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Abstract: In this study, V2O5, 5ZnO/10V2O5, and ZnO, 10ZnO/
10V2O5 nanocomposites were synthesized by the sol–gel
method. The sol–gel technique is an important process
for the fabrication of advanced oxide materials with
desirable catalytic, optical, and structural properties. The
varieties and flexibilities of sol–gel techniques help in pre-
paring materials with extremely specific properties. For
the presented samples, three types of phases were assessed.
The average crystalline size of V2O5, 5ZnO/10V2O5 and ZnO,
10ZnO/10V2O5 nanocomposites were found to be 25, 26, 14.5,
and 15.5 nm, respectively. SEM images showed three dif-
ferent shapes of semi-tube, semi-spherical, and semi-flower.
The pure samples of V2O5 and ZnO showed semi-tube
shapes. 5ZnO/10V2O5 shows a spherical shape with average
dimeter of 0.6 µm. Strong dependence of the direct optical
band gap was observed on different compositions that
varied within the range of (2.33–2.73 eV). Conversely, the
indirect values varied within the range of 2.119–2.35 eV.
On the other hand, 10ZnO/10V2O5 has semi flower shape
with different layers. Optical parameters, such as optical
band gap, extension coefficient, tails of localized states, and

refractive index, were gauged for these nanocomposites. In
addition, the mean refractive index of ZnO is lower than that
of V2O5, with differences observed between 5ZnO/10V2O5 and
10ZnO/10V2O5 nanocomposites.

Keywords:mixed oxides, ZnO, V2O5, optical band gap, non-
linear optical studies

1 Introduction

Nanocrystalline metal oxides with uniform shapes and
sizes are considered one of the main building blocks of
nanotechnology owing to their high surface area, surface
chemistry, and intrinsic optical and catalytic characteristics
[1,2]. In addition, thesemetal oxides offer advantageous elec-
tronic and optical properties by combining different proper-
ties of their constituent materials. The electronic structures,
charge transportation characteristics, and light absorption
properties are the key aspects of metal oxides that deter-
mine their prowess as photocatalysts. A photocatalyst is a
material that can absorb light and produce electron/hole
pairs (e−/h+), thus enabling chemical transformations of
reactants and regenerating its chemical composition after
each cycle of such interactions. The main features of a
photocatalytic system are wide optical band gap energy
(Eg), suitable morphology, high surface area, excellent stabi-
lity, and reusability.

Recently, photocatalysts garnered a lot of attention
from scientists because of their appealing applications
toward the advantage of humanity. Among these, vana-
dium-based oxides, especially vanadium pentoxide (V2O5),
are broadly considered due to their exceptional properties
[3]. Due to its promising and remarkable optoelectronic
properties [4], gas sensors, storage systems, laser scanners,
thermochromic coatings, solar cells, optical fiber switching
devices, batteries, IR detectors, and ultrafast switching

Samar Moustafa: Physics Department, Faculty of Science, Taibah
University, P. O. Box 30002, Medina, Saudi Arabia; Physics Department,
Faculty of Science, Assiut University, Assiut, 71516, Egypt
Atif Mossad Ali, Jawaher Shawaf, Sharah H. Al dirham, Norah
Alqhtani: Physics Department, Faculty of Science, King Khalid University,
Abha, Saudi Arabia
Salah A. Al-Ghamdi, Saloua Helali: Department of Physics, Faculty of
Science, University of Tabuk, Tabuk, Saudi Arabia
Hesham Fares: Physics Department, Faculty of Science, Taibah
University, P. O. Box 30002, Medina, Saudi Arabia



* Corresponding author: Mohamed Rashad, Department of Physics,
Faculty of Science, University of Tabuk, Tabuk, Saudi Arabia,
e-mail: m.ahmad@ut.edu.sa

Nanotechnology Reviews 2024; 13: 20240041

Open Access. © 2024 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

https://doi.org/10.1515/ntrev-2024-0041
mailto:m.ahmad@ut.edu.sa


applications [5–13] are applicable to V2O5. ZnO is an n-type
semiconductor material with a wide Eg of 3.37 eV at 300 K
and a large exciton binding energy of about 60 meV.
Research is currently being conducted to investigate its
potential use in optoelectronics, sensors, and ferroelectric
memory devices [14].

