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Aluminium (Al) and nickel (Ni) co-doped ZnO nanoparticles were synthesized by facile 

auto-combustion method and followed by calcinations at 700˚C for 3hours. The prepared 

nanoparticles were characterized by X-ray diffraction (XRD), scanning electron 

microscopy (SEM), Raman spectroscopy, UV-vis diffuse reflectance spectroscopy (UV-

vis DRS), and photoluminescence spectroscopy (PL) techniques. The XRD pattern of Al, 

Ni co-doped ZnO nanoparticles was found to be hexagonal and clarified the co-existence 

of Al and Ni into ZnO by peaks shift towards lower 2θ values. The crystal growth 

mechanism was successfully suppressed due to Al and Ni doping, confirmed by XRD 

results. Nearly spherical morphology of prepared samples was confirmed by SEM results. 

The absorption spectra indicated that optical band gap energy for Al, Ni co-doped ZnO 

nanoparticles was in range of 3.30-3.27 eV. The band gap energy decreased for low 

doping concentration and then increased for higher doping concentrations of Al, Ni. The 

photocatalytic performance of prepared samples was measured in 90 mL aqueous solution 

containing 15 mL lactic acid (LA) under visible light irradiation and (x=3%) sample 

showed highest photocatalytic performance for hydrogen evolution (5.68 mmol*h
-1

*g
-1

) as 

compared to (0.24mmol*h
-1

*g
-1

) for pure ZnO. This useful result of improved 

photocatalytic performance was attributed to increased absorption of visible light and 

minimum electron hole pair rate. 
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1. Introduction 
 

Every day, many organic pollutants are discharged into water from industries. Reports tell 

that textile industry uses about 10,000 pigments and dyes. The basic need of life on earth is clean 

water and it is becoming pollutant day by day due to development of dyestuffs by industrial textile. 

Semiconductor photocatalysts have been used for degradation of their stable chemical structure 

due to facile synthesis, small energy utilization and smooth reaction conditions under ultraviolet 

light irradiation [1-2]. Due to costly and tough implementation of UV light source, naturally rich 

existing sunlight renewable energy source is used for photo sensitizer excitation to react with 

molecular oxygen to produce superoxide radical anions and hydroxyl radicals, which degrade 

organic pollutants. 

Metal oxide semiconductor nanomaterials are considered to be of great importance due to 

intensive applications in environmental remediation, LEDs, gas sensing, UV photo detector, solar 

cells, microelectronics and biomedicine etc [3-6]. One dimensional photocatalysts have exhibited 

good performance among nano scaled materials. Size and shape largely influence the properties of 

                                                           
*
Corresponding author: naumanusmani@bzu.edu.pk 

mailto:naumanusmani@bzu.edu.pk


2 

 

these nano materials [7-8], and nano materials with different shapes such as nanobelts and 

nanowires [9-10], nanospheres [11], nanoplates [12] and nanoflowers [13] are prepared. 

ZnO nanoparticles photocatalysts have attracted huge attention due to their stability, 

strong oxidizing power, wide band gap, non-toxicity, low cost price [14-18], large photocatalytic 

performance and less energy utilization [19-22]. ZnO is an n-type II-VI subgroup semiconductor 

possessing crystalline wurtzite structure and wide band gap of 3.37 eV [23]. ZnO has been used in 

substitution to TiO2 photocatalyst due to its large absorption ability in short wavelength of solar 

spectrum and high quantum efficiency [23-25]. 

Photocatalytic performance of ZnO is hindered due to its wide band gap, quick electron 

hole pair rate, poor adsorption ability, limited reusability and minute photocatalytic efficiency to 

visible range of solar spectrum, despite of being a highly active photocatalyst [26]. Photocatalytic 

performance of ZnO is largely affected by fast electron hole pair rate and lower interfacial charge 

carrier transfer rate. Several ways have been used to reduce electron hole pair rate and to enhance 

interfacial charge carrier transfer rate like physical modification as morphology [27], introducing 

surface defects and doping with non-metals and transitions metals [28-30]. 

