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Tin oxide (SnOz2) and zinc oxide (ZnO) coupled metal-oxide nanocomposites or SnO2-ZnO were prepared using a
sol-gel method. The stretching mode frequencies and crystal structures were examined by using Fourier trans-
form infrared spectroscopy (FTIR) and X-ray diffraction (XRD), respectively. The microscopic analyses by
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) showed a flower-like
morphology of the nanocomposites. The analysis of surface chemical and electronic states was conducted by
X-ray photoelectron spectroscopy (XPS). The band gap energies as confirmed from the ultraviolet-visible spec-

troscopy (UV-Vis) data were found to be larger than those of the bulk band gaps due to the increase between
energy levels associated with smaller particle sizes. The UV (380 nm) and orange (595) photoluminescence (PL)
emissions observed from the SnO2:ZnO nanocomposites were attributed to a combinatorial contribution from
radiative transitions in SnO; and ZnO components. The proposed mechanisms of these emissions are discussed.

1. Introduction

Coupling two or more materials in nanoscale to form nano-
composites with properties different from those of the individual com-
ponents that make up the nanocomposites has been a subject of interest
for most researchers worldwide [1,2]. Nanocomposites can be chemi-
cally and physically manipulated for specific applications since they
have been reported to have superior optical, magnetic, chemical, and
mechanical properties in comparison with their single components [3].
The coupled semiconductor metal oxides are nanomaterials [4] that are
being produced and investigated lately. Metal oxide-based nano-
composites have been reported to have better properties such as
enhanced surface area and conductivity and reduced electron-hole
recombination rate [5-7], among others. These semiconductor nano-
composites are useful for application in lighting, catalysis, solar energy
conversion, gas sensing, biomedical, and pigments [4,8].

Coupling tin oxide (SnO3) with zinc oxide (ZnO) results in a typical
case of semiconducting nanocomposite that is capable of overcoming
some of the limitations of single SnO; and ZnO components [9].

SnO2-ZnO composite has been found to achieve efficient charge sepa-
ration and improved photoluminescence (PL) properties [10] better
than those of the individual components. ZnO is a well-known n-type
semiconductor with a direct bulk band gap energy of ~3.37 eV and a
large exciton binding energy of about 60 meV [11], which is suitable for
excitonic recombination for use in UV excitonic lasers, tunable photo-
detectors, and charge carriers in photovoltaic cells. It is chemically
stable, has a broad range of radiation absorption and high electro-
chemical coupling coefficient [12]. Musa et al. [13] investigated the PL
properties of ZnO nanorods with controlled lengths and diameters. Their
PL results showed strong ultra-violet (UV) emission at ~395 nm (when
the nanorod’s length was reduced) and a visible emission at ~580 nm,
which they attributed to excitonic recombination and oxygen vacancies
in the bandgap, respectively. SnO; is also an n-type semiconductor with
a bulk energy band gap of ~3.8 eV [14,15], with good electrical and
optical properties [9]. The PL studies of nanocrystalline SnO, powder for
optoelectrical devices by Nehru et al. [16] showed PL emission band
with a maximum at ~620 nm, which they also attributed to oxygen
defects within the band gap. Coupling SnO5 with another smaller band
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Fig. 1. XRD patterns of SnO>-ZnO nanocomposites.

gap semiconducting material has been reported to enhance its lumi-
nescing properties allowing the charge separation by accumulating
electrons and holes in separate particles [17]. Furthermore, SnO is an
attractive candidate for application in optoelectrical devices, catalysis,
lithium-ion batteries, and solid-state lighting [18].

In this study, we investigated the crystal structure, particle
morphology, electronic and elemental composition, optical and lumi-
nescent properties of the SnO,-ZnO nanocomposites with distinct molar
ratios of SnO, to ZnO.

