Page 1 of 21

oNOYTULT D WN =

ACS Applied Materials & Interfaces

Sandwich-Structured Ordered Mesoporous Polydopamine/MXene

Hybrids as High-Performance Anodes for Lithium-lon Batteries

[b]

[d]

[e]

[f]

_|_

Tao Li,*** Bing Ding,>°* Jie Wang, * Zongyi Qin,” Joseph F. S. Fernando,? Yoshio Bando,?

Ashok Kumar Nanjundan,® Yusuf Valentino Kaneti,** Dmitri Golberg,2%* and Yusuke Yamauchi®

International Research Center for Materials Nanoarchitechtonics (WPI-MANA), National
Institute for Materials Science (NIMS), 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan

State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, and
College of Material Science and Engineering, Donghua University, Shanghai 201620, China
Jiangsu Key Laboratory of Electrochemical Energy-Storage Technologies, College of
Materials Science and Technology, Nanjing University of Aeronautics and Astronautics,
Nanjing 210016, China

School of Chemistry, Physics and Mechanical Engineering, Science and Engineering Faculty,
Queensland University of Technology (QUT), Brisbane, Queensland, 4000, Australia

School of Chemical Engineering and Australian Institute for Bioengineering and
Nanotechnology (AIBN), The University of Queensland, Brisbane, QLD 4072, Australia
Department of Plant & Environmental New Resources, Kyung Hee University, 1732
Deogyeong-daero, Giheung-gu, Yongin-si, Gyeonggi-do 446-701, South Korea

These authors equally contributed to this work.

E-mails: WANG.Jie@nims.go.jp; dmitry.golberg@qut.edu.au; y.yamauchi@ugq.edu.au

ACS Paragon P%us Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces Page 2 of 21

Abstract

Organic polymers have attracted significant interest as electrodes for energy storage devices due to
their advantages, including molecular flexibility, cost-effectiveness, and environmentally-friendly
nature. Nevertheless, the real implementation of polymer-based electrodes is restricted by their poor
stability, low capacity, and slow electron transfer/ion diffusion kinetics. In this work, a sandwich-
structured composite of ordered mesoporous polydopamine (OMPDA)/Ti;C,Tx has been fabricated
by in situ polymerization of dopamine on the surface of Ti;C,Tx by employing PS-b-PEO block
polymer as a soft template. The OMPDA layers with vertically oriented, accessible nanopores (~20
nm) provide a continuous pore channel for ion diffusion, while the Ti;C,Ty layers guarantee a fast
electron transfer path. The OMPDA/Ti;C,Tx composite anode exhibits high reversible capacity, good
rate performance, and excellent cyclability for lithium-ion batteries. The in situ transmission electron
microscopy analysis reveals that the OMPDA in the composite only shows a small volume expansion
and almost preserves the initial morphology during lithiation. Moreover, these in situ experiments
also demonstrate the generation of a stable and ultrathin solid electrolyte interphase (SEI) layer
surrounding the active material, which acts as an electrode protective film during cycling. This study
demonstrates the method to develop polymer-based electrodes for high-performance rechargeable

batteries.

Keywords: Ordered mesoporous polydopamine; MXene; Sandwich structure; Lithium-ion batteries;

In situ transmission electron microscopy
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Introduction

As the most popular energy storage device on the market, lithium-ion batteries (LIBs) are widely
used in portable electronics, electric vehicles, and stationary electricity storage applications.!-’
Although many pieces of researches have been performed to optimize the electrode design, the
fabrication of LIB electrodes with high energy density, high power density, and good cyclability
remains a challenge.®!! Organic electrode materials are heralded as alternative electrodes for LIBs
because of their advantages, including molecular flexibility, cost-effectiveness, and environmental
friendliness.'>!> During the redox reactions of organic electrodes, functional groups, such as
carboxylate and thioether, usually act as redox centers for alkali-metal ions, while the aromatic cores
are responsible for electron donation and acceptance.!®!® Carbonyl compounds, with quinone or
derivatives of aromatic carboxylic acid as active centers, have received substantial research attention
as high-performance polymer-based electrodes.!®?*> However, their practical implementation is

restricted by their small reversible capacity, limited rate performance, and poor cyclability.

