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Abstract 

Chromium-doped zinc aluminate (Cr3+-doped ZnAl2O4) is an excellent material for optical technology applications, 

especially in lighting, bioimaging, and display devices. In this study, Cr3+-doped ZnAl2O4 samples were prepared using the 

sol-gel method by applying citric acid and oxalic acid as chelating agents. The samples prepared using citric acid and oxalic 

acid are designated as SC and SO, respectively. X-ray diffraction patterns revealed that the diffraction peaks of both samples 

matched with the cubic ZnAl2O4 spinel phase. The diffraction peaks are sharp and well-defined, indicating a high degree of 

structural order at long range. The crystallinity indices for the SC and SO samples are 83.40 and 86.88, respectively. This 

indicates the sample produced using oxalic acid has better crystallinity. Different chelating agents also resulted in different 

profiles of surface morphology. The SO sample consists of less agglomerated small particles and uniform surface 

morphology, whereas the SC sample consists of agglomerated particles with clear grain boundaries. Based on the results, the 

SO sample exhibits better properties. Both samples produced broad emission peaks in the blue and red regions. The CIE 

1931 diagram indicates coordinates of (0.2522, 0.21113) and (0.29003, 0.27166) for the SC and SO samples, respectively. 

Notably, the CIE coordinates for the SO sample are close to the white region. The lifetimes for the SC and SO samples are 

estimated to be 0.51 ms and 0.65 ms, respectively. This material can potentially be applied as a phosphor for white light-

emitting diodes, as well as for biomarker. It is expected that the properties of the sample can be further improved by varying 

the chromium concentration and the Zn-to-Al ratio. 

 

Keywords: Chromium-doped zinc aluminate, phosphor, sol-gel, chelating agent  

 

Introduction 

In modern society, various electrical appliances are 

widely used, providing many benefits to our daily 

lives. Thus, it is important to develop energy-saving 

electrical appliances capable of greatly reducing 

electricity consumption. Over the past decade, there 

has been extensive research involving phosphor 

materials for white light generation known as 

phosphor-converted white light-emitting diodes 

(WLEDs). These devices are more efficient 

compared to traditional light bulbs. Phosphor is 

produced by doping certain materials with transition 

metals or rare-earth elements. Currently, various 

transition metals have been doped into various hosts, 

each with their unique optical properties that are 

applicable in current technology. 

 

Zinc aluminate (ZnAl2O4) is one of the spinel oxides 

with various applications, such as in optoelectronic, 

electronics industries, and catalytic reactions [1]. 

This material is characterized by its non-toxicity, low 

surface acidity, low-temperature sinter ability, and 

broad bandgap [2]. It has an energy band gap of 3.8 

eV, in which Zn and Al cations are positioned at the 

tetrahedral and octahedral sites of the cubic structure, 

respectively. It is known to be a suitable host lattice 

for various dopants or activator atoms [3, 4]. 

Furthermore, ZnAl2O4 is also usually used as a host 



 

 

 

Malays. J. Anal. Sci. Volume 29 Number 1 (2025): 1272 

2 
 

material for optical activators like transition metal 

ions or rare-earth ions, such as Cd2+ [5], Cr3+ [6], 

Mn2+ [7], Ce3+ [8], Sm3+ [9], and Eu3+ [10]. 

 

ZnAl2O4 has been synthesized using different 

methods, such as the sol-gel method [11], 

coprecipitation-hydrothermal method [12], solid-

state reaction [13], and chemical precipitation [14]. 

In this work, the sol-gel method was used to 

synthesize Cr3+-doped ZnAl2O4. Cr3+ was chosen as 

the dopant because it is widely used as a dopant for 

phosphor materials and gives good quantum 

efficiency [15]. The properties of the phosphor 

material are influenced by various parameters during 

the synthesis process. Therefore, further investigation 

into the synthesis method of Cr3+-doped ZnAl2O4 for 

phosphor applications is needed. In this work, two 

different chelating agents were used in preparing 

Cr3+-doped ZnAl2O4 samples. This study may 

contribute additional knowledge on the effect of 

chelating agents on the properties of Cr3+-doped 

ZnAl2O4 samples. Moreover, the optical properties of 

these samples were investigated. The suitability of 

this material for WLED applications was also 

analyzed. 

