
 
 

Delft University of Technology

High-Rate Polymeric Redox in MXene-Based Superlattice-Like Heterostructure for
Ammonium Ion Storage

Chen, Chaofan; Quek, Glenn; Liu, Hongjun; Bannenberg, Lars; Li, Ruipeng; Choi, Jaehoon; Ren, Dingding;
Vázquez, Ricardo Javier; Boshuizen, Bart; Fimland, Bjørn Ove
DOI
10.1002/aenm.202402715
Publication date
2024
Document Version
Final published version
Published in
Advanced Energy Materials

Citation (APA)
Chen, C., Quek, G., Liu, H., Bannenberg, L., Li, R., Choi, J., Ren, D., Vázquez, R. J., Boshuizen, B.,
Fimland, B. O., Fleischmann, S., Wagemaker, M., Jiang, D. E., Bazan, G. C., & Wang, X. (2024). High-Rate
Polymeric Redox in MXene-Based Superlattice-Like Heterostructure for Ammonium Ion Storage. Advanced
Energy Materials, 14(42), Article 2402715. https://doi.org/10.1002/aenm.202402715
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1002/aenm.202402715
https://doi.org/10.1002/aenm.202402715


RESEARCH ARTICLE
www.advenergymat.de

High-Rate Polymeric Redox in MXene-Based
Superlattice-Like Heterostructure for Ammonium Ion
Storage

Chaofan Chen, Glenn Quek, Hongjun Liu, Lars Bannenberg, Ruipeng Li, Jaehoon Choi,
Dingding Ren, Ricardo Javier Vázquez, Bart Boshuizen, Bjørn-Ove Fimland,
Simon Fleischmann, Marnix Wagemaker, De-en Jiang,* Guillermo Carlos Bazan,*
and Xuehang Wang*

Achieving both high redox activity and rapid ion transport is a critical and
pervasive challenge in electrochemical energy storage applications. This
challenge is significantly magnified when using large-sized charge carriers,
such as the sustainable ammonium ion (NH4

+). A self-assembled
MXene/n-type conjugated polyelectrolyte (CPE) superlattice-like
heterostructure that enables redox-active, fast, and reversible ammonium
storage is reported. The superlattice-like structure persists as the CPE:MXene
ratio increases, accompanied by a linear increase in the interlayer spacing of
MXene flakes and a greater overlap of CPEs. Concurrently, the redox activity
per unit of CPE unexpectedly intensifies, a phenomenon that can be explained
by the enhanced de-solvation of ammonium due to the increased volume of
3 Å-sized pores, as indicated by molecular dynamic simulations. At the
maximum CPE mass loading (MXene:CPE ratio = 2:1), the heterostructure
demonstrates the strongest polymeric redox activity with a high ammonium
storage capacity of 126.1 C g−1 and a superior rate capability at 10 A g−1. This
work unveils an effective strategy for designing tunable superlattice-like
heterostructures to enhance redox activity and achieve rapid charge transfer
for ions beyond lithium.
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1. Introduction

Electrochemical energy storage (EES) de-
vices, including rechargeable batteries
and capacitors, are in increasing demand
due to integrating more renewable en-
ergy sources into the grid and the grow-
ing adoption of electric vehicles.[1,2] Con-
sequently, besides the imperative of en-
hancing performance, the significance
of employing sustainable materials and
green processes in the battery indus-
try has escalated with the perspective
of mitigating ecological implications.[3]

Lithium-ion batteries dominate the EES
industry due to their high energy den-
sity and relatively long cycling life. Sus-
tainability concerns, however, have arisen
due to the substantial consumption of
lithium and specific transition metals,
leading to resource depletion and in-
creased raw materials costs.[4] Further-
more, the reliance on organic solvents
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in electrolytes and during electrode fabrication processes leads
to safety hazards and environmental risks.[5] Aqueous ammo-
nium ion (NH4

+) storage is an emerging sustainable EES op-
tion, given that its electrolyte comprises earth-abundant elements
that are theoretically unlimited.[6] However, NH4

+ as a charge car-
rier exhibits distinct EES characteristics compared to metal ions
due to its nestled charge and tetrahedral structure. It interacts
with electrodes through hydrogen bonds and exhibits preferred
orientations.[7] Hydrogen bond formation may lead to smaller
electrochemical polarization and faster kinetics when NH4

+ ions
are used as charge carriers in some transition metal-based lay-
ered materials (V2O5 and cobalt–nickel double hydroxide), com-
pared to Na+ or K+ charge carriers.[8,9]

Common cathode materials for NH4
+ storage include Prus-

sian blue analogues (PBAs), vanadium-based oxides, and
manganese-based compounds,[8,10,11] which typically possess
flexible structures with spacious and adjustable internal voids.
For instance, copper hexacyanoferrate (CuHCF), with its open
hexacyanometalate framework, can undergo reversible NH4

+

intercalation at 1.02 V (vs S.H.E.), accompanied by the con-
version between Cu2+ and Cu+, resulting in a specific capac-
ity of 60 mAh g−1 at 50 mA g−1.[10] The selection of anode
materials is constrained by the need for low intercalation po-
tential, with transition metal sulfides and organic materials
being the typical choices.[12–14] Organic materials undergo re-
versible volumetric redox reactions concomitant with ammo-
nium adsorption/desorption, thereby enabling a high NH4

+ stor-
age capacity.[7,13,15] For example, 3,4,9,10-perylenetetracarboxylic
diimide demonstrated a capacity of 119 mAh g−1 and good cy-
cling stability at low rates.[16] However, organic electrodes typi-
cally encounter diffusion-limited redox activities and structural
degradation at high charging rates, further exacerbated when
large-sized NH4

+ charge carriers are used. Developing materials
capable of sustaining robust redox activity and structural integrity
at elevated rates with NH4

+ is particularly important for aqueous
systems.

