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Silver nanoparticles and zinc hydroxide-layered hybrid materials (AgNPs/ZHL) have 
been successfully developed as efficient catalysts for the reduction of 4-nitrophenol (4-NP) to 
4-aminophenol (4-AP) with sodium borohydride. A facile and rapid visible-light assisted green 
route was used for the deposition of silver nanoparticles (AgNPs) on the external surface of ZHL 
material. The resulting AgNPs/ZHL hybrids contained AgNPs with spherical morphology and 
uniform size distribution. Moreover, the AgNPs/ZHL compounds exhibited excellent catalytic 
performance (the reduction reaction was finished within 4 min) and reusability (three cycles) 
toward the reduction of 4-NP to 4-AP in presence of sodium borohydride. The reduction reaction 
obeyed the pseudo-first-order kinetics. The rate constants increased with the increase of amount of 
the AgNPs deposited into the hybrid materials. These results suggest that the as-prepared catalysts 
(AgNPs/ZHL) have great potential for heterogeneous catalytic applications.
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Introduction

Nitrophenolic compounds and their derivatives are 
environmental pollutants which sources may be as different 
as industrial effluents or the reaction products and degradation 
of certain pesticides, dyes, etc.1-3 Therefore, reduction 
reaction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) 
is important because nitrophenols and their derivatives are 
obtained during the production of herbicides, pesticides, 
synthetic dyes, etc.1,2 Thus, a great deal of efforts have been 
challenged on the reduction of 4-NP to 4-AP in the last 
years.1-3 Among them, the borohydride reduction of 4-NP to 
4-AP by metal nanoparticles such as Ag, Au, Pt and Cu is 
particularly attractive because this reaction can be performed 
in aqueous solution under mild condition.1-10

Metal nanoparticles (NPs) have a variety of interesting 
properties, which enable them to play significant roles in a 
broad range of optic-electronic, biochemical and catalytic 
applications.1,3,4 In special, silver nanoparticles (AgNPs) have 

become a central topic of academic and industrial interest 
as a promising candidate for next-generation nanocatalysts.5 
AgNPs were the first one of metal nanocatalysts to be 
employed for the reduction of 4-NP to 4-AP in presence of 
NaBH4.6 However, metal NPs are generally unstable due 
to their large active surface areas, so preventing their self-
aggregation, which causes a huge drop in a catalytic activity, 
is critical for practical use. Surface coating with surfactants 
and/or various chemical modifications of the metal NPs have 
been carried out to stabilize them and maintain the original 
size dispersions.2,3,7 Another effective approach to inhibit 
aggregation is to immobilize the metal NPs onto the various 
supports, such as metal oxides,1,2,8 boron nitride4 or layered 
materials.9 In fact, layered material-NPs hybrids are attracting 
attention for practical applications due to their mechanical 
and catalytic properties.1,9,11 AgNPs have been deposited in 
different inorganic substrates for use as catalysts in reduction 
of 4-NP to 4-AP with NaBH4 in excess. Recently, Hsu and 
Chen10 showed a rapid microwave-assisted green route for 
the uniform deposition of Ag nanoparticles on graphene 
oxide surface with L-arginine acting as the external reducing 
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agent. Zhang et al.11 investigated also the catalytic properties 
of hybrids based on silica nanowires and AgNPs using in 
situ reduction of Ag+ ions by NaBH4 on silica nanowires. 
According to the studies performed by these authors, AgNPs/
silica hybrids exhibited high catalytic activities because 
the nearly monodispersed AgNPs were embedded on the 
surface of SiO2 nanowires, allowing active contact between 
the reactants (4-NP and NaBH4) and catalyst of the reaction.

