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ABSTRACT 

Nanostructured ensembles of silver nanoparticles/zinc-substituted anionic clay matrix 

(Ag/ZnLDH) were obtained by a simple synthetic route in which reconstruction of the 

layered clay, synthesis of the silver nanoparticles and their organisation on the clay 

surface took place in a single step at room temperature. The morphology, composition 

and phase structure of the prepared powders were characterised by X-ray diffraction, 

infrared spectroscopy, transmission electron microscopy, X-ray photoelectron 

spectroscopy and N2 adsorption. Results showed that the silver–anionic clay 

nanoarchitecture consists of nanoparticles of silver (average size 7 nm) deposited on 

the larger nanoparticles of clay (average size 85 nm). The antimicrobial activity was 

examined by disk diffusion assay and minimal inhibitory concentration determination as 

a function of x, where x is a controlled variable parameter that represents the length of 

time since the sample was synthesised. Ag/ZnLDH showed more stable antimicrobial 

properties than the unsupported nanosized silver. 
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1. Introduction 

Ensembles of different nanostructures that are able to combine their characteristics and 

to organise themselves to create materials with complex properties have great potential 

in biomedical applications owing to the particular interactions that can be established 

between nanoscale architectures and biological interfaces [1]. Recently, silver 

nanoparticles have attracted a great deal of attention in biomedical applications owing 

to their surface plasmon resonance effect and antibacterial activity [2,3]. Synthesis of 

silver nanoparticles has been achieved by various routes consisting of complex 

synthesis/reduction procedures such as co-precipitation, microemulsion, sonochemical 

and photochemical techniques [4]. Nanoparticles of silver, as for all other nanosized 

metals, are easily aggregated and this aggregation behaviour is the cause of the in vitro 

and/or in vivo toxicity of metal nanoparticles [5,6]. A variety of organic solvents, 

stabilisers or coating agents (such as polymers, ligands or surfactants) have been used 

to reduce aggregation and stabilise the nanoparticles. These large organic compounds 

not only increase the cost of the obtained material but also strongly decrease the purity 

and accessibility of the active nanosites [7]. Moreover, organic additives are able to alter 

the interactions of the active nanosite with biological interfaces. An ensemble of metal 

nanoparticles/biocompatible inorganic matrix can improve these problems [8]. The 

inorganic matrix is also able to bring into the cumulative structure its own characteristics 

and thus a controlled textural organisation within nano range can be tailored, 

considering that textural features are very important for tuning the characteristics of the 

physicochemical processes occurring at biologically active interfaces [9]. Hydrotalcite, 

like anionic clays or more generally speaking layered double hydroxides (LDHs), 
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represented by the empirical formula [M(II)1–x M(III)x (OH)2]x+ (An–)·mH2O, are synthetic 

anionic clays with brucite [Mg(OH)2]-like layers in which some of the divalent cations 

have been replaced by trivalent ions. The cationic layers are bound together by the 

interlayer counter anions as well as by water molecules [10]. Intense research has 

recently been carried on LDH-like materials, mainly due to the ability of the porous clay 

matrix to incorporate and to transport various bio and organic molecules. The results 

show the ability of LDHs to allow cells to grow well and to function properly or even to 

force living cells to make changes according to the nature of the particular biomolecules 

[11,12]. The LDH clay matrix is also able to bring into a cumulative structure not only the 

advantage of good biocompatibility and controlled textural features [13,14] but also high 

adsorption and ion exchange capacities [15]. It was also reported that the particular 

texture of the LDH allows bacteria and viruses to adsorb on the clay matrix [12] and 

thus to interact closely with the supported nanoparticles. A special characteristic of the 

anionic clay matrix is the so-called structural ‘memory effect’. This means that the 

layered clay structure can be destroyed by calcination at moderate temperatures (ca. 

