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Polymer-embedded metal nanoparticles are in great demand owing
to their unique features, leading to their use in various important
applications, including catalysis reactions. However, particle sinter-
ing and aggregation are serious drawbacks, resulting in a drastic
loss of catalytic activity and recyclability. Herein, a reduction-
immobilizing strategy of polymer-embedded sub-2 nm Cu nano-
particles offered highly controlled distribution and nanoparticle
size within polymer structures with high fidelity. This work sheds
light on the high catalytic performance of nanoparticles that rely on
their ultrasmall size and uniform distribution in polymer structures,
generating more active sites that result in high efficiency reduction
of organic compounds. A catalysis study was carried out for the
hydrogenation of nitro compounds, achieving nearly 100%
reduction in an extremely short time and remaining stable after
15 consecutive cycles. Furthermore, the catalytic mechanism was
demonstrated by density functional theory (DFT) calculations.
Notably, the discovery of this facile strategy may enable the
remarkable cutting-edge design of catalyst materials with promis-
ing performance and stability.

1. Introduction

Noble metal nanoparticles (NPs) belong to an important class
of materials owing to their great physiochemical properties and
particular electronic structure as well as their state-of-the-art
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New concepts

We put forward the catalytic performance of hybrid materials consisting
of polymer-embedded Cu nanoparticles (NPs) on top of an inorganic layer
fabricated by plasma electrolysis, with a special highlight on the uniform
size and distribution of Cu NPs, leading to robust catalytic performance.
The interaction between polymer-Cu NPs-inorganic layer was calculated
via computational simulation and the proposed catalytic mechanism was
discussed to provide more insight on how this material might be
considered as an efficient candidate for catalytic applications.

applications in many fields, especially in plasmonics," optics,”
catalysis, photocatalysis, and electrocatalysis.’® In particular,
ultra-small size nanoparticles demonstrate high activity in the
related applications.’®™* However, upon efficient utilization at
the industrial level, such as the effective transformation of
organic compounds into high added-value components, the
high cost of Pt,'"* Ag,2 and Pd'>'° is prohibitive. Therefore, the
ever-growing demand for industrial applications has boosted
the exploration of alternative materials that are both cost-
effective and highly active. For decades, Cu-NPs have been
particularly attractive due to their low cost and high natural
abundance while offering comparable thermal and electrical
conductivity."”” However, the inherent instability of Cu-NPs
under atmospheric conditions often leads to high susceptibility
to oxidation in the air, allowing the formation of more stable
copper oxide NPs, which hinders their structural integrity as
well as the potential for the aforementioned applications.
Apparently, numerous approaches for synthesizing Cu-NPs
generally rely on conventional chemical treatments, such as
microwave-assisted methods,'® electrochemical synthesis,19
and wet-chemical methods.?° Despite specific successful efforts
and noteworthy progress in these methods, the use of Cu-NPs is
still restricted by the long-lasting problems that arise from (i)
the high intrinsic tendency of NPs to aggregate and (ii) inherent
instability under atmospheric conditions, and thus ought to be
kept as a suspension at ultralow temperature. Nonetheless,
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freeze drying the suspension of NPs typically results in the
irreversible aggregation of NPs, which are unlikely to be
redispersed.”’ To address these issues, researchers have devel-
oped metal supports in which various methods have been
proposed to improve the chemical stability of Cu-NPs, espe-
cially in aqueous solution, by utilizing polymer ligands such as
polyethylene glycol,> polystyrene,*® and polyacrylamide.>* For
instance, Poupart and coworkers® developed the use of a
permeable monolith as a support for Cu-NPs. The pre-
synthesis method involved three steps: synthesis of the mono-
lithic capillaries and surface pretreatment of the monolith,
in situ synthesis of the porous monolith, surface functionaliza-
tion, and eventually in situ formation of copper nanoparticles.
For the same purpose, Zhang et al.>® fabricated and immobi-
lized Ag-Cu NPs on the surface of polypropylene fabrics to
prevent agglomeration by combining a radiation-induced graft-
ing method with postprocessing. Another report by Haider
et al.”” synthesized Cu-NPs/CS-CMM (chitosan-cellulose micro-
fiber mat) by adhering CS on CMM and adsorbing Cu®" ions,
followed by chemical reduction of ions to Cu-NPs. Sun and
coworkers prepared Cu-NPs/Cu,O/C by a wet chemical method
on MOF-based foam by the in situ growth of carboxymethyl
cellulose (CMC), followed by pyrolysis of the two synthesized
precursors at 600 °C.>® Lichen Wang et al. successfully carried
out the immobilization of nano-Cu on a ceramic membrane,
resulting in more uniformly dispersed Cu nanoparticles which
provided more active sites for the catalytic reaction, leading to
enhanced catalytic conversion.>® Different approaches were
employed primarily by introducing additional capping agents
to stabilize Cu-NP nanoparticles, as demonstrated by Verma
et al.*° They fabricated Cu-NPs with polyvinyl pyrrolidone (PVP)
to generate stable materials because Cu-polymer composites,
at least two major components, have the potential to outper-
form similar materials made from any one of their single
components. However, practical application of supported Cu
catalysts of the aforementioned synthesis methods faces great
challenges as follows: (i) the requirement of high-temperature
reactions that are not preferable in industrial fields; (ii)
uncontrollable and inhomogeneous Cu particle growth in size
and distribution; (iii) the challenges of fabricating polymer-
supported Cu-NPs with small metal sizes and superior stability
by one step; (iv) the recovery process of Cu-NPs from an
aqueous solution often being time-consuming and complex;
(v) the poor stability of Cu-NPs, which tend to sinter easily
under reaction, leading to a drastic loss of their catalytic
activity with time; (vi) apparent hydrolysis of the polymer in
aqueous solutions. In addition to that, the recovery of
nanoparticle-polymer catalysts from aqueous solution still
remains a serious problem to be solved and contributes to a
drastic loss of catalytic activity with time. Therefore, it remains
a critical challenge to create an effective and general route for
preparing supported Cu-NPs with both excellent catalytic activ-
ity and long-term stability under extreme environmental
conditions.

