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Single-atom layer clusters (SLCs) have demonstrated high catalytic potential owing to their fully exposed
metal sites, alloying effects and unique electronic structures. However, the precise fabrication of
bimetallic SLCs on a support remain challenging. Herein, a range of bimetallic MM2-SLCs (M*M? = PdN;,
PtCu, PtNi) with abundant and high-density diatomic alloy sites were precisely anchored onto carboxyl-
functionalized carbon nanotubes (CNTs). Catalytic results showed that the resultant composite of PdNi-
SLCs/CNTs was efficient for catalytic dehydrogenative silylation of H,O and alcohols, giving rise to
diverse silanols and alkoxysilanes, respectively, in high yields. In particular, the turnover frequency and
maximum turnover number of PdNi-SLCs/CNTs-catalyzed dehydrogenative silylation of water were up

to 187 st and 964 737 based on Pd, respectively. Reaction mechanism studies revealed that the high
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Accepted 7th October 2025 catalytic performance was primarily attributed to the fully exposed structure of PdNi-SLCs and the

cooperation between the Pd®~—Ni®* bimetallic clusters with asymmetric charge distribution, in which Pd

DOI: 10.1039/d55c05053g rapidly dissociated the Si—H bond of silane, while the adjacent Ni-mediated H,O activation promoted
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Introduction

Organosilicon compounds are utilized in a variety of fields such
as polymers, sealants, adhesives, coatings, surface treatment
agents and medicine.”* To synthesize silicon-based
compounds, silanes are usually used as the precursors, which
undergo Si-H bond activation and then furnish the
functionalization.>™® Benefiting from the synergistic effects of
dual metals, bimetallic catalysts could exhibit high efficiency in
the functionalization of silanes.”™ The -electronegativity
difference induces asymmetric charge sites, which can facilitate
the cleavage of the polar Si-H bond to give surface-adsorbed
hydride and silyl moieties.” Besides, the dual metal sites
could cooperatively adsorb and activate the substrates such as
water, alcohol, amine, alkene and alkyne, and then promote the
coupling of silyls and substrates to generate the desired silicon-
containing products.*®
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the cleavage of the O—H bond, thereby facilitating the formation of silanol.

Single-atom catalysts (SACs) have emerged as a class of
heterogeneous catalysts due to their 100% atomic utilization
efficiency and high catalytic activity.’*** As a derivative of SACs,
bimetallic single-atom layer catalysts (SLCs) hold high potential
in enhancing catalytic performances through integrating the
advantages of SACs and bimetallic alloy catalysts.**** Bimetallic
SLCs feature highly exposed metal sites and alloyed metal
atoms with electronic interactions, which not only preserve the
alloying effect but also promote the contact between metal
atoms and substrate molecules. To date, most developed SLCs
are based on monometallic systems, whereas the development
of alloyed SLCs remains limited.***® This is primarily due to the
tendency of heterometallic atoms to aggregate into nano-
particles via conventional synthesis methods, such as wet
impregnation and high-temperature calcination.** Further-
more, the use of physically mixed metal salts as precursors in
the synthesis of bimetallic SLCs often results in the randomly
dispersed metal atoms, which limits their catalytic activity and
applications in cooperative catalysis due to the insufficient
density of alloyed diatomic sites (Fig. 1a). Therefore, to fully
exploit the advantages of bimetallic SLCs, it is required to
develop synthesis strategies that maximize the density of
diatomic sites.*

Herein, a series of bimetallic M'M*-SLCs (M'M> = PdNi,
PtCu, PtNi) were precisely immobilized onto the carboxyl-
functionalized carbon nanotubes (CNTs) through a two-step
process, including the pre-coordination of heteronuclear
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(a) Previous single-atom layer (SL)

Monometallic SL

v No bimetallic cooperative effect v Disordered metal distribution

(b) This work’s single-atom layer (SL)

M'M? diatomic sites

M'M2-SLCs/CNTs
M'M2 = PdNi, PtCu, PtNi
v' High-density diatomic sites

Fig. 1 Schematic comparison of the previous (a) and our developed
(b) single-atom layer catalysts.

bimetallic M'"M*(OAc), with CNTs and the subsequent self-
assembly (Fig. 1b). The resultant PdNi-SLCs/CNTs exhibited
highly exposed and high-density Pd°~-Ni®* diatomic sites with
an asymmetric charge distribution, and displayed exceptional
catalytic performance in dehydrogenative silylation of H,O and
alcohols. In particular, the turnover frequency (TOF) and
maximum turnover number (TON) for dehydrogenative silyla-
tion of H,O could reach up to 187 s~ " and 964 737 based on Pd,
respectively. Mechanistic studies on dehydrogenative silylation
of H,O disclosed that the Si-H bond of silanes was rapidly
dissociated by electron-rich Pd atoms, whose electron density
was enhanced through accepting electrons from both the CNTs
and neighboring Ni atoms. Meanwhile, the adjacent positively
charged Ni atoms (more than +2 valence) showed high affinity
to H,0 molecules, displayed strong capacity for H,O adsorption
and activation, and lowered the energy barrier for O-H bond
cleavage, which was identified as the rate-determining step of
the reaction. These results indicate the advantages of bimetallic
sites within a layer in cooperative catalysis.

