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Abstract
In this work, a series of Al-doped ZnO nanoparticles-reduced graphene oxide (AZO–RGO) nanocomposites were success-
fully synthesized by loading AZO nanoparticles (AZO NPs) on the graphene oxide sheets via in situ and low temperature 
solvothermal method. Several techniques were utilized to characterize the resultant nanocomposites including scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), atomic force microscopy, 
X-ray photoelectron spectroscopy (XPS), and FT-Infra Red (FT-IR) analyses. SEM and TEM studies showed that AZO 
NPs have been formed on RGO surface, confirming the formation of AZO–RGO nanocomposites. XPS, FT-IR, and XRD 
analyses revealed that the oxygen-containing functional groups can prepare as anchoring sites for capturing AZO NPs 
on RGO surface. Moreover, it was observed that these nanoparticles have wurtzite structure. The photo-catalysis results 
showed that the 5% AZO–RGO nanocomposite has a higher efficiency than that of pure ZnO and ZnO–RGO samples for 
removing methyl orange dye from water under visible light irradiation. The enhancement in the photocatalytic activity can 
be attributed to the increase of surface area of AZO–RGO nanocomposites in comparison with pure ZnO. Furthermore, the 
existing of Al dopants and RGO sheets in the prepared samples can effectively decrease the charge recombination process 
in the AZO–RGO nanocomposites.
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1 Introduction

Nowadays, organic dyes and pigments in the aquatic ecosys-
tems are considered among the greatest environmental threats 
due to their high solubility feature. According to the published 
reports, considerable amounts of dyes (~ 5–15%) used in many 
industries, easily penetrate into the environment [4, 6]. In 
recent years, several techniques have been employed to elimi-
nate and destroy these organic pollutants such as adsorption 

[14, 40], advanced oxidation procedures [52] and chemical 
oxidation routs [45]. During the last decade, the metal oxide 
semiconductors have been widely used to remove the harmful 
organic dyes from water based on the photocatalytic degrada-
tion. These materials have some important advantages includ-
ing simplicity, low energy need and disintegration of organic 
pollutants into the less dangerous components. Accordingly, 
among different metal oxide semiconductors, the nanostruc-
tured semiconductors with the energy band gap of 1–4 eV have 
shown the highest degradation efficiency [5]. Therefore, the 
semiconductors such as  TiO2, ZnO,  WO3 and CuO have been 
subjected to intense research as a photocatalytic materials [11, 
55]. ZnO and  TiO2 nanostructures have widely attracted the 
attention of many researchers among different semiconductor 
photo-catalysts because of their low cost, abundance, physical 
and chemical stability and nontoxicity [67]. Although, ZnO is 
one of the most favorable photo-catalysts, its photocatalytic 
activity is limited to its wide energy band gap (about 3.3 eV 
at room temperature) [1]. This wide energy band gap can 
effectively increase the photo-generated electron–hole pair 
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recombination in ZnO, resulting in a decrease in photocata-
lytic activity. A well-known operative technique for improving 
the photocatalytic activity of ZnO is the creation of retarding 
in the recombination process. Hence, many efforts have been 
performed by researchers to prevent the electron–hole pair 
recombination in ZnO-based catalysts. It can be divided into 
two major sections: (i) doping of ZnO with metals, transition 
metals and nonmetals [31, 68] and (ii) hybridization of ZnO 
with other semiconductors and carbonaceous materials (such 
as activated carbon, carbon nanomaterials, graphene oxide, 
and graphene) [30, 32, 48, 49]. To improve the photocatalytic 
activity of ZnO NPs, many transition metals such as Co [61], 
pd [69], Mn [60], Ag [13], Sm [43], and Al [1] have been used 
as dopants. Among these nanoparticles, Al-doped ZnO nano-
structures have received considerable attention because of hav-
ing low-cost raw materials and their unique physio-chemical 
properties. Besides, various carbonaceous materials such as 
graphene oxide and graphene are used to develop the photo-
catalytic efficiency of ZnO structures. These materials have 
the sheet-like structure to stick nanostructured semiconductors 
on their basal plane, resulting in the suppression of the photo-
induced electron–hole pair recombination. Therefore, a wide 
range of graphene-based photocatalytic composites including 
graphene (GR)-TiO2, GR-ZnO, and GR-WO3 has been stud-
ied [9, 16, 58]. Zhang et al. [67] synthesized pd-decorated 
ZnO-graphene oxide (GO) composite for improving its pho-
tocatalytic performance on methylene blue. They observed 
that the composite exhibits higher photocatalytic efficiency 
than pure ZnO by increasing of the ratio of ZnO–GO. Similar 
enhancement was also reported by Zeng et al. [65] in Au–ZnO 
nanocrystals-graphene hybrid, attributing to the decrease of 
the recombination process. Numerous studies have also been 
done to enhance the photocatalytic activity of the semiconduc-
tors using graphene oxide. All of these attempts confirmed that 
the decoration of graphene oxide by semiconductor nanopar-
ticles (NPs) could enhance the photocatalytic efficiency [19, 
59]. To the best of our knowledge, there is no report on the 
synthesis and photocatalytic activity of Al doped ZnO NPs-
reduced graphene oxide (AZO–RGO) nanocomposites. In this 
work, we have first synthesized AZO–RGO nanocomposites 
by a facile solvothermal method and then investigated the pho-
tocatalytic property of the samples for removing methyl orange 
dye from water solution under visible light irradiation.

