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Direct synthesis and chemical vapor deposition of 2D
carbide and nitride MXenes
Di Wang1, Chenkun Zhou1, Alexander S. Filatov1, Wooje Cho1, Francisco Lagunas2,
Mingzhan Wang3, Suriyanarayanan Vaikuntanathan1, Chong Liu3,
Robert F. Klie2, Dmitri V. Talapin1,3,4*

Two-dimensional transition-metal carbides and nitrides (MXenes) are a large family of materials actively
studied for various applications, especially in the field of energy storage. MXenes are commonly
synthesized by etching the layered ternary compounds, called MAX phases. We demonstrate a direct
synthetic route for scalable and atom-economic synthesis of MXenes, including compounds that have
not been synthesized from MAX phases, by the reactions of metals and metal halides with graphite,
methane, or nitrogen. The direct synthesis enables chemical vapor deposition growth of MXene carpets
and complex spherulite-like morphologies that form through buckling and release of MXene carpet to
expose fresh surface for further reaction. The directly synthesized MXenes showed excellent energy
storage capacity for lithium-ion intercalation.

M
Xenes, where M stands for early tran-
sition metal (such as Ti, V, Nb, or Mo)
and X is C or N, are a large family of
two-dimensional (2D) transition-metal
carbides and nitrides. Since the dis-

covery of Ti3C2Tx (T =O, OH, and F) in 2011 (1),
MXeneshave been commonly synthesized from
crystalline MAX phases (where A is typically
Al, Si, or Ga) through selective etching of A
atoms with hydrofluoric acid (HF)–containing
solutions (1–3) or Lewis acidic molten salts
(4, 5), followed by the delamination of the
MXene sheets (6). Interest in MXenes contin-
ues to grow because of their potential applica-
tions in energy storage (7, 8), electromagnetic
interference (EMI) shielding (9, 10), transpar-
ent conductive layers (11), superconductivity
(5), and catalysis (12). Moreover, the aforemen-
tioned T components in MXenes can be re-
placed with covalently bonded surface groups,
including organic molecules, either during
etching of theMAX phases (4, 13), or through
postsynthetic modifications of surface groups
(5). As such, opportunities are available to
combine the benefits of 2D MXenes, such as a
low diffusion barrier for cation intercalation
(14), excellent electrical and thermal conduc-
tivity (3), and nearly endless tailorability of
molecular surface groups.
Preparations of MXenes through high-

temperature synthesis and chemical etching
of MAX (15) or non-MAX (16, 17) phases re-
quire high energy consumption, show poor
atom economy, and use large amounts of haz-
ardous HF or Lewis acidic molten salts. The
development of direct synthetic methods would
facilitate practical applications of the rapidly

developing family of functional MXenes. An
ideal approach would involve a reaction of in-
expensive precursors into MXenes bypassing
intermediate MAX phases. In 2019, Druffel et al.
reported the synthesis of Y2CF2 with a MXene-
like structure from the solid-state reaction be-
tween YF3, Y metal, and graphite (18), based
on the previously reported synthesis of Sc,
Y, and Zr metal carbide halides by Hwu et al.
in 1986 (19).
Among about 100 knownMXene structures,

Ti MXenes show some of the best combina-
tions of physical and chemical properties (20)
relevant to a variety of applications (21). We
show that Ti2CCl2 and Ti2NCl2 MXenes can be
directly synthesized from Ti metal, titanium
chlorides (TiCl3 or TiCl4), and various carbon
or nitrogen sources, including graphite, CH4, or
N2. The directly synthesized MXenes (denoted
as DS-MXenes) can be delaminated, and their
surface groups can be replaced with other
molecules through nucleophilic substitution
or completely removed by means of reduc-
tive elimination (5). Besides convenience and
scalability, the direct synthesis routes offer
synthetic modalities not compatible with
traditional MAX etching methods. For exam-
ple, we demonstrated chemical vapor depo-
sition (CVD) synthesis of extended carpets of
Ti2CCl2, Ti2NCl2, Zr2CCl2, and Zr2CBr2 MXene
sheets oriented perpendicular to the substrate.
Such orientationsmakeMXene surfaces easily
accessible for ion intercalation (7, 22) and
chemical or electrochemical transformations
(23, 24) by exposing edge sites with high cat-
alytic activity (25, 26).

