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ABSTRACT  

Layered carbides are fascinating compounds due to their enormous structural and chemical 

diversity as well as their potential to possess useful and tunable functional properties. Their 

preparation, however, is challenging and forces synthesis scientists to develop creative and 

innovative strategies to access high-quality materials. One unique compound amongst carbides is 

Mo2Ga2C. Its structure is related to the large and steadily growing family of 211 MAX phases that 

crystallize in a hexagonal structure (space group P63/mmc) with alternating layers of edge-sharing 

M6X octahedra and layers of the A element. Mo2Ga2C also crystallizes in the same space group, 

with the difference that the A-element layer is occupied by two A-elements, here Ga, that sit right 

on top of each other (hence named “221” compound). Here, we propose that the Ga-content in this 

compound is variable between 2:2, 2:1, and 2:≤1 (and 2:0) Mo:Ga ratios. We demonstrate that one 

Ga-layer can be selectively removed from Mo2Ga2C without jeopardizing the hexagonal P63/mmc 

structure. This is realized by chemical treatment of the 221 phase Mo2Ga2C with a Lewis acid 

leading to the “conventional” 211 MAX phase Mo2GaC. Upon further reaction with CuCl2, more 

Ga is removed and replaced with Cu (instead of fully exfoliating into the Ga-free Mo2CTx MXene) 

leading to Mo2Ga1-xCuxC still crystallizing with space group P63/mmc, however, with a 

significantly larger c lattice parameter. Furthermore, 211 Mo2GaC can be reacted with Ga to 

recover the initial 221 Mo2Ga2C. All three reaction pathways have not been reported before and 

are supported by powder X-ray diffraction, electron microscopy, X-ray spectroscopy, and density 

functional theory calculations. 
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INTRODUCTION 

The structural variety of carbides is large. The group of MAX phases, formerly known as “H” 

phases1, is an interesting group of carbides and (carbo)nitrides which crystallize in a layered 

structure and combine metallic and ceramic properties within one substance class.2 M is an (early) 

transition metal,3–7 A an element of the groups 13-162,8 and X is carbon, nitrogen2 or in rare cases 

boron8. MAX phases crystallize in a hexagonal structure (space group P63/mmc). Their chemical 

composition can be stated by the general sum formula M1+nAXn.
9 They consist of layers of edge-

shared M6X octahedra interleaved with monoatomic layers of the A-element. The number of 

interconnected M-X-layers is commonly stated by the parameter n and can be as high as 4.10 The 

crystal structure as well as electronic structure of MAX phases, the possibility to vary the number 

of M-X-layers and the large variety in chemical composition makes them highly promising 

candidates for a wide variety of applications.11 

A layered carbide with very similar structure and the sum formula Mo2Ga2C was discovered in 

2015.12 Instead of a single atomic A-element layer, the material has a double A-element layer 

between the M-X-layers. Both A-atoms are aligned in the c-direction. The octahedral M-X-layers 

with n = 1 have the same structure/constitution as the M-X-layers in conventional MAX phases 

(space group P63/mmc).12,13 Thus, this compound can be considered as a double A-element MAX 

phase, but not satisfying the general MAX phase sum formula Mn+1AXn.
2. Therefore, it is called a 

MAX-like phase or a “221 phase”. Recently, Nb2Bi2C a compound with the same structure has 

been discovered, and theoretical calculations propose more similar compounds to be stable (e.g., 

V2Ga2C).14,15 Similar compounds with two A-layers are Ti3Au2C2
3 which has been synthesized in 
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the form of thin films, and Ti3Cd2C2
14. However, both materials have different structure and 

composition than the 221 phase.  

The equivalent 211 MAX phase would be Mo2GaC. The two structures are compared in Figure 

1.16 While the synthesis of “221” Mo2Ga2C from Mo2C and gallium is relatively straightforward 

when reaction temperatures are chosen correctly,17 the synthesis of MAX phase Mo2GaC seems 

to be more challenging. The bulk 211 phase Mo2GaC is only mentioned in a few publications. 

These include two reports dating from the 1960s16,18 and a paper focusing on Raman spectroscopy 

with an impure sample19. In a doctoral thesis20 and a further publication about synthesis 

parameters,21 Mo2GaC was synthesized from the elements as well as from Mo2C and gallium 

exhibiting only minor impurities.  

