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1. Introduction
The difficulty in synthesizing high-purity ceramic MAX phase at low temperatures is a major issue recently. The MAX 
phases can be defined as a family of carbides and nitrides with a hexagonal structure (space group P63/mmc; No.194) in 
the general formula of Mn+1AXn with n being an integer, M being a transition metal, A being a group of 13 to16 elements. 
X is C/N/B [1–5]. Scheme 1 shows the unique structure of the Zr2ALC MAX phase.

MAX phases have been classified into the following groups based on the value of n: M2AX (211 phase), M3AX2 (312 
phase), M4AX3 (413 phase), M5AX4 (514 phase), M6AX5 (615 phase), M7AX6 (716 phase) [6], hybrid MAX phases 523 
phase (211 phase +312 phase) and 725 phase (413 phase + 514 phase) [7], M2AB2(212 phase) and M3AB4 (314phase) 
boride MAX phases [8–10]. More than half of the discovered MAX phases, with n=1, were first reported in the late 
1960s by Nowotny et al. [11,12]. The carbides with a general formula of M2XC are called H-phases, in which X is the 
B-group from l to 3 elements. The H-phases are ternary layered compounds that the hexagonal B-group elements net is 
separated as layers from the edge-shared transition metal carbide octahedral structure. Indeed, 40 H-phases have been 
found containing transition metals such as Al, Ga, In, Tl, Sn, Ge, Pb, S, As, Cd, Zn, and P [13]. For example, Lapauw and 
coworkers synthesized Zr2AlC and Zr3AlC2 compounds experimentally, which are considered the first MAX phases in the 
Zr-Al-C system [14]. A new family of 2D transition-metal carbides/nitrides known as MXenes was discovered in 2011 
by the synthesized 2D titanium carbide (Ti3C2) selecting aluminum to be etched from the MAX phase of Ti3AlC2 (312). 
MXenes are promising as a wide range of applications such as catalysis because of their exceptional characteristics such 
as large specific surface area. Including new novel layered in the MAX phase compounds has received a lot of attention 
recently, in particular because of the possible applications of MXenes. It is possible to make a straightforward attempt 
by substituting boron atoms for C/N atoms. No results using this method have been obtained. The M−B bond is weaker 
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than the M−C or M−N bonds, suggesting that the MAX phase containing boron is less stable thermodynamically than 
its equivalents in the carbide or nitride states. Ade and Hillebrecht reported that the MAB phases, a new family of layered 
transition-metal borides (M, A, and B) can denote an early transition metal such as IIIA or IVA group element, and boron, 
respectively). Kota et al. have evaluated the synthetic procedures, crystal structure, chemical bonding, and distinguishing 
the characteristics of MAB phases. Several theoretical and experimental findings show that MAB phases can exfoliate into 
2D transition-metal borides (MBenes) [10]. The synthesized MAX phase could be more than 150 types [15,16].

There are many fundamental techniques to synthesize the MAX phase structure, such as the physical vapor deposition 
(PVD) technique, solid-state reactions, and the molten process. One of the main techniques is the solid state reactions 
method, including pressureless synthesis (PLS), self-propagating high-temperature synthesis (SHS), hot-pressing (HP), 
spark plasma sintering (SPS), and the microwave (MW) process. Generally, the MAX phases are relatively easy to 
synthesize, but producing high yields (>95 wt%) is an exception to achieve the MAX phase, which coexists with other 
thermodynamically stable phases, for instance, carbides or nitrides, as well as intermetallic compounds [17].

The MAX phase is a unique combination of ceramic and metallic properties producing the n “ceramic” MX layer 
(s), which is interleaved by an A “metallic” plane. This new structure includes excellent properties such as high thermal 
shock resistance, high stiffness, good thermal and electrical conductivity, resistance to corrosion, and antioxidation 
capability [18,19]. Therefore, the application of the MAX phases can be potentially used as heating elements, armor, 
nuclear industries, aerospace, automotive, defense, and medical applications [11,12]. To give more examples, the ceramic 
MAX phases of Ti2AlC, Ti3AlC2, and Cr2AlC have superior properties, such as self-healing properties [20–22], as well 
as reversible deformation, which have attracted scientists worldwide. The ceramic MAX phase can also achieve a high 
melting point, excellent hardness, and superior thermomechanical/thermochemical properties. These properties can lead 
to a high dielectric constant with attractive optical characteristics obtaining ideal optoelectronic applications [23,24]. More 
than seventy advanced MAX phases have been recently synthesized, and it is expected that more innovative MAX phase 
structures can be achieved potentially. One of these structures is Zr2AC MAX phases which contain A = Al, Si, P, S, Ga, Ge, 
As, Cd, In, Sn, Tl, and Pb [25]. Particularly, the ceramic MAX phase contains Al-element, a unique combination of ceramic 
and metal properties, which can be applied in anticorrosion and resistant oxidation when utilized in high-temperature 
environmental applications. Such MAX phases (Zr2AC) can be expected as prospective materials for accident-tolerant 
fuel cladding in light water reactors, where the materials are commonly exposed to high mechanical and thermal loads 
with strong neutron irradiation and high oxidation regions [25]. The Zr-based ceramic MAX phase is considered useful 
in nuclear environmental applications, particularly the Zr2AlC. The high neutron transparency of the Zr element offers 
highly desirable reactor neutronics, thereby reducing the fuel consumption in the nuclear reactor. The presence of the Al 
element in the ceramic MAX phase can assist in forming a protective oxide layer to prevent the high-temperature steam 
oxidation process [26]. Because of the narrow cross section of the Zr element in neutrons applications, the Zr-Al-C MAX 

 
Scheme 1 The Zr2ALC MAX phase ceramic structure. 

 

Scheme 1. The Zr2ALC MAX phase ceramic 
structure.



HUSSEIN et al. / Turk J Chem

765

phases ceramic, such as Zr3AlC2 and Zr2AlC, are superior candidates for using in fuel cladding coatings [27,28]. Therefore, 
a simple, cost-effective technique with uncomplicated equipment under low temperature preparing a high-purity ceramic 
MAX phase is in urgent demand. 

Numerous studies have attempted to synthesize the MAX phases; for example, Lapauw and coworkers investigated 
the effect of synthesis temperature on the structure of the Zr2AlC MAX phases. They claimed that the hot pressing 
sintering technique (HPS) successfully synthesized the ceramic MAX phase of the Zr2AlC type at a temperature range of 
1475–1575 °C, obtaining an impure ZrC component as a secondary phase. Additionally, they revealed that the synthesis 
temperature was 1525 °C with 67 wt% yield of the Zr2AlC MAX phase and 33 wt% of impure ZrCx component. The 
challenges encountered in the research made it significantly difficult to obtain the Zr2AlC MAX phase at low temperature 
with high purity [29]. A previous study by Haemers and colleagues proposed that the ceramic MAX phase Zr2AlC can also 
be prepared using the hot press sintering (HPS) technique, and they successfully reduced the impure quantities of Zr3AlC2 
and ZrCx components. The synthesized ratio was 2Zr: 0.8Al: 1.2C with a sintering temperature ranging from 1525 to 1575 
°C. Additional efforts by the same researchers attempted to synthesize ceramic MAX phase Zr2AlC using a pressureless 
sintering technique (PLS). The samples were sintered at 1900 °C for 10 min before being held at 1600 °C for 1 h, 1450 °C 
for 1 h, 1300 °C and 1150 °C for 10 h under the atmosphere of the argon gas. The problem faced by researchers in this 
method is the formation of a new phase which is the ZrC component at high temperatures with Zr-Al alloy components. 
The researchers also assumed that the PLS method is considered to mix the zirconium with other materials such as Cr, Mo, 
or Ti to form (ZrxM1-x)2AlC compounds. However, none of these compounds contains the Zr-based MAX phase. Based on 
this research, pressureless sintering is not anticipated to be able to produce the Zr2AlC MAX phase with high purity [30].

To obtain high interfere atoms in the ceramic MAX phases instead of the carbides, it is possible to use a nanocarbon 
material to facilitate the manufacturing process with high purity at low temperature. One of these nanomaterials is 
graphene in the form of a single layer which can form one unit of the MAX phase with excellent network distribution, 
obtaining intermolecular overlap to achieve new class specifications stronger than the normal ceramic MAX phase. 
Graphene is a flat monolayer of carbon atoms firmly packed into a two-dimensional (2D) honeycomb lattice. In addition 
to its unique structure, graphene has a number of interesting characteristics, such as thermal conductivity and mechanical 
stiffness equivalent to graphite’s original values, and individual graphenes are reported to have good electrical transport 
capabilities, optical, magnetic, thermal, and mechanical properties, as well as a large specific surface area [31,32]. These 
characteristics have great potential applications, including nanoelectronics, sensors, transistors, and batteries [31]. 
Graphene is covalently bonded with a two-dimensional building block of sp2 hybridized carbon and allotropes of other 
carbon-based compounds [33]. Graphene as nanosheets can improve the ceramic MAX phase structure and its properties. 
To the best of the authors’ knowledge, no report has been found so far using graphene nanosheets, including into the 
ceramic MAX phase. The graphene can be prepared as nanosheets using different techniques, such as epitaxial growth on 
SiC, chemical vapor deposition (CVD) on metal substrates, pyrolysis of polymer films, exfoliation of graphite in organic 
solvents, and electrochemical reduction of exfoliated graphite oxide (GO) [34,35]. 