One of the unique inorganic semiconductor materials
is metal-doped zinc oxide (Ni, Co). Based on the oxygen
vacancies and wurtzite structure, it has a large exciton
binding energy of 60meV at room temperature and a
wide direct bandgap of 3.37 eV [15]. Because of its use in
optoelectronic devices, ZnO is a significant II–IV n-type
direct bandgap semiconductor material that has garnered
a lot of attention [16]. It is regarded as a multifunctional
semiconductor compound because of its good physical
properties [17]. ZnO belongs to the II–VI groups of the per-
iodic table and manifests three crystalline structures: wurt-
zite, rock salt (NaCl or Rochelle salt), and zinc blend (ZnS).
The wurtzite form is the thermodynamically stable phase
under ambient conditions. The wurtzite ZnO exhibits intri-
guing optical, electrical, and optoelectronic properties in
both thin-film and nanostructured forms [18]. The proper-
ties of ZnO mainly depend on the growth parameters, such
as temperature, concentrations of solutions, the stoichio-
metry of reagents, and pH of the synthesis method [19]. The
size, orientation, density, and morphology of ZnO crystal
mainly contribute to numerous applications. The physical
properties of ZnO are mainly affected by dopant impurities
and defects [18]. Defects play an important role in obtaining
desirable optoelectronic and electronic properties of semi-
conductor materials. ZnO can be fabricated in several
shapes, such as single crystal, pellet, fine powder, and thick
and thin films. Different experimental conditions, such as
solution concentration, temperature, and substrate pretreat-
ment, greatly influence the growth and shape of ZnO nanos-
tructure; therefore, a good understanding of the ZnO growth
condition is imperative. The applications of ZnO can be
found in electronic apparatuses [20], for eco-friendly buffer
layer for thin film solar cell applications [21], gas sensors
[17], and photocatalysis processes [22]; hence, modifications
of its properties are essential for both practical and scientific
interests.

Many nanostructured materials have been used as
lithium-ion batteries electrode materials in the last 10
years due to significant advancements in materials science
and nanotechnology. Because of its low cost, abundance,
ease of synthesis, and good safety, layered V2O5 is one of
the most appealing potential cathode materials and has
been thoroughly studied [23]. Moreover, the cathode mate-
rial, a crucial component of lithium-ion batteries, has a

direct impact on how well these batteries function. How-
ever, there is still a need to further improve the energy and
power density of electrode materials due to the growing
demand for high-power and high-energy devices. V2O5 is
thought to be the most promising metal oxide to use as a
cathode material for lithium-ion batteries [24]. The kinetic
behaviors of photogenerated carriers, which increase light
absorption and significantly boost photocatalytic activity,
are influenced by the heterostructures of V2O5. Deter-
mining the remaining optical and electrical properties of
these materials requires an understanding of their struc-
tural and topographical characteristics as well as an under-
standing of the mechanism underlying grain growth [25,26].
Therefore, in this research, we will focus on these electrical
and optical properties of ZnO–V2O5 nanocomposites. There-
fore, the main purpose of this work is to investigate the struc-
tural and optical properties of ZnO–V2O5 nanocomposites.

2 Experimental technique

2.1 Materials

The chemicals used to prepare ZnO–V2O5 nanoparticles
were distilled water, zinc acetate Zn(CH3COO)2(H2O)2, and
ammonium metavanadate (NH4VO3). Four samples (pure
ZnO, pure V2O5, 0.5% ZnO-1.0%V2O5, and 1.0%ZnO-1.0%V2O5

(molar ratio)) were prepared by the sol–gel method.

2.2 Methods

To synthesize ZnO/V2O5 nanocomposites, various routes
were proposed, such as the solvothermal process, homo-
geneous co-precipitation method [27], pulsed-laser ablation
[28], electrospinning method [24], spray pyrolysis tech-
nique [29], and the sol–gel method [30]. The sol–gel method
was used to synthesize metal oxide nanocomposite speci-
mens. The narrow particle size distribution, uniform nanos-
tructure at low temperatures, and high product purity are
the main benefits of the sol–gel process. Metal nanooxides
are frequently synthesized using this technique [31]. High-
purity metal salt powders were used to prepare ZnO–V2O5

nanocomposite specimens. In the experiment, (NH4VO3) was
added to 100mL of distilled water, and the solution was
stirred using a magnetic stir bar at 55°C for 30 min
(CH3.COO)2Zn·2H2O) was added to the above solution. The
stirring of the solution was continued for additional 2 h. The
obtained mixture was stirred at room temperature for 24 h

2  Samar Moustafa et al.



utilizing a magnetic stirring hotplate to produce a homoge-
nous solution. Scheme 1 shows the steps of the used che-
mical method.

