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A B S T R A C T

Silver nanoparticles were effectively supported on phosphorylated layered double hydroxide (Phos-LDH) using a 
simple and efficient synthesis approach. The resulting AgNPs/Phos-LDH composite was thoroughly characterized 
using spectroscopic, structural, morphological, and textural techniques to investigate its physicochemical 
properties and confirm the successful formation of the AgNPs/Phos-LDH nanocomposite. This latter exhibited 
excellent catalytic activity for the reduction reaction of p-nitrophenol to p-aminophenol, achieving a high 
conversion rate up to 95 % in a short reaction time (6 min). This efficient transformation highlights the catalyst’s 
strong potential for environmental remediation. In addition to their catalytic properties, all samples were 
evaluated for their antimicrobial activity. The antimicrobial performance was assessed using four bacterial 
species and four fungal strains. The AgNPs/Phos-LDH composite exhibited the highest antimicrobial efficacy, as 
reflected by its lowest minimum inhibitory concentration values, demonstrating MIC as low as 2.6 mg/mL and 
6.6 mg/mL for antibacterial and antifungal activities, respectively. The synergistic effect between phosphory
lated MgAl-LDH and silver nanoparticles contributed to the enhanced antimicrobial performance. These results 
reveal the strong antimicrobial activity of the AgNPs/Phos-LDH nanocomposite against a potentially wide range 
of pathogens, underscoring its promise as an effective antimicrobial agent.

1. Introduction

There are many pathogenic microorganisms, which are common 
sources of disease and infection in humans and animals [1,2]. To fight 
these microorganisms, numerous research teams are working hard to 
develop new, powerful, and cost-effective antimicrobial agents [3–5]. 
Recently, bioactive materials and functional materials have received a 
great deal of attention owing to their antimicrobial efficiency agents 
against microorganisms [6–8]. Furthermore, thanks to their various 
multifunctional and biological benefits, these antibacterial agents have 
found wide application in the biomedical field, including dental com
posite restorations [9], treatment of bacterial infections [10], food 
packaging [11,12] foot and mouth disease [13], agents delivery system 

[14], …etc. Furthermore, silver nanoparticles are widely regarded as 
highly effective and cost-efficient antibacterial agents capable of elim
inating large populations of bacteria [15]. However, they are chemically 
and thermodynamically unstable, and their tendency to aggregate due 
to high surface activity reduces dispersion and stability, thereby mark
edly diminishing their antibacterial efficacy [16]. The immobilization of 
silver Nanoparticles into other material surfaces provides an opportu
nity to overcome the clustering and transformational limitations asso
ciated with these nanomaterials. [17]. Additionally, In the field of 
catalysis, many rare metals such as rhenium, palladium, platinum and 
gold have been widely used for the reduction of nitroaromatic com
pounds [18,19]. More than, these catalysts present a number of features, 
in particular their high cost and their potentially harmful effects on the 
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environment and health [20]. The development of new alternative 
catalysts that are less costly, more efficient and more environmentally 
friendly is therefore a major challenge for scientific research [21]. 
Layered double hydroxide (LDH) compounds, which are also named 
hydrotalcite or anionic clays, are mesoporous crystalline layered mate
rials featuring positively charged layers balanced by intercalated anions. 
Such materials are typically supplied according to the standard formula 
[M2+₍1-x₎M3+

x (OH)2]ˣ+ (Aⁿ− )x/q⋅mH2O, where m corresponds to the hy
dration degree, often equal to 4. M2+ (Mg, Ba, Cu, Ca, Co, Ni, or Zn..) and 
M3+ (Cr, Fe, or Al..) designate di- and trivalent cations respectively. The 
intercalated anions (Aⁿ− ) commonly include CO₃2− , Cl− , NO₃− , or PO₄3−

(Fig. 1). However, metal cations and anions compounds can be 
substituted with a variety of alternatives, leading to improved physi
cochemical properties of the LDH materials. Owing to their structural 
versatility and ion-exchange capacity, hydrotalcite-based compounds 
have been widely applied in diverse fields, particularly in heterogeneous 
catalysis for heterocyclic synthesis [22–25], biomedical and medicine 
[26], agricultural technology [27], energy [28], environment and water 
treatment [29–31].

