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CuFe04 ferrite was synthesized by citrate precursor and then calcined at 800, 900, and 1000 °C.
Structural properties showed that the X-ray diffraction patterns of the samples could be easily indexed
to tetragonal CuFe204 ferrite with the spatial group the I 41/AMD. As the calcination temperature
increased, the larger Cu?* ion at the tetragonal site substituted the smaller Fe3+ ion at the octahedral
site. The half-width of X-ray diffraction peaks can be affected by several factors such as instrumentation,
crystallite size, and lattice microstrain broadening. The results of crystallite size and Microstrain
estimated by different methods for the samples show that the Size-strain Plot method is more accurate,
the value of R? is close to 1 and all data points touch the fitting line better than other methods. The
results showed that the increase in crystal size with calcination temperature could be mainly attributed
to the increase of stretching microstrain.

1. Introduction

Among all magnetic nanomaterials, spinel ferrites have
recognizable magnetic, electrical, and optical properties.
Their magnetic and electrical properties such as high
saturation magnet as well as high dielectric properties, low
eddy current losses, initial permeability enable a wide
range of applications for spinel ferrites [1].

Spinel ferrites have a general formula (MsFe1-5)[M1-sFes
+ §]O4; here, 6 is the cation distribution factor, which
illustrates the fraction of tetrahedral (A-) sites occupied by
divalent metal (M2?*) cations. The round and square
brackets denote the tetrahedral (A) and octahedral (B)
interstitial sites, and M is the divalent (Cu?*, Mn2*, Co2* Ni%*,
Zn?+, etc.) and Fe is a trivalent (Fe3*) metal cation occupying
the FCC lattice formed by 02~ anions. Among spinel ferrites,
CuFe204 spinel ferrite has received great attention as its
magnetic properties can be tuned by cation distribution at
octahedral and tetrahedral sites [2].

So far, a wide range of methods have been used to
synthesize ferrite spinel materials including solid-state
reaction, solvothermal method, chemical vapor deposition,
reverse microwave microemulsion synthesis, microwave
method, one-step reflex strategy, Metal-organic-
framework-engaged synthetic strategy, and the sol-gel
method, etc. Among them, the sol-gel synthesis method
shows the significant advantages of low external energy
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consumption, inexpensive precursors and homogeneous
powders with high reactivity [3].

Both preparation techniques and crystal imperfections
can affect the properties of nanostructures. Bragg's
equation assumes the crystal is perfect and infinite and the
incident beam is perfectly parallel and monochromatic.
Actual experimental conditions are different from these
leading to various kinds of deviations from Bragg's
condition. Peaks are not ‘d’ curves and peaks are
broadened. There are also deviations from the assumptions
involved in generating powder patterns. For example, in a
powder sample, if the crystallite size is smaller than 0.5
mm, there is an insufficient number of planes to build up a
sharp diffraction pattern and then peaks are broadened.
Both crystallite size and lattice microstrain have affect on
Bragg’s peaks by increasing the peak width, intensity and
shifting the 26 peak position [4, 5]. Therefore, the two main
properties extracted from peak width analysis are the
crystallite size and lattice strain. The half-width of the
experimentally measured breadth (f) can be influenced by
instrumental (B1), the crystallite size (Bc¢), lattice
microstrain (fs), stacking fault (Bsr), and other defects.
Consequently:

B(FWHM) = B; + B¢ + Bs + Bsp+. .. (1)
The diffraction peak that we see is a result of various
broadening ‘mechanisms’ as shown in Fig. 1.
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In this paper, we analyze the peak of XRD expansion of
calcined CuFe204 at 800, 900, and 1000 °C using an X'pert
commercial package. A comparative study of the mean
crystallite size and microstrain of the samples estimated by
different models of Williamson Hall (W-H) analysis, size-
strain plot (SSP), and Halder-Wagner (H-W) is reported.
The microstrain originates from the lattice deformation of
the CuFez204 ferrite lattice due to different calcination
temperatures. The results of crystallite sizes obtained by
these methods are compared with Scherer methods.
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Fig. 1. The contribution of the instrumental (f:), the crystallite size (fc),
the lattice microstrain (fs) broadening on diffraction peak