 

Figure 1. Crystal structure of Mo2GaC18 (left) and Mo2Ga2C
12 (right), blue: molybdenum, 

purple: gallium, black (center of octahedrons): carbon. The models of the crystal structures have 

been prepared using the software VESTA.22 

 

The fact that the M-X-layers of MAX phases are only weakly bound to the A-layers makes a 

modification of the A-layers under conservation of the M-X-layer structure possible. An approach 

that can either remove the A-layers completely which converts the MAX phase to a MXene or 
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replace the A-element by a respective transition metal is the so-called Lewis acid transition metal 

salt approach.5,23–26 During thermal treatment, the transition metal from the Lewis acid salt 

oxidizes the A-element of the MAX phase. The A-element gets dissolved in the mixture of the 

Lewis acid salt and a eutectic mixture of alkaline metal chlorides leading to the two-dimensional 

MXene. The transition metal of the reacting salt, is reduced to its metallic form.26 Different 

oxidizers can be used to remove the latter from the product phase. For example, to oxidize copper, 

ammonium persulfate can be used as an oxidant. In the literature the copper residuals are described 

as copper clusters of a few atoms on the MXene surface.26 The Lewis acid molten salt exfoliation 

method has been used for a row of aluminum and zinc23 containing MAX phases as well as for 

Ti3SiC2 and Ti2GaC whereas not much data is provided for the Ti2GaC etching approach.26 

However, no experiments in which Mo2Ga2C or Mo2GaC were treated with transition metal salts 

have been reported. 

In this paper we demonstrate the selective removal of one Ga layer from Mo2Ga2C to access the 

211 MAX phase Mo2GaC whose solid-state synthesis has proven to be challenging. While etching 

with hydrofluoric acid leads to a complete removal of gallium27 from the Mo2Ga2C structure 

forming the 2D MXene Mo2CTx, we use a Lewis acid (CuCl2 or AgCl) to obtain Mo2GaC from 

Mo2Ga2C. Interestingly, Mo2Ga2C can be recovered by the reaction of Mo2GaC and metallic 

gallium. Furthermore, by treating Mo2GaC with an excess of CuCl2 a further decrease of the 

gallium content up to 50 % in Mo2GaC is possible. Our data suggest that Cu is incorporated as a 

new A-element and we refer to this compound as Mo2Ga1-xCuxC. The products are structurally 

characterized by powder X-ray diffraction experiments and electron microscopy, the chemical 

environments are verified by X-ray spectroscopy techniques, and the formation of the different 

compounds is theoretically verified by DFT calculations. 
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EXPERIMENTAL SECTION 

Materials preparation 

During the following syntheses, no uncommon hazards are noted.  

Synthesis of Mo2Ga2C (including reaction of Mo2GaC and Ga) 

The exact ratios, masses and synthesis conditions for all experiments are listed in the SI in Tables 

S1-S5.28 All preparation steps until otherwise stated were conducted under argon. Prior to the 

synthesis of the 221 phase, the precursor Mo2C was first synthesized from the elements (Mo, -325 

mesh, Thermo Fisher Scientific Chem. Inc., 99.997 %; C, -325 mesh, Alfa Aesar, UCP-2 grade, 

ultra “F” purity). The transition metal and graphitic carbon were mixed in a ratio of 2:1 and ground 

using an agate mortar and pestle. The powders were pressed into a cylindrical pellet (Ø = 15 mm, 

5 t, 40 sec)) and sealed in a fused silica ampule under vacuum. The ampule was placed vertically 

into 7 g granulated carbon (Activated charcoal, DARCO, 12-20 mesh, Sigma Aldrich) as a 

susceptor surrounded by an alumina crucible and an alumina fiber sheath inside a laboratory 

microwave oven (Mars 6 – CEM). The pellet was reacted at 1200 W for 45 min which corresponds 

to 1160-1390 °C. After cooling to room temperature, the dark grey pellet was ground in air until a 

fine powder was obtained, and its phase purity confirmed by X-ray diffraction (Figure S1). 

Mo2Ga2C was synthesized according to He et al.17 For the synthesis of the 221 phase, granulated 

gallium (Thermo Fisher Scientific Chem. Inc., 99.99 %) was sandwiched between the respective 

Mo2C or Mo2GaC powder with a large excess of gallium (at least 1:5) in a steel die (for exact 

amounts refer to Table S2). In order to distribute the gallium homogeneously, no individual 

gallium layer was higher than 4mm, otherwise multilayers between the carbide and gallium were 
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prepared and slightly pressed using a pellet die until a uniform pellet is produced. The pellet was 

placed inside a fused silica ampule and sealed under vacuum. The reaction mixture was thermally 

treated in a box furnace (CWF 12/5–Carbolite-Gero) at 685 °C for 60 h for the formation of 

Mo2Ga2C from Mo2C and Ga, and 75 h for the reaction starting from Mo2GaC and Ga (heating 

rate: 10 °C/min, cooling: natural). The actual temperature of the furnace that was measured by an 

external thermocouple was 665-672 °C. After the synthesis excess gallium was dissolved with 

concentrated hydrochloric acid for several hours. The sample was washed with water, dried in air, 

and ground using an agate mortar and pestle. Raman studies (Figure S19) and powder X-ray 

diffraction data (Figure S2 and S9, Table S6 and S11) confirm the product formation. 

