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Abstract: MAX phases with the general formula M,.;AX, are layered carbides, nitrides and carbonitrides with
varying stacking sequence of layers of MgX octahedra and the A element depending on n. While “211” MAX phases
(n = 1) are very common, MAX phases with higher n, especially n > 3, have hardly been prepared. This work
addresses open questions regarding the synthesis conditions, structure, and chemical composition of the “514”
MAX phase. In contrast to literature reports, no oxide is needed to form the MAX phase, yet multiple heating steps
at 1,600 °C are required. Using high-resolution X-ray diffraction, the structure of (Mo14Vx)sAICs is thoroughly
investigated and Rietveld refinement suggests P-6¢2 as the most fitting space group. SEM/EDS and XPS show that
the chemical composition of the MAX phase is (M0o.75Vo.25)sAICs. It was also exfoliated into its MXene sibling
(Mo0o.75V0.25)sCq using two different techniques (using HF and an HF/HCI mixture), which leads to different surface
terminations as shown by XPS/HAXPES measurements. Initial investigations of the electrocatalytic properties of
both MXene versions show that depending on the etchant, (M0o.75V0.25)sC4 can reduce hydrogen at 10 mA cm
with an overpotential of 166 mV (HF only) or 425 mV (HF/HCI) after cycling the samples, which makes them a
potential candidate as an HER catalyst.
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As technology advances, we aim to discover
practical materials that can meet the needs of our
growing society, providing certain functionalities (e.g.
energy conversion, magnetism) and enhanced
processibility and stability. A class of materials, MAX
phases, have the potential to meet most of these
needs because of their distinct crystal and electronic
structure combined with their versatile chemical
composition. They have properties that are

considered both ceramic and metallic, making them
resistant to oxidation and thermal shock, thermally
and electrically conductive, and highly machinable.’™
Consequentially, they have become attractive
materials for applications, such as coatings,* catalysts®
and electrical contacts.®

MAX phases are ternary layered carbides,
nitrides and carbonitrides with the general formula
My.1:AXs, where M is an early transition metal, A is



typically a group 13 or 14 metal, X is carbon and/or
nitrogen, and n is an integer, usually 1, 2, or 3. Their
structure consists of layers of edge-sharing MeX
octahedra (grey polyhedra in Figure 1) interleaved
with layers of the A element (light blue in Figure 1).%2
Depending on n, the stacking sequence changes
(compare a-c in Figure 1). To simplify the naming
convention, MAX phases are occasionally referred to
as 211 (n=1), 312 (n = 2), 413 (n = 3) phases and so
on, depending on the n value. Because the
composition is variable, there are almost unlimited
opportunities to synthesize additional members in this
family. After their initial discovery in the 1960s’, and a
large drive in research around the turn of the century®"
10 more than 155 members of this material class have
been synthesized, including solid solution and ordered
MAX phases.? Almost all the known MAX phases are 2
(n=1),3 (n=2),and 4 (n = 3) atomic metal-layered
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Figure 1: Representations of “211”, “312” and “413” MAX phases
MLAX (a), MsAXz (b), and M4AXs (c), respectively. The M element is
represented by orange atoms, the A element is light blue, and X is
black. This demonstrates the different stacking sequences of layers
of MgX octahedra (grey polyhedra) and A layers as well as the
increasing c lattice parameters along c with increasing n.

structures,? which means the discovery of higher MAX
phases (n = 4) is the next crucial step to expanding this
family of materials. It has been shown that mechanical
properties and stability are affected by a change in n
and consequentially are linked to the crystal structure,
i.e. stacking sequence of the MsX and A layers.tt?
Additionally, MXenes synthesized from MAX phases
with higher n are more likely to be thermodynamically
stable®® and less susceptible to oxidation,* which is a
key advantage if MXenes are used for specific
applications. Besides, the possibility of enhanced

properties, such as better EMI (Electromagnetic
Interference) shielding capabilities and higher
electrical conductivity, has also been mentioned.*®

Several higher MAX phases, including
TaeAlCs™ and (TiosNbos)sAlCs,'® have been previously
synthesized, though they were found to be a side
product of another MAX phase and not available as a
pure phase product. Additionally, TisSiC4is a predicted
metastable species that has not yet been
synthesized.'” In 2019, Deysher et al. updated the
MAX phase family with MosVAIC,4, with 5 metal layers,
and no other MAX phase side phases.® This 514 MAX
phase was also etched and delaminated to form the
two-dimensional (2D) MXene analogue, MosVC,.
MXenes share the same structure as their MAX phase
counterparts but have been etched to remove the A
layer, leaving behind lamellae of only MsX edge-
sharing octahedra.?®!

MXenes have the formula Mn.1XnTx, Where M,
X, and n correspond with the elements present in the
parent MAX phase, and T, represents the terminating
groups on the surface evolving during the exfoliation
process.? For simplicity, T, is commonly omitted from
the formula name. The A layer is typically removed
with hydrofluoric acid (HF), a weak acid that selectively
reacts with aluminum.? However, HF is severely toxic
(fatal!) to humans who are exposed to it,2 which
means that reducing or eliminating the HF
concentration is desirable when possible. Similar to
MAX phases, MXenes are very interesting materials,
owing to their electronic structure and mechanical
properties, offering a multitude of potential
applications, from battery materials®* to catalysts®>2
and sensors.?’

There are two interesting observations that
Deysher et al. reported in their study, one concerning
the MAX phase synthesis and one concerning its
crystal structure. (i) The authors report that the
Mo4VAIC,4 synthesis requires the addition of 0.05 mol
of V,03 to the precursor mixture to form the MAX
phase, and its exclusion leads to a product that only
consists of Mo,C and VC.2® The authors hypothesized
that the oxygen in the mixture acted as a catalyst that
also produced heat through thermal reduction to push
the reaction forward.8 (ii) While MAX phases typically
crystallize in a hexagonal structure with space group
P63/mmc, they proposed this MAX phase to crystallize
in space group P-6m2 due to a herringbone-style
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ordering found in the MsX octahedral layer.’®
However, this was still unconfirmed, and the structure
of the (Moi14Vy)sAIC, MAX phase has yet to be
determined. Additionally, the exact stoichiometry of
the solid solution MAX phase (and respective MXene)
also remains open. Deysher et al. report successful
synthesis only for a 4:1 ratio between Mo and V, while
3:2, 2:3 and 1:4 ratios do not lead to the MAX phase.®

Addressing the curious synthesis conditions
and open structural questions raised by Deysher et al.,
we revisit the preparation of (Mo14Vy)sAIC4and add a
thorough structural investigation by means of high-
energy synchrotron X-ray diffraction and Pair
Distribution  Analysis (PDF). We also utilize
4-dimensional  scanning transmission  electron
microscopy in a scanning electron microscope (STEM-
in-SEM) with selected area electron diffraction
(SAED),%?° to confirm our findings. Insights into the
elemental composition were provided by soft and
hard X-ray photoelectron spectroscopy
(SXPS/HAXPES) and electron dispersive spectroscopy
(EDS), both of which confirm the Mo to V ratio (3:1).
Additionally, we synthesize the MXene,
(Mo0o.75Vo.25)sCs, and investigate the effect of etching
with HF/HCI (instead of only HF) on the electrocatalytic
properties for the hydrogen evolution reaction (HER),
a process that produces clean fuel for future
technologies.

