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ABSTRACT: MXenes are emerging two-dimensional (2D) materials for © Ti oC
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energy-storage applications and supercapacitors. Their surface chemistry,
which determines critical properties, varies due to different synthesis
conditions. In this work, we synthesized TiVC solid-solution MXenes by
two different synthesis methods and investigated their surface functional
groups. We performed etching of the TiVAIC MAX phase using two
different solutions, a highly concentrated HF (50 wt % =~ 29 M) and a
mixture of LiF and HCI (1.9 M LiF/12 M HCl). Large-scale delamination of
TiVCT, to produce single-flake suspension was achieved by further intercalation of the resultant MXene from LiF/HCI with
tetrabutylammonium hydroxide (TBAOH). X-ray diffraction indicates a large interlayer spacing of 2.18 nm for TiVCT, MXene
flakes. To investigate the structural stability and adsorption energy of different functional groups on TiVC MXenes, density
functional theory (DFT) calculations were performed and supported with X-ray photoelectron spectroscopy (XPS) measurements.
A higher concentration of =0 and a lower concentration of —F were achieved on the TiVC synthesized by LiF/HCI, both of which
provide a more favorable surface chemistry for energy-storage applications. Our results provide the first systematic study on the
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effect of synthesis conditions on the surface chemistry of solid-solution TiVC MXenes.
KEYWORDS: 2D MXene, solid-solution TiVC, delamination, surface chemistry, XPS, DFT calculations

B INTRODUCTION

MXenes, a new series of two-dimensional (2D) materials, have
attracted great attention due to their unique physical and
chemical properties.' > The precursors of MXenes are layered
MAX phases with a chemical composition of M,,,;AX,, where
M is an early transition metal, A is an A-group (mostly group
13 and 14) element, X is C and/or N, and n = 1, 2, or 3.°
Unlike other layered materials such as graphite with weak van
der Waals bonding between layers of the multilayer structure,
the bonds in the MAX phases are a mixture of metallic, ionic,
and covalent bonds.” Taking advantage of the different
strengths of bonding in the MAX phases—the weak metallic
bonding in M—A layers, in particular—the A layer in MAX
phases can be removed by aqueous fluorine-containing
solutions, resulting in the formation of MXenes and conversion
of the three-dimensional (3D) MAX structure to a 2D
MXene.”>”® The general formula of MXenes is M,,;X,T,,
where T represents surface functional groups (=0, —F, —OH,
and/or —Cl) and x is the number of functional groups per
formula unit.”~'* MXenes have been considered for a variety of
applications'*™'® and, among all of them, their use as
electrode materials in energy-storage applications has attracted
the most attention.""'”'® The surface chemistry, or termi-
nation groups, of MXenes signiﬁcantlzf affects their electro-
chemical energy-storage properties.'”~*' For example, it has
been reported that =O terminations in MXenes increase the
energy-storage capacity, while —F and —OH terminations in
MZXenes block electrolyte ion transport and subsequently
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decrease the energy-storage capacity.””~>* Etching condition
has been considered as one of the important methods to affect
the surface chemistry of MXenes. However, except one study,
which was performed on the effect of etching condition on the
surface termination of Ti;C,T, MXenes,”® no other systematic
studies have shown how to tailor surface termination of other
MXenes during synthesis.

Depending on the number of M elements and their
arrangement in the structure, MXenes can have different
structural forms: mono-M elements, solid-solution M
elements, and ordered double-M elements.”” MXenes of
solid-solution M elements contain two different transition
metals with a random arrangement in the M layers, while
MZXenes of ordered double-M elements contain single or
double layers of only one transition metal sandwiched between
layers of a second transition metal.””**

