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ARTICLE INFO ABSTRACT

Keywords: Pure ZnO, Zng.97Mgo.030, Zng 96Mg0.03Mng,010 and Zng goMgo.03Mng.01F0.060 nanocrystalline thin films were
Zn0 successfully elaborated on glass substrates using spray pyrolysis method. Structural proprieties were mainly
Mg-doped ZnO investigated by X-ray diffractometer (XRD), Scanning electron microscopy (SEM), UV-Visible spectrophotometry
xg; xz/?'ci?g:geingno and Hall effect measurement technique. The XRD spectra revealed the preferred orientation of the prepared
Spray pyrolysis polycrystalline along (002) reflection and showed the hexagonal wurtzite structure. A decrease in the crystal-
SEM linity of Zng.9oMg0.03Mno,01F0.060 sample has been observed from 17.206 to 13.489 nm due to the change in its
ionic size. SEM images highlighted the homogeneity of the prepared samples surface and proved their nano-
structure morphology. For the doped 3%Mg, 1%Mn and 6%F polycrystalline, the obtained transmission spectra
were higher than that of pure ZnO and a shift towards the lower wavelengths with a band gap of 3.31 eV has been
observed for ZnggyMgo 030 film. A low electrical resistivity of about 1.33 x 10™> Q.cm was measured for
Zng.90Mg0.03Mno,01F0.060 thin film. Also, its photoelectric performance was proven to be significantly higher

than that of the previously reported ZnO doped and co-doped thin films, which makes it a remarkable candidate

Electrical and optical properties

for several optoelectronic devices.

1. Introduction

Transparent oxides with high electrical conductivity are generating
considerable interest because of their potential for various applications
such as: microelectronics, mechanics, optoelectronics, surface treat-
ment, etc. A good transparent conductive oxide (TCO) is defined by its
high electrical conductivity and low absorption rate in visible light; also
its high reflection in the infrared. The most well-known transparent
conductive oxides are: Zinc, Cadmium, Tin, Indium and Gallium oxides.
Among these TCOs, the present paper aims to shed new light on the zinc
oxide (ZnO). Many attempts have been made to enhance its optical and
electrical proprieties; like doping and co-doping ZnO thin films with
suitable transition metals, rare and noble metals, to ensure ZnO as a
promising material for optoelectronic applications [1]. These properties
could be further improved by varying the stoichiometric ratio of the
doping element in the host material [2].Therefore, the selection of this
doping is important to obtain a wider range of possible applications. As
many researchers have highlighted, the luminescence properties of ZnO
thin films could be improved by doping it with indium (In) and gallium
(Ga). However, these dopants have some major flaws regarding their
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high prices and toxicity compared to other dopants. In this paper, we use
as alternative dopants, the Magnesium (Mg), Manganese (Mn) and
Fluorine (F). Firstly, doping with Mg has been decided for many reasons:
(i) a solid solution of MgO (Eg = 7.8 eV) and ZnO helps to increase the
band gap and UV-vis luminescence intensity of ZnO: Mg films [3]; (ii)
the incorporation of Mg into Zn leaves the lattice constants almost
invariant; (iii) the ionic radius of Mg+2 (0.066 nm) is very close to Zn*2
(0.074 nm) which allows Mg to substitute Zn in the lattice; (iv) abundant
[4]; (v) non-toxic and cheap [4]. In a previous work, we reported that
ZnO doped with 1% Mg exhibits good transmittance (85%) with an in-
crease in the optical gap [3]. However, the mixture of Mg and ZnO does
not increase the additional carriers; it improves the scattering centre and
reduces the carrier’s mobility [5]. Furthermore, the addition of other
impurity atoms in Zn;_4\Mg,O increases its conductivity [5]. Secondly,
Manganese has been chosen as a dopant because: (i) the similarity in
ionic radius of Mn and Zn atoms results in a higher solubility of Mn in the
ZnO crystal lattice [6]; (ii) the ZnO semiconductor with a band gap of
3.3 eV is suitable for different applications but the addition of Mn helps
to improve its proprieties by tuning its size and band gap [7]; (iii) the
convenience of d-electrons at the t2g level that can join the ZnO valance

Received 27 November 2022; Received in revised form 2 April 2023; Accepted 13 April 2023

Available online 22 April 2023
0022-2860/© 2023 Elsevier B.V. All rights reserved.


