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 2

Abstract：：：： 1 

Porous Al doped ZnO (AZO) nanosheets have been prepared as an efficient 2 

multifuncational water treatment material. Their fundamental properties were characterized by 3 

various spectroscopic testing methods. The AZO nanosheets displayed very rapid adsorption rate 4 

and high adsorption capacity for methyl orange (MO) dye. The kinetics and equilibrium of 5 

adsorption process were found to follow the pseudo-second-order kinetic and Langmuir isotherm 6 

models, respectively. Furthermore, the AZO nanosheets exhibited superior photodecolorizative 7 

activity compared with the commercial P25 TiO2 nanoparticles. It was found that Al doping 8 

increased the zeta potential of AZO nanosheets and then significantly enhanced the adsorption 9 

capacity for MO dye, at the same time, retarded the recombination of photoexcited electron−hole 10 

pairs, and prolonged the lifetime of the photo-generated carriers, and then improved the 11 

semiconductor photocatalytic activity. In addition, the visible-light-driven dye photosensitized 12 

degradation was also an important reason for enhanced photodecolorizative activity. Therefore, 13 

AZO nanosheets became a potential multifuncational water treatment material combining highly 14 

efficient adsorption and photocatalytic degradation.  15 

 16 
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 3

1. Introduction  1 

Water pollution has become a serious global environmental issue and received significant 2 

attention [1-3]. The wastewater effluent from the textile, paper, plastics, leather, plastic and 3 

printing industries contains high concentrations of synthetic dyes. Many of the dyes are harmful 4 

to human beings and toxic to microorganisms. Therefore, they must be removed before 5 

discharged into natural environment [4]. Various techniques have been exploited to remove dyes 6 

from aqueous solutions, such as adsorption, photocatalytic degradation, membrane filtration, 7 

chemical oxidation, flocculation and electrooxidation [5-7]. Among these methods, adsorption is 8 

one of the most effective approaches for the treatment of organic dyes due to its effectiveness, 9 

operational simplicity, low cost and low energy requirements [6, 8, 9]. However, it is not 10 

competent in the situation when thorough removal is required for trace amount of toxic 11 

contaminants [10-12]. Photocatalytic degradation is regarded as another versatile and effective 12 

water treatment method. Nevertheless, due to the low quantum efficiency of normal 13 

photocatalysts, it is not efficient in dealing with a large amount or high concentration of 14 

pollutants [10]. So, it is very interesting and important to develop multifuncational water 15 

treatment materials combining highly efficient adsorption and photocatalytic degradation 16 

applying to different dye concentration range.  17 

It is well known that doping is a very important method to improve performance of 18 

catalysts/adsorbents [13]. Jimmy C. Yu et al. prepared F--doped TiO2 photocatalyst which 19 

exhibited stronger absorption in the UV−visible range with a red shift in the band gap transition. 20 

The photocatalytic activity of F-doped TiO2 powders exceeded that of Degussa P25 [14]. M. 21 

Sathish et al. reported Nitrogen-doped TiO2 nanocatalyst showing higher activity than the P25 22 

TiO2 photocatalyst in the visible region [15]. Zhao et al. synthesized gadolinium doped cobalt 23 
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ferrite nanoparticles and demonstrated the enhanced adsorption capability for Congo Red [16]. 1 

Nan et al. reported a solvothermal synthetic route used to prepare Ce3+ doped ZnFe2O4 and 2 

presented the adsorption capacity of ZnFe2O4 for Cr(VI) increase by adulterating a small 3 

quantity of Ce3+ ions into it [17]. However, the reports about the doping simultaneously 4 

improving the adsorption and photocatalytic performance are scarce [16].  5 

Zinc Oxide (ZnO), one kind of versatile semiconductor nanomaterial with a wide variety of 6 

morphology, has been extensively studied for potential applications in electronics [18, 19], 7 

photoelectronics [20, 21], optical devices and ecology [13, 22-25]. Herein, we prepared the 8 

porous Al-doped ZnO nanosheets and investigated their adsorption and photocatalysis 9 

performance for the removal of MO dye. The AZO nanosheets showed very rapid adsorption rate 10 

and high adsorption capacity for MO dye. About 95.7% of the MO dye was removed during the 11 

first 3 minutes of adsorption and the adsorption capacity of AZO nanosheets was almost 9 times 12 

higher than that of pure ZnO nanosheets. Furthermore, the AZO nanosheets exhibited superior 13 

photodecolorizative activity. The decolorizative rate reached 97.7% within 15 min for the MO 14 

dye, which was much higher that of ZnO nanosheets (18.5%) and even P25 TiO2 nanoparticles 15 

(72.7%) under UV light irradiation for 60 min. It was found that Al doping increased the zeta 16 

potential of AZO nanosheets and then significantly enhanced the adsorption capacity for MO dye. 17 

As an effective electron donor, Al doping increased the electrical conductivity of AZO 18 

nanosheets, retarded the recombination of photoexcited electron−hole pairs, and prolonged the 19 

lifetime of the photo-generated carriers, and then improved the semiconductor photocatalytic 20 

activity. In addition, the visible-light-driven dye photosensitized degradation was also an 21 

important reason for enhanced photodecolorizative activity. Therefore, AZO nanosheets became 22 