2  Experimental Details

2.1  Preparation of Photo‑catalyst

Natural graphite (99.9%, Alfa Aesar) was used to synthe-
size graphene oxide (GO) sheets via a modified Hummer’s 
method [21]. To obtain AZO–RGO nanocomposites through 
a solvothermal route with different Al concentrations, three 

different solutions were prepared as follows: (i) 10 wt% of 
GO was sonicated in 80 ml ethylene glycol (EG) for 1 h to 
achieve a homogenous brown suspension (Solution 1), (ii) 
80 ml of zinc nitrate hexahydrate (Zn  (NO3)2·6H2O, 98%) 
was dissolved in 80 ml EG and then a certain amount of 
aluminum nitrate nine hydrate was added into it by stirring 
(Solution 2) and (iii) 20 ml of NaOH was also dissolved into 
20 ml deionized water (DI) (Solution 3). In the next step, 
Solutions 2 and 3 were simultaneously added to the Solution 
1 and stirred for another 1 h. In the following, the prepared 
mixing solution was transferred into a 200 ml Teflon-lined 
stainless steel autoclave and kept at 160 °C for 24 h. After 
this time, the final solution was naturally cooled down to 
room temperature and then centrifuged to acquire the nano-
composite. Consequently, the resultant product was rinsed 
with ethanol and DI water for several times and fully dried in 
an oven at 80 °C for 24 h. The amount of aluminum nitrate 
nine hydrate in the as-prepared AZO–RGO nanocomposites 
was controlled to be 1, 3, and 5 wt% and the correspond-
ing nanocomposites were labeled as 1% AZO–RGO, 3% 
AZO–RGO, and 5% AZO–RGO, respectively.

2.2  Characterization

The surface morphology of GO sheet and AZO–RGO nano-
composite was investigated by scanning electron microscopy 
(SEM, Leo-1450VP, Germany). Moreover, an atomic force 
microscopy (AFM, Ara Research, Full plus, Iran) with non-
contact mode, was also used to evaluate the roughness of 
graphene oxide sheet. Transmission electron microscopy 
(TEM, Leo-912AB, Germany) and energy-dispersive X-ray 
(EDX) analyses were applied to study the distribution of 
AZO NPs on RGO sheet and the chemical composition of 
the as-prepared samples. Brunauer–Emmett–Teller (BET) 
technique was used to measure the specific surface area of 
the synthesized nanocomposites with the nitrogen absorp-
tion isotherms apparatus (PHS 1020, China). In addition, the 
crystalline structure of GO, pure ZnO and AZO–RGO sam-
ples was studied by X-ray diffractometer (XRD, Unisantis 
XMD300) with Cu Kα radiation (λ = 1.54056 Å). X-ray pho-
toelectron spectroscopy (XPS, VG Microtech ESCA 2000, 
UK) measurements of the nanocomposites were conducted 
using Perkin-Elmer PHI system with a monochromatic 
Al Kα radiation (hν = 1486.6 eV) as an X-ray source. The 
optical properties of the as-synthesized samples were also 
investigated by UV–Vis spectrophotometer (Agilent-8453, 
Germany) in the wavelength range of 300–800 nm. Pho-
toluminescence (PL) spectra of the nanocomposites were 
recorded in the range of 350–600 nm at room temperature 
using the excitation wavelength of 325 nm. Besides, Fou-
rier transform infrared (FTIR) analyses were obtained by 
an FT-IR spectrometer.
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2.3  Photocatalytic Activity