In addition, the LDH materials most frequently studied or commer
cialized have been produced by co-precipitation, hydrothermal treat
ment or a combination of the two techniques. All three processes 
produce a well-crystallized product with good reproducibility, but 
require lengthy hydrothermal aging [32]. Among these, lamellar ma
terials have recently attracted significant interest as promising multi
functional nanomaterials due to their unique structure and 
extraordinary properties [33]. To design optimal and effective antimi
crobial agents, it is essential to consider functional and realizable ma
terials. Furthermore, several strategies have been explored to develop 
effective antimicrobial agents [34]. Kotta et al [35] developed silver 
nanoparticles (AgNPs) enrobed with LDH material for delivery in a 
polymer hydrogel as potential antimicrobial agents. After the successful 
use of gold nanoparticles confined in a porous silica network in the 
reduction of 4-nitrophenol [36], which is considered a harmful pollutant 
that impacts human health as well as the ecological system, to amino
phenol which is a precursor commonly used in the pharmaceutical in
dustry, we were interested in providing a detailed survey in this study of 
the catalytic behavior of silver nanoparticles decorated on the surface of 
phosphorylated-LDH structure, leading to unexpected results signifi
cantly outstripping the results previously obtained with gold nano
particles, considerably more costly compounds compared with silver, 
yielding substantially improved conversion times and yields. In this 
work, we focused on developing a novel phosphate-functionalized 

layered double hydroxide (Phos-LDH) decorated with silver nano
particles (AgNPs/Phos-LDH) and investigating its physicochemical 
properties. The Phos-LDH support not only enhances the dispersion and 
stabilization of Ag0 nanoparticles but also improves catalytic activity 
and antimicrobial efficiency, highlighting its potential as a sustainable 
multifunctional material.

2. Experimental

2.1. Preparation of LDH

The LDH material produced was successfully achieved following a 
co-precipitation process [37,38]. In brief, solution (A) containing 0.15 M 
of Mg(NO3)2⋅6H2O and 0.05 M of Al(NO3)3⋅9H2O with an Mg/Al ratio of 
3:1, and another solution (B) containing 0.4 M of NaOH and 0.025 M of 
Na2CO3, were prepared separately. The two solutions were added 
simultaneously dropwise into a Three-neck round-bottom flask main
tained at 60 ◦C under continuous stirring and the pH was maintained at 
10. The resulting mixture was then heated to reflux at 75 ◦C for 18 h. The 
precipitate was filtered, washed with distilled water, and dried at 80 ◦C 
overnight.

2.2. Preparation of Phos-LDH

The Phos-LDH composite was synthesized following the procedure 
reported by He et al. [39], with minor modifications. First, 1.4 g of LDH 
was dried at 120 ◦C for 1 h and then dispersed in a mixture of ethanol 
(15 mL) and water (10 mL) under continuous stirring for 30 min. Sub
sequently, 3 mL of triethyl phosphate ((C₂H₅)₃PO₄) was added dropwise 
to the suspension under stirring, and the mixture was maintained at 
room temperature for 24 h. Afterward, 6 mL of distilled water was 
added, followed by an additional 2 h of continuous stirring. The 
resulting precipitate was filtered, thoroughly rinsed with distilled water 
and ethanol, and then dried at 80 ◦C for 24 h (Fig. 2).

2.3. Preparation of AgNPs/Phos-LDH

The AgNPs/Phos-LDH composite was synthesized by dissolving 0.30 
g of AgNO4 in a mixture of distilled water (100 mL) and ethanol (50 mL), 
followed by suspending 300 mg of Phos-LDH in the prepared solution. 
Subsequently, 0.03 M NaBH4 was added, and the pH was adjusted to 9 
using 1 M of NaOH. The mixture was then heated under reflux at 60 ◦C 
for 17 h. After the reaction, the product was filtered, thoroughly washed 

Fig. 1. MgAl-Layered double hydroxide structure.
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with ethanol, and dried in an oven at 60 ◦C (Fig. 3).