mailto:daranfed.warda@umc.edu.dz
www.sciencedirect.com/science/journal/00222860
https://www.elsevier.com/locate/molstr
https://doi.org/10.1016/j.molstruc.2023.135574
https://doi.org/10.1016/j.molstruc.2023.135574
https://doi.org/10.1016/j.molstruc.2023.135574
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2023.135574&domain=pdf

W. Darenfad et al.

bond [7]. In addition, Mn concentration is limited to 1% in this work to
avoid generating secondary phase training. Subbiah et al. [8] pointed
out that the addition of Mg in the Zn; xMnxO mix adjusts the optical
properties. Thirdly, the ionic radii of F~! (0.131 nm) is close to 02
(0.138 nm). Thus, the substitution of oxygen atoms by F in the ZnO
lattice could improve the electron mobility as well as the transparency
according to the following relation [9]:

O +F >F +e¢ @

For these reasons, several works in recent years have focused on the
effect of co-doping using fluorine and other dopants [10,11]. For
example, Pan et al. [10] prepared pure ZnO and fluorine (F) /tin (Sn)
co-doped ZnO (FTZO) on glass substrates by the sol-gel processing.
Performance comparisons found that a minimum resistivity of about 1
x 1073 Q.cm, obtained for the FTZO thin film with 3% F doping, and the
average optical transmittance in the entire visible wavelength region
was higher than 90%. Mallick et al. [12] deposited thin films of
Sn-doped and Sn-F co-doped ZnO by the pulsed laser deposition (PLD)
technique, where fluorine co-doping leads to a decrease in resistivity
compared to Zn-doped ZnO. However, Starowicz et al. [11] reported on
the deposition of ZnO films doped and co-doped with Al and Al-F,
respectively. They reported an increase in the resistivity value of the
co-doped film. However, the effects of fluorine co-doping versus doped
films on physical characteristics is not yet clear. The spray pyrolysis
method is used in this work due to the possibility of using precursors of
high purity, ease of deposition on large surfaces substrates and complex
shape at various temperatures and to their low cost. To our knowledge,
there are no reported works on zinc oxide co-doped with Magnesium,
Manganese and Fluorine (ZnO/Mg/Mn/F) thin films elaborated by
physical or chemical methods for the fabrication of TCO films for solar
cells application.

The present work aims to improve the electrical conductivity and to
ensure a high light transmission of thin films of ZnO co-doped Mg/Mn/F.
Also, this study is carried out for further improvement of the material
physical properties in order to be used as a conductive transparent layer
in thin film solar cells.

2. Experimental details

The thin layers of undoped, Mg-doped, co-doped (Mg-Mn) and co-
doped (Mg, Mn and F) ZnO were deposited by the reactive chemical
spraying technique (Spray pyrolysis) on a glass substrate. Before depo-
sition process, the substrates were cleaned with acetone, rinsed in
distilled water, then cleaned with ethanol and finally with distilled
water. The spray solution was prepared from a mixture of zinc acetate
dihydrate ((Zn(CH3COO),.2H50) mass 2.106 g and methanol (CH3OH).
Magnesium acetate tetrahydrate (Mg(CH3COO),.4H20) was used as a
dopant with a concentration of 3% to prepare the Mg-doped ZnO
(Znp 97Mgp.030) thin films as well as manganese (II) acetate tetrahydrate
(Mn(CH3C00),.4H,0) was used as a dopant with a concentration of 1%
to prepare the thin layer of Mg-Mn co-doped ZnO
(Znp.96Mgo.03Mng 010). Thin films of Mg-Mn and F co-doped ZnO
(Zng.9oMgo.03Mng 01Fo.0s O) were prepared by dissolving zinc acetate,
3% magnesium acetate tetrahydrate, 1% manganese (II) acetate tetra-
hydrate and 6% ammonium fluoride (NH4F) in methanol.

All layers were elaborated under the same conditions shown in
Table 1.

Table 1
Optimized deposit conditions.