In this research work, the authors have successfully fabri-
cated a layer-by-layer catalyst material comprising Cu NPs
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supported on a polymer matrix, which is anchored on MgO
by taking advantages of the naturally formed porous surface.
This research work has successfully addressed several chal-
lenges identified in the previous studies, such as the attempt to
achieve uniform size and distribution which strongly influence
the catalytic performance of 4-NP reduction. These issues
remain critical challenges using conventional synthetic
techniques.**? In this work, the synthesis of Cu NPs occurred
at a temperature comparatively lower than that of other
methods,**> which is more preferable to be applied in the
industrial field due to its ease of use, simplicity, and real-time
aspects. Moreover, Cu NPs grew uniformly both at particularly
small size and uniform distribution due to the encapsulation of
the polymer layer, enhancing overall catalytic performance.
Unlike conventional Cu NPs in the form of a powder, Cu-
PVAc@MgO offered a direct and efficient recovery process,
reducing the time and complexity of catalyst recovery. In
addition, the growth of the Cu NPs on the polymer matrix,
which is anchored on porous MgO, maintains constant activity
over extended cycles, avoiding unnecessary active site leaching
as well as NP sintering that may significantly reduce the
catalytic performance. Eventually, the presence of MgO ensured
the structural stability of the Cu-containing PVA layer and
prevented the degradation and deactivation. Thus, we proposed
a new method, a reduction-immobilizing strategy (R-IS), and
succeeded in embedding sub-2 nm Cu-NPs in a polymer layer
anchored onto porous MgO. R-IS is a method comprising a
plasma-assisted process to produce a porous MgO film that can
provide specific adsorption sites for stabilizing polyvinyl acet-
ate (PVAc)-supported Cu-NPs, thereby maintaining catalytic
performance. These unique porous structures of MgO not only
merge the features of active site availability but also donate vast
space for the nucleation and incorporation of various organic
polymers or catalytically active species, including polymers,
metal organic frameworks (MOFs) or M-NPs (e.g., Au, Pd, Ru,
Rh, Cu, Ni, Fe).

Herein, the porous MgO layer was used as a catalyst support
to load the Cu-NPs generated from the in situ reduction of a
metal salt (Cu(NOj3),) in the presence of polyvinyl acetate (PVAc)
as a polymeric stabilizer of Cu-NPs to prevent the oxidation and
aggregation of Cu-NPs, which is of upmost importance for the
catalytic performance. The robust and direct immobilization of
PVAc-embedded Cu-NPs on the porous surface would result in
completely adhered Cu-NPs to the surface of the porous MgO
support. Hence, PVAc-embedded Cu-NPs are utilized to
improve the catalytic reduction of 4-nitrophenol (4-NP) as a
toxic environmental pollutant that poses a great threat to
human health and remains in the environment for a long
period due to its stability, into non-hazardous compounds such
as 4-aminophenol (4-AP), thereby removing the toxic material
and preparing high-value chemicals,*® which is an essential
intermediate in the preparation of explosives, organic pig-
ments, pesticides, and medicines.?” As a result, an outstanding
synergistic effect between polymer-Cu-NPs and MgO support is
expected, as further clarified by density functional theory (DFT),
giving rise to new structural integrity and adding to the

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4mh01220h

Published on 07 November 2024. Downloaded on 1/30/2026 12:56:13 PM.

Materials Horizons

versatility of catalytic properties, which opens new opportu-
nities for the robust advancement of the catalysis field.

2. Results and discussion

2.1. Structural analysis of uniformly dispersed Cu-NPs
embedded in PVAc on an MgO support

Conventionally, recent approaches (e.g., three complementary
strategies: in situ growth of M-NPs, integration of M-NPs into
resin surfaces, and selective surface decoration of polymeric
structures) have been widely implemented to fabricate a
large number of M-NP-polymer catalysts using wet chemical
methods; however, these strategies require sophisticated and
challenging preparation processes as well as cost-ineffective
processes with limited control of NP size and size
distribution.®® In contrast, the proposed system of “R-IS”
contains two steps: (1) facile and simultaneous reduction of
metal precursors and assembly of the polymer shell surround-
ing the reduced metal NPs and (2) anchoring of the metal-
polymer onto the porous MgO fabricated using a reduction-
assisted method. As a demonstration, we synthesized Cu NPs
embedded by crosslinked PVAc (citric acid (CA) as a cross-
linking agent) anchored onto a porous MgO support layer
grown on a Mg plate, denoted as Cu-PVAc@MgO, as illustrated
in Fig. 1a. By taking advantage of physical bonding between the
Cu-PVAc layer and MgO layer through interconnected pores,
cracks and defects, the surface roughness of the MgO layer can
significantly enhance the contact area and offer multiple
anchoring points through mechanical interlocking with the
polymer. This would influence the dispersion and adhesion
of the Cu-PVAc layer, hence improving the stability of the Cu-
PVAc layer. In addition, intermolecular interactions such as van
der Waals forces and hydrogen bonding are expected to con-
tribute to the successful adherence of Cu-PVAc on the MgO
layer. Notably, porous MgO film supports are generated by the
PE method (Fig. S1, ESIt), resulting from the unique electrical
field effect (described in the Supplementary Note and Fig. S2,
ESIT), which is generally used in the surface treatment of light
practical metals (i.e.,, Mg-, Al-, and Ti-alloys).>**® The SEM
cross-sectional morphology of Cu-PVAc@MgO is displayed with
additional information for each layer in Fig. S3 (ESIf).
Apparently, the uniform microstructure generated by R-IS
was shown by the low-magnification TEM in Fig. 1a. The size
and distribution of Cu-NPs are depicted in Fig. 1b as well as Fig.
S4 (ESIt), showing comparatively high-magnification images
where Cu-NPs are clearly visible and embedded in the amor-
phous polymer matrix at which varied ultrasmall NP sizes are
mostly approximately 1-2 nm. The illustration in the inset of
Fig. 1c depicts how Cu-NPs were embedded by a polymer in
which the blue line describes the polymer chains, while the
purple line in the dashed line illustrates the cross-linking
agent, citric acid (CA). In this case, CA would strengthen one
polymer chain to the other chain as a result of the interaction
between PVAc and CA. The intrinsic properties of CA alone,
which increase the water-resisting capacity of PVAc, result in an
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insoluble polymer layer. Fig. 1d-f confirms the presence of
Cu-NPs by high-resolution TEM (HR-TEM), in which the small
particles can be identified as metallic Cu by the lattice fringes
of Cu (111).**! The fringes revealed by TEM reaffirmed the
existence of metallic Cu, which infers that Cu®*' ions from
Cu(NO3), successfully undergo a reduction reaction. In addi-
tion, it is interesting to note that PVAc plays an important role
in protecting metallic Cu-NPs from oxidation in ambient air.
Due to the presence of CA, the self-assembled polymer chains
became more compact and easily interact with each other,
resulting in the uniform growth of small and independent
Cu-NPs within the polymer chains.