 Therefore, photocatalytic efficiency is made better in visible range of solar spectrum with 

doping of transition metals impurities (Al, Ag, Cu, Ni, Co etc) for large absorption in visible range 

[31-37]. The properties of ZnO are changed by incorporation of transition metals ions into crystal 

lattice of ZnO, due to which absorption is shifted to visible spectrum and band gap is lowered [23]. 

The impact of Al dopants on photocatalytic performances of ZnO is investigated 

extensively due to its low cost price and large abundance in earth [38-39]. Lee et al [35] prepared 

Al doped ZnO nanoparticles for hydrogen production with different Al doping concentration by 

precipitation method. The best photocatalytic performance under visible light irradiation was 

shown by 3 mol% Al doped ZnO sample for degradation of methyl orange due to low electron 

hole pair rate. Ahmad et al [41] synthesized Al doped ZnO nanoparticles by a facile auto-

combustion method with different Al concentration. The band gap was reduced from 3.21 eV for 

pure ZnO to 3.12 eV for 6 mol% Al doped ZnO nanoparticles. The catalytic efficiency was 

observed by methyl orange (MO) photo degradation and best result was shown by 4 mol% Al 

doped ZnO nanoparticles with 100% photo degradation while pure ZnO showed only 23% 

degradation after 1.5h irradiation.  

Ni doping also improved photocatalytic performance of ZnO by enhancing visible light 

absorption due to creation of impurity levels in band gap and thus reducing electron hole pair rate 

[42-43]. Zhao et al [44] synthesized nickel doped ZnO nanorods for photocatalytic applications by 

degradation of rhodamine B (RB) under solar light irradiation. Brick et al [45] synthesized Ni 

doped ZnO samples and studied photocatalytic efficiency. The results showed that Ni doped ZnO 

had much higher photocatalytic efficiency than pure ZnO for degradation of methyl orange blue. 

In his work, reported morphology of photocatalyst was spherical aggregation with size of about 

1μm.   

Currently, a lot of research is being done on co-doping semiconductor photocatalyst due to 

its higher performance and unique properties as compared to a single doped semiconductor 

photocatalyst. Existing literature reports that co-doped metal photocatalyst such as Ze-Ag ZnO 

[89] and Ce-Ag ZnO [46] show excellent photocatalytic activity for degradation of poisonous dyes 

and pigments as compared to single doped photocatalyst. Cd and Al [47], Pd and N [48], Ag and V 

[49] and Ga, Al, Co [50] doped semiconductor photocatalyst have been studied. The motivation of 

present research work is the preparation of Al loaded Ni-ZnO nanoparticles for hydrogen 

production by facile auto-combustion method to investigate photocatalytic performance. 

 

 

2. Experimental  
 

2.1. Preparation 

A facile auto-combustion method was used to prepare Al, Ni co-doped ZnO nanoparticles 

AlxNixZnO1-2x (x= 0%, 1%, 2%, 3%, 4%, 5%) using Zinc nitrate Zn(NO3)2.6H2O,Aluminium 

nitrate Al(NO3)3, nickel nitrate Ni(NO3)2 and glycine NH2CH2COOH from Aldrich company, as 

starting materials. Glycine was used as a fuel for combustion reaction. Chemicals in required 
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amount were mixed and placed in open atmosphere to absorb moisture. The mixture underwent 

through heat treatment along with stirring for 1h at 90˚C-100˚C to attain homogeneity. The color 

of homogeneous mixture changed from white yellow to yellow and finally turned to blackish gel. 

The gel precursors were further stirred at temperature range 170 ˚C-210˚C. The gel was swelled 

into foam like material following self-combustion reaction. Synthesized powder was collected and 

calcined at 700˚C for 3h to obtain fine nanoparticles. 