Process parameters Deposit conditions

Deposition temperature 400 °C
Solution flow 8 ml/min
Air flow 1 bar
Substrate-nozzle distance 17 cm
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The crystalline structure of the prepared thin films was analyzed by a
Philips X’Pert-PRO model PW3040 diffractometer with a Cu Ka radia-
tion source (A = 1.542 A). Their morphology was investigated by FEI
Quanta 450 FEG scanning electron microscope. The optical properties
were studied using Shimadzu, model UV-3101PC UV-Vis-NIR spectro-
photometer in the wavelength range of 300-800 nm. The Ecopia HMS-
3000 system equipped with a magnet which produces a 1 T field during
sample electrical measurements using a dedicated support. The device,
consisting of four points arranged in a square geometry and connected to
a generator is a complete system for measuring resistivity (p), the Hall
coefficient, the concentration of carriers (n) and their mobility (p).

3. Results and discussion

The XRD patterns observed for pure, Mg-doped, Mg/Mn co-doped
and Mg/Mn/F co-doped ZnO polycrystalline are presented in Fig. 1.
XRD spectra showed the same diffraction peaks for all the prepared thin
films at 32.01°, 34.16°, 35.89°, 47.30°, 56.40°, 62.40° and 67.38°,
which are attributed to (100), (002), (101), (102), (110), (103) and
(200) reflections, respectively. They are indexed to hexagonal Wurtzite
(WZ) structure according to the standard JCPDS card n° 36-1451 [13].
Moreover, it can be seen that no obvious peak related to Mg/Mn/F
dopants or their oxides as well as no characteristic peaks for impurity are
found which proves the purity of our elaborated polycrystalline. Also the
existing hexagonal structure was not altered due to Mn/Mg or Mg/Mn/F
doping. To evaluate the influence of the addition of Mg/Mn/F to ZnO on
the intensity and the position of the (002) peak, a zoom of this peak for
20 between 33.5° and 36° is carried out, as illustrated in Fig. 2. The
initial doping of Mg increases the intensity of the (002) peak to its
maximum, while the co-dopings of Mg/Mn and Mg/Mn/F lead to a
decrease in intensity, indicating the reasonable loss of crystallinity due
to the distortion of the lattice ZnggeMgo.03sMng 1O and
719 90Mgo.03Mno,01F0.060 by the substitution of Mn and F. Moreover, we
notice in Fig. 2 that the peak position is shifted to the lower 20 side for
Mg/Mn/F co-doping compared to mono-doping and Mg/Mn co-doping,
which can be attributed to the replacement of Zn*2 ions by Mg+2/Mn*2/
F~ ions.

The crystallite size (D) of our samples was estimated using the
Scherer equation for the most intense peak [1]. The estimated crystallite
sizes were grouped in Table 2. The results reveal that the initial doping
of 3% Mg has increased D from 17.206 nm to 17.240 nm. Similar
behavior has been reported by other authors on Mg-doped ZnO film
enhancement [14-16]. Due to the divergence of ionic radius of ‘Mg’ and
‘Zn’ residual strain that is produced in the parent ZnO system [15]. The
increase of crystallite size indicated that Mg doping may enhance the
grain growth. Also, the segregation of Mg dopants in the grain bound-
aries and a large number of dislocations originated from dopant atoms in
the interstitial sites also affect the crystal growth [14]. Moreover, after
co-doping Zn0:3%Mg with 1%Mn or 1%Mn/6%F, the crystallite size
decreased from 17.240 to 17.063 then 13.489 nm, respectively. This
decrease can be attributed to the nucleation generated by the presence
of Manganese (Mn) and Fluorine (F) at this doping order. Wang et al. has
reported similar decrease in the crystallite size with Mg/F co-doped ZnO
[17]. According to Wang et al. [17], the fluorine atoms occupy inter-
stitial sites instead of substituting oxygen atoms, which results in a large
number of dislocations that we may have as well in our case (Table 2).

SEM images of the pure ZnO, Zng.97Mg0.030, Zno.96Mgo.03Mno.010
and Zng 9oMgo.03Mng 01F0.060 thin films are presented in Fig. 3. SEM
images revealed that the prepared films display a homogeneous surface
with nanostructured morphology. Fig. 3(a) showed that pure ZnO thin
film is composed of numerous islands of irregular shapes. After doping
with Mg (Fig. 3(b)), its morphology has changed to irregular grains.
Likewise, for ZnO co-doped with Mg/Mn, (Fig. 3(c)) illustrated that the
surface became more homogeneous, compact and dense with a nano-
metric granular structure. Nevertheless, the co-doping of ZnO with Mg/
Mn/F (Fig. 3(d)) indicated that islands of irregular shapes were
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Fig. 2. The variation of XRD peak position and intensity along (002) plane from 33.5° to 36° of our films.

