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Abstract

The novel polyvinyl alcohol (PVA) films reinforced with varied concentrations of Mn, O3 /reduced
graphene oxide (rGO) nanoparticles (NP) are prepared via the casting technique. A hydrothermal
approach methodology is used to prepare manganese oxide reduce graphene oxide (Mn,03/rGO)
composite. The X-ray diffraction (XRD), Fourier transform infrared (FTIR), scanning electron
microscope (SEM), and optical microscope setups are used to study the impact of nanoparticles on the
structure of the PVA matrix. The surface roughness was measured and found to increase with
increasing NPs concentration in the polymer matrix. The UV-vis spectroscopy is used to investigate
the optical absorption and transmission data for the prepared films. The addition of Mn,05/rGO NP
in the polymer matrix effects on the optical parameters like the absorption coefficient, optical
bandgap, refractive index, and optical conductivity. The optical bandgap of PVA films with
Mn,05/rGO NP is lower than that of PVA pure. The refractive index and optical conductivity were
tuned with the addition of Mn,0;/rGO NP. The PVA-Mn,05/rGO films are promising material for
various opto-electronic fields.

1. Introduction

The investigation of polymer composites containing transition metals are particularly interested in opto-
electronic applications like; the sensors, communications, shielding, electronic components, photocatalyst,
batteries and solar cells [1, 2]. Polyvinyl alcohol (PVA) is considered as one of the most well-known water-
soluble polymers utilized in a variety of electronic applications. This is related to the excellent properties of easy
forming films, high optical and dielectric properties. Recently, several nanofillers (metals, metal oxides,
transition metals such as; Fe [3], Ni[4], Si[5], Al [6], SiO2 [7], ZnO [8], CuO [9], BaTiO5 [10], Fe,O3 or NiO [11],
TiO, [12], Erbium [13], CdSe [14], and carbon dots and nanotubes [15, 16]) have been inserted in the PVA
matrices for enhancement their properties. All these studies and more have been done to improve the structure
and physical properties, especially the optical and electrical properties, for use in various industrial fields.

Manganese oxide (Mn,O3) is one of transition metal oxides that is candidate for various applications like
batteries, photocatalyst, supercapacitors, and sensors [ 17-20]. Mn,0; has many advantage like; nontoxicity,
stable, cheap, and good electrochemical performance in aqueous electrolyte medium [21]. Several methods were
used to enhance the performance of the transition metal oxides including change of the particle shape, or size, or
by doping with different materials. Various systems have used rGO for enhance the structural and optical
parameters of the materials such as; CdSe-rGO [22, 23], SnO,-rGO [24], a-Fe,03/Sn0,/rGO [25], Fe,O5-rGO
& MgO-rGO [26], and NiCo,S,-rGO [27]. Vignesh et al [21], Sharma et al [28], Gnanam et al [29], and Javed et al
[30] have synthesized Mn,O; with different techniques and studied their structure and optical parameters.
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Recently, Kalaiselvi et al [31] have studied the impact of different graphene oxide concentrations on the structure
and optical properties of Mn,O3. An enhancement in the properties was observed due to the presence of the
graphene oxide in the matrix.

The investigations of PVA doped with Mn,O5; NP composite are very rare in the literature. The effect of
Mn, O3 on the structure and optical properties of PVA have been investigated previously. Khairy et al [32]
synthesized Mn, O3 nanoparticles using the combustion method, inserted these nanoparticles in the PVA
matrix, and found a change in the structure of PVA films and the enhancement of their optical parameters.
Aslam et al [33] have studied the impact of graphene oxide (GO) sheets on the structural and optical properties of
PVA films, where improvements in the film absorption was observed because of the increasing in the hydrogen
bonds between the PVA matrix and GO sheets.

Recently, Badawi and Alharthi [34] have fabricated PVA films blended with rGO sheets and studied the effect
of different metal oxides (Fe,O3, Pb;O,4, and MnO,) on their physical properties. They found an enhancement in
the optical, electrical, and mechanical properties with the incorporation of the metal oxides to the PVA-rGO
blend system. For our knowledge, the information about the study of rGO impact on the structural and optical
properties of Mn,0j5 is very rare and as well for the PVA- Mn,O3/rGO films are absent. So, the motivation of
this work is to enhance and tune the optical parameters of the polymer films with the nanoparticles of Mn,05
decorated on the rGO sheets which has not been discussed previously.

