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Three-dimensional N-doped mesoporous carbon-—
MXene hybrid architecture for supercapacitor

Hierarchical heterostructures of mesoporous carbon wrapped around MXene nanolayers, which combine

a porous skeleton, two-dimensional nanosheet morphology, and hybrid characteristics, have attracted

research attention as electrode materials for energy storage systems. Nevertheless, it remains
a significant challenge to fabricate such structures due to a lack of control of material morphology with
high pore accessibility for the mesostructured carbon layers. As a proof of concept, | report a novel

layer-by-layer N-doped mesoporous carbon (NMC)MXene heterostructure through the interfacial self-
assembly of exfoliated MXene nanosheets and block copolymer P123/melamine—formaldehyde resin
micelles with subsequent calcination treatment. The incorporation of MXene layers in the carbon matrix
not only creates a spacer to inhibit the MXene sheet restacking and high specific surface area, but it also
renders composites with good conductivity and additional pseudo capacitance. The as-prepared
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capacitance of 393 F gt at 1 A g~
importantly, the proposed synthesis strategy highlights the benefit of using MXene as a buttress for
organizing mesoporous carbon in novel architectures with the potential for energy storage application.
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1. Introduction

Porous carbon materials have been widely considered as elec-
trodes for energy storage applications due to their controllable
porous structure, chemical stability, and high conductivities,
which are all available at a cost that is hard to accomplish with
other materials."” Among these porous carbon materials, the
mesoporous carbon (MC) family is especially ubiquitous and
important for supercapacitor applications due to its extraordi-
nary structural features that can offer both large effective
surface areas with abundant active sites and accessible chan-
nels for accelerating ion movement and electron transfer.>* Like
many other porous materials, however, MC can suffer from
a low degree of crystallinity, numerous framework defects, and
easy electrode surface aggregation, which would consequently
retard the electron transfer conductivity and weaken electro-
chemical catalytic activity by diminishing the active surface
area.>® Tackling this drawback is considered a tedious task for
obtaining improved functional materials for supercapacitor
applications. Compared to ordinary mesoporous structures, the
two-dimensional (2D) materials with unusual physical and
chemical properties, remarkable electrical properties, and large
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electrode with NMC and MXene exhibits outstanding electrochemical performance, with a gravimetric

Lin an aqueous electrolyte and remarkable cycling stability. More

surface-to-volume ratios, which are necessary for exposing the
active sites to electrolytes, are the current research flashpoint
for designing superior supercapacitor electrodes.”** Although
applications of 2D structured materials are mostly impeded by
self-restacking and severe aggregation, especially after pro-
cessing into a compressed electrode; this limits their ion-
diffusion and electron transport.

Meanwhile, structural engineering is a viable solution for the
modulation of 2D materials into heterostructures with tailored
properties that meet specific requirements for certain energy
storage applications. Such heterostructures would potentially
utilize all energy capabilities by inheriting the advantages of
each building block while mitigating the weakness points of
each one. Therefore, it is possible to employ 2D materials as
structural templates to synthesize nano hierarchical carbon
material architectures with uniform distributions of MC on the
backbone and segregated layered structure, which is expected to
greatly facilitate their electrochemical applications.”** MXenes,
a recently discovered class of 2D materials made up of 2D
transition metal nitrides, carbides, and carbonitrides that were
delaminated from their MAX layered counterparts by chemical
etching, have progressed quickly since their discovery by
Gogotsi in 2011.* The MAX phase is a group of layered ternary
nitrides and carbides with the general formula M,,;AX,,
where M denotes an early transition metal, A denotes an
element from the A-group (often, group III A or IV A), X denotes
carbon (C), nitrogen (N), or both, and n denotes 1, 2, or 3. 2D
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MXene nanomaterials can be produced by selectively extracting
the A element from MAX using hydrofluoric acid (HF). Surfaces
of MXene are functionalized as a result of this synthesis
process, mainly by O and/or OH groups with some fluorine.
These terminated MXenes are referred to as M,,.1X,, Ty, where x
denotes the number of termination groups and T denotes
surface termination (O, OH, or F).**

Thus far, the thriving family of MXenes were exploited with
very good performance in various applications such as energy
harvesting and storage, electromagnetic interference (EMI)
shielding, sensing, optoelectronics, biomedicine, and electro-
catalysis for oxygen reduction reaction (ORR), oxygen evolution
reaction (OER), and hydrogen evolution reaction (HER).'*'” The
2D MXenes family is still evolving as it attracted the attention of
the scientific community due to their superb metallic conduc-
tivity, remarkable mechanical and chemical stability, good
thermal conductivity, superior hydrophilic properties, and
a variable surface functional group that can interact with other
materials.*®*2° In addition, the contribution of the excellent
conductivity of MXene in its high power density in comparison
with other semiconductor-type metal oxides confers the rapid
charging of storage devices.'® But, the electrode fabrication
using MXene suffers from aggregation and restacking via
hydrogen bonding and strong van der Waals forces.”* These
forces affect the surface functional group and retard ion
mobility. This reason creates the motivation for the construc-
tion of 3D structure comprising both materials mesoporous
carbon and 2D material. The 3D material confers a more porous
skeleton and abundant active site that can serve as excellent
material for storage charges in supercapacitors.”> Among
different energy storage devices, supercapacitors can replace
batteries and play an essential role in energy storage and har-
vesting devices especially when high power delivery is needed.
Supercapacitors have higher power density, longer cycle life,
and larger energy storage capacity than batteries.>* >’

The hydrothermal approach was used by Liu and colleagues
to construct orderly MC on the surface of graphene aerogel to
improve the electrochemical behavior of MC. Their product
achieved a capacitance of 191 F g~ '.” Furthermore, Zhilin et al.
presented the self-assembly method for the production of an
ordered mesoporous carbon/Ti;C,T, heterostructure interface
with induced spherical composite monomicelles. Their elec-
trode exhibited 190 F g~ * at 5 A g~ . However, these materials
only accomplish relatively limited capacitances.?®

Based on the aforementioned aspects, we have assembled
MC particles in an onion morphology on 2D MXene nanosheets.
The hierarchical structure offers complementary features
because (i) the high conductivity of MXene nanosheets can
enhance the electron conductivity of MC, (ii) the insertion of
MXene layers between the MC will provide hierarchical archi-
tectures that limit MC aggregation and have high accessibility
to channel pathways for ions and electrons, and (iii) MC func-
tions as an interlayer spacer to prevent MXene nanosheets from
being restacked.