Experimental
Synthesis of PdANi-SLCs/CNTs

Prior to the synthesis of M'M>-SLCs/CNTs (M'M? = PdNi, PtCu,
PtNi), M'"M?*(OAc), was synthesized according to the literature
(Fig. S1-S3).*7*® Afterwards, the synthesis of PdNi-SLCs/CNTs
was presented as a typical example. Carboxyl-functionalized
carbon nanotubes (CNTs, 100 mg) were dispersed in N,N-di-
methylacetamide (DMA, 10 mL), followed by the addition of
PdNi(OAc), (1.5 mg, 0.0038 mmol). The mixture was stirred at
60 °C for 8 h and then centrifuged. The resultant solid was
sequentially washed with DMA and acetone. After drying under
vacuum for 1 h, the solid was heated at 180 °C for 4 h under
a mixed gas flow of H,/Ar with 5% H, concentration. After that,
the resultant black powder of PdNi-SLCs/CNTs (94 mg) was
collected for further use.
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Catalytic dehydrogenative silylation of H,O

Typically, a mixture of dimethyl(phenyl)silane (1a, PhMe,SiH,
27.3 mg, 0.2 mmol), deionized water (0.5 mL) and PdNi-SLCs/
CNTs (0.5 mg, 0.0048 mol% Pd) in acetone (2 mL) was stirred
at room temperature under open-air conditions. After 1.5 min,
the reaction mixture was centrifuged and purified by flash
chromatography to afford the pure product dimethyl(phenyl)
silanol (2a, 28.3 mg, 93% yield). "H NMR (400 MHz, DMSO-dj)
of 2a: 6 7.57-7.54 (2H, m, ArH), 7.37-7.34 (3H, m, ArH), 5.87
(1H, s, OH), 0.25 (6H, s, CH;). ">*C NMR (100 MHz, DMSO-d;) of
2a: 6 141.00, 133.36, 129.47, 128.05, 1.05.

Catalytic dehydrogenative silylation of alcohols

Typically, a mixture of PhMe,SiH (1a, 27.3 mg, 0.2 mmol),
methanol (0.5 mL) and PdNi-SLCs/CNTs (0.5 mg, 0.0048 mol%
Pd) in acetone (2 mL) was stirred at room temperature under
open-air conditions. After 1.5 min, the reaction mixture was
centrifuged and purified by flash chromatography to afford the
pure product dimethyl(phenyl)(methoxy)silane (2j, 36.1 mg, 92
yield). "H NMR (400 MHz, CDCl;) of 2j: 6 7.64-7.59 (2H, m, ArH),
7.44-7.40 (3H, m, ArH), 3.47 (1H, s, OCH3), 0.41 (6H, s, CH;). **C
NMR (100 MHz, CDCl;) of 2j: 6 137.46, 133.48, 129.66, 127.90,
50.67, 2.32.

DFT calculations

First-principles calculations for cell and geometry optimization
were conducted using the QUICKSTEP module of the CP2K code
(2024).* The energies and optimized geometries were deter-
mined through a hybrid Gaussian-plane-wave (GPW) approach.
The calculations employed the Perdew-Burke-Ernzerhof (GGA-
PBE) functional expanded in an atom-centered double-zeta
molecularly optimized Gaussian basis set with Goedecker-
Teter-Hutter (DZVP-MOLOPT-GTH).*>** The pseudopotentials
for all atoms were adopted from Goedecker, Teter, and Hutter
(GTH), with a plane-wave cutoff energy of 600 Ry and a recip-
rocal space cutoff of 60 employed in the calculations. The CP2K
input file was generated using the Multiwfn software (Tian Lu),
a third-party computational tool.>” The geometry optimization
was restricted to a Monkhorst-Pack k-point mesh of 2 x 2 x 1.
Following geometry optimization, the electron transfer between
Pd and Ni atoms was analyzed by calculating charge density
differences of the Pd and Ni atomic models before and after
two-electron charging.***

Results and discussion
Synthesis and characterization

Precise control over the local concentration of metal precursors
on the support is the key to synthesize atomically dispersed
catalysts. In this regard, the synthesis started with the pre-
coordination of a heteronuclear bimetallic complex of
PdNi(OAc), onto carboxyl-functionalized CNTs through
carboxylate exchange under solvothermal conditions (Fig. 2a).
To confirm the pre-coordination of PdNi(OAc), with CNTs, the
content of carboxyl groups on CNTs was monitored using
Raman spectroscopy before and after grafting with PANi(OAc),.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Schematic illustration of the synthesis of PdNi-SLCs/CNTs (a). HAADF-STEM images of PdNi-SLCs/CNTs (b and c). The enlarged images of
partial PANi-SLCs (d and e), in which Pd and Ni single atoms are marked with yellow and green cycles, respectively. Intensity profile along the line
of PdNi-SLCs in region A (f) and region B (g). Atomic intensity diagram of PdNi-SLCs in region B (h). The interatomic distance measurement of the

chosen site in region B (i).

