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Abstract

The microstructural characterization of cerium-based metal-organic frame-
works (Ce-MOF) is essential for understanding the relationship between crys-
tal structure and functional properties. In this study, the synthesized Ce-MOF
was characterized by powder X-ray diffraction (PXRD), scanning electron mi-
croscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDS), Fou-
rier-transform infrared spectroscopy (FTIR), and X-ray fluorescence (XRF). X-
ray diffraction peak broadening was analyzed to separate the contributions of
coherent diffraction domain size and lattice microstrain. A comparative anal-
ysis was performed using the Scherrer (53.91 nm), Monshi-Scherrer (49.79
nm), Williamson-Hall (47.00 nm; £= 2.585 x 107%), Size-Strain Plot (42.27 nm;
£=6.614 x 10™*), Halder-Wagner (42.27 nm; £ = 1.073 x 107), and modified
Warren-Averbach (46.97 nm; £ = 8.587 x 107*) methods. The strain-inclusive
models converged toward a consistent description of the microstructure, in-
dicating coherent diffraction domains ranging from 42 to 54 nm and lattice
microstrains on the 10™ - 107°. The relatively small variation in the estimated
coherent domain sizes suggests that the diffraction peak broadening is pre-
dominantly governed by the finite size of the coherent domains, whereas the
contribution of the lattice microstrain remains comparatively limited. SEM
observations revealed irregularly shaped particles with heterogeneous size dis-
tribution. FTIR spectra exhibited the characteristic vibration bands associated
with Ce-O coordination, confirming the successful formation of the Ce-MOF
framework. The elemental composition determined by XRF and SEM-EDS fur-
ther confirmed the successful formation of the constituent elements within the
synthesized material.
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1. Introduction

Metal-organic frameworks (MOFs)-based hybrid materials constitute an important
class of porous crystalline solids. Their architecture results from the coordinated
assembly of metal nodes and polydentate organic ligands, forming periodic net-
works [1]-[4]. The physicochemical properties of these materials are strongly de-
pendent on the nature of the metal centers and the density of structural defects
[5]-[7]. The structural modularity of MOFs, combined with their high specific
surface area and the possibility of controlled functionalization of metal sites, en-
dows them with tunable properties for applications in catalysis, separation, energy
storage, and optics [8]-[10]. Cerium-based MOFs are of particular interest owing
to the redox chemistry of cerium, which exhibits two oxidation states, +III and
+IV, enabling the formation of highly connected oxo-cluster-type nodes [11] [12].
This redox duality, combined with the coordination flexibility of cerium, promotes
oxygen vacancies [13] and local distortions. These phenomena make the struc-
tures highly dependent on synthesis conditions and lead to a complex microstruc-
ture, directly influencing crystallinity and defect density [14]-[16]. In this context,
understanding the crystalline microstructure of Ce-MOFs is essential, particularly
the determination of the size of coherent diffraction domains and lattice microstrain
[17]-[19]. These parameters directly influence the structural stability, pore con-
nectivity, and functional performance of MOFs [20] [21]. Powder X-ray diffrac-
tion is the reference tool for accessing this information, where the broadening of
Bragg reflections simultaneously reflects the effects of finite coherent diffraction
domain size and microstructural strain [22] [23]. The Scherrer approach provides
an estimate of the average coherent diffraction domain size by assuming that peak
broadening is purely dominated by coherent domain size. Several formalisms have
been developed to better deconvolute microstructural contributions from diffrac-
tion profiles. The Monshi-Scherrer method proposes a linearized reformulation
of the Scherrer equation, enabling a more stable estimation of coherent diffraction
domain sizes. The Williamson-Hall approach allows the separation of size and
microstrain contributions under the assumption of isotropic broadening [24] [25].
The Size-Strain Plot model provides an alternative weighting that reduces the in-
fluence of high-angle values [23], while the Halder-Wagner formalism relies on a
pseudo-Voigt decomposition of size and strain contributions [24]. Finally, the
Warren-Averbach approach enables a more rigorous analysis of peak broadening
by separating microstructural contributions [26] [27], without explicit use of the
Fourier transform in the present study. In this study, these different approaches
were applied comparatively to a cerium-based MOF in order to evaluate the con-

sistency of coherent diffraction domain sizes and lattice microstrain estimates.
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The objective is to highlight the limitations of individual models in a highly het-
erogeneous system and to propose a cross-reading approach linking the observed
microstrain to the nature of metal-ligand interactions and the redox chemistry of
cerium. This comparative approach is essential for establishing structure-micro-
structure-function relationships in porous hybrid materials with high defect den-

sity or potentially defective character.