2.4. In vitro testing of antimicrobial activity

2.4.1. Bacterial strains
In this study, we used four bacterial strains, including E. coli (ATCC 

10536), S. aureus (ATCC 6538), P. aeruginosa (ATCC 15442), and 
M. luteus (ATCC LP 14110), as model micro-organisms to evaluate the 
antibacterial efficacy of all the synthesized materials. These bacterial 
strains were obtained from the MBBT laboratory, FS, UMP Oujda, 
Morocco [40].

2.4.2. Fungal strains
In this study, we chose four distinct fungal strains, including A. niger, 

R. glutinis, C. glabrata and P. digitatum, to evaluate the antifungal per
formance of the composites. These fungal strains were obtained from the 
MBBT laboratory, FS, UMP Oujda, Morocco [41].

2.4.3. Determination of MIC
Determination of the minimum inhibitory concentration (MIC) is a 

very important step in assessing the efficacy of antimicrobial agents. 
This study used the resazurin microtiter assay to establish the MIC of the 
compounds studied. The test was performed in 96-well microplates, 
each containing a concentration ranging from 15 mg/mL to 0.05 mg/ 
mL. A standardised inoculum of the microbial strain was introduced into 

each well and the microplates were incubated at the appropriate tem
perature, 37 ◦C for bacteria and 25 ◦C for fungi, for 18 h. After incu
bation, resazurin was added and the microplates were incubated for 2 h 
until a colour change from blue to pink was observed [42].

3. Results and discussion

3.1. IR Analysis

The FT-IR spectra of the LDH, LDH-Phos and AgNPs/Phos-LDH 
samples can be viewed in Fig. 4, revealing the variations in structure 
and composition seen in the native and functionalised materials. For the 
LDH material, the wide band around 3400 cm− 1 reflects the O–H bond 
stretching frequencies typically associated with hydroxyl and water 
molecules in the LDH structure. [43]. The wide, moderately intense 
band at 1362 cm− 1 is attributed to the vibrational modes of the inter
calated carbonate group (CO₃2− ), a characteristic anion of LDH. Other 
bands in the lower wavenumber region (~600 cm-1) arise from bending 
vibrations of metal‑oxygen bonds, reflecting metal hydroxide groups. In 
the LDH-Phos spectrum, a notable shift in the O–H stretching band is 
observed, indicating interactions between hydroxyl groups and phos
phate species. The band at 1362 cm− 1 persists, reaffirming the presence 
of carbonate ions, but the appearance of a new band in the 700–800 
cm− 1 range corresponds to P–O and P––O stretching vibrations. This 
confirms the successful functionalization of LDH by the phosphate 

Fig. 2. Schematic Representation of Surface Phosphorylation of LDH

Fig. 3. Schematic representation of Ag nanoparticles anchoring onto the surface of phosphorylated LDH.
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groups [44]. Finally, the AgNPs/Phos-LDH composite retains the char
acteristic hydroxyl and phosphate bands, although with reduced trans
mission intensities. Such reduction is mainly explained by the inclusion 
of silver nanoparticles, which probably interfered with the vibrational 
modes due to their interaction with the phosphate-functionalised LDH 
composite. The spectral features collectively confirm the successful 
integration of phosphate groups and silver nanoparticles into the LDH 
structure.

3.2. XRD characterization

The XRD patterns of the LDH, and LDH-Phos samples (see Fig. 5), 
depict reflections at 11.33◦, 22.82◦, 34.42◦, 38.23◦, 60.39◦ and 61.67◦

typically related to the LDH lamellar structure corresponding to the 
(003), (006), (012), (015), (018), (110) and (113) crystal planes, as 
reported in JCPDS file no. 41–1428 [45]. In the case of Phos-LDH, a shift 
in the 2θ position of reflection (003) and a slight variation in d-spacing 
indicate that the successful intercalation of phosphate anions into the 
LDH structure via anion exchange has not been accomplished. However, 
the XRD patterns suggest that surface functionalization of the LDH with 
phosphate groups, without true intercalation likely occurred, although 
the fundamental layered structure of LDH remains intact [46,47]. In the 
NPs/Phos-LDH diffractogram, similar LDH phase patterns with addi
tional peaks appearing at 27.94◦, 38.27◦, 44.38◦ and 77.55◦, corre
sponding to the (220), (111), (200) and (311) planes of the Ag 
nanoparticles (JCPDS file no. 04–0783) [48]. The results suggest the 
successful deposition of silver nanoparticles onto the phosphate- 
functionalized LDH framework. Table 1 lists the crystallite sizes esti
mated using Scherrer’s formula (Eq. 1) and the d-spacing. 

