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Abstract

Two-dimensional (2D) layered transition metal carbides/nitrides, called
MXenes, are attractive alternative electrode materials for electrochemical
energy storage. Owing to their metallic electrical conductivity and low ion dif-
fusion barrier, MXenes are promising anode materials for sodium-ion batteries
(SIBs). Herein, we report on a new 2D carbonitride MXene, viz., Ti;Co 5N sTy
(T, stands for surface terminations), and the only second carbonitride after Ti;
CNT, so far. A new type of in situ HF (HCI/KF) etching condition was
employed to synthesize multilayer Ti,C,sNg sT, powders from Ti,AlCg sNy s.
Spontaneous intercalation of tetramethylammonium followed by sonication in
water allowed for large-scale delamination of this new titanium carbonitride
into 2D sheets. Multilayer Ti,Cy sNg 5T, powders showed higher specific capac-
ities and larger electroactive surface area than those of Ti,CT, powders. Multi-
layer Ti,CysNosT, powders show a specific capacity of 182mAhg ' at
20 mA g, the highest among all reported MXene electrodes as SIBs with
excellent cycling stability.
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denotes the surface terminations.!™ Most MXenes are
synthesized by selective etching of atomically thin layers

MXenes are two-dimensional (2D) transition metal car-
bides and/or nitrides with a composition of M,, | X, T,,
where M represents an early transition metal (e.g., Ti, V,
Cr, Nb, Mo), X is C and/or N, n can be 1-4, and T,
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from layered transition metal carbides and nitrides called
MAX phases.! Several etchants can be used to synthesize
MXenes such as aqueous hydrofluoric acid (HF),* in situ
HF using a mixture of aqueous acid and fluoride salts,’
hydrolyzed ionic liquids,® and molten salts.” The surface
of as-synthesized MXene is terminated by the mixture of
moieties such as O, OH, F, Cl, I, Br, and so forth.®
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In addition to their large compositional space, MXenes offer
unique properties compared with other 2D materials. For
example, MXenes demonstrate metallic electrical conductiv-
ity (up to ~24000S cm ' for Ti;C,Ty),” hydrophilicity,
and high strength.'” These unique properties combined
with rich surface chemistry and the capability to host ions
promoted MXenes for many applications ranging from
electrochemical energy storage,"** to sensing,'*'® water
purification,'® and catalysis."”*°

One of the great advantages of MXenes is their tun-
ability, as tuning their compositions allows for optimizing
their properties and performance. Most of the efforts for
such tuning have been focused on tuning the M in
MZXene by introducing more than one transition metal at
the M site, forming ordered double transition metals or
solid solution MXenes.*>** Another parameter that has
been explored is controlling the surface terminations,
which has been proven to be an effective means to con-
trol the properties of MXenes.?>® To date, over 40 differ-
ent MXene compositions have been reported; the vast
majority of these MXenes are carbides with only a few
exceptions—several nitrides and only one carbonitride
(viz., TiCNT,).”” The latter has shown distinct properties
and behavior compared with Ti;C,T, in many appli-
cations including energy storage,”®>® optics,>***
catalysis,** electromagnetic shielding, sensing,
and so forth. This distinct behavior of Ti;CNT, compared
with Ti;C,T, provides a strong motivation to develop
other new carbonitrides to join the MXene family. Also,
computational calculations predict that introducing N
into Ti;C,T, will increase the number of electrons and
provide more active sites for Na™, making carbonitride a
promising anode material for sodium-ion batteries
(SIBs).** For example, Zhu et al. reported the use of Ti;
CNT, as an anode material for SIBs to deliver a higher
specific capacity than that of Ti;C,T,.*° Since Ti,CT, (n =
1) outperforms Ti;C,Ty (n = 2) when tested in SIBs and
Na-ion capacitors,*>*® it is reasonable to predict that Ti,
Co.sNo.sT, would exhibit a better electrochemical perfor-
mance than both Ti;CNT, and Ti,CT,. Moreover, the
computational structural, electronic, mechanical, and lat-
tice dynamical properties were reported in the litera-
ture;*’ therefore, Ti,CosNosT, would be a promising
MZXene material for different applications.