550 °C) to yield low crystalline mixed oxides and then reconstructed by treatment with 

aqueous solutions containing anionic species [16,17]. In view of all this information, our 

work has focused on obtaining nanostructured ensembles able to combine the 

properties of the biocompatible matrix of the anionic clay and the specific induced 

characteristics of the nanosized metals into one single material. To our knowledge, we 

report here for the first time a nanosized silver (Ag)/zinc-substituted anionic clay matrix 

(ZnLDH) as a new nanostructured formulation with antibacterial properties. We present 

a simple and straightforward synthesis route in which the reconstruction process of the 
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clay (based on its structural memory), the formation of silver nanoparticles and their 

self-organisation on the surface of the larger nanoparticles of the Zn-substituted 

hydrotalcite-like clay are performed in a single step at room temperature. No organic 

additives were used during the synthesis process of the clay–silver nanostructured 

ensemble. 

 

2. Materials and methods 

2.1. Sample preparation 

The zinc-substituted hydrotalcite-like clay (denoted as ZnLDH) was obtained by the co-

precipitation method following the procedure of Reichle et al. [18]. Briefly, 500 mL of the 

aqueous solution of the metal salts used as precursors [Zn(NO)3
.6H2O/Al(NO3)3

.9H2O 

molar ratio 2/1] and the aqueous solution (1 M) of the precipitants NaOH/Na2CO3 were 

added drop-wise together at 65 °C at a constant pH 9. The white precipitate was aged 

at 45 °C for 12 h, separated by centrifugation, washed extensively with warm double-

deionised water until sodium free and dried in an oven at 85 °C. For the calcined clay 

(denoted as ZnLDH550), the parent clay (ZnLDH) was calcined at 550 °C for 20 h. For 

the silver–clay ensemble, denoted as Ag/ZnLDH, the ‘freshly’ calcined clay was added 

to 200 mL of aqueous solution (1 N) of Ag2SO4 (containing SO4
2– and Ag+) at a constant 

pH value, with stirring, under a nitrogen atmosphere. The SO4
2– anions from the 

aqueous medium were used as an anion source during the clay reconstruction. The 

obtained sample was aged at ambient temperature, washed, centrifuged and dried 
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under vacuum. The reconstruction process of the clay was carried out under natural 

sunlight (when the reduction of silver is described as Ag2O hν⎯⎯→  Ag [19]). 

 

2.2. Instruments and techniques 

Elemental analyses were performed by inductively coupled plasma (ICP) spectroscopy 

using solutions prepared by dissolving the samples in dilute H2SO4. X-ray powder 

diffraction patterns were recorded on a Shimadzu XRD-6100 diffractometer (Shimadzu 

Corp., Tokyo, Japan) using monochromatic Cu Kα radiation (λ = 0.154 nm), operating 

at 40 kV and 30 mA over a 2θ range from 4° to 70°. A Quantachrome automated gas 

adsorption system (AUTOSORB-1; Quantachrome Instruments, Boynton Beach, FL) 

was used to obtain N2 adsorption isotherms at 77 K; the BET specific surface area 

(SBET) was calculated using the standard Brunauer, Emmett and Teller method on the 

basis of the adsorption data. X-ray photoelectron spectroscopy (XPS) spectra were 

recorded using a Perkin-Elmer spectrometer (Model 5500-MT; Perkin-Elmer Inc., 

Norwalk, CT) equipped with Mg Kα radiation (1253.6 eV) operating at 15 kV and 20 mA; 

the binding energies (BE) were corrected by referencing the C1s peak to 284.8 eV. 

