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Abstract
ZnOandTiO2 nanoparticles were prepared through a plant-extractmediated hydrothermal synthesis.
X-ray diffraction (XRD) study confirmed the crystalline nature and the phase characteristic of the
obtained nanoparticles. X-ray diffraction profile analysismodels such asWilliamson–Hall analysis,
size-strain plot andRietveld analysis were further used in evaluating themicrostructural parameters of
the obtainedmaterials. The calculated particle size for all themodels was in great agreement, with
values in the range of 55.46–87.6 nm recorded for ZnO,while for TiO2, the crystallite sizewas in the
range of 33.82–41.9 nm. The calculated crystalmicrostrain varied based on themodel, while the stress
in the ZnO andTiO2 nanoparticles was evaluated at 3.8 and 13.7MPa, respectively. Furthermore,
TiO2 nanoparticles had a higher energy density of 8.96× 10–8 KJm−3 compared to 7.12×
10–8 KJm−3 obtained for ZnO.

1. Introduction

Characterizing crystal structures is one of themost important tasks in the development of novelmaterials since it
influencesmaterial properties [1]. X-ray diffraction is themain experimental technique used in exploring crystal
information and x-ray diffraction peak profile analysis has emerged as a distinctive technique in exploring the
microstructure of crystallinematerials [2]. This technique is based on the broadening of x-ray diffraction peaks
and it provides details aboutmicrostructural properties such as crystallite size, defects and lattice strains, which
are important properties inmaterial behavior [3, 4]. Since no crystal is perfect due to itsfinite size, the XRD
peakswiden as a result offluctuation from ideal crystallinematerial [5].

Lattice strain and crystal size are two primary causes of the XRDpeaks broadening. The intrinsic crystal
strain is typically caused by the large grain boundary area and the defective nature of crystallinematerials.
Although lattice dislocations are the primary cause of lattice strain, stacking faults, and triple-grain boundary
can also have an effect. The size and inherent strain of the crystals have different effects on the Bragg peak, and
the intensity of the peaks is influenced by the dominance of these effects [6].

The Scherrermethod is awell-knownmethod for calculating crystallite size using the XRDpeakwidth,
however, the technique does not take into account other factors that influence peak broadening such as the
intrinsic strain and instrumental effect [7]. Therefore, other techniqueswhich account for the strain in crystals
such as the Averbachmethod, size-strain plot, andWilliamson–Hall (W-H)method become very important in
estimating themicrostructural properties of crystallinematerials. TheW-Hmethod is the simplest of all the
techniques and also allows for the estimation of important elastic properties such as stress and strain [8, 9]. In the
size-strain technique, the XRDpeak profile is considered to be a combination of theGaussian and Lorentz
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functions [10]. This technique benefits from the less weight being given to the upper angle reflections, which
usually give low precision [11, 12].

Biogenic synthesis is an easy technique for nanomaterial synthesis without the generation of toxic waste.
They are therefore safe, eco-friendly and economical. Recently, various plant parts such as roots, fruits leaves
andflowers have been explored for nanoparticle synthesis [13]. This technique avoids the use of expensive and
toxic stabilizers, since biomolecules present in the plant extract act as both a reducing agent and stabilizing agent
[14, 15]. ZnO andTiO2 are two of themost studied semiconductormaterials because of their unique optical and
electronic properties. Furthermore, several studies have reported the green synthesis of these nanoparticles
using various plant extracts [16–20]. TheVachellia hebeclada (V. hebeclada), also known asAcacia hebeclada, is a
tree that is native to Southern Africa and has traditionally been utilized for therapeutic purposes [21]. To the best
of our knowledge, theV. hebaclada plant has not been explored for the synthesis ofmetal oxide nanoparticles.
Therefore, in this study, we report the synthesis of ZnO andTiO2 nanoparticles, through a plant extract
mediated hydrothermal process. Furthermore, themicrostructural properties of the obtained nanomaterials
were determined using different x-ray diffraction peak profile analysismodels.

2.Materials andmethods

All chemical reagents and solvents were purchased fromSigma-Aldrich (St Louis,Missouri, USA). and used as
receivedwithout further purification. Ethanol absolute (99.5%), zinc nitrate hexahydrate reagent grade (98%),
titanium tetraisopropoxide (TTIP, 99%), Sodiumhydroxide (NaOH) pellets and sodiumhydroxide (NaOH)
were all obtained fromSigma-Aldrich (St Louis,Missouri, USA).

