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Defect-rich, highly porous two-dimensional carbon nanosheets (CNS) have attracted tremendous research
interests in catalysis and environmental purification and other fields, because of their unique micromor-
phology, chemical stability and high specific surface area. Herein, in this work, we report a new solution
to synthesize an ultrathin two-dimensional CNS with rich defects and abundant pores via two-step etch-
ing the Ti3AlC, with the help of I, and NaOH. The CNS thickness, specific surface area and pore volume
could be all tunable by adding the amount of I,. And the highest specific surface area and pore volume
of the synthesized 2D CNS can be achieved 1134.4 m2/g and 0.80 cm3/g, with a thickness of only 0.64 nm
and a yield of 35.9%. When employed as the anodes for lithium-ion batteries, the synthesized CNS anodes
exhibit good cycling and rate capabilities. This work provides a novel and facile strategy for synthesizing
highly porous and defective 2D carbon materials with good lithium storage properties.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Since graphene was born in 2004, two-dimensional (2D) ma-
terials have received widespread and enthusiastic attention in
frontiers including quantum electrodynamics, condensed matter
physics, energy storage and conversion, as well as materials sci-
ence, chemical science, environmental science, etc. [1-3]. In addi-
tion to graphene, other 2D materials, i.e., black phosphorus, tran-
sition metal dichalcogenides, hexagonal boron nitride, metal car-
bides (MXenes), porous carbon nanosheets (CNS), due to structural
anisotropy and surface characteristics, demonstrates promising me-
chanical, chemical, and electric merits [1,4].

Among these 2D materials, porous CNS, owing to large specific
surface area, abundant porous structure, excellent electrical con-
ductivity, chemical inertness and low-cost, have been widely used
in the areas of catalysis [5-8], water/gas purification [9-11], en-
ergy conversion/storage [12-15], detection and sensor [16,17], etc.
There are two common approaches for the synthesis of CNS: hard-
template and self-template methods [4,18]. Generally, the hard-
template method can precisely control the shape and size of CNS,
but high yield and high pore volume are not so easy to achieve
[2,19].
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Recently the carbide-derived carbon (CDC) materials have re-
ceived much attention as they are promising candidates for pro-
ducing porous carbon with controllable shape and tunable pore
size [20]. For example, Alar et al. reported micro- and mesoporous
CDC synthesis from molybdenum carbide powder by gas phase
chlorination in the temperature range from 400 °C to 1200 °C
[21], which the pore size could be adjusted by the temperature
and the highest surface area and pore volume could reach 1855
m?/g and 1.399 cm3/g. Yury's group utilized electrochemically se-
lectively extracting the metal atoms from the layered carbides at
ambient temperature, and a predominantly amorphous CDCs with
a narrow distribution of micro-pores has been obtained [22]. Re-
cently, Pang et al. used SiC/PDA as anode, carbon rod as cathode in
molten CaCl,-NaCl system at the condition of 800 °C and 3V elec-
trolytic voltage [23], successfully prepared the nitrogen doped CDC
with the surface area of 1191 m?/g. According to the previous re-
ports, there are not few references that reported porous CDC syn-
thesis [20-27]. However, utilized the carbide to synthesize porous
2D CNS with high defects is rarely reported [28,29].

Thus, in this work, we propose a facile, novel, and high yield
strategy to prepare porous CNS with high defects and high spe-
cific surface area, which the Ti3AlC,, a kind of carbides, was em-
ployed as the template and halogen as well as base were em-
ployed as the etch agents. As shown in Scheme 1, the I, is used
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Scheme 1. Synthesis mechanism diagram of CNS.

as the initial etch agent to react with Al and Ti atoms in the
Ti3AIC, and open the lamellar spacing of Ti3AlC,. Then the OH™
ions could easily enter the layer spacing to further etch Ti and
Al atoms completely, thus, the defective and porous CNS can be
obtained, and this defective and porous CNS demonstrates excel-
lent desperation in aqueous solution (Fig. S1 in Supporting infor-
mation). After immersing in aqueous solution for 7 days, the CNS
prepared by I,/NaOH etchant still dispersed in the solution ho-
mogenously (Fig. S1a). And the crystal structure of CNS materials
in aqueous solution was demonstrated in Fig. S1b, the characteris-
tic diffraction peaks of CNS materials prepared by I,/NaOH etchant
did not change after resting in aqueous solution for 7 days, which
also indicated that the CNS demonstrates excellent desperation in
the aqueous solution. More importantly, such porous and defective
CNS materials as the lithium-ion batteries’ anodes illustrate excel-
lent electrochemical performances.