2. Experiment

2.1. Hydrothermal Synthesis of the Ce-MOF Material

In a beaker containing 50 mL of distilled water, 0.10 g of terephthalic acid
(H,BDC) was dispersed under magnetic stirring at room temperature for 15
minutes, yielding a solution of pH 6. A few drops of ammonia were then added to
adjust the pH to 7. In a separate beaker, 0.17 g of ammoniacal cerium (IV) sulfate
dihydrate was dissolved in 10 mL of distilled water under stirring at room tem-
perature. The salt solution was gradually introduced into the H,BDC acid solution
at neutral pH. The resulting final solution was transferred into a 100 mL stainless
steel autoclave lined with a Teflon insert and placed in an oven at 120°C for 120
hours. The obtained powder was washed in a 50/50 mixture of distilled water and

ethanol, then dried at room temperature for 24 hours.

2.2. Characterization Methods of the Synthesized Powder

Several techniques were employed to characterize the synthesized product. X-ray
diffraction analysis was performed using a Bragg-Brentano geometry powder dif-
fractometer (X’Pert3 Panalytical) equipped with a CuKa radiation source (dxa =
1.54059 A; Ak, = 1.54441 A). Diffraction data were collected under the following
experimental conditions: 5° < 26< 50°; A28 = 0.02°; 45 kV; 100 mA. The micro-
structural parameters were estimated using the Scherrer, Monshi-Scherrer, Wil-
liamson-Hall, Halder-Wagner, Size-Strain Plot, and simplified Warren-Averbach
methods. Only the diffraction peaks characteristic of the Ce-MOF phase was con-
sidered for the estimation of the microstructural parameters.

The morphology and elemental composition of the synthesized product were
investigated by scanning electron microscopy coupled with energy-dispersive spec-
troscopy. Analyses were carried out using a Regulus SU 8100 microscope equipped
with an energy-dispersive spectroscopy detector. SEM observations were per-
formed at an accelerating voltage of 2 kV, with magnifications of x100, X500,
%1000, x2000, and working distances of 7.9 mm and 8 mm. Elemental analysis by
EDS was conducted at a magnification of x3000, with an acquisition time of 7.68
us, a real analysis time of 50 s, and an energy resolution of 123.8 eV.

The functional groups present in the synthesized product were identified by
Fourier-transform infrared spectroscopy. Measurements were carried out using a
Thermo Scientific Nicolet iS10 FTIR spectrometer. Spectra were recorded over the

wavenumber range of 4000 - 400 cm ™.
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3. Results and Discussion
3.1. XRD Data Analysis

The XRD pattern of the synthesized compound (Figure 1) shows the appearance
of characteristic peaks of Ce-MOF at approximately 26 (°) = 12.16; 15.62; 24.48;
25.16, with slight shifts relative to the literature [28] [29]. The absence of peaks at
low angles (<10° 26) indicates a low degree of long-range crystallinity, suggesting
that the synthesized compound exhibits either a nanocrystalline structure or a
highly deficient MOF network. Several studies have shown that cerium-based MOFs
can be amorphous or poorly crystalline, leading to the disappearance or broaden-
ing of low-angle peaks [18] [30]-[34] associated with pore periodicity. This struc-
tural disorder could be attributed to the sulfate precursors used in the synthesis,
which would disrupt the formation of Ce-O clusters [35] [36]. The presence of an
intense peak at 27.92° indicates the presence of CeO; as an impurity, confirmed
by peaks at 33.3° and 47.56°. The intense peak observed around 26 = 17.3" may
originate from the crystallization of unreacted or partially coordinated H,BDC
[30]. The angular positions and corrected FWHM values of the Ce-MOF diffrac-
tion peaks used to estimate the coherent diffraction domain size and lattice mi-
crostrain are listed in Table 1.
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Figure 1. XRD pattern of the synthesized compound.

