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ABSTRACT

A significant photocatalytic activity was achieved using Cu,O surrounded by Zn-Fe layered double hydroxide
(LDH) for the degradation of Congo Red (CR) under solar radiation. Photocatalytic tests were conducted with
Cu,0, Zn-Fe LDH, and Cu,0@Zn-Fe LDH, with experimental conditions optimized for complete CR degradation.
The physical and optical properties of Cu,0, Zn-Fe LDH, and Cu,0@Zn-Fe LDH were correlated with photoelec-
trochemical characterization to establish the energy diagram of the Cu,O@Zn-Fe LDH core-shell/electrolyte sys-
tem. UV-visible spectroscopy revealed bandgap values of 2.04 eV for Cu,0 and 2.24 eV for Zn-Fe LDH, corre-
sponding to directly allowed transitions. Flat band potentials, determined from capacitance-potential plots, were
-0.32 V/SCE for Cu,0 and 0.13 V/SCE for Zn-Fe LDH. Visible light absorption induced electron transfer from the
conduction band of Cu,0 (-2.05 V/SCE) to the shallow trapping sites of Zn-Fe LDH (-0.79 V/SCE), enhancing
charge carrier separation and accelerating CR degradation. Under solar illumination and optimized conditions
(pH ~ 6.78, T ~ 25 °C, catalyst dose of 1 mg/mL), complete degradation of 10 mg/L CR was achieved, with total
organic carbon analysis confirming mineralization. The Density Functional Theory (DFT)-optimized structure of
CR dye was analyzed to predict reactive sites using Fukui functions, the dual descriptor f}f, local, softness Aoy,
and local philicity Aw,. The analysis identified the most favorable sites for nucleophilic attack as the N13
(0.0299) and N14 (0.0357) atoms. Based on dynamic and Monte Carlo simulations, the Zn-Fe LDH and
Cu,0@Zn-Fe LDH surfaces exhibited the highest adsorption energy for CR dye, resulting in strong adsorption.
This finding is consistent with our experimental studies.

1. Introduction

Given its environmental and health risks, CR can be removed via
photocatalysis, an effective process for treating toxic effluents dis-

The chemical structure of Congo Red contains the azo (-N=N-)
group, classifying it as an azo dye. It is commonly synthesized from ba-
sic azo compounds, with a general molecular formula of C5,H,,NgOgS,.
Congo Red is a dark red crystalline powder. This anionic dye is widely
used for coloring clothing, paper, and hair, and also functions also as a
photosensitizer. Toxicological evaluations have demonstrated that CR
is carcinogenic and highly toxic, even at low concentrations [1,2]. As a
representative azo dye, CR poses a significant challenge for degradation
due to its complex aromatic structure and stability.

= Corresponding authors.

charged into rivers, seas and oceans. As an advanced oxidation process
(AOPs), photocatalysis is a reliable and efficient strategy for eliminat-
ing organic pollutants from water. Effective light (E; > hv) excites the
semiconductor, generating electron-hole (e /h*) pairs that react with
0, and H,0 to produce reactive oxygen species (ROS), which degrade
resistant pollutants [3-5]. Cu,0 is commonly used in photocatalysis
due to its low toxicity and ideal band gap [6,7]. However, the rapid re-
combination of (e /h*) pairs and the photo-corrosion of Cu,O limit its
photocatalytic performance [7,8].
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Several strategies have been explored to enhance the photoactivity
of Cu,0, including doping with noble metal nanoparticles [9], introduc-
ing non-metallic elements [10], and coupling Cu,0 with another semi-
conductor to form a heterojunction [11], as well as coating Cu,0 with
layered double hydroxides. These structures, known as core-shell mate-
rials, have proven to be particularly promising [12]. They consist of an
active material embedded within a protective shell, offering significant
advantages over traditional single-material systems [13]. The combina-
tion of different materials in a core-shell configuration optimizes charge
carrier dynamics, improves light absorption, and enhances overall de-
vice performance while mitigating individual weaknesses [14].

According to Wang and al [15], the Cu,0@TiO, core-shell material
exhibited an efficiency 5.2 times higher than that of pure Cu,O for
naphthalene oxidation. In this study, ZnFe LDHs were proposed to en-
capsulate Cu,O due to their promising physicochemical properties. In-
deed, the narrow band gap of ZnFe LDH makes it an ideal n-type photo-
catalyst because of its affordable cost, theoretical photocurrent effi-
ciency, and high sensitivity to solar radiation [16]. LDHs are important
two-dimensional (2D) materials, classified within the hydrotalcite
(HT)-type compound group [16]. These materials consist of positively
charged hydroxide layers intercalated with divalent metal ions (such as
Ca?*, Zn, Mg?*, and Ni?") or trivalent metal ions (AI®*, Fe3*, Cr3™,
and In®7").

LDHs play a key role not only in photocatalysis [17] but also in a va-
riety of applications related to life sciences [18]. In recent years, LDHs
and their composites have been extensively studied in biological, chem-
ical, and environmental processes has been extensively studied [19].
LDHs can be synthesized under mild conditions, particularly via the co-
precipitation method. This technique involves adding a base to an aque-
ous solution containing salts of two different metals, M2* and M3,
which induces the precipitation of metal hydroxides leading to the for-
mation of LDHs [19-21].