A promising candidate for high-rate EES is the family of
2D early transition metal carbides and/or nitrides, known as
MXenes. MXenes are characterized by a general formula of
Mn+1XnTx (n = 1–4), where M, X, and Tx represent the transi-
tion metal, carbon/nitrogen, and surface groups, respectively.[17]

They stand out for their excellent high-rate performance and long
cycling life in various electrolytes, attributed to their superior
electronic conductivity and flexible interlayer spacing.[18–20] Ad-
ditionally, the abundant surface groups of MXenes can facilitate
rapid surface redox reactions with various intercalated ions, con-
tributing to pseudocapacitive behavior.[21,22] MXene as an NH4

+

host, demonstrates highly reversible NH4
+ storage capability, al-

beit yielding a moderate capacitance of ≈ 50 F g−1. This moder-
ate capacitance is attributed to its weak surface interaction with
NH4

+ and reduced ion accessibility caused by the restacking of
2D MXene layers.[23] Constructing MXene/conductive polymer
heterostructures represents an efficient strategy to enhance re-
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dox activity and alleviate restacking issues of MXenes. Simulta-
neously, MXene offers a conductive framework and confinement
for polymer chains, thereby enhancing charge transfer and pro-
longing cycling life. This synergistic effect between MXene and a
polymer has been successfully utilized to enhance proton storage
capacity in sulfuric acid electrolytes.[24,25] For example, Ti3C2Tx
MXene/polypyrrole (PPy) composite, which was prepared by in
situ polymerization of PPy in-between Ti3C2Tx layers, showed
a high capacitance and excellent cycling stability, up to 25 000
cycles.[25]

Evenly-spaced and interconnected MXene-based heterostruc-
ture with ordered 2D stacking can maximize the heteroge-
neous interface between MXenes and polymers, which is cru-
cial for leveraging the synergistic effect. Such an ordered struc-
ture has demonstrated great promise in significantly enhancing
the mechanical properties.[26] However, the formation of MXene-
polymer composites often disrupts the ordered stacking of 2D
MXenes, preventing the full exploitation of the benefits inherent
in the heterogeneous structure. Moreover, MXene has been pri-
marily composited with various p-type polymers, including, PPy,
polyaniline,[27] and poly(3,4-ethylenedioxythiophene),[28] which
require positive potentials to fully utilize their redox properties.
On the other hand, MXene is susceptible to irreversible oxida-
tion at positive potentials (ca. 0.2 V vs Ag) and is predominantly
redox-active in the negative potential range (≈ −1.2 V to 0 V
vs Ag in neutral aqueous electrolytes).[23,29] This limits the ap-
plication of MXene/p-type polymer composites to the negative
potential range, where the redox activity and pseudocapacitance
contribution of p-type polymers are not fully accessible. This
motivates the design of a novel MXene-polymer heterostructure
with an ordered structure and a matched redox-active working
window.

This work reports a superlattice-like MXene@conjugated poly-
electrolyte (CPE) heterostructure, enabling high-rate and redox-
active NH4

+ EES storage. CPEs are characterized by conjugated
polymer backbones appended with ionic side chains and have
recently demonstrated high-rate pseudocapacitive performance
for alkali ions.[30,31] For instance, a p-type CPE-K film can de-
liver a high rate performance of 67 F g−1 at 100 A g−1 as a pos-
itive electrode for K+ storage, due to the presence of an ionic
lattice in its ordered structure.[30] As an n-type CPE, p(cNDI-
gT2) comprises alternating naphthalene-1,4,5,8-tetracarboxylic
diimide (NDI) and 3,3′-dialkoxybithiophene structural units. The
ammonium cationic functionalities on the side chain endow
p(cNDI-gT2) with water solubility. Leveraging the excellent wa-
ter solubility of Ti3C2Tx and p(cNDI-gT2) CPE and their op-
positely charged surfaces, we synthesized the Ti3C2@CPE het-
erostructures via a facile and green self-assembly process in wa-
ter. In Ti3C2@CPE composites, CPEs are confined and realigned
in the interlayer of Ti3C2Tx, increasing the interlayer spacing
of MXene. The resulting Ti3C2@CPE composites showed a pe-
riodic layered stacking pattern perpendicular to the base plane
of MXene, resembling a superlattice structure. Notably, with
increased CPE:MXene ratio, the ordered layered structure was
maintained with a linear expansion in the interlayer spacing,
attributed to the gradual overlay of CPEs between MXene lay-
ers. Such a superlattice-like configuration enables heterostruc-
tures with effective charge transfer and improved structural sta-
bility. Unexpectedly, a higher CPE loading in the heterostructure
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Figure 1. a) Schematic illustration of the synthesis process and self-assembly process of Ti3C2Tx and p(cNDI-gT2) CPE. b) Bragg–Brentano XRD patterns
of Ti3C2Tx film and self-assembled Ti3C2@CPE film with different mass ratio (10:1, 5:1, and 2:1). c) The d-spacing change of Ti3C2@CPE with different
MXene:CPE ratio. The orange dots represent the d-spacing of Ti3C2Tx with different molar fractions of CPE, while the green dots show the corresponding
mass ratio between Ti3C2Tx and CPE. d) Transmission XRD patterns of Ti3C2Tx and Ti3C2@CPE films. High-resolution transmission electron microscopy
imaging of e) Ti3C2Tx and f) Ti3C2@CPE 2:1, including selected area electron diffraction pattern as insets. Grazing incidence wide-angle X-ray scattering
of g) Ti3C2Tx film and h) Ti3C2@CPE 2:1.

enhances the polymeric redox (or polymer utilization) per unit
of polymer. Hereby, the Ti3C2@CPE 2:1 electrode with the high-
est CPE loading delivered a high specific charge of 126.1 C g−1

at 0.1 A g−1 (1.5 times higher than that of Ti3C2Tx), and a
superior rate capability (102.8 C g−1 at 10 A g−1) in combi-
nation with a long cycling life (10 000 cycles) for NH4

+ ion
storage.

2. Results and Discussion

Figure 1a illustrates the preparation of p(cNDI-gT2) CPE and
Ti3C2Tx MXene, as well as the self-assembly process between the
two components in water. CPEs are polymers characterized by
conjugated backbones bearing ionic functionalities that enable
synthetically tunable physico-electrochemical property.[31,32] We

Adv. Energy Mater. 2024, 2402715 2402715 (3 of 12) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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chose p(cNDI-gT2) due to the following key structural features:
1) electron-accepting NDI units in the conjugated backbone con-
fer the CPE a negative redox potential window (−0.9 to 0.3 V vs
Ag/AgCl) matching that of the MXene; 2) cationic quaternary am-
monium groups on the side chains facilitate water-processibility
and electrostatic-driven self-assembly with negatively-charged
MXene flakes; and 3) oligo(ethylene glycol) side chains further
enhance water-processibility and ionic transport.[33] p(cNDI-gT2)
was synthesized via direct arylation polymerization (DAP), fol-
lowed by a post-functionalization step to install cationic groups
on the side chains of the NDI unit.[33] Due to polar side
chains, p(cNDI-gT2) can be well dispersed in water with a pos-
itive zeta potential of +61 mV (Figure S1, Supporting Infor-
mation). Ti3C2Tx was prepared by in situ HF etching from
the Ti3AlC2 precursor, followed by sonication-assisted delamina-
tion (Figure 1a).[17] Due to the existence of the hydrophilic sur-
face groups, MXene usually shows a zeta potential from −80
to −30 mV in water,[34] enabling it to be assembled with pos-
itively charged p(cNDI-gT2) CPE through complementary elec-
trostatic interactions. The facile self-assembly of Ti3C2Tx and
CPE was performed by mixing Ti3C2Tx and the p(cNDI-gT2)
aqueous solution in various weight ratios (10:1, 5:1, and 2:1 of
Ti3C2Tx-to-p(cNDI-gT2)). The resulting composites are denoted
as Ti3C2@CPE r:1, where “r” signifies the weight ratio of Ti3C2Tx-
to-p(cNDI-gT2). Upon the addition of CPE to the MXene solution,
self-assembly takes place immediately (depicted in Figure 1a) as
agglomeration was observed within a few seconds, yielding pre-
cipitates (Figure S2, Supporting Information). The maximum
CPE loading that can be assembled with MXene is observed at
an Ti3C2Tx:CPE ratio of 2:1. The agglomerates were obtained as
flexible and self-freestanding films (Figure S3, Supporting Infor-
mation) by vacuum-assisted filtration, followed by drying at room
temperature under vacuum, while excessive CPE remained in the
filtrate (as illustrated in Figure 1a).