Page 4 of 43RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 5

a very promising multifuncational water treatment material combining highly efficient 1 

adsorption and photocatalytic degradation applying to different environmental conditions.  2 

2. Experimental Procedure 3 

2.1 Chemicals  4 

Zinc nitrate hexahydrate (Zn(NO)3·6H2O), hexamethylenetramine (HMTA), poly (ethylene 5 

glycol) and ethanol were purchased from Aladdin Chemistry Co,Ltd. Aluminium nitrate hydrate 6 

was purchased from the Zhenxin reagent factory, shanghai. All chemicals were used as received 7 

without further purification. 8 

2.2 Preparation of porous AZO nanosheets  9 

The porous AZO nanosheets were prepared by a precursor-based route. Firstly, 10 

Zn(NO)3·6H2O (4 mmol, 1.1927 g) and HMTA (4 mmol, 0.5619 g) were dissolved in 40 ml of 11 

deionized water. Under the stirring, Al(NO)3·9H2O (0.01 mmol, 0.045g) was added into the 12 

above solution. After vigorously stirred for about 30 min, the solution was poured into a Teflon-13 

lined autoclave, which was sealed and placed in an oven for hydrothermal treatment at 180oC for 14 

15h. After completion of the reaction, the autoclave cooled to room temperature and the white 15 

precursor was obtained by centrifugation and further rinsed with the deionized water and 16 

absolute ethyl alcohol. And then, the precursor was calcined at 400oC for 1h in the Muffle 17 

furnace. The porous AZO nanosheets were obtained. Some porous ZnO nanosheets were 18 

prepared as the same hydrothermal reaction without addition of the Al(NO)3·9H2O. 19 

2.3 Characterizations 20 

The crystal structure of sample was analyzed by X-ray diffraction (XRD, Ultima IV, Rigaku 21 

) under Cu Kα radiation (λ=1.54056Å) operated at 40KV, 40mA with the scanning angle (2θ) 22 

ranging from 10º to 80º and a sweep speed of 4º/min. The morphologies and energy dispersive 23 
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 6

spectrometer (EDS) of samples were examined by field-emission scanning electron microscope 1 

(SEM, JSM-7500F). The specific surface areas and pore size distributions (V-Sorb 2800) of the 2 

samples were tested by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) 3 

methods, respectively. The surface charge of the sample was analyzed using a Zeta-potential 4 

analyzer (Malvern, Nano ZS 90). Thermo-gravimetric and differencial scanning calorimetry 5 

(TG-DSC) were carried out on thermal analysis instrument (Netzsch, STA 449C). The 6 

concentration of MO was analyzed by using UV-visible Spectrophotometer (UV-2550). UV-7 

visible diffuse reflectance spectra were recorded on the UV-visible Spectrophotometer with an 8 

integrating sphere attachment. 9 

2.4 Adsorption experiments 10 

The adsorption of MO in aqueous solution on prepared samples was performed in a batch 11 

which carried out in the dark at room temperature. In a typical adsorption, 75 mg of sample was 12 

placed into 100 mL of MO solution with the concentrate ranging from 10-80 mg/L under 13 

vigorous stirring. After adsorption process for certain period, the residual solution with adsorbent 14 

was separated through centrifugation. The concentration of residual solution was determined by 15 

UV-vis Spectrophotometer at 464nm. The effect of pH on adsorption also was studied. The pH 16 

of solution was adjusted by adding a few drops of dilute NaOH or HCl aqueous solution. The 17 

amount of MO adsorbed and removal efficiency at time t was calculated according to the 18 

formula:  19 

W

VCC
q t
t

×−
=

)( 0                                                                                      (1) 20 

%100
0

0
×

−
=

C

CC
E t                                                                                    (2) 21 
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 7

where qt (mg/g) and E were adsorption capacity and removal efficiency, respectively; C0 and Ct 1 

(mg/L) were the liquid phase concentrations of MO at initial and any time t, respectively. V was 2 

the volume of the solution (L) and W (g) was the mass of adsorbent used.  3 

When the adsorption was equal to the desorption, the amount of MO adsorbed at 4 

equilibrium was calculated from the following equation:  5 

W

VCC
q e
e

×−
=

)( 0                                                                                 (3) 6 

where C0 and Ce (mg/L) were the liquid phase concentrations of MO at initial and equilibrium, 7 

respectively. V was the volume of the solution (L) and W was the mass of adsorbent used (g). 8 

2.5 Photocatalytic measurements 9 

The photocatalytic experiments of ZnO、AZO、P25 for the degradation of MO solution 10 

were carried out under UV light. Also, the photocatalytic capacity of AZO toward the MO under 11 

the visible light irradiation was studied. The reaction suspension was prepared by adding the 12 

sample (75 mg) into 100 mL MO solution under stirring. At given irradiation time, 2 mL of the 13 

suspension was collected and centrifuged to remove the particles. The dye concentration was 14 

analyzed with UV-vis Spectrophotometer. 15 

2.6 Photoelectrochemical measurements 16 

Photoelectrochemical measurements were conducted on a CHI 660D electrochemical 17 

workstation (Shanghai Chenhua, China) with conventional three-electrode method. The counter 18 

and reference electrodes were Pt plate and Ag/AgCl electrode and 0.2 M Na2SO4 served as 19 

electrolyte. The working electrodes were prepared by doctor-blade method as following: 0.6 g 20 

different samples and 0.9 g poly(ethylene glycol) (PEG, MW~20000) were suspended in 10mL 21 

deionized water, and stirred overnight. Then the paste was coated onto the fluorine-tin oxide 22 

