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W-Based Atomic Laminates and Their 2D Derivative W, 35C

MXene with Vacancy Ordering

Rahele Meshkian, Martin Dahlqvist, Jun Lu, Bjorn Wickman, Joseph Halim,
Jimmy Thérnberg, Quanzheng Tao, Shixuan Li, Saad Intikhab, Joshua Snyder,
Michel W. Barsoum, Melike Yildizhan, Justinas Palisaitis, Lars Hultman,

Per O. A. Persson, and Johanna Rosen*

Structural design on the atomic level can provide novel chemistries of hybrid
MAX phases and their MXenes. Herein, density functional theory is used to
predict phase stability of quaternary i-MAX phases with in-plane chemical
order and a general chemistry (W,;3M?% 3),AC, where M? = Sc, Y (W), and

A = Al, Si, Ga, Ge, In, and Sn. Of over 18 compositions probed, only two—with
a monoclinic C2/c structure—are predicted to be stable: (W;/3S¢;3),AlC and
(W2/3Y1/3)2AIC and indeed found to exist. Selectively etching the Al and Sc/Y
atoms from these 3D laminates results in W, ;3C-based MXene sheets with
ordered metal divacancies. Using electrochemical experiments, this MXene
is shown to be a new, promising catalyst for the hydrogen evolution reaction.
The addition of yet one more element, W, to the stable of M elements known
to form MAX phases, and the synthesis of a pure W-based MXene establishes
that the etching of i-MAX phases is a fruitful path for creating new MXene
chemistries that has hitherto been not possible, a fact that perforce increases

flexible electronics, and energy storage.!!
The family of 2D materials has grown to
include metals, semiconductors, and insu-
lators, exemplified by NbSe,, MoS,, and
hBN, respectively. Discovered in 2011, a
new class of 2D materials, MXenes, were
obtained by selective etching of A-group
elements, typically Al, from the atomically
laminated parent M, ;AX,, (MAX) phases,
where M is an early transition metal, A is
an A-group element (mostly 13 and 14),
and X is C and/or N.23] MXenes show a
wide range of applications, from energy
storage, to cationic adsorption,’! and
electromagnetic interference shielding,®!
amongst many others. In general, MXenes
display quite promising, and sometimes

the potential of tuning MXene properties for myriad applications.

The quest for, and interest in, novel 2D materials, like graphene,
has increased tremendously in the last decade, motivated, in
most part, by diverse applications such as memory devices,
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record-setting performances.

When the A-element is etched, it is
replaced by surface terminations, T,, and
hence the proper MXene formula is M,,,;X,T,, where T, is a
combination of —O, —OH, and —F."] MXenes stand out in sev-
eral ways and offer key advantages over other 2D materials, in
particular, their chemical diversity and tailorability, allowing for
systematic variations of both their intrinsic compositions, as
well as by modifying their surface terminations. However, even
though there are more than 20 MXenes known to date, a quest
since their discovery has been to extend MXene chemistries
beyond the traditional MAX phase elements.”l

The driving force to search for new elements is clear; with
more elements to choose from, the larger the range of attain-
able properties. There have been no reports to date of MAX
phases or MXenes with tungsten, W.2I It is, however, well
established that the W—C bond is one of the strongest known.
Theory predicts that a WC-based MXene should be a topolog-
ical insulator® or an effective catalyst.’] W-based compounds
display high thermal and electrical conductivities, excellent
high-temperature strengths, low thermal expansions, and vapor
pressures as well as good resistance to thermal shock. Known
2D W-based materials are the direct bandgap semiconductors
WSe, and WS,, which are promising candidates for electronics
and optoelectronics due to their high charge carrier mobili-
ties.'o11 WS, /graphene heterostructures have also shown the
highest on/off ratio for graphene-based transistor devices.!'?

Currently, the best catalyst for the hydrogen, H,, evolu-
tion reaction (HER) is platinum which is expensive. New and
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cheaper catalysts comprised of abundant materials are highly
sought.’3 A range of earth abundant, inexpensive alternatives
to Pt including sulfides, carbides, and phosphides have been
developed with varying degrees of success.'*15 Improved HER
catalysts have the potential to enable large-scale transition to
more renewable energy in the form of H,, generated from elec-
trochemical water splitting, that is, water electrolysis. A good
HER catalyst is a stable material, with an optimal binding
energy of adsorbed H,.["%l

It follows that a particularly interesting application of
MXenes is as catalysts in chemical or electrochemical reac-
tions. For example, theoretical simulations suggest that MXene
materials in general,l'”] and the hypothetical W-based MXene,
in particular,”) can fulfill both of these crucial requirements.
Recently, Pan used density functional theory (DFT) to calculate
the H,, adsorption free energy, AG,4—a crucial material metric
for HER—as a function of MXene composition and structure,
and predicted that W,C and Mo,C should have high HER
activity. The MXene, W,C, in particular, was predicted to have
HER activity rivaling that of Pt as the coverage dependent AG,q
approaches thermoneutral.’!

