
Supplementary Materials

Reduction-immobilizing strategy of polymer-embedded sub-2nm Cu 

nanoparticles with uniform size and distribution responsible for robust 

catalytic reactions

Rosy Amalia Kurnia Putria, Wail Al Zoubib,*, Bassem Assfour c, Abdul Wahab Allaf c,d, 

Sudiyarmantoa, Young Gun Kob,*

a Research Center for Chemistry, National Research and Innovation Agency-BRIN, Building 452, 
KST BJ Habibie, Tangerang Selatan, Banten 15314, Indonesia

b Materials Electrochemistry Group, School of Materials Science and Engineering, Yeungnam 
University, Gyeongsan 38541, South Korea

c Atomic Energy Commission, Department of Chemistry, P.O. Box 6091, Damascus, Syria
d Arab International University, Department of Pharmaceutical Chemistry and Quality Control, 

Faculty of Pharmacy, Ghabaghib, Darra, Syria

*Corresponding author

E-mail address: wailalzoubi@ynu.ac.kr (W. Al Zoubi) and younggun@ynu.ac.kr (Y.G. Ko)

Supplementary Information (SI) for Materials Horizons.
This journal is © The Royal Society of Chemistry 2024



SUPPLEMENTARY INFORMATION

Supplementary Notes: Density Functional Theory

The Density Functional Theory (DFT) is a fundamental method in quantum chemistry and physics 

that allows for the calculation of the electronic structure of atoms, molecules, and solids. The 

theoretical framework of DFT is rooted in the Hohenberg-Kohn theorems, which laid the 

foundation for modern DFT by establishing the relationship between the electron density and the 

external potential. The key physics behind DFT can be elucidated through the following equations 

and concepts:

1. Hohenberg-Kohn Formulation 

The Hohenberg-Kohn theorem asserts that the ground state energy of a system of interacting 

particles can be expressed as a functional of the electron density, denoted as 

E[n]=T[n]+Eint[n]+∫drVext(r)n(r),

where T[n] represents the kinetic energy, Eint[n] is the electron-electron interaction energy, and

Vext(r) is the external potential [1].

2. Kohn-Sham Equations:

The Kohn-Sham equations are a central component of DFT, simplifying the many-body problem 

by introducing non-interacting auxiliary particles with effective potentials. These equations are 

given by:

[−2mℏ2∇2+vs(r)]ϕi(r)=ϵiϕi(r),



The electron density n(r) is then calculated as n(r)=∑ifiϕi(r)2, where fi is the occupation of the 

orbital [2].

3. Exchange-Correlation Functionals:

The exchange-correlation functional plays a crucial role in DFT, accounting for the electron-

electron interactions beyond the simpler approximations. The Local Density Approximation 

(LDA) and Gradient Expansion Approximation (GEA) are common approaches to modeling the 

exchange-correlation energy [3].

Supplementary Notes: Responding voltage over the time during PE

The preparation of MgO support involved high-voltage discharge to from a defective MgO surface. 

By the oxidation of Mg metal into MgO due to voltage-assisted electrochemical reaction, the high 

temperature inside the electrolyte due to high potential melted the metal surface. Subsequently, 

chemical ions in electrolyte and Mg ions interact with each other and migrate towards the 

electrolyte-metal interface to gradually form oxide layer. Supplementary Fig. S2 illustrates the 

change in the voltage over the time as well as the evolution of plasma discharge starting from 0 up 

to 300 s. When the voltage reached 254 V at around 15 s, an initial electrical breakdown occurred 

at the surface of Mg metal due to its inability to withstand continuous and high electrical field. 

During the so-called breakdown potential, a myriad of transient plasma is generated at the interface 

between Mg and the electrolyte, which facilitate the growth of the oxide layer corresponding to 

the metal substrate. The pore structure was formed in the MgO layer as a result of the high energy 

plasma [4,5].

