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Abstract (150 words):

The need for novel materials for energy storage and generation calls for chemical control at
the atomic scale in nanomaterials. Ordered double transition metal MXenes expanded the chemical
diversity of the family of atomically layered 2D materials since their discovery in 2015. However,
atomistic tunability of ordered MXenes to achieve ideal composition-property relationships has
not been yet possible. In this study, we demonstrate the synthesis of M02+.Nb2.cAlC3 MAX phases
(0 < 0 <0.3) and confirm the preferential ordering behavior of Mo and Nb in the outer and inner
M layers, respectively, using density functional theory, Rietveld refinement, and electron
microscopy methods. We also synthesize their 2D derivative Mo2+¢Nb2.C3T: MXenes and
exemplify the effect of preferential ordering on its hydrogen evolution reaction electrocatalytic
behavior. This study seeks to inspire further exploration of the ordered double-transition metal
MXene family and contribute composition-behavior tools toward application-driven design of 2D
materials.

Keywords: MXene, o-MXene, 2D materials, tunable performance, hydrogen evolution reaction,
electrocatalysis

Main Text (3000 words, excluding figures, figure description, references):

Two-dimensional (2D) layered materials provide unique and highly useful avenues for
structural and composition-based design of active nanomaterials for electrochemical and catalytic
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processes. > Since their discovery in 2011, the number of reported synthesized compositions of
2D layered MXenes has expanded past 40 compositions.® MXenes are layered 2D materials
denoted by their chemical notation M,+1X, Tx (1 <n <4), where M stands for n+1 layers of one or
more 3d-5d block transition metals of groups 3-6 of the periodic table, X stands for » layers of

carbon or nitrogen, and T, stands for surface-bonded groups, commonly O, —F, —Cl, or -(OH).”
8

First discovered in 2015, out-of-plane ordered double transition metal MXenes, also known as
0-MXenes, have gained increasing interest within the 2D community.” ' In the traditional
hexagonal lattice structure of M3C> Ty and M4C3Tr MXenes, the two transition metals in MXenes
can either occupy random sites amongst all M layers, referred to as solid solution MXenes (such
as, (Mo14,Vy)sAIC3),! 12 or in distinct separate M layers, referred to as out-of-plane ordered
MXenes (0-MXenes, such as M0, Ti»Cs Ty, as shown in Figure 1a). %1% !> However, there has been
no possibility of further tunability of the M layer ordering and compositions for desired properties

despite a few synthesized compositions and over 20 predicted yet unrealized phases of o-MXenes.
9,10, 13-16



In this study, we report on a set of an ordered molybdenum-niobium double transition metal
carbide Mo02+4Nb2..C3Tx 0-MXene and present evidence for and the effect of partial substitution
of the Nb atoms with Mo (a) in the inner atomic planes on the hydrogen evolution reactions (HER)
as shown schematically in Figure 1b. Overall, this study indicates that ordered double transition
metal MXenes have potential for atomic-level tuning for next-generation energy conversion
devices (such as HER shown in Figure 1c¢).

Figure 1. Application-driven control of ordered double transition metal M02+oNb2.oC3Tx provides
control over the electrocatalytic HER behavior of MXenes. (a) Ordering in previous Mo2Ti2C3Tx
MXenes is fixed, where transition metals are segregated into separate M atomic layers. (b)
Mo2+aNb2-«C3Tx MXenes allow controllable ordering in the M layers. (¢) The gained control in
Mo2+aNb2-«C3Tx MXenes permits designable material behavior, as demonstrated in hydrogen
evolution reaction catalytic applications.

We focused on this composition as Mo-Nb MXenes have been predicted stable when Mo atoms
occupy the outer M layers (M') and Nb atoms occupy the inner M layers (M") in a M4C;3 structure
in a Mo-C-Nb-C-Nb-C-Mo arrangement (Figure 1b).!% 4 To investigate these predictions, we
mixed elemental molar ratios of Mo:Nb from Mo-rich to Nb-rich with Mo:Nb:Al:C ratios ranging
from 0.7:3.3:1.1:2.7 to 3.2:0.8:1.1:2.7 (Figure S1), where Al and C were kept in molar ratios
consistent with the synthesis of similar M4AIC3 systems (See supplementary information).!'!
Investigation of the full range of Mo:Nb molar ratios was essential to determine compositions
which form stable M4AICs systems and determine their ordering. After mixing, we sintered these
powder mixtures at 1600 °C for 4 h under argon flow of ~100 mL/min,!” as shown in Figure 2a.