The variation in crystallite size, FWHM, dislocation density and strain of pure,
doped and co-doped ZnO thin films.

Sample Crystallite FWHM, Dislocation Strain, €
size, D (nm) B (°) density, & 1073
(nm)~?
ZnO 17.206 0.48406 0.00337 2.0144
Zng.97Mg0.030 17.240 0.48288 0.00336 2.0104
Zng.96Mgo.03Mng 010 17.063 0.48830 0.00343 2.0312
Zno.90Mg0.03Mng 01F0.06 13.489 0.61707 0.00549 2.5695

[}

transformed to nearly lamellar/elliptic nanostructure with an average
size of 50 nm. According to the literature, this shape is efficient to trap
light which could be useful for solar cells [18].

We investigated the composition and elements state of our films
(Fig. 4(e)-(d)). EDAX data exposed the presence of Zn and O elements in
the pure ZnO thin film. Unmistakably, a clear Mg peaks has appeared

along with the Zn and O (Fig. 4(b)) in Zng.g7yMgo.030. As in Fig. 4(c), the
addition of Mg and Mn to ZnO is considered successful with the presence
of Mg (8.369 at.%) and Mn (2.457 at%). Lastly for the ZnO co-doping
with Mg/Mn/F (Fig. 4(d)), the appearance of Mg, Mn and F peaks
confirmed the good dispersion of these precursors into ZnO lattice.
EDAX results are in a good agreement with XRD data which proves that
Mg, Mn and F are not separated from ZnO matrix.

The optical transmission spectra at room temperature of the films are
shown in Fig. 5. According to Fig. 5, the fabricated samples have a high
transparency in the visible region with an average transmission of
85.99% (Table 3), which demonstrates the unvarying structure and
smooth surface of the films [19]. This further confirms the previous
results. Moreover, the transmission is slightly amplified by the addition
of metal precursors compared to that of pure ZnO, because of the good
integration of Mg, Mn and F into ZnO matrix. The high transmittance
(91.06%) of Mg-doped sample could be justified by the replacement of
Zn by Mg in the crystal lattice, since MgO could broaden the optical band
gap of the films and reduce the energy consumed by the photon tran-
sition [19]. Beside, the 3%Mg doped ZnO has a better crystallinity and
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Fig. 3. SEM of (a) pure ZnO, (b) Zng.97Mgo.030, (¢) Zng.9sMgo.03Mng 01O and
(d) Znp.90Mgo.03Mno, 01F0.06 O prepared thin films.
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Fig. 5. Transmittance spectra of ZnO thin films with different doping ratios of Mg, Mn and F.

Table 3

Transmission values in the visible region of our films.
Sample Max. Transmittance for Wavelength Thickness,

= 700 nm, (%) (nm)
ZnO 79.39 439
Zn9.97M80.030 91.06 301
Zng.96Mgo.03Mng,010 84.01 487
Zno.90Mg0.03Mno.01F0.06 89.53 454
o

doping efficiency compared to the other samples (Table 2). High
transmittance is an advantageous feature for thin-film solar cell appli-
cations since it allows more high-energy photons to hit the solar cell.
Hence, the slight decrease in the transmittance can be ascribed to the
co-doping that lowers the crystallinity which correlates well with the
earlier XRD results. Furthermore, this decrease can be explained by the

increase in grain boundaries. The latter increases the scattering of light
which will lead to a decrease in transmission [20].

To calculate the optical band gap energy for all our samples, the Tauc
plot equation was used [21-23]. The plot («hv)? as a function of photon
energy (hv) is presented in Fig. 6.

(ahv)" = B(hv — E,) (2

Where: E; is the optical gap energy, a is the absorption coefficient, B is
constant and hv is the energy of the incident photon.

