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ABSTRACT

MXenes are a family of two-dimensional (2D) transition metal carbides, nitrides, and
carbonitrides with a general formula of M,,,; X, T, in which two, three, or four atomic layers of a
transition metal (M: Ti, Nb, V, Cr, Mo, Ta, etc.) are interleaved with layers of C and/or N (shown
as X), and T, represents surface termination groups such as -OH, =O and —F. Here, we report the
scalable synthesis and characterization of the first MXene with 5 atomic layers of transition metals
(Mo4VC,T,), as well as its precursor, the MosVAIC, MAX phase. These phases display twinning
at their central M layers which is not present in any other known MAX phases or MXenes.
Transmission electron microscopy and X-ray diffraction were used to examine the structure of
both phases. Energy-dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy, Raman
spectroscopy, and high-resolution scanning transmission electron microscopy with atomic-
resolution energy-dispersive X-ray spectroscopy were used to study the composition of these
materials. Density functional theory calculations indicate that other five transition metal-layer
MAX phases (M';\M"AIC,4) may be possible, where M' and M" are two different transition metals.
The predicted existence of new Al-containing MAX phases suggests that more M;C,T, MXenes
can be synthesized. In addition, we characterized optical, electronic, and thermal properties of
Mo,VC,. This study demonstrates the existence of a new subfamily of MsX,T, MXenes as well
as a new twinned structure, allowing for a wider range of 2D structures and compositions for more
control over properties, which could lead to many new applications.

KEYWORDS: MXene, Two-dimensional, MAX Phase, Synthesis, Structure, Properties
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Two-dimensional (2D) materials such as graphene, hexagonal boron nitride, and transition
metal dichalcogenides have gained significant attention due to their unique electronic,' photonic,?
electrochemical,® and optical* properties. The 2D nature of these materials allows for novel
applications compared to their bulk counterparts, including in such applications as transitors,! solar
cells, touch screens,? biosensors,® and lasers.* In 2011, MXenes were introduced as a new family
of 2D materials.> MXenes are 2D transition metal carbides and nitrides that have the formula unit
M,.1 X, T, where M stands for an early transition metal (Ti, Nb, V, Cr, Mo, Ta, etc.), X stands for
carbon and/or nitrogen, T, represents surface terminations such as -OH, =O and —F, and # is an
integer from 1 to 3.6 Here, the common notation M,,.;X,, will be used and we do not show the T,
for brevity. Within the M,X, M3X,, and M;X5 MXene structures that have been previously
reported, there are several available compositional possibilities including mono-metal MXenes,
ordered double metal MXenes with in-plane and out-of-plane ordering (M'M"),.+1X,,),° divacancy
MXenes with the formula unit M 33X,,” and solid solution MXenes containing a mixture of
multiple metals in the M sites.?

MXenes have become increasingly researched due to exceptional properties such as high
volumetric capacitance,” antibacterial properties,!? electrochromic behavior,!'*!? high electronic
conductivity,!3 and optical transparency.'* These properties are beneficial for numerous
applications including energy storage, & !° catalysis,'®!” antennas and RFID tags,'®
electromagnetic interference (EMI) shielding,!*-?° sensors,?! and as plasmonic metamaterials.??
Furthermore, it has been shown that the MXene composition and structure play a vital role in the
observed properties.?328 A list of MXenes that have been experimentally synthesized and reported
in the literature, including the one reported here, is shown in Figure 1.

n=1 n=2 n=3 n=4

Figure 1. MXenes reported to date. Twelve M,X MXenes (n = 1),7 152936 nine M;X, (n = 2), 3333741 and
eight MyX; (n = 3)%33.37.40,42444 haye been synthesized. The MXene reported here is marked by an *. There
are also many other MXene compositions that have been theoretically explored*® 4>-%¢ and a variety of
solid solutions that have been produced.

MXenes are produced by the selective chemical etching of specific atomic planes from
layered carbide/nitride precursors. Most commonly, M,+;AX, (MAX) phases are the precursor
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materials and MXenes are produced by selectively etching the A layers, where A represents Al or
Si.%47 The resulting MXene structure is dependent on that of its MAX phase precursor, which has
limited the MXene family to materials with 2, 3, or 4 atomic layers of transition metal. Here, we
introduce a new MXene with 5 atomic layers of transition metal (MsX,) by synthesizing its
precursor MAX phase with 5 atomic layers of transition metal.

Trace impurities of higher order MAX phases (n > 3) have previously been observed
including TagAlCs,*® and Ti;SnCq,* however both have only existed as a secondary component in
a mixture with M,AX or as intergrown layers in other MAX phases. Similar to the MAX phase
reported here, (TiNb)sAIC4° has been synthesized as a MsAC, phase, however, its impurities
include M,AlIC and M4AIC; MAX phases. The presence of other MAX phases as impurities makes
synthesizing a phase pure MXene almost impossible. In general, the presence of different MAX
phases (M,AC, and M4;AC;3) as impurities results in a mixture of MXene (for example, M,C and
M,Cs5 in a MsC4 MXene). Furthermore, due to similar MXene densities and their 2D nature,
separating the resulting mixed MXenes is challenging. Therefore, a MsAX4 MAX phase with no
other MAX phase impurities is required to synthesize the first phase pure MsX, MXene.

Here we present Mo, VAIC, MAX phase with no other MAX phase impurities, allowing
for the synthesis of sufficiently phase pure Mo,VC, MXene. We provide structural
characterization via high-resolution scanning transmission electron microscopy (HR-STEM), X-
ray diffraction (XRD), scanning electron microscopy (SEM), and atomic force microscopy (AFM).
In addition, chemical characterization via energy-dispersive X-ray spectroscopy (EDS) and X-ray
photoelectron spectroscopy (XPS) is presented, with the optical, electrical, and thermal properties
of Mo,VC, determined via UV-vis-NIR spectrophotometry, temperature-dependent resistivity,
and thermogravimetric analysis (TGA), respectively. Density functional theory (DFT) calculations
were used to show the theoretical stabilities of other MsAX, phases. The successful scalable
synthesis of MosVAIC,4 and the demonstration of Mo,VC4 MXene, shows that there is a new
family of phases to be explored with the potential for many new MXenes to be synthesized. Due
to the increased number of atomic layers in their structure, MXenes with 5 atomic transition metal
layers could potentially have exceptional mechanical properties allowing for stronger metal matrix
composites, better EMI shielding capabilities,’! and higher electrical conductivity for electronic
applications.

