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1.0 Abstract  
 
 The goal of this project was to synthesize three new MAX phases: Mo2GaC, 
Mo2GaN and Mo2AlC. A pure MAX phase of Mo2GaC was produced after sintering in 
an evacuated quartz tube for four weeks at 850°C. Also, peaks were observed in the 
XRD data corresponding to Mo3GaC2 MAX phase.  The ideal thermodynamic 
conditions for synthesizing both Mo2GaN and Mo2AlC were not found. Most likely 
these materials do not exist as MAX phases. However, a pure phase of Mo3 Al2C, a 
low temperature superconductor was synthesized. A fully dense bulk sample of 
Mo2GaC was not produced. Therefore the material properties of Mo2GaC were not 
characterized. Mo2GaC was etched with a 50% concentration of hydrofluoric acid for 
96 hours. XRD and EDS both revealed that Gallium was etched from Mo2GaC MAX 
phase. Forming a stable Mo2C MXene was shown to be possible.   
 

2.0 Introduction  
 
 MAX phases are groups of layered ternary carbides and nitrides that follow 
the formula M(n+1)AX(n) where n is 1, 2 or 3; M is an early transition metal, A is a 
group A element and X is either carbon or nitrogen [1]. MAX phases are an 
interesting group of materials that often exhibit properties of both metals and 
ceramics [1]. For example they are elastically stiff, thermally and electrically 
conductive with relatively low thermal expansion coefficients. Also, they are 
relatively soft, thermal shock resistant and damage tolerant [2]. 

.Ï×ÏÔÎÙ ÐÒÏÄÕÃÅÄ ÏÖÅÒ υπ ÏÆ ÔÈÅÓÅ -!8 ÐÈÁÓÅÓ ÉÎ ÔÈÅ ρωφπȭÓ ɍσɎȢ (Å ÄÉÄ ÎÏÔ 
characterize their material properties, however. Almost three decades later, 
Barsoum rediscovered this group of materials and learned how to produce them in 
bulk. This important step led to the understanding of their unique material 
properties [1]. Since 1995, Barsoum et al synthesized in bulk and characterized 
about 20 MAX phases [4].  

MXenÅȭÓ ÁÒÅ Ô×Ï-dimensional flakes of MAX phases that have been etched 
with hydrofluoric acid to remove layers of A group elements, resulting in very high 
specific surface areas [5].  Mo2GaC, Mo2GaN and Mo2AlC once synthesized, could be 
great candidates for producing molybdenum carbides MXenes. Molybdenum 
carbides are utilized in the dry reforming of methane to produce hydrogen gas [6]. 
They are also used as a catalyst for the water gas shift, the reaction of CO with H2O 
to form CO2 and H2 [7]. Due to the increase in H2 demand, both these processes are 
important. Molybdenum carbides also show great electrochemical potential [8]. 
Mo2C MXene will have a larger specific surface area than Mo2C, which is desirable 
when used as an electrode material for energy storage or as a catalyst for chemical 
reactions. 

This project aimed to synthesize and characterize Mo2GaC, Mo2AlC and 
Mo2GaN. The latter two would be the first MAX phases of these materials. The 
ÆÏÒÍÅÒ ×ÁÓ ÐÒÏÄÕÃÅÄ ÂÙ 4ÏÔÈ ÉÎ ÔÈÅ ρωφπȭÓ ÁÎÄ ×ÁÓ ÓÈÏ×Î ÔÏ ÈÁve low 
temperature superconductive properties [9]. These molybdenum carbide and 
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nitride MAX phases would produce molybdenum carbide MXenes, which have 
potential for electrochemical applications and as catalysts in the formation of H2. 
 

3.0 Background  
 
3.1 MAX Phase 
 MAX phases are layered, machinable ternary carbide, nitride or carbonitride 
materials. The name MAX derives from the material composition, being made up of 
an early transition metal, M, a group A, typically IIIA or IVA, and either Carbon 
and/or Nitr ogen, X [1]. Figure 1 clearly shows M, A and X elements. 

 MAX phases follow the formula M(n+1)AX(n) where n is 1,2 or 3. Based on this 
formula MAX phases are subdivided into three groups, 211, 312 or 413 depending 
on the value of n. These subgroups are shown in Figure 2.  

Figure 2:The three subgroups of MAX phases: 211, 312 
and 413 [1].  