The photocatalytic performance of the as-prepared 
AZO–RGO nanocomposites was evaluated through the 
photo-degradation of methyl orange (MO) as a typical water 
pollutant upon the absorption spectroscopy. At first, 40 mg 
of photo-catalyst was added to 40 ml of aqueous MO solu-
tion (25 mg/l) by stirring. Then, this process was repeated 
for all the samples to prepare solutions with different cata-
lysts. The obtained solutions were stirred in a dark place 
at 25 °C for 30 min to reach the adsorption–desorption 
equilibrium between the catalyst and MO dye. In order to 
start the photocatalytic reaction, each solution was exposed 
to visible light using a metal lamp (30 W, G30T8-Philips, 
λmax = 460 nm) as a radiation source. Under light irradiation, 
4 ml of the solution was taken out at certain time intervals 
(30, 60, 120, and 180 min), centrifuged to remove the cata-
lyst and then recorded its UV–Vis spectrum. As a control 
experiment, photocatalytic activity of MO solution and pure 
ZnO was also evaluated under the same conditions in the 
absence of the catalyst.

3  Results and Discussion

3.1  Structural Investigations

SEM images were obtained to study the surface morphology 
of GO layers and consider the loading content of the AZO 
nanoparticles (AZO NPs) on the RGO surface. A typical 
SEM image (Fig. 1a) showed that the GO layers have been 
successfully synthesized. The image shows that these layers 
not only have distinct edges but also consist the wrinkles 
on their surface with a few micrometers in length. AFM 
analysis, which was carried out to investigate the thickness 
of a typical GO layer, shows that the thickness of this layer 
is about 1.63 nm (< 5 layers) [29]. As can be observed in the 
SEM image of AZO–RGO nanocomposite (Fig. 1c), AZO 
NPs have almost uniformly distributed on the GO surfaces 
and formed AZO–RGO nanocomposites.

TEM image was utilized to analyze the microstructure of 
prepared AZO–RGO nanocomposite, (Fig. 1d). As can be 
seen in Fig. 1d, GO sheet has a 2D structure with some clear 
wrinkles on its surface. Moreover, AZO NPs (most of which 
smaller than 50 nm in diameter) have randomly anchored 
on the surface of RGO. Moreover, Fig. 1d exhibits that the 
presence of RGO sheet into the nanocomposite can provide a 
hard frame to limit the growth and agglomeration processes 
of AZO NPs on RGO surface [28]. EDX spectrum of the 
as-prepared nanocomposite demonstrates the existence of 
Zn, O, C, and Al elements into the nanocomposite (Fig. 1e), 
confirming the successful preparation of AZO–RGO nano-
composite [22].

3.2  BET Specific Surface Area Measurements

Since the specific surface area of materials has a crucial 
role in their photocatalytic activity, the BET measure-
ments of ZnO–RGO and AZO–RGO nanocomposites were 
achieved and summarized in Table 1. The obtained BET 
results revealed that the decoration of GO by ZnO and AZO 
nanoparticles can gradually increase the specific surface 
area of the nanocomposites by increasing Al content and 
provide larger active sites on the surface for enhancing the 
photocatalytic activity [64, 66]. A similar behavior has been 
reported in the previous studies [41, 50].

3.3  XRD Analysis

Figure 2a presents the XRD patterns of the prepared gra-
phene oxide (GO) and reduced graphene oxide (RGO). It 
can be seen in this figure that GO has a high-intensity peak 
at 2θ = 11.36°, attributing to the (002) plane. By reduction 
of GO into RGO, this peak vanished and a low-intensity 
broad peak appeared at 2θ = 25°, assigning to the disordered 
stacking of RGO into the nanocomposite [72]. This shift is 
related to the decrease in functional groups on the surface 
of GO during the reduction treatment.