We used x-ray diffraction (XRD) to determine which phases indicated the presence of a
M3AIC3; MAX phase and measure their c-lattice parameters. Figures 2b and S1 illustrate that clear
M4AIC3 MAX phases were obtained on/y when two or more moles of Mo are used in the starting
powder mixture, the first indication of atomic ordering.!® Figure 2¢ demonstrates that the (002)
and (004) peaks of the M4AlC3 MAX phases change only slightly in position/intensity depending
on the composition, which is the second indication of ordering. Across all mixtures of Mo:Nb:Al:C
used to synthesize M4AIC; phases, we only observed a change of £0.06A in c-LP (Table S1). This
small change in c-LP for our Mo:Nb:Al:C based M4AIC; is in contrast with solid solutions MsAIC3
structures, such as (Moi,Vy)sAlCs, which exhibit a £0.10A c-LP difference across 1:3:1.1:2.7 to
2:2:1.1:2.7 for Mo:V:Al:C.!! We would expect the changes in ¢-LPs in a supposed solid solution
(Mo14Nb,)4AlIC; should be larger than (Mo1,V,)4AICs, as the covalent radii difference is larger
for Mo-Nb and Mo-V (9 pm and 4 pm, respectively),'® which was not observed.

Figure 2. Synthesis of a M4AlC; MAX phase obtained by mixing Mo:Nb:Al:C ratios of
1.8:2.2:1.3:2.7 to 3.2:0.8:1.3:2.7. (a) Schematic of inert pressureless sintering of Mo:Nb:Al:C
powder mixtures. (b) Full-pattern x-ray diffraction data of obtained M4AlC; MAX powders from
the sintered Mo:Nb:Al:C mixtures. (c) Focus on the (002) and (004) peaks of the obtained M4AIC3
powders from the sintered Mo:Nb:Al:C mixtures. (d) Energy dispersive x-ray spectroscopy
mapping for Mo and Nb content in the M4AIC3 grains across Mo:Nb:Al:C ratios.



After identifying the synthesis of Mo, Nb, Al, and C containing M4AlC3; MAX phases using
XRD and gaining insight into its potential Mo:Nb ordering by measuring their c-LPs, we focused
on identifying the layered structure of MAX. To do so, we mapped Mo and Nb content using
(scanning) transmission electron microscopy (S/TEM) with energy dispersive x-ray spectroscopy
(EDS) and confirmed their expected coordination states using x-ray photoelectron spectroscopy
(XPS). As shown in Figure S2, cross-sectional TEM revealed clear atomic layering of a grain of
M4AIC; MAX phase.?® In addition, XPS corroborates that Mo, Nb, Al, and C exist in coordination
states consistent with a M4AlC3 MAX phase, as shown in Figure S3. Finally, EDS confirmed the
presence of Mo and Nb in the identified grains of MsAIC3 MAX phases (Figure 2d). Interestingly,
we noted visually that the content of Mo and Nb change depending on which composition of MAX
phase was observed. This mapping combined with M3AIC3 XRD patterns for Mo:Nb 2:2 to 2.7:1.3
ratios (Figure 2b) with only slight peak shifts (Figure 2¢) indicated that the structure can possibly
be an ordered phase in agreement with previous DFT predictions.!* * However, we believed there
was a slight intermixing behavior of Mo and Nb atoms (in Mo > 2) due to the small ¢-LP and EDS
mapping changes.

To begin to characterize the Mo and Nb occupancies in the M4sAIC3 MAX phase, we classified
Mo:Nb ordering possibilities into three groups (Figure 3a). These are identified as fully ordered
MooNb2AIC3, where Mo atoms occupy only the outer two M layers (M') and Nb atoms occupy
only the inner two M layers (M") of M4Cs similar to Mo and Ti in Mo,Ti»AlIC3;!® ordered
Mo2+aNb2-AlC3, where Mo and Nb preferentially occupy M atomic layers with some Mo-Nb
intermixing in the layers; and fully disordered (Mo1.,Nb,)4AlCs3, where a random solid solution of
Mo and Nb occupy the M atomic layers similar to (Mo1.,V,)4AlC3.!!