RESULTS AND DISCUSSION

Synthesis and Structural Characterization

To identify the optimal chemistry for MsAlC, synthesis, we mixed six sets of starting
powder mixtures with Mo,:Vs_, ratios where x =5, 4, 3, 2, 1, and 0. We performed XRD after the
MAX synthesis process at 1650 °C and determined that only the sample with a Mo:V ratio of 4:1
produced a MsAlC, phase, as shown in Supporting Figure 1. Then a smaller interval was selected,
where x = 3.50, 3.75, 4.00, 4.25, and 4.50. These studies indicate that the Mo:V ratio range for
which a M5;AX, phase is stable is very narrow. These results are further discussed in Supporting
Information (Supporting Figure 2). In brief, the Mo, V5,AlC, phase can be synthesized when the
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Mo:V ratio in the initial mixed powders is between 3.75:1.25 and 4.25:0.75. Supporting Figure 2
also shows an expansion in the a lattice parameter (a-LP) with increasing Mo content, which
indicates that different Mo:V ratios are possible in the (MoV)sAlC, structure, most likely as a solid
solution of Mo and V on the M sites. For the remainder of the characterization and synthesis of
MXene described subsequently, we used (MoV)sAlC, synthesized by mixing precursor powders
with a Mo:V ratio of 4:1.

We also used XRD to examine the crystal structure of both the Mo,VAIC4 MAX phase and
Mo,VC4 MXene (Figure 2). MosVAIC, has a structure similar to other MAX phases, however
several of the peaks in the XRD spectrum do not exactly match with the characteristic peaks of a
typical P6s/mmc MAX structure. The (002) peak occurs at 6.26° indicating a ¢ lattice parameter
(c-LP) of 28.216 A, which is similar to (TiNb)sAIC,, as reported previously.>® This is among the
largest c-LP of the known MAX phases. For comparison, Ti,AlC, Ti;AlC,, and Ta;ACs have c-
LPsof 13.610 A,5218.578 A,53 and 23.708 A,%* respectively. Mo4VAIC, powder contains impurity
phases of Mo,C, VC, Al4Cs, and Al,O3. The Al4C; is dissolved during the HCl-cleaning step
(Supporting Figure 3). The presence of Al,Os is most likely due to the addition of V,0j3 in the
starting powder. As we describe in Supporting Information, although we do not fully understand
the role of 0.05 mol of vanadium oxide in this MAX formation, its presence is required to form a
phase pure MsAC, phase with the conditions we report here. It is possible that the oxygen acts as
a catalyst for this reaction by partially substituting for carbon on the lattice forming oxicarbide,
which might stabilize the structure. Additionally, the extra heat produced during the thermal
reduction of V,0;3 by Al might push the sample into the (MoV)sAIC, region of this quaternary
phase diagram. Without the addition of V,0s3, the resulting powder was Mo,C and VC (Supporting
Figure 4).

Similar to other Al-containing MAX phases, we attempted to selectively etch the Al layers
with HF. During the first centrifugation wash cycle after the HF selective etching, the supernatant
had a slight green tint (Supporting Figure 5). This is likely due to the dissolution of V from the
MAX/MXene since any V-containing impurities remaining after the HCI treatment, such as V-
based carbides, would not be dissolved by HF. The process of optimizing the synthesis method is
described in Supporting Information (Supporting Figures 6-7). After selective etching and the
removal of the Al layers from the MAX structure, the resulting multilayered (ML) MXene (002)
peak shifts to a lower 20, which is due to the increased c-LP (36.0 A) compared to that of the MAX
precursor (28.2 A). This is comparable to other reported increases in c-LP after etching.37-44 After
delamination of the resulting powder with TMAOH, a colloid with a concentration of ~0.25
mg/mL was obtained. By vacuum filtering the colloid, a free-standing film of Mo4VC,4 was made.
The (002) peak of the resulting film is shifted to an even lower 26 after delamination as a result of
the further increase in ¢-LP (39.4 A) due to the complete exfoliation of the MXene flakes and
intercalation of tetramethylammonium cations used in the delamination process. This indicates an
increase in c-LP of 3.4 A. Similar increases in c-LP after complete delamination have also been
reported for other MXenes, such as Ti;C, (4.48 A).47
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;2 Figure 2. XRD patterns of Mo,VAIC, MAX phase powder, Mo,VC,; ML MXene powder, and free-standing
57 film of delaminated Mo,VC, MXene. Insets on the top of each XRD pattern show optical images of the
28 corresponding powders/film. The scale bars on the optical images are 1 cm. Top right inset shows a close
29 view of the (002) peak shift indicating exfoliation and delamination. The c-LP values are provided for all
:? three XRD patterns.
32
33
34 Microscopy
35
36 SEM of Mo4VAIC, (Figure 3A) shows the typical layered structure for MAX phase
37 particles. To confirm the 5-transition-metal-layered structure of Mo,VAIC,, TEM was used
gg (Figure 3B). The alternating layered structure — with brighter layers occurring every 6 layers —
40 suggests that slabs of Mo,VC, are sandwiched between single Al layers (layers of carbon atoms
41 are not visible). HR-STEM high-angle annular dark field (HAADF) imaging shows brighter
42 atomic layers (lighter weight Al layers) alternating with slabs of darker atoms (heavier Mo/V
ji layers) (Supporting Figure 8A). A SAED pattern of the (001) zone axis confirms a hexagonal
45 crystal structure (Figure 3B inset).
2? Upon further examination at higher-resolution it was discovered that the center Mo/V plane
48 of atoms is a twin plane, forming a herringbone-type structure (Figure 3C). This clarifies why the
49 XRD patterns did not completely match the typical P6;/mmc structure of MAX phases. Further
>0 research is required to fully determine the atomic positions and space group of Mo,VAIC; MAX
g; and MosVC4 MXene. After etching, the Al is removed and the particles become accordion-like
53 (Figure 3D). HR-STEM (Figure 3E-F) shows the five atomic layers of Mo/V that are no longer
54 sandwiched between layers of Al, confirming that successful conversion to Mo,VC, MXene was
55
56
57
58 5
59
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achieved. It is worth noting that MosVC,4 MXene retains the herringbone-type structure (Figure
3F).

