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ABSTRACT: Alloying is a long-established strategy to tailor properties of metals for
specific applications, thus retaining or enhancing the principal elemental characteristics
while offering additional functionality from the added elements. We propose a similar
approach to the control of properties of two-dimensional transition metal carbides
known as MXenes. MXenes (Mn+1Xn) have two sites for compositional variation:
elemental substitution on both the metal (M) and carbon/nitrogen (X) sites presents
promising routes for tailoring the chemical, optical, electronic, or mechanical
properties of MXenes. Herein, we systematically investigated three interrelated binary
solid-solution MXene systems based on Ti, Nb, and/or V at the M-site in a M2XTx
structure (Ti2‑yNbyCTx, Ti2‑yVyCTx, and V2‑yNbyCTx, where Tx stands for surface
terminations) showing the evolution of electronic and optical properties as a function
of composition. All three MXene systems show unlimited solubility and random
distribution of metal elements in the metal sublattice. Optically, the MXene systems
are tailorable in a nonlinear fashion, with absorption peaks from ultraviolet to near-infrared wavelength. The macroscopic electrical
conductivity of solid solution MXenes can be controllably varied over 3 orders of magnitude at room temperature and 6 orders of
magnitude from 10 to 300 K. This work greatly increases the number of nonstoichiometric MXenes reported to date and opens
avenues for controlling physical properties of different MXenes with a limitless number of compositions possible through M-site
solid solutions.

■ INTRODUCTION

Since the Bronze age, alloying has been utilized to improve
properties of metals by combining elements into solid
solutions. Similar to metal alloys, substitution of one metal
with another is possible in the structure of many inorganic
compounds, such as nitrides, carbides, borides, oxides, or
transition metal dichalcogenides, leading to the formation of
solid solutions.1,2 This approach presents limitless possibilities
to tune the chemical and physical properties, such as bandgap,
electrocatalytic activity, piezoelectricity, mechanical properties,
and others, purely through the control of chemical
composition without changing the crystal structure.3−5 For
example, atomically thin two-dimensional (2D) MoS2ySe2(1‑y)
and MoyW1−yS2 nanosheets were synthesized over their
complete range of respective compositions (0 ≤ y ≤ 1),
producing tunable photoluminescence.6 Continuous solid
solutions are known to form in many transition metal carbide
systems.7−9 This is an efficient approach to diversify and
control intrinsic physicochemical characteristics with compo-
sition engineering for practical applications.
MAX phases are a class of layered ceramics that show a

combination of ceramic and metallic characteristics.10 The
general formula is Mn+1AXn (n = 1−4), where M is an early

transition metal element (Ti, V, Nb, Cr, etc.), A is typically a
group 13 or 14 element (Al, Si, Ge, Ga, etc.), and X is C and/
or N. Over 150 discrete MAX phases currently exist,11 but the
fact that all three sites (M, A, and/or X) can achieve distinct
occupancies by multiple elements leads to the possibility of a
theoretically infinite number of solid-solution MAX phases. To
date, many single-site solid-solution MAX phases have been
studied computationally and experimentally, such as
Cr2‑xVxAlC, V2(Sn,A)C (A = Fe, Co, Ni, Mn), Ti3Al(C,N)2,
and many others.12−15 The diversity of solid-solution MAX
phases offers the opportunity to tune their specific properties
by controlling the chemical composition. For example, the
compressive strength of Ti2AlC has been improved by
substituting Ti with V to form Ti2‑xVxAlC solid solutions.16

In addition, it has been demonstrated that ferromagnetism can
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be introduced in solid-solution MAX phases by alloying
magnetic elements in M site.17

MXenes, a rapidly expanding family of 2D materials, are
topochemically synthesized through selective etching of the A
element from MAX phases.18,19 Consequently, their general
formula is Mn+1XnTx (n = 1−4), where Tx represents the
surface terminations (=O, −OH, −F, −Cl, etc.).20 Given the
fact that MXenes are typically derived from MAX phases or
related layered precursors, inheriting the composition and
structure of carbide/nitride layers of the precursor, it is
possible to obtain solid-solution MXenes from the correspond-
ing MAX phases through substitution in M and/or X sites. To
date, multiple-M solid-solution MXenes have been synthesized
as (M′,M″)2XTx, (M′,M″)3X2Tx, and (M′,M″)4X3Tx struc-
tures with the following compositions: (Ti,V)2CTx, TiNbCTx,
Ti1.5V1.5C2Tx, (V0.5,Cr0.5)3C2Tx, (Mo,V)4C3Tx, Nb3.2Zr0.8C3Tx,
and Nb3.2Ti0.8C3Tx.