2. Sample synthesis
2.1. Sample synthesis

To prepare the copper ferrite by a citrate method,
stoichiometric proportions of Cu(NO3)2:6H20 and
Fe(NO3)3.9H20 were completely dissolved in a minimum
amount of deionized water. The molar ratio of copper
nitrate to iron nitrate was 1:2. Then the solution of citric
acid (CeHs07) was used as a chelating agent and added into
the solution under stirring. The mole ratio of the citric acid
to the total metal ions was 1:1. The mixture was stirred for
1 h at room temperature and then heated at 80 °C until a
viscous gel was obtained. The resultant gel was dried at 200
°C for 12 h and a precursor was obtained. Finally, the
precursor was annealed at different temperatures of 800,
900, and 1000 °C for 2 h to obtain the products. The
synthesized copper ferrite powder samples are designated
as CuFl, CuF2, and CuF3 according to annealing
temperatures of 800, 900, and 1000°C, respectively.

2.2. Geometric characterization

X-ray diffraction (XRD) analysis was used to obtain the
crystal structure of the material. The XRD pattern was
recorded using a Bruker AXS D8 ADVANCE diffractometer
with Cu-Kq radiation in the range of 26 = 10-80° at room
temperature. Fullprof program and X'pert package were
used to analyze XRD data. XRD profile analysis is a simple
and powerful method for evaluating crystal size and lattice
microstrain. Here, two factors can determine the peak
Bragg amplitude, including crystal size-dependent
expansion (C) and microstrain-dependent expansion (S),
which is added to the instrument-dependent expansion..

3. Results and Discussion
3.1. The XRD analysis

The X-ray diffraction patterns of CuFe204 ferrite powder
samples annealed at different temperatures are shown in
Fig. 2. The XRD patterns of the samples can be readily
indexed to tetragonal-type CuFez204 with I 41/AMD space
group which is in agreement with ICDD card no. 34-0425
[6]. Identification of the structure type using the X'pert
package confirms a spinel structure without the presence
of impurity phases. As can be seen, upon increasing the
temperatures, the Bragg angle (35.9-36.3°) of the
prominent peak (211) moves to lower angles.

Values of lattice parameters a and c obtained from
Rietveld refinement implemented in the Fullprof program
for CuF1, CuF2, and CuF3, are given in Table 1. However,
the increase of the lattice parameter (a) and decrease in
lattice parameter (c) with the calcination temperature is in
agreement with those reported in Refs. [7, 8] as given in
Table 1. It is due to the migration of larger Cu2* ions from
the tetrahedral site to the octahedral site which results in
the decrease of inversion parameter and occurrence of a
structural phase transition from tetragonal to cubic spinel
structure [9]. Although CuFe204 ferrite calcined at 1000 °C
in Ref. [9] shows a cubic spinel structure, we cannot
observe any traces of cubic spinel structure for the CuF3
sample.

3.2. Determination of crystallite size, microstrain, and
particle size

Below, a comparative study of the mean crystal sizes of
CuF1, CuF2, and CuF3 obtained from the XRD powder
pattern is reported. The microstrain due to lattice
deformation CuF1, CuF2, and CuF3 nanoparticles was
estimated by Williamson Hall (WH), size-strain plot (SSP),
and Halder-Wagner (HW) methods, and the crystallite sizes
results obtained by these methods are compared with the
Scherer methods. In all these methods, the values of B
(the full-width at half-maximum (FWHM) of the diffraction
peak) and 6 are selected from the results obtained from
X'pert High Score package. Also, the values of dnx (the
distance between adjacent planes in the Miller indices
(hkI)) are calculated from Bragg’s equation, 2d; sin 6 = 4,
with A = 1.5404 A.

