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ABSTRACT: We report the stepwise in-situ manipulation of a nickel cubane
nanocluster capped with a specially designed multidentate ligand
[Ni";(HL)3(CH30)(CH3;0H)5](CH;COO0) (Ni4, HsL = (E)-3-((2-hydroxy-3-
methoxybenzylidene)amino)propane-1,2-diol) to firstly [Ni"4(HL)3(CH30)
(CH;0H),(H,0)](CH;CO0) (Ni4-1 min) and finally to [Ni"4(HL)4
(CH;0)(H,0)3](CH;COQ) (Ni4-20 h) during the urea electrolysis. A combination of
mass spectrometry, single crystallography and pair distribution function were
employed to analyze the structural correlations of this catalyst in crystal/solution/gas
phases for confirming the dynamic ligand replacement while preserving the cubic Ni4
core during catalysis. The key feature of their structures is that: (i) three ligands wrap

UREA a CO,+N,+H,0

the Ni,O, cubane center on one side forming the rounded outside of a calix; (ii) the opposite flat side containing labile
methanol as the active site. This structure facilitates the binding of the substrate to the active central nickel atoms during
catalysis. Furthermore, due to the different modes of packing, the structure of Ni4-20 h sustains two-dimensional (2D) net of
open space while the structures of Ni4 and Ni4-1 min have only closed void inaccessible to solvent molecules or ions.
Interestingly, the overpotential initially decreased (up to 45 min) until it is stabilized. The result showed a low potential of
1.32 V (urea oxidation reaction (UOR)) at 10 mA-cm? as reflected in the Gibbs free energy decrease of
~ 0.4 eV from Ni4 to Ni4-20 h. This work demonstrates a convincing approach for elucidating the exact nature of the active
clusters in electrocatalytic process, and confirms that in-situ modification of electrode materials might alter the direct

electronic interaction between substrate and active sites in improving the catalytic performance.

KEYWORDS: atomically precise nanocluster, nickel cubane, electrode modification, urea oxidation reaction

1 Introduction

In the process of chemical reactions, especially in catalytic systems,
complex kinetic evolution of active centers always occurs, and the
accompanying intermediates and products are undergoing constant
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transformation and reconstruction [1, 2]. Thus, synthesis
nanoplatforms with atomically precise structures and observation of
the dynamic structural transformation for manipulating the active
sites would provide insights into the understanding of the catalytic
process. Currently, in-situ or operando techniques have emerged as
effective tools to monitor the changes of these catalytic processes in
real time, and detect the crystalline phase changes, valence changes,
and morphology evolution of the catalysts [3—5]. For example, in-
situ Raman spectroscopy and in-situ Fourier transform infrared
spectrometer spectroscopy are widely utilized for real-time
detection of reaction intermediates, which is more sensitive and
accurate that ex situ detection [6—8]. In-situ transmission electron
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microscope enables real-time monitoring of phase transitions and
morphological evolution with temporal resolution at the atomic
scale, despite of the harsh demand for tracking reaction process
[9-11]. In-situ X-ray photoelectron spectroscopy (XPS) or X-ray
absorption spectroscopy which can characterize the electronic state
variations of catalysts throughout the whole reaction process, helps
to further infer the active ingredients in the catalytic system, yet
these techniques are limited when applied to liquid phase reactions
[12-14]. Over the past decades, electrospray ionization mass
spectrometry (ESI-MS) has evolved into a powerful instrumental
method to pseudo in-situ track the processes of chemical reactions
together with pair distribution function (PDF) and single-
crystallography for analyzing the structural correlations of
crystal/solution/gas phases for solid catalysts [15-21].