Polydopamine (PDA), which is prepared by the polymerization of dopamine (DA), is an ideal
polymer with redox-active properties. Theoretically, during the discharge process, PDA can
accommodate eleven Li" ions in one active unit through quinone groups and this gives rise to a high
theoretical capacity up to 2006 mAh g'.242> However, a limited amount of quinone is typically
formed during the self-polymerization reaction of DA, therefore greatly restricting the capacity of
PDA electrode. Zhang et al. found that the content of quinone could be increased by enhancing the
oxidation degree of PDA.?* However, the oxidation reaction will certainly reduce the electronic
conductivity of PDA, leading to a reduction in electrochemical performance.!”?¢ In general, the
electronic conductivity of polymers can be improved by polymerizing redox-active molecules on
conductive substrates and forming core-shell heterostructures.?’-?° In such hybrid architectures, the
conductive substrates can provide a higher electronic conductivity, while the bonding of molecules
via covalent bonds can prevent the fragmenting of molecules. Carbon materials (e.g., graphene and
carbon nanotubes (CNT)) are the most frequently used substrates for polymers due to their high
conductivity, low cost, and morphological variety.’’-3> Utilizing this strategy, Jang and Lee
successfully coated PDA on the surface of CNT.?> When applied in LIBs, the hybrid PDA-CNT
electrode exhibited greatly improved performance compared to pure PDA material. However, most
carbon materials are not suitable electrodes for LIBs due to their limited lithium-ion storage
performance. The combination of polymer with carbon will sacrifice the overall gravimetric capacity

of the whole composite. It is expected that another highly conductive material with superior Li-
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storage performance will be a better candidate for hybridization with PDA to achieve better overall

performance.

The ordered mesoporous structure has been proven to be effective in providing ion transfer paths
and facilitating the ion-diffusion kinetics within an electrode. Furthermore, the mesoporous structure
can promote better penetration of electrolyte ions and guarantee efficient ion transfer within the
electrode, leading to high electrochemical performance even at high rates.’33* Especially, the
combination of mesopores with a two-dimensional (2D) morphology can further shorten the
diffusion pathways and increase the accessible surface area for lithium ions in the active material. 2D
ordered mesoporous carbon and TiO, prepared by using block copolymers as templates, have been
demonstrated to be superior over their bulk counterparts for LIB applications.?>-37 Nevertheless, 2D
ordered mesoporous polymers prepared by using block copolymers as templates have been rarely
reported. It is expected that, by combining the advantages of each component, a hybrid composite of
mesoporous polymer and 2D conductive material with large reversible capacity, good rate

performance, and satisfactory cycling life can be achieved.

In this report, we prepare a novel sandwich-structured ordered mesoporous polydopamine
(OMPDA)/MXene (Ti;C,Ty) composite by direct polymerization of DA on the outer surface of
Ti;C,Tx nanosheets, which forms a new kind of LIB anode with high electrochemical
performance.’®3° By employing PS-b-PEO block copolymer as a soft template, vertically-oriented
(~20 nm in diameter) nanopores are created to obtain mechanically stable OMPDA thin films. The
OMPDA layers with accessible nanopores (~20 nm) provide continuous pore channels for ion
diffusion, while the Ti;C,Ty layers guarantee fast electron transfer, leading to the greatly enhanced
lithium storage performance of OMPDA/Ti;C,Ty relative to pristine OMPDA and smooth PDA
(SPDA)/Ti;C,T, complex without pores when applied in LIBs. At 50 mA g!, the OMPDA/Ti;C,T,
electrode can achieve a specific capacity up to ~1000 mAh g!. Even at 1 A g, a relatively large
capacity of ~430 mAh g!' is still maintained after 600 cycles. Moreover, in situ analysis by
transmission electron microscope has been conducted to observe the changes in the electrode

structure upon the charge/discharge process.
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Results and discussion

Structural characterizations
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Figure 1. Schematic drawing depicting the preparation steps of OMPDA/Ti;C,T, composite: (a)
Mixing the DA micelles with Ti;C,Tx nanosheets, (b) packing of DA micelles and subsequent (c)
direct polymerization of PDA micelles on the surface of Ti;C,Tx nanosheets, and (d) obtaining the

OMPDA/Ti;C, Ty after heat-treatment.