Figure 2b indicates the XRD patterns of pure ZnO NPs, 
ZnO–RGO and AZO–RGO nanocomposites with different 
Al concentrations. It can be seen in this figure that all of 
the peaks have similar diffraction patterns, corresponding 
to the hexagonal wurtzite structure of ZnO (JCPDS card, 
No. 36-1451). Moreover, there are no additional diffraction 
peaks in the XRD analyses of the samples, assigning to the 
secondary phases or other compositions such as  ZnAl2O4. 
Therefore, Al dopants can be doped into ZnO lattice for gen-
erating the AZO NPs [33]. It was recognized that the elec-
trostatic force between  Zn2+ ions and the oxygen-containing 
functional groups on GO sheet could play a significant role 
for depositing AZO NPs on the surface of GO and then the 
formation of steady AZO–RGO nanocomposites [47].

3.4  XPS Spectral Characterization

XPS analysis was employed to investigate the surface 
chemical bonds and binding energies of the synthesized 
AZO–RGO nanocomposites. Figure 3a exhibits a survey 
XPS spectrum of 5% AZO–RGO nanocomposite and the 
characteristic peaks of C1s (284.8 eV), O1s (532 eV), and 
Zn2p (1046 and 1022.9 eV), confirming the presence of Zn 
atoms in the as-synthesized sample.

Figure 3b illustrates the high-resolution XPS spectrum 
of Zn2p. In this figure, two peaks are noticed at 1022.9 eV 
and 1046 eV binding energies attributing to the Zn-2p3/2 and 
Zn-2p1/2, respectively, which confirm the presence of ZnO 
NPs with the wurtzite phase in the nanocomposites [44]. The 
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CasaXPS software with a linear baseline and Gaussian func-
tion was employed to peak-fit the high-resolution C1s peak of 
5% AZO–RGO sample (Fig. 3c). To correct XPS spectrum of 
the sample, the C–C component of carbon is commonly used 
as a set. This value for the high concentration of  sp2 carbon 
(such as graphene) is 285 eV. The peak-fitted peaks located at 
the binding energies of 284.8 eV, 285.9 eV, and 288.6 eV are 
indexed to C–C (or C=C), C–O, and O–C=O bonds, respec-
tively [35, 62]. As reported in the literature, there are four 
peaks at 284.6 eV, 286.7 eV, 287.5 eV, and 288.3 eV binding 

Fig. 1  SEM image of a GO sheets, b a typical AFM image of the graphene oxide sheet, c SEM image, d TEM image and e EDX spectrum of 5% 
AZO–RGO nanocomposite

Table 1  Specific surface area of 
AZO–RGO nanocomposites

Al concentration 
(wt%)

Surface 
area 
 (m2/g)

0 14.72
1 20.39
3 24.87
5 27.43
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energies in the peak-fitted XPS spectrum of GO [17]. Among 
these values, the binding energies of 286.7 eV, 287.5 eV, 
and 288.3 eV are attributed to the oxygen-containing groups 

on the surface of GO [66]. The decoration of GO sheets by 
AZO NPs can dramatically decrease the intensity of these 
peaks, resulting in the reduction of GO into RGO during the 

Fig. 2  XRD patterns of a graphene oxide (GO) and reduced graphene oxide (RGO), b pure ZnO and AZO–RGO nanocomposites with 1%, 3%, 
and 5% Al concentrations

Fig. 3  a Survey XPS spectrum, b high resolution spectrum of Zn2p region, c peak-fitted XPS spectra of C1s and d magnified Al2p region for 5% 
AZO–RGO nanocomposite
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preparation process (Fig. 3c). Due to exist the low content of 
Al dopant in ZnO lattice, Al peaks cannot appear in the XPS 
survey spectrum of the nanocomposite (Fig. 3a). To observe 
the characteristic peaks of Al2p, the binding energy region 
among 73–78 eV was magnified (Fig. 3d). The peaks located 
at 73.9 eV and 76.4 eV binding energies are assigned to Al–O 
and Al–OH bonds, respectively. As shown in this figure, the 
binding energy of the first peak (73.9 eV) is higher than that 
of elemental Al (72.7 eV) but is lower than that of Al–OH 
(76.4 eV), attributing to the low level of Al in ZnO lattice. A 
similar behavior has been reported previously [24, 36].