21−26 However, no systematic studies over

the complete range of compositions have been reported, and
no composition-property relations have been established for
solid-solution MXenes. The effects of solid solution
composition on the elemental distribution and intrinsic
MXene characteristics remain unexplored. Owing to their
metallic conductivity, tunable surface chemistry, hydrophilicity,
and scalability, MXenes have found widespread use in a variety
of fields, including energy storage, gas sensors, antennas,
catalysis, and electromagnetic interference (EMI) shield-
ing.27−32 Precise tailoring of the properties of MXenes by
control of their compositions could improve their performance
in applications previously investigated as well as open new
areas of use for MXenes.
Herein, we systematically investigated an interrelated group

of three solid-solution MXene systems, consisting of 12
M′2‑yM″yXTx compositions (Ti2‑yNbyCTx, Ti2‑yVyCTx, and
V2‑yNbyCTx) forming continuous solid solutions on M-site

Figure 1. Characterization of solid-solution M′2‑yM″yCTx MXenes. (a) The compositional triangle of Ti2‑yNbyCTx, Ti2‑yVyCTx, and V2‑yNbyCTx
showing the continuous solid solutions of M2C-type MXenes. The double arrows illustrate the color evolution of solid-solution MXene films with
the M-site composition change. Insets are the atomic structures of bare solid-solution MXenes showing the metal element arrangement used for
DFT calculations. (b) STEM image of a Ti1.2V0.8CTx MXene flake showing the typical size and shape of the MXene flakes produced in this work.
(c) Fourier filtered dark-field STEM image of a Ti1.2V0.8CTx flake along the [001] zone axis. (d) Cross-sectional STEM image of a Ti1.2V0.8CTx
flake showing the two layers of bright atoms (Ti/V layers). (e, f, g) STEM EDS mapping of a Ti1.2V0.8CTx MXene showing the random distribution
of Ti and V. (h) XRD patterns of all MXene films studied in the work, showing the delaminated layers. (i) Raman spectra of all of the MXene films
showing the vibration change with varied composition. (j) The calculated a lattice parameters of bare M′2‑yM″yC MXenes, matching well with
those of the corresponding MAX phases.
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(Figure 1a), to explore the relationship between the
composition and the structural, electronic, and optical
properties of MXenes. The structure of both the precursor
MAX phases and their respective MXenes are analyzed.
Density functional theory (DFT) calculations and X-ray
absorption spectroscopy (XAS) are conducted to provide an
understanding of the correlation between the composition and
electronic structure. The absorption spectra were recorded in
the ultraviolet−visible (UV−vis) wavelength range of 200−
1000 nm, and the electrical resistivity was measured from 10 to
300 K for each system. This work points to the possibility of
synthesizing a limitless number of new MXene compositions
by substitution of the transition metal for enhanced control
over the MXene properties, enabling them to be tailored for
particular applications, such as EMI shielding, energy storage,
sensors, or electrochromic films.