In this work, we develop an elaborate approach to preparing
a three-dimensional (3D) hierarchical structure of nitrogen-
doped MC (NMC) with onion morphology on the surface of
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2D MXene nanosheets (hereafter referred to as NMC@MXene).
The hierarchical structure formed through directed self-
assembly of nitrogen-containing phenol-melamine-formalde-
hyde resin (PMF) micelles acting as carbon and nitrogen
precursor on the surface of Pluronic P123 micelles acts as
a structure-directing agent in the presence of exfoliated MXene,
which acts as a 2D substrate followed by carbonization treat-
ment. The newly designed heterostructure exhibited a high
surface area (over 1000 m* g~ ') due to the effective separation of
MXene layers with NMC, which is created during the hydro-
thermal reaction. The proposed heterostructure combines the
merits of NMC with accessible nanopores, which provide
continuous channels for ion diffusion, and MXene nanosheets,
which guarantee high electronic conductivity. The electro-
chemical tests show that the NMC@MXene has a high specific
capacitance, of up to 439 F g~ ', at a current densityof 1 Ag™ ", as
well as remarkable long-term durability and good rate capa-
bility; thus, granting stable energy output for supercapacitor
applications.

2. Experimental section

2.1. Chemicals

Pluronic P123 (PEG-PPG-PEG), melamine, tetramethylammo-
nium hydroxide (TMAOH), and 5.0 wt% Nafion perfluorinated
resin solution were obtained from Sigma-Aldrich. Phenol,
formaldehyde (37 wt%), 0.1 M sodium hydroxide and 1 M H,SO,
were purchased from Nacalai Tesque, Inc. HF (45%) was
purchased from Wako and MAX was purchased from 11 Tech-
nology Co., Ltd. All chemicals were analytical grade and used as
received.

2.2. Preparation of onion N-doped mesoporous carbon
(NMC)

Firstly, the mesostructured polymer was prepared via organic—
organic assembly process in an aqueous solution with the
assistance of triblock copolymer Pluronic P123. Phenol-
melamine/formaldehyde resin (P-M/F) was added as carbon
and nitrogen sources. Typically, 0.19 g of phenol and 0.095 g of
melamine were dissolved in 750 uL of formaldehyde aqueous
solution (37 wt%) under stirring at 60 °C, leading to a colorless
transparent solution after 5 min. The aforesaid clear solution
was then mixed at 70 °C for 30 min while a specific volume of
0.1 M NaOH solution was added. Afterward, 5.0 mL P123
aqueous solution (containing 0.162 g of P123) was added and
the solution was stirred at 65 °C for 2 h. Subsequently, 12.5 mL
of distilled water was added to the mixture and the diluted
solution was kept at 65 °C for another 10 h under mild stirring.
After that, 10.0 mL of the obtained solution was transferred to
a Teflon liner under vigorous stirring. The pH value was
adjusted to approximately nine by adding an appropriate
volume of 0.1 M NaOH solution. The Teflon liners were trans-
ferred into autoclaves (volume of 100 mL) for hydrothermal
reaction at 130 °C for 20 h with a ramping rate of 1 °C min~".
The precipitate was obtained and centrifuged at 14 000 rpm for
5 min before being three times rinsed with water and ethanol.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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After drying at 60 °C, mesostructured polymers assigned as the
NMC precursor were obtained. The as-made precursor was
carbonized at 900 °C for 4 h under N, atmosphere. The ramping
rate of the calcination process was 5 °C min~"'. The carbonized
NMC was assigned as NMC-900.

2.3. Preparation of MXene

Multilayer MXene (Ti;C,T,) was prepared by selectively etching
the Al layer from the MAX (Ti3AlIC,). In particular, 1 g of TizAlC,
was added to 25 mL HF solution (45 wt%) and the mixture was
magnetically stirred at 60 °C for 18 h. The resulting suspension
was then centrifuged to separate multilayer Ti;C,T, particles
after being rinsed with deionized water several times. Then, the
resulting MXene was magnetically stirred for 18 h at room
temperature in 20 mL of tetramethylammonium hydroxide
(TMAOH). After diluting with deionized water, TMAOH-
intercalated Ti;C,T, was separated by centrifugation at
5000 rpm for 3 min. The obtained precipitate was dispersed in
deionized water with a weight ratio of Ti;C,T, : water of 1 : 300.
To obtain a supernatant containing delaminated Ti;C, T, flakes,
the suspension was centrifuged at 3000 rpm for 1 h after being
sonicated for 2 h under flowing nitrogen (N,). Few-layer Ti3C,T,
was produced by filtering the decanted supernatant and
vacuum-drying it.

2.4. Preparation of NMC@MXene

The NMC@MXene was prepared by the same described
previous method for preparation of NMC but after the addition
of the water, 10 mL of Ti;C,T, MXene solution was added drop
by drop under continuous stirring. Then, proceeding the
hydrothermal process and calcination treatment as described
previously in Section 2.2. By changing the amount of Ti;C,T,
from 10 to 20 and 30 mL, samples NMC@MXene-10,
NMC@MXene-20, and NMC@MXene-30, respectively, were
obtained.

