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ABSTRACT: MXene, a two-dimensional layer of transition
metal carbides/nitrides, showed great promise for energy
storage, sensing, and electronic applications. MXene are
chemically exfoliated from the bulk MAX phase; however,
mechanistic understanding of exfoliation and subsequent
functionalization of these technologically important materials
is still lacking. Here, using density-functional theory we show
that exfoliation of Ti;C, MXene proceeds via HF insertion
through edges of Ti;AlC, MAX phase. Spontaneous
dissociation of HF and subsequent termination of edge Ti
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atoms by H/F weakens Al-MXene bonds. Consequent opening of the interlayer gap allows further insertion of HF that leads to
the formation of AlF; and H,, which eventually come out of the MAX, leaving fluorinated MXene behind. Density of state and
electron localization function shows robust binding between F/OH and Ti, which makes it very difficult to obtain controlled
functionalized or pristine MXene. Analysis of the calculated Gibbs free energy (AG) shows fully fluorinated MXene to be lowest
in energy, whereas the formation of pristine MXene is thermodynamically least favorable. In the presence of water, mixed
functionalized Ti;C,F,(OH),_, (x ranges from 0 to 1) MXene can be obtained. The AG values for the mixed functionalized
MXenes are very close in energy, indicating the random and nonuniform functionalization of MXene. The microscopic
understanding gained here unveils the challenges in exfoliation and controlling the functionalization of MXene, which is essential

for its practical application.
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Bl INTRODUCTION

Two-dimensional (2D) layers of early transition metal carbides
or/and nitrides,"” called MXene, have stimulated research
enthusiasm due to their unusual combination of metallic
conductivity and excellent structural and chemical stabilities of
ceramics. Ti;C,, owing to its technological importance, is the
most extensively studied MXene. Its potential as electrode for
energy storage applications, such as Li/Na ion batteries,
supercapacitors and fuel cells,”™"" antibacterial film,"" charge-
and size-selective ion sieving membrane,'' and transparent
conductors in electronic, electrochromic, and sensor applica-
tions,'””'* has already been demonstrated in laboratories.
Ti;C, is exfoliated from the Ti;AlC, using HF, and its surface is
randomly and nonuniformly covered by various F- and O-
containing functional groups.®> To emphasize the presence of
the functional group, Ti;C, is often presented as Ti;C,T,,
where T = F, OH, and O. In order to scale up these
applications to the industrial level, the challenges associated
with the isolation of high-quality pristine or uniformly
functionalized MXene need to be addressed.

Assuming full coverage of functional groups on Ti;C, various
appealing predictions are made by theoretical studies such as
ionic sieving through Ti;C,(OH),,'® semiconducting gap in
Ti,C,(F),," and ultralow work function of Ti,C,(OH),."” On
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the other hand, Tang et al. predicted that the Li storage
capacity of functionalized Ti;C, is inferior to that of pristine
Ti,C,."® The presence of functional groups on MXene also
deteriorates the hydrogen storage capacity of TisC,.”
Furthermore, both the absorptions and the reflectivity of
Ti;C, crucially depend upon the presence and type of
functional group on the surface."”"* This work emphasizes
the importance of pristine as well as controlled functionalized
MZXene. Unlike graphene or other 2D materials, the functional
groups terminations in MXene are not due to any controlled
reaction but the result of the exfoliation process itself, therefore
further necessitating an in-depth understanding of the
exfoliation and simultaneous functionalization process.

For other 2D materials, like graphene,lg_23 MoS,,** and
phosphorene,25 where the weak van der Waals interaction holds
the layers together, the exfoliation process is extensively studied
and well understood. However, in MAX phase the interleaved
Al atoms bind the MXene layers via strong metallic Ti—
AI**°"% bonds. Therefore, the exfoliation process of MXene is
inherently more complicated and different from that of van der
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Figure 1. Lowest energy atomic configurations during the step-by-step intercalation of HF via the Ti;AlC, edge and extraction of AlFy: (a) pristine
and (b) one, (c) two, (d) three, (e) four, (f) five, (g) six, and (h) seven HF-intercalated MAX complexes. Atoms at left edge are fixed and shown
here by shaded region. Silver, blue, orange, cyan, and pink balls represent Ti, C, Al, F, and H atoms, respectively.