Additionally, thermal decomposition experiments were conducted to investigate the thermal 

behavior of the Mo2Ga2C phase (SI).  

Synthesis of Mo2GaC 

The respective powder of the 221 phase was ground in air with CuCl2*2H2O (or AgCl) 

(CuCl2*2H2O, Ward's Science, lab grade; AgCl, Thermo Fisher Scientific Chem. Inc., 95 %) and 

the alkaline salts (KCl and LiCl) (KCl, Fisher Scientific, 99.9 %; LiCl, Alfa Aesar, 99 %) using 

an agate mortar and pestle. The exact masses, reactants and ratios are listed in Table S3. Due to 

the high hygroscopicity the powders were not ground for more than 3 min and immediately placed 

into an alumina boat that was placed into the furnace under argon. A horizontal tube furnace (EZS-

3G 12/600B–Carbolite-Gero) was used with an argon flow rate of 0.35 L/min (flowmeter 

calibrated for water). The reaction times and temperatures can be found in Table S3 and the 

heating rate was 5 °C/min. Optimized conditions for the reaction of Mo2Ga2C with CuCl2 were 

found to be at 400 °C for 6-7 h. After cooling to room temperature, the reaction product was found 

slightly sintered, dark grey in color with a coppery shine. In order to remove all side products and 
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side phases, multiple washing steps were added: The product was soaked in water for 30 min and 

subsequently washed with water using a centrifuge 2-3 times (50 mL per wash, 3500 rpm, 5 min). 

Afterwards, the sample was immersed in hydrochloric acid (HC, concentrated, ACS grade, 36.5-

38%, VWR BDH chemicals) over two days. The acid turned yellow during that time. The HCl 

was removed by washing the sample with water using centrifuge. To remove possible MoO2 

impurities, the sample was washed in highly diluted aqueous nitric acid (HNO3, concentrated, 

certified ACS plus, Fisher Chemical) solution. Since the sample also dissolves in HNO3 it was 

important to adjust the HNO3 concentration in a way that bubbles only form slightly and that the 

sample only sits in the acid for a couple of minutes. This method resulted in a slight loss of the 

MAX phase product. To remove the HNO3 solution, the samples were washed with water using 

the centrifuge. The centrifuge tubes were first filled with ~50 mL of DI water, before they were 

rotated in the centrifuge for 3 min with a speed of 3500 rpm. The liquid was dumped. This 

procedure was repeated 3-4 times.  

 

Materials characterization 

For X-ray powder diffraction analysis (Bruker D2 Phaser, 2ndGeneration) a Bragg-Brentano 

geometry was used with Cu Kα,1-radiation (λ = 1.5406 Å), and a LYNXEYE 1D SDD detector in 

a range of 2θ = 5–90 ° in 0.035 °increments. 4-7 ranges were measured and added. For Rietveld 

refinements of the X-ray diffraction data (at least 6 ranges) the software Topas 629 (Bruker AXS) 

was used. The refinements were based on the structure models from the respective literature of 

Mo2Ga2C
12 and Mo2GaC18. The lattice parameters were refined using LaB6 powder (NIST, 660c) 

as a standard. Afterwards, the extracted lattice parameters were used in a Le Bail refinement 
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procedure based on the above stated structure models providing the suggested space group 

P63/mmc. The sample profile was refined using the modified Thompson-Cox-Hastings pseudo-

Voigt function ((pV-TCHZ), refinement of u, v, w, and x) approach.   

For scanning electron microscopy (SEM), the sample was attached to carbon tape and measured 

using a Zeiss Auriga FIB SEM with an Oxford Instruments SDD detector (Ultim MAX). The 

acceleration voltage was 5 keV for SEM images and 20 keV for energy-dispersive X-ray 

spectroscopy (EDS). A map as well as 10-16 point measurements were conducted for the EDS 

measurements. The values were normalized based on two molybdenum atoms per sum formula. 

Carbon was not quantified due to its low atomic number, the sample preparation on carbon tape 

and possible carbon contamination inside the instrument. From the point measurements, a standard 

deviation was calculated which refers to the sum formula. 

Samples suitable for electron microscopy observation were prepared by crushing powder with a 

mortar and pestle under isopropanol, and then placing a drop of the suspension onto a holey carbon 

support film. Observations were made using an image-corrected Thermo Fisher 80-300 TEM 

operated at 300kV. 