 

Zn(NO3)2.6H2O + Al(NO3)3 + Ni(NO3)2      
Glycine

           AlxNixZnO1-2x  +  H2O vapors +  CO2+ N2 

 

 

 

2.2. Characterization    
The crystalline structure of prepared AlxNixZnO1-2x nanoparticles was investigated by X-

pert PRO XRD diffractometer (CuKα radiation λ=1.5406 A˚) at 30kV voltage and 20m current in 

2θ range of 20˚-80˚ with step width of 0.02˚. The surface morphology was explored by SEM using 

a JSM-6701F-6701 instrument.  The optical properties of synthesized AlxNixZnO1-2x nanoparticles 

were examined with Perkin-Elmer LS 55 fluorescence spectrometer in 320-600 nm range at room 

temperature. DRS were calculated with Shimadzu UV-2450 instrument. Raman spectra were 

calculated with BWTeki-i-micro plus system with 5x magnification lens and nearly 3cm
-1

accuracy 

in Raman shift.    

 

 

3. Results and discussions  
 

3.1 XRD 
The XRD patterns employed to study the changes in phase structure and crystal size of 

prepared pure ZnO and AlxNixZnO1-2x nanoparticles are shown in figure1. XRD patterns of ZnO 

nanoparticles clearly show that diffraction peaks have strong intensity, sharpness and narrow 

width, which is an indication of good crystallinity. However intensity slightly lowers with increase 

in Al, Ni doping concentration. This indicates that Al and Ni doping reduces crystallinity and 

particles size of AlxNixZnO1-2x nanoparticles [51].The major diffraction peaks of pure ZnO were 

indexed with standard hexagonal phase wurtziteZnO which are in good agreement with JCPDS No 

35-1415 and previous studies [52,53]. The diffraction peaks observed at 2θ values of 31.78˚, 

36.28˚, 38.23˚ 48.52˚, 56.71˚, 62.85˚, 66.53˚, 67.95˚, 69.16˚ and 76.96˚ correspond to (100), (002), 

(101), (102), (110), (103), (200), (112), (201) and (202) planes of wurtziteZnO. No other 

diffraction peaks were observed for pure ZnO. The diffraction pattern for AlxNixZnO1-2x 

nanoparticles was different from pure ZnO.  
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Fig. 1.XRD patterns of ZnO and AlxNixZnO1-2x nanoparticles. 
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Fig. 2. Enlarged diffraction spectra of AlxNixZnO1-2x nanoparticles from 36.2˚ to 37.2˚  

along (101) plane. 

 

 

Fig.2 shows peak positions shifted slightly towards smaller 2θ values for Al, Ni co-doped 

ZnO samples as compared to pure ZnO sample. This peak shift may be attributed to ionic radii 

difference of Al
+2

(0.54A˚) and Ni
+2

(0.69A˚) compared to that of Zn
+2

(0.74A˚) [54]. This result 

confirms that Al and Ni had been successfully substituted into ZnO sites. Also peaks become 

broader with Al, Ni co-doped concentration which indicates a decrease in particle size. During 

doping process, some Al and Ni atoms may exist in the boundary of ZnO nanoparticles which 

reduces diffusion rate and crystal growth of ZnO. This process was also observed by previous 

literature of ZnO nanoparticles [55]. The average particles size was calculated by Debye-Scherer 

equation [56]. The particle size, lattice parameters, FWHM and c/a ratio are given in Table1. The 

full width at half maximum (FWHM) of major diffraction peak (101) enhances with increase in 

Al, Ni co-doping dosage in ZnO. The average particle size for ZnO was found to be decreased 

with (Al, Ni) co-doping. This decrease in average particle size may be attributed to reduction in 

nucleation of ZnO nanoparticles by Al and Ni co-doping [90]. Also lattice constant ‘a’ was 

increased while c was decreased with increase in Al and Ni co-doping concentration ZnO. This 

may be due to stress formation induced by ionic radii difference of Al
+2

(0.54A˚) and Ni
+2

(0.69A˚) 

compared to that of Zn
+2

(0.74A˚) [57]. 

 

 
Table 1. Lattice parameters and particle size of Al, Ni doped ZnO nanoparticles. 