wu gl
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Figure 3. Microscopic analysis of MAX and MXene. A) SEM micrograph of Mo,VAIC, MAX phase powder.
B) HRTEM micrograph of Mo,VAIC, MAX phase with inset SAED pattern of the (001) zone axis. The scale
bar for the SAED pattern is 1AL, C) Atomic-resolution HRTEM micrograph of Mo,VAIC, MAX phase showing
a herringbone-type structure. The solid circles on the right represent the atoms and the dashed line
represents the mirror plane. D) SEM micrograph of Mo,VC, MLMXene powder. E) Dark field STEM
micrograph of Mo,VC, ML MXene powder showing stacked 2D flakes with 5 layers of bright atoms (Mo/V
layers). F) Atomic-resolution dark field STEM of Mo,VC, MXene also exhibiting a herringbone-type
structure. An atomic schematic and mirror plane are shown by solid circles on the right and a dashed line
respectively. G) SEM micrograph of a single Mo,VC, flake drop-cast onto a porous alumina substrate. H)
AFM micrograph of Mo,VC, flakes. I) Height profiles of the AFM scans shown in H, showing an average
thickness of 2.5 nm.

After delamination, Mo,VC, colloid was drop-cast onto porous alumina and SEM shows
an individual 2D flake (Figure 3G). TEM of a single Mo,VC, flake (Supporting Figure 8B-C)
shows a thickness of ~1.3 nm which is similar to the thickness of the Mo4VCj slabs in the MAX
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structure. AFM results (Figure 3H-I) show the Mo,VC, MXene flake has a thickness of 2.50 +
0.33 nm. Comparatively, Ti;C, (n = 2, a MXene with three transition metal layers) has an AFM
thickness of 1.60 nm.> Reported AFM thickness values include the MXene flake as well as any
absorbed water molecules or other adsorbed species. A cross-sectional view of a film of Mo,VC,
flakes showing layers of delaminated flakes stacked flat on top of each other is provided in
Supporting Figure 8D.

Compositional Characterization

After determining the atomic structure, we turned our attention to the composition. As a
qualitative tool, we used EDS and standard-less quantification to study the compositions of the
Mo,VAIC, MAX phase particles after HCI washing, ML Mo,VC4 MXene particles, and the free-
standing film of delaminated MXene (Table 1). Since the MAX powder likely contained binary
carbide impurities that remained after HCI washing, EDS analysis was done on particles with a
visible layered structure, similar to Figure 3A. Their measured compositions were averaged.
Surprisingly, the atomic percentage of aluminum was much lower than the stoichiometric amount
for the MAX phase. Upon further examination with TEM, is was discovered that in addition to 5-
layer slabs of Mo/V sandwiched between Al layers, thicker slabs of Mo/V layers are also present
in some locations (Supporting Figure 9). There are occasionally slabs of up to 20 Mo/V layers that
have been seen. This clarifies why there is a lower than expected Al ratio. The MXene showed no
presence of aluminum and instead showed the presence of fluorine and oxygen terminations (T).
This indicates that the etching was successful, and terminations are present on the MXene surface.

Table 1. EDS measurements of Mo:V:Al:C:F:0 atomic ratios for the MAX phase (3 particles measured),
ML MXene (6 particles measured), and free-standing film of delaminated MXene (5 spots measured).

Sample Mo \4 Al C F (0)
MoyVAIC, 3.89+0.02 | 1.11+0.02 | 0.29+0.13 | 0.41 £0.08 - 0.15+0.02
MosVC, (ML) | 4.06 £0.07 | 0.94 +0.07 - 5.72+0.46 | 0.54+0.03 | 1.83 +0.07
Mo, VC, (DL) 4.04 £0.04 | 0.96 +0.04 - 1.80+0.29 | 0.01 £0.01 | 0.47+0.12

*The values shown are atomic percentage normalized so that (MoV) = 5. Error is defined as one standard
deviation*

While the Mo:V ratio used for synthesizing the Mo,VAIC, MAX phase was 4:1, the
resulting material had a ratio of Mosg9:V; 11 (Table 1). After the HF treatment, the resulting
Mo, VC,4 MXene had a ratio of Moy g6: Vo.94. After delamination with TMAOH, the ratio remained
about the same - Moy 04:V(.96. The fluctuations in the Mo:V ratio are likely within reasonable error
of the EDS detector, which means the selective etching was done for Al layers. The slight change
in the Mo/V ratio might also be due to dissolution of some V atoms from the surface layer of the
carbide, which agrees with the green color of the solution during the first wash. The amount of
fluorine present decreases after delamination. It has been shown previously that TMAOH
decreases F content,” specifically for the Mo-containing MXenes.*3-3° Nonetheless, the fluorine
content even before delamination is still significantly lower compared to titanium-based
MXenes,?° which is in agreement with previously reported work indicating that Mo on the surface
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preferentially bonds with —OH or =O terminations rather than —F.6! Also, a decreased oxygen
content was observed after delamination, however the accuracy of the EDS detector for O is limited
so we do not report this as a quantitative result.

An atomic-resolution EDS spectrum was also obtained to determine whether the Mo/V
layers were ordered or disordered solid solutions (Supporting Figure 10). There is a distinct
ordering with regard to the Mo/V slabs alternating with Al layers as shown by the periodic Al
peaks. The spectra for Mo and V within the slabs are generally homogeneous and therefore it is
concluded that the Mo/V layers are solid solutions of Mo and V. Despite this conclusion, a higher
brightness of the middle layer (Supporting Figure 11) was observed in select cases, suggesting
possible enrichment with Mo.