Results and Discussion
MAX phase: (M0g.75Vo.25)sAlCs

Using data collected at the 11-BM high-
resolution X-ray diffractometer (HR-XRD) at Argonne
National Laboratory, the reflections of the MAX phase
samples were indexed using the GSAS-II
crystallography analysis software. Indexed data were
used to design unit cell models of (Mg 75V0.25)sAIC4 with
the appropriate space group (Supporting Information
Fig. SI-1). Traditional MAX phases have a hexagonal
P6s/mmc space group, while this particular “514”
phase does not. The powder XRD reflections do not
agree with a P6s/mmc space group and past work has
shown that MosVAIC,*® has a herringbone structure
(Figure 2b) in the MsX layer which is not a common
crystal stacking order for these materials.2 However,
while the space group is not the same as other MAX
phases, we still observe evenly spaced (00/) peaks in
the HR-XRD (Figure 3a) and STEM data (Figure 4) show

a hexagonal, layered structure, implying that our
product is closely related in structure to n £ 3 MAX
phases.

Figure 3a shows the high-resolution XRD data
(orange dots), their Rietveld refinement (dark grey
line) and model/literature data used for the structural
analysis  (GSAS-Il). The product consists of
(Mo00o.75V0.25)sAIC, as the main phase (blue markers in
Figure 3a) with (Mo,V)JAIC: (a=2.9269(1) A,
¢=22.753(1) A) as a minor side phase (red markers in
Figure 3a). Please note that the side phase is likely a
solid solution between Mo and V, however the exact
chemical composition cannot be determined based on
the very low intensity of the peaks. However, for the
main product, we can confirm the composition of
(Mo00o.75V0.25)sAIC, based on synthesis parameters set,
as well as EDS and XPS measurements (Figures 5 and
11, respectively). Aside from these two MAX phases,
we note that there are several peaks that belong to a
phase (Supporting Information Fig. SI-2) that we have
not been able to identify, despite comparing the peaks
to all known carbides, oxides and intermetallics that
would be feasible.
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Figure 2: The [110] projection of the unit cell of (Moo 75V025)5AIC4
(a), as well as the expanded structure of the [110] projection (b).
The [001] unit cell projection (c) is also shown and expanded (d).
Mo (navy) and V (red) are filled according to relative occupancies
determined by Rietveld refinement. Black atoms represent carbon
and light blue atoms represent aluminum. The herringbone
structure can be seen in (b).

For the “514” MAX phase, two space groups
were found to be possible matches for the reflections
as they were indexed, P-6m2 and P-6¢2.%° (Supporting

Information Fig. SI-3a, 3b) Rietveld refinement of the
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high-resolution data showed a better fit for the P-6¢2
crystal structure (blue peak positions in Figure 3a). In
accordance, real space Rietveld refinement of the
obtained Pair Distribution Function (PDF) also
confirms that the synthesized “514” phase can be best
described using a structure with the space group P-6¢2
(Figure 3), where P-6m2 leads to a worse fit (R =0.346
for P-6m2 (Supporting Information Fig. SI-4a) vs Rw =
0.146 for P-6¢c2 (Figure 3b)). However, as shown in
Figures SI-3 and S/-4a, a structure with space group
P63/mmc cannot fit the data, which further supports
that the “514” phase does not crystallize in the same
space group as most other MAX phases. Please note,
that as it stands, P6s/mmc can very likely be ruled out
and further analysis of the present diffraction data
suggests that the 514 phase crystallizes in space group
P-6¢2. However, the space group P-6m?2 should not be
disregarded fully due to the presence of multiple side

phases in the MAX phase product and with that
uncertainties as far as the refinements go.

Structurally, (Mog.75Vo.25)sAIC4 has 9 total layers in the
MgX octahedral lamella (5 metal, 4 carbon),
interleaved by a single Al layer and the unit cell
consists of 2 formula units. The Mo/V-C bond lengths
are 3.59964/2.01087 A and the Mo/V-Al bond lengths
are 2.85682/4.13221 A. The a-lattice parameter and
the c-lattice parameter of the “514” MAX phase are
refined to 2.98558(5) A and 27.9813(3) A, respectively.
These lattice parameters are close to those reported
by Deysher et al. (a=~3.00 A, c=28.22 A).1® Refinement
of the occupancies of the (Mo14V«)sAIC, shows that the
sample is a solid solution with x = 0.24, where Mo and
V occupy M sites randomly. This matches results from
elemental analyses very well (Figure 5, Table I).
However, the data also imply that there is a much
stronger Mo presence on the outermost and central
layers, at the 4i and 2a Wyckoff positions, respectively.
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Figure 3: (a) Rietveld refinement of high-resolution synchrotron XRD data collected from 11-BM at Argonne National Lab. Orange dots
show observed diffraction pattern, the black line shows the calculated diffraction for a crystal structure with a P-6¢c2 space group, and
the dark gray line shows the difference between the calculated and observed data. Markers are included below the refinement showing
the (hkl) positions for the two known present phase; the main phase, (Mog.75V0.25)sAIC4 (blue) and the side phase, (Mo, V),AICs (red). (b)
Real-space Rietveld refinement of the Pair Distribution Function of the (Moy,.75V0.25)sAICs sample. Black dots represent PDF, the black line
is the calculated PDF for a sample with a P-6¢c2 space group, and the gray line is the difference between the calculated and observed

PDFs.



STEM micrographs of the multilayer MXene (Figure 4)
show that the center Mo/V layer and certain areas
along the surface are distinctly brighter than the rest
of the sample (red arrows in Figure 4 c, d), which could
confirm an elemental imbalance at those layers.