As a soft ionization and pseudo real-time monitoring technique,
ESI-MS combining with PDF and density function theory (DFT)
calculations stands out among various in-situ techniques for digging
deeper into the solid-liquid phase reaction mechanisms by
preserving the intermediates well during in the reaction colloids.
Noteworthy, the important premise for accurately studying the
catalytic reaction processes is a catalytic platform with identical
active sites and consistently well-configured site. Thus, metallic
coordination clusters featured with few central metal atoms and
organic ligands are good model catalysts for exploring many
important chemical processes, benefiting from the advantages of
these clusters such as precise atomic numbers, definite
compositions, and tunable geometric and electronic structures
[22-31]. ESI-MS can collect a large amount of information about
the fragmentation pathway of coordination clusters, thus able to
track the assembly process of coordination clusters during the
synthetic and catalytic reactions [32—37]. In our previous work, ESI-
MS has been successfully developed for investigating the cluster
formation (Table S1 in the Electronic Supplementary Material
(ESM)): (1) using two similar ligands, it was found that the two
ligands underwent an in-situ competition reaction during the
assembly process, forming coordination molecular clusters with
different nucleus numbers from a single ligand [38]; (2) by
changing the temperature, the ligand undergoes an in-situ
transformation to form a coordination molecular cluster with a new
structure [39]. Among the many coordination clusters, the cubic
alkane cluster has attracted much attention because of its good
catalytic performance, tunable structure and well-defined
composition [18, 21, 40-45]. Moreover, the metal centers in quite a
few natural enzymes adopt cubic, like the [Fe,S,] cluster in
hydrogenase and the oxygen evolution center (OEC) [Mn,Ca]
cluster of photosystem II complex, suggesting the promising
potential for cubic alkane clusters as highly active catalysts [46, 47].

Urea oxidation reaction (UOR) is an auxiliary water electrolysis
hydrogen production technology developed in recent years aiming
at replacing oxygen evolution reaction (OER) and reducing energy
consumption. Therefore, UOR can improve hydrogen production
efficiency with low theoretical potential and reduce the average cost
of electro-chemical hydrogen production. However, UOR requires
a complex intermediate adsorption/desorption process, so current
research is mainly focused on deciphering its precise reaction
mechanism to design more cost-effective and efficient catalysts
[48-50]. Our previous working experiences in electrochemistry
endow us the platform to gain deep insight into UOR [51-55].
Here, we employed a solvothermal reaction to obtain a precisely-
structured, cubic alkane cluster [Ni,(HL);(CH;0)(CH,;0OH),]
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(CH;COO0) (Ni4, H;L = (E)-3-((2-hydroxy-3-methoxybenzylidene)
amino)propane-1,2-diol). It is a polar cubic electrocatalyst with a
Ni,O, active surface and good UOR activity. Interestingly, the
potential of the electrocatalyst deposited on the carbon paper
exhibits a rapid decay, reaching equilibrium after about 45 min. In
response to this interesting phenomenon, we delve into the
dynamics of this catalytic process as well as the structural
transformation. Finally, a mechanism is proposed by pseudo in-situ
tracking the catalytic process of coordination molecular clusters and
DFT calculations. The results of this study not only have
enlightening significance for investigating the electrocatalytic
reactions over organometallic compounds, but also inspire the
rational design of coordination molecular cluster catalysts in the
future.

2 Results and discussion

2.1 Crystal structures

The key feature of the crystal structure of Ni4 is the cubic Ni,O,
center surrounded by three organic ligands donating six bonds each
and only one ;-OCH; at one corner with three symmetrically
positioned neighboring terminal methanol (Fig. 1). The cubic
molecule is chiral and both enantiomers are present within the
achiral unit cell. Each multidentate ligand bridges three nickel
atoms of the cubic Ni,O, core in a special conformation 15 n: ' '
1. Each molecule has the three ligands wrapping the Ni,O, cube
about a pseudo C; axis shielding its three faces. The face contains
the central y;-OCH; and three methanol also placed nearly
symmetric about a pseudo C; axis (Tables S2-S4 in the ESM). The
ligand and the methanol rotate clockwise and anticlockwise for the
respective enantiomers. Interesting to note their disposition around
the cube resulted in segregation of an organic shroud and an
inorganic surface [56]. The overall shape is like an organic calix
with an inorganic cover. This point is important for the
electrochemistry that will follow. The molecule finally arranges in
this fashion due to the special coordination mode of the ligand. By
extending the ligand with the propanediol unit, it affords six bonds
with three nickel centers and occupies a corner of the cube with a ;-
O and bridges two edges. This coordination geometry only permits
the packing of three ligands around the cube and forces the
clockwise positioning. Consequently, the six missing bonds for all
Ni in octahedral geometry are provided by the p;-OCH; and the
three terminal methanol molecules.