Bragg-Brentano X-ray diffraction (XRD) was employed to gain
insights into the structure of Ti3C2@CPE films. The XRD pattern
of p(cNDI-gT2) in the powder form displays a diffraction peak at
2𝜃 = 5° (Figure S4, Supporting Information) that indicates inter-
chain lamellar stacking, and a broad peak at 2𝜃 = 23° that corre-
sponds to 𝜋-stacking of the conjugated backbones.[35] In contrast,
the Ti3C2@CPE films only showed the signal of (0 0 l) diffraction
peaks characteristic of Ti3C2Tx, indicating a preferential horizon-
tal stacking. Compared to the pristine Ti3C2Tx MXene, an obvi-
ous downshift of the (0 0 2) diffraction peak is observed for all
three Ti3C2@CPE films, corresponding to increased d-spacings
(Figure 1b). Specifically, the d-spacing of Ti3C2@CPE 10:1 and
Ti3C2@CPE 5:1 film increased to 1.55 and 1.94 nm, respectively,
while the Ti3C2@CPE 2:1 film showed an even larger d-spacing
of 2.36 nm, which is nearly twice that of Ti3C2Tx (1.21 nm). We
attribute the increase in interlayer spacing to CPE pillared be-
tween Ti3C2Tx sheets. Energy dispersive X-ray spectroscopy mea-
surements (Figure S5, Supporting Information) reveal a homo-
geneous distribution of Ti, S, and N elements within the lamella
Ti3C2@CPE structure, indicating that CPEs are uniformly sand-
wiched between adjacent Ti3C2Tx layers.

The influence of the relative ratio of MXene-to-CPE in the
composites on the interlayer spacing was systematically inves-
tigated by varying the mass ratios from 20:1 to 2:1 (Figure S6,
Supporting Information). All films were dried at 150 °C under

vacuum for 12 h before XRD inspection to remove the adsorbed
water molecules between the layers as much as possible. Interest-
ingly, the increase in d-spacing follows a linear correlation with
the molar fraction of CPEs in the MXene-polymer composites
(Figure 1c; Table S1, Supporting Information). This enables pre-
cise tuning of the interlayer spacing, while maintaining the reg-
ular layered patterns of MXene. Broadening of the (0 0 2) diffrac-
tion peak was observed in all Ti3C2@CPE films with ratios rang-
ing from 20:1 to 3:1 (see Table S1, Supporting Information) com-
pared to pristine MXene, indicating less uniform interlayer spac-
ing. Surprisingly, a further increase in the loading of CPEs in a 2:1
composite resulted in the appearance of a sharp diffraction peak
(Figure 1b), suggesting a highly uniform interlayer spacing.

Transmission XRD with the beam perpendicular to the film
was employed on Ti3C2Tx, Ti3C2@CPE 10:1, and Ti3C2@CPE
2:1 to reveal possible structural features that may be buried un-
der the intense (0 0 l) peaks or not shown in the Bragg–Brentano
XRD patterns due to the significant preferential orientation of 2D
MXene nanosheets (Figure 1d). For each film, there were low-
intensity humps between 2𝜃 = 34° and 48°, which are attributed
to the expected (0 1 l) diffractions of Ti3C2Tx MXene.[36] No obvi-
ous difference between Ti3C2@CPE films and MXene has been
observed. Analysis of the morphology and crystal structure of
Ti3C2Tx and Ti3C2@CPE was performed by transmission elec-
tron microscopy (TEM) (Figure 1e,f; Figure S7, Supporting In-
formation). The 2D, flake-like morphology of Ti3C2Tx is main-
tained after self-assembly with CPE for all ratios, as highlighted
by the high-resolution TEM images. The interlayer spacing of
each sample can be derived locally from HRTEM, showing con-
sistency with XRD results by doubling from 1.2 - 1.3 nm for pure
Ti3C2Tx (Figure 1e) to 1.9 –2.7 nm for Ti3C2@CPE 2:1 (Figure 1f;
Figure S8, Supporting Information). It should be noted that slight
local variations in the interlayer spacings derived from HRTEM
analysis, especially for polymer-functionalized samples, can be
a consequence of the small crystalline domain sizes, i.e., few-
layer character of the samples and potential electron beam dam-
ages during analysis. The crystal structure of the Ti3C2Tx MXene
sheets can further be locally analyzed using selected area electron
diffraction (SAED). Strong diffraction rings can be observed at d-
spacings of ca. 2.6 and 1.5 Å, corresponding to the (1 0 0) and
(1 1 0) sets of planes of pristine Ti3C2Tx MXene, respectively.[37]

Furthermore, the absence of changes in diffraction ring position
after polymer functionalization strongly indicates the absence of
intralayer modification of MXene sheets by the self-assembly pro-
cess, suggesting that CPE occupies exclusively interlayer space
and does not incorporate into the Ti3C2Tx crystal structure, for
example, by forming covalent bonds.

More information on the orientational structure of the MX-
ene@CPE films was obtained by performing 2D grazing in-
cidence wide-angle X-ray scattering (GIWAXS) measurements.
Generally, the shape of the Debye–Scherrer diffraction rings in
GIWAXS data can provide insights into the overall crystallinity
and texture. The width of the rings is associated with the size
and distribution of crystallites, with peak broadening reflecting
smaller crystallites, structural defects, or disorder. Additionally,
the azimuthal angular distribution (𝜒) along the Debye-Scherrer
rings sheds light on the orientation and ordering of crystallites,
with anisotropic features indicating preferential alignment.[38]

Consistent with the Bragg–Brentano XRD measurements and
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Figure 2. a) Comparison of d-spacings at different MXene:CPE molar fractions between experiments and molecular dynamics (MD) simulations. The
error bar represents the d-spacing within the Full Width at Half Maximum (FWHM) region of the experimental result. b) XPS survey spectra of p(cNDI-
gT2) CPE, Ti3C2Tx, Ti3C2@CPE. c) A magnification of the XPS survey spectra of p(cNDI-gT2), Ti3C2Tx, Ti3C2@CPE in selected binding energy region
from 190 to 60 eV. d) Simulation snapshot of Ti3C2@CPE 10:1 showing the horizontal alignment of CPE between adjacent Ti3C2Tx layers (the two
different polymers are contrasted with the CPK model on the left and the stick model on the right). e) Simulation snapshot of Ti3C2@CPE 5:1 showing
slightly inclined CPEs and their partial overlay in the middle of the unit cell, indicating an incipient bilayer. f) Simulation snapshot of Ti3C2@CPE 2:1
showing a bilayer stacking of slantly aligned CPEs with significant multilayer overlapping. g) High-resolution Ti2p X-ray photoelectron spectroscopy. h)
High-resolution N1s X-ray photoelectron spectroscopy. i) High-resolution S2p X-ray photoelectron spectroscopy.