Upon the completion of the stirring, the mixture was
dried at 120°C for 24 h. The solution was then gradually
dried until it became an amorphous solid or a gel. The as-
prepared samples were annealed at 500°C for 3 h. The gel was
annealed at high temperatures to crystallize the amorphous
solid and to remove the residual carbon and organic chemi-
cals. The properties of ZnO/V2O5 were measured to achieve
the desired doping concentration.

2.3 Characterizations

Using X-ray Diffraction (XRD) of Cu-Kα radiation of 1.5406 Å,
the structural investigation of ZnO–V2O5 nanocomposites
was done. Moreover, the optical properties were assessed
using an Ultraviolet-Visible (UV-vis) spectroscopy. SEM
(JEOL Type T200) was used to examine the morphology
of samples at 15 kV. Using ImageJ software, a few hundred
of the particles were measured in order to estimate the
particle size distribution. Reflectance (R) was in the range
of wavelength 190–1,000 nm, gauged using a Shimadzu
UV-2101 spectrophotometer.

3 Results and discussion

3.1 Structural investigations

XRD spectra were analyzed for the crystal structures.
Figure 1 shows the XRD charts of V2O5, 5ZnO/10V2O5 and
ZnO, 10ZnO/10V2O5 nanocomposites. Three types of phases
are detected and illustrated in Figure 1. The first phase type

indexed well to orthorhombic-structured V2O5 (JCPDS card
no: 41-1426). The main reflection peaks at 2θ values, 15.6°,
20.3°, 21.7°, 26.3°, 31.17°, 32.4°, 34.47°, 41.39°, 45.6° and 47.5°,
were attributed to the (200), (001), (101), (110), (400), (011),
(310), (002), (411) and (600) crystal planes, respectively, of
the V2O5. On the other hand, the second phase found was a
hexagonal ZnO structure (JCPDS card no: 36-1451).

The peaks at 2θ were 31.86°, 34.5°, 36.27°, 47.59, 56.7,
63.0, 66.46, 58.1, 69.2, 72.5 and 77.1 which were attributed,
respectively, to the (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004) and (202) of ZnO nanoparticles.
These peaks positions error is ±0.2. The most important
phase was ZnV2O6. The obtained ZnV2O6 nanostructures
exhibited promising hydrogen absorption.

The average crystallite size (D) using Scherrer’s equa-
tion, dislocation density (δ), and microstrain (ε) for the
V2O5, 5ZnO/10V2O5 and ZnO, 10ZnO/10V2O5 nanocomposites

has been calculated as [32–34]:
( )

=D
Kλ

β θcos
and =δ

D

1

2
,

where the constant K is a function of the crystallite shape
which is generally taken as being about unity, and β is the
full width at half of the maximum intensity of the dif-
fracted peaks. The average calculated values of D for the
V2O5, 5ZnO/10V2O5 and ZnO, 10ZnO/10V2O5 nanocomposites
were found to be 25, 26, 14.5, and 15.5 nm, respectively.
Table 1 shows the recorded values of examined crystal
structure parameters, such as D, δ, and ε, for all samples.
The values of δ and ε exhibit opposite behaviors compared
to the value of D.

The surface morphology of the V2O5, 5ZnO/10V2O5 and
ZnO, 10ZnO/10V2O5 nanocomposites is illustrated in Figure 2
in two different magnifications. The image of the V2O5 shows
a semi tube shape with length and width of 1.12 and 0.2 µm,
respectively. On the other hand, 5ZnO/10V2O5 nanocompo-
site shows a spherical shape with average dimeter of 0.6 µm.
Regarding the ZnO nanocomposite, it shows again semi-tube

Scheme 1: The steps of the used chemical method.
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shape with length and width of 0.44 and 0.12 µm, respec-
tively. Finally, 10ZnO/10V2O5 nanocomposite shows a semi
flower shape with different layers with length and width of
1 µm. By measuring several hundred particles from the SEM
image, the particle size distribution was computed using
ImageJ software. The average size of 5ZnO/10V2O5 is found
to be smaller than that of V2O5. The nucleation process may
be responsible for the phenomenon’s potential. A faster rate
of nucleation leads to a higher concentration of nanoparti-
cles. It is interesting to note that semi-flower 10ZnO/10V2O5

has a smaller average size than ZnO. This indicates that the
presence of V2O5 particles within the nanocomposite can
inhibit particle growth, leading to a reduction in size [35].