To investigate the formation mechanism, ex-
situ laboratory XRD data were collected for samples
heated at regular intervals from 300-1600 °C and then
at each heating stage once the sample reached its
holding temperature (Supporting Information Fig. SI-
5). Samples were prepared from pure elemental
powders of molybdenum, vanadium, aluminum and
carbon and those elemental powders are the only
species present in the sample from 300-600 °C.
Intermetallics first begin to appear at 900 °C, with
MosAl forming first. At 1200 °C, carbides begin to
form, including Mo,C, MosAl,C, and (Mo14Vx);AIC. The
target MAX phase is not observable until 1600 °C,
along with (Mo1.xVx)4AlCs, (Mo14Vx)3AIC; and the same
intermetallics and carbides. Once (Mo1xVy)sAIC,
forms, each additional run at 1600 °C for 6 h reveals a
higher amount of (Mo014V)sAICs and the quantities of
the side phases begin to decrease until the sample has
been processed 3 times at 1600 °C for 6 h (18 h total).
The final product includes a small amount of the
Mo/V-based “413” MAX phase, as well as a phase that
we have not been able to identify. Intermittently (once
the sample has been processed at 1600 °C for 6h — 12
h), we can see the presence of 3 different MAX phases,
the “514”, the “413”, and interestingly, a “312” phase.
Molybdenum- and vanadium- based 312 MAX phases
do not form,*! though they can exist as 312 alloys with
metals like Ti or Cr.3233 This species was highlighted in
the previous paper regarding the synthesis of
MosVAIC4,*® but to the best of our knowledge, this
phase does not exist as a stable, phase pure product,
though it is possible that it forms as a metastable
intermediate species.

As far as the synthesis conditions are
concerned, Deysher et al. noted that the addition of
0.05 mol V,03 was required to produce the “514” MAX
phase.® However, our synthesis did not require the
addition of any oxides and does not show any oxide
intermediate species (crystalline or amorphous)
during the ex-situ measurements (Supporting
Information Figs. SI-4b-4e, SI-4).

Figure 4: SEM micrographs of (Moo 75Vo.25)sAIC, (a) and ML-
(Moo.75V0.25)sC4 after etching in HF for 8 d (b). The separation of
layers is apparent after acid treatment. Additionally, STEM
micrographs of the surface (c) and edge sites (d) of the ML-MXene
show the hexagonal, 5 metal-layered structure, Arrows have been
added to highlight some areas where atoms appear brighter.

Figure 5: EDS data collected for a selected area of the
(Moo.75V0.25)5AICs MAX phase. Mo, Al, and V are represented by
yellow, red, and light blue areas, respectively. Mo and V are evenly
present across the sample, though bright spots in V may indicate
the presence of VO/VC side products. Based on atomic weight
percent, the Mo:V ratio is 2.7:1.0. The low Mo:V ratio is likely due
to additional V-based species present in the sample.



Table I: Ratios of Mo, V, and Al averaged from EDS data over 5
areas in each sample (the MAX phase, ML-MXene etched in HF-
only, and the ML MXene etched in the HF/HC| mixture). Vanadium
is normalized to 1 to simplify the relationship between Mo and V.
“n.q” means “not quantifiable” in EDS. EDS data for the MXenes
can be found in the Supporting Information (Supporting
Information Fig. SI-6)

Rel. at. % (V normalized)
Sample Mo Vv Al
(MOo_75Vo_25)5A|C4 2.7 1 1.1
ML-(M00_75V0_25)5C4 3.32 1 n.g
(HF only)
ML-(M00_75V0_25)5C4 3.17 1 n.g
(HF/HCI)

Exfoliation into MXene: (M0o.75Vo.25)5Ca

Once aluminum is removed from the MAX
phase using hydrofluoric acid (HF), the sheets are
separated (Figure 4 b) and the multilayered MXene
powder is collected, which can be delaminated further
into single- and few layered-MXene nanosheets. After
removal of the Al, the M-X layers of the MXene
structure are expected to be similar to those of the
parent MAX phase, so we expect each layer will also
have the herringbone structure seen above.

Figure 6 shows the XRD data of the MAX phase
as well as the multilayered (ML-) and delaminated
(D-) respective MXenes using HF and HF/HCI, from
0-30 °28 as well as in the low diffraction angle region
(up to 5 deg). Etching the sample with either etchant
(HF or HF/HCI) leads to the removal of the Al layers
leaving van-der-Waals-stacked ML-MXenes. This
transformation can be followed in the X-ray diffraction
data (Figure 6) where the intensity of most MAX phase
peaks (except for the (110) peak) decreases
significantly upon treatment with the etchants (HF:
red line, HF/HCI: dark blue line). As observed for other
MAX-to-MXene transitions, the (002) peak broadens
and shifts to lower diffraction angles corresponding to
a larger c-lattice parameter (c-LP) due to MesX layers
separating as the Al is removed.

The (002) reflection for the ML-MXene that
was etched with HF only is found at 1.527 °26, which
corresponds to a d-spacing of 17.223 A and a c-LP of
34.446 A. Once delaminated, the reflection shifts to
1.446 °26, which has a d-spacing of 18.190 A and a

c-LP of 36.380 A. The (002) reflection of the

multilayered sample etched with the mixture of HF
and HCl is found at 1.446 °26, which means that the
d-spacing is 18.190 A and the c-LP is 36.380 A. The
delaminated sample in this case shifts slightly higher
to 1.452 °26, with a d-spacing of 18.113 A and a c-LP
of 36.226 A. In both cases, this is significant downshift
from the original MAX phase (002) reflection at 1.8797
°20 (c-LP: 27.9813(3) A), indicating that the unit cell
has expanded upon removal of the A element.
Deysher et al. report a c-LP of 36.0 A for multilayered
products,® and the HF/HCl etched sample agrees with
that result.