Building on recent work on core-shell structures, this study focuses
on the use of Cu,0@Zn-Fe LDH, synthesized via a coprecipitation
method, for the CR photodegradation. The impact of pH and the ratios
of the combined photocatalysts on photocatalytic performance are ex-
plored. Furthermore, to validate the experimental results and analyze
the photoactivity of the core-shell structure, a theoretical study is con-
ducted using Density Functional Theory (DFT/SCAN) [22-24]. The goal
is to identify the optimal structure in the aqueous phase, predict the re-
activity of the CR molecule, and examine the influence of operational
parameters such as Fukui indices, the local dual descriptor ff local
softness A%k, local philicity A®k, and the electrostatic potential (ESP)
surface map are used to analyze the reactive sites of the CR molecule.
Based on both experimental and theoretical findings, different path-
ways for photoactivity and degradation are also discussed.

2. Materials and methods
2.1. Synthesis

The synthesis of Cu,0O nanoparticles was carried out by mixing
Cu(NO3),-3H,0 (Sigma-Aldrich, 98 %) (0.1 M) and glucose (Sigma-
Aldrich, > 99.5 %) (0.5 M) in 100 mL of distilled water. The solution is
stirred at 80 °C until its color changes from blue to bluish-green. Subse-
quently, a NaOH (Sigma-Aldrich, > 99 %) solution (1 M) was added
dropwise until reaching pH 11.5, while maintaining stirring at 80 °C
for 90 min. During this step, the solution's color gradually transitions to
brick red. Finally, the obtained product was dried at 100 °C for 4.5 h
[25].

The Zn-Fe layered double hydroxide was prepared following the
protocol described below: aqueous solutions (50 mL) containing
ZnCl,6H,0 (Sigma-Aldrich, > 98 %) and FeCly6H,0 (Biochem, >
98 %) were gradually added dropwise to 50 mL of distilled water under
stirring at room temperature. During the coprecipitation process, the
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pH of the reaction mixture was maintained constant at 9 by simultane-
ous addition of NaOH solution (2 mol'L™). The resulting suspension was
then diluted in 200 mL with distilled water (DI) and stirred for 12 h.
During the oxidation step, the pH was adjusted to approximately 8 us-
ing a NaOH solution. The resulting solids were separated via vigorous
centrifugation, rinsed twice with deionized (DI) water, and subse-
quently dried under vacuum for 48 h using a lyophilizer [26,27].

For the synthesis of Cu,0@Zn-Fe LDH, 200 mg of Cu,0 Nano-cubes
were dispersed in 100 mL of DI in a Pyrex beaker. Subsequently,
0.8 mmol of ZnCl, 6H,0 and 0.4 mmol of FeCl;-6H,0 were added to the
suspension under continuous stirring. Next, 20 mL of a sodium thiosul-
fate solution (Sigma-Aldrich, > 99,5 %) (1 M, Na,S,03) were added to
the mixture, and the beaker was placed in a thermostated water bath
maintained at 65 °C for 2 h. Finally, the precipitates were collected by
centrifugation, thoroughly washed with DI and ethanol, and dried in an
oven at 80 °C [28].

2.2. Instrumentation

To characterize the crystalline structure of Cu,0, Zn-Fe LDH, and
Cu,0@Zn-Fe LDH samples, a Bruker X-ray diffractometer (XRD) "D8
Advance", equipped with a copper anticathode, an X-ray tube, a pri-
mary Ge (111) monochromator focusing (Cu Ko), and a "Vantec" 1-D
position-sensitive detector was used. The analyses were conducted over
a 20 range (10 - 80°), with steps of 0.016° and a counting time of 5 s per
step. The XRD data analysis was conducted using HighScore Plus soft-
ware, with the 2023 database version. The surface morphology and ele-
mental composition of the Cu,O, Zn-Fe LDH and Cu,0@Zn-Fe LDH
semiconductors were examined by scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDS) using a Thermo Scien-
tific Quattro S microscope.

The FT-IR analysis was performed with a Jasco FT/IR-4600 spec-
trometer, covering a wavelength range from 7800 to 350 cm™, with a
maximum resolution of 0.7 cm™. Textural properties, including surface
area, pore volume, and pore diameter, were determined by the BET
method based on N, adsorption-desorption isotherms measured with an
Autosorb iQ3 (Quantachrome Instruments) system. Samples weighing
between 200 and 300 mg were degassed under vacuum at 200 °C for 8
h. High N, gas was used as the adsorbate. For optical characterization, a
UV-Vis Specord 210 Plus spectrophotometer was used to measure the
diffuse reflectance data in the range of 200 to 800 nm, using PTFE as
the reference.

The electrochemical characterization was carried out at room tem-
perature, using a saturated calomel electrode (SCE) as the reference
electrode and a platinum electrode as the auxiliary electrode. Mott-
Schottky (MS) analysis was performed in a Na,SO, (0.5 M) electrolyte
at a frequency of 10 kHz, with a potential sweep rate of 5 mV-s™. The
point of zero charge (pHy,.) was determined by the drift method by
measuring the initial and final pH values of 50 mL of NaNO; (0.1 M) so-
lution containing 0.05 g of Cu,0, Zn-Fe LDH, and Cu,0@Zn-Fe LDH at
different pHs, adjusted using HCl and NaOH solutions. The mixtures
were allowed to equilibrate at 25 °C in a thermostatic shaker for 18 h.
The pHpzc was determined from the intersection of the lines "initial pH
and final pH". Total organic carbon (TOC) analysis of the CR-laden wa-
ter was carried out using a TOC analyzer with a non-dispersive infrared
(NDIR) source (Shimadzu, model TOC-L).