Direct synthesis of Ti2CCl2 MXene

The synthesis of DS-Ti2CCl2 was accomplished
through the high-temperature reaction between
Ti, graphite, and TiCl4 (Fig. 1A). Titanium and
graphite were ground into a fine powder in a
3:1.8 molar ratio and combined with 1.1 molar

equivalent TiCl4. The mixture was sealed in a
quartz ampoule andheated to 950°C in 20min,
and the temperature was maintained until
the reaction was finished; typically, 2 hours is
sufficient for maximum yield of MXene. The
reaction could be performed on a multigram
scale (fig. S1) and should be easily amenable
to further scaling.
Powder x-ray diffraction (XRD) and struc-

tural analysis by means of Rietveld refine-
ment of the as-synthesized reaction products
(Fig. 1B) revealed the presence of a Ti2CCl2
MXene phase with the lattice parameters a =
3.2284(2) Å and c = 8.6969(1) Å (numbers in
parentheses are standard uncertainties), which
are near the values reported for Ti2CCl2 MXene
synthesized by etching of Ti2AlC MAX phase
with Lewis acidic molten salt (referred to as
MS-MXenes) (5). Cubic TiCx (x = 0.5 to 1) was
often present as a by-product but could be
efficiently removed through its precipitation
from nonaqueous dispersions of the raw pro-
duct prepared, for example, by means of ultra-
sonic dispersion in propylene carbonate (PC) or
delamination ofDS-Ti2CCl2withn-butyllithium
(n-BuLi) (Fig. 1C).
The formation of Ti2CCl2 MXene was ob-

served initially at ~850°C, and the yield of
MXene was maximal at 950°C (fig. S2A). TiCx
became the dominant reaction product at
temperatures >1000°C. At 950°C, the formation
of Ti2CCl2 phase was observed after 2 hours,
and the ratio between Ti2CCl2 and TiCx in
products did not change substantially after
increasing reaction time from 2 hours to 10 days
at this temperature (fig. S2B). This finding
naturally raises a question whether MXene
was the kinetic or thermodynamic product of
the reaction. We noticed that MXene phase
did not form when we attempted to react
TiCx with Ti and TiCl3 or TiCl4 (fig. S2C).
However, prolonged heating of purified
MS-Ti2CCl2 at 950°C resulted in a partial
conversion into TiCx (fig. S3). We concluded
from these observations that Ti2CCl2 was a
kinetically favored phase forming in competi-
tion with TiCx.
The XRD patterns of DS-Ti2CCl2 synthesized

from TiCl3 or TiCl4 were similar (fig. S4B), as
were scanning electron microscopy (SEM) im-
ages of the products’morphology, represented
by largeMXene stacks (Fig. 1D and figs. S5 and
S6). A high-resolution high-angle annular dark
field (HAADF) scanning transmission electron
microscopy (STEM) image of DS-Ti2CCl2 ori-
ented along the 2!1!10½ " zone axis and its corre-
sponding electron energy loss spectroscopy
(EELS) elemental maps are shown in Fig. 1, F
and G, respectively. The center-to-center dis-
tance between MXene sheets calculated from
the HAADF image is 0.87 ± 0.06 nm (fig. S7),
which is in agreement with the value of 0.87 ±
0.02 nmmeasured with XRD onmultiple sam-
ples. DS-Ti2CCl2MXene sheets containedTi and
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Cl with an atomic ratio of 49.9:50.1 (fig. S8),
which is near the ideal 1:1 stoichiometry. This
ratio suggested that the full coverage ofMXene
surfaces with Cl was achieved. In comparison,
theMXenes synthesized by using the tradition-
al MAX-exfoliation route are often deficient in
surface coverage,with a typical stoichiometry of
Ti2CCl1.5–1.7 (5). The formation of Cl-terminated
titanium carbide sheets was further confirmed
by characteristic binding energies (fig. S9) in
the x-ray photoelectron spectroscopy (XPS)
(27). All these features, together with the as-
sessment of crystal quality from linewidths in
Raman spectra (fig. S10), confirmed the high
degree of structural perfection of ourDS-Ti2CCl2
product.
As-synthesized DS-Ti2CCl2 MXene stacks

