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Molten Salt-Shielded Synthesis (MS?) of MXenes in Air

Jinjin Chen, Qiangian Jin, Youbing Li, Hui Shao, Pengcheng Liu, Ying Liu*{®,
Pierre-Louis Taberna, Qing Huang, Zifeng Lin*@, and Patrice Simon*

MXenes are two-dimensional transition metal carbides and/or nitrides with
unique physiochemical properties and have attracted extensive interest in
numerous fields. However, current MXene synthesis methods are limited by
hazardous synthesis conditions, high production costs, or difficulty in large-
scale production. Therefore, a general, safe, cost-effective, and scalable
synthesis method for MXenes is crucial. Here, we report the fast synthesis of
MXenes in the open air using a molten salt-shielded synthesis (MS*) method,
which uses Lewis-acid salts as etchants and a low-melting-point eutectic salt
mixture as the reaction medium and shield to prevent MXene oxidation at
high temperatures. Carbide and nitride MXenes, including Ti;C,T,, Ti,CT,,
Ti;CNT,, and Ti;N;T,, were successfully synthesized using the MS*> method.
We also present the flexibility of the MS®> method by scaling the etching

storage apphcations.[l’z] The general formula
of MXenes is M1 X, Ty m=1, 2, 3, or 4),
where M is a transition metal(s), X is carbon
and/or nitrogen, and T, represents the surface
terminations (-OH, -O, -F, -, etc.).m
MXene synthesis is based on the selective
etching of the A-layer of the corresponding
MAX phase in F-containing solutions, such as
HF or a LiF + HCl mixture.[*] However, these
methods pose significant risks to human safety
and the environment owing to the formation
of toxic and corrosive HF; thus, HF-free
methods for MXene preparation are urgently
needed. HF-free methods, such as electro-
chemical etching,””! molten salt etching,[®!
(7]

and hydrothermal routes, have been

process to large batches of 20 and 60 g of Ti;AlC, MAX precursor in one
pot. When used as negative electrodes, the prepared MS*>-MXenes delivered
excellent electrochemical properties for high-rate Li-ion storage.

1. Introduction

MXenes, a family of two-dimensional (2D) transition metal carbides
and carbonitrides prepared from MAX phase precursors by selective
etching of the A-site element, are promising materials for energy
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reported, but they require hours to days to
prepare MXenes. In addition, most of the syn-
thesis methods are only effective for etching
Al-containing MAX phases, making them
unsuitable for MAX phase precursors with other A-site elements
(such as Si, Ga, and Zn). In 2020, a Lewis molten salt etching
method was proposed for etching MAX phases with various A-site
elements, which expands the potential range of MAX phase precur-
sors. 81 However, because of their oxidation sensitivity, MXenes are
chemically unstable,”) particularly at high temperatures. Conse-
quently, inert gas protection is required during synthesis that may
cause complexity in synthesis procedures and experimental facilities,
resulting in increased production costs.

In 2019, a molten salt-shielded synthesis (MS®) method was pro-
posed to prepare various oxidation-sensitive materials, such as porous
Ti, Ti3SiC,, and Ti,AIN MAX phases, under an air atmosphere.[m] In
this process, low-melting-point KBr is used as a reaction medium to
protect products from oxidation during high-temperature synthesis by
forming a protective molten salt layer around the sample at low tem-
peratures. Inspiring by the MS* method of MAX phases synthesis and
Lewis salt etching synthesis of MXenes, we recently proposed the
preparation of MXenes by a one-pot molten salt synthesis method using
M, A, and X (carbon) elements as precursors.[“] TizC,T, and Ti,CT,
MXenes were obtained by two consecutive steps that occurred in the
reactor: in-situ MAX phase synthesis at 1300 °C followed by in situ
Lewis salt etching at 700 °C. This one-pot method enables the synthesis
of carbide MXenes directly from elemental precursors for the first time,
and the entire process was achieved in <8 h without inert gas protec-
tion. The one-pot synthesis strategy relies on the in-situ synthesis of
MAX phases in molten salts, however, some MAX phases, such as Nb-
based, most 413 and 514 MAX phases, have not been achieved by the
molten salt method due to the severe volatilization of molten salts at the

high synthesis temperatures near or beyond their boiling points,[]z’”]
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which hinders the synthesis of corresponding MXenes (such as Nb,C,
Nb,C;, etc.) by one-pot synthesis method. Therefore, preparing
MXenes by using MAX phases precursors is still indispensable by far.