One of the reasons for the limited number of nitride
and carbonitride MXenes is the lower stability of nitride-
based MXenes compared with their carbide counterparts.**
This renders their synthesis a challenging task because
they tend to dissolve/oxidize in the etching solution.*
Therefore, careful selection of the synthesis approach is
necessary to realize new carbonitride MXenes.

Herein, we report the synthesis of a pure Ti,AlCy
Nos MAX phase and its exfoliation into TiCysNgs

40,41 42,43

T, (T, indicates surface terminations) MXene, which
is a new member of MXene family, and the only
second carbonitride after Ti;CNT,. In this work, we
summarize the protocol to prepare TiAlCysNgs
MAX phase, multilayer TiCosNosT, powders, and
mono-/few-layer Ti,CysNgsT, 2D sheets, including a
new type of in situ HF (HCI/KF) etching condition.
In addition, we investigated the electrochemical per-
formance and kinetics of multilayer Ti,CysNgsTy
powders as an anode material in SIBs. Multilayer
Ti,CosNosT, powders show higher specific capacities
with a larger electroactive surface area than those
of Ti,CT, powders prepared using the same
approach, which agrees with reported theoretical
predictions. Multilayer Ti,CysNysT, powders show a
specific capacity of 182mAhg ' at 20mA g ', the
highest of all reported multilayer MXenes as SIB
electrodes and excellent cycling stability. The intro-
duced new member of MXenes and its noteworthy
excellent electrochemical performance open up a
more fundamental understanding to the unique
structures of MXenes and their related applications
in the field of renewable energy.

2 | RESULTS AND DISCUSSION

X-ray diffraction (XRD) patterns of Ti,AlCysNgs MAX
phase, Ti,Cy sNy 5T, multilayer MXene powder, and free-
standing delaminated MXene paper are shown in Figure
1A. The as-prepared Ti,AlCysNys phase XRD pattern
agrees with the reported literature, which confirms the
successful synthesis of a predominantly single-phase Ti,
AlC, sNos5.”>*! To prepare Ti,CosNosT, MXene, we first
attempted using aqueous HF etching, but observed huge
weight loss even at concentrations as low as 10% (more
details can be found in Supporting Information, Figure
S1, and Table S1), so we switched our efforts to an in situ
HF etching method, which is milder than the traditional
HF. Thus, in the present work, an HCI/KF mixture was
used to etch the MAX phase. The rationale behind using
KF, instead of the LiF traditionally used in the in situ HF
synthesis of MXene, is the fact that KF is water-soluble,
and therefore fluoride salt impurities in the multilayer
MZXene powder can be avoided, unlike that in the case of
LiF. Compared with pristine MAX phase, the (002) peak
became broad and shifted to a lower angle, indicating the
successful removal of Al from layered Ti,AlC,sNy s and
full conversion into MXene.* The (002) peak shifted
from a 20 of 13.13° for MAX phase to 7.42° after etching,
which suggests an expansion of the interlayer distance
(d-spacing) from 6.8 to 11.9 A from MAX phase to multi-
layer Ti,CosNpsTx MXene. Large expansion in d-spacing
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Morphological and structural characterizations of Ti,Cy sNg sT, MXene. (A) X-ray diffraction patterns of pristine Ti,AlCy s

No.s MAX phase (green pattern), multilayer Ti,Co sNo 5T, MXene (red pattern), and freestanding Ti,Co sNo sT, MXene papers (black pattern).
The diamond symbols represent the peak positions for Si that was added as an internal reference in the MAX phase sample. (B) Atomic force
microscopy image of Ti,Cy 5N sTy flakes deposited on a silicon wafer. The inset at the top left is a photograph of a colloidal solution of
delaminated Ti,Co 5Ny 5Ty after centrifuging, showing the Tyndall effect. The inset at the bottom left is the height profile along the solid
white line. (C) TEM image of delaminated Ti,Cy sNy 5T, 2D sheets. The inset is an selected area electron diffraction pattern, showing
hexagonal symmetry. (D) Cross-sectional scanning electron microscopy image of a freestanding Ti,Co 5N sT, paper. A photograph of the

same paper but bent and held using tweezers is shown as inset in (D)

from MAX to MXene can be explained by intercalation of
cations, water, and/or etching products (e.g., AlF,).>>>*
The successful etching of Al from the MAX phases and
its replacement with O and F were confirmed using
energy dispersive X-ray spectroscopy (EDS) (Table S2).