This study utilized the powder metallurgy technique to synthesize the ceramic MAX phases using cold pressing and 
then the PLS technique. This simple pathway reduces a lot of obstacles, such as the costs and impurities increasing the 
efficiency of the ceramic MAX phase, and opening a new prospective for developing advanced ceramic MAX phases 
materials realistically. The PLS technique is a simple, cost-effective, precursor-flexible method that is scalable to large 
scales and can be adjusted to yield a high purity of the ceramic MAX phases such as Zr2AlC. High purity MAX phase can 
be obtained using the PLS process up to 92%–98% with porous dense pellets [17,36]. The challenges of this process are 
that it produces fully dense components with fewer impurities [37]; the aluminum in the structure of the ceramic MAX 
phase is highly volatile, and the element ratio is a critical factor that must be firmly controlled. To solve this problem, the 
nanographene sheet network is incorporated into the MAX phases ceramic to produce a high-purity Zr2Al-graphene 
nanosheet (Zr2Al-GNS). The structure of the prepared MAX phase ceramic of the Zr2Al-GNS was characterized, and the 
electrical properties were addressed. 
1.2. Materials
Graphite flakes with a particle size of 500 μm were purchased from Laboratory Chemicals, India. Formic acid (HCOOH, 
conc. 85%) was supplied by LUXI (product specification GB/T2093-2011). ZrH2 (>99.9%, 325 mesh) was purchased from 
Luoyang Tongrun Info Technology Co., Ltd. High purity AL (>99%, 325 mesh) was acquired from HIMEDIA Company.
2. Synthesis of the ceramic MAX phase 
2.1. Preparation of graphene
Graphite flakes were ground to a particle size of 37 μm using grinding (Silver Crest Power grinding SC-1880), and then a 
round-bottom flask was filled with 1 g of graphite containing 50 mL of formic acid. The mixture was ultrasonicated (power 
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sonication 410) at room temperature to produce multilayer graphene nanosheets (GNSs/HCOOH). After a while, the 
multilayer GNPs were well-dispersed in the solution to obtain the graphene nanosheet (GNS) as layers. The resultant was 
filtered using a Whatman filter paper with the size of 20–25 μm and washed well with dilute acetone solution, and then a 
few unexfoliated graphite flakes were removed from the bottom of the flask. Finally, the GNS was dried in a vacuum oven 
overnight to obtain graphene nanosheet [38], which is ready to be the main material to prepare the ceramic MAX phase. 
2.2. Preparation of the MAX phases ceramic (Zr2Al-GNS and the Zr2AlC)
In this work, firstly, the Zr2Al-GNS was prepared using ZrH2, aluminum, and the prepared nanographene sheet as 
reactants. The particles were mixed (stoichiometry ratio of (2:1:1.2) Zr: Al: GNS) in a vacuum rotating mill (Planetary 
Ball Mill 4X500ml-Lubrication Free, Vacuum & Inert Gas Compatible) containing balls made from ZrO2 material (size 
of 5 mm). The ZrO2 balls were utilized to homogenize the mixing and break up the soft agglomeration of the samples to 
obtain a homogenous mixture. Figures S1 and S2 in the supplementary material illustrate no agglomeration in the samples. 
Importantly, the reactants were mixed in a vacuum container to minimize the oxidation reaction. The jars were sealed and 
spun for 2 h at 360 rpm in a vacuum rotating mill. After that, the powder mixture was placed into 25 mm inner-diameter 
stainless steel die and cold-compressed at 400 MPa at room temperature (MEGA KC 50 manual hydraulic press, made 
in Spin). The sample is then heated at a rate of 20 °C/min in a vacuum tubular furnace at 1000 °C, 1150°C, and 1300 °C 
(furnace type, MTI Corporation GLS 1500X). Secondly, this procedure was repeated using the graphite particles instead of 
GNS to obtain the ceramic MAX- phase for comparing, as displayed in Scheme 2. The achieved samples were characterized 
by utilizing different characterization apparatuses.
2.3. Characterization 
The powder samples were analyzed using a Lab XRD-6000, a Shimadzu X-ray diffractometer set at 40 mA and 40 Kv with 
Cu-K radiation (λ = 1.5418) at the 2 ϴ = range of 10–80 at a scanning rate of 28 min–1. Crystalline phase determination was 
done with the assistance of X’Pert High Score Plus software using the ICDD (International Centre for Diffraction Data) 
database. A current of 10 A was used at a 5 Kv acceleration voltage. Prior to the analysis performance, the samples were 
put on a carbon tap surface with a very thin platinum coating. Furthermore, field emission scanning electron microscopy 
was done to analyze the synthesized Zr2AlC and the Zr2Al-GNS ceramic MAX, and the elemental composition of the 
synthesized MAX phase was examined by EDX (energy-dispersive X-ray spectroscopy). Field emission scanning electron 
microscopy imaging (FESEM) device: (TESCAN Mira3, made by the Czech Republic, Iran University Moktabar, Tehran, 
Iran) and the EDX device are the same as the FSEM device and only detector change (SE). High-resolution transmission 
electron microscopy (HRTEM) and selected area diffraction SAED (X the X-MAXN 80T instrument from Oxford 

 

 
 

Scheme 2 Illustration of the preparation of the Zr2Al-GNS ceramic MAX phase.  

 

Scheme 2. Illustration of the preparation of the Zr2Al-GNS ceramic MAX phase.
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Instruments Nano Analysis, OHSAS18001, which is located at Iran University Moktabar in Tehran, Iran) were utilized. 
The BET surface area analysis was carried out using the (BEL-BELSORP MINI X instrument at Iran University Moktabar 
Ltd. Co., Tehran, Iran). The Brunnauer-Emmett-Teller method was used to calculate the specific surface area using N2 
adsorption-desorption isotherm equations. The Barrett–Joyner–Halenda (BJH) model was used to derive the pore size 
distributions from the adsorption branches of isotherms at 77 ± 0.5 °K in liquid nitrogen. Prior to measuring the BET 
surface area, the sample vessels were loaded with 0.5–1.0 g and degassed at a high temperature of up to 200 °C overnight 
with an evacuation pressure of 50 mTorr. 

3. Electrical properties 
Electrical resistance (voltage-current curve) was carried out using an l-V measurement device (NPRAGA Company). 
The absolute value of impedance (Z), absolute value of admittance (Y), induction (L), capacitance (C), resistance (R), 
conductance (G), Susceptance (B), phase angle (ϴ), quality factor(Q), dissipation factor (D), and reactance (X) were 
investigated.

4. Results and discussion
4.1 X-ray diffraction (XRD) 
The XRD patterns of the prepared ceramic MAX phases, including the Zr2AlC and Zr2Al-GNS, were characterized at 
various temperatures, such as 1000 °C, 1150 °C, and 1300 °C. The phase quantification was conducted using Equation 1, as 
reported elsewhere [39,40]. In this equation, the phase ratio is equal to the ratio between Ix that represented the integrated 
area of the most intense peak of the phase, and It is the total sum of the integrated area of the most intense peak for all 
representative phases (Zr2AlC, Zr2Al-GNS, Zr3Al2 & Zr5Al3 and ZrC). The least-squares method was used to compute the 
integrated areas [39,40].

𝑃𝑃ℎ𝑎𝑎𝑎𝑎𝑎𝑎 (%) = 𝐼𝐼𝑥𝑥
𝐼𝐼𝑡𝑡

𝐷𝐷 = 𝐾𝐾 λ
𝛽𝛽 𝐶𝐶𝐶𝐶𝐶𝐶 𝛳𝛳                                                     

|𝑍𝑍| = √𝑅𝑅2 + 𝑋𝑋2                                                 Eq. 