Figure 3. Characterization of Mo and Nb occupancies in the M' and M" sites. (a) Schematic of ordering in the
M4AIC; structure, showing order or disorder of Mo and Nb in the M' and M" sites, respectively. (b) Effect of
Mo and Nb ordering on the formation energy of a M4AlC; structure. (c) Energy difference between changing
Mo and Nb occupancies off of a perfect Mo,Nb,AIC;s structure with Mo and Nb in the M' and M" sites,
respectively. (d) Content of M4AIC3 compared to impurities as determined using the XRD data. (¢) Occupancy
of Mo and Nb in the M' and M" sites as determined by Rietveld refinement of the XRD data. (f) Molar content
of Mo and Nb in the MAX structure as measured by EDS and XRD/Rietveld refinement.

To understand the occupancy preference of Mo and Nb in the distinct M atomic planes, we
characterized the structure and energetics of the MAX phase as a function of Mo:Nb ratio and
layer ordering using DFT. We used the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional and projector-augmented wave (PAW) pseudopotentials in the Vienna Ab initio
Simulation Package (VASP).2!>* See SI for computational details. In our simulations, we varied
the Mo:Nb molar content between 2:2 and 3.2:0.8 and the fraction of Mo-Nb intermixing between
the M' and M" layers to allow for direct comparison with experimental results.

Figure 3b shows the formation energy per formula unit (M4AlC3) as a function of composition
for various degrees of Mo-Nb intermixing from no Nb in M' (0 at% substitutional fraction, dark
green color) to all Nb in the M' layer (100 at% substitutional fraction, red color). We note that all
of the explored systems in this figure are Mo-rich (Mo > 2 moles), and the atomic percent (at%)
here presents the at% of the starting molar ratio of Nb atoms substituted in the M' layer and not
the at% of the M' layer sites. Figure 3b highlights that M4AlC; structures using Mo:Nb:AlL:C
mixtures with Mo preferentially occupying the outer M' layers and Nb the middle M" layers are
energetically favorable as compared to competing phases. Figure 3¢ shows the energy difference



between the structures with no Nb substitution on M' layers (0 at%) and those with various degrees
of substitution. We find that generally Nb substitution in the M' layers is typically less stable as
compared to no Nb in the M' layers (Fig. 3c). In addition, we can see that the energetic driving
force towards ordering of Mo and Nb decreases with increasing Mo content, understood by the
stoichiometrically necessary interlayer mixing in the M" layer of the Mo-rich materials.

Next, we used XRD to analyze the range of mixed powders which result in more phase-pure
M4AICs systems (Figure 3d). We chose this tool of analysis as completely solid solution MAX
phases, such as (Mo1-,Vy)4AIC;3, tend to yield high-purity MAX phases in a wide range of possible
transition metal mixtures.” ' However, our results indicate that only Mo:Nb:Al:C combinations
0f2.0:2.0:1.1:2.7 to 2.7:1.3:1.1:2.7 had M4AIC; phase contents above 85 wt%, which implies that
Mo:Nb molar ratios outside of 2.0:2.0 to 2.7:1.3 lead to other competing phases and less than 30
wt% MAX phase content (Figure 3d). To analyze the intermixing of Mo and Nb in the M' and M"
sites in the experimentally synthesized M4AlC; systems, we used Rietveld refinement (Figure S4).
Specifically, as shown in Figure 3e, the substitutional fraction of Nb in the Mo-dominant M' site
and Mo in the Nb-dominant M” site ranges from 9.5 at% to 4.4 at% and 8.8 at% to 19.7 at%,
respectively. Using this occupancy data in Figure 3e, we calculated the atomic composition of our
M3AIC3 MAX phases to roughly corroborate compared to EDS in Figure 3f. Although we noted a
similar trend in Mo:Nb content, direct comparison is difficult as EDS cannot determine
contribution from underlying impurity phases.

Our Rietveld data shows that the M4AIC3 structure varies in Mo:Nb content from a
Mo2.03Nb1.93AIC;  structure to Mo234Nb1ssAlCs for Mo:Nb:Al:C powder mixtures of
2.2:1.8:1.1:2.7 to 3.2:0.8:1.1:2.7. This narrow (~0.3 mol) variation in Mo content in the M4AIC;3
phase across all mixtures illustrates that ordering of Mo and Nb in M' and M", respectively, is the
likely preference for the Mo:Nb system, as entirely disordered systems would not illustrate this
small ~0.3 mol change in Mo content amongst a mixed powder ratio range from 2.0:2.0:1.1:2.7 to
3.2:0.8:1.1:2.7. Overall, these results suggest that the M4AlC; MAX phase synthesized using Mo
and Nb is an ordered M0oNb2AIC3 MAX phase with the exact composition of M02+Nb2.AlC3 (0
< a < 0.3), which is a level of tunability in ordered double metal MAX phases has not been
observed previously. However, further experimentation using more direct observation methods,
such as a recent publication using secondary ion mass spectrometry,?® which can avoid the small
difference in valence electrons (4d % for Nb, 4d 3 for Mo) is necessary to fully understand the
ordering of Mo and Nb in the M' and M" sites.