To confirm the presence, composition, and homogeneity
of all elements in the samples, we have performed the EDX
analyses as displayed in Figure 3. Figure 3(a) indicates the
presence of V and O in pure V2O5, while Figure 3(b) shows
the presence of Zn and O in ZnO, and Figure 3(c) and (d)
shows the presence of V, Zn, and O in the final composites.

3.2 Linear optical investigations

3.2.1 Optical absorption region

The optical properties of V2O5, 5ZnO/10V2O5 and ZnO,
10ZnO/10V2O5 nanocomposites were probed by room-tem-
perature UV-Vis Diffusion Reflectance Spectra (UV-Vis
DRS). The diffusion reflectance (R%) spectra of V2O5, 5ZnO/
10V2O5, and ZnO, 10ZnO/10V2O5 nanocomposites are shown
in Figure 4. It is observed that the prepared ZnO/V2O5 gives a
strong visible absorption edge at spectra at around 410 nm.
UV-vis measurements were executed in diffusion reflec-
tancemode (R) and converted to the Kubelka-Munk function
F(R) to separate the light absorption from scattering. The
absorption coefficient α = (R) was found utilizing the Schus-
ter–Kubelka–Munk function expressed as follows [36]:

( )
( )

=
−

α R

R

R

1

2

,

2

(1)

where R represents the diffusion reflectance.
The absorption coefficient vs photon energy for V2O5,

5ZnO/10V2O5 and ZnO, 10ZnO/10V2O5 nanocomposites are
shown in Figure 5. At E ≥ 3.1 eV, the α is higher vaue, on the
constract, the minimum value of α at green area. More-
over, it was noticed that at the lower region of absorption,
α value as a function of photon energy obeyed the Urbach
relation [37].

( ) ( )=α υ α hυ Eexp / ,0 r (2)

Figure 1: XRD charts of (a) V2O5, (b) 5ZnO/10V2O5, (c) ZnO, and (d) 10ZnO/10V2O5 nanocomposites.

Table 1: Structural parameters for V2O5, 5ZnO/10V2O5, ZnO, 10ZnO/
10V2O5 nanocomposites

Nanocomposites D (nm) δ (nm−2) × 10−3

0ZnO/10V2O5 25 1.6
5ZnO/10V2O5 26 1.5
10ZnO/0V2O5 14.5 4.7
10ZnO/10V2O5 15.5 4.2
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where αo is a constant, and the Urbach tail width is repre-
sented by Er.

A relation between ln(α) and hυ for the V2O5, 5ZnO/
10V2O5 and ZnO, 10ZnO/10V2O5 nanocomposites is presented
in Figure 6. The evaluated Er for various samples is com-
puted from the slope in Figure 6 and is listed in Table 2. The
change in Er corresponding to the change in ZnO/V2O5 ratio
could be related to the change in the disorder degree which
changes the band tailing.

The extinction coefficient (kext.) for the V2O5, 5ZnO/
10V2O5 and ZnO, 10ZnO/10V2O5 nanocomposites is investi-
gated. Hence, kext. can be computed from [37]:

=k

αλ

π4

.ext.
(3)

The plots of kext vs λ of the incident electromagnetic
waves for V2O5, 5ZnO/10V2O5 and ZnO, 10ZnO/10V2O5 nano-
composites are illustrated in Figure 7. It can be seen, kext., of

the V2O5, 5ZnO/10V2O5 and ZnO, 10ZnO/10V2O5 nanocompo-
sites is steadily independent at λ for λ > 550 nm, while it
significantly increased to peak values at λ < 550 nm. Besides,
the value and peak position of kext. are affected by the
change in concentration of V2O5, 5ZnO/10V2O5 and ZnO,
10ZnO/10V2O5 nanocomposites. These peaks are attributed
to the process of particle absorption.