     Eq. 1 [39,40]

According to JCPDS cards numbers 98-005-8232 and 98-060-9718, the intermetallic Zr3Al2 and Zr5Al3 compounds 
appeared when using the sintering temperature of 1000 °C for both Zr2AlC and Zr2Al-GNS, respectively. The binary 
carbide phase ZrC also appeared (JCPDS card number 98-061-9173), while the Zr2AlC MAX phase was detected as a 
secondary phase confirming low crystallinity with high impurities were discovered. At 1150 °C, the XRD pattern of the 
prepared Zr2AlC revealed high impurities with low crystallinity approaching new phases such as Zr3Al2, Zr5Al3, and ZrC. 
In contrast, the XRD intensity peaks of the synthesized Zr2Al-GNS revealed that few impurities with high crystallinity 
phases, such as ZrC and Zr3Al2 compounds, appeared. Interestingly, using a single layer of graphene nanosheet in the 
prepared Zr2Al-GNS improved the crystallinity, reducing the impurities simultaneously due to the nano graphene 
sheet having a high specific surface area compared with graphite, which increases the reactivity of the sintering reaction. 
This has coincided with Boch and Niepce’s study [41]. The increase in sintering reactivity can be attributed to increased 
bonding between atoms because of the superior high surface area of graphene nanosheet and small particle size, which 
increases diffusivity through the sintering process. The nano graphene sheet structure increases from its ability to form 
ternary carbide. All of these characteristics increase the ternary carbide MAX phase’s ability to be formed. As illustrated 
in Figure 1, low intensity diffraction peaks of the synthesized Zr2AlC and Zr2Al-GNS were obtained at 1300 °C with high 
impurity phases such as Zr5Al3 and ZrC. 

The crystallinity percentage was also calculated according to Equation 1. The high percentage of the Zr2Al-GNS MAX 
phase ceramic was obtained to be 49 wt% at 1150 °C compared with different temperatures. Table 1 and Figure S3 in the 
supplementary material show the prepared samples’ crystallinity phase with the impurities’ percentage. The following 
point can explain the results of the XRD test:
• The main phases are Zr2AlC, Zr3Al2, Zr5Al3, and ZrC with other phases in very small quantities, which did not appear 

in all sintering temperatures. 
• The Zr3Al2 intermetallic compound is possibly formed in a high ratio at low temperatures than 1000 °C and decreases 

at high temperature of 1300 °C compared with Zr5Al3 intermetallic compound. 
• The Zr5Al3 increases at high temperatures due to the Zr5Al3 (more complex compound) requiring a higher temperature 

to be formed than the Zr3Al2 intermetallic compound.
• The ZrC carbide was formed at a low temperature of 1000 °C, and it increases at high temperatures of 1300 °C due 

to its dissociated unstable MAX phase at high temperatures of 1300 °C to convert to metal carbides (ZrCX) and A 
element [13,42]. 
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• At 1150 °C, impurities or secondary phases of Zr3Al2, Zr5Al3, and ZrC may decrease, confirming that the main 
phase of Zr2AlC MAX phase appeared. Furthermore, the MAX phase synthesis was unstable, so the synthesized 
ternary carbides can be found to dissociate into the transition metal carbide MCx and the A-group element at a high-
temperature range, as found by El-Raghy et al. and Barsoum et al. [13,42] in Zr2SnC and Zr2PbC MAX phases at a 
temperature range of 1250 ± 1390 °C.

Importantly, the main peak of the Zr2Al-GNS MAX phase ceramic was shifted from 37.3° to 25.15° due to the lattice 
of the MAX phase was expanded [43–46], indicating an elemental overlap occurred with the single layer of graphene 
nanosheet. The crystallite size was calculated using the Debye-Scherrer equation Equation 2 [47]: 

                  
𝐷𝐷 = 𝐾𝐾 λ

𝛽𝛽 𝐶𝐶𝐶𝐶𝐶𝐶 𝛳𝛳                                                     

|𝑍𝑍| = √𝑅𝑅2 + 𝑋𝑋2                                                 Eq. 

     
Eq. (2) [47]

where D is the size of the coherent diffraction domain in nm, λ = 0.15406 nm represents the wavelength of the applied 
X-ray source, β = the reflection width (2θ) FWHM (radians), θ = the Bragg angle, and K = 0.9 the shaped constant, 
respectively [47]. Table 2 illustrates the crystal diameter of the prepared samples. The crystal diameter of the synthesized 
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Figure 1 The Zr2Al-GNS   and Zr2AlC MAX phases XRD pattern at sintering temperatures of 

1000°C, 1150 °C and 1300 °C.  

 

Figure 1. The Zr2Al-GNS and Zr2AlC MAX phases XRD pattern at sintering temperatures of 1000 °C, 
1150 °C, and 1300 °C. 

Table 1. The crystallinity phase percentage includes Zr2AlC and Zr2Al-GNS phases and impurities.

Zr2Al-GNS  
1300 °C

Zr2AlC
1300 °C

Zr2Al-GNS  
1150 °CZr2AlC1150 °CZr2Al-GNS  

1000 °C
Zr2AlC
1000°CSample

29.925.249.040.438.036.4Zr2AlC wt%
14.514.811.424.725.325.8AL3Zr2 wt%
25.829.531.125.119.920.6AL3Zr5 wt%
29.830.48.59.816.817.2ZrC wt%
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Zr2Al-GNS at 1150 °C was 24.20 nm using nanographene sheet, which is higher than graphite, causing the crystals to 
expand notably. Therefore, increasing the MAX phase’s crystal size was achieved by utilizing nanographene sheet.

The lattice parameters of the MAX phases compared with those of previous studies were also calculated in the range 
of: 3.1 < a < 3.4 and 13.6 < c < 14.7 A ° [48]. For comparison, the lattice values were listed from the literature. The lattice 
parameters coincided with the experimental data in this work, as illustrated in Table 3. 
4.2. FESEM 
Field emission scanning electron microscopy was done to analyze the synthesized Zr2AlC and the Zr2Al-GNS MAX phases 
ceramic at 1150 °C, as shown in Figures 2a–2c. In this test, the laminated layers of the prepared Zr2AlC MAX phase have 
been transformed inconsistently to the disjointed layers with each other because of the lack of interconnection between 
these multilayers or laminates as well as the presence of a significant degree of impurity content as illustrated in Figures 
2a and 2b. Additionally, Figures 2a and 2b show secondary phases such as Zr3Al2 & Zr5Al3 and ZrC like cluster with small 
quantities of pure phase. 

In contrast, the laminated layers of the prepared Zr2Al-GNS MAX phase ceramic have well interconnections due to the 
nanographene sheet network that conjugated the MAX phase layers perfectly with small fragments of impurities (Zr3Al2 
& Zr5Al3 and ZrC) as displayed in Figures 2c and 2d. The pressureless sintering process (PLS) has been verified to have 
successfully synthesized the Zr2Al-GNS MAX phase ceramic with high purity and density of the nanolaminated-layers of 
MAX phase, obtaining that the atoms of carbon in the graphene nanosheets (GNS) were well bonding one with each other 
as well as tightly bonding with the Zr forming carbide layers of ZrC separated by AL layers in Zr2Al-GNS MAX phase 
ceramic crystal. These crystals are remaining conjunction with other crystals with assistance by the GNS material. 

At 1150 °C, the prepared Zr2AlC and Zr2Al-GNS MAX phases ceramic were also investigated using energy dispersive 
X-ray spectrometry (EDX). The weight ratios and atomic ratios of Zr2AlC and Zr2Al-GNS MAX phase ceramic are shown 
in Table 4. In this analysis, the Zr, Al, and C elements were well-distributed in the Zr2AlC and Zr2Al-GNS MAX phases, 
as seen in Figures 3a and 3b. However, the intensity peaks of the ceramic MAX phase of the Zr2Al-GNS were relatively 
higher than the synthesized Zr2AlC MAX phase ceramic, confirming an excellent elemental distribution when using the 
nanographene sheet in between the layers. The Zr2Al-GNS coincided with the type of 211 MAX phase, as displayed in 
Figure 3b.

Interestingly, the atomic weight of the aluminum element in the structure of the Zr2AlC MAX phase was 12.4%. In 
comparison, the atomic weight of the aluminum element in the structure of the Zr2Al-GNS MAX phase ceramic was 
increased to 20.4%, conserving its original value as illustrated in Table 4. This phenomenon is due to the sublimation 
process, which occurred during the sintering of Zr2AlC MAX phase specimens. This is explained by that the availability 
of the graphene nanosheet prevented the Al element from escaping easily out of the Zr2Al-GNS MAX phase’s structure, 
therefore supporting and promoting its structure [43,52–54]. It is expected that the GNS can react with aluminum 
instantaneously, forming Al4C3 compound, which is essential to build up the MAX phase. This phenomenon is similar to 
that in the stable MAX phase of Fe2AlC [55]. The reaction of the Al4C3 compound is illustrated in Equation 3:

ZrC+ Al4C3+ 7 Zr                 4Zr2AlC                               Eq. (3) [55]

Another plausible explanation is that the GNS can be instantaneously reacted with zirconium forming ZrC a carbide, 
which reacts with Zr2Al3 intermetallic compound forming Zr2Al-GNS MAX phase as suggested by Haemers [29]. Equation 
4 shows the reaction between ZrC carbide and Zr2Al3 intermetallic compound.

