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1. INTRODUCTION https://doi.org/10.58341/srj.v3i2.54

X-ray diffraction (XRD) is a technique in material science used to structurally characterize a material
by observing the molecular and atomic structure of that material [1-5]. For this purpose, the sample of a
material is irradiated with incident monochromatic light (X-rays) and the scattering angle with respect
to intensities of light which is scattered by the atomic structure of the material [6]. Then a plot is drawn
between the intensity of the scattered X-rays and the scattering angle for observing the material structure
by analyzing an XRD pattern (which is based on scattering angle, intensity peaks with their location)
and the intensities of scattered intensity peaks). Through the XRD pattern, one can get identification of
the crystalline phase of the material (material name), the order of peaks, and the number of matched
and unmatched peaks with the ideal one. This means XRD also gives information about the structure
deviating from the ideal one due to defects and internal stress. XRD is based on Bragg’s law [7-9] i.e.
when the X-ray is incident on a crystal with some angle ‘0’, reflects with the same scattering angle and if
the d-space is equal to the wavelength of X-ray ‘N, then there occurs constructive interference. So Bragg’s
equation [10, 11] is written as:

Here ‘N is the wavelength of the incident light; ‘0’ is the angle and 'd_hkI' is the space between planes
with the Miller Indices (hkl). Also ‘n’ is an integer number which is representing the diffraction harmonic
order. According to the above equation, when an X-ray beam incident on a crystal it is diffracted by the
internal atoms/molecules and scattered in a specific direction as can be seen in Figure 1. The scattered
X-ray light produces a spectrum of high and low intensities due to the interference (which occurs due
to the diffraction of light by internal atoms). The scattering of X-ray light can be found by the electron
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density of the crystal [12]. Similarly, for scattering intensity, one can consider the following reference
[13].

Figure 1: X-ray diffraction: implementation of Bragg’s law

Now, let us move to the Miller Indices. Miller indices are used to specify the direction and plane in
crystals or lattices with three integers ‘h’, ‘k’ and ‘I’ [14]. These are denoted as (hkl) for plane and [hkl] for
direction which is orthogonal to reciprocal lattices, as shown in the following formula:

Gnit — hbl —+ kbz —+ Ib3 (2)

Here ‘b_i’ represent the basis of reciprocal lattices. For cubic structure simply miller indices are used
[15], so the d spacing between lattices plane with lattices constant ‘a’ can be measured by the following

formula:
(&)

Similarly, for 2D hexagonal structure same indices (hkl) are used but for 3D hexagonal structure four
indices (hkl) are used [16]. However, the d spacing between lattices plane with lattices constant ‘a’ can
be measured by the following formula:
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Nowadays different two-dimensional and three-dimensional materials as well as their composite
materials are used in the fabrication of different devices like energy conversions, sensors and other
electric devices [17-20]. Graphene is a well-known two-dimensional material with a hexagonal structure
[21], which has been paid heed by researchers. Due to the remarkable structure, electric and thermal
properties of graphene it is used in the fabrication of different devices [22-25], also researchers have
used graphene composite with other organic and inorganic materials. Moreover, researchers have also
worked on the fabrication of 3D graphene/graphene foam based on Ni foam and other materials [26-30].

This study aimed to elucidate the crystallographic structure of graphene, graphene oxide, and reduced
graphene oxide using X-ray diffraction (XRD) analysis. By correlating the XRD patterns with the material's
lattice structure and employing Miller indices, the research identified key crystallographic planes and their
corresponding interplanar spacing (d-spacing) for each material. The findings are visually represented
with unit cells for a clear understanding, offering a valuable educational tool for researchers and students
studying the structure of the graphene family through XRD techniques.

X-ray Diffraction Analysis

Now let us discuss the x-ray diffraction pattern of the graphene family i.e. graphene, graphene oxide
and reduced graphene oxide with the miller indices of lattices.
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Graphene XRD Analysis

Graphene is the 2D allotropic form of carbon and all carbon atoms have a uniform honeycomb planar
arrangement. The distance between atoms is about ‘i = 1.42 A’[31] as shown in Figure 2. All carbon atoms
have a linear combination of a single s-orbital with two p-orbitals i.e. sp2 hybridization. That’s why a
single carbon atom has chemical bonding (covalent bond) with three neighbouring atoms having an
angle of 1200. Similarly from the figure, a unit cell with lattice constant ‘a = 2.46 A’ can be seen. The unit
cell is represented through two vectors 'a' and 'b'.