(FTO) conducting glass electrode. The films were then allowed to dry at 60oC for 12h, and 23 
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 8

finally subjected to heat treatment at 400oC for 1h at a heating rate of 2oC/min. The transient 1 

photocurrent responses of samples were carried out on a switch-on and switch-off model. A 300 2 

W xenon lamp was used to provide simulated sunlight source. Electrochemical impedance 3 

spectroscopy (EIS) was carried out under open-circuit potential condition and 100 mWcm−2 bias 4 

illumination. The frequency range was 0.1~100 kHz and the magnitude of modulation signal was 5 

0.01 V. 6 

3. Results and discussion 7 

The phase structure and purity of the as-synthesized samples were characterized with XRD. 8 

Figure 1a and b represent the XRD patterns of the obtained intermediates in the solvothermal 9 

reaction. All diffraction peaks of un-doped intermediate can be indexed as the monoclinic 10 

hydrozincite Zn5(CO3)2(OH)6 (JCPDS Card No.19-1458) and hexagonal ZnO phase (JCPDS 11 

Card No. 36−1451). The phase structure of Al-doped intermediate is similar with that of un-12 

doped intermediate, expect for an un-known phase identified by a small diffraction peak at 19° in 13 

the XRD pattern. The results indicate that a hydrozincite precursor has been produced in the 14 

solvothermal reaction. After calcinated at 400°C for 1h, the precursor has completely 15 

transformed into hexagonal ZnO phase as shown in Figure 1c and d. The sharp reflection peaks 16 

of the XRD patterns suggest that the final ZnO products are highly crystalline. There is no other 17 

diffraction peaks detected, which indicates that no impurity exists in the final product. Compared 18 

with pure ZnO product, the diffraction peaks of Al doped ZnO sample shifted towards low angle 19 

(as shown in the right magnifying figure), which implied that the Al dopants have entered the 20 

unit-cell maintaining the hexagonal structure of ZnO. Because the difference in ionic radii 21 

between zinc and aluminum is not large, the right amount of Al can substitutionally dope the 22 

crystalline ZnO lattice to produce Al:ZnO (AZO) [26, 27]. The change in the peak position 23 
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 9

should be ascribed to the substitution of Zn2+ by Al3+ ions. The ionic radius of Al3+ (0.54 Å) is 1 

smaller than that of Zn2+ (0.74 Å), which leads to reduction of the crystal cells.  2 

EDS measurement was carried out to further confirm the presence of elements and purity in 3 

the AZO nanosheets. As shown in Figure 2, the EDS spectrum of the AZO nanosheets shows the 4 

presence of Al, Zn and O elements in AZO nanosheets without other peaks beside the peaks of C 5 

element (introduced by testing). Combining with the results of the XRD analysis, it indicates that 6 

Al dopants have entered the lattice of crystalline ZnO.  7 

Thermogravimetric (TG) and differential scanning calorimetric (DSC) curves of the 8 

obtained two intermediates are displayed in Figure 3. For the TG and DSC curves of un-doped 9 

intermediate, there is only a significant weight loss step among whole testing temperature in TG 10 

curve. Associated with XRD analysis, this weight loss should be due to the decomposition of 11 

Zn5(CO3)2(OH)6 to ZnO, CO2, and H2O. The theoretical weight loss for the decomposition of 12 

hydrozincite is about 25.84%, however, only the weight loss of 18.01% in the TG curve was 13 

observed. It was deduced that the intermediate contained not only Zn5(CO3)2(OH)6 but also ZnO 14 

and their quality percentage were 69.66% and 30.34%, respectively. At the same time, the 15 

corresponding DSC curve shows an endothermic peak at 264.3°C, which illustrates that the 16 

decomposition of the intermediate is an endothermic process. For Al-doped intermediate, its 17 

thermal analysis figures present a similar tendency to that of un-doped intermediate. However, 18 

there are two endothermic peaks at 256.8 and 283.8°C in DSC curve, respectively. And a 0.42% 19 

weight loss more than that of un-doped intermediate in the TG curve, which may be related to 20 

the un-known phase in the XRD pattern (as shown in the Figure1 b).  21 

The morphologies of the un-doped and Al doped intermediates and the corresponding 22 

calcinated samples were characterized by FESEM. Figure 4a and b show that the undoped and Al 23 
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 10

doped intermediates are 2D nanosheets with a thickness of about tens of nanometers. After 1 

calcinated, as shown in Figure 4c and d, there are plenty of voids in the nanosheets, which makes 2 

the nanosheet look like a network. The porous structure on the surfaces of ZnO and Al-doped 3 

