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Abstract 
 
Nitrophenols are among the most hazardous refractory pollutants showing high stability and solubility in water. This work presents 
heterostructures of nanoparticles of silver/zinc based layered double hydroxides as efficient photocatalysts for degrading 4-
nitrophenol (4-NPh), from aqueous solutions under irradiation with solar light. ZnAl-layered double hydroxides (ZnAl-LDHs) with 
Zn/Al = 2:1 and Zn/Al = 3:1 ratios were synthesized, characterized by XRD, FTIR, SEM and TEM and further used as precursors 
to form  mixed oxides after  calcination at 550°C. Based on the capability of the calcined LDHs to reconstruct their layered structure 
in aqueous media, AgNO3 solutions were used to obtain Ag nanoparticles directly on ZnAl-LDHs matrices. The calculated value of 
the band gap of Ag/ZnAl-LDHs was ~ 3.1 eV, revealing that these materials might successfully act as photocatalysts under solar 
light irradiation. The photocatalytic tests performed on the decomposition of 4-NPh aqueous solutions indicate that on Ag/ZnAl-
LDH (3:1)87% of 4-NPh was degraded after 6 h under irradiation with solar light. 
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1. Introduction 
 

Nitrophenols are toxic and bio-refractory 
pollutants with a negative impact on human health. 
Nowadays, nitrophenols are used in the production of 
pesticides, as insecticides and herbicides, as well as in 
the production of many synthetic dyes. Hence, 4-NPh 
is a common pollutant that has been found in natural 
and industrial wastewaters. A few studies have 
reported the degradation of 4-NPh using solar light 
photocatalysis (Bora and Mewada, 2017). A 
photocatalyst is, usually, a material with 
semiconductor properties able to capture the photon 
energy and induce the electron jump from the valence 
band to the conduction band, followed by the 
generation of HOꞏ radicals, which promote the 
degradation of the species adsorbed on the solid 
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surface. The method is more economical when the 
activation of the photocatalyst can be achieved using 
solar light (Gilea et al., 2018). The solar light consists 
of a wide majority of visible radiation and about 3% 
UV radiation. The wavelength of 400 nm (the limit 
between UV and visible range) corresponds to a band 
gap value of about 3.1 eV. The large availability of 
solar light supports the consistent interest of the 
scientific media and economists for finding 
convenient materials able to capture and use the solar 
energy. Titanium dioxide, alone or in many sorts of 
mixtures with other oxides, eventually doped with 
transition metals of noble metals is the most 
investigated semiconductor used as a photocatalyst 
nowadays (Khaki et al., 2018). However, its large 
band gap induces restrictions under solar light 
irradiation.  
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Layered double hydroxides (LDHs) are good 
candidates to replace TiO2 catalyst. LDHs might 
contains, among the divalent and trivalent ionic 
species, semiconductor oxides such that ZnO, SnO2, 
In2O3, Ga2O3 (Carja et al., 2017). Moreover, the LDHs 
structure can be transformed by calcination to 
mixtures of mixed oxides and then restored by the 
reconstruction processes. The transformation of the 
mixed oxides to reconstruct again the layered double 
hydroxides network is known as LDHs “structural 
memory effect” (Klemkaite et al., 2001). The LDHs  
reconstructed in the metal salts aqueous solutions 
contains in the interlayers the anions of the solutions 
(Carja et al., 2017; Mishra et al., 2018; Zhao et al., 
2010). 

Plasmonic metals (Ag, Au, Pt, Pd, etc.) have 
also been successfully deposited on layered double 
hydroxides, giving rise to active photocatalysts 
(Katsumata et al., 2013). The silver nanoparticles 
deposited on the various oxide supports have attracted 
attention due to their interesting light-responsive 
properties. The co-assemblies of ZnAl-LDH and 
nano-sized Ag might join the properties of the 
components and increase the photocatalytic response 
under solar light exposure (Chen et al., 2012; Gilea et 
al., 2018).  