Along the same lines there are several important characteris-
tics that set MXenes apart from other materials. They include:
(1) thermal and electrochemical stability, (2) intrinsic metallic
conductivity, making the entire surface of the 2D material, as
well as the edges, HER active, and (3) precise control of surface
atomic structures and compositions. Indeed, in a recent report,
detailed experimental evaluation of Mo,CT, MXene showed a
high activity for HER, indicating that MXene materials have
great potential in this domain.[*8l

Inspired by the above, we use predictive phase stability
theory to search for W-based MAX and i-MAX phases. The
latter are quaternary MAX phases with the general formula
(M';3M?; 5),AIC, where M! and M? are two different early tran-
sition metals. What renders the i-MAX phases unique and the
reason they are so called is because the M! and M? elements are
ordered in the basal planes.’>2% They are thus fundamentally
different from the out-of-plane ordered (o-MAX) phases.*?l
The discovery of the i-MAX phases is quite recent.'®?% The
first was (Mo,;35¢3),AlC, followed by (Vy/3Zr3),AlC and
(Mo,3Y3);AIC."*% What renders the i-MAX phases par-
ticularly fascinating is that—depending on the severity of
the etching solution—they can be transformed to either
(M'3M?;5),C or M!; 33C MXenes. A schematic of the i-MAX
to MXene transformation is shown in Figure 1. The fact that
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the vacancies in the M!; 33C MXenes are ordered (see top right
panel in Figure 1), is an unprecedented advantage that can be
further used to tailor properties.

Herein, we not only report on two new W-based i-MAX
phases, but also we show how etching these solids results in 2D
W, 33C MXenes with ordered vacancies. We also evaluate the
HER activity through electrochemical experiments. The results
show that the i-MAX phases can lead to novel MXene chemis-
tries beyond traditionally known M elements. Furthermore, the
W-based MXene is experimentally found to be a new and quite
promising catalyst for HER. Crucially this is the first report on
a W-containing MAX phase of any kind, let alone one in which
the M-elements are in-plane ordered. With this work we added
a new element, W, to the MAX-phase family, and, we made,
again for the first time, a W-based MXene.

The first task was to probe the compositional space of the
ternary W-based MAX phases, W,AC, and quaternary i-MAX
phases, (W,;3M';3),AlC, where M!' = Sc and Y, and A = Al
Si, Ga, Ge, In, and Sn. To that effect we used first-principles
calculations based on DFT (see the Experimental Section). A
compound’s stability is quantified in terms of the formation
enthalpy, AH,,, by comparing its energy to the energy of a
linear combination of competing phases resulting in the lowest
energy, also called the equilibrium simplex. Said otherwise

AH,, = E (compound) — E (equilibrium simplex) (1)

If AH., < 0 the compound is considered stable, while for
AH, > 0 it is considered not stable or at best metastable. Our
results are shown in Table 1.

From the results it is obvious that none of the ternary
W-based MAX phases (columns 4 and 5 in Table 1) are stable,
which explains why none have ever been reported. Out of 12 dif-
ferent chemically ordered i-MAX phases, two—(W,35¢3),AIC
and (W,3Yy5),AlC—are stable, with formation enthalpies of
—27 and —22 meV/atom, respectively. This result is comparable
to the formation enthalpy of known ternary MAX phases.[?324
As for other i-MAX phases, the monoclinic (C2/c, No. 15) and
orthorhombic (Cmcm, No. 63) structures are found almost
degenerate in energy, see Figure S1 and Table S1 (Supporting
Information). The identified equilibrium simplex for each MAX
and i-MAX phase is shown in Tables S2-S4 (Supporting Infor-
mation) and all competing phases are listed in Table S5 (Sup-
porting Information). Furthermore, the calculated phonon dis-
persions of the (W3S¢y/3),AlC and (W,/3Yy,3),AIC phases, in

®obpb

Figure 1. Schematic showing in-plane chemical ordering in (W35¢;3),AIC or (W/3Y1/3),AIC i-MAX phase (left panel), leading to W, 33C MXene with

ordered divacancies after selective etching and delamination (right panel).
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Table 1. Calculated formation enthalpies, AH, for W,AC, (Wy;35¢;3),AC, and (Wo3Y13),AC phases with A from group 13 (Al, Ga, In) and 14 (Si, Ge, Sn).