could be delaminated and solution-processed
as individual 2D monolayers (Fig. 1C and fig.
S11). For delamination, multilayer MXene was
first intercalated with Li+ by treatment with
2.5 M n-BuLi hexane solution (fig. S12A) (5, 28)
then shaken with polar solvents such as N-
methylformamide (NMF) or 2,6-difluoropyridine
(DFP) to form a suspension of delaminated
2D sheets (fig. S13). Insoluble by-products
were selectively precipitated by a mild cen-
trifugation at 240 g for 15 min (fig. S12B). In
delaminated DS-Ti2CCl2, the (0001) diffraction
peak shifted to a lower 2q angle of 7.02°,
corresponding to the enlarged d-spacing of
12.54 Å, from the original 8.70 Å. A similar
d-spacing expansion was found in delaminated
Ti3C2Cl2 MXenes (from 11.08 to 14.96 Å) (5).
Delamination of DS-Ti2CCl2 MXenes can be
performed on a multigram scale, producing

~25 g·liter−1 colloidal dispersions that can
be stable for months under N2 atmosphere
(fig. S14).

CVD of MXenes

CVD is a versatile technique for synthesizing
films, heterostructures, and complete devices
by reacting gaseous precursors on a substrate.
Although transition-metal carbides and nitrides
such as Mo2C, Mo2N, and TiCx can be grown
with CVD (29–31), such a synthetic option has
not been previously available for MXenes.
We introduce the direct synthesis of MXenes
through CVD and show a route to new mor-
phologies of MXenes with more easily acces-
sible surfaces and exposed catalytically active
edges.
We grew MXenes by CVD at 950°C on a Ti

surface with a CH4 and TiCl4 gas mixture di-
luted in Ar (Fig. 2A). After the exposure for
15 min, the as-synthesized product (denoted
as CVD-Ti2CCl2) was characterized by means
of XRD (Fig. 2B). According to the Rietveld re-
finement, the lattice parameters a = 3.2225(2) Å
and c = 8.7658(8) Å matched well with the
reported values for Ti2CCl2 MXene (5). Raman
spectra (Fig. 2C) also confirmed the purity of
Ti2CCl2 MXene. High-resolution STEM-EELS
(fig. S15) and EDX analysis (fig. S16) confirmed
the crystallinity and stoichiometry of CVD-
Ti2CCl2. The center-to-center interlayer dis-
tance of 0.88 ± 0.05 nm calculated from STEM
images (fig. S17) was typical for Ti2CCl2 MXenes.
SEM images showed a substrate fully covered
with a wrinkled layer of Ti2CCl2 (Fig. 2D). Such
a carpet of Ti2CCl2 MXene sheets grown per-

pendicular to the substrate would be diffi-
cult for traditionally synthesized MXenes to
achieve. This morphology, previously observed
for other CVD-grown 2D materials such as
MoS2 (32), appeared particularly promising
for efficient ion intercalation, such as in super-
capacitors (7, 22).
We used direct CVD synthesis to produce

MXenes that have not been previously prepared
by the etching of MAX phases. For example,
Zr2CCl2 and Zr2CBr2 MXenes were synthesized
by exposing a Zr foil to CH4 and ZrCl4 or
ZrBr4 vapor at 975°C. These two zirconium
MXenes appeared in the same general morphol-
ogy as that of the titanium MXenes, adopting
vertically aligned carpet-like structure on the
surface of the Zr foil (fig. S18). Arguably the
most intriguing product of the direct synthesis
was phase-pure nitride Ti2NCl2 MXene formed
through the reaction of Ti foil with TiCl4 and
N2 above 640°C (Fig. 2, A to C and E, and figs.
S19 and S20). Nitride MXenes have been pre-
dicted to have a variety of attractive proper-
ties, including ferromagnetism and higher
conductivity as compared with that of carbide
MXenes (33). However, the challenge of making
nitride MXenes by traditional methods of
etching nitride MAX phases lies in higher
energies needed to extract “A” atoms from
corresponding MAX phase—for example, Al
fromTin+1AlNn (34). The nitrideMXene sheets
can dissolve in HF solution because of their
lower stability (35). To date, only a few ni-
tride MXenes have been synthesized, and ex-
perimental realization of chloride-terminated
nitride MXenes has not been achieved. Our
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Fig. 1. Direct synthesis and characterization of DS-Ti2CCl2 MXene.
(A) Schematic diagram of the synthesis. (B) XRD pattern and Rietveld
refinement of DS-Ti2CCl2 prepared by reacting Ti, graphite, and TiCl4 at
950°C. (C) XRD patterns of dispersible delaminated and sonicated DS-Ti2CCl2