Herein the Mn,0; nanoparticles were synthesized and then decorated on the rGO sheets. The prepared
Mn,05/rGO nanocomposites were inserted with different concentrations in the PVA matrix and the structural
and optical properties were investigated. The structure and optical characteristics of PVA-Mn,05/rGO films
were investigated via XRD, FTIR, optical microscope, and UV-visible spectroscopy.

2. Materials and methods

2.1. Synthesis of Mn,05/rGO

The Mn,O; nanoparticles have been synthesized via the hydrothermal method [27]. A solution of 20 mmole
Ascorbic acid anhydrous/50 ml deionized water (DIW) was added dropwise to a solution of 30 mmole
Manganese (II) acetate tetrahydrate/50 ml DIW under stirring for 15 min. This mixture was loaded into Teflon-
lined autoclave and heated at the temperature of 180 °C for 2 h. The precipitation was collected by centrifugation
at 8000 rpm and cooled to room temperature. The product was washed several times with deionized water, dried
at 80 °Cfor 24 h, and then calcined at 550 °C for 2 h. This chemical process can be described according to the
following chemical equation:

Mn(Ascrobate),. H,0 2% Mn,O5 4+ CO, + H,0

Finally, the Mn,0O3 and GO were mixed in 100 ml DIW and sonicated for 15 min. The GO was reduced to form
rGO through the sonication process [35, 36].

2.2. Preparation of PVA-Mn,05/rGO films

The polyvinyl alcohol (PVA, M,, = 1 x 10°) solution was prepared by dissolving 4 gm PVA powder in 80 ml of
DIW at 70 °C. This mix was stirred for several hours until obtaining clear solution. After that the solution was
divided in four boxes to obtain four samples: one of them is the pure PVA solution and the other three sample
were used for preparing of mixes with different concentrations of Mn,03/rGO NP. The Mn,05/rGO NP were
dispersed in the PVA solution via sonication process (Ultrasonic processor, CPX-750 Cole-Parmer). The
sonication process was continued for 5 min at room temperature, and then the mix was casted in polypropylene
dishes and left for drying at 25 °C in dry atmosphere for a week. The concentrations of Mn,03/rGO NP loaded
in the solutions were 0.5, 1.0, and 1.5 wt.% which labeled as M1, M2, and M3, respectively. The produced films
had a thickness of around 100 ;sm, were measured by a micrometer. Figure 1 shows the color gradient of pure
PVA and PVA-Mn,0;/rGO films.

2.3. Characterization and setups

The XRD and optical microscope were used to investigate the effect of Mn,03/rGO NP on the structure of the
PVA films. XRD analysis was done via Bruker D8 diffractometer (with Cu-Ka radiation, A = 1.5418 &). Fourier
transform infrared (FTIR) was used to identify the chemical bonds formed in the polymer matrix and show the
effect of doping on these bonds. FTIR spectrometer (model Vertex 70-Bruker, Germany) was used under the
wavenumber range from 4000 to 400 cm ' with 4 cm ™' resolution. The Mn,05/rGO NP morphology in the
PV A matrix was investigated via the optical microscope OLYMPUS-BX51 and scanning electron microscope
(SEM, Merlin, Carl-Zeiss LEO982). The analysis of the surface roughness parameters was measured using
Surface Roughness Tester SRT-6600. The measurement mechanism depends on the sensor contacts method.
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Figure 1. The color gradient of pure PVA and PVA-Mn,03/rGO samples.
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Figure 2. XRD patterns for PVA-Mn,0;/rGO composite films.

The obtained measurements were repeated five times to be affirmed and more accurate. A low-temperature
nitrogen vapor sorption method was used to evaluate the specific surface area and porous structure parameters
of the polymers. Measurements were carried out using a TRISTAR 3020 automatic surface and porosity gas
adsorption analyzer from Micromerics (USA), which implements a volumetric version of the sorption method.
The TRISTAR 3020 analyzer allows to automatically obtain an adsorption and desorption isotherm with a given
number of experimental points, on the basis of which to calculate the specific surface area of the sample
according to the BET method, the total pore volume by the maximum adsorption value and the pore volume
distribution curve by size. Before the sorption experiment, volatile components were removed from the samples
by evacuation at a residual pressure of 10> atm and T = 70.0 °C to a constant weight. As a result of the
experiment, it was found that the samples did not absorb nitrogen vapors, which does not allow calculating
surface parameters and porosity. According to the range of values of the parameters to be determined, this
means that value of specific surface area of samples Sy, < 0.01 m” g, the total pore volume W, does not exceed
the value of 4-10°cm’ g ',

The UV-Visible spectrometer (model-Cary5000) was used to investigate the absorption and transmission
spectra of the prepared films.