 

 

Samples 

Name 

 

Imax 

 

 

2θ  

 

 

FWHM (β) Particle size (nm) 
Lattice Parameters  

    c/a ratio 

 
 

a(A
0
) 

 

    c(A
0
) 

X= 0% 6502 36.80 0.2047 42.73 3.262 5.212 1.598 

X= 1% 6340 36.74 0.2065 42.36 3.271 5.195 1.588 

X = 2% 5827 36.70 0.2109 41.47 3.285 5.189 1.580 

X= 3% 5558 36.68 0.2134 40.98 3.287 5.187 1.578 

X= 4% 5430 36.64 0.2167 40.35 3.294 5.183 1.573 

X= 5% 5188 36.60 0.2218 39.42 3.298 5.178 1.570 
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Fig.3. Raman spectra of ZnO and of AlxNixZnO1-2x nanoparticles calcined at 700˚C for 3h. 

 

 

3.2. Raman spectroscopy analysis 

Raman spectroscopy is used to study oxygen bond vibrations, crystal phase defects and 

influence of dopants on vibrational modes. The Raman spectra of pure ZnO nanoparticles show 

bonds which are identical to wurtzite structure and in agreement with previous literature [58], 

while Raman spectroscopy of AlxNixZnO1-2x nanoparticles enables to recognize Raman active 

mode characteristics of ZnO [59-61]. E2 high mode at 433cm
-1 

was due to oxygen displacement in 

hexagonal wurtzite phase of ZnO and its intensity reduced rapidly with increase in (Al, Ni) doping 

as compared to ZnO. The peak at 322cm
-1

 was due to optical phonon over A1 symmetry [62] and 

signal at 375cm
-1

 was due to A1 transverse optical phonon [59] respectively. The Raman signals 

observed at 516 cm
-1

 and 579 cm
-1

were attributed to A1(LO) and E1(LO) longitudinal optical 

phonon mode. These were associated with structural defects such as zinc interstitials, oxygen 

vacancies etc and their intensity enhanced with increase in (Al, Ni) doping concentration [63, 60]]. 

The signal observed at 600 cm
-1

 was due to phonon scattering processes [58]. 

The Raman peak observed at 1134 cm
-1

 was due to E2 vibrational mode LO [60, 64]. It is 

clear from Raman spectra that as doping concentration increases up to 3%, the Raman frequencies 

become blue shifted due to decrease in particles size. At higher doping concentration, red shift in 

Raman frequency was observed due to tensile strain, heating and other effects like phonon 

confinement [55]. These evidences are in agreement with previous literature and prove that (Al, 

Ni) doping alters the basic hexagonal structure of ZnO and reduces the crystal symmetry and 

produce vacancies and substitutional defects. 

 

 

3.3. SEM 

Fig. 4 shows SEM images of pure ZnO and AlxNixZnO1-2x samples. It can be seen that 

particles are irregular in shape. Also it shows that particles are randomly oriented and nearly 

spherical in shape, and agglomeration of nanoparticles is nearly restricted due to co-doping of (Al, 

Ni). This lowered agglomeration enhances photocatalytic performance due to additional active 

sites to adsorb molecules effectively. In addition to lower agglomeration, surface becomes 

scratchy due to existence of (Al, Ni) implying good dispersion of Al and Ni throughout the 

photocatalyst. Also observed high porosity may be due to liberation of gaseous products during 

combustion reaction. 
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(a)  X=0%                                                   (b) X= 1% 

 

      
(c) X = 2%                                                         (d) X = 3% 

 

      
(e) X= 4%                                                          (f) X = 5% 

 

Fig.4. SEM images of ZnO and AlxNixZnO1-2x nanoparticles. 

 

 

3.4. Optical properties 

UV-vis spectra 

To study the optical properties of pure ZnO and AlxNixZnO1-2x(x= 0%, 1%, 2%, 3%, 4%, 

5%) samples, UV-vis absorption spectra were measured at room temperature (figure 5). The 

electronic absorption spectrum showed a sharp absorption band at around 393 nm for ZnO sample. 

This absorption band may be attributed to wide band gap of ZnO and suggests that ZnO has 

limited light absorption ability [51].The absorption edge was shifted towards larger wavelength 

with increase in (Al, Ni) doping concentration due to Al and Ni substitution affect into ZnO lattice. 

