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Multi-component two-dimensional (2D) hybrid sub-1 nm heterostructures could potentially possess many
novel properties. Controlling the site-selective distribution of nanoparticles (NPs) at the edge of 2D hybrid
nanomaterial substrates is desirable but it remains a great challenge. Herein, we realized for the first time the
preparation of ternary hybrid CuO-phosphomolybdic acid-Ag sub-1 nm nanosheet heterostructures (CuO-
PMA-Ag THSNHSs), where the Ag NPs selectively distributed at the edge of 2D hybrid CuO-PMA sub-1 nm
nanosheets (SNSs). And the obtained CuO-PMA-Ag THSNHSs as the catalyst exhibited excellent catalytic
activity in alkene epoxidation. Furthermore, molecular dynamics (MD) simulations demonstrated that the
SNSs interact with Ag NPs to form stable nanoheterostructures. This work would pave the way for the
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Introduction

Nanoheterostructures are usually defined as the combination of
two nano-sized fragments into one entity,"* which can be
categorized as metal-metal,® metal-semiconductor>® and
semiconductor-semiconductor”® according to the electronic
structure of each unit. Benefiting from their complex structures
and the wide range of applications in electronics,’ optics,"
catalysis," etc. nanoheterostructures have drawn more and
more attention in recent years.

Many synthetic strategies have been developed to prepare
nanoheterostructures, mainly including wet-chemical and gas-
phase methods." The wet-chemical methods usually include
heat-up or hot-injection in three-neck flasks*™* and hydro-
thermal (solvothermal) methods,*** most of which need to
conduct complex growths and it is difficult to control the shape
and size of products. Although the gaseous strategies (physical/
chemical vapor deposition)'’** can realize the powerful control
of the shape, size and composition of nanoheterostructures
through the related parameter regulation, it is quite difficult to
control the size of nanoheterostructures at the sub-1 nm scale.
Atomic layer deposition (ALD) as an advanced atom-level vapor-
phase deposition technique can create atomic-level epitaxial
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synthesis and broader applications of multi-component 2D hybrid sub-1 nm heterostructures.

growth, but it usually involves expensive apparatus and time-
consuming operations.*>*

In our recent work, we proposed for the first time the
‘cluster-nuclei co-assembly strategy’ to realize controlling the
component of materials at the sub-1 nm scale.* In this strategy,
well-defined polyoxometalate (POM) clusters were introduced to
intervene the nucleation of inorganic materials at the nucle-
ation stage, where size-matched clusters interacted and co-
assembled with inorganic nuclei to grow into different kinds
of nanomaterials with sub-1 nm structures. Until now, we have
successfully synthesized hybrid one-dimensional (1D) sub-1 nm
nanobelt superstructures,”® 2D sub-1 nm nanosheets,” 3D
assemblies,” etc., which exhibited highly efficient energy
conversion, outstanding catalytic activity, etc.

Metal-oxide nanoheterostructures usually possess perfor-
mances of metals and oxides leading to more research interest.>®
Although some metal-oxide nanoheterostructures have been re-
ported, they usually only include two components. Meanwhile,
how to control the size of metal-oxide nanoheterostructures at
the sub-1 nm scale remains a great challenge. If the multi-
component metal-oxide sub-1 nm nanoheterostructures could
be prepared, due to the special sub-1 nm heterostructures and
possible potential synergetic effect of multiple components,
more excellent properties could be further explored.