Supplementary Notes: Electronic contribution of 4-NP and 4-AP



The Gaussian programs package is used to optimize the 4-NP molecules seen in Supplementary 

Figs. S18a-b and the electrostatic potential (ESP). DFT calculations were carried out to understand 

the charge distributions of the optimized molecules, and the associated charges are displayed in 

Supplementary Fig. S18. In order to comprehend the electronic cloud of a molecule and reactive 

centers of compounds, ESP mapping describes the nucleophilic and electrophilic sites in the 

optimized molecules in which blue areas correspond to more positively charged sites, while red 

shaded areas belong to more negatively charged sites. These charge distributions are in accordance 

with the fact that 4-NP can act as effective electron acceptor during catalytic reactions that interact 

with electron donor which is Cu-NPs in this study. After 4-NP was successfully reduced to 4-AP, 

the electron clouds were altered where 4-AP becomes more positive causing 4-AP to be easily 

desorbed from Cu-NPs [6].

According to the frontier molecular orbital theory, the relative chemical reactivity of a molecular 

system can be estimated using its highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO). HOMO describes the active sites for electron donation, 

whilst LUMO corresponds to the location of electron acceptor. Supplementary Figs. S18c-d of 

HOMO and LUMO illustrations of 4-NP and 4-AP with the corresponding energies, revealing that 

HOMO is mostly located on the electron-rich carbon atom of the aromatic ring along with the 

electronegative oxygen atoms of OH and NO2 groups. On the other hand, LUMO is primarily 

delocalized over OH group and the carbon atom bonded to it, the electron-deficient nitrogen atom 

of NO2 and the connected carbon atom, as well as the two specifically neighboring carbon atom.

Supplementary Notes: Thermal stability at high temperature 

To confirm the thermal stability and sintering resistance of the catalyst, calcination of the 

Cu@polymer loaded on porous MgO was carried out at high temperatures (60 °C, 90 °C and 120 



°C). STEM results show that the size and monodispersed of Cu NPs within polymer support remain 

surprisingly unchanged after high treatment at either (60 °C, 90 °C and 120 °C) for 2 h, respectively 

(Supplementary Figure S19), suggesting that this catalyst has high thermal stability. It is believed 

that the sintering and coarsening of Cu-PVAc layer on the MgO support surface are severely 

inhibited by the unique embedded structure. The STEM results showed that the Cu NPs on the 

polymeric surface almost unchanged (Supplementary Figure S19). Therefore, the Cu-PVAc layer 

catalyst prepared via R-IS exhibited exceptional sintering resistance with respect to NP size and 

catalytic performance.



Supplementary Figures

Figure S1. SEM images of (a) MgO showing the micropores to anchor Cu-PVAc layer and (b) 
Cu-PVAc@MgO depicting the surface of Cu-PVAc layer. However, Cu-NPs are not visible in this 
stage.



Figure S2. Responding voltage vs time curves of the substrate in the silicate-based electrolyte 
during PE at 100 mA cm-2. The voltage linearly increased in region I as a result of passivation 
layer prior to reaching breakdown voltage. As the breakdown voltage was achieved due to the 
electron avalanche, formation of MgO support layer occurred in region II. The intensity of plasma 
discharges were intensified along with the reaction time.



Figure S3. SEM cross-sectional morphology of Cu-PVAc@MgO showing each corresponding 
layer; Mg alloy, MgO, and Cu-polymer.



Figure S4. (a) and (b) FE-TEM images of Cu-NPs embedded in PVAc. (c) and (d) HAADF-STEM 
images of Cu-NPs embedded in PVAc.



Figure S5. Fourier transform infrared (FT-IR) spectra of polyvinyl acetate, showing the peaks of 
functional groups in the polymer.



Figure S6. Chemical composition of Cu-PVAc@MgO showing (a) Survey profile of XPS. 
Deconvolution XPS spectra at the core level of (b) MgO and (c) Cu-PVAc@MgO.



Figure S7. Thermal stability of Cu-PVAc@MgO and PVAc showing a gradually weight loss at 
constant heating rate of 10 C min-1

 with an increasing temperature by Thermogravimetric analysis 
(TGA).



Figure S8. Computational interpretation of the interaction mechanism between Cu nanoparticles 
and polymer, (a) density of states (DOS) showing each molecular contributions and (b) the 
hydrogen bonding illustrated by blue dash line constructed the interaction between Cu 
nanoparticles, polymer, and MgO layer. 