In this study, the MS® method was used to prepare MXenes with the
corresponding MAX phases as precursors and the CuCl, Lewis salt as
the etchant. Similarly, low-melting-point eutectic chlorides (NaCl +
KCl) were employed as the salt bed to provide a molten salt environ-
ment and avoid direct contact between the reactants and the air atmo-
sphere at high temperatures. Several carbide MXenes, as well as nitride
MXenes that are typically difficult to be achieved by other methods,
were successfully synthesized without inert gas protection in consider-
ably less time. The scalability of the MS®* method was validated by etch-
ing large batches of 20 and 60 g of TizAlC, MAX phase into the
corresponding Ti;C, Ty MXene. When used as lithium storage anodes,
the prepared MXenes exhibited superior lithium storage performance.

2. Results and Discussion

Figure 1a depicts a schematic of the MS® process of the Ti3C,T, MXene
under an air atmosphere. A NaCl/KCl and Ti;AlC, MAX mixture was
first pressed in a steel die to form a pellet and then placed in a crucible
with a NaCl/KCl/CuCl, mixture covering the surface. The crucible was
then heated to 700 °C in a muffle furnace under an air atmosphere.
During heating, the NaCl/KCl/CuCl, eutectic salts began melting at
approximately 300 °C, which is far below the reaction temperature for
MXene etchjng.[s] Indeed, the molten salt provided a shielding shell
that separated the Ti;AlC, MAX phase from the air.!'®! The Al etching
reaction began at 700 °C by the reduction of Cu’* from the molten
Lewis acid to Cu and the concomitant oxidation of Al in the Ti;AlC,
MAX phase to produce the corresponding Ti;C,T, MXene as discussed
in our previous work (see Equation 1).%] After etching (10—40 min)
at around 700 °C, the crucible was removed and cooled to room tem-
perature in air. The samples were then washed with deionized water to
remove the solidified salt and with a 0.5 M ammonium persulfate
(APS) acid solution to remove the reduced Cu particles produced dur-
ing etching. The final MS*-MXene samples were obtained after vacuum
filration and drying at 60 °C for 24 h under vacuum. Several other
types of MXenes, including TiyN;T,, TisCNT,, and Ti,CT,, were also
prepared following the same procedure.

3 3

The X-ray diffraction (XRD) patterns of pristine Ti;AlC, before and
after molten salt etching for 1040 min at 700 °C are shown in Fig-
ure 1b. After 20 min of etching, the diffraction peaks of the Ti;AlC,
MAX phase disappeared, while sharp diffraction peaks of the Ti;C,T,
MXene were observed.!'*] Bven after 10 min of etching, the (00I)
peaks of the Ti;C,T, MXene remained noticeable. The (002) peak of
the etched samples left shifted from 20 = 9.49° to 7.94°, which corre-
sponds to an increase in the interlayer spacing from 0.93 to 1.11 nm.
Figure 1c—f present the scanning electron microscopy (SEM) images of
the Ti;C,T, MXenes etched for 10, 20, 30, and 40 min at 700 °C; all
MXene particles exhibit the typical expected multilayered structure.
Energy-dispersive X-ray spectroscopy (EDS) mapping (Figure S1) con-
firmed the homogenous distribution of Ti, C, Al, Cl, Cu, and O. The
Al-to-Ti ratio decreased from 1:3 to 0.022:3 after 40 min of etching
(Table S1), indicating the successful removal of Al from the pristine
Ti;AlC, MAX precursor.

Energy Environ. Mater. 2022, 0, 1-6

Transmission electron microscopy (TEM) images show that the
Ti;C, T, MXene (Figure 1g) had a ribbon-like structure containing tens
of restacked Ti3C,T, atomic layers, which explains well the sharp XRD
peaks. Atomically resolved high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) images along the [1120]
and [1100] directions provide the atomic structure information of the
Ti3C,T, layers. Figure 1h,i clearly show the restacking of Ti;C,T,
MXene layers, with each Ti;C,T, MXene layer containing five atomic
layers: the two outer atomic layers are Cl atoms, and the three core
atomic layers are Ti atoms. This observation matches well with previous
results reported for Cl-terminated Ti;C,T, MXenes.[' 116171 The
observed structure is completely different from the pristine Ti;AlC,
MAX phase precursor because no Al atomic layer was observed between
the Ti;C, layers, confirming the removal of Al by chemical etching.