Herein, we firstly synthesized ternary hybrid CuO-
phosphomolybdic acid-Ag sub-1 nm nanosheet hetero-
structures (CuO-PMA-Ag THSNHSs). As shown in Scheme 1, 2D
hybrid CuO-PMA sub-1 nm nanosheets (SNSs) were pre-
synthesized by using the ‘cluster-nuclei co-assembly strategy’.
Firstly, PMA clusters were introduced to intervene the nucle-
ation of CuO and they interacted and co-assembled into the
CuO-PMA co-assembly. This as the building block continued to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the formation of CuO-PMA-Ag
THSNHSs. The red-blue models, blue models, orange-blue models, and
green and blue link models represent the CuO molecules, PMA clus-
ters, Ag NPs and oleylamine molecules, respectively.

grow into the CuO-PMA SNSs, in which the Ag nanoparticles
(NPs) were deposited to obtain the CuO-PMA-Ag THSNHs. And
this material as the catalyst showed excellent catalytic activity in
alkene epoxidation due to the synergetic function of CuO-PMA
SNSs and Ag NPs. Meanwhile, molecular dynamics (MD)
simulations were performed to study the formation mechanism
of the THSNHs and demonstrated that the CuO-PMA SNSs
interact with Ag NPs to form stable nanoheterostructures, where
the total potential energy of the system decreased during the
process revealing that the system is energetically favorable.

Results and discussion
Preparation and characterization of the CuO-PMA-Ag THSNHs

Referring to our earlier work,*” the CuO-PMA SNSs (Fig. 1a) were
first synthesized by taking advantage of the ‘cluster-nuclei co-
assembly strategy’. Then a certain amount of pre-synthesized
sub-1 nm Ag NPs (Fig. 1b) was added into the CuO-PMA SNS
dispersion liquid to stir to obtain the CuO-PMA-Ag THSNHs. For
details see the Experimental Section. Surprisingly, referring to
the TEM images (Fig. 1d-fand S1t) and high angle annular dark
field scanning transmission electron microscopy (HAADF-
STEM) images (Fig. 1c and S27) of the CuO-PMA-Ag THSNHE,
we found that the Ag NPs only distributed along the edge of the
CuO-PMA SNSs. Although when the CuO-PMA SNSs huddled,
the Ag NPs still only existed at the edge of SNSs and no obvious
Ag NPs could be observed in other places. And the distribution
of Ag NPs in CuO-PMA-Ag THSNHs was specifically uniform.
Furthermore, the small-angle X-ray diffraction (SAXRD) pattern
of the THSNHs (Fig. 1g) suggested a typical layer structure.
There appeared three peaks between 2° and 10°, which can be
attributed to “00L” (L = 1, 2, 3). And according to Bragg's
equation, the interlayer spacing was calculated to be 3.42 nm,
which was rightly in agreement with the length of two alter-
nating or bending oleylamine molecules. In addition, the X-ray
diffraction (XRD) (Fig. S31) and X-ray photoelectron spectros-
copy (XPS) results (Fig. S41) demonstrated that the CuO-PMA-Ag

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Morphological images of the CuO-PMA-Ag THSNHSs. (a) The
TEM image of the CuO-PMA SNSs (the inset is the PMA molecule
model). (b) The TEM image of Ag NPs. (c) The HAADF-STEM image of
the CuO-PMA-Ag THSNHs. (d—f) The TEM images of CuO-PMA-Ag
THSNHs. (g) The SAXRD pattern of the CuO-PMA-Ag THSNHs. (h) The
UV-Vis spectra of PMA clusters, Ag NPs, CuO-PMA SNSs and CuO-
PMA-Ag THSNH:s.