At present, most cubane structures use bidentate chelating or

(a) (b) <

1 min

Ni4-1 min

In-situ reaction

Ni4 A
L 4
20h

v

Ni4-20 h
Figure1 The structure of Ni4. (a) Complete molecular structure (N blue, O red,
C gray, Ni green, H white) and (b) in-situ transition process from Ni4 to Ni4-1
min and Ni4-20 h, white hydrogen atoms and ligands have been omitted for
clarity.

® {24 | Sci@pen



https://www.sciopen.com/article/10.26599/NR.2025.94907152
https://www.sciopen.com/article/10.26599/NR.2025.94907152
https://www.sciopen.com/article/10.26599/NR.2025.94907152
https://www.sciopen.com/article/10.26599/NR.2025.94907152
https://www.sciopen.com/article/10.26599/NR.2025.94907152
https://www.sciopen.com/article/10.26599/NR.2025.94907152
https://www.sciopen.com/article/10.26599/NR.2025.94907152
https://www.sciopen.com/article/10.26599/NR.2025.94907152

Nano Research | Vol. 18, No. 2

Liu et al.

bridging ligands, and generally the catalytic reactions over such
cubane clusters were carried out in a mild environment due to the
unsatisfactory stability in harsh environments [57]. Considering
that certain unpredictable structural changes might occur during
the cluster preparation and electrocatalytic process, precise control
of the surface structure of the catalyst to improve its catalytic
activity remains a key challenge. Fortunately, the skeleton of Ni4
retains the cubic Ni,O; core structure during the electrolysis
process, and two types of in-situ modified structures were obtained
named by Ni4-1 min and Ni4-20 h. The difference between Ni4-1
min and Ni4-20 h and Ni4 is that the one methanol molecule is
replaced by one water molecule in the former and all three
methanol molecules are replaced by water molecules in the latter
(Fig. S2 in the ESM). In addition, it is demonstrated for the first
time by diffraction of single crystals that the cluster retains its
crystalline structure after catalysis. Although the space group has
changed of 1 min and Ni4-20 h, this change has also led to an
improvement in the catalytic process and an increase in catalytic
effect.

Comparing the three structures, apart from the space groups, the
packing is very different. The structure of Ni4 is relatively compact,
with large cluster-to-cluster interactions, so that one of them
presents closed pockets in the b-c direction with a porosity of
13.0%, and such closed pores are not accessible to solvents. As the
catalytic reaction proceeds, the structure of Ni4 undergoes an in-
situ transformation ligand methanol is gradually replaced by water,
Ni4-1 min has one-dimensional channels with a porosity of 17.0%,
these channels are constricted and also hard to accessible (Figs. 2(a)
and 2(b)). When the reaction reaches a certain level, all the
methanol was replaced by water, two-dimensional (2D) penetrating
pore channels with a porosity of 32.6% appeared in Ni4-20 h (Fig.
2(c)), allowing good access to the reactant. Consequently, the
replacement of methanol by water relieves the steric hindrance and
facilitates the easy access of urea to the electroactive surface for the
UOR. At the same time, it can also be seen from the three-
dimensional structure packing diagram that the Ni4-1 min and Ni4-
20 h are looser, increasing the contact between the substrate and the
active site is also conducive to efficient catalysis (Fig. S3 in the
ESM). Such in-situ modifications can expose more reactive surface
sites and promote efficient electron transfer behavior.

The cubane backbone of the catalyzed sample and the
coordination mode of the ligand remain unchanged. This confirms
the hypothesis concerning the stability before and after catalysis and
the reaction is favored on the surface containing the labile
solvents—the inorganic face of the molecular cluster. In order to
further prove the structural stability, we found that Ni4 clusters

DEEdesid

Voids:13.0%
Figure2 Packing of the molecules showing the different void shapes, which are (a) closed for Ni4, (b) one-dimensional with constriction for Ni4-1 min, and (c) two-
dimensional net for Ni4-20 h.
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always maintain the stability of the frame peak under the conditions
of mass spectrometry. A surprising finding is that several peak
changes were observed after catalysis, reflecting the dynamic
changes during the catalysis process (see below). The powder X-ray
diffraction (PXRD) pattern of Ni4 matches well the simulated
pattern derived from the single-crystal structure data and its
thermogravimetric analysis (TGA) shows loss of the coordinated
methanol in step of one at a time (Figs. $4 and S5 in the ESM).