SAED, a preferred stacking of the MXene flakes along the c direc-
tion was observed for all Ti3C2@CPE. In Ti3C2Tx, four orders of
the (0 0 l) direction were registered, corresponding to (0 0 2), (0 0
4), (0 0 6), and (0 0 8) planes, as shown in Figure 1g. Ti3C2@CPE
10:1 and Ti3C2@CPE 5:1 exhibited the same level of peak regis-
tration as Ti3C2Tx. However, much broader diffraction rings were
observed in both Ti3C2@CPE 10:1 and Ti3C2@CPE 5:1 (Figure
S9, Supporting Information). In the Ti3C2@CPE 2:1 film, six or-
ders of the scattering peaks in (0 0 l) series were registered up
to (0 0 14) reflection (Figure 1h). The missing (006) scattering is
due to the minimum of the form factor of the materials. The scat-
tering peaks of Ti3C2@CPE 2:1 film show narrower features in
both qz and azimuthal directions, compared to the 5:1, 10:1, and
pristine Ti3C2Tx films, suggesting a higher stacking order in the
in-plane and out-of-plane directions.[26,39] This enhancement in

stacking order indicates a superlattice-like structure where CPE
is uniformly situated between Ti3C2Tx layer, providing a periodic
pattern.

Molecular dynamic (MD) simulations were carried out to re-
veal the structures of Ti3C2@CPE heterostructures at the atom-
istic level. As shown in Figure 2a, the simulated d-spacing dis-
plays a linear increase with the polymer concentration in the
composite and is in reasonable agreement with the experimen-
tal values. To reveal the composite structure behind the increas-
ing spacing with the polymer concentration, we analyzed typi-
cal snapshots from the MD simulations for the 10:1, 5:1, and 2:1
structures of the Ti3C2@CPE composites. As shown in Figure 2d
for the 10:1 structure, the CPEs lie parallelly between the MXene
layers, forming a neat monolayer with interlocking side chains
(see Figure S10, Supporting Information, for a large top view).

Adv. Energy Mater. 2024, 2402715 2402715 (5 of 12) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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As the CPE loading increases to MXene:CPE = 5:1 (Figure 2e),
the CPEs are slightly inclined with noticeable crowding and over-
lapping (Figure S10, Supporting Information), increasing the d-
spacing to 1.91 nm. Meanwhile, the enlarged interlayer spacing
may allow the side chains of CPE moving more freely when they
are not densely packed. Hence, we can observe the increased (0
0 2) peak width when the mass ratio of Ti3C2-to-CPE increases
from 20:1 to 3:1 (Figure S6, Supporting Information). In con-
trast, the Ti3C2@CPE 2:1 heterostructure shows a pseudo-bilayer
stacking pattern (Figure 2f), where the crowding CPEs are slant-
ingly aligned in two layers with significant overlapping (Figure
S10, Supporting Information). This leads to a narrower (0 0 2)
peak width, indicating a narrow distribution of the interlayer
space.

The successful assembly between Ti3C2Tx and CPE was fur-
ther confirmed by X-ray photoelectron spectroscopy (XPS). As
illustrated in Figure 2b,c, no sulfur was detected in Ti3C2Tx,
while the intensity of sulfur peak gradually increased with more
CPE presenting in Ti3C2@CPE heterostructures. The interaction
between polymers and MXenes may involve electrostatic attrac-
tion, hydrogen bonding, van der Waals interaction, 𝜋-𝜋 interac-
tion, and/or covalent bonding, depending on the structure of
the polymers.[24,40,41] As mentioned above, Ti3C2Tx nanosheets
show negative surface charge due to the electronegative func-
tional groups. Meanwhile, the side chains of p(cNDI-gT2) CPE
contain positively charged ammonium groups, which are bal-
anced by bromide ions (Br−) to obtain charge neutrality. After
self-assembly, particularly relevant change in the XPS spectra
is the absence of a Br signal for the Ti3C2@CPE composites,
in contrast to pure p(cNDI-gT2) CPE (Figure 2c). Due to the
robust electrostatic attraction between the cationic ammonium
groups of CPE and the negatively charged surface of Ti3C2Tx,
the removal of Br− ions is necessary to maintain charge neu-
trality, aligning well with findings reported previously.[40] Hence,
the depletion of Br− in the heterostructures confirms that the
electrostatic interactions contribute to the self-assembly process.
More information about the chemical environment and the pos-
sible interaction in Ti3C2@CPE heterostructures were obtained
by analyzing the high-resolution scans of Ti2p, N1s, S2p, O1s,
C1s, Cl2p, and F1s spectra (Figure 2g–i; Figure S11, Support-
ing Information). Importantly, no covalent bonds were formed
between Ti3C2Tx and CPE, as shown by the high-resolution
Ti2p XPS spectra. The Ti2p XPS spectrum of Ti3C2Tx was fit-
ted into four peaks at 454.9/460.6, 455.6/461.5, 456.7/462.6, and
458.2/463.6 eV (Ti2p3/2 / Ti2p1/2) corresponding to Ti-C, Ti(II),
Ti(III), and Ti-O (Ti(IV)), respectively (Figure 2g).[42,43] No notice-
able change in the Ti2p spectra can be seen after self-assembly, in-
dicating the absence of covalent bonds between CPE and surface
Ti atoms. Interestingly, all fitted XPS peaks that belong to CPE, ir-
respective of elements, showed significant blueshift (≈ 1.5 eV) in
binding energy (BE) after self-assembly (Figure 2h,i; Figure S11,
Supporting Information), even after we correct for the shift of the
hydrocarbon peak at 284.8 eV in the C1s spectra (at max 0.2 eV
shift). Such a shift in BE could arise from local sample charging
and/or the presence of an electric field due to aligned dipole mo-
ments (More discussions see Figure S11, Supporting Informa-
tion). Fourier transform infrared spectroscopy (FTIR) was also
performed (Figure S12, Supporting Information), revealing a fea-
tureless FTIR spectrum for the Ti3C2Tx film, consistent with pre-

vious reports.[40] Weak signals belonging to CPE were observed
in Ti3C2@CPE 2:1, validating the existence of the polymer in the
heterostructure.