As shown in Fig. $4, the peak intensity at 795.5 cm ™" assigned to
the bending vibration of hydroxyl groups within carboxyl groups
decreased after the modification with PdNi(OAc),, suggesting
an interaction between PdNi(OAc), and CNTs. This conclusion
was further supported by the release of CH;COO™ from the
reaction mixture of PdNi(OAc), and CNTs based on the ion
chromatography analysis (Fig. S5). The formation energy of
PdNi(OAc),/CNTs was calculated by density functional theory
(DFT) to be a negative value of —53.7 k] mol ", implying that the
carboxylate exchange between PdNi(OAc), and CNTs was
a thermodynamically favorable process (Fig. S6).

Subsequently, upon high temperature reduction with H,, the
pre-coordinated PdNi(OAc), self-assembled into single-atom
layer clusters (SLCs), giving rise to PdNi-SLCs/CNTs (Fig. 2a).
The powder X-ray diffraction (PXRD) patterns of the as-prepared
PdNi-SLCs/CNTs exhibited characteristic peaks corresponding
to CNTs, while no diffractions associated with Pd or Ni NPs were
observed, indicative of the highly dispersed nature of the Pd
and Ni species within the sample (Fig. S7).>* Therefore, this
strategy not only enabled the precise dispersion of the precur-
sors but also prevented their aggregation into nanoparticles
(NPs), which wusually happened under a high local
concentration.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC-HAADF-STEM) images of
PdNi-SLCs/CNTs revealed that the metal clusters were
uniformly distributed on CNTs (Fig. 2b and c). Through high-
resolution analysis, it was disclosed that the metal clusters on
the support existed as exposed single-atom clusters, comprising
Pd and Ni single atoms, as highlighted by yellow and green
cycles, respectively (Fig. 2d and e). Considering that these were
complex systems, some degree of cluster heterogeneity could
not be completely avoided, and in some cases, the central
region of a cluster was brighter than the edge.

To further disclose the structure, the linear intensity profiles
across the clusters in regions A and B revealed a distinct
difference in intensity between Pd and Ni atoms due to their
difference in atomic number, while the relatively uniform
intensity distribution among the Pd atoms further demon-
strated the very low thickness of the clusters (Fig. 2f and g).**#*¢
It was noted that the measured cluster thickness by atomic force
microscopy (AFM) was approximately 5.8 A, which was aligned
with the combined height of a single-atom layer (~3.0 A) and
a surface carboxyl group layer (~2.5 A), further demonstrating
the single-atom layer structure of PANi-SLCs (Fig. S8). A very
minor three-dimensional (3D) cluster population was observed

Chem. Sci., 2025, 16, 21573-21582 | 21575
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after continuous efforts to identify 3D particles in the as-
prepared PdNi-SLCs/CNTs.

The atomic intensity diagram of the cluster in region B
clearly visualized the presence of abundant and high-density
diatomic Pd-Ni sites within the cluster (Fig. 2h). The inter-
atomic distance of adjacent Pd and Ni in the chosen site of
region B was measured to be 2.34 A, which was close to the
reported Pd-Ni bond length of 2.53 A in PdNi alloys, thus
providing strong evidence for the alloying of Pd and Ni in PdNi-
SLCs/CNTs (Fig. 2i).”” The content of Pd and Ni in PdNi-SLCs/
CNTs was determined to be 0.21 wt% and 0.12 wt% using an
inductively coupled plasma atomic emission spectrometer (ICP-
AES), respectively, revealing a near 1: 1 Pd/Ni atomic ratio.

X-ray absorption near-edge structure (XANES) spectroscopy
was performed to determine the oxidation states of Pd and Ni in
PdNi-SLCs/CNTs. The Pd K-edge XANES spectrum showed an
adsorption edge energy positioned between those of Pd foil and
PdO, implying that the valence of Pd ranged from 0 to +2
(Fig. 3a). For the Ni K-edge XANES spectrum, PdNi-SLCs/CNTs
exhibited a higher adsorption edge energy compared to NiO,
indicating that the valence of Ni within PdNi-SLCs/CNTs was
larger than +2 (Fig. 3b). Furthermore, high-resolution X-ray
photoelectron spectroscopy (XPS) of Pd 3d and Ni 2p regions
exhibited the binding energies of 336.28 eV and 856.63 eV for Pd
3ds,, and Ni 2p;/,, respectively. The binding energy of Pd 3ds,
fell between those of metallic Pd(0) and PdO, while the binding
energy of Ni 2p;, was higher than that of NiO, which was
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consistent with the XANES results (Fig. §9).**° The higher
oxidation state of Ni relative to Pd suggested the presence of an
asymmetric charge distribution in the Pd°~-Ni®" bimetallic sites
within PdNi-SLCs.