Period A-element AH,, [meV/atom]
Group WLAC (W235¢13),AC (W23Y73)2AC
Group Group Group
13 14 13 14 13 14 13 14
3 Al Si +148 +295 -27 +106 -22 +82
4 Ga Ge +164 +241 +23 +66 +49 +169
5 In Sn +320 +366 +95 +134 +131 +235

the C2/c structure, are shown in Figure S2 (Supporting Infor-
mation). The absence of imaginary frequencies indicates that
both phases are dynamically stable, that is, stable with respect
to lattice vibrations.

Scanning transmission electron microscopy (STEM) images
of the i-MAX phase (W,35¢;3),AlC along [010], [100], and [110]
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zone axes are shown, respectively, in Figure 2A-C, with the cor-
responding selective area electron diffraction (SAED) shown in
Figure 2D-F. In these microscopy images, the W atoms appear
bright; the Sc and Al atoms are less bright. The schematics
show the atomic arrangements expected assuming monoclinic
a C2/c structure. In Figure 2B, the structure looks identical to a
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Figure 2. The HRSTEM images, and corresponding schematic representations of (W35¢;3),AIC, are shown along the A) [010], B) [100], and C) [110]
zone axes, D—F) with corresponding SAED. Schematics on right and left are based on the identified monoclinic structure of space group C2/c. G) XRD
pattern and Rietveld refinement for a sample of nominal composition (W;;35¢1/3),AIC. H) XRD pattern of (Wy/35¢;3),AIC, a) before etching, b) after
HF etching, and c) after etching, followed by TBAOH intercalation and delamination.
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traditional MAX phase viewed along the [1120] zone axis. How-
ever, evidence for in-plane ordering of the two transition metals
is revealed in Figure 2A,C, respectively, with an atomic stacking
ruling out orthorhombic symmetry (Figure S1, Supporting
Information). Note that, like in previous work, the Sc atoms
extend out of the W planes toward the Al layers.'>2% The in-
plane ordered structure is also supported by SAED. Also in line
with previous work, the Al layers consequently form a Kagomé-
like lattice, evident from the bright-dark contrast variation in
that layer.?% Local energy-dispersive X-ray (EDX) spectroscopy
reveals a W:Sc:Al ratio (in at%) of 45:25:30, which, within error
bars, is consistent with the predicted W:Sc ratio of 2:1.

Figure 2G shows a powder X-ray diffraction (XRD) pattern of
a (W;3S8¢y3),AIC sample including Rietveld refinement based
on a C2/c structure (No. 15). The refinement parameters are
listed in Table S6 (Supporting Information). The sample con-
tains =43 wt% (Wy/3Scy3),AlC, with refmed lattice parameters
of a =9.368, b = 5.404, and ¢ = 13.960 A, which is close to our
theoretically predicted parameters of the monoclinic structure
of 9.327, 5.398, and 13.969 A, respectively. Impurity phases in
the sample are =26 wt% ScAl;C; and unreacted =31 wt% W.
Note that while the material before etching is not single phase,
after etching it is (see below). It should also be stressed that the
(110) peak (shown by arrow in Figure 2G) which is due to the
W/Sc in-plane chemical ordering and characteristic of i-MAX
phases, can be found around 19° 26.12%

The W-based i-MAX phase can be used as a parent material
for a pure W-based MXene. Figure 2H shows the XRD patterns
of (W535¢13),AlC, (a) before etching and (b) after etching in a
48% hydrofluoric acid (HF) solution. The etching increases the
clattice parameter, ¢-LP, from 13.96 to 22.16 A due to the pres-
ence of extra water and cations between the W, ;3CT, layers.[’!
To create a colloidal solution for further use, the MXene mul-
tilayers are intercalated with tetrabutylammonium hydroxide
(TBAOH), after which the MXene flakes delaminate spontane-
ously in water to form d-W; ;;C.2% To produce freestanding,
binder-free “paper” or films (Figure S3A, Supporting Informa-
tion), the colloidal solution was filtered through a nanoporous
membrane. A typical XRD pattern of the “paper” (Figure 2H
(c)) shows a broad peak around 5°, which corresponds to a ¢-LP
of 38.3 A. This value is typical of MXenes intercalated with
TBAOH.?