 

Materials and Methods 

The stoichiometric amounts of zinc nitrate 

hexahydrate (Zn(NO3)2·6H2O) and aluminum nitrate 

hexahydrate (Al(NO3)3·6H2O) with a 1:2 Zn-to-Al 

molar ratio were prepared by dissolving the 

chemicals in deionized water. Next, 1 mol% of 

chromium nitrate hexahydrate (Cr(NO3)3·6H2O) was 

added to the solution while stirring until a 

homogeneous metal solution was formed. 

Subsequently, citric/oxalic acid was added to another 

beaker filled with an ethanol solution under constant 

stirring. Then, the metal solution was added to 

ethanol. After that, the chelating agent (i.e., citric 

acid or oxalic acid solution) was added with vigorous 

stirring. The solution was heated on a hot plate at 

80 °C with constant stirring until the formation of 

gel. Following that, the gel was put into a crucible 

and placed into an oven for drying at 150 °C. After 

the drying process, the gel was calcined for 2 h in a 

furnace at 800 °C. Finally, the sample was crushed 

into fine powder for further characterization. The 

method used was based on the procedure reported by 

Hussen et al. [16] with some modifications. 

 

To examine the structural properties, X-ray 

diffraction (XRD) analysis was carried out using an 

X’Pert PRO PANalytical diffractometer with Cu-Kα 

radiation (λ = 1.54 Å) with a diffraction angle (2θ) 

from 5° to 90° operating at 45 kV and 40 mA. From 

the XRD data, crystallinity, lattice constant, 

crystallite size, and microstrain were calculated. 

Morphology and elemental analysis were carried out 

using a scanning electron microscope (SEM-

TESCAN VEGA-3 SBU) equipped with an energy-

dispersive X-ray spectroscopy (EDS) unit (Oxford 

INCA X-Max 51-XMX 0021). 

 

The crystallinity index, CI of Cr3+-doped ZnAl2O4 

powder was calculated from the XRD data according 

to Eq. (1) [17]: 

 

     𝐶𝐼 =
Area of crystalline peaks

Area of all peaks
× 100%    (Eq. 1) 

 

The lattice constant, a was calculated using Eq. (2): 

 

      𝑎 = 𝑑ℎ𝑘𝑙√ℎ2 + 𝑘2 + 𝑙2  

       (Eq. 2) 

 

The interplanar distance, dhkl was calculated using 

Eq. (3) [16]: 

 

      𝑑ℎ𝑘𝑙 =
𝜆

2 sin(𝜃ℎ𝑘𝑙)
     (Eq. 3) 

 

The crystallite size, D of Cr3+-doped ZnAl2O4 

samples was estimated using the following Scherrer's 

equation [18]: 

 

        𝐷 =
𝑘𝜆

𝛽 cos θ
       (Eq. 4) 

 

Where k is the Scherrer's constant (0.9), λ is the 

wavelength of the X-rays, β is the full width at half-

maximum (FWHM) of the X-ray diffraction peak, 

and θ is the Bragg's angle. The Williamson-Hall (W-

H) method was also used to estimate the crystallite 

size (D) and microstrain (ε) using Eq. (5) and Eq. (6) 

[19, 20]: 

 

       𝛽 =
𝑘𝜆

𝐷 𝑐𝑜𝑠 𝜃
+ 4𝜀 𝑡𝑎𝑛 𝜃     (Eq. 5) 

 

By rearranging the above equation: 

 

      𝛽 𝑐𝑜𝑠 𝜃 =
𝑘𝜆

𝐷
+ 4𝜀 𝑠𝑖𝑛 𝜃      (Eq. 6) 

 

The plot of 𝛽 cos θ against sin θ gives the crystallite 

size corresponding to the y-intercept, and the slope of 

the graph provides the value of strain. 

 

Results and Discussion 

The XRD pattern for Cr3+-doped ZnAl2O4 indicated 

that the diffraction peaks of both samples matched 

with the cubic ZnAl2O4 spinel phase (JCPDS 82-

1043). The diffraction peaks are sharp and well-

defined, indicating a high degree of structural order 

at long range. Figure 1 shows the XRD pattern for 

SC and SO samples. There are nine peaks 

corresponding to the (220), (311), (331), (400), 
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(422), (440), (511), (533), and (620) diffraction lines, 

which have the same peak pattern as the cubic 

ZnAl2O4 spinel phase. The peak positions for both 

samples are similar according to the standard. No 

additional peaks were detected in the SO sample, 

showing that the samples are in a single phase, and 

chromium ions are successfully incorporated into the 

ZnAl2O4 crystal lattice. The crystallinity indices for 

the SC and SO samples are approximately 83.40 and 

86.88, respectively. This indicates that the sample 

produced using oxalic acid has better crystallinity. 