ZnO (AZO) nanosheets should be resulted from the decomposition of hydrozincite 4 

Zn5(CO3)2(OH)6 and the subsequent release of H2O and CO2. Such network structure can largely 5 

increase the accessible surface area of the materials and are favourable for the applications as 6 

catalytic and sensing materials [19, 28].  7 

The surface area and porosity of the porous ZnO and AZO nanosheets were further 8 

characterized by BET N2 adsorption−desorption analysis, as shown in Figure 5. ZnO and AZO 9 

nanosheets all show type IV isotherms with type H3 hysteresis loops. The slight hysteresis loop 10 

(0.8 < P/P0 < 1) indicates the presence of meso and macro pores [4, 18, 29, 30]. Furthermore, the 11 

capillary condensation step of the hysteresis loop for AZO nanosheets is slightly shifted to lower 12 

relative pressures, indicating smaller mesopores. The BET surface area of the porous AZO 13 

nanosheets, estimated from the adsorption data, is 34.3 m2 g−1, which is larger than that of porous 14 

ZnO nanosheets (12.5 m2g−1) and is also in the same order of magnitude as 3D ZnO nanoplates 15 

(31.05 m2g−1) [23]. The difference is due to the morphological variation or small crystal size [18, 16 

19]. In addition, the as-synthesized samples also show two types of pore size distribution in the 17 

mesoporous and macroporous regions, as shown in the inset of Figure 4. One had a relative 18 

narrow pore size distribution in the range of 17– 66 nm for AZO and 17– 26 nm for ZnO; the 19 

other had a broad size distribution centered at 187 nm for AZO and at 315 nm for ZnO, 20 

respectively. Considering the SEM results, the macropores should be related to the interspace 21 

between nanosheets.  22 

The ZnO and AZO nanosheets are used as adsorbents in wastewater treatment. To study the 23 
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 11

adsorption rate, 75 mg of adsorbent was added to 100 mL of MO solution with an initial 1 

concentration of 10 mg/L. Figure 6 shows the adsorption rate of MO solutions treated by the 2 

ZnO or AZO nanosheets at different periods of time, respectively. It can be seen that the AZO 3 

nanosheets are able to absorb approximately 93% of the MO in 1 min, and almost all (99.32%) 4 

of MO has been removed in 10 min without any additives at room temperature.  However, the 5 

ZnO nanosheets only remove approximately 21.8% of the MO in 15 min, and after that, the 6 

adsorption of the MO is very slow and nearly reaches the adsorption equilibrium. It is obvious 7 

that AZO nanosheets significantly improve the adsorption of MO. Enhanced dye removal ability 8 

may be attributed to both the enlarged surface area (as shown in Figure 5) and the electrostatic 9 

attraction between the AZO and MO (discussed in Figure7).  10 

The surface charge of a sample is generally an important parameter to assess adsorption 11 

behavior. The zeta potential of MO, ZnO and AZO was recorded at pH=7 (in neutral water 12 

environment). As shown in Figure 7 a, the zeta potential main peak of MO, ZnO and AZO is 13 

located at -69.4 mv, 4.2 mv and 30.4 mv, respectively. It can be seen that the Zeta potential of 14 

ZnO and AZO nanosheets are positive in solution. Comparing with the Zeta potential of ZnO, 15 

that of AZO nanosheets increases obviously in the positive direction. Because the Zeta potential 16 

reflects the types and quantity of material surface charge, if the types and quantity of material 17 

surface charge vary, the zeta potential of material should also change. When Al substitutionally 18 

dopes the crystalline ZnO lattice to produce AZO, Al3+ enters the site of Zn2+ in ZnO lattice. The 19 

charge quantity of ion on the corresponding site increases from +2 to +3. When a lot of 20 

substitutional ions are exposed on the surface of AZO nanosheets, the quantity of material 21 

surface charge inevitably increase. It also can be seen that the Zeta potential of MO is negative 22 

charged in solution. So, both ZnO and AZO nanosheets all can absorb MO for electrostatic 23 
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 12

interaction. Furthermore, the AZO nanosheets will interact more strongly with MO and show a 1 

better absorption performance for its higher Zeta potential.  2 

The protonic acidity is usually favorable for some organic molecules adsorption [31-33]. To 3 

evaluate the effect of protonation on the adsorption of MO onto ZnO sheets, we conducted the 4 

adsorption rate experiments in two kinds of solutions with the same initial concentrations of MO 5 

and ZnO and just pH values adjusted from 7.0 to 5.0. As shown in Figure 7 b, the adsorption 6 

capacities of MO onto ZnO nanosheets obviously increases for its more positively charged 7 

surface in acidic solutions (pH = 5.0), which is similar with the effect of Al dopant on the 8 

adsorption of MO onto AZO nanosheets.  It indicates that the Al doping ZnO plays a similar role 9 

with protonation.   10 

The time profile of MO removal by the AZO nanosheets was investigated, as shown in 11 

Figure 9, where 75 mg of the sample was added to 100 mL of MO solution with initial 12 

concentration of 10, 20, 40 and 80 mg/L, respectively, at pH = 7.0 and room temperature. It can 13 

be seen that the adsorption rates within the first 15 min are very fast under all the concentrations, 14 

and after that, the adsorption process gradually reaches adsorption equilibrium. The fast sorption 15 

represents an advantage for water treatment system applications. The adsorption capacities of the 16 

AZO nanosheets are 11.85, 18.25, 53.21, and 65.44 mg/g for the initial MO concentration of 10, 17 