3.5  Optical Characterization

UV–Vis absorption analysis was used to study the optical 
properties of the prepared AZO–RGO nanocomposites. The 
UV–Vis absorption spectra of the ZnO–RGO and AZO–RGO 
nanocomposites were obtained (Fig. 4a). As reported in the 
literature, pure ZnO is able to absorb UV light intensively with 
its absorption edge placed at about 400 nm [38]. As shown in 
Fig. 4a, the incorporation of GO in the nanocomposites can 
increase their visible light absorption. Besides, by increasing 
Al content in the nanocomposites, the absorption edges of the 
AZO–RGO nanocomposites present a negligible red-shift. To 
observe the red-shift, towards higher wavelength, the extrapo-
lation of liner portion of the (αhν)2 versus the photon energy 
(hν) was done for the nanocomposites (Fig. 4a). This red-shift 
can describe the exchange interactions between the outer-shell 
electron of Al  (3p1), ‘s’, and ‘p’ electrons of ZnO and/or large 
scattering effects [30]. In order to calculate the optical band 
gap of un-doped and Al-doped ZnO NPs–RGO nanocompos-
ites, the Tauc relationship was used [37].

(�h�)2 = A
(

h� − Eg

)

where α, hν, and A are the optical absorption coefficient, 
the photon energy, and the constant of proportionality, 
respectively. Eg is the direct energy band gap of ZnO. Here, 
the absorption coefficient (α) was calculated, from the raw 
absorbance data, using the following equation:[50]

where B is the measured absorbance and d is the thick-
ness of UV–Vis cell (d = 1 cm). As can be seen in Fig. 4a, 
a decrease in absorbance occurs at a higher wavelength 
(around 360 nm), which can be attributed to the energy 
band gap of ZnO. The energy band gaps of the ZnO–RGO 
and AZO–RGO nanocomposites were calculated using the 
obtained UV–Vis spectra. For ZnO–RGO sample,  Eg was 
calculated to be about 3.37 eV, while this value for various 
AZO–RGO nanocomposites (1%, 3%, and 5% Al concen-
trations) was 3.35 eV, 3.37 eV, and 3.38 eV, respectively. 
These values indicate that the calculated energy band gaps 
for the as-prepared samples are larger than those of pure 
ZnO (3.32 eV). It is well known that, the substitution of  Al3+ 
instead of  Zn2+ in the ZnO structure can generate free elec-
trons in the conduction band due to the Burstein–Moss effect 
[63]. Therefore, the energy band gaps of the nanocomposites 
can increase in comparison with pure ZnO by increasing the 
Al concentration in the samples [46].

3.6  Photoluminescence (PL) Analysis

The separation and recombination processes of the photo-
generated electrons and holes can be studied by PL meas-
urements. Figure 4b exhibits the PL spectra of pure ZnO 
and AZO–RGO nanocomposites acquired at an excitation 
wavelength of 325 nm. As can be seen, the PL spectrum 
of ZnO has two emission peaks within the ultraviolet and 

� = 2.303
B

d(cm)

Fig. 4  a UV–Vis absorption spectra of ZnO–RGO and AZO–RGO nanocomposites and b room-temperature PL emission spectra of ZnO and the 
prepared nanocomposites with different percent of Al
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visible light ranges. These peaks correspond to the recom-
bination of the near band gap (NBE) free excitons and the 
structural defects, respectively [15, 27, 57]. It is known that, 
these peaks are dependent on various factors such as particle 
size, shape, and temperature and preparation method [27]. 
Moreover, Fig. 4b shows the broad peak detected within the 
range 450–500 nm, corresponding to the pure ZnO, almost 
vanished in the PL spectra of AZO–RGO samples. This 
peak implies several defect states such as oxygen and zinc 
vacancies, oxygen interstitials, zinc interstitials and oxygen 
anti-sites in ZnO [1, 12]. Doping ZnO with Al atoms can 
reduce these sites due to the occupation of intrinsic defect 
sites by dopants. As shown in Fig.  4b, the intensity of 
defect peak is drastically reduced, confirming the decrease 
in defect sites [7]. These results suggest the recombination 
process, which plays an important role in the photocatalytic 
efficiency, has been approximately suppressed in the as-
prepared AZO–RGO nanocomposites by increasing of Al 
concentration.