The band gap was found to be 3.22, 3.31, 3.24, and 3.27 eV for pure,
Mg-doped, Mg/Mn co-doped and Mg/Mn/F co-doped ZnO thin films,
respectively. Evidently, the optical band gap increases with the addition
of Mg or Mg/Mn or Mg/Mn/F in the ZnO film. This increase is attributed
to the Burstein-Moss effect, where, the introduction of new elements in
the ZnO lattice creates new defects as a result of the difference in their
electronegativity and ion radii. Furthermore, the success full

" Undoped ZnO
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X Znﬂ.?Tngo.MO
1 Zno‘%Mgn,nsMno.alO
8,0)(10‘3 a Znn‘WMg“mMnMIFmO
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Photon energy (eV)

Fig. 6. The (ahv)? versus ho curves of ZnO thin films deposited with different dopant for the optical energy gap calculation.
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incorporation of Mg and/or Mn and/or F into ZnO, creates more oxygen
vacancies in ZnO lattice. These oxygen vacancies act as donors in the
system and become positively charged releasing electrons into the
conduction band. When the concentration of electron carriers exceeds
the density of states of the edges of the conduction band, the Fermi level
is pushed to move into the conduction band [2]. This Burstein-Moss shift
leads to the observed widening of the band gap of our films. These re-
sults are in a good accordance with those published by several authors
[24-27]. Yet, the same table showed a diminution in the optical gap for
the co-doping Zng.9sMgg.03Mng 010 compared to Zngg7Mgp 030. The
optical gap is decreased due to the band narrowing effect as the carrier
concentration increases. This can be explained by the existence of
electronic defects in the forbidden band. Transitions at photon energies
lower than that of the gap will then be detected [28]. This decrease of
the band gap energy for ZnO co-doped Mg/Mn was detected by Subbiah
et al. [29]. They accredited this reduction to the development of new
electronic states in the band gap [29].

Another significant parameter to characterize the disorder of a ma-
terial is the Urbach tail energy (Ey). According to Urbach’s law, the
expression of the absorption coefficient («) is as follows [30,31]:

a = ayexp (g) 3)

Where: « is a constant.

By plotting In(a) as a function of hv (Fig. 7), one can assess the
Urbach energy values for our synthesized films. The Urbach energy
values of ZIIO, Zn0,970Mgo_030, Zn0.96Mg0_03Mn0_010 and
Zng.90Mgo.03Mno,01F0.060 thin films are listed in Table 4.

The Urbach energy varies with the concentration of doping and co-
doping and shows a minimum value of 313.577 meV for concentration
of 3% Mg. Though, this reduction in the Urbach energy demonstrated
the improvement in the quality of the Zng 97Mgo 030 layer. On the other
hand, for Zng goMgg.03Mng 01F0.060 film we have the highest value of
about 332.568 meV. This performance is undoubtedly due to the addi-
tion of F with the Mg and Mn atoms that does not take the necessary time
to reorganize and occupy stable and favorable sites, which leads to the
appearance of a large density of structural defects characterized by
strong Urbach energy in the film lattice.

The electrical resistivity as a function of the doping and co-doping
proportions is presented in Fig. 8. It could be noticed that the elec-
trical resistivity of the film depends on the amount of Mg and/or Mn
and/or F. Hence, with the addition of Mg to ZnO, an increase in the thin
layer resistivity has been observed. Nonetheless, the resistivity of the

16
Undoped ZnO
Z N 097 I\l glI.OJO
15 4 Z"n,oﬁMgn.o.sM nM]O
. Znl\."lll[\llglIJBI\‘l nﬂ.ﬂl FII,MO
E
<
« 14
=
e
<
=
13
12
T T T T T T
2,50 2,75 3,00 3,25

Photon energy (eV)

Fig. 7. Plots of In(a) versus photon energy to determine the Urbach energy of
ZnO thin films deposited with different dopant.
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Table 4
Values of band gap energy and urbach energy of ZnO thin films deposited with
different dopant obtained from Tauc plot expression.

Sample Optical gap, (eV) Urbach energy, (meV)
ZnO 3.22 330.360
Zno.97Mg0.030 3.31 313.577
Zng.06Mg0.03Mno.010 3.24 325.732
Zn9.90Mgo.03Mno.01F0.06 O 3.27 332.568

samples diminished further with the co-dopants Mg/Mn and Mg/Mn/F
and reaches its lowest value of 1.33 x 10> Q.cm while the carrier
concentration augmented to 3.1 x 102! cm™® for the
Zng.90Mgo.03Mng 01F0.060 film. This decrease in resistivity with the co-
dopants is explained by the increase in the number of charge carriers
(electrons) coming from the cations (Mg*z, Mn™2) and the ion (F) as
donors which are integrated in substitutional or cation interstitial sites
of Zn™2. As mentioned above, doping and co-doping causes disorder
formation in the film network (Fig. 8). This disorder yields the appear-
ance of defects by the introduction of ions dopants as a substitute for
zinc or oxygen. The presence of these extrinsic defects lead to an n-type
conduction, with an increase in the concentration of free carriers and
consequently the conductivity.

