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Abstract: Modifying photo-anode structures in DSSC devices is still challenging in improving efficiency. This study 

focused on the ZnO rod growth on several porous silicon substrates using the hydrothermal method and determining 

which porous silicon is appropriate for DSSC applications. The materials used for the growth solution were 

Zn(NO3)26H2O 0.05 M and C6H12N4 0.25 M. The hydrothermal process was carried out at 90°C for 6 h and then 

annealed at 450°C for 30 min. SEM revealed that PSi pore influences the structure, diameter, and density of ZnO 

rods. ZnO structures formed in ZnO rods with a dominant vertical growth direction, ZnO rods with an intersection 

direction, and flower-like ZnO rods. The diameter of the PSi pore affected the density of ZnO rods grown on the PSi. 

The average diameter size and the density of ZnO rods vary from 747.66-1610.68 nm and 0.22-0.90 rod/μm2. XRD 

confirmed the presence of ZnO hexagonal wurtzite, Si cubic, and SiO2 monoclinic. UV-Vis spectrometry 

characterization results showed that sample reflectance was influenced by ZnO rod density and PSi pitch. The larger 

density of ZnO rods and the smaller pitch of the PSi pore will lead to lower reflectance. In addition, band gap values 

were obtained in the 3.06-3.75 eV range. FTIR identified the existence of a ZnO vibration bond, indicating that ZnO 

was successfully grown on all PSi substrates. The ZnO rods grown on P15S1180 are expected to have more 

appropriate properties among all five samples for DSSC photoanode. 

Keywords: ZnO like-flower, Hydrothermal, Reflectance, Porous silicon, ZnO rods. 

 

1. INTRODUCTION 

Solar cells convert light into electrical energy 

through the photovoltaic (PV) effect [1]. 

Compared to other types of solar cells, Dye-

Sensitized Solar Cells (DSSC) have cheap and 

simple production processes, are environmentally 

friendly, and have high efficiency (10-14.7%) [2]. 

However, DSSC still needs to improve its 

efficiency in being commercialized. Therefore, 

some research has been carried out to increase the 

efficiency of DSSC, one of which is by modifying 

the structure and morphology of the photoanode 

material [3].  

Titanium dioxide (TiO2) and Transparent 

Conducting Oxide (TCO) are commonly used 

photoanode materials. However, TiO2 has low 

electron mobility and high electron-hole 

recombination, thus limiting the further 

development of DSSC [4]. Therefore, Zinc Oxide 

(ZnO) is an alternative material because of its 

good charge carrier mobility, higher exciton 

binding energy, stability, and diverse morphology 

[5]. But, DSSC-based ZnO has lower efficiency 

(2%) compared to DSSC-based TiO2 (11.1%) [6]. 

So, ZnO is modified as nanostructures, such as in 

the following studies [7]. Photoanode material 

using Indium Tin Oxide (ITO) and ZnO nanorods 

has a higher efficiency of 4.45%, and photoanode 

material using Porous Silicon (PSi) and ZnO 

nanoparticles has an efficiency of 15.60% [8, 9]. 

The following research shows that the different 

substrates and ZnO structure will affect DSSC 

efficiency. 

Photoanodes require a large surface area for the 

dye attached and good electron transport 

capabilities. ZnO has varied morphological 

structures, such as nanoparticles, nanowires, and 

nanorods. Compared to other structures, the 

structure of nanorods will provide a direct 

pathway for electrons to across semiconductor 

material. Moreover, the nanorods structure has a 

large surface area for the dye to attach, facilitating 

increased photogeneration of electrons upon light 

exposure to the DSSC [7, 10]. So, ZnO nanorods 

can improve photoanode electron transfer and 

surface area for dye adsorption [11]. The substrate 

material is essential in determining nanostructure 
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growth's structural, physical, and mechanical 

characteristics [12]. The substrate commonly 

used for ZnO nanorods growth is TCO [13]. 

However, TCO has a higher cost and limited thick 

modification. Therefore, this work will use silicon 

substrate due to wide surface modification, such 

as pore addition through the synthesis process. 

The pore in PSi can replace the role of the seed 

layer as a nucleation site, which helps maximize 

lattice matching between substrates and nanorods 

and ensure the vertical orientation of ZnO 

nanorods [14]. In addition, PSi can be used as an 

anti-reflective (AR) layer, which can increase 

photon absorption [15]. 