To understand the relationship between the tunable structure
of Ti3C2@CPE and its electrochemical NH4

+ storage behavior,
we performed electrochemical characterizations on Ti3C2@CPE
10:1, 5:1, and 2:1 electrodes using three-electrode cells with
1 m NH4Cl aqueous electrolyte. Figure 3a illustrates the cyclic
voltammograms (CV) of the Ti3C2Tx MXene, p(cNDI-gT2) CPE,
and Ti3C2@CPE electrodes. Rectangular CVs (Figure S14b, Sup-
porting Information) with no visible redox peaks were observed
for Ti3C2Tx in 1 m NH4Cl aqueous electrolyte, indicating a pseu-
docapacitive behavior. The galvanostatic charge and discharge
(GCD) curve of Ti3C2Tx shows a sloping feature, in good agree-
ment with the CVs (Figure S17b, Supporting Information). This
behavior is consistent with the previous report of NH4

+ storage
in Ti3C2Tx MXene, which can be attributed to the NH4

+ (de-
)intercalation.[23] A capacitance of 81.5 F g−1 was obtained at
0.1 A g−1 based on the discharge curve of MXene. Meanwhile,
the CVs of p(cNDI-gT2) (Figure S14a, Supporting Information)
feature two reduction peaks at−0.52 V (peak 1) and−0.80 V (peak
2) vs Ag/AgCl (3.5 m KCl). When NDI units interact with cations,
per NDI unit experiences two sequential one-electron reduction
processes, forming a radical anion and a dianion, respectively
(Figure S15, Supporting Information).[32,44] During the anodic
scan, the two oxidation peaks merged and formed a broad oxida-
tion peak at −0.1 V, indicating a large overpotential for the radical
dianion formation/elimination. This two-electron transfer pro-
cess of p(cNDI-gT2) CPE during charge and discharge leads to
a high capacity of 211 C g−1 (≈ 192.0 F g−1) at 0.1 A g−1. How-
ever, with increasing scan rates, the intensity of redox peaks (or
peak currents) decreased, and the electrochemical polarization
became more severe (a peak separation above 1 V at 20 mV s−1),
indicative of sluggish kinetics.

In comparison, the CVs of Ti3C2@CPE films show character-
istic pseudocapacitive features – quasi-rectangular with two re-
dox peaks with a small peak separation (Figure 3a). Notably, the
second pair of reductive/oxidative peaks (peak 2) for Ti3C2@CPE
10:1, 5:1, and 2:1 are located at −0.57 V/−0.66 V, −0.57 V/−0.66 V
and −0.63 V/−0.71 V vs Ag/AgCl, respectively. These redox peaks
inherited from p(cNDI-gT2) further confirm that the structure of
CPE remains unaltered after the assembly process. Compared
to CPE, much smaller peak separations of ≈ 0.1 V were ob-
served for all Ti3C2@CPE films. The redox peaks are more pro-
nounced for Ti3C2@CPE 2:1 compared to that for 10:1 and 5:1,
owing to the higher mass loading of CPE in the heterostructure
(Figure 3a). Importantly, the redox peaks were observed even
at high scan rates of 500 mV s−1, reflecting fast charge storage
kinetics (Figure 3b). Cyclic voltammetry was also conducted in
1 m NH4NO3 (Figure S16, Supporting Information), showing
CVs with redox peaks located at the same potentials as those ob-
served in NH4Cl. This consistency suggests that the redox re-
actions are due to the interaction between NH4

+ and the het-
erostructure, with minimal influence from the anions on the
electrochemical behavior. The redox peaks shown in the CVs col-
lected in 1 m NH4Cl correlate well with the GCD curves, in which
two short plateaus at ca. −0.4 and ca. −0.7 V can be observed
(Figure S17e, Supporting Information). The calculated specific
capacitance at different current densities is plotted in Figure 3c.
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Figure 3. Electrochemical performance of Ti3C2Tx, p(cNDI-gT2) CPE and Ti3C2@CPE 2:1. CV curves of a) Comparison of CVs at 5 mV s−1. b) CVs
of Ti3C2@CPE 2:1 at different scan rates ranging from 5 mV s−1 to 1 V s−1. c) Rate performance of Ti3C2Tx, p(cNDI-gT2) CPE and Ti3C2@CPE in
1 m NH4Cl based on GCD. d) The relationship between cathodic and anodic peak currents and scan rates for Ti3C2@CPE 2:1. e) Pseudocapacitive
contribution of Ti3C2@CPE 2:1 at 20 mV s−1. f) Nyquist plots of Ti3C2Tx, p(cNDI-gT2), and Ti3C2@CPE films, where the inset shows a magnification of
the high-frequency range. g) Linear fit showing the relationship between the real impedance (Z’) and 𝜔–1/2 of Ti3C2Tx and Ti3C2@CPE in the Warburg
frequency region.

Ti3C2@CPE 10:1, 5:1, and 2:1 show specific capacitances of 96.3
(96.3), 99.4 (99.4), and 126.1 C g−1 (126.1 F g−1) at 0.1 A g−1, re-
spectively. These values are higher than that of MXene and can
be attributed to additional capacity contributions from the redox-
active CPE. Although p(cNDI-gT2) CPE alone showed the high-
est specific capacity at a low rate (0.1 A g−1), its performance
dropped drastically to 45.1 C g−1 (≈ 40.7 F g−1) at 1 A g−1 and
almost no capacity was delivered at 10 A g−1 (Figure S17a, Sup-
porting Information). On the other hand, Ti3C2Tx demonstrates
a good rate capability, exhibiting a capacitance of 47.4 C g−1

(47.4 F g−1, 58% retention) at 10 A g−1 (Figure S17b, Support-
ing Information). Remarkably, Ti3C2@CPE heterostructures de-
livered significantly improved rate performance over the individ-
ual components on their own, demonstrating a synergistic ef-
fect. This can be seen from the GCD curves at the high current
density of 10 A g−1 as shown in Figure S17f (Supporting Infor-
mation), where Ti3C2@CPE 2:1 delivered the longest discharge
time among all the electrodes. Moreover, high capacitance reten-
tions of 81.9% (78.9), 81.3% (80.9), and 81.5% (102.8 F g−1) at
10 A g−1 was obtained for Ti3C2@CPE 10:1, 5:1, and 2:1, respec-
tively. To gain a comprehensive understanding of the superior
rate performance of Ti3C2@CPE for NH4