The absence of Al and Sc, as evidenced by EDX of this
film (Figure S3A, Supporting Information), implies that our
final MXene composition is W;33C. It is important to note
that (Wy/35¢;3),AIC can also be transformed into its MXene
by etching in a LiF/HCl solution (Figure S4A, Supporting
Information). Here, again, the Al and Sc atoms are selectively
etched. For further information on MXene vacancy formation
and chemical bonding, see Sections S1 and S2 (Supporting
Information).

Based on the results shown in Table 1, (W,3Yy3),AlC should
also exist, as indeed observed. STEM images and corresponding
schematics of this phase are shown in Figure 3A-C, viewed
in the (A) [010], (B) [100], and (C) [110] direction, respectively.
SAED along the [010], [100], and [110] zone axes are shown
in Figure 3D-F, which along with the STEM images support
a monoclinic C2/c i-MAX structure. In these images, the W
atoms appear bright, while the Y and Al atoms are less bright.
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In-plane ordering of W and Y (extending toward the Al layer)
as well as indications of a Kagomé-like lattice in the Al layer,
can be concluded in line with the results for (W,;3S¢;3),AlC.
STEM-EDX shows a W:Y ratio of 51:24, confirming the simu-
lated and intended 2:1 i-MAX chemistry.

Figure 3G shows a powder XRD pattern of (W,;5Y;3),AIC
including Rietveld refinement based on a C2/c structure (No. 15),
as well as a Cmem structure (No. 63). Out of about ten regions
investigated with STEM, only one showed a structure character-
istic of Cmcm (see Figure S5, Supporting Information), how-
ever, in the XRD refinement process, there are strong indica-
tions of substantial amounts of a phase with space group No.
63. The refinement parameters are listed in Tables S7 and S8
(Supporting Information), suggesting lattice parameters of
the C2/c structure of a = 9.51, b = 5.49, and ¢ = 14.22 A, to
be compared to our theoretically predicted parameters for the
monoclinic structure of 9.544, 5.519, and 14.128 A, respectively.
The phase composition from the refinement suggests that
the sample also contains =32.1 wt% (W;;3Y;3),AlC belonging
to space group 63 (Cmcm), with refined lattice parameters of
a =952 b =550, and ¢ = 13.67 A, and the impurity phases
YALC; (=31.4 wt%), W (=18.0 wt9%), and Y,0; (=4.5 wt%).

Not surprisingly, (W;;3Yy/3),AlC can also be converted to
a W-based MXene. Figure 3H shows the XRD patterns of
(W5,3Y1/3),A1C, (a) before etching, (b) after etching in HF, and
(c) after etching, intercalating with TBAOH and filtering of
the resulting colloidal solution. In this case, the ¢-LP increases
from 13.7 A for the i-MAX phase, to 18.3 and 26.1 A for the
multilayer powders and MXene “paper” (see Figure S3C, Sup-
porting Information), respectively. From EDX results of this
filtered film (Figure S3D, Supporting Information), we con-
clude that both the Al and Y atoms were etched. It follows that,
here again, the end product is a pure WC-based MXene. The
same end result can be obtained by etching (W,3Y;5),AIC in a
LiF/HCI solution (Figure S4B, Supporting Information).

A typical STEM image of single, and folded, W, 3;C flakes
is shown in Figure 4A. A medium magnification image
(Figure 4B) and corresponding fast Fourier transform (FFT)
(inset in Figure 4B) reveal a hexagonal crystal structure. The
outer hexagonal pattern of the FFT corresponds to the in-plane
interatomic distances, while the inner hexagonal pattern is the
result of the symmetry formed by the ordered vacancies. This
symmetry was established in our previous work.l!l The corre-
sponding, almost identical, results for W, ;;C flakes obtained
by etching (W,3Yy5),AIC are shown in Figure S6 (Supporting
Information).