The scanning electron microscopy (SEM) images of
MAX and multilayer Ti,Cy sNg 5T, MXene are shown in
Figure S2. The lack of accordion-like morphology in the
Ti,Cy.sNo 5Ty (Figure S2B), which is commonly observed
for HF synthesized MXenes,>* after HCI/KF etching is in
agreement with what was reported by Ghidiu et al.® for
HCI/LiF etching of TizAIC, and is explained by cation
and/or water intercalation.

Unlike HCI/LiF etching of TizAlC,, when we
attempted to delaminate the multilayer MXene by son-
ication in water, the yield was extremely small. This
may be explained by the low K content after etching
(Table S2) that was only about 0.02 for each 2Ti. Thus,
to achieve large-scale delamination, we soaked the
multilayer MXene powders in tetramethylammonium
hydroxide (TMAOH) to intercalate large TMA™ cations
and induce a significant layer expansion, therefore
overcoming any hydrogen and van der Waals bonding

between the layers.’>>® After intercalation, washing
was carried out to remove excess TMAOH and then
the TMA intercalated MXene was sonicated in DI
water followed by centrifuging. The supernatant was a
black ink of delaminated MXene in water. As shown
in the inset of Figure 1B, a clear Tyndall effect can be
observed in the diluted colloidal solution after
centrifuging, confirming dispersion of nanomaterials in
water. The atomic force microscopy (AFM) image (Fig-
ure 1B) shows a nanoflake with a thickness of ~2.5
nm (~2-3 layers),”’ evidencing the formation of few-
layer TiyCysNgsTx MXene. Transmission electron
microscopy (TEM) (Figure 1C) shows many over-
lapping 2D sheets of TiCysNosT,. Both AFM and
TEM confirm the successful delamination of multilayer
MXene into single- and few-layer MXene. The selected
area electron diffraction (SAED) pattern (Figure 1C,
inset) confirms the hexagonal symmetry of the planes,
suggesting that MXene maintains the hexagonal basal
plane structure of the parent MAX phase. Filtering the
colloidal solution of delaminated MXene resulted in a
freestanding paper shown in the inset of Figure 1D.
The morphology of the highly aligned restacked flakes
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can be seen in the cross-sectional SEM image in Figure
1D. The electrical conductivity of the as-prepared free-
standing Ti,CysNosTy paper with a thickness of 2.5 pm
is ~435+25Scm !, which is higher than that of Ti,
CT, (~354 + 50 S cm ') using the same procedures, but
lower than those of Ti;CNT, and Ti,CT, using other in
situ HF methods.>®*° This is the first work to report the
new MXene, Ti,CysNysT,, but we believe that the con-
ductivity can be improved significantly by further
development and optimization of different etching/
delamination methods similar to what was reported for
TiC,T,.’

X-ray photoelectron spectroscopy (XPS) measure-
ments were conducted to analyze the chemical states of
the elements. From the XPS survey of multilayer MXene
in Figure S3, Ti, C, and N were detected with the termi-
nating elements of O, F, and Cl. A weak peak for Al indi-
cates the removal of Al to form multilayer MXene, in
agreement with EDS and XRD. As depicted in Figure 2A,
Ti 2p was deconvoluted to +1, +2, +3, and +4 oxidation
states, bonding to —O/—OH/—Cl terminations. Exactly
24.5% photoemission of TiO,, coming from O-terminated
MXene surface, is noted in the Ti 2p region, which is
larger than that of Ti,CT,,% reflecting that Ti,Cy sNg 5Ty
MXene is more prone to oxidation than Ti,CT, MXene.