Figure 1: This periodic table of elements shows the three components of MAX phases. 
Highlighted in red are M elements, early transition metals. A elements are blue, group 
A elements. X elements are black, either C or N or C and N [1]. 
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The three subgroups of these materials have slightly different crystal 
structures. All three have a certain number of metal carbide or nitride layers 
separated by an A-group layer. The A-group layers in each subgroup are separated 
by (n +1) of either metal carbide or nitride layers corresponding to the MAX 
formula. In other words, every third layer is an A-group for 211, every fourth layer 
is an A-group for 312 and every fifth layer is an A-group for 413 [1]. This is 
illustrated in Figure 3.  

 MAX phases exhibit very interesting physical, mechanical and electrical 
properties. For example, at room temperature MAX phases can be loaded with 
stresses up to 1GPa and when unloaded they fully recover [2]. For a ceramic, this is 
quite remarkable.  
 

4.0 Ini tial Method  
 
4.1 Initial Experimental Plans and Procedures  
 Three potential MAX phases were attempted to be synthesized: Mo2GaC, 
Mo2GaN and Mo2AlC. MAX phases, if sintered at too high of a temperature 
dissociate. If the temperature is too low, very long times are required to reach a full 
reaction. A balance between temperature and time must be reached. With these 
materials there were three variables that were controlled: composition, 
temperature and time. The composition was fixed for each experiment leaving 
temperature and time. Limiting the variables to two increased chances of 
determining the ideal thermodynamic conditions to produce these materials.  

Figure 3: Metal carbide and nitride layers are depicted as red and black layers. 
A-group layers are blue. Every third layer in 211 is A -group, every fourth in 
312 and every fifth in 413 [1].  
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 Characterization went hand in hand with varying the experimental 
condit ions. A few samples were produced and characterized using X-ray Diffraction 
(XRD) to determine composition. The experimental parameters were then altered as 
conclusions were reached concerning the composition of the materials produced.  
 According to the literature Mo2GaC MAX phase can be produced with the 
following experimental procedures [9]. A 2:1:1 molar elemental mixture of 
powdered molybdenum, liquid gallium and powdered carbon was combined in an 
evacuated quartz tube and sintered at 850°C for four weeks [9]. One sample of 
10.00g was sealed in evacuated quartz tubing and sintered at 850°C for one week. 
This sample was analyzed with XRD to determine if the evacuated quartz tubing was 
sealed properly. 

The main problem that was faced with sealing these samples in evacuated 
quartz tubing is the limitations of the glass blower. The glass blowing shop was not 
equipped to pull vacuum on fine powders. The powders were removed from the 
quartz tubing, adversely affecting the stoichiometry. To circumvent this the sample 
was placed in a cylindrical alumina crucible as shown in figure 8. The quartz tube 
was prepped by the glass blower, one end necked down to pull vacuum while both 
ends will be left open as shown in figure 9. 

 
The sample was loaded into the alumina crucible, which was inserted into 

the top of the quartz tubing. The top of the tube was sealed while upright. Then 
vacuum was pulled from the bottom and the tube was sealed at the top of the neck. 
 Since the aforementioned experiment was time intensive concurrent 
experiments were run in the hope that far shorter times will be required to produce 
Mo2GaC MAX phase. In these experiments time was fixed at two hours while 
temperature was set at 1000°C, 1300°C and 1600°C. An elemental powder mixture 
of gallium and carbon was placed in an alumina crucible. Solid gallium was placed 

Figure 8: The elemental powder mixture 
was loaded into this alumina crucible, 
which was inserted into a quartz tube.  

Figure 9: A quartz tube was necked 
down on one end while both ends were 
left open. The alumina crucible was 
inserted into the larger end and 
vacuum was pulled on the smaller  
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on top of the powder mixture and inserted into a tube furnace. The tube furnace 
maintained an inert argon environment at atmospheric pressure. As the 
temperature of the furnace increased liquid gallium floated on top of the powder 
mixture and reacted with the other two elements. The resulting materials were 
characterized with XRD and the appropriate temperature and time were adjusted 
according to the compositions of the materials.  
 Meanwhile, 9.15g of a 2:1:1 molar mixture of powdered molybdenum and 
gallium nitride were combined along with 15 steel milling balls 10mm in diameter 
and placed into a polyethylene jar. This jar was placed onto a milling machine for 24 
hours to ensure a homogeneous mixture of molybdenum and gallium nitride. After, 
this mixture was loaded into an alumina crucible and inserted into a horizontal tube 
furnace. This furnace was sealed and filled with a constant flow of argon at 
atmospheric pressure. The outflow of argon bubbled through a blowback valve, an 
Erlenmeyer flask filled with water. The time was fixed at two hours and the 
temperature was set at 1000°C, 1300°C and 1600°C respectively. Again, the 
resulting materials were studied with XRD and based on the composition of the 
materials thermodynamic conditions of the experiment were adjusted. 
 Finally, 59.30g of a 2:1.1:1 molar elemental ratio of molybdenum, aluminum 
and carbon powder mixture was prepared. According to the literature a 10% molar 
excess of the A-group element should result in a better chance producing a MAX 
phase [12]. This mixture was then placed in a polyethylene jar and 15 steel milling 
balls 10mm in diameter were added. Next, this loaded jar was placed on a mill for 24 
hours to fully mix the powder. Then, three samples of 19.00g each were placed into 
a small alumina crucible. This crucible was loaded into a tube furnace with an argon 
flow as described previously. The temperature was set at 1000°C, 1300°C and 1600° 
respectively while the time was fixed at two hours. These samples were studied 
with XRD and depending upon the results the thermodynamic conditions were 
varied accordingly. 
 