We note that the (002) peak in the XRD data
of the HF-etched ML-MXene (dashed grey line in
Figure 6) has a smaller shift to lower diffraction angles
than the respective peak of the samples produced
with HF/HCI as the etchant. This is likely the result of
the different etching times (8d in the case of HF-
etching versus 12d in the case of HF/HCI etching)
leading to a more significant separation of the
(Mo14Vy)sCq layers when the exfoliation time was four
days longer. However, after delamination, both D-
MXene samples show a similar peak position of the
(002) reflection (orange and light blue line in Figure 6)
indicating the presence of mostly delaminated
nanosheets. The only difference is a more pronounced
broadening of the (002) peak in the case of the
D-MXene produced with HF (orange line in Figure 6).
This implies that the latter MXenes are laterally
smaller in size, which can be correlated with DLS
measurements (Supporting Information Fig. SI-7). This
is likely due to the harshness of the HF treatment,
where concentrated HF is used to remove aluminum
from the structure but can also etch transition metals
from the surface and edges. The addition of HCI
reduces the HF concentration to 30%, and prior
research has shown that chloride ions are also possible
etchants in the exfoliation process.3* The addition of
HCl also means that CI" will be an additional
terminating group, as seen in the EDS (Supporting
Information Fig. SI-6) and XPS data (Supporting
Information Fig. SI-10q).
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Figure 6: X-ray powder diffraction data of the precursor MAX
phase (black), multilayer (ML-) MXene produced with HF (red) vs
ML-MXene produced with a mixture of HF and HCI (dark blue), as
well as the respective delaminated (D-) MXene samples (orange
and light blue, respectively). Major (hkl) values have been included
to demonstrate how reflections shift as the sample undergoes
etching and delamination. (Note: not all (hk/) markers are listed).
Reflections with two hkl values listed are in order from lower °26
to higher °20. The inset reveals the shift of the (002) reflection as
well as its peak shape depending on the etchant.

The disordered nature of the MXenes,
especially the delaminated MXenes, makes it difficult
to analyze their atomic structure using classic
crystallographic techniques such as XRD. For these so-
called “crystallographically challenged” materials, PDF
is a powerful method to investigate their atomic
structure.®3® Figure 7 compares the PDFs obtained
from the two multilayered and two delaminated
MXenes alongside the PDF obtained from the “514”
MAX phase. The PDFs are all very similar, indicating no
major differences between the local structure of the
MAX phase and the MXenes. As a simple model, we
use the crystal structure model of the “514” phase also
used in Figure 3. This model returns a good fit of
especially the multilayered MXenes (Figure 8, SI-4f),
but also of the delaminated MXenes (Supporting
Information Fig. SI-4e). The refined structures expand
along the crystallographic c-axis from around 28 A to

around 29 A which match the removal of Al and much
less coherence between the individual Mo/V-C layers.
This does not match the observed d-spacings in the
XRD data, but it is acceptable, as this model should not
be taken as the “true” crystal structure of the MXenes.
Instead, it is a very simple model that can explain the
structural features of the MXenes.

The PDFs show that the structure of the
MXenes obtained from (Moo 75Vo.25)sAlCs is essentially
the molybdenum/vanadium carbide layers from the
parent MAX phase. Closer inspection of the PDFs
obtained from the delaminated MXenes show at least
3 distinct distances between 1.5 and 2.5 A. In the MAX
phase, only one interatomic distance, the metal to
carbon bond (~2.1 A), should be present in this region.
Instead, two extra peaks at 1.71 and 2.34 A are
observed. The Inorganic Crystal Structure Database
was used to search for possible matches for these
interatomic distances. The peaks at 1.71 Aand 2.34 A
could both be V-F and Mo-F distances, as these
environments are also observed in the HAXPES
measurements. In the MXenes processed in the
HF/HCI solution the peak at 2.34 A also matches well
with a Mo-Cl and V-Cl distance. These distances show
that the F and Cl are bonded directly to Mo and V.

M-C M=V or Mo
MF Delaminated HF/HCI
2 HF/HCI
c
3
o Delaminated HF
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Figure 7: PDF data for (Moo.75V0.25)sAIC, (green) and the
(Moo.75V0.25)5Ca MXene etched (brown) and delaminated (light
blue) in HF, as well as the same MXene etched (red) and
delaminated (dark blue) in an HF/HCI mixture. Local bonding data
is marked with black lines to represent bonding between the M
element and carbon or terminating groups.
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fit with P-6¢2 model for (Moo, 75V.25)sAIC4, where the Al occupancy
is set to 0, with orange dots representing experimental PDF, a black
and grey line showing the calculated PDF and difference curve,
respectively.

STEM-in-SEM

Figure 9 a shows a marginal bright-field image
of MXene flakes exfoliated with HF/HCl on an ultrathin
carbon support film. Numerous flakes are visible,
including predominantly monolayers overlapping in
various orientations. The MXene sample exfoliated
with HF-only exhibited a similar appearance. Figure 9
b and Figure 9c show the diffraction patterns averaged
over region 1 (monolayer thickness) and region 2
(bilayer thickness), respectively, as indicated in Figure
9 a. Note that for this 4D dataset, a beam convergence
semi-angle of approximately 3.5 milliradians was used
to produce easily observable diffraction spots. Both
diffraction patterns are representative of hexagonal
crystal structure. Kinematically forbidden reflections
in Figure 9 ¢ can all be attributed to double diffraction
from two monolayers rotated by 24 degrees with
respect to each other about the [001] axis. Different
flakes can be observed/identified by selecting specific
reflections to create virtual dark-field images. For
example, Figure 9d shows a dark-field image
comprising regions of the sample that scatter
electrons into the 6 diffraction spots highlighted in red
in the inset diffraction pattern. Part of a single large
flake and several smaller flakes are visible.

Figure 10 shows ring diffraction patterns
obtained using quasi-parallel illumination, rastering
the electron beam over numerous grains in random
orientations and using a 30 second camera integration
time. Here, the beam convergence angle was

approximately 1 milliradian which was obtained using
a 7.5 mm diameter electron beam-limiting aperture
and focusing the beam approximately 20 mm under
the sample. The inset diffraction pattern was obtained
from the exfoliated HF/HClI MXene sample, and the
inset red arcs indicate different reflections. Ring
diffraction patterns were obtained from both
exfoliated HF and HF/HCI MXenes and then integrated
azimuthally to obtain the curves shown in Figure 10.
Based on the (100), (110), and (200) reflections, the a-
lattice parameters for both samples were calculated
and are indicated in the figure. Experimentally, the a-
lattice parameter obtained from the exfoliated MXene
samples are practically identical (i.e., approximately
2.972 A) and are in excellent agreement with high-
resolution XRD results obtained from the MAX phase
samples.

Figure 9: (a) A marginal bright-field image obtained from a 4D
dataset showing exfoliated MXene flakes prepared using HF/HCI.
Diffraction patterns in (b) and (c) were obtained from the regions
highlighted in red in (a). (d) A dark-field image using the virtual
aperture indicated by the red circles in the inset diffraction pattern.
A video of 4D-STEM over the MXene flakes can be found in
Supporting Information (online).
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Figure 10: Azimuthally-integrated diffraction patterns of exfoliated
MXenes obtained in the SEM at 30 keV. The inset image shows a
ring diffraction pattern with several reflections indicated by red
arcs, and the a-lattice parameters for both MXene samples are
shown.