This work presents nanoarchitectonics of 
Ag/ZnAl-LDHs with LDHs with Zn/Al atomic ratios 
of 2/1 and 3/1 as novel solar light responsive 
photocatalysts for the degradation of 4-NPh from 
aqueous solutions, using solar light irradiation. The 
catalysts were obtained by the reconstruction of the 
mixed oxides that resulted after the calcination of 
ZnAl-LDHs in AgNO3 aqueous solution, at room 
temperature. No surfactants were used fduring the 
catalysts fabrication. During the re-formation of the 
layered structure of the LDHs, Ag cations from the 
AgNO3 solution were organized as Ag nanoparticles 
deposited on the surface of the LDHs platelets (Gilea 
et al., 2018; Seftel et al., 2015). This method gives rise 
to heterostructuring effects, thus contributes to 
slowing down the surface-bulk charge carrier 
recombination and maximize the photocatalytic 
potential (Girish Kumar and Koteswara Rao, 2015).  

The obtained catalysts were characterized by 
physical-chemical techniques and tested in the 
photocatalytic degradation of 4-NPh under simulated 
solar light. Results show that undoped ZnAl-LDHs 
had no photocatalytic response for 4-NPh degradation 
in aqueous media, while Ag/ZnAl-LDHs 
heterostructures are active photocatalysts under solar 
light. 
 
2. Experimental 
 
2.1. Catalysts synthesis 
 

ZnAlLDHs with Zn/Al molar ratios of 2 and 3 
were prepared by the coprecipitation method at low 
supersaturation, at a constant pH value of 8.5, by using 
2M aqueous NaOH solution and Na2CO3 (Sigma-
Aldrich) as precipitation agents (Bîrsanu et al., 2013). 

The solutions of Zn(NO3)2·6H2O (> 98% Sigma 
Aldrich) and Al(NO3)3·9H2O (98% Sigma-Aldrich), 
were mixed to give an overall salts concentration of 
1M, at molar ratios of Zn/Al= 2/1 and 3/1, 
respectively. Under vigorous magnetical stirring, the 
addition of NaOH solution was regulated to keep the 
pH at the desired value, while the nitrates mixture was 
poured at a flow rate of 1 mL min-1. The resulted 
precipitates were aged about 24 h at room temperature, 
separated by filtration, washed several times with 
distilled water, dried at 80°C in an oven overnight and 
denoted as Ag/ZnAl-LDH (2:1) and Ag/ZnAl-LDH 
(3:1).. Then, the solids were calcined at 550oC (10oC 
min-1) for 7 hours. This temperature value is suitable 
to transform the LDHs in homogeneous mixtures of 
oxides (Carja et al., 2015; Elhalil et a., 2018; Rocha et 
al., 1999). Finally, the resulted mixed oxides were 
stirred for 12 h in AgNO3 (Sigma Aldrich>99%) (0.1 
mol L-1), separated by filtration and dried at 70oC, 
under vacuum. Further some of the catalysts were 
calcined at 750oC for 8 hours. 
 
2.2. Catalysts characterization 
 

The structural characterization was performed 
by XRD, FT-IR spectroscopy, thermal analysis, TEM 
and SEM analyses. The XRD patterns were obtained 
on a Shimadzu D6000 apparatus, in the range 10–80o 
(2 theta), under CuK radiation ( = 1.5406 Å). 
Transmission electron microscopy (TEM) imaging 
was performed on a Hitachi H-900 transmission 
electron microscope operating at an accelerating 
voltage of 200 kV, coupled with an energy dispersive 
X-ray (EDX) spectrometer. The FTIR spectra were 
obtained on KBr pellets using a PerkinElmer 
Spectrum 100 spectrophotometer (450–4000 cm-1, 
resolution of 4 cm-1). The UV-DR spectra were 
recorded on MgO-based pellets.   
 