Table 2. The crystallite diameters of the prepared samples at different temperatures are calculated by the Debye-Scherrer equation. 

Compound Temperature Crystal diameter (nm)
Zr2AlC 1000 °C 19.15
Zr2Al-GNS 1000 °C 30.79
Zr2AlC 1150 °C 10.33
Zr2Al-GNS 1150 °C 24.20
Zr2AlC 1300 °C 27.05
Zr2Al-GNS 1300 °C 14.43
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Table 3. The lattice parameters compared with previous studies.

c/a))c (Å)b (Å)a (Å)Zr2Al-GNS ceramic MAX phase

4.4114.633.313.31Calculated [3]
4.3814.573.323.32Calculated XRD [29]
4.4214.63.33.3Calculated SAED [29]
4.4614.53.253.25Calculated [49] 
4.4414.243.213.21Calculated [11]
4.4114.603.333.33Calculated [50]
4.4014.603.313.31Calculated [51]
4.4114.403.263.26This study 

 

Figure 2 The FESEM images of the Zr2AlC MAX phase (a, b) and the Zr2Al-GNS phase (c, d). 

 

Figure 2. The FESEM images of the Zr2AlC MAX phase (a, b) and the Zr2Al-GNS phase (c, d).

Table 4. The EDX analysis illustrated the weight and atomic percentage of the Zr2AlC and the Zr2Al-GNS MAX phases. 

Element wt%- Zr2AlC A%- Zr2AlC wt%- Zr2Al-GNS A%- Zr2Al-GNS

C 19.66 59.34 22.26 58.66
Al 9.23 12.4 17.39 20.4
Zr 71.11 28.26 60.35 20.94
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Zr2Al3 + 4ZrC0.75 → 3Zr2AlC                                     Eq. (4) [29] 

Therefore, incorporating the graphene nanosheet (GNS) in the ceramic MAX phase was boosted from layers to be 
highly integrated.

The EDX mapping was also studied for the prepared Zr2AlC and the Zr2Al-GNS MAX phases for more evidence. From 
Figure 4, a high density with well-distribution elements was obtained in the Zr2Al-GNS MAX phase ceramic structure. In 
contrast, less dense elements in the Zr2AlC MAX phase ceramic were achieved, as displayed in the EDX mapping photos as 
depicted in Figure 4, indicating that the GNS single layer was highly affected by the MAX phase to be an excellent bonding 
with the Zr elements by (Zr-C) form carbide layers as well as bonding this Zr-C carbides layers with pure aluminum layers 
(carbides layers separated by AL layers ). Additionally, it can be noticed that the purity of the Zr2Al-GNS MAX phase 
ceramic was increased using the nanographene sheet instead of graphite flakes.
4.3. HRTEM and the SAED pattern 
The HRTEM and the SAED pattern of the prepared Zr2AlC and the Zr2Al-GNS MAX phases ceramic were investigated. 
These tests were done to confirm that the multilayer is stacking in the atomic structure of the prepared Zr2AlC and Zr2Al-
GNS MAX phases, and the crystal structure type was identified as illustrated in Figures 5a–5d. Figures 5a and 5b shows 
the polycrystalline structure and the SAED pattern for the Zr2AlC and the Zr2Al-GNS MAX phases supported by HRTEM 
photos Figures 5c and 5d. According to Figure 5a, the weak bonding between zirconium and carbon atoms form carbide 
along with aluminum layers generating a Zr2AlC MAX phase with an unfavorable and poor atomic layers structure staking. 
Table S1 in the supplementary material presents the d-spacing and (hkl) values of the Zr2AlC and Zr2Al-GNS MAX phases 
estimated from the SAED pattern. The hkl values for the Zr2AlC and Zr2Al-GNS MAX phases were calculated using the 
SAED pattern, as shown in Figures 5a and 5b; while the prepared Zr2Al-GNS was successfully achieved using GNS layers 
with good circles layers’ arrangements. As illustrated in Figures 5c and 5d, the polycrystalline structure is the dominant 
phase than the single crystalline structure. 
4.4. The BET surface area (SBET)
The high surface area plays a vital role in providing multiple effective sites supporting the atomic layers to be highly 
bonding with each other [41,56]. Based on this, the presence of graphene enhanced the surface area of the ceramic MAX 
phase. The SBET and pore size distribution of the Zr2AlC and Zr2Al-GNS MAX phases ceramic were illustrated in Figures 
6a and 6b and Figures 7a and 7b. The SBET for the Zr2AlC MAX phase was calculated to be 1.79 m2/g, and the pore volume 
was 40.4 nm. The pore size was 14.52 nm (desorption average pore diameter (4V/A)).

On the other hand, the SBET of the Zr2Al-GNS MAX phase ceramic was increased approximately to 30% from the SBET 
Zr2AlC phase value to be 2.5 m2/g with a pore volume of 40.4 nm. The pore size was 13.39 nm (desorption average pore 
diameter (4V/A)). From the result above, it was found that the SBET of the Zr2Al-GNS MAX phase is higher than the SBET 

 

 

  

 

 

 

 

 

 

 

Figure 3(a, b) Energy Dispersive X-ray spectrometry (EDX) analysis for (a) Zr2Al-GNS ceramic 
MAX phase and (b) Zr2AlC MAX phase, respectively. 

 

Figure 3. (a, b) Energy dispersive X-ray spectrometry (EDX) analysis for (a) Zr2Al-GNS ceramic MAX phase and (b) 
Zr2AlC MAX phase, respectively.



HUSSEIN et al. / Turk J Chem

772

 
Figure 4 The EDX- mapping for the Zr2AlC and Zr2Al-GNS MAX phases, respectively. 

 

Figure 4. The EDX mapping for the Zr2AlC and Zr2Al-GNS MAX phases, respectively.
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Figure 5. The HRTEM images (c,d) and (a, b) of the SAED pattern of Zr2AlC and the 
Zr2Al-GNS MAX phases, respectively.
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of the Zr2AlC MAX phase, enhancing the active sites on its surface with well layers’ distribution and similar pore volume, 
but the average pore size of the Zr2Al-GNS MAX phase ceramic is lower than the pore size of the Zr2AlC MAX phase due 
to using nanographene sheet in the structural framework of the Zr2Al-GNS MAX phase, increasing the SBET, as well as 
reducing the porosity.

According to the classification of physisorption [57,58], the adsorption/desorption isotherms of the prepared Zr2AlC 
and Zr2Al-GNS MAX phases ceramic, as illustrated in Figures 6a and 6b, were assigned a type of III isotherm. In this case, 
a linear physisorption isotherm curve with no convexity appeared. The adsorbent-adsorbate interactions are weak, and 
the adsorbed molecules cluster around the most favorable places on the surface of a nonporous or macroporous solid. The 
structure of the Zr2AlC MAX phase describes this. Furthermore, the hysteresis loop is a type of H4 commonly found in 
micromesoporous carbon materials [57,59,60]. The hysteresis loop of the Zr2Al-GNS MAX phase ceramic is very narrow 
compared with the hysteresis loop of the Zr2AlC MAX phase ceramic, which means that the Zr2AlC MAX phase contained 
more random and large pores sizes, as displayed in Figure 6a. The BJH desorption pore size distribution of the Zr2AlC 
MAX and Zr2Al-GNS MAX phases was also investigated, as shown in Figures 7a and 7b. According to Figure 7a, the pore 
size distribution of the Zr2Al-GNS MAX phase ceramic is a multilayer with a well-distributed pore size diameter and a 
more compatible structure than the Zr2AlC MAX phase ceramic. In contrast, the pore size distribution was disordered, as 
shown in Figure 7b. Therefore, using nanosheet graphene in the structure of the Zr2Al-GNS MAX phase ceramic improved 
the SBET with well pore size distribution. 