The preparation process of OMPDA/Ti;C,Ty is provided in Figure 1. Ti;C,Tx nanosheets prepared
by etching Ti;AlC, followed by exfoliation are used as a substrate for the growth of DA. First, the
solution of PS-H-PEO in tetrahydrofuran and the solution of dopamine in ethanol/water (volume ratio
of ethanol and water is 1:1) mixture are mixed under mild stirring. Following the micellization of
PS-b-PEO in the mixed solvent,*>-4! DA micelles (DAmi) composed of dopamine molecules and PS-
b-PEO are initially formed by self-assembly process (Figure 1a). After the addition of the solution
containing Ti;C,Tx nanosheets, DAmi can interact with Ti;C,Ty through a hydrogen bond formed
between the catechol/quinone groups of DA and “OH and ~F terminal groups of Ti;C,Ty (Figure
1b). As shown in Figure Sla, the DAmi are uniformly assembled on the surface of the Ti;C,Ty
nanosheets. After stirring for 2 h, an ammonia solution was added to initiate the polymerization of
DAmi (Figure 1c¢). The average size of PDA/PS-b6-PEO micelles (PDAmi) on the surface of TizC,Ty
nanosheets remains around 25 nm even after completion of the polymerization process (Figure 2a-b

and Figure S1b-f). The cross-sectional TEM images (Figure 2¢ and Figure S2) show that a layer of
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PDAmi is formed onto both sides of the substrate with the thickness being around 15 nm, thereby
creating a sandwich-like structure. The elemental mapping results demonstrate that the elements N,
C, O, F, and Ti are homogeneously distributed throughout the sandwich structure (Figure S3),
indicating the uniform coating of the surface of Ti;C, Ty nanosheets by PDAmi. Then, the obtained
PDAmi/Ti;C,Tx composites were calcined at 350 °C (Figure 1d) under N, atmosphere to remove the
block copolymer (Figure S4) and, at the same time, to oxidize the PDA molecules to form more
quinone groups.’* As seen in Figure 2d-e and S5a-c, the bumps disappeared and ordered
mesoporous PDA is deposited on the Ti;C, Ty surface after calcination. The average pore size is ~20
nm, which is slightly smaller than the average diameter of the bumps. The cross-sectional TEM
images clearly show the sandwich structure of OMPDA/Ti;C, T composites (Figure 2f and Figure
S5d). The thickness of the PDA coating on the two sides of Ti;C,Ty is estimated to be ~14 nm,
which slightly differs from the thickness prior to the heat-treatment process. The shrinkage of the
PDA layers is be attributed to the thermal treatment process. From Figure S6, it is evident that the

mesoporous OMPDA is uniformly deposited on the Ti;C,T, surface.

200 nm- {20 nm 5 Y al 20 nm

Figure 2. (a) SEM and (b-c) TEM images of PDAmi/Ti;C,Ty. (d) SEM and (e-f) TEM images of
OMPDA/Ti;C,Ty.

To investigate the factors which influence the mesoporous structure of PDA layer, a series of
OMPDA/Ti;C,Ty samples were prepared with different ratios of dopamine and Ti;C,Ty. In the
absence of PS-b-PEO, PDA/Ti;C, Ty sheets without bumps are obtained after polymerization (Figure
S7a). After heat treatment, the smooth surface is retained for SPDA/Ti;C,Ty (Figure S7b-e),
indicating the vital role of PS-H6-PEO in the formation of micelles and mesopores after the heat
treatment process. Without adding Ti;C,Tx, PDAmi spheres of ~210 nm with coarse surfaces are