Table 1. Angular positions (26) and instrumental broadening-corrected full width at half
maximum (FWHM, p).

26 2448 25.17 29.59 31.77 32.62 35.12 38.16 39.58 40.59 41.04
s 0.132 0.186 0.188 0.156 0.153 0.143 0.117 0.166 0.137 0.211

3.2. Coherent Domain Sizes and Lattice Microstrain Estimation

3.2.1. Scherrer and Monschi-Scherrer Methods
The Scherrer method was used to rapidly estimate the average coherent diffraction

domain sizes without accounting for the effects of lattice microstrain. Equation
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(1) describes this method [37] [38]:
D K-1
pcosé

(1

The Monshi-Scherrer (MS) method, also referred to as the modified Scherrer
method, is derived from the logarithmic linearization of the Scherrer equation and
is given by the following Equation (2) [39]:

K-1 1
Inﬁ =In (Tj-’- In (wj (2)

With D: average coherent diffraction domain sizes (nm); K: Scherrer constant
(K'=0.9); A: X-ray wavelength (nm); Bis the full width at half maximum (FWHM)
after correction for instrumental broadening, in radians; @ is the Bragg angle in
radians. The slope of the linear plot of In Sversus In(1/cos6) was used to determine
the average coherent diffraction domain sizes. The Scherrer (Figure 2) and Mon-
shi-Scherrer (Figure 3) methods yielded coherent diffraction domain sizes of 53.91
and 49.79 nm, respectively.

4.5

Average coherent diffraction domaine size D = 53.91 nm

3.0 N
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Coherent diffraction domain size (nm)

Figure 2. Scherrer method.
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Figure 3. Monshi-Scherrer method.
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3.2.2. Williamson-Hall Method

The Williamson-Hall (WH) method is one of the most widely used techniques for
analyzing diffraction peak broadening, considering it as arising from the simulta-
neous contributions of coherent diffraction domain sizes and lattice microstrain,
the latter resulting from point defects, grain boundaries, and stacking faults [40]-
[42]. This broadening is defined by Equation (3):

ﬂ = ﬂsize + ﬁstrain (3)

The Uniform Deformation Model (UDM) stipulates that the crystal deforms
uniformly along all crystallographic directions, thereby causing isotropic peak broad-
ening, and is expressed by Equation (4) [43] [44].

ﬂcosez%+4gsin9 (4)

where ¢ s the lattice microstrain. To exploit this relationship, a linear regression
is performed by plotting fcos@as a function of 4siné. Linear fitting of the experi-
mental data (Figure 4) enabled the estimation of the microstructural parameters.
The slope of the fitted line directly provided the lattice microstrain (& = 2.585 X
107), whereas the intercept yielded a coherent diffraction domain size of 47.00.
This approach therefore represents a simple and effective technique for evaluating

microstructural parameters.
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Figure 4. Williamson-Hall method.

3.2.3. Size-Strain Plot Method
In the Size-Strain Plot (SSP) approach, the broadening of diffraction peaks is con-
sidered as a combination of Lorentzian and Gaussian functions (Equation (5)),
which are associated with coherent diffraction domain and microstrain, respec-
tively [45]-[47].

B=P+Ps (5)

where f; and fgare the full widths at half maximum of the Lorentzian and Gauss-
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ian functions, respectively. The relationship is used to estimate the coherent dif-
fraction domain sizes and lattice strain. Equation (6) [45] [47] estimates the co-
herent diffraction domain sizes and microstrain.
» KA/, &?
(d-pB-cosd) :T(d ~ﬁ~cos€)+7 (6)
As shown in Figure 5, linear fitting of the (d - -cos 9)2 versus (d 2. B-cos 0)

plot provided a coherent diffraction domain size of 42.27 nm and a lattice mi-
crostrain of 6.614 x 107, which was calculated from the slope and the intercept of

the fitted line, respectively.
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Figure 5. Size-strain plot method.

