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Abstract 
Photocatalytic efficiency of ZnO nanorods has been investigated with respect to the concentration 

of brazilein. Brazilein modified ZnO nanorods were prepared by an impregnation process with 
1.0%w/v, 2.5%w/v, and 5.0%w/v of brazilein solution.  In order to correlate the variation in concentration 
distributions and photocatalytic performance, the phase composition, optical properties, and photo-
catalytic activities of brazilein modified ZnO nanorods prepared with different brazilein concentrations 
have been investigated and compared to an unmodified ZnO nanorods. The photocatalytic properties 
were measured in terms of indigo carmine degradation under visible light irradiation. It was found 
that ZnO nanorods with the highest visible light-responsive photocatalytic efficiency were achieved 
by the modification of 5.0%w/v of brazilein resulting in indigo carmine degraded faster than the case 
of unmodified ZnO nanorod about 60% within 5 h.  

 
 

1. Introduction  
 
Alternative methods for the removal of pollutants, such as 

heterogeneous photocatalysis based on semiconductor catalysts, 
have garnered a lot of interest [1-3]. Zinc oxide (ZnO) has recently 
gained a lot of attention as a promising photocatalytic material for 
removing organic contaminants from wastewater, owing to its high 
catalytic activity, low preparation cost, and ecologically friendly nature 
[4,5]. ZnO is an n-type semiconductor with a 3.37 eV wide bandgap and 
a high excitation binding energy of 60 meV. However, the application 
of pure ZnO in photocatalysis under visible and solar light is restricted 
due to its wide band gap and quick recombination of electron-hole 
pairs [6,7]. To solve these drawbacks, many researchers developed 
various methods, such as metal and nonmetal doping [8-11], coupling 
with other narrow-band gap semiconductors [12-14] and dye-sensitized 
semiconductors [15-20]. The use of dye molecules to sensitize ZnO 
particles is considered to be an effective way to expand light absorption 
into the visible region while also improving their photocatalytic 
activities. Some common dye sensitizers include alizarin red S dye 
[16], porphyrin [21-23] and natural dyes [17,24].   

Brazilein is a common natural red dye extracted from Caesalpinia 
sappan wood. The chemical structure of brazilein is shown in Figure 1. 
Brazilein has many useful as photo sensitizer for dye sensitized  

solar cell [25], color pigment [26], acid base indicator [27], sensor [28], 
antioxidant and antitumor [29,30]. In the present work, the brazilein 
was used as a sensitizer of ZnO nanorods photo-catalyst to extend 
the light absorption in visible region. Brazilein modified ZnO (Bra-
ZnO) nanorods photocatalysts were prepared via an impregnation 
process. The effect of brazilein contents on the microstructural, optical, 
and photocatalytic properties were evaluated. The photocatalytic 
activity of the ZnO and Bra-ZnO nanorods was tested by using indigo 
carmine (IC) as a model organic pollutant. The generated hydroxyl 
radical (•OH) during the photocatalytic oxidation process was measured, 
and possible photocatalytic mechanism was also presented. 
 

 

Figure 1. Chemical structure of brazilein extracted from sappan wood. 
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2.  Experimental  
 
2.1  Preparation of ZnO thin films 
 

ZnO thin films were deposited using the direct current magnetron 
sputtering (DCMS) mode with ZnO sputtering target disk of 75 mm 
in diameter and 6 mm thick. The sputtering process was performed 
in a high vacuum chamber with a base pressure below 5 × 10-5 mbar 
using coupled diffusion and rotary pumps. The FTO glass substrates 
(1.5 cm × 2.5 cm) were ultrasonically cleaned in acetone and methanol 
for 15 min and blow-dried with nitrogen gas. The target-substrate 
distance was kept at 60 mm. Ar (99.9997% purity) flow of 30 sccm 
was introduced into the chamber to provide a sputtering pressure of 
6 × 10-3 mbar, controlled by a mass flow controller. Before ZnO 
deposition, the target was pre-sputtered for 5 min in order to clean the 
target surface. The sputtering power was 100 W and the deposition time 
was 8 min. After deposition, all films were annealed at a temperature 
of 400℃ for 3 h under normal ambient air. These ZnO films were 
used as the substrate for the hydrothermal process. 

