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Abstract

Two-dimensional transition metal carbides, nitrides, and carbonitrides, known as MXenes, hold
potential in electrocatalytic applications. Tungsten (W) based-MXenes are of particular interest as
they are predicted to have low overpotentials in hydrogen evolution reaction (HER). However,
incorporating W into the MXene structure has proven difficult due to the calculated instability of
its hypothetical MAX precursors. In this study, we present a theory-guided synthesis of a W-
containing MXene, W,TiC,T., derived from a non-MAX nanolaminated ternary carbide
(W,T1)4Cs., precursor by selective etching of one of the covalently bonded tungsten layers. Our
results indicate the importance of W and Ti ordering and the presence of vacancy defects for the
successful selective etching of the precursor. We confirm the atomistic out-of-plane ordering of
W and Ti using density functional theory, Rietveld refinement, and electron microscopy methods.
Additionally, the W-rich basal plane endows W,TiC,T. MXene with a remarkable HER
overpotential (~144 mV at 10 mA/cm?). This study adds a tungsten-containing MXene made from
a covalently bonded non-MAX phase opening more ways to synthesize novel 2D materials.
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Introduction

With the increasing visibility of climate change impacts attributed to fossil fuel consumption, there
is a rising need for sustainable energy alternatives !. The key to a sustainable energy future lies in
developing materials that can be used to generate and store energy. A crucial aspect of this pertains
to the progress of eco-friendly hydrogen fuel cells and the production of hydrogen fuel via water
electrolysis % 4. This paradigm shift necessitates the engineering of a proficient catalyst for the
hydrogen evolution reaction (HER). Nevertheless, the sustainability of HER is hindered by the
high cost of the most efficient noble metal catalysts, including platinum (Pt), iridium (Ir), and
ruthenium (Ru) > . Therefore, to design cost-effective HER catalysts, it is imperative to focus on

developing new catalysts that possess the attributes of being scalable, effective, and reliable.

Tungsten (W) is relatively abundant in the earth’s crust, with an abundance of approximately 1.3
parts per million (ppm) by weight compared to platinum's 0.005 ppm and iridium's 0.001 ppm 7%,
The high HER catalytic activity of tungsten-based materials (such as tungsten carbide, tungsten
nitride, and tungsten oxide) can be attributed to their ability to bind hydrogen atoms °- !0 1. 12,
Tungsten has a relatively high electronegativity (2.36) and a low work function (4.8 eV), which
allows it to easily accept electrons from hydrogen molecules and form strong tungsten-hydrogen
bonds 314 15.16 " Additionally, the electronic structure of tungsten-based materials can be tuned by
controlling their composition and morphology, which can further enhance their HER activity - 18,
These features, in combination with their durability and resistance to corrosion under harsh
operating conditions, make tungsten-based materials a promising alternative for HER compared
to precious metal catalysts !°. In recent years, layered W-based chalcogenides (WS2, WSe», and
WTe») have been progressively applied in the field of HER electrocatalysis due to their electronic

20, 21, 22, 23

properties and crystal structures . As a result, these W-based materials have opened

exciting possibilities for affordable alternatives in catalytic and sustainable energy technologies 2%

21,22,23

The growing palette of two-dimensional (2D) transition metal carbides, nitride, and carbonitrides,
known as MXenes, are a promising class of electrocatalytic materials for clean energy applications
2425 pecause their 2D basal planes are electrochemically active 2°, combined with their tunable

27, 28, 29, 30

chemistry , electrical conductivity (up to 24,000 S/cm for Ti3C,Ty) 3!, high mechanical

strength (up to 386 GPa for NbsC3T,) *2, and thermal stability in inert environments 33 3% 35,



MXenes have the chemical formula of M,,+1 X, Tx (n = 1-4), where M stands for n+1 layers of one
or more transition metals (usually from groups 4-6 of the periodic table), X stands for # layers of
carbon or nitrogen which interleave the M layers, and T represents a variety of surface functional
groups (commonly -O, -OH, -F) 36373839 MXenes are usually derived from their parent MAX
phases, which are denoted by M,+1AX,, with A being an A-group element, usually groups 13-16
28,40 The current synthesis approach of the majority of realized MXenes is through the selective
etching of the A-group layers from their precursor MAX phase via different etching routes,
including using hydrofluoric acid (HF) 4!, HF-containing etchants with hydrochloric acid (HCI) %2,
HF-forming etchants with fluoride salts (LiF, NHsHF>, FeFs, KF, and NaF) and HC1 **- %, molten
salt etching (LiF, NaF, KF) %, alkali-assisted hydrothermal etching %, and electrochemical etching
47 The use of top-down synthesis methods means processes to yield MXenes are scalable (up to 1

) 48,49

kg shown which makes MXene a strong competitive 2D material for industrial-scale use.

MXenes’ entire basal planes are catalytically active for HER, unlike 2D transition metal
dichalcogenides, where only the 2D edges are catalytically active in most cases 26-°0-51:52.53 Thus,
the basal plane provides more active sites in MXenes for HER. To date, Mo2CT,x has shown the
best HER performance among all MXenes with the lowest overpotential of 189 mV at 10 mA/cm?
26, Beyond MoCT,, tungsten-based MXenes have garnered significant interest as they are
anticipated to possess near-zero overpotentials with hydrogen adsorption-free energy AGuad,
approaching thermoneutral (AGag — 0), which makes them promising earth-abundant
electrocatalysts for HER ! 34 However, as most MXenes are derived from their precursor MAX
phases 3, incorporating W into MXene has proven difficult due to the calculated instability of its
hypothetical precursor MAX phases, such as W>AC and W3AC, 1%, To date, the only W-
containing MAX phases are in-plane-ordered MAX (i-MAX) of (W23Sci13)2AIC and
(W23Y13)2AIC. Wet-chemical selective etching of these MAX phases using HF led to the removal
of the Al layer along with scandium (Sc) or yttrium (Y). The resulting MXene exhibited ordered
divacancies in which ~ 33% of the tungsten sites were vacant on each basal plane resulting in a
Wi133CTr MXene stoichiometry rather than the prototypical M>CT. The measured HER
overpotential of W;33CTx MXene was 320 mV at 10 mA/cm? >, Ordered divacancies provide
metastable adsorption sites for hydrogen that require extended exposure time or repeated cycling

to improve the reaction kinetics and HER electrocatalytic properties of W1 33CT, MXene ¥7. As a



result, there is a need for W-based MXenes in the form of M>CT; and M3C,Tx with a minimum

number of M vacancies on the MXene surfaces to maximize HER performance.