In order to further explore the new material’s crystallinity, com-
position, surface/internal morphology, a series of characterization
results were demonstrated and analyzed. First, XRD was used to
characterize the crystal structure of the samples etched with differ-
ent etching agents. As shown in Fig. S2a (Supporting information),
if the Ti3AlC, is only etched by NaOH, the resultant CNS-NaOH
sample shows exactly the same characteristic diffraction peaks as
Ti3AlC,, and even the intensity of the peak changed weakly, which
indicates that the CNS sample derived from Ti3AIC, cannot be ob-
tained by only using NaOH as etching agent due to the “jamming
effect” [30]. Fig. S2b (Supporting information) illustrates the XRD
spectra of the samples using the I, as the etching agent. As can be
seen, the obtained CNS-I, samples still exhibit the characteristic
diffraction peaks of Ti3AlC,, but the intensity of peaks gradually
decreased with the increase of I, dosage, indicating that Ti3AlC;
can be etched to a certain extent only using I, as the etching agent,
but the efficiency is average, and the CNS sample still cannot be
obtained. While as shown in Fig. 1, it can be observed that TizAlC,
can be effectively etched with I, and NaOH, especially when the
dosage of I, reaches 10g or more, the Ti and Al in TizAlC, are al-
most completely etched, thus forming amorphous CNS samples.

Then the morphology and surface composition of the etched
samples were characterized by SEM and EDS. Initially, the Ti3AIC,
is a block structure with very high Ti (48.67%) and Al (14.42%) con-
tents (Fig. S3 in Supporting information). After etching by NaOH,
the morphology as well as Ti and Al contents (47.24% and 15.50%),
are all almost unchanged (Fig. S4 in Supporting information), again
proving that TizAlC, cannot be etched by NaOH alone. As shown
in Fig. S5 (Supporting information), it can be observed that the
Ti3AlIC, was etched by I,, which illustrates lamellar structure. The
lamellar structure became more obvious with the increase of I,
dosage. EDS spectra in Fig. S5 show that I, as an individual etching
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Fig. 1. XRD spectra of the samples after etching with both NaOH and .

Fig. 2. SEM image and the corresponding element mapping images of (a) CNS-I,-
10/NaOH and (b) CNS-I,~15/NaOH.

agent, mainly etches Al atoms in TizAlC,, and also etches part of
Ti atoms with the increase of the dosage of I,. This enlarged open
edge window effectively prevents the “jamming effect” and allows
the OH~ etching reaction to continue. As shown in Fig. 2, the CNS-
I,-10/NaOH and CNS-I,-15/NaOH samples demonstrate more ob-
vious sheets structure compared with the samples of CNS-I,-10
and CNS-I,-15. And it can be observed from element content in
Table S1 (Supporting information) that Ti and Al elements are al-
most completely removed, especially in CNS-I,-15/NaOH sample,
the content of Ti and Al are only 0.66% and 0.22%, respectively,
which may even come from the interference of instrument mea-
surement noise. Accordingly, the SEM and EDS characterizations
also suggest that only I, and NaOH as the co-etching agents, the
high-quality CNS samples can be obtained.

Next, the XPS characterization has been conducted in order to
investigate the compositions for CNS-I, and CNS-I,/NaOH samples.
It can be clearly observed the Ti and Al elements existence as well
in the full spectra of CNS-I, samples (Fig. S6 in Supporting infor-
mation), agreeing with the results of the EDS spectra in Fig. S5,
while Ti and Al elements could not be observed in the XPS spectra
of CNS-I,/NaOH samples, which mainly because the extreme low
contents of Ti and Al elements as shown in Table S1 that could
not be detected by the XPS characterization in the CNS-I,/NaOH
samples. In addition, as shown in Fig. 3, in the high resolution XPS
spectra of C 1s, it can be observed that the peak at 281.8 eV corre-
sponds to Ti-C bond [31], for the samples of CNS-I,-10 and CNS-
I,-15, but it cannot be observed this bond in CNS-I,-10/NaOH and
CNS-I,-15/NaOH samples, which also confirms that only the syn-
ergy of I, and NaOH, can completely etch the Ti3AlC, to produce
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Fig. 3. High resolution XPS spectra of C 1s and O 1s for the samples of (a) CNS-I,-10, (b) CNS-I,-15, (c) CNS-I,-10/NaOH, (d) CNS-I;-15/NaOH, (e) CNS-I,-10/NaOH and (f)
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Fig. 4. (a) FT-IR and (b) Raman spectra of the CNS-I,-10/NaOH and CNS-I,-
15/NaOH samples.