Overviews of the X-ray photoelectron spectroscopy (XPS) spectra of
the Ti3AlC, precursor (black) and Ti3C,T, MXene (red) are shown in
Figure S2. While the Ti, C, and O signals are present for both the
Ti3AlC, MAX precursor and Ti;C,T, MXene samples, the Cl signal is
only detected for the Ti3C,T, MXene, which confirms the presence of
Cl surface groups. Moreover, the Ti—Al bond signal at 73.5 €V and Al
signal at 71.5 eV are not visible for the Ti3C,T, MXene (Figure S2b),
confirming the removal of the Al layer.!'®'*] The Al-O peak could be
caused by a small hydrolysis product of AlCl;, as reported previ-
ously,”™ or Al,O; impurities from the precursors.l>' The Ti 2p XPS
spectrum of the Ti;C,T, MXene is shown in Figure S3a. The peaks at
454.5 and 456.0 eV are assigned to Ti-C (I) (2ps,,) and Ti—C (II)
(2ps/2) bonds, while the peaks at 460.4 and 461.8 eV correspond to
Ti-C (I) (2p1,2) and Ti~C (1) (2p1,,) bonds.?***] I addition, the
peaks at 458.4, 464.3, 457.9, and 463.6 eV can be associated with Ti—
O (2p3s2), Ti-O (2p1s2), Ti-Cl (2pss), and Ti-Cl (2p1,)
bonds,**222*] respectively. The Ti~O and Ti—Cl chemical bonds con-
firm the presence of —Cl and —O surface groups on the Ti;C,T, MXene.
Furthermore, the existence of —O surface groups is verified by the fit C
Is (Figure S3b) and O 1s (Figure S3c) spectra. Additional information
on the XPS analysis is shown in the Supporting Information (Figure S3
and Table S2).

In the next step, the synthesis process was scaled by etching large
batches (20 and 60 g) of the Ti3AlC, MAX phase. The XRD patterns
(Figure 2a) of the Ti;C,T, prepared from 0.5, 20 and 60 g batches
exhibited no differences, with the same characteristic peaks located at
the same 20 angles. The SEM images in Figure 2b—d show that the
structural morphology of the Ti;C,T, MXene prepared from the large
batches was almost identical to that of the MXene from the small batch
of 0.5 g, demonstrating the scalability of the MS®* method. This argu-
ment is also validated by XPS analysis. These characterizations confirm
no distinct structural or chemical state differences between the samples
produced in 0.5 g and 20 g batches (Figure S3). Hence, we believe that
this MS® method can be scaled for the industrial production of Ti;C, T,
MXenes owing to its simplicity. In addition, the yield rate of Ti;C,T,
MXene was calculated. Starting with 20 g of Ti;AlC, MAX, 14.46 g of
Ti3C,T, MXene was obtained after washing with APS, giving a yield
rate of 72.3%.

In addition to its simplicity and scalability, the MS® route allows for
the preparation of various MXenes, including Ti,CT,, Ti;CNT,, and
TiyN;T,. Figure 3a—c show that all characteristic peaks of the MAX
phases disappeared from the XRD patterns, while the (00l) peaks shifted
to lower 20 angles after etching, indicating the successful synthesis of
the corresponding MXenes. Furthermore, SEM images (Figure 3d—f)
show multilayered MXenes. Many small particles were observed on the

© 2022 Zhengzhou University
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Figure 1. a) Scheme of molten salt-shielded synthesis (MS®) of Ti;C,T, MXene in air. The sample (pellet) contains NaCl/KCl and Ti;AlC, MAX phase
mixture, and the salt bed is NaCl/KCl mixture with a 1:1 mole ratio mixed with CuCl, etchant. b) XRD patterns of the pristine Ti;AIC, MAX phase and
samples after 1040 min of etching at 700 °C and c—f) corresponding SEM images: c) 10, d) 20, e) 30, and f) 40 min; scale bars are 1 um. g) TEM image of
the Ti;C,T, MXene, scale bar 20 nm. h, i) Atomic-resolution HAADF-STEM images of the Ti;C,T, MXene along the h) [1700] and i) [1120] projections; insets

are magnified views of atomic locations.

MXene particle surfaces, particularly on the Ti,CT, MXene sample,  aggregation of Al and O, confirming the presence of aluminum oxide
which could be explained by aluminum oxide, as discussed in the XPS  particles on the surface of MXenes. The Al and Cu contents are consider-
analysis. EDS maps (Figures S4-S6) show the homogeneous distribu-  ably low in the MXenes (Table S1), indicating the removal of Al by
tion of elements, including Ti, Al, C, N, Cl, Cu, and O, and particle-like chemical etching and the removal of Cu by APS washing. TEM images