Based on theoretical predictions, W-containing MAX phases are inherently unstable in nature.
However, the combination of W with other transition metals (for example, W with Ti) on the M
sites has been predicted to form stable double-metal M3AIC, and M4AIC3; MAX phases % %,
Despite this prediction, many attempts, including several from our group, have resulted in no
confirmed synthesis of W-containing M3AlC> and M4AIC;s to date. Nevertheless, in 2019, a nano-
laminated non-MAX ternary carbide (W,Ti)4Cs, was synthesized in an attempt to make a
hypothetical out-of-plane ordered W>TiAIC; MAX phase . In that work, a hexagonal and layered
(W, Ti)4C4., was synthesized by pressureless sintering of elemental powder mixtures of W, Ti, Al,
C in the molar ratio 2:1:1.1:2, which showed a hexagonal structure (P63/mmc) with twin plane
layers of pure W and layers of mixed W and Ti all interwoven with layers of C as MeC octahedra
60, Even though aluminum is not present in the final crystal structure of (W, Ti)sCa.y, the presence
of aluminum is crucial for the formation of this nanolaminated phase . Further attempts were
made to synthesize a W-containing MXene from this material, however, all the attempts until this

current study have been unsuccessful .

In this study, we present the synthesis of WoTiC, Ty, the first W-containing, double-transition-metal
(DTM) MXene, which is also among few MXenes that have been derived from a non-MAX
precursor. Additionally, we synthesized this phase by etching covalently bonded layers of a
transition metal from its layered carbide precursor. To do so, we modified the (W,Ti)4Ca., phase
using an excess amount of aluminum in the synthesis of the (W,Ti)4C4., precursor to improve the

42.61 "which enabled the successful synthesis of W2TiC,Tx MXene. The precursor

precursor quality
and W,TiC,T. MXene were characterized in detail for their structure and morphology. We also
measured the electrical conductivity as well as the linear and nonlinear optical properties of this
new MXene for potential lasing and optoelectronic applications % 9. Lastly, we studied the HER
reaction kinetics of the W2TiCoTx MXene via first-principle density functional theory (DFT)
calculations and measured electrocatalytic performance. Our results demonstrate that WoTiCoTx

MXene exhibits highly efficient HER catalytic activity.

Results and Discussion



As discussed in the introduction, the only available precursor to make a tungsten M3C, MXene is
the non-MAX nanolaminated ternary carbide (W,T1)4Cs.,. This phase does not have any A-group
layers and the corresponding metallic M-A layers, and there have been no known successful
attempts for selective etching to remove atomic layers of W or Ti to form 2D carbide flakes of
MXenes . To investigate whether selective etching of any atomic layer (W- or Ti-layers) is
possible, we first focused on computational methods using DFT to identify which atomic layer is
most energetically favorable to be removed to yield a 2D carbide MXene, similar to the A-group
layer removal in MAX to MXene synthesis. The (W,Ti)4Cs., precursor was reported ® to consist
of one pure W layer with ~ 25 at% vacancies (shown as M1 in Figure 1a), two W-rich layers
(labeled as M2) on either side of the M1 layer, and a Ti-rich layer (M3) in between the M2 layers
(Figure 1a). We first modeled a “perfect” (W,T1)4Cs., structure with no W-Ti intermixing and no
vacancies (M1 = 100 at% W, M2 = 100 at% W, M3 = 100 at% Ti). According to equations 1 and
2 in the Methods section, and as shown in Figure S1a, we identified that the formation energies
toward removal of any layer are endothermic, with Ti M3 layer removal at +9.09 eV/Ti and
removal of the W M1 layer being +3.21 eV/W. This suggested a preference for selective removal
of the W M1 layer from the precursor, which could yield an idealized ordered double transition

metal (DTM) MXene W>TiCyT; structure.

To investigate the effect of transition metal occupancy intermixing and the role of defects on the
synthesizability of this potential 2D carbide W>TiC,T,, we next considered intermixing between
Ti and W in M2 and M3 layers in our DFT models to match the previously reported (W,T1)4+Cs.,
phase composition %°. Although our results for the reported structure with intermixing were still
endothermic, they showed lower formation energies at +5.74 eV/Ti and +2.63 eV/W (Figure S1b).
Next, we simulated a structure with 25 at% W vacancies in the W M1 layer in both non-intermixed
and intermixed structures. The inclusion of 25 at% W vacancies resulted in negative formation
energies at -3.75 eV/W and -4.81 eV/W for the non-intermixed and intermixed structures,
respectively (Figure S1c). As a result, our DFT calculations suggest the presence of vacancies in
the W M1 layer and intermixing of W and Ti in the M2 and M3 layers makes the selective etching
of the W M1 layer to yield a W>TiCs-like structure more energetically favorable (Figure 1b).

Following the DFT prediction of the possibility of selective etching of the W-layers from
(W,T1)4Cs., to make MXene, we prepared (W,T1)sCs., precursor samples by mixing W:Ti:C in



2:1:2 molar ratio with 1.1 moles of Al % and sintering the mixed elemental powders at 1600 °C
for 4 h under flowing argon (Figure 1c¢) (see Methods section). The X-ray diffraction (XRD)
pattern of the synthesized precursor is shown in Figure 1d, which shows (W,Ti1)4C4., as the main
phase, and impurities such as AW and TiAls in agreement with the previous study ®. Because
we used 1.1 mol Al in the synthesis and the main (W,T1)4Cs., phase itself does not contain Al, we
denoted this phase as 1.1Al-(W,Ti)4Ca.,. After preparing the precursor 1.1Al1-(W,Ti)4Ca., powder,
we then add the powder in 28.4 M HF for 96 h at 55 °C, a similar etching condition for the synthesis
of a Mo-containing M3C,T, MXene . After etching (see Methods), we compared the XRD
patterns of as-synthesized and HF-etched 1.1A1-(W,T1)4Cs., samples (Figure 1d) to identify any
evidence of MXene formation. The first indication of 2D MXene formation from a precursor with
3D crystalline structure is usually the broadening and shift to lower 20 of the (002) peak 25,
However, the XRD pattern after HF treatment shows (W,T1)4C4., remained unchanged with no
discernable broad peaks lower than the precursor (002) peak at ~ 9.1° 20. The only change in the
XRD patterns in Figure 1d is the disappearance of some peaks after HF treatment attributable to
the dissolution of Al4W and TiAls, in agreement with the first report on (W,T1)4C4.y, where no

MXene was reported .

Recently, it was shown that the inclusion of excess content of Al beyond the stoichiometric one
mole during the reactive sintering of TizAlC2 MAX phase resulted in larger grain sizes and fewer
defects (fewer metal vacancies and oxygen in the carbon sublattice) than those of the typically
stoichiometrically prepared TizAlC,*% %5, While the excess Al (~ 2 moles instead of the required
one mole) did not go to the structure, it was reported that its presence enhanced the quality of the
resulting TisAIC, MAX phase . Overall, these studies suggested that the presence of ~ 2 moles
of Al during the MAX sintering, while not going into the MAX structure, controls the

stoichiometry and oxygen substitution in the carbon sublattice of the resulting MAX phase.