To further investigate the oxidation state of Ti in Ti,Cg s
Ny.sT, MXene, X-ray absorption spectroscopy (XAS) mea-
surement was conducted. Figure 2B shows the Ti L-edges
XAS in total electron yield (TEY) mode, for Ti,AlC, Ti,
AlCysNgs, and their corresponding MXenes. While both
MAX phases have comparable Ti L-edge profiles, it can be
clearly observed that the Ti L-edge energy of Ti,CosNo 5Ty
MZXene moves slightly to a higher energy side compared
with that of Ti,CT, MXene, indicating a higher average for
Ti oxidation state in Ti,CysNysT, MXene than that of Ti,
CT, MXene. This is consistent with the reported theoreti-
cal results showing a lower stability of carbonitrides rela-
tive to their carbide counterparts.**** In addition, the
bonding of TiO, ,—F, and CN—Ti—F, are located at
higher binding energy regions because of the highly elec-
tronegative from F atom.®’ From the C 1s peak in Figure
2C, we can see a clear Ti—CN peak, demonstrating the
existence of titanium carbonitride. Shown in Figure 2D is
a high-resolution scan of the N 1s region, which
can be fitted to four peaks: CN—Ti—T, (396.84 V),
CN—Ti—F (397.52eV), —NR,/N—O (399.72 V), and
N—TiO, (401.28 eV). The binding energy of the latter three
peaks is comparable with the reported N 1s peaks of
Ti;CNT,.*® For the O 1s peak in Figure S4A, it is notable
that the O-termination is dominant. The detected K 2p in
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(A) High-resolution XPS spectra of Ti 2p in multilayer Ti,Cy sNo 5T, MXene. (B) Ti L-edges in total electron yield (TEY)

mode, for Ti,AlC, Ti,AlC sNy s, and their corresponding MXenes. (C,D) High-resolution XPS spectra of C 1s and N 1s in multilayer Ti,Co s

No.sTx MXene, respectively
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Figure S4E can be attributed to K intercalation into the
layers during the etching process. More XPS details are
presented in Figure S4 and Table S3.

To evaluate the electrochemical performance of Ti,
Co.5NosT, MXene in SIBs, standard CR 2032 coin cells
were assembled with Ti,Cy 5Ny sT, MXene as a working
electrode and Na foil as counter and reference electrodes
in 1 M NaPFs/EC-DEC electrolyte. The cyclic
voltammograms (CV) of Ti,Cy sNy 5T (Figure 3A) are dif-
ferent than those reported for Ti,CT,, Ti3C,T,, and Ti;
CNT,.*%*>%%% This suggests that the partial replacement
of C by N plays an important role in the electrochemical
performance of MXene. Since recent reports suggest that
synthesis conditions affect the electrochemical behavior
of the same MXene,®* for a more meaningful comparison,
Ti,CT, was prepared using the same synthesis conditions
as the newly synthesized Ti,Cy sNgsT,. Not surprisingly,

as shown in Figure S5, we do not observe any of the
peaks as found in the CV of Ti,CT,, and the shapes
between Ti,CysNysT, and Ti,CT, are similar, demon-
strating the electrochemical behavior is similar. From the
CV curves in Figure 3A, we can find broad peaks, with-
out clearly separated oxidative and reductive peaks as in
battery-type electrodes. In the first cycle of Ti,Cy 5N 5Ty,
an irreversible peak can be observed at 0.36 V. This peak
disappeared in the following cycles, which relates to the
electrolyte decomposition and the irreversible reaction of
sodium with the surface terminations.*®%? In addition,
the second and the third cycles are almost overlapping,
indicating excellent reversibility of the electrochemical
behavior. To further investigate the Na™ storage mecha-
nism, ex situ XRD was carried out after discharging to
0.001 V and charging back to 3 V versus Na/Na®. As
shown in Figure S6, it is observed that the (002) peak

3
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FIGURE 3
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Electrochemical performance of Ti,Cy 5Ny 5T, as a Na-ion battery electrode material. (A) CVs for the first 3 cycles at a scan

rate of 0.1 mV s~ . (B) First 10 cycles of galvanostatic charge/discharge testing at a specific current of 20 mA g™*. (C) Galvanostatic charge/
discharge profiles at different specific currents viz., 20, 50, 100, 200, 500, and 1000 mA g~ *. (D) Rate capabilities of Ti,Co sNo sT, and Ti,CT,
as Na-ion battery electrodes. (E) Long-term cycling performance at a current density of 200 mA g—*
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shifted to a slightly lower 2 theta angle, indicating the
interlayer spacing was expanded after intercalating Na*
by about 8.8%. This expansion in d-spacing upon
sodiation and the fact that no new peaks were observed
suggests an intercalation mechanism rather than a con-
version reaction. A very small shift in the (002) peak to
higher angle after charging back to 3 V (de-sodiation) can
be observed. This suggests that some of the sodium form
pillars between the layers maintaining the d-spacing at
an almost constant value (in the range of 15.3-15.4 A)
during the electrochemical cycling, which leads to mini-
mal volume change in the electrode and therefore
enhances the stability.®®