XPS was used to quantify the transition metal ratio, and the C content in Mo,VC, MXene.
The Mo 3d region (Figure 4A) can be adequately fitted with 2 doublets corresponding to Mo
bonded to carbon and surface termination at 228.47 eV (231.68 €V) and Mo in the Mo** oxidation
state at 229.59 eV (232.83 eV), which corresponds to small amount of oxides presented in the free-
standing film. Similarly, the V 2p region can also be fitted with 2 doublets centered at 513.38 eV
(520.84 eV) and 514.94 eV (522.81 eV) correspond to V2" and V3" states, respectively as shown
in Figure 4B.3° Both doublets in the V 2p regions are assigned to vanadium bonded to carbon
atoms in the MXene structure. The difference in oxidation states of vanadium might come from
different surface terminations bonded on the vanadium atom on the surface, which implies V is
positioned in different transition metal layers (bonded to C and terminations), another indication
of solid solution in the transition metal layers. The C 1s region (Figure 4C) was fitted by 5 peaks,
corresponding to C-Mo/V, C-C, C-H, C-O, and C-OO at 283.15, 284.56, 285.31, 286.48, and
289.12 eV, respectively. The atomic ratio was deduced from the intensity of only the peaks related
to MXene, e.g., only C-Mo/V peak in C region was used in this calculation. The calculated ratio
was Moy 10V0.90Cs.99 Which agrees with the ratio of Mo:V obtained from EDS results. The amount
of C is below the expected stoichiometry, similar to many MXenes, possibly because of the
presence of C vacancies in their precursor MAX phases.®? This could also be due to a substitution
of O for some of the C sites during the synthesis of MosVAIC4; MAX phase. XPS results also
indicate that no Al is present after etching and the amount of F surface termination is very small,
in agreement with our EDS results (no more than 10% of the total surface termination) (Supporting
Figure 12 A- B).
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Figure 4. High-resolution XPS spectra of a Mo,VC, free-standing film. A) Mo 3d. B) V 2p. C) C 1s regions.

The Raman spectra of MosVAIC,, ML Mo4VC, and a free-standing film of delaminated
Mo,VC4 MXene (Figure 5) show broad peaks in the range below 1000 cm! that correspond to
vibrations of metals with oxygen and carbon. In contrast, Raman spectra of ordered MXenes
Mo,TiC, and Mo,Ti,C; exhibit sharp bands in the region below 1000 cm™.?” Since Raman
vibrations in solids represent the vibrations of a unit cell, distortions of neighboring unit cells due
to varying M-elements will lead to broadening of Raman peaks due to different frequencies of the
vibrations.® Moreover, since Raman bands depend on the element’s mass, broadening will be even
more pronounced when the interchangeable elements have a large difference in mass.® This again
indicates that there are solid-solutions on the M sites within the MAX and MXene structure.
Additionally, traces of free carbon are observed in the MAX phase sample (the peak at about 1600
cm™).

A B

Mo,VAIC, MAX Phase ML Mo,VC,

C

Mo,VC, Film

Intensity (a. u.)

100 400 700 1000 1300 1600 100 200 300 400 500 600 700 100 200 300 400 500 600 700
Raman Shift (cm™) Raman Shift (cm™) Raman Shift (cm™)

Figure 5. Raman spectra of MAX and MXene. A) Mo,VAIC, MAX phase, B) ML Mo,VC, MXene, and C) free-
standing film of delaminated Mo,VC, MXene.
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Thermal Analysis

The thermal stability of a Mo,VC, film was determined by TGA coupled with mass
spectrometry (MS) under Ar flow. The thermogram (Figure 6A) shows several significant drops
in the weight of the sample upon heating. The weight loss step, which peaked at 125 °C, is due to
the removal of H;O molecules that were trapped in between the Mo,V C, flakes from the filtration
of the MXene colloid as shown by the H,O and OH- peaks in the mass spectrograph (Figure 6B).2¢
The XRD pattern of a sample treated at 150 °C under Ar flow (Figure 6C) reveals a shift in the
(002) peak indicating a decrease in c-LP of 4 A from the as prepared sample. This is due to the
compaction of the flakes after the H,O removal. The amount of compaction indicates that possibly
two layers of H,O molecules were present as the molecular radius of H,O is ~2.75 A. The second
weight loss step, which peaked at 342 °C, is due to the removal of residual TMAOH between the
flakes as shown by the NH,-, CO,, CO, OH-/NH3, and H,O/NH,4" peaks in the mass spectra (Figure
6B).2>-26: 64 For a sample treated at 500 °C under Ar flow, there is further shift in the (002) peak
indicating a decrease in c-LP of 3.8 A from the sample treated at 150 °C and a total of 7.8 A
decrease in c-LP from the as-prepared sample (Figure 6C). This amount of decrease in c-LP from
as prepared to treated at 500 °C is smaller than those reported for Mo,C (17.9 A), Mo,TiC, (13.3
A), and Mo,Ti,C; (15 A), possibly because those MXenes were delaminated with
tetrabutylammonium hydroxide which has a larger radius of 8-9.9 A 27 The removal of additional
water suggests that some is retained even after the weight loss step at 125 °C. The ionic radius of
TMA*is 3.2 A, which indicates that there is likely one layer of TMA* ions between the layers with
some retained H,O.

Overall, our TGA-MS results show that H,O and TMA* ions occupy similar amounts of
space between the MXene flakes. The temperatures for the removal of residual H,O and TMAOH
are in agreement with previously reported results for another Mo-containing MXene; Mo,C.?¢ Our
results indicate that Mo-containing MXenes have similar thermal behaviors due to similar bonding
strengths between Mo and molecules on the surface, but these behaviors have been shown to be
different than MXenes with other M elements. The next weight loss began at ~505 °C and was
indicated by C leaving the structure as CO. This is similar to the behavior exhibited by Mo,C.?¢
Defunctionalization of the surface producing two peaks at 638 °C and 742 °C (Figure 6A) allows
recrystallization of carbide. After the heat treatment at 900 °C under Ar flow the resulting material
is no longer Mo,VC,4 MXene, and instead decomposes to form an orthorhombic (Mo, V),C phase.
Heating to 1500 °C transformed much of the orthorhombic (Mo,V),C phase to cubic (Mo,V)C, as
marked in Figure 6C. However, the exact structure of these bulk carbides was not analyzed in this
study.