obtained (Figure S8a-b), which leads to ordered mesoporous PDA (OMPDA) spheres after heat
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treatment (Figure S8c-d). By decreasing the amount of Ti;C,Tx from 50 to 25 mg, the density of
micelles on the surface of Ti;C,Ty is increased and aggregation of particles is observed outside the
nanosheets (Figure S9a-b). On the contrary, by increasing the amount of Ti;C, Ty to 75 mg, the
amount of the bumps on the surface of Ti;C,Ty is reduced (Figure S9c). After heating, the
mesopores are not very obvious (Figure S9d), which may be attributed to the small thickness of the
PDA layer. These observations indicate that the proportion of DAmi affects the density of bumps on
the Ti;C,Ty surface (Figure S10). The formation process can be deduced as follows. After the
addition of the ammonia solution, the polymerization takes place surrounding DAmi. After heat
treatment, mesopores are generated by the elimination of the PS-b-PEO template. However, the
mesoporous structure is not so evident for the composite containing an excessive Ti3C, Ty phase (75
mg). It is observed that the OMPDA/Ti;C,Tx composite prepared with 50 mg of Ti;C, T displays the
most homogeneous sandwich structure and hence, and we have chosen this particular sample for
further investigations. The specific surface area (SSA) of the typical OMPDA/Ti;C,T, sample
prepared with 50 mg is discussed later, but the SSAs of OMPDA/Ti;C,Ty-25 (85.5 m? g!) and
OMPDA/Ti;C,Ty-75 (43.3 m? g!) are much lower than the typical OMPDA/Ti;C,T, sample (129.2

m? g ).
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Figure 3. (a) Wide-angle XRD patterns of Ti;C,T, and PDAmi/Ti;C,T,. (b) Wide-angle XRD
patterns of Ti;C,Ty after heat-treatment (Ti;C,Tx-C) and OMPDA/Ti;C,Ty. (¢) FT-IR spectra of
Ti;C, Ty, PDAmi/Ti;C, Tk, and OMPDA/Ti3C,Ty. (d) Nitrogen sorption isotherms of Ti;C,T-C and
OMPDA/Ti;C, Ty (insets: pore size distribution curves).
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X-ray diffraction (XRD) measurements were performed to determine the compositional
differences between Ti;C, Ty, PDAmMi/Ti3C, Ty, and OMPDA/Ti;C, Ty composites (Figure 3a-b). The
XRD pattern of pure Ti;C,Tx shows a (002) peak at 260 = 6.0°, corresponding to the typical layered
structure of MXene.?¢42-43 The d-spacing between Ti;C,Ty layers is calculated to be 1.47 nm. After
coating with PDAmi, the (002) peak disappears. The XRD pattern of PDA/Ti;C,T, exhibits a (002)
peak at 26 = 4.5° (Figure S11a), corresponding to an increased d-spacing of 1.96 nm. In addition, in
the XRD pattern of the physical mixture of PDAmi spheres and Ti;C,Tx (PDAmi-Ti;C, T, mixture),
a (002) peak at 26 = 6.0° is observed (Figure S11a), indicating that the d-spacing between Ti;C,Ty
layers is unchanged, compared with the original Ti;C, T, material. This indicates that the existence of
micelles can effectively prevent the stacking of Ti;C,Tx nanosheets, thus leading to the
disappearance of (002) peak. Figure 3b and Figure S11b show the XRD patterns after the heat
treatment at 350 °C.

To confirm the successful coating of PDA on the Ti;C,Ty surface, Fourier transform-infrared
spectroscopy (FT-IR) analysis was conducted and the results are presented in Figure 3¢ and Figure
S12a. The IR peaks at 3420, 1620, 1480 and 1260 cm™! correspond to an asymmetric stretch of —OH,
bending vibration of —OH, bending vibration of indole-indoline, and scissoring vibration of CH,,
respectively.** The peaks at around 1480 and 1260 cm™' show an obvious increase for the
PDAmi/Ti;C, Ty composites, suggesting the interaction between catechols/quinone groups in
dopamine molecules and —OH/-F terminal groups of Ti;C,T. The peak at around 700 cm™! can be
attributed to PS-b-PEO. The structural analysis of PDA, including the molecular weight and
polydispersity, is challenging because PDA is difficult to dissolve in water and organic solvents.*4-46
For comparison, we have also prepared PDA under the same conditions but in the absence of
Ti3C,T,. Compared with the DA precursor,*’ the peak observed at 3500 cm™! is shifted to 3300 cm™!
in PDA (Figure S12b), indicating the disappearance of the asymmetric stretching of H-N—H group.
These results suggest the successful coverage of Ti;C,Tx by PDA. In the spectrum of
OMPDA/Ti;C,Ty, the peaks at around 1620, 1480 and 1260 cm™! remain more or less similar with a
little decrease in peak intensity, suggesting the well-retained structure of PDA. The peak at 700 cm™
disappears, suggesting the successful removal of the block copolymer template. The weight
percentage of Ti3C,Ty in the OMPDA/Ti;C,Tx composite is ~41 % based on the thermogravimetric

(TG) measurement carried out in the air (Figure S13).