3.2.4. Halder-Wagner Method

The Halder-Wagner (HW) approach assumes that peak broadening follows a
symmetric Voigt function, Ze., a convolution of a Lorentzian and a Gaussian func-
tion [24] [38] [39] [48], and the observed full width at half maximum is given by
Equation (7):

ﬂz = ﬂLﬂJ’_ ﬂé (7)

The relationship used to estimate these parameters using the Halder-Wagner
method is given by Equation (8) [24] [39] [49]:

2
( p j:”( s j+4gz (8)
2tan @ D \4tan@-sin@
B Y B
The linear regression of the (—j versus (—j plot (Figure 6)
2tan @ 4tand-sin@

yielded a coherent diffraction domain size of 42.27 and a lattice microstrain of
1.073 X 1073, derived from the slope and the intercept of the fitted line, respec-
tively.
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Figure 6. Halder-Wagner method.

3.2.5. Modified Warren-Averbach Method

The Warren-Averbach method is one of the diffraction profile analysis methods
that allows the separation and quantification of crystallite size and internal lattice
strain. The average dislocation density can also be obtained through this approach
[50]-[53]. Given the complexity of applying the Warren-Averbach method, which
requires the use of the Fourier transform, an equation inspired by this method but
without the Fourier transform, expressed by Equation (9), has been proposed
[54]-[56]:

A B 2
tan’g D(tan @sin 9j+25<g > ©)

2
B >— asafunction of L
tan“ @ tandsin @

of the experimental data yielded a coherent diffraction domain size of 46.97 nm
and a lattice microstrain of 8.587 x 107, obtained from the slope and the intercept

Figure 7 presents the plot of . Linear fitting

of the fitted line, respectively.
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Figure 7. Modified Warren-Averbach method.
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The microstructural analysis of the synthesized compound, performed through
X-ray diffraction peak broadening, showed that the estimated coherent diffraction
domain size and microstrain depend on the peak-broadening model employed
(Figure 8). The estimated coherent diffraction domain size ranged from 42.27 to
53.91 nm, whereas the corresponding microstrain values varied between 2.585 x
107* and 1.703 x 107°. The Scherrer method yielded the largest coherent domain
size (53.91 nm), whereas the size-strain plot and Halder-Wagner methods pro-
duced identical values of 42.27 nm. Intermediate values of 49.79, 47.00, and 46.96
nm were obtained using the Monshi-Scherrer, Williamson-Hall, and modified
Warren-Averbach methods, respectively. This trend is consistent with the theo-
retical foundations of these approaches, which assign different contributions of
crystallite size and lattice strain to diffraction peak broadening. The progressive
decrease in the estimated coherent domain size from the Scherrer method to size-
strain plot and Halder-Wagner models reflects the increasing consideration of the
microstrain contribution to peak broadening. While the Scherrer equation attrib-
utes the entire peak broadening to the finite size of coherent diffraction domains,
the Williamson-Hall, size-strain, and Halder-Wagner partition the observed

broadening into contributions arising from finite domain size and lattice strain.
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Figure 8. Evolution of microstrain as a function of the method.

Although the estimated microstrain values exhibit some dispersion, they all re-
main within the order of 10 - 1073, indicating overall consistency among the dif-
ferent analytical approaches. The Williamson-Hall (UDM) method yielded the
lowest microstrain value (2.585 x 107*). This relatively low estimate may arise
from the fundamental assumption of the model, which considers uniform and
isotropic lattice deformation in all crystallographic directions. Such an assump-