In this work, we used this strategy as inspiration in our approach to synthesize a modified
(W, Ti1)4C4., precursor for a successful synthesis of a W-containing MXene. We used two moles of
Al (instead of 1.1 moles) and kept everything else unchanged. In other words, we mixed W:Ti:C
with the molar ratio of 2:1:2 (the same as before) with two moles of Al (labeled as 2AI-(W,T1)4Cs-
) and sintered the elemental mixture at the same conditions as 1.1Al-(W,T1)4C4., (see Methods

section). The XRD pattern of the 2A1«(W,T1)4C4., powder after the 1600 °C — 4 h showed similar



peaks as the 1.1A1+(W,Ti)4Cs, indicating the majority phase is (W,Ti)sCs, with some
intermetallic impurities (Figure 1e). We next added the 2A1-(W,T1)4Cs., in 28.4 M HF for 96 h at
55 °C with similar etching conditions as earlier. Similar to the HF-treated 1.1A1-(W,Ti)4C4., we
observed the removal of Al4W and TiAl; impurities. However, unlike the results of the 1.1Al-

(W, Ti)4C4.y, we observed a new broad peak at ~ 7° 20 (Figure 1e bottom pattern).

a C
T
W layer etching 2W:1Ti: zAl: 2C
g from an intermixed ‘ |
structure ™ )
- X
AE=263ev SMMBIIEBE z=11] tZz=2
3. y
W layer etching
"X from an intermixed m
g_p structure with W vacancies
e o % o, ‘S e 1600 °C -4 h - P,
o W @TieC CAE=-481eV & Sintering of mixed elemental powders
d e f
LAkl Al i o ks aats il skl ol Mol e it LA A L M L
TIA-WTi)C, "‘é g 2A-(WTi),C,,, £ &
g s | |
)
2 ~ gz _ —
H g g g s\ T B g —
~ | g gl = 212 8 1
3 ; 3 gg|e g —
T s VN M
2 TR TRTT T TRIo 2> OO T PO SO R TP IO AR APONTOO
E ° § ZA"(VVTWC.’.,, = 2 « Exfoliated Precursor|
£ £ | Post-50% HF N
g8 R O e
‘ g s g e
g g JE g s =g g —
R R 8712 8 2|F <
g g gy % W J2 T
TT T PO T T AN T AN PO O O TV IOON T T FTN TOTO TO T T
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
26 (deg.) 20 (deg.)

Figure 1: Density functional theory (DFT) and experimental approach for the synthesis of modified (W, T1)4Ca., precursor and its
HF-etchability. A) Crystal structure of (W,T1)4Ca., precursor showing one pure M1 W layer with ~ 25 % vacancies, two M2 W-
rich layers on either side of the M1 layer, and a M3 Ti-rich layer in between the M2 layers, b) Density functional theory (DFT)
analysis of the synthesizability of W>TiCoT, MXene structure with intermixing between Ti and W without and with 25 at% W
vacancies, ¢) Schematic of synthesis procedure for 1.1Al-(W,Ti)4C4., and 2AI-(W,Ti)4Cs.,, d) XRD of as-synthesized and HF-
etched 1.1AI-(W,Ti)4Cs.,. €) XRD of as-synthesized and HF-etched 2A1-(W,Ti)4Cs.,. f) Density functional theory (DFT) analysis
of the synthesizability of a W,TiC,Tx MXene structure out of the zAl-(W,Ti)4Cs., precursor for z = 1.1, 2 based on Rietveld

occupancies.

The appearance of the new low-angle broad peak at ~ 7° 20 after selective etching resembled lower
angle (002) peaks of other MXenes, such as TizCoTx at ~ 6-7° 26 as compared to its precursor ~
9.5° 20 (002) peak of TisAlC, MAX 3. If we assume this peak was a shifted (002) peak from the



(W, Ti)4Ca., precursor, the new etched phase has a c-lattice parameter (c-LP) of 27.77 A, which is
8.89 A larger than the c-LP of the (W,Ti)4Ca., phase, consistent with changes in c-LP of Ti3C2Tx
from TizAlC, %% ¢7, As a result, we speculated that the use of excess aluminum in the synthesis of
the (W,T1)4C4., precursor may have affected the structural occupancies favorable for selective

etching to yield a 2D carbide from the nanolamellar (W,T1)4C4., phase.

To investigate the difference in our as-synthesized 1.1Al1-(W,Ti)4Cs., and 2AI~(W,T1)sCs.,
precursors, we analyzed the XRD results using Rietveld refinement methods to reveal any global
scale (non-localized) changes in transition metal occupancies on the (W, T1)4Cs., precursor phase
based on changing Al content in the powder mixture during the reactive sintering. As XRD
methods are not accurate in analyzing carbon or oxygen occupancies, we focused this analysis on
the transition metal occupancies in the various layers. To communicate the changes in occupancies
on the transition metal “layers” within the nanolamellar (W,T1)4C4., precursor, we labeled “M1”,
“M2”, and “M3” in the (W,T1)4+Cs., precursor the same way as described in Figure 1a, which
correspond to the atomic sites (1/3, 2/3, 3/4), (1/3, 2/3, 0.1277), and (0, 0, 0), respectively.
Comparing the occupancy of the transition metals in each site revealed that the use of two moles
of Al in 2A1-(W,T1)4Cs., precursor has changed W (Ti) occupancy in the M1 site at +3 at% (0
at%), M2 site at +10 at% (+1 at%), and M3 site at +9 at% (-14 at%), compared to those of 1.1Al-
(W,T1)4Cs.y. These changes indicate that more W appears to be in 2Al-(W,T1)4Cs., precursor as
compared to the 1.1A1-(W,Ti)4C4,,, which might play a role in the formation and stability of a
MXene from this structure. Using our Rietveld analysis (3> < 0.1), we noted that the M1 layer was
solely occupied by W layers with vacancies, which our DFT calculations indicated as the most

favorable atomic layer for selective etching to form a 2D structure.

The Rietveld results indicated substantial transition metal vacancies (~ 60 at%) in the W M1 layer
in the synthesized (W,T1)4Cs., precursor phases (Figure S2). To best compare the occupancies as
derived by Rietveld, we modeled a system with the same W-Ti intermixing and occupancies in
different layers as our experimental samples (Figure 1f). Our DFT calculations showed that a
(W,T1)4Cs., with occupancies similar to the synthesized 2A1-(W,T1)4Cas., requires lower energy (-
3.06 eV/W) for removal of the W M1 layers compared to the structure with the occupancies of the
1.1AIA(W,T1)4C4., (-2.33 eV/W). The lower predicted energy for the selective etching of the

tungsten M1 layers in 2A1-(W,Ti)4C4., agrees with the successful experimental selective etching



in Figure 1e, where only the HF-treated 2A1-(W,Ti1)4C4., demonstrated a clear, broad peak at ~ 7°
20. These findings suggest the slight change in transition metal occupancies in the (W,T1)4Ca.,
structure using two moles of Al in the starting powder forms a structure with an improved
thermodynamic preference for selective removal of the W M1 layer to yield a 2D WrTiC,Tx
carbide structure. We note that our DFT results show that our 2AI-(W,T1)4Cs., is less favorable
than the hypothetical (W, T1)4C4., with intermixing and 25 at% W vacancies in the M1 layer (Figure
1b bottom panel), which suggests more control of transition metal occupancies and vacancies can
further enhance the etching results, which requires further study. Additionally, this analysis does
not take into consideration the effect of oxygen substitution in the carbon sublattice similar to
previous reports on MAX phases %, which may further have played a role in the transition metal
occupancies and vacancies in the (W,T1)4Cs., structure and its subsequent potential for selective
etching. However, for this first report of this potential MXene phase, we focused on 2Al-
(W, Ti1)4C4.y that led to successful MXene formation.