The porous structures of Ti;C,T,-C, OMPDA/Ti;C,Ty, and SPDA/Ti;C, T, were analyzed by
nitrogen sorption measurements (Figure 3d and Figure S14). OMPDA/Ti;C,Tx shows an isotherm

with a small hysteresis loop (Figure 3d), suggesting the porous nature.*® The pore size distribution
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curve of OMPDA/Ti;C,Ty shows one broad peak at ca. 25 nm (Figure 3d inset), which originates
from the mesopores of OMPDA. The surface area of OMPDA/Ti;C,Ty is ~129 m? g!, which is
superior to those of SPDA/Ti;C,T, (59 m? g!) and TizC,T,-C (39 m? g!). TizC,T-C shows the
presence of small-sized pores with around 5 nm (i.e., interlayer space) which is formed by the re-
stacking of Ti3C,T, nanosheets,*>* while SPDA/Ti;C,T, exhibits no porosity because the interlayer
space is seriously blocked by PDA.

Electrochemical performance
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Figure 4. (a) CV and (b) charge-discharge curves of OMPDA/Ti;C,Ty electrode in the voltage
window from 0.01 V to 3.0 V. (c¢) Rate capability at various current densities, (d) Nyquist plots, and
(e) cycling stability of OMPDA/Ti;C, Ty, SPDA/Ti;C, Ty, and OMPDA-Ti;C, Ty electrodes after three

charge-discharge cycles.

The electrochemical performance of the OMPDA/Ti1;C, Ty sample is initially assessed by the

cyclic voltammetry (CV) technique using a half-cell configuration. In the first cathodic sweep of the
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CV curves of OMPDA/Ti;C,Ty (Figure 4a), the peaks at ~1.5 V and 0.67 V correspond to the
addition of lithium to unsaturated nitrogen and the enolization reaction of lithium with carbonyl
oxygen.?”-?® The pronounced broad peak seen below 0.4 V is indexed to the intercalation of Li* into
Ce aromatic rings and the generation of the SEI film at the interface between electrode and
electrolyte.?’?8 The following second and third CV curves almost overlap. This indicates that the
redox properties of OMPDA/Ti;C,Ty are largely reversible. The discharge-charge profiles of the
OMPDA/Ti;C, Ty electrode shown in Figure 4b display the same trend as that observed in the CV
results. During the discharge process (Li" intercalation), the curves show a fast decrease in capacity
from 2.8 to 0.4 V and then a slow decline to 0.01 V. Then, an inclined curve is seen during the
charging process (Li* de-intercalation). The similar shapes of the discharge-charge curves of
OMPDA/Ti;C, Ty, SPDA/Ti;C, Ty, and OMPDA-Ti;C, T, mixture at 100 mA ¢! (Figure S15) reveal
a similar energy storage mechanism of PDA materials. Figure 4c¢ compares the capacities of
OMPDA/Ti;C,T,, SPDA/Ti;C,T,, and OMPDA-Ti;C,T, mixture electrodes at various current
densities (50~5000 mAh g™!). At a current density of 50 mA g!, the OMPDA/Ti3C,Ty electrode
shows initial specific discharge and charge capacities of are 1623 and 862 mAh g™!, respectively,
with a Coulombic efficiency of 53%. The low Coulombic efficiency in the initial cycle is mostly
attributed to the generation of an SEI film, which an irreversible process. In the subsequent cycle, the
Coulombic efficiency is enhanced to 92% and reaches over 95% starting from the third cycle. The
capacity of the OMPDA/Ti;C,T electrode reaches up to ~1000 mAh g''. Compared to
OMPDA/Ti;C, Ty, the SPDA/Ti;C,Ty electrode shows a much lower capacity (~500 mAh g™!) and
Coulombic efficiency. These results suggest that the existence of mesopores on PDA can enhance
the overall capacity and reversibility of the reactions with lithium ions. With increasing current
density, the capacity of the OMPDA/Ti;C,Ty electrode decreases much more slowly than those of
SPDA/Ti;C,T, and OMPDA-Ti;C,T, mixture electrodes. The OMPDA/Ti;C,Ty electrode retains
capacity of ~230 mAh g!' at 5000 mA g'. In comparison, the capacities of SPDA/Ti;C,T, and
OMPDA-Ti;C, T, mixture electrodes at the same rate decrease to ~65 and ~60 mAh g1, respectively.
The performance of OMPDA/Ti;C,Ty is also better than many previously reported polymer-based
electrodes (Table S1). It is noted that the capacitance of OMPDA/Ti3C,Ty is similar to that of pure
PDA.>4?¢ Considering the low capacitance of pure Ti;C,T, (~100 mAh g'), the capacitance
contribution from OMPDA to the capacitance of the OMPDA/Ti;C, T, composite is supposed to be
much higher compared to pure PDA. The high capacity and excellent rate capability of the
OMPDA/Ti;C,Ty may originate from the heterostructure of OMPDA and Ti;C,T,. Electrochemical
impedance spectroscopy (EIS) measurements were carried out to investigate the electrode kinetics.