 
2.2  Preparation of ZnO nanorods 

 
ZnO nanorods were prepared by using the hydrothermal method. 

ZnO thin films deposited FTO glass were used as a seed layer. The 
hydrothermal autoclave made of high strength stainless steel was 
used to control the chemical dissolution of the formed ZnO nanorods. 
For the preparation of a precursor solution, 150 mL of hexamethylene-
tetramine (HTMA; C6H12N4) aqueous solution (25 mM) was mixed 
with 150 mL of zinc nitrate hexahydrate (Zn(NO3)2.6H2O) aqueous 
solution (25 mM). The mixed solution was stirred at room temperature 
for 10 min. Then the mixture was transferred into a Teflon lined 
stainless steel autoclave. The hydrothermal process was heated to 
105℃ for 5 h in an oven and then cooled down naturally for 10 min. 
The obtained ZnO nanorods were rinsed with distilled water and 
dried at 60℃ in an oven for 12 h. 
 
2.3  Preparation of brazilein modified ZnO nanorods 

 
Brazilein solution was extracted from sappan wood at 55℃ for 

5 h using methanol: water (50:50) as the solvent, resulting in the red 
solution which was then filtered. Different concentrations of brazilein 
solutions (1.0%w/v, 2.5%w/v, and 5.0%w/v of brazilein) were prepared. 
Bra-ZnO nanorod was prepared by an impregnation process. Briefly, 
four pieces of ZnO nanorods films were soaked in 50 mL brazilein 
solution (1.0%w/v, 2.5%w/v, and 5.0%w/v of brazilein) for 10 h and 
then denoted as 1.0Bra-ZnO, 2.5Bra-ZnO, and 5.0Bra-ZnO, respectively. 
The obtained Bra-ZnO nanorods films were rinsed with methanol: 
water solvent and dried at 60℃ in an oven for 12 h as shown in Figure 2. 
 
2.4  Characterizations 

 
The crystal structures of the ZnO and Bra-ZnO nanorods were 

investigated by X-ray diffraction (XRD) technique (Rigaku MiniFlex II 

X-Ray diffractometer) using Cu Kα source (λ = 1.5406 Å) with scanning 
range 2θ from 20° to 70°. The morphology and chemical composition 
were investigated via a field emission scanning electron microscopy 
(FE-SEM, TESCAN model MIRA3) and energy-dispersive X-ray 
spectrometer (EDS). In order to study chemical surface structure, 
Fourier-transformed infrared (FTIR) spectra were measured by FTIR 
spectrophotometer (Perkin Elmer Spectrum Bx) in the range of 400 cm-1 

to 4000 cm-1. The diffuse reflectance absorption spectra were monitored 
using UV-Visible spectrophotometer (Shimadzu UV2401) for study 
of the optical properties and band gap energy. 

 
2.5  Measurement of photocatalytic activity 

 
The photocatalytic activity of the ZnO and Bra-ZnO nanorods 

were evaluated by the photocatalytic degradation of IC under visible 
light from fluorescent lamp (TL-D 18 W/865 Philips tube light). 
Four pieces of the ZnO nanorods or Bra-ZnO nanorods were immersed 
in 50 mL of IC solution (1.0 × 10-5 M) in the dark for 1 h to allow 
the adsorption/desorption reached balance. Then two 18-W fluorescent 
lamps without UV filter placed approximately 15 cm from the samples 
were turned on to boot the photocatalytic activity [31]. While stirring 
and irradiation, the solution of 2 mL to 3 mL was collected every hour. 
The remaining concentration of IC was determined by a UV-Visible 
spectrophotometer.   