2.1. Extraction of phytochemicals fromV. hebeclada formetal oxide synthesis
CultivatedV. hebecladawere collected fromNorth-West University,Mololwana farm,Mafikeng, SouthAfrica.
These plants were grown per SouthAfrican regulations using standard farming practices. Botanists from the
North-WestUniversity authenticated their identities. The seedswere thoroughlywashed under runningwater,
dried at room temperature (24 °C), and powdered using amortar. Pulverized seeds (500 g)were then boiled in
(1.5 l) distilledwater for 10 min beforefiltering, to obtain a dark brown powder. The extract wasfiltered and
then concentrated under reduced pressure using a rotary evaporator at 70.1 °C.The dark brown powder
obtainedwas dried under a high vacuum for an additional 16 h to constantmass.

2.2. Synthesis of ZnOandTiO2withV. hebeclada seeds extract powder
Themetal oxide nanoparticles were synthesized via a facile hydrothermal approach using deionizedwater as a
solvent. 5 g ofV. hebeclada seeds extract powderwas dissolved into 90 ml of water andmagnetically stirred for
20 min until a homogenised solutionwas attained. Then 0.01M zinc nitrate (Zn(NO3)2.4H2Owas introduced
drop by drop. The pHof themixture was adjusted to 10 by adding 0.1 MNaOHsolution. Themixture was
autoclaved for 2 h at 121 °C15 psi, resulting in the formation of bio-reduced precipitate at the bottomof the
flask. After the reaction, the deposit was collected via vacuum filtration, andwashedwith deionizedwater and
anhydrous ethanol two times, respectively. The resultant product was dried at 80 °C in a vacuumbox overnight.
Subsequently, the obtained precipitate was calcined in a furnace at 350 °C for 2 h to obtain ZnOnanoparticles.
For the synthesis of the TiO2 nanoparticle, 0.01Mof titanium tetraisopropyl (TTIP)was introduced into the
plant extract solution and the procedure described for the ZnOnanoparticle was followed.

2.3. Characterization of ZnOandTiO2 nanoparticles
The phases and crystallinity of the synthesizedmaterials were identified usingXRD andwere carried out on a
BrukerD8Advance x-ray diffraction (Karlsruhe, Germany). The diffractometer has single wavelength Cu
Kαradiation (λ= 1.546060Å). Themicrostructural properties of the synthesized ZnO andTiO2 nanoparticles
such as crystallite size, lattice parameters and lattice strainwere evaluated using the Scherrer equation,
Williamson–Hall analysis, andRietveld analysis. The Rietveld analysis was carried out using theX’Pert
HighScore Plus software. The parameters refined include background, scale factor, lattice constants, profile half-
width parameters (u, v, w) and isotropic thermal parameters. The pseudo-voigtmodel was used inmodelling the
peak profile function. The backgroundwas usedwithout any correction factor [22].

3. Results and discussions

3.1.Microstructural properties of ZnOandTiO2 nanoparticle
TheXRDdiffraction pattern of the green synthesized ZnO andTiO2 nanoparticles (NPs) is shown infigure 1.
TheXRDpattern of TiO2NPs shows characteristic peaks that are indexed to the anatase phase of TiO2, with
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tetragonal structure and space group 141 (JCPDSNo. 21–1272) [23]. The diffraction pattern for ZnO showed
well-defined diffraction peaks, which are in good agreement with the hexagonal wurtzite structure and space
group P63mc (JCPDSNo. 36–1451) [24]. The high intensity and sharpness of the XRDpeaks of the
nanoparticles showed the high crystallinity of the obtained nanoparticles [25].

The average crystallite size of the nanoparticles was calculated using the Scherrer’s equation:

( )l
b q

=D
K

cos
, 1

whereD is the average crystallite size (nm), K is the Scherrer constant (0.94),λ is the x-ray wavelength, (CuKα

= 1.5406 nm),β is the line broadening at FWHM in radians, and θ is the Bragg’s angle in degrees [26]. The
crystallite size of calcined ZnOnanoparticles was calculated to be 64.28 nm,while the crystallite size for TiO2was
34.47 nm. Particle size has been reported to play a significant role in the properties and application of
nanomaterials [27]. The obtained crystallite size agrees with values reported in the literature for green-
synthesized ZnO andTiO2 [28, 29].

3.1.1.Williamson hall model
Scherrer’s equation only takes into account how crystallite size affects peak broadening of XRDdiffractions;
strains in the lattice’smicrostructures, which can occur in nanocrystals as a result of stacking faults, grain
boundaries, triple junctions, and point defects, are not taken into account [30]. By analysing the peakwidth as a
function of 2θ, theWilliamson–Hall analysis deconvolutes size and strain-induced broadening through a
simplified integral breadth analysis [31]. The overall x-ray diffraction peak broadening could bewritten as:

( )b b b= + 2total size strain

In this study,modifiedW-Hmodels such as the uniformdeformationmodel (UDM), uniform stress
deformationmodel (USDM) and uniformdeformation energy densitymodel (UDEDM) are employed in
evaluating the particle size andmicrostrain. TheWilliamson–Hallmodel is simple and effective and offers the
simultaneous estimation of size and strain, however, it is limited by its assumptions of uniformity and isotropic
broadening.