To investigate the local coordination environment of Pd and
Ni atoms, extended X-ray absorption fine structure (EXAFS)
spectra of PANi-SLCs/CNTs were examined. A peak at 1.46 A
assigned to Pd-O scattering in the first coordination shell was
observed, along with a secondary peak at 2.52 A corresponding
to Pd-Ni/Pd bonding (Fig. 3c). Regarding the Ni K-edge EXAFS
spectra of PANi-SLCs/CNTs, in addition to a prominent peak at
1.55 A associated with the first shell of Ni-O scattering, two
concomitant peaks at 2.17 and 2.71 A were detected in the
second coordination shell, which are supposed to be attributed
to the Ni-Ni and Pd-Ni scatterings, respectively (Fig. 3d).

The coordination configuration of the Pd atom within PdNi-
SLCs/CNTs was determined through the Pd K-edge EXAFS
curve-fitting analysis. The coordination numbers of Pd-O, Pd-
Pd and Pd-Ni bonds were found to be 1.1, 1.5, and 2.0,
respectively, with corresponding bond lengths of 2.04 A, 2.70 A,
and 2.81 A (Fig. 3e and Table S1). The fitting results of the Ni K-
edge EXAFS curve revealed the coordination numbers of 4.3,
1.3, and 2.5 for Ni-O, Ni-Ni, and Pd-Ni bonds, respectively, with
bond lengths of 2.01, 2.57, and 2.87 A (Table S2). It was noted
that the fitting results for the Pd-Ni paths in the Pd-EXAFS
analysis were nearly identical to those obtained from the Ni-
EXAFS fitting. These results suggested that each Pd atom was
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Fig.3 PdK-edge XANES spectra of Pd foil, PdO and PdNi-SLCs/CNTs (a). Ni K-edge XANES spectra of Ni foil, NiO and PdNi-SLCs/CNTs (b). Pd K-
edge EXAFS spectra (c) of Pd foil, PAO and PdNi-SLCs/CNTs. Ni K-edge EXAFS spectra (d) of Ni foil, NiO and PdNi-SLCs/CNTs. EXAFS R space
fitting curve of PdNi-SLCs/CNTs (e). Proposed structure of PdNi-SLCs (f). WT-EXAFS spectra of Pd K-edge of PdNi-SLCs/CNTs (g), Pd foil (h) and

Ni K-edge of PdNi-SLCs/CNTs (i).
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coordinated with one O atom, one Pd atom and two Ni atoms,
while each Ni atom was coordinated with four O atoms, one Ni
atom and two Pd atoms, suggesting that the PdNi cluster
adopted a Pd,Ni,Oq structure in average (Fig. 3f). Furthermore,
wavelet transformation (WT) contour plots of both Pd and Ni for
PdNi-SLCs/CNTs displayed the characteristics centers of metal—-
oxygen, homometallic and heterometallic bonds (Fig. 3g-i and
S10).

In the synthesis of PdNi-SLCs/CNTs, the pre-dispersion of
bimetallic PANi complexes onto CNTs through carboxylate
exchange played a critical role. For comparison, when non-
carboxyl-functionalized CNTs were employed, PdNi alloy
nanoparticles were generated after H, reduction on the surfaces
of CNTs (named PdNi-NPs-1/CNTs), because the precursor of
PdNi(OAc), was only physically adsorbed onto the support of
CNTs, and therefore the local precursor concentration couldn't
be well controlled (Fig. S11a and b). On the other hand, when
carboxyl-functionalized CNTs were utilized, but the physical
mixture of Pd(OAc), and Ni(OAc), was used instead of
PdNi(OAc),, PdNi alloy nanoparticles were formed again on
CNTs (named PdNi-NPs-2/CNTs) upon the similar reduction
treatment (Fig. S11c and d). Compared to PANi-SLCs/CNTs, the
PXRD patterns of PdNi-NPs-1/CNTs and PdNi-NPs-2/CNTs
exhibited distinct peaks at 44.36° and 44.17°, respectively,
which were slightly lower than the diffraction angle of the Ni
(111) crystal plane (44.51°), further confirming the formation of
PdNi alloy nanoparticles within these two materials (Fig. $12).%*
To further understand the unique role of CNTs, carboxyl-
functionalized activated carbon (AC) was used as a compara-
tive support to prepare PdNi-SLCs; however, PANi-NPs/AC were
achieved instead (Fig. S13). This result suggested that a uniform
and well-ordered carbon support surface might play a critical
role in promoting the formation of single-atom layer clusters.**

Based on the above results, the isolated-island morphology
of the PdNi single-atom layer clusters might be related to the
homogeneity of the surface carboxyl-functionalization. Firstly,
the uniform distribution of carboxyl groups on the carbon
nanotubes (CNTs) enabled well-dispersed anchoring of the
metal precursor PdNi(OAc),, preventing localized high
concentrations of the precursor. Secondly, the reduction
process was carried out at a relatively low temperature (180 °C
under a 5% H, atmosphere), which was sufficient to reduce the
metal precursors but limited their long-distance migration.
This controlled reduction kinetics effectively inhibited sinter-
ing. Thirdly, the strong metal-support interaction between the
metal atoms and the carboxyl groups on the CNTs stabilized the
reduced metal species during the reaction. As a result, the
precursors within localized regions self-assembled into isolated
clusters without further aggregation into larger nanoparticles,
leading to the formation of the observed island-like single-atom
layer structures.