D = 0.9λ/β*cos (θ) (1) 

3.3. N2 adsorption-desorption

Fig.6 presents the N2 adsorption and desorption isotherms of LDH, 
Phos-LDH and AgNPs/Phos-LDH using BET method. Both samples 
demonstrate type IV isotherms, characteristic of mesoporous materials, 
confirming the presence of a well-defined porous structure [49]. The 

surface modification of the LDH material by phosphorylation results in a 
significant increase in specific surface area from 79.52 to 102.57 m2/g 
for LDH and Phos-LDH, respectively (Fig.6). This enhancement is 
probably due to interactions between phosphate groups and LDH layers. 
Furthermore, the decoration of phosphorylated LDH with silver nano
particles involves a minor enhancement of surface area and pore vol
ume. Consequently, functionalization of the LDH surface can induce 
structural modifications.

3.4. Morphological and microstructural analyses

3.4.1. SEM/EDS analysis
SEM combined with EDS was employed to examine the microstruc

tural properties, surface morphology, and elemental distribution of the 
samples (LDH, Phos-LDH and AgNPs/Phos-LDH) as presented in 
Figs. 7,8,9 and Fig. S1. In Fig. 7 (a) and Fig. 8, the LDH sample shows 
coarse, irregularly distributed particles with diameters ranging from 
around 1.2 to 5.1 μm. These observations confirm the presence of a 
three-dimensional lamellar structure with a characteristic hexagonal 

Fig. 4. FTIR spectra of LDH, Phos-LDH, and AgNPs/Phos-LDH.

Fig. 5. XRD patterns of LDH, Phos-LDH, and AgNPs/Phos-LDH.
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morphology [50].
Fig. 7(b) and Fig. 9 reveals a notable transformation in particle 

morphology for Phos-LDH. Particle size varies from 3.1 to 5.2 μm, and 
the material exhibits more defined and homogeneous characteristics. 
The appearance of smaller, evenly dispersed particles suggests that the 
phosphate groups effectively coated the LDH surface, leading to better 
particle dispersion and structural uniformity.

In contrast, Fig. 7(c) and Fig. 10 shows particles of similar size for 
AgNPs/Phos-LDH, but with distinct bright spots visible on the surface. 
These bright regions correspond to the presence of silver nanoparticles, 
as confirmed by EDS analysis. The uniform distribution of these 

nanoparticles indicates successful deposition on the phosphate- 
functionalized LDH material, enhancing the surface properties of the 
composite. The results of the SEM and EDS analyses collectively 
demonstrate that the modifications involving phosphate and silver 
nanoparticles were executed efficiently, leading to increased material 
uniformity and successful integration of the functional groups and 
nanoparticles.

3.4.2. TEM analysis
Fig. 11 presents the HRTEM images of the synthesized materials. 

Theimage Fig. 11(a) shows the characteristic morphology of LDH 

Fig. 6. N2 Adsorption-desorption isotherms of LDH (a), Phos-LDH (b), and AgNPs/Phos-LDH (c).

Fig. 7. Images SEM of the samples: LDH (a), Phos-LDH (b) and Ag NPs/ Phos- LDH (c).

Fig. 8. SEM-EDS elemental mapping of LDH Material, image and analogous elemental mapping of Mg, Al, O, and C.
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material before phosphorylation by phosphate groups. It shows a 
structure of thin, superimposed, well-defined layers, typical of the 
lamellar nature of these materials. This stacked layer organization re
flects the good crystallinity and orderly structure of the LDH material. 
Fig. 11(b) illustrates the morphology of the phosphorylated LDH. Partial 
exfoliation of the layers can be observed, reflecting a disruption of the 
initial lamellar structure due to functionalization by phosphate groups. 
These groups appear to attach themselves to the surface of the platelets, 
thereby modifying the stacking and contributing to a more pronounced 
dispersion of the layers. Fig. 11(c) exhibits the morphology and distri
bution of silver nanoparticles supported by a phosphorylated layered 
double hydroxide (Phos-LDH). The AgNPs are mainly spherical to quasi- 
spherical in shape, with sizes ranging from approximately 30 to 40 nm. 
These nanoparticles appear to be well dispersed in the Phos-LDH sup
port, with no significant aggregation observed, indicating efficient 
deposition and good interaction with the support surface.