Waals solids. However, to date no attempt has been made to
develop a comprehensive understanding of the reaction
between MAX phase and HF, which facilitates the exfoliation
and subsequent functionalization of MXene. Using density-
functional theory (DFT), we report the detailed mechanism of
the exfoliation and functionalization of Ti;C, due to the
intercalation of HF via the edges of Ti;AlC,. The spontaneous
dissociation of HF leads to the termination of edge Ti atoms of
the two layers and initiates the exfoliation process. The H/F
terminations essentially increase the interlayer spacing and
facilitate further inclusion of HF, which eventually leads to the
formation of AlF; and H,. The AlF; and H, come out of the
system, leaving F-functionalized MXene behind. In the entire
range of chemical potentials of hydrogen, the Gibbs free energy
(AG) of the uniformly F-functionalized MXene is lowest,
whereas that for pristine MXene is highest. In the presence of
H,0, AG of all reactions involving full and mixed
functionalization with varying concentrations of F and OH
are very close in energy and therefore almost equally probable.
This will lead to random and nonuniform functionalization of
MZXene. The density of states and electron-localized function
reveal robust bonding between F/OH and Ti, which highlights
the challenges associated with the isolation of uniformly
functionalized or pristine MXene. Furthermore, at high
concentrations of HF/H,O, the formation of TiF,/TiF;/TiO,
and graphite becomes thermodynamically favorable, indicating
the possibility of degradation of MXene under very high
concentrations of HF or moist environment.

B METHODOLOGY

All calculations were performed within the framework of density-
functional theory (DFT) using the Vienna ab initio Simulation
Package (VASP).>® The wave functions are expressed in a plane wave
basis set with an energy cutoff of 500 eV. Electron—ion interactions
and electronic exchange correlations are treated with all-electron
projector augmented wave potentials (PAW).”' The exchan§e-
correlation energy is represented by a gradient-corrected (GGA)>"**
functional proposed by Perdew, Burke, and Ernzerhof (PBE).*’
Brillouin zone integrations are performed using a 4 X 1 X 1
Monkhorst—Pack®* k-point mesh. The positions of all atoms are
relaxed using the conjugate-gradient method until the component of
force on each atom is less than <107 eV/A. For density of state
calculation the Brillouin zone has been sampled using a 15 X 1 X 1 k-

grid. In all structures, the vacuum region between two adjacent
periodic images are fixed to 20 A to avoid spurious interaction among
periodic images. Ab-initio molecular dynamics (AIMD) simulation
were performed to access the effects of HF concentration and
temperature on the exfoliation process with a time step of 1 fs within
the canonical ensemble. The temperature was set at 300 K and
adjusted via a Nosé—Hover thermostat.*>™>’ For AIMD calculations,
the plane wave basis set cutoff is set at 350 eV.

B RESULTS AND DISCUSSION

To gain a comprehensive understanding of the exfoliation of
MZXene, we constructed a model structure for the MAX phase,
as shown in Figure SI in the Supporting Information. The
MAX phase is modeled as bilayer Ti;C, MXene with a layer of
Al atoms interleaved between them. Al atom occupies a
position on Ti (mid sublayer) top site and bonded with 6
nearby Ti atoms (Figure S1 in the Supporting Information).
We considered a 6 X 1 X 1 MAX supercell with 20 A vacuum in
the Y and Z direction for the intercalation of HF via the MAX
edges as shown in Figure la. Atoms at the left most edge of the
MAX (Figure 1b—h) are fixed, and all other atoms are fully
relaxed. Exfoliation of graphene®®*® or phosphorene™ also
involves the penetration of solvent moieties via the sample
edges, which opens interlayer gaps. In these van der Waals
solids, the binding forces between the layers vary as r~¢, where r
is the interlayer distance.”’ Intercalating species disrupt
bonding between the layers by increasing the interlayer
distance leading to isolation of layers. However, in MAX, a
strong chemical binding between the MXene layers via Al
makes the exfoliation process very complex and challenging.*'
In order to simulate this, we add HF molecules one by one at
the open edge of MAX phase, followed by complete structural
relaxation. Various configurations of HF-MAX complex are
considered, and the minimum energy structure was taken for
inclusion of the next HF molecule. The evolution of the lowest
energy atomic configuration during the intercalation of 1—-7 HF
molecules is shown in Figure 1b—h.