Layered compounds have been widely used as 
supporting material in catalyst systems due to their 
chemical stabilities and thermal properties.9,12,13 In this 
type of materials, the guest species may be adsorbed both 
on the external surfaces and/or into the interlayer spacing. 
In this sense, layered hydroxide salts (LHS) are interesting 
materials as hosts in intercalation/adsorption reactions.9,12,14 
LHS have a double layered hydroxides (HDS) structure 
which is similar to that of brucite;12-14 however, the inorganic 
layers are composed of only one type of metal cation such 
as Cu2+, Zn2+ and Ni2+ and can be represented by the general 
formula, M2+(OH)2-x(An-)x/n·yH2O.12-14 In this structure, 
the hydroxyl anions on the brucite hydroxide layer are 
substituted by water molecules and counter anions.12-14 An- is 
the exchangeable anion and y represents the water content 
of the interlayer region. When the metal cation (M2+) in this 
structure are Zn2+ ions and the An- counter ions are nitrate 
anions, it is known as zinc hydroxide-layered in nitrate 
form (ZHL) belonging to the LHS family.13,14 The structure 
of the aforementioned ZHL, Zn5(OH)8(NO3)2-.2H2O,  
can be considered a structural variation of the Zn(OH)2 
structure, where one fourth of the octahedral Zn2+ cations 
are removed from the layer.12,13 Every octahedral site 
occupied by a Zn2+ cation shares edges with two empty 
and four occupied octahedra, producing a layer with a 
residual negative charge ([Zn3(OH)8]2-).12 To compensate 
for the deficit in positive charge, tetrahedral Zn2+ cations 
accommodate below and above the empty octahedra of the 
layer. In this way, three corners of the tetrahedra coordinate 
with oxygen atoms of the layer, whereas the fourth position 
coordinates with a water molecule. In this configuration, 
the layer is positively charged [Zn3(oct.)(OH)8Zn2(tet.)(H2O)2]2+, 
where oct. and tet. represent the Zn2+ cations located in 
octahedral and tetrahedral sites, respectively.12 To neutralize 
the residual positive charge of the layer, anions intercalate 
between the layers. Nitrate anions intercalate between the 
layers in the case discussed here.12-14 ZHL material can be 
easily employed as support for the intercalation reaction 
of the different anionic guests.13,14 Recently, we used this 
inorganic layered compound as host for the intercalation 
of luminescent anionic pyranine organic dye.14

Inspired by the above-mentioned considerations, 
in this study, we demonstrated the green synthesis of 

AgNPs-dispersed on ZHL support. Initially, different 
amounts of Ag+ ions were adsorbed on the external surfaces 
of ZHL followed by their rapid reduction by visible-light, 
at room temperature, using one-pot method.15 Using this 
method, we have achieved the growth and stabilization 
of spherical shaped AgNPs on the external surfaces of 
zinc hydroxide-layered for the production of AgNPs/
ZHL hybrids. Ag nanoparticles were chosen because they 
were cheaper as compared to other noble metal catalysts 
such as Au and Pt.1,2,5,9,10 Finally, the catalytic activities of 
AgNPs/ZHL hybrids were investigated for the reduction of 
4-nitrophenol to 4-aminophenol in presence of NaBH4. These 
materials exhibited high catalytic activity and they could be 
easily reused several times. To the best of our knowledge, 
this is the first report using AgNPs/ZHL hybrid catalysts for 
reduction of 4-NP to 4-AP at room temperature.

Experimental

Materials

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, reagent 
grade, 98%), sodium hydroxide (NaOH pellets) and 4-NP 
(99%) were purchased from Sigma-Aldrich (São Paulo, 
Brazil). Silver nitrate (AgNO3) was supplied by Merck (São 
Paulo, Brazil). Reagents and solvents were of reagent grade 
and were used without further purification. 

Zinc hydroxide-layered in nitrate form (ZHL) was 
synthesized according to the procedure described by 
Quites et al.14

Preparation of the AgNPs(x)/ZHL hybrids

AgNPs/ZHL materials were synthesized by a facile, 
rapid and green simple process. Firstly, 0.300 g of ZHL 
was dispersed in 50 mL of AgNO3 ethyl alcohol solution 
with constant stirring at room temperature. After 1 h of 
further reaction, the dark brown product was collected 
by centrifugation, washed with distilled water and 
ethanol several times each, and finally, air-dried at room 
temperature. To investigate the effect of the content of Ag 
nanoparticles on ZHL two samples were prepared, under 
the same experimental conditions, AgNPs(1)/ZHL and 
AgNPs(2)/ZHL with different amounts of Ag+ ions: 0.038 
and 0.065 mol L-1, respectively.