5. Electrical properties for potential applications 
The electrical properties of the synthesized MAX phases were studied by measuring a group of parameters, as shown in 
the supplementary material Table S2. These parameters can be classified into two types, such as the primary parameter (L, 
C & R) and the secondary parameter (D, Q & q). The impedance (Z, ohms (Ω)) can be defined as the total of alternating 
current oppositions (capacitive reactance, inductive reactance, and resistance), depending on the circuit’s components and 
the frequency of the applied current [61]. Resistance (R), reactance (X), conductance (G), susceptance (B), quality factor 
(Q), and dissipation factor (D) are quantities factors that are related to the impedance parameter. At a given frequency (ω), 
pure element impedance and admittance are real quantities for resistors and pure imaginary for inductors and capacitors, 
respectively [62]. As an A vector, impedance (Z) is a combination of resistance (R) and reactance (X). When an AC voltage 
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is put across the terminals of an alternating current circuit. The impedance is a complex quantity made up of real (in phase 
with voltage) and reactive components (90° out of phase with voltage). The impedance can be determined by the following 
Equation, Equation 5 [61]:

 

𝐷𝐷 = 𝐾𝐾 λ
𝛽𝛽 𝐶𝐶𝐶𝐶𝐶𝐶 𝛳𝛳                                                     

|𝑍𝑍| = √𝑅𝑅2 + 𝑋𝑋2                                                 Eq.          Eq. (5)[61]

where Z is the impedance in ohms, R is resistance, and X is reactance, the imaginary part of Z in ohms, respectively.
The quality factor (Q) is the percentage of stored energy in a circuit (in C and L) that is lost energy due to resistance 

(R). The factor of dissipation (D) and quality factor is measured as components “purity”, or whether it is ideal or contains 
resistance or even reactance. The dissipation factor, D, is the ratio of the real to imaginary parts of impedance, or admittance. 
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Figure 7. (a,b) The pore size distribution of (a) the Zr2AlC MAX phase ceramic and (b) 
the Zr2Al-GNS MAX phase ceramic.
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As shown in Equation 6, the Q (the quality factor) is the reciprocal of this ratio(63).

D = RS / XS = GP / BP =1/Q                                       Eq. (6) [63]

where D is the dissipation factor, R is the resistance in the series circuit in ohms, and XS is the reactance, the imaginary 
part of Z in ohms. GP is the conductance in a parallel circuit in S, BP is the susceptance in a parallel circuit in Siemen, and Q 
is the quality factor, respectively. Resistance (R) is an electrical property that prevents current from flowing across a circuit 
when voltage is applied. Ohm’s law defines resistance as a voltage divided by current (for DC circuits). It is the in-phase or 
“real” component of impedance in AC circuits. The units of measurement are ohms (Ω) [61]. 
5.1. Effect of the voltage –current on the synthesis ceramic MAX phases 
The voltage–current relationship was measured for the Zr2AlC and the Zr2Al-GNS MAX phases, as illustrated in Figure 
8. Figure 8 shows a shift in the electrical resistance between the Zr2AlC and the Zr2Al-GNS MAX phases. The I-V curve 
corresponded to the synthesized MAX phases in the negative region. In contrast, after the origin point (positive region), 
the electric resistance (I-V curve) for Zr2Al-GNS was increased, improving the electrical resistance in an excellent state. 
Therefore, the presence of the GNS in the synthesized MAX phase enhanced the electrical resistance significantly. The 
resistor is a component that represents a linear relationship between voltage and current as dictated by Ohm’s law. The 
graph of the I-V curve of Ohm’s law equation must be a straight line passing through the origin. Oscillators, memory 
devices, frequency multipliers, mixers, and other electronic devices and circuits frequently used negative differential 
resistance (NDR) devices and circuits [53,54,64,65].
5.2. Precision LCR meter 
A Precision LCR meter was also utilized to evaluate the electrical properties of the Zr2AlC and Zr2Al-GNS MAX phases, 
and the results are illustrated in Figure 9a–9l. The frequency-capacitance relationship shows that the capacitance of the 
Zr2Al-GNS MAX phase ceramic is greater than the capacitance of the Zr2AlC phase over a wide frequency range, as shown 
in Figure 9a. The capacitance of the Zr2Al-GNS and Zr2AlC MAX phases at a frequency of 75 Hz was 0.87 PF and 0.733 
PF, respectively. For more tests, the frequency-inductance relationship between the Zr2AlC and the Zr2Al-GNS MAX 
phases was also studied. The inductance changes become positive at the following frequencies, including 10, 15, 20, and 25 
kHz for the Zr2Al-GNS MAX phase, as shown in Figure 9b. This is because the GNS superiorly enhances the inductance 
in the structure of the Zr2Al-GNS MAX phase. For more details, the prepared MAX phase has a high specific surface 
area offering tightly bonded atoms in the MAX phase structure, which can improve the inductance property [66]. The 
frequency-conductance relationship shapes of the Zr2AlC and Zr2Al-GNS MAX phases were also investigated. According 
to Figure 9c, the conductance of the Zr2AlC MAX phases was decreased. In contrast, the conductance of the Zr2Al-GNS 
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MAX phase ceramic was greatly increased at low frequency, indicating that electrons can retain their energy very well 
inside the Zr2Al-GNS MAX phase ceramic with no energy loss. At a frequency of 25,000 Hz, the conductance of the 
Zr2AlC and Zr2Al-GNS MAX phases is 10.9 S and 8.4 S, respectively.
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Interestingly, the resistance of GNS is low at room temperature due to the electrons’ ability to pass through GNS easily, 
as well as high-speed electron mobility at room temperature [67,68]. On the other hand, at high frequencies, the resistance 
increased, and the conductance decreased because of the joint effect of the motion of electrons and holes (e-/h+) pairs. 
Thus, the low conductance value is possibly due to the low mobility of the electrons and holes in the structure of the MAX 
phase [69,70].

The frequency–resistance relationship between the Zr2AlC and Zr2Al-GNS MAX phases was also investigated, as 
shown in Figure 9d. According to Figure 9d, the resistance of the Zr2AlC MAX phase was increased while the resistance of 
the Zr2Al-GNS ceramic MAX phase was greatly reduced at low frequency, resulting in 1.4 M Ω and 1.19 M Ω, respectively, 
at 75 Hz. Additionally, the frequency–admittance relationship of the Zr2AlC and the Zr2Al-GNS MAX phases was carried 
out, and the results are depicted in Figure 9e. At low frequencies, the admittance of the Zr2AlC MAX phase was decreased 
while the admittance of the Zr2Al-GNS MAX phase ceramic was increased, as shown in Figure 9e. The admittance of 
Zr2AlC and Zr2Al-GNS MAX phases at a frequency of 25,000 H was 14.23 μS and 8.8 μS, respectively.

The frequency-impedance relationship of the Zr2AlC and Zr2Al-GNS MAX phases was also studied over a wide 
impedance range, as shown in Figure 9f. According to Figure 9f, the impedance of the Zr2Al-GNS MAX phase ceramic is 
higher than that of the Zr2AlC phase over a wide range of values. The impedance of the Zr2AlC and the Zr2Al-GNS MAX 
phases were 1.86 M Ω and 1.5 M Ω, respectively, at a frequency of 75 Hz. The impedance was measured by an LCR meter 
and depends on Equation 5 [63,71].

As shown in Figure 9g, the frequency–phase angle relationship of the Zr2AlC and Zr2Al-GNS MAX phases was 
investigated. It shows that the phase angle of the Zr2Al-GNS MAX phase ceramic is higher than the phase angle of the 
Zr2AlC MAX phase at a frequency of 25,000 Hz. Zr2AlC and Zr2Al-GNS MAX phase ceramic phase angles were 1.07° 
and 18°, respectively. The Zr2AlC and Zr2Al-GNS MAX phases were also investigated in the frequency–susceptance 
relationship, as shown in Figure 9h. From Figure 9h, the susceptance of the Zr2Al-GNS MAX phase ceramic is lower than 
the Zr2AlC MAX phase. The maximum susceptibilities of the Zr2AlC MAX phase and the Zr2Al-GNS MAX phase ceramic 
were 2.1 μS and 5.7 μS, respectively, at a frequency of 500 Hz. 

According to Figure 9i, the Zr2AlC dissipation factor is larger compared with the Zr2Al-GNS MAX phase dissipation 
factor at low frequency, and the dissipation factor was increased with increasing frequency. In contrast, the dissipation 
factor of the Zr2Al-GNS MAX ceramic drops at high frequency. As shown in Figures 9i and 9k, the quality factor is counter 
to the dissipation factor, which is smaller for the Zr2Al-GNS MAX phase compared with that of the Zr2AlC MAX phase.  
As shown in Figure 9l, the reactance was increased for the Zr2AlC MAX phase with a low frequency, and the reactance 
was decreased for high frequency, but the opposite behavior can be seen in the Zr2Al-GNS MAX phase ceramic; it was 
increased with high frequency and decreased with low frequency. In general, the Zr2Al-GNS MAX phase ceramic shows 
high stability for reactance over a wide range of frequencies.