The ZnO rods characteristic is determined by the 

synthesis method. The Chemical Vapor 

Deposition (CVD) method can produce good 

crystal quality, but the synthesis process requires 

expensive costs and high temperatures (more than 

450°C). The electrochemical deposition method 

has a cheap cost, easy to set up, and is a fast 

process. However, producing good ZnO nanorod 

crystal quality is difficult due to the low synthesis 

temperature. Among other synthesis methods, the 

hydrothermal method is suitable for ZnO rod 

growth because it is cheap and uses low 

temperatures. The hydrothermal method produces 

good enough ZnO rod crystal quality. After 

hydrothermal, the annealing process can be 

carried out at 300-500°C to improve the crystal 

quality [16]. In this study, the PSi used is 

commercialized PSi. ZnO rods with five pore 

variations will be synthesized using the 

hydrothermal method on PSi substrates. This 

study focuses on determining the effect of pore 

structure on the ZnO rod growth. This 

information will help determine which pore 

variations are appropriate for the photoanode 

material application. 

2. EXPERIMENTAL PROCEDURES 

The porous Silicon (PSi) used in this work was 

commercial PSi from Smart Membranes, 

Germany. PSi used has five pore variations: 

sample 1 (P15S155: pitch 1.5 μm; diameter 1 μm; 

depth 55 μm), sample 2 (P15S1180: pitch 1.5 μm; 

diameter 1 μm; depth 180 μm), sample 3 

(P15S1200: pitch 1.5 μm; diameter 1 μm; depth 

200 μm), sample 4 (P42S25200: pitch 4.2 μm; 

diameter 2.5 μm; depth 200 μm), and (e) sample 

5 (P12S6220: pitch 12 μm; diameter 6 μm; depth 

220 μm). ZnO rods were synthesized by 

hydrothermal technique on the PSi substrates, 

shown in Figure 1. 

Zinc nitrate hexahydrate [Zn(NO3)26H2O] 0.05 M 

and hexamethylenetetramine (C6H12N4) 0.25 M 

were individually dissolved in the DI water for 1 

h at room temperature. After that, each solution 

was mixed into one and stirred for 1 h.  

 
Fig. 1. ZnO fabrication process by hydrothermal method 
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The PSi substrates were cleaned using an 

ultrasonic cleaner for 1 min. The PSi substrates 

were leaned on the crucible wall with an angle of 

45°, then immersed in a growth solution and 

covered with aluminum foil. The crucible was 

placed in an oven at a temperature of 90°C for 6 

h. The growth solution was changed every 2 h. 

After 6 h, samples will be cleaned using ethanol 

and DI water. After that, samples were annealed 

on the hot plate at a temperature of 450° for 30 

min. Scanning Electron Microscopy (SEM) (FEI 

Quanta-250) was used to observe ZnO rod 

morphologies. ZnO rod structures were 

characterized using X-ray diffraction (XRD) 

(Bruker D8 Advance). The sample's reflectance 

was observed using a UV-Vis Spectrophotometer 

(Analytik Jena 200 plus). Attenuated Total 

Reflectance-Fourier Transform Infrared (ATR-

FTIR) (Bruker) determines the chemical bond on 

PSi surfaces.   

3. RESULTS AND DISCUSSION 

Morphologies of ZnO rods grown on the different 

PSi substrates using the hydrothermal method 

have been analyzed with SEM, as shown in 

Figure 2. Samples 1, 2, and 3 have the same 

diameter and pitch (1.5 μm and 1 μm) with 

different pore depth (55 μm, 180 μm, 200 μm). 

The ZnO rods grown on sample 1 are mostly 

vertically aligned, as shown in Figure 2(a). The 

ZnO rods grown on sample 2 have a flower-like 

structure, as shown in Figure 2(b). Meanwhile, 

the ZnO rods grown on sample 3 partially formed 

flowers and intersected each other, as shown in 

Figure 2(c). The diameter and density of ZnO rods 

can be seen in Table 1. Sample 1 has the largest 

diameter with the smallest density, followed by 

samples 3 and 2, respectively. Meanwhile, Figure 

2 (d, e) shows ZnO rods grown on the different 

PSi pore diameters, pitches, and depths. The ZnO 

rods grown on sample 4 mostly form flowers, and 

the other rods intersect. The ZnO rods grown on 

sample 5 have structures that mostly intersect 

each other. The diameter and density of samples 4 

and 5 ZnO rods can also be seen in Table 1. 