■ RESULTS AND DISCUSSION
Three solid-solution MXene systems (Ti2‑yNbyCTx,
Ti2‑yVyCTx, and V2‑yNbyCTx; y = 0.4, 0.8, 1.2, and 1.6,
obtained from the precursor composition) were synthesized
using the corresponding MAX phases. To obtain high-quality
single-/few-layered MXene flakes for different MXene
compositions, different etching and delamination processes
were used (details in Supporting Information). For all MAX
phases (synthesis information in Supporting Information),
Ti2‑yNbyAlC, Ti2‑yVyAlC, and V2‑yNbyAlC, the produced
phases have only the desired M2AX phase present (Figure
S1), with no impurity phases. The characteristic diffraction
peaks (002 shown in Figure S1b,e,h, and 110 shown in Figure
S1c,f,i) systematically shift with the ratio of M′/M″ without
broadening or splitting, indicating that the MAX phases have
homogeneous chemical composition. All exhibit linear relation-
ships between the chemical composition and their a and c
lattice parameters (Figure S2). Energy-dispersive X-ray spec-
troscopy (EDS) was used to determine the ratio of M′/M″ in
each MXene (Figure S3), confirming that the stoichiometric
values are consistent with the corresponding MAX phases.
All MXenes synthesized in this study were delaminated into

single flakes. Here, Ti1.2V0.8CTx is used as an example to show
the crystal structure and elemental arrangement. An electron-
beam-transparent 2D flake can be observed in Figure 1b.
Figure 1c shows the Fourier filtered dark-field scanning
transmission electron microscopy (STEM) image of the flake
along the [001] zone axis, indicating the hexagonal symmetry
of the planes without visible lattice variation. From the cross-
section of the flake, two layers of bright spots which
correspond to two metal layers show the M-C-M structure
(Figure 1d). High-resolution EDS mapping shows a homoge-
neous distribution of Ti and V atoms, demonstrating the
random arrangement of metal elements (Figure 1e−g).
Ti2‑yNbyCTx and V2‑yNbyCTx MXenes show the same crystal
structure and elemental arrangement as Ti2‑yVyCTx (Figure S4
and S5). Electron energy loss spectroscopy (EELS) measure-
ments of Ti2‑yVyCTx (Figure S6) indicate that the M-elemental
composition is in agreement with the precursor Ti2‑yVyAlC,
and the elemental distribution is homogeneous. Dynamic light
scattering (DLS) of Ti2‑yVyCTx flakes revealed intensity
distribution averages from 140 to 520 nm (Figure S7).
The freestanding films of three solid-solution MXene

systems were fabricated using vacuum-assisted filtration. Figure
S8 shows that the film colors range from green (Ti2CTx) and
gold (Nb2CTx) to bronze (V2CTx). As shown in X-ray

diffraction (XRD) patterns of all MXene films (Figure 1h), the
shift in the 002 peaks from 12.7∼13.5° (2θ) to 6.2∼8°
confirms removal of Al layers from all as-synthesized solid-
solution MXenes and their delamination into single- to few-
layer flakes. It is noteworthy that different delamination
processes lead to varying interlayer spacings. It is apparent that
Ti2‑yVyCTx and V2‑yNbyCTx have larger d-spacings than
Ti2‑yNbyCTx. For example, the d-spacing of Ti1.2Nb0.8Tx is
11.6 Å while that of V1.2Nb0.8Tx and Ti1.2V0.8Tx is 12.8 Å.
Tetramethylammonium hydroxide (TMAOH) was used as an
intercalant for Ti2‑yVyCTx and V2‑yNbyCTx while Li+

contributed to the delamination of Ti2‑yNbyCTx. Raman
spectra of M2XTx systems, which exhibit 6 Raman-active
vibrations, offer an insight into the effect of solid-solution
composition on lattice vibrations (Figure 1i). Both mass of the
atoms involved in vibration and bond strength affect the
position of Raman peaks. The larger mass difference between
metals, the larger Raman peak shift is expected. Thus, the
Ti2‑yNbyCTx system shows the largest peak shift. Here, the
symmetric A1g peak (∼250−300 cm−1) shifts toward lower
wavenumbers with increased amount of the heavier metal
(Nb). The trend in the A1g asymmetric vibration (∼650−750
cm−1) is not linear for the Ti2‑yNbyCTx system. In case of
Ti2‑yVyCTx system, the peak position of A1g vibrations does not
change. Instead, the Eg vibrations (∼380−450 cm−1) of surface
groups shift nonlinearly with changing the chemical
composition. The shift of Raman vibrations indicates that
the lattice parameters of solid-solution MXenes change with
the changing composition, verifying the XRD results from the
MAX precursors (Figures S1, S2). It is important to note that
atomic composition is not the only factor affecting Raman
spectra; other factors may also account for the vibrations, such
as interlayer spacing, surface terminations, in-plane defects,
etc.33 X-ray photoelectron spectroscopy (XPS) provides details
concerning the bonding structure and surface chemistry of
Ti2‑yNbyCTx (Figure S9), Ti2‑yVyCTx (Figure S10), and
V2‑yNbyCTx (Figure S11). For each system, the representative
spectra are presented, with quantification of the elemental
ratios and surface functional groups (Tables S2 and S3). The
calculated ratios of the two metal elements are in agreement
with the initial stoichiometric mixture and EDS (Figure S3).
DFT calculations were performed to understand the