EDS mapping is indicated in Fig. 1g-i to ascertain the
elemental composition of the layer. The EDS spectrum con-
firmed the presence of C and Cu, indicating PVAc and Cu-NPs,
respectively, in Cu-PVAc@MgO. Owing to the high porosity,
surface area and good ability to absorb the polymer, the MgO
support promotes the embedment of the polymer and Cu-NPs.
Plenty of reports in conventional synthesis methods have
shown that incorporating more elements typically results in
heterogeneous and segregated structures. This reduction-
immobilizing method could overcome these drawbacks by
generating an in situ reduction phenomenon of Cu precursors
in polymers deposited onto MgO supports.

2.2. Compositional analysis of Cu-PVAc@MgO

To verify that Cu-NPs were successfully prepared by Cu-
PVAc@MgO, the chemical constituents were analyzed by X-ray
diffraction (XRD), as presented in Fig. 2a, with peaks predomi-
nantly assigned to metallic Mg, MgO and Mg,SiO,. The char-
acteristic peaks of Mg (JCPDS no. 00-035-0821) are observed due
to the extent of strong X-ray penetration. Diffraction peaks
detected at 260 = 32.42°, 38.42°, 44.72°, and 81.92° were assigned
to Mg,SiO, (JCPDS no. 00-004-0768) as a result of the inter-
action between the Mg substrate and ions generated from the
electrolyte during PE, while peaks at 36.82°, 43.07°, 63.37°, and
78.27° corresponded to MgO (JCPDS no. 01-078-0430). Likewise,
the broad peak of the polymer in the Cu-PVAc@MgO sample
when compared to that of the MgO sample was detected as an
amorphous peak.*> A recent report showed that crystalline Cu
peaks were not detected by XRD since the concentration was
low and the size of Cu-NPs was extremely small, in agreement
with our experimental observations.**** In addition, the rela-
tively high intensity of MgO compared to Cu-NPs meant that
the presence of Cu-NPs was unlikely to be detected.

Further Fourier transform infrared (FT-IR) spectra of both
the Cu-PVAc@MgO and MgO samples were recorded, as
depicted in Fig. 2b. The functional groups present in the
polymer were indicated by several sharp and intense peaks.
The predominant peak at 1729 cm ™" is assigned to the C=0
stretching vibration associated with the ester network of acetate
groups.*® This peak was complemented by two less intense
peaks at 1433 and 1370 cm ™' due to the ~-CH; asymmetric and
symmetric bending vibrations, respectively. The second most
intense peak was detected at 1225-1016 cm ', followed by a
less intense peak at 947 cm™ ', showing the asymmetric C-O
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Fig. 1 Schematic illustration of the reduction-immobilization strategy in preparing the Cu-PVAc@MgO catalyst. Morphological characterization by (a)
low magnification TEM, showing the uniform distribution and size of Cu NPs, and (b) TEM, showing the spherical shape of Cu-NPs as marked by circular
dots. (c) lllustration of Cu-NPs surrounded by PVAc. (d) HR-TEM identifying the lattice distance of Cu-NPs. (e) HAADF-STEM image of Cu-PVAc @MgO
with the size distribution, indicating that the size of one NP cluster is mostly between 1-2 nm. (f) HR-HAADF-STEM image of Cu-NPs, (g) HAADF-STEM
image of Cu-NPs and the corresponding mapping area of (h) copper and (i) carbon.

stretching mode of ester groups. Furthermore, doublet peaks
of -CH; and -CH, asymmetric stretching vibrations at 2973-
2926 cm™ " were detected. The peaks of the functional groups in
the as-prepared PVAc are in agreement with the initial PVAc, as

902 | Mater. Horiz., 2025, 12, 899-914

depicted in Fig. S5 (ESIT), confirming the successful deposition
of PVAc onto MgO. Meanwhile, the peak at 3463 cm™' was
assigned to ~OH as a result of the crosslinking behavior of PVAc

with CA. Meanwhile, in the MgO sample, the characteristics of
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Fig. 2 Chemical composition of Cu-PVAc@MgO showing (a) X-ray diffraction spectra and the corresponding peaks, (b) Fourier transform infrared
spectra with the associated functional groups as highlighted by dotted lines. Deconvolution XPS spectra at the core level of (c) O 1s and (d) Cu 2p of MgO.
The peak of Cu 2p was not presented due to the absence of Cu NPs. Deconvolution XPS spectra at the core level of (e) O 1s and (f) Cu 2p of Cu-
PVAc@MgO. Additional peaks were clearly seen in O 1s and Cu 2p as a result of Cu-PVAc deposition on MgO.

the bands related to Mg-O stretching modes were noted at
approximately 700 cm ', and similar peaks with lower intensity
were detected in the Cu-PVAc@MgO sample.

The surface chemistry of the synthesized polymer-embedded
Cu-NPs was further determined by X-ray photoelectron

This journal is © The Royal Society of Chemistry 2025

spectroscopy (XPS) to investigate the oxidation states of the
elements. The XPS survey spectrum in Fig. S6a (ESIt) clearly
depicts the existence of Mg 1 s, O 1 s, and Si 2p. Although it is
difficult to observe the Cu 2p peak in the XPS survey spectrum
due to the low concentration of Cu-NPs, the deconvolution of
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Cu 2p was accordingly fitted to present the peak. The high-
resolution (HR)-XPS profile corresponding to Mg 1 s in Fig. S6b
and c (ESIY) refers to the presence of MgO and Mg,SiO, at
1303.28 and 1304.28 eV in both the MgO sample. Other peaks
found at binding energies of 531.38 and 532.28 ¢V in O 1 s
(Fig. 2c) shows the interaction originating from MgO and
Mg,SiO,. It is apparent from the XPS peak that the MgO sample
displays no binding energy peak of Cu (Fig. 2d). Meanwhile, the
additional two peaks shown in Fig. 2e at 531.68 and 532.78 in
the O 1 s orbital were ascribed to C—=0O and C-O, respectively,
from Cu-PVAc@MgO. The presence of Cu-NPs is indicated in
the HR-XPS spectra of Cu 2p at 932.38 and 952.68 €V, showing
the energy splitting of Cu 2p;z, and Cu 2p,),, respectively
(Fig. 2f). The existence of Cu’ is confirmed by the peak in the
Cu 2p XPS profile of the Cu-PVAc@MgO catalyst. Despite the
low concentration of Cu, its presence is suggested to be stable;
otherwise, weak satellite features would be recorded between
the Cu 2p;, and Cu 2p,, binding energies.*® The composi-
tional analyses of Cu-PVAc@MgO through XPS were in line with
the XRD and FTIR results, suggesting that Cu-NPs were suc-
cessfully embedded by PVAc molecules.