To further validate the selective removal of the W layers, the byproducts formed after HF treatment
of 2A1-(W,T1)4Cs., were studied. Our XRD and energy dispersive x-ray spectroscopy (EDS) in
scanning electron microscope (SEM) (Figure S3) showed WOs in the supernatant after the first
wash of the HF etching treatment. The presence of WOs suggests that W layers are being etched
and WFs is formed, which then is transformed to WO3 due to hydrolysis ®-7° (Supplementary
Information). Additionally, we analyzed the remaining non-etched precursor powder after the HF
treatment and conducted Rietveld to identify any differences in W occupancy in the remaining
non-etched (W,T1)4Cs., phase (Figure S4) compared with the original powder (Figure S2) to
confirm the importance of W occupancy for etchability of the precursor. While the 1.1Al-
(W,T1)4Cs., phase shows small changes in occupancy in layers layers post-HF treatment (within 3
at% of either W or Ti), the W M1 layers of the remaining non-etched 2Al-(W,T1)4Cs., powder post-
HF-treated had ~ 10 at% increase of W as compared to the pre-HF treatment. Because these
Rietveld refinements are on the remaining non-etched (W, T1)4C4., precursor powder after the HF
treatment, we believe they present the crystal structure and stoichiometry of the precursor powder
which is not etchable. The increased W content in the M1 layer of the non-etched portion of our
2AI1-(W,T1)4Cas.y precursor again demonstrates that slight changes in W vacancy content in the M1

layers affect the etchability of the powder.



To further evaluate the effect of W vacancies, we conducted DFT calculations with different
vacancy concentrations. (W,T1)sCs.,, with stoichiometric M1 layer (no vacancy) results in an
etching energy of +2.44 eV/W; however, when the W vacancy concentration increases in the M1
layer, the etching reaction becomes gradually more thermodynamically favorable (Figure S5) with
etching energy of -1.15 and -2.33 eV/W for 22 % and 60 % W vacancy in the M1 layer,
respectively. These results provide supportive evidence that W vacancies can promote the etching

capability.

After determining the potential reaction mechanism to form a W,TiC, Ty MXene structure from
the 2A1-(W,T1)4Cs., precursor phase (Figure 2a), we next focused on morphological and structural
characterization of the precursor, etched powder, and delaminated flakes (Figure 2) using SEM
and XRD. Figure 2b and ¢ show the 2A1-(W,T1)4C4., grains that have layered morphology and
plate-like clustered structures, and its XRD pattern with (W, T1)4Cs., as the majority phase. Figure
2d highlights the effect of HF on the precursor’s morphology which causes the plate-like clusters
of the 2A1-(W,Ti)4C4., powder (Figure 2b) to disassemble into nanoplate-like structures. While
the XRD of the powder after HF treatment (figure 2e) still has the precursor peaks, new broad
peaks appear at ~ 7, 14, 21, and 28° 26 which suggest the formation of the (00L) peaks of MXenes
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MXene. F) SEM and g) XRD of free-standing W>TiCoT. MXene film (inset: single-to-few layer flake). H) Solution processable
colloidal suspension of the delaminated W>TiC, T, MXene-like colloidal solution. I) Tyndall effect showing colloidal stability. J)
Free-standing film prepared from the W,TiC,T, MXene-like colloidal solution and its flexible nature (inset).

After etching 2A1-(W,Ti)4Ca., for 96 h, the wet powders were then mixed in 6 wt% TMAOH at 55
°C for 4 h for TMA" intercalation 7 followed by repeated centrifugation and subsequent vortex
mixing for delamination. The resulting dispersed black solution was then processed by final
centrifugation at 2380 RCF for 30 minutes to separate single-to-few layer 2D flakes. Figure 2f
displays the cross-sectional SEM of a free-standing film prepared by the vacuum filtration of the
colloidal solution. This cross-section image shows the stacking of many 2D flakes and an electron-
translucent single flake is shown in the Figure 2f inset. The XRD pattern of the free-standing film
shows only broad (00L) peaks reminiscent of MXene 7! (Figure 2g). Visually, the aqueous
solution color was dark grey and solution processible (Figure 2h) and a Tyndall effect was
observed (Figure 2i) in a dilute solution which is attributed to the formation of stable aqueous
dispersions. The as-fabricated, additive-free, free-standing film (Figure 2j) was brittle in nature

with metallic luster and did not require any post-treatment.

To further confirm the selective etching of the pure tungsten layers and the formation of 2D MXene
layers, we conducted scanning transmission electron microscopy (STEM) in the high-angle
annular dark-field condition (HAADF). The cross-sectional atomic resolution images of the
MXene layers acquired via aberration-corrected STEM show that the horizontally aligned 2D
layers are made of three-atom-thick layers (Figure 3a). To further understand the arrangement and
ordering of the atoms, we looked at individual layers at higher magnifications (Figure 3b), which
showed that the atoms in the outer layers had higher brightness than the atoms in the inner layer.
These STEM results confirmed that three-atom-thick layers are formed where the outer atoms are
heavier than the middle atoms, which appears analogous to an ordered 2D double-metal M;C:
MXene with W-rich outer M layers and Ti-rich inner M layer. These results agree with our DFT
predictions (Figures 1f) that pure W layers are etched from the (W, T1)4Ca., precursor structure and
results in W>TiC, Ty MXene. The plan-view STEM micrographs of W>TiCo T, flakes (Figure S6)
further show the planar view of the 2D MXene sheets. The atomic resolution STEM micrographs
include the EDX spectra and line scans which confirm the presence of W and Ti ordering in the

layered structure (Figure S7).
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Figure 3. (a) Cross-sectional HAADF-STEM image of W, TiC,T, MXene layers in the horizontally aligned MXene pattern prepared
by focused ion beam (FIB) lift out, and (b) atomic resolution HAADF-STEM image of W>TiC,T.MXene layers. STEM images
show that the horizontally aligned MXene patterns have well-stacked layers of W and Ti. The light elements of the surface
termination groups (O, H, and F) cannot be seen between the layers, but the larger and non-uniform spacing seen in Figure 4b
indicates the weak interactions between the MXene layers after etching and the formation of a 2D structure. (¢) Raman spectra of
W, TiC, Ty MXene compared with Ti3C, T, MXene. (d-f) XPS of W,TiC,T, MXene film for W4f (d), Ti2p (e), Cls (f), and Ols

(2)-

After investigating the cross-section of the free-standing films and single-to-few layered flakes
analogous to a M3C> MXene structure, we measured the Raman spectrum of W>TiCoTx MXene
film and compared it with the well-studied Ti3C>Tx MXene (Figure 3c¢), which has an identical
M;C, T, structure. The spectral positions were determined by fitting the average Raman response
of WoTiCoT, and TizCoTx MXene to a sum of Lorentzian peak shapes consistent in methodology
to the previous reports (Figure S8) 7. We observed similarities in the average Raman spectra for
both the MXenes having a characteristic response that is consistent with a “pseudo” P63/mmc
space group ">, For example, W>TiC,T, MXene exhibits the expected spectral responses in three
distinct energy regions termed as, flake (50-270 cm!), Tx (230-500 cm!), and carbon (470-800
cm!) bands corresponding to vibrations of C-(W,Ti)-O, surface terminations, and carbon groups,
respectively. The similarities in Raman response between the two structures and their consistency
with previous reports further corroborate the conclusion from XRD and STEM on the W>TiC,Tx

MXene structure.