Photodegradation of CR was performed in a double-jacketed Pyrex
reactor connected to a thermostated bath. 100 mg of powder was mag-
netically dispersed in 100 mL of CR solution (10 mg/L). After an ad-
sorption period (2 h), the reactor was exposed to solar radiation (~
100 mW/cm?) and the temperature was set to 25 °C. Aliquots of 3 mL
were periodically withdrawn and the CR concentration was titrated
with a UV-visible spectrophotometer (Simadzu UV1800), by measuring
the absorbance of a CR solution at A,,, in accordance with the Beer-
Lambert law. The concentration at time (t) C, is deduced by linear inter-
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polation of the constructed graph; the percentage of degradation is cal-
culated based on the following relationship (Eq. (1)):

C,,— C
(%)= =4
Ceq

X 100 (€Y

Ceq and C; are the equilibrium concentrations after adsorption in the
dark and at time t, respectively.

2.3. Computational chemistry studies

The Dmol® module, integrated within the BIOVIA Material Studio
software [29], played a pivotal role in our density functional theory
(DFT) calculations. Specifically, we conducted custom geometry opti-
mization for the structure of CR in the aqueous phase. To achieve this,
we employed the SCAN functional, which is a meta-generalized gradi-
ent approximation (meta-GGA). Our objective was to predict the reac-
tivity of the CR molecule, considering that the CR pollutant can un-
dergo degradation under oxidation or reduction conditions.

For the atomic orbital basis set, we utilized the Double Numerical
Plus Polarization (DNP) 4.4 in our calculations. Additionally, we set the
global orbital cutoff to 4.5 A to define more precise parameters govern-
ing the atomic orbital cutoffs. To simulate a solvent environment, we
employed the Conductor-like Screening Model (COSMO) with a dielec-
tric constant of 78.540 for water, adhering to the 'fine quality' conver-
gence criteria.

In the DFT calculation, we adhered to the following convergence
criteria:

- Maximum displacement between cycles: Less than 0.005 A.
- Maximum self-consistent field (SCF) tolerance: 10> Hartree (Ha).
- Maximum force per atom: 0.002 Ha/A.

The Fukui indices (FI) played a crucial role in our study. These in-
dices have widespread application in predicting the reactive sites for
electrophilic, nucleophilic, and radical attacks. We analysed the FI us-
ing the following formulas (Egs. (2-4)) [30,31]:

- The highest value of ( fk+ ) is given by:

G (N +1) = g, (V) ~ p(r)* M0 @
which suggests a nucleophilic attack.
- The highest value of (f;) is given by:

4 (N) = g (N = 1) » p(n)"OMO ©)
indicating an electrophilic attack.

- Similarly, the highest value of (,)‘,?) is calculated as:
[V + D =g V- D] /2 )

which corresponds to a radical attack. Here, (gx V), g (N + Dand
gy (N — 1) represent the charges of atom (k) in the neutral, anionic, and
cationic molecules, respectively.

The dual descriptor ff, also known as the second-order Fukui func-
tion, is a reactivity descriptor used in computational chemistry to
identify the reactivity sites within a molecule. The dual descriptor
provides insight into the regions of a molecule that are more likely to
undergo nucleophilic or electrophilic attacks [32,33].

If (sz (r) > 0 at a point r, it indicates that the site is more likely to at-
tract nucleophiles (Nucleophiles are electron-rich species that donate
electrons). If sz (r)< 0 at a point r, it indicates that the site is more likely

Journal of Molecular Structure xxx (xxxx) 142701

to attract electrophiles. Electrophiles are electron-deficient species that
accept electrons.

In addition, local softness A0k and local philicity A®x used to de-
scribe the reactivity of atoms in molecule, can be defined as:
of = §/Fand o = off

S and w are the global softness and the global philicity respectively,
and fis the Fukui function for site k with respect to a specific type of
attack (). Local softness measures the propensity of a site to react with
a nucleophile (a= +), electrophile (a«=-), or radical (a=0).

The Electrostatic Potential Surface (EPS) serves as a valuable tool
for identifying reactive chemical sites within compounds. By visualiz-
ing the electron density iso-surface using distinct colors, we gain in-
sights into the electrostatic potential distribution;

- Blue Region: This area corresponds to the most positive
electrostatic potential. It exhibits a scarcity of electrons and carries
a positive charge. Such regions are conducive to nucleophilic
attacks.

- Yellow Region: Heteroatoms, such as chlorine (NH,, SO3),
manifest the most negative electrostatic potential. These regions
favor electrophilic attacks.

- Green Region: The zero potential zone lacks any significant
charge.

2.4. Molecular dynamics and Monte Carlo (MC) simulation

Molecular Dynamics (MD) simulations indeed serve as powerful
tools for comprehending the affinity of compounds and the intricate
degradation mechanisms of pollutants [34]. Through these simulations,
we gain valuable insights into the behavior, interactions, and transfor-
mations of molecules. The Cu,0@Zn-Fe LDH model was constructed by
depositing two layers of Zn-Fe LDH of the (003) facet onto the Cu,O
crystal. The system was immersed in an aqueous solution containing
200 water molecules. A vacuum slab with a thickness of 35 A was gen-
erated above the LDH surfaces. To mitigate arbitrary boundary effects,
we cleaved the semiconductor surface to a thickness of 3 A. The selec-
tion of the Zn-Fe LDH (003) and Cu,O (111) surfaces was guided by X-
ray diffraction (as shown in Fig. 1). We employed a supercell surface
with dimensions of 4 x 4 for Zn-Fe LDH and 12 X 12 for Cu,O to sim-
ulate strong interactions. The simulation was conducted using boxes
with dimensions of (a = 37.844 A, b = 37.844 A and ¢ = 44.437 &)
for Zn-Fe LDH (003) and of (a = 50.459 A, b = 25.229 A and
¢ = 26.437 A) for Cu,0 (111).