Transmission electron microscopy (TEM) analysis was performed on a Hitachi H-900 

instrument (Hitachi Ltd., Tokyo, Japan) operating at 200 kV. The Fourier transform 

infrared (FTIR) spectra were collected on a Perkin-Elmer spectrophotometer (Spectrum 

100; Perkin-Elmer Inc., Shelton, CT) in the wave number range 450–4000 cm–1 at a 

resolution of 4 cm–1 using KBr pellets. 
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2.3. Antimicrobial activity tests 

ZnLDH, ZnLDH550 and Ag/ZnLDH were screened for their antibacterial activity against 

the Gram-positive bacterium Staphylococcus aureus (ATCC 25923) and the Gram-

negative bacterium Escherichia coli (ATCC 35218). Unsupported silver nanoparticles 

(average size 7 nm), obtained according to the procedure described by Chen et al. [14], 

were denoted as AgN and were used as a reference sample of the antibacterial activity. 

All materials were sterilised in an autoclave before experiments. The antibacterial 

activities of the tested materials were qualitatively and quantitatively assessed by agar 

diffusion tests and minimal inhibitory concentration (MIC) values, respectively [20]. 

Tubes containing 10 mL of solution of the tested sample (the mass of the sample from 

the tube was calculated in such a way as to achieve a concentration of silver ranging 

from 2. 5 µg/mL to 25 mg/L) were placed onto an agar plate seeded with 107 colony-

forming units (CFU)/mL of microorganisms. After 24 h of incubation at 37 °C, the 

diameters of the inhibition zones were measured. MIC values were determined as the 

lowest concentration of the tested sample where the absence of growth was recorded 

[20]. Three replicate experiments were performed. 

 

3. Results and discussion 

3.1. Structural and surface characteristics of Ag/ZnLDH described by X-ray diffraction 

(XRD) and X-ray photoelectron spectroscopy (XPS) results 

The XRD patterns of the samples are shown in Fig. 1. ZnLDH crystallised in the 

hydrotalcite-like phase, without any crystalline impurity, with a series of sharp and 
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symmetric basal reflections (00ℓ, ℓ = 3,6) and broad, less intense, non-basal reflections 

(01ℓ, ℓ = 2,5,8). The other reflections of (110) and (113) can be clearly distinguished 

around 2θ = 60°, thus pointing out a decreased intralayer disorder of the Zn-containing 

clay network [10]. Calcination at 550 °C for 20 h destroys the LDH layered network. The 

characteristic sharp, well shaped reflections in the sample can be ascribed to crystalline 

ZnO (wurtzite JCPDS file no. 36-1451), as indicated by the presence of peaks of 2θ = 

31.9, 34.5, 36.3, 47.6, 56.8, 62.9 and 68.2°, corresponding to the reflections of (100), 

(002), (101), (102), (110), (103) and (112), respectively. ZnAl mixed oxides or spinel-

type phases are not observed after calcination of the ZnLDH clay at 550 °C. Ag/ZnLDH 

displays some sets of reflections, thus indicating complex structural characteristics of 

the sample. The reflections marked with ‘○’ can be indexed to the regained LDH 

structure when the calcined clay was introduced in the aqueous medium of Ag2SO4, 

containing Ag+ and SO4
2– ions, whilst the reflections marked with ‘*’ can be assigned to 

metallic Ag (JCPDS file no. 04-0783). The characteristic reflections of ZnO can still be 

observed, thus revealing that the reconstruction process of the clay was not complete. 

The evolution of Ag/ZnLDH is followed after its calcination at 550 °C for 20 h (in Fig. 1 

this sample is denoted by Ag/ZnLDH550). The characteristics of the thermally treated 

silver–clay ensemble indicate that the intensity and sharpness of the reflections situated 

at 2θ angles = 37.9, 44.0 and 63.9° (corresponding to the main reflections of metallic 

silver) accentuated; this can be a consequence of the aggregation process of the silver 

nanoparticles after thermal treatment at 550 °C [5]. Information about the chemical 

composition of the samples is presented in Table 1. The Zn/Al atomic ratio, as 

determined by ICP spectroscopy, coincides within experimental errors with those of the 
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starting aqueous salts solutions. The surface chemical states of the elements of the 

samples were investigated by XPS. Figure 2 illustrates the overall survey and Ag3d 

XPS spectra for the Ag/ZnLDH ensemble. The survey spectrum includes the 

characteristic peaks of Zn2p3/2 (1022.7 eV), Al2p (73.87 eV), Ag3d and O1s with all the 

binding energies referenced to C1s (284.8 eV). For the Ag3d region, the Ag3d3/2 and 

Ag3d5/2 peaks appear at binding energies of 373.12 eV and 367.17 eV, respectively. 