Moreover, based on our observations, analyzing the broadening and energy shifts in the TizC2Tx
and W2TiC,Tx MXene compositions provides insight into how the W incorporates into the lattice
structure, influencing the bonding and scattering. Notably, the broadening in W>TiC,Tx MXene is

larger in the flake and carbon spectral regions, which probe the bonds with the W-Ti species
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(Figure 3c¢). In contrast, the intermediate energy in the T, region has a spectral width that is
relatively unaffected. The addition of heavier W atoms disrupts the periodicity of the crystal lattice
causing the movement of these atoms or the bonds attached to them. This results in shortened
phonon lifetime, which is observed as a broadening of the Raman response in both the flake- and
carbon spectral regions. In addition to broadening in the spectra, substantial and quantified peak
shifts are indicative of bond strength alterations that occur with the addition of W. The phonon
energies increase with lighter atoms and stronger bonds. Expectedly, the low energy flake spectral
feature is indicative of a group vibration that red-shifts in W>TiC,T, MXene compared to TizCoTx
MXene. This is attributable to the introduction of substantially heavier W. On the other hand,
phonon energies for both the T, and carbon regions blue-shift with the addition of heavier W
suggesting a significant increase in bond strength for these vibrations. Quantitatively, the intensity
in the carbon region is found to increase from 730 cm™! to 774 cm™! from the TizCoTy to the
WoTiC,Tx MXene, respectively, despite the increase in atomic mass (Figure S8). This large
increase in energy indicates that the addition of heavier W in the W>TiC,T: MXene induces a
substantial change in the bonding environment portending implications for the chemical, optical,

and mechanical properties.

We next focused on X-ray photoelectron spectroscopy (XPS) of the W>TiC, T, free-standing film
(Figure 3d-g) to further confirm that the material exhibits carbide (i.e., a 2D MXene) and not
oxide-like (i.e., oxide nanorods or 2D oxides 7> 7®) coordination states. Full XPS spectra and
deconvolutions of the precursor powders with the peak deconvolution tables are also shown in
Figures S9 and Table S1, respectively. We hypothesized that, if W-Ti oxide or carbo-oxide
complexes are formed, this should be reflected in XPS patterns with clear and dominant TiOx or
WO, patterns. However, for the W 4f and Ti 2p pattern (Figure 3d and e, respectively), the
deconvoluted MO, peaks were either lower in intensity or non-existent compared to the M-C
peaks, which is different from oxides produced from carbide structures ”’. This XPS data does
suggest that the transition metals bond in M-C or T,-M-C states, which is consistent with the
coordination states of transition metals within previously reported MXenes 7 7°. Further analysis
of the C Ls or O Ls spectra (Figures 3f, g, respectively) also shows consistent behavior with -O or
-OH terminated MXenes ’® 7°. By analyzing these peaks and the F-content, we can roughly
calculate the surface group content to be that of roughly 37 at%, 28 at%, and 35 at% O, (OH), and

F, respectively, which shows a mixed surface termination W>TiC2(O0.74(OH)o.56F0.70) MXene.
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Therefore, based on the STEM, Raman, and XPS data shown in Figure 3, combined with the XRD
and SEM data presented in Figures 1 and 2, we are confident that that the HF and TMAOH
treatment of the 2Al-(W,T1)4Cs., precursor powder in-fact produced a WoTiC, T, 2D MXene.

After confirming the synthesis of a W2TiCoTx MXene from the non-MAX (W, T1)4Ca., phase, we
next characterized the HER behavior of this W>TiC, Ty MXene. We first employed DFT methods
to study the surface interactions and electrocatalytic activity during HER. The intermixed surfaces
of Ti and W were simulated to observe the adsorption behavior of H with varying terminations
(Figure 4a). Because of the existence of the WO peaks found in XPS (Figure 3d), in other words,
undercoordinated surface W atoms, we considered surface termination vacancies in DFT to study
their effects on H adsorption. Additionally, it is believed that, by interacting with an acidic
environment and potential bias, the surface termination —O atoms are reduced to —~OH groups %%
81, For this reason, only —OH and —F terminations, along with their corresponding vacancies, are
considered for HER (Figure 4a) and their free energy diagram (FED) indicating the adsorption
energies is shown in Figure 4b. Our calculations suggest H adsorption energies are -1.55 and -
0.37 eV over the OH- and F-terminated surfaces, respectively. Over the OH-terminated surface, H
is adsorbed atop the W atom, Figure 4a, while on the F-terminated surface, it forms a 3-fold site
with two W and one Ti, Figure 4a. At the —OH and —F vacancy sites, H adsorption is also at the
3-fold site with two W and one Ti (Figure 4a), with adsorption energies of -0.57 and -0.71 eV,
respectively. On the non-intermixed surface (pure W), the H adsorption is on top of W (Figure
S10a) with binding energy of -1.79 eV and -3.71 eV on OH- and F-terminated surfaces (Figure
S10b). However, when considering the —OH and —F vacancy sites, the preferred binding sites for
H become the vacancy sites (3-fold site) with the same H adsorption energy of -0.63 eV (Figure
S10a, b). By computing the overall DOS of OH- and F-terminated surfaces with and without Ti-
W intermixing (Figure S11), the DOS of the intermixed surfaces shifts to lower energy compared
with the non-intermixed surfaces. The d-band center of the intermixed OH- and F-terminated
surfaces are lower in energy (both at -2.17 eV) compared with the non-intermixed cases (-1.96 and
-2.12 eV for ~OH and —F terminations). According to the d-band center theory #2, a lower d-band
center results in weaker binding energy, which explains the reason for weaker H adsorption on the
intermixed surfaces. Additionally, the mixed OH- and F-terminated MXene surfaces are
considered to investigate the HER activity (Figure S12). Over the non-intermixed surface, the H

adsorption over the periodic surface is 0.16 eV; however, considering the —OH and —F vacancies,
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the H adsorption becomes -0.84 and -1.06 eV, respectively (Figure S12d). On the intermixed

surface, H adsorption over the periodic surface is -0.31 eV, and the adsorption over -OH and —F

vacancies results in H adsorption energies of -0.67 and -0.77 eV (Figure S12h).
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Figure 4. HER activity of W>TiC,T, MXenes: The HER activity of W>TiC,T, MXene has been performed by well-defined density
functional theory calculations. (a) Optimized structures of the adsorption site of H" on intermixed Ti and W with all -OH
terminations, -OH vacancy, -F terminations, and —F vacancy. (b) Free energy diagram of HER over MXene surface with Ti-W
intermixing. The prepared MXenes electrode was examined in a three-electrode electrochemical cell using a rotating disk electrode
apparatus at 1600 rpm in 0.5 M H,SO4. The results present (c) Linear sweep voltammetry (LSV) curves of studied W>TiC,Ty
MXenes. We compared the HER activity of HCI-LiF-W,TiC,T, MXene and HF-etched W>TiC,T, MXene. The LSV results show
the lowest overpotential of 144 mV for HCI-LiF-W,TiC,T, MXenes. (d) Tafel analysis of studied W,TiC,T, MXenes for HER
indicates a Tafel slope of 70 mV/dec. The HER activity of W,TiC,T, MXene may be linked to the highly active and ordered basal-

plane vacancies of W.