Figure 3B shows the galvanostatic charge/discharge
(GCD) voltage profiles for Ti,Cy sNg 5Ty at a specific cur-
rent of 20 mA g~ . The initial sodiation and de-sodiation
specific capacities are 291 and 204 mAh g~ ', respectively,
corresponding to a Coulombic efficiency of 70%. The spe-
cific capacity loss in the first sodiation and de-sodiation
processes can be attributed to the solid electrolyte inter-
phase layer formation below 0.9 V and other irreversible
reactions between sodium and the MXene surface termi-
nations. A reversible discharge capacity of 182 mAh g™*
was achieved after five cycles at 20 mA g ', which is
larger than that of Ti;CNT, MXene and other MXenes as
SIBs (for details, see Table S4).%°

To further investigate the electrochemical perfor-
mance of Ti,Cy 5N sT, MXene, GCD tests were carried
out at different specific currents. As shown in Figure 3C,
no plateaus can be observed in the charge/discharge pro-
files, which agrees with CV results. Furthermore, the
GCD curves show similar shapes, reflecting excellent
reversibility of sodiation and de-sodiation processes. As
displayed in Figure 3D, the specific capacity decreased to
142, 127, 109, 84, and 60 mAh g_1 when the specific cur-
rents increased to 50, 100, 200, 500, and 1000 mA g_l,
respectively. However, the specific capacity returned to
158 mAh g~ when the specific current returned to

20 mA g ', demonstrating excellent rate handling capa-
bility and reversible sodiation and de-sodiation perfor-
mance. Ti,Cy sNo 5T, MXene shows 1.6-1.9 times higher
specific capacity than Ti,CT, MXene, especially at high
specific current, which suggests introducing N is promis-
ing for the development of high electrochemical perfor-
mance electrode materials. As shown in Figure 3E, the
as-prepared Ti,Cy 5Ny sTx MXene electrode exhibits excel-
lent cycling performance at a specific current of
200 mA g '. The electrode shows a specific capacity of
112 mAh g*1 after 70 cycles. Moreover, the Coulombic
efficiency of the electrode is around 98% after 40 cycles,
reflecting a highly efficient electrochemical cycling.
Moreover, after 500 cycles, we do not observe the capac-
ity decay, reflecting high cycling stability. For compari-
son, Ti,CT, MXene electrode shows a stable specific
capacity of 72 mAh g~' before 200 cycles, after which
the specific capacity decreases down to 46 mAh g ' at
500 cycles.

Electrochemical impedance spectroscopy was con-
ducted to investigate the kinetics of Ti,Cq sNg sTx MXene
electrode. As shown in Figure 4A, Nyquist plots of Ti,Cy s
No.sT, and Ti,CT, MXene electrodes display a semicircle
from the high to medium frequency range and a straight
line at low frequency range. It can be observed that Ti,
Co.sNo 5T MXene electrode presents smaller system resis-
tance of 5.8 Q and charge-transfer resistance of 48.4 Q
than those of Ti,CT, MXene electrode (16.9 and 96.1 Q,
respectively).

As shown in Figure 4B, the Warburg factors of Ti,Cy s
NosT, and Ti,CT, MXene electrodes are 387.5 and
230, respectively, corresponding to the diffusion coeffi-
cients of 2.3 x 107** and 2.0 x 10~** cm? s~ * (for calcula-
tion details, see Supporting Information). These results
reflect that the diffusivity of Na' is easier in Ti,CT,
MXene electrodes than Ti,Cy 5Ny sT, MXene electrodes.
This is because introducing N creates structural defects
and different terminations.