20, 40 and 80 mg/L, respectively. The adsorption capacity of our synthesized AZO nanosheets 18 

for MO is higher than that of echinoid-like BiOI microspheres [11].  19 

Adsorption isotherms provide qualitative information on the capacity of the adsorbent as 20 

well as the nature of the solute surface interaction. In this study, our experimental data were 21 

analyzed with Freundlich isotherm and Langmuir isotherm. Freundlich isotherm is expressed as 22 

the following [22, 34, 35]:  23 
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ln qe = ln kf + 1/n ln Ce                                                      (1) 1 

where qe (mg/g) is the amount of MO adsorbed at the equilibrium, Ce (mg/g) is the 2 

equilibrium concentration of MO in the solution, Kf is the Freundlich constant, and n is a 3 

constant depicting the adsorption capacity. Figure 8a shows the value of ln qe against ln Ce 4 

according to the experimental isotherm data. The low correlation coefficient 0.692 indicated the 5 

poor agreement with the Freundlich isotherm model.  6 

Langmuir isotherm assumes monolayer coverage and all sites on solid surface have equal 7 

affinity for adsorbate molecules, which can be expressed as following [7, 34, 36]: 8 

Ce/qe = 1/kqm + Ce/qm                                                             (2) 9 

where qm (mg/g) is the maximum adsorption capacity corresponding to complete monolayer 10 

coverage and K is the equilibrium constant (L/mg). Ce (mg/L) and qe (mg/g) are the 11 

concentration of MO in the solution and the adsorption capacity at the equilibrium, respectively. 12 

K and qm were obtained by the slopes and intercepts of the straight lines of the plot of Ce/qe 13 

versus Ce, as shown in Figure 8. The correlation coefficient (R2) for Langmuir isotherm is 0.951, 14 

which is larger than that 0.692 for Freundlich isotherm. This result indicates that Langmuir 15 

isotherm is more suitable for the adsorption process, implying that the adsorbed layer is 16 

monolayer coverage [37]. The maximum adsorption capacity is estimated to be 74.571 mg/g and 17 

K = 1.136 L/mg. 18 

In order to understand the characteristics of the adsorption process, the adsorption kinetics 19 

of MO onto AZO nanosheets was investigated by using two well-known pseudo-first-order and 20 

pseudo-second-order kinetic models. They are presented as following [38, 39]: 21 

1log( ) log
2.303e t e

k t
q q q− = −                                                           (3)         22 
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2
2

1

t e e

t t

q k q q
= +                                                                                      (4)         1 

where qe and qt are the amounts of MO adsorbed onto AZO nanosheets at equilibrium and 2 

at various time t, respectively; k1 and k2 are the rate constant of the pseudo-first-order and the 3 

pseudo second-order adsorption model, respectively. These parameters and correlation 4 

coefficients obtained by linearization as shown in Figure 10a and b are listed in Table 1. It can be 5 

seen that the values of R2 for pseudo-second-order are all above 0.999, and larger than that for 6 

the pseudo-first-order kinetic model, respectively. Furthermore, the qe values calculated from the 7 

second-order mode were very consistent with the experimental qe values. Thus, the pseudo-8 

second-order kinetic model can be used to describe the adsorption processes and the chemical 9 

adsorption would be the rate-determining step controlling the adsorption process of MO dye on 10 

AZO nanosheets. The qe,cal increased with increasing the initial concentration, attributed to the 11 

relatively strong driving force of the concentration gradient at high initial concentrations [40]. 12 

Additionally, the values of pseudosecond-order rate constants (k2) decreased from 1.149 to 0.006 13 

g/(mg.min), which can be ascribed to the lower competition for the surface active sites at lower 14 

concentration [41, 42]. 15 

In addition, the reusability of the synthesized adsorbent is quite a crucial factor, since better 16 

repeated availability can effectively reduce the overall cost of the adsorbent. In order to 17 

investigate the reusability of the AZO nanosheets, cyclic adsorption-regeneration tests were 18 

carried out for MO (concentration: 20 mg/L). After adsorption process, the collected samples 19 

were heated at 500℃ in air for 2h for regeneration. The regenerated samples were further used 20 

for adsorption-desorption of MO test. From Figure 11, it can be noticed that the AZO nanosheets 21 

could remove 90.3% MO dye from the aqueous solution after 3 cycles and the adsorption 22 

capacity has no substantial decrease.  23 
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Photocatalytic activities of the porous ZnO and AZO nanosheets as well as commercially 1 

available Degussa P25 titania (as a reference photocatalyst) were evaluated by decolorization of 2 

the organic dye MO due to their potential applications in environmental remediation.  Figure 12 3 

shows the photodecolorization behaviour of the MO (initial concentration: 40 mM) with 75 mg 4 

of photocatalysts after exposure to ultraviolet light (UV) for different durations. Where C is the 5 

concentration of MO after different light irradiation times and C0 is the initial concentration of 6 

the MO. Obviously, the photodecolorization of MO is the cooperative result of 7 

photocatalysis combined with adsorption of photocatalysts. It can be seen that the AZO 8 

nanosheets appear to be much higher decolorizative rate than ZnO nanosheets and even much 9 

better than P25 TiO2 nanoparticles. After UV light irradiation for 60 min, the decolorizative rates 10 

of MO using ZnO nanosheets and P25 TiO2 nanoparticles are about 18.5 and 72.7%, respectively. 11 