10

ACS Paragon Plus Environment

Page 10 of 24



Page 11 of 24

oNOYTULT D WN =

ACS Nano
0.055
(%/°C)
-0.045
-0.035 As Prepared .
-0.025 * o . .4
*
-0.015
0.005
i ® 150Ce ®e
X B
S
! ! s * ® Mo,VC,
; ! 2 o J00°C
= { 17 [OH', NH3] S .l 4
= ! ' =
s ’ ! -
= / ' 118 [H,0, NH«']
P i E !
3| i s
= i 116 [NHz]
15 .
44 [CO7]
200 500 800 1100 1400 0 10 20 30 40 50 60 70 80
Temperature (°C) 26 (°)

Figure 6. Thermal stability of Mo,VC,. A) Thermogravimetric analysis of Mo,VC, MXene film. The sample
experienced 6 drops in its weight due to water, OH- termination groups, TMAOH, and the MXene
decomposition. B) Mass spectrometry results indicating the removal of CO, OH-/NH;, H,O/NH,*, NH,", and
CO, from the MXene film that correspond to the sample’s weight loss. C) XRD patterns of the resulting
material after the drops in sample weight. Inset shows a close view of the peak shift in the XRD pattern of
the material as prepared, heated to 150 °C, 500 °C, and 900 °C with their respective c-LPs. The broad peaks
at ~20° in the 900 °C and 1500 °C patterns are due to double-sided tape that was used to hold the film
pieces to the glass slide for XRD.

Electrical and Optical Properties

The electrical resistivity of an as-prepared Mo4VC, free-standing film was measured with
a 4-point probe. The thickness and resistivity values were quite uniform (standard deviation = 0.82
um and 0.10 mQ cm, respectively). The resistivity was measured to be 4.18 m{ cm (conductivity
240 S/cm). To remove the effects of water and TMAOH intercalants, the as-prepared sample was
heated at 500 °C in an Ar atmosphere for 5 h. We chose 500 °C annealing temperature based on
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our TGA results (Figure 6). After heat-treatment, the sample’s electrical resistivity decreased to
1.20 mQ cm (conductivity 833 S/cm). This electrical resistivity is similar to another Mo-based
MXene; Mo,Ti,C; (1.63 mQ cm).?” Interestingly, two thinner Mo-based MXenes, Mo,C and
Mo,TiC, have much lower resistivities of 0.80 mQ ¢m and 0.67 mQ cm, respectively.?’ It is
expected that a thicker MXene would have a lower resistivity due to additional paths for electrons
to travel within a flake, however, this is not the case for the film measured here. We hypothesize
that due to the increased thickness of Mo,VC,, the flakes are probably more rigid and might not
stack well and might have gaps between adjacent flakes leading to fewer conductive paths. In other
words, this can be due to the inter-flake resistivity than the intra-flake resistivity.

The electrical resistivity of Mo,VC, films as a function of temperature was measured after
drying at 150 °C in a vacuum oven and annealing at 500 °C under an Ar atmosphere. The results
(Figure 7A) show that the resistivity gradually increases as temperature decreases. The trend was
similar for both samples, although the sample annealed at 500 °C had a slightly lower absolute
resistivity. Interestingly, the room-temperature resistivity of this MXene only reduced by ~0.4 mQ
cm, compared to the dried sample, after annealing at 500 °C. This indicates that large d-spacing
caused by TMAOH intercalation does not largely affect the electron transport property of this
MXene, unlike what was observed for Ti;CN MXene, where an order of magnitude reduction in
room-temperature resistivity was observed after annealing at 400 °C.2° The smaller decrease in
resistivity could also be due to poor stacking of thick and rigid Mo,VC, flakes, so that even after
annealing, the flakes do not align well, having poor connections with neighboring flakes, as
discussed above. The effect of TMAOH on temperature-dependent resistivity can be seen by
comparing the overlaid temperature-dependent resistivity curves for as produced and annealed
MXene (Supporting Figure 13A). The trend is similar although the 500 °C-annealed sample
exhibits a less drastic increase in resistivity with decreasing temperature. The abrupt increase of
the resistivity seen in the 150 °C-annealed sample (black curve) at ~250 K is most likely due to
freezing of the remaining water and TMAOH molecules.

The magnetoresistance was measured at 10 K with a magnetic field up to 5 Tesla applied
perpendicular to the sample surface. Mo,V C, exhibits a positive MR as shown in Figure 7B, which
is similar to other Mo-containing MXenes,*3-3° while many other MXenes exhibit a negative MR.>%
65 The reason for the positive MR observed in Mo-containing MXenes is currently unclear and a
topic requiring further research. However, the strength of magnetoresistance was almost negligible
for the sample annealed at 500 °C. This indicates that the magnetoresistance might be related to
inter-flake electron transport rather than an intrinsic property of the MXene flakes. Hall
measurements of both samples at 10 K indicates carrier concentration of 2.52 x10?2¢cm> and 1.37
x1022 cm for the 150 °C- and 500 °C-annealed samples, respectively. Both samples exhibit
negative Hall slope (Supporting Figure 13B) suggesting that electrons are the major carrier.%
Carrier mobility increases from 0.10 cm?/V s for the 150 °C-annealed samples to 0.36 cm?/V s for
the 500 °C-annealed samples, mostly likely due to less scattering in the absence of TMAOH and
water.
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Figure 7. Temperature-dependent electrical properties of MXene. A) Electrical resistivity as a function of
temperature for Mo,VC, annealed at 150 °C and 500 °C. B) Magnetoresistance of Mo,VC, under an
external magnetic field perpendicular to the sample surface.