Energy Environ. Mater. 2022, 0, 1-6
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Ti,CT, MXene electrode, which outperformed
the maximum capacity of MS-Ti,CT,.[*! The
rate performances of Ti,CT,, TisCNT,, Ti;C,Ty,
and TiyN;T, at different specific currents were
tested (Figure S11) after pre-cycling at a cur-
rent density of 0.1 A g_l, and the results are
summarized in Tables S6-59. A maximum
specific capacity of 295 mAh g~ was achieved
with the Ti,CT, MXene electrode at
0.05A g™". When the discharge rate was
increased to 0.1, 0.2, 0.5, 1.0, 2.0, and
5A g_l, the Ti,CT, electrode retained capaci-
tes of 280, 260, 230, 200, 165, and
115 mAh g', respectively. The Ti;C,T, and
Ti3CNT, electrodes had lower specific capacities
than that of the Ti,CT, electrode, and further
study is needed to understand the charge stor-
age mechanism. Figure 4c compares the speci-
fic capacities of the MXene electrodes prepared
in this work (MS*-MXene) with those of
MXene electrodes obtained by HF etching and
Lewis salt etching methods at different C rates.
The MS*-MXenes achieved a higher capacity
and improved power performance for lithium-
ion storage compared with those of MS- and

Figure 2. Characterizations of Ti;C,T, MXenes obtained from 0.5, 20 and 60 g batches of Ti;AIC, MAX HEF-prepared MXenes.[827:28] Figure 4d shows

precursors. a) XRD patterns and b—d) SEM images; scale bars are 1 um.

(Figure 3g—i) confirm the multilayered structure of the prepared
MXenes, in good agreement with previously reported results.®!'1 In
addition, Figures S7-S9 present the XPS spectra of Ti,N3T,, Ti;CNT,,
and Ti,CT,, respectively. All XPS spectra confirm the removal of Al in
the MAX phases and the successful synthesis of the corresponding
MXenes. More information is provided in Tables S3—S5. Note that
nitride MXenes are typically difficult to obtain using most MXene syn-
thesis methods. For example, the TiyN;T, MXene has only been synthe-
sized using molten fluoride salts.'**) Thus, the MS® method has proven
to be a general method for preparing both carbide and nitride MXenes.
The yield rates of the Ti,CT,, TisCNT,, and Ti,N;T, MXenes from the
corresponding MAX phases were 65%, 78%, and 70%, respectively.
The electrochemical properties of the MS*-MXenes were investigated
in half (coin) cells with MXenes as working electrodes and lithium foils
as counter and reference electrodes. Cyclic voltammetry (CV) profiles
of various MXenes are shown in Figure S10 at scan rates from 0.5 to
20 mV s~'. As shown, TiyN3T, is considerably less promising as a
lithium storage anode because of its lower specific capacity and higher
delithiation potential (Figure S10d). In the CV curves of the Ti,CT,,
Ti;CNT,, and Ti;C, T, electrodes (Figure 4a), no noticeable redox peaks
were observed, as typically achieved with battery-type materials, and a
constant current was obtained in a broad potential range, particularly
for the delithiation process; this is similar to the intercalation pseudoca-
pacitive behavior reported for Nb,Os in Li*-containing nonaqueous
electrolytes.[26] In addition, the electrochemical signatures agree well
with those of a recently reported molten salt prepared MXene (MS-
MXene).[S] Figure 4b presents the galvanostatic charge-discharge curves
of the Ti,CT,, Ti;CNT,, and Ti;C,T, MXenes at 0.1 A g'l. A maximum
reversible specific capacity of 280 mAh g~' was delivered with the

Energy Environ. Mater. 2022, 0, 1-6

the cycling stability of the MXene electrodes at

a specific current of 1 A g~'. The cyding

capacities remained stable for 1000 cycles, indi-
cating that these MXene electrodes have good cycling properties. These
results demonstrate that MS®>-MXene electrodes possess excellent electro-
chemical performance for Li-ion storage in nonaqueous electrolytes.

3. Conclusion

We report the MS® method for preparing MXenes in the air using low-
melting-point eutectic chlorides as a reaction salt bed and Lewis-acid
salts as etchants. The molten chloride salt bed prevents direct contact
between the MAX precursor and air during the high-temperature etch-
ing reaction. Several types of MXenes were successfully prepared using
the MS® method, and its large-scale production capacity was also high-
lighted. Moreover, the prepared MS>-MXenes achieved excellent elec-
trochemical performance for lithium-ion storage. Compared to other
MXene synthesis methods, the MS® method does not use any hazardous
reactants or inert gas protection and allows for the fast synthesis of both
carbide and nitride MXenes. It can be easily scaled to etch 60 g of the
MAX phases. We believe that the proposed MS*-MXene synthesis
method is an important advance that will be of great interest to MXene
scientific researchers and industry.