ordering tendencies and structural properties of the solid-
solution MXene systems. In order to simulate the random
metal site occupation in MXenes, multiple low-energy solid
solution configurations, generated with the MIT Ab-Initio
Phase Stability (MAPS) cluster expansion code, were
considered (see Supporting Information for computational
details).34 An analysis of the effective cluster interactions and
predicted structural energies shows that the cluster expansion
was well converged and provides insight into the interactions
between the elements. The DFT-calculated formation energies
of over 150 structures per system show that multiple stable
(negative formation energy) solid-solution structures exist for
each system (Figure S12). Figure S13 plots the fitted effective
cluster interactions against cluster size, displaying a decaying
behavior as expected from a converged cluster expansion.34 It
also highlights that short-range homometallic interactions are
strongly repulsive, encouraging uniform elemental mixing as
observed experimentally. The comparison of cluster expansion-
predicted and DFT-calculated formation energies illustrates
that the fitted cluster expansion accurately reproduces the DFT
calculations (Figure S14). Insets in Figure 1a illustrate side-
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view atomic structures of bare Ti1.6Nb0.4C, Ti1.6V0.4C, and
V1.6Nb0.4C that were determined by the cluster expansion code
to be ground states at their respective concentrations. These
ground state unit cells were used for detailed lattice parameter
and density of states (DOS) calculations, and were included
among an ensemble of similar low-energy unit cells to calculate
the average conductivity for each solid-solution concentration.
Using the lowest-energy structures for each experimentally
synthesized solid-solution concentration, the a lattice param-
eter (a-LP) of bare solid-solution MXenes was calculated
(Figure 1j). The predicted a-LP values of MXenes are very
close (<1% difference at most) to the a-LP values of the
corresponding MAX phases as calculated from the XRD
patterns (Figure S2). With an increasing ratio of Nb, the a-LPs
of Ti2‑yNbyC and V2‑yNbyC increase, while the a-LPs of
Ti2‑yVyC decrease with increasing V element. These trends
match the a-LPs of the corresponding MAX phases,
demonstrating a near linear relationship between a-LP and
M-site composition.
We further calculated the electronic structures of bare solid-

solution MXenes. As shown in Figure 2a, with the increasing
ratio of Nb, the density of Nb d-states increases while the
density of Ti d-states decreases near the Fermi level. Moreover,
the total DOS of Ti2‑yNbyC at the Fermi level increases with an
increasing ratio of Nb, which is attributed to the increased
number of Nb valence electrons over Ti. The DOSs of
Ti2‑yVyC (Figure S15a) and V2‑yNbyC (Figure S15b) systems

show a similar behavior with Ti2‑yNbyC MXenes. Additionally,
a slight ferromagnetic interaction that splits majority and
minority spin carriers can be observed. These spin-polarized
calculations, performed to enable quicker convergence to the
electronic ground state, do not however indicate an
appreciable magnetic moment for the bare solid-solution
MXenes. Overall, the calculated DOSs indicate that the
metallic d-states dominate the electronic behavior near the
Fermi level.
To better understand the role of M-site composition on the