X-ray Photoelectron Spectroscopy (XPS)

Using laboratory-based SXPS measurements,
a surface-sensitive elemental quantification was also
obtained. In good agreement with the EDS
guantification listed in Table 1, the SXPS Mo:V atomic
ratio of the multilayered MAX phase etched in HF only
and HF/HClI (ML-MXene) were determined to be
3.2:1.0 and 3.1:1.0, respectively. This result indicates
that the Mo:V ratio is consistent from the surface to
the bulk of the samples. Additionally, the Mo:V and
Al:V ratio of the MAX-phase was determined to be
2.4:1 and 1.4:1, respectively, again, in good agreement
with the EDS-determined ratio. See Table SI-9 for the
complete SXPS elemental quantification values.

Photoelectron spectroscopy (PES) provides
information on the chemical state of the samples. The
SXPS and HAXPES survey spectra displayed in Figures
SI-9 and SI-10, respectively, show that all samples are
of high purity with the expected signals from Mo, V, Al,
C, F and O all present, along with minor contaminant
traces of Ca, Si and Cl. Figure 11 shows the four main
core level spectra of all samples in the 514 Mo-V-Al-C
system collected using SXPS (hv = Al Ka) and HAXPES
(hv = 5.9 keV). The equivalent figure comparing the
spectra collected with SXPS (hv = 1.7 keV) and HAXPES
(hv = 5.9 keV) at beamline 109 can be found in Figure
SI-10. The MAX-phase core level spectra collected with
HAXPES are not included due to charging effects
during the measurements leading to distortion of the
core level peaks (Supporting Information Fig. SI-11).

The difference in probing depth between SXPS
and HAXPES arising from the difference in X-ray energy
and, therefore, the kinetic energy of the
photoelectrons allows for an evaluation of the
chemical states present in the samples at both the
surface and in the bulk. Using molybdenum carbide
(MoC) as a simplified model for the MAX and MXene
samples and recalling that the probing depth equates
to three times the IMFP, the QUASES software
package calculates the maximum probing depth in
MoC at photon energies of 1.4867 and 5.9267 keV to
be 7.3 and 22.1 nm, respectively.

The main difference between the MAX-phase
and the MXenes is that metal oxide environments
dominate the MAX-phase, whilst the MXenes (both
etched and delaminated) mainly show environments
related to a metallic character. This is particularly
evident in the Mo 3d core level spectra displayed in
Figure 11a. The Mo 3d spectra show that for the
MXene samples, the main 3ds;; peaks are located at
low BEs and are split into two distinct environments at
228.2 and 228.8 eV. The peaks display a narrow full
width at half maximum (FWHM) with some
asymmetric character, typical for metallic systems.
Based on the 0.6 eV energy separation and the line
shape of the peaks, they are unlikely to arise from
molybdenum carbide (Mo-C) and low valence state
(i.e., 4+) molybdenum oxide (Mo-O) environments,
but rather are attributed to two metallic
environments. On the basis of the findings from the
structural characterization, these peaks are attributed
to Mo-rich and V-rich Mo/V-C environments, with the
latter attributed to the lowest BE peak, owing to the
lower electronegativity of V compared to Mo. This
lower BE peak is also enhanced with HAXPES, aligning
with the structural characterization results in that Mo
is situated toward the outermost layers. The metallic
nature of the MXenes is further reflected in the
valence band spectra, which show a distinct Fermi
energy (Ef) cut-off and large density of states at the
Fermi energy (Supporting Information Fig. SI-12c).

In contrast to the MXene samples, the Mo 3d
spectrum of the MAX-phase collected with SXPS (red
line) is dominated by features at significantly higher
BEs (=231.8 and 234.7 eV) commensurate with Mo(VI)
oxide (labelled as Mo-0).3” A low intensity and low BE
peak is present in the Mo 3d SXPS spectrum of the
MAX-phase sample (red line) and is attributed to a
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Mo/V/AI-C environment. A small amount of Mo(VI)
oxide is also present for multilayer and delaminated
MXene samples, with the multilayered samples
exhibiting a slightly greater intensity of the oxide than
the delaminated ones. The choice of HF or HF/HCl has
minimal effect on the Mo chemical state of the MXene
observed with XPS. The high level of oxidation in the
MAX phase sample may arise from the presence of Al
and the metals’ high affinity to adsorb atmospheric
oxygen. The Al 2s spectra collected with SXPS/HAXPES
are displayed in Figure 11b. Al only appears to be
present with significant intensity in the MAX phase,
with the SXP spectra showing a single, broad peak at
118.6 eV, commensurate with an aluminum oxide
environment.3® A very low-intensity Al peak is found in
the HAXPES data (see magnified inset in the Figure),
agreeing well with the EDS results in that the etching
procedure successfully removes the majority, but not
all, of the Al.

The V 2p core level spectra collected with both
SXPS and HAXPES are presented in Figure 11c. They
show a typical asymmetric doublet peak shape for the
MXene samples with the V 2ps;, peak positioned at
513.2 eV and a spin-orbit splitting of 7.6 eV,
commensurate with a metallic V-C environment.* The
spectrum of the MAX-phase is strikingly different, with
an absence of sharp asymmetric peaks and, instead, a
dominance of higher BE features on either side of the
V-C V 2pi; peak attributed to metal oxide
environments (V-0). Much like the Mo 3d spectra the
etched samples, more so than the delaminated,
display a minor contribution from V-O environments.
In all V 2p spectra, the Mo 3s core line is present on
the lower BE side (=507.0 eV). Between the SXPS and
HAXPES data a change in the V2p/Mo 3s peak intensity
is evident. However, this is due to the differences in
decay rates of the photoionization cross sections of
the two core levels when increasing the X-ray photon
energy rather than a change in the transition metal
ratio.

The C 1s core level spectra are displayed in
Figure 11d. Multiple carbon environments are
observed for all samples. In particular, a clear lower BE
peak with strong intensity at #282.9 eV is observed for
the MXene samples with both SXPS and HAXPES. This
peak arises from the metal-carbide (C-Mo/V)
environment present, and its intensity relative to the
adventitious carbon environment (C° becomes

enhanced with HAXPES. Owing to the increased
probing depth of HAXPES, this change in relative
intensity indicates a greater presence of C-Mo/V
species in the bulk of the samples. Comparing the
multilayered to the delaminated samples, the latter
shows a greater carbide to C° ratio. All samples also
display varying amounts of C-O and O-C=0
environments  towards higher BEs. These
environments are also reflected in the O 1s spectra
(Supporting Information Fig. SI-12a). However, these
environments contribute little to the O 1s spectra as it
is dominated by the metal-oxide signal at 530 eV.