Until now, the large majority of studies have focused on the
synthesis and delamination of mono-M element
MXenes.'”?*73* However, it is known that utilizing a
combination of elements in the M site, either as solid solutions
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or in an ordered phase, may provide an effective method to
tune the properties of MXenes.”**" Synthesis of two solid-
solution M,X-type MXenes has been reported; the stacked
TiNbCT, MXene was synthesized using 50% HF and its
delamination was achieved using hydrazine,'>** and stacked
TiVCT, MXene was produced recently by a mixture of lithium
fluoride salt (LiF) and hydrochloric acid (HCI).” It is worth
noting that the majority of synthesized MXenes were created
using a high concentration of HF in the etching process, which
is far from ideal from a safety perspective and also affects the
quality, surface chemistry, and properties of the resultant
MXenes.***’

Herein, we systematically study the effect of etching
conditions on the surface chemistry of TiVCT, MXenes. We
show that large-scale delamination and separation of this type
of 2D materials can be achieved by further intercalation of the
resultant MXene using tetrabutylammonium hydroxide
(TBAOH). In addition, we used density functional theory
(DFT) calculations to predict the structural stability and
adsorption behavior of different functional groups on TiVC
MXenes. X-ray photoelectron spectroscopy (XPS) provides
experimental validation of these calculations by measuring the
surface chemistry and concentration of functional groups on
TiVC MXenes.

B MATERIALS AND METHODS

Synthesis of the Solid-Solution TiVAIC MAX Phase. The
solid-solution TiVAIC MAX phase was prepared according to the
procedure reported by Naguib* and Wang et al.”” TiVAIC was
synthesized by heating a mixture of titanium, Ti (Alfa Aesar, USA, 99
wt % purity, —325 mesh), vanadium, V (Sigma-Aldrich, USA, 99.5 wt
% purity, —325 mesh), aluminum, Al (Alfa Aesar, USA, 99.5 wt %
purity, —325 mesh), and graphite, C (Alfa Aesar, USA, 99 wt %
purity, —325 mesh) elemental powders in a molar ratio of
1.0:1.0:1.3:1.0 to 1450 °C in argon at 5 °C/min, followed by a 2 h
holding period at this temperature. The resultant MAX phase was
crushed using a mortar and pestle and sieved through a mesh 325
sieve (particle size < 45 um).

Synthesis of Solid-Solution TiVCT, MXenes. TiVCT, MXene
was produced by immersing ~1 g of the parent MAX phase into a 12
mL solution of hydrochloric acid and lithium fluoride at 55 °C for 60
h. The mixture of LiF/HCI (1.9 M LiF/12 M HCIl) was prepared by
dissolving 0.6 g of LiF in 12 ml of HCI (37 wt % ~ 12 M HClI) at RT.
After etching, the resultant suspension was washed with deionized
water and centrifuged to separate the powders from the supernatant.
After several washing procedures and achieving pH =~ 6, the product
was dried at room ambient. In this work, the TiVAIC MAX phase was
also treated with 50% HF for 24 h at room temperature to compare its
elemental composition with the MXene prepared by LiF/HCI
solution.

Delamination of MXenes and Fabrication of MXene Films.
TiVCT, MXenes were delaminated by mixing 0.2 g of stacked
MXenes (prepared by LiF/HCI) with 2 ml aqueous solution of 54—
56% tetrabutylammonium hydroxide (TBAOH; (C,H,),NOH) at RT
for 5 h with magnetic stirring. Then, the resulting mixture was
centrifuged at 3500 rpm for 15 min to separate the intercalated
MXene from the liquid. The supernatant liquid was decanted, and the
intercalated MXene was washed with 10 ml of DI water to remove the
remaining TBAOH residue. After decanting the supernatant, 20 mL
of DI water was added to the intercalated powder, hand-shaken for 2
min, centrifuged at 3500 rpm for 1 h, and finally stable MXene
colloidal suspension was decanted into a glass vial. To fabricate
MXene films, a concentrated colloidal suspension of MXenes was
drop-casted on a cover glass.