Al, Ni doped ZnO nanoparticles show stronger absorption in wavelength (300-500nm) due to 

surface modification and the light absorption increases due to enhancement in surface charge 

carrier transfer rate [65, 66].The best photocatalytic efficiency was shown by x=3% (Al, Ni) doped 

ZnO sample in visible region which is in agreement with previous literature [67]. Thus 

photocatalytic activity was improved due to absorption shifting from UV region to visible region 

by co-doping of (Al, Ni) into ZnO sites. 



7 

 

350 400 450 500 550 600

0.4

0.5

0.6

0.7

0.8

0.9

1.0

a
b

so
rb

a
n

ce
wavelength (nm)

 x=0%

 x=1%

 x=2%

 x=3%

 x=4%

 x=5%

396nm

400nm

405nm

410nm

405nm 404nm

 
 

Fig. 5. UV-vis absorption spectra of Al, Ni doped ZnO nanoparticles. 
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Fig. 7. Variation of lnF(R) versus hѵ for Al, Ni doped ZnO samples. 

 

 

The optical band gap of ZnO nanoparticles for different (Al, Ni) doping concentration was 

also measured. The band gap of (Al, Ni) doped ZnO nanoparticles was estimated from plot of 

(αhѵ)
2
 versus hѵ in Fig. 7, here hѵ is photon energy and α is absorption coefficient [68]. The 

optical band gap calculated for ZnO was found to be 3.31 eV while 3.30 eV, 3.28 eV, 3.27 eV, 

3.29 eV, 3.30 eV for AlxNixZnO1-2x(x=0%, 1%, 2%, 3%, 4%, 5%) samples respectively. The 

optical band gap first decreased with (Al, Ni) co-doping and then increased with higher co-doping. 
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The minimum band gap was measured for x= 3% (Al, Ni) doped ZnO nanoparticles and similar 

band shift has beenreported by many researchers [69-71]. 

 

3.5. PL analysis 

Charge separation property of the photocatalyst is measured by PL analysis [72-73]. PL 

intensity is directly related to electron hole recombination rate [74,65]. So more intense peak of 

photocatalyst means to possess higher intensity and higher electron hole pair rate, which is big 

hindrance to photocatalytic performance [74]. It can be seen that pure ZnO has more intense peaks 

than other samples, suggesting ZnO has larger electron hole recombination rate which suppresses 

the photocatalytic performance of ZnO. The emission intensity reduces with doping concentration 

because dopants capture the charge carriers through the interface to produce the charge separation 

[65, 66, 75]. The synthesized samples showed three emission bands: band edge emission at 

390nm, violet emission at 422 nm, blue emission at 454nm, blue green emission at 474nm and 

green emission at 531nm respectively. The UV emission observed at 390 was due to free excitons 

recombination (electron hole pair) from conduction band and valence band [76]. Various intrinsic 

defects in ZnO such as oxygen antisites (Ozn), oxygen vacancies (Vo), oxygen interstitials (Oi), 

zinc interstitials (Zni) and zinc vacancies (Vzn) caused visible emission [77-79]. Violet emission 

was observed due to electron transition from valence band edge to shallow level of neutral zinc 

(Zni) [78-79]. Blue emission was observed due to electronic transition from shallow donor level of 

neutral Zni to an acceptor level of neutral Vzn [80]. Blue green emission was observed due to 

energy gap between valence band edge and donor level of Zni [81-82], while green emission was 

attributed to electronic transition between valence band edge and oxygen vacancies level [83]. It 

can be seen that x= 3% Al, Ni doped ZnO has the lowest intensity and minimum electron hole pair 

rate. So x= 3% Al, Ni doped ZnO exhibited best photocatalytic performance. Increase in intensity 

for higher doping reduced the photocatalytic activity which is in agreement in previous studies. 
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Fig. 8.PL spectra of AlxNixZnO1-2x nanoparticles. 