Catalytic activity of AgNPs(x)/ZHL particles in reduction of 
4-NP by NaBH4

The catalytic activity of AgNPs(x)/ZHL hybrids in 
reduction of 4-NP by NaBH4 was also investigated. For 
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the catalytic reduction of 4-NP, fresh NaBH4 (0.5 mL, 
0.88 mol L-1) was mixed with an aqueous solution of 4-NP 
(25 mL, 1.50 mmol L-1).16 After the solution changed from 
light yellow to deep yellow, 10 mg of AgNPs(x)/ZHL  
catalyst was added. Since the UV absorbance of 4-NP is 
linearly proportional to its concentration in the solution, 
the ratio of the absorbance at time t (At) to that at t = 0 (A0) 
is equal to the concentration ratio Ct/C0 of 4-NP.16 
Consequently, the conversion progress can be directly 
measured using the absorption intensity. The progress 
of the conversion of 4-NP to 4-AP was monitored in a 
Varian Cary 50 spectrophotometer. The pseudo-first order 
kinetics model was used to describe the catalytic reaction 
progress.1,2,16 The reaction rate, k, was calculated from the 
rate law by means of equation 1: 

 (1)

in which At is the absorbance at time t and A0 is the initial 
absorbance. In the absence of any catalyst the reaction 
is not completed even after 2-3 days. However, the  
AgNPs(x)/ZHL materials synthesized herein significantly 
enhance the rate of the reduction reaction.

The turnover frequency (TOF)17 is defined as the 
number of moles of 4-nitrophenol converted per mole of 
silver per time unit, based on the amount of product formed 
after 4 min of reaction. Stability and reusability studies 
were addressed through centrifugation of the AgNPs/ZHL 
samples after completion of the reaction. The deposited 
catalyst was washed several times with ethanol to remove 
all organic substances, and then dried at room temperature 
before use in consecutive runs.

Conversion (%) and TOF (h-1) were calculated 
according to the following equations:

 (2)

where [C0] is the initial 4-nitrophenol concentration, [Ct] is 
the concentration of 4-nitrophenol at time (t).

 (3)

where [C0] is the initial 4-aminophenol concentration (in 
moles), [Ct] is the concentration of 4-nitrophenol at time (t); 
and [Ag] is the concentration of AgNPs (in moles) in the 
catalyst sample.17 TOF was calculated based on the total 
amount of AgNPs.

Instrumentation

The crystalline structures of AgNPs/ZHL hybrids 
were characterized by powder X-ray diffraction (XRD) 
analysis on Shimadzu XRD7000 diffractometer equipped 
with a copper target and graphite monochromator with 
Cu Kα (λ = 1.54 Å). The 2θ angle was scanned at a rate 
of 1° min-1 from 1.5 to 50° at room temperature. The 
Debye-Scherrer equation 

D = 0.9λ / (βcosθ) (4)