These binding energy values are very similar to those reported for silver in the Ag/ZnO 

formulation [19,21]; the complex electronic environment on the surface of the Ag–Zn 

heterostructure reveals strong electronic interactions between silver and zinc [22]. The 

O1s peak (Fig. 3) can be deconvoluted in two peaks. The first one (OI), with the lower 

binding energy (equal to 529.4 eV, 529.7 eV and 530.1 eV for Ag/ZnLDH, ZnLDH and 

ZnLDH550, respectively), is associated with the lattice oxygen bound to metal cations, 

whilst the second one (OII), with the higher binding energy at ca. 531.4 eV, most likely 

belongs to the surface oxygen, consisting mainly of oxygen species of hydroxyl groups 

[23]. The relative abundance of these two oxygen species (calculated as % peak area of 

OI and OII peaks in the total area of O1s peak) is listed in Table 1. It is revealed that the 

contribution of the oxygen bound to the metal cations increases in comparison with that 

of the oxygen belonging to the surface hydroxyl groups in the order: ZnLDH < 

ZnLDH550 < Ag/ZnLDH. Pawlak et al. [24] reported very useful information about the 

specific particularities of XPS data. According to their results, the more ionic character 

the countercation has, the lower the binding energies of the framework elements. In the 

case of the Ag–LDH material, the valence electron of O will be shifted less toward the 

Ag in the Zn–O–Ag formulation than toward the Zn in the Zn–O–Zn, and the electron 
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density is greater near the O in the Ag/ZnLDH than near the O in the ZnLDH; as a 

consequence, the binding energy of oxygen in Ag/ZnLDH is observed at a lower value 

than ZnLDH, thus indicating that specific interactions are established in the silver–clay 

nanostructured ensemble. 

 

3.2. Micromorphology and textural characteristics of Ag/ZnLDH described by the results 

of transmission electron microscopy and N2 adsorption 

TEM analysis offers a closer look at the morphological features of the new material. The 

TEM image of ZnLDH550 (Fig. 4) indicates a rough and clean surface to the clay 

particles. The average particle size of the LDH, obtained from scanning electron 

microscopy (image not shown), is 85 nm. For the silver–clay structure, the TEM picture 

(Fig. 5) reveals that silver nanoparticles (average diameter 7 nm) exist on the larger 

nanoparticles of zinc-substituted clay. The selected area electron diffraction (SAED) 

pattern of Ag/ZnLDH (Fig. 5) displays a complex diffraction ring pattern in which the 

(111), (200), (220) and (311) planes of metallic silver can be identified [25,26]. Together 

the TEM and XRD results point out that, when the memory effect of the clay has 

manifested in the Ag2SO4 solution, a LDH-layered structure supported with silver 

nanoparticles evolved. Other textural characteristics of the samples are listed in Table 

1. The BET surface area value (SBET) is 79 m2/g for ZnLDH and reaches a maximum 

value after the calcination process (134 m2/g), although it decreases to 55 m2/g for 

Ag/ZnLDH. The average pore diameter dp, calculated from the classical Gurvitsch rule 

[27], decreases from 38 nm for ZnLDH to 19 nm for Ag/ZnLDH, revealing that the 

mesoporous characteristics are retained in the silver–clay ensemble. 
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3.3. Nature of the clay interlayer anions studied by Fourier transform infrared 

spectroscopy 

FTIR spectroscopy analysis is able to give information about the nature of the anions in 

the clay interlayers. The FTIR patterns reveal some similarity for the ZnLDH and the 