The photocatalytic efficiencies of the ZnO and Bra-ZnO nanorods 
were determined in terms of photocatalytic efficiency (%). In order 
to compare the speeds of the photocatalyst under light irradiation, 
the apparent rate constants (k) were obtained from slopes of the graphs 
by plotting (ln(Ct /C0) versus time. The photocatalytic efficiency (%) and 
pseudo-first-order rate constants can be calculated using the following 
equations (1-2): 

 

Photocatalytic efficiency (%)  = C0-Ct

C0
 × 100 (1) 

  
- ln(Ct C0⁄ ) = kt (2) 

 
Where C0  and Ct  are the initial and remaining concentrations of 

IC at the different irradiated time (t), respectively. 
 

 

Figure 2. Preparation of the Bra-ZnO nanorods.
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2.6  Measurement of hydroxyl radical 
 
Using terephthalic acid as a hydroxyl radical (•OH) scavenger, 

the formed •OH during the photocatalytic reaction was investigated. 
The experiment details were similar to the previous work [19,20,32]. 
The emission peak was at 424 nm under excitation wavelength 315 nm 
by using fluorescence analysis (Perkin Elmer LS-50B Luminescence 
Spectrometer). 

 
3.  Results and discussion 
 
3.1  Microstructure and optical properties 

 
The morphologies of ZnO and Bra-ZnO nanorods were evaluated 

by FE-SEM technique as illustrated in Figure 3. It was observed that 
a needle-like morphology with poorly alignment was the predominant 
structural feature. There was the variation in diameters of the different 
nanorods. Nonetheless, the diameter of each nanorod was uniform 
along its entire length. The average diameter and length of the ZnO 
nanorods are 50 nm and 1200 nm, respectively. The alignment of 
the ZnO nanorods and uniform distribution of nanorods diameter 
could be affected by surface roughness of seed layer. Thus, our case 
could be caused by the rough ZnO seed layer based on the DCMS 
method. After impregnation process, it was observed that brazilein 
adsorbed on the surface of ZnO nanorod. This is clearly seen in the 
case of high content of brazilein (5.0Bra-ZnO). It should be noted 
especially that brazilein was generally well-adsorbed throughout 
their length for each nanorod and the thickness of brazilein also 
increased with increasing brazilein contents. The elemental composition 
of ZnO and Bra-ZnO nanorods was investigated by EDS as shown 
in Table 1. Results confirmed the existence of brazilein on the surface 
of the ZnO nanorods. It was found that the at% of C element increased 
with increasing brazilein concentrations.  

The XRD patterns of ZnO and Bra-ZnO nanorods at different 
brazilein concentrations were shown in Figure 4. Our data were in 
well agreement with the JCPDS PDF no. 77-0452 (SnO2) and 
JCPDF PDF no 36- 1451 (ZnO). For FTO glass substrate, the XRD 
pattern showed multiple diffraction peaks at 2θ angles of 26.5°, 
33.7°, 37.7°, 51.9°, 54.6°, 61.6° and 65.7° corresponding to (110), 
(101), (200), (211), (220), (310) and (301) planes, respectively. The 
XRD pattern of ZnO showed characteristic peaks with hexagonal 
wurtzite structure at 2θ of 31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.9°, 
67.9°, 69.0° corresponding to (100), (002), (101), (102), (110), (103), 
(112) and (201) planes, respectively. These peaks were clearly seen 
in ZnO and 1.0Bra-ZnO samples, while the diffraction peak intensities 
of 2.5Bra-ZnO and 5.0Bra-ZnO decreased possibly due to the high 
amount of brazilein on the surface of the ZnO nanorods, consistent 
with the EDS results.   
The surface chemical compositions of ZnO and Bra-ZnO nanorods 
were investigated with FTIR as shown in Figure 5. The FTIR spectra 
of both ZnO and Bra-ZnO nanorods revealed vibration bands of the 
Zn-O bond at 400 cm-1 to 750 cm-1 [33], the broad band of O-H 
stretching mode of the hydroxyl group at 3000 cm-1 to 3600 cm-1 
[19,33], and O-H bending mode of the hydroxyl group at 1640 cm-1 
[19,33]. The results also showed the existence of brazilein molecules 

on the surface of the Bra-ZnO nanorods, with intensities of C=O at 
1415 cm-1 and C=C bands at 1595 cm-1 and C–H band in the aromatic 
ring within the wavenumber range of 650 cm-1 to 860 cm-1 and 
aliphatic C-H band at around 2871 cm-1 to 2925 cm−1 were also 
observed [34-36]. Therefore, the interaction of brazilein molecules 
and ZnO nanorods surface occurred via hydrogen bonding.  