was employed to estimate the size of the crystalline 
domains from the (200) diffraction plane of ZHL layered 
and their hybrids. The definition of each term in the 
equation is as follows: λ is the wavelength of Cu Kα 
radiation (λ = 0.1541 nm), β is the full width at half 
maximum of the (200) diffraction plane, θ is the Bragg’s 
diffraction and D is the average size of the crystalline 
domains. Diffuse-reflectance UV-Vis spectra were 
recorded with PerkinElmer Lambda spectrophotometer 
of powder samples, equipped with a 150 mm integration 
sphere, using barium sulfate (BaSO4) powder as reference. 
The UV-Vis spectra were collected in the spectral range 
of 200-800 nm and analyzed with the Kubelka-Munk 
equation using software provided by PerkinElmer. Fourier 
transformed infrared spectra (FTIR) of the samples were 
obtained from 4.000 to 400 cm-1 at 4 cm-1 resolution on a 
Nicolet 6700 spectrometer in pellets of samples dispersed 
in KBr. The morphology and composition of the samples 
were determined by scanning electron microscopy (SEM) 
and by energy-dispersive X-ray spectroscopy (EDS-SEM) 
on a FEGLEO 1525 scanning electron microscope 
(FE-SEM). For the FE-SEM images, a small drop of 
the isopropanol dispersion was deposited on the sample 
holder and then evaporated in air at room temperature. 
The high-resolution transmission electron microscopy 
(HRTEM) images were obtained on a JEOL Model 
JEM-2100 F electron microscope with an accelerating 
voltage of 200 kV. For investigating the AgNPs structure 
in the hybrids, X-ray photoemission spectra (XPS) 
measurements were performed on a VSW HA100 
spectrometer using non-monochromatized Kα of Al 
(1486.6 eV) radiation. The data were obtained at room 
temperature, and typically the operating pressure in the 
analysis chamber was below 2 × 10-8 mbar. The calibration 
of binding energies (BEs) was performed with Au 4f7/2 
core level at 84.0 eV, and BE of adventitious carbon 
(284.6 eV) was utilized for charging correction with all 
the samples. The error in all the BE values reported here 
is within ± 0.3 eV.
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Results and Discussions

Structural and morphologic characterization of AgNPs(x)/
ZHL hybrids

The visual change of color suspension from white 
to yellowish brown by adding the ZHL support to the 
AgNO3 ethanol solution was the first observation to the  
AgNPs/ZHL hybrids production. In this system, under 
visible-light,15 the Ag+ ions were reduced to Ag0, where the 
metal silver nanoparticles were anchored on ZHL material 
(see images of experimental synthesis in Figure S1 in the 
Supplementary Information).

The XRD patterns of the starting material as well as 
of the AgNPs(x)/ZHL solids obtained after each step of 
the in situ reduction of Ag+ ions under visible-light are 
given in Figure 1. The ZHL particles presented a layered 
structure with the sheets separated by a d-spacing of 
0.98 nm, where the nitrate ions are occluded between 
the inorganic lamellae (Figure 1a).11-14 This pattern is 
identified as zinc hydroxide nitrate layered (JCPDS card 
24-1460) and it is characterized by an intense and sharp 
reflection at 0.98 nm (2θ = 9.05), due to the (200)-plane 
of the monoclinic structure.11,14 All AgNPs(x)/ZHL  
hybrids (curves ii and iii in Figure 1a) exhibited the same 
diffraction peaks of pristine ZHL indicating that the AgNPs 
do not disturb the layered structure of inorganic support. 
In addition, the basal spacing of ZHL (d200 = 0.98 nm) 
did not change upon the reduction reaction with AgNPs, 
suggesting that they are localized on the external surfaces 
of the ZHL support. From the XRD patterns, the size 
of the crystalline domains of ZHL, AgNPs(1)/ZHL and 
AgNPs(2)/ZHL materials were calculated as 280, 385 and 
446 nm, respectively. These results indicated that the size 
of crystalline domains of the ZHL layered is increased 
with increasing AgNPs content.

FTIR spectra for the hybrid materials also indicated that 
the AgNPs do not disturb the vibrations of ZHL host (see 
Figure S2 in Supplementary Information).

We have also studied the UV-Vis absorption spectra of 
AgNPs(x)/ZHL hybrid compounds as an optical tool for the 
characterization of AgNPs in the ZHL matrix. In all hybrids 
one broad surface plasmon resonance peak (SPR) in the range 
of 370-470 nm (maximum centered at 420 nm) was observed 
(Figure 1b, curves ii and iii), which is the characteristic of 
spherical Ag nanoparticles.4,8,9,14 Moreover, the color of the 
AgNPs/ZHL hybrids is yellow-green, which is different to 
that of the pure ZHL compound (see the inset of Figure 1b). 
They are similar to those reported in the literature,5,9,16 
indicating the existence of AgNPs in AgNPs/ZHL  
hybrids. The content of Ag nanoparticles on the ZHL 

host is about 0.7 and 1.8 wt.% for the AgNPs(1)/ZHL  
and AgNPs(2)/ZHL hybrids, respectively, investigated by 
X-ray photoemission (see below).