However, the AZO nanosheets exhibits superior decolorizative activity and the 12 

decolorizative rate reaches 98% within 30 min. We know that the higher adsorption and 13 

photocatalysis, the more remarkable photodecolorization. Furthermore, better adsorption can 14 

effectively promote the photocatalytic efficiency of photocatalysts. Compare to the adsorption 15 

rate of MO onto AZO nanosheets at 15 min, the decolorizative rate of MO treated by AZO 16 

nanosheets is almost higher 18%. The value is still much higher the decolorizative rate (5.2%) of 17 

MO treated by ZnO nanosheets, which implies the AZO nanosheets show much better 18 

photocatalytic performance than ZnO nanosheets.  19 

Except for larger specific surface area and higher adsorption than that of ZnO, the enhanced 20 

photocatalytic efficiency of the AZO nanosheets may also be related to higher charge-transfer 21 

property, lower recombination of photoexcited electron−hole pairs and additional dye 22 

photosensitized degradation.  23 
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It is known that the charge-transfer property of catalysis has a great effect on the separation 1 

and recombination process of photogenerated electron-hole pairs and then on the lifetime of 2 

photogenerated carriers, which is a key factor determining the photocatalytic activity. To 3 

understand the effect of Al doping on the charge-transfer property of AZO nanosheets, we 4 

conducted EIS measurements for ZnO and AZO nanosheets. In the Nyquist diagram (Figure 13), 5 

the radius of each arc is associated with the charge-transfer process at the corresponding 6 

electrode/electrolyte interface [43-45]. A smaller radius correlates with a lower charge-transfer 7 

resistance. Significantly, the AZO nanosheets show a smaller arc radius than ZnO nanosheets 8 

under irradiation, suggesting that a faster interfacial charge transfer occurred on AZO 9 

electrode/electrolyte interface [46].  10 

Transient photocurrent measurements are carried out to further investigate the effect of 11 

charge-transfer properties of ZnO and AZO nanosheets on the separation and recombination 12 

process of photogenerated electron-hole pairs. As shown in Figure 14, with the light switched-on, 13 

the transient photocurrent response of AZO nanosheets is remarkably higher than that of ZnO 14 

nanosheets, which indicates a more efficient separation of the photoexcited electron−hole pairs 15 

[47, 48]. With the light switched–off, compared with ZnO nanosheets, the transient photocurrent 16 

response of AZO nanosheets moves towards the longer timescale. It means that AZO nanosheets 17 

retards the recombination and prolongs the lifetime of the photogenerated carriers [43, 47]. The 18 

substitutional incorporation of Al3+ at Zn2+ site make dopant Al act as an effective electron donor, 19 

which increases carrier concentration of ZnO and then increases its electrical conductivity. For 20 

semiconductor photocatalyst, enhanced electrical conductivity can retard the recombination of 21 

photoexcited electron−hole pairs. So, more holes are allowed to participate in the catalytic 22 

reaction and then the photocatalytic activity was improved.  23 
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Photocatalytic activity may be also related to the optical properties of catalysis. UV-vis 1 

diffuse reflectance spectra (DRS) are used to identify the optical properties of the samples. It is 2 

clearly observed from Figure 15 that the ZnO nanosheets possess higher light absorption 3 

intensity compared with AZO nanosheets in the ultraviolet (UV) region and a nearly identical 4 

absorb edge. As shown in the inset, the band gap of the ZnO and AZO nanosheets is about 3.36 5 

and 3.30 eV, respectively, which is very similar. It further indicates that the superior 6 

photocatalytic efficiency of the AZO nanosheets is not due to its ability of light absorption.  7 

Dye photosensitized degradation is another efficient pathway for the degradation of dye 8 

pollutants. High dye adsorption capacity and charge-transfer property of AZO nanosheets play a 9 

good foundation for dye photosensitized degradation. Prior to dye sensitized photocatalytic 10 

testing, the solution was stirred in the dark for 80 min to reach the adsorption–desorption 11 

equilibrium of MO on the surface of ZnO and AZO nanosheets. The degradation of MO at 12 

various time intervals under visible light irradiation was determined, as shown in Figure 16. It 13 

can be seen that the ZnO and AZO nanosheets absorb about 10% and 45% of the MO without 14 

light irradiation, respectively. Under the visible light irradiation, the degradation by AZO 15 

nanosheets (12.49%) is much higher than that of ZnO nanosheets (about 1.37%). According to 16 

the UV-vis diffuse reflectance spectra (as shown in Figure 15), the ZnO and AZO nanosheets can 17 

only absorb UV-light with wavelength shorter than 400 nm in a photocatalytic process. However, 18 

AZO nanosheets can still obviously degrade MO dye under visible light irradiation (λ> 420 nm). 19 

It was due to happening a photosensitized degradation process. Al doping improves the dye 20 

adsorption capacity and charge-transfer property of AZO nanosheets, which makes dye 21 

photosensitized degradation process can be successfully proceeded on the surface of AZO 22 

nanosheets. This photosensitized degradation process expands the spectral response range of 23 
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whole photo-excited degradation process for MO molecules themselves absorbing visible light. 1 