The direct/indirect optical band gaps, E
g

di and E
g

ind, and
absorption coefficient α are correlated through the equation [38]:

( )= −αhν B hν E ,1 g

di
1

2 (4)

where α represents linear absorption coefficient, hν is the
photon energy, and B1 is the proportionality constant.

Using equation (1), we can compute the following
expression [39]:

( )= −αhν B hν E .2 g

ind 2 (5)
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Figure 2: SEM images of (a) V2O5, (b) 5ZnO/10V2O5, (c) ZnO, and (d) 10ZnO/10V2O5 nanocomposites. Insert Figure: another magnifications of the
images, nanocomposites size distribution determined with ImageJ software.
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Figure 3: EDX of (a) V2O5, (b) 5ZnO/10V2O5, (c) ZnO, and (d) 10ZnO/10V2O5 nanocomposites (Au peak comes from sputtering system).
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Figures 8 and 9 show ( )αhν
2 and ( )αhν

1/2 against hν,
respectively. The values of E

g

di and E
g

ind were calculated.
These calculated values of both direct and indirect optical
band gaps are tabulated in Table 2, which shows an oppo-
site behavior to the value of Er. The direct and indirect
optical band gap of ZnO are 3.2 and 3.16 eV, respectively.
These values are comparable with the reported values of
ZnO (∼3.1, 3.2, and 3.3 eV) [40], 3.63 eV [41], (3.17–3.24) eV
[42]. On the other hand, direct and indirect optical band
gap of V2O5 are 2.33 and 2.19 eV. The vanadium ions in
the metallic phase (corundum) occupy two-thirds of the
octahedral sites formed by oxygen anions [43]. These
values of optical band gaps are compatible with pervious

reported values of 2.3 eV [44], 2.363 eV, and [45] 2.23 eV
[46]. According to both literature review [14] and fitting
factor (R2) The majority types of transition in this sam-
ples is direct transition.

3.2.2 Relation between the refractive index and the
energy gap

The values of static refractive index, no, can be calculated
from the E

g

dir values. Few empirical equations showed the

relation between n and E
g

dir that have been proposed by
several models, but, there are some main models for cal-
culating the refractive index using the optical band gap

Figure 4: Reflectance charts of (a) V2O5, (b) 5ZnO/10V2O5, (c) ZnO, and (d)
10ZnO/10V2O5 nanocomposites.

Figure 5: Absorption coefficient vs photon energy of (a) V2O5, (b) 5ZnO/
10V2O5, (c) ZnO, and (d) 10ZnO/10V2O5 nanocomposites.
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Figure 6: ln(α) vs photon energy of (a) V2O5, (b) 5ZnO/10V2O5, (c) ZnO,
and (d) 10ZnO/10V2O5 nanocomposites.
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Figure 7: Extinction coefficient vs photon energy of (a) V2O5, (b) 5ZnO/
10V2O5, (c) ZnO, and (d) 10ZnO/10V2O5 nanocomposites.
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which called Moss, Ravindra, Reddy and Kumar and Singh
models [47–54]. These values for V2O5, 5ZnO/10V2O5 and
ZnO, 10ZnO/10V2O5 nanocomposites are listed in Table 3
using the different above models.

Moss Model corrected by Ravindra [50]

=n

E

108

,Rs

g

d
4 (6)

Ravindra and Guptau Model [50]

( )= −n E4.084 0.62 ,R g (7)

Reddy and Anjanyuku Model [50,51]

( )= −n E3.59182 ln ,RA g (8)

Kumar and Singh Model [48,53]

= −
n E3.3668 .KS g

0.32234 (9)

The Z-scan technique was used for obtaining the value
of the nonlinear refractive index and nonlinear absorption
directly. Also, these values of the nonlinear refractive
index could be determined from the calculated linear refrac-
tive index values which were recorded from reflectance and
transmittance. Finally, it is found that the direct and indirect
optical band gap of V2O5 is smaller than that of ZnO. On the
other hand, the optical band gap of V2O5 increases for 5ZnO/
10V2O5 and 10ZnO/10V2O5 nanocomposites.