The morphology of the samples was also studied by 
SEM. ZHL support showed irregular sheets with thickness 
of several tens of nanometers, which were obtained by the 
chemical precipitation method (Figures 2a and 2b).15 From 
SEM images of AgNPs(2)/ZHL hybrid (Figures 2c and 2d) 
is clearly seen that spherical AgNPs with mean diameters 
and standard deviation of 21 ± 12 nm were deposited on 
ZHL surfaces. Figures 2c and 2d also show that the AgNPs 
are almost uniformly anchored on both sides of the sheets. 
Furthermore, the morphology and size of the ZHL sheets 
in the hybrids did not change obviously compared to those 
of ZHL sheets, that is, the ZHL sheets are stable during 
formation of the hybrids, as also verified by the XRD 
and FTIR techniques. Typical HRTEM micrograph (see 
inset in Figure 2d) for the AgNPs(2)/ZHL hybrid clearly 
indicated the formation of uniformly distributed spherical 
Ag nanoparticles with distinct size distributions on the 

Figure 1. (a) XRD patterns and (b) UV-Vis reflectance diffuse 
spectra of (i) pure ZHL and of their hybrids (ii) AgNPs(1)/ZHL and  
(iii) AgNPs(2)/ZHL. Inset in Figure 1b shows the photograph image of 
ZHL and AgNPs(x)/ZHL materials.
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ZHL surfaces, consistent with observations from the SEM 
images and UV-Vis spectroscopy. Additionally, an analysis 
of energy-dispersive X-ray spectroscopy (EDS-SEM) 
results (Figure 2e) indicated the presence of strong silver 
signal, which also confirm the presence of AgNPs, and 
absorption peaks of zinc and oxygen, which indicates that 
the AgNPs are deposited on ZHL inorganic support.

In order to further confirm the composition and structure 
of samples, XPS spectra were measured. XPS spectroscopy 
has been utilized as a useful tool for qualitatively 
determining the surface component and composition of 
the samples.18-22 Figure 3a shows a survey scan in the range 
of 0-1000 eV. The peaks on the curve of the AgNPs(2)/
ZHL hybrid sample are assigned to Zn, N, O, Ag, and C 

Figure 2. SEM images at (a) low (scale bar: 1 μm) and (b) high resolution (scale bar: 100 nm) of pure ZHL; SEM images at (c) low (scale bar: 1 μm) and 
(d) high resolution (scale bar: 100 nm) of AgNPs(2)/ZHL hybrids and (e) typical EDS-SEM spectrum of AgNPs(2)/ZHL particles. The arrows in Figure 2c 
indicate the presence of AgNPs on the surfaces of ZHL material. Inset in Figure 2d shows HRTEM image (scale bar: 100 nm).
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elements. The C element was attributed to the adventitious 
carbon-based contaminant. Therefore, it is concluded that 
Ag exists in the hybrid materials, while Zn, N and O exist in 
all samples. In order to determine the chemical environment 
and oxidation state of silver atoms on the ZHL surface, 
we have performed XPS measurement of the Ag 3d core 
levels. Figure 3b exhibits the core level Ag 3d spectra of 
the AgNPs in the AgNPs(2)/ZHL hybrid, showing two 
distinct individual peaks for Ag 3d5/2 and Ag 3d3/2 at 368.2 
and 374.2 eV, respectively, with ca. 6 eV splitting between 
the two peaks, which is evidence of the reduction of Ag+ 
ions assisted by under light-visible to produce metallic 
silver10 in good agreement with bulk silver metallic 
values.18,19 This is attributed to the complete reduction18 of 
Ag+ to Ag0, further confirming that there is an interaction 
between the ZHL sheets and AgNPs. The Ag 3d5/2 peak for 
the AgNPs(1)/ZHL hybrid (Figure 3c) appears at a binding 
energy of 367.4 eV, and the splitting of the 3d doublet is 
6.0 eV, indicating the metallic nature of the silver. For this 
hybrid material, interestingly, the 3d5/2 peak of Ag in our 
work was found to shift obviously to the lower binding 
energy compared with the standard value (about 368.2 eV 
for bulk Ag).19,20,22 This confirms the interaction between 
Ag and ZHL support as the binding energy of monovalent 
Ag is known to be much lower than that of zerovalent 
Ag. Similar results were also found in Lin et al. work.18 
In the literature it has been reported that core levels shifts 
to lower binding energies for small Ag nanoparticles,21,22 
this can also influence the binding energy of Ag 3d for 

the AgNPs(1)/ZHL, which presented lower amount  
of AgNPs.