THSNHs are made of copper oxide, molybdenum oxide and
silver (0). In the XPS spectrum of Cu 2p (Fig. S4at), two peaks of
Cu 2p3,, and Cu 2p, ), appeared at 933.7 eV and 953.7 eV with
splitting of 20 eV, which revealed the presence of Cu®". At the
same time, the characteristic satellite peaks at 943.5 eV and
962.4 eV were in agreement with reported XPS data of Cu0O.>***
In the Mo 3d XPS spectrum (Fig. S4b¥), the peaks at 232.2 and
235.2 eV can be attributed to Mo 3ds/, and 3d3/,, respectively. It
demonstrated the existence of molybdenum oxides.*** In the
Ag XPS spectrum (Fig. S4ct), the peaks at 368.2 and 374.2 eV
corresponded to Ag 3ds, and 3dj,, respectively, which sug-
gested that the valence of Ag is 0.>*° Moreover, the ultraviolet-
visible (UV-Vis) spectra of CuO-PMA-Ag THSNHs, CuO-PMA
SNSs, PMA and Ag NPs (Fig. 1h) revealed that the PMA clus-
ters and Ag NPs are really present in the CuO-PMA-Ag THSNHSs.
Furthermore, the Fourier-transform infrared (FT-IR) spectra
(Fig. S51) and electrospray ionization ion trap-time of flight (ESI
IT-TOF) spectrum of CuO-PMA-Ag THSNHs (Fig. S61) also
directly demonstrated the existence of PMA clusters in the final
products. And the corresponding chemical formula of the
THSNHs was given as (Cu0)g 2489(PM012,040)Ag0 009200 according
to the inductively coupled plasma optical emission spectros-
copy (ICP-OES) data (Table S17). In addition, this method to
synthesize multi-component hybrid sub-1 nm heterostructures
could also be extended to other kinds of THSNHs. As shown in
Fig. S7,1 the CuO-PMA-PtP THSNHs were obtained by using the
same strategy, which demonstrated the generality of this
method.

Molecular dynamics (MD) simulations

The ‘cluster-nuclei co-assembly strategy’ was proposed for the
first time in our earlier work, where the clusters interacted and
co-assembled with inorganic nuclei at the nucleation stage and
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grew into nanomaterials with sub-1 nm architectures.” So on
the basis of this mechanism, the 2D hybrid CuO-PMA SNSs with
uniform shape and size were synthesized.”” And in that work,
MD simulations were used to investigate the formation mech-
anism. It demonstrated that protonated oleylamine molecules
(OLY) were used to neutralize the total charge of the system and
CuO molecules interacted with PMA clusters to co-assemble
into 2D simple square SNSs, which can remain stable.

In this work, we firstly prepared the 2D hybrid CuO-PMA SNSs
according to the earlier work,”” and on the basis of MD simula-
tions of the CuO-PMA SNSs, we continued to try to study the
interaction between Ag NPs and CuO-PMA SNSs in the CuO-PMA-
Ag THSNHS. Firstly, in order to investigate the reaction between
Ag NPs and CuO-PMA SNSs, 16 Ag NPs capped by oleylamine
(OLL) were placed in the surrounding of 25.2 nm x 24.5 nm
CuO-PMA SNSs as shown in Fig. 2a and b, the ratios of which
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Fig. 2 MD simulations of the CuO-PMA-Ag THSNHSs. (a) The top view
and (b) the side view of the initial model when 16 Ag NPs were placed
in the surroundings of 25.2 nm x 24.5 nm CuO-PMA SNSs. (c) The top
view and (d) the side view of the CuO-PMA-Ag THSNH model after
running the simulation. The continuous density distributions of PMA,
CuO, OLY, Ag and OLL in the initial model along the (e) x-axis and (f) z-
axis. The continuous density distributions of PMA, CuO, OLY, Ag and
OLL in the CuO-PMA-Ag THSNH model after running the simulation
along the (g) x-axis and (h) z-axis (The red models represent PMA
clusters. The small blue-purple models stand for CuO molecules. The
green chain models represent the oleylamine molecules in the CuO-
PMA SNSs, which were annotated as OLY. The blue models stand for
Ag NPs. The orange chain models represent the oleylamine molecules
on the surface of Ag NPs, which were annotated as OLL).
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were obtained according to the ICP-OES results (Table S1f).
Fig. 2e and f displayed the density distributions of PMA, CuO,
OLY, Ag and OLL in THSNHs along the x-axis and z-axis at the
start of simulations, which were corresponding to Fig. 2a and
b (in order to distinguish the oleylamine molecules located on
the CuO-PMA SNSs and Ag NPs, the green chain models were
used to represent the oleylamine molecules on the CuO-PMA
SNSs, which were annotated as OLY and the orange chain
models represented the oleylamine molecules on the surface of
Ag NPs, which were annotated as OLL. In the following energy
part, we would study the effect of OLL on system energy). Movie
S1f showed the dynamic simulation process. At the beginning,
Ag NPs moved randomly, where only the position of PMA was
frozen. And with the time prolonging, the Ag NPs gradually fixed
at the edge of CuO-PMA SNSs to form the THSNHs after running
the simulation (Fig. 2c and d), and the density distribution was
shown in Fig. 2g and h. By analyzing the density distributions of
multiple components before and after simulation, we found that
the distance between Ag NPs reduced and others almost not
changed during the simulation process. Meanwhile, the MD
simulation results revealed that although the Ag NPs move
randomly, they preferred to stay at the edge of SNSs at the end.
And once the Ag NPs touched the SNSs, they would not leave. All
of these suggested that the CuO-PMA-Ag THSNHS possess a quite
stable structure. In addition, the thin edge size of the CuO-PMA
sub-1 nm nanosheets led to the lower surfactant adsorption. So
the edge belongs to the weak area for surfactants, and silver
nanoparticles may break through the protection of surfactants
and adsorbed at the edge of CuO-PMA easily. However, the
surface area of nanosheets was large, and the multi-surfactant
stretching activity had a high probability of pushing away
silver, which led to the unique site-selective distribution of silver
nanoparticles.