Cu0@Zn-Fe LDH *Zn-FeLDH * Cu0

Intensity (a.u.)

= g s
g S 8 g o
(a) = A A
L] L) T
20 40 60 80
28 (°)

Fig. 1. The XRD patterns of the as prepared a) Cu,O, b) Zn-Fe LDH and c)
Cu,0@Zn-Fe LDH.
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The Monte Carlo (MC) simulation was conducted using the Adsorp-
tion Locator module, which is part of the BIOVIA Materials Studio pack-
age [29], to elucidate the adsorption mechanism of CR on the surfaces
of Cu,0@ZnFe-LDH, Zn-Fe LDH and Cu,0 respectively in 200 H,O. For
geometry optimization, we employed the COMPASS III force field [35].
The simulation was performed using the adsorption Forcite calculation
module, employing a time step of 1 fs and a total simulation time of 500
ps under the NVT ensemble (where N represents the number of parti-
cles, and the ensemble considers temperature and volume) at 25 °C
[36].

3. Results and discussion
3.1. Structural, morphological, and optical properties

The crystalline structure of the as-prepared Cu,0 was characterized
using XRD analysis. According to the JCPDS card no 78-2076 [7], all
the peaks observed in the pattern (Fig. 1) correspond to the cuprite
phase (space group: Pn-3 m), crystallizing in a cubic symmetry. Fur-
thermore, Fig. 1 shows that all peaks of Zn-Fe LDH are well indexed
with rhombohedral symmetry (space group: R-3 m), in agreement with
the JCPDS Card N° 38-0486 [18]. For the core-shell Cu,0@Zn-Fe LDH
material, the XRD peaks associated with both Cu,0 and Zn-Fe LDH re-
main almost unchanged, as shown in Fig. 1.

The surface and morphology of the prepared Cu,0O, Zn-Fe LDH, and
Cu,0@Zn-Fe LDH powders are visualized by SEM analysis. The SEM
image of Cu,O (Fig. 2a) reveals the formation of a large number of
Nano-cubes while the morphology of the synthesized Zn-Fe LDH (Fig.
2b) exhibits a lamellar structure with an average thickness of 100 nm,
clearly visible in the SEM images. The particles display a less uniform
morphology, characterized by the coexistence of nanocubes of various
sizes. For the core-shell Cu,0@Zn-Fe LDH particles, significant aggre-
gation is observed, with the disappearance of sharp edges, as shown in
Figs. 2c and 2d The Cu,O nanoparticles are distinctly different from the
Zn-Fe LDH nanoparticles.

The FTIR spectra of Cu,0@Zn-Fe LDH were recorded in the wave-
length range (600 - 4000 cm™) to identify the functional groups present
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(Fig. 3). Absorption peaks below 1000 cm™ correspond to the inorganic
vibrations of O-M-O and M-O groups (M = Cu?*, Zn?*, and Fe?*)
[37]. A distinct peak at 1372 cm™ is associated with the carbonate an-
ion (CO5%) located in the interlayer region of the LDH [37]; their pres-
ence is probably linked to the dissolution of atmospheric CO, in the dis-
tilled water used during synthesis [26]. Furthermore, the peak at 1600
cm™ is attributed to the bending vibrations of water molecules present
in the interlayer region [7]; the broad band (3350 cm’Y) is due to hy-
droxyl (O—H) groups on the surface of the LDH layers and embedded
in water molecules [18].

The BET analysis forms the basis for various low-temperature gas
adsorption methods. The specific surface areas of Cu,0, Zn-Fe LDH, and
Cu,0@Zn-Fe LDH were calculated using the analytical treatment of the
experimental data of N, adsorption isotherm, as shown in Eq. (5):

P _ 1 P C-l
V(Po—P) VuxC' Py  V,xC ®)

P is the equilibrium pressure, P, the saturated vapor pressure of the
adsorbate, V the volume of adsorbed gas per gram of solid at pressure P,
V., the volume of gas required to form a complete monolayer of adsor-
bate, and C is a constant characteristic of the gas-solid system.

The monolayer adsorption volume V,, is calculated using the BET
equation (Eq. (5)), and the specific surface area of Cu,O, Zn-Fe LDH,
and Cu,0@Zn-Fe LDH is determined using Eq. (6):

Sper = (6 X Viy XN,) [Viy (6)

o represents the area occupied by a single N, molecule (6=16.2
A?), N, the Avogadro's number, and V,, the molar volume. The BET re-
sults for Cu,0, Zn-Fe LDH, and Cu,0@Zn-Fe LDH are shown in Fig. 4.
According to the BET analysis, the specific surface area (Sggy) of Zn-Fe
LDH particles is higher (44.12 m? g™*) compared to Cu,0 (30.12 m* g™)
and Cu,0@Zn-Fe LDH (38.87 m? g™).

The optical band gap (E,) allows to quantify the fraction of solar flux
converted into photocatalytic form. It can be calculated using the
Munk-Kubelka equation (Eq. (7)) [38,39]:

Fig. 2. SEM images of the: a) Cu,0, b) Zn-Fe LDH, c and d) Cu,0@Zn-Fe LDH.
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—— Cu,0@Zn-Fe LDH

T (%)

T T T T T
3000 2500 2000 1500 1000

Wavenumber (cm')

T
4000 3500

Fig. 3. FTIR spectrum of Cu,0O, Zn-Fe LDH and Cu,0@Zn-Fe LDH.