Several methods such as hydrothermal, co-precipitation, combustion
route, calcination process, sol-gel, solvothermal, etc. Have been used to
synthesize metal-oxides in powder form [18]. The sol-gel method has
advantages such a cost-effectiveness, green energy-saving and it uses
smaller amounts of precursor materials. Notwithstanding the fact that
Sn0O,-ZnO nanocomposites have been reported, in our study we
demonstrated how to engineer the band gap by varying the ratio of Zn:
Sn, and the utility of the PL spectroscopy data in locating the positions of
intrinsic defects within the band gap. The effects of varying the ratios of
SnO; to ZnO on the fundamental properties of the SnO,-ZnO nano-
composites are reported. The composites exhibited UV (~380 nm) and
orange emission (~595 nm) associated, respectively, with excitonic
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recombination in the ZnO bandgap and intraband defect states in SnO»
and ZnO. The objective of the study was to investigate the effect of
Sn-Zn coupling with different molar ratios on photoemission of the
Sn0,:Zn0 nanocomposites. Possible mechanisms of radiative emissions
associated with the nanocomposites are discussed. The nanocomposites
were evaluated for use in different types of light emitting devices.

2. Experimental
2.1. Materials

Tin (IV) chloride pentahydrate (SnCl4-5H20), ammonium hydroxide
solution (NH4OH), sodium hydroxide pellets (NaOH), ethanol
(CH3CH20H) and zinc acetate dihydrate (Zn(CH3COO),-2H,0) were
used as starting materials. These were all analytical grades from Sigma-
Aldrich Pty. Ltd. with no refinement.

2.2. Preparation of SnO,

4 g of SnCly4-5H50 was dissolved in a solution of CH3CH20H (60 ml)
and distilled water (20 ml), followed by vigorous continuously stirring
for 30 min until a clear solution was formed. NH4OH (20 ml) was added
dropwise to the solution and a white precipitate was formed. The solu-
tion was stirred and allowed to age for 24 h. After the aging process, the
precipitate was washed then dried overnight in an oven maintained at
200 °C.

2.3. Preparation of ZnO

2 g of Zn(CH3C0O0),-2H,0 was dispersed in distilled water (40 ml)
and stirred for 40 min. NaOH pellets (2 g) were dissolved in distilled
water, in a separate beaker. The NaOH solution (60 ml) was added
dropwise to the zinc acetate solution and aged for 24 h. The ZnO

Table 1
Average crystallite sizes and lattice strains of SnO», ZnO and SnO>-ZnO.
Material D (nm) (£1)
Scherrer’s D (nm) (£1) R
Williamson-Hall
SnO, 3 3 0.00160
Zn0 16 21 0.00291
1:1 SnO,-ZnO 10 16 0.000954
1:1.5 SnO>,-ZnO 13 23 0.00100
1:2 Sn0,-ZnO 17 23 0.000694
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Fig. 2. XRD peaks of SnO»,-ZnO at 35.8° (a) and 26° (b).
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Fig. 3. Williamson-Hall plots of SnO, (a) and ZnO (b).
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Fig. 4. SnO3, ZnO and SnO,-ZnO FTIR spectra.

precipitate was dried overnight in an oven maintained at 60 °C and was
subsequently ground using pestle and mortar resulting in a fine powder.

2.4. Preparation of SnO2-ZnO nanocomposites

0.25 g of the precipitated SnO, was dissolved in distilled water (10
ml) and mixed thoroughly by ultrasonication. The dispersion of zinc
acetate solution prepared with Zn(CH3COO)-2H50 (2 g), NaOH pellets
(2 g) and distilled water (50 ml) was added dropwise to the SnO; so-
lution while stirring vigorously. The mixed solution was aged for 24 h,
then washed, dried and ground using pestle and mortar.

2.5. Characterization

The crystal structure was analyzed using Bruker D8 Advance X-ray
diffraction (XRD). The XRD system was operated with a Cu Ka radiation
(A = 1.5406 .7\). The Scherrer’s equation was used to calculate the
crystallite sizes (D):

D=K1/p cos 0 (@]

where K is the Scherrer’s constant that depends on the shape of the
crystallite (0.9 for spherical crystallites), 1 is the X-ray wavelength
(1.5406 A), 0 is the Bragg’s angle and f is the full width at half maximum
(FWHM). Since the Scherrer equation only accounts for broadening due
to sizes of the crystallites, Williamson-Hall method was used to calculate
both the strains (¢) and crystallite sizes caused by lattice dislocation.

(2)

The chemical bonding and vibrational stretching mode frequencies
of the samples were examined using Fourier transform infrared spec-
troscopy (FTIR) (Thermo Scientific Nicolet 6700). JEOL JSM-7800 F
Field emission scanning electron microscope (FESEM) equipped with an
Oxford Aztec energy dispersive X-ray spectroscopy (EDS), and JEOL
JEM-ARM200F high resolution transmission electron microscope
(HRTEM) were used to study morphology, elemental composition and
the crystal structure.