3. Results and discussion

3.1. Structure analysis
The XRD spectra of pure PVA, Mn,03/rGO composite, and PVA reinforced by Mn,03/rGO nanoparticles with
different contents are displayed in figure 2.

Abroad hump at 19.66° related to (101) plane was observed. It reflects the semicrystalline nature of the PVA
films [5]. As the concentration of Mn,O3/rGO NP increases the broadness of the hump increases as well.
Wherein a new peak at 33.005° is observed. As the concentration of Mn,O;/rGO NP increases the peak intensity
increases as well. This peak and the other at 55.21° are observed at higher Mn,0;/rGO NP concentration are
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Figure 3. Gaussian fitting of (101) XRD peak for PVA-Mn,0;/rGO composite films.
Table 1. Geometrical parameters of PVA-Mn,05/rGO composite films.
Sample 260(°) FWHM (°) D (nm) € §%10"7, m™> Crystallinity degree, %
pure PVA 19.6254 2.74988 3.06 0.069 1.07 56.3
M1 19.6850 2.83084 2.97 0.071 1.13 55.3
M2 19.5956 2.90734 2.90 0.073 1.19 53.7
M3 19.6552 2.91809 2.89 0.074 1.20 52.8

related to the cubic phase of Mn,O3; NP (JCPDS: 41-1442). The peaks at 33.005° and 55.21° are indexed to (222)
and (440) diffraction planes [30], respectively.

Additional analysis of the characteristic peak (101) was done to calculate the cluster size (D), the internal
strain (¢), and dislocation density (6) of the material using the Gaussian fitting process. This can be calculated by
the following equations [37, 38],

09 A
B 3 cos 0 W
_ B
° T 4 tan @
b= 3

The full width at half-maximum (3) and the Bragg’s angle (f) were extracted from the Gaussian fitting to the
(101) hump, as presented in figure 3. These data were used to calculate the cluster size with the help of the
Scherrer equation (equation (1)) [39]. The obtained data are presented in table 1 and shown in figure 3.

Itis obvious that the D value decreases with an increase in Mn,053/rGO NP concentration in the matrix,
form 3.09 nm for pure PVA to 2.89 nm for higher Mn,0;/rGO NP concentration. This can be related to the
interaction of the Mn,05/rGO NP with the —OH groups of the PVA matrix which produces hydrogen bonding
between them and causes decrement in the interchain separation of the PVA matrix [5, 40]. Whilst € and 6
increase with the increase in the Mn,03/rGO concentration. The crystallinity degree decreases with the addition
of Mn,03/rGO NP into the PVA matrix. This result can be confirmed by computing the crystallinity degree
using the following equation [41];

A
Crystallinity degree, % = (:\—01) x 100 4

where A(joy)is the area of the (101) peak and A_ is the area of the whole curve (amorphous and crystalline) The
calculated values of crystallinity degree are presented in table 1. It is shown that the crystallinity degree decreased
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Figure 4. Optical microscope images for PVA-Mn,05/rGO composite films; (a) pure PVA, (b) M1, (c) M2, and (d) M3.

from ~ 56% for pure PVA to ~ 52% for the higher Mn,05/rGO NP concentration. This can be associated with
the hydrogen-bonding between the Mn,0;/rGO NP and the OH-group of PVA [41].

Figure 4 shows the bright-field images of the PVA and PVA-Mn,0;/rGO composite films. Figure 4(a) shows
the pure PVA film image. It shows a pure film without imperfections. Figures 4(b)—(d) shows PVA films with
different Mn,3/rGO concentrations. It is clear that the insertion of the Mn,O53/rGO NP in the PVA film shows
rough surface. This can be related to the dispersion of the NP on the PVA matrix. Besides, as the Mn,0;/rGO
concentration increases, the free Mn > ions density increases in the film as well. Moreover, it shows a high
roughness at higher concentration and clusters formed with increasing the NP concentration as well. The
clusters are formed due to NPs agglomeration because the Mn, O3 and rGO are polar particles, which can
interact with each other due to dipole interactions. This obviously affects the optical absorption and
transmission of the PVA films.