 

 

3.6 Photocatalyticactivity 

Lactic acid (LA) solution was used to investigate photocatalytic hydrogen production of 

synthesized AlxNixZnO1-2x nanoparticles. A 300 Xe arc lamp with cut off filter was used for visible 

light irradiation. LA did not show any photocatalytic hydrogen production in deficiency of 

photocatalyst and under no light irradiation [84]. Then 0.05 g of photocatalyst was dispersed in LA 

and irradiated by arc lamp. It can be seen from the figure that pure ZnO showed least hydrogen 

production among all prepared samples. The reason behind this may be very minute light 

absorption capability of ZnO nanoparticles and fast electron hole pair rate [73]. AlxNixZnO1-2x 

(x=1%) sample shows higher photocatalytic than pure ZnO because incorporation of Al dopants 

can speed up division and lowers electron hole pair rate [65-66]. Also Ni plays a role of co-catalyst 

which assists photocatalytic behavior through photoelectron excitation at boundary sites of ZnO 

nanoparticles [65-66, 85]. The photocatalytic hydrogen production increases up to AlxNixZnO1-2x 

(x=3%) nanoparticles. This improvement in photocatalytic hydrogen production was observed due 

to creation of vacancies at the surface and grain boundaries of ZnO. The existence of oxygen 

vacancies reduces further formation of nanoparticles and produces a stress field. The oxygen 
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vacancy will play the role of scattering centre for charge carriers and will evade electron hole pair 

rate. This results in improvement of photocatalytic behavior [86]. Al and Ni doping exhibited 

positive synergetic effect on photocatalytic activity of ZnO nanoparticles. This may be due to 

formation of impurity levels above valence band due to addition of Al and Ni ions into ZnO 

lattice, which alters light absorption response from UV region to visible region. So it reduces band 

gap energy of ZnO nanoparticles, resulting in creation of more photo generated electrons and holes 

which participates in photocatalytic activity. Also dopant reduces electron hole pair recombination 

rate and Al and Ni existing on the surface of ZnO improves photocatalytic activity. Higher doping 

(x=4%, 5%) leads to reduction of photocatalytic hydrogen production. This may be due to 

covering of ZnO surface by excess Al and Ni particles [55]. Therefore light absorption ability of 

the photocatalyst is reduced and few photocatalyst sites can be stimulated. Also higher doping of 

Al and Ni reduces the surface area due to agglomeration of nanoparticles [87-88]. The quantity of 

hydrogen produced under light irradiation (λ= 410nm) in one hour was used to calculate quantum 

efficiency.  
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Fig. 9.Photocatalytic hydrogen production performance of as synthesized AlxNixZnO1-2x photocatalysts. 
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Fig. 10. Long term hydrogen evolution performance of Al, Ni doped ZnO (x=3%) photocatalyst 

under visible light irradiation for 24 hours. 

 

 

Table2. Hydrogen evolution rate and quantum efficiency of as synthesized photocatalysts. 

 

          Sample                                  H2/mmol*h
-1

*g
-1  

                                QE/%                         

      X=0%                                              0.24                                               0.9 

      X= 1%                                             1.36                                               1.21 

      X= 2%                                            4.46                                               1.26 

      X= 3%                                            5.68                                                2.15 

      X= 4%                                            4.23                                                1.64 

      X= 5%                                            4.11                                                1.47 
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From Table 2 it can be seen that x=3% sample showed maximum apparent quantum 

efficiency of 2.15% at 410 nm among all prepared photocatalysts. Also QE was 0.9% for x=0% 

sample, 1.26% for x= 1% sample, 1.26% for x=2% sample, 1.47% for x= 4% sample and 1.64% 

for x= 5% sample respectively.  

 
 

4. Conclusion  
 

Al and Ni co-doped ZnO and pure ZnO nanoparticles have been successfully prepared via 

combustion method. The structural, morphological and optical properties exhibited successful 

synthesis of AlxNixZnO1-2x nanoparticles. Al, Ni co-doped ZnO samples showed extended visible 

light absorption and lower electron hole pair recombination rate. The photocatalytic activity of the 

prepared samples was measured in aqueous solution containing lactic acid under visible light 

irradiation. The best photocatalytic hydrogen production activity was observed for (X=3%) 

photocatalyst. It is observed that enhancing Al, Ni doping concentration leads to a reduction in 

photocatalytic hydrogen production. Consequently, Al, Ni co-doped ZnO nanoparticles 

photocatalyst have proven potential candidacy for photocatalytic hydrogen evolution applications. 
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