Further, we experimentally studied the HER catalytic behavior of W>TiCoTx MXene. It has been
observed that HF-TMAOH MXenes possess TMA™ cations on their surfaces, which hinder their
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adhesion to glassy carbon electrodes 3. Consequently, we employed two distinct approaches to
investigate the HER performance of W>TiCoTx MXene, (i) Li cation exchange and (ii) MILD HCI-
LiF route used to synthesize W>TiC,T MXene (Figure S13) as discussed in the Methods section.
We first drop-cast W>TiC,Tr MXene onto glassy carbon electrodes using Nafion 117 as a binder.
The prepared W2 TiC,Tx MXene electrode was then examined in a three-electrode electrochemical
cell using a rotating disk electrode apparatus at 1600 RPM in 0.5 M H2SOs. In the resultant linear
sweep voltammograms (LSVs), we noted that W,>TiC,T, MXene was found to be a more active
catalyst toward electrochemical water reduction reaction (Figure 4¢). We compared the HER
activity of HF-etched W>TiCoT, MXene multilayer powder, HF-TMAOH delaminated and Li-
exchanged W>TiC,T, MXene (labeled as HF-TMAOH/Li-exchanged W>TiC>T,) and HCI-LiF-
W2TiC, Ty MXene. The LSV results show an overpotential of 144 mV for HCI-LiF-W>TiC,Tx
MXene, which is about 1.55 times lower than that of HF-etched W>TiC,T, MXene (252 mV).
Tafel slopes derived from the potential vs. current density plots (Figure 4d) illustrate that HCI-
LiF-W>TiC,Tx MXene continues to outperform as compared to other HF etched W>TiC,Tx MXene
with a slope of 70 mV/dec. This enhanced HER activity of W>TiC,T» MXene may be linked to the

highly active and ordered basal-plane of W and the presence of vacancies.

We next compared the HER catalytic behavior of our W>TiCoTx MXene to other MXenes, such as
W133CTx MXenes and our lab synthesized Mo2CTx MXenes and found that HCI-LiF-W>TiC,Tx
MXene overpotential (144 mV) is about 1.12, 1.75, 1.97, 2.22, and 1.36 times lower than that of
HF-TMAOH-Li-exchanged W,TiC,Tx MXene (162 mV), etched W2TiCoT, MXene (252 mV),
W133CTy MXenes (320 mV), and Mo,CT, MXenes (196 mV), respectively 3! 2, In comparison
with other MXenes, we noted that W>TiC, T, MXene outperformed electrochemical HER as shown
in Figure 4c, presenting a new and promising catalyst for HER with the highly HER active W-

containing basal planes.

We next investigated the electronic and optoelectronic behavior of W>TiC,Tx MXene. The
resistivity R and conductivity ¢ temperature dependance measurements (Figure S14) indicated R
increasing with increasing temperature, with RT conductivity equal to 427 S/cm, which is
comparable with the V2.C MXene (¢ =384.6 S/cm) 4. The measured conductivity dependence of
WoTiCoTr MXene film can be described by two models: thermally activated Arrhenius type and

low-temperature variable-range-hopping (VRH) model. The data were fitted using these two
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models, separately for the low and high-temperature parts. Low-temperature data of temperature
dependence of conductivity are best described by the VRH model (Figures S15) with coeff. 1/2,
which corresponds to one-dimensional conductivity or Coulombic effect 8% 8, Low-temperature
conductivity following the VRH model can be mostly explained by the inter-flake hopping due to
the flake-like structure of thin films, as has been demonstrated for several MXenes . The high-
temperature response, however, follows an Arrhenius model best. Magnetoresistance of W2TiCo Ty
MXene film is positive at 1.8 K (Figure S16), which is typical for standard metals and
semiconductors when the applied magnetic field in a direction perpendicular to the film causes

drift of electrons, hence the increase of resistivity with increasing magnetic field.

Further, W>TiC,T, MXene also boasts a unique range of optical properties in comparison to other
members of the MXene family. The absorption spectrum of ~ 150-nm-thick spin-coated W>TiC2Tx
film (Figure S17) indicates the material is highly absorptive in the ultraviolet spectra and is
transmissive in the infrared. These characteristics are similar to that of Mo,TiC,T, and Mo,CTx
MXenes 7. Additionally, a distinct step-like pattern is seen on the blue side of the spectrum,
indicating that the absorption is generated from multiple distinct transitions. While other MXenes
(such as M02CTy, Mo,TiCoTy, NboCTy, TizCoTy, TioCTy, V2CTy) have local minimums or
maximums in absorbance spectrum 87 and W,TiC: T, has a plateau in absorption that occurs near

400 nm. This could suggest the broadening of energy bands or more complex band interactions.

Next, we measured the nonlinear optical transmission of the WoTiCoTx MXene with the I-scan
technique ®® using an 800 nm wavelength femtosecond pulsed laser, revealing reverse saturable
absorption (RSA) behavior (i.e., increased input light intensity leads to a higher absorption) 3. As
shown in Figure S18, three distinct regions of varying slopes are evident. A common explanation
for nonlinear dynamics in absorbing media is based on the absorption cross-sections of various
energy levels. For a multi-level system, as is suggested for W>TiC.T, by the linear absorption
spectra, plateaus, and other non-monatomic trends arise from changing equilibrium dynamics at
different incident power 3. This unique behavior is not commonly reported in MXene literature
and warrants further investigation. More generally, these results suggest the use of W>TiC, T, for

optical limiting applications or all-optical switching.

Conclusions
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In summary, we have reported the theory-guided synthesis of W-containing MXene W>TiC,T,, by
selective etching of the covalently bonded W-layers from a modified nanolaminated ternary
carbide (W,T1)4Cs., precursor, and characterized its structure and composition in-depth using a
combination of XRD, XPS, TEM, EDS, Rietveld, and DFT methods. W-rich basal plane endows
W,TiC,Tx MXene with remarkable electrocatalytic HER performance in terms of lowest HER
overpotential (~144 mV) under acidic conditions, which is supported by DFT studies. HER activity
of W2TiCTx MXene may be linked to W's highly active and ordered basal planes. To advance the
design of HER catalysts for clean energy applications, it is crucial to increase efforts toward the
continuous exploration of W-based MXenes, due to the significant potential for advancement
presented by their catalytic behaviors and earth-abundance. Further, our studies on the electronic
and optoelectronic behavior of W,TiC,T, suggest that this MXene could be used for optical

limiting, all-optical switching, and other photonic and optoelectronic applications.