CNS. And from the C 1s high resolution spectra, it can be observed
the peaks at around 285.7eV and 288.9 eV, belonging to C-0 and
0-C=0 bond [23,32], which may form during the washing process
[33], and this result is consistent with the O 1s spectra in Figs. 3e
and f.

The above characterization has fully demonstrated that the CNS
was produced by the combined action of I, and NaOH. Therefore,
further structural characterizations of CNS-I,-10/NaOH and CNS-
[,-15/NaOH samples were carried out subsequently, including FT-
IR, Raman, TEM, AFM and N, adsorption. First, the FT-IR spectra
(Fig. 4a) of CNS-I;-10/NaOH and CNS-I,-15/NaOH sample show the
stretching vibration of -OH (~3452 cm~1) [34], the stretching vi-
bration of carbonyl (C=0) (~1625 cm~!) and the stretching vibra-
tion of C-O group (~1095 cm~1) [32,35], indicating the surface of
CNS with -OH, -C=0, and -C-O terminal oxygen-containing func-
tional groups, which is consistent with the previous XPS character-
ization in Figs. 3c and d. The Raman spectra of the CNS-I,/NaOH
samples in Fig. 4b show two fingerprint peaks at 1340 cm~! and
1592 cm~! that correspond to a disorder-induced D band and an
in-plane vibrational G band [36,37], respectively. The intensity ra-
tio of D band to G band values (Ip/Ig) of CNS-I,-10/NaOH and CNS-
I,-15/NaOH are 0.96 and 0.92, respectively, indicating highly disor-
dered state of these two CNS samples [36,37], which also agrees
well with the XRD spectra in Fig. 1 that diffraction peaks of (002)
and (100) facets belonging to graphitized carbon are almost com-
pletely unobservable. And the following TEM characterization fur-
ther indicates this conclusion.

As shown in Fig. 5, both the CNS-I,-10/NaOH and CNS-I,-
15/NaOH demonstrate a typical 2D nanostructure with no ob-
vious lattice spacing. But it should be noted that the CNS-I,-

Fig. 5. TEM images of (a-c) CNS-I,-10/NaOH and (d-f) CNS-I,-15/NaOH.
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Fig. 6. N, isotherm plots and pore size distributions of (a, b) CNS-I,-10/NaOH and
(c, d) CNS-I;-15/NaOH.

15/NaOH exhibit more obviously nanosheets structure (Figs. 5d
and e) compared to CNS-I,-10/NaOH (Figs. 5a and b), indicating
that the increase of etched degree helps to peel aggregated lay-
ered nanosheets into single lamellar nanosheets during ultrason-
ication process. The AFM characterization in Fig. S6 also suggests
the sheets structures of CNS-I,-10/NaOH and CNS-I,-15/NaOH. The
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Fig. 7. The CV curves of the first 3 cycles for (a) CNS-I;-15/NaOH and (b) CNS-I,-10/NaOH anodes at 0.1 mV/s, the charge/discharge curves of (¢) CNS-I,-15/NaOH and (d)
CNS-I,-10/NaOH anodes, the (e) rate performances and (f) cycling performances for CNS-I~15/NaOH and CNS-I,-10/NaOH anodes.

average thickness of CNS-I,-15/NaOH is only 0.64 nm, thinner than
that of CNS-I;-10/NaOH (1.31 nm), confirmed the conclusion that
etching completely contributes to thinner CNS. And the absence of
carbon lattice fringes in Figs. 5¢ and f again indicate the amor-
phous structure of these two CNS samples, consistent with the
XRD and Raman results. Therefore, the CNS samples originated
from Ti3AlC, with the help of I, and NaOH are highly defective.