2.3. Experimental set-up for the catalytic tests 
 

The photocatalytic activity was tested in the 
photodegradation of 4-nitrophenol from aqueous 
solutions. The initial concentration of 4-NPh was 
0.025 g L−1. A dose of 1 g L-1 of photocatalyst was 
used in the photocatalytic experiments. Before the 
photocatalytic run, the solid powder dispersed in the 
solution was stirred in dark for one hour, to allow 
reaching the adsorption–desorption equilibrium 
between the solid surface and the adsorbate molecules. 
Afterwards, the slurries were irradiated in an Unnasol 
US800 solar simulator (180 W) equipped with UV and 
visible light block filters under simulated solar light. 
The reactions were carried out in a 200 mL reactor 
with water recycling to avoid the evaporation and keep 
constant the volume and temperature values. Samples 
of about 4 mL were withdrawn from the reactor after 
2, 5, 10, 15, 20, 30, 40, 50, 60 min, then each 30 
minutes up to 6 hours from the beginning of the 
photocatalytic run. The photodegradation profiles 
were highlighted by tracing the UV-vis absorption 
spectra on a Jasco V-550 spectrophotometer and 
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measuring the absorbance at the characteristic 
wavelength of 399 nm. The conversion values of 4-
NPh (X) was calculated on the basis of the absorbance 
values at time zero (Ao) and the absorbance value at 
time t (At), by the equation (Eq. 1): 
 

100 ( ) /o t gX A A A    (1) 

 
3. Results and discussions 
 
3.1. Characterization of the samples 
 

The calcination at 550oC of the as-synthesized 
samples gave rise to a blend of oxidic compounds, as 
shown by the patterns in Fig. 1. This temperature value 
as chosen in order to crash the LDH structure, but still 
mild to allow the subsequent reconstruction (Carja et 
al., 2015; Elhalil et a., 2018; Rocha et al., 1999). The 
main peaks are due to zinc oxide and appear at 31.0; 
34.7; 36.4; 47.1; 56.7 and 63.1o (2 theta), respectively, 

due to the (100), (002), (101), (102), (110), (103) 
planes of ZnO (Akhtar et al., 2012). The peaks from 
38.2; 44.3 and 64.5o might be indexed to the metallic 
Ag reflections of (111), (200) and (222) planes 
(Waterhouse et al., 2001). Further the reflections at 
31.4° and 34.3° correspond to zinc aluminate ZnAl2O4 
(220) and (311) planes (Sharma et al., 2014), while the 
peaks from 28 and 35.1o can be due to (012) and (104) 
planes of bohemite-type alumina (Boumaza et al., 
2009; Sharma and Ghose, 2014). 

The treatment of the mixed oxides phases with 
silver nitrate solution was performed to achieve the 
LDHs reconstruction process. 

The success of the operation was confirmed by 
the presence of some characteristic peaks of LDH 
structure (see Fig. 2), with reflections at 12.3; 23.7; 
34.7; 39.3; 46.8; 60.4 and 61.7°, due to the (003), 
(006), (009), (015), (018), (110) and (113) planes from 
the lamellar LDH structure with NO3

- anions in the 
interlayer (Seftel et al., 2013). 

 

 
 

Fig. 1. XRD patterns of the catalysts calcined at 750°C. 
 

 
 

Fig. 2. XRD patterns of the tested Ag/ZnAl-LDHs and Ag nanoparticles. 
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The FTIR spectra of ZnAl-LDH (2:1) and of 

the reconstructed LDHs are shown in Fig. 3. The wide 
and intense band between 3600-3300 cm-1, with a 
maximum at 3430 cm-1 is common for all three 
samples and is a characteristic of the O – H bond 
strethcing. In the range 1600 – 400 cm-1, there are not 
distinctive features between the ZnAl-LDH and 
Ag/ZnAl-LDH (2:1) and Ag/ZnAl-LDH (3:1). The 
behavior of the catalysts is similar and is not 
influenced by the different molar ratio of Zn/Al. The 
band from 1620 cm-1 is due to (OH) and  (H2O) 
bands (Balcomb et al., 2015). The sharp band at 1118 
cm-1 is due to the stretching mode of the carbonate 
ions. 

The peaks from 618 and 427 cm-1 are assigned 
to the presence of M-O vibrations and M-O-H 
bending.  The peaks of 427, 619 and 1118 cm-1 are 
characteristic for the LDH structure containing of 
CO3

2- ions, coming from the atmospheric carbon 

dioxide during the reconstruction (Xu et al., 2006; 
Valcheva–Traykova et al., 1993). The peak at 552 cm-

1 might also reveal the presence of Ag in the lattice as 
Ag2O (Rafiq et al., 2013).  