2.2 Electrochemical properties

A typical three-electrode setup was used to survey the
electrocatalytic performance of the Ni4 catalyst. In order to make a
direct comparison to previous studies, the electrolyte 1 M KOH and
0.33 M urea were selected for evaluating the UOR activity, and
compared the UOR performance of Ni4 with common catalysts:
Ni(OH),, RuO, under the same catalytic conditions in the same
preparation. The linear sweep voltammetry (LSV) curve with Ni4
electrode exhibits an overpotential of 1.32 V to reach a current
density of 10 mA-cm™, compared to OER, the UOR plot exhibits a
rapidly rising anodic current density, this potential is reduced by
210 mV (Fig. 3(a)). UOR activity outperformed RuO, and Ni(OH),
demonstrating a better UOR catalytic activity. Furthermore, the Ni4
exhibits a distinctly higher current density (314 mA.cm™) than
other control samples, further demonstrating high catalytic activity
(Fig. 3(b)). To explore the reaction kinetics of Ni4 catalyst the
corresponding Tafel slope derived from their UOR polarization
curves are presented. Tafel slopes for a Ni4 electrode was ca.
324 mV-dec' which is again lower than those of RuO,
(141.5 mV-dec”) and Ni(OH), (40.1 mV-dec™), suggesting the Ni4
catalyst is kinetically efficient (Fig. 3(c)), suggesting the Ni4 catalyst
the optimal adsorption characteristics and rapid reaction kinetics
for the urea molecules. Electrochemical impedance spectroscopy
(EIS) measurement was also carried out to deeply explore the UOR
kinetics of these catalysts. It is revealed that the Ni4 has the smallest
charge transfer resistance (Ry), i.e., 3.22 Q, which is consistent with
its smallest Tafel slope and further demonstrates its rapid UOR
kinetics (Fig. 3(d)), and it should be noted that these values are
beneficial in promoting electrocatalytic reactions. The above results
indicated that Ni4 has excellent electrocatalytic performance, which
is comparable to the state-of-the-art UOR electrocatalysts, further
suggesting the potential of the Ni4 for the use in practical
applications. (Fig. S6 and Tables S5-S7 in the ESM). Furthermore,
the cyclic voltammetry and chronopotentiometry measurement
displayed electrochemical stability. Ni4 showed only a slight
potential degradation after 1000 continuous cyclic voltammetry
(CV) cydles, further verifying its excellent stability (Fig. 3(e)). In

32.6%
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Figure 3 Electrochemical properties of Ni4 on carbon paper: (a) UOR in 1.0 M KOH + 0.33 M urea and OER in 1.0 M KOH of Ni4. (b) LSV curves of Ni4, RuO,,
Ni(OH), and carbon paper in UOR. (c) Tafel plots of Ni4, RuO,, Ni(OH), and carbon paper in UOR. (d) Nyquist plots for Ni4, RuO, and Ni(OH),. (¢) Durability

test—1* versus 1000 cycle of Ni4. (f) The ECSA of Ni4.

general, the larger the electrochemical active surface area (ECSA)
(Fig. 3(f)), the more sites are thought to be exposed and the more
efficient is the catalytic activity. The ECSA of a catalyst is evaluated
by the double-layer capacitance (Cy) (Fig. S7 in the ESM), the Cy
was obtained by linearly fitting the current density difference from
the cyclic voltammetry curves measured at different scan rates and
the date is 0.098 mF-cm™.

When we did the chronopotentiometry (C-P) test, we found one
surprising observation that the rapid decay of the potential started
within the first few minutes for all the electrode samples examined.
The potential decays to a minimum after a period of about 1 h with
a slight variation between samples. Analysis of the data up to this
point shows excellent fit to two rates averaging 9 + 1 V-min™ for the
rapid process and 1.1 + 0.1 V-min™ for the moderate one for a set of
six samples. Measured at fixed temperature of 30 °C (Fig. 4). Decay
in potential has been observed in a previous study but not specially
discussed [58]. Under long-term durability studies, the Ni4 catalyst
shows stable potential from 2 to 24 h at a current density of
10 mA-cm™ (Fig. 4). The results indicate that the Ni4 is excellently
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suited for UOR in alkaline media. This process also confirmed that
Ni4 had undergone in-situ modification.