In addition to PdNi-SLCs/CNTs, other bimetallic SLCs, such
as PtCu-SLCs and PtNi-SLCs, were successfully fabricated on
CNTs (Fig. S7). The magnified AC-HAADF-STEM images of PtCu-
SLCs/CNTs and PtNi-SLCs/CNTs disclosed that bimetallic clus-
ters in a single-atom layer structure were anchored on the CNTs,
with the presence of a certain number of Pt-Cu and Pt-Ni

© 2025 The Author(s). Published by the Royal Society of Chemistry
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diatomic sites, respectively (Fig. S14 and S15). These results
disclosed the flexibility and versatility of the heteronuclear
bimetallic complex pre-coordination and self-assembly strategy
in producing various bimetallic SLCs with abundant and high-
density diatomic sites.

Catalytic dehydrogenative silylation of water and alcohols

Silanols have emerged as a class of highly versatile and valuable
precursors, owing to their extensive applications in organic
synthesis.®® These compounds are typically prepared through
the oxidation of silanes, a process that utilizes cost-effective and
eco-friendly oxidants such as water, hydrogen peroxide, or
molecular oxygen.

In this study, the selective dehydrogenative silylation of H,O
with dimethyl(phenyl)silane (1a) to form dimethyl(phenyl)sila-
nol (2a) was employed to evaluate the catalytic performance of
the as-synthesized catalysts (Table 1). PANi-SLCs/CNTs could
greatly speed up the reaction with vigorous bubbles bursting
out, giving rise to the product 2a in 98% yield at room
temperature (entry 1). For comparison, PtNi-SLCs/CNTs and
PtCu-SLCs/CNTs exhibited much lower reactivity with only 3.1%
and 3.7% yields, respectively, in 20 min (entries 2 and 3). Even
when the reaction time was elongated to 12 h, the modest yields
of 54% and 45% were achieved in the presence of PtNi-SLCs/
CNTs and PtCu-SLCs/CNTs, respectively (entries 4 and 5).

To study the role of the single-atom layer structure and two
metal components in PdNi-SLCs/CNTs, bimetallic PANi-NPs/
CNTs as well as monometallic Pd-SAs/CNTs and Ni-SAs/CNTs
were prepared (Fig. S16 and S17). The resulting catalyst PdNi-
NPs/CNTs produced 2a in 79% yield within 20 min (entry 6).
Pd-SAs/CNTs presented a modest yield of 62% after 20 min
reaction (entry 7). Ni-SAs/CNTs could not promote the reaction

63-67

Table 1 Catalytic hydrosilane oxidation®

‘ . Catalyst |
Si—H + H0 Si—OH
‘ Acetone |
RT.
1a 2a

Entry Catalyst Reaction time Yield
1 PdNi-SLCs/CNTs 1.5 min 98%
2 PtNi-SLCs/CNTs 20 min 3.1%
3 PtCu-SLCs/CNTs 20 min 3.7%
4 PtNi-SLCs/CNTs 12h 54%
5 PtCu-SLCs/CNTs 12 h 45%
6 PdNi-NPs/CNTs 20 min 79%
7 Pd-SAs/CNTs 20 min 62%
8 Ni-SAs/CNTs 20 min <1%
9 CNTs 20 min <1%
10 — 20 min <1%
11? PdNi-SLCs/CNTs 24 h 96%/964 734°

“ Reaction conditions: catalyst (0.5 mg), PhMe,SiH (0.2 mmol), acetone
(2 mL), H,0 (0.5 mL). The yield was determined by "H NMR using
mesitylene as an internal standard. ? 75 mmol PhMe,SiH and 4 mg
PdNi-SLCs/CNTs were used. © TON calculated based on the content of
Pd.
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at all (entry 8). The results demonstrate the critical role of the
single-atom layer structure in improving catalytic efficiency.

When pristine CNTs were used as the catalyst or in the
absence of any catalyst, the reaction gave a negligible yield of 2a,
revealing that the introduced metal species on CNTs were the
real reaction active sites for the reaction (entries 9 and 10).
Notably, the PdNi-SLCs/CNTs-catalyzed reaction was success-
fully scaled up to gram-level synthesis using 75 mmol of 1a, and
the desired product 2a was obtained in 96% yield (11 g) with
a high turnover number (TON) of 964 737 (entry 11). Based on
the kinetic analysis of the gram-scale dehydrogenative silylation
of water with substrate 1a (7 mmol, 0.95 g), a turnover frequency
(TOF) of 187 s~ * was determined from the slope of the fitted line
using 0.0048 mol% Pd (Fig. S18).