3.7  FT‑IR Analysis

FTIR analysis was carried out to study the molecular struc-
ture of pure ZnO and the as-prepared GO, ZnO–RGO, and 
AZO–RGO nanocomposites (Fig. 5). Figure 5a shows an 
absorption peak at 460 cm−1, ascribing to the stretching 
vibration between Zn and O atoms [18]. In FTIR spectrum 
of GO (Fig. 5b), the characteristic absorption bands of the 
oxide groups are located at 3445 cm−1 (O–H, hydroxyl and 
carboxylic stretching vibration bonds), 1732 cm−1 (C=O 
stretching vibration bond), 1615 cm−1 (C=C, C=O Quinone 
and carboxylate bonds), 1221 cm−1 (C–O epoxy stretching 
bond), and 1050 cm−1 (C–O alkoxy stretching bond) [2]. The 
presence of oxygen-containing groups on the GO surface 
can possibly increase the covalent bonds between AZO NPs 
and GO surface. Therefore, these functional groups are the 

major factors for creating AZO–RGO nanocomposite [20, 
34, 70]. Besides, Fig. 5b shows the bands at 1732 cm−1 and 
1050 cm−1 have been decreased considerably or disappeared 
entirely after loading ZnO and AZO NPs on the GO surface, 
implying the elimination of most functional groups on the 
surface [56]. These results further confirm the reduction of 
GO into RGO during the solvothermal treatment.

Moreover, two absorption bands appeared in the FTIR 
spectra of ZnO–RGO and AZO–RGO nanocomposites at 
460 cm−1 (Fig. 5b). These bands are attributed to the stretch-
ing vibration of Zn–O bond and exhibited good agreement 
with Fig. 5a. There is a weak absorption peak at 500 cm−1 
in the FTIR spectrum of ZnO–RGO (Fig. 5b), indexed to 
the oxygen vacancies in ZnO lattice. This peak vanished in 
the FTIR spectrum of AZO–RGO. It can confirm the reduc-
tion of the oxygen vacancies in the nanocomposite by the 
presence of Al dopants [3, 8, 63]. The low-intensity peak at 
around 683 cm−1 in the FTIR spectrum of AZO–RGO cor-
responds to the Al–O stretching mode [3].

3.8  Assessment of Photocatalytic Activity

Since carbonaceous materials such as GO have a high 
potential for adsorbing aromatic pollutants, the synthe-
sized AZO–RGO nanocomposites are expected to be able 
to adsorb organic pollutants in aqueous solutions. Here-
upon, the photocatalytic activity of the nanocomposites 
was considered for removing the methyl orange (MO) dye 
from water (Fig. 6). MO dye is generally used as a typical 
water pollutant for the photocatalytic assessment of mate-
rials due to its alkaline and non-biodegradable features 
[23]. In this study, the photocatalytic activity of the as-
synthesized nanocomposites was carried out by monitoring 
MO discoloration in an aqueous solution. Figure 6a exhib-
its a profile of the photocatalytic degradation of MO using 
pure ZnO, ZnO–RGO, and AZO–RGO nanocomposites 