3.1.1.1. Uniform deformationmodel
The crystalline size and lattice strain of the synthesized TiO2 andZnOwere calculated using the uniform
deformationmodel (UDM) of theW-Hanalysis. The uniformity of crystal strain in all crystallographic
directions is the underlying premise of theUDM.As a result, the lattice strain is regarded as an isotropic feature
that is independent of themeasurement direction [31]. The lattice strain-induced peak broadening can be

Figure 1.XRDpattern for (A)ZnOand (B)TiO2 nanoparticle structural analysis.
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expressed as:

( )b e q= 4 tan 3strain

For a peakwith a certain hkl (βhkl) value, the observed peak broadening can be interpreted as the total of the
peak broadening caused by the strain and crystallite size contributions, provided that they are unrelated to one
another and have aCauchy-like profile. The observed line breadth could be expressed as equation (4) by
combining equations (2) and (3):

( )b q
l

e q= +
K

D
cos 4 sin 4hkl

Agraph of 4sinθ againstβhklcosθwas generated to estimate the strain caused in the sample and crystallite.
Plot strain is indicated by its slope, and crystallite size was calculated using the intercept. TheW-Hplot for ZnO
andTiO2 are shown infigure 2with a linear fit that showed a good correlation of 0.977 and 0.987 respectively.
For ZnO, the obtained crystallite size and lattice strain, were 55.46 nmand−1.50× 10–4 respectively, while for
TiO2, the values are 33.82 nmand−4.03×10–5. Although the atomic arrangement in nanocrystals is
significantly altered by size confinement relative to their bulk equivalent, the lattice expansion or contraction in
the nanocrystals is primarily responsible for the lattice strain [32].Moreover, studies have demonstrated that
lattice strain depends on shape and size [22]. The negative slope of theW-Hplots indicates that the strain in the
nanocrystal of TiO2 andZnOwas the consequence of lattice contraction [33].

3.1.1.2. Uniform stress deformationmodel (USDM)
The assumption of homogeneity and isotropism by theUDMmodel is not justifiable for real crystals. To account
for anisotropism in crystals, theW-Hequation should bemodified to include anisotropic strain. This gives rise
to the uniform stress deformationmodel (USDM), which considers the uniformity of lattice deformation stress
along all the lattice plane directions with smallmicrostrain [34]. For a realistic crystal system, the generalized
Hooke’s law, which takes into account anisotropic, describes a linear relationship between stress (σ) and strain
(ε), which emphasizes that it only pertains tominor strains, which arises due to size confinement in the crystal
(equation (5))

( ) ( )s e= Y Y is the Young s modulus, ’ 5

USDM took into consideration the anisotropic character of Young’smodulus and stress-inducedwidening
in the XRDpeak. By inserting equation (5) into equation (4) and rearranging, we get the expression for the
USDM,which takes into account the uniform stress in all crystallographic directions.

( )b q
l

s
q

= +
K

D Y
cos 4

sin
6

hkl
hkl

For the tetragonal TiO2 and hexagonal ZnO crystal, Young’smodulus Yhkl can be expressed as equations (7) [35]
and (8) [36] respectively.

Figure 2.XRDpeak profile analysis using theUDMmodel for ZnO andTiO2.
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Where S11, S12, S13, S14, S33, S44 and S66 are known elastic complaints of the crystals.

Plots of s
q

Y
4

sin

hkl

on theX-axis againstβhklcosθ on theY-axis for ZnO andTiO2 are shown infigure 3. The

slope of the straight line obtained gives the stress of the crystals, while the average particle size of the crystal can
be estimated from the intercept. The average particle size for TiO2was evaluated to be 33.82 nm,while the value
for ZnOwas 55.46 nm. The evaluated stress for TiO2 andZnOwas 3.8 MPa and 13.7 MPa, respectively.

3.1.1.3. Uniform deformation energy densitymodel (UDEDM)
Most crystals include faults caused by dislocations, defects and aggregationwhich suggests that the assumption
of crystal isotropy and linear proportionality between stress and strain onwhich theUDMandUSDMare based
is not justified in real crystals. In addition, when the strain energy density, u is considered, the proportionality

Figure 3.XRDpeak profile analysis using theUSDMmodel for ZnO andTiO2.

