyzing AB methanolysis for hydrogen generation.

In addition to catalytic activity, cyclic stability is also a critical in-
dicator of the performance of catalysts. Ni, CoNi, and CuCoNi NPs@CAC
samples were tested for 5 consecutive cycles of AB methanolysis for
hydrogen generation. Figs. 5a-5¢ display the corresponding cyclic
dehydrogenation curves, with specific TOF values and the percentage of
residual activity after 5 cycles summarized in Fig. 5d and Table S4. After
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different discharge voltages and varying metal loadings. d-f) Time-course plots of hydrogen generation for AB methanolysis and the corresponding TOF values of the
unary Cu/Co/Ni alloys, binary CuCo/CuNi/CoNi alloys, and the CuCoNi MEA catalysts prepared with the same discharge voltage and metal loadings.
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Fig. 5. a-c) Time-course plots of hydrogen generation for 5 cycles of AB methanolysis catalyzed by Ni(g 15, CoNi(g 15), and CuCoNi(g 15y NPs@CAC. d) TOF values and
residual activity percentages of Ni, CoNi, and CuCoNi NPs@CAC after 5 cycles of AB methanolysis. ) Time-course plots of hydrogen generation for AB methanolysis
catalyzed by CuCoNi( 15y MEA NPs@CAC at different temperatures. f) Arrhenius plot of In k vs. 1/T for CuCoNi( 15y MEA NPs@CAC.

5 consecutive hydrogen release cycles, the TOF of Ni NPs@CAC retained
only 31.1 % of its initial value. When components increased to CoNi
binary, the residual activity percentage improved to 46.6 %, while
CuCoNi exhibited the highest stability, retaining 55.6 % of its initial
activity. The mixing entropy (ASpix) of the alloys can be calculated using
the following formula:

ASpx = —RY | XinX; @

where R is the gas constant (8.314 J mol ! K’l) and X; represents the

mole fraction of each component in the system. The calculated values of
ASnix for Ni, CoNi, and CuCoNi are 0, 0.693 R, and 1.099 R. These re-
sults demonstrate that increasing the number of components improves
the ASpix of the alloy, thereby boosting catalytic stability through the
“high-entropy effect”.

Fig. 5e shows the hydrogen generation curves of CuCoNi MEA
NPs@CAC at different reaction temperatures (T). The activation energy
(E,) was calculated by the Arrhenius equation:
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E,
Ink= — =% +1
nk RT+ nA (5)

where k is the rate constant (min~!) of the catalytic reaction, R is
8.314 J mol ! K’l, T is the reaction temperature (K), E, is the activation
energy (J mol™1), and A is the pre-exponential factor (s 1. The E, of
CuCoNi MEA NPs@CAC was calculated to be 35.1 kJ mol™!, which is
relatively low compared with some previously reported non-noble metal
catalysts [18,49-51]. A catalytic comparison of some other
Cu/Co/Ni-based catalysts for AB methanolysis is presented in Table S5.
The catalytic performance comparison between CuCoNi MEA
NPs@CAC synthesized by the CTS method and those prepared via the
traditional reduction method is presented in Fig. S7. The hydrogen
generation efficiency of the reduction-prepared CuCoNi MEA NPs@CAC
is significantly slower than that of the CTS-prepared sample. Fig. S8
shows the STEM image and EDS mappings of the reduction-prepared
sample, which displayed larger particle sizes and element aggregation.
In contrast, the CTS method effectively achieved uniform mixing and
melting of various elements, resulting in ultrafine sizes and homoge-
neous NPs distribution, thus exhibiting superior catalytic activity.

3.4. Methanolysis catalytic mechanism

Previous studies have proven that the rate-determining step (RDS) of
AB hydrolysis catalysis is the scission of O-H in water [52]. Therefore, a
kinetic isotopic effect (KIE) experiment was conducted to investigate
whether the scission of the O-H bond in methanol is also the RDS of AB
methanolysis [53]. As shown in Fig. 6a, CH30D was used in the AB
methanolysis reaction. Under identical experimental conditions, both
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efficiency and amount of hydrogen generation from CH3OD were
considerably lower than that from CH3OH, with a calculated KIE con-
stant of 2.77. The large KIE constant suggests that bond cleavage is the
RDS. Since the O-D bond is the only difference between CHsOD and
CHsOH, it can be concluded that the O-H bond cleavage is the RDS in AB
methanolysis.

To further understand the enhanced catalytic activity of CuCoNi
MEA NPs@CAC compared to Ni NPs/CAC, the energy barrier associated
with the RDS in the AB methanolysis was investigated through theo-
retical calculations (Fig. 6b). The energy required to break the O-H bond
in CH3OH is 0.412 eV for CuCoNi MEA NPs, which is lower than that of
the Ni NPs (0.847 eV). This demonstrates that the CuCoNi MEA NPs
catalyst exhibits superior catalytic kinetics in AB methanolysis
compared to the unary Ni NPs, consistent with its higher TOF value.