F(Ry) = (1-Ry)*/2Re, @

(1-

The converted UV-visible absorption spectrum is used to obtain the
diffuse reflectance of Cu,0, Zn-Fe LDH, and Cu,0@Zn-Fe LDH (Fig. 5a
and 5c¢). The optical band gap (E,) is determined by extrapolating the
linear portion of (F(R) hv)? to hu-axis. For Cu,0, a direct optical transi-
tion is observed, at 2.04 eV (Fig. 5b). In the case of Zn-Fe LDH, a direct
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allowed transition is observed, with a gap of 2.24 eV (Fig. 5d). The E,
values for Cu,0 and Zn-Fe LDH are in good agreement with previous
studies [7,27] and confirm the ability of Cu,0 and Zn-Fe LDH to absorb
in the visible region.

In general, when the solution's pH exceeds the pHpzc, the photocat-
alyst particles acquire a negative charge, favorable for adsorbing
cationic pollutants. Conversely, below pHpzc, the particles have rather
a tendency to adsorb negatively charged pollutants. The of the solution
thus plays a critical role in the selective degradation of pollutants. The
isoelectric point values (pH,y,.) of Cu,0, Zn-Fe LDH, and Cu,0@Zn-Fe
LDH reflect the surface charge behavior of these compounds in response
to changes in the solution's pH. The pH,,,. is a key parameter for predict-
ing the surface charge of the photocatalyst under the working condi-
tions. The pH,,. values were determined using the pH drift method. The
solution's pH was adjusted using HCl or NaOH. Fig. 6 illustrates the re-
lationship between the initial pH and the difference between the initial
and final pH.

Cu,0 exhibits an isoelectric point of 9.28, consistent with values re-
ported in the literature [7]. The pHp,. value indicates that the surface of
Cu,0 is positively charged at pH levels below 9.28 and negatively
charged at pH levels above 9.28 [40]. The LDHs show isoelectric points
similar to those reported in the literature, with val[ues of 7.72 for Zn-Fe
LDH and 8.82 for Cu,0@Zn-Fe LDH [41].

3.2. Electrochemical characterization
The flat band potential (Vg) is a crucial physical parameter for de-

termining the band structure of synthetic semiconductors, predicting
their photocatalytic activity, and forecasting interfacial reactions. The

4000
a) \ i
(JIED - Adsorption isotherm h] FnFe LDH -9 Adsorption isotherm &
= ] =9 Desorption Isotherm ° 4000 -9 Desorption isotherm |
= 3000 - K 5 :
§ E :
2 250 6! | Ssooo] o
5o e i
2 ] SRET = 30.12 mig @ E?Wﬂ o
r : mes = B 3, = 1
E 508 Pore volume = 0L083 em®/g 8 3 SBET = 44.12 m'g 3 e
- ° § Pore volume = (LOB3 em’/g !
J [ . :
< P : S1000 4 o2 i
500 - o - oY i d
[+ ]
J L ]
0 ﬁaa?aiﬂ‘%qw?-oenr? i " a Hﬁg_awgqnggu .
(%] 0.2 0.4 0.5 0.8 1.0 0.4 1.0
Relative pressure (PIP,) Re1atlv& praasura {PHP,}
10000 -
! -2 Adsorption isotherm |
-3 - Desorption isotherm ;
% 80004 CuzOa ZnFe LDH _
= @
8 b
2 60001 r
E -
4000 SBET = .87 m¥g g !
E Pore volume = 0.061 cm".’g a i
g L
2000
< . e @
oo? o
0 ; - 29
0.0 0.2 0.4 0.8 1.0

0.6
Ralative pressure (F/F,)

Fig. 4. Nitrogen adsorption-desorption isotherm of: a) Cu,0, b) Zn-Fe LDH and ¢) Cu,0@Zn-Fe LDH.



S. Kiamouche et al.

Journal of Molecular Structure xxx (xxxx) 142701

T T T 0,08 400
30{%) b) @ Cuz0 @
@ Ditfuse reflectance E- ]
—— 15t derivative of “Diffuse reflectange 0,06 :
2= ’ >
g o 0043 E
£20. 4 :
o )
£ : 0028 5 ]
154 ; e z
g : g &
gm_ \ . Logo i
5 A0 =607 nm 0,02
400 450 sunwawsﬂjnglh ?2?“} 650 700 1 Energz,r o) 3
© Jozs d) o ZnFe LDH

404 @ Diffuse refectance
— 15l devivative of "DiMuso roflectance™

100 -

= b
=354 b
= Zn-Fe LDH Lo5=E
£ 30 I &%
E Foi0g R
b Za
%2& r Lo,0s 2250_
2 b EL
Em' Al 10,0090
: Ty
a : —]
154 PoAD=5952nm |aoos
10 4 L.010
300 0 500 600 T00 B0a 1 3

a
Wavelength (nm)

2
Energy (V)
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Mott-Schottky plot of the interface capacitance can be used to deter-
mine this parameter by applying the following Eq. (8):

é = (2/eg,e)NA%)[(V = V) — KT/e) ®

C is the capacitance of the space charge layer, ¢, is the relative di-
electric constant of Zn-Fe LDH and Cu,0O at 25 °C, g, is the dielectric
constant of vacuum, Ny is the free carrier density (site/m?), K is the
Boltzmann constant, T is the absolute temperature, and V is the applied
electric potential.