From Figure 4d, it can be observed that, among the three electrodes, OMPDA/Ti;C,T, shows the
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least charge transfer resistance (R.;), which further confirms the important roles of the mesopores.
The mesoporous structure increases the specific surface area, leading to a high capacity, and reduces
the areal current density, resulting in lower electrode polarization. The mesopores also promote
better infiltration of the electrolyte ions into the active material by shortening the length for ion
diffusion. Therefore, the construction of mesopores in the polymers combined with the use of highly
conductive substrates provides an effective strategy for designing high-performance electrodes based
on organic polymers. Figure 4e and Figure S16 display the cycling stability of OMPDA/Ti;C, T,
SPDA/Ti;C,T,, and OMPDA-Ti;C,T, composite electrodes at 100 mA g! and 1000 mA g!,
respectively. At 1000 mA g~!, during the initial 80 cycles, the capacity of OMPDA/Ti;C,Ty slowly
rises to ~430 mAh g!' and remains constant in subsequent cycles, while the Coulombic efficiency is
stable at 100% during cycling. For the SPDA/Ti;C,Ty electrode, the capacity increases from 122
mAh g!' to 346 mAh g ! after 200 cycles, and then gradually decreases to 170 mAh g-'. The capacity
of the OMPDA-Ti;C, Ty mixture electrode starts to decrease after 50 cycles, before finally dropping
to 135 mAh g'. These findings indicate that combining PDA with Ti;C,Tx can improve the
structural stability of OMPDA.
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Au wire contact contact
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Figure 5. (a) Digital photo and schematic drawing of the in situ TEM experiment. (b) Low
magnification TEM picture of OMPDA/Ti;C,Tx composite prior to the contact with the Li/Li,O
electrode. (c) Magnified TEM picture of the boxed area in Figure 5b. (d) The TEM image of the
OMPDA/Ti;C, Ty sample, soon after coming into contact with the Li/Li,0O electrode before applying
a bias. (e) TEM picture was taken at 30 s point during the 1% lithiation (i.e., after applying a bias of —
3 V). (f) Magnified TEM picture of the boxed area in Figure Se (inset shows the TEM image of the
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same region before coming into contact with Li/Li,O electrode). (g) Magnified TEM picture of the

boxed area (green) in Figure 5f.