MXenes. (Inset) Colloidal solution of the delaminated DS-Ti2CCl2. (D) SEM
image and (E) EDX elemental mapping of a DS-Ti2CCl2 stack. (F) High-
resolution HAADF image and (G) EELS atomic column mapping representing
the layered structure of DS-Ti2CCl2.
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CVDmethod, using N2 as the nitrogen source,
further demonstrates the versatility of bottom-
up MXene syntheses. These reactions can be
useful beyond MXenes synthesis. Given that
TiCl4 plays the key role in Timetallurgy (Kroll
process) and in synthesis of TiO2 from tita-
nium ores (chloride process), both being on
the millions of tons annually, the above re-
actions may create interesting opportunities,
such as nitrogen fixation as a side process in
conventional TiO2 synthesis.

CVD growth of hierarchically structured MXenes

During the CVD synthesis of Ti2CCl2 MXene,
gaseous reagents react with the titanium sur-
face (36). As the thickness of growing MXene
carpet increases, the diffusion of gaseous re-
agents toward the reaction zone (Fig. 3A) would
slow down, and the growth of the MXene
carpet would be expected to be self-limiting.

However, we observed a new growth regime
that allowed MXenes to bypass this kinetic
bottleneck through the sequence of growth
stages captured by ex situ SEM studies (fig.
S21) and shown schematically in Fig. 3B. The
uniform growth of the MXene carpet (Fig. 2D)
was followed by the formation of “bulges” (Fig.
3C) that further evolved into spherical MXene
“vesicles” (Fig. 3D). Next, these vesicles de-
tached from the substrate (Fig. 3, F and G).
The process could repeat itself, the exposed
fresh surfaces enabling continuous synthesis
of MXenes. After a prolonged CVD reaction,
metal titanium was completely consumed (fig.
S22). The internal structure of CVD-MXene
vesicles was composed of Ti2CCl2 sheets ra-
diating from the center and oriented normal
to the surface (Fig. 3H and fig. S23). Imag-
ing of a fragmented vesicle (Fig. 3E) and in-
dividual vesicles dissected with a focused ion

beam (FIB) revealed a small void at the vesicle
centers (fig. S24). Small TiCx crystallites have
been often found around the central void of
MXene vesicles (figs. S25 and S26), suggest-
ing that buckling of MXene carpet can be
initiated by TiCx nucleated under the grow-
ing MXene carpet.
The complexity of hierarchical organization

of CVD-Ti2CCl2 vesicles is unusual forMXenes.
The formation of “flower-like”morphologies—
observed, for example, for graphene (37)—
typically resulted from anisotropic growth
initiated by a spherical seed acting as center.
However, in the case of CVD-grownMXenes,
spherical vesicles emerged from the planar
MXene carpet. Their possible growth mech-
anism can be derived from a recent theoretical
work, inspired by the nonequilibrium evolu-
tion of cell and organelle membranes, that
illustrated how membrane growth could lead
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Fig. 2. CVD growth of MXenes. (A) Schematic diagram of the CVD reactions.
(B) XRD patterns and Rietveld refinement for CVD-Ti2CCl2 and CVD-Ti2NCl2. (C) Raman
spectra of CVD-Ti2CCl2 and CVD-Ti2NCl2 MXenes in comparison with that of a

traditional MS-Ti2CCl2 MXene, which was synthesized by etching Ti2AlC MAX phase
with CdCl2 molten salt. (D) Frontal and cross-sectional SEM images of CVD-Ti2CCl2.
(E) High-resolution HAADF images and EELS elemental mapping of CVD-Ti2NCl2.
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to a variety of nontrivial geometries similar
to our experimentally observed MXene ves-
icles (38).
The MXene carpet formed at an early stage