Based on the previously mentioned-characterization 
techniques, the as-prepared hybrids (AgNPs(x)/ZHL) 
presented a layer structure and not only have high 
adsorption capacity for the AgNPs, but also showed high 
visible-light absorption activity due to the presence of 
AgNPs. These results are in excellent agreement with 
the studies realized by Marcato et al.,23 which deposited 
biogenic AgNPs on the external surfaces of LDH material 
employing fungi Fusarium oxyporum as external reducing 
agent for the Ag+ ions. According to these authors, the 
high adsorption capacity of the AgNPs by the LDH 
material can be associated to the interactions between 
metal nanoparticles and layered material manifested from 
electrostatic interactions between the negatively charged 
AgNPs (ζ = −13.2 mV) and positively charged layered 
compound (ζ = +3.2 mV).18 

In a previous work by our group,9 we reported on 
a reproducible and simple approach to the synthesis 
of nanocomposites based on gold metal nanoparticles 
(AuNPs) and layered zinc hydroxide. ZHL was used as 
support for the deposition of the gold nanoparticles. It was 
demonstrated that gold nanoparticles were rapidly formed 
when ZHL layered was added to the ethanol chloroauric 
acid solution at room temperature and under visible-light. 
In this system, the ethyl alcohol acted as a solvent of the 
gold precursor and as a reducing agent, where the Au3+ 
ions were mainly reduced via redox reaction between the 

Figure 3. (a) XPS fully scanned spectra and XPS spectra of Ag 3d of the hybrids (b) AgNPs(2)/ZHL and (c) AgNPs(1)/ZHL.
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metallic precursor and the solvent. Measurements from gas 
chromatography-mass spectrometry demonstrated that the 
AuNPs were produced with the formation of acetaldehyde. 
The AuNPs/ZHL nanocomposites were also used as 
templates for the production of the AuNPs/ZnO.9 Based 
on these considerations, we can conclude that the similar 
process occur in the system here studied, where ethanol 
molecules are oxidized to the acetaldehyde and silver ions 
are reduced to the AgNPs on the ZHL surface.

Application of AgNPs(x)/ZHL hybrids as catalysts for 
reduction of 4-NP

To study the catalytic property of the synthesized AgNPs 
containing ZHL catalysts, we have investigated the reduction 
reaction of 4-nitrophenol to 4-aminophenol in the presence 
of sodium borohydride in excess. To establish energy saving 
and environmentally friendly process, room temperature and 
distilled water were chosen as the reaction conditions.1,2,16 
Before reaction, the original absorption peak of 4-NP was 
seen at 316 nm (Figure 4a). After addition of excess NaBH4 
solution, the color of the solution immediately changed from 
pale yellow to yellow; meanwhile, a new absorption band 
appeared at 400 nm, which was attributed to the formation 
of 4-nitrophenolate ion in the alkaline medium caused 
by NaBH4 (Figure 4a).1,16 Without adding catalyst, the 
reduction is very slow, and the maximum absorption peak 
remained unaltered until 2 h of experimental observation. 
After AgNPs(x)/ZHL hybrids were added, the intensity 
of absorption band at 400 nm decreased, and at the same 
time, a new absorption band for 4-AP appeared at 298 nm 
(Figures 4a and 4b). After the reduction of 4-nitrophenol, 
the band at 400 nm was completely disappeared and the 
UV band at 298 nm, related to the 4-AP absorption, was 
increased. The reaction was finished within 6 min after being 
catalyzed with AgNPs(1)/ZHL and 4 min for AgNPs(2)/ZHL 
material (Figures 4a and 4b). No reaction occurred when we 
performed the reaction in the presence of pure ZHL and in 
the absence of catalyst (see Figure S3 in the Supplementary 
Information). This confirmed that the catalytic ability of 
AgNPs for the reduction of 4-NP to 4-AP resulted from 
silver nanoparticles deposited on ZHL support. 

