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ABSTRACT 
X-ray Diffraction is a standard method for determining the sizes of nanoparticles. However, this method does not 
give size distributions of particles if there is a polydispersity in particle sizes. XRD provides an average size for 
the particles. Small Angle X-ray Scattering (SAXS) is another technique for determining the sizes of 
nanoparticles. This technique provides not only mean size but also size distribution of particles. This paper 
reports the results of XRD and SAXS experiments on indigenously synthesized Fe3O4 nanoparticles. 
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1. INTRODUCTION 
Nanoparticles are particles of organic or inorganic materials having sizes in the range of 1–100 nm [1-3]. In 
general, these particles could be made of crystalline materials (e.g., metals, Fe3O4) or amorphous materials (e.g., 
polymers). The nanoparticles are usually coated with a suitable surfactant or a polymer (referred to as capping) to 
stabilize them against aggregation [2, 3]. The physical properties of nanoparticles depend on their sizes. For 
example, the color of a gold nanoparticle depends on its size [5]. The size of a nanoparticle is, again, an important 
parameter when it comes to its use in industry [6,7], biotechnology [8], or medicine [9]. It is thus of interest to 
determine the sizes of nanoparticles. Scanning Electron Microscope (SEM) [10], Transmission Electron 
Microscope (TEM) [11], X-ray diffraction (XRD) [12], Dynamic Light Scattering (DLS) [13], Small Angle X-ray 
scattering (SAXS) [14 - 16] and Small Angle Neutron Scattering (SANS) [15 - 17] are some of the techniques 
which have been used for determining sizes of nanoparticles. These techniques have their merits and demerits. 
For example, TEM provides a direct image of the particle over a wide range of sizes. However, it does not 
provide statistically averaged information as the technique involves using very small samples. Moreover, sample 
preparation for TEM is a specialized job and most of the users find it difficult to use TEM. XRD is much simple 
and user-friendly technique, but can be used for crystalline materials only. However, it does not provide 
information about the shape of the particle. SAXS and SANS are better suited for determining, both, the sizes, 
and shapes of nanoparticles. The technique involves using bulk-size samples and thus it provides statistically 
averaged quantitative information about the sizes and shapes of nanoparticles. This paper deals with the use of 
XRD and SAXS in the study of nanoparticles. At times, a combined SAXS and SANS study can be exploited to 
get a detailed structure of the particle. For example, it has been used for studying the core-shell structure of 
nanoparticles [18, 19]. In particular, the sizes of Fe3O4 nanoparticles as obtained using XRD and those obtained 
using SAXS are compared. The measurements have been made on three sets of Fe3O4 particles differing in their 
capping materials; these particles were synthesized in our laboratory. 

2. SALIENT FEATURES OF NANOPARTICLES OF FE3O4 
Iron oxide, Fe3O4, is a crystalline material that exhibits magnetic properties and is known as magnetite in the 
literature. It is often used in the synthesis of ferrofluids, which find applications in industry, biotechnology, and 
medicine [20]. To avoid self-agglomeration of Fe3O4 particles, they are coated with a suitable surfactant or 
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polymer. Fe3O4 particles, having three different coatings, were synthesized using the co-precipitation technique. 
The details of starting materials and the method of synthesis are given in an earlier paper [21, 22]. Three sets of 
Fe3O4 particles were synthesized; the coating material was PEG for Set-I, CA for Set-II, and OA for Set-III. It 
may be mentioned that the choice of the coating material is an important parameter in deciding the suitability of 
the above particles for a specific application [23]. Results of XRD and SAXS studies on the above nanoparticles 
are reported in Sections 3 and 4 respectively. 

3. X-RAY DIFFRACTION STUDIES ON FE3O4 NANOPARTICLES 
X-ray diffraction is a standard method for determining the microscopic structure of materials [12, 24]. The 
experiment involves the scattering of a monochromatic beam of X-rays (wavelength = λ) by the sample and 
recording the angular distribution of scattered X-rays using a suitable detector. The measured plot between 
scattered intensity and the scattering angle (2θ) is referred to as an x-ray diffraction pattern. X-ray diffraction 
patterns for three sets of Fe3O4 particles were recorded at UGC DAE CSR, Mumbai Centre, BARC, Mumbai 
using a commercial diffractometer (Bruker D2 Phase 2nd Gen Diffractometer having XE-T detector). X-rays 
having wavelength λ = 0.154 nm (Cu-Kα X-rays) were used. Data were recorded in steps of 0.02ᵒ for 2θ in the 
range of 10ᵒ -70ᵒ. 

Figure 1 shows the measured XRD patterns for the three samples. They show well-defined (220), (311), (400), 
(422), (511), (440), (620), and (533) Bragg peaks in agreement with the standard Fe3O4 powder diffraction data 
[ICSD-158741]. The average values of lattice constants for PEG-coated, OA-coated, and CA-coated nanoparticles 
of Fe3O4, as obtained from the above peaks, are 0.832 nm, 0.837 nm, and 0.835 nm respectively and they are in 
reasonable agreement with the value of 0.838 nm, reported in the literature [24]. 