According to the electrical results, the presence of nanographene sheet significantly enhanced the electrical properties 
compared to using graphite in the synthesis of the ceramic MAX phase. The results above show that the Zr2Al-GNS MAX 
phase ceramic has more conductivity than the Zr2AlC MAX phases ceramic. On the other hand, the electrical conductivity 
of nanographene sheets is greater than that of graphite. This feature may be the most important governing factor in 
controlling the electrical properties of the samples in this research. The pore size and porosity of the Zr2Al-GNS MAX 
phase ceramic are lower than the Zr2AlC MAX phases ceramic, as discussed in the research. Finally, graphene nanosheets 
form a two-dimensional hexagonal lattice with flat monolayers of closely spaced carbon atoms [72]. The structure of the 
graphene nanosheet improved the electrical properties of the prepared MAX phase (Zr2Al-GNS MAX phase ceramic). 
All these parameters mentioned above can explain that the Zr2Al-GNS MAX phase ceramic significantly enhanced the 
electrical properties of the prepared ceramic MAX phase compared with the Zr2AlC MAX phases ceramic.

6. Conclusion
This study was undertaken to design a new Zr2Al-GNS-MAX-phase-ceramic-enhanced one-layer nanographene sheet 
using a simple pressureless sintering method under low temperatures and evaluate the synthesized temperatures, lattice 
parameters, and purity percentage. The results of this investigation show that the synthesized temperature of the Zr2Al-GNS 
MAX phase ceramic was 1150 °C. The a and c lattice parameters were determined to be 3.26 Å and 14.40 Å, respectively. 
While the crystal diameter of the Zr2Al-GNS MAX phase ceramic was 24.2 nm. The results of this study indicate that 
high dense nanolaminated graphene sheet was extended over a high surface area of the Zr2Al-GNS MAX phase ceramic 
enhanced by the high active sites on its surface with well atomic bonding, implying that the nanographene sheet superiorly 
reinforced the synthesized MAX phase ceramic. The atomic ratios of the synthesized Zr2Al-GNS MAX phase ceramic were 
Zr (28.26% A), Al (12.40% A), and nanographene sheet (59.34% A). The electrical properties show an improvement in the 
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capacitance of the Zr2Al-GNS MAX phase ceramic compared with the Zr2AlC MAX phase. The results precisely match the 
211 MAX phase ceramic, and the 211-type atomic stacking was clearly obtained. The synthesized Zr2Al-GNS MAX phase 
ceramic is anticipated significantly to contribute to electrical applications, thereby addressing global future development 
in the electrical field.

Declaration of competing interest 
The authors declare that they have no known competing financial interests or personal relationships that could have 
appeared to influence the work reported in this paper. No funding was received to assist with the preparation of this 
manuscript.

Conflict of interest
On behalf of all authors, the corresponding author states that there are no conflicts of interest.

Acknowledgments
Curtin University, Western Australia’s English Center Language, is gratefully recognized by the researchers for their 
English editing. The Nanotechnology Society and the Environment Department at the University of Technology Iraq-
Baghdad have provided support to the authors. The authors also want to compliment the anonymous reviewers and the 
editor for their insightful suggestions and remarks. The authors also want to acknowledge the anonymous reviewers and 
the editor for their insightful suggestions and remarks.

References

[1] Abdulkadhim AMH. On the stability of MAX phase thin films. The Faculty of Georesources and Materials Engineering of the RWTH 
Aachen University. Published online 2012. http://d-nb.info/985390468/34

[2] Rackl T, Eisenburger L, Niklaus R, Johrendt D. Syntheses and physical properties of the MAX phase boride Nb2SB and the solid solutions 
N b2 S Bx C1-x(x=0-1). Physical Review Materials. 2019; 3 (5): 1–7. https://doi.org/10.1103/PhysRevMaterials.3.054001

[3] Radovic M, Barsoum MW. MAX phases: Bridging the gap between metals and ceramics. American Ceramic Society Bulletin. 2013; 92 (3): 
20-27.

[4] Hadi MA, Vovk RV, Chroneos A. Physical properties of the recently discovered Zr2(Al1−xBix)C MAX phases. Journal of Materials 
Science: Materials in Electronics. 2016; 27 (11): 11925-11933. http://doi.org/10.1007/s10854-016-5338-z

[5] Luo F, Guo ZC, Zhang XL, Yuan CY, Cai LC. Ab initio predictions of structural and thermodynamic properties of Zr2AlC under high 
pressure and high temperature. Chinese Journal of Chemical Physics. 2015; 28 (3): 263-268. http://doi.org/10.1063/1674-0068/28/
cjcp1503032

[6] Zhou A. Methods of MAX-phase synthesis and densification – II. In: Advances in Science and Technology of Mn+1AXn Phases. 2012. 
21–46. http://doi.org/10.1533/9780857096012.21 

[7] Ying G, Hu C, Liu L, Sun C, Wen D et al. Mechanical properties of phase-pure bulk Ta4AlC3 prepared by spark plasma sintering and 
subsequent heat treatment. Processing and Application of Ceramics, 2021; 15 (3): 211-218. http://doi.org/10.2298/PAC2103211Y

[8]  Qureshi MW, Ali MA, Ma X. Screen the thermomechanical and optical properties of the new ductile 314 MAX phase boride Zr3CdB4: A 
DFT insight. Journal of Alloys and Compounds. 2021; 877: 160248. Available from: http://doi.org/10.1016/j.jallcom.2021.160248

[9] Ali MA, Hossain MM, Uddin MM, Islam AKMA, Jana D et al. DFT insights into new B-containing 212 MAX phases: Hf2AB2 (A = In, 
Sn). Journal of Alloys and Compounds. 2021; 860: 1–30. http://doi.org/10.1016/j.jallcom.2020.158408 

[10]  Miao N, Wang J, Gong Y, Wu J, Niu H et al. Computational prediction of boron-based MAX phases and MXene derivatives. Chemistry of 
Materials. 2020; 32 (16): 6947–57. http://doi.org/10.1021/acs.chemmater.0c02139

[11]  Yakoubi A, Beldi L, Bouhafs B, Ferhat M, Ruterana P. Full-relativistic calculation of electronic structure of Zr2AlC and Zr2AlN. Solid State 
Communications. 2006; 139 (9): 485-489. http://doi.org/10.1016/j.ssc.2006.06.044

[12] Ali MA, Hossain MM, Hossain MA, Nasir MT, Uddin MM et al. Recently synthesized (Zr1-xTix)2AlC (0 ≤ x ≤ 1) solid solutions: 
Theoretical study of the effects of M mixing on physical properties. Journal of Alloys and Compounds. 2018; 743. http://doi.org/10.1016/j.
jallcom.2018.01.396

[13]  Barsoum MW, Yaroschuk G, Tyagi S. Fabrication and characterization of M2SnC (M = Ti, Zr, Hf and Nb). Scripta Materialia. 1997; 37 
(10): 1583-1591. http://doi.org/10.1016/S1359-6462(97)00288-1



HUSSEIN et al. / Turk J Chem

779

[14]  Ali MA, Hossain MM, Jahan N, Islam AKMA, Naqib SH. Newly synthesized Zr2AlC, Zr2(Al0.58Bi0.42)C, Zr2(Al0.2Sn0.8)C, and 
Zr2(Al0.3Sb0.7)C MAX phases: A DFT-based first-principles study. Computational Materials Science. 2017; 131. http://doi.org/10.1016/j.
commatsci.2017.01.048

[15]  Sokol M, Natu V, Kota S, Barsoum MW. On the Chemical Diversity of the MAX Phases. Trends in Chemistry. 2019; 1 (2): 210-23. Available 
from: http://doi.org/10.1016/j.trechm.2019.02.016

[16]  Ali MA, Qureshi MW. DFT insights into the new Hf-based chalcogenide MAX phase Hf2SeC. Vacuum. 2022; 201. http://doi.org/10.1016/j.
vacuum.2022.111072 

[17]  Gonzalez-Julian J. Processing of MAX phases: From synthesis to applications. Journal of the American Ceramic Society. 2021; 104 (2). 
http://doi.org/10.1111/jace.17544

[18] Mebrek M, Mokaddem A, Doumi B, Yakoubi A, Mir A. A novel theoretical study of elastic and electronic properties of M2CDC (M = Zr, 
Hf, and Ta) MAX phases. Acta Physica Polonica A. 2018; 133 (1). http://doi.org/10.12693/APhysPolA.133.76

[19]  Kanoun MB, Goumri-Said S, Reshak AH, Merad AE. Electro-structural correlations, elastic and optical properties among the nanolaminated 
ternary carbides Zr2AC. Solid State Sciences. 2010; 12 (5): 887-898. http://doi.org/10.1016/j.solidstatesciences.2010.01.035