Non-spin polarized density functional theory (DFT) calculations were performed employing the 

projector augmented wave (PAW)30 using the open source DFT code gpaw.31,32 Electronic 

exchange and correlation (XC) was treated by generalized gradient approximation (GGA) in the 

parametrization of Perdew, Burke and Ernzerhof (PBE).33 The energy cut-off for the plane wave 

expansion of the wave functions was set to the converged value of 500 eV. The Brillouin zone was 

sampled by Monkhorst-Pack type k-meshes with a density of 7 Å. Both cell and atom positions 

were optimized until stresses and forces converged within 0.01 eV Å-1 and 0.01 eV Å-3, 
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respectively. For electronic self-consistency cycle, the default settings were used for convergence. 

Symmetrically unique structures of Mo2Ga1-xCuxC in super cell sizes (2,2,1) and (3,3,1) are 

generated using ICET34. A few of these configurations at each x are randomly selected and 

submitted to the DFT code under periodic boundary conditions.  It should be noted that the random 

selection procedure will most likely not result in the ground state configuration. To investigate the 

ground state, cluster expansion34 is required, which is beyond the scope of the present study. 

Hard X-ray photoelectron spectroscopy (HAXPES) was used to characterize the chemical 

environments and oxidation states within the sample bulk. The HAXPES data were collected at 

beamline P22 at PETRAIII, German Electron Synchrotron DESY in Hamburg, Germany.35 A 

photon energy of 6 keV was used for all experiments, with the energy selected using a Si (111) 

double-crystal monochromator. A Phoibos 225HV analyzer (SPECS, Berlin, Germany) was used 

with the small area lens mode and a slit size of 3 mm. Spectra were collected using a pass energy 

of 30 eV. The total energy resolution in this setup was determined to be 245 meV 16/84% Fermi 

edge (EF) width of a polycrystalline gold foil. 

In addition to HAXPES data, complementary soft X-ray photoelectron spectroscopy (SXPS) was 

conducted to provide a surface perspective and to explore the Cu and Cl states. SXPS data were 

recorded on a Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer (XPS) system using 

a monochromated, microfocused Al Kα X-ray source (hν= 1.4867 keV, further referred to as 1.5 

keV for simplicity) and a 180° double-focusing hemispherical analyzer with a 2D detector. The 

X-ray source was operated at 6 mA emission current and 12 kV anode bias. Data was collected 

using a 400 μm X-ray spot and a pass energy of 20 eV.  
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RESULTS AND DISCUSSION 

Mo2Ga2C was initially synthesized according to the method of He et al 17 exhibiting minor side 

phase peaks which may be attributed to trace amounts of oxide impurities occurring due to oxygen 

impurities during the synthesis process. For the removal of gallium, Mo2Ga2C is reacted with the 

transition metal salts, AgCl at 550 °C and CuCl2 at 400 °C, respectively. Both options are discussed 

separately below.  

 

Reaction of Mo2Ga2C with AgCl 

The reaction of Mo2Ga2C with AgCl (5 h, 550 °C) leads to MAX phase Mo2GaC, as can be 

observed in the X-ray diffraction data (Figure S3). The main side product is elemental silver 

according to the following reaction equation: 

Mo2Ga2C + 3 AgCl → Mo2GaC + GaCl3 + 3 Ag    (equ. 1) 

 

Thus, one gallium layer was selectively removed from the “221” structure but no full exfoliation 

into MXene took place. The conversion of Mo2Ga2C to Mo2GaC by using a molten transition metal 

salt has not been reported before and opens a new and simple way to synthesize the not easily 

accessible Mo2GaC. The following can be found in the literature: There is only one publication in 

which Mo2GaC has been named as a side phase in the reaction products of Mo2Ga2C with a molten 

metal,36 but the phase is hard to identify using the XRD pattern due to overlap with other 

reflections. Moreover, the paper focused on the stability in general and wettability of Mo2Ga2C in 

molten metals and less on the fundamental nature of the chemical reaction.36  
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Another similar experiment reported in literature involved the selective removal of one A-

element layer in the thin film by reaction with a thin metal layer that goes along with an A-element 

replacement reaction, namely the reaction of Ti3Au2C2 with Ir to Ti3IrC2.
3 However, the selective 

removal of one A-element layer has been reported for MAB phases, mainly for the reaction of 

MoAlB to Mo2AlB2 by Brønsted acids or bases.37–39 Due to the high redox potential of the silver 

byproduct, it is challenging to remove this side phase from the reaction product. Thus, CuCl2 was 

used as an alternative Lewis acid. 