The F 1s spectra collected with SXPS
(Supporting Information Fig. SI-12b) show two
environments, an intense peak at =684.0 eV and a
low-intensity peak at =~688.2 eV for the MXene
samples with no F detected in the MAX phase as
expected. The two environments are attributed to
metal fluoride (M-Fy) and C-Fx environments with the
M-F environments dominating.*%4!
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Figure. 11: SXPS (hv = Al Ka) and HAXPES (hv = 5.9 keV) data of
samples in the 514 Mo-V-AI-C system, including the (a) Mo 3d, (b)
Al 2s, (c) V 2p/Mo 3s, and (d) C 1s core levels. The sub figures
contain two panels with the top and bottom panels displaying the
SXPS and HAXPES data, respectively. (ML) and (D) refer to the
multilayered and delaminated MXene sample sets, respectively. In
subfigure (b) a x6 magnified inset is included to aid viewing of the
low intensity Al 2s peaks. The MAX-phase spectra collected with
HAXPES are not shown here due to charging but are included in
Supplementary Information (Supporting Information Fig. SI-12).
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Electrochemical Measurements

Due to MXenes’ good electronic conductivity
and because the hydrogen evolution reaction is such a
high-interest subject,*™** the application of this
MXene as a potential catalyst for hydrogen reduction
is being assessed here.

The anodic linear sweep voltammograms
were collected for both samples, for an initial run as
well as after cycling 50 times. Figure 12 shows the
linear sweep voltammograms for each sample before
and after they are cycled to determine their
overpotential at 10 mA cm?. The (Mo0o.75Vo.25)s5Ca
MXene etched with only HF shows surprising results,
where the initial run reached an overpotential of 754
mV at a current density of
10 mA cm? and, after cycling 50 times, the
overpotential decreased to
166 mV. The Tafel slopes show a similar trend, with the
initial measurement at 154.1 mV dec! and after 50
cycles, 73.7 mV dect. Why this happens is unclear, but
repeated experiments showed similar results. Surface
terminations on the HF-only sample likely play a big
part. In a previous study of another MXene, V,AIC;, we
hypothesized that -O terminating surface species that
are etched away during cycling are responsible for the
change in the electrochemical behavior.** The sample
etched in the HF/HClI mixture initially had an
overpotential of 512 mV at 10 mA cm™ and after 50
cycles, the overpotential reduced to 425 mV. The Tafel
slopes for the initial and 50 cycle runs were 322.6 mV
dec? and 306.0 mV dec?, respectively. While the
HF/HCI samples were not as effective as the HF only
sample after cycling, they are more stable and have a
better initial overpotential. For comparison, one of the
ideal HER catalysts, Pt/C (20%), has an overpotential of
roughly 48 mV at 10 mA cm™ and a Tafel slope of 30
mV dec.*® The HF/HCl MXene is also comparable to
other species, such as Mo,C MXene, which has an
overpotential of 305 mV at 10 mA cm after cycling 30
times,? V4Cs, with an overpotential of 200 mV at 10
mA cm2,%” and TisC, nanofibers with an overpotential
of 169 mV at 10 mA cm2.26

Further investigation into the electrocatalytic
properties and the stability of these MXenes is needed
to fully assess their potential as electrocatalysts for the
hydrogen evolution reaction.
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Figure 12: (top) Linear sweep voltammograms for hydrogen
reduction comparing results between initial sweeps of HF- only
etched (black) and HF/HCI etched (pink) samples as well as the
same samples after 50 cycles (red and blue, respectively. A grey
dashed line is used to illustrate a current density of 10 mA cm=.
These samples were collected with a scan rate of 20 mV s in 0.5
M H»504 (bottom) Tafel slopes for the same samples taken from
linear sweep results. All samples use corresponding colors for
simplicity.

Conclusions

We provide further details on the synthesis and
structure of the “514” MAX phase (M00_75V0_25)5A|C4
and its MXene sibling. Unlike published results, the
addition of an oxide was not necessary for the MAX
phase to form in our laboratory, yet the reaction
mixture had to be heated at 1,600 °C three times. The
product contains an unknown side phase as well as
(potentially Mo-doped) V4AICs. The high quality of the
main product was confirmed by synchrotron X-ray
diffraction data and pair distribution analysis. The
structure has been found to differ from the typical
MAX phase structure that crystallizes with space group
P63/mmc. Our refinements suggest (Mo0o.75V0.25)sAICs
to adopt space group P-6c2 which is closely related to
the reported one (P-6m2). Due to uncertainties
regarding the refinements of the diffraction data of
the product at hand (small amounts of multiple side
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phases), further analysis is necessary to fully confirm
the space group of the 514 MAX phase (ideally
performed on a single crystal of (M0o.75V0.25)sAlCs, for
example). The diffraction as well as spectroscopy (EDS,
XPS) data show that the MAX phase is a solid solution
with a Mo:V ratio of 3:1 (different from the initially
reported ratio of 4:1).

We use two different methods to etch the solid-
solution “514” MAX phase into the respective MXene,
one using only HF and one using a mixture of HF and
HCI. XPS and 4D STEM-in-SEM give further insight into
the MXene structure and surface terminations, which
is affected by etchant selection. With the addition of
HCl in the etching solution, Cl" ions are present on the
surface of the MXene. This affects the stability of the
MXene as a potential catalyst for HER, with
overpotentials of 166 mV (HF-only) and 425 mV
(HF/HCI) after cycling in 0.5 M H,SO4 solution.

Materials and Methods

Synthesis of (Mog.75V0.25)sAICs: Elemental powders of
molybdenum (Thermo Fisher -325 mesh, 99.99%),
vanadium (Alfa Aesar, -325 mesh, 99.50%), aluminum
(Alfa Aesar, -325 mesh, 99.50%), and graphite (Alfa
Aesar, -325 mesh, 99.9995%) were weighed in a
glovebox under an argon (Ar) atmosphere. To
synthesize approximately 5 g of (Mo0o.75Vo.25)sAlICs,
3.582 g Mo (3 mol), 0.634 g V (1 mol), 0.504 g Al (1.5
mol) and 0.404 g C (2.9 mol) were mixed using a ball
mill (Retsch, MM400, WC grinding jar, 2 10 mm WC
balls) for 5 minutes at a rate of 25 s™%. Once thoroughly
mixed, the powder was pressed using a 13 mm die
(Specac) under 5 T of pressure in a hydraulic press
(Specac, Atlas 15T). The resulting pellet was then
heated in a tube furnace (alumina crucible inside
Carbolite Gero) for 6 h at 1600 °C with a heating rate
of 5 °Cmintunder a flowing Ar atmosphere (50 cc min-
1). Once the sample had passively cooled to room
temperature, it was crushed in a mortar and repressed
into a pellet using the above specifications. The
sample was heated again at 1600 °C for 6 h under the
same conditions, and was then crushed, pressed, and
annealed one final time. After the third heating step,
the MAX phase product was collected in the form of a
pellet and crushed with a mortar and pestle for
subsequent exfoliation and further analysis. X-ray
diffraction data of the product obtained after each
heating step are shown in the Supporting Information

(Supporting Information Fig. 5). Please note that the
3:1 ratio of Mo:V corresponding to the chemical
composition (Mog.75Vo.25)sAICs was necessary for
successful MAX phase synthesis. The reported 4:1
Mo:V ratio'® leads to a product that mostly
decomposed after the second heating step
(Supporting Information Fig. SI-13).