A general schematic diagram of the AB methanolysis catalytic reac-
tion is presented in Fig. 6¢. Electron transfer occurs between AB and
methanol that is promoted by the catalyst, leading to dehydrogenation
and the formation of Hy. To further study the reaction mechanism
catalyzed by CuCoNi MEA NPs, the average atomic charges of the Cu,
Co, and Ni atoms in the FCC Ni, CuNi, CoNi, and CuCoNi alloys were
calculated (Fig. S9). The unary Ni exhibits electrically neutral, but when
Cu and Co are added, Ni becomes negatively charged. As the system
reaches ternary components, the charge difference between Co (posi-
tive) and Ni (negative) reaches its maximum. Considering that Ni is the
main active component, and the increase of negative charges of Ni is also
similar to the growth of TOF, it is inferred that this value may be posi-
tively correlated with the catalytic activity. According to the DFT
simulation results (Fig. 1), CuCoNi MEA provides a pathway for electron
transfer between AB and methanol during the catalytic process.
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Fig. 6. a) Isotopic experiments of AB methanolysis catalyzed by CuCoNi(, 15y MEA NPs@CAC, using CH;OH and CH30D as reactants. b) Energy barrier patterns of the
RDS for the Nigg.15) NPs and the CuCoNi(g 15y MEA NPs catalysts, inserting the structure models of catalyst and CH3OH during the reaction process. c¢) Proposed AB
methanolysis mechanism catalyzed by the CuCoNi( 15y MEA NPs catalyst. d) Model of a fuel cell vehicle equipped with AB and the CuCoNi(g 15y MEA NPs@CAC
catalyst. e) Performance comparison of the Ni(g 15y and the CuCoNig 15y NPs@CAC catalysts in AB methanolysis for hydrogen production driving the fuel cell vehicle.
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Therefore, based on the AB hydrolysis mechanism and the above
experimental results, the proposed AB methanolysis mechanism cata-
lyzed by CuCoNi MEA NPs@CAC catalyst is outlined as follows:

(1) The CuCoNi MEA NPs@CAC adsorb AB and CH30H;

(2) The O-H bond in CH30H is activated by electrons provided by the
negative Ni atoms and undergoes cleavage, resulting in the for-
mation of *H and OCH3;

(3) The OCHj3; species attacks the B atom of AB, leading to the gen-
eration of another *H and NH3BH,-OCHg;

(4) Two *H combine to form Hj, which is subsequently released from
the surface of the CuCoNi MEA NPs@CAC.

Fig. 6d presents a model of the fuel cell vehicle, powered by
hydrogen produced from AB methanolysis. Using Ni NPs@CAC and
CuCoNi MEA NPs@CAC as catalysts for the reaction, the vehicle exhibits
varying power output performance. As shown in Fig. 6e, the superior
hydrogen generation capability of CuCoNi MEA NPs@CAC in AB
methanolysis enables the vehicle to accelerate up a slope within
10 seconds, whereas Ni NPs@CAC fails to achieve this. A video of the
process is available in the supporting information. This result un-
derscores the significance of developing high-performance catalysts for
the practical application of hydrogen production via AB methanolysis.

Supplementary material related to this article can be found online at
doi:10.1016/j.apcatb.2025.125140.

4. Conclusions

In summary, we determined that CuCoNi MEA is the optimized
component for catalytic AB methanolysis through DFT simulation. An
electronic structure of the catalyst that accelerates electron transfer
between AB and methanol was achieved by regulating the d-band center.
The CuCoNi MEA NPs@CAC catalyst with low-cost and high-activity
was successfully synthesized using the CTS method. A series of experi-
ments indicated that the discharge voltage and metal loading signifi-
cantly influence the micromorphology of alloy particles, which impacts
the catalytic activity. We determined the optimal synthesis parameters
and prepared uniformly distributed CuCoNi MEA NPs with an average
size of 15.8 nm, which exhibit an excellent TOF value of 32.65 min~!in
catalyzing AB methanolysis. Additionally, the experiments demon-
strated that Ni displays the best catalytic performance for AB meth-
anolysis within the Cu/Co/Ni series, whether in the unary, binary, or
ternary alloy. Notably, both the catalytic activity and cycle stability
were simultaneously enhanced through the multi-component strategy.
This study innovatively introduces the CuCoNi MEA NPs in AB meth-
anolysis, providing a novel approach for the development of high-
performance catalysts and opening up significant opportunities for the
application of medium-entropy alloys in the field of hydrogen energy.
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