  

 

Figure 3. FE-SEM images of ZnO, 1.0Bra-ZnO, 2.5Bra-ZnO and 5.0Bra-ZnO 
nanorods.  

 

 

Figure 4. XRD patterns of ZnO and Bra-ZnO nanorods over the 2θ range 
of 20° to 70°. 

 

 

Figure 5. FTIR spectra of ZnO and Bra-ZnO nanorods. 
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Table 1. Elemental composition of ZnO and Bra-ZnO nanorods. 
 
Samples Elemental composition (at%) 
 Zn O Sn C 
ZnO 28.33 53.69 9.58 8.40 
1.0Bra-ZnO 29.84 36.61 3.49 30.06 
2.5Bra-ZnO 18.61 33.26 5.10 43.03 
5.0Bra-ZnO 10.74 22.06 1.69 65.51 

 
Figure 6 shows UV-Visible absorption spectra of the ZnO and 

Bra-ZnO nanorods. It was clear that the Bra-ZnO nanorods exhibited 
absorption in the UV and visible light region while the ZnO absorbed 
only UV region. Moreover, the red shift of the Bra-ZnO spectra 
should enhance photocatalytic efficiency under visible light source. 
The calculated band gap energy of the Bra-ZnO nanorods decreased 
when compared with ZnO nanorods as shown in Table 2. The absorption 
band edge is obtained by the linear extrapolation of the steep part of 
the UV adsorption toward the baseline [31]. The absorption band edges 
of each sample were added in Table 2. The band gap energy is calculated 
from this equation:  

 
Eg = h · c

λ
 (3) 

 
where Eg is the band gap energy (eV), h is the Planck’s constant, c 
is the light velocity (m⋅s-1), and λ is the wavelength (nm). 
 

 

Figure 6. Absorbance spectra of ZnO and Bra-ZnO nanorods. 

Table 2. The calculated bandgap energy of ZnO and Bra-ZnO nanorods. 
 
Samples Absorption band edge 

(nm) 
 Band gap energy 
(eV) 

ZnO 380 3.26 
1.0Bra-ZnO 385 3.22 
2.5Bra-ZnO 392 3.16 
5.0Bra-ZnO 390 3.18 

 
3.2  Photocatalytic activity  

 
The photocatalytic properties of ZnO and Bra-ZnO nanorods 

were evaluated by monitoring the degradation of IC under visible 
light irradiation. The photodegradation efficiency and kinetic results 
were shown in Figure 7. Several parameters influenced the photo-
catalytic activity of catalysts, including light absorption, size, shape, 
surface area, morphological features, and dimensionality [37]. 
Normally, photocatalytic decolorization involved two processes: 
pollutant molecule adsorption on the catalyst and photocatalytic 
decolorization [1,2,38]. The adsorption of IC measured in the dark 
of ZnO and Bra-ZnO nanorods were approximately 10% and 15% 
to 20%, respectively. The interaction between ZnO nanorods and IC 
molecules is hydrogen bonding. For Bra-ZnO nanorods surfaces and 
IC molecules are more hydrogen bonding and π-π interations. 
The Bra-ZnO nanorods surfaces exhibited higher interaction than 
ZnO, giving high percentage of adsorption. The highest activity was 
observed in the 5.0Bra-ZnO nanorods indicating that the modification 
of brazilein molecules onto the ZnO surface significantly enhanced 
the photocatalytic activity. These photocatalytic results revealed that 
the higher loading of brazilein provide higher photocatalytic activity. 
Furthermore, high loading of brazilein showed extended absorption 
in visible region.  