In the early stages of the hydrothermal process, 

ZnO particles can be densely localized on PSi 

pores. After forming an adequate core density, 

ZnO rods will grow based on the nuclei formed 

[17]. Not all ZnO rods grow vertically, but some 

have specific growth directions or intersect each 

other [18]. During the heating process in the 

hydrothermal method, particles will meet to form 

an agglomeration of nanoparticles. These 

nanoparticles will provide nucleation sites in 

various directions so that ZnO rods will be created 

following different growth orientation directions 

[19]. On PSi substrates, flower-like structures can 

form when several ZnO rods on the pores gather 

and form flower-like structures. Several ZnO rods 

are joined at a central point [20]. 

Sample ZnO rod growth mechanism during the 

hydrothermal process on the different pores depth 

can be explained in Figure 3. Samples with 

different PSi pore depths have varied structures, 

diameters, and densities. The smaller pore depth 

will make ZnO particles quickly enter and stick to 

the bottom pore surface. This will make adequate 

core density easier to achieve and more nuclei 

formed. At the pore depth of 55 μm, sample 1 

(Figure 3(a)), so many ZnO nuclei were formed. 

However, the number of nuclei formed is not 

matched by the pore's surface area availability. 

Therefore, several squeezed nuclei will quickly 

merge into one and fill the pore space. ZnO rods 

formed along the vertical direction with the 

largest diameter of all samples because the PSi 

pore can no longer accommodate ZnO particles 

attached to the ZnO nuclei. At the pore depth of 

180 μm, sample 2 (Figure 3(b)), many nuclei 

formed because ZnO particles easily entered and 

stuck to the pore wall. The number of ZnO nuclei 

is balanced with a larger surface area, so between 

one nucleus to another still has a distance. 

Therefore, ZnO particles will attach to nuclei with 

different growth orientation directions, forming 

ZnO rods with the smallest diameter. Some of 

these ZnO rods will intersect to form a flower-like 

structure from the central point of the intersection. 

Compared to the pore depth of 200 μm, sample 3 

(Figure 3(c)), the ZnO particles entering the pore 

are more challenging to achieve an adequate core 

density due to the large depth. This condition will 

form fewer ZnO nuclei, so the incoming ZnO 

particle will focus on sticking to the fewer nuclei. 

This condition will form a larger ZnO rod 

diameter than sample 2, which has more ZnO 

nuclei. A smaller pore depth will make more 

nuclei form, and the more nuclei formed will 

make the diameter of ZnO rods smaller. This 

condition can occur in samples 2 and 3. However, 

at too small pore depths, such as sample 1, ZnO 

nuclei close to each other in the same pore will 
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merge because the surface area is limited 

compared to samples 2 and 3. The diameter and 

density of ZnO rods that keep increasing during 

the growing process will allow several ZnO to 

merge so that ZnO rods will form a larger 

diameter than other samples [20]. 

Table 1. Diameter and density of ZnO rods grown on PSi 

 Sample 1 

(P15S155) 

Sample 2 

(P15S1180) 

Sample 3 

(P15S1200) 

Sample 4 

(P42S25200) 

Sample 5 

(P12S6220) 

Diameter [nm] 1610.68±24.68 747.66±2.87 1379.86±6.61 793.17±6.04 989.34±15.50 

Density [rod/μm2] 0.22 ± 0.05 0.90 ± 0.23 0.30 ± 0.08 0.58 ± 0.15 0.71 ± 0.18 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 2. SEM images (Top-view) of ZnO rods grown on PSi substrates  
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flower-like 

flower-like 

intersect 

flower-like 

 

 
20µm 

 
20µm 

 
20µm  

20µm 

 
20µm 

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.3

43
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 s
sm

.iu
st

.a
c.

ir
 o

n 
20

25
-1

0-
17

 ]
 

                             4 / 10

http://dx.doi.org/10.22068/ijmse.3431
https://ssm.iust.ac.ir/ijmse/article-1-3431-en.html