The concentration of NaBH4 is so high compared with 
that of 4-NP that the reaction can be assumed to follow 
pseudo-first order reaction kinetics.15,16 In Figure 5, a 
good linear correlation between the plot of ln (At/A0) 
and reaction time was observed in the presence of the 
hybrid catalysts. The rate constant (k) calculated from the 
slope of the plot was 0.394 min-1 for AgNPs(1)/ZHL and 
0.875 min-1 for AgNPs(2)/ZHL, which is comparable to that 
of other AgNPs deposited on inorganic substrate for 4-NP 

reduction.16,24,25 The rate of the catalytic reaction was higher 
in the case of AgNPs(2)/ZHL, which can be associated to 
the higher amount of AgNPs (Table 1). As observed by 
Naik et al.,26 the rate of catalytic reaction is affected by the 
concentration or loading level of the catalytically active site 
(here in this work due to the presence of AgNPs).

A comparison between the catalytic behaviors of 
different AgNPs supported on inorganic materials based 
on the rate constant k calculation of each catalyst was done 
(Table 2). For example, Chi et al.27 reported the reduction of 

Figure 4. UV-Vis absorption spectra of 4-NP (blue curve) following the 
adding of NaBH4 solution, but without the addition of catalysts (red curve), 
and others displayed the time-dependent, measured at 1 min intervals, of 
4-NP reduction to 4-AP by (a) AgNPs(1)/ZHL and (b) AgNPs(2)/ZHL  
materials.

Table 1. Pseudo-first-order kinetics study of 4-NP reduction over different 
AgNPs/ZHL hybrid catalysts

Catalyst k / min-1 R2 Conversiona / 
%

TOFa / 
h-1

AgNPs(1)/ZHL 0.394 ± 0.011 0.9940 80 38.9

AgNPs(2)/ZHL 0.875 ± 0.052 0.9859 100 40.8

aMeasured at 4 min time reaction. TOF: turnover frequency.
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4-NP to 4-AP over AgNPs-decorated Fe3O4@SiO2 magnetic 
nanocomposite, k of 1.27 × 10-4 min-1 was obtained with 
a silver loading of 8.89%. In another study, Dang et al.28 
demonstrated the reduction of 4-NP over AgNPs on 
polymer particles with dendrimer@SiO2, the k calculated 
was 0.305 min-1. Zhang et al.29 studied the synthesis of 
Fe3O4/P(MBAAm-co-MAA) nanochains as stabilizers for 
Ag nanoparticles and templates for hollow mesoporous 
structure. These authors obtained k of 0.342 min-1. Evolution 
of AgNPs within an aqueous dispersion of nanosized zeolite 
Y was investigated by Severance and Dutta.30 In this system, 
k for 4-NP reduction was 2.83 × 10-3 min-1. Zhang et al.11 
demonstrated the reduction of 4-NP over AgNPs on chrysotile 
support, the k calculated was 0.4 × 10-4 min-1. Li et al.31 
demonstrated a facile solid-state synthesis of Ag/graphene 
oxide nanocomposites as highly active and stable catalyst 
for the reduction of 4-nitrophenol with k of 0.493 min-1. 
From these studies, it is clear that the catalytic performance 
of AgNPs(2)/ZHL hybrid (see TOF in Table 1) was superior 
to other Ag-containing inorganic (e.g., iron oxide, silica or 
graphene oxide) hybrid materials (Table 2).10,26-31 This can 
be attributed to the deposition of AgNPs on external surfaces 
of ZHL, which gives high accessibility of the substrates 
to the active sites. In addition to the higher activity of  
AgNPs/ZHL catalysts, the one-pot synthetic procedure is 
also an advantage, surface modification was not needed, 
and light-visible irradiation was used as a reducing agent 
of Ag+ ions. These results clearly suggest that ZHL acts 
as an excellent supporting material for Ag nanocatalysts. 
High TOF values obtained in this paper (Table 1) are 
according to recently published research.32-34