+ storage, their charge
storage kinetics are investigated. CVs collected at different scan
rates were analyzed to determine the rate-limiting factor. The
peak currents of CV curves and scan rates follow the power-law
relationship:

i (V) = avb (1)

where i stands for the peak current, 𝜈 represents the scan rate, a
is a variable, and b is a parameter that determines the kinetics,

ranging from 0.5 to 1.0. Typically, a diffusion-controlled process
has a b value equal to 0.5, while an electrochemical process with
b = 1 is dominated by surface-controlled behavior.[45] The b val-
ues for CPE were determined to be 0.75 for the first cathodic peak
and 0.53 for the second cathodic peak (Figure S18, Supporting
Information). The NH4

+ storage on CPE is dominated by slug-
gish diffusion-controlled processes. In contrast, b values close
to 1.0 were obtained for all Ti3C2@CPE electrodes (Figure 3d,
Figure S19, Supporting Information), indicative of charge stor-
age processes that are dominated by surface redox reactions. For
instance, Ti3C2@CPE 2:1 electrode showed b values of 1.0 for
both anodic peaks, and b values of 0.87 and 0.95 for the first and
the second cathodic peaks, respectively (Figure 3d). The contri-
bution of surface-controlled capacitance of Ti3C2@CPE 2:1 was
further evaluated using the following equation:

i = k1 v + k2v1∕2 (2)

where 𝜈 represents the scan rate, and k1 and k2 stand for the con-
tribution of surface-controlled current and diffusion-controlled
current, respectively.[46] Interestingly, 99% of the charge storage
capacity for Ti3C2@CPE 2:1 is controlled by surface redox reac-
tion (Figure 3e). This all-pseudocapacitive behavior indicates fast
charge storage kinetics in the Ti3C2@CPE films.

Electrochemical impedance spectroscopy (EIS) measurements
were carried out to further examine the kinetics of Ti3C2@CPE
electrodes (Figure 3f) and fitted using the equivalent electric cir-
cuit (Figure S20 and Table S2, Supporting Information). The
Nyquist plot of CPE shows a large semi-circle at high frequency,
representing a large charge transfer resistance (≈ 65 Ω) for NH4

+
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Figure 4. a) Charge transfer number of p(cNDI-gT2) CPE in different Ti3C2@CPE electrodes at 100 mV s−1. b) Simulated pore size distribution of
Ti3C2@CPE. c) Nyquist plots of Ti3C2@CPE 2:1 upon cathodic scan. d) Ex-situ XRD patterns of Ti3C2@CPE 2:1 electrode at different potentials. e)
Cycling performance of Ti3C2Tx, p(cNDI-gT2) and Ti3C2@CPE at 1 A g−1. f) CV curves of Ti3C2@CPE 2:1// NH4-CuHCF hybrid capacitor.

storage. Compared to CPE, no evident semi-circles were observed
for Ti3C2@CPE electrodes at high frequency, indicating neg-
ligible interfacial charge transfer resistance (lower than 1 Ω).
This can be attributed to the reduced electron transfer resistance
in the heterostructure. Additionally, the charge transfer process
must overcome an activation barrier for ions to enter the host-
ing material.[47] Hence, the minimal charge transfer resistance
also implies that solvated NH4

+ ions are capable of being stored
within the heterostructure. Besides, all Ti3C2@CPE electrodes
exhibited a slope close to 90° at the low-frequency range, indi-
cating typical capacitive behavior. Moreover, the Warburg factor
(𝜎), or the slope of the linear fit of the real part of impedance
vs 𝜔−1/2 within the Warburg region (Figure S21, Supporting In-
formation), was calculated to evaluate the kinetics of ion diffu-
sion (Figure 3g). Ti3C2@CPE 5:1 shows the lowest slope (𝜎 =
12) among all electrodes, which is then followed by Ti3C2@CPE
2:1 (𝜎 = 16) and Ti3C2@CPE 10:1 (𝜎 = 21) and Ti3C2Tx (𝜎 = 37).
As the diffusion coefficient of ions is inversely proportional to
the Warburg factor, a lower slope indicates faster ion diffusion in
Ti3C2@CPE heterostructures, in contrast to the pristine Ti3C2Tx
electrode, due to the enlarged interlayer spacing. Importantly,
the ionic diffusion coefficient of Ti3C2@CPE 2:1 is comparable
to that of Ti3C2@CPE 5:1 structure. It implies that Ti3C2@CPE
2:1 film is capable of effective ion transport even with the close
pseudo-bilayer stacking of CPE.

To understand the contribution of polymeric redox to the over-
all charge storage capacity, we evaluated the utilization of CPE
(or electron transfer per structural unit) at different scan rates
(from 5 to 100 mV s−1) by analyzing CV curves (Table S3, Sup-
porting Information). At high scan rates, all composites showed
improved utilization of the CPE for charge storage relative to

p(cNDI-gT2) CPE on its own, demonstrating the advantage of
the self-assembled heterostructures for rapid charge storage ki-
netics. At 100 mV s−1, the electron transfer number delivered
per CPE unit of pristine CPE is only 0.12 (6% utilization). The
number increases to 0.42 (21% utilization) and 0.74 (37% uti-
lization) for Ti3C2@CPE 10:1 and 5:1, respectively. Interestingly,
Ti3C2@CPE 2:1 exhibits the highest utilization of the CPE among
all Ti3C2@CPE at all scan rates, with a charge transfer number
of 1.32 (66% utilization) at 100 mV s−1 (Figure 4a; Table S3, Sup-
porting Information). The crowded pseudo-bilayer stacking of
CPE in the interlayer spacing of Ti3C2Tx in Ti3C2@CPE 2:1 may
lead to reduced NH4

+ accessibility. Additionally, Ti3C2@CPE 2:1
shows slightly lower kinetics than Ti3C2@CPE 5:1, as previously
discussed. However, Ti3C2@CPE 2:1 structure, which was ex-
pected to exhibit a lower electron transfer number (or utilization)
compared to Ti3C2@CPE 5:1, actually demonstrates a higher
electron transfer number. Such an anomalous increase in the
polymer utilization in Ti3C2@CPE 2:1 structure is probably at-
tributed to more effective charge transfer induced by NH4

+ de-
solvation.[48] To confirm our assumption, the pore size distribu-
tion of each Ti3C2@CPE structure was evaluated based on the
configurations from the MD simulations (Figure 4b). One can
see that Ti3C2@CPE 2:1 shows a much higher distribution of
smaller pores whose radius are comparable to bare NH4

+ ions
(≈ 3.0 Å in diameter, Figure 4b), which can enforce the striping
of solvents due to the porous confinement effect.[49,50] The rein-
forced de-solvation can improve the interaction between NH4