Also, the particle size distribution was investigated to clarify the growth of the particle size with increasing
the Mn,03/rGO concentration in the polymer matrix, as shown in figure 5. The minimum and maximum
particle sizes for samples M1, M2, and M3 are 2, 3, and 6 pm and 24, 74, 115 pum, respectively. Obviously, the
particle size increases as the Mn,05/rGO concentration increases which is related to the agglomerations. This
could be related to the increase in the density of the particles in the polymer matrix which causes an increase of
the adhesion between particles to each other. Hence, agglomerations are formed.

Moreover, to be more in-depth in morphological study, the SEM analysis was investigated. Figure 6 shows
the SEM images of PVA-Mn,0;/rGO films.

As shown no cracks are observed and the surface morphology changes with the addition of NPs in the
polymer matrix, and the surface roughness increases as a result of particles agglomeration. Also, from figure 6(c),
itis observed that the particles are grouped in clusters of about ~ 500-1000 nm. Furthermore, an interface was
observed between nanoparticles and the polymer matrix which confirming the strong interaction and the
H-bond formation between the NPs and the OH-groups of the PVA [3].

To confirm such inclusion, the surface roughness of the samples was measured via the surface roughness
technique (SRT). The arithmetic mean height of the roughness profile (R,), the root mean square roughness R,
the maximum profile peak height (R;,), the maximum profile valley depth (R,), and the maximum height of the
profile (R, = R,+R,) are surface parameters which are investigated via the SRT [42, 43]. The R,, Ry, R, R, and
Ry values are extracted from roughness curve (figure 6(d)) and summarized in table 2.
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Figure 5. Histogram of the particle size distribution of the samples M1, M2, and M3 obtained from the optical microscope.
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Figure 6. SEM images of; (a) M1, (b) M2, (c) M3 samples, and (d) Roughness curve.

Table 2. Surface roughness parameters of samples M1, M2,

and M3.

Sample R, Ry R, R, R,
M1 0.154 0.211 1.038 0.703 0.335
M2 0.440 0.549 2.382 1.305 1.077
M3 0.642 0.833 3.182 1.868 1.315
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Figure 7. FTIR spectra of Mn,05-rGO nanocomposite, pure PVA, and PVA- Mn,0;/rGO films.

Asshown the Ra, Ry, R,, R;,, and R, values increase with the increase in Mn,03/rGO NPs in the polymer
matrix. This could be related to the increase of the particle sizes due to agglomerations, and this is the main
reason for the increase of the surface roughness of the polymer films which is in a good accordance with the
literature [44, 45].

3.2. FTIR analysis
Figure 7 shows the FTIR spectra of the Mn,05-rGO nanocomposite, pure PVA, and PVA-Mn,0;/rGO films
with different Mn,O5-rGO concentrations.

The FT-IR spectra of the Mn,O3-rGO nanocomposite revealed distinct peaks at about 554 cm ™', 490 cm ™/,
and 450 cm™ ' are assigned to the stretching vibration of Mn—O bond of the Mn, O3 nanoparticles [31].
Furthermore, the peaks appeared at 1600 cm 1, 1386 cm™ !, and 1012 cm ™! are characteristic for the C=C,
C-OH, and C-O of the rGO, respectively [46, 47]. The FT-IR spectra of the PVA-Mn,0O3/rGO films reveal the
characteristic peaks of the Mn,05-rGO, confirming presence of the Mn,03-rGO after forming the polymer
films. PVA reveals three characteristic peaks are observed at 3274 cm !, 1425 cm ™!, and 1088 cm ™! which are
attributed to hydroxyl (O—H) group, C-OH stretching vibration, and stretching band of C-O group,
respectively [33, 48]. The C-OH and C-O bonds of the GO disappeared indicating the intermolecular hydrogen
bonding with the —OH groups of the PVA [33]. Furthermore, as the Mn,05-rGO concentration increases in the
polymer matrix, the band intensity observed for the Mn—O bonds increases and become more pronounced. This
confirms the formation of hydrogen bonding and crosslinking between the polymer molecules and the
nanoparticles [32, 34]. Consequently, a modification in the optical properties of the polymer films is expected.