Physical electronics PHI VersaProbe XPS microprobe fitted with
aluminum X-ray source was used to investigate the electronic and
chemical states of the nanocomposites. The binding energy charge was
corrected against the carbon-carbon bond at 284.7 eV. The reflectance
spectra were measured with a Lambda 950 PerkinElmer UV-visible
spectrometer (UV-Vis). The photoluminescence (PL) spectra were
recorded using the PL system consisting of the monochromator, photo-
multiplier tube detector and a 325 nm He-Cd used as excitation source.

B cos 0=KA/D + 4¢ sin 0

3. Results and discussions
3.1. Crystal structure

Fig. 1 shows the XRD spectra of SnO,, ZnO and SnO2-ZnO nano-
composites. All the detected peaks were found to be consistent with the
standard reference data files: ICDD No. 41-1445 for SnO; (tetragonal
phase — rutile structure) and ICDD No. 36-1451 for ZnO (hexagonal
phase — wurtzite structure). The XRD patterns of SnO2-ZnO exhibited
diffraction peaks associated with both SnO, and ZnO, i.e. the diffraction
peaks are consistent with those of individual components. The SnOz
peaks remain broad and less intense due to and insufficient planes of
smaller particle sizes and hence incomplete cancelling of incoherent
scattering, while the ZnO peaks remain sharp and intense associated
with bigger particles that have sufficient unit cells and hence coherent
scattering. In the case of the nanocomposite where the ratio of SnO; to
ZnO was varied, broad peaks along with sharp peaks were observed
revealing the small particles associated with SnO, (peaks marked with
“0” in the patterns of the nanocomposites) and excellent crystallinity
associated with bigger ZnO particles (peaks marked with “*” in the
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Fig. 5. High-resolution spectra of Sn 2p (a), O 1s (b), Zn 2p (c) and O 1s (d).

Fig. 6. SEM images of SnO; (a), ZnO (b), 1:1 SnO-ZnO (c), 1:1.5 Sn0>-ZnO (d) and 1:2 SnO>-ZnO (e).

patterns of the nanocomposites).

Fig. 2(a) shows the (101) and (110) diffraction peaks for different
ratios of SnOs to ZnO in the nanocomposites. The ZnO (101) peak shows
a slight shift to high values of 26 degrees with increasing concentration
of ZnO. This is due to a decrease in lattice spacing with increasing ZnO
content. Furthermore, the crystallinity of the material is improved by an

increase in the Zn concentration. There was no peak shifting in the SnO5
(110) peak as shown in Fig. 2(b), but the peak intensity decreased with
increasing Zn concentration.

The average lattice strains and crystallite sizes extracted from the
peak width analysis are shown in Table 1. The strains (¢) were deter-
mined from the slope of the linear fit of the graphs of fcos6 as a function



B.P. Mabuea et al.

B Map Sum Spectrum
o

Sn 72 02
02

TN (N ARRRN

O O O

OO

Physica B: Condensed Matter 675 (2024) 415600

. Map Sum Spectrum
Wtk o

In 814 01

0 186 01

(b)

OO OO OO |

| | Map Sum Spectrum
Wtk o
In 504 03
Sn 20 03
0 206 02

OO N IO IO IO IO O O

I Map Sum Spectrum
Wtk o
In 626 02
0 204 02
Sn 169 03

TeQiiinpenneginnt

Fig. 7. EDS spectra of SnO; (a), ZnO (b), 1:1 SnO>-ZnO (c), 1:1.5 SnO>-ZnO (d) and 1:2 SnO2>-ZnO (e).

of 4sind shown in Fig. 3.

The crystallite sizes obtained using Williamson-Hall method are
bigger than those obtained by Scherrer’s equation. This is because the
Scherrer’s equation ignore the effect of lattice strain and instrumental
broadening factors [19]. The instrumental broadening factor is usually
negligibly small.