of CVD growth (Fig. 2C) and loosely attached
to the substrate can be approximated as an
elastic 2D membrane. The energetics of such
an elastic membrane can be defined through
the surface area and local curvature by using
a Helfrich Hamiltonian with a surface ten-
sion and bending rigidity terms, proportional
to the surface tension g and the bending ri-
gidity k, respectively (39). When g, k > 0, the
membrane naturally prefers a flat geometry
under equilibrium conditions (40). However,
when new material is constantly added to
the sheet, the standard equilibrium descrip-
tion fails to predict its shape and stability (41).
During a CVD process, new MXene sheets
keep nucleating and growing on the sur-
face of Ti foil. The addition of new materials
to a substrate with a fixed area creates sub-
stantial in-plane stress within MXene car-
pet, which can be relaxed by out-of-plane

wrinkling or buckling where flexible MXene
carpet detaches from rigid Ti surface (42, 43).
Viewed in the context of the above-described
elastic sheet model, the growth of MXenes
induced a negative surface tension in an ef-
fective free-energy landscape (supplementary
text 2).
Van der Waals–bonded 2D MXene sheets

can efficiently slide against each other, which
creates only a small elastic penalty for the for-
mation of buckled and curved geometries. Ulti-
mately, these deformations can collapse into
spherical vesicles that detach and refresh the
substrate for further growth, as schematically
shown in Fig. 3B. We found that gas reagent
flow rate has a strong effect on the morphol-
ogy of the CVD product. Flat carpets and bulges
were favored at different flow rates (fig. S27),
further suggesting that hierarchical morphology
of CVD-grown MXenes results from the inter-
play of complex reaction kinetics rather than
from templated growth. We emphasize that
detailedmechanistic understanding ofMXene
vesicles growth will require additional compu-

tational and experimental studies. We simply
propose a plausible mechanism to help ex-
plain the observed phenomenology.

Electrochemical energy storage

MXenes are known for their excellent pseudo-
capacitive energy storage properties that stem
from the combination of large surface-to-
volume ratio and high electrical conductiv-
ity. Ti2CTx MXenes show some of the highest
predicted and experimentally observed capac-
ities among all studied MXene materials
(20, 44). We investigated the Li-ion storage
properties of electrodes prepared from DS-
Ti2CCl2 and CVD-Ti2CCl2. We performed elec-
trochemical characterizations on DS-Ti2CCl2
using a two-electrode (Li coin cell) configura-
tion. A conducting additive, 10 wt % Super P
carbon black, was added following the stan-
dard approach. The first several cyclic voltam-
metry (CV) cycles of a delaminated DS-Ti2CCl2
electrode recorded at a scan rate of 0.5 mV·s−1

within the electrochemical potentials from
0.2 to 3.0 V versus Li+/Li (fig. S28A) showed
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Fig. 3. Morphologies of CVD-Ti2CCl2. (A and B) Schematic diagrams
illustrating the (A) reaction zone and (B) proposed buckling mechanism of
CVD-Ti2CCl2 through which microspheres are formed. (C to E) SEM images
show that morphology of CVD-Ti2CCl2 can be varied by tuning reaction

conditions. (C) Microspheres growing on carpets. (D) Individual microspheres.
(E) A fragmented microsphere showing a hollow center. (F to H) STEM
analysis further shows that vertically aligned MXene sheets constitute the
microspheres, while a void is left at the center.
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redox peaks that can be assigned to the for-
mation of a solid electrolyte interphase (SEI)
layer (4, 45). After the third CV cycle, the spe-
cific capacitance of DS-MXene electrode sta-
bilized at 341 F·g−1 (which corresponds to a
capacity of 265 mA·hour·g−1) (fig. S28B), which
is in a good agreement with previously re-
ported data for MS-Ti2CClx MXene (44). The
rectangular CV profile without redox peaks
suggests a pseudocapacitive energy storage
mechanism for delaminated MXenes (46),
which is further supported by the consistency
of the rectangular CV profiles recorded with
different negative cut-off potentials (Fig. 4A).
The charge storage kinetics were investi-

gated bymeasuring the dependence of electro-
chemical current i on the potential scan rate v
(supplementary text 3). In theory, the current
scales with scan rate as i ~ vb, where a b-value
of 1 corresponds to a capacitive process, and
a b-value of 0.5 is typical for battery-type
energy storage (47). CV profiles of delami-
nated DS-Ti2CCl2 MXene at scan rates from
0.5 to 100 mV·s−1 are shown in Fig. 4B. The
specific lithiation capacities and capacitances,
versus charge-discharge times and scan rates