Another upmost prominent factor in determining polymer
stability is the measurement of thermal stability. The thermal
properties of the polymers were investigated by TGA, as dis-
played in Fig. S7 (ESIt). The removal of adsorbed volatiles was
followed by the elimination of water molecules on the sample
surface due to high temperature, resulting in a mass loss of
17.55% in the temperature range of 150 °C up to 240 °C,
followed by 50.41% mass loss, indicating the elimination of
acetic acid, which is continuously removed until approximately
390 °C." In the case of Cu-PVAc@MgO, this gradual mass loss
could be attributed to the elimination of physically absorbed
volatiles followed by the subsequent decomposition of
acetic acid.

In the case of the control sample (PVAc), the main decom-
position stage begins at 300 °C, resulting in a drastic mass loss
of up to 62% when the curves almost overlap at approximately
360 °C, indicating a decomposition process ascribed to the
dehydroxylation reaction and the release of acetic acid due to
PVAc degradation. After the temperature reached 390 °C, a
similar decomposition process can be observed for both Cu-
PVAc@MgO and PVAc. Consequently, the thermal analysis
accurately detects the similarities between the synthesized
polymer film (Cu-PVAc@MgO) and the standard film (PVAc).
Taking into consideration the aforementioned factors, Cu-
PVAc@MgO may emerge as a potential catalyst material that
remains stable even for a reaction taking place at high tem-
perature without any decomposition risk up to 250 °C.

2.3. DFT and PDOS study of Cu-PVAc@MgO

To elucidate the electronic contribution of the Cu-PVAc@MgO
system, the interaction between each system was elaborated at
the molecular level by density functional theory (DFT) and the
density of states (DOS). The calculations were derived following
the optimization of the adsorption energy in each system
consisting of polymer, Cu-NPs, and MgO, showing that the
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Fermi level was set to zero, as indicated by the dashed line.
Fig. S8 (ESIt) shows the partial DOS (PDOS) of Cu NPs and
PVAc, which demonstrate the distinctive relative height of the
curves at different energy regions, implying that among the two
systems, Cu-NPs have a higher contribution to the molecular
orbitals than PVAc.

An optimized structure consisting of Cu-NPs, PVAc chains,
and MgO is illustrated in Fig. S8 (ESIT) along with the presence
of hydrogen bonding. PVAc provided a number of hydrogen
bonds through CH;COO™ to interact with the MgO layer, which
is attributed to the hydrogen atom in the polymer and the
oxygen atom in MgO. This bond is suggested to be responsible
for the intermolecular force that promotes the adhesion
strength of PVAc to the interface of MgO. Meanwhile, the
bonding strength between PVAc and Cu-NPs would be asso-
ciated with the interaction among Cu atoms with carbon and
oxygen from PVAc, as depicted in Fig. S8 (ESIt). The atomic
distance of Cu with carbon was calculated to vary at 1.43, 1.50,
1.55, 1.72, and 1.92 A, which shows a strong interaction
between Cu and carbon atoms originating from the polymer.
On the other hand, the interatomic distances between Cu and
oxygen of the polymer chains are 1.52, 1.75, 1.68, and 1.77 A,
suggesting additional strong interactions, as further verified by
the interaction between Cu and PVAc shown in Video S1 (ESIf).
These results suggest that Cu is strongly embedded in the
polymer with a low possibility of leaching out of the catalyst
system, which further leads to the high stability of Cu-
PVAC@MgO.

2.4. Catalytic performance of Cu-PVAc@MgO supported by
DFT calculations

The reduction of nitroarene compounds such as 4-nitrophenol
(4-NP), 1,3-dinitrobenzene, 1-bromo-2-nitrobenzene, 1,4-dinitro-
benzene, 4-nitrotoluene, and 1,2-dinitrobenzene to the corres-
ponding amines was evaluated using sodium borohydride
(NaBH,) as a hydrogen donor. The reduction reaction is unlikely
to proceed without the addition of catalyst, as the absorption
profile remains nearly constant, as seen in Fig. 3a, after keeping
the reaction mixture for 2 h due to the lack of electron transfer
from BH,~ to 4-NP. In contrast, the reduction of 0.036 mM 4-NP
using a 6.25 cm’® area of Cu-PVAc@MgO with 0.165 M of
hydrogen donor started to produce 4-aminophenol (4-AP), which
subsequently reaches nearly 100% conversion, as depicted in
Fig. 3b. Upon the addition of the catalyst, the absorbance peak
corresponding to 4-NP at ~400 nm rapidly declined along with
the reaction time, demonstrating a robust catalytic reduction, in
which almost all 4-NP had been converted to 4-AP. In the
meantime, completion of the reaction was confirmed by a
change in color in the reaction solution from yellow to colorless
as well as a simultaneously formed new absorbance peak at
285 nm monitored by UV-Vis absorbance at regular intervals,
which belongs to 4-AP.

To further evaluate the performance of the Cu-PVAc@MgO
catalyst, a reduction of 4-NP was carried out over MgO in the
presence of a hydrogen donor, which showed no noticeable
reduction peak in the range of 250-500 nm (Fig. S9a, ESIY); this

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Time dependent UV-Vis spectra during the catalytic reduction upon 5 ppm 4-NP (a) without the presence of Cu-PVAc@MgO and (b) over Cu-
PVAc@MgO. (c) The durability of the Cu-PVAc@MgO catalyst after 15 consecutive cycles showing that the efficiency declined insignificantly. (d) Efficiency

of Cu-PVAc@MgO with varying nitro compounds.

indicates that MgO shows no catalytic activity.*® The reusability
of the Cu-PVAc@MgO catalyst was investigated for 15 cycles of
consecutive reactions under the same conditions. The results
indicated that the catalyst could reach at least 15 cycles with an
insignificant decline in the catalytic activity even after the 15
cycles, suggesting excellent catalytic stability, as depicted in
Fig. 3c. Furthermore, there was no need to increase the reaction
temperature, time or pressure, which are often prerequisites to
carry out a reaction. The reduction of a wide variety of com-
pounds was evaluated accordingly (Fig. 3d), showing that the
catalyst might undergo diverse reduction reactions. However,
the catalytic system was found to be efficient regardless of the
presence of electron-withdrawing or electron-donating groups.
Interestingly, the catalytic performance of Cu-PVAc@MgO in 4-
NP presented the highest percentage among the reported
compounds, with detailed absorbance curves of each sample
shown in Fig. S9b-f (ESIT). To ensure that the catalytic reaction
occurred efficiently without the limitation of the polymer layer,
a UV-Vis absorbance profile is provided in Fig. S10 (ESIt) upon
a sample containing a MgO-polymer layer without the existence
of Cu NPs. This suggested that Cu NPs are indeed the active site
of the catalyst system.