Contrariwise, the ZnO resistivity increase with Mg doping is caused
by the reduction of the disorder in the film (see Table 4). Consequently,
the reorganization of the lattice is accompanied by a reduction of Zn
atoms in the interstitial site, which causes a decrease in the free carriers,
thus increases the resistivity. What is more, the introduction of Mg*? to
ZnO film lessens its tendency to form metal atom interstitial defects and
oxygen vacancies and increases the energy formation. Instead, Mg*?
doping increases the band gap of the resulting solid because MgO has a
wider band gap (7.8 €V) than that of ZnO (3.37 eV). Therefore, the
diminution in defects and the increase in the bandgap both contribute to
the increase in the resistivity of Mg-doped ZnO films. Darenfad et al. [3],
Huang et al. [32] Kaushal et al. [33] and Babur et al. [34] reported a
similar resistivity evolution. A comparison of optical and electrical
properties of the Zng goMgo.03Mng.01F0.060 film with previous reports
elaborated with different methods is summarized in Table 5. This table
featured the improvement of electrical properties with the addition of
fluorine as a dopant to ZnO:Mg:Mn lattice as a result of the charge
concentration amplification compared to other films deposited by
different methods.

4. Conclusion

Pure  ZnO, Znp.970Mg0.030,  Znp.96Mgo.03Mno 010  and
Zn9.90Mgo.03Mng 01F0.060 thin films were deposited by the spray pyrol-
ysis technique. The structural, morphological, optical, and electrical
properties of the elaborated films were fully investigated. The XRD re-
sults revealed that the prepared polycrystalline films have a hexagonal
wurtzite structure with (002) as the preferred orientation. The crystallite
size of the ZnO film could be improved with the incorporation of Mg
precursor compared to the other dopants. XRD and EDAX data
confirmed the good dispersion of Mg, Mn and F atoms within ZnO lat-
tice. The average optical transmittance in the entire visible wavelength
region is higher than 85%. The band gap of ZnO is amplified by doping
and co-doping, compared to the reference pure ZnO film.
Zng.90Mgo.03Mnyg 01F( 060 thin film has a low resistivity about 1.33 x
1073 Q.cm, with a carrier concentration of 3.1 x 10%' cm 2 and a Hall
mobility of 6.33 em? V! sl These features may make
Zng.90Mgo.03Mng 01F0.060 an excellent transparent conducting electrode
for optoelectronic devices.
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Table 5
A comparison of transmittance and electrical properties of (Mg/Mn/F) co-doped
ZnO thin film with previous reports.

TCO Material Technique of T, Resistivity, Ref.
fabrication (%) (Q.cm)

Zn9.99Mgo.010 Spray 84 - [3]
pyrolysis

7ng.06Mg0.040 Sol gel 85 2.5 x 10° [32]

Zn0:2 at% Mn RF magnetron 85 3x10°! [35]
sputtering

7Zng.05Gag,03F0.020 RF magnetron ~ 91.2 6.667 x 10 [36]
sputtering

Zn4.91Mgo.03F0.060 Spray 80 1.11 x 1072 [3]
pyrolysis

Zn¢.96Gag.02Mg0.020 RF magnetron 87.71 1.53 x 102 [371
sputterin

Zn0:3 at.% In: 5 at.% F Spray 82.1 5.2 x 1072 [38]
pyrolysis

ZnO: 5 at% Mg:2 at%Ga RF magnetron 85 5.76 x 1073 [39]
sputterin

Zng g7Feq.0sMng gsAlg 030 Dip coating 92 1.32 x 104 [34]

Zng.93Al0.04Ga0.02Mg0.010 RF magnetron 82 2.8 x 1072 [40]
sputterin

7Zng.00Mgo.0sMng 01F0.0s0  Spray 89.53 1.33x 10  Present
pyrolysis work

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.
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