Guided by Pan,” and DFT calculations that predicted
high catalytic activity of W-containing MXenes, we decided
to test how active W, 33CT, was for HER. To place the results
in perspective we compared them with results for Mo, 33C—
another MXene with ordered vacancies!'”—and a Pt/carbon
electrode. The results, presented in Figure 4D, show that the
HER activity—as indicated by an overpotential-dependent cur-
rent density, measured thorough potentiodynamic polarization
curves—for as-received W, 33C MXenes is rather poor. This is
attributed to the oxophilicity of W, which leads to partial oxi-
dation of the MXene in the as-received form. However, after
annealing in Ar-based forming gas (1 h at 700 °C in H,(3%)/Ar),
the surface O/OH coverage is reduced and a significant

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. The high-resolution microscopy images and corresponding schematic representations are shown along the A) [010] and B) [100], and
C) [110] direction. SAED is shown along the D) [010], E) [100], and F) [110] zone axis, confirming the identified monoclinic structure of space group
C2/c. G) XRD pattern and Rietveld refinement for a sample of nominal composition (W;/3Y;3),AIC. H) XRD pattern of (W/3Y1/3),AIC a) before etching,
b) after HF etching, and c) after etching, followed by TBAOH intercalation, and delamination to create freestanding “paper.”

improvement in HER activity is observed (compare dashed and
solid red lines in Figure 4D). The overpotential of the annealed
MXene was a very respectable =320 mV at a current density
of 10 mA cm™. Also clear is that all MXenes are catalytically
active for the HER with activity increasing in the order W, 3;C
(unannealed) < Mo;33C < W;33C (annealed). This trend is
likely related to the structure and compositional-dependent H,
adsorption free energy on the MXenes, as well as the average
valance state of the surface.

Theoretical predictions show that surface treatment of
MXenes, such as oxidization or hydrogenation, is critical to
enhance the catalytic performance.’! It is worth noting that the
theoretical calculations were carried out on W,C, whereas herein
W, .33CT, was tested. The instability of W,AIC precludes the syn-
thesis of W,C (Table 1). That said, the initial results are quite
promising and provide insight for further activity improvements
through optimization of surface functionalizations, atomic
structure, material compositions, and electrode architectures.

The implications and ramification of the results obtained
herein cannot be overemphasized for several reasons. Chief
among them is a methodology to synthesize MXenes with ele-
ments that cannot be synthesized otherwise. Herein, we show
that W,AIC is very far from being stable (Table 1) rendering it
impossible to make W,CT,. However, by showing that not only are
(W3/38¢13),AlC and (Wy/5Yy3),AIC stable, both theoretically and
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experimentally, but that both can be used to synthesize W, 35C,
the impossible is rendered partially possible. In all previous work
on MXene, the chemistries obtained were those of the group of
M element forming MAX phases discovered by Nowotny almost
half a century ago.>?”) More specifically, all MXene synthesized
to date are comprised of Ti, V, Cr, Zr, Nb, Mo, Hf, and/or Ta.
The present work adds one more very important element: W. In
due time it is reasonable to assume that our approach will add
many other elements, greatly expanding the already prolific com-
positional space of MXenes. That our approach also expands the
MAX compositional space, that numbers more than 70 to date, is
noteworthy and of great importancel? by itself. The MAX phases
are an important class of layered carbides and nitrides with great
potential in many applications.?

Furthermore, point defects in general, and vacancies in par-
ticular, are known to impact the electric, magnetic, optoelec-
tronic, catalytic, etc., properties of 2D materials.[?8-3% Admit-
tingly, for this work it would have been advantageous to test
the catalytic activity of W,C, but the fact that we readily form
a W;.33C 2D material with ordered divacancies will indubitably
shine in catalytic reactions and other applications. Conse-
quently, these MXenes allow for the exploration of uncharted
territory that should lead to unique and diverse properties.

In conclusion, two new W-based i-MAX phases,
(W535¢q)3),AIC  and  (W,;3Yy3),AlC, were predicted and

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. A-C) Top view of HAADF-STEM of single W, 33C sheets with ordered divacancies obtained from parent (W35¢;3),AIC. A) Low-magnification
image of single flake with lateral dimensions > 5 um. B) Higher magnification image with corresponding FFT (shown in inset). C) Atomically resolved
image with overlaid schematic atomic structure model. D) HER polarization curves for Mo 33C (green), unannealed W, 33C (dashed red), annealed
W, 33C (red), and Pt/C (black) recorded in H, saturated 0.1 m HCIO, at room temperature with a rotation rate of 1600 rpm and a potential sweep rate
of 50 mV s7'. Catalyst loading on the GC disk for Moy 35C and W 33C was 0.1 mg cm™2. Pt/C loading is 12 pgp, cm=2. All potentials are corrected for

iR drop in the electrolyte.

experimentally synthesized. By selectively etching the Sc/Y and
Al atoms these i-MAX phases were converted to pure W-based
MXenes, the first of its type The latter have ordered basal-plane
vacancies. Initial HER activity results of this MXene point
toward its great potential as a catalyst material for hydrogen-
energy technologies.