Carbon atom

Covalent Unit Cell

d a=2.46A

a=120°;

Figure 2: Lattices representation of graphene atomic structure with unit cell

The XRD pattern of graphene is shown in Figure 3. According to my best, it is observed that most
researchers got a sharp peak at (002) and a small peak at (004) [32, 33]. However, there may be a slight
change in angle. For example, (Johra, F. T. et al, 2014) observed a (002) peak at about 26 = 250 with
d-spacing 3.56 A (They got a broadening peak for graphene at (002), so read the graph with a graph
reader and approximate the angle for it) [32]. Moreover, (Aziz, M. et al, 2014) reported (002) graphene
peak at 26 = 26.40 with d-spacing 3.373 A [34]. Similarly, (SIBURIAN, R. et al, 2018) observed (002) peak
at 26 = 23.880 angle with d-space 3.72 A [33]. Let us see the XRD of graphene which is observed through
the Cu Ka X-ray source (having a wavelength of 1.542 A [35]).
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Figure 3: XRD pattern of graphene
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The XRD pattern expresses two peaks one is (002) at 26 = 26.980 and the other is (004) at 26 = 54.93o0.
The d-space for both peaks has been measured through Bragg’s formula which is d002 = 3.305 A and
d004 = 1.699 A. The diffraction of X-rays from planes 002 and 004 can be seen in Figure 4.

(©)

Figure 4: (a) X-ray diffraction for miller indices (002), (b) X-ray diffraction for miller indices (004) and (c) two
parallel planes

Figure 4 (3, b & ¢) represents the graphical diffraction of Cu Ka X-ray from the (002) and (004) planes,
respectively. It can be observed that at 26 = 26.980 Bragg’s law is fulfilled for the (002) plane with d002
=3.305 A and [002] plane direction. So, a sharp peak of X-ray is observed for the (002) plane. (004) plane
is parallel to the (002) plane with the distance between both being | = 6.8A [36, 37], but for the plane
(004) a small peak has been observed at 26 = 53.980 with d004 = 1.699 A and [004] plane direction. This
is because the (004) plane has half d-spacing as the (002) plane i.e. d_004= 1/2 d_002. The XRD pattern
peaks are similar to the graphite peaks. Moreover, the planes of graphene are similar to the basal planes
of graphite [38]. Which is indicating that there is still retained the atomic or molecular structure of
carbon by graphene. But the peaks are weakened than graphite [39]. Because the layer size of graphene
is smaller as compared to graphite [40].

Graphene Oxide XRD Analysis

The structure of graphene oxide (GO)is similar to graphene as graphene oxide is a chemical modification
of graphene. However, GO has some bonding with the oxygen groups [41]. It is a single-layer material
(maybe multi-layers [42]) that is made of carbon, hydrogen and oxygen molecules i.e. carboxylic acid
at the edges and phenol hydroxyl and epoxide groups on the basal plane [43, 44] as shown in Figure 5.
As graphene oxide is the multi-layers of graphene, the unit cell and lattices constant are the same as
graphene.

Carbon atom

- Unit Cell

HOO

Oxygen atom

Hydrogen atom

Figure 5: Structure of graphene oxide
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The XRD pattern of graphene is shown in Figure 6. According to my best, it is observed that most
research got a sharp peak at (001) [45, 46], a small peak at (100) [32, 47-49] and (004) [50]. However,
there may be a slight change in angle. Let us see the XRD of graphene oxide which is observed through
the Cu Ka X-ray source (having a wavelength of 1.542 A [35].
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dryvpe 6: XRD pattern of graphene oxide

The XRD pattern expresses three peaks one is (001) at 26 = 11.010, the second is (100) at 26 = 42.930
and the third is (004) at 44.040. The d-space for both peaks has been measured through Bragg’s formula
which is d001 = 8.116 A, d100 = 2.106 A and d004 = 2.029 A. The diffraction of X-rays from planes 001,
100 and 004 can be seen in Figure 7.