3.2.1. The Scherrer method

The instrumental corrected broadening [10] B« (= Bc)
was estimated by using Gaussian function:

.Bg = :Bi%kl = .82 - .812 (2)

Also, Scherrer’s equation is as follows [11]:

KA

D cos@ = be (3)

Bria =
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’I"I‘ahbelgeland Bhkl values of (211) diffraction peak and the crystallite size obtained from the Scherrer method for CuF1, CuF2, and CuF3
Samples  a(4) cA) a() c(d) (hki) 20 () BhKI () ?nfnc;’e"er
CuF1 5.7683 8.6812 5.830 [7] 8.662 [7] 211) 36.31 0.4869 17.94
CuF2 5.7920 8.6786 5.832[7] 8.660 [7] 211) 36.17 0.4658 18.74
CuF3 5.8169 8.6686 8.239 [8] 8.724 [8] 211) 36.03 0.2325 37.54

show the broadening of the XRD pattern which is attributed
to the crystallite size (D) -induced broadening. Here, Bux
and 6 are the full-width at half maximum (FWHM)
corresponding to the Bragg's angle of (211) peak of CuF1,
CuF2, and CuF3 as shown in Fig. 2, respectively. The K, and
A are the Scherrer constants equal to 0.94, and the X-ray
wavelength, respectively.

In this method, the increase in peak broadening is due
to the reduction in crystallite size. The Scherer formula
uses Gaussian line profiles to determine the size of the
crystallite. This formula is not expected to be valid for very
small crystallite sizes (<10 nm). The crystallite size (D) of
the samples was extracted from the Scherer method as
shown in Table 1. It should be noted that the crystallite
sizes obtained from smaller diffraction angles are more
accurate.

3.2.2. Williamson-Hall (W-H) method

In the W-H method, the information on microstrain (&)
and the crystallite size (D) of CuF1, CuF2, and CuF3 have
been obtained from S« by using W-H relation. Microstrain
broadening in the W-H method is defined as follows [12]:

Bs = 4etan 6 4)

Separating crystallite size broadening and microstrain
broadening,

KA
Bt = Be + B = (5—=5) + (4 tan 0) (5)

Dcos0

Rewriting Eq. (5), the formula for the Williamson-Hall
method is as follow [13]:

Brricosld = (%/1) + (4esin ) (6)

where K is the Scherrer constant or the shape coefficient
given as 0.94 for spherical particles and ¢ is the internal
microstrain.

In this method, the plot of ,Bhkl

4sinf (axis-x) corresponding to the six strongest peaks of
CuF1, CuF2, and CuF3 shown in Fig. 2, is a straight line (see
Fig. 3 a). The slope and intercept of linearly fitted data give
amounts of micro-strain (¢) and crystallite size Dw-n,
respectively. The resulting negative microstarin may be
caused by lattice contraction. Basically, the larger the
interception result, the smaller the crystallite size, and the
larger the slope, the larger the microcrack. Interruption

cosf (axis-y) versus

with origin means that D is infinite or broadening is only
due to micro-strain dilation, and zero slope means that the
horizontal line without micro-strain or broadening is only
due to broadening of the crystallite size. The Dw-u value is
incorrect due to the lower R?values.

The scattered data analyzed on plots of CuF1, CuF2, and
CuF3 using the Williamson -Hall (W-H) method (shown in
Fig. 3a) does not show any clear linear fitting behavior
which shows this method is not more accurate. Since the
W-H method supposes that “crystallite size” profile and the
“microstrain” profile contribute to the line broadening with
Lorentzian profiles, so it doesn’t match with the X-ray
broadening of the studied sample.

3.2.3. Size-Strain Plot method

The information on microstrain (&) and the crystallite
size (D) of CuF1, CuF2, and CuF3 have been obtained from
Pria and planar spacing dnki (the distance between adjacent
planes in the set (h k I)) by using a size-strain plot (SSP)
method. The SSP method is more accurate, especially at
higher diffraction angles. Therefore, the crystallite size and
lattice strain of the sample were calculated using the SSP
method. In this method, the peak broadening due to the
lattice strain is estimated from &= f/tanf [14].
Therefore, the total broadening is obtained from:

Brii = Bc + Bs (7)

According to the SSP method, the relation between lattice
strain and crystallite size is given by [15]:

(dnaPriacos0)? = (K /D) (dfBriicost) + (/2)? (8)

where K is the shape coefficient given as 3/4 for spherical
particles.

In the SSP method, the plot of (dpBurcos8)? (axis y)
versus (dZBrricosd) (axis-x) corresponding to the six
strongest peaks of CuF1, CuF2, and CuF3 shown in Fig. 2, is
a straight line (see Fig. 3 b). The size of the crystallite is
determined by the slope of the linear fitting data and the
root of the y-intercept gives the microstrain.