The intercalation starts with the spontaneous dissociation of
HF and subsequent termination of undercoordinated Ti atoms
at the edge by both H and F atoms (Figure 1b). Due to H and
F terminations the AII-Til and All-Ti2 bond lengths
increases slightly (~2% and 0.6%) (Figure 1b). Second HF
insertion also results in the spontaneous termination of both
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Figure 2. AIMD snapshots of the HF—Ti;AlC, at different concentrations of HF 1%, 5%, 9%, and 18% at ¢ = 30 ps. Silver, blue, orange, cyan, and
pink balls represent Ti, C, A, F, and H atoms, respectively. To highlight the formation of AlF; and H,, darker shades are used to present Al, F, and H

atoms.

Til and Ti2 atoms at the edge by F atoms and results in the
weakening of both edge Al1-Ti bonds as evident from the
increase in All-Til and All-Ti2 bond length (Figure 1c).
Interestingly, H, molecule (Figure lc) forms, when two H
atoms are available there. The third HF molecule also
dissociated into H and F, with H binding to the Ti3 atom
and F binding with the All atom at the edge (Figure 1d). All—
Til bond length increases up to ~14% of its original length.
Addition of a fourth HF leads to the F termination of already F-
terminated Til and formation of two H, molecules. Due to the
repulsion from F4, F3 moves toward the Ti2 and forms a weak
bond with it as shown in Figure le. The length of Al1—Til and
Al1-Ti2 bonds increases by ~47% and 11%, respectively,
indicating the dissociation/weakening of Al1—-Til and Al1-Ti2
bonds. Addition of a fifth HF results in the H termination of
the Ti3 atom and F termination of All as shown in Figure 1f,
which severely weakens bonding of Ti3 with All. A sixth HF
insertion results in termination of Ti3 and Ti4 atoms by H
atoms. Bonding of F6 with All leads to the formation of two
strong Al1—F bonds. As All is also weakly bonded with the Til
and Ti2 atoms, this AlF, is a precursor of AlF; (Figure 1g). The
bond length of Al1—FS is ~2% larger than the other All—F
bond and can be identified as the weakest among all the Al1—F
bonds. Addition of a seventh HF leads to dissociation of the
Al1-FS bond and formation of a Al1—F7 bond. The binding of
FS with Ti3 and dissociation of F4—Til bonds result in the
formation of AlF;, which eventually leaves F/H-terminated
MXene layer (Figure 1h) behind. Experimental studies have
confirmed the formation of AIF; during the isolation of MXene
from MAX.' The analysis presented here, clearly reveals that F
(or H) termination of MXene is essential for the weakening of
Al—MXene bonds, which subsequently facilitate the formation
of AlF;. However, requirement of seven HF molecules for
extraction of first AlF; imposes significant constrains over the
exfoliation process. Furthermore, H atoms provide active
support by forming H—Ti intermediates, which eventually
forms H, molecule in the presence of another H atom. This H,
evolution"** during the reaction has also been supported by the
experiments.