[100] 20

(®)

(©

Figure 7: (a) X-ray diffraction for miller indices (001), (b) X-ray diffraction for miller indices (100), (c) X-ray
diffraction for miller indices (100) and (d) Combine planes

Figure 7 (a, b, c & d) represents the graphical diffraction of Cu Ka X-ray from the (001), (100) and (004)
planes of graphene oxide, respectively. It can be observed that at 26 = 11.010 Bragg’s law is fulfilled for
(001) plane with d001 = 8.116 A and [001] plane direction. So, a sharp peak of X-ray is observed for the
(001) plane. (004) plane is parallel to the (001) plane with the distance between both being | = 10.2A [36,
37], but for the plane (004) a small peak has been observed at 26 = 44.040 with d004 = 2.029 A and [004]
plane direction. This is because the (004) plane has one-fourth d-spacing than the (001) plane i.e. d_004=
1/4 d_002. However, (100) is the perpendicular plane with (001) and (004). The plane diffracts the X-ray
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at 26 = 42.930, but does not produce a sharp peak due to its alinement. The XRD of graphene oxide is
similar to the XRD of graphite oxide. However, the layer size of graphene oxide is smaller compared to
graphite oxide [33].

Reduced Graphene Oxide XRD Analysis

Reduced graphene oxide (rGO) is a form of graphene oxide which is synthesized through chemical,
thermal, physical and other methods by reducing the oxygen from graphene oxide [51]. To obtain the
graphene this reducing process is used and removes the oxidized functional groups from graphene oxide
[52, 53] as shown in Figure 8. However, the oxygen is not removed completely, there exists a bit of oxygen
atoms and functional groups i.e. there are always some defects [54-56].

Unit Cell

COOH
COOH

Graphene Oxide Reduced Graphene Oxide

dryvpe 8: Structure of reduced graphene oxide

The XRD pattern of reduced graphene oxide is shown in Figure 9. According to my best, it is observed
that most researchers got a sharp peak at (002) and a small peak at (001) [22, 57, 58]. Similarly, some
researchers also have observed a sharp peak at (100) as can be seen in the following reference [58]. Let
us see the XRD of reduced graphene oxide which is observed through the Cu Ka X-ray source (having a
wavelength of 1.542 A [35]).
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Figure 9: XRD pattern of graphene oxide
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The XRD pattern expresses two peaks one is (002) at 26 = 25.030 and the other is (001) at 41.500. The
d-space for both peaks has been measured through Bragg’s formula which is d002 = 3.558 A and d001 =
2.176 A. The diffraction of X-rays from planes 002 and 001 can be seen in Figure 10.

[002]

©

Figure 10: (a) X-ray diffraction for miller indices (002), (b) X-ray diffraction for miller indices (004) and (c)
two parallel planes

Figure 10 (a, b & ¢) represents the graphical diffraction of Cu Ka X-ray from the (002) and (001) planes,
respectively. It can be observed that at 26 = 25.030 Bragg’s law is fulfilled for (002) plane with d002 =
3.558 A and [002] plane direction. So, first, a sharp peak of X-ray is observed for the (002) plane like
graphene. This is expressing the presence of graphene [59]. The (001) plane is parallel to the (002) plane
with the distance between both being | = 3.4A [36, 37]. But for the plane (001) a small peak has been
observed at 26 = 41.500 with d001 = 2.176 A and [001] plane direction. This is because the (001) plane
has a smaller d-spacing than the (002) plane. In addition, the peak of (001) is observed after the plane
(002) due to the disorder in the turbostratic band of carbon material [60].

2. CONCLUDING REMARKS

This study reviews the crystallographic structure of graphene, graphene oxide, and reduced graphene
oxide using X-ray diffraction (XRD) analysis. By correlating the XRD patterns with the material's lattice
structure and employing Miller indices, the research identified key crystallographic planes and their
corresponding interplanar spacing (d-spacing) for each material. Graphene exhibits peaks for (002) and
(004) planes, while graphene oxide shows peaks for (001) || (004) L (100) planes. Reduced graphene
oxide has peaks for (002) and (001) planes. All findings are visually represented with unit cells, providing
a valuable educational tool for understanding XRD patterns and the structure of the graphene family.
It's important to acknowledge that X-ray diffraction analysis has limitations, such as difficulty in
determining the atomic arrangement within the layers and potential ambiguity in assigning peaks for
highly similar d-spacing values. However, this study offers a clear and foundational understanding of the
crystallographic planes in these materials.
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