+

and CPE, and thereby results in more effective charge transfer.
Since Ti3C2@CPE 2:1 outperformed all other electrodes, its

structural evolution and reaction kinetics during the charging
process were further analyzed. A nearly vertical slope was
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 16146840, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202402715 by T
echnical U

niversity D
elft, W

iley O
nline L

ibrary on [11/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

observed in the low-frequency region of Nyquist plots at all ap-
plied potentials during the intercalation of NH4

+ for Ti3C2@CPE
2:1 (Figure 4c), which also confirmed the fast surface redox re-
action upon NH4

+ intercalation.[51] Ex situ XRD was conducted
to monitor the structural evolution of Ti3C2@CPE 2:1 electrode
upon NH4

+ intercalation at different potentials. The (0 0 2)
peak of Ti3C2@CPE 2:1 is maintained at 3.82° for all states of
charge, indicating a constant d-spacing with NH4

+ intercalation
(Figure 4d). This negligible volume change of the electrode is
beneficial for maintaining the structural integrity of the elec-
trode, enabling high cycling stability. Remarkably, over 89% of
the capacitance was retained after 10 000 cycles at a current
density of 1 A g−1 for Ti3C2@CPE 2:1 (Figure 4e). Meanwhile,
CPE on its own showed a lower capacitance retention of 46%,
presumably due to its gradual dissolution into the aqueous
electrolyte. As shown in Figure S22 (Supporting Information),
after cycling p(cNDI-gT2) CPE in the NH4Cl electrolyte, the
glass fiber separator turned green, which indicates the disso-
lution of CPE in the electrolyte. In contrast, no color change
of the separator was observed with Ti3C2@CPE 2:1 electrode,
highlighting the superior structural stability of the Ti3C2@CPE
heterostructure. The electrochemical test was also conducted
in 1 m KCl electrolyte to showcase the benefits of Ti3C2@CPE
2:1 heterostructure (Figure S23, Supporting Information). A
high capacitance of 123 F g−1 at 0.1 A g−1 and an impressive
capacitance retention of 105 F g−1 at 10 A g−1 were achieved
with 1 m KCl electrolytes, demonstrating the versatility of our
superlattice-like structure for high-rate energy storage.

To demonstrate the potential of Ti3C2@CPE 2:1 electrode in
a full cell, we fabricated an asymmetric hybrid capacitor based
on a Ti3C2@CPE 2:1 negative electrode and anc NH4CuFe(CN)6
(NH4-CuHCF) positive electrode. XRD and electrochemical per-
formance of NH4-CuHCF positive electrode are presented in
Figures S24 and Figure S25 (Supporting Information). As
shown in Figure 4f and Figure S26 (Supporting Information),
Ti3C2@CPE 2:1//NH4-CuHCF hybrid capacitor could be oper-
ated within a wide voltage window of 2.0 V in 1 m NH4Cl. Two
separate redox couples located at 1.1 V/1.3 V and 1.4 V/1.6 V
were featured in CV and GCD, which is consistent with the two-
step charging/discharging behavior of Ti3C2@CPE 2:1. Figure
S27 (Supporting Information) illustrates the Ragone plots of
the Ti3C2@CPE 2:1//NH4-CuHCF hybrid capacitor and other
state-of-the-art NH4

+ storage devices based on polymer elec-
trodes. An energy density of 14 Wh kg−1 at a power density of
2.2 kW kg−1 was achieved due to the outstanding rate perfor-
mance of Ti3C2@CPE 2:1.

The Ti3C2@CPE superlattice structure constructed by self-
assembly exhibited improved ammonium EES performance due
to the maximized synergistic effect. First, the unique structure
of Ti3C2@CPE enables polymeric redox contribution of the CPE,
contributing to higher capacity. Second, the uniform stacking can
maximize the heterogeneous interface between the highly con-
ductive MXene and p(cNDI-gT2), ensuring fast electron transfer.
Third, the p(cNDI-gT2) CPEs are situated between the MXene
layer, expanding the interlayer spacing of MXene and suppress-
ing tight self-restacking. This structure allows better NH4

+ acces-
sibility and fast ion diffusion, which leads to superior rate perfor-
mance. Finally, the strong interfacial electrostatic interaction be-
tween MXene and the CPE helps improve the structural integrity

of the electrode for maintaining long-term cycling stability. Im-
portantly, the flexibility of fine-tuning this superlattice structure
offers the chance to modify the microscopic structure of CPE
within the interlayer of MXene while retaining the superlattice-
like structure. Consequently, the polymeric redox activity was un-
expectedly enhanced due to the increased volume of 3 Å-sized
pores, which demonstrates the uniqueness of our Ti3C2@CPE
heterostructure.

3. Conclusion

In this work, an n-type p(cNDI-gT2) CPE was self-assembled with
Ti3C2Tx MXene in water to construct Ti3C2@CPE superlattice-
like structures for aqueous NH4

+ storage. The green and facile
self-assembly process is facilitated by cooperative interfacial elec-
trostatic interactions between CPE and MXene flakes. In the
Ti3C2@CPE heterostructure, CPE is sandwiched between adja-
cent MXene layers while MXene is able to maintain its ordered
layered structure. The superlattice-like structure maximized the
synergistic effects between CPE and MXene for NH4

+ storage.
The MXene component acts as an active material for NH4

+ stor-
age, provides a high electronic conductivity framework, prevents
CPE dissolution, and constrains volume changes during cycling.
The redox-active n-type CPE enhances NH4

+ storage ability while
acting as a spacer to enlarge interlayer spacing, supressing MX-
ene restacking. Notably, the d-spacing of the MXene in the het-
erostructure could be adjusted by varying the amounts of CPE,
while preserving the superlattice-like structure. With the high-
est polymer loading, Ti3C2@CPE 2:1 exhibited a significantly in-
creased d-spacing of 2.36 nm compared to 1.15 nm in pristine
Ti3C2Tx. The Ti3C2@CPE 2:1 sample also exhibited the highest
utilization of CPE or the strongest polymeric redox of CPE. MD
simulations suggest that the increased small pore volume, partic-
ularly in ≈ 3 Å-sized pores within Ti3C2@CPE 2:1, may facilitate
the de-solvation of NH4

+ ions and enhance redox activity. Con-
sequently, Ti3C2@CPE 2:1 delivered a high specific charge stor-
age capacity of 126.1 C g−1 at 0.1 A g−1 (1.5 times higher than
that of Ti3C2Tx), superior rate capability of 81.5% retention at
10 A g−1 and high capacitance retention of 89% over 10 000 cy-
cles for NH4

+ storage. Further improvements in the capacitance
of our heterostructure can be achieved by reducing the molec-
ular weight of CPE and/or introducing additional redox-active
sites, while maintaining the superlattice-like structure is essen-
tial to maximize the utilization of the new CPEs. Our results
provide an efficient strategy for designing tunable superlattice-
like structures and highlight the importance of fine-tuning the
heterostructures to maximize the synergistic effects in the het-
erostructure for high-performance energy storage. This study
also demonstrates a rational design routine for simultaneously
facilitating redox activity and ion transport in the heterostruc-
tures, opening up new opportunities for a wide range of appli-
cations in energy conversion, harvesting, and storage.