The reaction was further carried out using H,'®0, and the
formation of '®0O-labeled 2a was detected by high-resolution
mass spectrometry, confirming that the introduced water
serves as the source of the oxygen atom in the silanol product
(Fig. 519).

The substrate scope of silanes was investigated using PdNi-
SLCs/CNTs as the catalyst (Table 2). The catalyst showed
impressive efficiency in dehydrogenative silylation of H,O with
diverse tertiary silanes, providing high yields of the corre-
sponding silanols (2a-2g). It was noted that PdNi-SLCs/CNTs

Table 2 Substrate screening®
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exhibited remarkable reaction selectivity even in the presence
of a C=C double bond, as evidenced by the 90% yield of
dimethyl(4-vinylphenyl)silanol (2b) within 15 min. Additionally,
the compound 1,4-bis(dimethylsilyl)benzene, featuring two Si-
H bonds, was successfully employed in PdNi-SLCs/CNTs-
catalyzed dehydrogenative silylation of H,O, affording the cor-
responding product 2c¢ in 94% yield. The catalyst was also
successfully applied to the transformation of aliphatic tri(ethyl)
silane to tri(ethyl)silanol (2d) with an 81% yield in 8 min. The
reaction of H,O with sterically hindered silanes to produce
silanols, such as diphenyl(methyl)silanol (2e), tri(phenyl)silanol
(2f) and tri(benzyl)silanol (2g), required longer reaction times
and afforded satisfactory yields of 92%, 88% and 81%, respec-
tively. Furthermore, PdNi-SLCs/CNTs exhibited high reactivity
for the dehydrogenative silylation of H,O with secondary
silanes, enabling the synthesis of methyl(phenyl)silanol (2h)
and di(phenyl)silanol (2i) with yields of 83% and 86%,
respectively.

In addition to dehydrogenative silylation of H,0, PANi-SLCs/
CNTs were suitable for promoting the dehydrogenative silyla-
tion of alcohols with a variety of silanes to produce alkox-
ysilanes (Table 2). The catalyst exhibited high reactivity for the
reaction of 1a with methanol, giving rise to the product of di-
methyl(phenyl)methoxysilane (2j) in 92% yield. Based on the

R!

1
o PdNi-SLCs/CNTs '?
R*~=Si—H + R—OH —— > R2-Si—0OR
|3 Acetone \3
R RT. R
1 2
HO.

2a,1.5min,93%  2b, 15 min, 90% 2¢, 15 min, 94%

o
gt % ot

2g, 2 h, 81%" 2h, 30 min, 83% 2i,1h,86%

2m, 8 min, 86% 2n, 15 min, 91% 20, 8 min, 85%

\Si—OH
A

oF-

2e, 12 min, 92%

@EOH

2d, 8 min, 81% 2f, 1 h, 88%>

2p, 1 h, 89%> 2q, 1 h, 80%® 2r, 30 min, 81%

¢ Reaction conditions: PANi-SLCs/CNTs (0.0048 mol% Pd), silane (0.2 mmol), acetone (2 mL), H,O or alcohol (0.5 mL). The yield was isolated yield.

b 4 mL acetone was used.
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kinetic analysis of the gram-scale dehydrogenative silylation of
methanol with 1a (7 mmol, 0.95 g), a TOF up to 229 s~ was
achieved (Fig. S20). The catalysts also demonstrated broad
applicability across a range of aliphatic alcohols, such as
ethanol, isopropanol and n-butanol, to synthesize the desired
alkoxysilanes 2k-2m with satisfactory yields ranging from 86%
to 95%. With other aromatic tertiary silanes as the dehydro-
genative silylation agent, methanol was effectively converted
into the target products 2n-2q with larger than 80% yields. The
dehydrogenative silylation of methanol with secondary silane of
di(phenyl)silane proceeded smoothly, which furnished di(-
methoxy)di(phenyl)silane (2r) in an acceptable yield of 81%.

Recycling experiments of catalytic dehydrogenative silylation
of H,0O with silane were conducted to show the robustness of
PdNi-SLCs/CNTs as a heterogeneous catalyst. The catalyst
retained high reactivity over 10 successive runs, demonstrating
its outstanding stability (Fig. S21). The HAADF-STEM images of
the recycled PdNi-SLCs/CNTs revealed that no obvious accu-
mulation of metal clusters occurred after 10 runs (Fig. S22a and
b). Furthermore, the extracted line profile of the cluster showed
that the PdNi single-atom clusters remained monolayered (Fig.
S22c¢). Inductively coupled plasma mass spectrometry (ICP-MS)
analysis of the reaction filtrate after the catalytic reaction di-
sclosed that the amounts of Pd and Ni leaching into the reaction
mixture were only 0.049% and 0.18%, respectively. Additionally,
the Pd 3ds/, and Ni 2p;/, peaks in the recycled catalyst emerged
at 336.21 eV and 856.56 eV, respectively, which were close to
those in the initial PANi-SLCs/CNTs, indicating that the oxida-
tion states of Pd and Ni did not undergo significant changes
(Fig. S23).