Compared with the semiconductor photo-excited degradation process, the dye photosensitized 2 

one requires a stronger interaction between dye molecules and the surface of catalysts, which is 3 

beneficial to the injection of photo-excited electrons from MO molecules into the CB band of 4 

AZO nanosheets [10]. On the other hand, enhanced electrical conductivity of AZO nanosheets 5 

can promote the separation of electron−hole pairs, retard their recombination, and then improve 6 

the photosensitized catalytic activity. However, as poor interaction between MO and the surface 7 

of ZnO nanosheets and low adsorption capacity of MO on ZnO nanosheets, the amount of photo-8 

excited electrons injecting from MO molecules into AZO nanosheets is far less than that of AZO 9 

nanosheets. Furthermore, due to the low electrical conductivity, the migration of photo-excited 10 

electrons on the surface of ZnO nanosheets is difficult and then the recombination of 11 

electron−hole pairs seriously happen. These reasons result in a nearly negligible dye 12 

photosensitized degradation process for ZnO nanosheets. However, the superior adsorption and 13 

electron-transfer ability of the AZO nanosheets promote an efficient dye photosensitized 14 

degradation process. 15 

4. Conclusion 16 

Porous AZO nanosheets were prepared through the calcination of hydroxide zinc carbonate 17 

precursor route. Various spectroscopic characterizations were performed for the AZO nanosheets. 18 

It revealed that Al doping enlarged the surface area of the porous AZO nanosheets and increased 19 

the zeta potential of AZO nanosheets, then significantly enhanced the adsorption rates and 20 

adsorption capacity for MO dye. The kinetics and equilibrium of adsorption process were found 21 

to follow the pseudo-second-order kinetic and Langmuir isotherm models, respectively. 22 

Furthermore, the AZO nanosheets exhibited superior photodecolorizative activity for 23 
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recombination of photoexcited electron−hole pairs retarded by Al doping. In addition, the 1 

visible-light-driven dye photosensitized degradation was also an important reason for enhanced 2 

photodecolorizative activity. Therefore, AZO nanosheets became a potential multifuncational 3 

water treatment material.  4 
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 4 

Tables 5 

Table 1. Kinetic parameters for the adsorption of MO onto AZO nanosheets based on the 6 

pseudo-first-order and pseudo-second-order kinetic models.  7 

Initial 
concentration 

(mg/L) 

qe,exp 
 

(mg/g) 

pseudo-first-order kinetic models pseudo-second-order kinetic models 

K1 

(1/min) 
qe,cal 
(mg/g) 

R2 
K2 

(g/(mg.min)) 
qe,cal 
(mg/g) 

R2 

10 11.847 0.467 0.706 0.791 1.149 11.875 0.999 

20 18.253 0.063 5.853 0.792 0.059 18.416 0.999 

40 35.874 0.106 168.225 0.721 0.007 54.318 0.999 

80 65.441 0.044 35.629 0.859 0.006 66.181 0.999 

8 
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Figure captions 1 

Figure 1. XRD patterns of (a) un-doped and (b) Al doped intermediates produced in 2 

solvothermal reaction and (c) un-doped and (d) Al doped samples calcinated at 400 °C for 1 h. 3 

Figure 2. The EDS spectrum of Al-doped ZnO nanosheets. 4 

Figure 3. TG and DSC curves of un-doped and Al-doped intermediates produced in the 5 

solvothermal reaction. 6 

Figure 4. SEM images of (a) un-doped and (c) Al doped intermediates and the corresponding (b 7 

and d) calcinated samples. 8 

Figure 5. Nitrogen adsorption-desorption isotherms and the corresponding pore size distribution 9 

plots (inset) of ZnO and AZO nanosheets.  10 

Figure 6. The adsorption rate of MO solutions treated by the ZnO or AZO nanosheets (0.75 g/L) 11 

at different periods of time, respectively. The initial concentration of MO is 10 mg/L; The inset 12 

shows the picture of the absorption of MO at different periods of time.   13 

Figure 7. (a) the zeta-potential of MO, ZnO and AZO dispersed in water at pH=7.0 and (b) the 14 

adsorption of MO onto ZnO sheets dispersed in water at pH=7.0 and 5.0. 15 

Figure 8. Adsorptive progress at different initial MO concentrations. 16 

Figure 9. (a) Freundlich and (b) Langmuir adsorption isotherms for MO onto AZO nanosheets. 17 

The inset shows the corresponding adsorption isotherm parameters of the AZO nanosheets. 18 

Figure 10. Fitting plots based on (a) Pseudo-second-order and (b) pseudo-first-order kinetic 19 

model for the adsorption of MO onto AZO nanosheets. 20 

Figure 11. Three cycles of the adsorption of MO treated with AZO nanosheets. 21 

Figure 12. Photocatalytic decolorization of MO under UV irradiation using different samples 22 