Material Characterization. The crystal structures of the MAX
phase and MXenes were characterized by a PANalytical (nee Philips)
X-Pert Pro MPD X-ray diffractometer (XRD) using Cu K radiation

(wavelength 1.54056 A) at 45 kV and 40 mA. Rietveld refinement was
performed using the High Score Plus software package by PANalytical
and crystallographic information file (CIF) from ICDD (International
Centre for Diffraction Data).*' The surface morphology and
elemental compositions of powders were characterized by scanning
electron microscopy (SEM, JSM-7000F) equipped with “Octane Pro”
SDD energy-dispersive spectroscopy (EDS). The XPS analysis was
performed on as-prepared pellets (produced by cold pressing the
dried powders at a load corresponding to 1 GPa) using a Scienta
Omicron, HiPP-3 Environmental XPS with monochromated Al Ka
radiation. The XPS survey spectrum and high-resolution XPS scan
spectra were recorded at pass energies of 500 and 200 eV,
respectively. Component peak fitting of XPS spectra was performed
by using the CasaXPS software.

Density Functional Theory Calculations. DFT calculations
were performed to investigate the stability of functionalized TiVC, its
functionalization site, and the adsorption energy of various
termination groups. Calculations were undertaken using the Vienna
Ab initio Simulation Package (VASP) code.”””* Interaction between
the valence electrons and atoms was represented using the projector
augmented wave (PAW) method,*® and the exchange correlation
energy between electrons was represented using the Perdew—Burke—
Ernzerhof general gradient approximation (PBE) functional.*’” The
Methfessel-Paxton method was used to define partial orbital
occupation, with a smearing width of 0.1 eV. The energy convergence
criterion was 1076 eV, the force convergence criterion was 0.005 eV/
A, and calculations were performed with a 13 X 13 X 1 k-point mesh.
Single TiVCT, layers were modeled in a 3D periodic supercell that
contained approximately 20—22 A of vacuum on both sides of the
MXene structure to remove self-interaction. All structure energies
were calculated following system relaxation, where ion positions were
updated using the conjugate gradient method.

B RESULTS AND DISCUSSION

XRD Analysis of the Solid-Solution MAX Phase and
MXene. XRD patterns of the as-prepared solid-solution
TiVAIC MAX phase, its corresponding stacked MXene
synthesized by LiF/HCI, and the MXene film on the cover
glass are shown in Figure 1. The as-prepared TiVAIC contains
Ti;AlC, as an impurity phase (star symbols show Ti;AlC,
peaks). The existence of a secondary impurity phase is
common in MAX phases.'"****" To quantify the amount of
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Figure 1. XRD (Cu Ka) patterns of the as-prepared TiVAIC MAX
phase, after etching with LiF/HCI and TiVCT, MXene films on the
cover glass; the stars (*) represent peaks of Ti;AlC, that existed as an
impurity phase in the TiVAIC MAX phase.
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Figure 2. Schematic of the solid-solution TiVC MXene formation by wet chemical etching and its delamination using TBAOH.

Figure 3. SEM of (A) as-prepared TiVAIC MAX phase, (B) stacked TiVCT, MXene synthesized by LiF/HC], and (C) TiVCT, MXene flake. The
inset shows the Tyndall effect in a stable colloidal suspension of MXene in water.

each MAX phase, Rietveld refinement was employed (Figure
S1, Supporting Information) using #153266 and #198589 CIF
files for Ti3AIC, and TiVAIC phases, respectively. The results
indicated the existence of ~69 wt % TiVAIC and ~31 wt %
Ti;AlC, in our as-synthesized MAX phase. Based on Rietveld
analysis, the calculated lattice constants of Ti,AIC, are a = 3.02
A and ¢ = 18.21 A and those of TiVAIC are 2.97 and 13.41 A.
This strongly suggests a Ti/V ratio in TiVAIC of approximately
1 based on Vegard’s law and the associated lattice parameters
of isostructural end members of Ti,AlC (a = 3.04 A, ¢ = 13.60
A) and V,AIC (a = 291 A, ¢ = 13.14 A) according to ICDD
No. 29-0095 and 29-0101, respectively.' After etching the
powder with 1.9 M LiF/12 M HCI solution for 60 h at 55 °C,
clay-like sediment was formed with a corresponding shift of the
(002) peak to 20 = 6.10 and 6.98°, indicating the successful
formation of the MXene and/or MXenes with different
interlayer spacings of 1.44 and 1.26 nm, respectively. Since
two different MAX phases are in the as-prepared powder, two
MZXenes can be formed after etching; the peak at 20 = 6.98°
can be assigned to Ti;C,T,,"” while the peak at 20 = 6.10° can
be related to the formation of TiVCT,. Compared to the
synthesized MXene by LiF/HCI, the XRD pattern of the
resultant MXene from 50% HF shows a shift of the (002) peak
to 20 = 6.26° corresponding to an interlayer spacing of 1.41
nm (Figure S2A, Supporting Information).