4. Experimental Section

MS?® of MXenes: Details of the raw materials used in this study are given in
Table S10, and the synthesis conditions of various MXenes are summarized in
Table S11. Consider the synthesis of Ti;C,T, MXenes as an example. First, 0.5 g of
TizAIC, MAX phase powder and the eutectic salt (NaCl:KCl = 1:1 stoichiometric

© 2022 Zhengzhou University
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Figure 3. XRD patterns of a) Ti;N5T,, b) TisCNT,, and c) Ti,CT,; the blue circle and square represent the Ti AIN; impurity and the corresponding Ti;NsT,,
respectively. d—f) SEM images of Ti4,NsT, TisCNT,, and Ti,CT, respectively; scale bars are 1 um. g-i) TEM images of Ti,NsT, TisCNT,, and Ti,CT,,

respectively; scale bars are 10 nm.

molar ratio) were mixed in a 1:4-6 weight ratio. The mixture was milled for
10 min using a mortar and pestle. The resulting powder was uniaxially pressed in
a steel die 20 mm in diameter at a load of 50 kg cm™ to prepare the pellet. Press-
ing the MAX phase precursors with NaCl/KCl into a pellet is to eliminate the pos-
sible oxidation of MAX phases during the heating process. The chloride is added
in the pellet to ensure the MAX particles will well disperse in the molten salt at
high temperature. The resulting pellet was placed in a cylindrical alumina crucible.
Then, a salt mixture containing 8.766 g of NaCl, 11.183 g of KCl, and 2.073 g of
CuCl, was added to a crucible (30 mL) to cover the pellet after milling for
10 min. The crucible was covered with an alumina lid and then placed in a muffle
furnace, which was heated to 700 °C at 10 °C/min and held for 10-40 min. After
cooling to room temperature, the Ti;C,T,/Cu mixture was repeatedly washed
with deionized water to remove salts. The Cu in the obtained Ti;C,T,/Cu mixture
was removed by washing with 100 mL of 0.5 m APS solution for 1 h at room tem-
perature. The obtained solution was washed more than five times with deionized
water, followed by filtration. Finally, the TisC,T, MXene powder was dried under
vacuum at room temperature for 12 h. Similar etching procedures were followed
to etch the larger batches MAX phase and other MAX phases.

Material characterization: The samples were analyzed by XRD (DX-2000) with
Cu K, radiation at 40 kV and 30 mA. The XRD patterns were collected from 5° to

Energy Environ. Mater. 2022, 0, 1-6

90° with a 0.06° step and a 1 s collection time for each step. The microstructures
and chemical compositions (elemental distribution) of the samples were character-
ized by SEM (JSM-7900F) and EDS (Ultima MAX 65). The chemical states were
measured by XPS (AXIS Ultra DLD, Kratos) at a power of 10 kV. TEM and high-
resolution TEM images were used to analyze the microstructure. The TEM and
STEM samples were prepared using a focused ion beam using a Helios G4 UC with
a working voltage of 30 kV. The microstructure and microchemistry of these sam-
ples were characterized using a Talos F200X transmission electron microscope
equipped with EDS detectors at an acceleration voltage of 200 kV. Atomic struc-
ture analysis was conducted using atomic-resolution HAADF-STEM. HAADF-
STEM imaging was conducted at 200 kV using a JEOL ARM200F equipped with a
cold field emission gun and an ASCOR probe corrector (Guangxi University of
Science and Technology, China). HAADF-STEM images were acquired at a conver-
gence semi-angle of 20.9 mrad, resulting in a nominal probe size of 1.28 A, and col-
lection angles of 54 to 220 mrad with a camera length of 10 cm.

Electrochemical measurements: All electrochemical measurements were per-
formed using coin cells with electrodes prepared by mixing 80 wt.% MXene powder,
10 wt.% acetylene black, and 10 wt.% PVDF binder. Lithium foil was used as the
counter and reference electrodes, 1 m Li—PF4 in EC/DMC (1/1 by v) was used as the
electrolyte, and GFA was used as the separator. The coin cells were assembled in an

© 2022 Zhengzhou University
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Figure 4. Electrochemical properties of the Ti,CT,, TisCNT,, and T3C,T, MXene electrodes. a) CV curves
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argon-filled glove box with oxygen and water levels of <0.01 ppm. The active mate-
rial loading of the electrode was approximately 1 mg/cm? All electrochemical tests
were conducted using a Biologic VMP3 potentiostat.
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