Effect of H,0. In practical experimental conditions, the
aqueous solution of HF is usually employed for the exfoliation
of MXene from MAX. Therefore, during the reaction the
intercalation of H,0O molecules into the MAX is plausible. A
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perusal of MXene literature also shows the presence of a —OH
functional group on the MXene surface, which indicates the
active role played by the water molecules in the isolation
process. To understand the role of water in the isolation of
MXene, we intercalated one H,O molecule at the MAX edge.
The spontaneous dissociation of H,O into —H and —OH
followed by termination of edge Ti atoms by H/OH functional
group is observed (Figure S2 in the Supporting Information).
The formation energy (Ef, as discussed in Supporting
Information) of H,O-intercalated MAX is ~0.2 eV more than
that of HF-intercalated MAX, thus indicating the preference for
the HF over H,O intercalation. We further compared the E' of
MAX with (i) two HF, (ii) two H,O, and (iii) one HF and one
H,O molecules. We find that the Ef is minimum when two F
atoms terminate the edge Ti atoms. The Ef of structure with
one F and one OH terminating the edge Ti atoms was higher
by 0.21 eV, whereas the formation of OH-terminated MAX was
energetically least favorable (by 0.65 eV compared to two F
case). These observations clearly show the preference for F
terminations. Experimentally, it has been shown that under
ambient conditions the formation of AlF; is preferred over
Al(OH);.* Therefore, it indicates that the termination of Al/Ti
atoms by HF initiates and carries out the MXene isolation
process, and H,O supports the exfoliation process by
delaminating the MXene layers. It also explains the
experimental finding of functionalized MXene primarily by F
atoms."?

Exfoliation Process with Varying Concentrations of
HF. Generally, the rate of reaction crucially depends on the
concentration of reactants and temperature. To understand the
effects of concentration on the isolation process we performed
ab initio molecular dynamics (AIMD) simulations for the MAX
and HF system. Usually the exfoliation of MXene occurs at
room temperature; therefore, the temperature is set at 300 K.
AIMD simulation is performed for various concentrations of
HEF-1%, -5%, -9%, and -18%. AIMD is a powerful tool to assess
the dynamics of the real systems at finite temperature; here the
forces are calculated on-the-fly from accurate electronic
structure calculations. We employed the relaxed geometry of
the HF-intercalated MXene and observed the dynamics up to
30 ps. The snapshots of AIMD simulation at 30 ps for all the
concentration of HF considered here, are shown in Figure 2. At
low concentration of HF, the F atom binds with Al
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Figure 3. [-projected PDOS for (a) pristine and (b—h) 1—7 HF-intercalated Ti;AlC,. For clarity, h is presented in two parts (i and ii). Fermi level is

set at zero.

Interestingly, when the concentration of HF molecules
increases, instead of forming AlF;, the F atoms bind randomly
to Al atoms. Similar to our T = 0 (Figure la—h) the AIMD
simulations also clearly indicate that the formation of AlF; is
not a spontaneous process. With increasing concentration of
HF, the formation of AlF; and H, is observed (AIF; by dark
orange and cyan colors, and H, by dark pink color). The
number of H/F terminations also increases with concentration
of HF, leading to large interlayer separation. To understand the
effects of temperature, we performed AIMD simulations for
18% HF concentration at 500 K, and observed the dynamics for
10 ps. The higher temperature further increases the rate of
reaction as can be observed by larger interlayer separation and
lesser number of Al attached to MXene,, in Figure S3. A
previous study™ also reported a faster conversion of MAX into
MXene when the temperature was increased from 20 to 50 °C.

Electronic Structure and Charge Transfer. To under-
stand the electronic origin of the exfoliation and functionaliza-
tion processes, we analyzed the effects of step-by-step HF
intercalation on the electronic structure of Ti;AIC, (Figure 3a—
h). First, we show the atom-projected density of states (PDOS)
of MAX phase in Figure 3a. The strong overlap of Ti and C
states, well below the Fermi energy, indicates the higher
stability of Ti—C bonds.” The Til states hybridize with the All
states; however, the finite density of states at the Fermi level
renders the Al-MXene bond weaker and chemically more
active than the Ti—C bond (Figure 3a). Relative to Ti (inside
bulk type region) or Al (at edge), the large number of Til (at
edge) states at the Fermi level can be attributed to the edge
effects (Figure S4).