Ag/ZnLDH layered structures (Fig. 6). The broad absorption peaks in the region 2800–

3600 cm–1 and 1560 cm–1 are attributed to the O-H symmetric stretching mode and 

bending modes in the metal hydroxide layers or interlayer water molecules. The band 

corresponding to the bending mode δOH appears between 1644–648 cm–1 and may be 

assigned to the adsorbed interlayer water [22]. An intense absorption band between 

1370–1383 cm–1 is attributed to the ν3 vibration mode of CO3
2– [23]. In the same range, 

the ν3 vibration mode of the nitrate could appear if this still exists in the interlayer. For 

Ag/ZnLDH, a new band was observed at 1122 cm–1 assigned as the ν3 vibration mode 

of SO4
2–, and as a consequence the presence of SO4 can be recognised in the clay 

interlayer. In the low wave number region (<1000 cm–1), the lattice vibration modes of 

the LDH sheets such as M-O (550, 590 and 840 cm–1) and O-M-O (430 cm–1) vibrations 

are observed [28]. For the freshly calcined clay (ZnLDH550), the characteristic 

vibrations in the range 1370–1560 cm–1 almost disappear, revealing that the interlayer 

anions were removed following calcination. 
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3.4. Antimicrobial activity 

Antibacterial effects in the form of inhibition zones of the tested samples are 

summarised in Table 2. The antibacterial effects of the Ag/ZnLDH and AgN are 

compared as a function of x as a controlled variable parameter, where x describes the 

age of the sample. More precisely, x represents the number of weeks or months since 

the sample was synthesised. During this time, all the tested samples were carefully 

stored under similar conditions, in a dessicator, at 22 °C. After 24 h of incubation, the 

zone of inhibition of Ag/ZnLDH against E. coli and S. aureus decreased slightly from 

14.7 mm (x = 1 day) to 12.4 mm (x = 3 months) and from 11.9 mm (x = 1 day) to 7.0 

mm (x = 3 months), respectively. When AgN was tested, the inhibition zone values 

decreased greatly from 12.4 mm for x = 1 day to 3.0 mm for x = 3 months against E. 

coli. The zone of inhibition was equal to 11 mm (x = 1 day) and reached 0 mm (x = 1.5 

months) against S. aureus. The parent ZnLDH clay, in the as synthesised and the 

calcined form, does not show any bacterial activity. These results reveal the increased 

stability of the silver–clay formulation in comparison with that of AgN (Table 2). For 

Ag/ZnLDH, the MIC values against E. coli was 0.3 µg/mL for x in the range 1 day to 1 

month and increased to 0.5 µg/mL when x = 2 months (Table 3). The better stability and 

efficacy of the antibacterial activity of Ag/ZnLDH is possibly due to the ability of the LDH 

matrix to adsorb microorganisms, thus facilitating better interactions with the silver 

nanoparticles from the surface. 
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4. Concluding remarks 

A nanosized silver–anionic clay formulation was tested as a new antimicrobial agent. 

The antibacterial activity of the silver–clay nanoarchitecture was compared with that of 

the unsupported silver nanoparticles. A simple synthesis route was developed in which 

the reconstruction process of the anionic clay, the synthesis of the silver nanoparticles 

and their deposition on the clay matrix were done in a single step at room temperature. 
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Fig. 1. X-ray diffraction (XRD) patterns of the studied samples. ZnLDH, zinc-substituted 

anionic clay matrix; Ag/ZnLDH, nanosized silver/zinc-substituted anionic clay matrix 

ensemble; ZnLDH550, parent clay (ZnLDH) calcined at 550 °C for 20 h; Ag/ZnLDH550, 

Ag/ZnLDH calcined at 550 °C for 20 h. 

 

Fig. 2. X-ray photoelectron spectroscopy (XPS) spectra of the nanosized silver/zinc-

substituted anionic clay matrix ensemble (Ag/ZnLDH) with the close-up spectrum of 

Ag3d included. 