The positive slope of the Zn-Fe LDH curve indicates n-type behavior,
whereas the negative slope of Cu,O is characteristic of p-type behavior.
The x-intercepts of the linear plots at C"2 = 0 give the flat band poten-
tials Vg, +0.13 V for Zn-Fe LDH and —0.31 V for Cu,0. Table 1 pre-
sents the results of several physicochemical properties of Cu,0 and Zn-
Fe LDH.

Fig. 7

3.3. Photocatalysis

Photocatalysis is one of the advanced oxidation processes that has
garnered increasing attention in recent years. This process involves the
generation of highly reactive radical intermediates, such as hydroxyl
radicals (*OH) and superoxide radicals (O,° ) [44]. These free radicals
react much faster than most conventional oxidants, including ozone
(03) and hydrogen peroxide (H,0,). Based on the optical and electro-
chemical properties of Cu,O and Zn-Fe LDH, the energy diagram of the
Cu,0@Zn-Fe LDH heterogeneous system can be predicted. The posi-

tions of the VB and CB relative to the vacuum level can be determined
using Egs. (9) and (10) (Fig. 8) [45].

Eyp =474+ ¢V, +0.059 (pH - pH,.)+ E, (Type p) 9
Ey= Eyp— Ecp (10)

When Cu,0 is exposed to sunlight, electrons (¢") are excited from VB
(= —-0.01 V) to CB (= —2.05 V), thereby creating holes (h") in VB. This
process leads to the formation of (e’ /h") pairs, as described by Eq. (11):

CuyO+ hv—h* (VB) + ¢ — (CB) an

The photo-electrons are transferred from CB of Cu,O to that of Zn-Fe
LDH (-0.05 V). Similarly, the holes can migrate from Zn-Fe LDH-VB
(2.19 V) to Cu,0-VB (-0.01 V). Preventing the recombination of (e’/h")
pairs through efficient separation of photogenerated carriers and the
formation of a core-shell heterostructure is a well-recognized strategy
to improve photoactivity and has been widely employed over the past
decades [46]. In this case, the generation of O,* and *OH radicals are
not expected, as the conduction band Zn-Fe LDH-CB is less negative
than the redox potential of (0,/0,*) (=0.33 V vs. NHE), and the va-
lence band Cu,0-VB does not match the redox potential of (H,0/°OH)
(1.99 V vs. NHE) [47]. Hence, it cannot reduce O, into 02"and h* can-
not oxidize OH™ or H,O to produce radical *OH.

However, based on the energy diagram of the Cu,0@Zn-Fe LDH
heterosystem, a Z-scheme mechanism has been proposed. The positions
of VB and CB of Cu,0 are higher than those of Zn-Fe LDH. The high oxi-
dation potential holes in Zn-Fe LDH-VB can react with H,O to generate
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Table 1
Crystallographic information physicochemical properties of Cu,0O and Zn-Fe
LDH.
Parameters Cu,O Zn-Fe LDH
Space group Cubic Pn-3 m Rhombohedral R-3m
Sper(m*/g) 30.12 44.12
E, (eV) 2.04 2.24
E, (eV) 0.48 [42] 0.12 [43]
Vi, (Vsc) 031V 0.13 V
Evg (Vscg) —~0.01V 219V
Ecs (Vo) -2.05V ~0.05V
PH,,c 9.28 7.72

*OH radicals and/or directly oxidize CR molecules. Additionally, Cu,O-
CB is lower than the redox potential of (0,/0,"), enabling the reduc-
tion of O, to O,*". The electrons in Zn-Fe LDH-CB migrate to recombine
with the holes in Cu,0-VB. Meanwhile, the accumulated electrons in
Cu,0-CB reduce O, to O,*" while the holes in the Zn-Fe LDH-VB react
with H,0 to produce *OH radicals.

The conditions for evaluating the photodegradation of CR are the
following: CR concentration = 10 mg/L, pH 6.78, 25 °C and catalyst
dose = 1 mg/mL. The experiments were conducted on a sunny day in
June. Magnetic stirring was applied in a reactor containing 100 mL of
CR solution, and tests were carried out with Cu,0@Zn-Fe LDH. The
pure Cu,O and Zn-Fe LDH results were also included for comparison.

The best results are achieved with Cu,0@Zn-Fe LDH, with a high
degradation rate of CR within 120 min. under sunlight, outperforming
both Cu,0 and Zn-Fe LDH. The formation of a core-shell Cu,0@Zn-Fe
LDH structure accounts for the significant enhancement in photocat-
alytic activity by reducing the recombination of (e /h™*) pairs through a

cascade band structure (Fig. 9a). The smaller gap of Cu,O contributes to
improve photoactivity. However, a substantial enhancement in CR
degradation is achieved through the Z-scheme mechanism facilitated
by the core-shell Cu,0@Zn-Fe LDH structure.

To study the pH effect on the photodegradation, experiments were
conducted at four pHs (3, 6.78, 10, and 12) over 120 min. using 100 mL
of CR at 10 mg/L and 100 mg of photocatalyst (Fig. 10a). On the basis
of pHpzc results, lower adsorption is expected at pH > pHpzc due to
the negative charges on the surface of the anionic dye (CR) and the pho-
tocatalyst. The photocatalytic efficiency under solar irradiation showed
no significant change over a broad pH range. It has been observed that
the anionic dye CR is more sensitive to the pH of the solution than the
cationic dye.