electronic structure of these MXenes, soft XAS was collected in
total electron yield mode at room temperature. Representative
XAS spectra for the Ti, V, and Nb L-edges are shown in Figure
S16a−c. From our previous XAS studies on Ti-based MXenes,
it was found that the L2,3 branching ratio is a suitable way to
reveal trends in the electron count per metal atom in
MXenes.35 Here, the branching ratio is defined as the
integrated area under the L3 absorption peak divided by the
total integrated area under the L2,3 peak. For Ti and V, the
relative d-electron count per atom is determined by the L2,3
branching ratio, which increases as the number of occupied
electron states increases.36,37 For Nb, there remain conflicting
reports regarding how the branching ratio corresponds to the
charge density;38 therefore, we focus analysis on the Ti and V
branching ratios. Comparing Ti2‑yVyCTx and Ti2‑yNbyCTx, we
find a clear M-site chemistry dependence to the branching
ratio, indicating that the Ti band filling is influenced by its M-

Figure 2. DFT and XAS analysis of electronic structure of solid-solution M′2‑yM″yCTx MXenes. (a) The computed DOS of bare Ti2‑yNbyC as an
example of solid-solution MXenes, showing the DOS change with substitution in M-site. (b) Ti branching ratios of Ti2‑yNbyC and Ti2‑yVyC
obtained from X-ray absorption spectra, error bars indicate standard deviation of measurements taken at different parts of the same samples; it
shows the correspondence with the Ti d-orbital-derived PDOS occupied fractions. (c) The calculated electrical conductivity of bare M′2‑yM″yC
MXenes, showing the conductivity change with varying solid solutions.
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site counterpart. In a comparison of the Ti branching ratios in
both Ti-containing MXenes, the Ti atoms in Ti2‑yVyCTx have
higher electron counts, with an average branching ratio of 0.40,
than those in Ti2‑yNbyCTx, where the average Ti L-edge
branching ratio is 0.39, as shown in Figure 2b. To identify if
this electronic trend could arise from systematic changes in
surface chemistry (Tx groups), the Ti branching ratio was
plotted as a function of the F/O ratio obtained by XPS (Table
S3), which shows no correlation (Figure S16d). The difference
in Ti electron count in the two MXene systems is also found in
the Ti d-orbital-derived DOSs obtained from DFT calculations
of bare MXenes. The normalized fraction of occupied states
within the valence band (−15 to 0 eV relative to the Fermi
level), also shown in Figure 2b (brown circles), indicates that
the Ti bands in Ti2‑yVyC have a larger fraction of occupied
states than the equivalent bands in Ti2‑yNbyC. On the basis of
the combined XAS and DFT results, it can be concluded that
the electronic structures of the solid-solution systems are
impacted by the M-site metal contribution. A similar
conclusion can be drawn for the electronic contributions
from V atoms as well. In the V2‑yNbyCTx system, V has a

higher electron count per atom, with an average branching
ratio of 0.48, compared to V in the Ti2‑yVyCTx system, which
has an average branching ratio of 0.45 (Figure S16e).
The electrical conductivities of bare Ti2‑yNbyC, V2‑yNbyC,

and Ti2‑yVyC MXene systems were calculated from multiple
structures at each synthesized solid-solution concentration.
This enabled a thermodynamic sampling of multiple low-
energy structures, simulating the random nature of the
synthesized solid solutions. This is justified since the formation
energies of each structure at a specific concentration are very
close to one another (Figure S12), so the room-temperature
conditions enable a fair sampling of each structure type. Details
about the thermodynamic sampling are given in the
Supporting Information. As shown in Figure 2c, the average
electrical conductivity for Ti2‑yNbyC and Ti2‑yVyC systems is
predicted to increase with increasing concentrations of Nb and
V, respectively. This confirms the intuition that the addition of
elements with more valence electrons, and thus a higher carrier
concentration, increases the conductivity of the sample. This
effect is visualized with the increasing charge density between
Ti2C, TiVC, and TiNbC structures in Figure S17. The

Figure 3. Electronic properties of solid-solution M′2‑yM″yCTx MXenes. (a) The electrical conductivity of Ti2‑yNbyCTx, Ti2‑yVyCTx, and
V2‑yNbyCTx MXenes measured by four-probe method at room temperature showing the conductivity change with varied composition.
Temperature dependence of resistivity for (b) Ti2‑yNbyCTx, (c) Ti2‑yVyCTx, and (d) V2‑yNbyCTx MXene films.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c07395
J. Am. Chem. Soc. 2020, 142, 19110−19118