The importance of XRD studies in the present contest lies in the fact that sizes of nanoparticles can be obtained 
from the widths of Bragg peaks. It is known that the Bragg peak is very sharp (δ- function) for a macroscopic 
particle and its width increases as the particle size decreases [25]. 

 
Figure 1. XRD patterns for Fe3O4 particles having PEG, OA and CA as coatings 

The particle sizes were calculated by measuring the half-height widths of the strongest reflection (i.e., 311) and 
using the well-known Debye-Scherrer formula [25, 26] 
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DXRD = 0.75 L (1) 

Here DXRD is the diameter of the particle and L is the coherent length for a spherical particle and is given by 

L = 0.94 λ/ꞵcos (θ) (2) 

where ꞵ is full width at half maximum (in radians) of the peak. The values of calculated sizes for the three samples 
are given in Table 1. 

4. SAXS STUDIES ON FE3O4 NANOPARTICLES 

4.1  Introduction to Small Angle X-ray Scattering (SAXS) 
Small Angle X-ray Scattering (SAXS) is a somewhat specialized technique and it is not surprising that SAXS 
machines are available in advanced laboratories only. It is thus appropriate to give a small introduction to the 
technique. SAXS is a technique for studying the structure of materials on mesoscopic length scales. The 
importance of this technique lies in the fact that it provides information that is not easily available from other 
techniques. For example, SAXS is used to determine the sizes and shapes of biological molecules suspended in 
biological fluids, information that cannot be obtained using conventional techniques such as TEM, XRD, etc. [15] 

SAXS experiment and XRD experiments are similar, in the sense that both involve the scattering of a 
monochromatic beam of x-rays (wavelength = λ ~ 0.1 nm) by the sample and measuring the scattered x-ray 
intensity as a function scattering angle (2θ). The differences lie in the range of 2θ. Scattering angles are less than 
5ᵒ for SAXS experiments and much larger (in the range of 10ᵒ to 100ᵒ) for XRD experiments. Difficulty in 
performing t h e  SAXS experiment arises from the fact that t h e  i n c i d e n t  b e a m  s p i l l s  o v e r  a n d  
g i v e s  r i s e  t o  a  background at small angles and that interferes with the scattered signal. SAXS experiment 
measures scattered intensity as a function of the wave vector transfer Q (= 4π sin θ / λ). The wave vector 
transfer Q for SAXS is much smaller (0.005 to 0.20 nm-1) as compared to that for (~ 5 nm-1) for XRD. That is, 
unlike conventional diffraction experiments, where the structure of a material is examined at atomic resolution 
(~0.2 nm), SAXS is used for studying the structure of a material with a spatial resolution of ~ 5 nm. SAXS is thus 
used for studying the sizes of nanoparticles having sizes in the range of 1 nm to 100 nm. The importance of SAXS 
emerges from the fact that it can be used not only for determining the sizes but also the shapes of nanoparticles. In 
the case of polydisperse samples, SAXS is used to obtain information about the size distributions of 
nanoparticles. More importantly, while XRD is used for crystalline materials, SAXS can be used for, 
both, crystalline and amorphous materials. 

4.2 Results of SAXS Experiments on Fe3O4 Nanoparticles 
SAXS experiments have been carried out on three samples, namely, PEG-coated Fe3O4 nanoparticles, CA-coated 
Fe3O4 nanoparticles, and OA-coated Fe3O4 nanoparticles. Measurements were carried out on a state-of-the-art 
SAXS beamline at the Indus-2 synchrotron, Raja Ramana Centre for Advanced Technology (RRCAT) [27], 
Indore. This machine operates on beamline BL-18 of an indigenously built synchrotron (Indus-2), which provides 
an intense beam of X-rays. The said SAXS beamline uses a double crystal monochromator, pin-hole geometry, 
and a two-dimensional online image plate detector for detecting scattered X-rays. During the present experiments, 
16 KeV x-rays (wavelength = 0.0775 nm) and sample-to-detector distance were kept at 3.239 m. Radial averaging 
was performed on 2D data, using standard procedures [27], to obtain a variation of scattering intensity with Q. 
Fig.2 shows measured SAXS profiles for Fe3O4 nanoparticles having coatings of PEG, CA, and OA. 