calculated from the CV profiles, are plotted
in Fig. 4C. The Fig. 4C inset shows the i
versus v plotted in logarithmic scale from 0.5
to 100 mV·s−1. We observed a linear relation-
ship with a slope of b ≈ 0.89 for scan rates
that ranged from 0.5 to 20mV·s−1, indicating
a capacitive-like charge storage for the de-
laminated DS-Ti2CCl2 electrodes. Galvanostatic
charge-discharge (GCD) profiles of a DS-Ti2CCl2
electrode are shown Fig. 4D. About 48% ca-
pacity was maintained from a current den-
sity of 0.1 to 2 A·g−1, which is comparable with
previously reported values for Cl-terminated
MXenes (44, 48). A maximum capacity of
286 mA·hour·g−1 was recorded at a specific
current of 0.1 A·g−1 within 0.1 to 3.0 V (fig.
S29), which is slightly higher than previously
reported value for the optimized perform-
ance of MS-Ti2CClx MXene (44). These elec-
trochemical studies further confirm excellent
electrochemical characteristics of DS-Ti2CCl2
MXene.
The high-rate performance of MXenes is

sensitive to electrode microstructure such as
flake size, flake orientation, and pore size dis-
tribution (49). For example, restacking of ex-

foliated MXene sheets can reduce the surface
area that is easily accessible for intercalating
ions, which is a well-known problem of 2D
materials (50). New morphologies, such as
CVD-grown MXene carpets and vesicles with
individual sheets oriented normal to the sub-
strate (Fig. 3), can facilitate the development
of MXenes for fast electrochemical energy
storage. To preserve the as-synthesized mor-
phology, CVD-Ti2CCl2 grown on Ti foil (fig. S30)
was directly used as an electrode for an elec-
trochemical cell. Galvanostatic plots at various
current densities highlight the high-power
performance of CVD-Ti2CCl2 electrode with
vertically oriented MXene sheets in Li+ inter-
calation processes (Fig. 4E). The CVD elec-
trode further shows a slightly better high-rate
performance than that of delaminated MXene
from 0.4 C to ~160 C (Fig. 4F). The b-value of
CVD-Ti2CCl2 was calculated as 0.93 (fig. S31D),
which indicates an energy storage mechanism
closer to that of a freely diffusing capacitor.
A better understanding of ion transport in
complex morphologies of CVD-grown MXenes,
as well as charge transport between individ-
ual MXene vesicles, should help to further
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Fig. 4. Electrochemical energy storage properties of Ti2CCl2 MXenes.
(A) Cyclic voltammetry (CV) profiles of delaminated DS-Ti2CCl2 with various negative
cut-off potentials at a scan rate of 0.5 mV·s−1. (B) CV profiles of delaminated DS-
Ti2CCl2 at different scan rates from 0.5 to 100 mV·s−1. Differential capacity Q was
derived from differential capacitance C. (C) Change of DS-MXene electrode
capacity and capacitance versus the discharge time during CV scan recorded at

various potential scan rates. (Inset) b-value determination. (D) Galvanostatic
charge-discharge (GCD) profiles of DS-Ti2CCl2 from current densities of 0.1 to
10 A·g−1. (E) GCD profiles of CVD-Ti2CCl2 from current densities of 3.4 to 650 mA.
(F) Normalized galvanostatic discharge capacity of CVD-Ti2CCl2 and DS-Ti2CCl2
electrodes from 0.4 to ~160 C. Absolute capacity of DS-Ti2CCl2 is shown in
the secondary y axis as a reference.
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optimize the electrochemical performance of
DS- and CVD-grown MXenes.
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MXenes without MAX phases
Two-dimensional metal carbides and nitrides, or MXenes, have several potential applications in energy storage and
electronics. They are usually made by delamination of a layered parent compound, a MAX phase, in a harsh etching
step. Wang et al. synthesized one of the most widely used MXenes, Ti2CCl2, as well as MXenes not available from
MAX phases, using chemical vapor deposition (see the Perspective by Robertson and Tolbert). The reaction of
methane and titanium tetrachloride on a titanium surface led to the growth of Ti2CCl2 sheets perpendicular to the
metal. Under some growth conditions, the sheets could buckle off the surface to form vesicles. —PDS
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