 

Reaction of Mo2Ga2C with CuCl2 

The reaction of Mo2Ga2C with CuCl2, when performed under the same reaction conditions as the 

reaction with AgCl (5 h, 550 °C), leads to Mo2C as the main product (Figure S4). After 

optimization of the reaction conditions, successful etching was achieved at lower temperature 

(400 °C) according to the following reaction equation 26: 

Mo2Ga2C + 3/2 CuCl2 → Mo2GaC + GaCl3 + 3/2 Cu   (equ. 2) 

 

The X-ray powder diffraction data (Figure 2) show the conversion of Mo2Ga2C (dark blue line in 

Figure 2) to MAX phase Mo2GaC (maroon line in Figure 2) upon reaction with CuCl2 which in 

turn converts into elemental Cu (indicated by the stars in Figure 2) and GaCl3. Elemental copper 

is then removed by washing with HCl which leads to essentially single-phase MAX phase Mo2GaC 

(orange line in Figure 2) that only contains trace amounts of unreacted precursor Mo2Ga2C. 
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Figure 2. Transformation of the 221 phase (top) into the 211 phase (center) with subsequent 

washing to remove elemental Cu (bottom). From bottom to top: Experimental XRD data of 221 

Mo2Ga2C (dark blue) with simulated XRD data of Mo2Ga2C (grey),12 including SEM images of 

Mo2Ga2C (Further images can be found in the SI); experimental XRD data of as-prepared 211 

Mo2GaC (maroon, stars indicate reflections of Cu40) with simulated XRD data of Mo2GaC 

(black)18; experimental XRD data of Mo2GaC (orange) after removal of Cu including SEM images 

of the final Mo2GaC product. 
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Le Bail refinement of the XRD data (Figure S5) verify the consistency of the structure with the 

previously published structural data of Mo2GaC.18 The experimentally determined lattice 

parameters a = 3.0349(2) Å and c = 13.287(2) Å are close to the parameters published by 

Jeitschko et al. (a = 3.017 Å and c = 13.180 Å).18 Structural parameters are listed in Table S7. 

Element-specific characterization by EDS indicates that the molybdenum to gallium ratio is ~2:1 

as expected for the 211 MAX phase, while copper (50 % compared to gallium) is still detectable 

(Table S12) which could be present as an amorphous side phase. Small amounts of copper could 

also be incorporated into the MAX phase structure due to under occupation of the gallium site, 

which can’t be fully ruled out by the given laboratory XRD data. However, the strong similarity 

of the lattice parameters compared to the literature model, as well as the 2:1 Mo/Ga ratio proven 

by EDS measurements, strongly supporting the synthesis of Mo2GaC as desired. 

 The morphology of the MAX phase Mo2GaC (Figure 2 lower) is very similar to the morphology 

of Mo2Ga2C (Figure 2 upper) with flat crystallites that are stacked on top of each other. At high 

magnification, the surface of Mo2GaC appears rough which is likely the result of reaction with 

oxidizing CuCl2.  

Reaction of MAX phase Mo2GaC with CuCl2 

MAX phase Mo2GaC was further reacted with CuCl2 to assess its potential exfoliation behavior 

with the Lewis acid. Interestingly, a product with a significantly different XRD pattern (Figure 3, 

red) forms, which is, however, not the fully exfoliated MXene. Rietveld refinements (Figure S6, 

Table S8) of the XRD data reveal that the c-parameter significantly increases from 

c = 13.287(2) Å to c = 13.518(3) Å, whereas the a-parameter slightly decreases from 

a = 3.0349(2) Å to a = 3.0269(3) Å. Elemental analysis (EDS, Table S12) shows a significantly 
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lower gallium content of under 50 % which was also observed for further samples which were 

reacted with an excess of CuCl2. Additionally, EDS data (Table S12) indicate that samples after a 

second reaction with CuCl2 or a reaction with an excess of CuCl2 (further data can be found in the 

supporting information, Figure S7 and S8 and Table S9-S10) contain approximately twice as 

much copper than the samples after the first reaction. It is noteworthy that the additional amount 

of copper resembles approximately the initial amount of gallium that has been removed. Thus, we 

assume that the additional Cu quantities in this sample are incorporated into the MAX phase 

structure. This is furthermore supported by the increased c parameter due to the larger covalent 

radius of copper compared to gallium41. The respective product is referred to as Mo2Ga1-xCuxC. 