Fig. 11 shows HRTEM images of the synthesized materials. Fig. 11(a) 
shows the characteristic morphology of the native LDH material. A 
structure composed of thin, superimposed, well-defined layers, typical 
of the lamellar nature of LDH, can be observed. This arrangement re
flects good crystallinity. and ordered structure of the material. Fig. 11(b) 
illustrates the morphology of phosphorylated LDH (Phos-LDH). Partial 
exfoliation of the layers is evident, indicating a disruption of the original 
lamellar structure due to functionalization with phosphate groups. 

These groups appear to attach to the surface of the platelets, thereby 
altering the stacking and promoting greater dispersion of the layers. 
Fig. 11(c) shows the morphology and distribution of silver nanoparticles 
supported on Phos-LDH composite. The AgNPs are mainly spherical to 
quasi-spherical, with sizes ranging from approximately 30 to 40 nm. 
They are well dispersed on the Phos-LDH support, with no significant 
aggregation observed, suggesting efficient deposition and strong inter
action with the support surface.

Fig. 11(d) shows an HRTEM image of the AgNPs/Phos-LDH com
posite revealing sharp, well-parallel lattice fringes over large areas, 
providing direct evidence of the composite’s crystalline nature. The 
presence of differently oriented grains confirms the composite’s poly
crystalline structure. Furthermore, certain weakly structured or disor
dered areas can be attributed to amorphous phases or the presence of 
crystalline defects.

Fig. 11 (e) shows electron diffraction by a ring for the AgNPs/Phos- 
LDH composite. This type of image is essential for microstructural 
analysis, particularly for assessing the degree of crystallinity and iden
tifying the crystalline phases present. In our case, the presence of well- 
defined concentric rings indicates a polycrystalline structure of the 
composite. These rings are likely associated with both silver nano
particles and sheets of phosphorylated lamellar material, reflecting the 
coexistence of different crystalline phases in the sample.

Fig. 9. SEM-EDS elemental mapping of Phos-LDH, image and analogous elemental mapping of Mg, Al, O, C and P.

Fig. 10. SEM-EDS elemental mapping of AgNPs/Phos-LDH, image and analogous elemental mapping of Mg, Al, O, C, P and (Ag).
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4. Antimicrobial activity

4.1. Antibacterial activity

The antibacterial properties of LDH, Phos-LDH and the newly com
posite AgNPs//Phos-LDH were assessed by determining their minimum 
inhibitory concentration (MIC) using standard dilution methods [51].. 
For example, LDH material showed MIC values of 16.66 mg/mL against 
M. luteus and 33.33 mg/mL against E. coli, while AgNPs/Phos-LDH 
showed MIC values of 2.60 mg/mL against M. luteus and 5.20 mg/mL 
against E. coli. These results suggest that Ag-decorated Phos-LDH ex
hibits superior antibacterial activity to LDH and Phos-LDH. As a result, 

Phos-LDH and AgNPs/Phos-LDH exhibit considerable antimicrobial ac
tivity against a wide range of bacterial and fungal strains tested (Fig. 12
(a)). The data were statistically analyzed using IBM SPSS Statistics V21.0 
software, with descriptive statistics used to present the results as mean 
± SD. An analysis of variance (ANOVA) was conducocted to compare the 
mean values of the studied characteristics, followed by Tukey’s post-hoc 
test to determine significant differences at a 5 % threshold (Table 3 and 
Table 4). The MIC values of antibacterial activity for each compound 
and statistical data were presented in the Table 3.

Fig. 11. TEM images of LDH (a), Phos-LDH (b) AgNPs/Phos-LDH (c), HRTEM of AgNPs/Phos-LDH (d) and SAED of AgNPs/Phos-LDH (e).