This journal is © The Royal Society of Chemistry 2025

The reduction of nitroarenes with para-geometries having
electron-donating groups generated higher product yields than
those of ortho and meta geometries; this is due to the steric
hindrance arising from the spatial arrangement of the func-
tional groups in nitroarene compounds,*®*® which is in line
with the adsorption energy of 4-NP. Upon increasing the Cu
content of Cu-PVAc@MgO, the same experimental conditions
were assessed in different amounts of PVAc and Cu NPs to
determine the efficiency of each composition according to the
performance, as shown in Fig. S11a and b (ESIt). The greatest
performance was achieved when the concentrations of Cu-NPs
and PVAc were 1 g L™ " and 1.5 g L, respectively.

The analysis of XRD and FT-IR before and after the
reduction reaction (similar peaks are shown in Fig. S12a and
b (ESIT) of Cu-PVAc@MgO) confirmed the sustainability of the
structural integrity and robust stability of the Cu-NPs. In
addition to the FT-IR and XRD analysis of Cu-PVAc@MgO after
15 consecutive cycles of reduction, the SEM and TEM shown in
Fig. S13a and b (ESIt) indicated no change in the Cu-PVAc
surface which also confirmed the strong Cu-polymer interac-
tions. Considering the preparation strategy, direct deposition
of Cu-NPs by a wet chemical method without embedment in a
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polymer matrix onto the MgO surface showed a considerably
lower efficiency and a drastic decline in catalytic performance
over 5 cycles (Fig. S14a and b, ESIt). This result was achieved
due to the irregular distribution and detachment of Cu-NPs
from the catalyst. It is worth noting that the catalysts fabricated
using our method possess exceptional resistance to aggregation
as well as the stability of the supported Cu-NPs, which leads to
not only a uniform distribution of NPs but also rapid catalytic
performance. Thus, it might be concluded that the polymer
assisted the binding of Cu-NPs on the MgO support, preventing
the loss of NPs, which is responsible for the catalytic activity.
The kinetic parameter value, which is the reaction rate, was
determined to determine the activation energy for reduction to
occur. The pseudo-first-order kinetics presented in eqn (1) are
suitable to calculate the reaction rate since the concentration of
4-NP is much lower than that in NaBH,.
A, C

lnA—O = lna) = —kappt (1)
where A, and A, represent the absorbance of the initial 4-NP and
residual 4-NP at 400 nm after reduction, respectively; C; and C,
are the concentrations of 4-NP corresponding to A, and A,,
respectively; and k,pp, is the apparent rate constant. Linear
growth could be used to fit the correlation between In(C,/Cy)
and reaction time ¢, while each k,,, value can be measured
from the slope, as shown in Fig. S15 (ESIt), which displays the
results of 4-NP reduction reactions catalyzed by Cu-PVAc@MgO
at different reaction temperatures, demonstrating that a tem-
perature rise has a positive effect on the reaction kinetics. As
shown in Fig. $15 (ESIT), the k,pp value increases from 0.0319 to
0.0374 s ' as the reaction temperature increases from 25 to
45 °C. The k,pp, value indicated a reaction rate in reducing 4-NP,
to which a comparison with the reported noble metal and Cu-
based catalysts is shown in Table S1 (ESIf), implying that the
reaction rate of the current catalyst material is the highest
among the reported catalyst systems. By determining the value
of kapp, according to the Arrhenius equation, the activation
energy (E,) of a reaction can be determined by the following
equation:*"

Inkaypp =InA4 — % (2)
where A denotes the Arrhenius factor; R is the universal gas
constant (8.314 J (mol K) "), and T is the corresponding
temperature of the reaction. The value of the activation energy
(E,) is calculated to be 8.36 k] mol " according to the linear plot
of Ink,,, against 1/T, which is significantly lower than the
recent reports for metal-based catalysts, such as Cu,O/Cu/NC
(50.7 kJ mol™"),>* Pd/SiO,-p-NIPAM (37 k] mol™"),>* CugoNige-
CeO, (39.6 k] mol™"),>* Au/PMMA (38 k] mol™"),>® and PtCoY
(55 kJ mol ").”° These results reveal that even without elevated
temperature (e.g., ambient temperature), Cu-PVAc@MgO is at
least comparable or even superior to that of several reported
cases®*>*7%% in driving the 4-NP reduction, and thus, Cu-
PVAc@MgO emerges as a potential catalyst; this is because
three factors are responsible for this high and robust catalytic
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activity: (1) the small size and high dispersion of Cu NPs on the
support surface via the reduction-immobilization strategy, (2)
the as-prepared Cu-PVAc@MgO catalyst does not require an
induction period, and (3) the borders and perimeter beside the
embedded structure of Cu NPs with PVAc on the MgO surface
can generate abundant active sites that are critical for achieving
high catalytic performance.

The reduction reaction of 4-NP to 4-AP was further mon-
itored by in situ Raman absorbance (Fig. S16, ESI{), showing
the characteristic of functional groups attributed to the
reduction of 4-NP producing 4-AP. According to the spectra,
three stable peaks at ~576, ~1098, and ~1657 cm™ ' were
ascribed to the C-H asymmetric stretch of the aromatic ring,
while two new peaks at ~ 862 and ~1299 cm™ ' were associated
with N-H asymmetry and symmetry, respectively.”® These
vibration signals indicated that NO, was successfully reduced
to NH, within 30 s in the presence of the catalyst. Further
analysis of the final product was conducted through LC-MS, as
depicted in Fig. S17 (ESIt), revealing that the mass spectro-
meter indicated an m/z value of 110.06, which aligns with the
mass-to-charge ratio of 4-AP.

In comparison to the conventional powder catalysts, which
are difficult to directly employ in dynamic catalytic reactions,
Cu-PVAc@MgO shows advantages. In some cases of powder
catalyst, weak active particle-support interactions yield highly
catalytic activity but difficult to avoid detachment and leaching
from the support surface during the reduction reaction. Thus,
numerous efforts have been made in an attempt to avoid metal
leaching by enhancing the interaction between metal NPs and
the support.®®®* However, in this catalyst system, the detach-
ment of catalyst active sites into the solution could be pre-
vented since the polymer binds the nanoparticles firmly to the
support. In addition, embedding Cu-NPs in PVAc would retain
itself from natural agglomeration and inevitable oxidation
during the catalytic reaction. Thus, the combination of MgO
and Cu-NPs proved to show a synergistic action in reducing
nitro groups into amines since electron transfer improves the
catalytic performance.®*® Moreover, not only the electron
transfer, but also the adsorption of organic molecules (4-NP)
influences the catalytic activity. It is suggested that this reaction
is highly influenced by the MgO support since it provides a high
adsorption capacity.®>®° This reveals the effects brought by the
adsorption of 4-NP at the surface of the catalyst material and
electron transfer behavior of Cu active sites that are responsible
for catalytic performance, overcoming the long-standing chal-
lenge of catalyst materials by providing both functionality and
stabilization.