To further study the formation of TiVCT, MXene, the
resultant sediment synthesized by LiF/HCI was treated with
TBAOH for 5 h at room temperature, forming a stable
colloidal suspension of separated TiVCT, MXene flakes in
water. It is worth noting that delamination of the Ti;C,T,
MXene is not possible with large molecules of TBAOH after
such a short time.*” In addition, no green color colloidal
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suspension, which is an optical evidence of Ti;C,T,,*”** was
observed after treating the MAX phase with the LiF/HCI
mixture, suggesting that if Ti;C,T, is formed, its amount is
much less than that of the TiVCT, MXene. After treating the
stacked TiVCT, MXene with TBAOH and drop casting its
colloidal suspension on a cover glass, we performed XRD on
the film (red plot). A larger shift of the (002) peak can be seen
in the deposited film, 26 = 4.04°, corresponding to a d-spacing
of 2.18 nm. The increase in the d-spacing of the deposited film
is due to the intercalation of tetrabutylammonium ions (TBA")
and/or water molecules between MXene flakes.””*” A small
broad shoulder for the (002) peak is also apparent at 26 = 5.6°,
which can be due to the TBAOH treatment.’” Only the (002)
peak was observed for the TiVCT, MXene film, indicating fully
delang)nated MXene flakes lying horizontally on the cover
lass.
’ SEM and EDS Analyses of the Solid-Solution TiVAIC
MAX Phase and TiVCT, MXene. The multilayer solid-
solution MXene formation and its delamination are schemati-
cally illustrated in Figure 2. The layered MAX phase reacts
with LiF/HC], resulting in the removal of the Al layers to form
stacked MXenes. Due to the aqueous etching, the exposed
M'M” atoms (Ti and V) have a high tendency to form bonds
with hydrophilic groups such as =0, —F, —OH, and/or —C],
leading to negatively charged MXene surfaces.”’ Electrostatic
attraction between the negatively charged MXene flakes and
cations such as Li* and TBA* (as well as the attraction of water
molecules to the hydrophyllic surfaces) results in an increase of
interlayer spacing between MXene sheets and separation of
MXene flakes from each other.’”*® Based on the above
discussion, the following reactions are assumed during the

https://dx.doi.org/10.1021/acsami.0c03181
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Table 1. Elemental Composition (at. %) of the Solid-Solution TiVAIC MAX Phase and TiVCT, MXenes Prepared by Two
Different Solutions. EDS was Obtained from At Least Four Different Particles for Each Sample

sample Ti
as-prepared TiVAIC 23 + 4
TiVAIC after etching with 29 M HF 17+ 3

TiVAIC after etching with 1.9 M LiF/12 M HCI (stacked layer) 16 1

v Al C (] F Cl Si
26 +3 28 +2 20+ 6 S+3
12+£3 3+2 34 +7 15+ 4 18 +2
20+ 1 1+02 20+ 1 24 + 1 6+1 8+1 4+1

exfoliation process of the solid-solution TiVAIC MAX phase in
the mixture of LiF and HCI solutions™*

TiVAIC + 6HCI + 6 LiF

= TiVC + Li,AlE; + AICL + 3 LiCl + 3H,1 (1)
TiVC + 2H,0 = TiVC(OH), + H,1 ()
TiVC + 2H,0 = TiVCO, + 2H,?1 3)
TivC + 2 HCI = TiVCCI, + H,1 (4)
TiVC + 2 HF = TiVCE, + H,1 ()

Reaction 1 shows the removal of the Al layer from the MAX
phase, and Reactions 2—5 show the formation of MXene with
different possible surface functional groups.

