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There has been a tremendous effort for the synthesis of crystalline MAX phases—a family of transition metal carbides and nitrides
with a chemical formula of Mn+1AXn, where M is an early transition metal, A belongs to groups XIII — XVI in the periodic table,
X is either C or N, and n can be in between 1 and 3 [1]. These materials have shown thermal and electrical conductance and have
low density and high stiffness which open broad aspects of practical applications. Recently double transition metal MAX phases
(M’,3M”13),AX - out-of-plane ordered, labeled as 0-MAX and in-plane ordered, labeled as -MAX, were reported [1,2].
However, there are few reports on the synthesis and characterization of --MAX and the corresponding MXenes. In this work,
we synthesized Molybdenum-based rare earth containing i-MAX phase using arc melt technique. We then removed “A” element
of i-MAX phase by acid treatment and sonication which resulted in two-dimensional (2D) transition metal carbides called
MZXenes [3]. These MXenes offer high conductivity, hydrophilicity, magnetism , good dispersion ability in solvents, mechanical
stability, and structural diversity with at least 100 stoichiometric MXene compositions and are recognized as multifunctional ma-
terials [4-7].

The MAX phase with a nominal composition of (Mo,,3Ery,3),AlC was synthesized using conventional arc melting in an argon
atmosphere with a water-cooled copper hearth. The starting materials are Mo (Thermo Scientific, powder, 99.95 %), C (Sigma
Aldrich, powder, 99.99 %), Er (Ames Laboratory), and Al (Alfa Aesar, 99.999 %). First, Mo and C powder were mixed in an
appropriate atomic weight ratio using a pestle and mortar to ensure a homogeneous powder and then mechanically pressed.
Solid Al and Er were added on top of the pressed powder in the appropriate atomic weight ratio compositions and arc melted
in an electric arc furnace. The alloy was flipped and remelted at least 4-5 times to ensure a homogeneous ingot. We then synthe-
sized i-MAX (Mo,3Ery;3),C MXene from (Mo,/3Ery,3),AlC i-MAX phase. (Mo,3Ery;3),C MXene was synthesized by adding
(Moy3Ery3),AlC powders into the LiF/HCI solution and was etched for 7 days and washed using HCI and deionized water.
The resulting product was vacuum dried at 70 °C to remove any solvent residue. It is noted that the surfaces of MXenes are usually
terminated with a mixture of F, OH, and O groups during the etching process [6-8]. Structural, morphological, and elemental
characterization was carried out using X-ray diffraction on Rigaku at 40 KV, 15 mA and scanning electron microscopy
(SEM). For SEM imaging, both (Mo,/3Er,3),AlC and (Mo,/3Er,3),C samples were sputter coated with carbon and imaged in
a JEOL field—emission JXA—-8530F EPMA at 20 KV equipped with an SDD X-ray energy dispersive spectrometer (EDS).

Figure 1 shows the XRD patterns of (Mo,/3Er3),AIC MAX phase and (Mo,/3Ery/3),C MXene. The lowest Bragg peak of the
(Mo,/3Ery3),A1C powder occurs at 12.95°. After LiF/HCI etching at 70 °C temperature the peak broadens and shifts towards
smaller angle (10.50°) compared to the unetched (Moy/3Ery,3)2AlC, indicating the successful extraction of aluminum atoms
from (Mo,/3Er/3),AIC [8]. Some (Mo,/3Ery/3),AlC peaks are still observed in (Mo,/3 Ery/3),C indicating the presence of some
unreacted MAX phase in the bulk after the etching process. The 39° 260 peak related to aluminum is relatively small as compared
to (Mo,/3Ery,3),AlC. These observations indicate that (Mo,/3Erq/3),AlC is transformed to (Mo,,3 Ery,3),C MXene with some un-
reacted MAX phase.

Figure 2 shows the representative SEM images with EDS spectra of the (Mo,/3Ery;3),AIC MAX phase and (Moy3Ery3),C
MXene. We observed more slate/sheet like structures in (Mo,/3Er/3),C MXene compared to its MAX counterpart. According
to the EDS data, atomic mass percentage of aluminum in (Mo,/3Er,3),AlC MAX phase is ~9% whereas it is below 1% after
LiF/HCI Etching. This is consistent with the XRD results (Figure 1). Additionally, we observed the presence of fluorine in
(Mo,/3Ery/3),C MXene (Figure 2d) as expected. Our results provide important information regarding the structural and morpho-
logical characteristics of rare earth element based i-MXenes which dictate the optoelectronic, magnetic, and electrochemical
properties of these material [9].
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Figure 1. XRD patterns of (Moy;3Er,3),AIC MAX phase and (Moy3Er3),C MXene.
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Figure 2. SEM images and EDS of (MoyzEry/3), AIC (a) and (c) and (Moy3Er3)2C (b) and (d).
References
1. L. Verger et al., Curr. Opin. Solid State Mater. Sci., 23 (2019) 149-163.
2. M. Khazaei et al., Phys. Rev. Mater., 2 (2018) 074002.
3. Y. Gogotsi, B. Anasori, ACS Nano. 13 (2019) 8491-8494.
4. W. Wang et al., Science. 379 (2023) 1242-1247.
5. S. De, et al., Mater. Chem. Front., 6 (2022) 818-842.
6. K. Allen-Perry, et al., Materials., 14 (2021) 694.
7. J.L. Hart et al., Nat. Commun. 10 (2019) 1-10.
8. W. Feng, et al., . Mater. Chem. C., RSC Adv. 8 (2018) 2398-2403.
9. The synthesis of -MAX phase and characterization work was supported by DOE BES-RENEW award number DE-SC0024611. This work was

also partly supported by NSF RIA EES 1800795 for MXene synthesis. The authors would like to acknowledge Dr. Zhiping Luo from Fayetteville
State University for providing IMREL facility.

$20Z lequisos 9z uo 1senb Aq 1961 ///S09 08ez0/|, Juswa|ddng/og/a01e/wew,/wod dno-oiwapeoe//:sdiy Wolj papeojumo(]



NNNNNNNNNNNNNNNNNNNNNN

TESCANAMBER X 2
PLASMA FIB-SEM REDEFINED

UTILITY SPEED PRECISION
REDEFINED REDEFINED REDEFINED

info.tescan.com



	Structural and Morphological Characteristics of Rare Earth Element-based MAX Phase and MXene
	References