To further identify the catalytic performance, the mecha-
nism pathway proposed in this work is illustrated in Fig. 4a:
BH, and 4-nitrophenol were sequentially adsorbed on the Cu-
NP surface with the assistance of MgO. The adsorption of 4-NP
molecules at the surface of the catalyst prior to reduction is
mainly due to electron transfer between Cu-NPs and BH, ,
which leads to the hydrogenation reaction of nitro groups. Due
to the high ability of Cu® to transfer electrons, it facilitates the
electron transfer of BH, , as it is highly active and responsible

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Reduction mechanism of 4-NP to 4-AP over Cu-PVAc@MgO involving adsorbed hydride at the surface of the catalyst. (b) The catalytic
efficiency, reaction time, and stability of Cu-PVAc@MgO in comparison with the reported Cu-based catalysts.

for the hydride transfer reaction.”®®” In addition, the basic
nature of MgO and the acidic properties of 4-NP result in acid-
base interactions. The basic sites of MgO, which are primarily
associated with the presence of oxygen ions on the surface,
have the ability to accept protons from the hydroxyl group in 4-
NP, giving rise to the affinity toward 4-NP, allowing for adsorp-
tion to ocecur easily.®®® Therefore, the basic nature of the MgO
support plays a prominent role in assisting the adsorption step,
which is in line with the absorbance curve drawn in Fig. 3a.

The catalytic steps are then followed by surface-hydrogen
species indicated by the formation of hydrogen bubbles at the
catalyst interface and electron transfer from BH, to 4-NP to
produce 4-AP prior to the desorption process of 4-AP. NaBH,
was adsorbed and desorbed on the surface of Cu-NPs, and
copper hydride was formed due to the dissociation of H from
NaBH,. Subsequently, hydrogen and electrons transferred to
the nitro group of 4-NP, which was converted into 4-AP after
hydrogenation along with the color change of the solution from
yellow to colorless. 4-AP was then desorbed from Cu-NPs and
took part in the catalytic reaction again. This suggests that the
outstanding catalytic performance during the reduction of 4-NP
can be attributed to the synergistic behavior between the MgO
support and polymer-embedded Cu-NPs.

The presence of Cu-NPs embedded in the polymer matrix
would result in a hydrogen atom (H) from NaBH, to form a
bond with Cu, known as Cu-hydride, which leads to the
promotion of electron transfer from BH, to 4-NP, resulting
in the initiation of the hydrogenation process. To further
elucidate the catalytic activity of Cu-PVAc@MgO, a synergistic
catalytic mechanism between the three systems was proposed.
The mechanism suggests that an efficient adsorption of reac-
tants and rapid hydrogen transfer from BH,  to 4-NP over Cu-
PVAc@MgO governs the reduction of 4-NP. The electron trans-
fer caused Cu NPs to be electron-deficient and become

This journal is © The Royal Society of Chemistry 2025

electrophilic. In the presence of BH, , due to the weak basicity
of NaBH,, the molecules deprotonate and trigger the formation
of 4-nitrophenolate ions. Subsequent to the adsorption process
promoted by MgO, the negatively charged 4-nitrophenolate and
BH, ions preferentially react with the electrophilic Cu-NPs.
Meanwhile, the BH,  ions donate electrons to the electron-
deficient Cu-NPs and generate active hydrogen atoms that are
suggested to be responsible for the hydrogenation of 4-NP.”°
Due to thermodynamically unstable hydrogen atoms, it readily
reacts with 4-nitrophenolate ions, releasing bubbles as evi-
dence of their presence since the unreacted hydrogen species
might bind with each other and generate H, gas.”" This process
continued for at least 15 cycles, which was attributed to the
uniform size and distribution of Cu-NPs grafted throughout the
polymer layer.

The efficient catalytic performance based on three crucial
parameters, including reaction time, efficiency, and recyclabil-
ity, of this catalyst material was compared with other Cu-based
catalysts, and it is worth noting that the catalyst in our work
outperforms the reported cases,”>®' as described in Fig. 4b.
This result highlights the prominent strategy between Cu-NPs
and the polymer matrix, which effectively brings the underlying
mechanism in enhancing the catalytic reaction of 4-NP.

To shed some light on the reduction reaction and mecha-
nism in the presence of a catalyst that exhibits high catalytic
performance, a computational study by DFT simulating the
physical adsorption energy (AE,qs) during the reduction of 4-NP
by Cu-PVAc@MgO was performed to elucidate the interactions
between four systems consisting of 4-NP, polymer, Cu-NPs, and
MgO in a four-cell system. Several geometries of 4-NP were
drawn based on the optimization of its position. These posi-
tions showed that 4-NP could undergo several geometries
during reduction reactions. Some molecules were adsorbed in
the parallel geometries to the metal surface via an aromatic
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Fig. 5 Catalytic mechanism supported by computational simulation in regards with the catalytic behavior of 4-NP molecules with Cu-PVAc@MgO taken
from the optimized (a) top view and (b) side view. (c) Bonding interaction of Cu-PVAc@MgO and the 4-nitrophenol compound with the closest
interacting atoms between Cu NPs and 4-nitrophenol via (d) —OH and (e) —NH, functional groups.

ring, which is facilitated by the interaction between the phi
electron of 4-NP and the surface of MgO. Different geometric
configurations perpendicular to each other were also employed
to further understand the optimum adsorption reaction.