4.3 Analysis of SAXS data from Fe3O4 nanoparticles 
SAXS data were analyzed using SASfit software [28] under the assumption that the sample consists of spherical 
particles of varying sizes. This assumption is reasonable as TEM studies on similar Fe3O4 nanoparticles showed 
that particles are nearly spherical and have polydispersity in size [21]. The scattered x-ray intensity I (Q) for the 
above situation is given by [27] 

I(Q) = n (∆ ρ)2 ∫ P (Q, R) D(R) V2 (r) dR          (3) 
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where P (Q, R) is the particle form factor and D(R) is the particle size distribution function. In general, the 
particle form factor depends on the size and shape of the particle. The form factor for a spherical particle of 
radius R is given by: 

P (Q, R) = [3{sin (Q R) − (Q R) cos (Q R)} / (Q R)3 ]2       (4) 

The expression of log-normal size distribution is written as follows: 

D(R) = exp (− [ln(R/R0)]
2 / 2σ2) / [√ ((2π σ2 R2)]   (5) 

where “R0” and “σ” denote the median radius and the polydispersity index of the size distribution, respectively. 
V(R) is the volume of the particle having radius R. The scattered intensity depends on the product of number 
density (n) and contrast factor (Δρ2). The diameters of particles can be obtained from median radii using the 
following equation 

DSAXS = 2 R0 exp   

 
Figure 2. Measured SAXS distributions for Fe3O4 nanoparticles having PEG, CA, and OA coatings. Solid lines 

are least square fits as discussed in the text. 

The solid lines in Fig. 2 are SASfit-based nonlinear least square fits of Eq.3 to the measured scattering intensities 
with R0, σ, and normalizing constant as fitting parameters. The values of the fitted parameters are given in Table 
1. The size distributions of PEG, CA, and OA-coated Fe3O4 nanoparticles were obtained using Eq. 5 and the 
above-fitted parameters of the three sets of data. It is noted that the values of median radii for the above three 
samples are 3.16 nm, 3.63 nm, and 1.75 nm respectively. For the sake of comparison, SAXS values for the 
diameters (DSAXS) of the particles are given in Table 1. It is seen that the sizes of PEG-coated Fe3O4 nanoparticles 
and CA-coated Fe3O4 nanoparticles are similar for XRD and SAXS. However, the diameter of OA-coated Fe3O4 
nanoparticles obtained using SAXS is much smaller than that obtained using XRD. The reasons for these 
differences are not clear. It may be mentioned that at times SAXS experiments measure the size of the grain and 
XRD experiments measure the size of coherent crystallite. This could not be the reason as DSAXS is smaller than 
DXRD for OA-coated nanoparticles. We believe that the present experiments, both XRD and SAXS, measure 
crystallite sizes for PEG, CA, and OA-coated Fe3O4 nanoparticles. 
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Figure 3: Size distributions of Fe3O4 nanoparticles having three different coatings as obtained from SAXS data. 

Table 1. Sizes of Fe3O4 nanoparticles having three different coatings as obtained from SAXS and XRD 
Sr no Fe3O4 

nanoparticles 
Having coating 

of 

Fitted parameters 
(using SASfit) 

Particle diameter 
using SAXS 
DSAXS = 

2 R0 exp ({ 
(nm) 

Particle 
diameter 

using XRD 
DXRD 
(nm) 

n  R0 
(nm) 

1 PEG 0.044 0.43 3.16 6.88 5.70 

2 Oleic acid 0.04 0.62 1.75 3.81 6.03 

3 Citric acid 0.045 0.35 3.63 7.91 7.51 

SUMMARY 
It is of interest to study the sizes, polydispersity, and shapes of nanoparticles as they are the most important 
parameters in deciding their usefulness in industry or biotechnology. A variety of experimental techniques have 
been used for the above. The choice of technique depends on several parameters such as whether the constituent 
material of the nanoparticle is crystalline or amorphous, and the presence or absence of polydispersity in sizes and 
shapes. It is seen that different techniques, often, give different values for the size parameters. This paper deals 
with the comparison of xrd and saxs in determining the sizes of nanoparticles. Xrd and saxs studies were carried 
out on three samples, namely, polyethylene glycol (peg) coated fe3o4 nanoparticles, citric acid (ca) coated fe3o4 
nanoparticles and oleic acid (oa) coated fe3o4 nanoparticles. The nanoparticles were synthesized in our laboratory 
using the wet coprecipitation technique. Xrd experiments were carried out using a conventional x-ray 
diffractometer and saxs experiments were carried out using a state-of-the-art saxs machine in a synchrotron 
source. The mean sizes of the above nanoparticles were obtained from xrd data by analyzing the widths of bragg 
peaks and using of debye scherrer method. Saxs data were analyzed in terms of a model that assumed the sample 
consisted of polydisperse spherical nanoparticles. The size distributions of nanoparticles were obtained by 
analyzing saxs data using the standard software (sasfit). It is seen that both techniques give similar values (~ 7 
nm) for the mean sizes of peg-coated fe3o4 nanoparticles and ca-coated fe3o4 nanoparticles. This is not the case 
for oleic acid-coated fe3o4 nanoparticles. The mean size (dxrd = 6.03 nm) of oa-coated fe3o4 nanoparticles as 
obtained using xrd, is much larger than that (dsaxs = 3.8) obtained using saxs. The reasons for these differences 
are not clear. 
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