Figure 4. Etching and delamination of the M02+,Nb2.¢AIC3 to yield Mo2+aNb2.«C3Tx MXenes using
an HF-TMAOH approach. (a) Generalized schematic representation of the etching, delamination,
and free-standing film preparation of Mo02+sNb2.oC3Tx films. (b) Full-pattern XRD of the
Mo2+4Nb2.cAlIC; MAX phase, etched Mo02+oNb2oC3Tr MXene powder, and free-standing
Mo2+aNb2.«C3Tx delaminated MXene film (actual composition derived from Rietveld in
parenthesis). (c) Focus on the (002) peaks from the full-pattern XRD reveals the left-shift in the
(002) peak of M02+¢Nb2-AIC3 to yield Mo2+:Nb2.oC3Tx MXenes (actual composition derived from
Rietveld in parenthesis). (d-f) SEM images of the M02+Nb2.«AlC3 MAX phase through to the
Mo2+aNb2-C3Tx MXene free-standing film.

After determining the preferential occupancy of Mo and Nb in the M' and M" layers, in the
Mo2+aNb2-cAIC3 MAX phase, we next looked to synthesize the resultant Mo2+eNb2.«C3Tx o-



MXenes using a selective etching and delamination approach (Figure 4a). To identify the optimum
etching condition, we first synthesized Mo2+«Nb2.oC3Tx 0-MXenes using 50% hydrofluoric acid
for 2 and 4 days at 55 °C. We noted that 4 days was necessary to produce Mo2+,Nb2.«C3Tx MXenes
from their respective MAX phases, as the (002) peaks left-shift from ~7.6° 20 to ~5.8° 20 (Figures
4b-c and S5). This shift in (002) peak position indicates an interlayer expansion of ~3.6 A,
suggesting the removal of Al between the Moy+Nb2.oC3 layers and intercalation of water
molecules (Figures 4c and S5).!! We can also see the change in the appearance from MAX to
MXenes, as shown in Figure 4d-e.?® Although the data shown in Figure 4b-f is for the MAX
synthesized using a Mo:Nb ratio of 2.7:1.3, all Mo2+aNb2-«C3Tx MXenes are shown in Figure S5.
We also used a milder etchant by using a mixture of 5% HF and 7.2 M HCI at 55 °C for 4 days
(referred to as HF/HCI) to yield M02+oNb2.«C3Tx MXenes. A partial shift of the (002) peak from
~7.6° 20 to ~5.9° 20 was observed, indicating an interlayer expansion of 3.3 A, but was insufficient
to completely etch Al layers away from the MAX phases (Figure S6).

After successfully exfoliating the Al layers in the MAX phases to yield MXenes, we used
two methods to delaminate the Mo2+«Nb2-C3 T multilayer powders into single-to-few layer flakes,
made by 50% HF (referred to as HF) and HF/HCI. For the HF-etched M02+,Nb2.oC3 T, we utilized
5 wt% tetramethylammonium hydroxide (TMAOH) to delaminate the MXene, similar to previous
reports (HF-TMAOH approach).?6 For the Mo2+¢Nb2.4C3Tx produced using the HF/HCI approach,
we utilized 0.5 M LiCl as the delamination agent.?”>2® For the HF-TMAOH Mo2+,Nb2-C3T«
MXene, we were able to obtain free-standing single-to-few layer MXene flakes (Figure S7) and
vacuum filtrated the colloidal solution to make free-standing films (cross-section in Figure 4f).
The XRD of this film showed a shift in (002) peak position to ~5.1° 20 (Figures 4c and S8) which
indicates an interlayer expansion of 5.7 A total from the original MAX phase, which is consistent
with other M4CsT, MXenes.!! Although LiCl delaminated HF-HCI etched Mo2+aNb2.oC3Ty
produced single-to-few layer flakes (Figure S9), the yield was not enough to produce free-standing
films (yields in Table S3).