The adsorption energy of 4-NP on the surface of the catalyst
was determined to understand the interactions between redu-
cible -NO, functional groups and Cu-PVAc@MgO. Fig. 5a-e
depicts 5 molecules of 4-NP with different adsorption geome-
tries to illustrate the preferred position during the catalytic
reaction, as we may understand that during the catalytic
reaction, it can generate two common geometries: parallel
and perpendicular. However, under concrete conditions,
some molecules may not bind to the catalyst in parallel and
perpendicular directions. As a result, the adsorption energy
produced by these geometries ranged from —97 kJ mol " to
—125.23 kJ mol !, with an average value of —111.12 kJ mol .
According to the calculation, most of the geometries were either
parallel, perpendicular, or tilt to some degree, showing that
-NO, groups facilitated the reaction of 4-NP molecules to the
catalyst. As depicted by the adsorption results, -NO, groups
were directly facing the catalyst surface on the side of the Cu-
NPs due to the electron-deficient Cu-NPs being drawn by
electron-rich -NO,, which is in line with previous studies.®>
The atomic distance between -NO, and the closest Cu atom is
revealed to be less than 3 A (2.90 and 2.93 A), which is far
shorter than that of -OH sites with the closest Cu atom (5.70
and 5.80 A), indicating that adsorption via -NO, groups is
stronger than that of -OH groups, according to Fig. 5b—d. Thus,
the preferable adsorption site of 4-NP to the catalyst surface is
via -NO, bonding, which is readily converted into -NH,, lead-
ing to a successful and efficient reduction reaction of 4-NP.

908 | Mater. Horiz., 2025, 12, 899-914

Finally, the bonding between 4-NP and Cu-PVAc@MgO is
essential for establishing the relationship between structure
and performance, enabling the development of advanced
catalyst materials. The microstructural and compositional ana-
lyses confirm the successful fabrication of a distinctive struc-
ture offering active sites resulting from uniformity in the size
and distribution of NPs. Moreover, in the case of polymer layer
deposition, several previous studies reported the wavy surface
due to the naturally formed roughness features of the MgO
layer as a result of high temperature plasma through the PE
method, whilst the Cu-PVAc layer was grown on MgO by spin
coating to reduce the non-uniformity of the Cu-PVAc layer, as
shown in Fig. 1a. This finding offers a remarkable enhance-
ment in facilitating efficient catalytic reactions.

In most recent studies, a polymer was used as a stabilizing
agent during the synthesis of Cu-NPs via a conventional wet
method so that the products would remain stable against
oxidation. Nevertheless, this method still induces aggregation
due to Cu-NPs having a high surface area. Thus, our work
provides direct visualization of the in situ reduction of Cu*" to
Cu® inside the polymer matrix on magnesium oxide supports
and clarifies the details of the suppression and uniform dis-
tribution of Cu NPs during the mixing of Cu-NPs into the PVAc
polymer matrix on the porous support surface. In the case of
the current investigation, the formed mixture consisted of Cu-
NPs dispersed in the PVAc matrix, which were relatively stable
in air, unlike the generally susceptible Cu-NPs to oxidation. To
avoid the aggregation of the Cu NPs in the polymer network,
the pH was kept at neutral to almost alkaline because pH > 7
facilitates the dispersion of the polymer by deprotonation of
the carboxylic group becoming carboxylate ions. Subsequently,
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the negatively charged carboxylate ions facilitate the incorpora-
tion of positively charged copper ions into the polymeric net-
work. The role of PVAc in generating Cu-PVAc@MgO is
summarized in two aspects: (i) PVAc can adsorb onto the
surface of Cu NPs, forming Cu-PVAc and thus inhibiting the
oxidation of Cu NPs by water and oxygen; (ii) PVAc can act as a
size regulator by limiting the mobility of Cu NPs and preventing
the growth of NPs due to the dense polymer. Moreover, the
polymer chains were held by a crosslinking agent, so the
bonding between the chains was stronger than that without a
crosslinking agent. Importantly, R-IS treatment provides inter-
molecular repulsion forces as a steric stabilization due to the
large molecules, as in polymer chains surrounding a Cu NP
surface, establishing a protective layer and suppressing aggre-
gation. If the interparticle distance of large molecules (polymer)
was decreased, the aggregation of Cu NPs would be hindered
due to an increase in the density of molecules adsorbed in the
interparticle space. Notably, this would cause a decline in
entropy, giving rise to Gibbs free energy, which is thermodyna-
mically not favorable. Thus, the increased density is responsi-
ble for the growth of repulsive forces. In addition, a higher
volume ratio of PVAc compared to the metal precursor leads to
a decrease in the interparticle space of the adsorbed
molecules.®* As a result, the particle movement would be
limited by the density of PVAc, resulting in a uniform distribu-
tion and uniform size of NPs. These results clarify the for-
mation of Cu-PVAc on the surface of the MgO support, which
completely differs from conventional methods with ligand
adsorption or stabilizing agents to produce NPs, as it only
provides reproducibility and relatively long-term stability.

3. Conclusions

In summary, Cu-PVAc@MgO was successfully fabricated via a
reduction-immobilizing strategy, in which Cu precursors were
reduced by exposure to sodium borohydride, yielding Cu-NPs
within the polymer, overcoming the limitations of the catalyst
system. These composite thin films exhibited robust catalytic
properties closely associated with ultrasmall NPs. Cu-NPs are
responsible for the high catalytic activity owing to their uniform
size and distribution, which efficiently promotes electron trans-
fer between the reducing agent (NaBH,) and organic com-
pounds by the formation of Cu-hydride. Polymers provide a
stable environment, as they hinder Cu-NPs from being oxi-
dized. As a result, high efficiency and stability of the catalyst
materials were possibly achieved by up to ten cycles. These
discoveries provide great alternatives for state-of-the-art catalyst
design, especially in the field of environmental remediation.

4. Methods

4.1. Reagents and materials

Copper nitrate Cu(NO3),-3H,0, polyvinyl acetate beads with
average MW ~ 10000 by GPC, citric acid, ethyl alcohol anhy-
drous, sodium hydroxide (NaOH), potassium hydroxide (KOH),

This journal is © The Royal Society of Chemistry 2025
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sodium silicate (Na,SiO3), sodium borohydride (NaBH,), 4-
nitrophenol (4-NP), 1,2-dinitrobenzene (1,2-DNB), 1,3-dinitro-
benzene (1,3-DNB), 1-bromo-2-nitrobenzene, and 4-nitrotoluene
used in this experiment were of high purity grade obtained from
Sigma Aldrich. All chemicals are used as received without further
purification. Pure water was obtained from a Milli-Q water
purifier.

4.2. Fabrication of the MgO support

The initial substrate for the catalyst support used in the present
study was an AZ31 Mg alloy sheet consisting of 2.89 Al, 0.96 Zn,
0.31 Mn, 0.15 Fe, 0.12 Si, and balance Mg (in wt%). The sample
having dimensions of 30 mm (L) x 30 mm (W) x 4 mm (7)
worked as an anode and a stainless-steel wire was employed as
a cathode. Prior to plasma electrolysis (PE), the sample was
polished mechanically using SiC paper up to #1200 grit,
degreased with ethanol and dried in warm air. Subsequent PE
treatments were carried out in an aqueous electrolyte contain-
ing KOH and Na,SiO; at a concentration of 6 g L™ "and 8 g L7,
respectively. The PE treatment was conducted for 300 s under
an alternating current condition with a current density of
100 mA cm ™ ? and frequency of 60 Hz.