Iranian Journal of Materials Science and Engineering, Vol. 21, Number 2, June 2024 

5 

 
Fig. 3. ZnO rods growth mechanism on the different PSi pore depths: (a) Sample 1 (55μm); (b) Sample 2 

(180μm); (c) Sample 3 (200 μm) 

The effect of pore diameter and pitch can be 

determined by comparing ZnO rods grown in 

samples 3 and 4 with the same pore depth (200 

μm). The diameter of ZnO rods in sample 3 

(1379.86 nm) is larger than in sample 4 (793.17 

nm). Meanwhile, the density of ZnO rods in 

sample 3 (0.30 rods/μm2) is smaller than in 

sample 4 (0.58 rods/μm2). PSi with the same pore 

depth but a larger pore diameter will make ZnO 

particles enter and stick to the pore wall easily. 

The larger pore diameter of sample 4 makes the 

pore surface area of sample 4 larger than that of 

sample 3. This condition will form more ZnO 

nuclei in sample 4 because there is enough space 

between the nuclei so that the nuclei are not close 

to each other, and the possibility of the ZnO nuclei 

merging is slight. A large number of nuclei 

formed leads to denser ZnO rods and smaller 

diameters, as seen in Table 1. PSi pore depth, 

diameter, and pitch in sample 5 are larger than in 

sample 4. Corresponding to the theory above, the 

ZnO rod diameter in sample 5 is larger than in 

sample 4. 

Meanwhile, the density of sample 5 is larger than 

the density of sample 4. Sample 5 has a broader 

pore diameter which can provide much potential 

for ZnO rods to grow compared to sample 4. This 

result proves that ZnO rods only grow on PSi 

pores, not on the pitch.  

XRD defined the crystalline structure of 

synthesized ZnO rods. Figure 4 shows the XRD 

pattern of ZnO rods grown on PSi substrates. 

Match! software identified the XRD spectrum 

using reference numbers 96-210-7060 for ZnO, 

96-901-1057 for Si, and 96-412-4042 for SiO2. 

The peaks indicating the hexagonal wurtzite ZnO 

rods phase appear at 2θ values of 31.88°, 34.58°, 

36.39°, 47.74°, and 63.15° included in the 

reflection of (100), (002), (101), (012), (013). The 

crystal orientation ZnO of (130) did not appear in 

samples 2 and 3. The peaks of 2θ for Si cubic are 

33.07° and 69.38° which have a crystal 

orientation of (211) and (422), and 2θ for SiO2 

monoclinic are 21.40°, 23.37°, 28.08°, 33.75°, 

54.95°, 56,60°, 62.10° which have a crystal 

orientation of (001), (240), (060), (170), (391), 

(262), (800). The crystal orientation SiO2 of 

(170), (391), and (800) did not appear, and (060) 

only appeared in sample 5. The SiO2 layer forms 

when the Si surface reacts with oxygen molecules 

in the ZnO during synthesis [17]. 

For all samples, (100), (002), and (101) peaks of 

ZnO show the highest intensity. The better 

crystallite growth of the ZnO rod structure on PSi 

will have the narrower full half maximum 

(FWHM). The crystallite size (D) of the ZnO rod 

structure can be determined by using the Scherrer 

formula, as shown in equation (1). 

𝐷 =
𝐾𝜆

𝛽 cos𝜃
                            (1) 

Where k is a constant value of 0.94, λ is X-ray 

wavelength (1.5424 Å), β is FWHM, and θ is 

Bragg diffraction angle [15]. The crystallite size 

D of ZnO rods grown on PSi can be calculated 

using Equation (1) in Table 2. The largest 

crystallite size belongs to sample 5, and the 

smallest belongs to sample 3. 

The tendency of crystal orientation to the 

crystallite size in each sample can be identified in 

Figure 5. Figure 5 (a-c) shows the crystallite size 

on orientation planes of (100), (002), and (101). 