2.5. Preparation of NMC/MXene

Aqueous dispersions of 20 mg MXene nanosheets in 5 mL
water and 40 mg of the prepared polymer of NMC particles in
10 mL water were mixed under sonication for 2 h. The mixed
dispersions were vacuum filtered using Celgard 3501
membranes and then vacuum dried at 80 °C for 6 h. The
prepared sample was carbonized at 900 °C for 4 h under an
atmosphere of N,. The calcination process ramped up at a rate
of 5 °C min~". The carbonized sample is hereafter referred to
as NMC/MXene.

2.6. Characterization

The morphological details of the samples were captured by
a field emission scanning electron microscope (SEM, HITACHI
SU-8230) operating at 5.0 kV and a transmission electron
microscope (TEM, JEOL JEM-2100F) operated at 200 kV was
employed to investigate the inner mesoporous structure. Small-
angle X-ray scattering (Rigaku NANO-Viewer) equipped with
a camera length of 700 mm was used to evaluate the pore-to-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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pore distance with Cu Ko radiation (40 kv, 30 mA). The phase
composition of the samples was checked by wide-angle X-ray X
diffraction (XRD) of Rigaku RINT 2000X diffractometer with
monochromated Cu-Ko. radiation (A = 1.54 A) (40 kv, 40 mA) at
a scanning rate of 1° min . The textural properties of the
samples were analyzed by nitrogen (N,) adsorption-desorption
measurements at 77 K with the specific surface area (SSA)
determined based on the Brunauer-Emmett-Teller (BET) theory
in the relative pressure range of 0.05-0.3. Pore size distribution
data were obtained from the N, adsorption-desorption
isotherms, according to the non-local density functional theory
(NLDFT) method. Each sample had a vacuum degassing process
at 120 °C for 16 h before the BET measurement. The chemical
state of nitrogen was investigated by using X-ray photoelectron
spectroscopy (PHI Quantera SXM) with Al Ko radiation (20 kV, 5
mA). The shift of binding energy was calibrated using the C 1s
level at 284.5 eV. The thermal stability of samples was assessed
with thermogravimetric analysis (6300 TG/DTA, Hitachi HT-
Seiko Instrument Exter) under air heating from room temper-

ature to 850 °C at 5 °C min *.

2.7. Electrochemical measurements

The as-prepared NMC-900, MXene, NMC@MXene-x, and NMC/
MXene were ground before preparing the inks. In a typical
experiment, 2.0 mg of sample was dissolved in 400 uL of 1: 2 (v/
v) isopropanol/water mixture solvent (containing 20 pL of
5.0 wt% Nafion solution) and sonicated for at least 30 min to
form a homogenous ink. After that, 200 pL of the suspension
was dropped onto the flexible graphite paper (working elec-
trode) with an area of 1 x 1 cm?, and thickness of 1 mm and
dried at 60 °C. The mass loading was 1.0 mg cm™> and the
thickness of the electrode film was measured to be around 15-
25 pm. In addition, I choose flexible graphite paper as the
current collector because of its excellent electrical conductivity
as well as its negligible capacitive performance (usually below 1
F g "), which would contribute little to the total capacitance of
the prepared working electrode. All electrochemical measure-
ments were carried out on a CHI 660E instrument. In a three-
electrode system, the electrochemical performances of
working electrodes were investigated by cyclic voltammetry (CV)
and galvanostatic charge-discharge (GCD) in 3 M KOH, with
a platinum wire as the counter electrode and saturated calomel
electrode as the reference electrode. The specific capacitance for
as-made electrodes was calculated from the GCD curves. The
test of long-term stability for NMC@MXene-30 was conducted
by cycling between 0.0 and —1.0 V vs. Ag/AgCl in 3 M KOH at
a scan rate of 100 mV s~ ". In general, the gravimetric specific
capacitance (Cm, F g ') was calculated using the following
equation:

Ixt

Cm:mxAV (1)

where I is the discharge current (A), ¢ is the discharge time (s), m
is the mass of active material (g), and AV is the potential change
during the discharge process (V).

The volumetric capacitance (C,) was calculated according to
the following equation:
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C, = pCh,.

p was measured by dropping the ink on the aluminum foil,
which was followed by drying and pressing, and then calculated
according to the following formula: p = m/Sd, where m is the
mass of the dried film of NMC@MZXene ink (g), which was
coated on an aluminum foil. § is the area of the film (cm™?) and
d is the thickness (cm).

3. Results and discussion

Fig. 1 provides schematic illustrations and transmission elec-
tron microscopy (TEM) images of the NMC@MXene hetero-
structure synthesis procedure. A homogenous solution
containing PMF/P123 resol micelles, which provide subunit
building blocks rich in phenolic hydroxyl groups, is initially
prepared in the presence of NaOH and according to the organic
self-assembly process (Fig. 1a). Subsequently, the solution is
mixed with the MXene suspension obtained by etching Ti;AlC,
while stirring for 30 min. This suspension is used as a substrate
for organizing layers of close-packed PMF/P123 composite
micelles. The surface functional groups of the MXene material
can be strongly interacted with via hydrogen bonding between
the -OH of PMF/P123 composite micelles (Fig. 1b). The PMF/
P123@MXene heterostructure is created through hydro-
thermal treatment at 130 °C for 20 h; subsequent polymeriza-
tion of the PMF/P123 micelles causes them to wrap closely
around and between MXene layers. MXene flakes have a greater
attractive interaction with the PMF/P123 surface than that
between PMF/P123 monomicelles, which is the pivotal issue for

1-Self assembly

2-Hydrogen bonding
and restacking

PMF/P123@MXene-
resol composite

NMC encapsulated in
between MXene layers
in sandwich structure

MXene layers

NMC
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assembly (Fig. 1c). Finally, a follow-up calcination treatment
under a nitrogen atmosphere is carried out to convert the resin
network of PMF/P123-MXene to NMC@MXene. The obtained
hierarchical heterostructure materials show a multilayer
sandwich-like structure (Fig. 1d).