tion may not be strictly valid for porous materials such as Ce-MOF, where struc-
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tural defects can lead to a heterogeneous distribution of local lattice distortions.
In contrast, the Size-strain plot and Halder-Wagner methods yielded higher mi-
crostrain values of 6.614 x 10™* and 1.073 x 107%, respectively. This difference
mainly originates from the assumptions adopted by these methods regarding the
representation of diffraction peak broadening. The size-strain plot model assumes
a Lorentzian size-broadening component and a Gaussian strain-broadening com-
ponent, whereas the Halder-Wagner approach employed a Voigt profile, which is
often more representative of experimental diffraction peak shapes [24] [57] [58].
The microstrain value obtained using the modified Warren-Averbach method
(8.587 x 107%) is consistent with this trend and indicates that internal lattice strain
contributes to diffraction peak broadening without being its dominant source. Over-
all, the results obtained from the different models show good agreement while
highlighting the sensitivity of peak-profile analysis to the assumptions underlying
each analytical approach [57]. The positive microstrain values indicate that the
coherent diffraction domains are subjected to tensile lattice strain [49] [59]. These
findings indicate that the synthesized material consists of nanocrystalline do-
mains, with the estimated size corresponding to coherent diffraction domains ra-
ther than to the physical particle size. In metal-organic frameworks, such mi-
crostrain may originate from metal-ligand coordination defects [60] [61], struc-
tural vacancies, and local lattice distortions generated during crystal nucleation
and growth [5] [62]. Furthermore, the relatively small difference between the co-
herent diffraction domain size obtained from the Scherrer equation and those de-
rived from strain-inclusive models suggests that the finite size of the coherent dif-
fraction domains is the predominant contributor to diffraction peak broadening
in the present Ce-MOF, whereas the contribution of lattice microstrain remains
comparatively limited [57] [58]. Therefore, the microstructural parameters ob-
tained in this study should be interpreted as estimates of coherent diffraction do-
main size and lattice microstrain, rather than as a definitive description of the
material microstructure.

The dislocation densities estimated (Table 2) using the relation d=1/0* (Equa-
tion (10)) [39] are on the order of 10" m~>. These values suggest the presence of
crystallographic defects within the synthesized Ce-MOF and are consistent with
the existence of local lattice distortions commonly reported in metal-organic
frameworks [5]. Since the dislocation density is derived from the coherence dif-
fraction domain size, it should be regarded as an indirect indicator of the defect
density rather than a direct measurement of dislocations. Accordingly, the ob-
served diffraction peak broadening reflects the combined effect of the finite size
of coherent diffraction domains, lattice microstrain, and crystallographic defects,
thereby providing averaged structural information over the diffracting volume
[63]. In MOFs, such defects may originate from missing-linker or missing-cluster
defects, coordination disorder, or local structure distortions and can increase the
number of accessible active sites, although they may also compromise the struc-
tural stability of the framework [5].
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Table 2. Estimated dislocation densities.

dx 10" (m™2)
Scherrer MS WH SSp HW MWA
3.44 4.03 4,527 5.596 5.596 4,533

3.3. Scanning Electron Microscopy Coupled with
Energy-Dispersive Spectroscopy

SEM observations (Figure 9) reveal aggregates of asymmetric particles with a size
variation ranging from 44.65 to 199.32 um (Figure 10), characterized by an irreg-
ular morphology without a well-defined crystalline shape, indicating non-uni-
form growth dominated by rapid nucleation. This morphology may be attributed
to the presence of sulfate traces from the cerium precursor, likely to disrupt crystal
growth [35] [36]. These data are consistent with those reported for MOFs synthe-
sized by solvo/hydrothermal treatments [64] [65]. The x100 magnification al-
lowed the overall particle distribution to be observed, while surface details are re-
vealed at x500, x1000, and x2000 magnifications, showing microscopic relief fea-
tures and surface irregularities. These structures increase the specific surface area
and can generate active sites favorable for adsorption or catalysis [66]. EDS anal-
ysis confirmed the elemental composition of the synthesized MOEF-type product.
The spectra (Figure 11) show cerium (26.84% - 29.77%), carbon (7.58% - 8.34%),
oxygen (46.62% - 51.29%), and sulfur (13.53% - 16.03%) contents, depending on

the targeted areas.