Scanning electron microscopy (SEM) images of the as-
prepared MAX phase, its corresponding stacked MXene, and
the delaminated flakes are shown in Figure 3. The compact
layered structure of the MAX phase can be seen in Figure 3A.
After etching the MAX phase with a mixture of HCI and LiF,
the Al layers are removed, resulting in the exfoliation of TiVC
layers (Figure 3B). A similar result has been observed for the
TiVC layers synthesized by 50% HF (Figure S2B, Supporting
Information). Large-scale delamination and separation of solid-
solution TiVC MXene layers are achieved by intercalation of
the resultant stacked MXene synthesized by LiF/HCI with
TBAOH at RT for 5 h. Delaminated MXene flakes were
dispersed in DI water to form a stable colloidal suspension,
which is confirmed by the Tyndall effect (the inset in Figure
3C). Figure 3C shows TiVCT, MXene flakes after drop casting
the colloidal suspension on an alumina membrane.

To confirm the formation of the solid-solution MXene and
analyze its elemental composition, the resultant sediments
prepared by two different solutions (HF and LiF/HCI) were
analyzed by energy-dispersive X-ray spectroscopy (EDS)
(Table 1). All of the powders were placed on Si wafers as a
substrate, resulting in a silicon signal for most samples. As
shown in Table 1, the Al content was significantly reduced
after etching the MAX phase powder by both LiF/HCI and
concentrated HF, confirming the formation of TiVCT,
MZXene. Various surface terminations such as =0, —F, and
—Cl were detected by EDS for MXenes produced by the LiF/
HCI solution. For TiVCT, MXene produced by 29 M HF, a
large amount of —F is observed. Comparing the EDS results of
stacked MXenes prepared by two different etchant solutions,
the amount of —F termination was reduced in the synthesized
MZXenes by 1.9 M LiF/12 M HCI, which has been reported as
favorable for energy-storage applications.”' ~*°

DFT Calculations of Structural Stability and Adhesion
Behavior of Functional Groups on TiVC MXene. To
predict the structural stability of the functionalized TiVCT,
MXene and the adsorption energies of the different
termination groups, DFT calculations were performed. Three
base structures with different transition-metal ion config-

urations were used to represent the solid-solution TiVC
MXene (Figure S3, Supporting Information). Figure 4 shows
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Figure 4. Functionalized MXene with different configurations of
possible termination groups studied in the DFT calculations. Two
metastable adsorption sites are assumed on MXene surfaces. (A—D)
Side views of these configurations, where the structures in (A) and
(B) have the same sites on each layer, while the structures in (C) and
(D) have different sites. MXene structures shown in (E) and (F)
show the top view of the two functional sites of (A) and (B),
respectively.

the functionalized MXene with different configurations of
termination groups adsorbed to the base structures. Four
different termination sites were considered: two with
symmetric functionalization (A and B structures in Figure 4)
and two with different functional sites on either side of the
layer (C and D structures in Figure 4). These configurations
were chosen based on the metastable MXene termination sites
reported by Khazaei et al.”® The configuration referred to as A,
in which the functional group is adsorbed above the opposite-
side transition-metal ion, had the lowest total energy, cohesive
energy, and adsorption energy among the four possible
termination configurations studied here.

To calculate the structural stability of the functionalized
TiVC MXene, the cohesive energy per atom was calculated (eq
6). The cohesive energy per atom is the energy of each
individual atom in the MXene isolated in a vacuum subtracted
from the total energy of the MXene structure, normalized by
the number of atoms, indicating the energetic cost of splitting
the MXene structure into its constituent elements.