Moreover, in order to further explore the stability of the
THSNHs, we also studied the CuO-PMA-Ag THSNHs from the
energy point of view. The interaction energy between one Ag NP
and CuO-PMA SNS was taken as the research object to be inves-
tigated. The results suggested that the interaction energy
(including Lennard-Jones (L]) potential energy, Coulomb energy,
etc.) between the CuO-PMA SNS and OLL was the main driving
force for the formation of CuO-PMA-Ag THSNHs (Fig. 3a). And the
L] potential energy between the SNS and Ag atoms played a role
after the Ag NPs touched the CuO-PMA SNS as shown in Fig. 3b,
which worked after the interaction energy between OLL and SNS.
On the basis of above investigation, the total interaction energy
(including SNS-OLL and SNS-Ag) was also given in Fig. 3c.
Meanwhile, we found that the total potential energy of the system
decreased during the simulation process according to Fig. 3d,
which revealed that the system is energetically favorable. And it
also further proved that the Ag NPs interact with the CuO-PMA
SNSs to assemble into the stable CuO-PMA-Ag THSNHEs.

Catalytic performances of the CuO-PMA-Ag THSNHs in alkene
epoxidation

Alkene epoxidation is a vital reaction in the fine chemical

industry. And the resultant epoxides are important

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Interaction energy of the CuO-PMA-Ag THSNHs. (a) The
evolution of total interaction energy (blue curve), LJ potential energy
(black curve) and Coulomb energy (red curve) between the SNS and
OLL in one Ag NP. (b) The evolution of LJ potential energy between the
SNS and bare Ag atoms in one Ag NP. (c) The evolution of total
interaction energy (blue curve), LJ potential energy (black curve) and
Coulomb energy (red curve) between one Ag-OLL NP and the SNS. (d)
The potential energy of the whole system.

intermediates in the preparation of plasticizers, cosmetics,
epoxide resins, medicines, etc. According to some reported
studies, copper oxide-based***” and silver-based nano-
materials®® have shown active catalytic activity in the epoxida-
tion of alkenes. However, these reactions usually need to be
performed at high temperature or consume more time.***°
Inspired by these, considering the obtained CuO-PMA-Ag
THSNHs as the combination of copper oxide and silver, we
tried to apply this material as the catalyst to the epoxidation of
alkenes, where iodosobenzene (PhIO) and chloroform (CHCl;)
were used as the oxidant and solvent, respectively, and the
reaction happened at 50 °C. As shown in Table 1, the CuO-PMA-
Ag THSNH catalyst showed excellent catalytic activity in the
epoxidation of alkenes (including cyclohexene, 1-octene and cis-
stilbene). At 50 °C, the catalytic epoxidation of cis-stilbene can
reach a conversion of 99.34% within 4 hours. And a higher
conversion of 100% was achieved when the substrate was 1-