In short, PANi-SLCs/CNTs were an efficient heterogeneous
catalyst toward dehydrogenative silylation of water or alcohols,
which ranked at a high level compared with previously reported
heterogeneous catalysts, owing to the fully exposed structure
and the cooperative catalysis of two metals (Fig. S24, Tables S3
and S4).

Reaction mechanism studies

The activation of the Si-H bond in the initial step plays an
important role in enhancing the catalytic efficiency of de-
hydrogenative silylation of H,O. To elucidate the interaction
between PdNi-SLCs/CNTs and silane, hydrogen-deuterium (H-
D) exchange experiments were performed using PhMe,SiH (1a)
and deuterated tri(ethyl)silane (Et;SiD) as the model substrates.
As revealed by the "H NMR spectra, upon mixing 1a and Et;SiD
in the presence of PdNi-SLCs/CNTs, the Si-H signal of 1a
diminished within 3 min, while a new Si-H signal assigned to
Et;SiH emerged, indicative of the H-D exchange between 1a and
Et3SiD (Fig. 4a). Other as-prepared catalysts, including PtNi-
SLCs/CNTs, PtCu-SLCs/CNTs, Pd-SAs/CNTs and Ni-SAs/CNTs,
were inactive for Si-H activation.

The state of the Si-H bond was then monitored by Fourier
transform infrared (FT-IR) spectroscopy. The stretching vibra-
tion peak of the Si-H bond in the mixture of 1a with PANi-SLCs/
CNTs disappeared, but it remained in the mixture of 1a with
CNTs (Fig. 4b). It was noted that in the Raman spectrum,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 H-D exchange between PhMe,SiH and EtzSiD in the presence
of different catalysts (a). ATR-IR spectra of the mixture of PhMe,SiH
and PdNi-SLCs/CNTs (or CNTs) (b). Raman spectrum of the mixture of
excess PhMe,SiH and PdNi-SLCs/CNTs (c). Possible Si—H coordination
and dissociation modes on PdNi dual metal sites (d).

a characteristic peak corresponding to Pd-H was observed after
mixing the excess 1a with PANi-SLCs/CNTs (Fig. 4c).

These findings showed that PANi-SLCs/CNTs could disso-
ciate the Si-H bond, and the bimetallic PANi-SLCs were the
activation sites."®®” The interaction between the Si-H bond and
PdNi-SLCs might occur either on a sole Pd site or a bimetallic
Pd-Ni site (Fig. 4d)."*** When the interaction took place on
a sole Pd site, the adsorption configurations of silane molecules
usually adopted a n’-(Si-H) mode. As for the activation of the Si-
H bond on a bimetallic Pd-Ni site, the Si®* and H*~ atoms were
expected to interact with Pd°~ and Ni®" atoms, respectively,
owing to the asymmetric charge distribution within the Pd®~-
Ni®" bimetallic site. The observation of the Pd-H bond disclosed
that the Si-H bond dissociation might occur on the sole Pd site.

Density function theoretical (DFT) calculations were then
conducted to analyze the adsorption of PhMe,SiH (1a) on PdNi-
SLCs. After the adsorption of 1a, the Si-H bond lengths (Ls;_p)
on the sole Pd and bimetallic PdNi sites were 1.72 and 1.57 A,
respectively, in the optimized models (Fig. 5a and b). For
comparison, the Si-H bond length in the free PhMe,SiH
molecule was 1.48 A. Therefore, it might be further confirmed
that the Si-H bond was more inclined to dissociate on the sole
Pd site rather than on the Pd-Ni bimetallic site.

To get insight into the role of Ni in the Si-H bond activation,
the electronic interaction between Pd and Ni was studied.
Through the differential charge density analysis of PANi-SLCs/
CNTs, it was found that the Ni atoms within PdNi-SLCs could
transfer electrons to Pd atoms (Fig. 5¢ and S25). Further Bader
charge analysis of PdNi-SLCs/CNTs disclosed that from CNTs,
each Ni and Pd atom could accept 0.20 and 0.32 e, respectively,
in average (Fig. 5d). The electron might transfer from CNTs to
PdNi-SLCs and subsequently from Ni to Pd, which resulted in
the electron accumulation on Pd atoms and then facilitated the
Si-H bond activation and dissociation.®**
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Lsy=15TA

+0.22 e

+0.31e

ber?” +0.18 e

Fig. 5 Optimal structures of PhMe,SiH adsorption on PdNi-SLCs/
CNTs (a and b). The brown and green atoms represent Pd and Ni
atoms, respectively. Differential charge density analysis of PdNi-SLCs/
CNTs (c), in which the yellow and cyan colors represent charge
accumulation and consumption, respectively, and their isosurface
values are all 0.0016 e bohr—>. Bader charge analysis of Pd and Ni
atoms within PdNi-SLCs/CNTs (d).