Synthesis of (Mog75Vo.25)sCa — HF only method: HF-
based exfoliation of (M0o75Vo.2s5)sAICs is reproduced
from Deysher et al.’® A Teflon beaker with a Teflon stir
bar containing 20 mL of hydrofluoric acid (HF; VWR,
48-50%) was immersed in an ice bath prior to addition
of the MAX phase. Once cooled, 1 g of powder sample
was added to the beaker over 5 minutes, preventing
thermal runaway. The mixture was allowed to stir for
5 minutes before being removed from the ice bath and
added to an oil bath. The oil bath was heated to 35 °C
and the sample was set to react with mixing at 50 RPM
over 8 d (192 h). Once etching was complete, the
mixture was washed with water using a centrifuge
(Eppendorf centrifuge 5810) at 3500 RPM for 5
minutes to remove excess HF until the solution was
neutral (~5-6 washes). The resultant multilayer (ML-)
MXene powder was filtered through a PVDF filter
(Millipore Sigma) and dried under ambient conditions
for further analysis and delamination.

Synthesis of (Mo0o.75V0.25)5C4 — HF/HClI method: The
sample was prepared in the same way as the above
method with a few key changes: The etching solution
was a mixture of 8 mL hydrochloric acid (HCI; VWR,
70%) and 12 mL HF (VWR, 48-50%) for 1 g of MAX
phase and once moved into the oil bath, the sample
was left to react for 12 d (288 h) before washing and
collecting the ML-MXene. Note the longer reaction
time is necessary because this acid mixture is less
aggressive than pure HF.

Delamination of (Mo0o.75Vo.25)sCa: In @ 20 mL glass vial,
05 g of ML-MXene and 20 mL of 5%
tetrabutylammonium hydroxide (TBAOH, Fisher
Scientific) were added, along with a stir bar. The
sample was left to stir at a rate of 200 RPM for 18 h.
Once finished, the sample was washed and
centrifuged at 3500 RPM for 10 minutes until it was
neutral (~2 washes). Once the solution was neutral,
the black, colloidal delaminated (D-) MXene
supernatant was collected after each centrifugation
until the solution became transparent. The colloidal
solution was further centrifuged (Thermo Scientific,
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Sorvall Lynx 4000) at 10000 RPM for 45 minutes to
concentrate the D-MXene into a solution of ~7.5
mg/mL. The ink was then diluted as needed to make a
filtered (Moo.75Vo.25)sC4 film and electrode films.
Laboratory X-Ray diffraction measurements: All
products were structurally characterized by X-ray
powder diffraction (Bruker D2 Phaser, 2" Generation)
in Bragg-Brentano geometry, equipped with a Cu-Kq X-
ray source (A = 1.5406 A), and a LYNXEYE 1D SDD
detector. Powder samples were loaded onto a silicon
wafer and inserted into a sample holder. All
measurements were performed over a range of 0.5-90
°20 with a step scan of 0.05 °20, and dwell time of
1.5 s per step.

Synchrotron X-ray diffraction measurements: High-
resolution powder diffraction data were collected at
beamline 11BM at the Advanced Photon Source (APS),
Argonne National Laboratory, using an average
wavelength of 0.459067 A. Discrete detectors covering
an angular range from -6 to 16 °26 are scanned over a
34 °20 range, with data points collected every 0.001
°206 and a scan speed of 0.01 °/s. The 11-BM
instrument uses X-ray optics with two platinum-
striped mirrors and a Si(111) double crystal
monochromator, where the second crystal has an
adjustable sagittal bend.®® lon chambers monitor
incident flux. A vertical Huber 480 goniometer,
equipped with a Heidenhain encoder, positions an
analyzer system comprised of twelve perfect Si(111)
analyzers and twelve Oxford-Danfysik LaCls
scintillators, with a spacing of 2 °26.% Analyzer
orientation can be adjusted individually on two axes.
A three-axis translation stage holds the sample
mounting and allows it to be spun, typically at ~5400
RPM (90 Hz). A Mitsubishi robotic arm mounts and
dismounts samples on the diffractometer.>® An Oxford
Cryosystems Cryostream Plus device allows sample
temperatures to be controlled between 80-500 K
when the robot is used. The diffractometer is
controlled via EPICS.> Data are collected while
continually scanning the diffractometer 26 arm. A
mixture of NIST standard reference materials, Si (SRM
640c) and Al,0s (SRM 676) is used to calibrate the
instrument, where the Si lattice constant determines
the wavelength for each detector. Corrections are
applied for detector sensitivity, 26 offset, small
differences in wavelength between detectors, and the
source intensity, as noted by the ion chamber, before

merging the data into a single set of intensities evenly
spaced in 26. Rietveld refinement of 11-BM data was
performed in GSAS-II°2 using a (Moo.75Vo.25)sAIC,
crystallographic file modeled in VESTA to fit the high-
resolution data.

Pair_Distribution Function (PDF) analysis: The total
scattering pattern was obtained from 11-ID-B at the
Argonne National Laboratory of the APS using X-rays
with a photon energy of 86.7 keV (I = 0.143 A) as part
of the mail in program. The total scattering was
obtained using the rapid acquisition PDF method>?
where a 2D detector is placed close to the sample. In
this case a Perkin Elmer 1621 detector was placed 180
cm from the samples and a flat field correction was
applied to the acquired images. The sample-to-
detector distance was calibrated using a CeO;
standard. The 2D data were integrated using
Dioptas,” and the 1D total scattering patterns were
Fourier transformed to obtain the Pair Distribution
Function (PDF) using PDFgetX3> in the program
XPDFsuite.”® The PDF was Fourier transformed from
0.7 — 24 A, The powders were loaded into Kapton
capillaries and the scattering from an empty Kapton
tube was used for background subtraction. The
obtained PDFs were analyzed using PDFgui.’” The scale
factor, unit cell, atomic positions, isotropic atomic
displacement factors, and the correlated motion
parameter, d,, were refined. The instrument
parameters Qgamp and Quroad Were obtained using a
CeO, standard.