 

The FWHM in radians was calculated and is 

presented in Table 1. The crystallite size values were 

determined from the five highest peaks, specifically 

the (220), (311), (440), (422), and (511) peaks, using 

the Debye-Scherrer equation. The calculated 

crystallite sizes are 13.66 nm and 12.05 nm for SC 

and SO samples, respectively. This indicates that the 

crystallite size of the SC sample is slightly larger 

compared to the SO sample. This finding is in good 

agreement with previous work, where the average 

crystallite size for Cr3+-doped ZnAl2O4 is in the 

range of 11–12 nm [16]. As shown in Table 1, the 

lattice constant for all synthesised samples is 

approximately 8.04 Å, which is slightly lower than 

the value reported in the literature for zinc aluminate 

(a = 8.0848 Å, JCPDS 05-0669), as reported by 

Srinatha et al. [21]. The decrease in lattice constant 

was also reported after the incorporation of other 

dopants into the ZnAl2O4 host [22, 23]. 

 

From the graph in Figure 2, the crystallite size can 

be calculated using the y-intercept value of the W-H 

equation, while the slope of the plot corresponds to 

the microstrain. The microstrains for SC and SO 

samples are 0.0025 and 0.0017, respectively. Based 

on the findings, SO has a smaller crystallite size of 

15.94 nm, compared to SC, which has a crystallite 

size of 23.11 nm. This result shows that using oxalic 

acid as a precursor can reduce the crystallite size. 

Based on Table 1, it is shown that the crystallite size 

calculated using the W-H equation is larger than 

calculated using the Debye-Scherrer equation. This is 

because the W-H equation considers the positive 

strain developed in samples [16].  

 

The SEM images of Cr3+-doped ZnAl2O4 samples at 

a magnification of 5,000× are shown in Figure 3. 

The figure reveals that sample SC is agglomerated, 

and the particles are attached to each other with clear 

grain boundaries. For sample SO, the particles are 

less agglomerated, with an irregular particle size 

distribution. This finding indicates that different 

chelating agents affect the morphology and particle 

size of the samples. A similar finding was reported 

by Monfared et al. [24], who noted that different 

types of carboxylic acids directly affect the size and 

catalytic activity of magnetite nanoparticles. The 

carboxylate groups of citric acid and oxalic acid have 

a strong coordination affinity to metal ions, which 

preferentially attach the carboxylate groups to the 

surface of the crystals and prevent them from 

aggregating into large single crystals. Given their 

strong complexation with metal ions, the carboxylate 

groups can anchor on the particle surface during the 

solvothermal reaction, thereby enhancing the 

dispersibility of ZnAl2O4 particles. 
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Figure 1. XRD pattern, a) SC and b) SO of Cr3+ doped ZnAl2O4 sample 

Table 1. Structural parameters of Cr3+-doped ZnAl2O4 samples calculated from XRD data. 
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Sample Crystallinity,  

CI 

Lattice 

Constant, a (Å) 

 

Crystallite size, 

D  using 

Scherrer (nm) 

Crystallite 

Size, D 

using W-H plot 

(nm) 

Micro 

Strain, 𝜺 

(×10-3) 

SC 83.40 8.0449 13.66 23.11 2.5 

SO 86.88 8.0391 12.05 15.94 1.7 
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Figure 2. W-H plot of Cr3+-doped ZnAl2O4 samples 

 

  
 

Figure 3. SEM micrographs of Cr3+-doped ZnAl2O4 samples: a) SC and b) SO. 

 

As shown in Figure 4(a) and Figure 4(b), oxalic 

acid and citric acid contain two and three carboxylic 

acid groups, respectively. The additional carboxylic 

group in citric acid facilitates the formation of larger 

crystals compared to oxalic acid, indicating that a 

greater number of carboxylate groups promotes more 

extensive aggregation, with each oxygen atom 

coordinating to metal atoms. In contrast, oxalic acid, 

which has only two carboxylic groups, provides 

fewer sites for hydrogen bonding, thereby limiting its 

ability to stabilise a larger, more complex crystal 

structure. Furthermore, due to the higher acidity of 

oxalic acid compared to citric acid, it creates a more 

favourable environment for the formation of smaller 

crystallites of ZnAl2O4. 