Upon intercalation of first HF, the strong hybridization
between the F (H) and the Til (Ti2) states leads to robust

binding between F1 (H) and Til (Ti2) atoms. The Til and
Ti2 states, available at the Fermi level in MAX, shift to higher
energy after the adsorption of H and FI, thus revealing the
transfer of Ti electrons to F states. Relative to MAX, weaker
overlap between Til and Ti2 with All states indicates
weakening of All-Til and AllI-Ti2 bond upon H/F
termination (Figure 3b). Strong hybridization between F1
and F2 with Til and Ti2 atoms, respectively, can be seen in
Figure 3c. In three HF-intercalated MAX, F3 and H bonding
states have substantial overlap with All and Ti3 states,
respectively (Figure 3d). It indicates strong binding between
All and F3 and H and Ti3. When a fourth HF intercalates, due
to considerably large overlap between F4 and Til states, these
atoms bind strongly. The robust binding between the F1 and
the F4 with Til weakens the Al1—Til (Figure 3e) bond. Weak
binding between F4 and Ti2 can be inferred from the weak
hybridization between F4 and Ti2 states. When a fifth HF
intercalates, the FS (H) states below the Fermi level overlap
with All (Ti3) states strongly, leading to the formation of
strong All-FS (H—Ti3) bonds (Figure 3f). Weak bonding
between All-H and F3—H is evident from the weak overlap
between the states of All and F3 with H. In six HF-intercalated
MAYX, the strong bonding between Al1—F5 and Al1—F6 can be
inferred from the large overlap between Al1-FS and All-F6
bonding states (Figure 3g). Large overlap between the All and
F5 and F6 states below the Fermi level results in strong binding
between All and F5/F6. Strong hybridization of H states with
Ti3 and Ti4 states essentially leads to the weakening of All
binding with both Ti3 and Ti4. Weak hybridization among All,
F3, and F4 states is clearly shown in Figure 3h. While the states
of F1 and F2 hybridize strongly with states of Til and Ti2,
respectively, weak hybridization between states of F4 (F3) and
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Figure 4. Electron localization function plots for (a) pristine and (b—h) 1—7 HF-intercalated Ti;AIC,.

Til (Ti2) leads to dissociation of these bonds. Upon
intercalation of a seventh HF, strong hybridization of All
with F4, F6, and F7 states results in the formation of AlF;
molecules (Figure 3h). Large splitting between bonding and
antibonding All, F4, F6, and F7 states further stabilizes the
AlF; molecules. Strong hybridization between FS (H) states
and Ti3 (Ti4) show the formation of these bonds (Figure 3h),
leading to functionalization of MXene.

The above analysis clearly show that due to strong binding
between F/H and Ti atoms the HF intercalation into MAX will
always facilitate isolation of functionalized MXene. Further, to
elucidate the nature of bonds formed during the intercalation
process between F/H and Al/Ti, we show the electron
localization function for MAX and HF-intercalated MAX in
Figure 4a—h. First, introduced by A. D. Becke and K. E.
Edgecombe,* the electron localization function (ELE) simply
relates the localization of an electron with the probability
density of finding a second same spin electron near the
reference point. The maximum value attended by the ELF = 1
corresponds to the perfect localization with respect to the
uniform electron gas. ELF = 1/2 corresponds to electron-gas-
like pair probability, and ELF = 0 indicates completely
delocalized electrons. Strongly localized electron density (ELF
~ 0.8—0.9) between Ti and C clearly indicates strong covalent
bonding between Ti and C, whereas relatively weak bonding
between Al and Ti is evident from the moderate ELF value
(~0.4—0.6). For edge Ti—Al bonds, the electron density is
localized on Al atoms, thus giving ionic character to the bond
(Figure4a). The spilled over charge density in the region
between the MXene layers essentially leads to dissociation of
HF followed by their adsorption over the edge Til and Ti2
atoms. Formation of strong covalent—ionic bonds between F/
H and Ti are indicated by the presence of electron density
between these atoms, which is mostly localized (ELF =~ 0.8—
1.0) on F/H atoms (Figure 4b—h). Formation of H, molecules
is shown by the strong localization of a pair of electron (Figure
4c—h). Termination of Ti by F/H results in severe weakening
of Ti—Al bonds (ELF ~ 0.1) as shown in Figure 4b—h.