3.2. Stretching and bending vibrations

Fig. 4 displays the FTIR spectra of SnOy, ZnO and the SnO2-ZnO
nanocomposites. The Sn-O stretching vibrations were detected at 530
and 590 cm ™}, while the stretching mode frequencies for ZnO were
detected at 500 cm™!. When comparing the single components with the

nanocomposites, they all have peaks at 1396, 1634, 2350 and 3425
em™! pointing to a successful crystallization of SnO,-ZnO nano-
composites. The 1396 cm ™! peak is ascribed to the bending vibration of
H-O-H from atmospheric moisture molecules. The bending mode at
1634 cm™! is assigned to the deformation vibration of the O-H groups
and that at 900 cm ™! is assigned to the C-H vibrations. The frequency
modes at 2350 cm ™! and 3425 cm ™! are asscribed to the C=0 groups
and O-H vibrations [20], respectively. The increase in ZnO concentra-
tion caused the Sn-O and Zn-O vibrations to shift to higher
wavenumbers.
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Fig. 8. (a) HR-TEM image, and (b) selected area electron diffraction pattern of SnO,.

Fig. 9. (a) HR-TEM image and (b) selected area electron diffraction pattern of ZnO.

Fig. 10. (a) HR-TEM image and (b) selected area electron diffraction pattern of 1:1 SnO>-ZnO.

3.3. Surface analysis

The high-resolution XPS spectra of Sn, Zn and O recorded from
SnO2-ZnO are presented in Fig. 5. The Sn 3d XPS spectrum in Fig. 5(a)
consists of two photoelectron peaks located at the binding energies of
486.5 and 494.5 eV. These peaks are ascribed to Sn 3ds,2 and Sn 3d3/2
doublets respectively. The doublets displayed photoelectron lines
attributed to the Sn*" (486.5 and 494.5 V) and Sn®" (485.1 and 493.5

eV) ionic states [21]. Fig. 5(b) show the O 1s XPS spectra of SnO2-ZnO. It
consists of three peaks located at 529.8, 530.6 and 532.3 eV. The major
peak located at 530.6 eV is due to the chemisorbed oxygen [11]. The
shoulder at 529.8 eV is assigned to the 0%~ lattice ions located in regions
with low content of oxygen in the SnO2-ZnO composite [21], while the
shoulder at 532.3 eV is attributed to the loosely bound oxygen with the
adjacent Sn** and Zn?" ions. The photoelectron lines of Zn 2p spectra
shown in Fig. 5(c) consist of two main peaks centered at 1022.6 and
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Fig. 12. Reflectance spectra of SnO,-ZnO nanocomposites.

1045.0 eV, which are assigned to 2p3,» and 2p; 2 spin-spin doublets [11,
22].

3.4. Particle morphology and elemental composition analysis

Fig. 6 shows the HR-SEM images of SnOs, ZnO and SnO2-ZnO. An
agglomeration of smaller, spherically shaped SnO, nanoparticles is
shown in Fig. 6(a). This agglomeration is ascribed to high number of
surface atoms with high surface energy of the nanoparticles. Atoms
without complete co-ordinations have vacant co-ordination sites [23].
ZnO (Fig. 6(b)) was made up of flower-like nanoparticles. The SEM does
not have the capability to differentiate between the core and shell of a

Fig. 13. Tauc plots of SnO; (a), ZnO (b), 1:1 Sn0>-ZnO (c), 1:1.5 SnO>-ZnO (d)
and 1:2 Sn0O,-ZnO (e) for estimation of band gap energies.

material since the primary electrons only scan across the surface. By
comparing the images of all the nanocomposites with distinct molar
ratios of SnO3 to ZnO (Fig. 6(c-e), it is clear from Fig. 6(c) that the ZnO
nanoparticles indeed covered the core especially in the 1:1 SnO, to ZnO
ratio.

The elemental composition is shown in the EDS spectra of Fig. 7.
Atomic weight percentage of Sn (72.7 %) and O (27.3 %) in Fig. 7(a)
confirms that SnO; consists of tin and oxygen elements without any
secondary peaks, indicating that the nano-powder was free from impu-
rities. EDS analysis of ZnO (Fig. 7(b)) exhibited peaks of Zn, O and C
(from the carbon conductive mounting tape). The high counts per sec-
ond from the Zn peaks suggest that Zn was distributed evenly on the
surface. The atomic weight percentage of Zn is 81.4 % (Zn) and that of O
is 18.6 % (O), which is close to the stoichiometric Zn element (80.34 %)
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[24]. The EDS elemental composition of the composites, Fig. 7(c—e), also
confirmed all the elements present in our samples.