 

Fig. 3. Peak fitting of the O1s spectrum for the as-synthesised, the thermal-treated and 

the re-constructed clay. ZnLDH, zinc-substituted anionic clay matrix; Ag/ZnLDH, 

nanosized silver/zinc-substituted anionic clay matrix ensemble; ZnLDH550, parent clay 

(ZnLDH) calcined at 550 °C for 20 h; Ag/ZnLDH550, Ag/ZnLDH calcined at 550 °C for 

20 h. 

 

Fig. 4. Transmission electron microscopy image of the calcined clay (ZnLDH550) [the 

corresponding selected area electron diffraction (SAED) pattern is included]. 

 

Fig. 5. Transmission electron microscopy image of nanosized silver/calcined clay 

(Ag/ZnLDH) [the corresponding selected area electron diffraction (SAED) pattern is 

included]. 
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Fig. 6. Fourier transform infrared (FTIR) spectra of the studied samples. ZnLDH, zinc-

substituted anionic clay matrix; Ag/ZnLDH, nanosized silver/zinc-substituted anionic 

clay matrix ensemble; ZnLDH550, parent clay (ZnLDH) calcined at 550 °C for 20 h. 
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Table 1 

Chemical composition, surface and textural properties of the studied samples 

Sample Zn:Al Ag (mass %) SBET (m2/g) dp (nm) O1s (% peak area of the total area) Surface atomic ratio (%)  

OI OII O/Zn O/Ag O/Al 

ZnLDH 2.0:1.0 – 79 38 32.9 67.0 4.76 – 7.52 

ZnLDH550 2.1:1.1 – 134 29 42.8 57.1 3.34 – 4.79 

Ag/ZnLDH 2.0:1.0 8.72 55 19 62.0 37.9 4.43 25.68 6.59 

SBET, Brunauer–Emmett–Teller (BET) specific surface area; dp, average pore diameter; ZnLDH, zinc-substituted anionic 

clay matrix; ZnLDH550, parent clay (ZnLDH) calcined at 550 C for 20 h; Ag/ZnLDH, nanosized silver/zinc-substituted 

anionic clay matrix ensemble. 

Edited Table 1
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Table 2 

Zones of inhibition (mm) against the tested bacteria of nanosized silver/zinc-substituted 

anionic clay matrix ensemble (Ag/ZnLDH) and unsupported silver nanoparticle (AgN) 

samples as a function of x (where x is a controlled variable parameter that represents 

the length of time since the sample was synthesised) 

Sample/bacteria Zone of inhibition (mm) 

x = 1 

day 

x = 1 

week 

x = 2 

weeks 

x = 1 

month 

x = 1.5 

months 

x = 3 

months 

Ag/ZnLDH a 

Escherichia coli 14.7 14.5 13.5 13.0 13.0 12.4 

Staphylococcus 

aureus 

11.9 12.7 11.0 10.5 10.0 7.0 

AgN a [14] 

E. coli 12.4 11.5 7.5 5.0 5.0 3.0 

S. aureus 11 11.0 7.2 4.3 0 0 

a Concentration of silver 0.5 g/mL. 

Edited Table 2
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Table 3 

Minimal inhibitory concentrations (MICs) of the nanosized silver/zinc-substituted anionic 

clay matrix ensemble (Ag/ZnLDH) as a function of x (where x is a controlled variable 

parameter that represents the length of time since the sample was synthesised) 

Sample MIC values of Ag/ZnLDH ( g/mL) 

x = 1 

day 

x = 1 

week 

x = 2 

weeks 

x = 1 

month 

x = 1.5 

months 

x = 2 

months 

Ag/ZnLDH 

Escherichia coli 0.3 0.3 0.3 0.3 0.35 0.5 

Staphylococcus 

aureus 

0.3 0.3 0.35 0.4 N.D. 0.7 

N.D., not determined. 

Edited Table 3
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Figure 6. 
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