Figure 4.XRDpeak profile analysis using theUDEDMmodel for ZnO andTiO2.
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constants associatedwith the stress–strain relationship become dependent [37]. The energy density for an elastic

system that obeysHooke’s law can be expressed as = eu .Y

2

2
hkl

Equation (4) can then be rewritten in terms of u as (equation (9))

⎜ ⎟
⎛
⎝

⎞
⎠

( )b q
l

q= +
K

D

u

Y
cos 4 sin

2
9

hkl
hkl

1
2

From figure 4, the plot between ⎜ ⎟
⎛
⎝

⎞
⎠

q
Y

4 sin
2

hkl

1
2
andβhklcosθ, the anisotropic energy density and crystallite

size can be obtained from the slope and intercept, respectively. The evaluated crystallite size for TiO2 andZnO
was 33.82 and 55.46 nm,while the anisotropic energy density was 7.12× 10–8 KJm−3and 8.96× 10–8 KJm−3

Figure 5.XRDpeak profile analysis using the SSP plot for ZnO andTiO2.

Figure 6.Rietveld analysis of ZnO andTiO2. The red profile is the experimentally obtained diffraction, while the black profile is the
calculated profile by Rietveld analysis. The bottomplot is the difference between the experimental and calculated profile.
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Table 1.Calculatedmicrostructural properties fromwilliamson–hallmodels, size-strain analysis and rietveld analysis.

UDM USDM UDEDM Size strain Rietveld analysis

Nanoparticle Crystallite size (nm) Strain (%) Crystallite size (nm) Stress (MPa) Crystallite size (nm) Energy density (KJ/m3) Crystallite size (nm) Strain (%) Crystallite size (nm) Strain (%)

TiO2 55.46 −1.5× 10–4 55.46 13.7 55.46 7.12× 10–8 58.61 1.8× 10–4 87.6 0.28

ZnO 33.8 −4.03× 10–5 33.8 3.8 33.82 8.96× 10–8 34.06 1.3× 10–3 41.9 0.003
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3.1.2. Size-strain analysis
WhileW-Hanalysis considers peak broadening to be dependent on x-ray diffraction angle (2θ), the size-strain
analysis considers the peak profile to be a combination ofGaussian and Forentz functions [38]. The profile
broadening arising from the crystallite size is referred to as the Lorentz function, while the broadening due to
strains is labelled theGaussian function [39]. This is expressedmathematically in equation (10)

( )b b= +B 10hkl L G

The equation for the SSP is given by equation (11)

⎛
⎝

⎞
⎠

( ) ( ) ( )b q
l

b q
e

= +d
k

D
dcos cos

2
11hkl hkl hkl hkl

2 2
2

Infigure 5 plot of ( )b qd coshkl hkl
2 on the y-axis against b qd coshkl hkl

2 gives a straight line with a slope equal

to
lk

D
and intercepts equal to ( )e .

2

2
The crystallite size from the SSPmodel for ZnO andTiO2was 34.06 nmand

58.61 nm, respectively and the obtained strainwas 1.3× 10–3 and 1.8× 10–4 for TiO2 andZnO, respectively.

3.1.3. Rietveld analysis
Furthermore, the Rietveld analysis was used in analysing the x-ray diffraction pattern of TiO2 andZnO. In
Rietveld analysis, diffraction patterns are constructed and then calculated about amodel that is used as the
crystallographic standard. The analysis simulates profile diffraction and sample structural characteristics using
computed patterns [40]. The Rietveld analysis plot for ZnO andTiO2 is shown in figure 6.

The profile of the experimental data and the calculated pattern for ZnO andTiO2matched perfectly,
showing the presence of pure ZnO andTiO2 nanoparticles. The difference plot shows the difference between the
experimental and calculated profiles for the nanoparticles. The positive peaks showpeaks inwhich the
experimental peaks hadmore intensity than the calculated profile, while the negative peaks showpeaks inwhich
the experimental profile had a lower intensity compared to the calculated profile. The crystallite size and
microstrain of the TiO2 nanoparticle were evaluated to be 87.6 nm and 0.003% respectively, while the values for
ZnOwere 41.9 and 0.289% respectively. The Rietveld analysis offers a versatile and accuratemodelling route for
estimatingmicrostructural information and refining complex structures. It is however limited to crystalline
materials and also very complex.

4. Conclusion

X-ray profile broadening in crystallinematerials is duemainly to crystal size and lattice strain. To estimate the
crystal size and strain in green synthesized ZnO andTiO2 nanoparticles fourmodels: the Scherrer equation,
Williamson–Hallmodel, size and shape plot and the Rietveld analysis were employed. The crystallite size from
all themodels showed good agreement as shown in the summary presented in table 1. In theWilliamson–Hall a
relatively constant crystallite size was obtained from the differentmodels which shows a negligible contribution
ofmicrostrain to the profile broadening of thematerials and a dominant crystallite size broadening. A significant
variation in the calculatedmicrostrainwas observed among themodels due to the difference inmodel
assumption, but all themodels showed the presence of only a smallmicrostrain contribution to the profile
broadening of thematerial. Furthermore,microstructural properties such as stress and energy density of the
synthesized ZnO andTiO2.
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