To further understand the reaction mechanism, the effects
of silane and water were studied using Et;SiD and D,O as
isotope probes. The kinetic isotope effect (ky/kp) for the reac-
tion of Et;SiD with H,0 was determined to be 1.02, suggesting
that the cleavage of the Si-H bond was not the rate-determining
step of the reaction (Fig. 6a and S26).°*”° The reaction of Et;SiH
with D,O was also conducted, and the ky/kp was calculated to be
approximately 2.0, which disclosed that the cleavage of the O-H

(a) .

25{ =

Et,SiH + H,0 .
Et,SiH + D,0

N
o

Kk = 1.98

y =10.56x - 0.74
R? = 0.9902
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@

o
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o
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Fig. 6 KIE experiments of dehydrogenative silylation of H,O (D,0)
with EtzSiH using PdNi-SLCs/CNTs as the catalyst (a). Raman spectra
of PdNi-SLCs/CNTs after adsorption of H,O (b).

21580 | Chem. Sci., 2025, 16, 21573-21582

View Article Online

Edge Article

bond in the water might be involved in the rate-determining
step (Fig. 6a).">"*

To study the interaction of PdNi-SLCs/CNTs and H,O, the
Raman spectra were examined (Fig. 6b). After the adsorption of
water, the peak at 571.9 cm™' that was assigned to the
stretching vibration of the Ni-O bond in PdNi-SLCs/CNTs
shifted to 566.7 cm ™. The red shift of 5.2 cm™" implied that
the bonding strength between Ni and O atoms was weakened,
which might be because the electrons transferred from the
adsorbed H,O molecule to the empty d orbitals of the highly
charged Ni atom.” The electron donation from H,O to the Ni
atom resulted in a reduction of the Ni valence state, which could
be confirmed by the lower binding energy of 0.27 eV in the XPS
spectrum of PdNi-SLCs/CNTs upon water adsorption (Fig.
S27a). Nevertheless, neither the stretching vibration of the Pd-O
bond nor the binding energy of Pd 3d showed a noticeable shift
(Fig. 6b and S27b). These results suggested that the H,O
molecule interacted more strongly with the Ni atom than with
the Pd atom, and the Ni atoms in PdNi-SLCs served as the
primary H,O adsorption and activation sites for the reaction.
Therefore, in PdNi-SLCs, the Pd and Ni atoms were responsible
for Si-H and O-H bond activation, respectively. After the Si-H
dissociation and H,O adsorption on the Pd and Ni atoms,
respectively, the formed silyl and activated H,O interacted with
each other to give the final silanol product via the Si-O
coupling.”

Through experimental and theoretical studies, a plausible
reaction mechanism was proposed for the typical reaction of
PhMe,SiH (1a) and H,O in the presence of PdNi-SLCs/CNTSs.
Initially, the Pd sites in PdNi-SLCs chemisorbed 1a through
a n’-(Si-H) coordination mode, inducing the rapid dissociation
of the Si-H bond to generate a metal hydride species (Pd-H) and
a silyl moiety (-SiPhMe,). Simultaneously, a H,O molecule
underwent chemisorption at an adjacent Ni site. The activated
H,O then attacked the resultant silyl group, leading to the
formation of the silanol 2a and Ni-H species. Finally, the
adsorbed hydride on Pd and Ni sites combined to H,, which was
subsequently released from the cluster surface (Fig. 7). The

H ) Q@ Pd
2 PhMe,SiH o nNi
H, desorption m . l(‘l)l
" T oc
H. PdNi-SLCs /%0
m PhMe,Si-H
i
i
PhMe,SiOH m
Si-H bond
'," dissociation
PhMe,Si---O-, PhMe,Si

HE / H Hi
,.|| >
PhMe,Si
\ H o-H
Si-O coupling . H.0
2

Fig. 7 Plausible reaction of dehydrogenative silylation of water cata-
lyzed by PdNi-SLCs/CNTs.
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generation of H, from the catalytic reaction was detected via gas
chromatography (GC) (Fig. S28).

Conclusion

In conclusion, the fully exposed single-atom layer PdNi alloy
clusters were successfully dispersed onto the CNTs via a newly
developed strategy combining heteronuclear bimetallic
complex pre-coordination and self-assembly. The PdNi-SLCs/
CNTs exhibited high efficiency on catalytic dehydrogenative
silylation of water or alcohols, affording diverse silanols and
alkoxysilanes with high yields. The high catalytic efficiency
arises from the distinctive coordination structure of PdNi-SLCs
and the synergistic effect between Pd and Ni. On one hand, the
fully exposed nature of the single-atom layer configuration
facilitated sufficient contact between the substrates and the
metal sites, thereby enhancing metal utilization and reaction
rate. On the other hand, the PdNi-SLCs were enriched with
Pd®~-Ni’" alloy atomic pairs with asymmetric charge distribu-
tion, where the electron-rich Pd atoms were responsible for
dissociating the silane, while the high-valent Ni atoms could
adsorb and activate H,O molecules. This work demonstrated
the catalytic advantages of diatomic alloy sites. Further work on
the synthesis of single-atom layer bimetallic catalysts and their
catalytic applications is in process.
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