2.3 Electrospray ionization mass spectrometry

ESI-MS of Ni4 dissolved in methanol showed abundant fragment
variations, and analyses revealed that they were all framework
peaks of Ni4 and its ion peak fragments with substitution
changes in coordination solvent molecules (Fig. 5 and Fig. S8 in
the ESM). The MS spectra of the solution were obtained in
positive mode under an insource energy of 0 eV. It exhibits the
main ion [Niy(HL);(CH;0)(CH;OH);], mass-to-charge ratio
(m/z) = 1030.09. The peaks at m/z = 998.07, 966.04 and 934.01,
assigned to progressive loss of methanol, viz. [Ni,(HL);(CH,O)
(CH,OH),", [Ni,(HL),(CH,0)(CH;OH)]* and [Ni,(HL),(CH,0)]".
Furthermore, the relative intensities of the fragment peaks were
0.93, 0.30 and 0.11, respectively, which are higher than those of
other fragment peaks, indicating that the elimination reaction of
coordination methanol molecules was easy to occur (Table S8 and
Fig. S9 in the ESM). The fragment peak at m/z = 901.99 is

) 442w | Sci@pen
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Figure4 Chronopotentiometry for two different virgin electrodes of Ni4 in
1.0 M KOH and 0.33 M urea showing the initial degradation in potential to
stabilization after ca. 45 min. The curves were fitted to the sum of two exponential
decays. Inset: chronopotentiometry for a third sample for up to 24 h.
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Figure5 ESI-MS of methanol solutions of Ni4 as-synthesized, after soaked in
1 M KOH for 7 days, after 1 min UOR and after 20 h UOR.

attributed to [Ni,(HL),(L)]* it is formed by the deprotonating HL*
to L and the loss of a methoxy group in the case of further
ionization, but the configuration of “Ni,L,” is not disrupted. A
similar phenomenon can be observed in the ESI-MS in negative
mode. Interestingly, a dimerized Ni4 to Ni8 fragment was
observed as the singly charged ions [Nig(HL);(L);]* m/z = 1804.97,
[Nig(HL),(L),(CH;OH)]* m/z = 183800 and [Nig(HL)(L),
(CH;0H),]" m/z = 1869.02. In the negative mode, we can also
observe that the Ni4 cube is stable (Fig. 5 and Fig. S8 in the ESM).
Stability of the electrocatalyst is the most important prerequisite
for tracking a catalytic reaction. To analyze the stability of Ni4 from
the perspective of simulated catalytic conditions, we soaked the
samples in 1 M KOH solution for one week, followed by ESI-MS
and PXRD characterization analyses (Table S8 and Fig. S10 in the
ESM). A surprising finding is that several peaks at m/z 901.99,
952.02, 984.04 and 1016.07 were observed corresponding to
Ni,(HL),(M)],  [Ni,(HL),(CH;O)(H0)],  [Ni,(HL);(CH;0)
(CH,OH)(H,0)I" and  [Ni,(HL);,(CH;O) (CH;OH),(H,O)I",
respectively. All MS peaks were associated with fragments
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containing the entire Ni,O, core is a good indication for its high
stability.