3.3. UV-visible data

Figure 8(a) shows the UV-visible absorption spectra of PVA-Mn,0;/rGO composite films. The absorption edge
was observed in the UV-region and shifted significantly toward the visible region with increasing the
Mn,0;/rGO concentration in the matrix. It may be caused by the growth of the filler size and/or by the increase
in the Mn " free ions in the PVA matrix with the increase in the Mn,O5/rGO concentration [21]. In addition,
the more hydrogen bonds formed between the rGO sheets and the PVA molecules as proved in the FTIR
analysis, which causes increment in the polymer films absorption as well [33]. Furthermore, the observed bands
at 280 nm and 340 nm for the pure PVA are related to the (m7—7*) and (n —) transitions, respectively [49, 50].
With the addition of the NP in the matrix, two wide bands are observed in the visible region at 410 and 570 nm.
These bands become more pronounced at higher Mn,0;/rGO NP concentration. These bands are caused by the
surface plasmon resonance (SPR) due to the existence of trivalent manganese ions (Mn>*) in Mn,0; [50]. As the
PVA- Mn,O3/rGO film is exposed to electromagnetic waves, a SPR absorption formed from the free Mn>*
ions[51,52].

Figure 8(b) illustrates the transmission spectra of PVA-Mn,0;/rGO composite films. As the Mn,0;/rGO
concentration in the PVA matrix increases, the transmission of the films decreases. This can be caused by the
increase in the Mn™ free ion numbers which absorb more energy and the film transmittance decreases [21]. The
pure PVA film transmission was about 90% which decreases gradually to about 1% at higher concentration of
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Figure 8. UV-visible spectra for PVA-Mn,0;/rGO composite films.
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Figure 9. Plot of (a) (ahv)* and (b) (ahv)® versus hv for PVA-Mn,03/rGO composite films.

the nanoparticles. Such material with lower transmission makes the obtained polymer films promising
candidate in UV protecting and laser cut-off applications [53].

The direct and indirect band gaps have been computed from the absorption-edge using Tauc’s formula and
the absorption spectra [32],

ahv = y(hv — Ep)* (5)

where o is the absorption coefficient, X is the incident light wavelength, y is a constant, and cis a constant with
allowed quantities of (1/2 and 2), not allowed quantities of (3/2 and 3) for direct and indirect transitions,
respectively [39]. The values of direct and indirect bandgap are determined by the Tauc-plot curve of (cthv)” and
(ahv) % versus (hv) as it is shown in figure 9. Based on the Tauc-plot calculation, the direct and indirect
bandgap values of the samples were estimated from the intercept of the energy axis. Table 1 summarizes the
direct and indirect bandgap values. The bandgap decreases from 5.5 eV to 4.3 eV and from 4.9 to 2.5 eV for direct
and indirect transition, respectively. The addition of Mn,05/rGO NP in which Mn* ions exist in the matrix
effects on the forbidden gap and produces defects between the valance and conduction bands [11]. These defects
caused the formation of the localized states which increase by the increase in the defects in the matrix [11, 32].
The obtained results for this system are better than that for system of PVA-1.8 wt.% Mn,O; [32] where the

8
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Figure 10. Plots of (a) extinction coefficient and (b) refractive index of PVA-Mn,0;/rGO composite films versus the wavelength.

bandgap decreased from 5.39 to 5.26 eV and from 5.03 to 4.63 eV for direct and indirect, respectively. This can
be caused by the presence of rGO which increases the free ion number with higher mobility [27]. This effect
increases with the increase in the Mn,03/rGO concentration in the matrix.

3.4. Refractive index and extinction coefficient

The extinction coefficient (k), one of most significant optical characteristics, is described by the following
formula[11];

ar

4

k= (6)

Figure 10(a) shows the dependence of the extinction coefficient (k) on the wavelength for the polymer matrix
with different Mn,03/rGO NP concentrations. The extinction coefficient indicates the loss of light energy due
to scattering and absorption [54]. It is clear that the higher value of k is in the UV-region. Its value decreases
gradually as the wavelength increases. In addition, the k value increases with increasing the Mn,O; /rGO NP
concentration in the PVA matrix. This is caused by the increase in the Mn ™ free ion numbers which absorb
more energy [37].