4.3. Synthesis of the Cu-PVAc@MgO catalyst

To synthesize a polymer suspension, the optimum ratio of
polyvinyl acetate (PVAc) as a polymer and citric acid (CA) as
the cross-linking agent was determined. An amount of 1.5 g
PVAc was dissolved in 25 mL ethanol solvent prior to the
addition of 1 g CA. The reaction was facilitated by heating
and stirring at 60 °C for 2 h after which a transparent suspen-
sion was obtained. Afterward, 1 g Cu(NOj3),-3H,0 was dissolved
in 10 mL ethanol, and subsequently 2 mL of the Cu solution
was added dropwise to the PVAc suspension, and then the
reaction was kept heated at the same temperature under
stirring for 30 minutes. The pH of the solution was adjusted
using NaOH up to 7-8 and then the reduction of Cu** to Cu®
was done by using 0.25 mol L' NaBH, solution until the color
changed into dark brown. Prior to Cu-PVAc layer deposition,
the MgO layer was cleaned using ethanol. Subsequently, 1 mL
of Cu-PVAc suspension was deposited on the MgO layer via
spin-coating at 1000 rpm for 10 s followed by 3000 rpm for 20 s.
The sample was cured at 60 °C in a closed system for 24 h to
enhance the cross-linking bonds between PVAc and CA. After
air-cooling, the resulting Cu-PVAc@MgO was used as a catalyst
in aqueous conditions. A similar method was utilized to
fabricate a different ratio of Cu precursor and polymer. Addi-
tionally, as a comparison to the current fabrication method,
direct deposition of Cu NPs through a wet method was carried
out without the presence of polymer. 1 g Cu(NO3),-3H,0 was
dissolved in 10 mL ethanol then directly deposited on the MgO
layer via spin-coating at 1000 rpm for 10 s followed by 3000 rpm
for 20 s. The sample was cured at 80 °C in a closed system for
24 h and used as a comparative sample to elaborate the
catalytic activity of the Cu-PVAc@MgO catalyst.
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4.4. Characterization of Cu-PVAc@MgO

The morphologies of the polymer nanoparticles formed by PE
were observed using a scanning electron microscope (SEM,
HITACHI, S-4800) equipped with energy-dispersive X-ray
spectroscopy (EDS, HORIBA EMAX) for elemental analysis.
The image analyzer was used to measure the average size of
the nanoparticles. Constituent compounds were analyzed by
X-ray diffraction pattern (XRD, RIGAKU, D-MAX 2500) with a
step size of 0.05° within the scan range of 20-90°. The chemical
composition of the composite coating was evaluated in detail
via X-ray photoelectron spectroscopy (XPS, VG Microtech, ESCA
2000), Fourier transform infrared spectroscopy (FTIR, PerkinEl-
mer Spectrum100), and Raman spectroscopy (Horiba, Explora
Plus). The sample production prior to TEM observation was
carried out by a Focused Ion Beam System (FIB, ZEISS AURIGA).
Field-emission transmission electron microscopy (FE-TEM, Jeol
JEM-ARM200F) was utilized to obtain high resolution images of
the composite coating. The electron-transparent sample for
TEM observation was prepared using focused ion beam (FIB,
Helios Nanolab 600). The thermal stability of the polymer was
evaluated by thermogravimetric analysis (TG-DTA, SDT Q600).

4.5. Catalytic reduction of nitrocompounds

All the catalytic reactions were performed with magnetic stir-
ring (600 rpm). In a typical procedure, 100 mL of an aqueous
solution consisting of 4 pmol 4-NP and 0.70 umol NaBH, was
added into a beaker along with 5.0 mg of catalyst sample under
vigorous stirring. At predetermined time intervals, approxi-
mately 3 mL of 4-NP solution was withdrawn and measured
using an ultraviolet-visible (UV-vis) spectrophotometer (Cary
5000, Agilent, USA) to record the change in scanning range of
200-500 nm for 4-NP and 200-350 for nitrobenzene derivatives
at room temperature. The reusability of the catalyst was inves-
tigated by directly removing the catalyst from the solution after
the reaction and drying for 1 h. The catalytic reduction of the
nitro compounds was performed under the same conditions of
4-NP. The catalytic efficiency (1) would be defined as,
A

—A

where A, is the initial concentration of 4-NP and A; is the
concentration of 4-NP at a certain time during the catalytic
reaction.

4.6. Computational calculation by density functional theory
(DFT)

Calculations of frontier molecular orbitals of 4-NP and 4-AP
compounds were performed using the Gaussian 09 W package
using density functional theory (DFT) at the B3LYP level with
the 6-31G++(d,p) basis set. The polarizable continuum model
was adapted in order to account for the effects of aqueous
solvation implicitly. We calculated the energies of frontier
molecular orbitals, such as the highest occupied molecular
orbital (HOMO) as well as the lowest unoccupied molecular
orbital (LUMO).
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The simulation for the Cu-PVAc@MgO system is as follows:
we performed SCC DFTB-MD using the xTB method as imple-
mented in the DFTB+ software, version 22.1. Our system con-
sisted of Cu nanoparticles on a MgO substrate surrounded by
30 polymer chains. To ensure adequate spacing between peri-
odic images of the nanoparticles, we chose a simulation cell
with at least 40 A between them. This design choice allows for a
high virtual concentration of nanoparticles while maintaining
separation between slabs, a common practice in DFT simula-
tions. Additionally, we leveraged the XLBOMD scheme, as
implemented in DFTB+, to accelerate the SCC convergence of
the system. Dispersion correction (D4) was to take van der
Waals forces into account. The system was equilibrated at a
temperature of 300 K for 1000 steps of 1.0 fs in the NVT
ensemble using SCC DFTB-MD. This was followed by a data
gathering simulation of 4000 steps of 1.0 fs in the NVE
ensemble using SCC DFTB-MD. Finally, the obtained structures
were optimized using the conjugate gradient method. In order
to determine the possible adsorption sites of 4-NP on the
obtained structures, 5 NB molecules were randomly added to
each optimized unit cell. Likewise, A 5ps DFTB MD simulation
was performed starting at temperatures of 300 K with a step
size of 0.5 fs. The adsorption energy is calculated as follows:

AEadsorption = Esurface/adsorbant - Esurface - Eadsorbant (4)
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