The degradation rate of CR for all the photocatalysts tested was
maximized at pH 3, which aligns with the pHpzc results. Indeed, the
surface charge of the powder becomes positive (protonated) when elec-
trostatic attraction dominates, leading to strong adsorption and thus en-
hanced removal of CR.

TOC analyses (Fig. 10b) were performed to quantify the mineraliza-
tion of the organic matter present in the CR solution [48]. Its efficiency
was evaluated at different irradiation time intervals, both in the pres-
ence and absence of the Cu,0@Zn-Fe LDH photocatalyst. The results,
presented in Fig. 10b, show an initial decrease in TOC corresponding to
the amount of CR dye remaining in solution and adsorbed onto the sur-
face of Cu,0@Zn-Fe LDH after reaching equilibrium under dark condi-
tions (120 min). The TOC removal efficiency increased with longer ex-
posure to sunlight. After 60 min. of irradiation, TOC was reduced by
60 %. At 120 min., the experimental data demonstrated that the major-
ity of CR was completely mineralized through the photocatalytic oxida-
tion.
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3.4. Reactivity of Congo red dye

The optimized structure, determined using DFT/SCAN in the aque-
ous phase (Fig. 11a), was employed to predict the reactivity site of CR
dye and elucidate the Fukui functions (f*, 7. ) [49,50]. The results
are presented in Fig. 11b and Table S1. The Fukui indices (FIs) indicate
a radical attack on active sites of the CR molecule, which are prone to
gaining electrons, thus suggesting a nucleophilic attack. As can be de-
duced from Fig. 11b and Table S1, the higher positive part of the
f*function is localized at N 14 (0.062), N13 (0.054), N16 (0.048), N15
(0.029). These atoms represent the greatest reactive sites and are ut-
most susceptible to nucleophilic attack. However, the most negative
part of the f~function is localized at N12 (0.058), N11 (0.033), N16
(0.032), C26 (0.045), and C22 (0.032) representing the most favorable
sites for an electrophilic attack. Similarly, the highest f° values are ob-
served at atoms N12 (0.042), N16 (0.040), N14(0.037), N13 (0.033)
and N11(0.031), indicating that these sites are the most susceptible to
free radical attacks.

In addition, the estimated values of dual descriptors, presented in
Table S of the supplementary information, enable us to promptly iden-

tify the preferable sites for nucleophilic attacks ( sz, A%k, and AWy > 0)
as well as the preferable sites for electrophilic attacks (f, 2 AC, and A®
< 0) within the system at point r refer to Fig. 12.

Fig. 12 identifies the most reactive sites on the Congo Red (CR) dye,
which can interact with the semiconductor surface. It can be seen that
the local philicity (Awy) of the CR dye is primarily localized at the most
reactive sites, which include specific nitrogen atoms: N13 (0.520659),
N14 (0.622251), N16 (0.203184), and N15 (0.190485), as well as some
carbon atoms: C23 (0.177786), C45 (0.114291), C28 (0.101592), and
C33 (0.101592). This indicates the sites for nucleophilic attacks and
how likely an atom of the CR dye is to either donate or accept electrons
during interaction with the semiconductor.

On the other hand, the local dual descriptor sz > 0 values are found
in the N13 (0.041) and N14 (0.049) atoms, indicating that these sites
are favorable for nucleophilic attacks. Additionally, the local softness
(ASk > 0) values, which also identify the preferable sites for nucle-
ophilic attacks, are found in the N13 (0.0299) and N14 (0.0357) atoms.

Fig. 13a presents the three-dimensional plots of the ESP utilized as
an effective method for identifying the chemical reactivity sites in
compounds. The blue color indicates regions of positive electrostatic
potential, where electron density is lower. These regions are often as-
sociated with nucleophilic active region. The yellow regions indicate
areas of the most negative electrostatic potential in heteroatoms, such
as (SOs), which favor electrophilic attacks, while the green regions il-
lustrate areas of zero potential. Our results clearly indicate that the
higher positive electrostatic potential is distributed over the entire
molecule except for the root SO5. These regions are favorable sites for
nucleophilic attacks.

Similarly, the negative regions of electrostatic potential are local-
ized over the SO5 group of the CR dye, making them favorable sites for
electrophilic attacks.

Additionally, another crucial parameter for understanding the elec-
tronic structure and reactivity of the system is electron density (Fig.
13b), which refers to the distribution of electrons within a molecule.
The total electron density map aids in comprehending the chemical be-
havior of the dye. Regions with low electron density (blue areas) may
interact with semiconductors such as Cu,0, Cu,0@Zn-Fe LDH and Zn-
Fe LDH in the environment, leading to degradation [7].

3.5. Adsorption studies of Congo red

Molecular dynamics (MD) and Monte Carlo (MC) simulations, utiliz-
ing the adsorption locator module, were employed to determine the
lowest-energy adsorption configurations between the CR dye and the
semiconductors Cu,0, Cu,0@Zn-Fe LDH, and Zn-Fe LDH on their sur-
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faces in an aqueous medium. The total adsorption energies for
Cu,0/200H,0, Cu,0@Zn-Fe LDH/200H,0, and Zn-Fe LDH/200H,0,
calculated using the locator model, are depicted in Fig. 14.

The electrostatic energy profiles in Fig. 14 exhibit distinct peaks and
troughs, indicating varying electrostatic interactions between Congo
Red (CR) molecules and semiconductor surfaces. Peaks correspond to
regions of significant electrostatic attraction, facilitating CR adsorption
through interactions like hydrogen bonding. Troughs represent areas of
weaker interaction or repulsion, potentially hindering adsorption due
to unfavorable orientations or surface features. Understanding these
variations is crucial for identifying active sites that enhance photocat-
alytic degradation and for informing surface modifications to improve
adsorption efficiency.