Scanning Electron Microscopy and Energy Dispersive
Spectroscopy: Powder and film samples were
supported on an aluminum pin with carbon tape. The
samples were then inserted into the Zeiss Auriga
Focused lon Beam/Scanning Electron Microscope
using a 12-pin sample holder. The Zeiss Auriga
employed a Ga liquid metal ion source in combination
with a high-resolution Gemini field Emission SEM
column with a Schottky thermal field emitter to image
samples at 5 keV using an in-lens detector. All
micrographs were formatted using the Imagel
software package.® A Chamber-Everhart-Thornley
secondary electron detector and Oxford X-Max were
used to collect EDS measurements using a 10 keV
accelerating voltage. All data were collected using
AZtec.

Scanning Transmission Electron Microscopy:
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Multilayered MXene powder samples were dispersed
in ethanol (Decon Labs, 95%) (5 mg/l1 mL) and
sonicated for 30 minutes and the resulting solution
was drop cast onto a lacey carbon TEM grid. Samples
were analyzed using the JEOL ARM200F aberration-
corrected STEM with a Schottky field emission gun
after leaving the samples under vacuum for 8 h. A 200
keV acceleration voltage was used to collect
micrographs and Gatan software was used to collect
data which was further formatted using ImageJ.®

4D STEM-in-SEM: MXene samples were diluted from
stock solution 1:500 in ultrapure water and deposited
on TEM grids with ultrathin carbon films. SEM and 4D
STEM-in-SEM was performed on a Zeiss Gemini 300
field emission scanning electron microscope at 30 keV.
The experimental set-up for 4D STEM-in-SEM is
described in detail by Caplins et. al.>® Briefly, electrons
are transmitted through the sample to strike a
phosphor screen, which emits photons. The resulting
optical diffraction pattern is imaged out of the SEM
vacuum chamber onto a CCD camera. In-house
developed software was used to analyze data.

Soft _and hard X-ray photoelectron spectroscopy
(SXPS/HAXPES) measurements: SXPS and HAXPES
measurements at photon energies of 1.744 and 5.927
keV, respectively, were performed at beamline 109 of
the Diamond Light Source.®® These photon energies
will be referred to as 1.7 and 5.9 keV in the remaining
manuscript for simplicity. The soft X-ray photon
energy was obtained using a 400 lines/mm plane
grating monochromator, whereas a Si(111) double
crystal monochromator in conjunction with a Si(004)
post-channel-cut monochromator was used to obtain
the hard X-ray energy. The total energy resolution of
the SXPS and HAXPES measurements was determined
by extracting the 16/84% width of a Fermi edge of a
polycrystalline gold foil and was found to be 410 and
280 meV, respectively. The end station operates under
a base pressure of 3x10° mbar and is equipped with
a VG Scienta EW4000 high-voltage electron analyzer.
Samples were mounted on adhesive, conducting
carbon tape. Due to the set-up of the beamline, SXPS
and HAXPES measurements were performed on the
same sample and on the same spot of the sample.
Both SXPS and HAXPES measurements were
performed using near-normal emission geometry.
Survey, key core level (Mo 3d, V 2p, Mo 3s, C 1s, Al 2s,
and O 1s) and valence band spectra were measured for

all samples at both photon energies. The Al 2s was
selected over the Al 2p because the latter overlaps
with the Mo 4s / V 3s region. Additional laboratory-
based SXPS measurements were performed on a
Thermo Scientific K-Alpha XPS system to obtain
elemental quantification of the samples. The samples
were prepared in the same manner as the
synchrotron-based SXPS/HAXPES measurements. This
spectrometer consists of a 1.4867 keV (Al Ka)
monochromated photon source, 180° double-focusing
hemispherical analyser, 128-channel detector, and a
dual-source charge-compensating flood gun. The
system operates under a base pressure of 9.8x107
mbar, and a 400 um spot size was used. Survey spectra
were collected at a pass energy of 200 eV, whereas the
key core level and valence band spectra were collected
at 20 eV. The total energy resolution of the
spectrometer at a pass energy of 20 eV was
determined to be 450 meV. The elemental
guantification extracted from the core level spectra
was conducted using the Thermo Scientific Avantage
Data System software package (v5.9925). The
relativistic inelastic mean free path (IMFP) was used to
provide an estimate for the probing depth differences
between the SXPS and HAXPES measurements. The
IMFP values are calculated using the QUASES software
package®® that implements the Tanuma, Powell, and
Penn (TPP-2M) predictive IMFP formula. All
SXPS/HAXPES spectra are normalized to the total Mo
3d area. The binding energy (BE) scale of all spectra is
calibrated to the intrinsic Fermi Energy (Ef) of each
sample extracted from the valence band spectra.

Zeta potential and Dynamic Light Scattering (DLS): D-
MXenes were diluted to 0.02 mg/mL and poured into
zeta potential cuvettes, which were placed into the
Malvern Zetasizer — Nano series. Zeta potential
measurements were averaged over ten runs per trial,
with three total trials. The same sample was then
poured into a polystyrene cuvette for DLS, using the
same instrument. The measurements were taken with
an average of ten runs per trial for a total of three
trials.

Electrochemical measurements: All electrochemical
measurements were performed with reference to the
methods used by Seh et al.®> A solution consisting of
0.5 mg of ML-MXene powder, 5 plL of Nafion *D-520
solution (5% w/w), and 100 pL of ethanol (Decon, 95%)
were sonicated for 30 minutes. The solution was drop
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cast onto a 5 mm glassy carbon electrode disc for a
mass loading of 0.1 mg/cm? and left to air dry
overnight. The electrode was then placed on a rotator
and inserted into a 3-electrode cell (Metrohm) with a
platinum counter electrode and Ag/AgCl reference
electrode. The electrolyte solution was 0.5 M sulfuric
acid (HS04) (VWR, 95-98%) that had been bubbled
with argon for 1 hour to remove oxygen. The working
electrode was rotated at 1600 RPM to reduce the
formation of bubbles at the electrode surface. Linear
sweep voltammetry was done with a scan rate of 20
mV s, using a Squidstat Potentiostat. Cyclic
Voltammetry was also employed to remove surface
impurities from the electrode and measure stability up
to 50 cycles. No iR correction was applied.
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