The etching and delamination conditions can affect the MXene flake morphology.® ?°
When comparing the HF-TMAOH produced (Figure S7) and HF/HCI-LiCl produced (Figure S9)
single-flakes of M02+4Nb2.C3Tx, we note that HF-TMAOH produced Mo2+,Nb2.«C3 Ty are plentiful
in single-to-few monolayer forms while HF/HCI-LiCl produced Mo2+:Nb2-«C3 T are single-to-few
flakes with some multilayer-flakes. Although the HF-TMAOH produced flakes have more single-
to-few layer flakes, it is also known that HF-TMAOH MXenes have TMA" cations on their
surfaces which prevents their attachment to electrodes, as seen in Figure S10. As a result of this
attachment issue, we focused on characterizing HF/HCI-LiCl produced M02+:Nb2.oC3Tx MXene
for their HER capability.
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Figure 5. Hydrogen evolution reaction (HER) characterization of HF/HCI-LiCl produced
Mo2+oNb2.«C3Tx MXenes. (a) Potential vs. current density plots of Mo2+aNb2.oC3Tx MXenes
(Mo:Nb:Al:C composition in legend, actual Rietveld-derived composition next to data)used to
derive overpotentials at -10 mA/cm? and tafel slopes shown in panels (b) and (c), respectively.
(d) Conductivity measurements of HF-TMAOH synthesized Mo2+.Nb>.,C3T: MXenes compared
to flake sizes of HF-HCI/LiCl synthesized M02+:Nb2.C3Tx MXenes.

To begin our catalysis experiments, we drop casted HF-HCI/LiCl synthesized single-to-
few layer Mo2+aNb2.,C3Ty MXenes onto glassy carbon electrodes and used a three-electrode
electrochemical cell. Details found in the SI. In the resultant linear sweep voltammograms (LSVs),
we noted Mo2+4Nb2.,C3Tx MXenes produced using Mo:Nb ratios of 2.2:1.8 to 2.7:1.3, as shown in
Figure 5a, were found to own improved HER performance as compared to other Mo2+:Nb2.oC3Tx
MXenes and Mo, Ti2C3Tx produced using the same method. A similar plot showing the poor HER
catalytic behavior of HF-TMAOH produced Mo2+:Nb2.«C3Tx MXene is also shown in Figure S11.

In Figure 5b we present the overpotential of each M02+4Nb2.,C3Tx MXene at a current
density of -10 mA/cm?. To compare these overpotentials of HF/HCI-LiCl Mo2+oNby-oC3Ty
MXenes to another M4C3Ty MXene containing Mo in the M' site, we synthesized and conducted
HER characterization on single-to-few layer flakes of M02Ti2C3Tx (Figure S12), which its HER
was reported previously 3* When we compared the overpotentials of Mo2+aNb2-«C3Tx MXenes to
Mo:Ti2C3Tx (275 mV), we noted that Mo2+aNb2.«C3Tx MXenes synthesized from MAX phases
with Mo:Nb mixtures from 2.2:1.8 to 2.7:1.3 outperformed Mo,Ti>2C3 T, as shown in Figure 5b. As
shown in Figure 5c, Tafel slopes derived from the potential vs. current density plots shown in
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Figure 5a illustrate that Mo2+,Nb2.C3Tx MXene synthesized using a Mo:Nb ratios of 2.5:1.5 and
2.7:1.3 continues to outperform as compared to other Mo2+,Nb2.,C3Tx MXenes with a slope of 91
mV/dec and 115 mV/dec, respectively. This performance is not likely an effect of larger flakes
with more exposed basal plane,*® as the average flake size for HF/HCI-LiCl synthesized MXenes
is lower for that of 2.5:1.5 and 2.7:1.3 as compared to 2:2 or 2.2:1.8 (Figure 5d). Overall, although
this performance does not yet approach the HER performance of previously reported Pt/C
catalysts, MXenes’ inherent solution processability and earth-abundance of the precursor
transition metals and carbon illustrates Mo2+aNb2.«C3Tx MXenes’ potential for cost-effective use
in HER applications.3!-34

Therefore, this outperformance of Mo:Nb 2.5:1.5 and 2.7:1.3 may be partially linked to the
occupancies of Mo and Nb in the M' and M" sites. As we presented in in Figure 3e, the phases with
Mo:Nb as 2.5:1.5 and 2.7:1.3 have the formula of M022sNb1.67C3Tx and Mo2.17Nb1.60C3Tx which
indicate comparatively higher concentrations of Mo in the M" site at 19.7 at% and 14.2 at%,
respectively. Another contributing factor can be the change in electronic properties and the
resulting electrical conductivity of MXenes because of the Mo:Nb occupancies. Due to the poor
yield of HF/HCI-LiCl synthesized M02+¢Nb2.,C3Tx MXenes (Table S3), we focused on measuring
the electrical conductivity of HF-TMAOH synthesized M02+¢Nb2.C3Tx MXene films as shown in
Figure 5d to demonstrate the effect of composition on the electrical conductivity of the HF-
TMAOH produced flexible Mo2+:Nb2.«C3Tx MXenes films (Figure 5d) (image of film in Figure
S13). Details of the electrical conductivity values can be found in Table S4.