Samples 1, 2, and 5 tend to the orientation plane 

of (002). Samples 3 and 4 tend to the orientation 

plane of (100). Figure 5 (d) shows all samples' 

average crystallite sizes (𝐷̅ ). Sample 5 has the 

largest crystallite size, followed by samples 4, 2, 

1, and 3. Figure 6 shows the UV-Vis reflection 

spectra of the ZnO rod grown on the different 

pores of PSi. At wavelengths of 200 nm to 400 

nm, samples have reflectance above 40%. 
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Fig. 4. XRD spectrum of the ZnO rods grown on PSi 

Table 2. The crystallite size of ZnO rods grown on PSi 

Crystal 

Orientation 

Crystallite Size (D)  

Sample 1 

(P15S155) 

Sample 2 

(P15S1180) 

Sample 3 

(P15S1200) 

Sample 4 

(P42S25200) 

Sample 5 

(P12S6220) 
𝐷̅ [nm] 

(100) 38.99 ± 2.04 38.36 ± 2.47 37.83 ± 1.13 41.82 ± 1.03 40.11 ± 1.55 39.42 ± 1.65 

(002) 39.58 ± 0.75 38.48 ± 5.44 31.56 ± 2.63 41.49 ± 1.48 46.78 ± 2.41 39.58 ± 2.54 

(101) 35.98 ± 1.55 38.09 ± 6.90 36.44 ± 2.81 34.42 ± 1.32 39.41 ± 0.99 36.87 ± 2.72 

𝐷̅ Sample [nm] 38.18 ± 1.45 38.31 ± 4.94 35.28 ± 2.19 39.24 ± 1.27 42.10 ± 1.65  

While at the wavelength of 400 nm to 1100 nm , 

samples have reflectance below 40%. The 

reflectance of all 5 samples is influenced by the 

amount of ZnO rods grown on PSi substrates and 

the PSi pore pitch. If the density of ZnO rods is 

larger, more light will be absorbed so that less 

light will be reflected [9]. Sample 2 has the lowest 

reflectance with the largest density of all samples, 

0.90 rod/μm2. It is followed by samples with the 

same diameter and pitch, namely samples 3 and 

1, with densities of 0.30 rod/μm2 and 0.22 

rod/μm2, respectively. However, this does not 

match the results in samples 3 and 4, which have 

the same pore depth. The density of sample 4, 

0.58 rod/μm2, is greater than the density of sample 

3, 0.30 rod/μm2, but the reflectance of sample 4 is 

greater than the reflectance of sample 3.  

This result is because the pitch of sample 4 is greater 

than sample 3, so the incoming light will hit and be 

reflected. So, from these results, it can be concluded 

that pitch size also affects sample reflectance in 

addition to the density of ZnO rods. The reflectance 

of sample 4 is greater than sample 5 because there 

are fewer ZnO rods grown in sample 4 compared  

to sample 5. UV-Vis Diffuse Reflectance 

Spectroscopy (DRS) can also be used to determine 

bandgap energy (Eg) values (Figure 7) using the 

Kubelka-Munk equation as shown in equation (2). 
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Fig. 5. Crystallite size (D) graph by orientation plane (a) (100), (b) (002), (c) (101), and (d) Average crystallite 

size (𝐷 ) graph 

 
Fig. 6. UV-Vis reflection spectra of the ZnO rods 

grown on PSi 

𝐹(𝑅) =
𝑘

𝑠
=

(1−𝑅)2

2𝑅
                      (2) 

Where k is absorption K-M, s is the scattering 

coefficient, and R is the reflectance value [21]. Eg 

values are presented in Table 3. Sample 2 has the 

largest Eg value, followed by samples 4, 5, 3, and 

1. The band gap energy of ZnO rods can depend 

on the length and diameter of the rods [4]. The 

varying Eg value is related to the quantum 

confinement effect due to the reduced size of the 

ZnO rods [14, 22]. Based on the results obtained, 

it can be seen that the Eg value will increase with 

the decrease in ZnO rod diameter size.  