FESEM and TEM images illustrate the detailed microstruc-
ture and morphology of the as-synthesized materials. As shown
in Fig. 2a, the 2D multilayers and clean, crumpled surface of
exfoliated MXene flakes illustrate that the Al layers were selec-
tively etched and formed Ti;C,T, plates in good accordance
with previously reported data.*® Therefore, the plates can be
used as a substrate for the gradual growth of PMF/P123 mon-
omicelles on their surface and the formation of a hetero-
structure composite. From the SEM images (Fig. Slaft),
homogenous spherical particles of the as-prepared polymer
formed with good morphological retention and diameters
ranging from 80 to 100 nm in NMC after calcination (Fig. 1b).
Concurrently, from the SEM and TEM observations in Fig. 2b, ¢
and S1b,t the onion structure with a highly developed porous
structure is evidenced by the internal tubular mesochannels
running in a circular track within each particle. This structure
can act as a diffusion channel for the electrolytes. High-angle
annular dark-field scanning TEM (HAADF-STEM) images
confirm the onion-like morphology with uniform distributions
of carbon, nitrogen, and oxygen (Fig. Sic-ff). A typical SEM
image (Fig. 2d and e) reveals that the as-prepared P123/
PMF@MXene-10 polymer displays a 3D hierarchically tiered
structure with a rough surface. In this structure, the TizC,T,
MXene is fully covered by layers of NMC. The electrostatic self-
assembly of positively charged NMC with negatively charged

’_

Heterostructure of
PMF/P123@MXene

NMC@MXene-x

Fig. 1 Hierarchical NMC@MXene heterostructure formation process: (a) self-assembly of PMF/P123 micelles on MXene surface via hydrogen
bonding, (b) formation of PMF/P123@MXene heterostructure by restacking and further assembly, and (c) formation of NMC@MXene after
carbonization. (d) TEM for NMC@MXene where NMC is encapsulated between MXene layers.
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Fig. 2
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50 nm

(a) SEM images of the as-prepared MXene; (b and ¢) SEM and TEM images of NMC-900; (d) SEM image of as-prepared NMC@MXene-10;

(e and f) SEM images of calcinated NMC@MXene-10; (g—i) TEM images of calcinated NMC@MXene-10.

MXene layers is considered to be the main strategy for stabi-
lizing the structure in the form of tiered alternating layers to
minimize the self-restacking of MXene. Closer observation of
the P123/PMF@MXene nanosheet at higher magnification
(Fig. 2f) indicates successful stacking between the MXene
surface and the NMC (yellow circle). Further confirmation that
the NMC@MXene-x hybrid maintains its morphology without
any obvious distortion, even after calcination, is shown in
Fig. S2a-d.f As can be seen in Fig. 2g-i and S3a, b, TEM and
high-resolution TEM (HRTEM) observations confirm results
indicating successful deposition, intercalation, and embedding
of NMC on the MXene surface and in between its layers. Obvi-
ously, when increasing the dosage of MXene, its lamellar 2D
nanosheet structures become more discernible and provide
more positions for NMC micelles to deposit and arrange by
crosslinking in a thicker hierarchical tiered structure due to the
formation of multilayers between NMC and MXene. This
effectively prevents NMC aggregation, and MXene restacking
(Fig. S2a-dt), and increases the specific surface area for
enhanced electrochemical properties.

In addition, TEM and HRTEM of calcinated NMC@MXene-
30 confirm that MXene retains its 2D flake-like morphology in
the presence of NMC, even after annealing at 900 °C (Fig. 3a and
b). However, HRTEM of the MXene layer at high magnification
(Fig. 3c) presents 0.35 nm lattice spacing corresponding to
anatase TiO, nanocrystals, which have been found to nucleate
on the NMC@MXene surface during the calcination
process.”* This result is also supported by the selected area

© 2023 The Author(s). Published by the Royal Society of Chemistry

electron diffraction (SAED) pattern presented in Fig. 3d, which
consists of two phases: anatase TiO,, which is evidenced by the
appearance of the diffraction ring, and retained MXene phase,
which is verified by the hexagonal symmetry as well as that of
parent-phase Ti,AlC,.*3%%?

Importantly, the HAADF-STEM measurements of
NMC@MXene-30 were performed to further probe the uniform
distribution of MXene layers within the NMC skeleton and to
confirm the successful intercalation of NMC with MXene layers
(Fig. S47). As can be observed in the HAADF-STEM elemental
mappings, N and C elements are evenly dispersed on the MXene
sheets, confirming the effective intercalation of NMC on the
MXene surface.

In light of the previous structure's description, the electro-
static self-assembly strategy results in the formation of a hier-
archical layered structure with increased interlayer spacing.
This structure is more accessible for electron transfer between
NMC and MXene nanosheets and is favorable for the transport
of electrolyte ions during rapid charge/discharge processes.

It is noteworthy that the SEM, TEM, HRTEM, and HAADF-
STEM observations in Fig. 4 for the mixed NMC/MXene
sample, which was prepared by simply mixing MXene and
NMC ultrasonically, displayed a lamellar tiered structure with
an even distribution of Ti, C, N, and O (via elemental mapping
images). This further confirms the successful interpolation of
NMC particles in a continuous MXene network with an open
structure to ease electron transfer and ion transport.

RSC Adv, 2023, 13, 9983-9997 | 9987
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Fig. 3
NMC@MXene-30.