The HR-TEM images in Fig. 8 show morphology and the selected area
electron diffraction pattern (SAED) of SnO3, ZnO and SnO,-ZnO. Fig. 8
(a) shows spherical morphology of SnO; with conspicuous lattice
fringes. Consistent with the HRSEM data, the high surface area of the
nanoparticles results in particle agglomeration. The SAED pattern in
Fig. 8(b) shows a continuous ring of a large number of nanoparticles that
precisely match the X-ray diffraction peaks in Fig. 1.

Fig. 9 shows that ZnO powder was composed of chunk of irregularly
shaped particles that were agglomerated together. The SAED image
shows a ring pattern made up of bright spots. This pattern is due to the
diffraction from a single crystal pointing to the formation of ordered
crystalline materials. Furthermore, the SAED pattern determines the
growth orientation of the ZnO nanoparticles. These patterns are
consistent with the X-ray diffraction data, confirming a successful
crystallization of ZnO nanoparticles.

The SnO,-ZnO nanocomposite (Fig. 10) are made up of flower-like
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nanoparticles, consistent with the HRSEM result in Fig. 6. It has been
confirmed from the XRD data that the SnO5, particles are smaller than the
ZnO particles; this is also observed in the SAED pattern which shows
electron diffraction spots from both SnO; and ZnO. The dark area is the
core, and the relative bright area is the shell. The darker area indicates
that the core absorbed or scattered electrons, while the brighter areas
indicates that the shell transmitted electrons.

Fig. 11 shows the proposed formation of ZnO coated SnO; synthe-
sized by the sol-gel method that includes three main reactions, namely
hydrolysis, condensation, and nucleation and growth. Zinc acetate
dihydrate and sodium hydroxide underwent hydrolysis, i.e., they readily
reacted with the surrounding water molecules. Condensation took place
and a precipitate was formed, as shown by smaller spherical molecules
on the SnO,. These smaller molecules started to arrange themselves and
grew slowly due to the energy acquired during continuous stirring.
During the aging process, condensation continued to complete the for-
mation of the gel. The spherical molecules started to change their form
to flower-like structures as confirmed by the HRSEM and HRTEM
images.

3.5. Optical properties analysis

The reflectance spectra of SnO5, ZnO and SnO2-ZnO nanocomposites
with distinct ratios of SnO; to ZnO are shown in Fig. 12. SnO,, ZnO,
1:1.5 SnO2-ZnO and 1:2 SnO2-ZnO show high reflectance at 80 and 90
%; while 1:1 SnO2>-ZnO shows relatively low reflectance around 60 %.
SnO; is absorbing in the UV region at around ~275 nm [12]. ZnO ab-
sorbs at the same regions as the nanocomposites at ~375 nm. Minor
peaks in the visible region appearing in all the spectra at 480-500 nm
are attributed to instrumental artifacts.

The optical band gaps were estimated from the absorption edges
using the Tauc plots presented in Fig. 13. The Tauc relationship used to
estimate the band gap energies is given by:

a(hv) = A(hv-E,)" (3

where A is a proportionality constant, hv is the energy of the incident
photon, Eg is the band gap, a is the frequency-dependent absorption
coefficient and n is equal to 0.5 since the optical transition of SnO5 and
ZnO is a direct band gap.

Extrapolating the sharply rising portions of the curves to the
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horizontal axis gave the values of the band gap energies. The band gap
energies of SnO5 (3.80 eV) and ZnO (3.40 eV) are larger than their actual
bulk band gaps of 3.6 eV (SnO3) and 3.37 eV (ZnO). This increase is
attributed to quantum confinement effect [25]. The XRD data confirmed
that the bandgap increases with decreasing particle sizes. The band gap
values of the composite with different ratios of SnO; to ZnO were found
to be 3.27 (1:1), 3.30 (1:1.5) and 3.32 eV (1:2). The band gap energies
increased with increasing Sn:Zn molar ratio. These values are just about
that of literature value (3.37 €V) of ZnO.