The optical properties were evaluated by measuring the extinction per path length (Ext/l)
of delaminated Mo,V C, solutions with varying concentrations and transmission of Mo,VC, thin
films (Supporting Figures 14-15). As determined via UV-vis-NIR spectroscopy, the extinction
coefficient at 550 nm (gs50) was determined to be 34.4 L g! cm’!. Thin film transmission
measurements show there is a decrease in transparency with increasing wavelength from 300 to
1000 nm (Supporting Figure 15). MXenes with an n value of 1 or 2, such as Ti,C, V,C and Ti3C,,
interact with light within the visible spectrum.!3-14 67 For Ti;C,, this is indicated by a broad
extinction peak between 700 and 800 nm and strong decrease in transparency in the infrared
region.'* Mo,V C, exhibits a featureless absorption spectrum from the visible to near infrared range
(400 to 2500 nm), hinting at fundamental differences in how the material interacts with
electromagnetic radiation compared to MXenes with a n value of 1 or 2. Due to the featureless
spectrum, a potential application of this material could include fabricating low loss and high optical
figure of merit (FOM) transparent conducting electrodes, however this will require optimization
of the thin film quality, electrical conductivity, and normalization of transmission with regard to
thickness.

Density Functional Theory

DFT calculations were performed to determine the preferred termination groups that can
exist on the surface of Mo,VC4 MXene. The results of these calculations indicate that —OH is the
most preferred termination group with -9.10 eV formation energy. =O and —F terminations are not
as stable (-5.39 eV and -6.56 eV respectively) which agrees with the experimental results presented
here (Figure 4). DFT calculations were then used to determine the stabilities of 18 quasirandom
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solid solution configurations as well as an ordered configuration with one layer of V sandwiched
between 4 layers of Mo (two layers of Mo on each side as shown in Figure 8 A). Examples of these
quasirandom structures are provided in Supporting Figure 16. Each of these phases were predicted
to be stable, in agreement with experimental results. For MosVAIC,, there are solid solution
configurations that are more stable than an ordered configuration, thus it is more probable for
Mo, VAIC, to exist as a solid solution.

DFT calculations were also performed to determine the thermodynamic stability of other
M;AIC4s MAX phases. Specifically, the formation energies of ordered M'yM"AIC, compositions
were calculated where M' and M" were Hf, Zr, Ti, Ta, Nb, V, Sc, Mo, and W. A summary of the
predicted stability of these phases is shown in Figure 8B. The exact formation energy values are
provided in Supporting Table 2. It is expected for many of the compositions examined here, that
there may be at least one solid solution structure that is more stable than the compositionally
equivalent ordered structure. We present calculations for ordered MAX structures as a simple
benchmark and many of their compositionally equivalent M'yM"AIC, solid solution phases will
likely be even more stable.
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Figure 8. DFT predictions of MAX phases and MXenes. A) Formation energies for solid solution Mo,VAIC,
configurations (black dots) compared to ordered Mo,VAIC, (purple diamond). B) DFT calculated formation
energies of ordered M',;M"AIC, MAX phases. Most are predicted to be stable except for some Mo and W
compositions.

Interestingly, other phases studied, such as ordered phases containing Hf, Zr, and Ta, are
predicted to be more stable than the synthesized Mo,V AIC,. The effect that the M' element has on
the stability was determined to be much greater than that of M". W- and Mo-containing
compositions are the least stable and are the only two M' elements that produce some unstable
compositions. For both Mo- and W-based MAX phases specifically, it is known that Mo and W
avoid stacking with C in a face center cubic structure (FCC),* so adding another M element can
allow for Mo- and W-based MAX/MXene to be synthesized as the additional M element will
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occupy some of the FCC sites thus relieving stress within the crystal structure. However, here we
considered only ordered phases in Figure 8B and compositions predicted to be unstable may still
have other stable solid solution configurations. These calculations also show that most of the M
elements can achieve a higher stability when they are combined with another M element. The only
exception to this is Hf which is most stable when M' = M". Worth noting are the specific elements
that best stabilize the material. Higher stability occurs when Hf, Zr, Ti, and Ta are the M' or M"
element. This agrees with previous work where these elements were predicted to stabilize MAX
phases,%® and the lower formation energies were correlated with the difference in ionic radius
between the M atoms.®® MAX phases with M = Cr, Mn are reserved for a future study, as we
expect many of these phases have stable magnetic ground states and a more detailed study is
needed to properly characterize these systems.

These calculations show that there is potential for expansion to other MsAlC, MAX phases,
allowing for more M;sX,; MXenes to be produced. It is important to note that while many of these
ordered M'yM"AIC, phases were determined to be stable compared to their respective unary
phases, there may be binary carbides, intermetallics, or other competing MAX phases that are more
stable for these compositions. Full evaluation of the possibilities for new M';M"X,; MXene
synthesis requires solid solution calculations, precise determination of this 5-layered crystal
structure, dynamical and phase stability analysis,® and calculating exfoliation energies.*6
However, the results presented here give insight into the stability trends of M'sM"AIC; MAX
phases and indicate the huge space of new promising structures to explore via computation and
machine learning’ to accelerate the expansion of the MXene family.