X-ray diffraction (XRD) measurements were obtained to
characterize the prepared samples and confirm the interca-
lation process between MXene and NMC. As shown in Fig. 5a
and S5a,7 the pristine MXene displays clear diffraction peaks
at 6°, 18.1°, and 60.6°, which correspond to (002), (004), and
(110) planes, respectively. In addition, some (00!) peaks can be
clearly observed in the inset of Fig. S5 and these are typical
peaks corresponding to Ti;C,T,."* Moreover, some weak peaks
appear at 25°, 38°, 47.9°, 54°, and 62° which indicates partial
oxidation of Ti atoms during calcination even under inert N,
gas atmosphere and formation of anatase TiO, due to the
presence of some oxygen molecules in the reaction
chamber.”®?* NMC displays two characteristic peaks at 22° and
44°, which can be attributed to the (002) and (101) crystallo-
graphic planes of graphitic carbon, respectively.**** After
insertion of the MXene between the NMC, and the carbon-
ization in NMC@MZXene-x and NMC/MXene, the main
diffraction peaks of MXene at (002) disappeared, which
confirms the total encapsulation of NMC as an interlayer
spacer between MXene layers and the efficient inhibition of
MXene restacking.*>*® Furthermore, the XRD patterns of
NMC@MXene-x display identical remaining peaks for pristine
NMC and without titanium oxide peaks, which confirms that
the inherent structure is well preserved after the calcination
treatment. Simultaneously, the MXene peaks become unclear,
which is consistent with the XRD results of other MXene-
carbon composites.*”

9988 | RSC Adv, 2023, 13, 9983-9997

(@) TEM, (b) HRTEM, [yellow circle area in (a)l, and (c) HRTEM [red circle area in (a)l images, and (d) SAED pattern of calcinated

In contrast, the physically mixed NMC/MXene displays
nearly identical peaks for pristine MXene and NMC. These
results are further proven by small-angle X-ray scattering (SAXS)
data.

The NMC and NMC@MXene-x SAXS patterns in Fig. S5 and
5b show well-resolved scattering peaks at 26 = 1.1°, which
indicates the highly periodic internal mesoporous structure of
the NMC layer structure.*® On the contrary, this peak appears
weak in NMC/MXene sample, which may be due to the shielding
effect caused by MXene on the surface of NMC. Nitrogen
adsorption-desorption isotherm measurements were conduct-
ed to study the surface area and porosity change when adding
different amounts of MXene. As shown in Fig. S5ct and 5c,
NMC, NMC@MXene-x, and NMC/MXene samples display
typical type-IV hysteresis loops, which are caused by the capil-
lary condensation of N, inside the mesopores. Clearly, the steep
N, adsorption at a low relative pressure (P/P, < 0.1) is considered
evidence of the formation of micropores within the mesopore
walls during carbonization. Obviously, the pristine MXene dis-
played a low surface area of 298.52 m> g~ ' with a small pore
volume of 0.61 cm® g~ " due to natural restacking. Interestingly,
increasing the amount of added MXene results in greater
surface areas and larger pore volumes, as listed in Table 1.
Compared to the surface area of host material NMC (648.972 m?*
g™ '), NMC@MXene-10 had a surface area of 783.857 m> g™ ",
which increased to 818.824 m> g~ ' in NMC@MXene-20 and
1020 m”> g ' in NMC@MXene-30. Even the physical mixed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a and b) SEM, (c) TEM, (d) HRTEM images, and (e) HAADF-STEM image with elemental mappings of NMC/MXene.

hybrid NMC/MXene showed an increased surface area (703.745
m?> g ') compared to the host material NMC. These results
indicate that MXene is the most important factor for improving

© 2023 The Author(s). Published by the Royal Society of Chemistry

porosity and enhancing surface area in favor of creating more
active sites for electron transfer and available transportation
bridges for ion diffusion. The role of MXene depends on

RSC Adv, 2023, 13, 9983-9997 | 9989
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Table 1 Physiochemical properties of NMC, MXene, NMC@MXene-x,
and MXene/NMC

Sample SSA(M*2™")  Smicro M* g  Vpore (cm® g7)
NMC 648.972 256.996 1.10

MXene 298.52 0.60
NMC@MXene-10 783.857 403.849 0.82
NMC@MXene-20 818.824 383.390 1.08
NMC@MXene-30 1015 270.25 1.0
MXene/NMC 703.745 487.140 0.95

impeding NMC agglomeration by its insertion between the
NMC onion structure in the hierarchical structure, resulting in
a much higher available surface area and mesopores.

The pore size distribution was calculated from the adsorp-
tion branch. Fig. 5d and S5df reveal the presence of pores with
diameters of 0.6 nm and 1.4 nm (micropore range, <2 nm), and
2.5 nm (mesopore range) in the NMC@MXene-x and NMC/
MXene, which is the same as that of NMC. These results
confirm that the insertion of MXene layers does not affect the
innate NMC structure. The prepared samples were further
examined by Raman analysis. MXene displayed characteristic
peaks around 201400, and 640 cm™!, which correspond to
pristine Ti;C,T,.** All samples display two strong peaks around
1350 em ™" and 1591 em ™" that can be matched to disordered
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sp® generated by edges and defects in the carbon lattice (D
band) and graphitic sp* carbon (G band), respectively (Fig. S67).
The intensity ratio of the D and G bands (Ip/Ig values) can be
used to measure the ordering level and degree of graphitization
of carbon samples. As shown in Fig. S6,f NMC, and pristine
MXene manifested the highest Ip/Is value of 0.99 compared to
0.987 for NMC@MXene-10, 0.965 for NMC@MXene-20, 0.966
for NMC@MXene-30, and 0.972 for NMC/MXene. These results
confirm that the insertion of MXene layers leads to the forma-
tion of a highly graphitic framework. Notably, I/l decreases
with the increasing amount of MXene in the hybrid, which
confirms the role of MXene in forming defect-free structures.
To further confirm MZXene encapsulation in the
NMC@MXene-30 hybrid structure and to check the surface
electronic states and the chemical composition after calcination
under a nitrogen atmosphere, X-ray photoelectron spectroscopy
(XPS) measurements were collected. As shown in Fig. 6a and
S7,7 the high-resolution XPS of the Ti 2p core level of MXene can
be fitted with four doublets (Ti 2ps,,—Ti 2p;/») with a fixed area
ratio equal to 2 : 1 and a doublet separation of 5.7 eV. The peaks
located at 456.8 and 462.8 eV correspond to the 2p3/, and 2p,
orbits of Ti*" in Ti;C,T, MXene, respectively.*” Signals at 459
and 465 eV can be ascribed to the 2p;/, and 2p;,, doublet of Ti*",
respectively, which indicate that titanium is partially oxidized
under high-temperature calcination (TiO, formation was
detected by wide-angle XRD, as shown in Fig. S5t,*"** after the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 High-resolution XPS spectra of (a) Ti 2p, (b) C 1s, (c) N 1s of NMC@MXene 30.