[20]  Li S, Song G, Kwakernaak K, van der Zwaag S, Sloof WG. Multiple crack healing of a Ti 2AlC ceramic. Journal of the European Ceramic 
Society. 2012; 32 (8): 1813-1820. http://doi.org/10.1016/j.jeurceramsoc.2012.01.017

[21] Farle AS, Kwakernaak C, van der Zwaag S, Sloof WG. A conceptual study into the potential of Mn+1AXn-phase ceramics for self-healing 
of crack damage. Journal of the European Ceramic Society. 2015; 35 (1): 37-45. http://doi.org/10.1016/j.jeurceramsoc.2014.08.046

[22]  Pei R, McDonald SA, Shen LR, van der Zwaag S, Sloof WG et al. Crack healing behaviour of Cr2AlC MAX phase studied by X-ray 
tomography. Journal of the European Ceramic Society. 2017; 37 (2): 441-450. http://doi.org/10.1016/j.jeurceramsoc.2016.07.018

[23]  Lee WE, Giorgi E, Harrison R, Maître A, Rapaud O. Nuclear Applications for Ultra-High Temperature Ceramics and MAX Phases. In: 
Ultra-High Temperature Ceramics: Materials for Extreme Environment Applications. 2014. http://doi.org/10.1002/9781118700853.ch15

[24] Li C, Wang Z, Engineering H. Low I.M. ab initio calculations in. In: Advances in Science and Technology of Mn+1AXn Phases. Woodhead 
Publishing Limited; 2012: 197-222. http://doi.org/10.1016/B978-1-84334-688-3.500009-7

[25]  Qarra HH, Knowles KM, Vickers ME, Akhmadaliev S, Lambrinou K. Heavy ion irradiation damage in Zr2AlC MAX phase. Journal of 
Nuclear Materials. 2019; 523: 1-9. http://doi.org/10.1016/j.jnucmat.2019.05.034

[26] Chen L, Dahlqvist M, Lapauw T ,Tunca B, Wang F et al. Theoretical prediction and synthesis of ( Cr 2 / 3 Zr 1 / 3 ) 2 AlC i -MAX phase. 
JournalInorganic Chemistry. 2018; 57 (11): 6237-6244. http://doi.org/10.1021/acs.inorgchem.8b00021

[27]  Wang C, Han H, Zhao Y, Zhang W, Guo Y et al. Elastic, mechanical, electronic, and defective properties of Zr–Al–C nanolaminates from 
first principles. Journal of the American Ceramic Society. 2018; 101 (2). http://doi.org/10.1111/jace.15252

[28] Tang C, Stueber M, Steinbrueck M, Grosse M, Ulrich S et al. Evaluation of magnetron sputtered protective Zr-Al-C coatings for accident 
tolerant Zircaloy claddings. 2017 Water Reactor Fuel Performance Meeting. 2017; (September): 1-9. http://publikationen.bibliothek.kit.
edu/1000083043

[29] Lapauw T, Lambrinou K, Cabioc’h T, Halim J, Lu J et al. Synthesis of the new MAX phase Zr2AlC. Journal of the European Ceramic 
Society. 2016; 36 (8): 1847-1853. http://doi.org/10.1016/j.jeurceramsoc.2016.02.044

[30]  Haemers J, Gusmão R, Sofer Z. Synthesis Protocols of the Most Common Layered Carbide and Nitride MAX Phases. Small Methods. 2020; 
4 (3):1-32. http://doi.org/10.1002/smtd.201900780

[31]  Guo J, Yoon Y, Ouyang Y. Gate electrostatics and quantum capacitance of graphene nanoribbons. Nano Letters. 2007; 7 (7): 1935-1940. 
http://doi.org/10.1021/nl0706190

[32]  Bhuyan MSA, Uddin MN, Islam MM, Bipasha FA, Hossain SS. Synthesis of graphene. International Nano Letters. 2016; 6 (2): 65-83. 
http://doi.org/10.1007/s40089-015-0176-1

[33]  Kumar GR, Jayasankar K, Das SK G, Dash T , Dash A et al. Shear-force-dominated dual-drive planetary ball milling for the scalable 
production of graphene and its electrocatalytic application with Pd nanostructures. RSC Advances. 2016; 6 (24): 20067-20073. http://doi.
org/10.1039/c5ra24810h

[34]  Abbas KK. School of Chemical and Petroleum Engineering Development of a Hybrid Multi-Functional Adsorbent-Solar-Photocatalyst 
for Detecting and Removing Toxic Heavy Metals and Refractory Pollutants from Water/Wastewater. 2018; (November). http://hdl.handle.
net/20.500.11937/73520 

[35]  Güler Ö, Güler SH, Selen V, Albayrak MG, Evin E. Production of graphene layer by liquid-phase exfoliation with low sonication power and 
sonication time from synthesized expanded graphite. Fullerenes Nanotubes and Carbon Nanostructures. 2016; 24 (2): 123-127. http://doi.
org/10.1080/1536383X.2015.1114472



HUSSEIN et al. / Turk J Chem

780

[36]  Lapauw T, Tunca B, Potashnikov D , Pesach A , Ozeri O et al. The double solid solution (Zr, Nb)2(Al, Sn)C MAX phase: a steric stability 
approach. Scientific Reports. 2018; 8 (1). http://doi.org/10.1038/s41598-018-31271-2

[37]  Barsoum MW. MN+1AXN phases: a new class of solids; thermodynamically stable nanolaminates. Progress in Solid State Chemistry. 
2000; 28 (1-4): 201-281. http://doi.org/10.1016/S0079-6786(00)00006-6

[38] Geng Y, Wang SJ, Kim JK. Preparation of graphite nanoplatelets and graphene sheets. Journal of Colloid and Interface Science. 2009; 336 
(2): 592-598. http://doi.org/10.1016/j.jcis.2009.04.005

[39]  Tabares E, Jiménez-Morales A, Tsipas SA. Study of the synthesis of MAX phase Ti3SiC2 powders by pressureless sintering. Boletin de la 
Sociedad Espanola de Ceramica y Vidrio. Published online 2020: 1-12. http://doi.org/10.1016/j.bsecv.2020.01.004

[40]  Córdoba JM, Sayagués MJ, Alcalá MD, Gotor FJ. Synthesis of Ti3SiC2 powders: Reaction mechanism. Journal of the American Ceramic 
Society. 2007; 90 (3): 825-830. http://doi.org/10.1111/j.1551-2916.2007.01501.x

[41] Philippe Boch, Jean-Claude N. Ceramic Materials. Processes, Properties and Applications. Vol 6.; 2001.

[42]  T. El-Raghy, S. Chakraborty, M. W. Barsoum, Synthesis and characterization of Hf2PbC, Zr2PbC and M2SnC (M = Ti, Hf, Nb or Zr), J. Eur. 
Ceram. Soc. 20 (2000) 2619-2625. http://doi.org/10.1016/S0955-2219(00)00127-8

[43] El Saeed MA, Deorsola FA, Rashad RM. Optimization of the Ti 3SiC 2 MAX phase synthesis. International Journal of Refractory Metals 
and Hard Materials. 2012; 35: 127-131. http://doi.org/10.1016/j.ijrmhm.2012.05.001

[44]  Bai Y, He X, Wang R. Lattice dynamics of Al-containing MAX-phase carbides: A first-principle study. Journal of Raman Spectroscopy. 
2015; 46 (9): 784-794. http://doi.org/10.1002/jrs.4720

[45]  Chang WS, Sands T, Lee GU. Synthesis and Characterization of Au-Fe Alloy Magnetic Nanoparticles.; 2005. http://doi.org/10.1039/
C5RA19136J

[46]  Tunca B, Lapauw T, Karakulina OM, Batuk M, Cabioc’h T et al. Synthesis of MAX Phases in the Zr-Ti-Al-C System. Inorganic Chemistry. 
2017; 56 (6): 3489–98. http://doi.org/10.1021/acs.inorgchem.6b03057

[47]  Hargreaves JSJ. Some considerations related to the use of the Scherrer equation in powder X-ray diffraction as applied to heterogeneous 
catalysts. Catalysis, Structure and Reactivity. 2016; 2 (1-4): 33-37. http://doi.org/10.1080/2055074X.2016.1252548

[48]  Horlait D, Grasso S, Chroneos A, Lee WE. Attempts to synthesize quaternary MAX phases (Zr,m)2ALC and Zr2(A.L.,A)C as a way to 
approach Zr2ALC. Materials Research Letters. 2016; 4 (3):137-144. http://doi.org/10.1080/21663831.2016.1143053

[49]  Reiffenstein E, Nowotny H, Benesovsky F. Strukturchemische und magnetochemische Untersuchungen an Komplexcarbiden. Monatshefte 
für Chemie. 1966; 97 (5): 1428-1436. http://doi.org/10.1007/BF00902593

[50]  Shang L, Music D, Baben MT, Schneider JM. Phase stability predictions of Cr1-x, Mx)2 (Al1-y, Ay)(C1-z, Xz) (M = Ti, Hf, Zr; A = Si, X = 
B). Journal of Physics D: Applied Physics. 2014; 47 (6):1-8. http://doi.org/10.1088/0022-3727/47/6/065308

[51]  Nasir MT, Hadi MA, Naqib SH, Parvin F, Islam A et al. Zirconium metal-based MAX phases Zr2 AC (A = Al, Si, P and S): A first-principles 
study. International Journal of Modern Physics B. 2014; 28 (32). http://doi.org/10.1142/S0217979215500228

[52]  Li SB, Zhai HX, Zhou Y, Zhang ZL. Synthesis of Ti3SiC2 powders by mechanically activated sintering of elemental powders of Ti, Si and 
C. Materials Science and Engineering A. 2005; 407 (1-2): 315-321. http://doi.org/10.1016/j.msea.2005.07.043.