The refractive index (n) was used to characterize the dispersion of electromagnetic waves of incident light
into the material and it was obtained via the following equation [11];

C(1+R R,
”_(1—R)+ a-n? © @

wherein R indicates reflectance, [R =1 —(T*eA)l/ 2], T is the transmission, and A is the absorption. Figure 10(b)
shows the relationship between the incident wavelength and the refractive index (n) of the PVA-Mn,05/rGO
films. It is obvious that the refractive index increases as the Mn,03/rGO NP concentration in the PVA matrix
increases as well. This is caused by the increase in the density of free Mn ™ jons in the matrix [37]. These data are
correlated with the absorption spectra (figure 8(a)).

3.5. Optical dielectric parameters and optical conductivity

Figure 11 shows the plots of dielectric constant (¢,) and dielectric loss (¢;) versus the wavelength of the incident
light for PVA-Mn,05/rGO composite films. The real component (¢,) and imaginary component (¢;) of the
complex dielectric function are described by the following equations [5, 32]:

e* =g + ig 8)
g =n> —k? 9)
g = 2nk (10)

where ¢, refers to the density of energy states and depends on electron mobility throughout light transformation
in the medium and ¢, characterizes the absorbed energy due to the dipole motion [55].

The dielectric constant increases with the increase in Mn,03/rGO NP in the PVA matrix. This is caused by
the free Mn > ions which reduce the speed of light within the film [6]. Moreover, it can be related to the rise in
the energy density of states of the PVA films with the increment of the NPs in the polymer matrix, which causes
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Figure 12. Plot of 0. versus hv for PVA-Mn,05/rGO composite films.

an increase in the polarization and &’ increases as well [9, 34]. The polymer films with high &’ value is highly
appreciated in energy storage applications. While the dielectric loss is related to the absorption coefficient and to
the dipole motions in the polymer matrix. Moreover, the dielectric loss characterizes the electronic transition
from level to another. This behavior is correlated with the extinction coefficient.

Figure 12 shows the relation between the optical conductivity o, and photon energy for the PVA films with
different Mn,03/rGO NP concentration. The optical conductivity o, was calculated by the following
equation [5, 56],

Ogpt. = Qi1 ¢/ 4T (11)

where cis the speed of light. As the Mn,O3/rGO concentration increases, the optical conductivity increases as
well. It may be caused by the increase in the Mn ™ free ion numbers [37]. In addition to the presence of the rtGO
sheets which raises polymer conductivity and ions mobility as well. As the photon energy increases in the range
(1.2 < hv < 2 eV), the optical conductivity o, increases as well, until it reaches its maximum value related to the
Mn,05/rGO concentration in PVA matrix. Whereas the optical conductivity is practically constant at

2.3 < hv <5 eV due to the normal dispersion of light. The optical conductivity rises exponentially in the vicinity
of the absorption edge. This is due to an excess of free Mn ™ ion induced by incoming photon energy which is
sufficient to overcome the band gap of the PVA-Mn,0O;/rGO films.
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4. Conclusion

The structure and optical properties of PVA-Mn,05/rGO films are investigated. As the Mn,0;/rGO NP
concentration increases in the PVA matrix the crystallinity degree decreases. It is caused by the hydrogen
bonding between the Mn,0;/rGO NP and the hydroxyl group of PVA. As the Mn,0;/rGO NP concentration
increases in the PVA matrix the cluster size increases as well. The surface roughness of the PVA-Mn,05/rGO
films increases with increasing the Mn, O3 /rGO NP concentration confirming growth of the particle sizes in the
matrix. The film transparency decreases with increasing the Mn,0;/rGO NP concentration due to increase in
the Mn ™ free ion numbers which absorb more energy. The addition of Mn,05/rGO NP in which Mn ™ ions
exist into the matrix effects on the forbidden gap and produces defects between the valance and conduction
bands Consequently, the optical band gap was found to decrease from 5.5 eV to 4.3 eV and from 4.9 to 2.5 eV for
direct and indirect transition, respectively. Also, the refractive index and optical conductivity increase with
increasing the Mn,03/rGO NP concentration. The PVA-Mn,0;/rGO system with such optical properties is
better than PVA-Mn,0; system. In general, the produced films are more promising materials for various opto-
electronic applications.

Data availability statement
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