The SEM and TEM images, shown in Fig. 4 (a-
b), indicate that the sample consists of relatively 
uniform LDH-plate-like particles with an average 
diameter of 120 nm. The TEM image shows small 
dark points indicating that after the reconstruction, 
small nanoparticles are deposited on the surface of the 
large LDHs  particles. Joining together the XRD and 
TEM results, the small NPs might be identified as 
nanoparticles of Ag0. Hence, the results of XRD, TEM  
and SEM analyses together reveal the formation of a 
complex nanoarchitecture, defined by the joined 
nanoparticles of Ag and ZnAl-LDH matrices. The 
average diameter of the AgNP is of the order of 7 nm 
and they are uniformly distributed on the large plate-
like particles of the zinc-based LDHs. 

 

 
 

Fig. 3. The FTIR spectra of ZnAl-LDH (2:1) and the tested catalysts. 
 

 
(a) 

 

 
(b) 

 
Fig. 4. (a) SEM of Ag/ZnAl-LDH (2:1), (b) TEM of Ag/ZnAl-LDH (3:1) 
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Thermal analysis results are shown in Fig. 5(a) 

for Ag/ZnAl-LDH (2:1) and Fig. 5 (b) for Ag/ZnAl-
LDH (3:1). The TG/DTG results show that the 
behavior is typical for the LDH-type structure. Two 
distinctive features are observed during the thermal 
transformations. A decrease of ~ 23 % occurs in two 
steps up to 400oC, corresponding to the elimination of 
the interlayer weakly bonded water up to 209-214oC 
and to the subsequent  decomposition of the hydroxyl 
groups from the brucite layer. 

 Some minor mass losses ~ 3.41%, that occur 
between 400-800oC, are assigned to the 
decomposition of carbonate and nitrate anions 
accommodated in the LDHs interlayers. The diffuse 
reflectance UV-vis spectroscopy (UV-DR) was used 
to determine the value of the band gap of the 
semiconductive materials based on ZnAl-LDHs. The 
spectra were further processed by tracing the Tauc 
plots, in order to highlight better the precise value of 
the band gap (Fig. 6). The values, are, respectively, 
3.12 eV for the Ag/ZnAl-LDH (2:1) and of 3.08 eV 
for the Ag/ZnAl-LDH (3:1) samples.  

The values for both samples are close to 3.1 eV, 
pointing out the potential response of the catalysts 
when irradiated by visible light. 
 
3.2. Photocatalytic tests 
 

The photocatalytic tests performed on the 
ZnAl-LDH derived solids highlighted the crucial role 
of silver in promoting the photocatalytic 
decomposition of 4-NPh. 

On ZnAl-LDH (3:1), the organic compound 
was not decomposed almost at all during 360 min. of 
exposure under simulated solar light. This observation 
is in line with the UV-DR results; the spectrum of this 
sample is rather flat (not shown). On Ag/ZnAl-LDH 
(3:1), 87% of 4-NPh was degraded, at room 
temperature, within 6 h of irradiation by solar light. 
On the other hand, for Ag/ZnAl-LDH (2:1) catalysts, 
at the same silver content, the photocatalytic 
performances are decreased such that only 67% of 4-
NPh was decomposed after 360 min of irradiation. 

 

  

 
(a) 

 
(b) 

 

Fig. 5. The TG/DTG results of (a) Ag/ZnAl-LDH (2:1) and (b) Ag/ZnAl-LDH (3:1) 
 

 
 

Fig. 6. The Tauc plots of the studied Ag-containing LDHs photocatalysts 
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This highlights the importance of the LDHs 

composition (e.g. Zn/Al ratio) in establishing the 
photocatalyst efficiency. Hence, Ag/ZnAl-LDH (3:1) 
photocatalyst is the most efficient photocatalytic 
formulation and its behavior, in terms of conversion 
degree of 4-NPh evolution in time, is given in Figure 
7a and 7b. The conversion values X from Fig. 7a were 
fitted to a second degree order as a function on 
irradiation time, with a correlation degree  of R² = 
0.9892 (Eq. 2): 
 

20.0005 0.386 7.2865X t t     (2) 

 
 

 
 

Fig. 7. (a) Photocatalytic conversion as a function of time 
on the Ag/ZnAl-LDH (3:1), (b) The corresponding UV-Vis 

response spectra of 4-NPh conversion for an initial 
concentration of 4 NPh solution: 0.025 g L−1; photocatalyst 

concentration: 1g L-1) 
 

The main peak from 399 nm used to measure 
the 4-NPh decreases dramatically in each step, 
corresponding to 33% after 60 min, 44% within 120 
min and 87%, after 6 h of solar irradiation.  