formation of composites with different percentages of MXene).
The peak at 456.3 eV is ascribed to the presence of Ti-N bonds
due to covalent bonding formation between MXene and NMC.**
Clearly, the resulting NMC@MZXene displays decreased inten-
sity for the TiO, peak at 459 eV and increased intensity for the
TiC peak at 454 eV. This confirms that the existence of NMC
around the MXene layers leads to an inert condition that
prevents the oxidation of MXene at high temperatures.** The
peak at 458.5 eV belongs to Ti-OH.*>** Furthermore, to deter-
mine the origin of the big difference between pristine MXene
and its hybrid after combining with NMC, the shift of the Ti 2p
profile of NMC@MXene-x to a higher binding energy region
compared to that of pure MXene is investigated. For example,
the Ti*" peak shifts from 459.0 to 459.7 eV in NMC@MXene-x
(Fig. S71). This reveals that the interaction of NMC with Ti
weakens the Ti atom electron density, which can increase
material conductivity for supercapacitor applications.****

The XPS spectrum for C 1s of NMC@MXene-x demonstrates
three peaks at 284.8, 285.7, and 287.2 eV corresponding to C-C,
C-N, and C-O signals, respectively (Fig. 6b and S8t). These
results are in good agreement with the XPS of NMC and MXene,
and confirm nitrogen doping in the carbon matrix.**** It is
noteworthy that the missing C-Ti signal in MXene can be
attributed to the partial oxidation of its surface at high
temperatures and the formation of TiO,. The disappearance of
this signal in the composite is due to the effect of NMC, which

© 2023 The Author(s). Published by the Royal Society of Chemistry

covers the entire surface of Ti;C,T, MXene,** and to the removal
of C-Ti-O, during nitrogen doping.*®

The N 1s spectrum of NMC in Fig. 6¢ and S9t is deconvoluted
into four peaks at 398.2, 399.5400.9, and 403.1 eV, which
correspond to pyridinic N, pyrrolic N, graphitic N, and
oxidized N, respectively.”” The N, spectrum for NMC@MZXene-x
displays the same peaks as NMC and demonstrates a difference
with an extra fifth peak located at 397.09 eV and corresponding
to Ti-N, which confirms the successful doping of N into the
MXene matrix. The two highest nitrogen-content species in
NMC@MXene-x are graphitic and pyridinic.*®* The high
percentage of graphitic carbon is a result of the high annealing
temperature.”” The pyridinic N confers a pair of electrons for
conjugation with the m-conjugated rings, as a result, it can
provide the NMC@MZXene-x electron donor characteristics and
increase the capacitance.***

The thermal stability of the MXene hybrid was measured
using thermogravimetric analysis (TGA) under the flow of
nitrogen (Fig. S1071). Pristine MXene and NMC were also
measured for comparison. As can be seen in the figure, the mass
decreases of the MXene can be divided into two stages. The first
stage of heat treatment (room temperature to 450 °C) is mass
loss due to the loss of physically adsorbed water or gases, such
as O,, from the MXene interlayers. The mass loss between 450
and 900 °C is caused by the removal of the remaining isolated
OH groups and the chemically adsorbed functional groups

RSC Adv, 2023, 13, 9983-9997 | 9991
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bonded to the surface. In Fig. S10,7 the overall weight loss of
MXene (33 wt%) at 850 °C, which is negligible relative to the
NMC (95 wt%), reveals that MXene possesses greater thermal
stability than NMC.

Moreover, the mass loss in the thermogravimetric analysis
curve of NMC@MXene-x (x = 10, 20, and 30) can be divided into
three distinct stages. In the temperature range of 25-200 °C,
a small amount of weight loss (3.3%) is due to either the
evaporation of adsorbed water or gaseous substances on the
surface of the powder material. The second weak weight loss,
from 200 °C to 450 °C, is attributed to the decomposition of
chemically adsorbed functional groups.*® The last stage displays
swift weight loss at a temperature range of 450-550 °C, which is
likely derived from the degradation of the NMC skeleton
construction.*

Considering the unique structural advantages of NMC, as
well as its insertion into the MXene layers, the resultant hybrids
with high surface area, N doping, high conductivity, and alter-
nated layer structure are expected to be indispensable for
achieving large gravimetric capacitance, high stability, and rate
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capability supercapacitor applications. The electrochemical
performance of NMC/MXene, NMC@MZXene-x with pristine
MXene, and NMC were investigated using a three-electrode
system, with 3 M KOH as the electrolyte to reveal the syner-
gistic effect between MXene and NMC as supercapacitor
electrodes.