3.3 Nonlinear optical investigations

The calculated values of the refractive index can be used to
obtain other optical parameters, including the dielectric
constant (ϵo), the third-order susceptibility (χ(3)), and non-
linear refractive index (n2) from equations (10)–(12), respec-
tively [23,55–57].

2.0 2.5 3.0 3.5 4.0
0.0

4.0x104

8.0x104

1.2x105

1.6x105

2.0x105
��

h�
)2

Photon energy (eV)

 (a) 0Zn-10V
 (b) 5Zn-10V
 (c) 10Zn -0V
 (d) 10Zn-10V

Figure 8: (αhν)2 vs photon energy of (a) V2O5, (b) 5ZnO/10V2O5, (c) ZnO,
and (d) 10ZnO/10V2O5 nanocomposites.
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Figure 9: (αhν)1/2 vs photon energy of (a) V2O5, (b) 5ZnO/10V2O5, (c) ZnO,
and (d) 10ZnO/10V2O5 nanocomposites.

Table 2: Optical constants for V2O5, 5ZnO/10V2O5, ZnO, 10ZnO/10V2O5

nanocomposites

Nanocomposites Er (eV) Eg
di(eV) Eg

ind(eV)

0ZnO/10V2O5 0.32 2.33 2.19
5ZnO/10V2O5 0.35 2.46 2.20
10ZnO/0V2O5 0.47 3.20 3.16
10ZnO/10V2O5 8.33 2.73 2.35

Table 3: Refractive index obtained from the deduced value of Eg by various approaches along with its average value for V2O5, 5ZnO/10V2O5, ZnO,
10ZnO/10V2O5 nanocomposites

Nanocomposites Eg
di(eV) nRS nR nRA nKs n̅av.

0ZnO/10V2O5 2.33 2.61 2.64 2.75 2.56 2.64
5ZnO/10V2O5 2.46 2.57 2.56 2.69 2.52 2.59
10ZnO/0V2O5 3.20 2.41 2.1 2.43 2.31 2.31
10ZnO/10V2O5 2.73 2.51 2.39 2.59 2.44 2.48
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=ε n̅ ,o

2 (10)

( )
( )( ) = −χ

A

π

n

4
̅ 1 ,

3

4

2 4 (11)

( )=n

π

n

χ

12

,

o

2

3 (12)

where A = 1.7 × 10−10 esu. The numerical values of εo for
V2O5, 5ZnO/10V2O5 and ZnO, 10ZnO/10V2O5 nanocomposites
are affected by the change in the different compositions.
The values of nonlinear parameters for V2O5, 5ZnO/10V2O5

and ZnO, 10ZnO/10V2O5 nanocomposites are listed in Table 4.
Therefore, it can control the optical properties of these
nanocomposites. Moreover, the average refractive index of
ZnO is smaller than V2O5 and it has values in between for
5ZnO/10V2O5 and 10ZnO/10V2O5 nanocomposites. All these
controlled properties lead us to use these nanocomposites
in many applications such as photocatalytic, electronic appa-
ratuses, and solar cells [58,59].

4 Conclusion

ZnO/V2O5 nanocomposites have been synthesized by the
sol–gel technique. The samples are in the form of V2O5,
5ZnO/10V2O5 and ZnO, 10ZnO/10V2O5 nanocomposites. The
orthorhombic structure of V2O5 and the hexagonal struc-
ture of ZnO were confirmed by the XRD analysis. The
average crystal size of the nanocomposites of V2O5, 5ZnO/
10V2O5, and ZnO, 10ZnO/10V2O5 was determined to be 25,
26, and 14.5 nm, respectively. Semi-flower, semi-sphere,
and semi-tube are three different shapes that SEM cap-
tures. V2O5 and ZnO exhibit semi-tube forms in their
pure samples. The average diameter of 0.6 m was obtained
for 5ZnO/10V2O5 which has a sphere-like form. However,
10ZnO/10V2O5 has a semi-flower shape with several layers.
Optical diffusion reflectance spectra showed the absorp-
tion edge of ZnO/V2O5 nanocomposites in the visible region
of the spectra. The direct optical band gap showed a strong
dependence on various compositions which changed in the
range of 2.33–2.73 eV. On the other hand, the values of the

indirect changed in the range of 2.119–2.35 eV. Our investi-
gations have shown that ZnV2O6 nanostructures have the
potential to be used as an energy storage material.
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