The crystallites in the SEM images (Figure 3, lower) look similar to those visible after the first 

reaction with copper chloride (Figure 3, upper). They appear to be corroded and the crystallites 

look slightly expanded but not exfoliated, which is a result of the release of gallium between the 

layers and the increased c-lattice parameter. 
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Figure 3. Conversion of 211 Mo2GaC (top) into Mo2Ga1-xCuxC (bottom) upon further reaction 

of Mo2GaC with CuCl2: Experimental XRD data of Mo2GaC (dark blue) including SEM images, 

experimental XRD data of Mo2Ga1-xCuxC (maroon) including SEM images. Simulated XRD data 

of Mo2Ga2C (grey)12 and Mo2GaC (black).18  
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Recovery of Mo2Ga2C from Mo2GaC and gallium 

MAX phase Mo2GaC can be converted back into the starting material, the Mo2Ga2C “221” phase 

(Figure S9 and Table S11), by reaction with elemental gallium, as shown in Figure 4. The XRD 

data (Figure 4) and Le Bail refinements confirm a successful reincorporation of the second gallium 

layer and the reconstruction of phase-pure Mo2Ga2C. The EDS data (Table S12) almost nearly 

confirm the targeted 1:1 ratio (Mo/Ga = 1/1.145). The slight gallium excess can be explained by 

the significant excess of gallium used during the preparation process. Surprisingly, almost no 

copper can be detected in the EDS spectrum. Gallium may have reacted with copper or the copper-

containing side phases and the reaction product could have been dissolved in HCl. The SEM 

images of the 221 product obtained from the 211 phase and gallium (Figure 4) look similar to the 

images of the 221 phase which was synthesized from Mo2C and gallium (Figure 4) with flat 

stacked crystallites and smooth surfaces. 
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Figure 4. Transformation of 221 Mo2Ga2C (top) into 211 Mo2GaC (center) and back into 221 

Mo2Ga2C (bottom): Experimental XRD data of Mo2Ga2C (dark blue), Mo2GaC (maroon), and 

“recovered” Mo2Ga2C (orange) including SEM images grey: simulated XRD data of Mo2Ga2C
12 

black: simulated XRD data of Mo2GaC.18  

 

 



 19 

 

Transmission Electron Microscopy 

 

Figure 5. Transmission electron micrographs of Mo2Ga1-xCuxC (a-c), Mo2GaC (d and e), and 

schematic of the structure model of Mo2GaC by Jeitschko et al.18 with projection onto the 010 

plane (f). blue: molybdenum, purple: gallium, black: carbon. 

 

Table 1. Distances of different layer elements in the transmission electron micrographs of 

Mo2GaC and Mo2Ga1-xCuxC in comparison to the theoretical values based on the structural model 

of Jeitschko et al. 18 The subfigure labels refer to those used in Figure 5. The standard deviation σ 

was determined from 10-40 distance measurements. 
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sample subfigure color of marker Theor. distance / 

nm
18

 

distance / 
nm 

σ / nm 

Mo2Ga1-xCuxC Mo-C-Mo pink 0.23 0.272 0.023 

Mo2Ga1-xCuxC half unit cell blue 0.66 0.697 0.031 

Mo2Ga1-xCuxC Mo-Ga yellow 0.22 0.228 0.021 

Mo2Ga1-xCuxC Mo-Ga-Mo green 0.43 0.474 0.029 

Mo2Ga1-xCuxC Mo-C-Mo pink 0.23 0.278 0.013 

Mo2GaC Mo-C-Mo pink 0.23 0.244 0.019 

Mo2GaC half unit cell blue 0.66 0.726 0.029 

Mo2GaC Mo-Ga-Mo green 0.43 0.479 0.019 

Mo2GaC Mo-C-Mo pink 0.23 0.312 0.017 

Mo2GaC Half unit cell blue 0.66 0.659 0.029 

 

 

Mo2GaC and Mo2Ga1-xCuxC were investigated by TEM to confirm their layered structure (Figure 

5). In general, the TEM images show that the samples consist of small crystallites, often with an 

extended lamellar shape, as well as regions that appeared to be amorphous, which is in agreement 

with the relatively low reaction temperatures and the small crystal sizes that were determined by 

the Rietveld refinement of the XRD data (Table S7 and S8-9). In crystalline areas, the layered 

structure of the MAX phases was clearly visible. The distances between the layered structure 

elements were measured perpendicular to the plane of the layers (Table 1) and compared to the 

distances of the structural elements in the structural model.18 Considering the different unit-cell 

orientations, as well as slight inaccuracies in the distance determination, the measured distances 

between neighboring layer elements that are both either bright or dark from the micrographs, fit 

reasonably well with the Mo-Ga distances inside the octahedra or the distances between Mo and 

Ga in the model of Mo2GaC.18 The herringbone-like pattern which should be visible with 

projection onto the 100 or 010 plane can be observed in Figure 5 b. The Mo-Ga-Mo atom columns 
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can be clearly observed and the distances of the presumed Mo-Ga-Mo atoms (Figure 5 b, green 

line) fit well with the values for the model structure18 (Figure 5 f, green line). The distance between 

two bright atomic columns that are located next to each other (Figure 5 b, orange line) fit well 

with the Mo-Ga distances (Figure 5 f, orange line). The distances between two spaces that separate 

the structural herringbone-like elements made of three bright atomic column layers adjacent to 

each other (Figure 5 b, blue line) equals half of the unit cell length (Figure 5 f, blue line). The 

same observations can be made for Figure 5 d. No atomic columns, only layers, are visible in this 

image, but the distances also fit closely to the model (Figure 5 f). 