To investigate the mechanisms behind the excellent performance of OMPDA/Ti;C, Ty, real-time
in situ TEM observation was performed to visualize the changes in morphology, structure, and
volume of OMPDA/Ti;C, Ty during (de)lithiation. The digital photo of the in situ TEM setup with a
schematic illustration is depicted in Figure Sa. The TEM image reveals that the freestanding
OMPDA/Ti;C,Ty sample is fixed on an Au wire (Figure Sb), while a layer of Li/Li,0 is set on a
movable W probe of scanning tunneling TEM (STM-TEM) holder. Figure S¢ shows the magnified
region of OMPDA/Ti;C,Ty (the area inside the blue box in Figure 5b) which is visualized and
recorded under TEM during (de)lithiation. Interestingly, there is a small volume expansion of
OMPDA/Ti;C,T, along with all directions soon after contact with Li/Li,O (i.e., before the
application of bias), indicating effective Li uptake by the novel OMPDA/Ti3C, Ty material (compare
to Figures 5c-d). At a potential of —3 V versus Li/Li*, a further volume expansion of the material is
observed; changes in distances from 211.8 to 218.4 nm and from 100.9 to 104.3 nm along horizontal
and vertical directions are observed, respectively, which accounts for a volume expansion of ~20 %
with respect to the initial state (Figure Se, Movie S1). In the nano-battery device, the layer of Li,O
formed on the Li electrode during specimen holder insertion can serve as a solid electrolyte. In
Figure 5f, we present an area of the material which has not been in direct contact with the Li/Li,O
electrode (area marked by a red box in Figure Se) after lithiation. We also observe that a thin outer
membrane is formed on OMPDA/Ti;C,Tx material surface, which is likely the SEI layer formed in
conventional electrochemical cells. The thickness of this layer after the first lithiation is ~2 nm
(Figure 5g). A separate in situ (de)lithiation experiment (Figure S17) shows that the thickness of the
SEI layer remains unchanged after two (de)lithiation cycles. Even after applying a high voltage (—6
V versus Li/Li"), the SEI layer remains stable during the (de)lithiation process. Thus, in situ TEM
experiments reveal that the distinctive morphology of OMPDA/Ti;C,Tx promotes the formation of
an ultrathin and stable SEI membrane outside the material surface. This SEI layer can act as a
“surface-passivating film” which creates a barrier for electrolyte penetration and prevents SEI
formation inside the active material, hence improving the electrochemical stability during cycling.>®
It should be noted here that apart from minor volume expansion in the 1% lithiation, there is no
obvious structural change to the material during (de)lithiation. Therefore, the OMPDA/Ti;C,Ty

composite only shows minor volume expansion during cycling due to its excellent structural integrity.
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Conclusions

In conclusion, we have developed a sandwich-structured OMPDA/Ti;C,Tx composite through in situ
assembly of DA-PS-H6-PEO micelles on the highly conductive Tiz;C,Ty substrate, followed by
polymerization and subsequent heat treatment. Owing to the vertically-oriented mesopores on the
surface and the combination with Ti;C,Ty, the as-prepared OMPDA/Ti;C,T, composite shows
significantly enhanced lithium storage compared to common polymer-based electrodes. The
OMPDA/Ti;C,T, composite electrode delivers a high reversible capacity (~1000 mAh g! at 50 mA
g!) along with long stability and good rate capability. The presented work offers an effective
strategy to rationally design and fabricate polymer-based electrodes with high-performance for

rechargeable batteries.

METHODS

Chemicals: Dopamine hydrochloride (DA), ammonia solution (25-28 wt.%), ethanol, and
tetrahydrofuran (THF) were purchased from Sigma-Aldrich. PS-b-PEO was obtained from Polymer
Source Inc.

Preparation of Ti;C,T,: The exfoliated Ti;C,Tx nanosheets were synthesized according to an
established method.*> Then, a solution of Ti;C,T, was made by dissolving 1 g of Ti;C,Ty in 10 mL
of deionized water for further use.

Preparation of polydopamine-PS-b-PEO micelles (PDAmi)/Ti;C,T, composite: First, 600 mg of DA
was dispersed in a mixture solution consisting of deionized water (16 mL) and ethanol (8 mL). After
that, 8 mL of THF solution, which contained 60 mg of PS-b-PEO, was added and the resulting
mixture solution was stirred for 1 h under ambient conditions. Afterward, 8 mL of Ti;C, Ty aqueous
solution (1 g/10 mL) was added. After stirring for another 2 h, 1 mL of ammonia solution was
dropped into the mixture solution. Upon further stirring at room temperature (RT) under nitrogen
flow for 20 h, the PDAmi/Ti;C,Tx composite was obtained by filtration and subsequently washed
with ethanol and deionized water. By changing the amount of Ti;C,Ty to 25 mg and 75 mg, the
samples, PDAmi/Ti;C,Tx-25 and PDAmi/Ti3C,Tx-75, respectively, were obtained.