As shown in Fig. 7a, the cyclic voltammetry (CV) curve at
5mV s " displays a rectangular curve with a pair of redox peaks
that include cathodic peaks at about —0.8 V and anodic peaks at
around —0.7 V. These reveal that the capacitance mainly
resulted from the combination of electric double-layer charge
storage of carbon material with pseudo capacitance associated
with the partial change of the Ti oxidation state.** The CV curves
in Fig. 7a for all hybrid samples, including NMC/MXene and
NMC@MXene-x, obviously display a higher current, larger
integral area, and a larger capacitance than that of pure MXene
and NMC, which indicates capacitance improvement. Remark-
ably, NMC@MXene-30 demonstrated the highest augmentation
in the CV integration area, showing its better electrochemical
properties. At a high scan rate of 500 mV s, the CV curve of
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Fig. 7 Electrochemical performance of NMC@MXene-x (x = 10, 20, and 30), MXene, and NMC tested in a three-electrode system. CV curves at
scan rates of (a) 5 and (b) 500 mV s %; plots of (c) Cn, and (d) C, versus different current densities for NMC@MXene-x (x = 10, 20, and 30), MXene,
and NMC:; (e) Nyquist plots of NMC@MXene-30, MXene, and NMC (with an enlarged view of the high-frequency regime), and (f) cycling stability
performance of NMC@MXene-30 and NMC at a scan rate of 100 mV s~ %,
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Fig. 8 Charge discharge curve of NMC@MXene-30.

NMC@MXene-30 still maintains a well-shaped rectangular
curve compared to NMC and MXene (Fig. 7b). This data indi-
cates the highly capacitive performance and excellent rate
capability of NMC@MXene-30 due to ion-accessible pathways.
The galvanostatic charge/discharge (GCD) curves at different
current densities for all sample electrodes display roughly
triangle shapes in Fig. 8 and (Fig. S11-S15%). This confirms the
high-capacitive reversibility of NMC with a MXene-based
supercapacitor.’®*

As shown in Fig. 7c the gravimetric capacitances at 1 A g™ "
were calculated based on the GCD for NMC@MXene-30,
NMC@MXene-20, NMC@MXene-10, and NMC/MXene, which
were 393,247,236, and 266 F g~ ', respectively. The capacitances
of MXene and NMC were 230 and 227 F g, respectively. Upon
increasing the current density, NMC@MXene-30 displayed
a capacitance as high as 233 F g~ can be retained at 50 A g™ *,
corresponding to capacitance retention of 60%. For compar-
ison, the capacitance retention of NMC@MXene-20,
NMC@MXene-10, NMC/MXene, MXene, and NMC at 50 A g~
were 51%, 35%, 31%, 28%, and 27%, respectively. Remarkably,
NMC@MXene-30 achieved higher capacitance than previously
reported NMC/MXene electrodes, as shown in Table 2.%%7%7
Accordingly, capacitance enhancement of the NMC@MXene-30
electrode is mainly attributed to extra MXene, which induces
a greater arrangement of NMC in the form of porous tiered
layers to provide more accessible mesopores and tunnels for
facilitating ion transport over the entire surface area while
maintaining its conductivity. More importantly, increasing the
interlayer space of MXene effectively mitigates its nanosheet
restacking and exposes more Ti atoms to participate in the
redox reaction. Therefore, the insertion of MXene pseudo
capacitance accelerates rapid ion intercalation/deintercalation
into the NMC tunnels and layered material, which supplies
additional capacitive properties.>***

In addition, the volumetric capacitance was calculated for all
electrode samples at various current densities (Fig. 7d). The
volumetric capacitance for NMC@MXene-30 at 1 A g~ was
calculated to be 1300 F cm ™3, which is far surpassing those of
NMC@MXene-20 (820 F cm™?), NMC@MXene-10 (790 F cm3),
NMC/MXene (887 F cm™>), MXene (575 F cm™3), NMC (757 F

© 2023 The Author(s). Published by the Royal Society of Chemistry
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em?), and other previously published NMC/MXene-based
electrodes (Table 2).2536,59-61

Electrochemical impedance spectroscopy measurements
were conducted in the frequency range from 10~ to 10° Hz to
comprehend the improved capacitance and the kinetics of
electron transfer and ion transport in the NMC@MXene-30,
MXene, and NMC electrodes (Fig. 7e). In the high-frequency
region, NMC exhibited the largest semicircle, indicating that
it had a larger equivalent series resistance (ESR) with higher
charge-transfer resistance than the NMC@MZXene-30 and
MXene. In the low-frequency region, NMC@MZXene-30 displays
a much steeper gradient curve than that of NMC and MXene,
implying that the NMC@MXene-30 sample has the best ion-
diffusion capability.®*

Moreover, the long-term cycling stability of the
NMC@MXene-30 and NMC electrodes was investigated by
repeating a typical CV test at 100 mV s ' for 10000 cycles
(Fig. 7f). The NMC electrode retains 88% of the initial capaci-
tance after 10000 cycles. The capacitance retention in
NMC@MXene-30 increases gradually until achieving 105%.
This result can be ascribed to the activation of material by
improved wetting via ion intercalation/deintercalation into the
microchannels in the hierarchical layered structures. At first
cycles, the initial activation of electrode surface area by elec-
trolyte wettability and thereby better access and migration of
the ions into the micropores, mesopores, and mesochannels of
the material with increasing CV cycles, so improving the cycling
Capacity.33,63,64