Material and Methods
(W, Ti)4Cy.y precursor synthesis

(W,T1)4Cs., precursor was synthesized using elemental powders of tungsten, titanium, aluminum,
and calcined coke which were mixed in stoichiometric 2:1:1.1:2 and excess-metal 2:1:2:2 molar
ratio. The powders were then jar-milled in 250 mL Nalgene high-density polyethylene bottles (~
10 g batch) with yttria-stabilized zirconia balls for 18 h in 2:1 ball-to-powder mass ratio without
any shear at 60 RPM. The precursor powder was not sieved after jar-milling and then packed into
an alumina crucible. The top of the crucible was covered with graphite foil and placed in a high-
temperature tube furnace (Carbolite Gero, 1700 °C model) for reactive pressureless sintering.
Initially, the furnace was purged with argon (99.999 % purity) for 20 minutes at room temperature.
After purging, the ball-milled precursor powders were heated to 1600 °C at a 3.5 °C/min ramp rate
and held for 4 hours under a constant argon flow. After 4 hours, the furnace was cooled to room
temperature at a 10 °C/min. Then the alumina crucible containing sintered billets of stoichiometric
1.1Al — (W, Ti1)4C4., and excess-metal 2Al — (W,T1)4Cs., precursor were removed and drilled to a
fine powder using a TiN coated drill bit in a drill press setup.

W>TiC>T MXene synthesis

The synthesized precursor was sieved using a 40 um sieve before MXene synthesis. For 1g of
(W, Ti)4C4.y precursor, 10 mL of 28.4 M HF etchant was used. The etchant was taken in a 60 mL
Nalgene high-density polyethylene bottle with a magnetic stir bar. Then, the (W, T1)4Ca., presursor
was added slowly at a rate of ~ 0.5 g/minute. The etching reaction was carried out at 55 °C for 96
hours in the hot plate at 400 RPM. The reaction vessel should be capped with a condenser column
on the top to release evolved gases and entrap vapors during the reaction. The etched multilayered
MXene powder was washed to neutral pH with ~ 250 mL deionized water by repeated

18



centrifugation in an Eppendorf centrifuge at 3234 RCF for 5 minutes. Then the neutralized solution
was vacuum-filtered using a 0.8 pm filter membrane and the wet masses were recorded directly
after. For delamination, tetramethylammonium hydroxide (TMAQOH) solution (25 wt% stock,
Fisher Scientific) with 10 mL of 6 % TMAOH per gram of etched W,>TiC,T. MXene was used,
and the reaction was carried out 55 °C for 4 h with continuous stirring at 400 RPM. TMA*
intercalated W>TiCoT, MXene was washed with ~ 250 mL deionized water for every 1 g of the
precursor by repeated centrifugation at 21913 RCF in the Thermo Scientific centrifuge for 5
minutes followed by decantation until neutral pH. Then the washed W>TiC,T. MXene clay was
delaminated by mechanical agitation using vortex mixer for 30 minutes. WoTiC>Tx MXene clay
was re-suspended in deionized water and vortexed for 30 minutes to isolate single-to-few MXene
layers. WoTiC,Tx MXene colloidal suspension was then processed by final centrifugation at 2380
RCF for 30 minutes. The supernatant containing single-to-few layered W>TiC,T, MXene was
collected, and vacuum filtered using 0.25 um filter membrane to prepare MXene films.

For HER studies, two approaches were followed (i) cation exchange for HF-TMAOH delaminated
WoTiCoT MXene, and (i1) minimally intensive layer delamination (MILD) route using HCI-LiF
for the synthesis of W>TiC,T, MXene. The experimental differences are described as follows: (i)
cation exchange using 1:50x ratio of HF-TMAOH delaminated MXene to LiCl salt at room
temperature for 1 h with 400 RPM stirring, and (ii) 12 M LiF and 9 M HCI mixture for 1 g
(W, T1)4Cs.x precursor at 55 °C for 96 h with continuous stirring at 400 RPM. The resulting powders
were centrifuged at 21913 RCF in the Thermo Scientific centrifuge for 5 minutes followed by
decantation until neutral pH.

Characterization techniques

X-ray diffraction (XRD) patterns of the as-synthesized (W,T1)sCs., precursors and WoTiCoTx
MXene were analyzed using a Bruker D8 X-ray diffractometer with a Cu Ko (A =1.5406 A)
emitter and a VANTEC 500 two-dimensional x-ray detector (XRD?). A corundum standard was
used to ensure each detector was calibrated. The precursor samples were mounted on Kapton tapes
and scanned from 5 ° to 75 © with a step size of 5 © and a dwell time of 30 seconds per step. The
(W2T1)CoTx MXene films made from vacuum filtration were annealed in the vacuum at 200 °C for
18 hours to remove the water entrapped between the layers and then analyzed using XRD. The
traditional XRD plots were obtained by merging and integrating the XRD?data in
DIFFRAC.SUITE EVA software. For Rietveld refinement, the XRD patterns were recorded using
a Lynxeye detector and scanned from 5 © to 75 © with a step size of 0.02 ° and dwell time of 1
second per step.

Scanning electron microscopy (SEM) was performed on a JEOL JSM-7800F at an acceleration
voltage of 15 kV to study the flake size and surface morphology. The solution concentration was
maintained at < 0.1 mg/mL and loaded on an anodic disc followed by vacuum drying for 2 hours.
The samples were gold sputtered to reduce the charging. Energy dispersive X-ray spectroscopy
(EDS) measurements were conducted using an EDAX Octane Silicon Drift Detector in point scan
mode with a 30s exposure time. The EDS data was subsequently analyzed using EDAX TEAM
software.

Cross-sectional lamella for scanning transmission electron microscopy characterization was
prepared by conventional focused ion beam (FIB) lift-out on a Zeiss Nvision40. The thinning
process was followed by low-energy final polishing in the FIB (2 kV and 60 pA) to minimize the
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ion-induced damage and to obtain a foil with a uniform thickness. During the preparation process,
the site of interest was covered with a protective layer through FIB-assisted carbon deposition.

Scanning transmission electron microscope images were acquired in the high-angle annular dark-
field (HAADF-STEM) condition on an aberration-corrected (double Cs-corrected) Thermo Fisher
Scientific Titan-Themis 60-300 operated at 200 kV and using a beam current of 100 pA. This
microscope is equipped with a high-brightness Schottky X-FEG, a Super-X EDS system
comprising four silicon drift detectors, and Velox acquisition software. Energy dispersive X-ray
spectroscopy (EDS) data were collected in the form of spectrum images, in which a focused
electron probe was scanned in raster across a region of interest in the scanning TEM (STEM)
mode.