[53] Chen S, Griffin PB, Plummer JD. and Memory ApplicationsNegative Differential Resistance Circuit Design and Memory Applications. 634 
IEEE TRANSACTIONS ON ELECTRON DEVICES. 2009; 56 (4): 634-640. http://doi.org/10.1109/TED.2009.2014194

[54]  Wang S, Pan A, Grezes C, Amiri PK, Wang KL et al. Leveraging nMOS Negative Differential Resistance for Low Power, High Reliability 
Magnetic Memory. IEEE Transactions on Electron Devices. 2017; 64 (10): 4084-4090. http://doi.org/10.1109/TED.2017.2742500

[55]  Ohmer D, Qiang G, Opahle I, Singh HK, Zhang H. High-throughput design of 211- M2AX compounds. Physical Review Materials. 2019; 
3 (5). http://doi.org/10.1103/PhysRevMaterials.3.053803

[56]  Upadhyaya GS. Powder Metallurgy Technology. Cambridge International Science Publishing. 2014; (1): 1-5. http://doi.org/10.1073/
pnas.0703993104

[57]  Thommes M, Kaneko K, Neimark AV , Olivier JP , Rodriguez-Reinoso F et al. Physisorption of gases, with special reference to the 
evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure and Applied Chemistry. 2015; 87 (9-10): 1051-1069. 
http://doi.org/10.1515/pac-2014-1117

[58]  Wacharasindhu S, Likitmaskul S, Punnakanta L, Chaichanwatanakul K, Angsusingha K et al. Serum IGF-I and IGFBP-3 Levels for Normal 
Thai Children and their Usefulness in Clinical Practice. International Union of Pure and Applied Chemistry. 1985; 57 (6): 603—619.

[59]  Thommes M, Cychosz KA. Physical adsorption characterization of nanoporous materials: Progress and challenges. Adsorption. 2014; 20 
(2-3): 233-250. http://doi.org/10.1007/s10450-014-9606-z

[60]  Monson PA. Understanding adsorption/desorption hysteresis for fluids in mesoporous materials using simple molecular models and classical 
density functional theory. Microporous and Mesoporous Materials. 2012; 160: 47-66. http://doi.org/10.1016/j.micromeso.2012.04.043



HUSSEIN et al. / Turk J Chem

781

[61]  Instruments P, Test FOR. ♦ PRECISION INSTRUMENTS FOR TEST AND MEASUREMENT ♦ LCR Measurement Primer. 2012; (April): 
1-85.

[62]  Callegaro L. Electrical Impedance.; 2013. http://doi.org/10.1016/B978-1-85573-729-7.50016-0

[63]  Labs IET. 7600 Plus Meter Features : Precision LCR Meter 7600 Plus Meter. 2012; (516). 

[64]  Tseng P, Chen CH, Hsu SA, Hsueh WJ. Large negative differential resistance in graphene nanoribbon superlattices. Physics Letters, Section 
A: General, Atomic and Solid State Physics. 2018; 382 (21): 1427-1431. http://doi.org/10.1016/j.physleta.2018.03.039

[65]  Ulansky V, Raza A, Oun H. Electronic circuit with controllable negative differential resistance and its applications. Electronics (Switzerland). 
2019; 8 (4). http://doi.org/10.3390/electronics8040409

[66]  Fan Y, Wang L, Li J , Sun S, Chen F et al. Preparation and electrical properties of graphene nanosheet/Al2O3 composites. Carbon. 2010; 
48 (6): 1743-1749. http://doi.org/10.1016/j.carbon.2010.01.017

[67] Dong LX, Chen Q. Properties, synthesis, and characterization of graphene. Frontiers of Materials Science in China. 2010; 4 (1): 45-51. 
http://doi.org/10.1007/s11706-010-0014-3

[68] Stoller MD, Park S, Yanwu Z, An J, Ruoff RS. Graphene-Based ultracapacitors. Nano Letters. 2008; 8 (10): 3498-3502. http://doi.
org/10.1021/nl802558y

[69.  Barsoum MW, Yoo H, Polushina IK, Rud VY, Rud Y V. The phases with the general formula M. Physical Review B. 2000; 62 (15): 194-198. 
http://doi.org/10.1016/j.jallcom.2019.152485

[70] Jin S, Su T, Hu Q, Zhou A. Thermal conductivity and electrical transport properties of double-A-layer MAX phase Mo2Ga2C. Materials 
Research Letters. 2020; 8 (4):158-164. http://doi.org/10.1080/21663831.2020.1724204

[71]  Adler A & Holder D. Electrical Impedance Tomography: Methods, History and Applications.; 2021. https://doi.org/10.1201/9780429399886 

[72]  Pelliciari M, Pasca DP, Aloisio A, Tarantino AM. Size effect in single layer graphene sheets and transition from molecular mechanics to 
continuum theory. International Journal of Mechanical Sciences. 2022; 214 (November). http://doi.org/10.1016/j.ijmecsci.2021.106895



HUSSEIN et al. / Turk J Chem

1

 

 

Figure S1 illustration the mixing of the powder (Zr:Al: GNS) in the vacuumed mill with no 
agglomeration.  

 

Figure S1. Illustration of the mixing of the powder (Zr:Al: GNS) in the 
vacuumed mill with no agglomeration. 

 

 

Figure S2 illustration the mixing of the powder (Zr:Al: C) in the vacuumed mill with no 
agglomeration.  

 

Figure S2. Illustration of the mixing of the powder (Zr:Al: C) in the 
vacuumed mill with no agglomeration. 
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Table S1. The d-spacing and (hkl) values were measured using the SAED pattern for the Zr2AlC and the Zr2Al-GNS.

Zr2AlC MAX phase
Number of layers 1/2r (nm–1) 1/r (nm–1) r (nm) d-spacing (Å) hkl
1 5.55 2.77 0.36 3.60 004
2 7.38 3.69 0.27 2.70 010
3 8.59 4.29 0.23 2.32 013
4 12.1 6.05 0.16 1.65 017
5 14.41 7.20 0.13 1.38 001
6 19.16 9.58 0.10 1.04 027
Zr2Al-GNS MAX phase
Number of Layers 1/2r (nm–1) 1/r (nm–1) r (nm) d-spacing (Å) hkl
1 7.30 3.65 0.27 2.73 011
2 8.54 4.27 0.23 2.34 006
3 11.95 5.97 0.16 1.67 017
4 14.08 7.04 0.14 1.41 020
5 16.04 8.02 0.12 1.24 026
6 18.73 9.36 0.10 1.06 011
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Figure S3. Illustration of the phase ratios of (Zr2Al-GNS, Zr2AlC, Zr3Al2, Zr5Al3, and ZrC) at 
various temperatures (1000 °C, 1150 °C, and 1350 °C).
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Table S2. The group of electrical parameters of electric properties.

Parameter Quantity Unit symbol Formula
Impedance Ohm, Ω  =

R = RS Resistance, Series Resistance Ohm, Ω
Admittance Siemen, S (was mho) = =

θ phase Angle of  impedance degree, deg or radian, rad θ = arctant) = -  ø
ø phase Angle of   Admittance degree or radian ø =   arctant)  = -θ
x Reactance, Imaginary part of  Z Ohm, Ω x = 2 f L , 2 f= ω
F Frequency henry, H
L Inductance henry, H
Q Quality factor none Q = = =
D Dissipation factor none D = =   =  
G Conductance Siemen, S G = 
B Susceptance Siemen, S B = 2f C