E

‘coh/atom

= [Etm(TiVCTx) - Eamm(Ti) - Eatom(v) - Eatom(c)
— 2E,,,(O/F/Cl/H)]/n (6)

where n is the number of atoms, E, is the total energy of
TiVCT,, and E is the energy of individual atoms in a
vacuum.

The calculated cohesive energies are shown in Table S1
(Supporting Information) and Figure SA for TiVCT, MXenes.
These results show that TiVCT, MXenes with the =O
termination group possess the lowest cohesive energy
compared to —F, —OH, and —Cl terminations, suggesting
that TiVCO, MXene is the most energetically stable TiVCT,
MZXene structure in this study.

To investigate TiVC’s relative preference for adsorbing the
four possible termination groups, the adsorption energy of

atom

https://dx.doi.org/10.1021/acsami.0c03181
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Figure 6. XPS spectra of TiVCT, MXenes synthesized by (A) 50% HF and (B) LiF/HCI. XPS confirmed the removal of Al and formation of

TiVCT, MXenes with different functional groups.
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Figure 7. High-resolution XPS spectra of TiVCT,-HF MXene in (A) C 1s, (B) F 1s, (C) Ti 2p, and (D) V 2p and O Is regions. See the text for

discussion.

each termination group was calculated. Adsorption energy has
been used to predict the most favored termination group in
many other MXenes.”””> The adsorption energy of different
termination groups at the surface of TiVC MXene was
calculated by subtracting the energy of the pristine MXene and

the energy of the isolated termination group atoms in a

20133

vacuum (O, F, OH, or Cl) from the total energy of the
functionalized MXene, as defined in eq 7.

E,(TiVCT,) — E(TiVC) — 2E(T.)
2

Eads = (7)

where E, is the total energy of the functionalized MXene,
E(TiVC) is the total energy of the pristine MXene, and E(T,)

https://dx.doi.org/10.1021/acsami.0c03181
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See the text for discussion.

Table 2. Surface Composition (at. %) of TiVCT, MXenes Measured by XPS

sample Ti v
TiVCT,-HF 9.6 + 02 7.9 £ 0.16
TiVCT,-LiF/HCl 4.6 £ 0.15 6.5 £ 0.12

39.7 £ 0.51
40.1 £ 0.54

(@) B Cl
229 + 043 199 £ 0.33
341+ 0.5 11.6 £ 0.34 3.1 £0.23

is the total energy of the isolated functional group atoms in a
vacuum. The results of adsorption energies are presented in
Table S2 (Supporting Information) and Figure SB. It is shown
that TiVC with the =O termination group has the lowest
value of adsorption energy, followed by —F, —OH, and —Cl
termination groups.

XPS Analysis of TiVCT, MXene. To support our DFT
calculations and analyze the surface chemistry of the
synthesized TiVC MXene, XPS measurements were per-
formed. The survey spectra of TiVCT,-HF and TiVCT,-LiF/
HCI (Figure 6) show that Al was removed from the MAX
phase and TiVCT, MXene was formed. Oxygen and fluorine
functional groups were clearly observed in the XPS results of
both TiVCT,-HF and TiVCT,-LiF/HCl. In addition, the
presence of chloride (—Cl) is shown in the TiVCT,-LiF/HCl
sample (Figure 6B).

Figures 7 and 8 show high-resolution XPS spectra and peak
fitting of different regions in TiVCT,-HF and TiVCT,-LiF/
HCI samples. The peak positions obtained from the fits are
listed in Tables S3 and S4 (Supporting Information).