CONCLUSIONS

Here we report MosVCy, the first MXene with 9 atomic layers (5 transition metal and 4
carbon). We also present its precursor Mo,VAIC,; MAX phase which is the first known MAX
phase to exhibit twinning on the center M layers of atoms, which makes Mo,VC4 MXene unique
from all other known MXenes for the two reasons stated above. This new MXene is disordered on
the M site as indicated by atomic-resolution EDS. Besides the optimized synthesis method, we
present structural and chemical analysis of both Mo,VAIC4 and Mo,VC,, as well as thermal,
optical, and electronic characterization of Mo,VC,. In addition, DFT results show the great
potential for discovering additional MsAX, phases. Due to their higher thickness, MsX,; MXenes
have the potential to be useful in many applications including, but not limited to, structural
materials, optoelectronic devices with high figure of merit, and electronics. MosVAIC, MAX
phase and Mo,VC,; MXene are the first step into a new territory for the MXene family of 2D
nanomaterials.
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EXPERIMENTAL METHODS
Synthesis of Mo,VAIC; MAX

Molybdenum (99.9% Alfa Aesar, -250 mesh), vanadium (99.5% Alfa Aesar, -325 mesh),
vanadium (III) oxide (98% Sigma Aldrich), aluminum (99.5% Alfa Aesar, -325 mesh), and
graphite (99% Alfa Aesar, -325 mesh) powders were hand-mixed with a mortar and pestle for 5
min in a molar ratio of 4:0.9:0.05:1.2:3.5 (Mo:V:V,0;:Al:C). To determine the proper Mo:V
mixing ratio, we mixed a series different ratios from 0-100% Mo (Supporting Figure 1). The
mixtures were heated in alumina crucibles at a rate of 3 °C/min to 1650 °C under 350 cm3/min
flowing argon in a tube furnace (Carbolite Gero) and held for 4 h before passive cooling to room
temperature. After removal from the furnace, the blocks of Mo,VAIC, MAX phase were drilled
and milled into powder. To dissolve metallic and oxide impurities, 15 g of this powder was then
stirred in 50 mL of HCI (36.5-38% Fisher Chemical) for 18 h. The HCI was washed out through a
series of centrifugations at 3500 rpm (2550 rcf) for 3 min, decanting the acidic supernatant, and
re-dispersing the sediment in deionized (DI) water. The exact washing procedure is described in
Supporting Information. After washing, the MAX powder was dried in a vacuum desiccator for 18
h at 25 °C. Then the powder was sieved to a particle size <75 pm.

Synthesis of Mo,V Cy MXene

A simplified schematic for the synthesis of Mo,VC4 MXene is shown in Figure 9. To
synthesize ML MXene, 4 g of the MAX powder was slowly added to 40 mL of hydrofluoric acid
(HF) (48-51% Arcos Organics). The sample was stirred with a polytetrafluoroethylene (PTFE)-
coated stir bar at 400 rpm and heated in an oil bath at 50 °C for 8 days. After that, the mixture was
washed with the same washing procedure previously described in the MAX synthesis section
(detailed washing procedure is described in Supporting Information). After the pH of the mixture
was more than 6, the ML MXene was collected on a MF-Millipore 0.45 um mixed cellulose esters
(MCE) membrane via vacuum-assisted filtration. The wet ML MXene powder was then dried in a
vacuum desiccator for 18 h at 25 °C.

Exfoliation of the ML MXene was achieved by dispersing 0.25 g of ML Mo4VC,4 powder
in a 10 mL solution of 10 wt.% tetramethylammonium hydroxide (TMAOH, 25 wt.% - diluted to
10 wt.%, Sigma Aldrich) and stirred at 400 rpm at 25 °C for 24 h. Another series of washing cycles
was used to remove the TMAOH, as detailed in Supporting Information. In brief, the mixture was
centrifuged at 8,000 rpm (8230 rcf) for 30 min to settle the material and, after decanting the
alkaline supernatant, the sediment was re-dispersed with DI water and this was repeated 5 times.
High-speed centrifugation was needed due to the stability of the Mo,VC, flakes in the alkaline
solution. Once the decanted supernatant had a pH < 8, the remaining sediment was re-dispersed in
30 mL of DI water and bath sonicated (100 W, 40 kHz) for 1 h with argon bubbling through it.
After sonication, the solution was centrifuged at 3500 rpm (2550 rcf) for 1 h. The resulting
supernatant was carefully removed with a pipette to avoid re-dispersal of, and contamination with,
the ML MXene/MAX phase sediment and transferred into a separate bottle.
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MosVAIC4

Etching-50% HF / 50 °C / 8 days Delamination-10 wt.% TMAOH /25°C/24h  Resulting Colloid

Figure 9. Mo,VAIC, MAX phase is etched with HF to produce Mo,VC,T, MXene. The fluorine ions
selectively remove the Al layers of the MAX structure to form AlF; and surface terminations bond to the
basal planes of the resulting MXene. Afterwards, the MXene flakes are held together by weak van der
Waals forces and can be delaminated by introducing tetramethylammonium (TMA®) ions that intercalate
between the layers, forcing them apart. This results in a colloidal suspension of 2D MXene flakes.

Mo, VC, Film Preparation

To obtain a free-standing film of Mo4sVC,, the colloid containing delaminated MXene
flakes was filtered via vacuum-assisted filtration through a Celgard membrane (Celgard 3501 — 64
nm porous polypropylene). The resulting MXene films were dried in a vacuum desiccator for 18
h at 25 °C.

Structural Characterization

Crystal structures were characterized with XRD. Rigaku SmartLab and MiniFlex X-ray
diffractometers were used and Ni-filtered Cu-Ka radiation was used at 40 kV/30 mA and 40 kV/15
mA respectively. The step size of the scan was 0.01° with a step duration of 4 s for the as-produced
Mo,VAIC, and 2 s for the ML Mo4VC,4 and Mo,VC, film. Supporting Table 1 provides the
position of XRD peaks, d spacings, and corresponding intensities for the as-prepared Mo,VAIC,
sample powder from 3-120°.

Microscopy

SEM micrographs were obtained with a Zeiss Supra S0VP scanning electron microscope
and an FEI Strata DB235 Dual Beam Focused Ion Beam SEM. Transmission electron microscopy
(TEM), scanning transmission electron microscopy (STEM), and selected area electron diffraction
(SAED) were performed on a JEOL JEM F200 and JEOL NEOARM at an operating voltage of
200 kV. The colloids containing delaminated Mo4VC, flakes and particles of MosVAIC, and ML
Mo,VC, were drop-cast onto TEM grids. AFM was performed with a Bruker Multimode 8 with a
Si tip (Budget Sensors Tap300AI-G; f, = 300 kHz, k = 40 N/m) via a standard tapping mode in
air. The colloid containing delaminated Mo,V C, flakes was drop-cast onto oxygen plasma-cleaned
S10,/S1 wafers.
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Compositional Characterization

Chemical compositions were determined by EDS measurements. EDS spectra of the MAX
phase and ML MXene particles were recorded by a FEI Strata DB235 Dual Beam Focused lon
Beam SEM with EDS with a 25 kV beam and an average of 360,000 counts per spectrum. Atomic-
resolution EDS spectra of the MAX and MXene atomic layers were recorded with a JEOL
NEOARM operating in STEM mode at 200 kV.