The corresponding pseudo-first-order kinetic plots were shown 
in Figure 7(b). The photocatalytic degradation rate constant (k) of 
ZnO and Bra-ZnO nanorods were presented in Table 3. The rate 
constants of 0.157, 0.171, 0.214, and 0.251 h-1 were observed in ZnO, 
1.0Bra-ZnO, 2.5Bra-ZnO, 5.0Bra-ZnO nanorods, respectively. The 
R2 of the kinetic studied were also showed in Table 3. Therefore, 
rate constant of 5.0Bra-ZnO was 60% greater than rate constant of 
ZnO.

 
Figure 7. (a) Photodegradation efficiencies and (b) pseudo-first-order kinetic plots of ZnO and Bra-ZnO nanorods under visible light irradiation.  
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Figure 8. Amount of generated •OH radicals using ZnO and Bra-ZnO nanorods under visible light irradiation. 

Table 3. The calculated rate constant of ZnO and Bra-ZnO nanorods. 
 
Samples Rate constant  

(k,h-1) 
R2 

ZnO 0.157 0.9867 
1.0Bra-ZnO 0.171 0.9936 
2.5Bra-ZnO 0.214 0.9971 
5.0Bra-ZnO 0.251 0.9726 

 
The amount of •OH generated by ZnO and Bra-ZnO nanorods 

under visible light irradiation is represented in Figure 8. The generated 
•OH increased with increasing irradiation time that corresponded to 
the high photocatalytic efficiency. From these results, the 5.0Bra-ZnO 
nanorods produced the highest amount of the •OH generated during 
photocatalytic process, corresponding with the highest rate constant. 

The photocatalyzed reaction of Bra-ZnO nanorods involves the 
generation of electron-hole pairs via light illumination. Due to the dye 
molecules’ narrower band gap energy, the addition of a dye-sensitizer 
extends light absorption in visible region. The photoexcited electrons 
of adsorbed dyes are then injected into the conduction band (CB) of 
the ZnO photocatalyst. Hydroxyl radicals (•OH) are formed on the 
surface of Bra-ZnO nanorods and then react with IC, resulting in 
degradation. A possible photocatalytic mechanism of Bra-ZnO 
nanorods is shown in Figure 9. The electrons in the brazilein molecule 
are excited when it is irradiated with visible light, and brazilein can 
operate as an effective electron donor. The   photo-excited electrons 
are injected into the CB of ZnO. These electrons (eCB•− (ZnO)) 
subsequently reduce the O2 adsorbed on the ZnO surface to produce 
superoxide anion, O2●− which further convert into H2O2 and eventually 
•OH [39,40]. Because •OH is a powerful and reactive oxidant, it reacts 
with IC molecules and destroys them. Under visible light irradiation, 
positively charged brazilein (brazilein +) may interact with surrounding  

solvent molecules (S) and return to the neutral stage, ready for the 
next round of excitation [24,41-43]. The proposed mechanism is 
described by the following equations in Equation (4)-(10): 

 
brazilein  +  hv  → brazilein * (4) 

 
brazilein * +  ZnO → brazilein +  + eCB•− (ZnO) (5) 

 
O2(ads) +  eCB•− (ZnO)  → O2●− (6) 

 
O2●− +  H+ →  HO2●  (7) 

 
2HO2● + H2O →  2H2O2 + ●OH   (8) 

 
IC + ●OH  →  degradation products (9) 

 
brazilein +  +  S →  brazilein + S+             (10) 

 

 

Figure 9. Proposed photocatalytic mechanism of Bra-ZnO nanorods under 
visible light irradiation. 
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4.  Conclusions 

 
The morphology of ZnO and Bra-ZnO nanorods was needle-

like nanostructure. Brazilein was well-adsorbed along the length of 
each ZnO nanorod. For optical properties, ZnO nanorods exhibited 
an absorption in the UV region. While Bra-ZnO nanorods illustrated 
an absorption in both UV and visible light region. The band gap energy 
of Bra-ZnO nanorods was narrower than that of ZnO nanorods. The 
results revealed that the highest photocatalytic activity was occurred 
in 5.0Bra-ZnO. In summary, the higher concentration of brazilein 
presented the higher photocatalytic activity. Accordingly, Bra-ZnO 
nanorods could be a good candidate material with natural dye 
extract for visible light-responsive photocatalytic activity.  
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