Finally, the N, adsorption/desorption was conducted to prove
the highly porous structure of CNS-I;-10/NaOH and CNS-I,-
15/NaOH. As shown in Figs. 6a and c, both the adsorption curves
present an obvious vertical linear area at low pressure, and an ob-
vious hysteresis curve at middle and high pressure, which belongs
to the mixed adsorption curves of type I and type IV, indicating
the existence of micropores and mesopores. And the corresponding
pore size distributions in Figs. 6b and d also confirm the CNS-I,-
10/NaOH and CNS-I,-15/NaOH samples with abundant micropores
and mesopores. However, the specific surface area and pore vol-
ume of CNS-I,-10/NaOH are only 682.2 m2/g and 0.41 cm3/g, re-
spectively, lower than that of CNS-I,-15/NaOH (1134.4 m2/g and
0.80 cm3/g). While the BET of the samples etched with NaOH
is only 6.53 m?/g, accompanied by lower pore volume of 0.008
cm3/g (Fig. S7 in Supporting information). Thus, the increase of the
amount of I etch agent is beneficial to produce more pores and
larger specific surface area. The larger specific surface area is also
due to the thinner, more dispersed nanosheet structure of CNS-I,-
15/NaOH, which has been demonstrated by TEM and AFM charac-
terization in Fig. 5 and Fig. S8 (Supporting information).

As is well known that the highly porous and defective car-
bon nanomaterials are good energy storage materials [38-40]. Ac-
cordingly, the lithium storage performances of the synthesized 2D
CNS are investigated. As shown in Figs. 7a and b, the CV curve
of the first cycle for CNS-I,-15/NaOH and CNS-I,-10/NaOH is ob-
viously different from those of the subsequent cycles, in which
a broad peak is observed at ~0.75V during the cathodic pro-
cess but disappears during the following cycles. This is mainly be-
cause of the irreversible SEI layer formation [38]. And such irre-
versible SEI layer formation will lead to much higher initial dis-
charge capacity than that of the second and subsequent cycles as
shown in the charge/discharge profiles (Figs. 7c and d). However,
the CV curves overlap nearly from the 2" and 3™ cycles, sug-
gesting that as-obtained materials possess high electrochemical re-
versibility and stable structure [39]. Furthermore, the rate capabil-
ities and cycling stable abilities of CNS-I;-15/NaOH and CNS-I,-
10/NaOH are demonstrated in Figs. 7e and f. Both CNS-I,-15/NaOH
and CNS-I,-10/NaOH anodes show good rate capabilities, i.e., high
capacities of 330.2 and 290.3 mAh/g could obtain, respectively, at

2 C charge/discharge current density. And CNS-I,-15/NaOH anode
shows a little better rate capabilities than that of CNS-I,-10/NaOH
anode. Similarly, as shown in Fig. 7f, the CNS-I,-15/NaOH anode il-
lustrates better cycling stabilities (472 mAh/g after 100 cycles) than
that (384.8 mAh/g after 100 cycles) of CNS-I,-10/NaOH anode. The
better electrochemical performances for CNS-I,-15/NaOH could be
attributed to its higher specific surface areas and more defects.

In summary, we successfully synthesized a new type of ultra-
thin CNS with an abundant porous structure and high defects by
etching Ti3AIC, with employing the I, and NaOH as the co-etching
agent. Interestingly, high-quality CNS could not be obtained from
etching Ti3AlC, via using I, or NaOH alone. Additionally, when I,
and NaOH are used as co-etching agents, the thickness of CNS will
be reduced and specific area and pore volume will be increased
with the increasing dosage of I,. The highest specific surface area
and pore volume of the synthesized 2D CNS can be achieved
11344 m?/g and 0.80 cm3/g. What is more, the resulted CNS-
I,-15/NaOH and CNS-I,-10/NaOH anodes show excellent lithium
storage performances, i.e., CNS-I,-15/NaOH illustrates a high initial
specific capacity of 1808.5 mAh/g and a high reversible capacity of
472 mAh/g. In a word, such 2D CNS with high specific surface area,
high pore volume and rich defects will have a promising applica-
tion in the field of energy storage and conversion.
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