Figure 6 exhibits the reusability of the AgNPs/ZHL 
hybrids for the catalytic reduction of 4-NP with NaBH4 
at room temperature. It was observed that 84 and 68% of 
catalytic activity was retained after reuse two and three 
times, respectively, revealing the good stability of catalyst. 
The reaction rates were 0.875 ± 0.052, 0.4733 ± 0.046 

and 0.2574 ± 0.012 min-1 for the first, second and third 
cycles, respectively. This showed that the catalyst was 
not deactivated or poisoned significantly. The decrease of 

Table 2. Comparison of reaction rates (k) for 4-nitrophenol reduction 
with different reported catalyst systems

Composition k / min-1 Reference

AgNPs/Fe2O3@SiO2 1.27 × 10-4 27

AgNPs/zeolite Y 2.83 × 10-3 30

AgNPs/chrysotile 0.42 × 10-4 11

AgNPs/SiO2@dendrimer 0.305 28

AgNPs/Fe3O4 0.342 29

AgNPs/graphene oxide 0.493 31

AgNPs(1)/ZHL 0.394 this study

AgNPs(2)/ZHL 0.875 this study

Figure 5. (a) Plot of (At/A0) versus reaction time for the reduction of 
4-nitrophenol by ZHL (full circle curve), AgNPs(1)/ZHL (full square 
curve) and AgNPs(2)/ZHL (full triangle curve) materials and (b) plot 
of ln (At/A0) versus reaction time for the reduction of 4-nitrophenol by 
AgNPs(1)/ZHL (full square curve) and AgNPs(2)/ZHL (full triangle 
curve) materials at room temperature.

Figure 6. Reusability/stability test of AgNPs(2)/ZHL hybrid for the 
catalytic reduction of 4-NP with NaBH4 at room temperature.
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catalytic activity might be due to the loss of the AgNPs/ZHL  
catalyst during the washing/centrifugation process because 
quite low catalyst concentration was used as well as the 
oxidation of the surface of the nanoparticles in the alkali 
solution.10,31,35

Based on all above considerations, we can claim that 
the AgNPs(x)/ZHL catalysts prepared in this work have 
good catalytic activity, consequently encourage the use of 
these materials as effective catalysts for the reduction of 
nitro-compounds. More importantly, no significant activity 
loss for the AgNPs/ZHL catalysts was observed after reuse 
for different cycles.

Conclusions

In summary, this report describes a facile and green 
approach to fabricate AgNPs/ZHL hybrids. Visible-light 
was used as reduction agent to produce AgNPs on the 
external surfaces of ZHL support. Compared with previous 
reports,15-21 this fabrication process was carried in ethanol, 
without additional reductants or special equipment, which 
makes it less costly and eco-friendly. The SEM, XRD, 
and EDS-SEM analyses, the spectroscopic techniques 
(UV-Visible, FTIR and XPS) and visual observations showed 
the formation of AgNPs/ZHL hybrids. More importantly, 
AgNPs/ZHL hybrids showed excellent catalytic activity 
for the reduction of 4-NP to 4-AP with NaBH4. In addition, 
the catalytic activity depended of AgNPs content on ZHL 
support, increasing the amount of AgNPs the time reduction 
of 4-NP to 4-AP is decreased. Reduction reactions catalyzed 
by AgNPs/ZHL were repeated in triplicate and reproducible 
results were obtained. The simplicity of this synthetic green 
route makes the as-prepared hybrids promising components 
in heterogeneous catalysis systems. Furthermore, the AgNPs-
based hybrid system may find promising applications in other 
fields such as antibacterial studies. Works on these studies 
are in progress.

Supplementary Information

Supplementary data (photographic images showing 
the progress reaction at different times, FTIR spectra of 
hybrid materials and UV-Vis absorption spectra of 4-NP 
reduction in NaBH4 presence by ZHL supporting material 
at room temperature) are available free of charge at  
http://jbcs.sbq.org.br as PDF file.
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