In the C 1s region of TiVCT,-HF (Figure 7A), the spectrum
is fitted by five peaks. The first two peaks at 281.8 and 282.3
eV correspond to internal C—Ti and C—V bonds.”**” Three
other peaks are assigned to graphitic C—C (285 eV), C-0/
C-H (286.8 eV), and C=0 and/or C—F (288.7 eV)
bonds.****®" The C 1s region for the TiVCT,-LiF/HCl
sample (Figure 8A) was fitted by the same components. In
addition, the weak peak at a binding energy of 291 eV is
assigned to the C—F and/or Cl group.”®” In the F 1s region,
the fitted peaks can be attributed to F—V, F,—Ti—C, and F—C
bonds in both samples (Figure 7B and 8B). In the TiVCT-HF
sample the F—C bonds are centered at 686.5 eV and 688 eV,

while in the TiVCT,-LiF/HCl sample they are located at
binding energies of 688.5 eV and 693 eV. We do not
completely understand the reason for the large shifts of F—C
binding energies in the TiVCT,-LiF/HCI sample, but it might
be related to the different carbon—fluorine interactions in the
material. In general, covalent C—F bonds show higher binding
energies than ionic bonds.”’Figure 7C shows the Ti 2P
spectrum of the Ti;C,T,-HF sample. The three dominant
peaks at 454.6, 455.8, and 458.2 eV correspond to Ti—C, Ti—
0, and C—Ti—F, bonds.*** In the Ti,C,T,-LiF/HCI sample,
two new peaks emerged at 453 and 458 eV (Figure 8C), which
are attributed to pure Ti and Ti—Cl bonds, respectively.®**®
Figures 7D and 8D show V 2p and O 1s spectra of the two
samples. The V 2p region of the Ti;C,-HF sample is composed
of four peaks. Peaks at 514 and 515.4 eV correspond to the
different oxidation states of vanadium and the other two peaks
at 513 and 518.4 €V are assigned to V—C and V—FE.**"% In
the V 2P region of Ti;C,-LiF/HCI, an additional peak is fitted
at 514.7 eV, which can be attributed to V—Cl bonds.*’ In the
O Is region, three main peaks are assigned to O—Ti, V=0,
and —OH bonds. The presence of water molecules between
MXene flakes is also found in the O 1s regions of both samples.
The surface compositions of TiVCT, MXenes determined
by XPS are reported in Table 2. It is shown that the amount of
oxygen increased to ~34 at. % in the TiVCT,-LiF/HCI sample
compared to ~23 at. % in TiVCT,-HF, while the fluorine
concentration decreased from ~20 at. % in TiVCT,-HF to
~12 at. % in the TiVCT,-LiF/HCI sample. These results are in
good agreement with the less precise EDS measurements
shown earlier. A higher number of =O compared to other
functional groups has been reported on other MXenes (e.g,
TiyC,T, and V,CT,), which were synthesized by a mixture of
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fluoride salts and HCI as well.>*’ XPS analysis also enables us

to determine the —OH concentration, which is not possible
with EDS. Compared to the =O and —F functional groups,
—OH and —Cl are minor components on TiVCT, MXene
(Tables 2, S3, and S4). Based on the XPS results, no significant
effect of the —OH concentration has been observed on the
TiVCT, MXene synthesized by two different solutions.

B CONCLUSIONS

In summary, we systematically compared the effect of synthesis
condition on the functional groups of 2D TiVCT, solid-
solution MXenes. Large-scale delamination and separation of
solid-solution MXene layers were achieved by treating the
stacked MXenes (synthesized by LiF/HCI) with TBAOH at
room temperature without a sonication step. Compared to the
TiVCT,-stacked MXene, a larger interlayer spacing was
observed for the TiVCT, film (separated MXene flakes),
suggesting intercalation of water molecules and/or TBA" jons
between MXene layers. Based on DFT calculations, TiVC with
the =O functional group has the most stable structure and
also the =O functional group has more adhesion on the
surface of TiVC MXenes compared to other terminations. EDS
and XPS analyses show that using a mild etchant of LiF/HCI
for the synthesis of TiVCT, results in an increase of =O and a
decrease of —F terminations on the MXene relative to the
common use of highly concentrated HF. XPS studies reveal
that the synthesis condition has no significant effect on the
—OH concentration of TiVC MXene. The utilization of the
LiF/HCI solution is desirable for reducing the toxicity and
causticity in the synthesis of MXenes, and our results also show
that this solution provides a more favorable surface chemistry
for energy-storage applications.
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