Experimental Section

Theoretical Calculations: All first-principles calculations based on DFT
were performed with the Vienna ab initio simulation package (VASP)B1-33l
using the projector augmented wave methodP*3% with non-spin-
polarized generalized gradient approximation (GGA) as parameterized
by Perdew-Burke—Ernzerhof (PBE)B®l for treating electron exchange
and correlation effects. Wave functions were expanded in plane waves
up to an energy cutoff of 400 eV. Sampling of the Brillouin zone was
done using the Monkhorst—Pack scheme with a k-point grid, ensuring
energy convergence within 0.1 meV, for example, for (W,;3M%3),AC
a 7 X 13 x5 k-point grid was used.B’l All structures were relaxed
until the forces on all atoms converged to below 10 eV A™'. The
thermodynamic stability was evaluated using a linear optimization
procedure based on the simplex method, which compares the energy
of the compound of interest to all possible linear combinations of other
competing phases under the constraint of a fixed stoichiometry.2438l
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1706409 (6 of 8)

Temperature-dependent effects such as lattice vibrations were not
considered, as such contribution from a phase, significant or not, tend
to be cancelled out in the calculated stability.*® This approach was
proven to work exceptionally well for MAX phases.?#4041] Competing
phases included in the evaluation of phase stability are those
experimentally known as well as hypothetical phases that exist in similar
and/or with neighboring elements in the periodic table of elements. A
complete list of competing phases considered herein is given in Table
S5 (Supporting Information). Schematics were produced with VESTA.[42

Dynamical stability, in terms of phonon dispersion, was calculated
for (W23Sci.3),AIC and (Wy5Y1.3),AIC, with the C2/c structure, from
2 x 3 x 2 supercells, using the finite displacement method as
implemented in Phonopy.13]

Materials Synthesis: Elemental powders of W (12 um, Sigma-Aldrich),
Sc (—200 mesh Stanford Advanced Material), Al and C (-200 mesh
Alfa Aesar), were mixed in desired stoichiometric ratios and placed
in a covered Al,O3 crucible. The latter was placed in an alumina tube
furnace—through which Ar was flowing—heated at a rate of 8 °C min™"
to 1450 °C, and held at that temperature for 2 h. After cooling, the
lightly sintered sample was crushed in an agate mortar, resulting in a
fine (Wy/35¢;3)2AIC powder. A similar procedure was carried out for the
synthesis of (W,3Y13),AIC, where the same W, Al, and graphite powders
together with elemental Y powders (with a particle size of —40 mesh)
were mixed and sintered at 1450 °C for 2 h.

Structural /Compositional Characterization: For structural
characterization of the phases, (6-26) XRD on the powders were
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performed using a PANalytical X’Pert powder diffractometer, with Cu
source (4, =1.54 A). The optics utilized for these measurements were a
graded Bragg—Brentano HD with a 1/4° divergent and }4° antiscattered
slits, in the incident beam side, and a 5 mm antiscatter slit together
with a Soller slit (with an opening rad. of 0.04) in the diffracted beam
side. A 5°-120° continuous scan was performed on the sample using
a step size of 0.008° with a 40 s time per step. The XRD scans for
both i-MAX samples were analyzed by Rietveld refinement using the
FULLPROF code.l*!l The fitting parameters utilized in the program were
five backgrounds parameters, scale factor, X and Y profile parameter
to limit the peak width to the major phase, lattice parameters, atomic
positions, and occupancies for all phases and overall B-factors.
Additional structural characterization, as well as compositional analysis
was performed using transmission electron microscopy (TEM). For that
purpose, high-resolution scanning transmission electron microscopy
(HRSTEM), and EDX spectroscopy were carried out with Linkdping’s
double C, corrected FEI Titan? 60-300 operated at 300 kV, and equipped
with the Super-X EDX system. For further compositional analysis, and to
study the morphology of the W, 33C MXenes paper, as well as measuring
their thickness, a scanning electron microscope (SEM) was utilized
using Linképing’s SEM LEO 1550 Gemini, with an acceleration voltage
between 5 and 10 keV, equipped with EDX.