In order to verify the structural stability of Ni4 after
electrocatalysis, we collected samples and dissolved them in
CH;OH for mass spectrometry at 0 eV. New peaks of different
masses appeared compared to those observed for single crystal of
Ni4 mass spectrometry (Table S9 in the ESM). The peaks that
appeared could be attributed to the framework peaks of Ni4 but the
difference is in the relative intensities. We assign the peaks at m/z =
901.99, 934.01, and 952.02 to [Ni,(HL),(L1)], [Ni,(HL)y(CH,0)]",
and [Niy,(HL);(CH;0)(H,0)]*, respectively, and their relative
intensities were greatly improved compared to those of the single
crystal Ni4 mass spectrometry, indicating that the departure and
replacement of methanol as a coordination solvent molecule are
easy to occur in the electrocatalytic process. Based on the scanning
electron microscopy (SEM) images, it can be found that Ni4 is
more uniformly loaded onto the carbon paper, and that the
morphology of the structure before and after the catalytic process
does not change obviously, which proves that Ni4 is firmly fixed on
the carbon paper during the catalytic process and has a good
catalytic stability (Fig. S11 in the ESM). The electronic states before
and after catalysis by Ni4 were analyzed by XPS. For the Ni 2p
spectra of Ni4, two peaks at 855.1 and 872.8 eV corresponded to Ni
2psp, and Ni 2p,;, of Ni*, respectively, and the other two peaks at
860.6 and 878.3 eV were the corresponding satellite peaks (marked
by Sat.). For the spectrum of post-catalyzed Ni 2p, two peaks at
855.3 and 873.1 eV correspond to Ni 2p;, and Ni 2p,,, of Ni*,
respectively, and the other two peaks at 861.2 and 878.5 eV are the
corresponding satellite peaks. It is demonstrated that Ni4 is divalent
before and after catalysis (Fig. S12 in the ESM).

As a heterogeneous catalyst, whether Ni4 can be loaded on
carbon paper without dissolution during the catalytic process is also
an important reference standard for the stability of Ni4. We
employed dichloromethane to extract the electrolyte before and
after electrolysis, and ESI-MS to search for the presence of Ni4 or its
fragments (Fig. S13 in the ESM). No peak corresponding to Ni4 or
its fragments was observed in either case confirming the original
catalyst was neither dissolved nor dissociated during electrolysis,
demonstrating that Ni4 was securely supported on the carbon
paper. Also, we successfully recovered the cluster from the carbon
paper using methanol/acetonitrile to crystallize Ni4-1 min and Ni4-
20 h, which confirmed that the method of depositing is quite safe
for securing Ni4 on the surface.

2.4 Pair distribution function

Comparing the PDF data before and after catalysis, it is found that
there is basically no change in the peak position before 6 A. The
observed local correlation for Ni-N/O (2 A), Ni-Ni (3 A) and
Ni-C (48 A) indicates the atoms maintained their relative
arrangement surrounding the nickel center (Figs. 6(a) and 6(b)).
However, other peaks in 8-15 A cannot be clearly assigned,
indicating that the packing of molecular clusters changed after
catalysis as evidenced by the crystal structures of Ni4-1 min and
Ni4-20 h. It is worth noting that the Ni-Ni peak at 3 A was
maintained before and after the catalysis, confirming the well-
preservation of the Ni4 core in the structure. The cube structure
remained unchanged, indicating that Ni4 is quite stable under the
harsh electrochemical environment.

The above results illustrate the dynamic ligand substitution of
this cluster maintained the original Ni4 core structure, which
inspires us to explore whether the catalytic reaction pathways will
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Figure 6 (a) PDF comparison before and after Ni4 catalysis. (b) Interatomic distances of Ni,O, cubane core. (c) The calculated free energy for urea oxidation reaction.

change with the identical central structure but different ligands
from the molecular level with theoretical calculations.