These simulations were conducted to investigate the dynamic be-
havior of CR, as illustrated in Fig. 15. It can be observed that the CR dye
forms intermolecular hydrogen bonds through the sulfonate ion (SO5
Na"), two azo groups (-N = N-), and two amino groups (-NH,) during
adsorption on the surface. As shown in Fig. 15¢, the maximum interac-
tion between the adsorbate (CR dye) and the adsorbent (the semicon-
ductor surface), including the hydroxyl group on the LDH surface, re-
sults in higher adsorption energy of CR on the Zn-Fe LDH/200 H,O sur-
face, with a value of —37,789.80 kcal/mol. On Cu,0@Zn-Fe LDH/200
H,O0, the CR dye bends on the surface of two LDH layers, and the ad-
sorption energy was —23,768.99 kcal/mol, as shown in Fig. 15b How-
ever, on the Cu,0/200 H,O surface, the CR dye does not form bonds or
only weak bonds are formed near the surface, resulting in an adsorption
energy of —18,836.67 kcal/mol (Table 2). Moreover, H,O molecules in-

(a)
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terfere with the CR dye, further hindering bond formation on the sur-
face. Consequently, the adsorption energy is weak.

The MD simulations aimed to determine the bonding energies and
interactions between CR molecules and semiconductors. The interac-
tion energies (E;,) and bonding energies (E;;,q) for CR on the semicon-
ductor surfaces are presented in Table 3. The negative values of the in-
teraction energies indicates that the system is more stable with stronger
pollutant/semiconductor interaction. Conversely, the positive value of
the bonding energy (Ey;,q) suggests more stable adsorption with greater
affinity between the pollutant and the semiconductor.

In our study, the Ey; 4 value reveals that CR dye adsorbs more spon-
taneously on the Zn-Fe LDH/200 H,O surface compared to the two
other semiconductors, Cu,0@Zn-Fe LDH/200 H,0 and Cu,0/200 H,0.
Additionally, the positive Ey;,q value is attributed to the hydrogen
bonds on the surface, which are energetically more significant than van
der Waals interactions. Therefore, these hydrogen bonds enhance the
affinity and consequently the photodegradation of CR. Furthermore, we
observed that the interaction energy (E;,) of CR on the Cu,0/200H,0
surface is negative, indicating lower stability and a weak interaction be-
tween CR and the Cu,O surface. Similar results were obtained using
Monte Carlo simulations, confirming the energy order.

4. Conclusion

In this study, a Cu,O@Zn-Fe LDH core-shell heterostructure was
successfully synthesized using a coprecipitation method. The formation
of Zn-Fe LDH and cuprite was confirmed through DRX, while SEM
imaging revealed numerous Cu,0 nanocubes crystallizing in a cubic
symmetry (Space Group Pn-3 m). An energy band diagram, derived
from physical and electrochemical parameters, demonstrated the high
photocatalytic efficiency of Cu,0@Zn-Fe LDH across various pH levels.
This efficiency was attributed to the Z-scheme mechanism under solar
irradiation, facilitating the generation of reactive oxygen species that
enabled complete degradation of Congo Red within 120 min. Further-
more, Density Functional Theory calculations using the SCAN func-
tional provided insights into the optimized structure and predicted the
reactivity sites of the Congo Red molecule. Fukui indices indicated that
radical attacks predominantly occurred at active sites of the dye. Molec-
ular Dynamics simulations further elucidated the adsorption behavior
of Congo Red in an aqueous environment on Cu,0@Zn-Fe LDH/200
H,0, Zn-Fe LDH/200 H,0, and Cu,0/200 H,O surfaces. The results
showed a strong adsorption tendency of Congo Red on the Zn-Fe LDH/
200 H,0 surface, with Monte Carlo simulations confirming the highest
adsorption energy on this surface. Comparatively, the lower adsorption
energy observed on the Cu,0/200 H,O surface underscores the crucial
role of Zn-Fe LDH in the heterostructure, leading to enhanced dye
degradation.

(b)

Fig. 13. a) electrostatic potential (MEP) (isovalue 0.016), b) electron density of Congo Red.
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Table 2

Outputs and descriptors calculated by the Monte Carlo simulation for the ad-
sorption of Congo Red dye on Cu,O /200 H,0, Cu,0 @ Zn-Fe LDH/200 H,0
and Zn-Fe LDH /200 H,O surfaces.

Compounds Adsorption Rigid adsorption Deformation dE,q / dN;
energy energy energy (kcal.mol ™)
(kcal.mol'l) (kcal.mol'l) (kcal.mol'l)
Cu,0 /200 -18,836.67 —21,043.93 2207.256 —764.985
H,0
Cu,0 @ Zn-Fe -23,768.99 —27,923.24 4154.253 —1500.209
LDH/200
H,O
Zn-Fe LDH —-37,789.80 —46,858.42 9068.624 —1746.02
/200H,0
Table 3

Output descriptors were calculated from molecular dynamics simulations for
the adsorption of CR on semiconductor surfaces.

Compounds binding energy Interaction energy

(keal.mol™) (keal.mol™)
Cu,0 /200 H,0 —-3763.84 3763.84
Cu,0 @ Zn-Fe LDH/200 H,0 6104.16 -6104.16
Zn-Fe LDH /200H,0 112,331.46 —-112,331.46
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