MXene Synthesis: MXene samples were synthesized by two different
methods, where in the first method—henceforth referred to as the HF
method—=1 g of i-MAX powders was added to =20 mL 48% aqueous
HF, and stirred using a Teflon-coated magnetic stirrer for =30 h at room
temperature. Afterward, the mixture was washed with, deionized, DI,
water that was de-aerated with N, for 1 h. Washing was done by adding
10 mL of the de-aerated water to the etched powder, shaking manually
for T min then centrifuging at 5000 rpm for 1 min. This process was
repeated till the mixture pH was =5-6.

The produced multilayered MXene was delaminated via intercalation
by adding =1 g of the powder into =5 mL of an organic base, TBAOH,
which was then manually shaken for =5 min. The solution was put
in centrifuge for another 5 min at 5000 rpm and was rinsed by DI
de-aerated water three times without shaking to remove any TBAOH
residues. Finally, the intercalated 1 g of the MXene powders was mixed
with 5 mL of DI de-aerated water, manually shaken for 5 min, then
centrifuged at 3000 rpm for 1 h.

The second method—henceforth referred to as LiF+HCl method—
was carried out by adding 2 g of the powders to 4 g of lithium fluoride
(LiF) dissolved in 60 mL of 12 m hydrochloric acid (HCl) and stirred
using Teflon-coated magnetic stirrers for 48 h at 35 °C. The etching
container was placed in a silicone-based oil bath. After etching, the
mixture was washed three times with 12 m HCI, each time 50 mL of HCI|
was added to the MXene powders, manually shaken for 1 min, followed
by 1 min of centrifugation at 5000 rpm. This step was carried out to
remove any residual LiF. The MXene was then washed with 50 mL of 1 m
LiCl solution three times. During each wash, the mixture was manually
shaken for 1 min followed by centrifuging for 1 min at 5000 rpm
after which the supernatant was decanted. This step was performed
to re-intercalate Li ions in the MXene which may have been removed
during the HCl washing. Finally, the MXene powders were washed
with 50 mL DI de-aerated water until delamination occurs; this usually
required 7-10 washes. In between each wash, the mixture was manually
shaken for 5 min and centrifuged afterward for T min at 2000 rpm. After
delamination, the suspension was centrifuged for 5 min at 2000 rpm.

Electrochemical ~ Experiments:  HER  activity ~was  measured
through polarization curves recorded in a standard three-electrode
electrochemical cell using a rotating disk electrode (RDE) setup (Pine
Research Instrumentation) at room temperature and a rotation rate
of 1600 rpm. Current/potential measurements were made with a
potentiostat (Metrohm Autolab, PGSTAT302N). The colloidal MXene
solution was diluted with ultrapure water through sonication to form
a colloidal solution. The MXene suspension was then drop-cast onto
a glassy carbon (GC) disk (5 mm diameter, SIGRADUR G from HTW
Hochtemperatur-Werkstoffe GmbH) substrate, dried under flowing Ar,
and mounted in the RDE rotator. Following loading on the GC, the W, 35C
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was annealed at 700 °C in H,(3%)/Ar for 1 h. A commercial standard
Pt/C (20 wt%, HiSPEC 3000) was tested at a loading of 12 gp, cm~2. The
counter electrode was a graphite rod (3 mm diameter, Sigma Aldrich)
and the reference electrode was Ag/AgCl (BASi). All potentials reported
herein were converted to the reversible hydrogen electrode (RHE) scale.
HER polarization curves were recorded in Hj,-saturated 0.1 m HCIO,4
prepared from concentrated HCIO, (OmniTrace Ultra, Millipore) and
18.2 MQ cm Milli-Q water. The samples were cycled until a stable CV
was obtained and the anodic scan was used to evaluate the HER activity
for all samples. All potentials were corrected for iR drop as determined
from electrochemical impedance spectroscopy (EIS) analysis before the
HER measurements. Details on HER durability testing, overpotential as
a function of loading on the GC disk, polarization curve, electrochemical
capacitance, and capacitance currents from CVs as a function of scan
rate, for the annealed W, 33C, are shown in Figures S8-S11 (Supporting
Information).

Supporting Information

Supporting Information is available from the Wiley Online library or
from the author.
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