To evaluate the usability of NMC@MXene-30 for super-
capacitors, its electrochemical behavior was measured in a two-
electrode system using 3 M KOH as the electrolyte. Fig. 9a
presents CV curves in a voltage window ranging from —1 to 0 V
of the symmetrical NMC@MZXene-30 supercapacitor. The CV
curves of NMC@MXene-30 maintain an ideal quasi-rectangular
shape, even at high scan rates of 500 mV s~', which further
confirms its good rate capability and excellent rate perfor-
mance.* In addition, close observation at 1, 3, 5, and 10 mV s~ *
for NMC@MXene-30 the rectangular-like shape
implying ideal capacitive behavior (Fig. S16t). The galvanostatic
charge curves with their symmetric counterpart of the discharge

reveals

RSC Adv, 2023, 13, 9983-9997 | 9993
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Table2 Summary of, gravimetric and volumetric performances of previously reported MXene-based electrodes tested with the three-electrode

system in aqueous electrolytes

Scan rate/current

Electrode density CmlF g™ C,/F cm™® Electrolyte Ref.
TizC,T,/RGO 2mvs — 435 1 M MgSO, 59
200 mV s ! — 320
Sandwich-like Ti;C,T,/SWCNT 2mvs ! — 390
200 mv s* — 280
Sandwich-like Ti;C,T,/MWCNT (paper 2mvs ' 150 321
electrode) 200 mv s ' 117 250
Pure MXene 2mvs ' 303 1000 3 M H,SO, 20
MX-THGO; 2mvs 438 1445
500 mV s~ 302 997
MXene hydrogel 2mvs " 380 1500 1 M MgSO4 52
PPy/Ti;C, Ty 5mVs — 1000 1 M H,S0, 60
TizC, Ty 2mvs 120 — 1 M H,S0, 53
MXene/CNF 300 mvs' 90
MXene/AuNPs 5mvs 278 — 1 M H,S0, 54
Carbonized PAN/Ti;C,T, electrospun 10mvs?t 88 1 M H,SO, 55
fibers
TizC, Ty 1Ag" 83 464 1 M H,S0, 56
TizC,T,/RGO 1Ag? 116 361
MXene/aromatic poly(ether amide) 1Ag™" 350 57
(PEA)-derived hybrid CNFs (HCNFs) 10Ag! 190
NOMC 1Ag! — 420 61
20Ag" — 258
NMC@MXene-30 1Ag" 393 1300 3 M KOH This work
50 Ag" 190 634
NMC@MXene-20 1Ag! 247 820
50Ag " 120 400
NMC@MXene-10 1Ag™" 236 790
50 Ag7" 84 280
NMC 1Ag! 227 757
50Ag " 75 250
MXene 1Ag" 230 575
50 A g7 " 63 160
MXene/NMC 1Ag! 266 887
50Ag " 83 277

curve display isosceles triangular curves at various current
densities, indicating high-capacitive reversibility for the
NMC@MXene-30-based supercapacitor (Fig. S17at). The cycling
stability of the NMC@MXene-30-based supercapacitor as
measured by the CV test is shown in Fig. 9b. The specific
capacitance retains 97.5% of its initial value after 10 000 cycles,
suggesting superior cycling stability of the NMC@MZXene-30
electrode. Fig. S17bt displays the Cy, of the NMC@MXene-30
electrode calculated from the charge-discharge curves at
different current densities. Remarkably, the NMC@MZXene-30
electrode exhibits a high Cy,, of 210 Fg ' at 1 Ag ' and 102 F
g 'at50 Ag™ ", indicating good rate capability. Additionally, the
C, of the NMC@MXene-30 electrode was calculated to be 666 F
em ®at1Ag "' and 337 Fem ® at 50 A g ' (Fig. S17ct). The
Nyquist plots shown in Fig. S18d7 indicate low ESR and low ion-
diffusion resistance in the high-frequency and low-frequency
regions, respectively. To further evaluate the practical applica-
tion of devices comprised of the NMC@MXene-30, a compar-
ison of Ragone plots for the NMC@MXene-30-based symmetric

9994 | RSC Adv, 2023, 13, 9983-9997

cell based on weight, and volume, with other previously pub-
lished results, is presented in Fig. 9c. It is worth noting that the
gravimetric energy density maintains a value of 8.1 W h kg™*
when the power density increases to 0.25 kW kg~ and remains
at 2.5 W h kg™ ! at a power density of 12.75 kW kg~ '. These
values are much higher than those reported for MXene-based
symmetric supercapacitors,'®®345%65-68

In addition, Fig. 9d shows that the volumetric energy density
of the NMC@MXene-30-based cell achieves 23.13 W h L™" at
a power density of 0.8 kW kg ' and maintains a high value of 12
W h L' at a power density of 43 kW L™ '. These values far
exceeded those of previously reported 2D MXene and carbon-
based symmetric cells.***>*7* The outstanding electro-
chemical behavior of the NMC@MXene-based cell is due to the
unique architecture of interconnected MXene networks with
assembled MC structures and large surface area which can
confer more active sites for redox reactions and facilitate elec-
trolyte ion diffusion, leading to the effective practical applica-
tion of the active material.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Electrochemical performance of NMC@MXene-30 in a two-electrode system: (a) CV curves at various scan rates, (b) cycling stability at
a scan rate of 100 mV s~* and Ragone plots, (c) gravimetric energy and power densities, and (d) volumetric energy and power densities of the

electrode material in comparison with previously reported materials.

4. Conclusion

In summary, I present the facile method for preparation of a 3D
heterostructure with NMC between 2D MXene layers via inter-
facial self-assembly of block copolymer P123/melamine-form-
aldehyde resin micelles and exfoliated MXene nanosheets. NMC
with onion morphology and open channels prevents the
restacking of MXene layers and provides quick ion-diffusion
paths. When employed for supercapacitor applications, the
electrochemical behavior trend is in decreasing order:
NMC@MZXene-30 > NMC@MXene-20 > NMC@MXene-10 >
NMC and MXene. These results indicate the benefit of extra
MXene for enhancing super-capacitive performance. The
NMC@MXene-30 electrode manifested both high gravimetric
and volumetric capacitance, good rate capability, and excellent
stability. It is expected that the simple and reliable synthesis
approach proposed here will provide a simple way to design 2D
heterostructured materials with eminent electrochemical
properties for energy storage and conversion applications.
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