Intercalation of a seventh HF results in the formation of AlF; as
shown in Figure 4h. The ELF analysis also reveals the strong
covalent—ionic binding between the Ti and the F atoms, which
results in weakening of Al-Ti bonds and eventually leads to
removal of Al from the MAX. This strong binding between Ti—
F/H promotes the isolation of F-functionalized MXene.

Thermodynamics of the Exfoliation and Functionali-
zation of MXene. The above analyses show that isolation of
F-functionalized MXene is highly favorable. However, the
random and nonuniform distribution of functional groups
found in experimental studies reveals the difficulties associated
with the stoichiometry (Ti;C,F,, x = 0—2) control over the
exfoliated functionalized MXene. To capture the complexity of
the exfoliation and functionalization process, we study the
thermodynamics of the reaction between MAX and HF.

First, we estimate the temperature range favorable for
removal of Al. As shown above (Figure 1), removal of Al from
MAX proceeds via formation of AlF;. Therefore, the chemical
potential of Al in AlF; should be lower than that in Ti;AlC,, i.e,,
Uni(AlF;) < pa(TizAlC,). The chemical potential of Al in bulk
AlF; and bulk Ti;AlC, satisfies the following relations

EAIF3 =p + 3/4F (1)

ETiSAlCZ = 3/"'11 + ﬂAl + zﬂc (2)

Using eqs 1 and 2, the above inequality relation can be
expressed as Eqp, — 34 < Egjac, — 3#1 — 2ic. The chemical
potential of Ti and C is referenced to the total energy of bulk
Ti and graphite. The HF solution is considered as a reservoir
for F atoms, whose total energy Eyy is given by Eyp = pig + piy.
As the chemical potential of species in solution crucially
depends upon the experimental growth conditions and can be
controlled externally, it should be treated as variable. Under F-
rich conditions, the g can be referenced to the %ﬂF[Fz]. Under
F-poor condition, the HF dissociates into H, and F, gas;
therefore, y, = Eyp — %ﬂH[Hz]- Here, the chemical potential
of H is referenced to the total energy of H, molecules. We find
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that the formation of AlF; is preferred over Ti;AIC, at any
teasible chemical potential of F, except at very high temperature
(Figure SS in the Supporting Information).

After confirming the preference for the formation of AlF;
relative to Ti;AlC,, next we study the thermodynamics of the
functionalization process. We calculated the changes in Gibbs
free energy (G) upon the HF intercalation, i.e., AG defined as
AG = ZAGPo®E — FAG (35 discussed in Supporting
Information). It allows comparison of the stabilities of reactants
and various plausible products. The more negative AG the
larger the thermodynamic driving force for the reaction. For
evaluation of G of the model MAX and functionalized MXene,
we considered a 2 X 2 X 1 supercell. Following are the possible
reactions considered in this study

Ti,Al,Cq — Tij,Cq + 4Al 3)
TipAl,Cq + 4HF — Ti,CgF, + 4Al + 2H, (4)
TipAl,Cg + 12HF — Tij,Cg + 4AIE + 6H, (s)
TipAl,Cg + 14HF — Ti,CiF, + 4AIE + 7H, (6)
TipAl,Cg + 16HF — Ti,CeF, + 4AIE + 8H, 7)