4. Experimental Section
Synthesis of Ti3C2Tx: Ti3C2Tx was prepared using conventional in situ

HF etching method.[2] In general, 1 g of Ti3AlC2 was slowly added into
the mixing etchant solution of 1.6 g LiF and 20 mL 9 m HCl and stirred
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at 35 °C for 24 h in oil bath. The etched product was repeatedly washed
with DI Water by centrifugation at 8 000 rpm until the PH of supernatant
reached 6. Then, the sediment was re-dispersed in 40 mL DI water and
sonicated for 1 h under argon to delaminate the multilayer. After that, the
suspension was centrifuged at 3 500 rpm for 1 h and the supernatant was
collected as few-layered Ti3C2Tx colloidal solution. The concentration (≈
8 mg mL−1) of delaminated MXene solution was determined by vacuum-
assisted filtration.

Synthesis of p(cNDI-gT2): p(cNDI-gT2) was synthesized according to
a previous report – briefly, the neutral polymer p(NDI-gT2) was first pre-
pared, followed by a post-functionalization step to install the cationic qua-
ternary ammonium groups on the side chains.[33]

Self-Assembly of p(cNDI-gT2): The self-assembly of Ti3C2Tx and
p(cNDI-gT2) was manufactured by mixing Ti3C2Tx MXene suspension
(0.02 mg mL−1) with (0.01 mg mL−1) p(cNDI-gT2) solution in different
weight ratio (10:1, 5:1, and 2:1) under vigorously stirring. The mixtures
were then filtered with the assistance of vacuum. The excessive p(cNDI-
gT2) was filtrated into the solution, while the assembled Ti3C2@p(cNDI-
gT2) was washed with DI-water and formed a self-freestanding film after
drying at RT.

Synthesis of NH4-CuHCF: The NH4-CuHCF was synthesized by a
co-precipitation method as previously reported in the literature.[16] In
general, 0.1 m Cu(NO3)2 (40 mL) was dropwise added into 40 mL
0.1 m Na4Fe(CN)6 solution under vigorous stirring. The Na2Cu[Fe(CN)6]
(Cu-HCF) precipitation was then collected and dried in the oven at
60 °C overnight. NH4-CuHCF was prepared by the following ion-exchange
method. Briefly, 1 g Cu-HCF was added into 40 mL of 1 m (NH4)2SO4 so-
lution and stirred for 6 h. After the exchange, the sediment was washed
with DI water and dried in the oven for further characterization.

Electrochemical Measurements: The electrochemical performance of
the Ti3C2@CPE in 1 m NH4Cl was tested with a three-electrode config-
uration using Swagelok cells. Free-standing Ti3C2@CPE films were em-
ployed as the working electrode while Ag/AgCl (3.5 m) and activated car-
bon served as reference and counter electrode, respectively. The p(cNDI-
gT2) electrode was obtained by coating the slurry of p(cNDI-gT2) powder,
conductive acetylene black, and PVDF binder on the titanium foil current
collector with a mass ratio of 8:1:1. The NH4-CuHCF electrode was pre-
pared by coating the slurry of NH4-CuHCF powder, conductive acetylene
black and PVDF binder on the aluminum foil in a mass ratio of 7:2:1.

All electrochemical measurements were performed using a Biologic
VSP-300 potentiostat. Cyclic voltammetry was measured from 5 mV s−1 to
1 V s−1. The current densities applied for galvanostatic charge and dis-
charge (GCD) ranged from 0.1 to 10 A g−1. Electrochemical impedance
spectroscopy was recorded using a 10 mV amplitude with frequencies
ranging from 10 mHz to 200 kHz.

The theoretical specific capacity of p(cNDI-gT2) was calculated accord-
ing to:

q
(
C g−1) = nF

M
(3)

where n was the number of charge transfer, F was the Faraday constant
(96 485 C mol−1) and M was the molecular weight of polymer (g mol−1).

The capacitance determined from CV was calculated according to:

C (F) = ∫ idv
s ΔV

(4)

where i was the current (A), s (V s−1) represented the scan rate and ∆V
(V) was the applied voltage window.

The capacitance calculated from GCD (discharge branch) follows:

C (F) = ∫
idt
dV

(5)

In which V was the potential (V), i was the current (A) and t represented
the discharge time (s).

Gravimetric specific capacitance C (F g−1) was normalized by the mass
of the working electrode.

For the full cell, the energy density was calculated by:

E (Wh kg−1) =
∫ Vdq

3.6 m
(6)

In which V was the potential (V), q was the charge (C) and m was the
total mass of positive and negative electrode (g).

The power density was calculated by:

P
(
W kg−1) = 3.6 E

Δt
(7)

where E was the energy (Wh kg−1) and Δt represented the discharge time
(s).

MD Simulation: MD simulations were performed in BIOVIA Materi-
als Studio suite. Mole ratio of surface termination groups was taken as
F:O:OH = 1:1:1, according to the experimental value. Symmetric surface
groups locate right above the central Ti in the FCC configuration. A Ti3C2T2
orthorhombic supercell 4 × 3 × 1 (a × b × c) with 12 formula units initially
taken from a previous DFT calculation[52] was used as a building block for
Ti3C2@p(cNDI-gT2) heterostructures. The number of polyelectrolytes as-
sembled into the interlayer of MXene was predetermined by specific mole
ratio. Mass ratios between MXene and p(cNDI-gT2) of 10:1, 5:1, and 2:1
correspond to mole ratios of Ti3C2T2 unit formula and monomer of 48:1,
24:1, and 12:1, respectively. A 16 × 12 × 1 supercell was used for Ti3C2T2.
The experimental d-spacings were taken as initial c lattice values, where
nothing was between the interlayer of pristine Ti3C2T2. The mole ratio of
Ti3C2T2: Li+3H2O was taken to model the structure without p(cNDI-gT2).
The Universal Force Field was used for both MXene Ti3C2T2 and polyelec-
trolyte p(cNDI-gT2) with two monomers.[53] Partial charges were calcu-
lated using the QEq method. The deprotonation of surface OH groups was
applied to balance positive charge of polyelectrolyte. The supercells of het-
erostructures, subjected to isostatic external pressure of 1 atm, were geo-
metrically optimized with atom positions and cell parameters following a
previous study.[54] The resulting structures were used as initial configura-
tions in subsequent MD runs. NPT MD simulations were run at 298 K and
1 atm for 1 ns for equilibration and another 500 ps for production. The
equilibrated trajectories were used for structural analysis. Pore size distri-
bution with N2 as the probe was calculated using PoreBlazer v4.0.[55]
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