 

The EDS analysis was carried out to validate the 

constituent elements in the samples. Figure 5 shows 

the EDS spectrum of Cr3+-doped ZnAl2O4 for both 

samples. The analysis confirmed the presence of the 

predicted elements of Zn, Al, O, and Cr. The weight 

and atomic proportions of Cr3+-doped ZnAl2O4 

sample components are shown in Table 2. The 

amount of Cr dopant for sample SO is nearly 
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equivalent to the amount prepared, while sample SC 

exhibits a lower amount. Furthermore, the Zn-to-Al 

weight percentage ratio differs from the calculated 

stoichiometric ratio. The accuracy of EDS 

measurement can be improved by analysing more 

sites on the sample surface and using more accurate 

method. 

 

In order to assess the suitability of the sample, it is 

important to analyse its optical properties. In this 

study, the energy band gap of the samples was 

determined by constructing a Tauc plot, as shown in 

Figure 6. The energy band gaps for SC and SO are 

2.89 and 3.0 eV, respectively. The result is in good 

agreement with a previous study, where the range of 

energy band gap for similar materials is between 2.72 

and 3.02 eV [25]. Additionally, the band gap value is 

influenced by the calcination temperature during 

sample synthesis. This value is also comparable to 

that of zinc oxide, which is widely used as a 

photocatalyst for the degradation of organic dyes in 

water [26]. Therefore, this result highlights the 

suitability of these samples for similar applications. 

 

 

 

 

 

 

Figure 4. The structure of a) oxalic acid and b) citric acid 

 

 
 

Figure 5. EDS spectrum of Cr3+ doped ZnAl2O4 samples. a) SC and b) SO. Representative EDS elemental 

mapping c) Cr, d) Al, e) O, f) Zn and g) layered image 
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Table 2. The weight and atomic percentage of elements for Cr3+-doped ZnAl2O4 sample. 

Samples  Elements  Weight (wt.%) Atomic (at.%) 

SC 

 

 

 

 

SO 

Zn 

Al 

O 

Cr 

 

Zn 

Al 

O 

Cr 

34.34 

29.86 

35.23 

0.57 

 

53.44 

17.00 

28.63 

0.93 

13.66 

28.78 

57.27 

0.29 

 

25.12 

19.36 

54.98 

0.55 

 

 
Figure 6. Tauc plot to determine the optical band gap for Cr3+-doped ZnAl2O4 samples 

 

The photoluminescence spectra of the samples are 

depicted in Figure 7. Based on the results, both 

samples exhibit broad emission peaks in the blue and 

red regions. According to the CIE diagram (see inset 

in Figure 7), the CIE 1931 coordinates are (0.2522, 

0.21113) and (0.29003, 0.27166) for the SC and SO 

samples, respectively. Notably, the CIE coordinates 

for the SO sample are near the white region, which 

can potentially be applied as a phosphor for 

generating white light. Figure 8 shows the lifetime 

plot for the SC and SO samples, which are 

approximately 0.51 ms and 0.65 ms, respectively. 

These lifetime values are significantly longer than 

the cell autofluorescence, which is approximately 20 

ns, as well as the signal of cell fluorescence or other 

background, which can be easily subtracted using a 

time-gated imaging system. Therefore, this sample 

demonstrates potential as a biomarker for 

bioimaging, as reported in a previous study [27]. 

 

 

Conclusion 

In this study, Cr3+-doped ZnAl2O4 samples were 

successfully synthesised via the sol-gel method using 

citric acid and oxalic acid as chelating agents. Based 

on the XRD analysis, the samples exhibit a cubic 

ZnAl2O4 spinel phase. The SO sample has a smaller 

crystallite size and better crystallinity compared to 

the SC sample. The SEM analysis indicated that the 

SO sample exhibited better size distribution than the 

SC sample, highlighting the suitability of oxalic acid 

as a chelating agent. Moreover, the EDS analysis 

confirmed the presence of Zn, Al, O, and Cr. 

Additionally, the CIE coordinates near the white 

region suggest the potential of this material as a 

phosphor for WLED applications. In addition to its 

use as a phosphor, this material can also be used as a 

photocatalyst and biomarker. Future studies could 

explore different techniques or other doping elements 

to further enhance the optical properties of Cr3+-

doped ZnAl2O4. 
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Figure 7. Emission spectra Cr3+-doped ZnAl2O4 samples. Inset shows the CIE diagram of the sample 
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Figure 8. Photoluminescence lifetime of Cr3+-doped ZnAl2O4 samples SC (left) and SO (right) 
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