X-ray Spectroscopy 

HAXPES was used to explore the chemical environments and oxidation states of the metals in 

the initial Mo2Ga2C (start), Mo2GaC, and Mo2Ga2C prepared by the reaction of Mo2GaC and 

gallium (end). Survey spectra show all expected core levels as well as the Mo2GaC sample showing 

discernible signals from Cu (see Figure S15). Key high-resolution core state spectra were 

collected and are shown in Figure 6. The Mo 3d spectra (Figure 6(a)) are dominated by metallic 

Mo0
 states as expected, for the carbide phases of the three samples with the Mo 3d5/2 line at 228.0 

eV. The metallic character of the formed samples is further confirmed by HAXPES valence band 

spectra (see Figure S16), which show a distinct Fermi cut-off of the filled states. In addition, 

smaller contributions from Mo+2 and Mo+4 oxides are present at higher binding energies (BEs) of 

229.2 and 232.7 eV for the 3d5/2 lines, respectively. Complementary SXPS measurements (see 

Figure S17) confirm that these oxides are located at the surfaces of the samples by exploiting the 

difference in probing depth between HAXPES and SXPS. The maximum inelastic mean free path 

(IMFP) for model Ga2O3 (representative of the surface oxide in these samples) is 7.7 nm for 

HAXPES and only 2.5 nm for SXPS (values calculated using the Tanuma, Powell, and Penn (TPP-
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2M) approach as implemented in the QUASES software package) tripling the probing depth in 

HAXPES compared to SXPS. The Ga 2p3/2 core line (Figure 6(b)) is also dominated by metallic 

Ga0 states at 1116.4 eV for all samples with varying contributions from Ga oxide environments at 

a higher BE of 1118.2 eV. SXPS again confirms that these are surface states. A clear difference in 

Ga concentration relative to Mo is found with the Mo2GaC sample showing considerably lower 

Ga intensity. When comparing the Ga and Mo metallic carbide contributions relative to the initial 

Mo2Ga2C sample, the resulting Mo2GaC sample has a Mo:Ga ratio of 1:0.6, and Mo2Ga2C 

prepared by the reaction of Mo2GaC and Ga returns to a 1:1 ratio. The C 1s core level spectra 

(Figure 6(c)) all show the typical low BE feature of Mo-C carbide environments at 283.8 eV as 

well as a varying amount of C-H states. Finally, the O 1s spectra (Figure 6(d)) confirm the 

presence of Ga oxide with the main oxide contribution increasing in line with the increase seen in 

the Ga 2p3/2 spectra. The results from photoelectron spectroscopy confirm the successful formation 

of Mo2Ga2C and Mo2GaC as well as the return to Mo2Ga2C. In addition, Cu is clearly detectable 

in the Mo2GaC sample. The Cu 2p3/2 core level and Cu L3M4,5M4,5 Auger lines were collected 

using SXPS. The Cu 2p3/2 core level shows a BE commensurate with Cu0/1+ states (see Figure 

S18(a)). The Cu Auger spectra only show a clear feature for sample Mo2GaC, with a main line 

kinetic energy of 918.4 eV commensurate with Cu0 and excluding Cu2O and CuO. Whilst minute 

Cu signals are also found in the Mo2Ga2C prepared by the reaction of Mo2GaC and Ga, they do 

not allow for a clear identification of oxidation state and/or chemical environment.  Finally, only 

minute trace amounts of Cl are present in the samples (see Figure S18(c)). 
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Figure 6. HAXPES core level spectra of the initial Mo2Ga2C (start), of Mo2GaC, and of the 

Mo2Ga2C prepared by the reaction of Mo2GaC and gallium (end), including (a) Mo 3d, (b) Ga 

2p3/2, (c) C 1s, and (d) O 1s. All spectra are normalized to the main metallic feature in the Mo 3d5/2 

line and aligned to the Fermi cut-off of the individual samples. 
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Thermodynamic stability 

To theoretically confirm the formation of Mo2GaC and the recovery of Mo2Ga2C, the reaction 

enthalpies (∆𝐻) were determined as, 

 ∆𝐻𝑀𝑜2𝐺𝑎𝐶 =
𝜖𝑀𝑜2𝐺𝑎𝐶+ 𝜖𝐺𝑎𝐶𝑙3+ 3/2𝜖𝐶𝑢− 𝜖𝑀𝑜2𝐺𝑎2𝐶−3/2𝜖𝐶𝑢𝐶𝑙2

4
=  −0.484 eV/atom,    (equ.3) 

∆𝐻𝑀𝑜2𝐺𝑎2𝐶 =
 𝜖𝑀𝑜2𝐺𝑎2𝐶−  𝜖𝑀𝑜2𝐺𝑎𝐶−  𝜖𝐺𝑎

5
=  −0.051 eV/atom, respectively.   (equ.4) 

Here, 𝜖 is the total DFT energy per chemical formula unit of a phase. The ∆𝐻 of both the formation 

of Mo2GaC (first etching step) and the back recovery of Mo2Ga2C using excess Ga, have negative 

values (< 0) and thus both are thermodynamically favored. This finding aligns with the 

experimental results. 