25 Computational investigation of the mechanism

Since UOR involves a six-electron transfer process, this reaction is
related to the formation of multiple intermediates, the adsorption of
urea molecules, and the desorption of CO, (Table S10 in the ESM).
In order to gain an insight into the different operating potentials for
Ni4 and Ni4-20 h, we have calculated the free energies of
interaction with urea for a sequence of steps during its conversion
in the UOR process to CO, (Fig. 6(c) and Figs. S14-S16 in the
ESM). For the initial step, CO(NH,), activation was investigated
with -NH, terminal, -O terminal and -C terminal. The energy
results indicate CO(NH,), favors adsorption on the y; site with
-NH, terminal (-1.63 eV). Other related intermediates adsorption
such as NHCONH,, NHCON with different configurations was
also investigated. Based on the optimal structure of reactants and
intermediates, four reaction pathways were analyzed by Gibbs free
energy calculations [59-62]. The reaction pathway includes a
proton-coupled electron transfer and hydration. The calculated
energies (AG in brackets) suggest *NH,CONH, is easily oxidized to
generate *NHCONH, (1.71 eV) rather than hydrated to
*NH,CONH,(OH) (2.85 eV). *NHCONH, can be further oxidized
to *NHCONH (1.33 eV) or *NCONH, (1.93 eV). *NCONH,
oxidizes to *NCONH (0.81 eV), while *NHCONH oxidizes to
*NCONH (1.42 eV) or *NHCON (1.07 eV). Both *NCONH and
*NHCON could form *N,CO through intramolecular coupling.
*N,CO could generate N, and CO by rearrangement with
-3.05 eV. Similarly, *N,CO could hydrate into *N,CO(OH)
(=101 eV). Subsequently, *COOH and CO, are generated through
oxidative dehydrogenation. Therefore, the most possible pathway of
UOR over this catalyst was proposed to be *NH,CONH, >
*NHCONH, » *NHCONH > *NHCON - *N,CO » *CO >
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*COOH - *CO,. The free energy results and related structures of
intermediates were displayed. The formation of the *NHCONH, is
found to be the potential-determining step with the AG of 1.71 eV.
In order to compare the same calculation process for Ni4 through
theoretical calculations (Figs. S17-S19 in the ESM), we found that
the urea adsorption of Ni4-20 h (-1.63 eV) was energetically
favorable over Ni4 (-1.20 eV), which was most likely due to the
change of stacking mode between cluster nuclei after structural
transformation. We note the difference in potentials between the
two species is maintained through all the steps. Noteworthy, only
negligible difference in the energy barrier of the rate-determining
step was detected between Ni4-20 h and Ni4, which may be
ascribed to the fact that the active centers are well-preserved during
the self-modification process of converting the three-coordinated
methanol on the cluster nucleus to the three-coordinated water.
Thus, we conclude that ligand engineering altering the absorption
energetic profiles of the substrate plays a key role in promoting
UOR. Compared to previous studies on UOR catalytic systems
which reported the same potential-determining step, Ni,O, cubane
system has lower thermodynamic energy barrier [59, 60].
Therefore, it can be conjectured that the low-valent Ni(II) center
stabilizes the *NHCONH, adsorption and the hydrogen bonding
effect of the ligand facilitates the urea molecule decomposition,
which provides the driving force for the overall catalytic cycle.

3 Conclusions

In dealing with the generally unsatisfactory stability issue for metal
cubane nanoclusters, we specially designed a novel multidentate
capping ligand, (E)-3-((2-hydroxy-3-methoxybenzylidene)
amino)propane-1,2-diol, and synthesized a cubic Ni,O,-centered
calix-shaped cluster via the unique coordination mode with this
ligand which preserves its central structure during electrocatalysis in
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alkali conditions. This cluster contains only three ligands, forming
an isolated organic shield that shields the outside while the top
Ni,0, inorganic surface remains open, ensuring both the stability of
the cubane and its efficient UOR electrocatalytic activity, with an
overpotential as low as 10 mA-cm™ at 1.32 V. To dig into the
reaction mechanism, the evolution of the as-synthesized Ni cluster
was analyzed in terms of the structural correlations of
crystal/solution/gas phases, which demonstrates that water
molecules on the inorganic surfaces progressively replaced one
methanol molecule coordinated with the cluster in a short period of
time, and all three coordinated methanol molecules in a longer
period of time with a combination of ESI-MS, single
crystallography, PDF and DFT calculations. The in-situ structural
change of the gradual ligand substitution, which is also reflected in
the rapid decay of the potential in the C-P test, induces changes in
the cluster packing and introduces void channels in the final
product, thus increasing the surface accessibility. Theoretical
simulations indicated a single site mechanism for the UOR
reaction, explaining the high catalytic efficiency and admirable
stability. This work provides an inspiring approach on how to
design ligands that can contribute to the fabrication of structurally
well-defined and catalytically efficient electrode materials for future
producing UOR. Importantly, the observation of this molecular in-
situ electrode modification via multi-phase structural correlation
characterization in the chemical conversion of urea offers a
significant insight in dynamic catalysis, which is crucial for the
development of future energy-efficient catalysts.

Electronic Supplementary Material: Supplementary material
(crystallographic data, PXRD patterns, TGA curves, ESI-MS spectra
and assignments, SEM images, XPS images, and DFT) is available
in the online version of this article at
https://doi.org/10.26599/NR.2025.94907152.
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