Regulus 20KV 7:9mm 41, 00K SERLL) el : e " 20.0um

Figure 9. SEM of synthesized compound; scale (um): (a) 500, (b) 100, (c) 50, (d) 20.
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Figure 10. Aggregate size of the particles of the synthesized product.
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Figure 11. SEM-EDS of the synthesized compound.
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3.4. Infrared

Figure 12 presents the infrared spectrum of the synthesized product. The bands
located at 449 and 500 cm™ are attributed to the stretching vibrations of Ce-O
bonds and the O-Ce-O bending modes [67] [68]; their presence confirms the ef-
fective coordination of the ligand to cerium. The band at 725 cm™ is related to the
bending of a di-substituted aromatic ring. The bands at 879 and 927 cm™ [69] [70]
are attributed to the vibration of the para-substituted aromatic ring. The bands at
725, 879, and 927 cm™! confirm the terephthalate structure. The band at 1112 cm™
is attributed to the stretching vibrations of C-C bonds of the aromatic core, with
a possible contribution from C-O vibrations of the carboxylate group [69] [71].
This band at 1112 cm™ may also reflect the contribution of S-O stretching vibra-
tions arising from residual sulfate. The band at 1282 cm™ corresponds to the C =
O vibration of the carboxylate. The bands at 1407 and 1422 cm™ are associated
with the symmetric stretching vibrations of COO~, while the band at 1574 cm™!
corresponds to the asymmetric stretching vibration of COO~ [67] [72]-[75]. The
band at 1509 cm™ is related to the C = C bond of the aromatic core. The bands at
3104 and 3064 cm™ are attributed to aromatic C-H bending. The broad band
around 3500 cm™! is associated with OH from water in the structure [67] [69] [73]
[76] and is confirmed by the bands at 2814, 2656, and 2537 cm™. The coexistence
of asymmetric and symmetric stretching vibrations of the carboxylates, with
wavenumber difference values Av | vasym(coo_) “Vm coor) ] ranging between 152
and 167 cm™, indicates a bridging coordination mode or a mixed bridging-biden-
tate or chelating mode [74] [77]. The splitting of the symmetric band may indicate
multiple coordination environments or structural disorder [67] [78] [79]. The ex-
perimental data show similarity with those of UiO-66 (Ce) MOF in terms of sym-
metric and asymmetric stretching and Ce-O bond vibrations. The band at 1674 cm™
highlights the presence of protonated carboxylate groups (residual or coordinat-
ing water molecules), indicating a higher degree of structural defects or incom-

plete deprotonation compared to UiO-66(Ce).

100

80

3500 )

?
2656 >

_ i @it T
= & g zic
Q
& b
E
n =3
= 40 xi
D
-
o™
= g

1574

20

1674
1509

04

T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 12. Infrared spectrum of the synthesized product.
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3.5. X-Ray Fluorescence

Figure 13 presents the chemical composition of the synthesized compound. The
data showed that this technique allowed only the metal center (Ce, Z = 58) and
sulfur (Z = 16) to be identified, while the elements (C, O, H) constituting the or-
ganic ligand were not detected due to the detection limit of this technique for light
elements [80]-[82]. These results revealed the dominance of cerium with a per-
centage of 83.4% and sulfur at 7.8%. The missing percentage of 8.9% would there-
fore be attributed to carbon, oxygen, and hydrogen. This analysis may be consid-
ered as a partial contribution from the inorganic part of the material, leading to
an apparent overestimation of the metallic fraction. EDS and FTIR, thus validat-
ing the formation of a hybrid MOF-Ce compound, achieved the detection of C,
O, and H constituting the organic ligand.

B Ce
Il s
P c+0+H

Figure 13. Chemical composition of the synthesized compound.

4. Conclusion

This study provided a comparative evaluation of the coherent diffraction domain
size and lattice microstrain using the Scherrer, Monshi-Scherrer, Williamson-
Hall, Size-Strain Plot, Halder-Wagner, and modified Warren-Averbach (without
Fourier transform) methods. The estimated coherent diffraction domain sizes
ranged from 42.27 to 53.91 nm, depending on the analytical model employed. The
strain-inclusive methods yielded lattice microstrain values on the order of 107 -
107°. The close agreement between the coherent domain sizes obtained from the
Size-Strain plot and Halder-Wagner methods supports the consistency of the mi-
crostructural estimations, despite the different assumptions underlying each ana-
lytical approach. SEM observations revealed aggregates of irregularly shaped par-
ticles with heterogeneous morphology, whereas FTIR spectra exhibited the char-
acteristic vibrational bands associated with the cerium-based MOF. X-ray fluores-
cence and EDS analyses confirmed the elemental composition and the homoge-

neous distribution of the constituent elements within the synthesized material.
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