Fig. 12. MIC of LDH, Phos-LDH and Ag NPs/Phos-LDH samples against the tested bacterial strains (a) and fungal strains (b).
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4.2. Antifungal activity

In the second antimicrobial assay, the antifungal activity of LDH, 
Phos-LDH and AgNPs/Phos-LDH composites was evaluated against four 
fungal strains including P. digitatum, A. niger, C. glabrata and R. glutinis 
for determining their MIC values (Table 4). The new AgNPs/Phos-LDH 
composite exhibited the best antifungal activity for all the strains 
tested, with significantly lower MIC values (2.60–5.20 mg/mL) 
compared with LDH and Phos-LDH. In contrast, LDH showed the 
weakest antifungal effect, particularly against R. glutinis (33.33 mg/mL). 

Phos-LDH showed moderate activity with uniform MIC values (10 mg/ 
mL) for all strains. These results highlight the improved antifungal 
performance of the Ag-supported Phos-LDH composite, suggesting a 
synergistic action between the Ag nanoparticles and the phosphorylated 
LDH, which probably enhances the disruption of fungal cell membranes 
or interferes with their metabolic processes (Fig. 12(b)).

LDH materials are widely recognized for their biocompatibility, with 
their toxicity being largely influenced by their composition and inter
layer anions [52]. Pattappan et al. [53] reported the versatility of 
phosphate-containing LDHs, emphasizing their favorable safety profiles 

Fig. 13. Schematic representation of the proposed antibacterial mechanism of the AgNPs/ Phos-LDH nanocomposite.

Fig. 14. UV–Visible spectra of p-NP in the presence of LDH (a), Phos-LDH (b) and AgNPs/Phos-LDH catalyst;

Fig. 15. Rate constants of p-NP and conversion of catalysts.
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in both environmental and biomedical applications. In addition, metal 
oxide and silver nanoparticles may exhibit low toxicity, depending on 
dose and size, attributed in part to the stabilization of silver nano
particles (Ag0) [54–56]. As a result, these insights suggest that AgNP/ 
Phos-LDH nanocomposites are promising candidates that combine 
functionality with reduced toxicity risk.

4.3. Proposed antibacterial mechanism

Some studies showed that nanocomposites can interact electrostati
cally with bacterial membranes, leading to membrane rupture, inhibi
tion of periplasmic enzymes and, ultimately, cell destruction [57]. The 
antimicrobial activity of layered double hydroxide (LDH) is mainly 
caused by the release of hydroxyl groups (OH− ) into the aqueous solu
tion. These highly reactive ions can oxidize and interact with various 
biomolecule compounds. The Phos-LDH functional material can also 
catalyze the generation of ROS, such as hydroxyl radicals, as well as 
carbonates and phosphate groups under physiological conditions. These 
ROS induce oxidative stress, leading to damage of bacterial cell walls 
and membranes. Furthermore, ROS can penetrate bacterial cells and 
further damage intra-cellular biomolecules such as lipids, DNA, and 
proteins. The incorporation of silver nanoparticles (AgNPs) into Phos- 
LDH enhances its antimicrobial activity by improving its stability and 
prolonging its effect. Silver nanoparticles specifically target bacterial 
components, such as enzymes and ribosomes, disrupting critical meta
bolic processes and amplifying the overall antibacterial effect (Fig. 13).

Several studies have shown that nanocomposites can interact 

Fig. 16. Schematic illustration of the mechanism behind the catalyst AgNPs/Phos-LDH for the.

Table 1 
Estimation of crystallite size by Scherrer formula.

Sample d(003) (Å) Crystallite size (nm)

LDH 7807 29,9
Phos-LDH 7631 42,2

AgNPs/Phos-LDH 7690 61,4

Table 3 
Results of antibacterial activities and statistical data of results.

Sample Bacterial strains

Gram (+) bacteria Gram (− ) bacteria

S. aureus M. luteus E. coli P. aeruginosa

MIC 
(mg/ 
ml)

LDH
16.66 ±
0.01cA

16.66 ±
0.00 cA

33.33 ±
0.03 cB

33.33 ± 0.06 
cB

Phos-LDH 10.00 ±
0.09bA

10.00 ±
0.03 bA

10.00 ±
0.00 bA

10.00 ± 0.01 
bA

AgNPs/ 
Phos-LDH

5.20 ±
0.00aB

2.60 ±
0.02 aA

5.20 ±
0.04 aB 5.20 ± 0.00 aB

Note: Values in the same column followed by different lowercase letters (a–c) are 
significantly different, while values in the same row followed by different up
percase letters (A–B) differ significantly at p < 0.05.
SD = Standard Deviation.