Preparation of ordered mesoporous PDA (OMPDA)/Ti;C,T, composite: The as-obtained
PDAmi/Ti;C,T composite was calcined under N, flow at 350 °C for 10 h (ramping rate: 2 °C min!),
leading to the attainment of a sandwich-structured OMPDA/Ti;C,Ty. By calcining PDAmi/Ti3C,Ty-
25 and PDAmi/Ti;C,T,-75 under the same heating conditions, the samples, OMPDA/Ti;C,T,-25 and
OMPDA/Ti;C,T,-75, respectively, were achieved.
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Preparation of smooth PDA (SPDA)/Ti;C,T, composite: The preparation steps for the PDA/Ti;C, Ty
composite were similar to those of PDAmi/Ti;C,Ty but without using THF solution of PS-5-PEO in
the initial step. The material obtained after calcination is referred to as SPDA/Ti3C,Ty.

Preparation of Ti;C,T, after heat treatment (Ti;C,T,-C): The TizC,Tx-C sample was obtained
through pyrolysis of Ti;C,T, under N, flow at 350 °C for 10 h (ramping rate: 2 °C min!).
Preparation of OMPDA spheres: 600 mg of DA was dissolved in a mixture solution composed of
deionized water (16 mL) and ethanol (8 mL). After that, 8 mL of THF solution, which contained 60
mg of PS-b-PEO, was added and stirred for 1 h under ambient conditions. Then, 1 mL of ammonia
solution was added into the solution. Upon further stirring at RT for 20 h, the PDAmi spheres were
obtained by filtration and subsequently washing with ethanol and deionized water. After calcination
at 350 °C under N, atmosphere for 10 h, OMPDA spheres were obtained.

Characterization: Field-emission scanning electron microscopy (FESEM) observations were taken
on a Hitachi S-4800 microscope. Transmission electron microscopy (TEM) observations with
energy-dispersive X-ray (EDX) analysis were performed on a JEOL JEM-2100 at 200 kV. The phase
compositions of the samples were analyzed using a Rigaku Rint 2000 X-ray diffractometer with
monochromated Cu Ka radiation. Fourier transform infrared (FT-IR) spectra were obtained using the
Thermoscientific Nicolet 4700 FT-IR Spectroscopy. Thermogravimetric (TG) measurements were
conducted on a Hitachi HT-Seiko Instrument Exter 6300 TG/DTA. Nitrogen sorption measurements
were conducted using AUTOSORB-1. The specific surface area (SSA) was calculated by employing
the Brunauer-Emmett-Teller (BET) theory at a relative pressure range of 0.05-0.30. The pore size
distribution was analyzed using the adsorption data of the isotherm with the Barrett-Joyner-Halenda
(BJH) model.

Electrochemical Measurements: The working electrode was made by mixing the active material,
acetylene black, and carboxymethyl cellulose binder (weight ratio is 7:2:1) and then coated onto a
current collector (copper foil). After drying, the electrode was cut into disks. The CR-2016-type coin
cell was fabricated in a glovebox, by using 1 M LiPF; in ethylene carbonate (EC)/diethyl carbonate
(DMC) (1:1, w/w) as the electrolyte and lithium foil as the counter electrode. Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) measurements were conducted using an
electrochemical workstation (CHI 660E). Galvanostatic charge-discharge measurements were tested

using a Land CT2001A battery testing system at ambient conditions.

ACS Paragon PLA}S Environment



Page 15 of 21 ACS Applied Materials & Interfaces

oNOYTULT D WN =

SUPPORTING INFORMATION
SEM, TEM, and STEM images with elemental mapping, TEM images, TGA curves, XRD patterns,
FT-IR spectra, GCD curves, cycling performance, and schematic drawing of the formation

mechanism are supplied as Supporting information.
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