19114

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07395/suppl_file/ja0c07395_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07395/suppl_file/ja0c07395_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07395/suppl_file/ja0c07395_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07395/suppl_file/ja0c07395_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07395/suppl_file/ja0c07395_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07395/suppl_file/ja0c07395_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07395/suppl_file/ja0c07395_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07395?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07395?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07395?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07395?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c07395?ref=pdf


increased delocalization in TiNbC compared to TiVC
illustrates that the increased delocalized electrons contribute
to a higher conductivity. Further, the electrical conductivity
calculations agree with the ground state DOS as a function of
composition, as an increased DOS near the chemical potential
is found for pure V and pure Nb states. The conductivity trend
from the theoretical results obtained for bare MXenes holds for
O- or F-terminated MXenes as well. We found increasing
electrical conductivities calculated for Ti2C, V2C, and Nb2C
MXenes with terminations as detailed in Table S4.
While the calculated Ti2‑yNbyC conductivities increase

almost monotonically as expected, the Ti2‑yVyC and
V2‑yNbyC conductivities have a curious dip in the low-
concentration region. In the Boltzmann transport theory for
metals, there are two main contributions to the conductivity:
the electronic DOS and the group velocity near the chemical
potential.39 The slight dip may occur because the Ti2‑yVyC
DOS at the Fermi level does not rise as sharply as the
Ti2‑yNbyC DOS for increasing y values. Since this difference
between V- and Nb-systems is small, however, a concurrent
band structure flattening effect must be taking place for low-y
Ti2‑yVyC systems, which does not significantly flatten
Ti2‑yNbyC band structures. A flattening of the band structure
decreases the electron group velocity and thus lowers the
conductivity. Further work is warranted to investigate this
interesting low solid-solution concentration effect. Regardless
of the root causes of the dip, the higher overall conductivity of
Ti2‑yNbyC compared to Ti2‑yVyC indicates that the delocalized
valence electrons of Nb are important for conduction in these
solid-solution systems, and that substitution in M-site can be
used to significantly alter the electrical conductivity.
The electrical conductivity of the three solid-solution

MXene systems was measured on vacuum-filtered films using
a four-point probe method, as shown in Figure 3a.
Interestingly, the relationship between the measured con-
ductivity and M-site composition is opposite to the trend
obtained from DFT calculations. For Ti2‑yNbyCTx and
V2‑yNbyCTx, the electrical conductivity decreases with
increasing concentrations of Nb. In a comparison of
Ti2‑yNbyCTx and Ti2‑yVyCTx, MXenes with low values of y

(Ti-rich) show higher conductivity. Ti2CTx and V2CTx show
relatively high conductivity (>1000 S/cm), while that of
Nb2CTx is low, yet DFT calculations predict that it would be
among the most conductive MXenes.40 Temperature-depend-
ent resistivity measurements, shown in Figure 3b−d, display a
negative dρ/dT, which is similar to the previous resistivity (ρ)
versus temperature (T) results obtained from other double-M
MXenes (Mo4VC4Tx, Mo2TiC2Tx, and Mo2Ti2C3Tx).

20,41 The
semiconductor-like temperature dependence could be due to a
dominant role of interflake hopping processes in electronic
transport or localization of charge carriers in disordered metal-
site of the MXene flakes, despite the metallic nature of the
MXenes. The resistivity increases with increasing Nb
concentration in both Ti2‑yNbyCTx and V2‑yNbyCTx from 10
to 300 K. For the Ti2‑yVyCTx system, all resistivity values are
within the same order of magnitude, while a slight increase in ρ
coincides with V concentration.
The significant differences between the experimentally

measured and DFT-calculated conductivity trends indicate
that there is a more complex combination of factors that
dictates macroscopic transport than simply the metal
composition (number of valence electrons), such as the
surface terminations, electron scattering, or preferential defect
sites.42,43 Interflake transport or effects related to surface
groups may dominate the conductivity of the film, while DFT
predicts the intrinsic bare surface intraflake conductivity only.
The surface element (O and F) ratios for the MXenes are
different and show no clear correlation with the compositions
(Table S2). This implies that different metals in solid-solution
MXenes may have different preferred surface functional groups
(=O, −OH, or −F). Because different etching and
delamination methods were necessary for different MXenes
to achieve delamination, it is difficult to directly disentangle
the roles of surface terminations and M-site composition of the
macroscopic electrical conductivity. Further investigation is
required to better understand the connection between the M-
site composition, surface chemistry, and electrical conductivity
in solid-solution MXenes.
Figure 4 shows the optical properties of the solid-solution