3.6. Photoluminescence analysis

Fig. 14(a) shows green photoluminescence (PL) broad emission
spectrum of the SnO core with a maximum at 562 nm (Aexcitation = 325
nm). This emission is associated with radiative electronic transitions
between defect levels within the bandgap. Oxygen vacancies are major
defects that act as donor levels for these radiative transitions. This peak
was deconvoluted into five peaks, located at 457, 517, 557, 625 and 674
nm using Gaussian deconvolution process. These emission bands are
attributed to radiative transition from oxygen vacancies to photoexcited
holes in the valence band [13].

The PL emission spectrum of ZnO is shown in Fig. 14(b). The spec-
trum has two well-known emission bands; one is the UV emission at 380
nm associated with free excitonic recombination [26] and another in the
visible emission region at 585 nm (Aexcitation = 325 nm) which is asso-
ciated with intraband defect states recombination. Also, there is a hump
at 750 nm which is not an emission band but an instrumental artefact.
The visible yellow emission with a maximum at 585 nm was deconvo-
luted into two Gaussian peaks located at 572 nm (yellow emission) and
675 nm (red emission). These emissions are attributed to interband
radiative transitions where the orange emission is associated with oxy-
gen vacancies (V,) and the yellow emission with zinc interstitials (Zn;)
[27].

The deconvoluted PL spectra of the SnO,-ZnO nanocomposites are
presented in Fig. 15(a—c). The original (undeconvoluted) spectra consist
of the near UV band emission (380 nm) and defects related visible
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emission band (595 nm). The visible emission band was resolved into
overlapping peaks which are due to a contribution from both SnO5 and
ZnO, while the UV emission is assigned to recombination due to excitons
in the bandgap of the ZnO nanoparticles. The PL intensity is associated
to the concentration of radiative transitions in the sample. Increasing the
Sn:Zn ratio influenced the photoluminescence peak intensity of both the
UV and visible emissions. The PL emission for 1:1 and 1:1.5 SnO»-ZnO is
less intense than that of 1:2 SnO5—ZnO.

The defects that formed different energy levels within the band gap
were used to propose the mechanism of PL emission. Fig. 16(a—c)
illustrate the PL emission mechanisms of SnO,, ZnO and SnO>-ZnO,
respectively. The most common defects in SnO; (Fig. 16(a)) are oxygen
vacancies (V,). V, state has the energy close to the conduction band.
This energy state is most likely linked to shared electrons with the
neighboring Sn**. V;; denotes the V, state combined with a hole. When
the bandgap of SnO; is smaller than the excitation photon energy, the
electron can be excited to the conduction band such that the V, state
attracts a hole from the valence band and hence formed the V; state
[28]. The mechanism of a typical process of the PL emission of ZnO
includes electronic transitions from the conduction band to defect levels
within the band gap that act as energy acceptors and donors, to the
valence band. The recombination of trapped and de-trapped electrons
with trapped holes give rise to light emissions. The emission comes from
the electronic transitions from shallow donor levels (e.g. zinc (Zn;)) to
shallow acceptor levels, and also from vacancies (e.g. oxygen vacancies
(V,) to the valence band) [29].

Fig. 17 shows the International Commission on Illumination (CIE)
diagram for distinct molar ratios of SnOy to ZnO in the SnO2-ZnO
nanocomposites. The chromaticity coordinates at (0.450,0.462),
(0.457,0.465) and (0.454,0.467) show orange photoluminescence for
1:1, 1:1.5 and 1:2 SnO; to ZnO molar ratios, respectively. This orange
photoluminescence has many uses in applications such as gas discharge
fluorescent lamps, light emitting diodes, fluorescent labels, and dyes.

4. Summary and conclusion

ZnO was successfully coated on SnO; nanoparticles by a sol-gel
synthesis to form nanocomposite structures. The effect of the ratio of
Sn to Zn on the crystalline phase, phase formation, surface defects and
optical absorption were investigated. The band gap was engineered by
varying the ratio of Zn to Sn, which resulted in the shifting of PL
emission peak positions and minor changes in the peak intensities. The
photoluminescence spectra of the nanocomposites were like those of the
ZnO component with emission in the UV (380 nm) and visible (595 nm)
range. The nanocomposites were found to have superior PL intensities to
the intensities of the individual components (SnO, and ZnO). This was
ascribed to separation of charges of recombination of electrons and holes
from the pairing of SnO3 and ZnO. The mechanism of radiative transi-
tions was proposed, and the positions of intrinsic defects both in the
nanocomposites and individual components were predicted from the PL
data.
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