The electrical conductivities of 150.5 S/cm and 120.0 S/cm of Mo:Nb 2.5:1.5 and 2.7:1.3,
respectively, are the highest of all M02+¢Nb2.,C3Tx MXenes and higher than Mo,Ti2C3Tx (55.8
S/cm) produced using the same method. This increase in electrical conductivity of
Mo02.28Nb167C3Tx and Mo2.17Nb1.690C3Tx (original Mo:Nb mixture of 2.5:1.5 and 2.7:1.3,
respectively) as compared to the other M02+,Nb2.«C3Tx MXenes indicate that there are likely some
changes in the electronic properties as a result of Mo intermixing in the M' layer, which improves
their HER behavior. * In addition, the lower electrical conductivity of HF-TMAOH produced
Mo02+aNb2.C3Tx MXenes of Mo:Nb of 2.7:1.3 or higher as compared to Mo:Nb of 2.5:1.5 might
be linked to the smaller flake sizes. Similarly, the HER behavior of Mo:Nb of 3.0:1.0 and higher
can be attributed to more multi-layer flakes as seen in Figure S9. However, a fundamental
understanding of the relation of M' and M" site occupancies with relation of the electronic structure
to the catalytic performance of o-MXenes is not yet fully understood.

Nevertheless, we next compared our Mo22sNbi 67C3Tx MXene HER catalytic behavior to
other Mo-containing MXenes as shown in Figure S15, such as M02Ti2C3 T, (re-tested in this study),
Mo 33CT,,* and Mo,CT, MXenes *’ and found that Mo, 23Nb; ¢7C3T has an overpotential (183
mV) comparable to that of Mo>CTx MXene (~160 mV).3” Although it is important to note that
Mo2CT, was synthesized with a different approach, this data implies that Mo-containing M4C3Tx
MXenes can approach HER catalysis values reported for Mo-containing M>CT. MXenes.
Development of MsCsTx with comparatively low overpotentials is potentially significant for
MXene catalysts, as MXenes with a higher # in the M,+1X,Tx structure have shown improved
performances in degrading environments,*® 3% although future studies are highly necessary to
elucidate this point.



In summary, we have reported an ordered Mo2+aNb2.AIC3 MAX phase (0 < o <0.3) and
characterized its composition and partial ordering in-depth using a combination of XRD, XPS,
TEM, EDS, Rietveld, and DFT methods. We have also characterized these derivative Mo+oNba-
«C3Tx 0-MXenes for their HER catalytic potential and identified the low overpotential (183 mV)
for the M02.2sNb1.67C3T: MXene. This study further expands the possible compositional control of
ordered double-transition metal MXenes toward the application-driven design of 2D materials.
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Experimental methods, XRD of all attempted compositions of Mo:Nb:Al:C, TEM of the MAX
phase cross section, lattice constants of the synthesized Mo2+Nba.q AIC3 MAX, XPS of
synthesized Mo2+,Nb2.¢ AIC3 structures with deconvolution details, Rietveld Refinements plots
with fitting, XRD of various etching procedures described in the main text, SEM of single-to-few
layer flakes of Mo2+aNb2.« C3Tx MXenes synthesized by both HF-TMAOH and HF/HCI-LiCL
approaches, XRD of free-standing single-to-few layer flakes of Mo2+4Nb2., C3Tx MXene films,
yields of single-to-few layer flakes of M02+4Nb2.o C3Tx MXenes produced using HF-TMAOH and
HF/HCI-LiCl methods, HER plots of HF-TMAOH synthesized single-to-few layer flakes of
Mo2+aNbz. C3Tx MXenes and Mo2Ti2C3Tx MXenes, flake sizes of HF-TMAOH produced single-
to-few layer flakes of Mo2+aNb2-o C3T: MXenes, digital image of a free-standing Mo2+aNb2-o C3Tx
MXene film, and comparative plot of single-to-few layer flakes of Mo02+uNb2.o C3Tx MXene to
other Mo-containing MXenes.
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