Here we utilized the fact that the chemical potentials of
species are equal to the partial molar Gibbs free energy of that
species.”” For reaction 3, AG is positive, indicating that
isolation of MXene in the absence of HF is not possible. The
negative AG values are obtained for reactions 5—7, indicating
that the formation AlF; is thermodynamically favorable, which
is in agreement with the experiments.' In the entire range of yir,
the AG for fully fluorinated and pristine MXene have the
lowest and highest values, respectively (Figure S6 in the
Supporting Information). Therefore, the formation of fully F-
functionalized MXene is thermodynamically most favorable.
However, negative AG for the formation of partially function-
alized or pristine MXene indicates that these possibilities
cannot be ruled out completely. Although, AG is negative for
reaction 4, it is much higher than that of any other possible
reactions. It shows that the formation of Al bulk, as one of the
products, is thermodynamically not favorable.

As found above, the presence of water supports the
exfoliation process by terminating the MXene layers by an
OH functional group. Therefore, it is important to elucidate the
effect of H,O on the exfoliation and relative stabilities of fully,
partially, or mixed functionalized MXene using thermodynam-
ical considerations. Due to the presence of water both OH and
O terminations are predicted and studied extensively.>**~>" At
ambient conditions, however, only F and OH terminations are
reported by experimental studies.** The O termination is a
derived process and occurs at very high temperature, ~1500
K* The H from the OH group forms H, molecules and
escapes, leaving the O-terminated MXene layers behind.
Moreover, a high energy barrier of 1.6 eV*® needs to be
crossed for the transformation of OH into O, rendering the
process unlikely at ambient conditions. Therefore, in the
present work, we will consider only F and OH terminations.
The following reactions are considered

TipAl,Cg + 14HF + 2H,0
— Ti,,CeF,(OH), + 4AIE, + 8H, (8)

Ti,Al,Cy + 12HF + 2H,0
— Ti,,Cs(OH), + 4AIE + 7H, 9)

Ti,ALCg + 13HF + H,0
— Ti,,C,F(OH) + 4AIE + 7H, (10)

Ti,Al,Cy + 1SHF + H,0
— Ti,,CsE(OH) + 4AIE + 8H, (11)

Ti,Al,Cy + 12HF + 4H,0
— Ti,,C4(OH), + 4AlE + 8H, (12)

The OH can come from H,0, and the chemical potential of
OH and H are related through the relation Ey o= pyy + Hop.

Since now the H atoms can come from any of the two sources,
i.e, HF or H,O, three chemical potentials, piy, ftg, and poy, are
no longer independent of each other. Under these conditions,
instead of setting H, gas as reference for H, it is useful to
consider variable y; bounded by maxima and minima in H,O

and HF solution. In the H-rich limit, the py= %/,{H [H,]. In the

H-poor limit, both HF and H,O can dissociate; therefore, a
lower bound can be calculated by setting the ug/poy = 0 using
either of the following relations

(6]
py = AHEO — (13)

Hy = AH?F — Hg (14)
Here, experimental values of AH?ZO and AHMF are taken.”'™*
The presence of water significantly modifies the experimentally
accessible range of yy;. Using eqs 13 and 14, the lowest bound
for py is calculated to be —5.90 and —6.25 €V, respectively. The
common range for yy; among eqs 13 and 14 is from —5.90 to
—3.39 eV. The AG is calculated for eqs 5—12 across this shared
range of yy and shown in Figure S. It is evident that for any
experimentally accessible iy there is a strong preference for the
formation of fully F-functionalized MXene. Interestingly, the
AG for mixed or partially functionalized and pristine MXene is
also negative, thus indicating the finite probability of finding all
of these in experiments. Most importantly, the AG for mixed
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Figure S. Change in the Gibbs free energy of reaction (AG) as a
function of hydrogen chemical potential for different possible reaction
paths.
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functionalized MXene is only slightly more in energy than that
for fully F-functionalized MZXene. Therefore, the mixed
functionalization of MXene is also highly probable. The AG
increases with the concentration of —OH present on the
MXene, indicating a strong thermodynamic preference for the
F terminations compared to OH terminations. Recently, an
NMR study'® on the surface structure of Ti;C, MXene also
revealed significantly fewer OH (and O) than F terminations.
Due to the higher electronegativity of F compared to OH>*
ions, the charge transfer between the Ti atoms of MXene and
terminating group will be large for F, which renders F—Ti
bonds stronger than the Ti—OH bonds. The F terminations
provide higher stability to the structure, and hence, fully F
terminations are more favorable than mixed F/OH-terminated
MXene.