Table 1 Catalytic performance of the CuO-PMA-Ag THSNH catalyst
in the epoxidation of alkenes. Conditions: 12 mg of CuO-PMA-Ag
THSNH catalyst was dispersed into 1 ml of CHCls, and 60 mg of PhlO
and 3 ul of alkenes were added and stirred at 50 °C. GC-MS
measurements were performed to obtain the conversion

]

CuO-PMA-Ag R1 R2
_
PhIO, 50°C R3>&<RA

R1 R2

R3: — :RA

Conversion
Entry Alkene Time (h) (%)
1 Cyclohexene 2 100
2 1-Octane 3 100
3 Cis-stilbene 4 99.34

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

1 2 3 4 5
Cycles

Fig. 4 Stability studies. The catalytic experiments were carried out by
using the recycled CuO-PMA-Ag THSNH catalyst for the epoxidation
of cyclohexene under the same reaction conditions.

octene within 3 hours under the same reaction conditions.
Especially, in the epoxidation reaction of cyclohexene, the
conversion reached up to 100% just in 2 hours, which
consumed less time than the other two reactions. This can be
attributed to the steric hindrance of carbon chains and aryl-aryl
in alkenes. At the same time, control experiments were per-
formed under the same conditions for the same or longer
reaction time as above by using single CuO-PMA SNS and sub-
1 nm Ag NP catalysts, the results of which were displayed in
Table S2.T We found that even when the reaction time was
prolonged, both CuO-PMA SNS and Ag NP catalysts showed
worse catalytic activity, and the reaction rate and conversion
were obviously lower than those of the CuO-PMA-Ag THSNH
catalyst. This revealed that the THSNHs are really the ideal
catalyst for the olefin epoxidation reaction, and it can be
attributed to the synergetic effect of multiple components.
Meanwhile, the special nanoheterostructures also played an
important role in this reaction. On the one hand, the special 2D
sub-1 nm nanosheets with larger area could provide more active
sites, and on the other hand, the combination of CuO-PMA and
Ag produced a new interface, which also may produce new
active sites. All of the above factors led to more effecient cata-
Iytic activity than previous studies for the alkene epoxidation. As
shown in Table S3, some reported materials used to catalyze
the alkene epoxidation were listed. Moreover, stability is also
a vital factor to evaluate the performance of catalysts. In Fig. 4,
the recycling stability of the CuO-PMA-Ag THSNH catalyst was
investigated, where cyclohexene was the substrate. Obviously,
after five cycles, the conversion of the epoxides still remained
nearly 100%, which demonstrated that the CuO-PMA-Ag
THSNH catalyst really possesses excellent stability.

Conclusions

In conclusion, we successfully prepared CuO-PMA-Ag THSNHSs
by depositing Ag NPs in 2D CuO-PMA SNSs, where the Ag NPs
distributed uniformly at the edge of CuO-PMA SNSs. MD
simulations demonstrated that CuO-PMA SNSs interact with Ag
NPs to form stable nanoheterostructures, where the total
potential energy of the system decreased during the process

Chem. Sci., 2021, 12, 11490-11494 | 11493
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revealing that the system is energetically favorable. Meanwhile,
the obtained THSNHs as the catalyst showed excellent catalytic
activity in the epoxidation of alkenes, which can be attributed to
the synergetic effect of multiple components and the special
sub-1 nm nanoheterostructures providing more active sites. We
believe our work would pave the way for the preparation of
multi-component 2D hybrid sub-1 nm heterostructures with
more novel properties for a wider range of applications.
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