Table 4 
results of antifungal activities and statistical data of results.

Sample Fungal strains

P. digitatum A. niger C. glabrata R. glutinis

MIC 
(mg/ 
ml)

LDH 8.33 ± 0.00 
bA

16.66 ±
0.00 cB

16.66 ±
0.10 cB

33.33 ±
0.10 cC

Phos-LDH
10.00 ±
0.20 bA

10.00 ±
0.10 bA

10.00 ±
0.10 bA

10.00 ±
0.30 bA

AgNPs/ 
Phos-LDH

2.60 ± 0.09 
aA

5.20 ±
0.10 aB

5.20 ± 0.20 
aB

5.20 ±
0.00 aB
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electrostatically with bacterial membranes, leading to membrane 
rupture, inhibition of periplasmic enzymes, and ultimately cell death 
[57]. The antimicrobial activity of LDH material is primarily attributed 
to the release of hydroxyl groups (OH− ) into the aqueous medium. These 
highly reactive ions can oxidize and interact with various biomolecules. 
In addition, the Phos-LDH functional material can catalyze the genera
tion of reactive oxygen species (ROS), such as hydroxyl radicals, car
bonates, and phosphate-derived species under physiological conditions. 
These ROS induce oxidative stress, resulting in damage to bacterial cell 
walls and membranes. Moreover, ROS can penetrate bacterial cells and 
disrupt intracellular biomolecules, including lipids, DNA, and proteins. 
The decoration of Phos-LDH by silver nanoparticles (AgNPs) further 
enhances antimicrobial activity by improving stability and prolonging 
effectiveness. AgNPs specifically target bacterial components, such as 
enzymes and ribosomes, thereby disrupting critical metabolic processes 
and amplifying the overall antibacterial effect (Fig. 13).

5. Catalytic performance of AgNPs/Phos-LDH

5.1. Reduction reaction of p-NP

The catalytic performance of the synthesized nanocomposites was 
studied in the reduction reaction of para-nitrophenol in aqueous me
dium, using our previous procedure described by Kacem et al. [36]. In a 
typical experiment, 2 mg of the catalyst was added to a flask (10 mL) 
containing an aqueous solution of p-NP (0.2 mmol), followed by 
vigorous stirring for 2 min to ensure homogeneous dispersion. Subse
quently, a freshly prepared aqueous solution of NaBH4 (3.6 10− 2 mmol) 
was added to the reaction mixture with continuous stirring. The progress 
of the reduction reaction was monitored in real time by UV–vis spec
troscopy to observe the decreased of the absorption band characteristic 
of p-NP and the appearance of a new characteristic absorption band 
corresponding to para-aminophenol (p-AP).

Upon the addition of NaBH₄ to the p-NP solution, a characteristic 
band appears at ~400 nm, representing the nitrophenolate ion. Subse
quent to the addition of the catalyst (Phos-LDH and AgNPs/Phos-LDH), 
the reduction reaction can be observed. Gradually, as the reduction re
action proceeds towards p-aminophenol (p-AP), this band decreases, 
while a new band may appear around ~300 nm, indicating that a new 
product has been formed. However, the native LDH material does not 
exhibit significant catalytic activity for the reduction reaction to p-NP 
(Fig. 14. (a)). The catalytic tests carried out also show that the Phos-LDH 
catalyst exhibits a moderate and slow catalytic activity, although not 
zero like that of native LDH, suggesting that modifying the LDH surface 
can improve the catalytic activity of the final material (Fig. 14. (b)). A 
rapid decrease in the absorption band at 400 nm was observed, with 
almost complete disappearance within 6 min. At the same time, a new 
absorption band appeared clearly at 300 nm, indicating the formation of 
p-AP (Fig. 14(c)). This demonstrates the high catalytic efficiency of the 
new AgNPs/Phos-LDH system. The presence of silver nanoparticles 
considerably enhances electron transfer, accelerating the reduction of p- 
NP to p-AP. This enhanced activity results from the synergistic inter
action between the phosphate-functionalized LDH surface and the 
incorporated silver nanoparticles.