It is also important to note that bare AgNPs 
were further tested, using similar experimental 
conditions (not shown). Results show that the 
photocatalytic efficiency of nano-sized Ag under solar 
light is much lower (~ 37%). These results show the 
importance of the heterostructure formulation between 
Ag and Zn based LDHs. For Ag/ZnAl-LDH (3:1) that 
performed as the most efficient catalyst, the turnover  

 

number (TON) of the catalytic reaction versus the 
irradiation time was calculated as the amount of 4-
NPh decomposed per gram of catalyst and per hour, 
using the equation (Eq. 3): 
 

60 / (100 )oTON C X t     (3) 

 
where: TON – turnover number, (h-1), Co – initial 
concentration of 4-NPh (0.025 g L-1),  X – conversion 
degree at time t (%),  t – irradiation time (min), 
photocatalyst concentration 1 g L-1. 

The evolution of the turnover number as a 
function of time is given in Fig. 8. 

 

 
 

Fig. 8. The yield the 4-NPh decomposition as a function of 
time for Ag/ZnAl-LDH (3:1) 

 
The results indicate that the turnover number, 

showing that the efficiency of the photoactive catalytic 
sites, follows a rapid decrease with irradiation time 
and the results fitted to the following equation (Eq. 4): 
 

0.1480.0435TON t   (4) 
 

After the first hour of illumination, the rate 
reaches almost a quarter of the initial value. Then, the 
decrease of the TON is slower. Between 120-360 
minutes of photoreaction, the TON values decrease is 
almost linear. For 210, 240 and 270 minutes of 
irradiation, the TON value are quite close to each other 
(0.0046-0.0042 h-1). Therefore, the time value of 210 
minutes could be considered the time value marking 
an important deactivation of the photocatalyst.  

The photocatalysis data were fitted to a pseudo-
first order reaction kinetics given by the equation (Eq. 
5) where k is the reaction rate constant. 
 

ln t

o

C
kt

C
   (5) 

 

The results (see Fig. 9) confirm the validity of 
the pseudo-first reaction order in the 4-NPh 
photocatalytic degradation, in line with the previous 
reported literature data (Zhang et al., 2018). 
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Fig. 9. Pseudo-first order kinetics of 4-NPh decomposition 
on Ag/ZnAl-LDH (3:1) 

 
4. Conclusions 
 

Heterostuctures of Ag/ZnAl-LDHs were 
successfully obtained by the reconstruction in aqueous 
silver nitrate solution of the mixed oxides resulted by 
the calcination, at 550oC, of ZnAl (2:1) and ZnAl-
LDHs (3:1). The structural investigations performed 
by XRD shown the formation of the LDH structure by 
the partial structure reconstruction, while some zinc 
oxide exists  after the re-construction. The FTIR 
spectra confirm the reconstruction of the LDHs 
through the presence of characteristic peaks due to 
CO3

2-, while Ag-O bonds are also detected.  
SEM and TEM results reveal that the catalysts 

are formed of large plate-like nanoparticles of LDHs 
while nanoparticles of Ag that are deposited on ZnAl-
LDH surface (average diameter ~ 7 nm). The values 
of the band gaps of the Ag/ZnAl-LDH photocatalysts 
was close to 3.1 eV, revealing that the Ag/LDHs 
heterostructures can harvest the solar light. The 
photocatalytic tests showed that the undoped ZnAl-
LDH is inactive in the 4-NPh decomposition under 
simulated solar light. The most active catalyst was 
Ag/ZnAl-LDH (3:1), with a 4-NPh decomposition 
degree of 87% after 6 h of solar irradiation. A pseudo-
first order kinetics was fitted to describe the 
experimental data. 
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