3.2.4. Halder-Wagner method

The information on microstrain (ex-w) and the crystallite
size (Du-w) of CuF1, CuF2, and CuF3 have been obtained
from B and planar spacing dpx (the distance between
adjacent planes in the set (h kI)) by using the H-W method.
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Fig. 2. X-ray diffraction pattern of CuFe204 ferrite was synthesized by the citrate precursor method and further calcined at 800 ‘C (CuF1), 900 °C (CuF2),

and 1000 °C (CuF3)

Halder and Wagner have given an approximation to the
integral breadth of a Voigt function as [16]:
Bitt = Bubria + B4 9)
where BL and B¢ are the Lorentzian and Gaussian

components, respectively. In the H-W method, the
crystallite size and strain profiles are described by the

Lorentzian and the Gaussian function, respectively.
Consequently, we have [17]:
Briae/ diia)® = (1/D) B/ i) + (£/2)°

(10)

Bri = Briicos /A and dj,, = 2sin /2.

In the H-W method, the plot of (Bx/dri)? (axis y)
versus (ﬂﬁkl/d;klz) (axis-x) corresponding to the six
strongest peaks of CuF1, CuF2, and CuF3 shown in Fig. 2, is
a straight line with a positive slope and a nonzero y-
intercept (see Fig. 3 c). The crystallite size is determined
from the slope inverse of the linearly fitted data and the
root of the y-intercept gives the microstrain, respectively.

The results of crystallite size and microstrain of CuF1,
CuF2, and CuF3 estimated by Scherrer, W-H, SSP, and H-W
methods are summarized in Table 2. All methods show that
the line broadening was essentially isotropic. The WH
method supposes that the "crystallite size" profile and the
"microstrain” profile contribute to the line broadening with

Lorentzian profiles, but in both SS and HW methods the
"crystallite size" profile is described by a Lorentz function
and the "microstrain” profile by a Gaussian function.
However, both of the S-S and H-W methods compared to
Scherrer and W-H methods have the advantage that less
weight is given to data from reflections at high angles,
where the precision is usually lower. For this reason, in the
W-H method is suggested that the smaller angle peaks
should be used to separate fic and fs. In addition, the SSP
and H-W methods give a high value of strain because of the
contribution of low and mid-angle XRD data. Further, the
calculated higher value of strain may be attributed to the
lattice dislocations, which play a significant role in the
broadening of the reflection peaks at lower angles.

The average size values of CuF1, CuF2, and CuF3
crystallites obtained from different models are less similar,
implying that the inclusion of microstrains in different
shapes has a substantial effect on the average crystallite
size of CuF1, CuF2, and CuF3. However, take a look at the R2
values written in the figure. 3 a-c, we can see that the SSP
method is more accurate, with all the data points touching
the fitting line. This method also has a minimum of
microstrain. Thus, it is a more accurate method in which
the value of R? is close to 1, or in other words, the data
points x-y touch the fitting line more.

The crystallite size of the CuFe204 ferrite increased from
~8.0 nm to ~11.8 nm with increasing the calcination
temperature from 800 °C to 1000 °C due to faster
recrystallization and grain growth of ferrite. However, the
results given in Table 2 suggest that in the investigated
ferrites, the increase of the crystallite sizes with calcination
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temperature can be mainly attributed to the increase of
stretching microstrain.
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Fig. 3. The W-H (a), SSP (b), and H-W (c) plots for CuF1, CuF2, and CuF3

TI‘a;llzl\‘:azlues of crystallite size and microstrain of CuF1, CuF2, and CuF3 obtained from Williamson-Hall (W-H) analysis, size-strain plot (SSP), and Halder-
Wagner (H-W) methods.
Samples l()r:vrﬁ;l %rvlv:unit) *103 ]()n;ig) f:g*::;) l()nl:{lv)v %rl;lgvunit) *103
CuF1 17.52 0.44 8.03 5.36 18.00 4.88
CuF2 15.76 -0.30 8.46 6.15 16.33 6.00
CuF3 118.52 1.65 11.83 7.71 47.29 3.58

4. Conclusion
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