MXenes. Visually, the MXene aqueous solution color varies

Figure 4. Optical properties of solid-solution M′2‑yM″yCTx MXenes. Digital images of (a) Ti2‑yNbyCTx, (b) Ti2‑yVyCTx, and (c) V2‑yNbyCTx
colloidal solutions in deionized water. In all three systems, the gradual change in color resulting from the different stoichiometries can be observed.
The quantitative UV−vis spectra normalized to a maximum extinction of 1 of the (d) Ti2‑yNbyCTx, (e) Ti2‑yVyCTx, and (f) V2‑yNbyCTx systems.
For all systems, multiple features are visible with a nonlinear shift in the absorbance with changes in the composition.
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from bronze to gray for Ti2‑yNbyCTx (Figure 4a) or from
purple to gray for Ti2‑yVyCTx (Figure 4b) with the chemical
composition. For V2‑yNbyCTx, both of the end compositions
(Nb2CTx and V2CTx) have characteristic absorbance peaks in
the near-infrared (NIR) range, hence the minute visual
differences (Figure 4c and S18). UV−vis spectroscopy was
used to probe both the electronic states and quantify the
optical properties, with a surface plasmon resonance (SPR) of
particular relevance for MXene optical characterization. For
the Ti2‑yNbyCTx system (Figure 4d), two absorption peaks are
present: one in the visible region and one in the NIR. This
implies that there are two separate SPR modes available in
these materials. As the amount of Ti increases, there is an
emergence and red shifting of a peak in the UV−vis region. For
example, this occurs at 391 and 472 nm for Ti0.8Nb1.2CTx and
Ti1.6Nb0.4CTx, respectively. Likewise, the NIR peak (915 nm)
diminishes in intensity with a decrease in Nb. The same trend
is observed for Ti2‑yVyCTx (Figure 4e) and V2‑yNbyCTx
(Figure 4f). The observed peak shifts combined with color
changes suggest modifications to the electronic states of each
metal due to the presence of the other metal, i.e., the carrier
concentration for each metal atom is being affected by its
surrounding metal atoms. Furthermore, it is important to note
that there are distinct optical properties of the 3 end
compositions (Ti2CTx, V2CTx, and Nb2CTx) studied here:
meaning the solid-solution MXenes, due to their multiple SPR
modes, could have colors unlike any single-M MXene.
Moreover, because MXenes are electrochromic,44 we expect
atomic substitution will give more diversity to the design of
thin film devices. Also, conductive MXene inks of different
colors can be made utilizing solid-solution MXenes. These
MXenes have unique optical properties, which change in a
nonlinear way as a function of composition.

■ CONCLUSIONS
In summary, we have systematically investigated a set of three
interrelated solid-solution MXene systems (Ti2‑yNbyCTx,
Ti2‑yVyCTx, and V2‑yNbyCTx), which consist of 12 MXenes
of the same M2C structure. It is demonstrated that continuous
solid-solutions can be produced by M-site substitution in
M2AlC MAX phase precursors. The structure of the carbide
layer of the MAX phase directly translates to the M2C MXene,
and all three of these systems have random distributions of
atoms in M-site position. Furthermore, it was experimentally
and computationally shown that the M-site metals play a
central role in changes to the electronic structure of MXenes.
Solid-solution MXenes allow for unprecedented tunability and
control over MXene properties by varying M-site composition,
including electrical conductivity and optical absorbance. The
versatility of solid-solution MXenes makes it possible to
customize specific optical, mechanical, electronic, and other
properties of MXenes for diverse applications.
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