()0 . (€)'2
4001 Ti,CosNg 5T 1
_ 7 0.8
£ <
%300 g 06
N 200 , ~%0.4]
Ti,CT, .
100 0.2 Ti,CosNo 5T,
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FIGURE 4

Dynamic analysis of Ti,Cy sNp 5T as Na-ion battery electrode. (A) Nyquist plots of Ti,Cy sNo 5T, and Ti,CT,. (B) Randles

plots of Ti,Cy sNy 5Ty and Ti,CT,. (C) Randles-Sevcik plots of Ti,Cy sNg 5T, and Ti,CT,
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To understand the higher Na™ capacity measured for
Ti,Cy.sNo 5T, MXene electrodes, the electroactive area of
the electrode is calculated based on Randles-Sevcik equa-
tions®®:

I, = (2.69 x 10°)n*/2A, D"/?0'/2C (1)

where n is the number of electrons transferred, A., is the
electroactive area of the electrode, D is the diffusion coeffi-
cient, v is the applied voltammetric scan rate, and C is the
concentration of reaction. Figure S7 displays the CV curves
at various scan rates of 0.1-2 mV s~ *. A pair of broad redox
peaks at 0.7 and 0.85V can be found, corresponding to
Na* intercalation and extraction from the Ti,CqsNgsT,
MXene electrode.” As shown in Figure 4C, the electro-
active area of the electrode can be calculated based on the
fitting results of peak current and root of scan rate. The
electroactive area of the electrodes of Ti,Cy 5Ny 5T, and Ti,
CT, MXene electrodes are 7.1 and 3.2 m* g~ ', respectively,
demonstrating that introducing N is an efficient way to
increase the electroactive area of the electrodes to improve
the electrochemical performance, which agrees with
reported theoretical results.*>**** In addition, the slopes of
peak currents for Ti,CT, and Ti,CysNysT, MXene elec-
trodes in Figure 4C are 0.93 and 0.62, respectively, indicat-
ing that the control steps are a surface-controlled step and
a diffusion-controlled step, which agrees with the large
electroactive area of Ti,CysNysT, MXene electrode. Fur-
thermore, the surface-controlled and diffusion-controlled
portions can be calculated, as shown in Figures S8 and S9.
The surface-controlled portion contributes 40% to the over-
all charge at 0.1 mV s~ " and increases up to 72% at higher
scan rates, as shown in Figure S8A. The predominant
surface-controlled charge storage mechanism can afford
ultrafast sodiation and de-sodiation processes, delivering
high power density. Compared with Ti,CysNosTx MXene
electrode, Ti,CT, shows a similar trend, as exhibited in Fig-
ure S8B.

The above discussion suggests that the advantages of
introducing N into MXene systems can effectively
maintain the favorable benefits of MXene systems for
sodiation and de-sodiation processes, achieving high
capacity and excellent rate handling capability for Na-ion
storage. Introducing N into MXene systems also provides
a high number of electroactive sites, leading to high
capacity in SIBs. The importance of the present new
carbonitride MXene goes beyond SIBs. Since Ti;CNT,
were found to outperform Ti;C,T, for many applications,
such as electrodes for lithium and potassium ion
batteries,>*®” catalysis,” and electromagnetic interfer-
ence shielding.** Therefore, it is reasonable to predict
that Ti,Cy sNgsT, will find its way to other applications

beyond SIBs. More importantly, this work highlights the
importance of exploring the role of X in MXenes for
controlling MXene properties and performance.

3 | CONCLUSION

In summary, we report on the successful synthesis of a
new 2D carbonitride MXene, viz., Ti,C( sNg 5Ty, Which is
the only second carbonitride after Ti;CNT, in the large
family of 404+ MXenes. The synthesis was carried out by
etching Al from Ti,AlCy 5Ny s using a mixture of HCI/KF,
then delaminating with TMAOH treatment. Ti,Cy sNg 5T
MZXene electrodes provide high electrical conductivity
(~435 + 25 S cm '), large electroactive surface area, and
fast ion transport, showing a specific capacity of
182 mAh g7, the highest among all reported MXene
electrodes in SIBs. In addition, the Ti,Cy 5Ny sT, MXene
electrode exhibits excellent long-term stability for
500 cycles. Our results suggest that developing transition
metal carbonitrides is a promising approach to control
and enhance the performance of MXenes.
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