Chemical compositions were also determined via XPS. XPS spectra were collected by a
spectrometer (Physical Electronics, Versa Probe 5000, MN) using a monochromatic Al Ka X-ray
source with 200 um spot size. Charge neutralization was performed using a dual-beam charge
neutralizer. The sample was sputtered with Ar ions (2 kV, 2 pA) for 2 min inside the analysis
chamber. High-resolution spectra were collected at a pass energy of 23.5 eV with a step size of
0.05 eV, whereas the survey spectra were collected at a pass energy of 117 eV with a step size of
0.5 eV. The quantification and peak fitting of the core-level spectra was performed using Casa
XPS software package with Shirley-type background.

Raman spectra were obtained with an inverted reflection mode Renishaw (2008,
Glouceshire, UK) instrument, equipped with 63x (NA = 0.7) objectives and a diffraction-based
room-temperature spectrometer. The laser line used was 514 nm (Ar laser with 488 and 514 nm
emissions) with an 1800 line/mm grating. The power of the laser was kept in the ~0.5 — 1 mW
range. Mapping was performed by raster scanning in the streamline mode at a 0.5 p x-axis step,
the final spectra were an average of all collected data. Fitting was performed in Renishaw WiRE
3.4 software. The MosVAIC,; MAX phase and Mo,VC4 ML MXene powder were pressed in a 13
mm diameter die to form pellets that were analyzed with the spectrometer.

Optical Properties

UV-visible spectrophotometry spectra were obtained by spray coating thin films of
Mo4VC, onto oxygen plasma-cleaned glass slides. Films of various thickness were measured via
UV-vis spectrophotometry from 300-1000 nm (Thermo Scientific Evolution 201) and from 1100
to 2500 nm (Nicolet iSSOR FT-IR) operating in transmission mode. Glass slides were used as a
blank. Transmission was measured on three locations on each film and the average spectra are
reported.

Electrical Properties

Electrical resistivity was measured using a Jandel cylindrical four-point probe with a
ResTest Test Unit. The thickness of Mo,VC,4 MXene films was measured with a micrometer. The
thickness of each film and the resistivity were measured at 10 places on each film and the average
values are reported.

Temperature-dependence of resistivity and Hall measurements were performed in physical
property measurement system (PPMS, Evercool II, Quantum Design). Free-standing MXene films
were wired to the PPMS sample holder using silver wire and silver paint in 4-point and van de
Pauw configurations. The resistance of the film was recorded from 10 to 300 K with a

18

ACS Paragon Plus Environment

Page 18 of 24



Page 19 of 24

oNOYTULT D WN =

ACS Nano

heating/cooling rate of 4 K/min. Magnetoresistance (MR) and Hall resistance were measured at 10
K with a magnetic field up to 5 Tesla applied perpendicular to the sample surface.

Thermal Analysis

The thermal stability of a Mo,VC, film was studied by thermogravimetric analysis (SDT
650, TA Instruments) connected to a mass spectrometer (Discovery, TA Instruments). Free-
standing MXene films with masses around 5 mg were packed in a 90 uLL alumina pan and heated
to 1500 °C at a constant heating rate of 10 °C/min under Ar atmosphere (100 mL/min). The furnace
was purged with Ar gas (100 mL/min) for 1 h before the analysis to remove air residue.

Density Functional Theory Calculations

The Vienna Ab-Initio Simulation Package (VASP)’! was used for all DFT calculations.
Structural relaxations were performed with the Perdew—Burke—Ernzerhof (PBE)7> exchange-
correlation functional and projector augmented wave (PAW) pseudopotentials,”® with a 520 eV
plane-wave basis cutoff, a 8 x 8§ x 1 I" centered k-point mesh for structural relaxations, and forces
on each atom converged to below 102 eV/A. Electronic property calculations and total energies
were converged to 10® eV and a dense 18 x 18 x 1 I' centered k-point mesh was used. 2 x 2 x 1
supercells (with 32 Mo atoms and 8 V atoms) were constructed to approximate disordered MosVC,
solid solutions. The Mo:V composition of 4:1 was kept fixed in all solid solution calculations and
18 configurations were generated by randomly positioning the Mo and V atoms in the structure.
Meshes were adjusted appropriately for 2 x 2 x 1 supercell solid solution calculations. The
calculations for the stabilities of other M’;M”AlC4; MAX phases were limited to ordered phases
where M” was sandwiched between two atomic layers of M’ on both sides. Calculations of
formation energies relative to the most stable unary phases provide trends in stability. However,
the materials with negative formation energies could decompose into competing binary carbide,
intermetallic, or other MAX phases that are more stable. Likewise, there may be materials with
more stable solid solution phases that have not been considered here. The work presented here is
meant to serve as a benchmark and to provide trends in stability as a function of M element
composition.
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SUPPORTING INFORMATION

Supporting Information contains additional results from the synthesis of Mo,VAIC,. Also
included is a detailed synthesis procedure for washing and etching Mo,VAIC, and delamination
of MosVC,; MXene. The optimization of the delamination process is also provided. TEM
micrographs are provided for both Mo,VAIC, MAX phase and Mo,VC4 MXene. An atomic-
resolution EDS line scan of the MAX phase structure is provided. XPS results for the F and Al
regions are also presented. An overlaid version of the electrical resistivity as a function of
temperature and Hall measurements are added here. UV-vis-NIR extinction and transmission
spectra are presented. XRD and DFT exact values are provided in tables in this section. Sample
crystal structures used for the DFT calculations are presented here.
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