Fig. 5  FT-IR spectra of a pure ZnO and b GO, RGO, ZnO–RGO, and 5% AZO–RGO
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under visible light irradiation. In this figure, Y-axis shows 
the normalized temporal concentration changes (C/C0) of 
MO in which  C0 and C are the initial and actual MO con-
centrations at different irradiation times, respectively. This 
ratio is proportional to the absorbance ratio (A/A0), which 
is derived from the changes in MO absorption profile 
[71]. As shown in Fig. 6a, in the absence of a catalyst, the 
degradation of MO is almost negligible even after expo-
sure to 3 h, suggesting that MO dye is stable completely 
under visible light irradiation [53]. Figure 6a also shows 
the decrease of MO concentration in the ZnO–RGO and 
AZO–RGO samples is more than that of pure ZnO under 
the same conditions, suggesting the synergetic effects of 
graphene oxide and Al dopants on their photo-catalysis. 
Therefore, the decoration of GO by ZnO NPs can increase 
the specific surface area of the sample to adsorb more MO 
molecules on its surface. In addition, some Al dopants can 
reside on ZnO boundary as the anchoring sites for adsorb-
ing further dye molecules [1, 25, 54]. However, Fig. 6a-
vi indicates that the photocatalytic activity of the sample 
was decreased by increasing of doping level-up to 10 wt%. 
This result suggests that the higher dopant concentration 
may provide additional centers to recombine the photo-
induced electron–hole pairs, resulting in the decrease of 
photocatalytic efficiency of the samples. In this study, 
however, 5% Al concentration was obtained as an optimal 
value for doping ZnO. Besides, the measured photocata-
lytic results show that 5% AZO–RGO nanocomposite is 
able to degrade MO dye with maximum efficiency at about 
80% in 60 min. The absorption spectrum of the original 
MO solution and its time-dependent absorption spectra 
are presented in Fig. 6b for 5% AZO–RGO sample dur-
ing light irradiation. This figure shows the MO absorption 

peak intensity has decreased significantly by increasing 
the exposure time, indicating the degradation of MO dye 
continuously by the catalyst.

The pseudo-first-order reaction kinetics are normally 
used to calculate the photocatalytic degradation of organic 
dyes at low concentrations [42].

where kapp is the apparent reaction rate constant, which is 
the most important parameter to compare the photocatalytic 
performance of materials. A linear fitting of ln  (C0/C) versus 
irradiation time was carried out to calculate the kapp of the 
as-prepared photo-catalysts (Fig. 7).

The computed kapp values were 0.00115, 0.00278, 
and 0.01001 min−1 for pure ZnO, ZnO–RGO, and 5% 
AZO–RGO, respectively. According to the obtained 
results, 5% AZO–RGO nanocomposite has the highest 
reaction constant in comparing to the other catalysts, in 
which this value is about 8 and 3 times greater than that 
of ZnO and ZnO–RGO, respectively. This result reveals 
that the slight introduction of Al dopant (i.e. 5 wt%) can 
enhance the photocatalytic activity of the sample, prob-
ably due to the morphology of the photo-catalyst. The 
specific surface area of catalyst has been identified to play 
an important role on its photo-catalysis [10]. As shown in 
the present work, the specific surface area of the prepared 
nanocomposites was increased by increasing of Al content 
(Table 1). This result can confirm the higher adsorption of 
MO molecules onto the photo-catalyst and also the genera-
tion of active sites, resulting in the higher photocatalytic 
activity of AZO–RGO nanocomposites compared to the 
pure ZnO.

ln
(

C
0
∕C

)

= kappt

Fig. 6  a The photocatalytic decoloration of MO by i ZnO, ii ZnO–
RGO, iii 1% AZO–RGO, iv 3% AZO–RGO, v 5% AZO–RGO, and vi 
10% AZO–RGO nanocomposites under light irradiation and b time 

dependent absorption spectra of MO aqueous solution under visible 
light irradiation in the presence of 5% AZO–RGO nanocomposite
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3.9  Evaluation of Oxygen Content 
on the Photo‑catalysis

When a semiconductor catalyst is excited by light, its 
valence band electrons can transfer to the conduction band 
and create holes in its valence band. Hence, the existence of 
catalyst in an aquatic system can not only make the extrac-
tion of hydroxide ions from water but also react the ions 
with its holes to making hydroxyl radicals (•OH). Therefore, 
these active radicals are main factors in the photo-catalysis 
for decomposing organic molecules [26]. In addition, oxygen 
molecules can also capture the photo-generated electrons to 
create super oxide ions (•O2

‾), resulting in the extra genera-
tion of hydroxyl radicals. This result suggests that the photo-
catalytic activity of a catalyst can be enhanced by increasing 
of oxygen molecules. In order to investigate this effect, the 
photocatalytic activity of the as-prepared 5% AZO–RGO 
nanocomposite was accomplished in the bubbling and non-
bubbling oxygen conditions (Fig. 8).