(commercial P25 nanoparticles, ZnO and AZO nanosheets) and the adsorption of MO treated 23 
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with AZO nanosheets in the dark (AZO-Absorb). The inset shows the picture of the 1 

decolorization process of MO treated by AZO nanosheets under UV irradiation.   2 

Figure 13. EIS Nyquist plots of ZnO and AZO nanosheets in 0.2 M Na2SO4 aqueous solution 3 

without bias under the simulated sunlight irradiation.  4 

Figure 14. Transient photocurrent responses of ZnO and AZO nanosheets in 0.2 M Na2SO4 5 

aqueous solution without bias under the simulated sunlight irradiation.  6 

Figure 15 UV-vis diffuse reflectance spectra (DRS) of the ZnO and AZO nanosheets powder. 7 

The inset shows the plot of (ahv)2 versus energy Eg indicating the band gap of the ZnO and 8 

AZO nanosheets.  9 

Figure 16. Normalized concentration changes of MO in the dark and then under visible light (l > 10 

420 nm) irradiation in the presence of AZO nanosheets (0.75 g/L) and ZnO nanosheets (0.75 11 

g/L).  The initial concentration of MO is 100 mg/L. 12 

 13 

 14 

 15 

16 
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Figure 1. XRD patterns of (a) un-doped and (b) Al doped intermediates produced in 3 

solvothermal reaction and (c) un-doped and (d) Al doped samples calcinated at 400 °C for 1 h. 4 
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Figure 2. The EDS spectrum of Al-doped ZnO nanosheets. 2 

 3 

4 

Page 28 of 43RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 29

100 200 300 400 500 600
80

85

90

95

100  ZnO

 AZO

 

Temperature (
o
C)

-1.6

-1.2

-0.8

-0.4

0.0

0.4

0.8

28
3.

8o C

D
S
C

 (
m

W
/m

g
)

25
6.

8o C
 

26
4.

3o C

T
G

 (
%

)

 1 

Figure 3. TG and DSC curves of un-doped and Al-doped intermediates produced in the 2 

solvothermal reaction. 3 
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 1 

Figure 4. SEM images of (a) un-doped and (b) Al doped intermediates and the corresponding (c 2 

and d) calcinated samples. 3 
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Figure 5. Nitrogen adsorption-desorption isotherms and the corresponding pore size distribution 2 

plots (inset) of ZnO and AZO nanosheets. 3 
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Figure 6. The adsorption rate of MO solutions treated by the ZnO or AZO nanosheets (0.75 g/L) 2 

at different periods of time, respectively. The initial concentration of MO is 10 mg/L; The inset 3 

shows the picture of the absorption of MO at different periods of time. 4 

 5 

6 

Page 32 of 43RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 33

0 10 20 30 40

0

10

20

30

40

-150 -100 -50 0 50 100
0

1x10
5

2x10
5

3x10
5

4x10
5

5x10
5

6x10
5

7x10
5

(b)

 

 
A

b
s
o
rb

ti
o
n
 (
%

)

Time (min)

 PH=5

 PH=7

Zeta potential (mv)

T
o
ta

l 
C

o
u
n
ts

 

 

 MO

 ZnO

 AZO

(a)

 1 

Figure 7. (a) the zeta-potential of MO, ZnO and AZO dispersed in water at pH=7.0 and (b) the 2 

adsorption of MO onto ZnO sheets dispersed in water at pH=7.0 and 5.0. 3 
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Figure 8. Adsorptive progress at different initial MO concentrations. 2 
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Figure 9. (a) Freundlich and (b) Langmuir adsorption isotherms for MO onto AZO nanosheets. 3 

The inset shows the corresponding adsorption isotherm parameters of the AZO nanosheets. 4 
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Figure 10. Fitting plots based on (a) Pseudo-second-order and (b) pseudo-first-order kinetic 2 

model for the adsorption of MO onto AZO nanosheets. 3 
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Figure 11. Three cycles of the adsorption of MO treated with AZO nanosheets. 2 

 3 

4 

Page 37 of 43 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 38

0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

1.0

 30

min

Time (min)

C
/C

0
 

 ZnO--UV

 P25 --UV

 AZO--UV

AZO-Absorb

 20

min

 15

min

 12

min

 9

min

 6

min

 3

min

 0

min

 1 

Figure 12. Photocatalytic decolorization of MO under UV irradiation using different samples 2 

(commercial P25 nanoparticles, ZnO and AZO nanosheets) and the adsorption of MO treated 3 

with AZO nanosheets in the dark (AZO-Absorb). The inset shows the picture of the 4 

decolorization process of MO treated by AZO nanosheets under UV irradiation. 5 

6 
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Figure 13. EIS Nyquist plots of ZnO and AZO nanosheets in 0.2 M Na2SO4 aqueous solution 2 

without bias under the simulated sunlight irradiation. 3 
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Figure 14. Transient photocurrent responses of ZnO and AZO nanosheets in 0.2 M Na2SO4 2 

aqueous solution without bias under the simulated sunlight irradiation. 3 
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Figure 15 UV-vis diffuse reflectance spectra (DRS) of the ZnO and AZO nanosheets powder. 2 

The inset shows the plot of (ahv)2 versus energy Eg indicating the band gap of the ZnO and 3 

AZO nanosheets. 4 
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Figure 16. Normalized concentration changes of MO in the dark and then under visible light (l > 2 

420 nm) irradiation in the presence of AZO nanosheets (0.75 g/L) and ZnO nanosheets (0.75 3 

g/L). The initial concentration of MO is 100 mg/L. 4 
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