4.2 Characterization  
 Post-synthesis, powder samples were prepared with 10 wt.% silicon powder 
to serve as a reference to the composition of the materials being characterized. 
Scans were run from 5° to 80° with a step size of 0.04 for 1.0 second. This produced 
an adequate XRD pattern to identify the phases of the material.  
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5.0 Initial Results 
 
5.1 2Mo+Ga+C 
 The following XRD data is from three samples synthesized in the tube 
furnace at 1600°C for four hours, 1300°C for two hours and 1000°C for two hours. 
Also, the last XRD graph in this section is the sample sealed in evacuated quartz 
tubing and sintered at 850°C for one week. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10 : XRD Patterns 
 The three XRD patterns are graphed together showing the change based on 
temperature. (Note, 1000 °C for four hours was analyzed without 10wt% Si. This was not 
intentional, but done in error.) As a result the peaks at 2 ʃ~28°, ~46° and ~55° are not 
observed. The rest of the peaks are found in all three samples.   
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Figure 11: 1600 °C for Two Hours  
 The XRD pattern is shown with the corresponding phas es identified. At 1600 °C for two 
hours the resulting phase is the alpha phase of Mo 2C.  
 

Figure 12: 1300 °C for Two Hours  
 The XRD pattern is shown with the corresponding phases identified. Just as in the sample 
prepared at 1600 °C the resulting phase is alpha Mo2C.  A lower temperature did not produce the 
desired 211 MAX phase.  
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Figure 13: 1000 °C for Four Hours  
 After four hours at 1000 °C in the tube furnace the resulting material was found to be 
Mo2C. A decrease in temperature did not produce favorable thermodynamic conditions for the 
formation of Mo 2GaC MAX phase.  

Figure 14: 850 °C for One Week 
 This sample was sealed in an evacuated quartz tube and sintered at 850 °C for one week. 
Peaks corresponding to Mo 2GaC MAX phases were observed as well as four other phases. These 
results were the first favorable results found.  
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5.2 2Mo+GaN 
 The following XRD data corresponds to three samples sintered in the tube 
furnace for two hours at 1600°C, 1300°C and 1000°C.  

 
 

Figure 15: XRD Patters 
 The three corresponding XRD patterns for 1600 °C, 1300°C and 1000°C are compared 
in this figure. The sample sintered at 1000 °C for two hours resulted in a much noisier XRD 
pattern.  
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Figure 16: 1600 °C for Two Hours  
 The XRD pattern is shown along with the peaks i dentified by the corresponding 
phases. After two hours at 1600 °C in the tube furnace the primary phase identified is 
Mo3Ga. There is also some unreacted Mo. 

Figure 17: 1300 °C for Two Hours  
 The XRD pattern is shown along with the identified peaks corresp onding to the 
correct phases. After two hours at 1300 °C in the tube furnace the primary phase identified 
is Mo3Ga. This is identical to the sample sintered at 1600 °C for two hours.  



 12 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18: 1000 °C for Two Hours  
 The XRD pattern shown here along with the three phases identified shows that at 
1000 °C for two hours Mo 3Ga is the dominant phase. There is also unreacted GaN and Mo.  
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5.3 2Mo+1.1Al+C 
 The following XRD patterns corresond to three samlpes sintered in the tube 
furnace at 1600°C for two hours, 1300°C for two hours and 1000°C for four hours. 
Note that excess Al was used in each sample to promote the synthesization of a MAX 
phase. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19: XRD Patterns  
 The three XRD patterns are shown for 1000 °C, 1300°C and 1600°C. The changes 
based on temperature can be seen.  