The kapp values for 5% AZO–RGO were calculated to be 
0.03048 and 0.02034 min−1 in the bubbling and non-bub-
bling oxygen conditions, respectively. It can be seen in this 
figure, the kapp coefficient is almost the same for two situa-
tions in the first 30 min. It indicates the dissolved oxygen in 
the solution is nearly adequate to promote the photocatalytic 
performance of the sample. Therefore, the photocatalytic 
efficiency of the sample can be improved by bubbling oxy-
gen condition.

3.10  Photo‑catalysis Mechanism

As reported previously, the fast recombination process 
between photoelectron and hole pairs is the greatest issue 

for enhancing the photocatalytic activity of ZnO. One of 
the conventional methods for suppressing this process 
is doping ZnO with different dopants, which has been 
reported in many studies. Based on the obtained results, 
the enhanced photocatalytic activity of AZO–RGO nano-
composites compared to the pure ZnO may be related to 
the synergetic effects of Al dopants and reduced graphene 
oxide sheets. Therefore, a possible photocatalytic mecha-
nism can be proposed for the AZO–RGO nanocomposite 
(Scheme 1). As mentioned in literature, the conduction 
and valence bands of ZnO are located at − 4.05 eV and 
− 7.25 eV (vs. vacuum), respectively [39]. Besides, the 
work functions of reduced graphene oxide and the excited 
MO are located in − 4.5 eV and − 3.5 eV, respectively 
[51]. The energy levels relating to the AZO–RGO catalyst 
is observed in Scheme 1a. As shown in this figure, the 
photoelectron and hole pairs can be created during the 
exposure of the sample by visible light irradiation, result-
ing in the transferring of the photoelectrons to the con-
duction band of ZnO. The presence of Al dopants into the 
ZnO lattice can also generate extra electrons in the ZnO 
conduction band. Due to the energy level of the reduced 
graphene oxide (RGO) is lower than the conduction band 
of ZnO; therefore, the photo-generated electrons would 
be able to move on the surface of reduced graphene oxide 
sheet. Moreover, MO molecules can be excited by light 
during light irradiation and then the photo-induced elec-
trons may move toward the energy level of the reduced 
graphene oxide and also ZnO conduction band. Conse-
quently, the electrons transferred on the surface of reduced 
graphene oxide would react with oxygen molecules for 
producing the oxygen peroxide radicals (•O2‾) and hydro-
gen peroxide  (H2O2). The hydroxyl radicals (•OH), which 

Fig. 7  Plots of ln  (C0/C) versus time for ZnO, ZnO–RGO, and AZO–
RGO catalysts with different Al concentrations (1, 3, 5, and 10 wt%)

Fig. 8  The effect of oxygen on the photocatalytic activity of 5% 
AZO–RGO nanocomposite
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are the main factors for degrading MO dye, can be pre-
pared by reaction of (•O2‾) and  H2O2. In addition, the 
photo-generated holes can decompose MO molecules 
either by reacting with hydroxyl ions (OH‾) derived from 
water or by themselves directly when they are captured by 
organic compounds on AZO–RGO surface (Scheme 1b). 
Consequently, the existence of RGO in the nanocompos-
ite not only can prepare the large specific surface area 
for adsorbing MO molecules but also can supply more 
reactive oxygen-containing species for degrading organic 
compounds. Moreover, it may suggest the enhancement of 
photocatalytic property of the AZO–RGO sample.

4  Conclusions

In summary, AZO–RGO nanocomposites were successfully 
synthesized by a one-step and low-temperature solvothermal 
method without any change in the crystalline structure of 
ZnO. In this study, AZO NPs and RGO nanosheets were 
obtained synchronously to prepare AZO–RGO nanocom-
posite. SEM and TEM images demonstrate the formation 
and rather uniformly distribution of AZO NPs on the RGO 
surface. Among all the prepared samples, 5% AZO–RGO 
nanocomposite indicated the highest photocatalytic effi-
ciency for degrading MO molecules of water under visible-
light irradiation. This enhanced photocatalytic activity can 
be related to the presence of RGO sheets and Al dopants 
into the nanocomposite. Accordingly, reduced graphene 
oxide nanosheets are able to increase the light absorption 
and reduce the charge recombination process. These factors 
are responsible for enhancing the photocatalytic activity of 
AZO–RGO nanocomposite. Our results finally showed that, 
AZO–RGO nanocomposites can present new possibilities for 
promoting the environmental applications of photo-catalysts.
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