 
Fig. 7. Kubelka-Munk graph for bandgap energy (Eg) 

calculation of the ZnO rods grown on PSi 

Table 3. Bandgap energy (Eg) value and diameter size of ZnO rods grown on PSi 

 
Sample 1 

(P15S155) 

Sample 2 

(P15S1180) 

Sample 3 

(P15S1200) 

Sample 4 

(P42S25200) 

Sample 5 

(P12S6220) 

Eg [eV] 3.06 ± 0.01 3.75 ± 0.01 3.10 ± 0.01 3.27 ± 0.01 3.18 ± 0.01 

Diameter [nm] 1610.68 ± 24.68 747.66 ± 2.87 1379.86 ± 6.61 793.17 ± 6.04 989.34 ± 15.50 

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.3

43
1 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 s
sm

.iu
st

.a
c.

ir
 o

n 
20

25
-1

0-
17

 ]
 

                             7 / 10

http://dx.doi.org/10.22068/ijmse.3431
https://ssm.iust.ac.ir/ijmse/article-1-3431-en.html


R. Suryana et al. 

8 

 
Fig. 8. FTIR spectrum of ZnO rods grown on PSi 

Fourier Transform Infrared (FTIR) spectroscopy 

determines the chemical bonds formed during the 

synthesis process of ZnO rod growth on PSi. 

FTIR spectrum of ZnO rod growth on the PSi 

substrates is shown in Figure 8. FTIR spectra of 

the sample observed at 1010.83 cm-1 for sample 1 

and 649.79 cm-1 for samples 2, 3, 4, and 5 are 

assigned to ZnO stretching vibration [23, 24]. For 

all samples, FTIR spectra observed at 3739.81 

cm-1, 2309.42 cm-1, 2106.90 cm-1, 1533.59 cm-1, 

and 1646.51 cm-1 are assigned to stretching 

vibration of O-H, the absorption peak of CO2, 

stretching vibration of Si-Hx, stretching vibration 

of C=O, and stretching vibration of C=C [25-28]. 

For sample 1, FTIR spectra of stretching C-H 

were observed at 2850.04 cm-1 and 2914.50 cm-1, 

and stretching C-O at 1453.03 cm-1 [29, 30]. 

Stretching vibration of Si-O-Si was observed at 

888.41 cm-1 and 1240.58 cm-1 for samples 4 and 

5 [31, 32]. 

Sample 2, ZnO rods grown on P15S1180, is 

expected to have more appropriate properties 

among all five samples. Sample 2 has the highest 

bandgap energy (3.75 eV), which is expected to 

increase the efficiency of DSSC [9]. ZnO flower-

like can work as good photoanodes due to their 

internal light-scattering ability, which has 

increased the electron transport rate [7]. The ZnO 

flower-like morphology also can provide a larger 

surface area in contact with the active layer and 

promote higher light absorption [9]. Sample 2 has 

the smallest diameter and the largest density of 

ZnO. This will lead to a larger surface area due to 

the flower-like structure having space in each rod 

compared to vertically ZnO, such as sample 1. A 

large surface area can improve dye adherence on 

the surface and electrolyte loading in the 

structure. This structure can improve the layer's 

light scattering effect and light absorption [19]. 

4. CONCLUSIONS 

ZnO rods were successfully grown on PSi using 

the hydrothermal method at a temperature of 

90°C for 6 h. SEM images show that the different 

PSi pores influence the structure, diameter, and 

density of ZnO rods grown. The different pore 

depths will affect the structure and diameter of 

ZnO rods. ZnO rods form vertically aligned, 

intersected each other, and flower-like structures. 

A smaller pore depth will make more nuclei form, 

and the more nuclei formed will make the 

diameter of ZnO rods smaller. This condition can 

occur in samples 2 and 3. However, at too small 

pore depths, such as sample 1, ZnO nuclei close 

to each other in the same pore will merge because 

the surface area is limited compared to samples 2 

and 3. The different pore diameters and pitches 

will affect the density of ZnO rods. The wider 

diameter of the pore will provide much potential 

for ZnO rods to grow. This research also proves 

that ZnO rods only grow on PSi pores, not on  

the pitch. XRD results confirm the presence of  

ZnO hexagonal wurtzite, Si cubic, and SiO2 

monoclinic for all samples. UV-Vis spectrometry 

shows that ZnO rod density and PSi pore size 

influence the sample's reflectance. The band gap 

energy varies from 3.06-3.75 eV. The larger 

density of ZnO rods and the smaller pitch of the 

PSi pore will lead to lower reflectance and the 

larger pore pitch. FTIR confirms that ZnO 

successfully grows on all PSi substrates through a 

ZnO vibration bond. This research is expected to 

be useful for DSSC photoanode material 

development in future research. 
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