Figure S9. Ultraviolet-visible (UV-Vis) absorbance spectra of various chemical compounds: (a) 
4-nitrophenol with the presence of MgO. Absorbance profile of (b) 1.3-dinitrobenzene, (c) 1-
bromo-2-nitrobenzene, (d) 1.4-dinitrobenzene, (e) 1.2-dinitrobenzene, and (f) 4-nitrotoluene with 
the presence of Cu-PVAc@MgO catalyst. 



Figure S10. Ultraviolet-visible (UV-Vis) absorbance spectra of 4-nitrophenol upon MgO-PVAc 
layer without Cu NPs.



Figure S11. Efficiency of Cu-PVAc@MgO in different mol ratio of (a) PVAc and (b) Cu. 



Figure S12. (a) XRD and (b) FTIR spectra of Cu-PVAc@MgO before and after fifteen cycles of 
catalytic reduction.



Figure S13. (a) SEM and (b) TEM images showing morphologies of Sub-2nm Cu-PVAc@MgO 

after 15 consecutive cycles reduction of 4-NP



Figure S14. (a) TEM image of Cu-NPs directly deposited on MgO layer and (b) respective 
reduction efficiency in five consecutive cycles.



Figure S15. (a) Plot of ln(Ct/C0) and (b) activation energy (Ea) in several temperature condition 
during catalytic reduction ranging from 298 to 318 K.



Figure S16. In-situ Raman spectra illustrating the conversion of 4-NP to 4-AP. The formation of 
new peaks marked in dash line depict the NH vibration signal, indicating the successful reduction 
reaction.



Figure S17. Confirmation of the products by a) liquid chromatography (LC) showing the single 
peak of 4-NP and b) mass spectrometry (MS) depicting the mass-to-charge ratio of 4-AP.



Figure S18. Electrostatic potential (ESP) mapping of (a) 4-NP and (b) 4-AP. HOMO and LUMO 
molecular orbitals of (c) 4-NP and (d) 4-AP.



Figure S19. Microstructural observation of Cu-PVAc@MgO of three different temperatures 

during calcination at 60 °C, 90 °C, and 120 °C.



Supplementary Table

Table S1. HOMO and LUMO energies and the corresponding energy gap from 4-NP and 4-AP.

Compound HOMO (eV) LUMO (eV) Energy gap (eV)

4-NP -7.1348 -2.7608 4.374

4-AP -4.8136 0.0179 4.831

Table S2. Comparison showing catalytic performance during reduction of 4-NP over Cu-

PVAc@MgO and those Cu-based catalysts.

Catalyst Efficiency 
(%)

Reaction time 
(minutes) Ref.

Cu NPs/straw graphene 98 10 [7]

Cu NPs/ZSM-5 100 10 [8]

Cu 

NPs/Fe3O4@SiO2/EP.EN.EG
98 15 [9]

SMt@COF@Cu 95 8 [10]

Cu-Ni/C 90 5 [11]

Cu-CNT 98 6 [12]

Cu NPs 99 15 [13]

CNF/PEI-Cu 99 50 [14]

Cu@chitosan 70 27 [15]

Cu@Noria-GO 21 15 [16]

Cu-PVAc@MgO 99 0.5 This work

Table S2. Comparison of 4-NP reduction by NaBH4 over Cu-PVAc@MgO with other noble 

metal-based catalyst.

Catalyst Efficiency 
(%)

Reaction time 
(minutes)

kapp
( 10-3 s-1) Ref.

Pd NPs/arabinolactan 95 2 1.83 [17]

TiO2 NW@hollow Ag/Pt 93 10 3.8 [18]



Pd-GA/RGO 93 5 2.00 [19]

Au NPs 99 7 2.30 [20]

Au@RCC 99 10 3.00 [21]

SiO2-g-P4VP/AuNPs 99 12 2.90 [22]

Ag NPs-Co3O4 99 20 2.03 [23]

Ag NPs 99 9 2.80 [24]

Ag NPs 99 60 1.40 [25]

Ppy NTs-Ru 99 21 1.20 [26]

Cu NPs 99 100 1.60 [27]

Ag-Cu NPs@PP 99 14 2.4 [28]

Cu-PVAc@MgO 99 0.5 4.2 This work
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