From the above discussion it is clear that all the reactions,
eqs 5—12 are thermodynamically possible and can occur with
different probability, which depends upon the respective AG.
The lower the AG, the higher the preference for that reaction.
The reaction between MAX and HF will start with the
formation of fully F-functionalized MXene. As the reaction
progresses, the concentration of F goes down and the mixed
functionalized MXene formation will start. With decreasing
concentration of F, the various MXene shown in Figure 5 will
form. In agreement with the experiments, thermodynamic
analyses clearly indicate the random and nonuniform
functionalization of MXene during the exfoliation process.

Degradation of MXene. Experimental studies on MXenes
mainly focused on the exfoliation process; rarely any attention
is devoted to understand the other possible reactions occurring
concurrent to the exfoliation of MXene. Degradation of MXene
at longer time scale also needs immediate attention. Therefore,
we extended the thermodynamics analysis to the following
possible reactions of formation of TiF,/TiF;/TiO, and graphite

Ti,AIC, + 6H,0 + 3HF

1
— 3TiO, + AIE + 2C + 75H2

(15)
Ti,AIC, + 12HF — 3TiE + AIE, + 2C + 6H, (16)
Ti,AIC, + 1SHF — 3TiE, + AlE + 2C + 6H, (17)

Although a high concentration of HF or H,O is required,
negative and large AG values for the reactions 15—17 (Figure
S7) indicate the finite probability of the formation of TiF;/
TiF,/TiO, and graphite. Indeed, disorders/defects in MXene
have been reported in a recent study when the high
concentration of HF was used to exfoliate MXene. An
experimental study’” has recently reported the formation of
TiO, during the conversion of MAX into MXene. Therefore,
the transformation of MAX into MXene is usually carried out in
low-concentration HF solution.”® The strong preference for the
formation of TiO, (Figure S7) indicates that in the moist
environment there will be a good chance of MXene to be
converted to TiO,. These challenges associated with the
exfoliation and long-term stability of MXene must be kept in
mind while fabricating the MXene-based devices for practical
applications.

B CONCLUSION

In conclusion, using first-principles calculations we studied the
detailed mechanism of exfoliation and functionalization
processes of MXene using HF intercalation via the edges of

MAX. By considering step-by-step intercalation of HF
molecules into MAX, we show that the termination of
MXene by F/H atoms of HF molecule leads to weakening of
Al-Ti bonds. The opening of the interlayer gap, due to this
weakening, permits further intercalation of HF molecules and
results in formation of AlF;. H,O supports the reaction by
terminating the MXene by OH. PDOS and ELF analyses also
indicate that functionalization of MXene is essentially due to
the formation of strong Ti—F bonds. The negative and very
close Gibbs free energies for the formation of fully F- and
mixed F/OH-functionalized MXene support the random
functionalization of MXene. Although high in energy, AG is
negative for partially functionalized or pristine MXene,
indicating the formation of nonuniformly functionalized
MXene. The exfoliation of MXene from MAX using HF is a
fairly general route for the synthesis of MXene. Therefore,
results presented in this study reveal the microscopic details of
the exfoliation process of MXene in general and provide
explanation for the thermodynamically driven challenges
associated with control over the functionalization of MXenes.
The thermodynamics analyses of other possible reactions
indicate that the higher concentration of HF/H,O will cause
degradation of the MXene structure; therefore, these reactions
need to be carried out under milder conditions. These issues
necessarily call for the development of alternative routes for
exfoliation of MXene, circumventing the difficulties related to
the controlled functionalization of MXene.
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