X-ray photoelectron spectroscopy (XPS) spectra were collected for each sample on a Thermo K-
Alpha XPS system with a spot size of 400 um and a resolution of 0.1 eV. All spectra were
processed using Thermo Avantage, which is a software package provided through
ThermoScientific.

Computational Studies

Density functional theory (DFT) calculations were carried out using the Vienna ab initio
Simulation Package (VASP) °%°!. The projector augmented (PAW) method was used to describe
the wave function of the ionic cores; then the generalized gradients approximation (GGA) was
used with Perdew-Burke-Ernzerhof (PBE) functional ®2. The cutoff energy for bulk and surface
geometry optimization was 520 eV and 400 eV, respectively. The Monkhost-pack mesh ** of 6 x
6 x 1 and 3 x 3 x 1 was used for bulk and surface geometry optimization, respectively. The break
condition for ionic relaxation was set as 1E-6 eV. The geometry optimization was stopped when
the forces on atoms were smaller than 0.02 eV/A. To account for the dispersion forces, Grimme’s
DFT-D2 method ** was employed, which has been proven sufficient for layered structures %> %6 %7
%8, The computed lattice for W containing MXene is a=b = 3.04 A, and ¢ = 20.22 A which agrees
well with reported values in the literature .

To study the surface chemistry and adsorption interaction between the reaction intermediates and
the catalyst surface, periodic 3 % 3 surfaces that are passivated by 18 O atoms with and without
intermixing between Ti and W were cleaved along the (001) direction from the optimized bulk
structure. Furthermore, the reaction proposed by equation (4), where m and n represent numbers
of Ti and W atoms in the etched layer, is used to mimic the selective etching process. Since the
etching process takes place with HF, we assume the formed products are WFg, TiF4, CF4, and Ho.

Bulk + (14m + 14n)HF + 36H,0 — 2surface (180) + mWFy + nTiF, + 2(m + n)CF, +
(7m+7n+ 18)H, (1)

The reaction energy, AE, for etching were then calculated using equation (2) based on reaction
proposed by equation (1).

2+*Esyrface(180) Y M*Ewr +n*Erip, +2(M+n)Ecp,+(7m+7n+18)Ey, —Epyix—(14m+14n)Egp)—36Ey, 0

AFE =
m+n
(2)
To obtain the reaction free energy, AG, the equation 2 was used *°:
AG = AE + AZPE —TAS 3)
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where AE represents the total energy change upon reaction, which can be directly obtained from
DFT calculations. AZPE and TAS represent the changes in zero point-energy and entropic
contribution, which can be calculated using statistical dynamics approximation using vibrational
frequencies from DFT calculations as discussed in the literature ',

For all the gas phase calculations, the molecules, i.e. H> and H>O, were introduced into a box with
dimension of 25 x 25 x 25 A for geometry optimization using single I" k-point. Furthermore, the
total energy of H, OH, and O was calculated using H> and H>O as reference states 8! as described
by equation 1-3.

1

Ey = > EH2 4)
1

Eoy = EHZO - EEHZ (5)

Eo = Ey,0 — En, (6)

Electrochemical HER studies

We drop-cast W>TiC, T, MXenes onto glassy carbon electrodes using Nafion as a binder. This
process involved mixing 5 mg of W2TiCoT, MXene with a 5% solution of 20 puLL Nafion 117 in
the water and ethanol mixture, followed by the drop-casting of 20 uL of this mixture on the glassy
carbon electrode. W>TiCoTx MXene was then examined in a three-electrode electrochemical cell
using a rotating disk electrode apparatus (AUTOLAB, Metrohm) at 1600 RPM in 0.5 M H2SOs.
The W2TiC T MXenes onto glassy carbon were used as the working electrode, Pt-sheet as the
counter electrode and Ag/AgCl as a reference electrode. The electrochemical HER studies include
linear sweep voltammetry (sweep rate of 1 mV/s).

Transport properties

Thin film of W2TiC;Tx MXene was prepared by vacuum filtration of suspension containing
delaminated single sheets. To remove the intercalated water between the stacked MXene flakes,
the free-standing MXene films were annealed at 200 °C in vacuum. Subsequently, the sample was
annealed at 500 °C in the vacuum which is known as the approach of removing the -OH
functionalization, typically causing the drop of resistivity. The thickness of the film was estimated
from SEM images ~ 5 um. To measure transport properties, the sample was wired by four probe
method, using copper wires and silver paint by TedPella, with distance between contacts app. 1.5
mm.

Temperature dependence of resistance of thin film (R(T)) in the temperature range of 1.8-300 K
and magnetoresistance (magnetic field -9 - 9 T) at 1.8 K were measured using Quantum Design
PPMS DynaCool system. Excitation current was 0.1 mA with a frequency 18.3 Hz. Data were
collected in the temperature sweep mode from 300 down to 1.8 K. Conductivity was calculated
using measured film thickness and distance between contacts. Data were fit by models of Variable
Range Hopping and thermally activated Arrhenius conductivity, using custom-written Matlab
script(s).

Optical measurements
Linear and nonlinear optical absorption measurements were conducted on a thin film sample of

W2TiC,Tx MXene. The thin film samples were prepared via spin coating (Laurell WS 400BZ-
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6NPP/Lite spin coater) of ~ 2 mg/ml W>TiC, T, MXene solution on a fused silica substrate. Before
spin coating, the fused silica substrates were plasma etched (PE-50 Compact Benchtop Plasma
Cleaning System) for 30 seconds. The thin film samples were prepared using single-step spin
coating at 800 RPM for 60 seconds and were vacuum-dried before optical measurements. For
optical absorption data, the first transmission of the sample (Tsqgmpre) and a bare substrate

(Tsupstrate) Was found using the RC2 ellipsometer system made by J.A. Woolam company. The
absorbance was calculated using the formula A = —Log(Tsampie/Tsubstrate)-

Nonlinear transmission data was found using an I-scan technique %% where a calibrated silicon
photodiode measured the transmitted power as the incident power increased. An 800 nm pulsed
Q-switched femtosecond laser with a pulse width of 100 fs and a repetition rate of 1 kHz was used.
Additionally, to mitigate thermal effects, a shutter opened for each measurement, only allowing
for approximately 5 pulses to be incident on the sample. For each incident power, 80 measurements
were averaged together. The I-scan was automated to minimize any external influence.
Additionally, multiple reference measurements through the course of the I-scan at the lowest
incident power determined no material damage occurred. For the calculation of fluence, the beam

width was measured to be about 150 um using a knife-edge experiment.
Raman spectral measurements

Raman spectral measurements were performed using an alpha300R Witec Spectral imaging system
with 1 mW of 532 nm laser light focused to an approximately diffraction-limited spot size of 360
nm with a 100X/0.95 NA objective in a backscattering arrangement. Scattered light was dispersed
with a Czerny-Turner spectrometer using a 300 I/mm grating resulting in a spectral accuracy of
<1.5 cm’l. Average spectra were obtained that were representative of a given sample.
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