The rate constant (k) for the reduction of p-nitrophenol (p-NP) was 
determined using the following first-order kinetic equation: 

ln(ct/c0) = − kt (2) 

where C0 and Ct represent the concentrations of p-NP at the initial time 
and at a given reaction time t, respectively, and k (min− 1) is the apparent 
rate constant. Based on this kinetic model, the calculated values of k 
were 0.12 min− 1 and 0.43 min− 1 for the reduction reaction in the 
presence of Phos-LDH and AgNPs/Phos-LDH, respectively. As a result, 
the LDH catalyst is inactive in the reduction of p-NP. It does not possess 
the electronic properties or active sites required to facilitate electron 

transfer between BH₄− and p-NP. A regular increase in conversion, 
reaching around 56 % after 6 min, due to phosphorylation, which im
proves the catalytic activity of the LDH material. Phosphorylation can 
introduce phosphate groups capable of modifying the polarity of the 
surface, improving dispersion of the reagents or introducing acidic sites 
(Fig. 15). Phos-LDH has moderate catalytic activity, but is insufficient 
for rapid or complete conversion. In the presence of AgNPs/Phos-LDH 
catalyst, the conversion reaches around 70 % in 2 min and over 95 % 
at 6 min. These results are due to the presence of silver nanoparticles 
(AgNPs) on the surface of Phos-LDH material act as highly active cata
lytic sites. They effectively facilitate electron transfer from BH−

4 to p-NP. 
As result, deposition of silver NPs on the phosphorylated support (Phos- 
LDH) enables homogeneous dispersion, stabilizes the AgNPs, and max
imizes reagent accessibility.

5.2. Proposed p-NP reduction mechanism

The proposed 4-NP reduction mechanism shown in Fig. 16 can be 
summarized as follows: initially, the adsorption of 4-nitrophenol at the 
surface of the catalyst is achieved thanks to the mutual interaction of the 
two oxygen atoms of the nitro group with the Ag nanoparticles surface. 
Afterwards, Transfer of electrons and protons with sodium borohydride 
(NaBH4) acting as a reductant. It delivers hydrogens (protons and 
electrons) enabling the nitro group of 4-NP to be transformed. The silver 
nanoparticles promote contact between NaBH4 and NO2

− group. Even
tually, the nitro group is hydrogenated to an amino group, forming 4-AP.

reduction of 4-NP.

5.3. Comparative catalytic activity of AgNPs/Phos-LDH

Table 5 shows a comparison between the catalytic performance of 
the synthesized AgNPs/Phos-LDH and that of a number of other catalysts 
previously reported in the literature. Since catalytic efficiency is influ
enced by multiple factors, including catalyst composition, initial con
centration, and overall cost, it is often difficult to identify the most 
effective system. In this context, the synthesized AgNPs/Phos-LDH were 
evaluated against noble metal-based nanocatalysts as well as other 
metal oxides and their composites. The results, summarized in Table 5, 
clearly demonstrate that AgNPs/Phos-LDH offer a more cost-effective, 
high-yield, and faster alternative while maintaining competitive cata
lytic activity.

6. Conclusion

In conclusion, a layered double hydroxide surface was functionalized 
with phosphate groups and decorated with silver nanoparticles. The 
synthesized materials (LDH, Phos-LDH, and AgNPs/Phos-LDH) were 
thoroughly characterized using XRD, FTIR, SEM-EDS, N2- adsorption/ 
desorption analysis (BET), and HRTEM. The newly synthesized nano
composite shows the absence of significant aggregation, indicating good 
dispersion of AgNPs, thus promoting colloidal stability and preserving 
their catalytic and antimicrobial activity. The antimicrobial activity of 
LDH, Phos-LDH, and AgNPs/Phos-LDH nanomaterials were also evalu
ated. Among them, AgNPs/Phos-LDH exhibited the strongest antimi
crobial activity against both bacterial and fungal species, highlighting its 
potential as an effective antimicrobial agent for biomedical applications. 
In addition, the developed nanomaterials demonstrated excellent cata
lytic performance in the reduction of p-nitrophenol to p-aminophenol. 
Overall, these results underscore the potential of designing alternative 
catalytic materials that are efficient, stable, and environmentally 
friendly.
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