To confirm the incorporation of Cu at the Ga-sites upon excessive etching of Mo2GaC with CuCl2, 

the reaction enthalpy (∆𝐻) of the formation of a Mo2GaxCu1-xC phase was evaluated as follows, 

Mo2GaC + 3x/2 CuCl2 → Mo2Ga1-xCuxC + x GaCl3 + x/2 Cu, 

∆𝐻 =  
(𝜖𝑀𝑜2𝐺𝑎1-x𝐶𝑢x𝐶+  x 𝜖𝐺𝑎𝐶𝑙3+x/2𝜖𝐶𝑢−𝜖𝑀𝑜2𝐺𝑎𝐶− 3x/2 𝜖𝐶𝑢𝐶𝑙2)

𝑁𝑎𝑡𝑜𝑚𝑠
.    (equ.5) 

Here, 𝑁𝑎𝑡𝑜𝑚𝑠 denotes the total number of atoms per chemical formula of a Mo2Ga1-xCuxC phase.  

Figure 7 shows the calculated reaction enthalpies of the formation reactions of Cu-containing 

Mo2Ga1-xCuxC phases with varying concentrations of Cu (x in Figure 7). ∆𝐻 exhibits a negative 

(< 0) value for each phase and decreases with increasing Cu concentration attaining a minimum at 

x=1.0 (right bottom in Figure 7). This indicates that Cu incorporation is thermodynamically 

feasible and Cu-containing Mo2Ga1-xCuxC phases are (meta)stable. These findings verify the 

presence of Cu inside the Mo2GaC phase upon enhanced etching and align with the experimental 



 25 

observation. Further considerations regarding the respective theoretical lattice parameters and 

phonon band structure and electron density of states can be found in the Supporting Information 

(Figure S23-S27).  

 

Figure 7. Calculated reaction enthalpies (∆𝐻) of formation of Cu-containing Mo2Ga1-xCuxC 

phases with varying concentrations of Cu (x) inside the structure. The enthalpy change of all Cu-

containing phases is negative, suggesting the presence of Cu atoms inside the structure. It should 

be noted that the mixed Cu-containing phases may not depict the true convex hull due to random 

sampling but can be considered as an upper limit of the convex hull line. 

 

 



 26 

CONCLUSIONS 

We present three hitherto unknown chemical conversion approaches within the Mo-Ga-C system 

that are centered around a variable Ga content: (i) “221” Mo2Ga2C – that is the state-of-the-art 

precursor for Mo2CTx MXene and structurally almost one of its kind – is reacted with a Lewis acid, 

e.g., CuCl2, to form the 211 MAX phase Mo2GaC. This is an elegant way to synthesize the latter 

which has been challenging to obtain by solid-state reactions. (ii) Interestingly, Mo2GaC can be 

reacted with Ga to recover the initial “221” compound. (iii) The variability of Ga in this particular 

system is further demonstrated by reacting MAX phase Mo2GaC with additional CuCl2 leading to 

further removal of Ga with simultaneous incorporation of Cu on the A-site in the layered structure. 

The product Mo2Ga1-xCuxC exhibits a significantly larger c-lattice parameter than Mo2GaC while 

the hexagonal structure with space group P63/mmc is maintained. The stability of all (new) 

compounds is confirmed by DFT calculations, and the products are structurally characterized by 

diffraction and microscopy techniques and their elemental constituents and chemical states are 

confirmed by X-ray photoelectron spectroscopy. The new reaction pathways reported here may 

lead to the discovery of further “221” and Ga-deficient compounds and may be transferable to 

other carbides that form layered structures, even beyond the family of MAX and MAX-related 

phases. 
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Mo2Ga2C is a layered carbide that is closely related to the large family of MAX phases, with the 

difference of exhibiting two atomic layers on the A-site. By using CuCl2 it is possible to selectively 

etch one atomic layer from Mo2Ga2C to obtain MAX phase Mo2GaC. Depending on the amount 

of Lewis acid, the Ga-content is variable and the incorporation of copper into the crystal structure 

can be realized. In turn, the 221 structure can be recovered by reacting Mo2GaC with gallium. 

 


